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Foreword

While the potato still remains an important crop in the temperate
zone, its significance as a staple food is increasing in a number of tro-
pical and subtropical regions. The potato has valuable characteristics
such as high productive capacity and high nutritional value. On the other
hand these are to some extent offset by, for example, the greater care
and attention which must be devoted to the storage of potatoes than to
_that of grain. The potato is a swellen stem composed of about 80 % water.
This makes it a bulky product which reacts strongly to prevailing tempe-
rature and the atmospheric humidity; it is also extremely susceptible to
attack by a variety of harmful organisms.

Research on potatces began with the study of diseases such as late
blight (Phytophthora infestans) and virus diseases. Attention was also
devoted early on to the processing of potatoes and to all kinds of culti-
vation problems. It is interesting to note that research on the behaviour
of the tuber after harvest and on potato storage only really got under
way in the middle of this century. Pioneering work in this field was main-
ly done in the United States, perhaps partly as a result of the influen-
ce of the potato processing industry which developed there at an early
date,

At the beginning of the 1950s, Dr W.H. de Jong, together with some en-
thusiastic colleagues, commenced experimental research on potato storage
in the Netherlands, partly as a result of trends in the USA. The results
of this research were readily accepted in the field, and it was neot long
before clamps had been largely superseded by storage buildings with out-
side air cooling facilities. This success was partially responsible for
the establishment of the Netherlands Institute for the Storage and Pro-
cessing of Agricultural Produce (IBVL). The fact that the Netherlands has
plaved an important part in work on potato storage in Europe is due in ne
small measure to this Institute.

Fortunately, the research was not confined to the technical aspects of
storage; a great deal of attention was alsc devoted to the tuber and, in
particular, to a wide range of storage diseases. The preventiom of stora-
ge diseases by the use of modern methods of storage was quickly found to
be one of the principal advantages achieved. The bhehaviour of the potato



after harvesting has been the subject of innumerable studies. More re-
search has justifiably been devoted to this topic by the IBVL in the last
few years and the results may well have an important bearing on future re-
search in the fields of storage and processing.

There has for a long time been a need in the Netherlands for a publi=-
cation in which all relevant information on potato storage can be found.
This need was spelt out a few years ago by the Netherlands Potato Associ=-
ation. It was an excellent idea of the governing body of the IBVL to ce-
lebrate the Silver Jubilee of the Institute by the publication of a
manual of this kind. During compilation it has become a comprehensive
work in which a number of IBVL research workers have presented in a lo-
gical sequence all the available information on the principal aspects of
potato storage. Some readers may find certain parts difficult te follow;
others might perhaps have preferred a more comprehensive treatment of
particular aspects. Unfortunately a publication of this kind must always
be a compromise between conflicting requirements. I nevertheless believe
that this book will satisfy an important demand not only in the Nether-
lands but also elsewhere in the world. For this latter reason I am
pleased to see that the work includes a section con potato storage in warm
climates.

I hope and expect that this book will enable many, both in the Nether-
lands and in other countries, to improve their knowledge and understan-
ding of potato storage, sc that the produce, which is usually of good
quality when grown, will also reach its final destination in good con-
dition.

Wageningen, February 1981 D.E. van der Zaag



History of potato storage

J.H.W. van der Schild

Perhaps 2000 years ago, the Quechas in the Andes, living in an area
which is now called Peru, already knew that the potato was a perishable
product which could not be stored indefinitely. The Quechas therefore
made chune, a kind of flour, out of their potatoes, as follows: The pota-
toes were placed on mats and exposed to the night frost which occurs in
the valleys of the high equatorial mountains. Next morning, the potatoes,
now soft and wrinkled, were trodden with the bare feet to a pulp. The
pulp was dried in the sun and then processed into a white flour which
kept for years and was stored in barns (Smith, 1968}.

The problems associated with the storage of potatoes as perishable
produce scon led, in Europe too, to a search for some form of preserva-
tion. Burton (1966) noted that Parmentier had written a treatise on dried
potatoes in 1781. He described potato biscuits, made from a dough of
boiled potatoes, and included in ship's supplies. According to
Parmentier, the aim was to provide the crew with the scurvy-preventing
characteristics of fresh potatoes.

How the potato came to Europe

Vélksen (1975) states that there are many ineradicable stories and
anecdotes concerning the first appearance of the potatoc in Europe. All
these traditions invelve the names of Drake, Raleigh and Hawkins, the
English maritime heroes of the time. Indeed, statues have been erected
and paintings made in honour of Drake and Raleigh as the discoverers of
the potato. Later, Safford (1925) and Salaman (1937) irrefutably demon-
strated that these great sailors were certainly not the first to bring
the potato to Europe (Vdlksen, 1975). According to Harris (1978), the
potato was brought from South America to Eurcpe on two occasions, viz.,
to Spain about 1570 and to England between 1588 and 1593. Burton (1966)
mentions a description of the potatc by the Spaniard Cieza de Ledn pu-
blished in 1550.

Harris {1978} describes the subsequent history of the potato both in-
side and outside Europe. Carmelite monks brought the potate from Spain to
ITtaly. In 1601, the Italian Clusius wrote that potatoes had already been



grown in Italy before 1587. The potato made its début in Portugal even
earlier.

Clusius sent samples of potatoes to botanists in many parts of Germany
and Austria. The Swiss botanist Baudin, who named our potato Sclanum tu-
berosum, evidently also came into the possession of tubers from Clusius.
Baudin was also responsible for introducing the potato to France, where
it was being grown on a large scale by the mid-seventeenth century. The
potato was known in France at that time by the name cartoufle, a word de-
rived from the Italian name tartuffolo. Tartuffole became Kartoffel in
the German-speaking parts of Europe. The potato came to be known in the
Netherlands as aardappel (earth apple), and this was in turn translated
into French as pomme de terre; the latter is still the official French
name for the potatoc (Smith, 1968). The Slav peoples seem to have made the
acguaintance of the potato through the Germans, and this is borne out by
the fact that their names for the potato closely resemble the German
Kartoffel and Grundbirne. Tsar Peter the Great, who learned naval archi-
tecture in the Netherlands, is said to have brought the potato from the
Netherlands to Russia at the end of the seventeenth century. The potato
has been kwown in the Netherlands since the time of Clusius.

As in other European countries, the potato in England was originally
regarded as a botanical curiosity or as a delicacy for which there was a
ready demand at the reyal courts. It was only in the mid-eighteenth cen-
tury that the potato (the English name derives from the Spanish patata)
was grown on a large scale in England. The same is true of most other
European countries. Incidentally, there seems to have been considerable
potato cultivation in the south-west of Ireland as early as the beginning
of the seventeenth century.

From Scotland, the potato spread to Norway and hence probably to Swe=-
den and Denmark.

The North American continent obtained its first potatoes in 1621 from
England via Bermuda.

The Eurcpean colonial powers were responsible for the further spread
of the potato to Asia, Australia and Africa.

Harris (1978) also states that it is a matter of record that the po-
tato reached the Canary Islands from Peru in 1622. Apart from western
Eurcpe, this is the only historically confirmed case in which the potato
was introduced directly to another region from its South American cradle.

It took a very long time before the potato acquired the status of a
staple food for the people in Europe. One factor which greatly promoted
the spread of potato cultivation was the Industrial Revclution in the
first half of the nineteenth century (Burton, 1966). Supplemented with
milk and/or bacon, the potato provided our artisan forefathers with an
adeguate menu.



Potato storage

Owing to the climatological conditions prevailing in the growing a-
reas, potatoes have to be planted and harvested at particular times of
the yvear. The colder and temperate climate zones {including Europe) have
only one potato growing season. This means that most of the crop has to
be stored if demand is to be satisfied throughout the year. For centu-
ries, this storage problem was solved in Europe by placing the potatoes
after the harvest in clamps. The potatcoes were lifted and collected in
baskets and hampers, from which they were tipped out at the edge of the
field. The resulting heap of potatoes was covered with wheat or rye
straw, follewed later by a layer of earth before the onset of cold winter
weather. Where the water table was low, holes were alsc dug at the edge
of the potato field. These holes were filled with potatoes to above
ground level, after which the resulting heap was covered with straw and
earth. The shape and size of the clamps and heaps varied from regicn to
region and from place to place, and so did the names given to them. In
England, for example, the following names were used: 'clamp', 'pie',
'pit', 'grave', 'hog', 'cave' and 'bury' (Burton, 19%66). Nash (1978) men-
tions a Scottish publication of 1814 which states that the winter store
of potatoes was kept in dry, cool outhouses and cellars, covered with
straw and protected from frost, or in so-called pits, pies or clamps.

Unventilated clamps

The oldest clamps had no special provision for the elimination of res-
piration products and the supply of fresh air (oxygen). With unventilated
clamp storage, some 20 to 25 % of the potatoes were often lost as a re-
sult of disease, frost damage, rot due to accumulation of moisture, etc.
There was absolutely no temperature contrcl in the unventilated clamp, so
that the temperature in the centre of the clamp corresponded to the mean
maximum temperature of the ambient air (Nash, 1978). In some western Eu-
ropean countries, however, the mean maximum temperature in autumn and
winter is seldom below 4 °C, and so the potatoes - especially early va-
rieties - obviously sprouted before the spring, to the inevitable de-
triment of consumption quality. On the other hand, if there was a severe
frost, the temperature in the clamp could readily fall far below 4 °C
for a longer or shorter period.

Unventilated clamps are obsolete in many countries (Nash, 1978).

Ventilated ciamps

The ventilated clamp, which is still widely used even in western Eu-
rope for short-term storage, constituted an important improvement compa-



red with the unventilated clamp. The ventilated c¢lamp makes use of trian-
gular air ducts on the bottom of the clamp and some means of top venti-
lation - ranging from a grille to a kind of chimney. These clamps can al-
s0 be equipped with fans, but obvicusly only if electricity is available.
A telling example of the effect of ventilation is given by Plissey
(1976). Quoting from the book The Potateo (Grubb, 1912), he describes a
lot of twelve sacks of potatees which were stored for two years in a rock
tunnel in Coloradoc (USA) at a depth of 60 m at a temperature of about

4 °C. The potatoes looked as if they had only just been harvested. They
were not wrinkled or shrivelled and had not sprouted. When cooked, they
were just as tasty as freshly lifted potatoes. There was an air shaft at
the end of the tunnel, in which there was a natural draught, sc¢ that the
potatoes were exposed to a current of dry, cool air.

In the course of time, improvements were made to the covering of the
clamps, in particular, by interposing plastic sheeting between the lavers
of straw, With the spread of combine harvesters since the 1960s, the form
of straw produced is no longer suitable for covering clamps, so that
plastic sheeting must be used to prevent the straw from getting wet. The
ventilation facilities allow the potatces in a ventilated clamp to be
piled higher and wider than in an unventilated clamp.

Owing to the limited capacity per storage unit, clamp storage is al-
ways at a disadvantage compared with storage in buildings. Bad weather
when the clamps are emptied or partially emptied, and open-air grading

Fig. 1. Unventilated clamp.



Fig. 2. Ventilated clamp (natural draught).

and bagging of the potatoes, are not conducive to tuber quality. Again,
the storage conditions in a building can be controlled much more readily.

Potatc huts

The potatc hut probably arose before 1900 in the Netherlands, in the
south-~east of the country (Gelderland Province). The shape and dimensions
of the potato huts varied. The most common form of construction was
roughly as fellows. A site of the required area was excavated to a depth
of about 30 cm. Robust walls of, for example, turves of heather were then
erected to a height of some 1.5 or 2 m. The walls absorbed the pressure
exerted by the potatoes against the inside. The roof of the hut was made
of coppice wood or used wood. The entire structure was covered with straw
or flax awns. A small opening was made in the south side of the hut, a
door sometimes being fitted in it. In very cold weather, the opening was
sealed with manure as a protection against frost. The hut was a small
permanent store for the potatoes for the farmer's family table, and was
therefore of limited size (Hensums, 1981). The potatec hut was much more
accessible than a clamp. Being a permanent structure, the hut was also
cheaper and less time-consuming than a clamp, which had to be rebuilt
every year. This type of potato hut was certainly also used in Germany.
There is a fine picture of one by the German painter F. Witte (Vélker,
1975).

Potato huts became much larger around 1920. They were found in the Ne-
therlands in the vicinity of large towns. They were frost-free huts which
served for relatively long-term storage of somewhat larger lots of pota-
toes (Hofstra, 1959).



Fig. 3. Potato hut in the Netherlands and Germany; 19th century (free
ter Witte).

Fig. 4. Dutch potato hut built in 1910.
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In 1953, Van Bruggen designed a new type of potato hut. It was cooled
with outside air and had a concrete floor with air supply ducts incorpo-
rated in it. The wooden internal lining was capable of fully absorbing
the lateral thrust exerted by the potato heap, while the outer wall was
of brick. The cavity between the outer brick wall and the wcoden internal
lining was completely filled with dry flax awns. The lath ceiling was co-
vered over its entire area with flax awns. The roof covering consisted of
corrugated asbestos panels. The hut had a wide central passage for gra-
ding operations, etc.

The storage bins, in which potatoes could be heaped to a height of
3 m, were situated on either side of the central passage. The potato huts
were equipped with fans and had a capacity of from 45 to about 300 tonnes

Fig. 5. Dutch potato hut in the forties.

Fig. 6. The potato hut designed in 1953.
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Fig. 7. Glass store for seed potatoes.

of potatoes (Van Bruggen, 1953). Within the space of a few years, hun-
dreds of potate huts of this type were built in the Netherlands; their
development dates from the same time as that of the modern potato store.
The constructicn costs could be kept relatively low by using secondhand
timber or wood from demolished structures and by do-it-yourself construc-
tion.

Glass stores for seed potatoes

The objections to large-scale potato storage in clamps guickly led in
the Netherlands, at the beginning of the twentieth century, to a search
for better storage methods. The potato hut is an example. Another stri-
king example is the development of the glass store for seed potatoes.
This method of storage, which was developed in the Netherlands about
1920, served its purpose well. The various lots of potatoes could be
stored separately in small crates. The potatoes could be prepared for
planting guickly and excellent green sprouts were obtained in spring
(Hofstra, 1959).

Research on potato storage in the Netherlands

Both the potato clamp and the potato hut had shortcomings. These were
exacerbated in the Netherlands by a number of factors in potatc cultiva-
tion which took a turn unfavourable to storage. Hofstra {1959) mentions
three factors. Firstly, seed potatoes are lifted early. Secondly, there
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was the trend away from the Rode Star towards the cv. Bintje in terms of
relative growing areas. In 1930, 20 % of the area under potato cultiva-
tion in the Netherlands was accounted for by Rode $tar, but this propor-
tion had fallen to 0.5 % by the end of the 1950s. Rode Star is a late-
maturing variety, which alsc sprouts relatively late and therefore readi-
ly lent itself to clamp storage. This was not the case with Bintje. The
third factor mentioned by Hofstra is the great expansion of potatc gro-
wing'in the second world war and the immediate postwar pericd. This ex-
pansion was greatest in the sandy scil regions and in the south of the
Netherlands - precisely the areas where the keeping quality of the cv.
Bintje, then grown on a large scale, left much to be desired or where
weather conditions were most unfavourable (the south-western Nether-
lands). Fer this reason, an urgent demand for soundly based research on
potato storage arose in the Netherlands after the second world war.

Storage in air-cooled buildings

A store with outside air cooling was built by the "De EBommelerwaard"
cooperative seed potato growers' association in Kerkwijk, Netherlands, in
1948. It was the first of its kind in Europe. Storage tests were carried
out here by research workers from the Commissie voor de Aardappelbewaring
{Potato Storage Commission) which had been set up in 1947 [in 1952,
Stichting voor de Aardappelbewaring (Potato Storage Foundation); since
1956, IBVL]. On the basis of the resulting research results, the first
potato stores equipped with outside air cooling systems were built in the
Netherlands in 1950. There were already 1160 of these by 1955, with a to-

Fig. 8. One of the first Dutch potato stores with an outside air cooling
system.
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tal storage capacity of 244 000 tonnes (Ophuis, 1956). De Jong (1954)
mentions two reasons for the great enthusiasm for storing potatoes in
buildings with outside air cooling. Firstly, it was desired for many
reasons to store potatoes under a solid roof and ne longer in clamps

- mainly because of the ever increasing cost of labour. Clamp storage was
extremely labour-intensive, while storage in buildings offered more
opportunities for mechanization. Secondly, it was generally considered
that storage in buildings with outside air cooling gave much better re-
sults, the risks being much smaller.

The modern method of storage was originally used in the Netherlands
only for seed and ware potatoes. Since the beginning of the 1960s, pota-
toes have increasingly been stored for the ware potato product industry
(chips, crisps, etc.). One of the factors in the development of this in-
dustry has been modern potato storage, allowing potatoes to be supplied
virtually throughout the vear. 4

Fig. 10. Modern potatc storehouse for storage in bulk.
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According to the Produktschap voor Aardappelen (Produce Board for Po-
tatoes), the storage capacity for potatoes in ventilated buildings in the
Netherlands has increased from 27 000 tonnes in 1950 to over 2 million
tonnes today. Some of the potatces are sold immediately after harvesting,
so that this capacity is sufficient to store the entire balance of the
Dutch potato harvest.

One further point. In 1960 a bin containing 100 tonnes of potatoes was
a very large storage unit. Now, twenty years later, 6000-tonne storage
units are by no means the exception.

References

Bruggen, ¢. van, 1953. Luchtgekoelde aardappelhut. Landbouwmechanisatie 4:
405-409.

Burton, W.G., 1966. The potato. A survey of its history and factors in-
fluencing its yvield, nutritive value, quality and storage. H. Veenman
& Zonen N.V., Wageningen. Second edition.

Harris, P.M., 1978. The potato crop. The scientific basis for improvement.
Halsted Press, New York. First editicn.

Hensums, H., 1981. Personal communication.

Hofstra, D., 1959. Problemen rond de bewaring van aardappelen in gebou-
wen. Lezing voor L.C.C. Zuid-West Nederland. IBVL Wageningen.

Jong, W.H. de, 1954. De ontwikkeling van de aardappelbewaring in Neder-
land"in de laatste jaren. Landbouwkundig Tijdschrift 66: 8 (August).

. Nash, M.J., 1978. Crop conservation and storage. Pergamon Press Ltd.,
Cxford. First edition.

Ophuis, B.G., 1956. Moderne luchtgekoelde aardappelbewaarplaatsen. Stich-
ting voor Aardappelbewaring Publicatie No. 113 Serie A.

Plissey, E.S5., 1976. Philosophy of potato storage. The potato storage.
Design, construction, handling and environmental control. Editer:
B.F. Cargill. Michigan State University.

Smith, 0., 1968. Potatoes: production, storage, processing. AVI Publi-
shing Cc. Inc. Westport.

Vélksen, W., 1975, Auf den Spuren der Kartoffel in Kunst und Literatur.
Gieseking Verlag, Bielefeld. 2. aAuflage.

13






THE POTATO

15






1 Structure and chemical composition of the potato

&. van Es and K.J, Hartmans

1.1 Introduction

The potato was introduced to Europe from South America at the end of the
sixteenth century and spread from Europe throughout the world within a
few centuries (Burton, 1966; Hawkes, 1978). The potato of Europe belongs
te the species Solanum tuberosum and, together with cereals and sugar
beet, is her most important crop. Potato tubers are used both for con-
sumption and for vegetative reproduction. The intended use of the tubers
has consequences not only for cultivation but alsc for storage of the po-
tatoes.

1.2 Structure of the potato tuber
1.2.1 Formation of the tuber

During growth of a potato plant, a number of lateral shoots are formed
below soil level at the base of the main stem. These stems usually remain
below seil level and, unlike the above~-ground stems, grow mainly horizon-
tally (diageotropic) (Fig. 1.1). These stolons, as they are known, have
elongated internodes, spirally arranged lateral buds, small leaves and a

SL
S L R

Fig. 1.1. Part of a stém below soil level with roots and developing stolen.
8 = stolon; L = lenticel; Sl = scale leaf; R = root
{(redrawn from Danert, 1961).
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(1)

Fig. 1.2. Schematic drawing of young developing tubers (redrawn from
Krijthe, 1946). a. Stolon with hooked tip and scale leaf; b. a swelling
has developed subapically, just proximal to the stolon hook; c. young
tuber with second internode becoming incorporated. Tuber has two eyes (1)
and (2). The stolon hook has almost straightened .out.

hooked tip with a terminal bud. At a certain stage during growth, the
part just behind the hook of the stolon begins teo swell and longitudinal
growth of the stolons ceases.

A potato tuber is in fact a modified stem with a shortened (and broad-
ened) axis (Artschwager, 1924). Fig. 1.2 shows the initial development of
a tuber on a stelon. A tuber may form at the end of each stolon.

According to Krijthe (1955), the largest tubers are not formed on the
most basal stolons - those formed close to the mother tuber - but on the
stolons in third, fourth or fifth position from the base of the stem.
Plaisted (1957), however, found that the first and largest tubers were
formed on the most basal stolons.

1. 2.2 Morphology of the tuber
1.2.2.1 The shape of the tuber

Each variety has a relatively characteristic tuber shape, as described
for Dutch and other varieties in the List of vVarieties (Nederlandse ras-
senlijst, 1980). However, growing conditions and disease may cause varia-
tions from this genetically determined tuber shape.

The uniformity of tuber shape of a lot of potatoes is determined not
only by varietal characteristics but also by plant spacing. Closer plant
spacing would give more uniform tubers (Gray and Hughes, 1978).
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1.2.2.1.1 Influence of second growth on tuber shape

Due to 'stress' during tuber growth the developing tuber may become
malformed. A stress situation may occur, for example, as a result of a
period of drought followed by heavy rain causing rapid new growth (Bod-
laender et al., 1964). Bodlaender et al. (1964) found that second growth

wag also induced by exposure of the plants to high temperatures. These
workers also showed that liability to second growth depends on variety.

The malformations may, for example, take the form of large cracks, )
prolongation of the bud end or protrusions of knob-like growth. Sometimes
varieties exhibit 'chain tuberization' (Fig. 1.3).

Fig. 1.3. Types of second growth. a. cracking; b. prolongation of bud end;
c. gemmation and d. chain tuberisation (from whitehead et al., 1953).
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The type of malformation occurring depends to some extent on variety.
Apart from the reduction in market value due to malformation of the tu-
bers, the guality of a lot in which second growth occurs is adversely af-
fected. The secondary parts or tubers often grow at the expense of the
first-formed, so that the tubers formed first may have a very low dry
matter content. It is possible for the latter to be almost completely de-
nuded of starch. These 'glassy' tubers or tuber parts cannot easily be
detected. By virtue of their poor guality, they cause problems when the
potatoes are processed (crisps, chips, etc.) and in batches of edible po-
tatoes and seed material (Krijthe, 1959; Lugt, 1960).

1.2.2.2 Eyes

The apex and the eyes can be distinguished on the tuber (Fig. 1.4)
and, at the other end, the scar where the tuber was attached to the sto-
lon - the stem end (sometimes still with a residual part of the stolon).
Small buds are wvisible at the apex and in the eyes. The bud at the apex
is called the apical bud of the tuber.

The eyes often contain not only a main bud but alsoc a few small later-
al buds (Fig. 1.4). As many as 20 or more buds may be present on a tuber
{(Krijthe, 1962). Each eye lies in the axil of an originally existing sca-
le leaf which has attained little height and which, because of the growth
in diameter of the tuber, has a base which is greatly extended tangenti-
ally (Fig. 1.2, ¢ 1 and 2). This scale leaf, known as the 'eyebrow', may
be distinct, slight or indistinct. The eyes are arranged spirally on the
tuber. The eyes at the stem end are the first to be formed during tuber
development (Fig. 1.4). The apical eye is the last to be forwed and con-
tains the physiolegically youngest bud.

Bud end

Lateral buds

Apical bud
Expanded scale |eat

Insert

Stem end

Insertof an eye

Bud
Main lateral bud ud scale

- Lateral hud

Expanded scale leaf

Fig. 1.4. A potato tuber showing morphological details. Eyes numbered in
order of formation (redrawn from Allen, 1978).
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number of eyes per tuber
14+
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10+

84

20 40 60 80 100 120 140 160
tuber size (9)

Fig. 1.5. Relationship between number of eyes per tuber and tuber size
(from Allen, 1378).

The number of eyes per tuber increases with tuber size, but the increase

is not linear, as Fig. 1.5 shows. Eye depth is a varietal characteristic.
Determination of the exact number of eyes is often problematic in varie-

ties with deep eyes. It is then difficult to decide whether buds close to
the apical bud are to be regarded as lateral buds of the apical bud or as
the main bud of a different eye.

1.2.3 Anatomy of the tuber

Tuberization first becomes visible as a thickening of the youngest
elongating internode of the stolon tip. This thickening is mainly due to
enlargement of the pith cells of the stolen (Artschwager, 1924; Cutter,
1978) and to cell division in all parts of the stolon (Artschwager, 1924;
Plaisted, 1957).

Cell size increases with tuber size. Most of the increase in tuber si-
ze in tubers larger than 30 to 40 g is attributed to the increase in cell
size (Lehman, 1926; Reeve, 1973b}. In the preceding stage, the main growth

SKIN
CORTEX
VASCULAR ARING

PERIMEDULLARY ZONE
MEDULLARY RAYS

~ LENTICELS

PITH

STEM END

Fig. 1.6. Longitudinal diagram of a potato tuber {(redrawn from Reeve et
al., 1969a).
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factor would be the increase in the number of cells. This view is not
ghared by Plaisted (1957), who observed that cell division still occurred
in tubers weighing up to 200 g (c¢v. Cobbler).

The anatomy of the tuber is shown diagrammatically in Fig. 1.6. The
parts which can be distinguished are the skin or periderm with the lenti=-
cels, the eyes, the bud and stem ends, the cortex, the ring of vascular
bundles, the perimedullary zone and the pith with medullary rays which
are homologous with the medulla of the stoloen.

1.2.3.1 SKkin or periderm

During development of a stolen tip into a tuber, a suberized layer of
cells constituting the skin or periderm is formed on the outside of the
tuber. If the tuber tissue is wounded, the tuber is able to form a new
layer of suberized cells, known as wound periderm. This process is called
wound healing (Chapter 20).

1.2.3.1.1 Skin (periderm) formation and structure

As soon as the tips of the stolon swell, formation of the periderm
starts. Periderm formation usually begins at the stem end of the young
tuber (Reeve et al., 1969a). The outer cell layer (epidermis) divides
from the outside inwards, while the layer below the epidermis (the hypo-
dermis) divides from the inside outwards (Artschwager, 1924; Reeve et al.,
196%a; Cutter, 1978). This dividing cell layer is called phellogen. The
newly formed cells (phellem) constitute the periderm and become suberized
{see Fig. 1.7, Reeve, 1969a). The cells of the hypodermis may deposit pa-
renchyma cells (phelloderm) towards the inside of the tuber (Fig. 1.7c¢).

PAREU S 2
LA/
. o= -
. 5 -
-
’ » a . ®
. A > .
L 4
F
’ * < Fig. 1.7. Periderm development in
P . bud end regions of a young tuber.
» - a. Cell divisions in epidermal
- cells; b. cell divisions in sub-
@ epidermal cells; c. periderm
files; (redrawn from Reeve et
< al., 1969a).
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In young tubers the layer of repeatedly dividing cells is extremely
active and the skin can easily be removed from the tuber. This is no lon-
ger the case once this layer becomes inactive. This phenomenon is used to
determine the maturity of the tuber (v.d. Zaag, 1970). The phellegen is
active throughout the growth of the tuber. The skin of the potate usually
consists of six to ten suberized cell layers (Cutter, 1978) and is usu-
ally thicker at the stem end than at the bud end. However, this number of
suberized cell layers, and the total skin thickness, may vary substanti-
ally; being partly dependent on variety (Artschwager, 1924) and also on
growing conditions. The effect of different temperatures during growth on
the number of cell layers and on skin thickness has been investigated for
the Russet Burbank variety. The number of cell layers was found to in-
crease at higher temperatures (Table 1.1}.

Table 1.1 Effect of temperature on number of cell layers in the periderm
of Russet Burbank (from Cutter, 1978).

Temperature Number of cell layers Periderm thickness
(°c) {Lm)

7.2 - 10 7 - 12 100 - 140

18.3 - 21.1 9 - 25 120 -~ 250

23.8 - 26.6 10 - 28 125 - 270

The number of cell layers tended to be smaller in extremely dry condi-
tions than in wet conditions (v.d. Zaag, 1970). Application of potassium
and nitrogen fertilizers tended te produce a thinner skin, while phospha-
te fertilizers produce a comparatively thick skin (Artschwager, 1924).
Qther workers have, however, been unable to confirm these results.

The suberized cells remain in position in smooth-skinned potatoes. In
rough-skinned tubers, the outer layers of these cells have become partly
detached, giving rise to a rough surface (v.d. Zaag, 1970).

The skin celour is an inheritable varietal characteristic, and is
caused by the presence of anthocvanin compounds dissolved in the cell sap
of both the periderm and cells of the peripheral cortex (Burton, 1966).

1.2.3.1.2 Formation and structure of wound periderm

Wounding of the tuber tissue initially gives rise to suberizing of the
cells on the surface of the cut. This is called primary suberization (Ro-
senstock, 1963). Suberization of cells involves the deposition of suberin
along the cell walls (Bareckhausen and Rosenstock, 1973). Suberin (cork)
formation in an important process, as suberin protects the tissue from
moisture loss and microbial attack. Suberin is a polymer, mainly composed
of lipids (Kolattukudy and Dean, 1974), comparable with the waxy layer
(cutin) of, for example, leaves.
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wounded surface

suberizad parenchyma

wound periderm

Fig. 1.8. Wound peridern
formation (redrawn from

Lange and Rosenstock,
storage parenchyma 1963)

The wound periderm is formed after the onset of primary suberization.
A few cell layers away from the wound surface, new cell walls are formed
parallel to the wound surface (Fig. 1.8)}. This gives rise to a phellogen
{cork cambium), which serves as the basis for wound perideypm formation:
the phellogen cells form a number of phellem cells parallel to the wound
surface. These phellem cells subseguently become suberized, this process
being known as secondary suberization (Rosenstock, 1963).

The process of wound healing is affected by several factors, such as
variety, temperature, moisture, etc. (Chapter 20).

1.2.3.2 Lenticels

Lenticels are formed in the periderm (skin) on the sides of the young
tuber where a stoma had originally been (Artschwager, 1924). These stoma-
ta are formed on the stolons, which are in fact underground stems.

Lenticels are composed of a circular group of suberized cells with a
central opening communicating with the intercellular spaces between the
cells of the tuber tissue {(Fig. 1.9). Lenticels are essential for the

respiration of the tuber since hardly any €0, or 0, can pass through the

skin itself (see also Chapter 4}. 2
The number of lenticels per unit of tuber area may be influenced by
tuber size, soil type and weather conditions during growth. The moisture
content of the soil at the time of tuberization is particularly important

(Meinl, 1966).
In the English variety King Edward, the number of lenticels larger than
0.5 mm in diameter in tubers ranging between 95 and 230 g was found to be
75 to 140 per tuber (Wigginton, 1973).
Our own observations with the cv. Doré grown on sandy soil, have shown
the average number of lenticels per tuber to be 250, for an average tuber
weight of about 115 g.

The size of the opening in the lenticels {proliferation) is also af-
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Fig. 1.9. Lenticels from cv. Spunta. a. Outside of the skin with a crater
formed by a lenticel {magnification x 735); b. transverse section cof a
lenticel with suberized filling cells (magnification x 122). (Micrographs
obtained with a Scanning Electron Microscope).
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fected by the moisture content of the so0il or by relative humidity of
storage atmosphere. The lenticels swell in wet conditions and the opening
increases in size. This reaction is more evident in newly lifted tubers
than during storage. When the tubers begin to sprout, the swelling reac-
tion of the lenticels increases again owing to the high ambient humidity
(Adams, 1975).

1.2.3.3 Structure of an eye

The anatomical structure of a potato eye (Fig. 1.10) corresponds to
that of a bud on a stem, with which it is homologous.

The 'eyebrow' is formed by a scale leaf inside which is an axillary
bud, cor main bud. This axillary bud is surrounded by two leaf primordia,
which separate as the tuber grows (Fig. 1.10). Second order axillary buds
are formed in the axilla of these first leaf primordia of the main bud
(Cutter, 1978). In this way, therefore, a number of buds may be formed in
each eye, all of them originally axillary buds. It is these buds which
develop if the main sprout of an eye is removed by desprouting, damage or
digease.

1.2.3.4 Anatomy of the parenchyma tissue

The major part of the tuber tissue consists of parenchyma cells - tho-
se of the cortex and of the perimedullary zone (Fig. 1.6). The parenchyma
cells contain starch grains as reserve material (storage parenchyma). The
potato tuber parenchyma cells are generally of a uniform shape in more or

) oy, e lireh
L (T sevritvavg ot Unds
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(D 73] LA
scale lateral main bud scale
leaf bud leaf

Fig. 1.10. Drawing illustrating structure of potato buds and surrounding
tissue (from Artschwager, 1924).
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less all directions (isodiametric). The cortex lies between the periderm
and the vascular ring. The parenchyma of the perimedullary zone is loca-
ted between the vascular ring and the medulla (pith) and the medullary

rays. The parenchyma cells of the perimedullary zone are formed by divi-

ding cells on the inside of the vascular ring (Lehman, 1926; Reeve et
al., 196%a) and are thus not medullary cells in origin. Tuber growth is

caused primarily by the increase of this perimedullary zone (Reeve et
al., 1969a}.

1.2.3.4.1 Cell wall

The cell walls consist mainly of microfibrillae of cellulose and pectic
substances. Cellulose is a polymer of f-glucose. Cell wall thickness in-
creases during tuber growth {(Fig. 1.11). Reeve et al. (1973 c) observed a
doubling of cell wall thickness when tuber weight increased from 100 to
250 g in the Russet Burbank variety. The thickness of the cell wall was
then about lp. Any influence of manuring (nitrogen) and moisture supply
during growth on cell wall thickness could not be observed.

Varietal differences in the thickness of the cell walls in mature tu-
bers were found to be relatively small, except in the cv. Doré, which was
found to have relatively thick cell walls {1.36 p) (Reeve et al., 1973c).

The measured cell wall thickness in the cv. Bintje was (.64 p.

1.2.2.4.2 Niddle lamella

The cell walls are linked together by means of a middle lamella, which
consists mainly of pectin, a polymer of galacturonic acid. The middle la-
mella is responsible for the cohesion between the cell walls (Fig. 1.11).
Upen impact damage, the cell walls sometimes become detached from each
other along the middle lamella, without any eventual discoloration (black
spot) (Hartmans and Van Es, 1974). In this case the cells themselves re-
main intact. The suitability ¢f potatoes for processing into certain pro-
ducts (boiled or fried products, potatc salads, etc.) largely depends on
the degree cof disintegration of the potato tissue on heating. This disin-
tegration is a conseqguence of the separation of the cells. Apart from
factors such as swelling of the starch grains, this is attributed to
other factors such as the solubility of pectins in the middle lamella du-
ring cooking (Gray and Hughes, 1978).

1.2.3.4.3 Intercellular spaces

The middle lamellae are often interrupted in some cell positions, thus
forming intercellular spaces (Fig. 1.12). The intercellular spaces are
interconnected and allow gas exchange with the environment for respira-
tion (see Chapter 3). The total volume of the intercellular space of a
potate tuber depends on variety, as Kushman and Hayenes (1971) showed for
a number of American varieties.
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Fig. 1.11. Cell wall with middle lamella and membranes of the plasma lem-
ma of cortex cells, cv. Bintje. a. Young immature tuber (tuber size t

4 cm); b. mature tuber. (Micregraphs obtained with a Transmission Elec-
tron Microscope) (magnification x 39,9%900).

cw = cell wall; ml = middle lamella; cm = cell membrane.
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Fig. 1.12. Intercellular space with surrounding cell walls of cortex
cells from immature tuber of cv. Jaerla. (Micrographs obtained with a
Transmission Electron Microscope) (magnification x 10,830). is = inter-
cellular space; cw = cell wall; v = vacucle; vmm = vacuole membrane; m =
mitochondria.

Different varieties may differ in intercellular space volume by a fac-
tor of three, the range being from a minimum of 0.33 ml per 100 ml tuber
volume to a maximum of 0.92 ml per 100 ml tubexr volume.

Storage for two months at 4.5 °C reduced this volume, by an average of
0.28 ml per 100 ml tuber volume for small-volume varieties and by an ave-
rage of 0.43 ml per 100 ml tuber volume for large-volume varieties. Sub-
stantial difference in the intercellular space volume may have conseguen=
ces for calculation of the dry matter content from the underwater weight
{Kushman and Hayenes, 1971}.

Hudson (1975) showed that variations in manuring, soil meisture condi-
tions and temperature during growth have little effect on the volume of
the interceliular space.

1.2.3.4.4 cell size

Cell size increases with increasing tuber size (Table 1.2).

The eventual cell size of the mature tuber depends on variety (Lehman,
1926; Linehan et al., 1968) and on growing conditions. For instance, Leh-
man (1926) and Reeve et al. (1971) showed that the application of nitro-
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gen fertilizer reduces the cell size of both cortex and perimedullary zo-
ne. Lehman (1926) was unable to show any effect of phospate and potassium
fertilizer application.

Table 1.2 Increase in cell size during tuber growth (from Plaisted, 1957)

Tuber weight Cortex cell volume Perimedullary zone parenchyma
cell vclume
(g) (mm? - 10_4) (mnm3 - 10‘4)
1 1.1 1.7
10 1.5 3.2
5¢ 2.4 4,1
100 3.3 6.4
200 6.3 9.8

The average cell size of the perimedullary zone is 1.5 to 2.5 times
that of the cortex (Reeve et al., 1971 and 1973 a). These workers also
observed a decreasing cell size gradient from the stem end to the bud
end, particularly for the cortex but also, although to a lesser extent,
for the perimedullary zone. Van Es et al. (1975) showed that there may be
considerable differences in cortex cell size in one and the same tuber.
Uniike Reeve et al. (1971 and 1973 a}, they found that where these dif-
ferences occurred, the largest cell volume was on the apical side of the
middle of the tuber and not on the stem side {Fig. 1.13).

1.2.3.4.5 Starch grains

Most (60 to 80 %) of the dry matter of a potato tuber consists of
starch grains. Starch is a polymer of glucose {Chapter 2) and forms the
reserve material in the tuber, for use in respiration and sprouting.
Starch grains are formed from the very earliest stages of tuberization,
as soon as the stelon tip begins to swell. The starch content increases
during tuber growth. This increase is caused both by an increase in the
number of grains and by increasing grain size. Fig. i.14 shows starch
grains in very young tissue, when the tuber size is 1 to 2 cm. The grains
in this case are small, homogeneous in size and small in number. Fig.
1.13 a and b show cortex tissue of a mature tuber. The number and size of
the grains in each cell are seen to be appreciably larger. In this case
the grains are not homogenecus in size.

The starch grains are located in the cytoplasm of the cell (Fig. 1.15),
surrounded by a membrane (Chapter 2). The size of starch grains in a ma-
ture tuber may range from 1 to about 120 u (Burton, 1966). The largest
grains are often present in the large cells of the perimedullary zone
{(Reeve, 1967). The small grains largely occur in the tissue around the
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Fig. 1.13. Cortex parenchyma cells (cv. Bintje). a. Tissue with small
3

cells; average cell volume 0.9 X 10~ mma; b. tissue with larger cells;

average cell volume 3.5 x 10'3mm3. {Micrographs obtained with a Scanning

Electron Microscope) (magnification x 204).

vascular ring {(Table 1.3}. The cells of the cortex contain the largest
number of grains per cell, and those of the pith and medullary rays the
smallest (Reeve, 1967).

Table 1.3 Starch grain size in different tissues of Russet Burbank
(from Reeve, 1967)

Tigsue zohe Average starch grain length ()
Cortex 24

Vascular ring 7.3

Perimedullary zone 3z

Medullary rays and pith 27

Reeve (1967) found that average starch grain size increased during
storage owing to the fall in the number of smaller starch grains. He as-
sumed that the smaller grains might be more readily broken down than the
larger ones. Chung and Hadziyeve (1980) showed that average grain size is
not influenced by tuber size and origin. Putz et al. (1978), on the other
hand, observed some influence of origin and tuber size, with larger tu-
bers containing larger starch grains. These workers also found that the
principal parameter affecting starch grain size variation was the season.
Varietal influences were also observed.
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Fig. 1.14. Cortex parenchyma cells from a young tuber (tuber size 1 to
2 cm) with small starch grains of uniform size. (Micrographs obtained
with a Scanning Electron microscope) {(magnification x 231).

Fig. 1.15. Small starch grain located in the cytoplasm of the cell and
surrounded by a membrane. Part of cortex cell from immature tuber of cv.
Jaerla. (Micrographs obtained with a Transmission Electron Microscope)
(magnification x 13,125). cw = cell wall; v = vacuole; m = mitochondria;
sg = starch grain; vm = vacucle membrane; sgm = starch grain membrane.

32



1.2.3.5 Vascular ring

If a tuber is cut lengthwise, part of the vascular tissue, the xylem,
is vigible as a ring (Fig. 1.6). The xylem connects the stem end with the
eyes. The xylem tissue (xylem vessels) is shown in detail in Fig. 1.16.
The parenchyma cells near the xylem tissue are small. The phloem strands
(sieve tubes) are spread out on the outside and inside of the xylem tis-
sue in the form of countless bundles of small cells (Fig. 1.17) in the
cortex and perimedullary zone respectively. This is called the external
and internal phloem. Reeve (1967) found that the zone containing the in-
ternal phloem comprises about three quarters of the total tuber tissue.
The phloem strands themselves contain about 5 % of the total tissue of
the mature tuber (Reeve et al., 1973 b).

1.2.3.6 Medulla and medullary rays

The medullary rays and medulla {(pith) are homoclogous win the medulla
of the stolons. The medullary rays run from the stem end to the eyes
(Fig. 1.6). The medullary parenchyma contains cells whose sizes lie be-
tween those of the cortex and the perimedullary zone (Reeve et al., 1971,
1973 a and b)}. The cells contain relatively few starch grains and for
this reason the tissue looks wet and translucent.

1.2. 4 MNorphology of the sprout

One or more sprouts develop on a tuber at the end of the deormancy pe-
riod. The structure of the sprouts formed depends on the conditions during
growth - mainly temperature and light.

The factors affecting dormancy, sprout inhibition and sprouting are
described in Chapter 3.

1.2.4.1 Morphology of sprouts formed in the dark

In principle, all the buds present on the tuber can sprout if condi-
tions are favourable. The rate of growth depends on the storage period
and on temperature.

Sprouts with elongated internodes are formed in the dark {(Fig. 1.18).
The apex of the sprout, with young leaflets, is often curved. The root
primordia are visible at the base and around the lateral buds {Fig. 1.19).
If the relative humidity of the storage atmosphere is high, roots may
form from these while the tubers are still in store. The stolons later
form from the lowest lateral buds. Since chlorophyll does not form in the
dark, the sprouts are light in colour, except often at the base of the
sprouts, which may be red to purple owing to formation of anthocyanin.
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Fig. 1.16. Transverse section of vascular tissue with xylem surrounded by

small parenchyma cells. (Micrograph obtained with a Scanning Electron
Microscope) {magnification x 79).

Fig. 1.17. Part of transverse section of a mature tuber showing the vas-
cular tissue { x = xylem; p = phloem) (from Artschwager, 1924).
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Fig. 1.18. Regrowth of sprouts during four weeks' storage at 18 °C in the
dark, after desprouting. Storage conditions: t 3 menths at 12 °C; cv.

Jaerle.

Fig. 1.19. sprouts {cv. Désirée) grown in the dark, showing root primor-
dia (rp) visible at the base and around the lower lateral buds.
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This, like the formation of hairs on the sprout, is a variety characte-
ristic. If temperature and humidity are favourable, the sprouts may con-
tinue tc grow almost without limitation in the dark, reaching a length
sometime of as much as 1 to 1.5 m. If the apex of the sprout is damaged,
the lateral buds sprout and branching occurs. Branching also occurs due
to prolonged storage of the seed tubers. The tubers become physiological-
ly old.

If tubers are stored at relatively high temperatures {13 teo 15 °C),
internal sprouts may form if the sprout apex is damaged or dead {Davis,
1961). Sprouts then form from the lateral buds at the base and may grow
into the tuber or a neighbouring tuber.

1.2.4.2 Morphology of sprouts formed with exposure to light

The elongation of the internodes is greatly inhibited in the light;
only a small amount of light is sufficient to produce this effect.
A short, thickened sprout is formed, with leaflets around ghe apex de-
veloping lateral buds and root primordia at the base (Fig. 1.20}). In spe-
cial carefully chosen conditions of light, temperature and humidity, the
developing light-exposed sprout eventually acquires such a characteristic

Fig. 1.20. Sprouts (cv. Désirée) grown in the light, showing coloratiocn
of the sprouts and development of small leafs and root primordia (rp).
The lenticels (lc) are clearly visible as white dots at the base.
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shape, colour and hairiness that the variety can be reliably determined.
For this reason, sprouting in the light is used not only as a method of
presprouting (Chapter 25) but also for varietal identificatien.

1.2 Chemical composition of the potato

The chemical composition of the potato is very important not only for
storage but also for processing and consumption. Storability and the sys-
tem of storage to be used are, for example, very much associated with the
problem of carbohydrate metabelism and the substances affecting the lat-
ter. The potato-processing industry must take account of such factors as
dry matter content, sugars, proteins and other nitrogen compounds. The
lipids are alsc relevant here in connection with the keeping properties of
the processed product. For the consumer, it is important what he consumes
and in what guantities. The potato still occupies an important position
in the daily diet of large sections of the population of many countries,.
Particularly in our time, it is very important to obtain an idea of the
composition of this diet in terms of nutritional wvalue.

1.3.1 Dry matter content

The dry matter content is a very important factor in potatoes. It is
mainly determined genetically and thus depends on variety. Since 60 to
80 % of the dry matter consists of starch, there is a major correlation
between dry matter content and the starch content of the tuber.

The dry matter content is important for the guality of both boiled and
fried potato products such as chips and crisps. It is of direct importan-
ce in chips and crisps, as the weight of the processed product depends
directly on the amount of dry matter present per gquantitative unit of
fresh potatces. The same applies to dried potato products. The dry matter
content is also important with boiled potatoes, as it may be a measure of
the mealiness of the boiled product (Warren and Woodman, 1974) and of
mushiness on cooking (Talburt and smith, 1967). (The canning industry de=-
mands potatoes with a low dry matter content.)

There is also a relation between the dry matter content and suscepti-
bility to black spot caused by impact (Jacob, 1959).

The dry matter content is influenced by a large number of factors
(Fig. 1.21), chief among which are:

Variety

Maturity

Growth pattern as influenced by nitrogen fertilizer application

Climate, so0il and potassium fertilizer application.

These factors are reviewed by Beukema and Van der Zaag (197%).
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5

Fig. 1.21. Simplified version of a survey of factors influencing the per-
centage of dry matter in tubers (from Beukema and Van der Zaag, 1979 af-
ter Bernelot Moens, 1973).

1.3.1.1 vVariety

The main factor is perhaps the choice of variety. Varieties which ma-
ture early usually have lower dry matter contents than later varieties
(Burton, 1966). However, the effects of the differences are virtuaily all
expressed by way of the first three factors in Fig. 1.21. The dry matter
contents of a few Dutch varieties are set cut in Table 1.4 (Beukema and
Van der Zaag, 1979).

Table 1.4 Average dry matter content of 4 varieties grown on different
soils (from Beukema and Van der Zaag, 1979).

Variety Soil type

silt sand peat
Bintje 21.3 19.6 -
Woudster 25.4 23.3 23.5
Saturna 25.0 23.1 23,1
Maritta 24.7 23.1 22.7
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1.3.1.2 Maturity

The dry matter content of the tubers increases with the progress of
the growing season (Appleman and Miller, 1926). Fig. 1.22 shows the aver-
age increase in underwater weight at the end of the potato growing sea-
scn, determined from random samples of 60,000 ha of potatoes in the
north=-east of the Netherlands (Beukema and Van der Zaag, 1979). The de-
gree of maturity is a means of controlling the dry matter content. Note
the difference between the years 1970 and 1971.

tuber yield
g/plant
r 1400
F 1300
1200
un?e:—
w
wgght gum————g oo
450 -
440 4 Pl r 1000
430 A
420 4 - 900
410
400 ~ 800
380 4
350 4 k700
370 4 ’
360 -600

1}8 10/8 2573 3&/3 ofs  19/9 28/
harvest dates

Fig. 1.22. Increasing tuber yield and under-water weight (5 kg tubers)
of potatoes grown for starch (average of more thdn 100 samples per data)

in 1970 and 1971; A — A = g/plant 1971; 0 ~— 0 = g/plant 1970;
A —— A = uww 1971; & — # = uww 1970 {from Beukema and Van der Zaag,
1979).

1.3.1.3 Growing season

The growing season greatly influences the degree of maturity obtained.
The growing pattern is affected by a variety of deficiencies (stress fac-
tors). The effect of nitrogen on the growing pattern is important because
this element delays maturity during growth. It is generally assumed that
nitrogen reduces the dry matter content. This effect is sometimes unclear
or even contrary to the general assumption (Schippers, 1968). The varia-
tion of the dry matter content at different rates of nitrogen and potas-
sium fertilizer application is set out in Fig. 1.23 (Temme, 1979; Beukema
and Van der Zaag, 1979).

Haulm weight during growth is relevant to the effect of nitrogen on
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Fig. 1.23. Effect of N and K (KZSO4) on dry matter content of tubers (cv.
Bintje, silt soils, 1963) (from Temme, 1970).

dry matter content, as nitrogen increases the haulm weight. If high N
fertilizer application causes the haulm weight to become greater than
necessary for optimum photosynthesis, the dry matter content of the tu-
bers may fall (Beukema and Van der Zaag, 1979).

1.3.1.4 Climate, soil and potassium fertilizer application

These factors may have an effect by way of growth pattern, or they may
directly affect the dry matter content.

In Dutch conditions, petatoes with the highest dry matter content are
obtained from silt soil, while sandy soil gives the lowest content. This
is related to the availability of water for the plant. The availability
of potassium may also be relevant here, as well as the weather (Burton,
1966). warm, dry weather is favourable to high dry matter content, while
cold, wet weather tends to reduce it (Fig. 1.24).

Phosphorus has no effect under normal conditions; a higher dry matter
content may be observed if very large gquantities of phosphate fertilizer
are applied.

Potassium has a very important effect on dry matter content, which is
normally inversely proportional to the potassium content of the soil
{Fig. 1.25) (Beukema and Van der Zaag, 1979; White et al., 1974).
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Fig. 1.24. Effect of rainfall on dry matter content (from Burton, 1966).
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Fig. 1.25. Dry matter content of tubers as influenced by potassium con-
tent (K-HCl) of silt soil on which no fertilizer and 150 kg KZO has been
applied {from Van der Paauw and Ris, 1955).

1.3.2 Relationship between underwater weight, dry matter content, starch

content and specific gravity

It may be necessary to determine the dry matter content of batches of
potatoes not only for the marketing and processing of potatoes but also
when they are stored. Within limits this can be done very simply by
weighing under water. The underwater weight (UWW)} is the weight under wa-
ter in grams of 5000 g of potatces. The specific gravity can be obtained

directly from this:
5000

Specific gravity (5G) = 5000 - Uww
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The relation between specific gravity (SG) and percentage dry matter
(% DM) is less simple; it has been determined empirically by a number of
workers, and varies to some extent as between different batches of pota-
toes. A very well known relationship is that established by von Scheele
et al. (1935):

% DM = 24,182 + (211.04 x SG) - (211.04 x 1.0988)

If the dry matter content is expressed in UWW then:

% DM = 0.0493 x UwwWw + 1.95

Other authors have given somewhat different regression lines (Porter
et el., 1964; Houghland, 1966; Carlsscn, 1967; Verma et al., 1971;
Ludwig, 1972; Schippers, 1976). One of the reasons is the differences in
intercellular space in the tuber tissue (Burton, 1966; Kushman and Haynes
jr., 1971). The temperatures of the potatoes and of the water in which
they are weighed are also relevant (Adler, 19%71; Basker, 1975}).

Table 1.5 shows the relationship between underwater weight, dry mat-
ter content and starch content for a large number of bhatches of petatoes
from sandy and peat soils in the north of the Netherlands;

% DM = 0.05 x UwW + 1.0, The potatoes were used for the starch industry.

1.3.3 Dry matter distribution in the potato

There are differences in dry matter content both between potato tubers
and within a single tuber (Burton, 1966; Ifenkwe, 1974; Cole, 1975).

Differences between tubers

Differences are found not only between varieties and batches of diffe-
rent origins (differences in climate, soil and fertilizer application)
but also between tubers of a single plant. Tubers initiated early may ha-
ve an advantage in dry matter accumulation. Again, dry matter formed in
the last tubers to be initiated may sometimes be resorbed on maturing,
thus benefiting the larger tubers.

Meijers and Van Veldhuisen (1972) investigated the UWW of a large num-
ber of samples of the cv. Bintje and the specific gravity distribution of
the tubers in these samples. Both the UwWW and the specific gravity dis-
tribution varied substantially from year to year and from area to area,
when the UWW was roughly equal, the specific gravity distribution was al-
so found to be more or less identical. Large differences were observed
from year to year.

The dry matter content of large tubers is usually lower than that of
small tubers, as the latter contain relatively less of the water-rich in-
ner medullary tissue. Possible departures from this rule may be due to
immaturity of the tubers (Burton, 1966).

Ifenkwe et al. (1974) found that the relation between tuber size and
dry matter content is not linear {(Fig. 1.26). There is a clear optimum
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able 1.5 Conversion table for dry matter content, starch content and specific gravity from the under
ater weight (uww) of 5 kg of potatoes (data from Proefstation veor Aardappelverwerking TNO, Greningen,
he Netherlands). These data count for potatoes from peat and sandy scils.
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1.105
1.105
1.105
1.105
1.106e
1.106
1-106
1.10é
1.107
1.107
1.107
1.107
1.108
1.108
1.108
i.lo08
1l.1o0%
1.108
1.10%
1.10%
1.110
1.110
1.110
1.1190

tuber size within a batch of given origin. The dry matter content declines

again in larger tubers. This is thought to be due to the conversion of

starch into sugars caused by moisture stress in certain parts of the tu-

ber. wurr et al.

stances.
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Fig. 1.26. Relationship between tuber size and dry matter content

{0 ® King Edward) (from Ifenkwe et al., 1974).
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Differences within a tuber

There are differences in dry matter content within a tuber, both from
the outside to the inside in different tissues and from the bud to the
stem end.

The bud and stem ends are of different physiological ages. The pattern
of dry matter distribution is disturbed in second growth tubers, in which
the originally normal dry matter structure has been redistributed. A lower
dry matter content can also be observed near the eyes than in the sur-
rounding tissue. Table 1.6 illustrates the dry matter distribution from
outside to inside for different tuber sizes (Burton, 1966).

Dry matter content increases from the outside towards the inside as
far as the innermost part of the cortical tissue and the outermost tissue
of the perimedullary zone, only to fall again further towards the heart
of the tuber. The tissue with the highest dry matter content (storage
parenchyma) comprises the innermest part of the cortex (inner cortex) and
the outermost part of the perimedullary zone {(cuter medulla).

In most potato literature, the cortex proper is considered together
with the cutermost part of the phloem parenchyma, both being described by
the term 'cortex' for the sake of convenience, while the parenchyma of
the perimedullary zone together with the innermost part of the phlocem pa-
renchyma is called 'medulla’ (Burton, 1966).
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Table 1.6 Distribution of dry matter and the proportion of different zones
in the potatc tuber (after Glynne and Jackson, 1919; from Burton, 1966}).

Zone Number and size of tubers
6 small 6 medium 6 large Average of
{54-84.5 q) (139.5-16G6.2 g) (184.9-259.9 g) 18 tubers

% of % of dry % of % of dry % of % of dry % of dry
whole matter whecle matter whole matter matter

Skin 2.78 14,29 1.85 15.08 2.83 13.44 14.01
Cortical, outer
2.5 mm 27.54 24.86 20.29 23.43 18.11 23.36 23.71

Cortical, inner 24.68 29.25 20.11 28.72 18.92 27.57 28.30

Medullary, outer

2.5 mm 31.32 25.76 36.43 25.49 39.95% 25.05 25,28
Medullary, inner 13.67 20.16 21.32 18.46 20.19 17.48 18.15
wWhole tuber - 25.29 - 24.04 - 23.35 -

Table 1.7 Distribution of dry matter in the potato tuber (based on
samples of 20 tubers of the variety King Edward VII) (after Glynne and
Jackson, 1919; from Burton, 19686).

Zone Section (bud to stem)
bud end stem end
1 2 3 4

Percentage of dry matter

Skin 14.69 15.38 15.20 16.73
OQuter 2.5 mm of cortex 21.086 23,20 24.73 24 34
Inner cortex 25.99 28.03 29.52 30.04
Peripheral 2.5 mm of outer pith

(outer medulla) 25.96 27.04 28.08 28.65
Rest of outer pith 22.05 22.94 23.14 24.97

(inner medulla)

Inner pith 17.52 16.37 17.43 19.81

The potato tuber is thus found to be extremely inhomcgeneous as re-
gards dry matter distribution. This inhomogenity is even more evident in
terms of chemical composition. Table 1.7 sets out the dry matter content
distribution between different tissues proceeding from the bud to the
stem ends. The increase in dry matter from the bud to the stem end in all
tissues is clearly shown.
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1.3.4 Chemical composition of the dry matter

The composition of the dry matter in potatoes can vary substantially
according to variety, conditions during growth - e.g., type of soil, fer-
tilizer application, temperature, moisture supply and light - and degree
of maturity.

Changes may occur during storage, as Fig. 1.28 shows for sugars and
Fig. 1.31 for organic acids (Rumpf, 1972).

Levels and ranges for a number of components are given in Table 1.8.

Table 1.8 Approximate composition of the dry matter of the potato tuber.

Chemical compesition From Painter & From Burton, 1966
augustin, 1976

range {approx.) normal value (approx.)

Dry matter % 22.48

Alcohol insoluble Solids % 92.65

Crude Fiber % 1.08 1 - 10 2 -4
Starch % 74,24 &0 - 80 70
Reducing Sugars % 0.55 0.25 - 3 * 0.5 - 2 *
Total Sugars % 1.28

Total Nitrogen % 1.16 1 -2 1 -2

Amino Nitrogen % .09
Ascorbic Acid mg/100 g 92.08

'~y

Thiamin mg/100 g 0.73

Niacin mg/1C0 g 10.08

Riboflavin mg/1C0 g 0.118

Ash % 4,20 4 - 6 4 - 6
Calcium % 0.019

Magnesium % 0,084

Potassium % 1.47

Sodium % 0.022

Iron ppm 15.70

Copper ‘ppm 1.30

Citric acid ¥ 0.5 - 7 2
Protein=N % 0.5 - 1 0.5 -1
Fat % c.1 -1 0.3 - 0.5
Sucrose % 0.26 - 1.5 # 0.5 - 1.0 *

All data except for dry matter are recorded on a dry weight basis.

The dry matter normally comprises about 18 to 28 % of the fresh weight,
dependent upon factors discussed in the text. Average value about 23 %.

* These figures are reoresentative of mature unstored tubers. The content
of sugar is very markedly affected by the stage of maturity and by
temperature of storage.
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Fig. 1.27. Chemical composition and distribution within the tuber (from
Fischnick and Heilinger, 1959).

Table 1.9 Comparative summary of relative concentrations

components within specific tuber tissues 1 (Reeve et al.,

of several minor
1969b).

Tissue

Skin
Periderm
Fhellogen
Phellem

Cortex
Parenchyma
Outer phlcem
Phloem Parenchyma

Vascular ‘'ring'
Xylem
Xylem parenchyma

Perimeduliary =zone
Storage parenchyma
Internal phloem
Phloem parenchyma
pith branches

Pith
Pith parenchyma

Chlorogenic Tyrosine

acid

++
++

++

++
++

e+

++
++
++
++

++
++

++
++

++

++

++

++

Phenclase

Peroxidase Iron

++
4+

+

+

++

++

++ ++
++ 4
+ +
++ ++
++ ++
+ +
+ +

Solanin-

golanidine

++

++

1

Based on a general evaluation of analytical reports and histochemical evidence;

+ = present, ++ = greater concentration. Lack of symbol does not indicate absence.
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See also Tables 1.27 (True et al., 1978) and 1.13 {(Augustin, 1975) for
the ranges of minerals and vitamins.

As with the dry matter content, the chemical compounds are not distri-
buted homogeneously over the tuber. Here again, there are clear differen-
ces in concentration for a number of components. For instance, chloroge-
nic acid is found in the outermest part of the tuber, and so is sclanine.
Solanine is concentrated mainly around the eyes, while, for instance, the
enzyme phenclase is distributed throughout the tuber.

Fig. 1.27 shows the distribution of the components over the tuber in
the radial direction relative to the apex - stem axis.

Table 1.9 distinguishes between the types of tissue within the tuber,
while Table 1.10 shows the gradient in the directicon from the apex to the
stem end. The area around the eyes is also inciuded in the distribution.

Table 1.10 Summary cf bud end to stem end gradients of minor
components within the tuber (Reeve et al., 196%b).

Component Tuber zone 1

teye' areas bud end middle stem end
Chlorogenic acid + + ++ ++
Tyrosine + ++ 4+
Phenclase + ++ + T4+
Peroxidase + + ++4 ++
Catalase + FUwY ey
Ascorbic acid + + ++ P
Citric acid 4+ ++ +
ACidity + + 4+ Frey
ireon ++4 + ++ 4+
Phosphorus 4+ s +
Potassium +++ ++ +
Solanin-solanidine +++ ++ + +
L= present, ++ = concentrated, +++ = more concentrated.

Lack of. symbol does not indicate absence.

1.3.5 Starch

Apart from water, potatoes consist mainly of starch. This is present
in the cells in the form of starch grains or amyloplasts and consists of
the two polymers amylose (21 to 25 %) and amylopectin (75 to 7% %)
(McCready and Hassid, 1947; Effmert, 1967; Weaver et al., 1978; Chung and

Hadziyev, 1980}).
Both polymers consist of a-D glucose. Amylose, however, is unbranched,
while amylopectin has a branched chain (see alsc Chapter 2).
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Samotus (1958) states that 55 to 75 % of the dry matter of potateces
consists of starch. Burton (1966) menticns a normal value of 70 % with a
range from 60 to BO ¥%.

The distribution of the guantity of starch over the tuber parallels
that of dry matter. Hence the starch content increases from the outside
to the area of the vascular bundles, decreasing again further towards the
inside. There is alsoc more starch at the stem end than at the bud end.

As the tuber develops on the plant and become larger, the percentage
of starch in the dry matter composition increases (Burton, 1966). Potato
starch contains small quantities of phosphorus, present mainly in the
amylopectin fraction (£.079 ¥%). The amyloée fraction is said to contain
0.0103 ¥ phosphorus (Burton, 1966).

Posternak (1951) found that there was one phosphate group for every
300 glucose units in the amylopectin.

Burton (1966) gives values for the phosphorus content of starch in 24
varieties, ranging from 0.063 to 0.124 %. An increase in phosphorus con-
tent is found te be accompanied by an increase in viscosity in water.

Starch from large tubers is found to be more viscous than that from
small tubers. The viscosity of starch from the stem end of small tubers
is lower than that from the bud end; it is the other way round in large
tubers.

The amylose content of starch from small tubers is lower than that
from large ones. Starch from the bud end of small tubers mainly contained
less amylose than starch from the stem end; the situation was again re-
versed in large tubers. This is probably because large tubers are more
mature and contain more of the larger granules.

The mineral composition of the starch relative to that of the tuber
was determined (Table 1.11) in an investigation into the composition of
the ash content of potatoes grown in Alberta, varying from south to north

Table 1.11 The range of average mineral composition of
potato tubers and of starch from potato tubers grown in
Alberta (from Chung and Hadziyev, 1980).

potato tubers a starch b
ng/100 g mg/100 g
P 146 - 217 67.8 - 80.4
Ca 32.8 - 46.9 14.4 - 23.6
Mg 11¢ - 130 17.3 - 22.3
Na 27.9 - 35.3 7.7 - 24.8
K 1844 - 1897 13.1 - 20.3

on dry matter basis of peeled tubers

L= )
n

expressed on dry matter,basis
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(Chung and Hadziyev, 1980). The ash content of the potatoes ranged from
2.7 to 5.7 % of the dry matter.

Tegge et al. (1976) showed that the phosphate and ash content of star-
ches is substantially influenced by the year of cultivation and by loca~
lity and, to a lesser degree, by variety.

Mica (1976} determined the levels of the minerals potassium, calcium
and phosphorus in starch after harvesting and in storage at 2 and 10 °C.
Only slight differences were found. Since starch is the main component
of the dry matter content, it is understandable that there is a good cor-
relation between it and the starch content (Table 1.5, which applies to
Dutch conditions).

Von Scheele et al. (1937) found the following relationship between
starch content and dry matter content:

% starch = 17.55 + 0.891 (% dry matter - 24.18)

Correlation coefficient r = + 0.956

1.3.6 Sugars

The principal sugars occurring in potatoes are the reducing sugars
glucose and fructose and the non-reducing disaccharide sucrose.

Table 1.12 shows the guantities of sugars occurring in potatoes.

Considerable variations in sugar content may occur during storage,
as Fig. 1.28 shows (Chapter 2 for more quantitative information}).

Table 1.12 Contents of sugar of potato varieties grown at Sutton
Bonnington and analysed (11.10.56) one week after harvest and transport
to Ditton Lahoratory. Stored at 10 °C (from Burton, 1965).

Variety Content of sugar, g/l00 g fresh weight

total reducing non-reducing

Kind Edward 0.14 0.06 G.08
Arran Consul 0.36 0.23 0.13
Majestic 0.38 0.23 0.15
Gelden wonder n.3e 0.13 0.26
Craig's Defiance 0.50 0.34 0.16
Home Guard 0.51 0.33 0.18
Ulster Prince 0.71 0.45 0.26

1.3.7 Nitrogen, protein nitrogen and non-protein nitrogen
Nitrogen occurs primarily in the form of inorganic nitreogen, proteins,
free amino acids, and a large humber of different organic chemical com-

pounds. Neuberger and Sanger (1942) used a classification which distin-
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Fig. 1.28. Changes in sugar content during storage. Storage conditions,

10 °C and 85 to 90 % relative humidity. A — A = sucrose; & — # = glu-
cose and 0 -— (0 = fructose content in % of fresh weight (from Rumpf,
1972),

guished between insoluble protein N, scluble protein N, soluble non-pro-
tein ¥ (amino acids, amides) and 'basic N'.

The term ‘crude protein' is frequently used in the literature. To de-
termine this, the total nitrogen is measured by the Kjeldahl method.and
multiplied by a factor of 6.25. Desborough and wWeiser (1974) showed that
this factor should be 7.5 for potato protein owing to the amino acid com-
position., Pol and Labib (1963) determined the relationship between pro-
tein and non-protein nitrogen for four Dutch varieties (Fig. 1.29). The
part of the crude protein which can be regarded as true protein was ori~
ginally called tuberin. A gecond fraction was later distinguished within
the tuberin and was called tuberinin. This created the impression that
the proteins concerned were very special ones.

It is of course much better to distinquish albumin, globulin, prola-
min and glutelin.
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Fig. 1.29. Total, non-protein and protein nitrogen content of four potate
varieties (from Pol and Labib, 1983).

Using the extraction method of Nagy et al. (1941), Kapoor et al.
(1975) determined the levels of these protein components (Table 1.13}).

Seibles (1979} investigated the protein patterns of four varieties.
Fractionation of the variety Katahdin gave 25 % globulin and 75 % albu-
min. This analysis can alsoc give an impression of the guality of potato
protein in terms of nutritional value (Table 1.14).

Between 10 and 40 proteins can now be observed by electrophoresis
{Stegemann, 1975). Much of the protein is made up of 'storage proteins',
whose functions are largely unknown; these storage proteins are highly
amidated.

During senescence the molecular weight of some proteins falls substan-
tially, owing mainly to dissociation of the larger protein complexes.

Table 1.13 Protein fractions as percentages of total
protein nitrogen expressed on a freeze-dry basis
{from Kapoor et al., 1975}

Protein fraction mg of * of total

protein-N/g powder protein-N

albumin 412 48.9
globulin 218 25.9
prolamin 36 .3
glutelin 74 8.8
residue 75 8.9
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Table 1.14 Chemical Score, Essential Aminc Acid Index (EAA} and
Biological Value determined in protein fractions
{from Kapcor et al., 1975).

Protein fraction Chemical EEA ° Biclogical
Score 1 value 3
Albumin 61 82 77
Globulin 57 83 79
Prolamine 40 53 46
Glutelin 60 83 79
Residue 69 82 77

1. Chemical Score is the content of each essential amino acid in a
protein fraction expressed as a percentage of the content of the
same amino acid in the same guantity of egg (Anon., 1970).

2. Essential Amino Acid Index {(EAA) is defined as the geometrical
means ¢f the ratios of amino acids from potato and egg protein
{Oser, 1959).

3. Biological Value was determined by an equation of Oser (1959},

The main group of proteins in mature potatoes consists of subunits
with a molecular weight of 16,800 to 18,000 and 19,500.

The protein contains a component whose mobility during electrophoresis
is identical at pH 8.9 and 7.9. This protein band is only fully developed
when the potate is mature.

Another component disappears when sprouting begins. The electrophore-
tic protein patterns are characteristic and have already been used for
wany years for identification of varieties.

The following groups {Tables 1.15 and 1.16) can be distinguished by
fractionation of the nitrogenous compounds:

Insoluble protein N
Some 8 to 10 ¥ of the total N content of the tuber is insoluble. This
is almost certainly an insoluble part of the protein N fraction {Neu-
berger and Sanger, 1942; Slack, 1948; Burton, 1966).

soluble protein N
This fraction may contain more than half the total amount of nitrogen
ané consists of two different components in the proportions 7:3. The
first component {70 %) has the character of a globulin {insocluble in
water after dialysis) and was previously known as tuberin. The second
component (30 %) has the character of an albumin (soluble in water
after dialysis) and used to be known as tuberinin (Mulder and Bakema,
1956). The latter fragtion was more hydrophilic and had a lower iso-
electric point (IEP) (De Greot et al., 1947).

53



The aminc acid composition of the twe fractions was found to be very
similar (Kiesel et al., 1934).

Table 1.18 sets out the amino acid composition of hydrolysed potato
material of 20 to 33 varieties grown with different doses of nitrogen
{Rexen, 1976).

Soluble non-protein N

This fraction contains 'free amino acids' and the amides glutamine
and agparagine. The inorgénic nitrate also belongs to this fraction.
The compounds glutamine and asparagine account for an important part
of the total fraction, averaging 15.9 and 36.5 % respectively. The
composition of this fraction is shown in Table 1.17 (Davies, 1977).
Synge {1977) compares the results of 13 varieties in seven different
countries.

Basic N
The compounds in this group include the amine acids arginine, lysine
and histidine; nitrogenous glycol derivatives such as choline; the
purine derivatives adenine, guanine, xanthine and hypoxanthine; the
pyridine alkaloids such as trigonelline and also the stercid alka-
loids. The last group ceontains the well-known glycoalkaloids g~-sola-
nine and o-chaconine (Burton, 1966). .
Table 1.15 shows the distribution of some fractions within the potato

tuber (taken from Burton, 1966). Table 1.16 shows the distribution of the

nitrogenous components among the fractions {taken from Burton, 1966).

Table 1.15 Distribution of dry matter and nitrogen in the potato tuber and the loss of
them caused by peeling. (Analysis from Neuberger and Sanger, 1942}. (Peel, 5.88 per cent
of tuber; cortex, 33.01 per cent; outer medulla, 35.39 per cent; inner medulla, 25.67
per cent. Loss of peel and half the cortex assumed to be caused by preparation} (taken
over from Burton, 1966).

Constituent  Amcunt and distribution of the fraction

Grammes per Percentage Percentage Percentage Percentage Grammes per
100 g whole in peel in cortex in outer in inner 100 g raw pre-
tuber medulla medulla pared potato
Dry matter 20.3 4.3 35.3 38.7 21.7 20.4
Total N 0.370 8.4 29,5 35.7 26.4 0.366
Soluble N 0.3408 7.0 28.8 36.4 27.9 0.345
Total 0.1235 3.0 32.8 35.1 22,2 0.119
protein-N
Soluble ¢.0935 3.9 33.9 39.4 22.8 0.095
protein-N
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Table 1.16 WNitrogen content of several varieties of potato grown

at Sutton Bonington {(from Neuberger and Sanger, 19%42; taken over

from Burton, 1966}.

Total N as percentage of fresh weight 0.236 - 0.359
Total N as percentage of dry weight 1.159 - 1.949
Protein-N as percentage of total N 37.% - 63.7
Protein (protein-N x 6.25) as percentage of fresh weight 0.657 - 1.20
Soluble protein-N as percentage of total N 28.0 - 51.2
Asparagine-N as percentage of total N 11.8 ~ 25.5
Glutamine~-N as percentage of total N 7.6 = 19.7
Glutamine/asparagine ratio 0.51 - 0.86
#-amino-acid-N as percentage of total N 6.4 - 12.8
Basic-N as percentage of total N 20.4 - 27.7%
1 = Probably high due to simultaneous precipitation of amino acids

with phosphotungstic acid.

Table 1.17 Free aminc acids of potato tubers (mg amino acid/100 g tuber

dry matter). Glutamine results for the 1969 and 1970 samples, including

glutamic acid {from Davies, 1977).

Amino acid 1

Aspartic acid
Asparagine
Threonine

Serine

Glutamine
Glutamic acid
Proline
Glycine
Alanine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan
Lysine
Histidine
Arginine

4-Aminobutyric acid

Ornithine

Record

1969(2), 1970
259 (199-376)

1937 (1200-2594)
69 (40-103)
63 (43-83)

1479 (973-2050)

- (-

130 (42-303)

11 (7-18)

24 {23-25)
152 (74-281)

48 (32-64)

58 (42-88)

33 {25-38)

66 (51-93)

81 (49-102)

- (42-)

52 (33-64)
163 (85-247)
434 (258-670)
171 (49-326)

- (26-)

Désirée
1969, 1970, 1973
183 (1le2=-212}
2183 (1518-2756)
62  (48-74)
66 (52-86)
1630 (822-2450)
- (345-)
79 (48=-137)
13 (8-17)
29 (19-45)
251 (179=-312)
a5 (76-108)
131 (109-165)
58 (43=-71)
229 (174-316)
149 {(91-204)
79 {(67=-91)
112 (B4-144)
161  (71-239)
326 (196-419)
206 {b0-398)
75 (5-148)

Alpha
1969,

247,
1159,
39,
47,
871,

62,

9,
24,
60,
55,
45,
16,
36,
56,

39,
62,
181,
66,

1970

233
1947
34
53
1260

201

30
182
56
52

27
50

75
107
298
310

Bintj
1969,

197,
1230,
45,
a4,
ag4,

49,
9,
36,
110,
51,
59,
31,
59,
55,
145,
32,
91,
143,
146,

e

1970

249

2554

63
47

1861

297
20
118
220
72
67
44
33
27

45
183
2890
442

1 = Where there were three or more samples of the same variety,

range are reported; otherwise the actual results are given.

the average and
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1.3.7.1 Aminoc acid composition

The free amino acid content may vary from variety to variety and from
year tc year, as Table 1.17 shows for four varieties and several diffe-
rent years {(taken from Davies, 1977}.

The free amino acid content of potatoes is affected not only by varie-
ty and year of cultivation but also, and just as significantly, by such
factors as soil type, fertilizer application, climate and origin (Talley
et al., 1970; Davies, 1977).

An example of the effect of nitrogen fertilizer application on total
amino acid content (free and bound amino acids} is given in Table 1.18.

Table 1.18 Average amine acid content (total after hydrolysis) for different years and fertilizer
levels (from Rexen, 1976).

Amino acid 1871 1972
110 kg N/ha - 180 kg N/ha - 114 kg N/ha - 186 kg N/ha -
20 varieties 20 varieties 33 varieties 33 varieties

g/16 % of % of g/le % of % of q/16 % of % of g/lé % of % of

g N dry fresh g N dry fresh g N dry fresh g N dry fresh
mat- tubers mat- tubers mat- tubers mat~ tubers
ter ter ter ter

Bapartic acid 18.59 1.52 Q.41 ig.82 1.73 0.47 20.46 1.57 0.44 21.71 2.03 0.55

Threonine 4.16 0.34 0.09 4.01 0.37 0.10 4.06 0.31 0.0%9 4.25 0.40 0.11
Serine 3.54 0.29 Q.08 3.30 0.30 0.08 4.25 0.33 0.0¢ 4.16 0.39 0.11
Glutamic acid 13.47 1.10 0.30 1l4.25 1.31 0.38 13.36 1.03 0©.28 13.42 1.26 0.34
Proline 3.43 (.28 0.08 3.25 0.30 0.08 3.82 0.29 0.08 3,77 0.35 0.09
Glycine 3.23 0.26 0.07 3.03 0.28 0.08 3.28 06.25 0.07 3.18 0.30 0.08
Alanine 3.37 0.28 0.08 3.18 0.29 .08 3.68 0.28 0.08 3.12 0.29 0.08
Valine 4.81 0.39 0.11 4.65 0.43 0.12 4.7G 0.36 0.10 4.54 Q.43 G.12
Isoleucine 3.49 0.29 0.08 3.33 0.31 0.08 3.49 0.27 0.08 3.34 0.31 0.08
Leucine 5.57 0.46 0.12 5.35 0.4% 0.13 5.59 0.43 0.12 5.51 0.52 0,14
Tyrosine 3.54 0.29 0.08 3.13 Q.29 0,08 3.3% 0.26 0.07 3.22 0.30 0.08
Phenylalanine 4.03 0.33 0.09 4.01 0.37 0.10 3.94 0.30 0.08 3.77 0.35 0.09
Lysine 5.5% 0.45 0.12 5.30 0.49 0.13 5.49 0.42 0.12 5.27 0.4% 0.13
Histidine 1.92 0.16 (.04 l1.86 0.17 0.05 1.93 0.15 0.04 1.79 0.17 0.05
Arginine 4.37. 0.35 0.10 4.30 0.39 0.10 4.20 0.32 0.09 4.19 0.39 £.11
Methicnine 1.65 0.14 0.04 1.67 0.15 0,04 l.85 0.14 0.04 1.68 0.16 0.04
Nitrogen

(% of dry matter) 1.31 1.47 1.23 1.50

Dry matter

{% of fresh tubers) 26.97 26.89 28.10 26.99
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1.3.7.2 Glycoalkaloids

when potato tubers are exposed to light during harvesting, handling
and marketing, a green colour develcps in the periderm and in the outer
parenchyma cells of the cortex. Alsc a bitter-tasting substance is
formed.

The green coloration is a consequence of chlorophyll synthesis, while
the bitter taste is attributable to the formation of glycoalkaloids. The
formation of chlorophyll and glycoalkaloids on exposure to light are in-
dependent precesses (Gull, 1960).

Although chlorophyll development in itself has no bearing on the gua-
lity of the tuber, green potatoes are undesirable, as the glycoalkaloids
which also form in the light are bitter-tasting and toxic. Potato glyco-
alkaloids comprise mainly two substances: w-sclanine (solanidine-galac-
tose-glucose-rhamnose) and a-chaconine (solanidine-glucose-rhamnose-
rhamnose). In addition te the giycoalkaleids, the alkaloid solanidine
occurs in the tuber.

The consumption of potatoes with high glycoalkalold contents may cause
serious illness, sometimes leading to death (Jadhav and Salunkhe, 1975),
whether in humans or in animals. The disease symptoms are those of acute
food poisoning. It has been found that o-solanine has an inhibiting ef-
fect on cholinesterase (Jadhav and Salunkhe, 1975). Bergers and Alink
(1980} demonstrated the toxic effect of u-solanine on rat heart cells.

Some authors associate teratogenic abnormalities such as spina bifida
and anencephaly with the consumption of excessively high levels of alka-
loids (Jadhav and Salunkhe, 1975; Keeler et al., 1976). However, other
authors deny this (Ruddick et al., 1974).

The glycoalkaloid formation is affected by the following factors.

Variety

The glycoalkaloid content depends on the potato variety and averages
2 to 10 mg/100 g fresh weight for the entire tuber. Glycecalkaloids are
not distributed uniformly over the tuber. The highest levels are found
in the outermost cell lavers (periderm and outside of the cortex)}. Hence
about 60 ¥% is eliminated on peeling.

Sinden and Webb (1972) investigated five American varieties, in which
the whole-tuber content ranged from a minimum of 4.3 mg/100 g fresh
weight for the cv. Red Pontiac to a maximum of 9.7 mg/100 g fresh weight
for Kennebec. However, breeding may give rise to varieties with high gly-
coalkaloid levels. For example, cultivation of the American variety
Lenape was halted because the glycoalkaloid content was too high - viz.,
an average of 29 mg/100 g fresh weight (Sinden and Webb, 1972). It is
assumed that a level in excess of 20 mg/100 g fresh weight constitutes
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a potential health hazard (Jadhav and Salunkhe, 1975). A glycoalkaloid
content exceeding 30 mg/100 g fresh weight, corresponding to a level of
11 to 14 mg/100 g fresh weight in the peeled tuber, causes a bitter taste
(Sinden et al., 1976).

Location and growing conditions

The glycocalkaloid content of potatoes of a single variety may vary
substantially as between different origins. Sinden and Webb (1972), how-
ever, in a study of five varieties from 39 different locations, found
levels in excess of 20 mg/100 g fresh weight in a few cases only. The
property of forming high levels of glycoalkaloids is therefore primarily
determined genetically. But it was shown that a short, cool growing
season may lead to the production of immature tubers, which have higher
levels (Sinden and Webb, 1972). The effects of soil and manuring are un-
clear (Jadhav and Salunkhe, 1975).

Wounding

Damaging and bruising increase the glycoalkaloid content. Sinden
(1972) observed higher levels in immature tubers which had been graded
mechanically and then stored for two days in the dark than in tubers ex-
posed to sunlight in the field for two days. Fitzpatrick et al. (1978)
and Ahmed and Miiller (1978) observed an approximately 50 ¥ increase in
glycoalkaloid content due to mechanical damage.

When potatoes are cut into chips for processing, the raw products ex-
hibit an increase in glycoalkaloid content when stored in the dark (Ahmed
and Miller, 1978). This increase is extremely temperature-dependent, be-
ing slight at low temperature (Salunkhe et al., 1972). The process of
chipping was found to be non-destructive to total glyccalkaloids (Sizer
et al., 1980). when the sprout suppressant CIPC is used, the increase due
to wounding is found to be inhibited (Wu and Salunkhe, 1977 a).

Storage

The glycoalkaloid content of potatoes increases during storage (Cronk
et al., 1974; Jadhav and Salunkhe, 1975); the storage temperature is re-
levant here (Zitnak, 1953).

Storage at low temperature (4 to 8 °C) and high relative humidity
doubled the glycoalkaloid content of the cv. Netted Gem in six weeks,
while storage for an equal period in dry, warm conditioms (12 to 15 °C)
had nearly no effect on this content (Zitnak, 1953). Sprouting during
storage increases the glycoalkaloid content in the tissue surrcunding
the eyes.

The sprouts themselves have a high alkaloid content, which depends on
variety and may amount to as much as 400 mg of total glycoalkaloids and
solanidine per 100 g fresh weight (Burton, 1966).
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Exposure to Jight

The main factor which increases the glycoalkaloid content is the ef-
fect of iight during storage. Jadhav and Salunkhe (1975) review the re-
sults of a number of workers concerning the effect of light on greening
and glycoalkaloid formation.

The increase in glycoalkaloid and alkaloid levels depends on the dura-
tion of exposure to light, the light intensity and the wavelength of the
light. Zitnak (1953) observed a rapid increase in glycoalkaloids when
newly lifted tubers were exposed to sunlight (Table 1.19).

Liljemark and Widoff (1960) investigated the infiuence of the light in-
tensity on the glycoalkaloid formation. They examined Arran Consul con-
taining 40 mg/100 g dry matter and found an approximately 50 % increase
in solanine + solanidine after storage for nine days in light of 14 ft-c.
The increase was about 100 % in light of 56 ft-c.

This is contradicted by the results of Patil et al. (1971) and Gull
and Isenberg (1958}, who did not observe any increase in glycoalkaloid
content dependent on light intensity.

Jeppsen et al. (1974) showed that coloured light increases the sola-
nine content less than white light (Table 1.20).

Table 1.19 Increase in glycoalkaloid content in mg/100 g fresh weight of
newly lifted tubers of two potato varieties when exposed to sunlight
(after zZitnak, 1953, from Jadhav and Salunkhe, 1975).

Hours' light Netted Gem Katahdin
o] 1.7 1.5
[ 12.0 5.0

1z 13.2 7.1

36 20.4 16.3

Table 1.20 Mean volumes of total solanine determined in potato tubers
illuminated through ceoloured cellophane filters; light intensity 50 ft-c;
tubers exposed to each colour light for 10 days at 15.5 °C and 60 ¥ RH
{from Jeppsen et al., 1974).

Colour of cellophane filter Solanine (mg/100 g fresh peel)
Clear 49.5
Red 42 .5%
Orange 52.0
Yellow 47.0
Green 35.8%*
Blue 45.5
Violet 42 .5%

* Significant at 0.05 level.
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solanine mg/100g fresh wt
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dark light

Fig. 1.30. Effect of temperature on solanine formation in Russet Burbank
potato slices stored 48 hours in dark or light (200 ft-c). Original con-
centration 0.3 mg/100 g fresh wt., (from Salunkhe et al., 1972).

Green light is thus found to increase the solanine content least. The
highest value was observed with orange light. In 1937 Conner exposed tu-
bers to different wave-lengths of light. The blue end of the spectrum en-
couraged glycoalkaleoid formatien the most.

The storage temperature is important in solanine formatjon - both in
light and due to wounding, as shown by Salunkhe et al. (1972) in potato
discs (Fig. 1.30). At higher temperatures, there is an appreciably
greater increase in glycoalkaloids in these cases. Zitnak (1953), on the
other hand, observed a smaller increase when whole tubers (Netted Gem)
vere exposed to light in warm, dry storage conditions (12 to 15 °C) than
in cold, wet storage {4 to 8 °C). The initial level was 5.9 mg/100 g
fresh weight; the level in warm storage, averaged over six weeks, was
5.9 mg, rising to 19.0 mg in cold stoerage.

A number of workers have tried to reduce light-dependent glycoalkaloid
synthesis with chemicals. The sprout inhibitor CIPC is found te have no
effect on this synthesis, although it had an inhibitory effect on wound
induced glycoalkaloid formation (wu and Salunkhe, 1977). A substantial
reduction is observed on treatment with mineral oil (Jadhav and Salunkhe,
1974) and spray lecithin (Wu and Salunkhe, 1977 b).

1.3.7.3 Nitrate (NO4-N)

Increasing interest is being focused on the nitrate content of wvarious
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types of agricultural produce for human consumption (McDole and McMaster,
1978; Augustin et al., 1977).

Heisler et al. (1973) also give values for nitrite levels.

It has been found that high levels of nitrogen fertilizer applicatien
combined with pericds of moisture stress may give rise to very high ni-
trate levels in potato tubers.

McDole and McMaster (1978) found that with low nitrogen fertilization
and optimum, high irrigation, tubers contained 70 to 80 ppm NO,-N. If
there was a meisture deficiency during growth, the level rose to 144 ppm.
With excessive nitrogen fertilizer application, these nitrate contents
were 151 to 154 ppm and 370 ppm respectively.

Carter and Bosma {1974) determined the nitrate content over three
years, finding levels of 36 to 131, 34 to 75 and 25 to 50 ppm respective-
ly. A limit of 67 ppm NO,-N based on fresh weight has been set for
spinach for baby food.

1,3.8 Lipids; fatty acids

The lipid fraction of potato tubers accounts for only a very small
propertion of their composition. A study of 23 varieties showed that the
lipid content was about 0.1 % of fresh weight and was substantially the
same for all varjeties. No significant varietal differences were obser-
ved for the individual lipid components either (Galliard, 1973).

Table 1.21 sets out the total lipid content of a number of varieties
(figures from Galliard, 1973).

Fricker (1969) found a total lipid content ranging between 0.60 and
0.84 g/i00 g in freege-dried material of nine varieties. The results
were as follows for Bintje (percentages referred to dry weight):

S5kin 2.00 to 3.36 %; flesh 0.58 to 0.61 %; tuber total 0.70 to 0.77%.

Table 1.21 Total lipid content of tubers from different varieties of potato
(from Galliard, 1973).

Variety Average Dry weight Total lipid
tuber (% of fresh wt.) content
wveight (mg/l00 g fresh wt.)

Bintje 106 20.0 107

Désirée 92 20.0 113

King Edward 33 20.6 93

Pentland Crown 119 18.9 g1

Pentland Marble 96 20.8 126

Record 117 24.0 77

Sientje 79 21.0 75

Sirtema 95 21.2 84
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Table 1.22 Composition of the lipid fraction of potatoes in percentages
of total lipid on weight basis {(from Galliard, 1968)

neutral lipids 21.0
phosphatidylcholine 25.8
digalactosyldiglyceride 14.2
phosphatidylethanolamine 12.¢6
phosphatidylinositeol 6.3
esterified steryl glucoside 6.4
monogalactosyldiglyceride 5.7
glucocerebroside 2.4
steryl glucoside 2.0
sulfolipid 1.3

The total lipid content of the potato (in terms of weight) is composed

as shown in Table 1.22.
It was found that more than 80 to 90 % of the total fatty acid content
of these lipids in potatoes was composed of the saturated fatty acid,

palmitic acid and two polyunsaturated fatty acids, linocleic acid and lino-~

lenic acid. In addition to these fatty acids, stearic acid, oleic acid
and palmitoleic acid are present only in small guantities. This is shown
by Cherif (1973), Galliard (1973) and other workers.

Cherif (1973) investigated the fatty acid composition of the total
lipid fracticn of skin, tuber tissue, newly formed tubers and potato
sprouts {Table 1.23). Only traces of the other fatty acids CIO:O’ ClZ:O’
C14:0’ C14:1, 015:0, C16:1 and C20:0 were found. Corresponding values are
given by Cherif and Ben Abdelkader (1970} for the main fatty acids palmi-
tic acid, linoleic acid and linolenic acid.

The fatty acid composition of a number of varieties is given in Table
1.24. Comprehensive analyses, in which the fatty acids occurring in small

Table 1.23 Fatby acid content {pg/g fr.wt. and in ¥ of total lipids} of potato tubers and
sprouts {from Cherif, 1973).

Fatty acids Dormant tubers
Newly formed tubers Sprouts

skin flesh

Hg/g fr.wt. % pa/g fr.wt., % pg/g fr.owt., % rg/g £r.wt. %
Palmitic acid C16-0 S5 21 68 20 252 21 204 22
Stearic acid Cig., 40 9 24 7 48 4 37 4
Oleic acid Cl&-l 14 3 10 3 36 3 19 2
Linoleic acid Cla:a 166 37 168 49 624 52 492 53
Linolenic acidg Cia.3 135 30 70 21 240 20 176 19
Total 450 320 1200 928
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Table 1.24 Total fatty acid content and composition in lipids of tubers from different
varieties of potato (frem Galliard, 1973).

Variety Total fatty acid Fatty acid composition {% of total fatty acids)
content

{mg/100 g fr. wt.) palmitic linoleic 1linolenic palmitcileic stearine ecleic

acid acid acia acid acid acid
Bintje 57.1 15.6 S8.4 16.9 0.7 5.9 2.0
Désireée 54.6 18.2 59.6 14.5 0.7 4.9 2.0
King Edward 53.9 17.8 59.9 13.4 1.3 5.9 1.9
Pentland Crown 46.3 18.5 54.8 18.2 1.2 5.3 2.2
Pentland Marble &1.6 17.2 59.4 16.5 1.0 4.3 2.0
Record 54.5 16.3 52.7 24.0 0.8 5.3 1.1
Sientje 57.8 18.5 51.3 18.6 2.1 6.6 z.9
Sirtema 46.2 17.4 60.7 13.7 1.0 5.7 1.7

guantities were also determined, were carried out by Fricker et al.
(1972).

Cherif (1973) also states that 60 to 80 % of the fatty acids in pota-
toes are unsaturated, the main representative being linolei¢ acid. The
total content of fatty acids increases substantially during the first
few months of storage at 10 and 18 °C. Most of the increase takes place
after the end of the dormancy period and during growth of the sprouts.
This increase was also observed by Cherif and Ben Abdelkader (1970).

The crude lipid and phospholipid contents fall when tubers are bruised
and cut. The composition of the fatty acids is unchanged on bruising, but
in the case of cut wounds to the cortical tissue, an increase in saturated
fatty acids and a decrease in unsaturated fatty acids were observed in the
phospholipid fraction {(Mondy and Koch, 1978aj.

Tubers infected with potato X-virus alsc show a fall in both the crude
lipid fraction and the phospholipid fraction (Mondy and Koch, 1978b). The
crude lipid and phospholipid contents are higher at the bud end of the tu-
ber than at the stem end, this being correlated with more intense enzyma-
tic discoloration of the stem end (Mondy and Mueller, 1977). The princi-
pal lipids in potato tubers are the ones associated with the lipoprotein
membrane structures and their maintenance in vivo. The osmotic characte-
ristics of these membranes - ion transport - are very important for the
life functions. They are also important for the stability of processed
potate products.

Levels of lipids and their breakdown by the enzymes lipolytic acyl
hydrolase and lipoxygenase, present in the potato tuber, are important
in connection with off-flavours and rancidity problems when potatoes are
cut during processing, the fatty acids lincleic acid and linolenic acid
guickly being broken down. A low polyunsaturated fatty acid content may
be favourable tce the stability of the processed products.
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Mondy and Koch (1978¢) found a negative correlation {(r = - 0.95) be-
tween the degree of enzymatic browning and lipid content. Enzymatic
browning is stated to be more intense, and the crude lipid and phospho-
lipid content lower, when potatoes are treated with the sprout suppres-
sant maleic hydrazide (MH) (Mueller and Mondy, 1977).

Berkeley and Galliard (1974) found that early-maturing varieties
sprouted after six months' storage, accumulation of both the total lipid
fraction and fatty acids being observed. When the dormancy of the potato
came to an end, the triglyceride fraction was regenerated, the sterol and
carotenoid contents at the same time increasing.

Cheng and Muneta {1978) observed a large increase in phosphatidic acid
and a fall in phosphatidyl choline in experiments with Russet Burbank
stored at 5 to 6 °C.

Liljenberg et al. (1978) observed that storage in the dark had little
effect. Storage exposed to light resulted in an increase in the absclute
quantity and relative content of linclenic acid in the galactolipid frac-
tion, with at the same time an equivalent decrease in the percentage of
lincleic acid. The percentages of the other fatty acids remained un-
changed.

1.3.9 cellulose, hemicelluloses, lignin and glycoproteins

In addition to pectins, cellulose, hemicellulose and lignin are the
main components of the ceil walls, and are as such important for the
boiling and frying properties and the texture of the potato. Little in-
formatiocn is available on the amounts of these components present in the
potato in general and in the cell wall fractions in particular.

Cellulose is formed by a linear polymer of glucose with g {1-4) links.
Hemicelluloses are formed by polymers of pentoses - in particular,
D-xylan polymers of D-xylose with B (1-4) links and side chains of arabi-
nose and other carbohydrates. Potatc hemicellulose is made up of 57 %
glucose, 23 % xvlose, 12 % galactose and 6 % mannose (Hoff and Castro,

1969).
Lignin is a polymer of aromatic alcohels.

In many chemical analyses of potato tubers, the above substances are

Table 1.25 Potato cell wall compogition (% of dry matter) (after Keijbets, 1974).

From From From
Le Tourneau, 1956 Emiliani-Retamar, 1968 Hoff-Castro, 1969
Pectic substances 60 64 - 66 55
Hemicellulose 10 8 - 10 7
Cellulose 15 24 - 26 28
Glycopreteln 15 1 10
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consolidated under the terms 'fibre' and 'crude fibre', whose levels
range from 1.14 to 10 % of the dry matter (Burton, 1966).

Carpenter (1940) quotes values for cellulose of 2.74 to 3.82 % of the
dry matter. Table 1.25 sets out the cellulose contents of cell wall frac-
tions of potatoes (Keijbets, 1974).

1.3.1C Pectins

The structure of pectins consists mainly of partially esterified
straight chains of polygalacturonic acid, the galacturonic acid groups
being joined by o (l-4)-glycosidic links. The carboxyl groups are parti=-
ally esterified with methanol. They alsc contain neutral sugar chains
such as arabinose, galactose and rhamnose, and sometimes also xylose and
glucoge. The sugar rhamnose is thought to be incorporated in the chain
at specific intervals, forming a 'rhamnogalacturonane'® which holds the
cellulose fibrils in the cell walls together (Neukom et al., 1980). The
non-water-soluble pectins contain more calcium than those which are solu-
ble in water; they have a higher degree of poclymerization and are less
methylated (Bettelheim and Sterling, 1955).

The total pectin content of potatoes, expressed as calcium pectate is:
0.21 to 0.41 % referred to fresh tuber weight (Burton, 1966; Adler, 1971).
It is present mainly in the middle lamellae of the cell walls and plays a
role in the texture of cooked potato products. Values ranging from 55 to
€6 ¥ of their weight of dry matter are reported for cell walls (Table
1.25) (Le Tourneau, 1956; Emiliani and Retamar, 1968; Hoff and Castro,
1969}. The influence of pectins in the cell wall on intercellular coche-
sion of potato tissue when potatoes are cooked was examined by Keijbets
(1974) and Linehan and Hughes (1965).

1.3.11 Ash content; minerals

On incineration, 4 to 6 % of the dry matter is found to consist of
minerals. Most of the elements concerned occur in a number of organic
chemical compounds, while some are present as ions dissolved in the cell
sap. The ash content depends on the type of soil in which the potato was
grown. There are also varietal differences. Table 1.26 sets out the com-
position of the ash fraction (taken from Burton, 1966).

Table 1.27 gives the mineral composition referred to fresh weight. The
mineral composition is very important in terms of nutrition. Since pota-
toes are consumed by a high proportion of the population in many coun-
tries, it is necessary teo know how much of the mineral reguirement they
satisfy. Research has therefore recently been conducted on the mineral
compesition of potatoes (True et al., 1978; Toma et al., 1978).

Certain elements also play an important part in determining the keep-
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Table 1.26

ng/100 g of dry matter.
stated to the contrary; taken over from Burton,

Composition of the ash of the potato tuber. All values given as

(Data from Lampitt and Goldenberg, 1940 except where

1966).

Element Maximum variations Average variations
reported
Aluminium 0.2-35.4 2.94-8.85
Arsenic 0.035 0.035
Boron 0.45-0.856 0.45-0.86
Bromine 0.48-0.85 0.48=-0.85
Calcium 10.0-13¢ 31.8-88.3
Chlorine 44 _7-805 112-530
Cobalt 0.0065 0.0065
Copper 0.06-2.83 0.28-1.00
Fluorine ¢.0277-0.038% 0.0277-0.038"
lodine G.0031-0.387 0.0022-0,0565
Iron 2.61-71.5 2.61-10.46
Lithium Trace Trace
Magnesium 45.9-216.5 65.2-136.5
Manganese 0.0-51.1 0.56-8.5"
Molybdenum 0.026 0.026
Nickel 0.008-0.0372 0.008-0.037%
Phosphorus 119-605 166.5-314
Potassium 1394-2825 1811-2530
Silicon 5.1-17.3 5.1=17.3
Sodium 0.0-332 26.1-332
Sulphur 42 . 7=-423 109¢-213
Zinc 1.74-2.17 1.74=-2.17

1 pisareva (1955)

2 Bambergs (1953)

ing ability, dry matter content, strength of tuber tissue and sprouting
vigour of seed potatoes.

Some major elements - phosphorus, potassium and calcium - are discus-
sed briefly below, as they are relevant to the storage and sprouting of
potatoes.

1.3.11.1 Phosphorus

The element phosphorus, which occurs in a number of phosphate com-
pounds, is very important in the tuber. Many energy-rich phosphate com-
pounds play an essential part in metabolism. Phosphorus accelerates the
maturing process. There is no agreement on its effect on dry matter con-
tent (Beukema and Van der Zaaqg, 1979). Apart from a large number of com-
pounds occurring in small concentrations only, the phosphate in the tuber
is present mainly in the form of phosphate bound to amylopectin (see also
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Table 1.27 Mineral content of raw unpeeled potatoes (from True et al., 1978)

mg/100 g fresh weight

mean 1 range 1
Aluminium 0.609 0.301 - 1.484
Boron G.136 0.081 -~ 0.168
Calcium 5.30 2.87 - 16.67
Copper 0.193 0,087 ~- 0.327
lodine 0.019 0.010 - 0.035
Iron 0.741 0.276 ~ 2.311
Magnesium 20.9 16.7 - 27.3
Manganese 0.253 0.143 - 0.699
Mclybdenum 0.091 0.008 - C.186
Phosphorus 47.9 31.3 - 65.3
Potassium 564 205 - 901
Selenium 0.006 0.002 - 0.029
Sodium 7.71 2.0 - 17.3
Zinc 0.409 0.297 - 0.543
1. The means and ranges represent the mean and range of three replicated

values of nine varieties and of five locations of growth.

Section 1.3.5 and Chapter 2), as inorganic phosphate and as phytate (phy-

tate consists of mesoinositol esterified with phosphate

groups).

Samotus and Schwimmer (1963) examined the concentrations of these com-

ponents and their wvariation during storage (Table 1.28}.

Table 1.28 Changes in distribution c¢f P in various fractions during a

six weeks storage perioqa. Storage temperature 0 to 2 °C (average values

adapted from Samotus and Schwimmer, 1963).

Phosphate fraction mg/g fresh weight
before storage after storage
starch - P 0.181 0.133
inorganic - P 17.6 21.4
phytate - P 16.0 13.5
*T_C.A. insoluble non starch-P 13.2 14.9
*T.C.A. soluble organic-P 19.6 17.4
*I.C.A. = trichloro acetic -acid.
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1.3.11.2 Potassium

Under normal conditions the potassium concentraticn of the dry matter
in the tubers is inversely proportional to the dry matter content (see
also Section 1.3.1.3). Where large quantities of nitrogen fertilizer have
been applied, the effect of potassium is not always equally clear. Potas-
sium plays an important part in the water balance of the tuber, influen-
cing the permeability of the cell membranes to water. In general it cah
be stated that potassium tends te keep the level of reducing sugars down
and is not conducive to a high dry matter content (or a lower water con-
tent.). The latter point is directly related to susceptibility to black
spot caused by impact. It has been shown that tubers with less than 2 %
potassium in the dry matter are usually highly susceptible to impact dis-
coloration. A too low potassium fertilization increases susceptibility to
black spot (Hughes, 1975). Tubers with a dry matter potassium content
above 2 % are less susceptible, if at all, to black spot caused by impact
(Beukema and Van der Zaag, 1979).

1.3.11.3 Calcium

Although only present in the potato in low cencentraticons, calcium
performs an important function, especially in seed potatoes, in which it
is closely connected with the process of sprouting (Dyson and Digby,
1975),

It is also found that high calcium levels in the fertilizer improve
keeping ability (Combrink et al., 1975). Schaller and Amberger (1974)
found that the calcium content of tubers influences susceptibility to
black spot. If the calcium content is low, the tuber tissue is less
firm.

The calcium content of potatoes can be modified to a reasonable extent
(Krausz and Marschner, 1975) and does not affect the concentration of
magnesium and potassium (Table 1.29).

Table 1.29 Influence of calcium nutrition on calcium content of the
tubers and interaction with potassium and magnesium content {from
Krausz and Marschner, 1973).

Ca fertilization Mineral composition {mg/g dry matter)
Ca K Mg

Ca high (15 mM Ca/1) 0.82 23.65 1.32

Ca low (0.02 mM Ca/l) 0.37 25,02 1.28

without Ca 0.14 25.50 1.26
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De Kock et al. (1979) observed in a series of experiments that the
calcium content of potatoes is connected with the pH of the soil. In-
creasing pH is found to cause an increase in the calcium content of the
tubers. Concentrations at the stem end of tubers at various soil pH va-
lues are set out in Table 1.30; differences were also observed at the bud
end.

Table 1.30 Influence of soil pH on the calcium content of the tubers
measured at the stem end (adapted from De Kock et al., 1979).

Soil pH Calcium content

m.egquiv. kg'l fr. wt,

5.5 1.21
6.0 2.48
6.5 2.77
7.¢ 3.58
7.5 3.14

1.3.12 Vitamins

The vitamins are an important group of compounds for nutrition. The
main vitamins in potatoes are vitamin C, which is present in substantial
guantities, and the vitamins of the B group. The latter comprise B,
{thiamine), B2 (riboflavine), B (probably nicotinic acid = niacin) and
B6 (pyridoxine) (Pol and Labib, 1963; Burton, 1966; Adler, 1971; Miller,
1975). Niacin and folacin also belong to this group (Augustin, 1975). The
levels are set out in Table 1.31.

Table 1.31 Contents of vitamins in the potato tuber.

from Augustin, 1975 frem Adler, 1971 hAverage values

mg/100 g fresh weight

Vit. € - ascorbic acid 8 - 30 1 - 54 15
Vit. B - thiamine 0,034 - 0.145 0.024 - 0.180 0.110
ribocflavine 0.010 - 0.052 0.007 ~ 0.200 0.051
niacin .54 - 0.310 0,63 - 2.0 1.22%*
(nicotinic acid)
folacin 0.005 - 0.01
(folic acigd)
pyridoxin 0.130 - 0.42 0.190

* picotinamid.
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Augustin (1975) investigated the effect of nitrogen fertilizer appli-
cation on the levels of some important vitamins in two different types of
It was found that the
thiamine content increased sharply with increasing N fertilizer applica-

soll. The results are summarized in Table 1.32.

tion. There was als¢ a difference between soils. Niacin,

however,

fected by N fertilizer application but not by the type of soil.
The thiamine content fluctuates during storage (Table 1.33}, while
the riboflavine and niacin contents vary little (Augustin, 1975).

Table 1.32

was af-

Effect of nitrogen fertilization on the contents of some water scluble vitamins

in Russet Burbank potatces (in mg/100 g dry matter) (from Augustin, 1975).

Loamy Boil

Sandy soil

Nitrogen
{1lb/acre)

300
600

300
600

Ascorbic acid

mean

125.50
106.50
100.29

150.50
137.82
127.81

cv, %

1.32
6.06
4.73

1.25
5.76
4.70

Thiamine
mean cv, %

0.299 25.91
0.579 15.45
0.572 13.54

0.252 30.70
0.360 24.84
0.457 6.91

Riboflavin

mean v, %
0.080 10.45
0.080 6.08
0.097 12.20
0.162 9_80
0.103 13.73
0.097 6.52

Niacin
mean

8.02
B.22
9.10

8.22
8.48
9.19

cv, %

3.2
6.9
6.6

The vitamin C content, on the other hand, falls appreciably as the N
dose increases; it is alsc affected by the type of soil. The vitamin C

content of potatoes falls during storage (Table 1.33). Augustin (1975)
demonstrated a linear relationship between ascorbic acid content and the
logarithm of time.

Table 1.33 Effect of storage time (storage conditicns 7.2 °C and 95 % RH) on

the contents of some water soluble vitamins

in Russet Burbank potatoes
(in mg/100 g dry matter) (from Augustin, '1975).

Loamy soil

Sandy soil

Storage
time
(days)

10
90
170
240

90
170
240

Ascorbic acid

mean

108.10
63.88
51.86
47.10

136.49
68.13
54.65
46.58

oV, %

5.24
4.74
3.59
3.39

5.13
6.37
5.93
5.54

Thiamine
mear: oV, %

0.4928 19.04
0.561 15.65
V]
0

,481 5.71
522 7.23
0.379  21.14
0.510 7.34
0.448 10.23
0.522 1z.58

Riboflavin

mean o, %
0.089 9,38
0.084 7.95
a.089 12.55
¢.092 7.95
0.100 8.20
0.089 8,17
0.0656 7.68
0.093 14.75

Niacin
mean

8.52
8.27
8.48
7.67

8.70
9.58
9.86
9.15

cv, %

7.85
6.30
5.70
5.71

9.43
5.56
6.25
7.94
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1.3.13 Pigments

The tissue of potatoes is coloured light yellow to a greater or lesser
extent. The degree of coloration is a varietal characteristic (Salaman,
1926; Burton, 1966). Caldwell et al. (1945) showed that potatoes with
white flesh contain

0.014 to 0.05%4 mg of carotenoids per 100 g fresh material,
while yellower tubers contain

0.110 to 0.187 mg of carotenoids per 100 g fresh weight.

Respective average values are

0.021 and 0.138 mg/100 g fresh weight. Adler (1971) mentions values of

0.199 to 0.560 mg/100 g fresh weight. The carotencids are highly fat-
soluble, are modified by light and contain a large number of different
compounds, such as o~carotene; auroxanthine; violaxanthine; {-carcotene;
p-carotene; lutein; isolutein; a flavoxanthine and neo-f-carotene-u.
Smaller guantities of flavonols, flavones and flavin are also found in
the tuber (Lampitt and Goldenberg, 1540; Harborne, 1962).

Red-skinned potatoes contain anthocyanin dissolved in the cell sap of
the periderm cells and the outer cell layers of the cortical parenchyma.

1.3.14 Organic acids; phenols

A number of organic acids occur in the potatoes in varying guantities.
An important one is the amine acid tyrosine, which is converted via dopa,
dopaquinone and dopachrome inteo the Qggfg_black plgment melanln This is
a well-known oxidation process which occurs when potato tissue is cut and
homogenized (Adler, 1971). The average tyrosine content found in 10 Dutch
potato varieties, grown on clay and sandy soil, was 220 pg/g fresh weight,
with a range of 70 to 490 ug/g fresh weight (unpublished, Van Es and
Hartmans).

Cchlorogenic acid and caffeic acid may also be mentioned. Chlorogenic
acid is involved in discoloration after cooking (Gray and Hughes, 1978).

org. acids (% fresh wi)
06

05
04
03
Q2
01

o} v + r r v - T -
Dec'69 Jan. Feb.March Apr. May June July Aug 70

Fig. 1.31. Citric acid (8 — #) and malic acid (0 — Q) content during
storage. Storage conditions: 10 °C and 85 to 90 % relative humidity (from
Rumpf, 1972).
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Investigations with tubers of 10 Dutch varieties, grown on clay and sandy
soil, showed an average chlorogenic acid content of 66 ug/g fresh weight,
with a range of 34 to 144 ug/g fresh weight (unpublished, Van Es and
Hartmans). Korableva et al. {(1973) found caffeic acid contents of 18.7
pg/g fresh weight in the growing points and of 2.3 pg/g fresh weight in
the pulp of dormant tubers. At the end of the dormancy period there is

a decline in these caffeic acid contents.

Finally, there are citric acid and malic acid. The concentration of
citric acid increases during storage, while that of malic acid declines
proportionately (Fig. 1.31) (Adler, 1971; Rumpf, 1972).

Citric acid can bind iren in the tuber so that it cannot be bound to
chlorogenic acid. It is the binding of iron with chlorogenic acid which
causes discoloration on cooking (Gray and Hughes, 1978).
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2 Sugars and starch during tuberization, storage and
sprouting

A. van Es and K.J. Hartmans

2.1 Introduction

Sugars (carbohydrates) are produced in plants in large quantities by
photosynthesis and constitute the principal source of energy for respira-
tion and the initial substratum for the formation of many carbohydrate
and non-carbohydrate cell components. The reserve material (starch) in
the potato cells consists mainly of carbohydrate polymers.

The reducing sugar content is very important where potatoes are pro-
cessed into fried products. On frying, the potatoes darken owing teo the
reaction between the reducing groups (the aldehyde groups) of the sugars
and the amino groups of.the amino acids; this is .known as the Maillard
reaction (Van der Schaaf, 1974). This darkening may be so intense as to
greatly reduce the value of the end product. During this darkening pro-
cess, many intermediate products, which subsequently polymerize, are
formed. Apart from the intense darkening and associated bitter taste,
proteins and amino acids, including the essential ones, are removed from
the product, thus decreasing its nutritional value.

Research has shown that 2.5 to 3 mg per gram fresh weight must be re-
garded as the maximum permissible level of reducing sugars for crisping.
The limit is about 5 mg per gram fresh weight for chipping. -

The main carbohydrates involved here are as follows:

Sugars: Glucose: ©
Fructose:
Sucrose: @ -

The starch is formed from these sugars, and accounts for 60 te 80 % (ave-
rage 70 %) of the dry matter content of the potato. The starch in turn is
composed of 21 to 25 % amylose and 75 to 79 % amylopectin, polymers of
glucose which can be represented diagrammatically as follows:

ololelolole
! HOOOER®
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amylose:nx@ amylopectin = nx @

A=t 5600 nz 4160000
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Both glucose and fructose have a free reducing group, and this is why
they are known as reducing sugars. These groups are not free in sucrose,
owing to the bonding of glucose and fructose to each other, and sucrose
is therefore not reducing.

Amylose is a straight chain of glucose units, while amylopectin in-
cludes many branches of about 20 glucose units. The relative proportions
of amylose and amylopectin are rather constant, and this is a characte-
ristic feature of potato starch.

2.2 Tuberization; second growth

Tuberization

To understand the formation of sugars in potatees during storage, it
is useful to have a diagrammatic representation of the formation of the
sugars and the associated starch level during tuberization. It is Known
that dry matter is synthesized during plant growth by means of photosyn-
thesis {Fig. 2.1). When leaves are exposed to light, carbon dioxide from
the atmosphere accumulates in the leaves. Water and minerals are taken up

IN LEAF
COz+HZO +light energy

@ giucose + Oy
(@ glucose~{F] fructose

©@-[F] sucrose

H50 + minerals |J((‘:D— sutrose
Tl

(@)-[F]sutrose
= > —>

{ —> —
H, H20 +minerals

IN TUBER
{©)- [F] sucrose

@glucés{(—cmse
T T -@-@-@-starch

minerals H,0

Fig. 2.1. Starch production in potato tubers due to photosynthesis and

sucrose transport.
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from the soil by the roots and transported to the leaves. The reducing

sugar (glucose) is then formed in the leaf by the reaction:
Carbon dioxide (Coz) + water (H20) + light energy + glucose (C6H1206)
+ oXygen (02).
During tuberization, the glucose has to be transported through the stem
to the tuber, where starch is formed from n x glucose. Since the plant is
virtually unable to transport glucose, sucrose is formed enzymatically by
partial conversion of glucose into fructose, also a reducing sugar, and
the coupling of the two sugars. The non-reducing sugar, sucrose, is
transported to the tuber. Hence the sucrose from the sucrose 'store' in
the cytoplasm or cell sap on the boundary of the membrane surrounding the
incipient starch grain is split up again into the original glucose and
fructose by means of the enzyme sucrose synthetase (the enzyme here has
the opposite splitting effect). The fructose is again transformed into
glucese inside the starch grain, and is then polymerized to starch.
During tuberization, the splitting of sucrose in the cytoplasm into
glucose and fructose by the enzyme invertase is blocked because this en-

lipids
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inhibited during tuber growth

Fig. 2.2. Schematic drawing of the starch synthesizing mechanism during
tuber growth. The starch grain is surrounded by a membrane, composed of

lipids and proteins.
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zyme is then strongly inhibited (Fig. 2.2). Conversion of sucrose into
glucose and fructose by means of sucrose synthetase, followed by the
formation of starch, can take place uninhibited. Sweetening due to split-
ting into glucose and fructose in the cytoplasm, cone of the factors
causing darkening during processing, does not occur.

Hence the entire process of sugar formatien in the leaves, conveyance
to the tuber and transport through the membrane (which consists of a
lipid bilayer surrounding the starch grain) is utilized to make starch or
to produce dry matter in general. From the stage of formation in the leaf
to that of incorporation in the tuber, the process is based upon eguili=-
bria, the permeability of the membrane being an important parameter here.
The equilibria of the ceoncentrations of carbohydrates over the membranes
are subject to variation during the formation and subsequent storage cf
the tuber. The amount of sugars in the cell sap in equilibrium with the
amount of starch formed in the starch grains is largely a matter of va-
riety, although the conditicns of tuber formation - e.g., light, tempera-
ture, meisture availability, minerals and the type of soil - are also re-
levant. Sucrose is thus always supplied during tuberization. For this
reason the sucrose level during tuber formation is higher than in the
final phase at full maturity. During tuber initiation, the sucrose
content is about 15 mg per gram or more of the fresh weight. It decreases
constantly with increasing maturity to about 2 mg (Burten, 1978b}.

Glucose and fructose levels are also higher in immature tubers than in
mature ones. However, in this case the minimum is apparently already
reached about half way through the period of tuber formation. A concen-

Sugar content { % fresh wi)

15

104

10 20 30 40 50 60 70 80 90 100 110
Days after tuber initiation

Fig. 2.3. Sucrose and reducing sugar content of potato tubers related to
the time elapsed after tuber initiation; 1: average for sucrose content;
2: for reducing sugar content (from Burten and Wilson, 1970).
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tration of 1 mg per gram fresh weight was measured at this minimum point;
see Fig. 2.3 (Burton and wilson, 1970).

Second growth

Second growth may be induced when after a pericd of growth inhibition
of the tubers due to 'stress' (see also Chapter 1)}, there is renewal of
growth of these tubers at the top. New stolon growth at the apex may also
occur, followed by tuberization of these stolons {see also Fig. 1.3,
Chapter 1)}. The dry matter for this process may be supplied by renewed
synthesis of carbohydrates in the leaves, but may in part also be with-
drawn from the already existing tubers. The level of reducing sugars, and
usually also of sucrose, increases in the remaining glassy structure at
the stem end, where the dry matter content may decline to about 6 %
{(Iritani and Weller, 1973).

2.3 Etfect of previous history of the potato on sugar content during storage

Burton (19%69) states that the variation of the sugar content during
storage at high temperatures depends on variety, location and environ-
mental factors during growth, age of the tuber, maturity and the storage
conditions preceding actual cold storage. He also repg;ézuﬁggt t?gbﬂéyvﬂmuﬁQMﬁ
reaction of the tubers to cold storage depends on the metabolgc equili-
brium at the moment of starting the low temperature storage. In parti—
cular,rthe effects of soil, manurlng, llght and water supply are extre-
_mely dlff;gglg_zp predlct A kind of Stress theory ‘has recentlﬁ_ggalved.
According to this theory, all factors disturbing the metabolic equili-
brium in the plant (stress factors) give rise to an increase in the sugar
content. The main factors involved, however, are probably variety, and to
a lesser extent maturity, as reflected in the sucrose content at the time
of lifting (Sowokinos, 1973).

2.3.1 Influence of variety

Van Vliet and Schriemer {1960), using 12 different varieties grown
under identical conditions, showed that there were differences in maximum
reducing sugar levels, ranging from 5.9 mg to 26.5 mg per gram fresh
weight when the potatoes were stored at 2 °C. The sucrose content varied
from 4.3 mg to 14.9 mg per gram fresh weight. Approximately the same
values were measured in a different vear. The order of the varieties as
regards sugar content was in good agreement in the two years. Samotus et
al. (1974) also reported that sugar formation in a number of Polish va-
rieties stored at 1, 2 and & °C for 18 to 22 weeks was correlated with
variety. Sowokinos (1973) states that the sugar content of potatoes during
tuberization and at the time of lifting is largely dependent on variety
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even under virtually identical growing conditions from year to year at
specific locations in the USA. He alsc found that the response of pota-
toes to storage at low temperatures is a typical varietal characteristic
and is connected with the sugar content at the beginning of storage. It
was found that for a given degree of maturity, at the time when 97 ¥% of
maximum tuber size and maximum starch content were attained, there were
differences in the sucrose content ranging from 1.9 te 4.5 mg per gram of
tuber fresh weight. The main differences between varieties in terms of
suitability for processing as potato products at full maturity were found
in the final concentrations of sucrose.

2.3.2 Maturity; sugar content on lifting

Tuber maturity is very imporant for the sugar content at the beginning
of the storage period and its variation during storage. It is one of the
most important parameters, determining the potato quality for processing.

However, one problem is the precise definition of maturity and its
determination in a batch of tubers. In other words, the term 'maturity’
is only vaguely defined and can give rise to a great deal of confusion.
It is often related to the degree of suberization or cork formation of
the skin. The problem is that suberization is also affected by such fac-
tors as destruction of the haulm prior te lifting, soil temperature and
soil moisture content.

Sowokinos (1973) relates the concept of physiological maturity to the
moment when 97 % of the final tuber size and starch content is reached.
Wiese et al. (1975) observed a fall in the reducing sugar content at the
end of flowering. This decline continues until the haulm wilts. The redu-
cing sugar content is than at a minimum, while the starch content is at a
maximum. Here again, the concept of physiclogical maturity is related to
carbohydrate levels. Burton (1966) also states that, apart from varietal

differences affecting sugar content, maturity may be one of the principal
factors. He describes maturity as a condition preceding destruction of

the haulm when the tuber is no longer growing and when the total sugar
content is no longer declining (Burton, 1978b). However, he also states
that this definition is of little use for practical purposes, as 'growth'
then has to be measured and sugars always have to be determined. In the
absence of laboratory facilities, he recommends the old practical test of
maturity by using the thumb to apply a tangential force to 'scrape off’
the skin of the tuber prior to destruction of the haulm. If this is no
longer possible, the skin is set and the tuber is assumed to be mature.
The foliage also gives an indication of maturity: if many leaves have
wilted naturally, the tuber is probably mature. However, the question is
whether maturity determined in these ways is sufficiently correlated with
physiological maturity at the time of minimum sugar content.
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Sowokinos (1977), dealing with the quality of potatoes to be stored
for crisping and chipping, indirectly related the reducing sugar content
to the sucrose content at the time of lifting. The basis here is the fact
that the sucrose content at the time of 'maturity for processing' is mi-
nimum and can be used as a quality criterion in the relevant year, apart
from the effects of variety. Potatoes with a low sucrose content would
then be more suitable for storage and processing. The higher the sucrose
content at the time of lifting, the faster reducing sugars are formed du-
ring storage. The sucrose content should not exceed 2.8 mg per gram of
fresh tuber weight for crisping potatoes and 3.5 mg for chipping pota-
toes. Tests with this system under Dutch conditiens have hitherto not
been very successful.

Recent research into the 'quality' of the membranes which surrcund the
starch grains and separate the starch from the sugars in the cytoplasm
may provide a better understanding of the notion of maturity in relation
to sugar formation. It has already been found that sugar formation in se-
nescence is associated with the reduction in 'quality' of these membranes
{1sherwood, 1976).

Workman et al. (1976) observed that storage of potatoes at temperatu-
res of 0 to 5 °C causes an increase in membrane permeability. The work of
Isherwood (1973) and Ohad et al. (1971) also indicates that the 'quality?
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Fig. 2.4. Changes in the content of sugar of immature and mature tubers

of the variety Majestic stored over 30 weeks. A — A = storage at 10 °C;

o] ¢ = storage at 20 °C (from Burton, 1965}).
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of the membranes is associated with the maturity and 'behaviour' of the
potate in terms of sugar formatien during celd storage. The importance of
maturity is clearly demonstrated by Fig. 2.4 (Burton, 1965). The imma-
ture potatces were harvested on 16th June and the mature ones on 2nd Oc-
tober. Sometimes the reducing sugar content of immature potatoes at the
time of lifting is sufficiently low {about 3 mg per gram fresh weight)
but increases sharply a few days later (about 13 mg per gram fresh
weight).

2.3.3 oOther environmental factors - 'stress’

Apart from the temperature pricr to storage, little can be said about
the other factors affecting cold storage - soil, manuring, environment,
water supply and age of the tuber, as the results differ.

As stated, it seems that any factor disturbing the overall metabolic
balance under certain conditions may have a negative effect. Factors
resulting in such a 'physiological stress situation' include high tempe-
ratures during certain growth periods, lack of moisture, the heat sum of
days when the temperature remains below 10 °C (Findlen, 1964) and early
dying off due to lack of minerals.

2.3.¢ remperatures prior to cold storage

The temperatures te which the potatoes are exposed before cold storage
may affect the eventual variation of the sugar content. Burton (1969)

reducing sugars (% dry wt}
50 4
4.5 1
40+

3.5+

30-
L‘I T T T

1
5 10 15 20 25°C
two weeks preholding temperature

Fig. 2.5. Average reducing sugar content after six months in storage at
5.6 °C (from Iritani et al., 1976).
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found that with newly harvested potatoes, if the temperature in the store
was gradually reduced, the amount of sugars formed was much less. Findlen
{1964) found that it was 1inadvisable to leave the potatoes in the ground
for too long before lifting after destruction of the haulm. If the soil
temperature is low, the crisps will have a very dark cclour.

Iritani and Weller {1976) showed that a great deal can go wrong in a
la-day period preceding the commencement of final storage at low tempe-
rature. If the temperature during this period is higher or lower than
9 to 10 °C, the level of reducing sugars will be much higher later on =
in this case, after six months' cold storage at 5.6 °C; (Fig. 2.5).

According to Burton (1969), however, a gradual reduction from 10 to
2 °C, leads tec a permanent reduction in the sugar content.

2.4 VARTATIONS IN SUGAR CONTENT DURING STORAGE

The foregoing shows that the potatoe itself (in particular, the varie-
ty, maturity and previous history) already has a very significant effect
on storage behaviour. Besides this, several clearly distinguishable me-
chanisms of sugar formation may operate during storage. These concern
differences in 'behaviour' associated with the effects of storage at high
and low temperatures, senescence and sprouting and possible sprout inhi=-
bition. These effects are discussed separately below. In reality, howe-
ver, two or more of these effects will nearly always occur more or less
simultaneously, thus making the overall picture very complex.

2,4.1 Storage at high temperatures

Lately, more emphasis has been placed on storage at high temperatures.
This is often necessary in the warmer developing countries, where mecha-
nically cooled stores and sufficient trained staff are not usually avail-
able.

Verma et al. (1974a, 1974b) found that potatoes can be stored just as
well, as regards sugar content, at temperatures ranging from 24.7 to
36.2 °C. Total sugar content increases at these temperatures just as in
the case of cold storage, but the increase is smaller. On transfer to
higher temperatures, the total sugar cdntent initially increased sharply,
but then fell back tc virtually the original level. Just as with cold
storage, the reducing sugar content also increased, although only slight-
ly at first, compared with cold storage. Towards the end of the period of
cold storage, however, the reducing sugar content increased to 1.2 %.
Loss of dry matter and also rotting increased sharply at high storage
temperatures. Hak and Vermeer (1979) found that even a product which was
not fully mature and sufficiently hardened could be stored at up to 20 °C
for about four months if CIPC was applied in combination with the fungi-
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cide thiabendazole at the right time - i.e., after suberization and wound
healing. The guantitative and qualitative losses could then be limited.

2.4,2 Storage at Iow temperatures

Sugar formation at low temperatures differs from that due to senescen-
ce in that the resuiting sugar content can be decreased again by recon-
ditioning - i.e., treatment at higher temperatures - although the origi-
nal level is no longer attained (Burton, 1975). Reversible changes in
composition of the membranes surrounding the starch grains may also be
involved in this process. The mechanism of gugar formation at low tempe-

ratures is illustrated in Fig. 2.6. Sugar formation is plotted against
temperature in Fig. 2.7 (Burton, 1965). This figure clearly shows that
below 10 °C both reducing sugars (glucose and fructese) and non-reducing

sugars (sucrose} are formed to an increasing degree.
In mature potatoes, the sucrose content and the glucose and fructose

levels are found to respond differently to an increase in temperature
from 2 to 10 °C (Isherwood, 1976). Sucrose responds with a fairly sharp
decline in level, whereas the decline is gradual with glucose and fruc-

tose.
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Fig. 2.7. Low temperature sweetening: sugar contents of potato tubers
(cv. Majestic) after storage for 4 weeks (17th Dec.-14th Jan.) at diffe-
rent. temperatures. # — # = total sugar; o — 0O = glucose + fructose;
F 3

A = sucrose {(from Burton, 1965).

In immature potatoes, the sucrose level is much lower and the glucoese
and fructose (reducing sugars) levels are much higher. However, in this
case the sugars respond virtually identically to an increase in tempera-
ture to 10 °C. This suggests that sucrose on the one hand and glucose and
fructose on the other occur in better separated compartments in the cell
in mature potatoes than in immature potatoes.

2,4.3 Increase in sugar content due to senescence

The increase in sugar content due to senescence is a separate pheno-
menon. In conditions of constant temperature, the sugar content remains
relatively constant for a certain time, and then increases, at first
slowly and finally very sharply. This is clearly illustrated in Fig. 2.8
(Barker, 1938).

It is characteristic of this sugar formation that it is not reversi-
ble. Reconditioning measures are ineffective (Isherwood, 1976). This
sugar formation, called 'senescent sweetening' by Burton (1966}, is
characterized by changes in the membranes surrounding the starch grains
(Isherwood and Burton, 1975). In popular terms, the membranes may be said
to have become 'leaky' (Fig. 2.9). Glucose and fructose originating from
the breakdown of starch enter the cell sap to an increasing degree. The
rate and extent of this sweetening depends on variety. The history of the
potato during growth and at the time of lifting is also relevant (Dwelle
and Stallknecht, 1978). There seems to be some connection with the sprout-
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Total sugar (%o original fresh wt)

Storage period

Fig. 2.8. Senescent sweetening of potato tubers {(cv. King Edward) after

prolonged storage at 7.5 °C (0 — 0O} and less prolonged storage at 10 °C

(0 —— @) and 15 °C (A — A) (from Burton, 1966; adapted from Barker,

1938).

ing potential: sugar formation is stated to be higher the greater this
potential (Burton, 1965). The only effect of sprouting controel in this
case is to increase the 'accumulation' of the sugars {Burton, 1965). The
same applies to potato irradiation.

proteins lipids

starch =n x glucose
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Fig. 2.9. Schematic drawing of ‘leakage’ of sugars through starch grain

membranes due to senescence.
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How then can this senescent sweetening be counteracted? It has been
found that the process can be delayed by storing the potatoes at progres-
sively lower temperatures. This is, however, of no practical help, as
low=-temperature sugar formation will then occur, which, while in princi-
ple reversible, will at least partially also be affected by senescence.

2.4.4 Changes due to sprouting and sprout suppression

Sprouting is usually associated with the mobilization and transport of
carbohydrates to the sprout. The transporting sugar is once again sucro-
se. Desprouting, IPC/CIPC treatment and inhibition by gamma irradiation
thus greatly increase the sucrose content, as this sugar can no longer be
translocated (Burton et al., 1959; Van Vliet and Schriemer; 1963; Isher-
wood and Burton, 1975); Fig. 2.10.

Fig. 2.10 alsc shows an increase in the glucose and fructose contents
from less than 1 mg to 5 mg and 3 mg respectively in the untreated group
‘during the course of sprouting over a 17-week period.

The increase in glucose and fructose levels is found to be somewhat smal-
ler in the group treated with CIPC.

Sugar content{mg /g fresh wi)

20 untreated hand-desprouted CIPC-treated

154
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T
M A M J A M J
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»
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o
-

Time in storage at 20 °C
Fig. 2.10. Changes in the sugar content during late storage; A — A =
sucrose; 0 — 0 = glucose; & — & = fructose. Type of treatment indi-

cated appropriately on graphs (from Isherwood and Burtom, 1975).
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The sucrose content also increases substantially in the case of irra-
diation. where, however, the increase due, for example, to storage is
already considerable, irradiation has little effect. The later in the
season the potatoes are irradiated, the more the reducing sugars are also
likely to increase (Burton, 1975).

2.4.5 Reconditioning

In potato reconditioning, the temperature is increased to 10 to 20 °C
in an attempt to decrease the reducing sugar content, which has become
too high as a result of cold storage. During this process, a high pro-
portion of the reducing sugar content is for 80 ¥ converted into starch,
the remaining 20 % is lost in respiration. The sugars present, however,
are for several reasons found to be incompletely eliminated by recondi-
tioning. Burton found in 1975 that potatoes which had first been stored
cold for four weeks and then kept for 90 days at 10 °C had a higher sugar
content than potatbes stored constantly at 10 °C. The work of Isherwcod
(1976) and Iritani and Weller (1978) showed that in general only those
sugars formed by cold storage could be reconditioned. Sugars arising from
senescence of the potato - i.e., later in the storage seascn - could not
be reconditioned. Tt was found that the factors involved in the develop-
ment of a high sugar content are also partly responsible for difficulties
with reconditioning. On the one hand, reconditioning is easier the later
in the storage seascn it is tarried out, probably by virtue of sprouting
and the associated increase in respiration. On the other hand, Burten
and Wilson (1978) point out that the required decrease may not then oc-
cur, because of senescence. The problem is to find the exact time at
which sprouting, respiration and senescence are in optimum balance for
good reconditioning.

The foregoing applies to potatoes lifted when mature. Yamaguchi (1959)
found that relatively immature potatoes were harder to recondition.

2.4.6 Controlled atmosphere storage

Prevention is better than cure. Rather than resorting tc recondition-
ing, with variable results, it would be better, if possible, teo store
the potatoes under conditions which would as far ag possible limit the
formation of sugars, and in particular of reducing sugars. This means
storage in an atmosphere made up of gases other than air - 'controlled
atmosphere' (CA) storage. This system has, however, had little practical
use so far. Burton (1978a) comes to the following conclusions in a review

of the literature: Investigation of the effect of low 0, concentrations

2
shows that the system of sucrose synthesis no longer operates under

anaerobic conditions, such as storage in a nitrogen atmosphere. Sugar
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formation at low temperatures (0 °C) declines sharply or ceases alto-
gether. An oxygen content of 1.2 % is just as effective as anaerobic
storage and also decreases the reducing sugar content. An O2 level of

5 %, however, is much less effective (Workman and Twoney, 1970). Experi~
ments with higher than normal atmospheric 0, concentrations (Harkett,
1971) resulted in more sugar formation than with storage in air. CO2
concentrations of 5 to 20 % initially reduce sugar formation at low
temperatures, but it increases after a few months to such an extent that
the content is higher than with storage in normal air. The effect is thus
highly complex. Moreover, concentrations exceeding 10 % may cause partial
tissue necrosis.

Burton (1969) found that sugar formation could be limited by storage
at temperatures varied daily from 2 to 10 °C. The cost of repeated cool-
ing and the moisture loss due to cooling from 10 to 2 °C were so high as
to rule out any practical application.
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3 Dormancy period, sprouting and sprout inhibition

A. van Es and K.J. Hartmans

In general potatoes remain dormant for a period after harvesting, and
can only be made to sprout in this period by specific measures. when the
dormancy period is over, sprouting occurs spontanecusly and can only be
suppressed artificially. This phenomencn is very important for storage,
which is largely directed towards both maintaining the 'natural dormancy
period' and delaying sprouting for as long as possible after dormancy. Of
course, the storage conditions - temperature, meisture and atmospheric
composition - substantially influence this process. Sprout suppressants
have also been developed for this purpose and can be applied dry, as
either a mist or in the form of vapour. Two of the best known compounds
are IPC (isopropyl N-phenylcarbamate) and chloro-IPC, a chlorine-contain-
ing-variant.

Sprouting can also be controlled by radicactive irradiation, but this
has hitherto been carried out only on a very limited scale, in Japan and
elsewhere.

In the seed potato sector, stimulation of sprouting may be important.
Scme of the agents used for this purpose are carbon disulphide (csz),
thiourea, rindite, potassium thiocyanate and gibberellic acid (Ga).

3.1 Dormancy period

Owing to its great importance from the peint of view of keepability
and storage, the dormancy period in potatoes constitutes an important
field of research. During the last decennia there have been different opi-
nions about the definition of dormancy in potatoes. Emilsson (1949} dis-
tinguisheé two separate states of dermancy:

a. The time after harvesting when tubers will not sprout under favourable
conditions. He defines this as the 'rest period'.

b. The time after harvesting when the buds are not growing, for whatever
reason.

Burton (1963) refers to a bud as dormant if it is not growing for any

reason, including an adverse environment, provided the bud has retained

the potential for future growth.

This definition is the same, as far as the period after harvesting is

concerned (see above b), distinguished by Emilsson (1949).
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In his review (Burton, 1978b}), a bud is referred to as 'dormant' if it
does not grow at a favourable temperature; the period over which this
holds true is referred to as the 'dormant' period. The latter definition
is the same as that used by Goodwin (1966) and also that used for 'rest
period' by Emilsson (1949), (see above a).

Burton (1978b) concludes that his definition {(Burton, 1963) may be too
broad and states that it serves no useful purpose to restrict the term
"dormancy' to a condition of no change, nor to contrast a 'dormant' bud
with a 'resting' bud (Emilsson, 1949). A condition in which no changes at
all take place deces not in fact exist - such a bud would be dead, not
dormant.

Another important point is the precise moment at which the dormancy
period commences. For convenience, many publications equate this with the
moment of harvesting the tubers. Burton (1978a), however, states that the
date of harvesting has no physiological siénifibance and that it is much
more logical both biochemically and physiclogically to equate the begin-
ning of the dormancy period with the moment of tuber initiation. This im-
plies that dormancy as well as tuber initiation, via the above-ground
parts of the plant, are affected by environmental factors during growth.
The resulting suppression of sprouting of the tubers would then be at a
maximum at the moment of tuber initiation, after which it would decline.
Depending on weather conditions, dormancy may sometimes ens in a warm
summer before harvesting. This makes it clear that the date of harvest-
ing, although used as a practical tocl, has no physiological signifi-
cance, For research purposes, the moment of tuber initiation is a valu-
able criterion for the beginning of the dormancy period.

Many authors will agree with the concept of 'dormancy' as described in
the foregoing (see also Burton, 1978b). It will, however, be necessary to
indicate clearly the definition of dermancy and the precise conditions
under vhich experimental data are collected. This is to avoid confusion,
because most of the experimental data obtained so far in the past decen-
nia deal with the old concept (Burton, 1963; Emilsson, 1949; Schippers,
1956}.

The length of the dormancy period depends on variety, maturity of the
tuber and soil and weather conditions during growth. Even in the pericd
just before harvesting if the foliage is still intact.

Extreme weather conditions affect the length of the dormancy period of
the tubers (Krijthe, 1962; Burton, 1963). Extremely cold, wet weather in-
creased the dormancy period by about four weeks. Extremely dry, warm wea-
ther reduced it by some nine weeks. Under more normal coenditions, however,
this effect is relatively slight (Burton, 1966).

Krijthe (1962) considered the tubers nc longer dormant as soon as 90%
of the tubers in a sample put at 20 °C for a period of three weeks showed
sprouts of at least 3 mm.
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She used 20 tubers per sample. This procedure was shown to be useful in
practice.

Besides variety, maturity and weather conditions and whether or not
the tuber is injured, the storage regime is an important factor influen-
cing the length of the dormant period.

Research has often been directed towards the chemical processes in the
tuber - i.e., the substances keeping the potato in a biochemical eguili=-
brium resulting in dormancy {Rappaport & Wolf, 1969). Any additicnal un-
derstanding of these processes is, of course, valuable. Much more impor-
tant, however, is the hope that more knowledge about the nature of these
substances will make it possible for them to be used as 'natural' sprout
inhibitors, the idea being that anything that is 'natural’ cannot be
harmful to health. But this is by no means necessarily the case. Even so,
much research has been, and is still being done on this point.

The work of Hemberg (1949, 1952 and 1954) was very important in this
connection. Using the Avena coleoptile test, he showed that the 'acid
ether fraction' of potato tissue contains suhstances which inhibit cell
extension. He also showed that the levels of these substances remain high
during the dermancy period, decreasing prior to sprouting. Bennet-Clark &
Kefford {1953) purified the extracts to some extent by paper chromatogra-
phy. The residual fraction, which they called the 'inhibitor-g complex!'
had a strongly inhibitory effect in the test mentioned. Over the years,
various compounds have been isolated from this complex. However, the na-
ture of the compounds has not hitherto provided a full explanation of the
phenomenon of dormancy. The most important component so far is certainly
ABA (abscisic acid), which was discovered almost simultaneously by Corn-
forth et al. (1965) in sycamore leaves and Chkuma et al. (1965} in cotton
bolls. This substance has also been detected in potatoes (Cornforth et
al., 1965). Many authors - e.g., Blumenthal-Goldschmidt & Rappaport,
1965; El Antably et al., 1967; Van Es & Hartmans, 1969; Hartmans & Van
Es, 1979 - found that ABA inhibits sprout growth. However, ABA was not
found to have any effect on the duration of the dormancy period. Apart
from ABA, which thus has an inhibitory effect as a plant hermone, it is
known that gibberellins - in particular GAj - break the dormancy period
in potatoes (Rappaport et al., 1957; Bruinsma, 1967; Bruinsma et al.,
1967).

It is, however, assumed that the balance of the two hormones ABA and GA
may determine dormancy.

3.2 Sprouting

During the development of the tubers on the plant, the buds in the
eyes on the tuber successively become dormant, starting at the stem end.
The apical eye is the last to become dormant. At the end of the dormancy
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period, the eyes again sprout. If the tubers are placed under appropriate
temperature conditions, one or more sprouts form on each tuber.

The number of sprouts per tuber is greatly affected by the physiologi-
cal age of the tuber - which in turn is related to the duration of stora-
ge coupled with the storage conditions. Tubers placed at a suitable tem-
perature immediately after the end of the dormancy period produce only
one sprout. The apical eye sprouts first. This phenomencn is known as
'apical dominance'. A number of sprouts are formed later in the storage
season. In addition, the sprouts may branch, but usually only in January
or February. Finally, after a long period of storage, very thin branches
(filamentous sprouts) and even small tubers, called 'little potatces',
form on the sprouts (Fig. 3.1). This is an indication of important chan-
ges in the tuber. The increase in the number of sprouts can be attributed
to a decline in the dominance of the apical sprout of the tuber during
storage. This apical dominance and its loss are ascribed to changes in
the tuber itself. There is a direct relation between the vigour of sprout
growth after planting and the condition of the tuber itself. The tuber
condition is referred to as the physiclogical age of the tuber.

The rate of growth of the sprout after the seed potato has been plan-

normal sprouts thin branched sprouts little potato phensmenon

Fig. 3.1. Influence of physiological age of seed potatces on the sprou-
ting behaviour. Tubers stored at * 4 °C. Sprouting experiments carried
out at 18 °C in dark during 2 to 4 weeks. a. cv. Bintje, stored at 4 °C

during 6 months; b. cv. Désirée, stored at 4 °C during 13 months;
c. cv. Jearla, stored at 4 °C during 13 months.

102



ted is directly correlated with the length and nature of the sprout at
the time of planting; Also the conditions during growth - the time of
harvesting of the seed potato, tuber size, storage temperature and other
storage conditions - influence the growth rate and are thus very impor-
tant.

The phencmenon of apical necrosis may occur during sprouting. The
branches which then occur are often due to loss of apical dominance of
the sprout caused by damage. The apex of the sprout then becomes darker
in colour and dies. Dyson & Digby (1975) showed that this is due to cal-
cium deficiency. The growth rate of the sprouts of a tuber and the possi-
ble occurrence of apical necrosis is affected by the calcium content of
the tuber and the pH of the soil in which the tubers were grown. A high
soil pH (pH 7) and a high tuber calcium level are associated with faster
sprout growth and a reduction in apical necroses.

3.2.1 Sprout growth during storage

The nature of the tubers, disease and storage conditions greatly af-
fect sprout growth during storage.

The length of the dormancy period and sprouting behaviour depend on
the variety and on the previous history of the tubers. Storage conditions
such as temperature, humidity of the storage atmosphere, 1light, oxygen
concentration, carbon dioxide concentration and the possible presence of
volatile substances from the potato also affect the length of the dor-
mancy period and sprouting.

3.2.1.1 Effect of tuber size on the number of sprouts and sprout growth
rate

The number of sprouts per tuber increases with the size of the tuber,
as shown in Fig. 3.2 (Allen, 1978). Similarly, the number of stems per
plant increases with the size of the seed potato, but to a lesser extent.
Although Krijthe (1962) found no difference in dormancy between two dif-
ferent seed potato sizes, a difference in the growth of rate of the
sprouts was observed (Fig. 3.3}. Sprouts of smaller tubers are found to
grow more slowly than those of larger ones, this difference being greater
the lower the storage temperature (Fig. 3.3, Krijthe, 1962}.

3.2.1.2 Effect of the physiological age of the tuber on 'sprouting po-
tential’

To characterize the physiological age, Krijthe (1962) determined the
'sprouting potential' at intervals during the storage seascn. For this
purpose, the tubers of a batch of sprout-free potatoes were stored at
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Size of seed tuber(g)

Fig. 3.2. Relationship between number of sprouts and stems per seed tuber
and tuber size (after Scott and Younger, 1972, from Allen, 1978).

@ — 0 = sprouts; 0 — 0 = stems.
;ﬁ' 201513 10 1 44—
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beginning size 40/45
T T L T T T
15 0ct.  Nov. Dec. Jan. Febr. March.
o 20 151310 1 44—
%0
begénning size 28/35
15 0ct.  Nav.  Dec.  Jan. | Febn  March. Apr. T

Fig. 3.3. Dates on which samples of 20 tubers graded to different sizes
begin to sprout, and on which 50 ¥ and 90 % have sprouted, after storage
at different temperatures {4 to 20 °C) (from Krijthe, 1962},

2 °C after harvesting. A sample was taken regularly and placed for four
weeks at 20 °C and 80 % relative humidity. The resulting sprout weight,
expressed as a percentage of the initial weight of the tubers, was called
the 'sprouting potential'. There is a clear optimum in the shape of the
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Fig. 3.4. Influence of the variety on the sprouting capacity. Sprouting
capacity is measured as the weight of sprouts as percentage of tuber
weight, which grew during a 4-week period at 20 °C, prior storage tempe-
rature having been 2 °C (from Krijthe, 1962). 8 — # = Bintje; o — 0O =
Alpha.

sprouting potential curve during the storage season (Fig. 3.4).

The shape of this curve depends on the variety (Fig. 3.4), harvesting
year (Fig. 3.5) and lot. Krijthe (1962) points out that the maximum in
nearly all cases falls in July or August if the tubers are stored at

Sprout wi (% of tuber wt}
10}

b J FMAMUMBE ASOND

Fig. 3.5. Seasonal trend in sprouting capacity of various lots of Bintje
in different years. Sprouting capacity is here given as the weight of
sprouts, expressed as a percentage of the tuber weight, which grew during

a 4-week period at 20 °C, prior sprout-free storage having been at 2 °C
{from Krijthe, 1962), ---- = 1956; .... = 1957; = 1958.
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Fig 3.6. Influence of prior storage temperature on the sprouting capacity
of cv. Libertas. Sprouting capacity is measured after desprouting as the
weight of sprouts as percentage of tuber weight, which grew during a
4-week period at 20 °C (from Krijthe, 1962). A — A = storage tempera-
ture 2 °C; ¢ — @ = storage temperature 7 °C.

2 °C. If they are stored at higher temperatures, the optimum occurs soon-
er (Fig. 3.6)}. This process of senescence is alsc accelerated by de-
sprouting.

Physiologically old seed potatoes develop faster intoc plants than phy-
siolegically young ones. Tuber initiation takes place early and the foli-
age is poorly developed.

Since tuber growth depends on photosynthesis by the foliage, this
means that although old seed potatoes give rapid tuber growth initially,

Yield

Time

Fig. 3.7. Typical patterns of tuber development of crops grown from phy-
siologically old and younger geed {(after Wurr, 1978). ....... = younger
seed; =.-.-.- = old seed.
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their yield is ultimately lower than that of younger stock (Fig. 3.7,
wurr, 1978).

1f seed potatoes already have small tubers growing on the sprouts,
this means that a plant will no longer develop after planting. The seed
potate is then 'worn out'. This abnormality is called the 'little potato
phenomenon' (Fig. 3.1). Apart from the length of the storage period and
temperature, growth conditions also affect physiological age, as diffe-
rences in origin and year show,

Tubers grown in relatively warm conditions lose their dormancy earlier
and age faster (Iritani, 1968).

Late planting of seed potatoes produces tubers whose dormancy is bro-
ken at a later stage and which (Wurr, 1978) also become 'physiologically
0ld' later. This may be important in the growing of early varieties.

Gray (1974) alsc found that fertilization with high nitrogen doses ga-
ve physiclogically younger tubers.

3.2.1.3 Effect of variety

The effect of variety on the length of the dormancy period was compre-
hensively investigated by Emilsson (1949), Schippers (1956) and Burton
{1963). Table 3.1 shows the variation from vear to year, for four DPutch
varieties at varicus temperatures, of the dormant period (called by
Schippers 'rest period') (Beukema & v.d. Zaag, 1979).

Table 3.1 Dormant pericd {called by Schippers rest pericd) expressed in weeks
after harvest of some varieties at various temperatures in two seasons (from
Beukema & v.d, Zaag, 1979: adapted from Schippers, 1956)

2 °C 5 °C 10 °C 20 °C

Variety Earliness *
1953%  1954% 1953 1954 1953 1954 1953 1954

Bintje 6.5 14 17 12 16 12 15 10 11.5
Eigenheimer 7 9.5 11 9.5 11 9.5 11 6.5 8
IJsselster 6.5 9.5 19 10 19 9.5 16 9 12
Libertas 4.5 12 23 1z 19 14 19 10 15

+

* low figure late maturity 1953 normal temperature, 1954 low temperature

Schippers (1956} found that the average period of dormancy was 19.5
weeks in 41 varieties harvested in mid-July and stored at 10 °C. The dor-
mancy period measured from the time of harvesting ranged from 17 to 27
weeks. Burten (1963) found at 10 °C an average dormancy, measured from
the time of harvesting, of 8 weeks in 11 varieties harvested in Septem-
ber, the range being 5 to 14 weeks.

Measured after tuber initiation, the average dormancy period was 24.5
weeks, the range being 20 to 33 weeks.
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3.2.1.4 Effect of disease on tubers

The example of infection with Phytophtora infestans, which reduces the
dormancy period, is well known; this was observed for the first time by
Dostal (1942).

3.2.1.5 Effect of storage temperature

Temperature strongly influences the duration of the dormancy period
and subseguent sprouting. Temperature can easily be controlled and is
thus of practical relevance (Table 3.1 and Fig. 3.8).

As long ago as 1956, Schippers found that reducing the storage tempe-
rature of potatoes from 10 to 3 °C increased the dormancy period by 150 %.
The increase was 67 % at 5 °C, while a change in the temperature from 10
to 20 °C reduced the peried by 18 %. Tt is also important for the tempe-
rature not to vary too much, as this generally reduces the dormancy pe-
ried (Schippers, 1956; Burton, 1973).

wurr & Allen {1976) found that a storage period of 14 days at 2 to
3 °C, followed by storage at 15.6 °C, was favourable for sprouting. The
sprouts developed earlier and sprout length increased. Allen et al.
(1978) discovered this effect for a number of varieties (including Desi-~-

ree). In other varieties, however, this low-temperature treatment in-
creased the number of sprouts developing per tuber. Some of the varieties

(British and American) examined by these authors exhibited no reaction to
the low-temperature treatment.

3.2.1.6 Effect of moisture content of storage atmosphere

There has been hardly any good systematic research on this point. Ex-
periments have, however, been conducted with 'moistening' of the pota-
toes, the tubers being covered with a film of water. Tests of this kind

tresh sprout weight
¢}
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40-
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Fig. 3.8. Influence of temperature on sprout growth (from Beukema and Van
der Zaag, 1979; adapted from Hogetop, 1930Q).
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indicate that 'moistening' reduces the period of dormancy - i.e., that
dormancy is broken.

But this could just as well bhe caused by a reduction in the oxygen pres-
sure due to the water film (Burton & Wigginton, 1970).

3.2.1.7 Effect of oxygen content of storage atmosphere

The 0, content affects not only termination of dormancy but also the
rate of sprout growth. The O2 concentration reguired for optimum sprout
growth depends on the physiological age of the potatoes. For example, 4
to 5 % 02 is optimum at a storage temperature of 10 to 20 °C at the be-
ginning of the season, while 17 to 20 % o, is best around June (Burton,
1968). The low 02
ginning of storage clearly inhibits sprout growth later in the season.

To induce sprouting, an 02 content of 2 % is sufficient at the begin-

concentration which has a stimulating effect at the be-

ning of storage. However, the sprouts then either fail to grow, or grow
only slightly.

Burton (1971) attributes this to the inability to mobilize the reserve
carbohydrates for sprout growth.

3.2.1.8 Effect of carbon dioxide content of storage atmosphere

As long age as 1931, Braun showed that a storage atmosphere with a CO2
content of 2.2 to 9.1 % clearly stimulated sprout growth in potatoes ir-
respective of the stage of dormancy. This was confirmed in a later inves-
tigation {(Burton, 1958).

This author found that the optimum CO2 content was 2 to 4 %, correspog;
ding to a Co2 concentration dissolved in the cell sap of about 2 x 10 “M.
The stimulatory effect declined again at higher concentrations, the re-
sult at 7 to 10 % being the same as with normal air storage.

3.2.1.9 Effect of volatile substances in the storage atmosphere

Velatile substances are released during the storage of potateoes and,
if not eliminated by ventilation, may totally inhibit sprouting even at
normal oxygen and carbon dioxide concentrations (Burton, 1952 and 1965;
Burton & Meigh, 1971). The latter authors initially assumed that the sub-
stances concerned were olefin-like ethereal molecular structures, possi-
bly containing sulphur.

3.2.2 Effect of sprouting on respiration and moisture loss
The weight losses occurring during storage due to sprouting are consi-
derable. The total weight loss of dry matter is made up of the sum of the

factors sprouting + respiration + evapocration.
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3.2.2.1 Respiration

The effect of sprouting on respiration was investigated by Burton et
al. (1955). These authors found that normal respiration increased by 50 %
at about 10 mg sprouts per gram (1 %) tuber fresh weight. This respira-
tion increases to 400 to 500 % with tubers showing considerakle sprouting
(50 mg per gram) in June (Isherwood & Burton, 1975). The increase in res-
piration is due not only to the sprouts but also toc the tuber. The in-
crease in tuber respiration after removal of the sprouts, however, was no
more than 30 % of the normal basal wvalue.

Assuming that the presence of sprouts on the tuber in itself has lit-
tle effect on the respiration of the tuber, it can be assumed that most
of the increase is due to the respiration of the sprouts.

3.2.2.2 Moisture loss

The effect of sprouting on moisture loss is clearly demonstrated for
the cv. Dr. MclIntosh in Fig. 3.9, taken from the work of Burton & Hannan
(1957). The water evaporation measured here took place by direct evapora-
tion to the air, which had a relative humidity corresponding to a vapour
pressure deficit of 2.7 x 102 Pa and a temperature of 10 °C.

An impression of the magnitude of the losses represented by the sum of
respiration and moisture losses is given in Fig. 3.10, derived from figu-
res presented by Krijthe (1962), relating te the cv. Bintje. This diagram
shows that the weight losses due to the sum of respiration and evapora-
tion are greater than the sprout weight. Since the material concerned

Weight 10ss,%0 wk™? Pa~"
x1072
1.0

[ T T T T T T T T T T T T

2 4 6 8 10 12
Sprout growth %% by weight

Fig. 3.9. Rate of evaporation from tubers of cv. Dr. McIntosh in relation
to sprout growth. Temperature: 10 °C; water vapour pressure deficit of
store air: 2.7 x 102 Pa (from Burton & Hannan, 1957).
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Fig. 3.10. Influence of harvest date and soil type on the relation be-
tween sprout weight and weight loss due to respiration and evaporation
(drawn from data of Krijthe, 1962).

consists of seed potatoes, the total losses are greatly increased be-
cause the potatoes were desprouted up to five times. However, more im-
portant than the quantitative data is the fact that these tests show that
lifting one week before full maturity, eventually has a permanent effect
on respiration and moisture losses during sprouting.

Since moisture loss is much greater in potatoes which have sprouted
than in ones which have not, the effect of immature lifting thus extends
to the sprouting of the tubers. Burton (1955) calculated that the epider-
mis of the sprouts is about 100 times as permeable to water as the surfa-
ce of the tuber. Hence sprout growth corresponding to a 1 % increase in
the tuber area causes a doubling of the moisture loss. The sprout thus
has a relatively substantial effect on evaporation.

Fig. 3.10 also shows that potatoes from clay soils lose much more
weight by moisture leoss and respiration for a given total sprout weight.

In addition to the direct consequences for respiration and evapora=-
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tion, intense sprouting can in practice clog the space between the tu-
bers. This may result in a microclimate with different conditions in

terms of €0, and O2
compounds, which may have indirect effects on sprouting.

concentratjons temperature, humidity and volatile

3.3 Sprouting control

For many years a large number of chemical compounds have been shown to
have sprout-inhibiting effects - e.g., ethylene, nonanol, abscisic acid,
indolacetic acid and dichlobenil. Most of these substances have either
never, or only for a short time, been used in practice.

The compounds IPC, chloro-IPC and maleic hydrazide (MH) have proved to
be of more or less permanent practical value. The dimethylnaphthalenes
are new and their value and practical applicability still have to be pro-
ved. In addition to the chemical agents, considerable experimentation has
been carried out with the irradiation of potatces.

The following general point must be made about sprouting control
treatments. Substances or treatments, such as irradiation, having sprout-
inhibiting effects - i.e., which inhibit 'growth' - will also suppress
suberization and the formation of wound periderm, thus favouring infec-
tion from outside and consequent rotting. High moisture losses may also
occur as a result of insufficient suberization. The potatoes must there-
fore be treated with sprout inhibitors only after the wounds have healed
and wound periderm has formed,

3.3.1 IPC and chloro-IPC

The principal sprout inhibitors used today are isopropyl N-phenylcar-
bamate {abbreviation: IPC) (Rhodes et al., 1950) and isopropyl N-(3-chlo-
rophenyl} carbamate (abbreviation: chlero-IPC) (Marth & Schultz, 1952).
Since then, many authors have experimented with these substances and pu-
blished papers on them, and the compounds have been widely used in prac-
tice. Chloro-IPC and IPC are often mixed in specific proportions. The
compound can be applied in a number of ways (see Chapter 21).

3.3.2 MNaleic hydrazide (MH)

Apart from chloro-IPC and IPC, maleic hydrazide (MH) is the only agent
to have been used on a relatively large scale. Application with potatoes
is at present very limited and is prohibited in the Netherlands. In the
United States, on the other hand, the use of MH is increasing again. It
is applied to the crop three to five weeks before foliage death. If the
treatment is carried out too early, the yield will be reduced, while late
treatment will have an insufficient effect on sprouting. Where the com-
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pound is administered at the correct time, good control of sprout growth
is achieved.

3.3.3 Dimethylnaphthalene

Although not (or at least not yet) available for practical use, the
compounds 1.4- and 1.6~dimethylnaphthalene have also shown noticable
sprout-inhibiting effects. Initial tests have shown that these substan-
ces, which occur naturally in the storage atmosphere, have a sprout-sup-
pressant effect (Meigh et al., 1973).

3.3.4 Irradiation
3.3.4.1 Light

Light is known to reduce the length to which potato sprouts will grow.
Even a low light intensity can almost completely {about 95 %) inhibit
sprout length. Exposure to light of wavelengths 350 to 450 nm and 650 to
950 nm - i.e., at the lower and upper limits of the visible spectrum - is-
found to be the most effective (Wassink et al., 1950). This inhibitory
effect is utilized for seed potatoes. The sprouts are coloured by chloro-
phyll development, differentiation cccurs in stems and leaflets and root
primordia are initiated (Krijthe, 1946; Fig. 3.11). Branching and direct

03
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Fig. 3.11. Influence of different storage temperatures on sprouting be-
haviour of tubers (cv. Eersteling) stored in light. Storage period 3.5
months (from Krijthe, 1946).



tuber formation on the sprouts are thereby counteracted, and the process
of senescence is delayed.

3.3.4.2 Radioactive irradiation

Irradiation with beta, gamma or X-rays completely inhibits sprouting,
and is from this point of view the best sclution. It has been found that
virtually total inhibition is achieved with doses of 50 to 100 Gy or even
lower (Burton & Hannan, 1957). Gamma irradiatien with a cobalt source
(Coeo) has been found to be particularly effective. A number of commerci-
al-scale installations have been in operation in various countries, in-

cluding Japan and Canada. In the Netherlands, the former Fpod Irradiation
Test Centre of ITAL-Wageningen carried out extensive pilot plant investi-

gations together with the Institute for the Storage and Processing of
Agricultural Produce (IBVL) (Sparenberg & Ulmann, 1973).

It is assumed that irradiated potatoes do not constitute a health ha-
zard. However, it has not been established that irradiation does not give
rise to the formation in the tuber of compounds which may be harmful to
health. One objection is a grey disceoloration occurring when the potatoes
are cooked, but this has not been observed everywhere to the same extent.
The biggest disadvantage, however, is the high cost of irradiation. A
further disadvantage to the potato-processing industry is that both re-
versible reducing sugar formation and senescent sweetening are accelera-
ted (Burton et al., 1959).

3.3.5 Internal sprout formation

This type of malformed sprouting, in which sprouts grow inwards into
the tuber occurs occasionally. It is caused by the ingrowing of a lateral
sprout from an axillary bud at the base of a normal sprout whose growing
point has been damaged (Davis, 1961). This damage can be caused by insuf-
ficient sprout suppressant concentrations or too late application of
sprout suppressants. This defect occurs chiefly in ware potatoes.

3.4 Sprout stimulation

Sprouting can be stimulated by chemicals, by damaging the tuber, by
increasing the humidity of the storage atmosphere and by temperature va-
riation. Although this subject is not directly relevant to potatc sto-
rage, it seems appropriate in the context of potato physiology -tc refer
briefly to sprout stimulation by means of chemical compounds and wounding
of the tuber tissue.

The main chemical agents used in practice are rindite, carbon disulphide
and gibberellic acid.

114



3.4.1 Rindite

The substance known by this brand name is a mixture of ethylene chlo-
Vrohydrin, ethylene dichloride and carbon tetrachloride in the proportions
7:3:1 (Denny, 1945; Keller & Berces, 1966). The substances act in the va-
pour phase. The concentration is about 1 litre per m? of air and the
treatment lasts about 48 hours. One cobjection is the toxicity of the sub-
stance, which necessitates strict safety precautions.

3. 4.2 Carbon disulphide (CSZ)

The use of sulphur compounds such as mercaptoethancl, thiourea and Cs,
for dormancy breaking has long been familiar (Denny, 1926) and is common,
for example, in India and Brazil. Under Dutch conditions, CS2 was tested
by Meijers (1972). Treatment for about three days at 20 °C using 12.5 to
25 ml CS2 per m?® containing an average of 500 kg of potatoes is suffi-
cient to obtain optimum sprouting. CS,» however, alsoc has the disadvanta-
ge of being toxic.

3.4.3 Gibberellic acid (GA)

Immersion of tubers in a solution of GA (Van Hiele, 1961) or spraying
them with this seclutien (Holmes et al., 1970; Marinus & Bodlaender, 1978)
stimulates sprout growth and increases the number of stems per plant and
the number of smaller tubers (seed potatoes). The total yield is unaffec-
ted by treatment of the tubers with GA (Holmes et al., 1970).

Excessive concentrations of GA {over 25 ppm) can cause defects in the
plant, such as thin stems and small, rapidly yellowing leaves (Timm et
al., 1962).

GA is usually absorbed more efficiently by the tubers after wounding.
For this reason, application directly after harvesting or cutting of
seed potatoes is the most effective.

3.4.4 Effect of damage to the tuber tissue

The 'wound effect' caused by damage and cutting of the tissue is well
known. This gives rise, for example, to the synthesis of gibberellins
(Rappaport & Sachs, 1967), thus stimulating sprout growth.
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4 Respiration

A, van Es and K.J. Hartmans

4.1 General

In respiration or dissimilation the required energy is obtained from
conversion cf the reserve substances in the tuber. The main reserve com-
pound is starch, a polymer of glucose units. In this process oxygen (02)
is taken up and carbon dioxide (COZ} and water (HZO) plus energy in the
form of heat are released. This reaction can be represented as follows:
starch + n x glucose
C6H1206 + 6 02 > 6 CO2 + 6 HZO + energy

lucose oxygen carbon dioxide water {heat}
The complete combusticn of 1 g of glucose gives 1.47 CO2 + 16 kJ.
In practice, about 32 % of this energy is fixed in ATP (metabolic ener-
gy); 68 % is 'lest' as heat (about 10.9 kJ.).
wWith a good oxygen supply, the volumes of the amount of oxygen taken up
and the amount of carbon dioxide released per unit time are virtually
the same.
The respiration gquotient
volume absorbed 0, n-l

RQ = =1
-1

volume formed CO2 * h

Burton (1974}, however, found values of RQ = 0.8 to 0.9 early in the
storage period, during dormancy, while RQ later rose to 1.3 during sprou-
ting.
: In senescent potatoes, CO2 productien is permanently greater than oxy-
gen consumption (RQ less than 1) (Isherwcood & Burton, 1975). Isherwcod
{1973) gives for basal respiration at 10 °C a formation value of 2 ml COZ'
kg-l ‘ h-l, which is equivalent to the formation of 1.4 mmol ATP-100
gl 22t
This also entails the breakdown of starch and the formation of anhydro
glucose units of 0.5 x 10 ~2 mmol-g_l Y
0.855 mg -g_l - 24 h_l. This corresponds to a loss of dry matter of
about 0.85 mg/g fresh weight per 24-hour period. Part of this loss is

, or dry matter conversion of

compensated by the water released.
" The above mentioned values for the respiration rate during storage are
influenced by a number of factors.
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Firstly, they are influenced by factors associated with the potateo itself
as presented for storage ~ e.g., morpholegical characteristics. The skin
and lenticels are very important for the oxygen permeability. Other de-
terminants are alsc important - e.g., maturity, dormancy, physioclogical
age, variety, inhibitory or stimulatory chemical compounds present and
handling followed by healing of wounds.
Secondly, of course, the conditions prevailing in the store are very im-
portant - e.g., the storage temperature and the oxygen and carbon dioxide
concentrations in the sterage atmosphere. The usual situation is storage
in an atmosphere of 'mormal' composition, which means that the potato is
surrounded by air consisting of:

20.93 % O2 (oxygen)

0.03 % CO2 (carbon dioxide)

78.10 % N2 (nitrogen)

0.93 % Ar (argon)

0.01 % H2 (hydrogen)

Variations in this ‘'normal' composition have direct consequences for
respiration. The possibilities thereby offered are sometimes utilized in
the storage of, for example, horticultural produce. Controlled-atmosphere
{CA) storage (Section 4.3.4) has not hitherto been applied much to pota-
toes, partly owing to the high cost.

42 Effect of tuber characteristics on respiration

4.2.1 Function of the skin with regard to respiration
] The skin plays a very important part in respiration. Oxygen and carbon
dioxide have to pass through it, the former inwards and the lattgr out-
ards. Hence its permeability as a whole is of great importance. |
Eﬁrton (1965} found that the overall permeability for oxygen varies
from 10 x 107 m1 0, + em ™+ 7! . kea™! to 2.5 x 107%m1 0, ¢ enZ -
-¥_;EkPa_1
latter in tubers one week after the dving back of the feliage in the cv.
King Edward and Majestic. Hence permeability declines with tuber age du-
ring this period. However, the cork layer is not homogeneous in area. The
lenticels, of which there are 0.5 to 3 per cm2 of tuber area {Burton,
1965; Wigginton, 1973), are the parts which play an impertant part in gas
exchange.

enticels
The lenticels (see alsc Chapter 1)} in the periderm (skin) of a potato
tuber are the only places where gas exchange (mainly Co, and 0,) can take
place with the environment (Burton, 1965; Wigginton, 1973). The cork lay-
(ef'is thus irrelevant in this connection. Lenticels are alsc the possible
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{'sites of entry into the tuber for pathogenic microorganisms, as has been
shown for potato scab (Streptomyces scabies), Phytophthora infestans and
! the soft rot bacterium (Erwinia caratovora) (Adams, 1975). The diffusion

LHEEFe of oxygen per lenticel varies from 24 x 1072 to 302 x 1072 [T n~t
kpa~! with an average of 113 x 107%1 13 x 1072 T nl . xpal {wig-

ginton, 1973).
4.2.2 Maturity

Differences alsc exist between mature and immature potatoes with re-
gard to respiraticn rate and its variation during storage.
Burton (1964) measured values at the time of tuberization of 50 ml -
kg_l . h"lo2 uptake at 10 °C in the cv. Majestic. From this stage onwards,
a decline to a value of 4 to 5 ml . kg'l . n7t
attained at maturity. This shows that immature potatoes respire much more

was observed, this being

intensively than mature ones. Although values are high in immature pota-
toes after harvesting (about 17 ml 0, - kg_1 . h_l), they often decrease

-1yl They then

in a period of some four weeks to about 4 ml 02 + kg
-1

decrease further during the next three months to about 2 ml O2 - kg
h-l, increasing again at the time of sprouting (Burton, 1974). A consi-
derable loss of dry matter can therefore occur in immature potatoes imme-
diately at the beginning of storage.

The following values were found in mature potatoes:
After harvesting: 4 to 5 ml 0, - kg_l . hl; after three months: 2 to
3ml0,- kg™t . p7l.

4.2.3 Effect of physiclogical age and sprouting

It was stated in Section 4.2.2 (Maturity) that very young tubers may
have a respiration rate up to ten times as high as mature tubers. A good
1. 1l as the tuber ages during storage,
5 - xg~1 .
the tuber has about 1 % of its own weight of sprouts, respiration has in-
creased by 50 ¥ (Burton et al., 1955). This process continues until the

average is then 4 ml 0, - kg

this value falls, reaching 2 ml O h_1 prior to sprouting. When

respiration rate in potatoes which have sprouted substantially has in-
creased to about 4 to 5 times that of desprouted tubers (Isherwood & Bur-
ton, 1975). This increase is almost entirely attributable to the sprouts,
as the respiration of the tuber itself has increased by only about 30 %
(Isherwood & Burton, 1975).

4.2.4 Effect of damage and healing of wounds

Damage and wound healing greatly influence respiration. Simply cut-
ting through a potatc doubles the respiration rate. Mulder (1955) also
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discovered that dropping the potato from a height of about 1 metre in-
creased respiration by 30 to 50 %. The severity of the damage determines
whether the respiration rate returns to its original level; it often does
not. Treatments such as washing and drying also cause an increase in res-
piration rate (Burton, 1974). In general, it makes a difference whether
the potato has just been harvested or has already softened to some ex-
tent. With soft potatoes, washing and drying cause 02 uptake to double;
the increase in newly-harvested potatoes is about 30 %. Similar differen-
ces are observed with regard te handling.

Apart from other aspects, such as moisture loss and microorganism at-
tack, wound healing is also important as regards respiration. Wounds cau-
sed by transport and handling damage must heal as completely and as
gquickly as possible. This healing process, of course, depends on the type
of damage. Again, the older the tuber, the less well a wound will heal.
However, healing of wounds is also affected by the following factors:

Temperature

Wounds heal faster the higher the temperature. Although they heal so-
mewhat faster at 20 °¢ than at 10 °C, the latter is a reasonable practi=-
cal value, at which the cork layer is restored in 9 tc 16 days (Wiggin-
ton, 1974}).

Ooxygen and carbon dioxide concentration

sufficient oxygen (10 to 20 % 02) has been proved to be a necessity, as
healing is greatly retarded under anaercbic conditions. An increase in
the carbon dioxide content of the storage atmosphere is unfavourable.

Humidity

Low moisture level in the storage atmosphere are detrimental to wound
healing, as the damaged surface dries out. Wiggington (19%74) found that
no wound periderm was formed and suberization failed to occur at 20 °C
and a vapour pressure defféit of 1.6 kPa (30 % relative humidity}. The
limit was about 0.7 kPa. Lower values resulted in complete suberization
of the surface and formation of a layer of periderm.

wound healing was found to be optimum at 10 °C and a vapour pressure de-
ficit of 0.02 kPa, corresponding tc 98 % relative humidity.

Sprout suppressants

Sprout suppressants in the widest sense (including gamma irradiaticon) not
only inhibit sprouting but also the 'growth processes' involved in wound
healing. Te¢ prevent this, these treatments should only be used after
wounds have already healed. See also Section 3.3 (Sprouting contrel}).
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4.2.5 Effect of potato variety

Schander et al. (1931) observed differences in the respiration rates
of different potato varieties. In an experiment with 12 different varie-
ties, the minimum respiration rates, reached in December at 15 °C, were
found to range from 4.3 to 12.2 mg O, - kg_1 . oL

Schippers (1977) also found that the minimum respiration rate is a va-
rietal characteristic and is independent of earliness or lateness and the
length of the dormancy periocd. This is in contradiction with, for exam-
ple, Schander et al. (1931), who found that 'late' varieties have a some-
what higher respiration rate.

In addition to variety, soil and manuring (Baumeister, 1948; Mulder,
1955) and maturity affect the respiration rate.

Because of these effects, the difference between the varieties is not
always apparent {Burton, 1978a).

4. 2.6 Stimulatory and inhibitory substances occurring in the tuber

Substances such as malonic acid, ethylene, HCN, azide, antimycin and
dinitrophenol are known to affect respiration (Burton, 1978a). The effect
of ethylene is now the subject of discussion in connection with control-
led-atmosphere (CA) storage, and will therefore be dealt with in some de-
tail here. Experiments by Creech et al. (1973) conducted at 0 °C and
7.2 °C showed that production of the plant hormone ethylene, with air
storage at 0 °C, was of the order of 1 to 5 x 1074 pl - kg-l- ht. After
20 weeks storage at 7.2 °C, during which time sprouting occurred, an in-
crease in the production of ethylene was observed. A maximum of 30 x
1074 1. kg~ ! . h™! was reached after 29 weeks. A lower 0, content than
2 % at 7.2 °C resulted in an increase to 80 x 10™% pl - kg'l‘ n"t, while

an increase in the €0, content to 4 %, at which cptimum sprouting was ob-

2
served, reduced ethylene production to 10 x 10~ ui1 - kg~l. n°l.
Very high levels were measured when the 0, concentration was greatly

2
increased (to 80 %), wviz., 3000 x 10 '@ ug - kg'l . n'.
Tests with ethylene application showed that 100 pul per liter ethylene

4

gave rise to a maximum increase in respiration. At 1000 pl per liter, an
increase of 100 to 150 % was measured dfter two or three days (rather lo-r
wer than application of 100 ul per liter). Below 100 pl per liter ethyle=~
ne, respiration definitely falls bu% even at 1 yl per liter there was a
stimulation of 38 % (Herklots, 1928; Heulin, 1932).

After 20 weeks storage at 7.2 °C, during which time sprouting occurred, an
increase in the production of ethylene was observed.
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4.3 Effect of storage conditions
4.3,1 Effect of temperature

Temperature first of all affects the respiration rate. For hiclogical
material in general, 20 = 2 - i.e., the rate is doubled for a 10 °C in-
crease in temperature (Miiller-Thurgau, 1882). Considerable variations
from this figure are possible in practice, and may be due tc the degree
of maturity at the time of harvesting, damage, sugar formation at low
temperatures (¢ to 4 °C), the physiological age of the material, wvarietal
differences, chemical composition, ete. (Burton, 1974).

Fig. 4.1 gives an indication of the variation of the respiration rate
with temperature for the British varieties Arran Consul, King Edward and
Majestic, about one month after harvesting.

The Q,, for 10 to 20 °C is thus found to be only 1.2 to 1.3. Even in the
range 0 to 5 °C, there is a decline, probably asscciated with sugar for-
mation at low temperatures.

4.3.2 02 concentration in the storage atmosphere

In freshly harvested mature tubers, a fall in the 02 concentration of
the surrounding atmosphere from 20.9 % to about 3 % only causes a decline
in uptake of about 20 to 30 %. The 02 uptake (respiration), therefore,
still remains at about 70 to 80 %. A further decrease in the 0,
of the atmosphere below 3 %, however, results in a rapid, more or less
linear, decline in o2 uptake from 70 to 80 ¥% to 0 % (Mapson & Burton,
1962) (Fig. 4.2). This is because 20 to 30 % of the uptake occurs with

content

Rate of respirationimg COz/kg/h)

124

O T T T T T T o
0 5 10 15 20 25 Temp.”C

Fig. 4.1. Respiration of potato tubers at various storage temperatures.
The points relate to a number of varieties and investigations (redrawn
from Burten, 1966).
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Fig. 4.2. Relation between the oxygen uptake by potato tubers, cv. King
Edward, at 20 °C and different oxygen concentrations {from Mapson and

Burton, 1962, redrawn from Burton, 1978).

the aid of an oxidase having a low affinity for 02 and about 70 to B0 ¥%
is possibly taken up by the cytochrome-c-oxidase, which is already sa-
turated at low 0, levels. An increase in the oxygen concentration in the
storage atmosphere abcove the normal level of 20.93 ¥ to 100 ¥ can lead to
2 uptake of up to about 15 to 20 ¥ (Burton, 1974).

In older potatoes, the low—Oz—affinity oxidase hardly plays any part,
so that a decrease in the 02 content of the storage air has virtually no
effect down to a concentration of 5 %. The low-affinity uptake reappears

an increase in Q

after the start of sprouting and increased respiration.
4.3.3 CO2 concentration in the storage atmosphere

If the ventilation in the store is in any way insufficient, the o,

concentration may increase by virtue of the gas exchange 0, uptake and

002 release. z
what effect does this have on tuber respiration? An investigation by
Burton {1952) showed that storage for a pericd of 11 to 14 weeks ih an
atmosphere containing 5 to 7 % co, inhibited respiration. Both 0, uptake
and CO2 release fell by 25 to 30 %. Schippers (1977) alsc observed this

phenomencn.
4.3.4 Controlled - atmosphere storage

CA storage is mainly of interest for fruit and vegetables. As the name
implies, the oxygen and carbon dioxide contents of the storage atmosphere
are not left to chance but are actively controlled. The main possibili-
ties are then reduction in oxygen concentrations and increases in carbon
dioxide levels.
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Low oxygen concentrations greatly stimulate the ending of dormancy in
potatoes and promote sprout growth. Optimum break of dormancy occurs at 2
to 5 % 02; optimum promotion of sprout growth is observed at § % 0,. For
storage purposes, a reduced oxygen level is virtually useless.

Increased CO2 levels (2 to 4 %)} alsc stimulate sprout growth at 10 °C.
It has been shown that 5 % 002 at 5 °C inhibits the formation of redu-
cing sugars. However, the sucrose content is increased at the same time
(Burton, 1978b).
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5 Water balance of the potato tuber

A. van Es and K.J. Hartmans

5.1 Introduction

water loss after harvesting and during subsequent storage is one of
the reasons for guality deterioration and thus an important parameter.

On the one hand the losses are determined by the characteristics of the

potato tuber and on the other hand by the storage regime as designed by

the storage technologists. In this chapter some factors concerning the
water status in the potatoc tuber will be discussed.

Moisture transport of the kind occurring during potato storage depends
on the following factors:

- The extent to which water inside the tuber is free for transport to the
outside, is relative to the extent to which the ‘outside' - in this ca-
se, the storage atmosphere - can absorb this water. This 'difference!®
between 'inside' and 'outside' is expressed by the difference in vapour
pressure, or water potential difference.

- The second important factor is the permeability of the skin. Owing to
differences in structure, this layer allows water vapour to diffuse at
different rates and thus constitutes a resistance to water loss.

These two factors therefore determine the quantitative water loss per
unit time. The magnitude of these factors depends, for example on the
water potential of the soil while the tuber is growing and on the degree
of suberization and periderm formation. The relative humidity of the sto-
rage atmosphere and the maturity of the tubers at the moment of 1ifting
are important.

5.2 Water status in the potato

Water potential ¥

Before further consideration of the moisture balance in the potate tu-
ber, some biophysical concepts must be briefly defined. Since Slatyer &
Taylor (1960), the energy status of water has been generally represented
by the concept of water potential ¥. The.water potential ¥ represents the
energy content of water bound in a system relative to pure free water. ¥ =
0 {evaporation of pure free water under atmospheric pressure} constitutes

a reference point in the system.

129



Water potential ¥ and vapour pressure are related by the equation:

¥y = R 1n e/e

o
VW
in which
R =8.3147 . J . K1. mo1?! (gas constant)
e = partial vapour pressure of water
e, = saturation vapour pressure of water
T : K (temperature in kelvins)
Vw = 18.03 x 10_6 m3 - mol-1 {molecular volume of HZO)
¥o:J - m73 (pa) 10° Pa = 1 bar

(In clder literature: 10°% dyne em™? = 0.987 atm = 1 bar.)
¥yn

¥ is related te the relative humidity of the air as follows:

y = RL | 1, % relative humidity

Vw 100

The water potential ¥ is the sum of the forces acting on water in a sys-
tem:

v = lyhyc’lr. ¥ osm. wmatrix
in which
whydr. = hydrostatic potential - in plants, the turgor potential wturgor
mosm. = osmotic potential - caused by the chemical compounds dissolved
in the water
Yopatr, = matrix potential - the water bound in the 'system' by biocolleids.

The pressure at which water is transported outwards through the semiper-
meable membrane of the cell and cork layer is thus egual to the pressure
difference between ‘cutside’ and 'inside'., 'Outside' here means the water
potential of the air at a specific relative humidity and temperature.
'‘Inside', the water potential is determined by the sum of the turgor, os-
motic and matrix potentials.

5.2.1 Energy status of water 'inside’ the tuber
This refers to the water relation inside the tuber as far as the dead
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suberized periderm layer. The amount of water inside the tuber, like the
dry matter content, depends firstly on the potato as presented for sto-
rage after harvesting. On the one hand, water is added as a result of dry
matter conversion during respiration (see Chapter 4), while on the other,
water is lost by desiccation. The loss due to respiration is accompanied
by the elimination of sugars, whether or not after decompesition of
starch, in accordance with the eqguation already mentioned (Chapter 4.1):

C6H1206 + 6 02 > 6 CO2 + 6 H20 + energy
i.e., 1 gmol of glucose, corresponding to 180 g, forms & gmol of water,
corresponding to 108 g of water. Thus, for each gram of dry matter lost
in respiration, 0.6 g of water is added.

The amount of water becoming available to the tuber per unit time thus
depends on the respiration rate. The respiration rate may vary substanti-
ally. For immature potatoes, for example, 02 absorption of 50 ml - kg~

. n7t at 10 °C corresponds to a dry matter loss due to respiration of
67 ng - kg_l . h"Ll. The equivalent figure for mature potatoes is 4 ml
kg_l . n7%, corresponding to a dry matter loss of 5.4 mg - kg-l . n° L

Hence 60 % of this is regained in the form of water (Burton, 1964).
In 100 g potatoes, this loss of dry matter per day is thus:

For immature tubers: 67 x 0.1 x 24 = 160.8 mg

For mature tubers: 5.4 x 0.1 x 24 = 12.96 mg

The water gain from dry matter conversion is offset by the water loss
which, as stated earlier, depends partly on the water potential at the
boundary of the living tissue. The calculation of ¥y (i = internal) is
not simple. We have done measurements using a thermocouple psychrometer,
often obtaining values between ¥; = =15 x 10° and -25 x 10° Pa. Towards
the interior, these values in the cells of the potato tissue are in equi-
librium with the partial potentials mentioned earlier:

¥ + ¥

. = + .
g q‘turgor qjosm. matrix

in which the osmotic potential mosm and the matrix potential ¥ are

always negative.
During growth of the plant and extension of the cells of the tuber

matrix

tissue, the turgor potential vturgor is positive,

Measured values for ¥ of growing potato tubers are in the region of

5 turgor )
+4 - 10" Pa {Gandar & Tannar, 197@). When water absorption by the tuber
ceages at lifting and storage begins, the value of wturgor falls to 0.
The wosm in the potatec juice ranges from -8 x 10° to -12 x‘lo5 Pa.

A problem however is that part of the water does not participate in wgﬁ
The matrix potentials, for example in leaves, are very low during growtﬁ.
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Fig. 5.1. Typical water characteristic curves for sand, sandy-loam and
clay soils (from Slatyer and McIlroy, 1961).

As far as is known, only a few direct measurements of this parameter are
available for potato tubers during storage, given low values of wmatrix =
0.1 x 105 to -1 x 105 Pa for potatoes, desiccated 50 % dry matter
(Wiebe, 1972). The following can be calculated indirectly for a potato

during storage at an average value of Wi = =20 x 105 Pa.

5

(=20 + 1) « 10° = -19 x 10°

¥ + ¥ =W

osm. turgor i~ ¥matrix Fa.

If during storage ¥ will become near zero, ¥ will become

5 urgor i osm. -
t =19 . 10~ Pa, a rather high value! Further investigations will have to
show if wturgor during storage will possibly become negative.
The value Wi of the tuber tissue cannot be regarded independently of the
water potential of the soil during tuber formation, as some degree of

equilibrium will exist during growth, the difference ¥ - ¥ possibly

soil
playing some part in water absorption in addition to active absorption by
the roots.

Fig. 5.1 gives an impression of the differences in soil water poten-

tials ¥ occurring in different types of so0il and water contents.

soil
5.2.2 Energy status of water 'outside’ the tuber
5.2.2.1 Immediately after lifting

A critical situation for the potato may arise immediately after lif=-
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ting. In exactly the same way as upon exposure to the storage atmosphere,
the potato here alsoc becomes into contact with the surrounding air, which
may in this case have a low relative humidity (RH). The vapour pressure
potentials for water o (0= outside) at 20 °C may then be low, as fol-

lows:
98 % RH: ¥ = -27.3 x 10° Pa 70 % RH: ¥_ = -482.2 x 10° Pa
95 % RH: ¥_ = -69.5 x 1 5Pa 65 % RH: ¥_ = -582.4 x 10° Pa
90 % RH: ¥_ = -142.5 x 10° P 60 % RH: ¥_ = -690.6 x 10> Pa
85 % RH: ¥_ = -219.9 x 10° Pa 50 % RH: ¥_ = ~937.1 x 10° Pa
80 % RI: ¥_ = -301.7 x 10° P

After lifting, depending on the microclimate formed by =o0il and mois-
ture sticking to the surface of the potato, substantial losses may occur
in the absence of sufficient periderm formation, especially with potatoes
lifted before maturity.

5.2.2.2 During storage

During storage the tuber is in constant contact with theg storage at-
mosphere, which, in this case means the air (cf normal composition with a

certain moisture content) surroundlng the potato, Dgppndlng on the amount
of moisture contained in the air, the latter w111 have a specific relati-
ve humidity (% RH). Air with a high RH can take up little more moisture,

% relative humidity (RH)
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Fig. 5.2. Relation between relative humidity and vapour pressure poten-
tial of unsaturated air at 0 °C and 25 °C.
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whereas air with a low RH can take up a great deal of moisture per unit
weight. This is again expressed by the vapour pressure potential for wa-
ter, or water potential WO (see Equation 5.2). Wo has thus the dimension
of a pressure, the minus sign indicating the direction. The relationship
between the relative humidity and the water potential ¥, for the range 90
to 100 % RH, which is important for storage, is given in Fig. 5.2 at 0 °C
and 25 °C. At 100 % RH, ¥ = 0. If the temperature remains the same no
further moisture can be taken up by the air.

The relative humidity and hence also the amount of moisture which air can
contain per kg depends on temperature. The same applies to the vapour
pressure potential for water. However, the relationship between % RH and
¥, is only slightly influenced by temperature (Fig. 5.2).

5.2.3 Potential difference between ’'Iinside’ and 'outside’

The vapour pressure potential difference for water Wi - Wo is clearly
subject to variations due to desiccation or to the formation of water
from the dry matter as a result of respiration. It may alsc assume diffe-
rent values depending on the environment of the potato. For example, for
a potato tuber with a water potential ¥; of -10 x 10° Pa:

- After lifting:

at 25 °C and 85 % RH ¥, - ¥_ = -(10-223.6) - 10° = 213.6 x 10> Pa
- At the beginning of the storage period:
at 10 °C and 96 % RH ¥, - ¥, = -(10-53.2) - 10° = 43.2 x 10° Pa
5

16.3 x 10° Pa

H

at 10 °C and 98 ¥ RH Wi =¥, = -{10-26.3) - 10

- After six months storage with a water potential of the tuber wi of
for example, - 50 x 105 Pa:
5

at 10 °C and 96 % RH ¥, - ¥_ = -(50-53.2) . 10° = 3.2 x 10° Pa

The difference in water potential Ay = Wi -V, gives a clear indication of
the difference in water status between the tuber and the surrounding at-
mosphere.

Although the difference in water potential A¥ is important, it has be-

come customary when discussing the movement of water vapour te express
the driving force over a given pathway as the difference ip water vapour
concentrations over the pathway or as the corresponding differences in
water vapour pressures.
The reason being that the picture of gaseous diffusion leads to a Fick's
Law type of equation in which the resistance to flow is more or less con-
stantly independant of the driving force, and the resistance associated
with the use of AY will vary with A¥ (Dainty, 1969).
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However, in most cases it has been assumed for calculation purposes
that the water potential ¥ at the liguid-air interface is zero (¥ Z 0);
that is that the water vapour concentration at the interface is the sa-
turation vapour concentration at that temperature.

Measurements, however, indicate that the water potentials of the tubers
during the storage period can easily increase to values of Wi = =40 - 105
Pa under normal conditions. It is obvious that figures of this magnitude
significantly reduce the effective tuber-air vapour concentration dif-
ference, compared with that to be expected if it is assumed that
Lptuber £ 0.

5.3 Water permeability of the skin

The permeability of water through the periderm, and thus alsc the de-
gree of suberization, plays a very important part in limiting moisture
loss during storage.

\ The permeability to water can be divided into three parts:
‘ a. The water permeability of the semipermeable membranes of the cells
constituting the tuber tissue. This permeability is high.

b. The permeability of the skin or periderm, which is much less than that

of the membranes; the diffusion rate of water is low.

¢. The permeability of the lenticels. About 98 % of the moisture loss is

stated to be attributable to water transport through the periderm. On-

ly 2 % of losses were found to be due to diffusion of water vapour in
the gas phase through the lenticels (Burton, 1978a).

In undamaged mature potatoes the evaporative loss at 10 °C may be be-
tween 62 and 109 ug - em™® . h7! . kpa™! (Burton, 1973). Burton et al.
(1955) found a value of 35 ug - em 2. n~l. xpal after removal of the
skin, apart from losses due to wound healing - several hundred times as
much. This clearly demonstrates the importance of a good periderm forma-
tion. The maturity of the tubers is also very important. Immature tubers
24 hours after lifting, produced moisture losses, depending on size, ran-
ging from 1 to 6 mg - em™?. nl. xpa? (15 to 100 times as much) (Bur-
ton, 1973).

Damaging and bruising due to lifting and grading are also a signifi-

; cant cause of high moisture loss. Theoretical calculations followed by
; experiments (Burton & Hannan, 1957) suggest that the resulting moisture
[ loss can easily become 3 to 5 times as great - this emphasizes the impor=-
| tance of preventing damage and of wound healing. The healing of wounds
reduced moisture loss to one third of its initial level in two weeks of
storage at 10 °C.
i The degree of sprouting is alsc important. aAbout 10 mg - c:m_2 . h_l-
1 kPa_l moisture loss occurs on the surface of the sprouts - 100 to 150 ti-
! mes as much as through the periderm. Intense sprouting thus substantially
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increases moisture loss. For every 1 % by weight of sprouts, the free
moisture loss to the air increases by 0.075 % of the initial tuber weight
per week per millibar of vapour pressure deficit (Burton & Hannan, 1957}.
The values menhtioned above were determined per kPa of wvapour pressure de-
ficit of the unsaturated storage atmosphere. So the vapour pressure defi-
cit was considered to be the driving force.

The part plaved by varietal differences is not clear. Appleman et al.
(1928) considered that they had observed clear variations after harvest-
ing, but these may have been due to differences in maturity and wound
healing.

Differences were also found later in the storage season, but here again
sprouting and the thickness of the periderm may also have played a part.

With regard to the moisture loss by evaporation on the surface of the
tuber, it is important to remember that heat is required for this. The
amount of heat required for example at a storage temperature of 5 °C is
2.49 kJ - g 1. The spec. heat at 5 °C is + 3.6 J - °C”! (Burton, 1978b).
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6 Diseases and defects liable to affect potatoes during
storage

C.P. Meijers

During storage, potatoes may be affected by fungus or bacterial disea-
ses, which may spread extensively in appropriate conditions. The tubers
are almost always initially (or externally) infected with spores in the
field. The principal defects may also already be caused in the field or
during transport to the store. Some of the defects, such as bruising and
black heart, are typical of stored potatoes.

6.1 Fungus diseases
6.1.1 Potato blight (Phytophthora infestans)

This tuber disease used to be very common, but serious outbreaks are
now rare, owing to the development of new fungicides which prevent infec-
tion of the above-ground part of the plant during the growing season if
applied at the correct time. The haulm is generally destroyed in the gro-
wing of ware potatoes, and this also tends to contrel blight because it
kills any spores present on the leaves (particularly the lower leaves),
thus preventing the tuber from being affected. Affected tubers have irre-
gularly shaped brown patches inside. The fungus may spread throughout the
tuber. In some years the condition is barely visible in the tubers ('ini-
tially attack'). The disease process evolves rapidly at temperatures of
20 to 25 °C and the condition becomes more readily visible. Hence, if
'initially attack' is observed in an export lot, storage under warm con-
ditions for a few weeks (qQuarantine) is sufficient to allow the affected
tubers to be removed. To control fungus diseases, the prime requirement
is for the lot to be dry. The affected‘patches may eventually shrink in-
wards somewhat, but the tuber remains hard. If the potatoes are stored
under humid, warm conditions, secondary infection by fungi and bacteria
often occurs. The affected tubers, and sometimes also adjacent healthy
tubers, then turn into a soft, rotten, evil-smelling mass.

If the consignment is guickly dried ocut with a forced draught and re-
mains dry, the presence of a small percentage of blighted tubers does not
constitute any problem for further storage. Affected tubers must be remo-
ved from consignments of both seed and ware potatoes. If diseased tubers
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are planted, they in turn give rise to new diseased plants, each consti-
tuting a further source of infection.

6.1.2 Silver scurf ({(Helminthosporium solani)

Silver scurf is a very common fungus disease of potato tubers. At
first, more or less round, brownish patches appear, increasing if the tu-
ber is severely affected, turning more silvery and coalescing (Fig. 6.1).
The entire tuber may be covered with silver scurf. The mycelium of this
fungus lives exclusively in the ocutermcst cell layers (the periderm) of
the tuber. The cell walls thus locally become detached, giving rise to
openings through which air can penetrate and causing the typical silver
sheen. The ceondition makes the skin more permeable tc water vapour, and
the skin shrivels owing to the resulting moisture loss. The fungus pro-
pagates by conidia, which are formed in large numbers in rings on the
dark conidicphores; the conidiophores c¢an be distinguished with a magni-
fying glass, and resemble lamp brushes.

This fungus disease used to be regarded as a mere superficial blemish,
but it was subsequently found that serious attack not only substantially
increases weight losses (Mooi, 1968; Meijers, 1966), but also susceptibi-
lity to blue discoloration (Meijers, 1964). There are alsc indications
that severe shrivelling of the tubers reduces sprouting vigour (Mooi,
1968). For this reason, some seed potato importing countries lay down

Fig. 6.1. Silver scurf.
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stringent standards for the permissible extent of silver scurf. The un-
attractive appearance of the tubers, which shows up particularly after
washing, is in practice alsc becoming increasingly relevant for ware po-
tatoes.

The initial infection occurs in the soil, and is usually still relati-
vely insignificant at harvesting, especially with seed potatoes. For this
reason, silver scurf can be regarded as a true disease of storage. Opti-
mum conditions for propagation are storage temperatures of 20 to 24 °C
and high relative atmospheric humidity. Propagation does not occur if the
relative humidity of the atmosphere is below 90 % or the storage tempera-
ture falls below 3 °C (Mooi, 1957). This thus indicates the conditions
which should in principle be aimed at to prevent the spread of silver
scurf.

However, low relative atmospheric humidity encourages weight loss,
while a storage temperature of about 3 °C using outside air cooling is
generally not feasible until November. Again, such a low storage tempera-
ture directly after harvesting is neot recommended as it inhibits wound
healing. Very rapid cecoling after the curing period can be achieved by
mechanical means, thus facilitating control of silver scurf (Table 6.1).
Since both temperature and humidity are rather higher at the top of the
potato stack than at the bottom, silver scurf spreads most at the top of

the stack. The table shows that this disease spreads extensively in warm,
humid storage conditions. Conditions of this kind occur principally in

clamp storage, but even with modern storage methods it is difficult to
prevent the spread of this disease where a great deal of soil is present,
especially if in the form of local accumulations in the stack.

To control this disease during storage, an initial requirement is ra-

Table 6.1 Spread of silver scurf during storage with outside
alr cooling (A) and mechanical cooling (B). The figures for
silver scurf attack are expressed as average percentages of
affected tuber surface.

Layer height 1962 / 1963 1963 / 1964
in stack (m)

A B A B

3-4 °C 3-4 °C 7-10 °C 3=5 °C
0.50 6.8 6.3 15.9 3.4
1.50 3.4 6.1 24.9 4.5
2.50 12.0 6.0 32.0 5.0
Affected on harvesting: 1.3 1.8
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pid forced-draught drying of the lot, which must then be kept dry. The
spread of silver scurf remains limited if the tubers are and remain dry
within seven days after harvesting (Mcol, 1968). This may be the case if
they are stored in planting trays from the time of lifting onwards. How-
ever, forced-draught drying of the lot in modern stores deces not usually
take place sc gquickly, especially if there is a great deal of soil on and
between the tubers. For this reason the potatoes should be harvested with
as little soil as possible, such as there is not being too moist.

For the last few years a number of chemical agents have been availa-
ble = the benzimidazoles, which, if properly applied, almost entirely
prevent the spread of silver scurf. To control silver scurf in particu-
lar, it is important for these substances to be applied immediately after
harvesting - i.e., when the tubers are placed in stere. If seed potatoes
are not treated until they are graded in autumn, silver scurf will have
already spread substantially during the preceding period of relatively
warm storage.

The effect of these systemic agents in controlling silver scurf is
clearly evident even in the progeny (Table 6.2).

Table 6.2 Effect of spraying tubers with thiabendazole in autumn 1975
at the rate of 2 1/tonne to contrel silver scurf.

Thiabendazcle Silver scurf (¥ affected tuber surface)
Treatment (g of active
ingredient tonne) progeny

March 1967 December 1976 June 1977

Spraying 10 11.9 10.0 27.6
Spraying 20 4.0 6.2 16.2
Spraying 40 3.1 1.9 9.0
Untreated - 33.7 18.¢ 41.9

The clear limitation of the spread already evident in the tubers
gprayed in alutumn 1975 after storage can still be detected in the progeny
in virtually the same proportions even after many months of storage. See
Chapter 22 for the application of these agents.

6.1.3 Black dot (Colletrotrichum coccodes)

This condition affects the tubers much less commonly than silver
scurf. However, the signs and symptoms closely resemble those of silver
scurf and both fungus diseases in fact often occur on the same tuber.

In black dot the patches have a brownish to grey tinge and are less
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Fig. 6.2. Black dot.

clearly defined. The microsclerotia characteristic of this disease are
also somewhat further apart than the conidiophores in silver scurf.

Slight attack is sometimes evident on a few tubers on harvesting. The
fungus continues to grow in the skin and various microsclerotia later a-
rise in the affected patches. The disease does spread somewhat during
storage, but usually to a lesser extent than silver scurf.

Where potatoes are stored at low temperatures (not more than 3 °C),
the areas badly affected by this fungus may assume a pockmarked appearan-
ce due to local necrosis of the skin; these patches become dark brown to
black in colour and the surface becomes very superficially sunken (Fig.
6.2). This peel or skin necrosis is thought to be initiated by an attack
of black dot {Mooi, 1959). In serious cases of peel necrosis, sprouting
is likely to be adversely affected.

As with silver scurf, the primary method of control will be prompt
forced-draught drying of the potato lot and maintenance of dry conditions
thereafter. Chemical control seems to be possible only by immersiocn in an
organomercury bath, as described for stem canker.

6.1.4 Rhizoctonia or stem canker

In this fungus disease (Thanatephorus cocumeris), the tubers are af-
fected by brown~black scabs measuring 1 to 20 mm, which can be scratched
off with a fingernail (Fig. 6.3). They consist of densely interwoven fi-
laments and may be considered as a kind of dormant phase of the fungus

(pseudosclerotia).
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Fig., 6.3. Rhizoctonia.

The brown mycelium filaments may also occur in the eye pits and stem ends
of otherwise non-sclerotic tubers.

If the seed material is not disinfected, these sclerotia after plan-
ting give rise to a mycelium which attacks and may kill the developing
sprouts. Emergence is thereby delayed and becomes irregular. In cold a
spring, in particular, this fungus may kill many slow-growing sprouts.
For this reason, many seed potato importing countries lay down stringent
requirements concerning Rhigzoctonia-affected tubers.

The tubers are infected in the field. They may already be severely af-
fected on harvesting, particularly if the seed material had not been dis-
infected and the period between destruction of the haulm and lifting was
longer than two weeks. The condition may spread during storage {(Labruyére
& Meijers, 1965).

Like silver scurf, this spread takes place primarily in local soil ac-
cumulations in the stack. Rhizoctonia disease is found to be transferable
from the surrounding contaminated soil to the tubers. Its spread is sti-
mulated by humid, warm storage (Table 6.3).

As with silver scurf and black dot, this disease must be controlled
during storage by, first of all, ensuring that not too much soil clings
to the potatoes on harvesting, by avoiding local soil accumulations in
stacking the potatoes and by drying the lot as quickly as possible.

Sprout suppressants based on propham and chleorpropham counteract the
spread of this disease during storage (Labruyére & Meijers, 1965}. This
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Table 6.3 Percentage of tubers affected with Rhizoctonia
after 0, 2 and 4 months' storage at 8-12 °C,

Storage {(months}

Extent of attack 0 5 \
Free o1 i )
Mycelium only 13 s .
very slight . o "
Slight . ) \ :
Moderate sclerotia i : °
Severe ] . -

is, however, of secondary importance, as these agents cannot be used on
seed potatoes.

The administration of benzimidazoles at the time of harvesting is
found to counteract propagation in the form of mycelium growth during
storage, but the dose recommended at harvesting is gquite insufficient to
inactivate the sclerotia. The sclerotia can, however, be killed (at least
if they are not too thick) by dipping the seed potatoes in an organcmer-
cury bath. The 'five-minute method' is customary in the Netherlands, u-
sing a solution of 3 g/1 or alternatively immersion for 20 to 30 min in
a solution of 1.5 g/1. The compound Lirotectasol (150 g thiabendazole +
150 g 8-hydroxyquinoline per litre of solution in organic acid) has re-
cently been approved for this purpose in the Netherlands. Five minutes'
immersion in a solution of 7.5 ml/l is recommended.

An antibiotic based on wvalidamycin has recently come on to the market
and has a good suppressant action when sprayed on to the tubers in the
planting machine. In addition, for the growing of both table and indus-
trial potatoes, there are a number of agents administered at the time of
planting either in powder form or sprayed in the planting machine. The
'Rhizotox bomb' is also used in some parts of the Netherlands. These
smoke bombs contain trioxymethylene, which is converted into formaldehyde
vapour by heating. This vapour can kill sclerotia. Other fungus diseases
can in principle also be controlled in this way. However, it is essential
for the wvapour to be well distributed throughout the location where the
planting trays filled with seed potatoes must stand for 48 h. This is not
always feasible in practice, and the results therefore are coften disap-
pointing. One smoke bomb for every 15 m2 is recommended.

For the sake of completeness, it is also pointed out that Rhizoctonia
disease can alsc be controlled by scil treatment with PCNEB at a dose rate
of 20-30 kg/ha.
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6.1.5 Dry rot (Fusarium spp.)

Affected tubers exhibit rather sunken patches on the outside, on which
numerous white-pink fungal cushions can be seen {(Fig. 6.4). The skin
shrivels locally and more or less clearly defined concentric rings are
often evident. On cutting through, the soft, rotten patches are coloured
light to dark brown and cavities with a bluish-coloured fluff eof fungus
are often visible. The tubers generally rot very slowly, so that the af-
fected patches remain quite dry. The tuber then eventually shrivels up.
in conditions favourable to the fungus, however, the rotting process may
progress very quickly. The rotten patches are then moist and soft, so
that they can readily be pushed in with the tumb ('thumb rot'}.

Every year, tubers affected with Fusarium are found in most lots of
potatoes - usually more in potatoes from sandy scils than in ones from
clay soils. The extent of the attack is closely bound up with tuber dama-
ge and susceptibility. The storability of a lot largely depends on whe-
ther or not this fungal condition is present. This becomes evident parti-
cularly where potatoes are re-stored after grading.

The Fusarium fungi are wound parasites which occur in all types of
soil, but particularly in sandy and peat soils. In the Netherlands, pota-
toes are primarily affected by F. solani var. coeruleum and F. sulphure-
um.

The fungus infects the tubers through wounds caused during lifting,
transport, and grading or through broken-off sprouts. Favourable growth
conditions for the fungus are high atmospheric humidity and high tempera-
ture (15 to 20 °C). In this disease again, the largest number of affected

Fig. 6.4. Dry rot.
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tubers are to be found in the top of the potate stack. An important fac-
tor in the occurance of Fusarium is tuber susceptibility. Resistance to
this disease is at a maximum at the time of harvesting (Boyd, 1972). For
this reason wounds occurring during harvesting, particularly if they heal
rapidly, do not generally lead to Fusarium attack.

However, susceptibility increases during storage. An important cause
of this disease is grading. Even the very small wounds which then arise,
coupled with the increasing susceptibility, make further storage of pota-
toes after grading a very risky business. The risk of rot increases the
later grading is carried out. With seed potatoes, which are often graded
in autumn, the effects are therefore not usually too serious. However, if
the potatoes are graded only just before planting, this may give rise to
serious infection of the tubers and poor emergence after planting {Boyd,
1972). Ware potatoes are almost always consumed within two or three weeks
of grading; little or no problems of Fusarium attack are then likely to
occur. If the potatoes are re~-stored for a relatively long period after
grading, the likelihood of rot is then also greatly increased. This re-
storage after grading occurs occasionally with ware potatces, when a
stock of big potatoes is kept for chipping in June and July.

There is a simple cutting test to determine the extent of Fusarium
contamination and susceptibility of the tubers (Nielsen & Johnson, 1972).
This gives an indication of the likelihood of rot in the event of re-sto-
rage after grading. In this test, a sample of 50 tubers per lot is taken.
The tubers are cut through, placed in a clean, multiple-ply paper bag and
well mixed. The cut surfaces thus come into contact with the outside of
various other tuber halves and beccme dirty. The paper bags are folded
for sealing and stored for two weeks at 14 to 16 °C, after which they are
inspected for Fusarium. The cut surface is cleaned by scraping to facili-
tate inspection. In the event of Fusarium attack, the tissue of the po-
tato will be seen to have a dark brown discocloration. If the percentages
of cut surface affected are grouped in a small number of classes, an ave-
rage percentage of Fusarium-affected tuber area per sample can be calcu-
lated. The result is called the Fusarium index, which may range between 0
and 75 (% affected cut surface).

This cutting test usually shows only slight attack shortly after har-
vesting owing to the high resistance of the tubers at this time (indices

of less than 5}, but increasing susceptibility is observed after a few
months (Table 6.4). However, badly affected lots can be detected early on
by this test.

Differences can be demonstrated between growing areas.

The correlation between Fusarium index and the percentage rot found
later after re-storage emerges clearly from the results of a storage test

using thiabendazecle carried out in 1974/75 (Tabel 6.5).
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Table 6.4 Average Fusarium indices at different dates. 1974/1975
season, ware potatoes.

Growing Number of

area samples 19 December 11 February 7 April & June
I 4 1.2 5.1 24.4 41.2
I1 12 0.9 1.9 6.3 37.4

Table 6.5 Fusarium index in March and percentages of Fusarium-affected
tubers in July with different forms of application of thiabendazole; test
with Bintje variety in the 1974/75 season.

Application of Dose in g Fusarium rot (kg/tonne)
thiabendazole active ingredient/ index, July
tonne March

Untreated - 70 279
Flowable - pulsfog apparatus 10 46 189
Flowable - pulsfeog apparatus 25 22 151
Flowable - pulsfog apparatus 50 7 117
Flowable - pulsfeg apparatus;

3 weeks after harvesting 25 27 191
Smoke tablets 10 33 156
Flowable - sprayed ~ 10 11 87

The primary methods of controlling Fusarium are prevention of tuber
damage and cocl, dry storage.

In addition, it is found that Fusarium can readily be controlled by
treating the tuber with benzimidazoles (Table 6.5). A good treatment im-
mediately after harvesting is sufficient for the entire storage season,
although it is interrupted by grading, as in the case of seed potatoes.
This rot-inhibiting effect after treatment on harvesting is still clearly
evident on cutting seed material shortly before planting.

6.1.6 Gangrene (Phoma spp.)

This fungus disease, which greatly resembles dry rot, is usually known
as Phoma in the Netherlands. Two varieties of this fungus are known. P.
exigua var. exigua commonly occurs in the Netherlands as a soil fungus,
but is not very pathogenic. P. exigua var. foveata is much more dangerous
than the first variety, but fortunately occurs only occasionally in the
Netherlands. The condition caused by this fungus is regarded as the most
serious storage disease occurring in England (Boyd, 1972). The fungus of-
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Fig. 6.5. Gangrene.

ten enters the tuber from the soil through wounds, but infection is also
possible through lenticels.

Affected tubers have brown-black, sunken, often initially round patches,
with numerous pycnidia if conditions are damp. The fungus cushions cha-
racteristic of Fusarium do not occur (Fig. 6.5). On cutting through, the
affected tissue is at first brownish, and later more grey-black in colour

Fig. 6.6. Potato tissue affected by Grangrene.
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{(Fig. 6.6). The boundary with healthy tissue is quite sharply defined. A
lot may be infected with Phoma without rot being visible (latent infec-
tion). If wound healing after damage is delayed by low temperatures, this
fungus is given a chance to spread. As in the case of dry rot, tuber da-
mage must be avoided as far as possible, and dry, cool storage following
the observance of a satisfactory curing period is desirable. Susceptibi-
lity to this disease increases during storage.

This disease is well contrelled in England by fumigation with 2-aminobu-
tane shortly after harvesting. The liquid compound is heated to form a

vapour, which is then blown on to the potato stack with a fan. The pota-
toes are often treated in cases in specially equipped rooms, but they can

also be treated in bulk. The recommended dose is 200 ml/tonne. The use of
2=aminobutane is not allowed in the Netherlands.

The benzimidazoles also have a clear effect. To make it possible to
detect latent infection of seed potatoes, the tubers must not be treated
with compounds of this type before sampling. For further suppression of
this disease, it is recommended that the seed potatces be disinfected at
an early date with organomercury or treated with Rhizotox bombs.

6.1.7 Skin spot (Polyscytalum pustulans)

This fungus disease is virtually unknown in the Netherlands, but in
England and Scotland some varieties are often badly affected.

Affected tubers display small pustules, 1 to 2 mm in diameter and
depth. These pustules are sometimes spread right over the tuber, but may
also occur in small groups. The tissue under the pustules is darker in
colour, giving rise in ware potatoes to somewhat larger peel losses. In
seed potatoes, however, this disease may have much more serious consequen-
ces, because the fungus kills the eyes. After planting, the tuber thus
fails to sprout or produces only a few stems.

The fungus enters the tuber via the lenticels, eyes or surface wounds.
Infection takes place in the field, but the condition only becomes visi-
ble a few months after harvesting.

The spread of this disease 1is greatly encouraged by storage at low
temperatures (less than 5 °C) anf high relative atmospheric humidity (o=~
ver 90 %). Observance of a curing period at temperatures of about 15 °C
shortly after harvesting has an insufficient effect; such a period with
optimum storage conditions would have to last at least a few months for a
substantial effect to be obtained (Boyd, 1972).

Treatment with compounds based on propham and chlorpropham, as is com-
monly carried out with ware potatoes, often gives rise to an increase in
the number and diameter of the pustules, because these agents also inhi-
bit wound healing.

Apart from dry, not excessively cocl storage, the best methods of con-
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trolling this disease are to treat the tubers on harvesting with one of
the benzimidazoles or to fumigate them with 2-aminobutane shortly after
the beginning of storage.

6.2 Bacterial diseases
6.2.1 Soft rot

Certain fungi and bacteria can very rapidly rot potatc tubers, whose

substance is then transformed into a foul, evil-smelling, slimy mass.
Soft rot in western Europe is generally caused by bacteria of the Er-

winia complex. Where plants are affected by soft rot of the stem (£. ca-
rotovora var. carotovora) or black leg (E. carotovora var. atroseptica),
the diseased mother tuber rots in the soil. This releases a mass of bac-
teria into the soil; these spread in water through the soil and many in-
fect the new tubers through lenticels or growth cracks.

Soft rot due to Erwinia spp. is often observed in fields which have
been flooded or waterlogged.

Potate lots which have become wet owing to rain after lifting are
known not to keep well. The tubers are then often coated with a film of
water, so that it takes a long time for such a lot tc be dried by forced
draught. Such tubers are often badly contaminated with soil after unloa-
ding. This gives rise to relatively anaerobic conditions, in which bacte-
rial infection occurs through lenticels or wounds.

Bacteria freguently also occur secondarily, e.g., after freezing of
tubers, rotting of mother sets or infection with dry rot or potato
blight.

Rotting due to Pythiuym spp. may also occur in warm summers in early-
lifted tubers. The fungus enters the tuber through the often badly dama-
ged skin. The tuber contents then turn into a brown-black, watery paste
(Fig. 6.7).

Pink rot (Phytophtora erythroseptica) 1s also occasionally observed.
This fungus changes the colour of the tuber flesh, as seen on cutting
through, gquite guickly to brick-red and later black.

The rotting process in the diseases described above takes place very ra-
pidly in warm, humid conditions. Lots including tubers with soft rot are
not readily storable if more than 1 % of the tubers are affected. The
rotten tubers and mother tubers must as far as possible be eliminated be-
fore storage. Affected lots and ones which have become wet from rain must
be stored separately (e.g., in crates). The lot must then guickly be
blown dry, while avoiding any rise in the storage temperature. Dry, cool
storage is necessary. Nests of rotten tubers guickly arise in warm, humid
storage. As a result, the tubers on top can no longer be ventilated, thus
accelerating the rotting process. The tubers below are then also infected
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Fig. 6.7. Watery wound rot.

by the release of moisture. The rotting process is accompanied by a con-
siderable temperature increase and local subsidence of the potate stack.
The rotting can readily be smelt, and small flies can alsc be seen in the
store. To prevent further rotting, there is usually no other course but
to eliminate the rotten part. To date, no chemical agents capable of con-
trolling bacterial rotting during storage are Known.

6.2.2 Ring rot (Corynebacterium sepedonicum)

This highly infectious bacterial condition does not occur in the Ne-
therlands, but is one of the principal tuber diseases in such countries
as the USA, the USSR and Japan.

Ring rot has also been reported in some Scandinavian countries.

Because ring rot is so greatly feared, many countries, including the
Netherlands, lay down very stringent reguirements to prevent the import
of infected potatoes.

The bacteria enter the tuber's ring of vascular bundles through wounds
or the stem end, noc external symptoms being evident. When cut through,
affected tubers exhibit a cheesy, grey, cream-coloured or light to red-
brown rotting of the ring of vascular bundles. Light pressure on the cut
half of the tuber causes a jelly-like substance to be exuded from the
vascular bundle ring. Cavities are visible between the medulla and the
cortical parenchyma in badly affected tubers.

Ring rot is transmitted through seed. It is also disseminated by in-
fected transport material {(including sacks), planters, graders and knife
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blades. In normal conditions, the bacterium can survive for menths on in-
fected surfaces.

In particular, the use of cut seed has greatly facilitated the spread of
this disease in some countries.

Satisfactory results have not hitherto been achieved with chemical me-
thods of control. Apart from the disinfection of contaminated equipment
and transport facilities, the best way of combating this disease will be
to use seed which is truly free of ring rot.

Affected lots are best steamed and used for cattle feed.

6.2.3 Brown rot or bacterial wilt (Pseudomonas solanacearum)

This bacterial disease is liable to threaten the potato crop mainly in
certain tropical and subtropical regions, although one strain of the bac-
terium can also live in cooler climates. Brown rot does not occur in the
Netherlands.

The bacteria enter the tuber through the stems and steclons. The condi-
tion closely resembles ring rot. Affected tubers, when cut through, ini-
tially show a brown discoloration of the vascular bundle ring at the api-
cal and stem ends. Characteristic pearl-like slimy lumps arise on this
brown ring. Badly affected tubers are completely rotten even before har-
vesting, thus infecting the soil.

Slightly affected tubers, however, will keep for a considerable time
in storage under cool, dry conditions.

The best methods of control are the use of disease-free seed, ample
rotation of crops (combined with good weed control} and the planting of
less susceptible varieties.

6.3 Potato tuber moth (Phthorimaea operculella)

This moth is a dreaded parasite in the countries around the Mediterra-
nean Sea and in various other, tropical countries. The tuber moth is so-
metimes seen in western Europe when potatoes are imported from these
countries. If the weather conditions are favourable, the tuber moth can
cause some damage to potatces for a short time after importation (i.e.,
in summer), but this is usually negligible. The butch climate is too cool
for the moth to become permanently established.

It is the caterpillars which cause the damage to the tubers. The dama-
ge is somewhat similar to that caused by wireworm, but is usually much
worse.

At first the caterpillars eat away surface corriders under the skin
(Fig. 6.8). Later the white-yellow caterpillars (9 to 11 mm long when
fully grown) penetrate deeper into the tuber, making large numbers of
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Fig. 6.8. Potato tubers affected by potato tuber moth.

passages. There may be as many as ten caterpillars in one tuber. Badly
affected tubers often rot.

Incipient attack may be detected the caterpillars betray their presen-
ce by their black-brown grains of excreta. The lifecycle from egg to moth
is only three or four weeks at temperatures of 25 to 30 °C. Three to six
generations may therefore occur in warm countries.

The caterpillars pupate on the cutside of the tuber and also in the
seams of sacks, in chinks, in corners of stores, etc.

In the last few decades, a variety of chemical agents have been used
to combat the tuber moth in the field and in the potato store. The moth
has developed a resistance to some of these. Apart from the public health
aspects, the use of chemical agents in the potato store sometimes adver-
sely affects the taste. The tuber moth cannct develop at temperatures of
10 °C or lower. Such temperatures may occur in refrigerated stores. Where
refrigerated stores are not available in tropical countries, apart from
the use of permissible efficient chemical agents, the principal methods
of contrel will be regular cleaning of the store and careful inspection
to remove affected tubers before they are brought into the store.

6.4 Defects
6.4.1 Mechanical damage

In addition to blue disceloration, this is the most common defect. In-
creasing mechanization in harvesting, tranport to and from the store and
all operations associated with grading and marketing have resulted in a
considerable increase in tuber damage. The following clearly demonstrable
causes may be mentioned: incorrectly equipped or adjusted lifting machi-
nes, excessive dropping heights, high belt speeds and failure tec coat the
grading riddles with rubber. Dropping heights must be limited to 30 to
40 cm, while conveyor speed must not exceed 40 m/min.
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The damage ~ several different types can be distinguished - often only
becomes visible after several days or weeks. A typical form is hard, dry,
grey-white mass of starch from the damaged cells, evident on cutting. Tu-
ber damage gives rise to an increase in the respiration rate and in eva-
poration losses. In addition, the quality of the lot is reduced and skin
and flesh losses are greatly increased. Again, these damaged areas fre-
quently constitute a point of entry for microorganisms. This may also oc-
cur with less conspicuous damage, of the kind occurring during grading.

6.4.2 Blue discoloration or black spot
6.4.2.1 Occurrence of blue discoloration

Tubers with this defect display local blue-grey discoleration of the
potato tissue on cutting. This discoloration is almost always to be found
just below the skin around the vascular bundle tissue (Fig. 6.9). However,
the blue colour may go much deeper in tubers which are very susceptible
to this condition ('worn-out' tubers). The discoloration occurs princi-
pally at the stem end.

The condition is usually not visible externally; only if the tuber is
very seriously affected can the discoloration be observed through the
skin below the often rather sunken patch. To see the discoloration, the
patch must be cut into or the tubers peeled. It is obviously impossible,
or virtually so, to pick out all the tubers affected with this defect,
which is particularly common ih ware potatoes.

The discoloration of the potate tissue is caused by oxidation of cer-
tain phenols by the enzyme phenol oxidase. Until a few years ago it was

Fig. 6.9. Black spot (blue discoloration).
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thought that this discoloration was attributable sclely to the amino acid
tyrosine, but it is now considered that not only tyrosine but alsc other
phenols (including chlorogenic acid and caffeic acid) are involved (Mil-
ler, 1979). In these reactions, the bhlue-black pigment melanin is formed
via the red-coloured intermediate product dopachrome. Oxygen is required
for this process, but can only be supplied after the cells have been da-
maged. Shortly after the damage occurs, a red discoloration of the tissue
occurs first; the blue coloration only becomes visible a few hours or
evenr one or two days later. High storage temperatures after the damage
accelerate the development of the blue coloration {Dwelle & Stallknecht,
1976}.

If no cells are damaged, black spot also does not occur. On the other
hand, not every instance of damage resuits in black spot.

There are big differences in susceptibility tec black spot, not only

between varieties but aliso within one and the same variety and even with-
in a single lot. The fact that susceptibility to black spot exists does

not necessarily mean that the lot must in fact exhibit the condition,
either severely or slightly, because little or no black spot will arise
given careful treatment. Even so, such a lot is extremely dangerous, be-
cause as soon as the lot is handled roughly anywhere along the line be-
tween the grower and the consumer or processor, black spot will occur. On
the other hand, rough treatment may give rise to more black spot in a lot
which is essentially insusceptible than would occur in a susceptikle lot
treated with due care. For this reason, the proper indicator of the de-
gree of susceptibility to black spot of a lot is the increase in the con-
dition occuring given comparable treatment.

The blue patches must be removed for both fresh consumpticn and indus-
trial processing. This often involves substantial pith lesses and much
additional manual labour. Because the discoloration is not visible imme-
diately after the damage, any complaints are only made some time after
delivery. By then, considerable expense in packaging and transport has
already been incurred.

Black spot often also constitutes grounds for export rejection.

Although this condition has long been known and has heen the subject
of a large volume of research, our knowledge of the factors involved in
the occurrence of blue discoloration is still very incomplete.

It is clear that tuber susceptibility to black spot is largely deter-
mined by growth conditions. One of the main factors is certainly the dry
matter content of the tubers: it can in general be stated that the tubers
are more susceptible to black spot the higher the dry matter content, al-
though there are exceptions, probably related to the cell size of the po-
tato tissue and the distribution of the dry matter in the tuber. Tubers
with large cells are more susceptible to black spot than ones with small
cells (Van Es et al., 1975b).
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The dry matter content of the tubers is influenced by fertilization,
particularly with N and K, the lenght of the growing period, the moisture
supply to the plants and the time of destruction of the haulm. The tissue
{turgor) of the tubers, the soil temperature at the time of lifting and
the degree of care taken during transport are also relevant. Since the
tubers at the time of harvesting are not yet as susceptible to black spot
as after a certain period of storage, the proportion of affected tubers
shortly after lifting is usually still small (20 to 30 kg /tonne) in nor-
mal years. The biggest problems with black spot arise after storage. Im-
portant factors here are tuber temperature during grading and transport,
weight losses and bruising.

6.4.2.2 Tuber temperature

Particularly after storage, the temperature at which the tuber is
transported and graded is found to be of the greatest importance. At low
temperatures the tubers are much more susceptible to damage (Baganz,
1968). The susceptibility of the tubers to black spot can be greatly re-
duced by warming the potatoes before tuber damage can occur. The effect
of warming (and indeed alsc cooling) is clearly brought cut by a test
with the Bintje variety (Table 6.6).

Table 6.6 Effect of storage temperature and warming on potato susceptibility
to black spot (Bintje variety), observed on various dates in 1969/1970.

Storage Warming or % tubers with moderate and severe black spot:
temperature cooling to
(°c) stated
temperature i1/11 15/12 20/1 9/3 20/4 1/6
(°c) 1
3 - 87 85 84 80 86 74
3 10 20 24 37 45 62 54
20 1 7 21 23 35 17
10 3 40 22 28 32 55 70
10 - 9 7 15 8 29 45
10 20 1 1 2 2 9 2]

1. During one week

wWarming the tubers from the initial storage temperature of 3 °C to
10 °C resulted, particularly at the beginning of the storage season, in
an appreciable decrease in susceptibility to black spot. The result of
warming to 20 °C is even better. The effect of the warming declines the
longer the period of storage. 'Warm' storage at a constant 10 °C proved

156



Table 6.7 Black spot indices 1) before store emptying and 3-5 days after
grading; Bintje variety; test peried 1972 to 1975.

warmed to 501d before Before emptying After Number of
12 °C 1 April of store grading samples
No Yes 7.8 8.8 103

No No 7.3 8.6 34

Yes Yes 7.4 6.4 224

Yes No 9.2 9.2 278
Average 8.2 8.1 639

Not warmed 7.7 8.8 137
Warmed B.4 8.0 502

1. Range of indices: 0-50

i

Fig. 6.10. Shaker equipment.
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to be extremely favourable. The effect of the preceding storage tempera-
ture is also evident from the result of cooling frem 10 to 3 °C; the re-
levant tubers were less susceptible to black spot on all observation da-
tes than those stored at a constant 3 C°. Other research has shown that

as soon as the tubers have reached the desired temperature, no further

significant decline in susceptibility to black spot is to be expected in
the short term. The fact that this does seem tc occur in long-term 'warm'
or 'cold 'storage suggests the existence of other, still unknown factors.

For practical purposes, it is recommended that the lots, depending on
their susceptibility to black spot, be warmed before grading to a minimum
of 12 to 15 °C. However, lots which are extremely susceptible to this con-
dition must always be warmed to 18 to 20 °C.

Comprehensive practical tests have shown that sampling shortly before
the stores are emptied, followed by application of the IBVL 'shaking me-
thod', can provide extremely good impression of the degree of black spot
to be expected after normal grading (Table 6.7) (Meijers & Van Loon,
1978). In this shaking method (Fig. 6.10), a sample of 100 tubers is sha-
ken for 30 s on an approximately 1 m2 shaker plate (at a rotational speed
of 290 rev/min}. This method is currently used in the Netherlands to de-
termine susceptibility to black spot to allow the grower to be paid by
quality.

6.4.2.3. Weight losses

Table 6.6 clearly shows that the susceptibility of the tubers to blue
discoloration increases during storage. This must be attributed to loss
of moisture and tissue tension {(turgor) due to evaporation.

The tubers at the bottom of the store are the most susceptible to blue
discoloration, because this is where the highest moisture loss occurs
(Meijers, 1966). As it happens, the relation between the degree of mois-
ture loss and susceptibility to blue discoloration is non-linear. If the
tuber has not yet sustained any moisture loss, the tissue fension will be
optimal. As the tuber increasingly loses moisture, the tissue tension de-
clines and susceptibility to blue discoloration increases (Kunkel et al.,
1965).

However, very soft tubers are not damaged so readily because of the con-
comitant elasticity of the cell walls. On the other hand, tubers in the
s0il in extremely wet conditions again become very susceptible to blue
discoloration, apparently because their turgor becomes too high. It
should be pointed cut that little is yet known about the susceptibility
of the cells to damage and such factors as turgor, cell wall structure
and elasticity.
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Fig. 6.11. Bruises.

6.4.2.4 Bruising or pressure spots

one of the consequences of modern storage using stack heights of 3.5
to 4.0 m is the occurrence of bruising. Where tubers have been in contact
with each other during storage, the surfaces may be flattened and inden-
ted (Fig. 6.11). These indentations are known in practice as bruises or
pressure spots because they result from the pressure exerted by the pota-
toes on each other (Table 6.8).

Table 6.8 Weight losses and bruising at different heights in the
potato stack with (A) and without (B) air humidification; variety
Bintje; storage temperature 3-5 °C.

Height above Weight losses Bruising 1
ground (m) (kg/tonne) (% tubers)

A B A B
0.25 29 37 24 64
0.50 22 31 23 51
1.00 20 27 19 39
1.50 18 28 12 32
2.00 23 26 7 11
2.50 18 23 2 10
3.00 17 27 [0} 1
Average 21 28 1z 30

1. Percentage tubers with mocderate and severe bruises
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The flesh under a bruise is softer and can be cut rather less easily.
Discoloration under the bruise is rarely cobserved immediately after the
store is emptied. The smaller bruises disappear almost entirely after a
few days, and the deeper indentations partially so. Depending on the se-
verity of the defect, the tissue under a bruise is more or less badly de-
formed and damaged.

A deformed and damaged tissue is illustrated in Fig 6.12. Undamaged tis-
sue is shown for comparison in Fig. 6.13 (both electron microscope pictu-
res).

In very bad cases the starch grains are cemented together (Van Es et
al., 1975a). ‘When the pressure is removed on emptying of the stores, the
tissue partially springs back, giving rise to small cavities in the tis-
sue in the case of severe bruises. The deformed and sometimes damaged
tissue is particularly sensitive to dropping and impact, so that a blue-
grey discoloration under the bruises may be observed very soon after gra-
ding. It is precisely this characteristic - the high sensitivity to blue
discoloration - which makes bruising such a badly feared defect. The fact
that discoloration can be seen under a bruise very rarely when the store
is emptied is probably attributable to expulsion of all air, and hence
also oxygen, from the tissue by the pressure. When the pressure is relie-
ved, and if cavities form, air can return and the discoloration can then
arise (see Section 6.4.2.1).

Research has shown that not only pressure but also weight loss can
play a very important part {(Meijers, 1965). Not only pressure but also
weight losses are highest at the bottom of the store (Table 6.8), and it
is therefore clear that this combination will often give rise to a very
large number of bruised tubers particularly in the bottom metre of the
store.

There are not only varietal differences but alsoc clear differences
from year to vear. This defect is worse after dry summers or considerable
ventilation. This problem is generally more serious in seed potatoes (of-
ten already in October and November) than in better-matured ware pota-
toes, where bruising is usually observed only in March or later.

The discoloration under the bruises is also related to the susceptibility
of the lot to blue discoloration. In ware potatoes, a high proportion of
the blue discoloration observed from April onwards may be attributed to
bruising.

One approach to prevention of this condition would be te reduce the
stacking height, but this is not practicable. It is better to start with
well-hardened tubers on harvesting; these should then be ventilated as
little as possible and then eonly at high atmospheric humidity, followed
by careful grading and transport at tuber temperatures which are not too
low. Humidification of the ventilation air (Table 6.8) has a favourable
effect, greatly reducing the proportion of tubers with severe bruises.
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Fig. 6.12. Undamaged potato tissue (Micrograph obtained with a Scanning
Electron Microscope; magnification x 110).

Fig. 6.13. Potato tissue under bruises (Micrograph obtained with a Scan-
ning Electron Microscope; magnification x 110}.
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Where potatoes are stored in crates under comparable conditions, bruising
is, of course, less of a nuisance, because the stack height is only about
1 m.

6.4.3 Glassiness; ’'water bags'

A long period of warm, dry weather during the growing season may give
rise to second growth. Owing to the high soil temperature, the tubers
will then sprout and different forms of second growth may occcur. The de-
gree of second growth depends on the time and length (intensity)} of the
warm spell. One form of second growth is the occurence of secondary tu-
bers formed on the sprout of the primary tuber. The latter passes the as-
similates formed in the haulm on to the new tuber. However, if the haulm
is destroyed this is no longer possible, but the secondary tuber, if
still insufficiently mature, will then withdraw assimilates from the pri-
mary tuber. The dry matter content ¢f the latter is thereby reduced, and
this eventually becomes visible in the form of glassiness of part of the
tuber. The cells of the glassy part often contain virtually no more dry
matter and are filled solely with cell moisture. This glassiness begins
at the stem end and becomes increasingly visible the more assimilates are
withdrawn. The entire tuber may become glassy or spongy (Fig. 6.14).

As long as the plant is still green, glassy tubers are found only sel-
dom. Glassiness generally commences after destruction of the haulm. The
process is interrupted on lifting breaking the link between the old and
the new tuber.

To limit glassiness, the period between haulm destruction and lifting
must thus be as short as possible. However, it is very difficult to give
any general recommendation as to whether or when the haulm should be des-

Fig. 6.14, Glassiness.
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troyed. This depends on the date, expected yield and degree of second
growth.

Clearly, however, lifting shortly after haulm destruction inevitably
means that a part of the tubers (the newly formed ones) will be either
not fully or not at all hardened, with all the resulting conseguences
(abrasions, high weight losses).

Tuber glassiness does not usually progress further during storage
(Krijthe & Hulstein, 1959). However, 'water bags' may develop from the
very glassy or partially spongy tubers during the first few weeks of sto-
rage. The entire contents of the tuber then consist of a watery substance
held together by the skin. Under pressure or during handling, these tu=-
bers fall to pieces and the tubers below them are contaminated. Damaged
or abraded tubers may then rot, partly owing to the presence of bacteria.
If it is found on harvesting that the lot includes very glassy tubers or
even 'water bags', every effort should be made to keep the lot dry,
firstly by forced-draught drying and then by more than normal ventilati-
on. In extreme conditions (presence of large amounts of soil and ‘water
bags'), it may be justifiable to heat this air somewhat. But since the
conditions for secondary bacterial infections also become more favourable
at higher temperatures, the air must not be heated by more than 5 °C.
This will inevitable involve some additional weight loss. To minimize
these extra losses, such lots should preferable be sold as quickly as
possible as soon as they are thoroughly dry. Cool storage (temperatures
4 to 7 °C) are preferable for rot control, and intense heating at the end
of the storage pericd should be avoided. This does not matter very much,
because the susceptibility of such lots to black spot will usually be
less.

To eliminate the less glassy tubers which are nevertheless not fit for
consumption, the tubers should be passed after washing through a salt
bath with a specific gravity of 1.055 to 1.065. The bath salt concentra-
tion required is determined partly by the variety and the required degree
of elimination of glassy tubers.

6.4.4 Mother tubers

A large number of mother tubers are sometimes harvested together with
the crop and placed in store, particularly when seed potatoes are lifted.
This is an increasingly serious problem, particularly in drier years. In
the past, the mother tuber was eliminated at the time of lifting, but
this is often ne longer possible with modern methods of liffing potatoes.

These mother tubers can be compared to the 'water bags' discussed ear-
lier. They are squashed flat after a few weeks of storage and the watery
contents spread over the tubers below. To prevent rotting of the healthy
tubers, additiocnal ventilation is recommended in the first few weeks, as
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in the case of 'water bags'. The grower will not be inclined to provide
much ventilation in dry summers, when the lot will have been dried very
quickly because little damp soil will have been clinging to the potatoces.
However, the presence of mother tubers calls for extra care if subsequent
surprises with nests of tubers affected by soft rot are to be avoided.

6.4.5 Black heart

Tubers with black heart initially show no external symptons, but when
cut. through, the heart of the tuber is found to be coloured blue-black
(Fig. 6.15). These discoloured patches are sharply delineated. A crack-
like cavity is then often observed in the centre, due to shrivelling of
dead tissue. The tubers may remain intact for a long time, but will even-
tually rot. Black heart may be caused by lack of oxygen or excessive CO,
concentration, e.g., at high temperatures or with insufficient air re-
newal. High temperatures (over 35 °C) may cause this defect in summer
where tubers are exposed to substantial heating, e.g., after lifting.

Such high temperatures are virtually unknown in the Netherlands, while
modern methods of lifting and transport obviate long-term exposure to in-
tense sunshine, so that black heart seldom occurs in summer in the Ne-
therlands. Insufficient air renewal may occur if badly abraded tubers are

Fig. 6.15. Black heart.
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placed in store in warm weather, rapidly stacked to a height of 3 to 4 m
and not immediately provided with regular ventilation.

However, a few lots with black heart are encountered every year in the
Netherlands following warming to controcl blue discoloration. The affected
potatces are those in the immediate vicinity of the fan and air ducts.
This indicates that the heating was excessive. The air should preferably
not be heated to more than 20 to 22 °C.

0ld stores are generally anything but airtight, sc that oxygen defi-
ciency will be very rare even after a long period of lack ventilation.
Modern stores constructed with sandwich panels are more dangerous in this
respect, because they are more airtight.

In stores with total mechanical cooling, where internally cocled air
is used constantly, some air renewal is required to prevent this defect.
However, an air renewal of 10 m3/tonne . 24 h is sufficient.

Inadequate ventilation in clamps or stacks covered for a long pericd
with plastic may also give rise to black heart. It is difficult to speci=-
fy the oxygen level at which black heart problems may arise, because this
depends on a variety of factors {(temperature, respiration rate, air leaks
and storage time). Lack of air renewal in long-term storage (e.g., in

frosty periods) may constitute a hazard even to man in reasocnably well
sealed stores, as the oxygen level may have fallen excessively. If it is

observed, for example, that a cigarette will not continue to burn, this
should be taken as a warning.
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7 Storage losses

A. Rastovski

7.1 Introduction

Potato tubers are living organisms and as such are unavoidably subject
to losses during their autonomous life - i.e., after the tuber has been
sep:rated from the plant. This is because the life processes reguire
energy and the tuber has to supply this from its own reserves. During
storage, therefore, the tuber sustains a continuous weight loss and
constantly undergoes changes in chemical composition which may adversely
affect its guality, depending, of course, on the duration of storage.

Potatoes are also perishable products. Microorganisms (fungi and
bacteria) can cause potatoes to rot, resulting in substantial losses.
Nevertheless, the potato is a product which can be stored, since all the
losses mentioned are greatly dependent on the storage conditions and can
be limited by storing the potatoes under favourable conditions.

Bowever, the storability of potatoes is already determined before the
beginning of storage, by such factors as variety; growing technigques;
type of soil; weather conditions during growth; disease before harvest=-
ing; maturity of potatoes at the time of harvesting; damage to tubers
during lifting; transport and filling of the store; etc.

Hence three variables determine the storage losses, viz., the potato,
storage conditions and steorage duration. It must be realized that potato
quality cannot be improved even by the best storage. Good storage can
merely limit storage losses in a good product over relatively long pe-
riods of storage. Bad storage results in high storage losses, even in an
originally good product.

Storage losses are often specified as weight losses and losses in the
quality of potatoes, although the two cannot always be distinguished.
Storage losses are caused by the following processes:

Regpiration

Sprouting

Changes in the chemical composition of the tuber
Spread of diseases

Damage by extreme temperatures

MO0 A qQ o op

Evaporation of water from the tubers
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A1l these processes are influenced by the storage conditicns.

7.2 Respiration

As stated in Chapter 4, respiration provides the energy regquired to
maintain the life processes in the tuber. In respiration, the sugars of
the tuber are converted into water and carbon dioxide by absorption of
oxygen from the environment, heat energy being evelved. Sugars are
formed by hydrolysis of starch. Starch is lost during respiration, giving
rise to losses of dry substance.

The respiration rate depends greatly on temperature and other factors.
Fig. 4.1 (Chapter 4) clearly shows that the lowest respiration rate is
obtained at temperatures in the region of 5 °C. The respiration rate
increases slowly up to about 15 °C, above which respiration begins to
increase sharply. Reducing the temperature below 3 °C also results in a
sharp increase in respiration; at 0 °C, the rate of respiration is the
same as at 20 °C. Respiration results directly in losses of dry substance
in potatoes. These losses are relatively low in the range 5 to 10 °C and
seldom exceed 1.5 % of the fresh weight of the potatoes in a storage
period of six to eight months. However, this is equivalent to a loss of
6 to 7 ¥ of the total dry substance of the potatoes. These losses are
substantially greater at higher temperatures.

Since a part of the dry substance is converted into water which re-
mains in the potato, the weight loss due to respiration is, however,
appreciably lower, not exceeding 0.5 to 0.6 % of the fresh weight of the
potatoes at temperatures of 5 to 10 °C over a storage period of six to
eight months.

Nevertheless, respiration is an important indirect source of weight
losses during storage. To maintain the temperature of the potatces at a
specific level, the heat evolved by the potatoes in the process of res-
piration must be removed - i.e., the potatoes must be cooled. As descri-
bed later, cooling always causes water to evaporate from the tubers,
resulting in weight loss. This evaporation water loss is responsible in
good potateces for 90 % of the total weight iosses during storage, and may
also adversely affect potato guality (e.g., giving rise to sensitivity
to blue discoloration, bruising, etec.].

It is therefore important to keep the respiration rate low - i.e. by
preferably storing potatoes at temperatures in the region of 5 °C.

7.3 Sprouting

sprouting of potatoes can result in relatively high weight losses.
First of all, the sprout itself is a direct loss in the amount of fresh
potatoes available for sale. But much greater losses occur as a result of
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intensive evaporation of water from the sprout surface.
Sprouting and sprout inhibition are discussed in detail in Chapters 3
and 21.
There are two methods of Kkeeping potatoes sprout-free during storage:
1) Storage at temperatures of 2 to 4 °C.
2) Use of sprout suppressants.

7.4 Changes in the chemical composition of potatoes

The main changes in the chemical compositicn of potatces caused by
storage conditions and liable adversely to affect potatec guality are the
formation of solanine and an increase in the sugar content (Chapter 1 and
2).

To prevent intensive sweetening of ware potatoes, the storage temperature
must be 7 °C or higher. Solanine formation is prevented by storing the
potatoes in the dark.

7.5 Spread of diseases

In certain circumstances, diseases may give rise to substantial losses
during potato storage. To counteract the spread of diseases in the store,
curing must first be stimulated at the beginning of the storage period
and, 1if the potatoes are wet when placed in the store, they must imme-
diately be blown dry. The potatoes must then be stored at low tempera-
tures and kept dry (Chapters 6 and 19).

7.6 Damage by extreme temperatures

Both extremely high and extremely low temperatures damage potato tu-
bers. :

A potato tuber freezes at a temperature of -1 to -2 °C. FroZen tubers
quickly become spoilt and are no longer usable. In some varieties, how-
ever, the tuber tissue can already be damaged if the potatoes are stored
for long periods at below 2 °C. For this reason the storage temperature
should not be allowed to fall below 2 °C for prolonged periods.

Potatoes begin to respire strongly at a temperature of 30 °C or
higher; the tuber requires a great deal of oxygen and develops large
amounts of Co,. At a certain temperature respiration may become so inten-
sive that the cells deep inside the tuber can no longer obtain sufficient
oxygen and the carbon dioxide formed cannot be released. These cells then
die, giving rise to 'black heart' (Chapter 6).
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7.7 Evaporation of water from tubers

In evaporation, water is lost from the potatoes, so that the amount
(weight) of product remaining for sale is smaller. Water loss is thus
principally an economic loss; the coriginal food value of the potatoes is
virtually unaffected. However, large water losses may adversely affect
the guality of potatoes. Tubers which have lost a lot of water are more
susceptible to mechanical damage, such as bruising and biue discolora-
tion. High water loss also leads to greater peeling losses, reduction of
culinary gquality, etc. In economic terms, it is therefore very important
to limit water loss. The mechanism of water loss inh potatoes is analysed
in Chapter 9.

At this point it is sufficient to state that water loss during potato
storage depends on heat production in the potatoes, the temperature of
the potatces, the relative humidity of the air, the guality of the potato
skin (suberization), sprout growth and the duration of ventilation. Since
water loss in badly suberized-and damaged potatoes may be very high, it
is important to stimulate suberization and wound healing in the tubers
right at the beginning of the storage’season by keeping the potatoes at a
temperature of 15 to 20 °C and a relative atmospheric humidity of 95 % or
more. Minimum possible ventilation is reqguired during this seven- to
l4-day curing pericd. After this, the potatoes must be cooled to the
required storage temperature as quickly as possible. In addition, the
potatoes must be prevented from sprouting throughcut the storage season.
Since the water loss depends on the heat production of the potatoes, it
will be at a minimum at storage temperatures cof about 5 °C (Section 7.2).

Very humid air (95 % RH or higher) should preferably be used for venti-
lation, and since water loss depends strongly on the period of ventila-
tion, the potatoes must be ventilated solely for drying or cooling.
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8 Storage conditions

A. Rastovski

It is clear from the foregoing (Chapter 7) that the storage conditions
required to limit different forms of storage losses are mutually exclusi-
ve, Hence the optimum storage conditions will have to be a compromise be-
tween these contradictory reguirements for the relevant situation-

It still remains to define what actually counts as a storage loss. The
definition will depend on the use to which the potatoes are to be put.
Rotten potatoes always constitute a loss. Losses of dry substance repre-
sent losses in the amount of food. Sprouts alsc constitute a loss in ware
potatoes. For this reason the prevention of reotting and sprouting must
remain the main aim in the storage of ware potatoes.

However, sprouting is not a loss in the case of seed potatoes.

sugar accumulation in potatoes intended for processing as potato pro-
ducts constitutes a loss of quality. In seed potatoes, the sugar content
is irrelevant as far as quality is concerned, and it is of secondary im-
portance ohly in potatoes intended for fresh consumption.

Water loss is largely an economic loss. It always represents a loss in
potatoes intended for sale. However, for a processing firm or an indivi-
dual storing potatoes for its or his or her own use, the water loss is
only important if the potato gquality thereby suffers.

For this reason the optimum storage conditions must always be deter-
mined by the relevant situation. The costs and benefits of storage will
always be crucial determinants here.

It is therefore difficult to specify optimum storage conditions in ge-
neral terms. However, the following conditions may be specified as a ge=-
neral guide for long-term storage:

a. Storage temperature:

Seed potatoes 2 - 4 °C
Potatoes for fresh comsumption 5 - 6 °C
Potatoes for crisping 7 - 10 °C
Potatoes for chipping 6 - 8 °C
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Potatoes for granulation (mashed potatoes) 7 °C

Ware potatces must be treated with sprout inhibitors at temperatures
above 4 °C.

b. The atmospheric humidity must in general be as high as possible. A fa-
vourable value for the relative humidity of the storage atmosphere is

95 % or more.

c. The C0, concentration in the store must not exceed 2 % by volume for
prolonged periods. The oxygen concentration in the storage atmosphere
must be kept at 20 to 21 ¥% by volume.

d. Ware potatoes must be stored in the dark.
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9 Cooling of potatoes and water loss

A. Rastovski

Cooling is one of the most important processes in the sterage of po=-
tatoes. The required storage temperature is usually lower than the tempe-
rature of the potatoes on lifting. To obtain the required storage tempera-
ture, the potatoes must therefore be cocled. However, potatoes are living
products which produce heat through respiration. If the regquired tempera-
ture is to be maintained, this heat must be continuously evacuated, as
the temperature of the potatoes would otherwise steadily increase. This
means that the potatoes must be constantly cooled to obtain and then main-
tain the required storage temperature. The potatoes must thus be cooled
througheut the storage period.

However, cooling not only reduces the temperature of the potatoes hut
also unavoidably causes water to be lost from the product. In other
words, when the potatoes are coocled, heat and moisture are exchanged be-
tween the potatoes and the cooling air. Cooling results in a fall in the
potato temperature and moisture loss from the product, together with a
concomitant increase in the temperature and moisture content of the air.

To understand the mechanism of heat and moisture exchange between po-
tatoes and air, a knowledge of the physical characteristics of humid air
is required. These characteristics will be analysed in Sectiocn 9.1.

9.1 Humid air

Alr is a mixture of gases, chief among which are nitrogen and oxygen.
However, atmospheric air always alsc contains a certain amount of water.
The water is present in the air in the form of water vapour and is thus
invisible; it only becomes visible in foggy air.

The principal parameters of humid air - i.e., of a mixture of water
and air - relevant to heat and moisture exchange between potatoes and air
are as follows: partial vapour pressure, moisture content, relative humi-
dity, heat content, dry and wet bulb temperature, dew point, specific heat
and density (specific gravity).

9.1.1 Partial vapour pressure, molsture content and relative humidity
Moisture enters the air by evaporation of water from a water surface
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in contact with the air. Like every material, water consists of molecu-

les. Since water is a liquid, these molecules can move freely; this they
do in random criss-cross motions throughout the medium. The same is true
of a gas, but in this case the molecules are very much further apart.

In a liquid, the molecules are influenced by each other's force of at-
traction to a much greater extent than in a gas. They collide with and
scrape past each other, so that their individual velocities are highly
variable. Molecules which happen to have a high velccity may thus, not-
withstanding this force of attraction, leave a water surface and emerge
from the liguid; in other words, they 'evaporate'. They then mingle with
the molecules of, for example, air. In the air, oxygen and nitrogen mole-
cules are in constant random motion and their mutual force of attraction
is, as stated, much less. Hence the water molecule obtains nitrogen and
cxXvgen molecules as neighbours.

while some water molecules 'evaporate' in this way, the converse is
also happening. Water molecules moving in the air which happen to have a
high velocity in the direction cof the water surface may enter it and
'condense'.

If the air space above a water surface is enclosed, the traffic of wa-
ter molecules from and to the water surface will continue until an equi-
librium condition is achieved, when the number of 'evaporating' and 'con~-
densing' water molecules per unit time will be the same. When this equi-
librium condition has been attained, the air above the water level is
stated to be saturated with water vapour. As stated, the humid air con=-
sists of a mixture of variocus gases and water vapour. The pressure of the
air which contains water wvapour is equal to the sum of the pressures
which each of the separate constituent substances would have had if they
had been present alone in this space.

The pressure of the water vapour in this air is only a fraction of the
total pressure of the air. The pressure of the water vapour is called the
partial vapour pressure. The partial vapour pressure is determined by the
vapour content in the air. In the case here assumed, where the water is
in equilibrium with the humid air abeove it, the partial water vapour
pressure 1is equal to the 'saturated vapour pressure' of the air at a spe-
cific temperature and tc the vapour pressure of the water at the same
temperature.

All substances have a specific vapour pressure at a specific tempera-
ture. In liquids, the vapour pressure depends on temperature. For exam-
ple, above a sheet of water, immediately on the surface, there is always
a water vapour pressure whose magnitude depends on the water temperature.
This is equal to the partial wvapour pressure of saturated air having the
same temperature as the water. The amount of water vapour present in the
air at saturation pressure is called the saturation moisture content.
This is the highest amount of water vapour the air can contain at a given
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Table 9.1 sSaturation pressure and saturation moisture content in air at
atmospheric pressure {101 kPa).

Air temperature (°C)

o] 5 10 15 20 25
Saturation pressure PS (Pa} 610.7 872 227.0 1704 2337 3167
Saturation moisture content
XS {g/kg dry air) 3.85 5.50 7.78 10.86 15.5 20.5
temperature.

The saturation pressure and saturation moisture content of air at a num-
ber of different temperatures are set out in Table 9.1.

1f the water temperature is 25 °C, the corresponding vapour pressure
will be 3167 Pa. Under equilibrium conditions, the partial vapour pressu-
re is also 3167 Pa. If it can be assumed that the enclosed space above
the liquid can be enlarged, for example by a piston, in such a way that
the total pressure remains 101 kPa, then the pressure in the humid atmos-
phere of the air itself at a total pressure of 101 kPa will thus have be-
come 101 - 3.167 = 97.833 kPa.

Consider an enclosed volume of this saturated air (25 °C; vapour pres-
sure 3167 Pa}; if now water vapour at 25 °C is admitted to the space from
elsewhere, this additional amount cannot be absorbed by this air, which,
as stated, was saturated at 25 °C. The excess vapour will condense. The
relative humidity of the air was 100 %. This could not be higher.

Now consider a volume of air at i0l1 kPa and 25 °C containing an amount
of water vapour such that the partial vapour pressure is only half of
3167 Pa - i.e., 1583.5 Pa -~ the relative humidity of this air is stated
to be 50 %. The relative humidity thus indicates the percentage of the
saturation pressure actually prevailing in the air at the given tempera-
ture. Alternatively, it indicates the ratio of the actual vapour pressure
(P) to the saturation pressure (PS) at a given alr temperature:

ra = B0 100 (%) ()

The relative humidity can be determined by dividing the actual vapour
pressure in the air by the saturation pressure at the same air temperatu-
re.

Example 1
The vapour pressure is 1300 Pa in air at 15 °C. What is the relative
humidity (RH) of the air?
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Selution: Saturation pressure of water vapour at 15 °C (see Table 9.1) is
1704 ?Pa.

Actual pressure is 1300 Pa.

According to the equatation, the relative humidity is:

RH = 100 = 1300 + 1704 - 100 = 76.29 %

"Ul"d

Example 2
Air from Example 1 is heated to a temperature of 25 °C without any
change in the vapour content. wWhat is the RH of this air at 25 °C?

Solution: The vapour pressure in the air remains constant on heating, and
equal to P = 1300 Pa. The saturation pressure at 25 °C is 3167 Pa. The
relative humidity at 25 °C becomes:

RH = 1300 + 3167 . 100 = 41 ¥%.

Example 3

Alr from Example 1 is cooled to 10 °C without changing the moisture
content.
what is the RH at 10 °C?
Solution: Saturation pressure at 10 °C is 1227 Pa.
Vapour pressure in the air: 1300 Pa.
The relative humidity at 10 °C becomes: RH = 1300 + 1227 - 100 = 105.9 %.
However, the RH cannot be greater than 100 %. In this example, condensa-
tion therefore occurs and the air becomes foggy.

It can be concluded from these examples that when air of constant
moisture content is heated the relative humidity falls: 41 % RH at 25 °C
compared with 76.29 % RH at 15 °C (Examples 1 and 2). When air is cooled,
the relative humidity increases. At a specific, lower temperature the RH
becomes 100 % and if the air temperature falls further the air becomes
foggy - in other words, water vapour condenses in the air.

9.1.2 Heat content of air

The heat content is often called enthalpy. The enthalpy of the mixture
'dry air + water vapour' is defined as the heat content of humid air per
unit weight of dry air. It is measured in joules per kilogram of dry air
or J/Kkg. The heat content of the air increases with temperature. At con-
stant air temperature, the enthalpy increases with the moisture content
of the air.

This is due to the heat content of the added water vapour. Heat is re-
quired to convert liquid water into water vapour. A quantity of heat of
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2500 kJ is needed, for example, to evaporate 1 kg of water in air at at-
mospheric pressure. However, the extra energy which ends up'in the vapour
is not 'sensible’. During evaporation, the temperature of the vapour re-
mains equal to the water temperature. If the water is 30 °C, then the va-
pour is also 30 °C. The heat in the vapour is stated to be present in
"latent' form. If this vapour at 30 °C enters air at 30 °C, the tempera-
ture of the air/water vapour mixture will not be changed, but the heat
content of the humid air will nevertheless increase as a result. The la-
tent heat of the air increases, while the sensible heat content remains
the same.

The sensible heat changes only with the temperature of the humid air and
increases at high temperatures.

To determine the change in the heat content of the air, it is therefo-
re insufficient toc measure the change in air temperature alone. In addi-
tion to temperature, the change in the vapour content of the air must al-
so0 be determined.

9.1.3 Dry bulb temperature

The dry bulb temperature in the air is measured with an ordinary ther-
mometer. Ungualified references to the temperature of the air always mean
the dry bulb temperature.

2. 1.4 Wet buidb temperature

The wet bulb temperature of the air is measured by a thermometer whose
bulb is covered with a wet wick. The air velocity along the bulb covered
with the wet wick must be at least 2.5 m/s.

If unsaturated air is allowed to flow along a wet cloth and the vapour
pressure of the cloth is higher than the partial vapour pressure of the
unsaturated air, evaporation will occur. The cloth is thereby cooled and
the vapour pressure of the cloth decreases. This process continues until
equilibrium is attained - an equilibrium at which the cloth will assume
a temperature such that the heat for evaporation per unit time will cor-
respond to the heat received from the air (as long as the cloth is still
sufficiently wet). This temperature is called the wet bulb temperature of
the relevant air.

It must be remembered that the warm air contains a certain amount of
'sensible heat'. Now heat is required to convert water into vapour. When
the vapour has arisen, it contains a quantity of heat of evaporation, but
in the 'latent’ conditicn; in other words, the heat is there but is not
sensible. On saturation of the air to the wet bulb temperature, the air
has lost a certain amount of 'sensible’' heat, but has in return received
an equal amount of 'latent' heat.
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The wet bulb temperature of saturated air is thus equal to the dry
bulb temperature because the saturated air can no longer absorb any more
vapour.

However, the wet bulb temperature of unsaturated air will always be lower
than the dry bulb temperature, and the difference between the two tempe-
ratures will be greater the lower the partial vapour pressure in the air
becomes - i.e., the lower the relative humidity of the air. The relative
humidity can be determined by measuring the dry and wet bulb temperatu-
res. The instruments used for this purpose are called psychrometers, and
they consist of a dry and a wet bulb thermometer and the npcessary faci-
lities to obtain an air flow of at least 2.5 m/s along the wet bulb.

8.1.5 Dew point

The dew point is the temperature at which the water vapour begins to
condense if the air is cooled at constant moisture content. As stated
earlier, the air can contain less vapour at lower than at higher tempera-
tures.

Cooling causes the temperature of humid air to fall, and since the mois-
ture content does not change, the saturation point will be reached at a
specific temperature. If the temperature falls further, condensation will
occur.

This temperature, at which 100 ¥ RH is reached, is known as the dew
point.

9.1.6 B8pecific heat

Specific heat is the amount of heat which must be added to a mass of
1 kg of air to increase the air temperature by 1 °C. The specific heat of
atmeospheric air depends on the moisture content of the air and on tempe-
rature; the specific heat increases at high moisture contents and high
temperatures.

9.1.7 Density (specific gravity)

Density indicates the mass of air in kilograms per unit velume
(kg/m3). At a given air pressure, density falls with increasing air tem-
perature and moisture content. Warm air is thus lighter than cold air,
and at a given temperature the air becomes lighter the more vapour it
contains.

There is a fixed mutual relation between the above parameters of humid
air. For precise definition of the condition of the air, at least two pa-

rameters have to be known - e.g., temperature and RH; dry and wet bulb
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temperatures; dry bulb temperature and dew point; etc.

A single parameter does not unequivocally define the condition of the
alr. The parameters of humid air have been determined experimentally and
presented in tables or graphs, such as the Mollier diagram (Fig. 9.1).
The Mollier diagram is very suitable for the analysis of various proces-
ses which take place during storage. The moisture content of the air (x)
in g/kg dry air is presented on the horizontal axis of the Mollier dia-
gram, with the heat content (enthalpy) h in joules per kg dry air {(J/kg)
along the vertical axis. The diagram shows the curves for air temperature
T {in °C}, relative humidity RH (%), vapour pressure P (in pascals (Pa))
and sometimes also the vapour density p (in kg/m3). The saturation curve
- i.e. the 100 % RH curve - indicates the position of the wet bulb tempe-
rature and dew point.

The value Ah/Ax is alsc given in the diagram. This parameter indicates
the increase or decrease in the heat content of the air per 1 kg increase
or decrease respectively in the moisture content of the air.

If two of the above parameters are known, the point in the diagram
which determines the condition of the air has been indentified, and all
the other parameters of the air can be read off the diagramm. For exam-
ple, in the Mollier diagram shown in Fig. 9.1a, the condition of the air
at a temperature of 15 °C and 50 % RH is indicated by point A. The follow-
ing values can be read off the diagram for point A:

Enthalpy h = 28.3 kJ/kg

Moisture content X = 5.27 g/kg

wet bulb temperature (point B} Ty = 9.6 °C

Dew point (point C) T, = 4.6 °C

Alr density p = 1.222 kg/m?

Vapour pressure (point D) P = 852 Pa,
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As already stated, the Mollier diagram is very suitable for analysing
the changing in air conditions due to various processes occuring during
storage, A number of processes in the Meollier diagram are analysed below.

9.1.8 (Cooling and heating of air at constant moisture content

This process is represented in the Mollier diagram in Fig. 9.2 by cur-
ve A-B.

Since the moisture content of the air does not change during these
processes, the change in the condition of the air must run along the ver-
tical line - i.e., along the line x = constant. Heating the air from
point A to point B, or cooling it from peint B to point A, changes only
the following parameters of the air: dry and wet bulb temperature, ent-
halpy, density and relative humidity. The moisture centent, vapour pres-
sure and dew point of the air, however, remain unchanged.

As stated earlier, the relative humidity decreases when the air is
heated and increases if it is cooled.

The amount of heat that must be added to a mass of 1 kg of dry air to
increase its temperature from T, to Ty is given by the difference in ent-
halpy between points B and A - i.e., by hB - hA. This amount of heat
hy - hA must also be withdrawn from each kg of dry air to reduce the air
to T,. Since only the temperature of the air changes

B A
in these processes and there is no evaporation or condensation of water

temperature form T

vapour, they are referred to as sensible cooling and sensible heating
respectively.

Sensible heating of the air as illustrated in Fig. 9.2 can, however,
only occur on a surface where no water is present - i.e., }n cooling pro-
ducts which cannot give up any moisture.
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Fig. 9.2. Cooling and heating of air at constant moisture content.
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9.1.9 3imultaneous heating and humidification of air

This process takes place when potatoes are cooled. When cold air is
passed through a stack of warm potatoes the air is heated and the moistu-
re content of the air increases owing t¢ evaporation of water from the
potatoes. This process 1s illustrated in Fig. 9.3. Points A and C repre-
sent the initial and final conditions of the air respectively.

The process is characterized by a simultaneous increase in the enthal-
py {Ah) and the moisture content of the air {(ax). If the air conditions
change from, for example, point A& to point C, the increase in enthalpy Ah
is h, - h, and the increase in the moisture content Ax is X, = Xp. The
diagram clearly shows that for a given temperature difference, the in-
crease in enthalpy Ah Decomes larger the more water evaporates - i.e.,
the larger the increase in the moisture content AX becomes. This increase
in enthalpy is exclusively due to the increasing latent heat of the air:
I TB - Ta), the
increase in the sensible heat is also the same. The cooling capacity of

since the temperature increase remains the same ('I‘e -T

the air is thus increased by the evaporation of water. In an extreme ca-
se - 1,e., if so much water evaporates from the potatces that the air be-
comes saturated at the same final temperature (point D} - the cooling ca-
pacity {the increase in the enthalpy of the air Ah) will be at its maxi-
mum, viz., hD - hA' However, the amount of water evaporated from the pro-
duct, or the increase in the moisture content of the air aAx, will also be
maximum, viz., Ky = Xp.

In the cooling of agricultural produce, evaporation of water from the
product is an undesirable side-effect.

The relative increase in the heat and moisture content of the air is
indicated by ah/Ax.
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Fig. 9.3. Simultaneous heating and variation of moisture content of the
air.
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The magnitude Ah/Ax in the Mollier diagram determines the slope of the
line linking the initial and final conditions of the air, i.e., the slope
of the line A-B, A-C and A-D relative to the horizontal axis. Where the
air undergoes sensible heating - i.e., process A-B - there is no increase
in the moisture content of air and Ah/Ax becomes infinitely large. This
process proceeds along a vertical line. The diagram shows that the slope
of the process lines, or ah/aX, decreases the larger the increase in the
moisture content Ax. At the specified air and product temperatures, Ah/Ax
is smallest if the air coming from the product is satured. A large Ah/AX
thus means that the increase in the moisture content of the air is rela-
tively small compared with the increase in the heat content during the
cooling process - i.e., that relatively little water is evaporated during
the cooling of potatoes. In other words, a large Ah/Ax means that a rela-
tively small water loss occurs during cooling of the product, while a
small Ah/Ax, on the other hand, signifies that water loss from the pro-
duct during cooling is relatively high. The aim in the cooling of agri-
cultural preduce is to minimize water loss - i.e., to maximize Ah/AXx. The
value of aAh/Ax can be read cff the scale in the Mocllier diagram. If the
change in the condition of the air proceeds, for example, along the line
A-C, Ah/Ax can be read off the scale by drawing a line parallel to A-C
from the point h = 0, x = 0 (the dotted line in Fig. 9.3).

9.1.10 Cooling and variation in the moistuyre content of the air

This process takes place when the potatoes are heated and often also
by cooling of the air on the store walls or on the surface of an air coo-
ler (Fig. 9.4).

when air is heated its moisture content can only either remain unchan-
ged or increase; when air is cooled, however, it is also possible for its
moisture content to be reduced - i.e., water vapour may ccndense on the
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Fig. 9.4. Simultaneous cooling and variation of moisture content of the
air.
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cold surface. In the diagram the surface temperature is indicated by To
and the air temperature by T; . The saturation moisture content of the air
at temperature T0 is given by the moisture content at point O (xo). If
the moisture content of the air is higher than X, - €.9., point B or
point C - water vapour will always condense on the cooling surface when
the air is cooled. This condensation will result in a reduction of the
moisture content of the air. Reduction of the moisture content of the air
by cooling the air from point B or point C to temperature T, {(point 0) is
represented by Rg = X and x

0 C
will be precipitated on the coocling surface for each kg of dry air flow-

- %, respectively. This amount of water

ing along the surface.

If the air condition is represented by point A or D, however, no
change in the moisture content will cccur if the air is cooled - i.e.,
there will be no condensation on the surface. In this case the temperatu-
re of the cooling surface is equal to viz., lower than the dew point of
the air. Hence the moisture content will be reduced during coocling of the
air only if the dew point of the air Is higher than the temperature of
the cold surface. If the dew point of the air is equal to or less than
the tempereature of the cold surface {e.yg., points A and D), no condensa-
tion will take place. Cooling through the walls and roof of the store or
by a dry air cooler at a temperature T0 will then take place along the
line A-0 or D-FE.

However, if the air at point D is cooled by the cold water at tempera-
ture TO, the change in the air conditions will proceed along line D-Q and
the moisture content of the air will increase. The increase will be equal
to X, = X If the vapour pressure in the cocling water of temperature T,
is higher than the partial vapour pressure in the air at ppint E, water

will evaporate during the process, thus increasing the moisture content
of the air. But the moisture ceontent will only increase as the air cools
if water is present on the cooling surface and the dew point of the air
is lower than the temperature of the wet surface. However, cecoling of air
on dry surfaces may cause the moisture content either te remain unchanged
or te fall. On cooling of the air on the surface of potatoes at tempera-
ture To’ the air conditions of the cooled air will come to be between
points E and © - e.qg., at point G - because the potatoes can give up only
a limited amount of moisture.

The graph shows that the reduction in the heat content of the air be-
comes larger the greater the decrease in the moisture content; for exam-
ple, hC - ho is larger than hB - hO because X, = X, is also larger than
- X_. This is due to the release of heat of evaporation by the conden-

B [e]
sation of water vapour from the air. The decrease in the moisture content

X
increases the heating capacity cf the air, but condensation occurs con the
cold surface. However, to re-evaporate this condensation in order to ob-

tain a dry product surface, the same amount of heat is theoretically ne-
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cessary as the amount released by condensation, and the net heating capa-
city of the air remains independent of the moisture exchange during the
heating process.

9.1.11 Mixing of two alr streams

Two air streams are often mixed in the storage of potatoes in cold
climates. The desired cocling air temperature can be obtained by mixing
very cold outside air with air from the potato stack. This process is il-
lustrated in Fig 9.5.

If the conditions of the two air streams are represented by, for exam-~
ple, points A and B, point M, which indicates the conditions of the mixed
air, must lie on the line linking A and B. The position of point M on the
line A-B is determined by the relative guantities of the air streams

LA and LB’ as follows:

_v—' B
AM = AB It 1.

A B

For example, if Ly = 100 kg of outside air (point B) is mixed with Ly =
300 kg of inside air (point A), the distance A-M is determined by

100

AM = AB * 3557700

and the distance B-M by

— 300
AB - 355+ 100

Where the same quantities of air in conditions A and B are mixed, point M
will lie on the line linking A and B eguidistant from A and B.
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Fig. 9.5. Mixing of two air streams.
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Fig. 9.6. Humidification of air by water spray.

Fig 9.5. shows that the mixing of twe air streams - e.g., C and D -
can also cause condensation.

9.1.12 Alr humidification by water spray

The air is sometimes humidified to minimize water loss from the pota-
toes during storage. A water spray is generally used for humidification.
The variation of the air conditions during humidification of this kind is
illustrated in Fig. 9.6.

The change in the air conditions proceeds in parallel with the line
Ah/ax =Tw, where Tw is the temperature of the sprayed water. However, if
water at low temperatures (8 to 15 °C) is used for humidification, this
is practically equivalent to a change in the air conditions along the
line Ah/Ax = 0, or hA = constant, i.e., from A to C. By evaporation of
the guantity of water (x, = %x,) for each kg of air, the air becomes sa-
turated with water vapour and the air temperature falis from T, to T..
The air can thus attain the wet bulb temperature by humidification. If

more water than x. - X, per kg of air is sprayed, the excess water re-

mains present in Ehe air in the form of a mist. The fine mist is readily
entrained by the air flow and thus reaches the potatoes, which become wet.
The same may occur if the air cenditions change in time to, for example,
point D and the amount of sprayed water remains unchanged. This air can-
not evaporate more than Xg - Xp kg of water per kg of air and a larger
amount of water (xc - xA) is sprayved. Part of this water spray will thus
be unable to evaporate and will fall on the potatoes as liquid water.

Clearly, the amount of water sprayed for air humidification must al-
ways De matched to the changing conditions of the air tc prevent the po-
tatoes from becoming wet.

9.2 Heat and vapour transfer

During storage the potatoes must be cooled, first in order to reach
the required storage temperature and then to maintain this temperature.
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Before the compartments are emptied, the temperature of the potatoes must
often be increased again to limit susceptibility to mechanical damage
{blue discoleration). Air is used for cooling and heating potatoes.

In both these processes there is an exchange of heat between the pota-
tces and the air. Heat is given up by the potatoes teo the air or absorbed
from the air. However, during this process of heat transfer, vapour is
also transferred. when potatoes are cooled, the water evaporates from the
product and this water vapour is given up to the air. During heating, on
the other hand, the water can evaporate from the product or water vapour
from the air may condense on the product surface. This vapour transfer
also affects heat exchange. The heat exchanged between the potatoes and
the air is thus partly sensible and partly latent.

Final aim of cooling or heating potatoes, however, is to obtain the
required product temperature - i.e., to modify the sensible heat of the
potatoes.

Vapour exchange occurring simultaneously and causing the potatoes to
lose water by evaporation or become wet by condensation, is an undesira-
ble side-effect. This wvapour exchange, or transfer of latent heat, must
therefore be minimized. The relative amount of latent heat exchanged be-
tween potatoes and air when the former are cocled or heated is influenced
by such factors as the method of coecling and heating used. To optimize
these processes, the mechanisms of heat and vapour transfer must be under-
stood.

9, 2.1 Transfer of sensiblie heat

As a result of heat transfer, the heat content of the materials con-
cerned is modified. Every change in the sensible heat content is reflec-
ted in a change in temperature. The supply of a specific amount of heat
will increase the temperature. The temperature increase will depend on
the amount of material to which this heat is supplied and on its specific
heat. For example, to heat a mass of 5 kg of potatces from 5 to 10 °C,
five times as much thermal energy is required than to heat 1 kg of pota-
toes from 5 to 10 °C. Similarly, less heat is required, for example, to
heat a mass of 1 kg of air from 5 to 10 °C than tc heat 1 kg of potatces
from 5 te 10 °C, because the specific heat of potatoes is 3.6 kJ/kg while
that of air is only 1 kJ/kg.

Hence, the greater the mass and the specific heat of a material, the
more heat will have to be supplied to the material to obtain a specific
temperature increase.

The change in the heat content is thus proportional to the mass of the
material (m), the specific heat (c) and the temperature change (AT). This
change can be calculated as follows:

Q=m. ¢ . AT (J} (2}
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The amount of heat is measured in joules (J).
For determination of the amount of heat supplied or evacuated, the mass
and specific heat, for instance, of the material must be known and the
temperature change must be found by measurement.

Each of the magnitudes in Eguation 2 can be determined if the other
three are known, as follows:

Mass of material: m = E—Q—ET (kg) (33

Temperature change: AT = ﬁ*gﬁE (K} (4)

specific heat: c = E_Q_ET (J/kg + K) {5)
Example 1

What is the amount of heat that must be removed from 10 kg of potatoes
to cool them from 10 to 5 °C?
Specific heat of the potatoes is ¢ = 3.60 kJ/kg - K.
From Equation 2:

Q=m. ¢ « AT

Q=10 . 3.60 . (10-5)

Q = 180 (kJ)}
Example 2

The amount of heat in Example 1 (Q = 180 kJ)} is evacuated by the air
and the air is thereby heated by 5 °C, so that AT, = 5 °C.

2
The specific heat of the air is €, =1 kJ/kg.

How much air must be blown through the potatoes?
The mass of air is determined from Eguation 3:

18

22 = 36 kg

a8

I}

I}

A
o

If the temperature change is measured, Equation 2 makes it possible to
determine the amount of heat supplied to or removed from the specified
mass of material. However, this equation gives no indication of the rate
or mechanism of heat transfer.

Heat transfer entails a movement 'flow' of heat. Just as a mass can only
be put in motion by a force - e.g., a car by the power of the engine or a
mass of water by pressure - motive power is also necessary to move heat.
This motive power which puts the heat in motion is the temperature dif-
ference. Heat will thus only be transferred if there is a temperature
difference between the two points, and the heat will always flow from a
point of higher to a point of lower temperature. The larger the tempera-
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ture differences, the greater the heat flow will be. No heat flow will
arise between two points at the same temperature, and there will be no
heat transfer between these points.

However, each flow experiences resistance. The greater the resistance
to a heat flow, the less heat flows for cne and the same temperature dif-
ference.

Heat flows are measured in joules per second (J/s) or watts (W). The
heat flow through an area of 1 m2 is known as the heat flux density or
heat flow per unit area. The heat flux density represents the amount of
heat transported per second through an area of 1 m?; it is measured in
joules per second per m2 (J/s « m2) or in watts per m2 (W/m2). It can
therefore be stated that the heat flux density is proportional to the
temperature difference between the potato and the air (AT) and inversely
proportional to the resistance to the heat flow (R}.

The heat flux density is calculated by the following equation:

g-2t (3/m2 . s) (6)

The amount of heat flowing in a specific time t (seconds) through an area
A {(m2) is then:

Q=A- 5 <t (1) (1)

The heat exchange between the potatoes and the air can be determined by
means of Eguaticns 6 and 7. The larger the temperature difference between
the potatoes and the air and the smaller the resistance to heat transport,
the faster the heat exchange will be. Heat transfer from a potato tuber
te an air flow can be analysed by Fig. 9.7.

If the air is colder than the tuber - i.e., Ty, < TA’ a heat flow will a-
rise from the surface of the tuber to the air {(gc). As a result the tem-
perature of the tuber surface will begin to fall. Since the surface tem-
perature has now become lower than that in the centre of the tuber, a
heat flow will arise inside the tuber from the centre to the surface
(ga). Both heat flux densities are here referred to the tuber surface.

According to Equation 6, gc and da can be determined as follows:

9« = —Rr @ = TR

These two heat flux densities must be the same during heat transfer,
i.e., gc = gqa.
If more heat is removed from the surface by the air than can be sup-
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plied by the tuber to the surface - i.e., gc > ga, the surface tempera-
ture (Tw) begins to fall. The temperature difference between the air and
the surface thus steadily decreases, while the temperature difference in-
side the tuber (TA - Tw) increases. As a result the heat flux density
through the tuber (ga) increases and that from the surface to the air
(gc) falls, until equilibrium between the two heat flows is re-establish-
ed. The heat flow inside the tuber is thus egual to that from the tuber
surface to the air.

Hence, owing to the temperatures difference between the centre of the
tuber and the air, a heat flow arises from the inside of the tuber to the
air.

This heat flow meets with two resistances on its way from the centre of
the tuber to the air: first the resistance through the tuber R_ and then
that from the tuber surface into the air R.. The total resistance to the
air flow thus beccmes R = Ra + Rc' If there is a difference between the
tuber temperature (TA) and the air temperature (TL) of AT = TA - TL, the
heat transfer per m2 of tuber area will be as follows according to Egua-
tion 6:

T
= RA ¥ RL (W/m2) (®)

The rate of the heat flow between the potatoes and the air is determined
by the temperature difference between the potatoes and the air and by the
sum of the two resistances Ra and Rc'

It can be concluded from this equation that the rate of ccoling or
heating of the tuber in a given air flow falls during the process. For if
the air temperature remains unchanged during the cooling process, the
temperature difference between the tuber and the air (TA - TL) during
the process will become smaller and smaller as the tuber cools. The heat
flow thus steadily decreases and the cooling proceeds at an ever slower
rate.

The rate of heat transfer is also influenced by the resistance encoun-
tered by the heat flow. However, the heat transfer between the tuber and

Fig. 9.7. Heat transfer from a potato tuber to an air flow; Qa is the
conductive heat transfer through the tuber and QC is the convective heat

transfer from the tuber to the air.
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the air flowing past it (Fig. 9.7} is of twe different forms: conductive
heat transfer and convective heat transfer.

The process of heat transfer by conduction takes place inside the tu-
ber. The heat is exchanged between the particles of tuber material in
contact with each other. The resistance to this type of heat transfer de-
pends only on the physical characteristics of the material - in particular,
the coefficient of thermal conductivity of the material (A) and the thick-
ness of the material layer (s) in the direction of the heat transfer. A high
coefficient of thermal conductivity coupled with low material thickness
result in a lower resistance to conductive heat transport. The resistance
R, in Equation 8 can be determined by the fcllowing equation:

_ s
R =x {9)

Since the coefficient of thermal conductivity is a property of the mate-
rial, the resistance to conductive heat transfer inside the tuber will be

independent of external influences, such as the air velocity around the
tuber.

In the case of a potate tuber, this resistance depends solely on its
diameter. Rao et al. (1975) found an average coefficient of thermal con-
ductivity for various potato varieties ¢f A = 0.55 W/m - K. The resistance
R, in Equation 8 is thus constant for a given lot of potatoes.

The process of heat transfer by convection generally takes place in a
moving fluid - e.g., in a flow of air or water. Owing to the rapid motion
of the particles of material constituting the fluid, more particles are
mixed with each other and more come into contact with the heat transfer
surface, thus also accelerating the process of heat transfer.

Convective heat transfer takes place between the surface of the tuber
and the air. This form of heat transfer depends substantially on the air
velocity and proceeds faster at high air velocities. Convective heat
transfer is determined by the heat transfer coefficient {x¢). The resistan-
ce to convective heat transfer is then:

1
R = E (10)

The resistance to convective heat transfer between the tuber surface and
the air thus decreases with increasing air velecity. According to measu-
rements by McAdams (1954), the heat transfer ceocefficient of a spherical

body to the air can be determined by the equation:

a = 7.8. ¥ __ (11)
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This equation can also be used to give an indication of the coefficient
for a potato tuber in an air flow. The heat transfer coefficient feor a
tuber 0.05 m in diameter is then:

« = 25.8 . y0-5

This equation indicates that the heat transfer coefficient doubles if the
air velocity is tripled, or that the resistance R, is halved if the air
velocity is tripled (see Eguation 10).

The resistance to the heat flow from the tuber to the air thus con-
sists partly of a constant and partly of a resistance which varies with
the air velocity: the air velocity is the only factor which can influence
the total resistance to heat transfer from a given tuber to the air. The
effect of the air velocity on the heat transfer process will depend on
the proportion of the total resistance to heat transfer accounted for by
convective resistance - i.e., on R,: (Ra + Rc)' For instance, if the re-
sistance to convective heat transfer R, is 80 % of the total resistance
R - 1i.e., R.=0.8R - a reduction of R, to 50 % of its original wvalue
will result in a change in the total resistance egual to R - 0.8 - 0.5
100 = 40 % R. The total resistance has thereby been reduced by 40 %, al-
though it still amounts to 60 % of its orginal wvalue. If the convective
resistance R, however, is only 40 % of the total resistance - i.e., R, =
0.4 R - the result of a reduction of R, to 50 % of its original value is a
reduction in the total resistance of R . 0.4 . 0.5 . 100 = 20 ¥ R. The
same 50 % reduction in the convective resistance thus has a much greater
effect on the change in the total resistance the higher the proportion of
the total resistance for which it accounts.

To investigate the effect of air velocity on the cooling time of a
spherical tuber of diameter D = 50 mm, the cooling times were calculated
by Fourier's equation and using graphs due to Grigull (1964). A coeffi-
cient of thermal conductivity of A = 0.55 W/m .- K was used and the heat
transfer coefficient ¢ was calculated by Equation 11. The results are
shown in Fig. 9.8.

Cooling time tin}
20,0007

15000+
10.00c-

5.000-

0 s 00 0fs 0,20
Air velocity V (m/s)

Fig. 9.8. Time necessary to ccol the potato tuber of a diameter d = 50 mm
at various air velocities around the tuber, to approx. alir temperature.
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Fig. 9.8 shows that an increase in the air velocity has a positive effect
on the rate of heat transfer from a tuber to the air, even at air veloci-
ties of about 0.33 m/s. However, alr velocities exceeding 0.16 m/s are
seldom observed in potato storage.

The conclusion is that the transfer of sensible heat between potatoes
and air is substantially influenced by the air velocity. The rate of sen-
sible heat transfer is increased the higher the air velocity.

9.2.2 Mass transfer; water evaporation

As described in Section 9.9.1, evaperation takes places on the water
surface as leng as there is a difference between the vapour pressure in
the water and the partial vapour pressure in the air. Hence a difference
in vapour pressure gives rise to a flow of vapour from the water to the
air. This flow depends on the vapour pressure difference and increases as
the difference between the vapour pressure in the water and that in the
air increases. The vapour flow, however, experiences a resistance which
tends to counteract it. The higher this resistance, the smaller the va-
pour flow becomes and the less water evaporates into the air at the same
vapour pressure difference. The rate of water evaporation, or vapour flow
density, is thus directly proportional te the vapour pressure difference
between water and air (AP) and inversely proportional to the resistance
(Rd) encountered by the vapour flow.

The rate of water evaporation can be determined by the following equa-
tion:

n = % (kg/m2 . g) (12)

The vapour pressure difference is determined by the temperature of the
water and the temperature and relative humidity of the air. Vapour pres-
sure differences between water and air at different conditions of water
and air are given in Table 9.2.

Table 9.2 and Equation 12 clearly show that, for a given relative air
humudity and a given temperature difference between water and air, evapo-
ration takes place faster the higher the temperature of the water and air
respectively.

Equation 12 gives the amount of vapour flowing into the air per second
from a water area of 1 m2 under a vapour pressure difference AP (N/m2).
The amount of vapour M which will flow intoc the air from a given area A
(m?) in a given time t (s) under a vapour pressure difference AP (N/m2?)
can be determined as follows:

-t (kq) {13)

195



Table 9.2 Vapour pressure between water and air (N/m2).

Temperature difference Relative humidity Water temperature (°C})
water/air (°C) of air (%)
5 10 20
80 174.0 245.0 467 .4
o] a0 87.0 122.7 233.7
Q5 43.5 61.35 116.85
80 265.9 369.4 686.6
2 S0 190.15 262.2 480.3
95 152.2 208.6 377.15

This general theory also applies to the evaporation of water from a pota-
to tuber into the air.

According to Equations 12 and 13, a vapour flow, or moisture loss from
potatoes, will occur if there is a positive vapour pressure difference
between the tuber and the air.

A positive vapour pressure difference exists between potatoes and air as
leng as the air temperature is lower than the temperature of the potatoes,
or at the same temperature of the air and the potatoes if the relative
humidity of the air is less than 100 %.

when potatoes are cooled, the air temperature is always lower than the
potato temperature. The cooling of potatoes is thus unavoidably accompa-
nied by evaporative moisture loss. The higher the temperature difference
between the potatoes and the air and the lower the relative humidity of
the air, the larger the vapour pressure difference becomes. But even the
cold saturated air - i.e., air at 100 ¥ RH at a temperature lower than
that of the potatoes - will be able to withdraw moisture from the pota-
toes. This air is first heated by contact with warmer potatoces, so that
its relative humidity falls, after which evaporation can occur,

However, since the potatoes produce heat in respiration, the tuber
temperature will always be higher than the air temperature - i.e., there
will always be a positive vapour pressure difference between the potatoes
and the air. The magnitude of this vapour pressure difference depends on
the heat production of the potatoces, which in turn depends on the potato
temperature. Because of the heat produced in respiration, the potato tem-
perature increases (see Equation 4) - i.e., the potatoes become warmer
than the air. As a result, heat is transferred from the potatoes to the
air.

The temperature of the potatoes will increase until equilibrium has been
established between this heat production and the heat transfer from the
potatoes to the air. According to Equation 8, the temperature difference
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in the equilibrium condition for a given heat production q-is given by:
AT =g R (14)

Hence the temperature difference between potatoes and air increases
the more heat is produced by the potatoes in respiration and the higher
the resistance to heat transfer to the air. However, this temperature
difference determines the vapour pressure difference between potatoes and
air: a high temperature difference also signifies that the vapour pressu-
re difference will be large. Thus the vapour pressure difference general-
ly becomes larger the more heat has to be removed and the lower the air
velocity becomes. But there is always a positive vapour pressure diffe-
rence between potatoes and air, so that the potatoes will sustain some
moisture loss in all conditions. For instance, the moisture loss from po-
tatoes packed in plastic bags at constant ambient temperature is wvisible
in the form of drops of water on the bag walils.

Since the potatoes produce more heat at high temperature, the moisture
loss will also be greater at high temperatures.

Now the air can only absorb moisture present on the surface of the tu-~
ber. But in a dry tuber, the entire moisture contained in the tuber is
present in the tuber cells. This moisture first pass through the tuber to
the surface before it can be absorbed by the air. The moisture less from
potatoes is thus determined by two moisture flows: one flow through the
tuber to its surface and one from the surface to the air. Like the heat
flows described earlier, these two moisture flows must be egqual.

The two moisture flows encounter specific resistances. The moisture
flow through the tuber experiences an internal resistance RDi and that
from the surface te the air an external resistance RDe‘ The total resis-
tance to the moisture flow in Equation 12 thus beccmes Ry = Rpy; + Rp.-
The internal resistance RDi is a biophysical constant of the potatoes.
However, this internal resistance is influenced by the vapour pressure
difference between the surface of the tuber and the air, (villa and Bak-
ker Arkema, 1974 and Rastovski and Van Vliet, 1981). The higher the va-
pour pressure difference, the larger the resistance RDi becomes. The in-
ternal resistance is also greatly affected by the general condition of
the potato skin. In potatoes with damaged or badly suberized skin, or in
sprouted potatces, the internal resistance to meisture losg is substant-
ially lower than in well suberized and non-sprouted potatoes. Such pota-
toes therefore lose more moisture. The internal resistance, however, is
not affected by the air wvelocity.

The external or convective resistance R on the other hand, is very

De’
dependent on the air velocity, falling as the latter increases. The ex-

ternal resistance R._ is influenced by the air velocity to the same ex-

De
tent as the resistance to the convective heat flow Rc' Since only the ex-
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Resistance to moisture flow Rp

Air velocity v

Fig. 9.9. Influence of air velocity on overall resistance to moisture
transfer from the potato tuber to the air.

ternal resistance, and not the internal resistance, is affected by the
air velocity, the effect of the latter on the total resistance will de-
pend on the proportion ¢of the total accounted for by the external resis-
tance. At high velocities, the external resistance becomes so small that
its effect on the total Ry = Ry + RDe becomes extremely limited, as

Fig. 9.9 clearly shows.

R is relatively large at low air velocities and its variation with air
velocity greatly affects the change in the total resistance. It has, how-
ever, a decreasing effect at high velocities because Ry becomes relati-
vely small.

Ry, tends towards the value of R,,; as the air velocity increases. The to-
tal resistance to the moisture flow from the potatoes to the air is often
expressed by the transpiration coefficient kD‘

The transpiration coefficient gives the amount of moisture flowing in-
to the air per second from 1 kg of potatoes at a vapour pressure diffe-
rence of 1 N/m2. The total resistance R, is then equal teo the reciprocal
of the transpiration coefficient kD' i.e.:

Ry, = P (15)

The rate of water evaporatiocn in accordance with Egquation 12 then beco-
mes:

m = kD . AP (16}

The moisture loss was determined experimentally at the IBVL for well
suberized, unsprouted, healthy Bintje potatoes at approaching air veloci=-
ties ranging between 0 and 0.2 m/s.

The average moisture loss obtained from a npumber of tests is shown in
Fig. 9.10.
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Fig. 9.10. Average moisture loss from Bintje-potatoes at various air ve-
locities - air temperature 10 °C and relative humidity of air 85 ¥%.

Fig. 9.10 shows that the degree of moisture loss is greatly affected
by air velocity in the velocity range 0 to 0.01 m/s. Above 0.01 m/s, a
further increase in air velocity has only a very limited effect on the
rate of moisture loss from the potatoes. These results are in good agree-~
ment with the findings of Burton {1966). However, molisture loss reaches a
minimum in non-ventilated potatoces, i.e., when the air velocity is nil;
see also Hunter (1974).

A maximum rate of evaporation from non-sprouted, well suberized pota-
toes is thus attained at an air velocity of about 0.01 m/s. A further
increase in air velocity has practically no further effect on the rate of
evaporation. Hence it may be cencluded that the internal resistance of
these potatoes to moisture loss is relatively large compared with the ex-
ternal resistance.

In unripe and freshly lifted potatoes, which, like sprouted or damaged
tubers, have a substantially lower internal resistance to meisture loss,
the effect of air velocity will in general be greater and will be cbser-
vable even at higher velocities (Burton, 1966).

Stimulation of suberization and wound healing before the potatoes are
cooled, and prevention of sprouting throughout the storage period, are
thus highly efficient measures to limit moisture loss from potatoes.
Moisture loss from unsprouted and well suberized potatoes (Equation 13)
thus depends only on the vapour pressure difference between potatoes and
air and on the duration of ventilation. The effect of air velocity on
moisture loss from potatees is in general small and is confined to the
velocity range 0 to 0.01 m/s.

However, evaporation of free moisture from the tuber surface - i.e.,
the rate of drying of wet potatoes - depends greatly on the air velocity.
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In this case the water is present on the surface of the tuber and can
evaporate direct to the air, so that there is only one moisture flow,
that from the surface to the air. The only resistance to this flow is the
external resistance, which is extremely dependent on air velocity. Wet
potatoes will therefore dry faster the higher the air velocity and the
greater the vapour pressure difference between the potatoes and the air.

9. 2.3 Simultaneous heat and moisture transfer between potatoes and air

Potatoes are cooled by air. Since the partial vapour pressure in cold
air is always lower than the vapour pressure in warm potatoes, a positive
vapour pressure difference always exists between potatoes and air during
cooling and water evaporates from the potatoes. The tubers thus lose
moisture during cooling - i.e., simultaneous heat and moisture transfer
takes place between the potatces and the air. The moisture from the pota-
toes, given a constant vapour pressure difference between potatoes and
air, largely depends on the duration of ventilation and is only slightly
dependent on air velocity. In cooling, however, the duration of ventila-
tion is determined by the rate of cooling of the potatoes and the amcunt
of heat to be evacuated from them. The potato cooling rate is strongly
dependent on the air velocity and increases at high velocities. The dura-
tion of cooling {(and ventilation) will thus be shorter the higher the air
velocity. Hence the moisture loss during potato cooling wi]l be smaller
the higher the air velocity and the less the amount of heat.

The moisture loss during potato cooling can be determined from Egua-
tions 6, 7, 12 and 13, allowing for the fact that the moisture loss is
accompanied by latent heat transfer during ccoling. The heat transfer is
thereby increased, being as follows according to Eguation 7:

p=a-2L . t4m. ¢ (17)

in which r represents the amount of heat necessary to evaporate 1 kg of
water and M stands for the amount of water evaporated during cooling.

The amount of water evaporating from potatoes {i.e., their moisture
loss) during cooling is determined from Eguation 13:

AP

*p

M=A:" -t

Since this moisture loss M arises during cooling, the duration t in Equa-
tions 13 and 14 must be the same.
Substitution of t from Equation 14 in Eguation 13 gives the following
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equation for determination of the moisture loss during potate coocling:

Mwe —2—— (kg) (18)
AT D
3R ‘T

The amount of heat necessary for the evaporation of 1 kg water is r =
2500 kJ/kg, and Eguation 15 can be written:

M= 2

(19)
“T-E—D+2.5~106

Hence the moisture loss during cooling (M) falls with increasing RD/R and
AT/AP and decreasing Q. Since RD is only slightly affected by the air ve~
locity and since the resistance to heat transfer R falls sharply with in-
creasing air velocity, RD/R becomes larger as the air velocity increases.
The value of AT/AP increases with increasing temperature difference AT
and relative air humidity; see Fig. 9.11.

Increases in AT and in air velocity result in faster cooling or heat
transfer. Hence the molsture loss during cooling falls with increasing
heat transfer rate, the increase in the latter being due to the increase
in air velocity and/or the increase in the temperature difference between
potatoes and air; see Lerew (1978), Migener and MacDonald {1975} and Op-
huis (1957). In the cooling of potatoes and other agricultural products,
the aim is always to minimize moisture loss from the product - i.e., to
obtain as low a moisture loss as possible during the removal of a speci-
fic quantity of heat. These processes can therefore be assessed on the

ATIAP AT T=7°C

=5

o

= g
w i~
1 I
/2y
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~ o fa
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100 a0 80 70 60 RH

Fig. 9.11. The value of %% (Eg. 19) as a function of temperature diffe-
rence between potato and air (AT) and relative humidity of air at 7 °C
potato temperature.
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basis of the factor Q/M, which expresses the amount of heat evacuated per
kg of water evaporated from the product. The higher Q/M, the lower the
moisture loss from the product during cooling.

It follows from Equation 16 that:

8-25.10°+2. D (20)

However, because the heat and water vapour are evacuated by the air, ¢
and M must be equal to the increase in the heat content Ah or the in-
crease in the moisture content Ax of the air flow, i.e.:

QM = 33

ah/Ax can be determined in the Mollier diagram on the basis of measure-
ments as shown in Fig. 9.12. During cooling, thermometers and hygrometers
must ke used only to measure the temperature and relative humidity of the
fresh cooling air (To and RHO) and the air from the potatc stack (TA and
RHA). These parameters define the points A and B in the Mollier diagram
in Fig. 9.13. The value of Ah/AXx is determined by linking A and B can be
read off the scale as described in Section 9.1.11. A high value of sh/Ax
thus signifies low moisture loss during potato cooling. Under the cooling
air conditions represented by point A in Fig. 9.13 and at the specified
temperature of the potatoes Tp» Ah/ax reaches a minimum if the cooling
process proceeds along the dotted line A-C. The moisture loss during
cooling is thus at a maximum if the air from the potatoes is saturated
with water vapour. However, for a given temperature difference between
potateoes and air, the moisture loss during cooling will be lowest if the
cocling air enters the potatoes saturated with water vapour (100 % RH)

- i.e., if the condition of the cooling air is characterized by point D

*B Ti1,RV1

Potatoes

Fig. 9.12. Points in the store at which temperature and relative humidity
of air should be checked.
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Fi. 9.13. Reading Ah/AX off the Mollier-diagram.

in Fig. 9.13. The vapour pressure difference between potatoes and air
then reaches a minimum (AP = PC - PD) and the moisture transfer M accor-
ding to Equation 13 is also at its lowest. This fully agrees with con-
clusions drawn earlier.

Hence moisture loss during cooling can be limited by high air veloci-
ties, high relative humidities of the cooling air and large temperature
differences between the potatoes and the coecling air. $ince the moisture
loss depends strongly on the amcunt of heat to be removed from the pota=-
toes, the aim must be to minimize heat production or accumuylation in the
potatoes (see Equation 16).

9.2.4 Cooling of a potateo stack

When tall stacks of potatoes are cooled by an air flow as illustrated
in Fig. 9.14, cooling is not uniform throughout the stack. The potatoes
which come into contact with the cold air flow first are also cooled
first.

The air flow 1s heated by absorption of heat from these potatoes, so that
the temperature of the air flow increases.

Ty

Fotatoes

L__;) _____ ;) _______ |+

Fig. 9.14. Cooling of a deep pile of potatces by air.

—
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This heated air then comes into caontact with potatoes in the next layer.
Since the alir temperature has meanwhile risen, the temperature difference
between the air flow and the potatces (AT} will also have fallen.
According to Equation 6, heat transfer in this layer thus takes place mo-
re slowly than in the first layer and the air is heated less (Eguation 4).
The same then applies in each succeeding layer, until the air temperature
in a given layer becomes the same as the original temperature of the po-
tatoes.

No further heat transfer then takes place in the subseguent layers and
the temperature of the potatoes and of the air remains temporarily un-
changed.

After a given time T, of ventilation, the variation of temperature
through the stack will have become as shown by the line 'a' in Fig. 9.15.
The potatoes up to a given height 1-1 have been partially cooled, while
those above this line still have the original temperature T,. The line
1-1 is called the 'cooling front'.

The following volume of air blown through the stack will cocel the pota-
teoes further. However, since the potatoes in the lowest layers have al-
ready been partially cooled, the heat transfer in these layers will be
smaller and the air temperature will increase less, so that the potatces
in the subsequent layers will also be ccoled. The cooling front thus mo-
ves upwards, i.e., in the direction of the air flow. After a certain time
the temperature in the stack will vary as indicated by line 'b'.

Part of the stack at the bottom will then already have cooled to the air
temperature T,. This part is called the 'cold region'. There follows a

Depth

!

1

]

!
TL Temperature Ta

Fig. 9.15. Course of the temperature in the pile during cooling.
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zone in which the actual heat transfer takes place - the 'cooling zone'.
Above this, the potatoes are still totally uncooled and this is the 'warm
region'. The stack has been cooled when the cooling zone has passed
through the entire stack - i.e., when the trailing edge of the cooling
zone has reached the top of the stack. The lower the partial vapour pres-
sure in the air flow - i.e., the lower the RE of the air - the more water
will evaporate from the potatoes, thus increasing the cooling rate.

The speed of advance of the cooling front depends on the air velocity,
the original temperature difference between the potatoes and the air and
the rate of evaporation in the stack. However, the depth of the cooling
zone depends mainly on the air velocity, increasing with the latter.

The temperature of the potatces will not be the same throughout the
cold and warm regions, but will always increase in the direction of the
air flow. This increase is due to the heat produced by the potatoes in
respiration. The temperature increase will increase with increasing pota-
to heat production and decreasing air velocity {(see Eguation 4).

The graph in Fig. 9.16 can be used as a guide to the variation of

Depth (mj
s

—_—

]
—

T T ¥ T T T 1 T T
0 [eA) G2 03 04 05 086 a7 08 09 1.0

T- TO
Ti-To

—— =

Fig. 9.16. Change of dimensionless temperature 0 during cooling or hea-
ting of deep beds of potatoes by the air flux density 0.1 m3/m2. s.
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temperature during the cooling or heating of bulk potatoes. This graph
was drawn by Ophuis (1957) in the basis of a method of calculation de-
veloped by Bussinger (1954). This graph assumes that the potatoes ini-
tially have the same temperature in all layers and that air at constant
temperature is used for ventilation throughout the cooling or heating
process. Bussinger's calculation method is based on the theory of heat
exchange between potatoes and air without moisture transport. However,
Ophuis's graph has been experimentally tested and is found te be in good
agreement with experimental observations. The dimensionless temperature &
is set out on the horizontal axis of the graph. Before cooling commences,
the temperature of the potatoes and the air is equal everywhere in the
stack to the initial temperature Tpo ~ i.e., T = Tage and 6 = 0. When
the potatoes have cooled to the air temperature To' TL also becomes egual
to T, and the dimensionless temperature 6 = 1. The air has then withdrawn
the maximum possible guantity of heat from the potatoes. The dimension-
less temperature 6 thus indicates what proportion of the maximum possible
amount of heat has been evacuated by the air, this amount being defined
Y Tro = Tao-

To limit the duration of ventilation, the cooling process is usually
terminated when 90 % of the maximum amount of heat has been evacuated -
i.e., when the dimensionless temperature @ = 0.9. The graph in Fig. 9.16
is drawn for an air flow of 0.1 m3/s . m? floor area (350 m3/m2 . h). For
example, after 10 hours' wventilation the dimensionless temperature 9 =
0.35 applies at a stack height of 2 m. If the potato temperature at the
20 - 15 °C and air at To = 7 °C is used for
ventilation, the potato temperature can be determined as follows after 10

beginning of ventilation was T
hours' ventilation:

T.- T

L = 0.35 (T, - T

Ao Ao)

T, - 15 = 0.35 (7-15)

H
]

15 - 0.35+- 8 =15 - 2.8

In the case of a stacking height of 1 m, & = 0.866 can be read off at the
same time - i.e., the potatoes have been cooled to Ta = 8.07 °C. Cooling
is only just beginning to be observable at a stacking height of 3.5 m.
The dimensionless temperature will only reach 6 = 0.9 after 27 hours'
ventilation in the topmost layer - i.e., at a height of 3.5 m.
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Fig. 9.17. Time needed to reach © = 0.9 at various air flux densities.

The cooling and heating time required to reach & = 0.9 when ventila-
ting with different rates of air flow are shown in the graph repreoduced
in Fig. 9.17, which shows that the rate of air flow has a great effect on
the rate of cooling or heating of potatoes. If rapid cooling or heating
is required, high rates of air flow are necessary. Since the lowest lay-
ers of potatoes - i.e., those which come first into contact with cold or
warm air ~ reach the air temperature very quickly, the air temperature T,
must not be higher or lower than the required temperature of the pota-

toes.

Example

A 3.5 m tall stack of potatoes with an initial temperature of Tpo = 15 °C
is to be cocled to T = 5 °C. The stack is ventilated with air at T =

Lo
-2 °C and the air velocity is 0.1 m3/m2 . s. The dimensionless temperature

in the top layer at the end of cooling is then:

The duration of cooling is obtained form the graph in Fig. 2.3.16:

T = 20 hours
At the same time the potatoes up to a height of 1.2 m have already been
cocled to -2 °C - i.e., the potatoes are frozen up to a height of 1.2 m.
For this reason, not only the potato temperature in the top layer but al-
so the temperature of the wventilation air TLO must alsways be measured du-
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ring the cooling or heating of the stacks of potatoes. For rapid cooling
or heating of the potato stack, a large volume of air must be used for
ventilation and not extremely cold or extremely warm air.

As stated, the graphs in Figs. 9.16 and 9.17 can only be used as a
rough guide, but they do, however, give a good qualitative impression of
the processes involved.

There are also other mathematical medels which do allow for moisture
exchange between the potatoes and the air: Lerew {(1978), Misener and Mac-
Donald (1975) and Beukema (1980). These models could be used to quantify
the heat and moisture exchange, but unfertunately the necessary parame-
ters of heat and moisture transport in potatoes are not adequately known
In gquantitative terms and generally show considerable variation. The
trend of the variations in heat and moisture transport relative tc the
ambient conditions has, however, been clearly established.
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10 Heat balance in a potato store

A. Rastovski

In a store filled with potatoes, a certain amount of heat is conti-
nuously produced and heat evacuation also takes place.

The temperature at which the potatoes are placed in the store is usu-
ally higher than the reqguired storage temperature, so that the potatoes
first have to be cooled to that temperature. More heat than is being pro-
duced in the store has to be evacuated during the cooling period. Once
the storage temperature is reached, heat evacuaticn must be egual te the
heat production in the store if the required storage temperature is to be
maintained. Fig. 10.1 shows the heat supply or heat production and heat
evacuation in a store.

The heat supply thus stems from the following heat sources:

Heat content of the potatoes - i.e., field heat Q1

Respiration of potatoes Qs

Heat flow through walls, roof and floor Q3

Heat production by fans 94

Heat supplied by air renewal Qc

Heat produced by lighting, machinery and people and heat supplied

L S 1 = TR & N+ A 1

through leaks in the building structure, cpen doors, etc.

a. Heat content of the potatoes
The amount of heat to be evacuated to cool a given quantity of pota-

Fig. 10.1. Heat sources in the store.
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toes from the initial temperature of the storage temperature can be cal-
culated as follows:

@ =m . ca . 1000 A T (J/day)
1
in which
A T = cooling of potatoes per day (°C}
Ca = specific heat of potatoes (J/kg - K}
m = weight of potatoes (tonnes)

Since the specific heat of potatoes is approximately 3.600 kJ/kg « K, the
required evacuation of heat is:

Q, =m - 3600 - A T 1000 (J/day)

If a small quantity of potatoces m is brought into the store every day,
the storage temperature having already been reached in the store, then
the above amount of heat is the heat supplied per day. The quantity of
potatces m is then given in tonnes/day.

b. Respiration of potatoes

The heat of respiration of the potatoes depends on the potato tempera-
ture and the factors mentioned in Chapter 7. In healthy potatces some
time after harvesting, this heat may range from 0.01 J/kg - s at 5 °C to
0.05 J/kg + s at 30 °C. Three to six times as much heat may, however, be
developed in unripe and damaged potatces. The heat produced by respira-
tion is then:

Q, =m - 1000 - ga + 3600 - 24 (J/day)

in which

m
q

weight of potatcoes (tonnes)

heat of respiration (J/kg : s)

¢. Heat flow through walls, roof and floor

The heat flow through the walls, roof and floor of the store arises
owing to the difference between the ambient and storage temperatures. If
the former is higher than the latter, there will be a heat flow from the
outside to the inside. If the outside temperature is lower, heat will
flow in the opposite direction - i.e., heat will be removed from the
store. The amount of heat exchanged depends on the temperature_difference
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between the outside and the storage temperatures, the area of walls, roof
and floor and on the resistance to the heat flow. According to Eguation
13, the rate of heat flow is:

AT

Q3 = 4 - T + 3600 . 24 (J/day)

The resistance is then:

and k is the heat transfer coefficient of the relevant surface in
J/mz/s . k or W/m2 - K.

The temperature difference is usually calculated on the basis of the
average outside temperature during the warmest storage period. However,
insulatien must also be allowed for in sunny areas. Since the temperature
differences are usually not the same for different parts of the struc-
ture, the heat transfer must be calculated separately for each part and
all these individual heat flows must then be added together, as follows:

Qy =31 A, - g% - 3600 : 24 (J/day)

The heat flow into or out of the store can thus be limited by insula-
ting the walls, roof and floor, i.e. by increasing Ri.
d. Heat production by fans

A fan produces heat while operating. The total power of the electric

motor which drives the fan is converted into heat. Hence the heat sup-
plied by the fan is:

Q, = 1000 - Nt (J/day)
in which

N
t

it

installed power of electric motor (kw}
duration of ventilation (s/day)

it

The heat production can be determined as follows for a given fan capa-
city and a given pressure increase:

V-AP

n t (J/day)

Qq =



in which

V = volume of air (m3/s)

AP = pressure increase through the fan (N/m2 or Pa)
n = overall fan efficiency (about 0.5}

t = duration of ventilation (s/day)

e. Heat supplied by air renewal

Fresh air is required to provide the potatoes with the necessary Oxy-
gen and to remove the CO2 produced from the store. Air renewal supplies
heat to the store if the fresh (external) air is warmer than that in the
store, but removes heat from the store if the outside air js colder.

A volume of air equal to the fresh air supplied to the gtore is also
removed from it. The temperature and relative humidity of this discharg-
ing air are those prevailing in the store. Hence V m3/day of fresh air
with a heat content i1 is supplied to the store while the same amount of
air with a heat content i2 is removed from it. The amount of heat is
then:

Qg =V - (i, - i) - 0
or

QS‘-’V.Ai.p
in which

A
Al

amount of fresh air (m3/day)
difference in enthalpy between storage air and cutside air

It

n

air density (kg/m3)

The enthalpy and air density can be obtained from the Mollier diagram
at known air temperatures and relative humidities,

f. Heat produced by lightﬁing, machinery, etc.

The heat produced in a store by leaks in the stucture, lighting, ma-
chinery, people and cpen doors is not easy to determine. This amount of
heat is usually added as a percentage to the sum of the components of the
total heat supplied in accordance with items a) to e). This is 5 % for
large stores and 10 ¥ for small ones; hence:
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The total heat supply or heat production in the store is then:

v

Quot Q1 + 2 * Q3+ Ry + Qg+ Q (J/day) (21)

This amount of heat has to be evacuated from the store in order to reach

and maintain the required storage conditions. This heat is therefore

equivalent to the cooling requirement of the store.
However, the installed cooling capacity in a mechanically cooled store

is always greater than Qtot for safety reasons, because:

- The calculated cooling requirement may differ from the actual require-
ment (incorrect estimation).

- Extra heat must be evacuated to cool the walls, roof, floor and soil
under the floor.

- Allowance must be made for necessary repairs to the cooling system.

- The insulation efficiency of the walls and roof may be reduced if the
insulation is wet.

- The efficiency of the compressor falls; etc.

For the above reasons the installed cooling capacity becomes:

QK =1.2. Qtot (J/daY)

When the potatoes have been cooled to the required storage tempera-
ture, part of the cooling requirement - viz., Ql - is no longer neces-
sary. Less cooling is then needed to maintain the required temperature in
the store and the coecling system can operate for a shorter period or the
cooling capacity can be reduced.

The heat balance is the same in a store cocled with outside air, ex-
cept that the heat is removed by ventilation with cocld, fresh air. This
means that the heat evacuation (QS) in Equation 21 must be equal to the
rest of the heat supply, as follows:

Qg = Q1 +Q, + Q5 + 0y *+ Q (22)
The amount of heat o is determined by:

Qg =V - & i . p (J/day) (23)

However, fresh outside air can only be used for cooling if its tempe-
rature is lower than that in the store. The ventilation periods will
therefore be limited to a given time t per day, so that Equation 23 be-

comes ;

Qg =V - ai.p .t (J/day) {24)
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in which

-
It

air density (approx. 1.27 kg/m3)
fan capacity (m3/s)
ventilation time (s/day)

ot < T B
i

wWith Equation 24 and p = 1.27 kg/m3, Equation 22 becomes:

Q + 9, + Q3+ Qv+ Q=127 V.ai.t
or
Q=1.27. V.Ai- -t
in which
Q = heat production in the store (J/day)
The fan capacity can be determined from Equation 25:

v =

T (R36)

difference in enthalpy between store air and external air

(23)

(26)

Equation 26 shows that more fan capacity is required to remove a given

quantity of heat @ the smaller the difference in enthalpy A i and the

shorter the available ventilation time t.
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CONSTRUCTION AND TECHNICAL FACILITIES OF
POTATO STORES
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11 Purpose of storage and store requirements

A. Rastovski

Upon harvesting the crop, the entire supply of potatoes becomes avail-
able at once. This supply normally exceeds the current demand. The demand
for potatoes continues throughout the year. To satisfy this continuing
demand, the supply of potatoes must also be spread over the year. Hence
those potatoes not sold immediately after harvesting must be stored. It
is obviously only worth growing potatoes if there is sufficient storage
capacity to accommodate most of the crop. This is the only way to satisfy
the demand for potatoes, which remains more or less constant until the
next harvest. If the demand for potatoes increases and production is rai-
sed accordingly, storage capacity must also be enlarged.

The storage period is thus determined by the frequency of harvesting.
In climates where there is cnly cone crop per year, the potatoes must be
stored for eight to ten months. However, in a warm climate where two or
three crops per year are possible, a storage period of only three or five
months respectively may suffice.

Fig. 11.1. Filling a ventilated potato bin.
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Fig. 11.2, Potato heap with ventilation duct.

In any case, the aim of storage is always the same: the best possible
preservation of both the guantity and the quality of the potato crop.

Factors which may limit the storage time are sprouting, drying-out,
rotting or undesirable changes in the chemical composition of the pota-
toes. These processes are strongly affected by the storage conditions =-in
particular, the temperature of the potatoes and the relative humidity of
the storage environment. Since the presence of free moisture on the tuber
surface encourages the spread of diseases and rot, the tuber surfaces
must be kept as dry as possible during storage.

Efficient storage thus involves contrcl of potato temperature and re-
lative humidity in the store while ensuring that the tuber surfaces re-
main dry. The necessary equipment must from an integral part of any ef-
ficient potate store.

The recommended conditions for long-term storage are set out in Chap-
ter 8. Under these conditions, good potatoes can be kept for a period of
ten months or longer. The less favourable the storage conditions, the
shorter the storage period will be. However, the ambient conditions are
variable and usually differ substantially from the desired sterage condi-
tions. The following are therefore necessary for efficient potato stora-
ge:

a. An insulated building, to limit environmental effects on storage con-
ditions.
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b. ‘A cooling or heating system to allow the temperature of the potatoes
to be kept at the required level.

c. A system for drying wet potatoes; the cooling system is coften used for
this purpose.

d. A system for controlling the relative humidity of the store atmos-
phere.
This is usually provided for sufficiently by good insulation of the
biuilding and an efficient cooling system, although air humidification
facilities are sometimes used.

e. Equipment for efficient control cf items h) to d), often wholly or
partially automated. However, supervision by the store manager always
remains crucial to the succes of storage.

The equipment of a storage facility of this kind will obvicusly be re-
latively expensive, but this high capital investment is necessary if the
potatoes have to be stored for extensive periods, e.g. longer than three
or four months or if special reguirements are laid down in respect of the
quality of the stored produce.

For shorter storage perieds, the potatoes may alsc be kept in clamps,
simple sheds or cellars. Since efficient control of the storage condi-
tions is virtually impossible with these forms of storage, produce inten-
ded to be stored in this way should preferable be carefully selected be-
forehand; the storage period depends, however, greatly on the prevailing
ambient conditions. These methods of storage are also relatively labour-
intensive but are nevertheless used as temporary measures, even in the

industrialized world, owing to the low capital costs.

Fig. 11.3. Modern farm store; capacity: 1,000 tonnes of potatoes,
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Fig. 11.4. Storage bin with 3,000 tonnes of potatoes.

The facilities required for efficient control of storage conditions
will be discussed in detail in Chapters 12 to 17.

220



12 Potato store construction

A. Rastovski

12.1 Method of storage and store design

Potatoes can be stored loose {in bulk), in bags or in crates resp.
boxes. The density of a bulk of potatoes amounts to 650 to 700 kg/m?. The
specific volume of a bulk thus averages 1.5 m3/tonne of potatoes.

The required volume for a known quantity of potatoes can then be deter-
mined as follows:

V. =06 . 1.5 (m3} (35)

in which G is expressed in tonnes.

The bulk density also determines the wvertical pressure of potatoes
which is 650 to 700 Kg/m2 per metre of stacking height. This pressure
limits the height to which potatces can be stacked, as the tubers at the
bottom of a heap must withstand the total pressure exerted by the pota-
toes on top of them. Since high pressure damages the tubers, causing
bruising, the pressure must be limited by restricting the stack height to
3 to 4 m depending on the guality of the potatoes.

The weight of potatoes which can be stored per m2 of floor area is then:

G, = —r (tonnes/m2) (36)

in which H is the stack height in metres.
wWith a stacking height of 3 m, therefore, 2 tonnes of potatees per m? can
be stored, increasing to 2.67 tonnes/m2 for a height of 4 m.
Hence the required floor area A to store G tonnes of potatoes is:

A = g; - C .H1.5 (m2) (37)
In this way both the floor area of a store, when potatoes are stored in
bulk, and the bottom area of a box or container can be determined.
The floor area required for bulk storage of 1000 tonnes of potatoes
stacked to a height of 3 m is thus:

1000 - 1.5

= 2
3 500 m

A=
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When potatces are stored in bags, the lcading capacity of the store is
lower, because there is always some empty space between the bags. With
bag storage the loading capacity of a store is likely to be 500 to
550 kg/m3, or the required volume of the store becomes 1.8 m3/tonne. To
store 1000 tonnes of potatoes in bags stacked to a height of 3 m, the re-
quired store floor area is thus:

_ 1000 - 1.8

= = 2
Az z 600 m

Compared with loose storage, bag storage requires 20 % more floor area
or store volume respectively.

In the case of box storage, the locading density of the stack is deter=-
mined by the box construction and how the boxes are stacked. In the Ne-
therlands, boxes with a capacity of 1 tonne of potatoes are generally
used. Their standard dimensions, including pallet, being 1.3% m long by
1.09 m wide by 1.24 m high (Fig. 12.1). The loading density per box is
thus 530 kg/m3®. Since there is always free space between the boxes when
they are stacked, the loading density of a stack of boxes is reduced to
an average of 500 kg/m? in a solid stack of boxes.

Since the pressure exerted by the potatoes when stored in boxes is de-
termined only by the box height, the risk of potato damage no longer con-
stitutes a limiting factor to the height of the box stack, and the boxes
can thus be stacked five or six high. With stacking five-high, 3.1 tonnes
of potatoes can be accommodated per m2 of floor area, increasing to as
much as 3.70 tonnes/m2 with six-high stacking. However, the volume of a
stack of boxes is always 35 % more than that of the same quantity of
bulk petatoces. Hence, for a given floor area, the height of the box stack
exceeds that of the same amount of Ioose potatoes.

However, the height of a store must always be greater than the pile or
stacking height. A clearance is required above the heap or stack to en-
able the boxes or bags toc be stacked or potatces to be heaped to the re-
quired height, and to allow alse for air circulation during cooling or
drying of the potatoes.

The minimum height of this clearance is about ¢.5 m, but it may be 1 to

Fig. 12.1. Box containing 1 ton of potatoes.



1.5 m or even more depending on the type of equipment used to fill the
store and the apparatus to be accommodated above the pile or the stack
{e.g., air coolers with mechanical ccoling})}, as well as the potato in-
spection reguirements.

The size or loading capacity of a store or compartment is greatly af-
fected by the manner of storage as well as other factors. For instance,

where potatoes are stored in bulk, all the potatoes in any one heap must
be of the same variety, and preferably of consistent guality. A small lot

of bad potatoes - especially if seriously affected by disease - may give

rise to substantial losses even in good potatoes. If such a lot of pota-

toes begins to rot, it must be removed from the store as quickly as pos-

sible to limit the damage. If this lot happens to be in the middle of the
stack, at least half the store must be emptied. This has adverse economic
effects as regards sale of the potatoes, the financial loss being greater
the larger the store.

Another important factor determining the size of the store {or com=-
partment) is the rate of arrival of the potatoes, which determines how
long it takes to load the store. The storage conditicns cannot easily be
efficiently contrelled during loading and a long loading period may thus
adversely affect the quality of the stored produce. The loading periecd of
a compartment must therefore be limited to two or three weeks.

Hence the size of a heap of lcose potatoes is determined by the amocunt of
potatoes of a given variety grown and the growing techniques used; the
latter determines the quality of the potatces.

Apart from the factors mentioned above, the store size also depends on
the rate of arrival of the potatoes; it must be possible to load the
store within a period of twe or three weeks.

The capital investment required for the construction of a store, how-
ever, increases with the number of separate compartments to be used to
accommodate the total volume. The same considerations apply to the design
of a bag or box store, except that the potato variety is then less im-
poertant.

The foregoing explains the great variety of potato store designs, with
compartment capacities ranging from 20 tonnes to 10,000 tonnes or more.

Typical potato store designs are illustrated in Fig. 12.2 to 12.4.

The design shown in Fig. 12.2 is very common for bag or loose stores.
The central passage is often used for grading and packing the potatoces
before. despatch. This passage is usually 4 to 12 m wide depending on its
purpose. In this design, the storage conditicns in the compartments can
be controllied as reqguired.

Owing to the low capital cost, the design illustrated in Fig. 12.3 is now
also commonly used. The store is built as a single compartment in which

the potatoes can be stored in boxes, in bags or locose. For loose storage,
different consignments of potatoes are separated by boxes filled with po-
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tatoes or by means of lightweight, movable partitions (Fig. 12.4). The
pressure of the potatoes on the bottom prevents the lateral thrust from
bringing down the partition.

e e
1 —— —— ~— —~— —— —4—0—\—-+

Fig. 12.2, General design of a

multi-compartment store.

portable partitions

workroom store

r__-__J—+—q____ J—

crates filled with potato Fig. 12.3. Single compartment store.

Fig. 12.4. (a and b) Movable thrust resisting partition.
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However, in this design the storage conditions are the same for all con-
signments. If necessary, a workroom can be built on to the store as il-
lustrated in Fig. 12.3.

12.2 Store construction requirements

An efficiently constructed potato store has to satisfy a number of
specific requirements, viz.:

a. It must be possible to control the conditions in the store. The re-
quired temperature in the store ranges between 2 and 1¢ °C during
storage and between 15 and 20 °C when the potatoes are heated. The re-
lative humidity of the air in the store should be 90 to 100 %, but the
potatoes must remain dry throughout the storage peried. To satisfy
these requirements, the store must be well insulated and as airtight
as possible.

b. The construction must withstand all the mechanical thrusts and loads
exerted by the potatoes, wind, snow, etc.

¢. The store must be large enough to accommodate the required guantity of
potatoes and must be suitable for the methed of storage chosen
- loose, boxes, bags, crates, etc.

d. 1t must be possible to perform operations such as the reception of the
potatoes, the loading and unloading of the store and delivery of pota-
toes without difficulty, the necessary mechanization being provided.
There may also have to be sufficient room for carrying out certain
operations on the potatoes prior to marketing - e.g., cleaning, gra-
ding to size and by quality, bagging, packing in boxes etc.

It is obvious from this list of requirements that each store must be
individually designed.

The principal factors determining the design of the store are the lo-
cal climate, the guantity of potatoes to be stored, the manner of sto-
rage - i.e., loose, in bags, in boxes or in crates - daily amounts of in-
coming and outgoing potatoces, operations to which the potatoes are to be
subjected and the type of mechanization used for these cperations.

12.3 Store insulation

The prime requirement for control of the storage conditions is insu-
lation of the store. The purpose of insulating the store can be summari-
zed as follows:

a. Limitation of heat exchange between the store and the environment

- i.e., conservation of heat in the store.

b. Prevention of condensation on the walls and ceiling or roof of the
store during periods of low ambient temperature.

Intensive heat exchange takes place between the store and the environ-
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ment through badly insulated walls and ceilings. Much heat is then leost
through the structure of the store when the weather is cold. If more heat
is lost through the structure than the potatoes can produce at a given
temperature, the potatc temperature will begin to fall, in gxtreme cases
as far as freezing point. To prevent this temperature drop, additional
heating would be necessary in the store.

When the weather is warm, on the other hand, much heat would be sup-
plied to the store, so that more heat would have to be removed to keep
the store temperature at the required level. The capacity of the refrige-
ration system would then have to be higher.

Hence poor insulation of the store results in extra energy consumption
for heating or cooling the potatoes and in additional capital costs for
the necessary heating or cooling eguipment. Storage thus becomes more ex-
pensive. A badly insulated store has, however, even more disadvantages,
because the insulation also affects produce losses.

Poor insulation reduces the surface temperature of the walls and
ceiling in cold weather. When the ambient temperature is extremely low,
the walls may become so cold that the potatoes in contact with them freeze
or become excessively chilled. This may cause condensation on the tuber
surfaces, so that the potatoes become wet and rot. Under certain condi-
tions condensation may also form on the surfaces of walls and the roof.
The amount of water wvapour condensing on to these surfaces comes from the
air in the store. Since the temperature in the store is kept constant by
heating, this condensatiocn means that the relative humidity of the air in
the store is reduced, so that there is more evaporation from the potatoes,
which lose more moisture. Condensation on the walls and the roof is thus
in fact water extracted from the potatoes. This condensation, already
constituting a loss in itself, may, however, lead to even greater losses
in potatoes. When serious condensation occurs, drops of water form on the
roof surface and fall back on to the potatoes; the moisture loss then also
causes the potatoes to become wet, with all the resulting adverse conse=-
guences.

The structure of the store may also be damaged by condensation.

To prevent water dripping on to the potatoes, special measures will be
necessary, involving additional costs. No condensation will form on the
walls and roof in hot weather, but more heat will have to be dissipated
from the potatoes owing te the additional heat supplied to the store.
Since water loss from potatoes greatly depends on the amount of heat to
be removed from the potatoces (Section 9.2), the weight loss will be fur-
ther augmented. Hence insulation not only affects the capital and run-
ning costs of the store but alsc losses in the stored potatces. Insula-
tion of a store is therefore a matter of econocmics.

226



12.3.1 Heat conservation

The ambient temperature differs from the required storage temperature
for mest of the storage period, so that heat exchange takeg place between
the store and the environment during storage. The heat will] always flow
from the higher- to the lower-temperature location. Depending on the am-
bient temperature, the heat will therefore flow either from the outside
into the store or from the store te the outside. The rate of heat flow
will depend on the temperature difference between inside and outside and
on the resistance to the heat flow presented by the walls and roef. The
higher the resistance of the walls or rocf, the less heat will flow be=-
tween the store and the enviromment for a given temperature difference.
The resistance to the heat flow in this case is the reciprocal of the
'k-value' or heat transfer coefficient of the walls and roof. Hence a
high resistance to heat flow means a low k-value.

Since a heat flow arises only when there is a temperature difference
between two points, the temperature in the direction of the heat flow
must fall constantly.

The variation of temperature through an insulated wall or roof struc-~
ture is illustrated in Fig. 12.5.

In this case the température in the store (Ti) is higher than the ambient
temperature (TO). At constant temperatures Ti and To' the temperature at
each point of the wall will alsc eventually be stabilized and will remain
unchanged as heat transfer proceeds further. The steady-state condition
has then been attained, when the heat flow at any peint in the structure
is equal and constant. The rate of heat flow arising in the case of a
temperature difference T, - T, is as follows according to Equation 6:

However, this heat flow meets with the following resistances in

Sis _,Sw
ai As Aw 9o

1
Two
To
—
Q

Ri Ris | Rw| Ro
1| Sis | sw| 1
ai xis | Aw, ao

Fig. 12.5. Temperature process through an insulated wall and roof struc-
ture.
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succession on its way from the store to the outside (Fig. 12.5):

|~

- Convective resistance on the inside of the wall R; =

&
H-

(Equation 9)

S.
- Resistance to heat conduction through the insulation Ri, = %;
{Equation 10) is
= Resistance to heat conduction threough the wall Rw = %E
W

{Equation 10)

- Convective resistance on the ocutside of the wall Ro = %"
{Egquation 9) °

Hence the total resistance to the heat flow is:

R'—'R-+R-+RW+R

1 ls o]

or

1 1, sis sw
5w Tx tx
i is w

{27)

+

= |-
o

The k-value, or overall heat transfer coefficient, can be determined
from Equation 27, in which s is the thickness of the relevant structural
component in m and A is the coefficient of thermal conductivity cf the re-
levant material in W/m - K.

The resistances to convective heat transfer Ry and R, depend on the
air velocity along the wall. The following values may be used for calcu-
lation under normal conditions:

a. Wall
R, =i =9¢.12 (m2K/W) or e, = 8.1  {(W/m? - K)
i7 ey i
_ 1 _ 2 - 2
R, = ;— = 0.043 (m2K/W) or a_ = 23 (W/m2 . K)
dq o
b. Roof or ceiling Ro = 0.043 m2K/W or o, = 23 wW/m2 K
- roof warmer than Ri = 0.17 m2K/W or a; = 5.8 W/m2 K
air in store
- roof colder than R; = 0.12 m2K/W or Wy = 8.1 W/m2 K

air in store
However, most of the total resistance to the heat flow, and hence also
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to the rate of heat flow, depends on the construction of the store =~

i.e., on the coefficients of thermal conductivity and the thicknesses of
the structural components. The coefficients of thermal conductivity of a
number of construction and insulation materials are set out in Table 12.1.

Tabie 12.1 Coefficients of thermal conductivity of construction materials.

Material Density Coefficient of thermal
conductivity A

kg/m3 {(W/m . K)
Brick 1600 0.93

i 1900 1.16
Sand-lime brick 1900 1.5
Concrete 2200 1.62

l2400 2,32
Gas concrete 500 0.24

I 650 0.31
wood fibre concrete 530 0.08

‘ 720 0.12
Timber 200 0.17
Plywood Jo0 0.23
Hardboard 1000 0.29
Cement plaster 1900 1.5
Insulating materials
Mineral wool 35 0.041
Flax boards 110 0.12
Foam polystyrene 15 0,035

20 0.035
z5 0.035

Extruded foam polystyrene 35 0.027
Foam polyurethane 40 0.023
Expanded cork 150 0.045

The total resistance to the heat flow (R) and the overall heat trans-
fer coefficient (k) for different store structures can be determined from
Equation 27 and Table 12.1. The method of calculation will be demonstra-
ted by some examples.

EXAMPLE 1

what is the total resistance and total heat transfer coefficient of a

24 cm thick wall made of gas concrete blocks? The gas concrete has a spe-
cific gravity of 500 kg/m3.

Table 12.1 gives for this gas concrete: A = 0.24 W/m2 K.
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According to Equation 27, the resistance is then:

Now

ol
1]

0.12 m2K/W
0.043 m2K/W

Ll
=)
I}

Hence the total resistance is:

0.24
0.24
1.163 m2K/W

w
|

= 0.1z + + 0.043

o
]

The heat transfer coefficient is then:

_1_ 1
k=f%~1763
kK = 0.859 W/m2 - K
EXAMPLE 2

The total heat transfer coefficient of the wall in Example 1 must be re-

duced by insulation to kl = 0.40W/m?2 - K. Foam polystyrene of a density of

25 kg/m3® is used for the insulation. What must be the thickness of the

insulation? The heat transfer coefficient of the wall in Example 1 is

k = 0.859 W/m2 - K. This is equivalent to a total resistance R = 1.163 m?
1 1

K/W. This resistance must be increased to R, = — = === = 2.50 m? - K/W
1 kl 0.40

The difference between R, and R then gives the resistance which the insu-
lation must provide. This resistance must therefore be:

Ris Rl ~R=2.50 - 1.163

1.337 m2 + K/W

is

The resistance through the insulation is determined by the following
equation:

o
[
0
]
> W
; IH'
0

and the thickness of the insulation is then:

Sis ¥ Rig” M
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Table 12.1 shows that Ag = 0.025 W/m .+ K. The required insulation thick-
ness is then $.g = 1.337 - 0.035 = 0.046 m. The insulating panels must
therefore be 5 c¢m thick.

For a known wall or roof construction and known temperatures in the
store (Ti) and in the ocutside environment (To)’ the temperature at any
position in the structure can also be determined in the steady state,
since the heat flow is equal and constant at any point in the structure.

Hence, for example, the heat flow from the air to the wall inside in
Fig. 12.1 must be equal to the heat flow through the entire construction;

i.e.
Ty - T3 - T, - Ty
R, R
or
o, (Ty - T,;) = K (T; - T.)
Hence
T, -7 . =% (7. o1 (28)
1 Wl 4] 1 Q
or
T.=1, -8y, -1 (29)
w1l 1 o 1 (o]

The temperature of the inside of the wall can be determined from Egua-
tion 29 if the k-value of the wall is known.

For the wall in Example 1, with a store temperature Ti of 7 °C and an

outside air temperature T, of -10 °C, the temperature of the ingide of
the wall is thus:

0.859

Twi =7 - 510 (7 - (-10))
. D.859 . _ .

T =7-282 1727218

T, = 5.2 °C

For the wall in Example 2, this temperature is as follows in the same
conditions:
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wi 8.1

T 6.16 °C

wi

The temperature at any point in the structure can be determined in the
same way. For instance, the temperature on the outside of the insulation
in Fig. 12.1 is determined by the equation:

T, - T _ Ti - To
RJ. + RiS R
or
R. + R,
= _ i is _
T=1 R (T3 - To)

Hence the store insulation not only affects the degree of heat exchan-
ge with the environment but alsc influences the surface temperature of
the walls and roof. The poorer the insulation of the store, the greater
the difference between the storage temperature and the surface temperatu-
re of the store.

The temperature of the air and of the potateoes in direct contact with
the store surface will also be affected. Poor insulation thus gives rise
to temperature variations in the store, possibly resulting in condensa-
tion on the surface of the potatoes and the surfaces of the store.

As stated earlier, this may have disastrous consegquences for the sto-
red produce. However, this risk can be minimized by good insulation of
the store.

12.3.2 Condensation in the store

Water vapour condenses from the air if the latter is cooled below its
dew point. The dew point is determined by the temperature and relative
humidity of the air.

Table 12.2 sets out the dew points for different temperatures and re-
lative humidities of the air. The table also gives the 'dew point depres-
sion' or difference between the air temperature and dew point.

Table 12.2 shows that the dew point depression depends mostly on rela-
tive humidity of air and very little on the air temperature. The dew
point depression falls as the relative humidity of the air increases. The
dew point depression falls to nil at 100 % RH - i.e., condensation occurs
always when the surface temperature is lower than the air temperature. At
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Table 12.2 Dew point of the air.

Alr temperature rRelative humidity Dew point Dew point depression
of air

T (°C) (%) T, (°C) (T - Ty} (°C)
80 6.7 3.3
85 7.6 2.4

10 90 5.4 1.55
95 9.2 c.
98 9.7 c.3
80 4.75 3.25
85 5.6 2.4

8 90 6.45 1.55
95 7.25 0.75%
a8 7.7 0.3
80 2, 3.
85 3. 2.

6 90 4. 1.
95 5.25 Q.75
98 5.7 0.3
80 0.9 3.1
85 1.7 2.3

4 90 2.5 1.5
95 3.3 0.7
98 3.7 .3

the relative humidities normally occurring in a potate store ~ i.e.,
around 95 % RH - the dew point depression is 0.7 K, falling to only ¢.3 K
at 98 % RH. The margins are thus extremely limited.

In principle, condensation may occur on the surface cof the potatoes or
on surfaces of the store.

Condensation on the roof is much more dangerous than on the walis, as
it may drip and make a large quantity of potatoes wet. To prevent conden-
sation, the surface temperature Tyi in Fig. 12.1 must be not lower than
the dew point of the air Ty, or the temperature difference between the
air and the surface must be not more than the dew point depression. The
temperature difference between the air and the surface of the structure

can be determined from Equation 28. To prevent condensation, T in Equa-

Wi
tion 28 must, however, be not lower than TD. The critical condition for

condensation is thus given by the following equation:

233



k
-t * a3 {Ty - Ty) (30)

T, - Tp is the dew point depression of the air in Eguation 30; it must be

less than or equal to the right-hand side of the equation if condensation
on the surface is to be prevented. The critical value of the overall heat
transfer coefficient X can be determined from Eguation 30:

T. = T
i D

L . (31)
T, T0

k

A

The critical overall heat transfer coefficient is thus determined by
the internal heat transfer coefficient a¥, the dew point depression
T; - T, and the difference between the storage and ambient temperatures
Ti - To'

Two mechanisms are, however, operative in the transfer of heat on the
surface of the store, viz., convection and radiation.

In radiation, the heat between tweo surfaces at different temperatures
is exchanged by electromagnetic waves; this heat exchange hardly affects
the air temperature. Radiative heat exchange arises between the free sur-
face of a potato stack and the roof. Hence radiation increases the rate
of heat transfer at the roof surface for a given temperature difference
between the air and the roof. The intgrnal heat transfer coefficient u;
in Equations 30 and 31 is therefore 4y = oy +oag, in which oy determines
the heat transfer by conwvection and a_ that by radiation. As stated in
Section 9.2.1, a; depends mainly on the air velocity along the roof sur-
face, increasing as the air velocity becomes higher.

The heat transfer coefficient L however, depends largely on the ra-
diation coefficient E of the surfaces participating in the heat exchange.
In organic substances, including potatoes, the radiation coefficient is
large, viz., E = 5 W/mZ . K4. In polished metals it is generally small:

E =0.15 to 2 Ww/m2 . K4. Thus the heat transfer coefficient de and hence
also the internal heat transfer coefficient a;, is higher on the surface
of an organic material than on a metal surface.

The internal heat transfer coefficient aI is therefore affected by
the material of the surface and the air velocity along the surface.

The effect of the radiation coefficient of the roof surface and of the
air velocity along the surface on the critical heat transfer coefficient
k is set out in Table 12.3.

Table 12.3 sets out, for a number of k-values of the rcof structure,
the temperature differences Ti - T, at which no condensation yet forms on
the roof surface of the relative humidity of the air in the store is 85 ¥
or less. The table shows that condensation forms at a bigger temperature
difference T, - Ty if the air velocity along the surface and the radia-
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Table 12.3 Critical difference between ocutside and inside temperature
at 95 % RH in the store.

v I, - T
{W/m2 K) m/s (X)
) Shining metal
surface Organic material
(E = 0.17 W/m2Kg4) (E = 5.1 W/m2K?}
Small 10 15
0.58 1 12 17
2 15 21
Small 14 21
0.4 1 17 24
2 23 30
Small 19 29
0.3 1 23 32
2 30 40

tion coefficient of the surface increase. For example, at T, =6 °C and

95 % RH in the store and a roof structure insulation value of k = 0.4 W/
mZK, condensation will already occcur on an internal polished steel sur-
face (Z = 0.17) and without forced air movement when the outside air tem-
perature is below -8 °C - i.e., at T; - T, = 14 K. On a roof surface made
of organic material (£ = 5), this will only happen when the outside tempe-
rature falls below -15 °C. However, if the air flows along the roof sur-
face at a velocity of v = 1 m/s, condensation will only begin at an out-
side temperature below -9 °C on the steel surface or helow -18 °C on the
surface of an organic material. The occurrence of condensation on the roof
can be retarded by intensive air flow under the rcof, as shown in

Fig. 12.5.

Note that the extremely low radiation coefficient of a metal surface
given in Table 12.3 applies only if the surface is clean. In a store, the
surface will quickly become soiled with dust, so that the radiation coef-
ficient will increase and condensation will be delayed. Even so, it is
best to line the roof surface with timber or another porous organic mate-
rial, as these materials not only have a higher radiation coefficient but
are also able to absorb moisture, thus limiting the risk of drops of con-
densation.

It was assumed in the calculation of the data in Table 12.3 that the
temperature of the potato surface and the roof surface remains constant,
but this is not always the case. The temperature of the topmost layer of
potateces falls owing to radiation of heat to the roof. This reduces the

235



-~ -t -l

Fig. 12.6. Ventilation under the roof

to retard condensation.

temperature difference between the potatces and the roof, sc that the
heat radiation falls constantly, and the risk of condensation on the roof
surface is again increased.

However, this cooling of the potatoes can be prevented by internal
ventilation. If internal ventilation is carried out, the heat of the en-
tire potato stack is used to warm the topmost layer and thus keep it at
constant temperature.

Internal ventilation in cold weather also serves to prevent condensa-
tion on the surface of the potatoes themselves. Potatoes in the top layer
and along the walls become wet if unventilated for a long period, preci-
sely because the potatoes coel, as explained above, owing to heat radia-
tion to the roof and walls and contact between the potatoes and the cold
wall surfaces. This gives rise to temperature differences through the po-
tate stack, resulting in convective air flows: cooled air aleng the roof
and walls become heavier and flows downwards. The place of the cooled air
is taken by the warm air from the potato stack. The cold air flowing down
the walls in turn has to take the place of the upward-flowing air from the
potato stack. An air flow caused exclusively by temperature differences
thus arises. The rate of this air flow is affected by the temperature
difference.

However, the warm air flow from the potato stack is virtually saturated
with water vapour withdrawn from the potatoes by evaporation. A part of
this water vapour condenses on the cold surfaces of the potatoes in the
top layers and along the walls and roof and wall surfaces of the store.
The extent of this condensation depends on the convective air flow -
i.e., on the temperature differences within the potato stack. But sub-
stantial temperature differences can be prevented by reqgular internal
ventilation, thus also limiting the degree of condensation.

If very low cutside temperatures occur regularly during the storage
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period, the store must first of all be well insulated to limit condensa-
tion. & low k-value of the walls and roof is the most efficient way of
preventing serious condensation. For instance, given a storage tempera-
ture of & °C and 95 % relative humidity in the store, if condensation is
still to be avoided at -14 °C - i.e., at Ti - T0 = 20 K in Table 12.3 =
‘the structure must have a k-value of at least 0.4 W/m2K. However, if the
outside air temperature falls to -29 °C for extended periods, k = 0.3 W/
m2K is necessary if condensation is still to be prevented under the sto-
rage conditions described above.

Last but not least, condensation is also affected by the dew point de-

pression T, -~ T which depends greatly on the relative atmospheric humi-

dity. Table 12.2 shows that the dew point depression at 90 % RH is twice
as high as at 95 % RH. However, at 98 ¥ RH the dew point depressiocn is
only half that at 95 % RH. This means - Equations 30 and 31 - that for
one and the same k-value the temperature difference between inside and
outside T; - T, at 90 % RH may be twice as high, and at 98 % RH only half
as much, as the temperature difference at 95 % RH. Condensation can thus
be delayed alsc by reducing the relative humidity of air.

The relative humidity can be reduced by ventilating with cold outside
air. Some degree of ventilation with cold outside air is essential to
prevent condensation on the surfaces of the store. It was tacitly assumed
in the foregoing that the relative humidity in the store is less than
100 %. However, if outside air ventilation is not carried out, the RH in
the store will very quickly rise to 100 %, as the potatoes constantly lo-
se moisture (one need only think of the condensation on the inside of
plastic bags containing potatoes). Since the RH in the stores is usually
less than 100 % although there is no ocutside air ventilation, this means
that most stores are not absolutely airtight. Some uncontrolled ventila-
tion with outside air thus arises through leaks in the building structu-
re. For efficient contrel of condensation, however, effective ocutside air
ventilation is recommended. A ventilation system is illustrated in
Fig. 12.7.

The purpose of this ventilation is dissipation of the moisture with-
drawn from the potatoes by the air in the store. For this purpose a cer-
tain volume of cold outside air with a low moisture content is supplied

v, To Ti v, Ti,
ho. )(0/’ _T___'_____L_J_, hi. X1

Fig. 12.7. Ventilation with fresh air above the pile of potatoes.
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to the store and the same amount of air with a higher moisture content is
removed from it. The amount of moisture removed from the store by venti-
i %y
which x5 and X, are determined by the temperature and relative humidity

lation is given by the formula V (pixi - poxo) = V. p - XO), in
of the inside and outside air respectively. Hence the amount of moisture
removed under specified conditions is influenced by the amount of venti-
lation air. The degree of moisture loss from the potatoes is represented
by Gy which must be equal te the degree of moisture removal if the mois-
ture content xi of the store air is to be kept constant. The required
amount of ventilation air follows from this. For instance, if the relati-
ve humidity is to be kept at 95 % in the store at a temperature of Ti =
6 °C, Xy will be 5.5 g/kg air and Py will be 1.261 kg/m2. If the outside
air temperature T, is ~-10 °C and the relative humidity is 100 %, X, will
be 1.62 g/kg air.

Under the above storage conditions, the moisture loss from potatoees
averages (.25 % of the fresh weight per month, corresponding to
GD = 83 g/tonne . day. The volume of air regquired to remove this amount
of moisture is then:

83

V= 1761 (5.5 - 1.62

j = 17 m® . tonne . day

At higher outside air temperatures, X, increases and more air will be
necessary to remove the moisture released. Hence, under the storage con-
ditions specified above and at an outside temperature of 0 °C, a ventila-
ticn capacity of 38.4 m3/t . day will be required.

However, this ventilation removes not only moisture but also heat from
the store. The amount ¢f heat removed is given by:

At Ti = 6 °C and %5 % RH, the ambient conditions being T, = = 10 °C and
100 % RH, ii 19,7 kJ/kg and io = -6.2 kJ/kg. The heat removed by the
ventilation is then @ = 17 - 1.261 (19.7 + 6.2) = 555 kJ/t . day.

This heat loss must be allowed for when calculating the heat balance of
the store. Where the temperature difference T, - T, exceeds 15 K, the
ventilation air will usually have to be heated by an additional air hea-

ter.
To sum up, the following measures are necessary for effective limita-
tion of condensation on the steore surfaces and those of the potatoes:

- Ventilation with cold outside air, for example as illustrated in
Fig. 12.7, to maintain the dew point and relative humidity cf the air
at the required level. To maintain 95 % RH in the store, 17 m3 of out-
side air per tonne of potatoes per day will be sufficient.
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- The store must be insulated in such a way that the surface temperature
of the walls and roof does not fall below the dew point of the air in

the store.

- The roof or ceiling surface should preferably be clad with a porous
organic material, such as wood, heraklit, etc., to delay condensaticn

and limit the risk of dripping.

- Condensation can also be delayed by installing fans below the roof, to

increase the air velocity along the surface.

- Regular internal ventilation will prevent high temperature differences
within the potato heap, thus delaying condensation on the surfaces of

the store and on those of the potaoces.
12.3.3 Insulation capacity regquired

The thickness of the insulation or k-value of the roof and walls of
the store is generally a matter of the economics of storage. In determi-
nation of the storage costs, allowance must also be made for losses of
stored produce.

This clearly shows that the amount of insulation justified on economic
grounds greatly depends on the prices of the equipment used to control
the storage conditions, on the cost of energy and of insulation, and on
the market price of the potatoes. The period of storage is also relevant
to the economic censiderations. For this reason it is only possible to
give a rough guide for determination of the required insulation.

In warm climates where the ambient temperature is always higher than
the storage temperature, no condensation forms on the internal surfaces
of the store. In this case the heat flow through the structure largely
determines the capital and operating costs of the store. As a guide to
determination of the optimum insulation, a heat flow of Q@ = 9 to 11 W/m?2
through the walls and rocf may be assumed. This heat flow may occur at
the mean maximum ambient temperature during the storage period. For in-
stance, if the storage temperature T, is 7 °C and the mean maximum am-
bient temperature occurring during storage T, is 40 °C, the optimum insu-
lation or k-value is given by:

k:_g_.=_11._= 0.33 W/m2K

However, in a climate where the ambient temperature during the storage
period falls considerably below the storage temperature, insulation of
the store is required to prevent cooling of the potatces and the formation
of condensation on the store surfaces.
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Determination of the required insulation capacity of the store in such
a case will be illustrated by an example.

EXAMPLE

The parameters cof the store are as follows:

Storage capacity : 2000 tonnes of potatoes

Height of bulk heap: 3.5 m

Store dimensions: 43 m long by 20 m wide by 5 m high
Total area of walls and roof: A = 1490 m2

Storage conditions: T, 7 °C; 95 % RH; ii = 21.6 kJ/kg

Ambient conditions: To = -10 °C; 100 % RH; ii -6.2 kJ/kg

Heat production of potatoes: 10 W/tonne

Ventilation with outside air to maintain 95 % RH: 17 m3/tonne . day or
34,000 m3/day.

Heat preduced by the potatoes: Qa = 2000 - 10 = 20,000 W = 20 kW

Heat loss by ventilation with outside air:

Qs =V - (ii - io) = 34,000 + 1.26 (21.6 + 6.2)

Qy = 1,191,000 kJ/day = 13.8 kW
The heat produced in the store is then still:

Q=0Q, - Q, =20 -13.8=6.2 kW
This heat may be lost through the structure to keep the temperature in
the store constant. The k-value of the structure can be determined from
this:

6200

k= -%)-A = 17 . 1450 - 0-245 W/n3K

According to Table 12.3, no condensation will form on the surface of the
store at this k-value and at 95 % RH in the store. However, according to
the table, k = 0.4 W/m2 - K is already sufficient te prevent condensation
on a surface of organic material. But in this case the ocutside air would
have to be heated to prevent coeling of the potatoes. The capacity of the
air heater required at k = 0.4 W/m2K would be:

Qy = k. « A . (Ti - To) - 6200 = .4 - 1490 - 17 - 6200

QH=3932W34kw

The mean minimum ambient temperature of the coldest period must be ta-
ken as the basis for 'determining the store insulation required and the
volume of outside air. The mean minimum ambient temperature in the Ne-
therlands is 0 °C and the required insulation capacity of the structure
is k = 0.4 W/m2K for the roof and 0.5 W/m2K for the walls. The regquired
volume of outside air, as shown in Fig. 12.7, is 25 m3/tonne . day. At
extremely low ambient temperatures, a heating of ventilation air may be

required to prevent ccoling of the potatoes.
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12.3.4 Regquirements to be satisfied by the insulation

The insulation must be applied centinuously to the walls and
roof - i.e., on the 'darkrcom' principle. There must not be any uninsula-
ted and highly heat conductive structural parts passing through the insu-
lation to the store. This applies equally to heavy structural parts and
to hardware such as screws, bolts, nails, etc. Where such a structural
part unavoidably has to be passed through the insulation, the part must
be insulated over a length of at least 1.5 m from the penetration, which
must itself be properly sealed. The penetration of structural parts
through the insulation must, however, be kept to a minimum. Uninsulated
and badly insulated penetrating components give rise tec intensive heat
exchange with the environment, as a result of which it may become diffi-
cult if not impossible to maintain the reguired temperature in the store.
A much greater danger is, however, presented by the condensation occur-
ring at these points in cold weather.

Insulation material itself must also not become wet, because the insula-
ting capacity of an insulating material is based on a large number of
small air spaces within it; if these spaces become filled with water, the
material loses its insulating power.

Insulating material may become wet by condensation of water vapour
which diffuses through the insulation. Diffusion of water vapour through
the structure occurs as a result of the difference in the partial vapour
pressure of the air on either side of the wall or roof. The diffusion
flux density - i.e., the amount of vapour passing through ]} m2 of the
surface per second - depends on the difference between theipartial vapour
pressures on either side of the wall or roof and on the resistance of the
relevant component to vapour diffusion. Hence vapour diffusion will occur
even if the air pressure on either side of a structural component is the
same if the partial vapour pressure on each side is different. This is
mostly the case in potato stores. Since the vapour pressure in warm air
is usually higher than in cold air, the vapour will alsc diffuse in the
direction from the warm to the cold side of a component.

The diffusion flux density can be determined from Equation 12:

Since there is always a resistance to vapour diffusion through each part
of a structural component, the vapour pressure will declipe in the direc-
tion of the vapour flow, falling more slowly the lower the resistance of
a part to vapour diffusion. The total pressure drop through a cemponent
is determined by the vapour pressure in the air on either side of the
structure.
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Fig. 12.8. Process of vapour pressure through the wall
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The variation of the vapour pressure through a structural component in
the steady-state condition is plotted in Fig. 12.8. In the steady-state
condition the diffusion flux density is equal throughout the component.
The total resistance to the vapour flow in Equation 12 is then:

Fp = Bpi * Rpy * Rpig * Bpo

The resistances to vapour diffusion ¢an be determined as follows:

Internal resistance to vapour flow RDi 9700 m2Pa - h/kg

External resistance to vapour flow Rh, = 1300 m2ra - h/kg

Resistance to vapour diffusion through the wall: Ry, = 1.56 - 10°.

Resistance to vapour diffusion through the insulation:
RDW = 1.56 + 10 .

pw.Sw

Hig * B1is

Table 12.4 Diffusion resistance factors of construction materials.

Material Specific gravity Diffusion resistance
p(kg/m?) facter p
Concrete 1300-1800 4-10
Gas concrete 600 3.5- 5.5
800 5.5- 7.5
Cement mortar 1980 16.5
Asbestos cement panels 1690 17
Asbestos cement panels with
decompression layer 1885 1030
Deal 400 200
Brick 1500=1900 9.3-10
Foam polystyrene 10 15- 50
20 40-100
40 80-210
Glass wool and rock wool 100-300 1.17-1.27
Glass foam 149 tight
Aluminium foil practically tight
Polyvinyl film 259/m2 32600-65000
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The factor p in the equations is the 'diffusion resistance factor', a phy-
sical property of the relevant material. The diffusion resistance factors
for a number of construction materials are set out in Table 12.4.

Wwith the usual wall and roof structures in potato stores, the internal
and external resistances to moisture transmission Rpyi and Ryp are very
small compared with the vapour diffusion resistances through the structu-
re itgelf, and can therefore be neglected in calculations.

The diffusion resistance is then:
- 6
Ry = 1.56 - 10° (pyS; + WyS, + U S,) (32)

The total resistance to vapour diffusion through a wall or roof struc-
ture can thus be determined from Equation 32 and Table 12.4. If the air
conditions inside and outside the store are known, Equation 12 can then
be used to determine the amount of vapour passing through each m2 of the
area of the structure per second. Obviously, under specific internal and
external conditions, less vapour will flow the higher the resistance of
the structure. In the steady-state condition, the total resistance alsc
defines the variation of the wvapour pressure through the structure. The
vapour pressure loss through each structural part in Fig. 12.8 can ke de-
termined as follows:

R

P. - P = (p. = P)
1 Rw 1 o
or
P-P, =z (P, =P (33)
is

The previous considerations on heat transport show that there is also
a temperature drop through the structure in the direction of the heat or
vapour flow. However, the temperature determines the saturation pressure
of water vapour, which is the highest pressure at which water can exist
in vapour phase.
I1f the vapour pressure in the diffusion flow at a given position in the
structure thus becomes higher than the saturation pressure corresponding
to the temperature at that position, part of the water vapour will inevi-~
tably condense at this point. The variation of the temperature and satu-
ration pressure of water vapour and of the vapour pressure in the diffu-
sion flow through a component is illustrated in Fig. 12.9. )

In this case the condensation cccurs in the shaded area of the insula-
ting material. To prevent this condensation, the vapour diffusion resis-
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Fig. 12.9. vVariation of temperature, saturation vapour pressure and ac-

tual vapour pressure through the structure.

tance on the warm side of the insulation must be increased so that the
vapour pressure in the diffusion flow everywhere remains leower than the
saturation pressure. This can be achieved by placing an additicnal resis-
tance to vapour flow between the wall and the insulation.

The addition of this extra resistance to the structure reduces the diffu-
sion flow and, as Equations 32 and 33 show, also changes the course of
the variation of vapour pressure, as indicated by the dashed curve in
Fig. 12.9. See Cammerer (1962).

Hence condensation in the insulation material can be prevented by ap-
plying a layer of high resistance to vapour flow, viz., a vapour barrier
on the warm side of the insulation. However, the cold side of the in-
sulation should preferably remain open, or, if it has to be covered, only
a material permeable to vapour may be used to cover it. A structure of
this kind is very suitable for a climate where the outside temperature

remains constantly higher or constantly lower than the insjide temperature
throughout the whole or most of the storage period, as in the tropics or

in cold regions. If the direction of the heat and/or vapour flow during
the storage period reverses, as usually occurs in a temperate climate,
this vapour barrier will find itself on the cold side of the insulation
and condensation will unavoidably occur in the insulating material. The
variation of temperature and pressure in such a case is plotted in

Fig. 12.10.

Since the vapour pressure in the diffusion flow cannot become higher
than the saturation pressure, condensation occurs in this case between
points A and B - i.e., within the insulating material.

The amount of condensed vapour can be determined from Equations & and

33, as follows:

o a R i (3a2)
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Fig. 12.10. Process of vapour pressure when vapour barrier is placed on
the cold side of the insulation.

Since the diffusion resistance of the vapour harrier (RDR) is very high,
the second term on the right-hand side of Equation 34 becomes small, so
that the rate of condensation may be very high. This will always be the
case in insulating materials with low diffusion resistance, such as glass
wool or rock wool. As a result, the insulating capacity cof these materials
may fall very sharply.

Condensation formed during vapour diffusion in one direction can, how-
ever, be re-evaporated if the direction of vapour diffusion changes, thus
drying the insulating material again. In situations where the direction
of vapour diffusion changes during the storage period, the insulating ca-
pacity of the structure can thus be retained without using a diffusion
resistant layer. But it is then preferable to use an insulating material
of high diffusion resistance, such as polystyrene or foam polyurethane, to
minimize condensation in each case. This will alsc limit the temporary
decline in the insulating capacity. However, if glass wool or rock wool
is used for insulation, at least one diffusion resistant layer must for
the same reason be present on both sides of the insulation, to limit the
degree of condensation. In this way the insulating capacity can be re-
tained for a long time. However, if condensation is to be prevented where
the direction of vapour diffusion is variable, a vapour-tight layer must
be applied on both sides of the insulation - e.g., a metal sheet - or else
a vapour-tight insulating material such as foam glass must be used.

when diffusion resistant and vapour-tight layers are used, it is es-
sential to avoid scratching these materials during construction, as this
may give rise to serious condensation in the insulating material and ra-
pid loss of the insulating capacity of the structure.
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12.4 Construction of walls, roof and floor
12.4.1 wall construction

Potatoes are often stored loose. This means that considerable lateral
thrust is exerted on the walls (Fig. 12.11), which must be capable of
withstanding it. This thrust must be transmitted to the main structure of
the building. In addition to the pressure on the walls, the nature of the
ground underneath the building is an important determining factor in its
construction. The ground must ultimately be capable of supporting the
building. Due allowance must be made for these points in design and cal-
culation.

The silo calculations of Marcel and André Reimbert can be used for
calculating the expected wall thrust pressures exerted by the potatoes.
These are in good agreement with the thrusts measured by the IBVL in
practice in different stores and with measurements carried out in the USA
(United States Department of Agriculture) (Fig. 12.11}.

No lateral thrust is exerted on the structure where potatoes are sto-
red in pallet boxes or in bags on pallets, so that the store structure
can be lighter in such cases. This partially offsets the cost of the box-
es or bags and pallets. Even where the potatoes are stored in bulk heaps,
the lateral thrust can be limited or even prevented by reducing the
height of the bulk heap alcng the wall or by allowing the potatoes to ta-
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Fig. 12.11. Lateral thrust exerted by potatoes.
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ke up their natural angle of repose down to the floor at the periphery of
the building. However, the angle of repose of clean potatoes is 35 to

40 °C relative to a horizontal surface, and the storage capacity of the
building will be reduced at the natural angle of repose,

Brick is still often used for store constructicn. For all this materi-
al's good properties, it is not so suitable for the censtruction of sto-
res, as a brick or stone structure cannot withstand any significant ten-
sile forces, and reinforcements are then necessary - e.g., timber, steel,
reinforced masonry or concrete and other structures.

One of the oldest types of wall structures is the 'box wall' {(Fig.
12.12). This consists of an ordinary cavity wall with a double-skinned,
Pressureresistant wooden lining on the inside with a 5 cm clearance from
the masonry.

Another type of wall structure commonly used is the reinforced hollow
brick wall (Fig. 12.13). Depending on the insulating materials to be
used, the heavy timber construction may in this case be wholly or par-
tially omitted. where loose insulating materials are used, the wooden in-
ternal structure is partially retained, mainly to keep the insulating ma-
terial in position. The wooden internal structure may be completely omit-
ted where solid insulating materials, such as cork, polystyrene or poly-
urethane, are used (Fig. 12.13b). Reinforced gas concrete blocks are

often used instead of brick.
The types of structures described above, with the associated traditio-

nal working methods, are highly labour-intensive with a great deal of un-

3 4 -] 7

Fig. 12.12. wooden case~wall construction. 1. Outer wall of half a
brick's thickness; 2. air space; 3. inner wall of half a brick's thick-
ness; 4. plaster; 5. distance between posts and wall (5 cm); 6. posts;
7. wooden inner wall (3 cm thickness); 8. weooden back wall (1.5. cm
thickness); 9. insulation (loose material).
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Fig. 12.13a. Reinforced hollow brick wall construction with loose insula-
ting material. 1. Outer wall of half a brick's thickness; 2. air space;
3. inner wall of reinforced hellow bricks; 4. plaster; 5. posts; 6. wood-
en inner wall; 7. loose insulating material.

Fig. 12.13b. Reinforced hollow brick wall construction with solid insula-
ting material. A. Outer wall of half a brick's thickness; B. inner wall
of reinforced holleow bricks; C. plaster; D1-D2. so0lid insulating material;
E. reinforced concrete columns.

productive working time involved, for example, in the placing of a large
number of sections, formwork and other structures. The capital cost is
therefore also relatively high.
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Fig. 12.14. wooden box panel. 1. Main posts; 2. side posts:; 3. plywood
(16 mm thickness); 4. plywood (10 mm thickness); 5. intermediate plank
between posts; 6. insulating material; 7. ventilation holes.

A cheaper method of construction was therefore sought, using prefabri-
cated wall panels strong enough to withstand the pressure of the potatoces
and at the same time having sufficient heat transfer resistance. The woo-
den 'box panel', (Fig. 12.14) is an example. These panels weigh some
40 kg/m2, a saving of about 300 kg per m? of wall area compared with tra-
ditional masonry structures. Owing to the weight saving of the new struc-
ture, the foundaticons can also be lighter. The main structure is of steel
with this construction system.

To erect the wall panels (Fig. 12.15), a ring beam is mounted on the
foundation beam and the bottom of the wall panels is secured to this. The
panel is supported at the top by a steel beam and it is terminated by an
angle ircon on the inside of the building. The panels are protected from
the weather by a lightweight cladding such as corrugated asbestos cement
panels. Experience with this modular system has been good. However, the
timber structure is suitable only for storage at low temperatures (about
4 °C). The storage temperature for potatoes to be processed is 10 to

12 °C, and the storage season is then also longer. As a result, the wood
of a store has less opportunity to dry cut after a period of storage, and
its moisture content increases to 27 % or more. All the wood used in the
interior of a store where potatoes are kept at a temperature above 4 °C
must therefore be impregnated. Because of the nature of the stored pro-
duce, the only wood preservatives that can be used for this purpose are
boron compounds, but these do not provide sufficient protection from de-
terioration. In many stores, wood rot fungi have been encountered after a
single storage season at high temperature.

For this reason attempts were made to find a more universal prefabri-
cated structural component, which had to have sufficient insulating capa-
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Fig. 12.15. Erection of the structure with wooden box panels. 1. Founda-
tion beam; 2. wooden beam; 3. steel column: 4. wall elements; 5. corner
profile for fastening; 6. U-profile; 7. horizontal wall beam; 8. wall
sheating; 9. Z-profile; 10. insulation; 11. protection of insulation; 12.
air inlet; 13. internal ventilation shaft; 14. underground air duct; 15.
air distribution system.

city as well as being vapour~tight on both sides and pressure-resistant.
It also had to conform to the international modular system (basic module
10 cm). Another equally important requirement was that the mcdules sheould
reqguire ninimum maintenance and be easy to clean. These properties were
found in sandwich wall units, which consist of two metal panels with in-
sulation between them (Fig. 12.186).

These prefabricated units are very narrow - only 30 cm (0.3 m) - offe-
ring great freedom in the shaping of buildihgs. The panels consist of
enamel-coloured sheets of an aluminium-magnesium alloy with very high
corrosion resistance.

The panels are firmly secured together by a core of foam polyurethane.
They are assembled by double tongue-and-greoove joints giving a dimensio-
nal tolerance of 3 mm. The wall dimensions can thus readily be adapted to
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max. 28 mm Fig. 12.16. Prefabricated sandwich wall panels.

make up for dimensional inaccuracies in other parts of the structure. An

additional sectional necoprene seal is placed on the outside of the double

tongue and groove. A T~shaped neoprene section is also available for sea-

ling butt joints between the panels, so that there is no limit to the

wall height. Walls with the following characteristics can be made from

these panels:

a. good insulation without heat bridges combined with low thickness and
light weight,

b. pressure resistance,

c. simple and rapid assembly; can be re-erected elsewhere without loss,

d. vapour-tightness.

These panels are made in insulation thicknesses of 4, 5, 7.5 and 10 cm,

giving insulation values of k = 0.5, 0.3 and 0.23 W/m? K respectively.

Since these units are absolutely vapour-tight, their insulation capacity

remains unchanged even after the store has been in use for many years.
Similar sandwich panels are available, using galvanized steel or hard-

board sheets instead of aluminium. Foam polystyrene can also be used for

the insulation.
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When building with sandwich panels, it is best to position the main
steel structure on the outside of the panels, when the passage of heavy
structural components through the insulation can be avoided.

The use of sandwich panels combined with a main steel structure also
has the advantage of drastically reducing construction time on site. A
store of this kind can be erected in a few weeks.

The price of the different types of wall structure will determine the
eventual choice.

12, 4.2 Roof construction

The requirements to be satisfied by the roof structure can be summari-
zed as follows:

- The structure must be capable of withstanding the loads presented by
wind, snow, water, its own weight and the suspension of equipment.

- The structure must protect the interior of the building from heat and
moisture exchange with the surrounding atmosphere.

- The structure must be permanent and require little maintenance.

The main structure of the roof is usually of timber or steel, covered
preferably with materials having a low thermal radiation factor; the ma-
terials used must, of course, be watertight. A low thermal radiation fac-
tor is necessary to prevent large fluctuations in the roof temperature
due, for example, to heating of the roof in the sun and cooling due to
thermal radiation into the cold atmosphere. Metal or asbestos cement
sheets are very suitable for roofing, but the sheets must be able to ex-
pand freely when their temperature varies. A well ventilated space should
preferably be left between the roof panels and the insulation, to limit
the amount of condensation on the cold roof sheets in cold weather. The
extreme temperatures of the roof panels caused by thermal radiation will
then also have less effect con the storage conditions.

As stated in Section 12.2.4, there is always some vapour diffusion
through the insulation unless the latter is provided with a vapour-tight
layer on both sides. This vapour will condense on the <old surface of the
panels in cold weather and the cendensation will drip back on the insula-
tion below.

To prevent this water from ultimately dripping on to the potatoes, the
entire surface of the insulation must be watertight. Particular attention

e

';i Fig. 12.17. Roof structure.
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Fig. 12.18. Roof structure.

must be devoted to sealing the seams between the insulating panels. The
risk of leaks through the insulation is also reduced if this water can
drain away freely to the gutter. The clearance required between the insu-
lation and the reof panelling for efficient ventilation is 5 te 15 cm.
Examples of good roof structures are shown in Fig. 12.17 and 12.18.

12.4.3 Floor construction

Concrete or earth floors are used in potato stores. A concrete floor
is necessary if an underground ducting system is used to distribute the
ventilation air or if the store is emptied by fluming. An earth floor
must always be hardened before the potatoes are loaded inte the store,
usually by making the earth wet a few times and tamping it. These opera-
tions are repeated in the first two or three years to obtain a hard sur-
face. A drainage system must be incorpcrated in an earth flocor.

Concrete floors are used almost exclusively in potato stores in Euro-
pe. Apart from their higher load-bearing capacity, concrete floors also
have hygienic advantages, as they can be easily cleaned and if necessary
also disinfected.

The floor must be capable of withstanding the load presented by the
machinery and the stored potatoes. The potatoes exert a pressure of
700 kg/m2 on the floor per metre of bulk height - i.e., the pressure on
the floor is 2800 kg/m? for a height of 4 m.

However, the maximum concentrated load on the floor is exerted by fork-
lift trucks (as much as 1500 kg in some cases).

In temperate climates the floors of potate stores seldom have thermal
insulation. However, if the groundwater temperature is 20 °C and the ave-
rage water table is high (1 m or less below floor level), the storage
temperature being 8 te 10 °C, floor insulation is advisable. Insulation
with 4 to & cm of foam polystyrene is always sufficient.

If the floor is uninsulated, the wall insulation should preferably
be continued to 0.6 to 1 m below floor level. This limits heat exchange
along the periphery of the floor and prevents freezing or overheating of
the potatoes alcong the periphery of the store. The same effect is obtai-
ned by insulating a 1 to 1.5 m wide strip of floor around the edge of the
store.
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13 Cooling systems in potato stores

A. Rastovski

Stored potatoes have to be cooled to keep them at the required storage
temperature. If they are not cooled, their temperature will increase
owing to the heat produced in respiration.

Temperature is one of the most important factors affecting the gquality of

potatoes during storage. Cooling is therefore necessary to maintain the

quality of the stored potatoes. However, cooling always involves a cer-

tain loss of weight from the potatoes due to water evapcration. This

weight loss must be contrclled during cooling. An efficient cooling sys-

tem must thus satisfy the following requirements:

a. Maintenance of the reguired potato temperature and prevention of sub-
stantial temperatue variations in the mass of stored produce.

b. Limitation of weight losses due to evaporation of water.

It is usually aimed to limit the maximum temperature difference within

the heap of stored produce to 1 to 1.5 °C, as shown in Fig. 13.1.

Air is commonly used for cooling potatoes during storage. The tempera-
ture of the cooling air must therefore obviously be lower than that of
the potatoes.

However, the cooling rate and temperature fluctuations through a mass of
stored produce greatly depend on the rate of the air flow through the
stack of potatoes. The higher the rate of air flow, the faster the cool-
ing process - i.e., the shorter the ccocoling time - and the smaller the
temperature fluctuations in the stored potatoes. Since evaporative water
loss greatly depends on the coocling time and is hardly at all affected by
the air velocity resp. the rate of air flow, water loss from the potatoes
is also reduced the higher the rate of air flow.

Hence a forced flow of cold air through the produce is essential for
efficient cooling of potatoes. The relative humidity of the cold air

+05t0 075°C maximum potato temperature above

-05 to 075°C minimum potato temperature below

Fig. 13.1. Usual temperature difference within the potato pile.
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should, however, be kept as high as possible to minimize water loss from
the potatoes during cocling.
The temperature of potatoes can be controlled by:
a. Outside air cooling, or
b. Mechanical refrigeration
Both forms of cooling are used in potato storage.

13.1 Outside air cooling

outside air cooling is an efficient and relatively inexpensive method,
which is therefore often used in potato storage. However, 1t can be used
only if the ambient temperature during the storage period regularly falls
below the required storage temperature. Outside air can be used tc cool
the potatoes only during such periods. Low ambient temperatures regularly
occur in temperate and cold climates, where external air cooling is there-
fore frequently used.

An outside air cooling system is illustrated in Fig. 13.2.
The standard components of an outside air cooling system are as follows:

- Fan

Alir supply and discharge openings

Dampers, viz.

1. Inlet damper

2. Oulet damper

3. Mixing damper

-~ Alir ducting for uniform air distribution through the stored produce

Controls and instrumentation

t

The principle of outside air cooling is as follows. A thermometer in
the stored potatoes measures the temperature of the produce. If it rises
above the required storage temperature, the potatoes must be cooled. How-
ever, cooling is only possible if the ambient temperature is lower than
that of the potatoes. Hence the ambient temperature must also be Kknown;

potatoes

A

Fig. 13.2. Outside air cooling system. 1. Inlet damper; 2. outlet damper;

3. mixing damper.
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it is measured by a second thermometer outside the store. If the ambient
temperature falls below that of the potatoes, cooling can commence. The
inlet and outlet dampers are opened and the fan is switched on. As long
as the ambient temperature does not fall below the minimum acceptable
temperature shown in Fig. 13.1, the mixing damper remains in the bottom
position (position 1). Fresh outside air is now aspirated by the fan and
blown through the ducting and the potatoes; the air leaves the store
through the outlet opening. Since the air temperature is lower than that
of the potatoes, the latter are cooled by this ventilation. In principle
cooling ends when the potatoes have reached the required temperature.

However, if the ambient temperature rises above that of the potatoes
during ventilation, the fan must immediately be stopped to prevent the
potatoes from being heated again. The inlet and outlet dampers must be
closed at the same time. Ventilation {ccoling) continues as soon as the
ambient temperature has again fallen below the potato temperature as
shown in Fig. 13.1.

But if the ambient temperature falls below the minimum acceptable tem-
perature shown in Fig. 13.1 during ventilaticn, mixed-air ventilation
must be used to prevent chilling or even freezing of the potatoes. Sec-
tion 9.1.11 shows that when two air flows of different temperatures are
mixed, the combined flow will assume a temperature between those of the
two air flows. This temperature depends on the relative volumes of air
mixed. In this way the required cooling air temperature can be achieved
by mixing the heated air from the potatc heap with low-temperature out-
side air.

The relative volumes of these twe air masses are determined by the po-
sition of the mixing damper in Fig. 13.2. With the damper in position 1,
only outside air is aspirated by the fan, while in pesition Il all the
ventilation air is interrnal. In any position of the damper between I and
II, the fan aspirates both outside and inside air. The correct position
of the mixing damper for a given ambient temperature is determined by the
required air temperature in the main duct behind the fan - i.e., by the
required cooling air temperature. The latter can be measured by a thermo-
meter placed in the main duct. The mixing damper must therefore be set so
as to give the required temperature in the duct. To maintain this tempe-
rature, the damper position must be regularly varied during ventilation
to conform to changes in the outside air temperature. Hence the tempera-
ture in the delivery duct must be continucusly monitored.

I1f the air from inside the store is mixed with the ocutside air, the
produce can be cooled in any period when the outside air temperature is
lower than the required storage temperature. However, if outside air alo-
ne is used for ventilation without mixing with internal air, coeoling is
possible only when the outside air temperature is egual to the minimum
cooling air temperature shown in Fig. 13.1. However, the ambient tempera-
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ture varies both from hour to hour during the day and over the storage
period as a whole. Any given temperature will normally prevail only for
very short times. On the other hand, very long periods of low temperatu-
re may occur. Mixing thus makes it possible to cool (ventilate) the sto-
re for long periods.

Since heat production in the store remains virtually the same in both
cases, the same amount of heat will need to be removed from it. The rate
of heat removal is determined by the rate of air flow through a stack of
potatoes, the duration of ventilation and the temperature rise of the air
on its passage through the store. During storage, however, heating of the
air is limited by the acceptable temperature variation in a heap of
stored potatoes - i.e., by T .. - Thin = 1-1-5 K (Fig. 13.1).

The cooling effect then depends solely on the rate of air flow through a

heap of stored produce, or the fan capacity and period of fan operaticn.

For a given rate of cooling, the fan capacity must be larger the shorter

the period of fan operation. Since a longer period of ventilation is pos-

sible with a mixed air system than with all-outside=-air cooling, a small-

er fan capacity will be sufficient in a mixed air system (Chapter 15).
The cooling requirement can be determined from Equation 24:

Q=V.Al.p. t (kJ/day)
The difference in enthalpy can also be expressed as follows:

Al = C_ + AT (kJI/kg)

Q=V-op-C, AT -t (38)

in which

V = fan capacity (m3/s)

p = 1.26 kg/m® (specific gravity of air at normal storage tempera-
tures}

Cp = 2.0 kJ/kg K (apparent specific heat of air - i.e., specific heat
including heat of evaporation withdrawn by the air
when potatoes are coocled)

AT = temperature difference between fresh air and potatoes

t = period of fan operation (s/day)

Equation 38 then becomes:

Q=2.52+9V.AT . t (kJ/day}) (39)
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During storage at the required temperature, however, AT is determined
by Tmax - Tmin= 1-1.5 K (Fig. 13.1), and the cooling effect becomes:

Q=3.7+«V .t (kJ/day) (40)

As stated earlier, the cooling effect of an cutside air cooling system
is thus determined by the fan capacity and the period of fan operation.

For efficient cooling of potatoes, the air flow must be distributed
uniformly through the entire mass of stored produce (Chapter 156).

The cross-sectional area of the air inlet and outlet openings must be
sufficient to pass the required air flow without causing serious losses
of pressure in that flow. The air velocity through these openings is
therefore usually limited to 4 to 5 m/s.

The required cross-sectional area of the openings can be determined as

follows:
A=Y (m2) (41)
W
in which
v = fan capacity (m3/s)
w = 4 to 5 m/s air velocity through cpening
A = a +« b (m?) cross-secticnal area of opening

The air inlet and outlet openings must be fitted with tightly closing
dampers to avoid unwanted air flows when the fans are not operating. Like
the walls and roof of the store, the dampers must be well insulated.
Since the cooling periods are substantially limited in a system with out-
side air coeling by ambient conditions, good insulation of the store is
very important for efficient control of the storage conditions - i.e., to
prevent major fluctuations in the storage temperature.

13.2 Mechanical refrigeration

Unlike systems with outside air cooling, mechanical refrigeration sys-
tems operate independently of the ambient temperature. In other words,
the temperature in a mechanically refrigerated space can be maintained at
any desired level regardless of the ambient temperature. Of course, this
independence of nature has to be paid for. The capital cost of the equip-~
ment and the running costs (energy) in this system are considerably
higher than with a comparable outside air cooling system. Hence storage
with mechanical refrigeration is more expensive. However, mechanical re-
frigeration is necessary for long-term storage of potatoes and other pe-
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rishable natural preduce in climates where the ambient temperature never
falls belew the acceptable storage temperature, as in the tropics and
subtropics. It is also used in temperate climates to store potatoes right
into the summer months.

Here again, the potatoes are cooled with air, but in this case one and
the same volume of air is used noi just once, as in an outside air cool-
ing system, but over and over again. As Fig. 13.3 clearly shows, air re-
circulation is the basic principle of a mechanically refrigerated store.
The cooled air flows first through the potato stack and, since it is
colder than the potatoes, it withdraws heat from them; the potatoes are
thus cooled and the air heated. The heated air then passes through the
air cooler, whose surface temperature is lower than the required storage
temperature.

The air gives up the heat withdrawn from the potatoes to the ccoler and
is thus recooled to the desired temperature; the cycle can then begin
again. The air thus recirculates constantly.

However, while the potatoes are being cooled, water also evaporates
from them. This vapour is absorbed by the air, whose moisture content
thus increases. The humidified air then comes into contact with the cold
surface of the coocler. If the dew point of the warm air bgcomes higher

than the surface temperature of the cooler owing to moistu;e absorption,
water vapour will inevitably condense on the surface of the cocler. In

the steady-state condition, the degree of condensation on the cooler sur-
face will become equal to the degree of water evaporation from the pota-
toes. A mechanical refrigeration system thus controls both the heat and
the moisture balances of a store. The water loss from the potatoes is
thus determined by the amount of water removed from the store by the
cooler.

The same volume of air cannot, hoWever, continue to recirculate with-
out limitation, as the potatoes use up oxygen from the air during respi-
ration and at the same time release carbon dioxide (C02). The air in the
store must thus be renewed to supply oxygen and remove €o,. In most cases,

air cooler

fresh air
supply 3-5m3/tond

exhaust
cxhavst i

Fig. 13.3. Mechanically refrigerated store.
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the volume of air exchanged with the environment through leaks in the
store is already sufficient.

Even so, a mechanically refrigerated store must have an efficient air
renewal system for safety reasons. Air renewal c¢f 3 to 5 m?® of fresh air
per tonne of stored potatoes per day is sufficient to provide the pota-
toes with the necessary oxygen and to keep the CO, concentration in the
store below 1 % vol.

For efficient temperature control in a heap of stored produce it is
very important with this system, as in outside air cooling systems, for
the air to flow througk the heap and not round it. For efficient cooling
there must always be a positive air flow around each tuber. If not enough
attention is paid to this requirement when the store is designed and con-
structed, even an intrinsically excellent refrigerating system will give
poor results.

Although the potatoes are cooled with air in both systems, the rate of
air flow in a mechanical refrigeration system is entirely different in
its significance from that in an outside air cocling system. In the lat-
ter case, the rate of air flow determines the cooling capacity of the
system as a whole because the heat is removed from the store together
with the air flow through the air outlet.

In the mechanical system, on the other hand, the heat is removed by
the air cooler. Obviously, therefore, the cooling rate cof the entire sys-
tem is determined by that of the air cooler, or the rating of the refri-
geration equipment. For a given air cooler rating, the fan capacity then
determines only the temperature drop of the air through the air cooler.

The temperature drop of the air through the cooler can be determined
from Egquation 38:

AT = oo —— (42)
in which Q is expressed in ki/s and T = 1 s.

Hence, in Fig. 13.4: T, - T, = T a—

p
)
/ Fan
-
To Ty
e — ———
vV o3 v
e

\Air cooler { evaporator )

Fig. 13.4. Process of air temperature through the air cooler.

261



The temperature drop of the air through a cooler of given capacity thus
becomes smaller the higher the rate of air flow, but the cooling capacity
of the air flow remains unaffected. Fig. 13.4 shows that fan capacity,
viz., the rate of air flow alcone influences the variation of temperature
in the store. According te Fig. 13.1, however, the latter must not exceed
l te 1.5 K. The fan capacity for a given air cooler rating can be deter-
mined as follows from Equation 42:

v=— 9 (43)
AT . C_ .
p P
and since AT . = 1.5 K, the required fan capacity becomes:

7= Q 3

v A ¢ (m3/s) or (44)
P

Vv =0.27 0 (m3/s)

in which Q is the rating of refrigeration expressed in kJ/s or kW.
The fan capacity in a mechanically refrigerated store is thus determined
by the rating of the refrigeration system installed.

13.3 Refrigeration system

A refrigeration system allows the temperature in a store to be kept at
a low level. This means that the heat produced in the cooled space is re-
moved at low temperature. To remove this heat, refrigeration systems use
the heat of evaporation of refrigerants, which are liquids with specific
characteristics.

All liquids begin to evaporate when a given temperature is reached.
The temperature at which evaporation commences is known as the boiling
point of the liquid. The boiling point depends on the pressure of the li-
quid. For instance, water at atmospheric pressure (98.1 kPa) begins to
evaporate at 100 °C. If the pressure is reduced to 49 kPa, it will alrea-
dy begin to evaporate at 81 °C. At 196 kPa, however, the water will only
start to evaporate at 120 °C. Hence boiling peoint varies with pressure,
and becomes higher at high pressure. If the water temperature rises to
119 °*C and the pressure is 196 kPa, no evaporation will take place. But
if the pressure is abruptly reduced to 98.1 kPa, a certain amount of wa-
ter will evaporate and the temperature of the remainder will fall to
160 °C - i.e., to the boiling point of water at 98.1 KPa. Liquid water
can thus no longer éxist at a temperature higher than its boiling point
at the relevant pressure. The temperature of the liquid phase can thus be
varied by modifying the pressure.
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If heat is added to water at 100 °C under a pressure of 98.1 kPa, the wa-
ter will evaporate, but notwithstanding the addition of heat the tempera-
ture will remain 100 °C until the last drop of water has evaporated. The
amount of heat which must be supplied to evaporate 1 kg of liquid is
called the heat of evaporation. The heat of evaporation of water at a
pressure of 98.1 kPa is 2258 kJ/kg. The water can thus absorb a relative-
ly large amount of heat by evaporation without any change in its tempera-
ture.

If the water vapour then condenses on to a cold surface, the entire heat
of evaporation is released again and liquid water again forms. A small
guantity of water can thus absorb and release a relatively large amount
of heat by evaporation and condensation respectively without any change
in the temperature.

The same applies to all liguids. By using the heat of evaporation in
refrigeration systems, the temperature of the refrigerant can be kept
constant during heat transfer and only a limited guantity of refrigerant
has to be transported through the system. This facilitates temperature
control and allows the refrigeration system to be of compact construc-
tion.

The refrigerants most commonly used in potato storage are ammonia
(NHS) and the freons F=-12 and F-22. These liquids evaporate at very low
temperatures and relatively low gauge pressures, and can also be con-
densed at relatively high temperatures and low gauge pressures.

A refrigeration system is illustrated in Fig. 13.5.

The refrigerant recirculates through the system and undergoes the follow-
ing changes of state in each cycle: evaporation, compression, condensa-
tion and expansion.

Refrigerated
_ — _ _ spate
-—tH =
]
1
-— |
——
Ry
Qs;a; E;é
—
by

Fig. 13.5. Refrigeration system. 1. Evaporator - ailr cooler; 2. compres-
sor; 3. condensor; 4. refrigerant receiver-tank; 5. expansion valve.
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Evaporation takes place in the evaporator, which is often used as an
air cooler. Predominantly liguid refrigerant with a small quantity of re-
frigerant vapour is fed to the evaporator. The pressure in the evaporator
is kept so low that the bolling point of the refrigerant falls below the
required temperature in the refrigerated space. Since the evaporator is
colder than the air in that space, the air flowing through the evaporator
(air cooler)} is cooled. The heat withdrawn from the air is supplied to
the refrigerant, causing it to evaporate. The low-pressure vapour forming
in the evaporator is aspirated by the compressor.

Compression increases the pressure and temperature of the vapour. At
higher pressure, the boiling point is also raised. The refrigerant vapour
can thus condence at a temperature higher than the ambient temperature.
The compressor pumps the high-pressure vapour to the condenser, through
vhich ambient air or water flows. Since the boiling point of the refri-
gerant is higher, a heat flow will arise in the condenser from the refri-
gerant to the air or water, thus condensing the refrigerant vapour. Li-
quid refrigerant under high pressure thus flows out of the condenser and
is collected in a receiver tank. The liquid refrigerant is conveyed from
the reservoir to the expansion valve.

This wvalve expands the refrigerant, reducing its pressure. This pressure
reduction causes a small quantity of refrigerant to evaporate, so that
the temperature of the liquid falls to the boiling point at the resulting
low pressure., This mixture of liquid and vapour flows to the evaporator
and the cycle can then begin again. Hence a refrigerating system pumps
the heat from the cooled space to the environment - i.e., from a low to a
high temperature level.

Energy is, of course, necessary for this. This energy is used for
compression of the refrigerant wvapour, viz., for increasing both the
pressure and the temperature of the refrigerant vapour. The mechanical
energy necessary to drive the compresscr is finally converted intc heat.
This heat must be removed by the condenser to condense the refrigerant
vapour. The amount of heat to be remcved by the condenser is thus deter-
mined by the sum of the heat remcval from the cooled space (QE) and the
heat. of compressicn (QK) - i.e., by QE + Q (Fig. 13.5).

The refrigeration capacity of a given refrigeration system depends on
the evaporation and condensation temperatures or the evaporation and con-
densation pressures of the refrigerant respectively. The refrigeration
capacity of a given system falls with increasing difference between the
evapeoration and condensation temperatures. For this reason the refrigera-
tion capacity of a refrigeration system must always be specified at sta-
ted refrigerant evaporation and condensation temperatures.

The energy consumption of a refrigerating system is determined by the
refrigeration capacity and the difference between the condensation and
evaporation temperatures. Energy consumption at a given refrigeration ca-
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pacity increases the bigger the difference between the condensation and
evaporation temperatures.

The evaporation and condensation temperatures strongly depend on the
required temperature in the refrigerated space and the ambient air tempe-
rature or cooling water temperature respectively. But heat transfer can
only take place if the evaporation temperature is lower than the tempera-
ture in the cooled space or if the condensation temperature becomes high-
er than the temperature of the ambient air or cooling water. The neces-
sary temperature differences depend on the size of the evaperator or con-
denser and on their design. The air or water flow velocity over the sur-
face of the heat exchanger is also an important factor.

In general, for a given refrigeraticn capacity, the temperature dif-
ference required will be smaller the larger the cooling surface area and
the higher the air or water flow velocity over the surface.

This is clear from the heat transfer eguation:

Q=A .k . AT (3/5) (45)

According te Equation 45, the required temperature difference becomes:

ar = 2y (K) (46)
in which

AT = difference between evaporation or condensation temperature and
air or water temperature
Q = refrigeration capacity (W)

o
1}

area of heat exchanger (m2)
k = heat transfer coefficient (W/m2 K}

In Equations 45 and 46, k varies with the air or water flow velocity, in-
creasing at high velccities. A relatively large evaporator or condenser
area and forced air or water circulation over the area thus tend to save
energy.

However, the relative size of the evaporator surface also affects
weight less in the potatoces.
In potatc storage, the evaporator of the refrigerating system is normally
used as an air cooler (Fig. 13.3). As stated earlier, when the humid air
from the potatoes is cooled, condensation occurs on the cooler surface if
the surface temperature falls below the dew point of the air. The lower
the surface temperature, the more condensation will form. However, the
amount of condensation determines the water loss from the potatoes. Hence
potato weight loss during storage can be limited by providing a larger
evaporatcr area in the store.
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For this reason it is recommended that the difference between the sto-
rage temperature and the refrigerant evaporation temperature in the evapo-
rator/air cooler be limited to 7 K. This determines the area of the evapo-
rator (Equation 46). The rating of the refrigeration system is determined
by the heat produced in the store {Equation 21).

The required refrigeration capacity is then:

O = 2 ot (W) (47)
t

in which

Qiot = heat produced (J/day) in accordance with Eguation 21

t

i

refrigeration time per day (s)

A larger installed refrigeration capacity will result in shorter re-
frigeration periods, thus reducing the weight loss {Chapter 9). But since
a higher-capacity system is more expensive, the optimum refrigeration ca-
pacity must always be determined by cost-benefit considerations.
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14 Temperature control in potato stores

A. Rastovski

The temperature of potatoes during storage is subject to variations
due to heat production and heat losses in the store. The temperature will
increase or decrease in accordance with the relative amount of heat pro-
duced or lost respectively in a store. However, temperature is one of the
principal determinants of potato guality during storage. Temperature con-
trol during storage is thus the prime condition for preservation of pota-
to guality.

For efficient temperature contrel, a store must have a.ccoling and/or
heating system with the relevant control equipment and also facilities to
measure temperature. The principle ¢f temperature contreol is illustrated
in the block diagram in Fig. 14.1.

The temperature of the potatoes is measured by a temperature sensor
placed in the potato stack and read off a measuring instrument. The mea-
sured temperature is then compared with the reguired, set potato tempera-
ture. In accordance with the result, a decision is then taken as to
whether the potateoes should or should not be cooled or heated. If the
measured temperature differs from the required temperature, the cocling
or heating system must be switched on.

The relevant controls are operated and the cooling or heating system
is started up. To prevent the temperature in the bottom layers of a stack
of potatoes from falling too low or rising too high, the air temperature
in the supply duct is also sensed and measured. On the basis of this tem-

Temperature
. SENsor Cisturbance Temperature
Cosling sensor

Patato

s -
rCon_trch Decision !
: switches f

b
H | S |
| Preset Temp. |
| temperature measuring |
e e =2 J

Temperature controller

Fig. 14.1. Block-diagram for temperature control.
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perature measurement, the relevant controls are set so as to maintain the
required duct temperature. The temperatures are measured continuously du-
ring cooling or heating. When the potato has again reached the desired
value, the cocling or heating system is switched off. The control process
is repeated whenever the potato temperature changes.

The temperature controller represented by the dashed line in Fig. 14.1
thus performs the following operations: temperature measurement, compari-
son of measured and set temperatures, decision as to whether the tempera-
ture should or should not be controlled, and actuation of the control
switches.

The function of the temperature controller can be performed by a human
being -~ i.e., the storekeeper - or by automatic eguipment or by a combi-
nation of both. Automatic temperature contrel is always used in mechani-
cally refrigerated stores, but all three systems are commonly used in
stores with outside air cooling. Even in the latter, however, automatic
temperature control is increasingly coming to be used.

14.1 Mechanically refrigerated stores

The process of temperature control in a mechanically refrigerated
store is illustrated in Fig. 14.2. A temperature sensor in the potato
stack measures the temperature of the potatoes. The controller includes a
thermeostat set to the required storage temperature. If the potato tempe-
rature rises above that set on the thermostat, the latter switches the
refrigeration system and the air cooler fan on. Refrigeration continues
until the set temperature is reached in the potato stack. When this tem-
perature has been reached, the thermostat automatically switches off the
refrigeration system and the fan. To prevent the air temperature in the
supply duct falling from toc low - e.g., owing to freezing of the air
cooler - ancther temperature sensor is positioned in the supply duct and
is connected to a second thermostat. If the air temperature falls below
the relevant thermostat setting, the second thermostat switches off the
entire refrigeration system. The second thermostat thus acts as a sa-
fety device. The same contrel cycle is also performed if the temperature
in the potatces increases.

-——Lq—————T_

i
t
: Pot.temp
I

Sensor

Fig. 14.2. Temperature contrel in a mechanically refrigerated store,
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In an automatic control system of this kind, the thermostat thus per-
forms the following functions: temperature measurement, comparison with
the set value, decigion and operation of controls (in accordance with the
block diagram given in Fig. 14.1). This automatic temperature control sys-
tem is relatively simple; the temperature is controlled solely by switch-
ing the refrigeration system and the air cooler fan on and off.

14.2 Stores with outside air cooling

In a store with an outside air cooling system, the fan, the fresh air
inlet and exhaust ouiet dampers and the mixing damper must be operated
for cooling or contrel of the potato temperature.

These control operations can in principle be performed by the store-
keeper himself. In the past, store temperatures were indeed generally
controlled manually. For this purpose, only three thermometers are re-
gquired: one in the potatoes, one outside and cne in the supply duct be=~
hind the fan (Fig. 14.3). If the potato temperature rises toc high and
the cutside air temperature is lower than the potato temperature, the fan
is switched on, the air inlet and outlet dampers are opened and the de-
sired temperature in the supply duct is set with the aid of the mixing
damper. Both the temperature in the duct and that of the potatoes must be

measured at regular intervals during fan operation: the ventilaticn must
be stopped as soon as the desired potato temperature is reached or if the

outside air temperature rises above that of the potatoes.

However, favourable outside air temperatures often occur only at night
or very early in the morning. This is, of course, most inconvenient for
the storekeeper if he has to control the temperature in the store manual-
ly. For this reason, automatic temperature control even in stores cocoled
with outside air has recently been introduced.

To reduce the cost ¢f an automatic control system, the damper system
has also been simplified. The most common types of damper systems are il-
lustrated in Fig. 14.4.

Damper 1 in systems & and C takes the form of a pressure damper, whose
design is illustrated in Figs. 14.5 and 14.6 for horizontal and vertical

Fig. 14.3. Manual temperature control in stores with outside air ccoling.
1. Air inlet damper; 2. air exhaust damper; 3. mixing damper.
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Type Fresh air Mized air Recirculation

Fig. 14.4. Damper systems in stores with outside air cooling.

installation respectively. The dampers are made up of foam polystyrene
and move with virtually no friction. The movement is initiated by the
difference in pressure on either side of the damper. The cutlet damper is
opened by the excesg pressure prevailing in the store if outside air is
used for ventilation.

Similarly, the air inlet damper is also opened because there is a pres-
sure deficit in the air duct. However, with internal air ventilation,
both dampers remain closed, because there is then a small pressure defi-
cit under both dampers in the store, not encugh to open the inlet damper
and, of course, also holding the outlet damper shut. Hence both dampers
remain closed if the fan is not operating.

If the fan is in operation and the mixing damper is set to a mid-posi=-
tion - i.e., if ventilation is being carried out with mixed air - both
pressure dampers also open partially because the excess pressure or pres-
sure deficit is now reduced. The pressure dampers are thus operated by
the fan and the mixing damper.

The air inlet in system C must be provided with a damper which closes
with a highly efficient seal, as it is shut during periods of frost when
the fan is not opreating, to prevent freezing of the potatoes. This damper
can be operated manually. In system B, however, the wventilation can be
fully controlled by means of a butterfly valve type of damper.

Atr pressure

Fig. 14.5. Pressure operated exhaust damper for roof mounting.
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Fig. 14.6. Pressure operated damper for wall mounting.

In all three damper systems illustrated in Fig. 14.4 therefore, only
one damper has to be actuated by the automatic temperature contrel faci-
lities. To control the temperature in the store, only the fan and the
mixing damper have to be actuated by the automatic control system in this
case.

The temperature is controlled by the thermostats as shown in Fig. 14.7.
The fan is operated by a control circuit inceorporating three thermostats.
Thermostat THy controls the potato temperature and is set to the required
potato storage temperature. At a potato temperature higher than that set,
the termostat switches the circuit on. The thermostat disconnects the
circuit again when the required temperature is reached or at a lower po-
tato temperature.

Differential thermostat TH, is set to a specific temperature difference
between the potatoes and the outside air - usually 1 to 2 °C. If the tem=-
perature difference rises above 1 to 2 °C, the thermostat switches on the
contrel circuit. It disconnects it again at a smaller temperature diffe-
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THK

Fig. 14.7. Automatic temperature centrol in stores cooled with mixed air.

rence or if the outside air temperature rises above the temperature of
the potatoes. This thermostat thus ensures that the fan operates only if
it is possible to cool the potatoes.

The control circuit operating the fan also includes the safety thermostat
TH;. This thermostat is set to the minimum acceptable temperature of the
potatoes - usually 1 to 2 °C lower than the reguired storage temperature.
If the temperature in the duct falls below the set temperature, this
thermostat disconnects the contrel circuit to prevent chilling of the po-
tatoes.

Since all three thermostats are connected in series in the fan control
circuit, the fan can only operate if all three thermostats so allow. Ven-
tilation (i.e., cooling of the potatoes) can thus only take place if the
fellowing conditions are met simultanecusly:

- The potatc temperature is higher than the regquired storage temperature

{thermostat THA onj
- The outside air is colder than the potatoes (thermostat THD on)

- The duct temperature does not fall teo low (thermostat THV on).

The mixing damper is driven by a servomotor, which, however, is operated
by the duct thermostat THK via a changeover switch. The duct thermostat
is set to a temperature usually 0.75 to 1.0 K below the required storage
temperature. If the duct temperature rises above the set temperature du-
ring ventilation, the thermostat switches the power to the pole of the
changeover switch which causes the servomotor to close the mixing damper.
As a result, relatively more outside air is aspirated by the fan and the
duct temperature falls. Once the desired duct temperature is reached, the
thermostat disconnects the control circuit and the flap remains in the
relevant position.

I1f, however, the temperature in the duct falls below the set temperature,
the thermostat switches the servomotor so that it begins to open the
mixing damper. This motion is halted when the temperature in the duct has
again reached the set value.

This process continues as long as the fan is in operation. When the fan
is not aperating, the mixing damper remains open, thus preventing venti=-
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lation with excessively cold air when the fan is switched on. -As stated
earlier, the mixing flap at the same time also coentrols the positions of
the pressure dampers for air inlet and outlet,

The temperature is thus controlled by two control circuits, one of
which actuates the fan and the other the mixing damper. This damper must

in this case be machanically controlled with a continucus range of ad-
justment.

The control system shown in Fig. 14.7 is fully automated and can be
used everywhere for temperature control with outside air cooling.

In a temperature climate, as in the Netherlands, where the outside air
temperature during the storage period regularly falls to the reguired
storage temperature, the automatic temperature control system can be fur-
ther simplified. In such cases pure outside air cocling becomes possible
during most of the storage period. Automatic control of the mixing damper
then becomes superfluous and the operation of the fan also becomes simpler.
A system of the type illustrated in Fig. 14.8 will then be sufficient.
The fan is operated by a control circuit including only a differential
thermostat and an outside air thermostat in series. The differential
thermostat THD is set to a difference of 1 to 1.5 °C between the potato
and outside air temperatures.

The differential thermostat switches the control circuit on if this
temperature difference is reached or if the temperature difference rises
above the set wvalue. The outside air thermostat, however, is set to a
temperature 1.5 to 2 °C lower than the required storage temperature. This
thermostat switches the control circuit on if the outside air temperature
is not below the set value.

The mixing damper is normally closed, so that the store can be ventilated
with outside air only. The store will thus be cooled only if the outside
air temperature is higher than the temperature set on thermostat TH0 and
if the outside air is 1 to 1.5 K colder than the potatoes.

For instance, if the potatoes are to be stored at 7 °C, the ocutside air
thermostat TH, must be set to 5 °Cc. If the differential thermostat has
then been set to a difference of 1.5 K, the fan will operate only at
times when the outside air temperature is 5 to 5.5 °C. The temperature

A RIS.T

THD THO

Fig. 14.8. Automatic temperature control in stores cooled with pure out-
side air.
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difference within a heap of stored potatces will then not exceed 1.5 to
2°c-ie., 7-55=1.5Kor 7-5=2K.

However, if the outside air temperature remains below the set outside air
temperature day and night for a long pericd and the potato temperature
nevertheless rises, mixed-air ventilation will be required during the
daytime. For this purpose, the fan has to be switched on manually and the
mixing damper set manually so that the reqguired temperature is obtained
in the air duct. For this purpose all that is necessary is toc place a

thermometer T, in the supply duct. This semiautomatic temperature control

system is oftzn used in Europe.

Electrical or electropneumatic control systems are generally used in
potato stores.

The aim with an automatic system is te control the temperature from a
central point - i.e., to position the controller at a central point. Even
where the temperature is controlled manually, the fans are often operated
from a central point or control panel.

For temperature monitoring, the centroller or control panel must in both
cases be provided with remote temperature measuring equipment.

However, all automatic control systems are liable to failure or loss
of correct adjustment. Automatic contrel systems must therefore incorpo-
rate facilities for manual temperature control in the event of faults.
There must be a 3-position switch with the settings 'automatic', 'manual’
and foff'.

Incorrect adjustment or faults may also occur in a remote temperature
measuring system. Local thermometers must therefore be installed in the
store even where such a system is fitted.

Efficient control of the temperature of the stored product thus calls
for constant supervision by the storekeeper, whether the temperature is
controlled automatically or manually.

14.3 Thermometers and thermostats in potato stores
14.3.1 Thermometers

Thermometers are essential for efficient potato temperature control.
Various types of thermometers are available, although two main types are
used in potato stores, viz., mercury thermometers and bimetal thermome-
ters.

Glass mercury thermometers are generally used to measure the air tempera-
ture, or alternatively maximum-minimum thermometers (Fig. 14.9). The lat-
ter also measure the minimum and maximum temperatures during a given mea-
suring period. Mercury thermometers are reliable and accurate.

Bimetal insertion-type thermometers are usually used to measure the tem-
perature in a potato stack. The temperature of the potatoes is highest
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Fig. 14.9. Mercury thermometers.

Fig, 14.10. Bimetal thermometers.
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Fig. 14.11. Glass mercury thermometers used for checking temperature in
the potato pile.

0.5 to 0.75 m below the top of the stack, so that this is the point at
which the temperature must be measured. Hence insertion-type thermometers
as illustrated in Fig. 14.10 are used to measure the potatc temperature.
As stated, these are mainly bimetal thermometers, but insertion-type mer-
cury thermometers may also be used. The latter are usually glass mercury
thermometers inserted into the potato stack in a plastic or steel tube
{(Fig. 14.11). The mercury thermometers are generally more accurate and
less subject to error. Nevertheless, bimetal insertion-type thermometers
are often used because they are robust. The thermometers must be cali-
brated regularly - i.e., at least once a year and then preferably before
the beginning of the storage period.

The potato temperature is usually measured at a number of points in
the stack. Resistance sensors are normally used for remote temperature
measurement and are positioned at different points. The temperature at
each point is then read off a central instrument by means of a selector
switch (Fig. 14.12). This system must also be a calibrated regqularly.
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Fig. 14.12. Device for remote temperature measurement.

14. 3.2 Thermostats

Thermeostats are instruments for automatic temperature control. In tem-
perature contrel in potato stores, the thermestat is always a component
of a control circuit which actuates the electric control switch. As shown
in the block temperature control diagram in Fig. 14.1, the thermostat per-
forms the following functions together with the temperature sensor: tem-
perature sensing, temperature measurement, comparison of measured and set
temperatures and decision as to whether or not the control switches are
te be actuated.

Thermostats are divided into two groups, viz., mechanical and electro-
nic, according to the method of temperature measurement.

In mechanical thermostats, the temperature is measured by means of the
vapour pressure of a known liquid, while the temperature determinant in
an electronic thermostat is the electrical voltage or resistance to an
electric current. The electrical resistance of a conductor varies with
temperature.

In a mechanical thermostat, the temperature sensor consists of a small
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vessel filled with a known liguid or wvapour and linked to the thermostat
by a capillary tube (Fig. 14.13). The vapour pressure in the capillary
tube depends on temperature. The wvapour pressure acts on a diaphragm
which is loaded on the other side by a spring. If the force of the pres-
sure rises above that of the spring, the diaphragm moves in the direction
of the pressure force, thus operating a switch linked to the diaphragm
and switching the control circuit on or off. The temperature setting is
thus determined by the spring force. A mechanical thermostat therefore
operates on the vapour pressure difference principle.

An electronic thermostat, on the other hand, operates on a principle
of the difference in electrical voltage or resistance in a circuit. The
sensor of an electronic thermostat ceontains an electrical resistance
which changes with temperature. The sensor is connected to a specific
voltage by a cable, se¢ that an electric current flows through the sensor.
The voltage in a circuit ailways decreases through a resistance, the volt-
age drop depending on the size of the resistance. Hence the voltage drop
in the sensor depends on its temperature.

A known resistance is connected to the same voltage source by another ca-
ble, and is made egual te the resistance in the sensor at the required
temperature. If the sensor temperature departs from the reguired tempera-
ture, a difference in voltage arises at the end of the two cables.

If a winding is connected between the two cables, the voltage difference
causes a magnetic field to arise in the winding, and this can be used to
operate a switch in the control circuit.

A thermostat thus operates by differences in vapour pressure or elec-
trical voltage. The control circuit is switched on or off jf the measured
temperature is somewhat higher of somewhat lower than the set temperatu-
re. This difference between the set and the measured temperature, re-
quired to operate a thermostat, is called the switching differential of
the thermostat. This is an important thermostat characteristic, as it al-
so determines the temperature fluctuations in the store. A good thermo-
stat must therefore be capable of operating with a small and constant

Switch

Controt circuit

Sensor

Capillar

Fig. 14.13. Mechanical, viz., pressure operated thermostat.
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switching differential. The temperature sensor must also have a quick
response to temperature changes at the measuring point. This rate of

response largely depends on the mass of the sensor. Electronic thermo-
stats with PT-100 sensors usually satisfy these two requirements better
than mechanical thermostats.

The main advantage of an electronic thermostat is that the distance
between the temperature sensor and the thermostat is not limited. This
distance, however, cannot exceed a few metres in a mechanical thermostat.
An electronic thermostat can thus always be positioned in the central
contrcller, so that the temperature in the entire store can be set from a
single peoint. This is not possible with mechanical thermostats in large
stores, thus complicating setting of the required temperature.

For all these reasons, electronic thermostats are preferred for tempe-
rature control in potato stores.

An electronic thermostat must satisfy the following reguirements:

- The thermostat setting must be adjustable by scale with scale divisions
of not more than 0.2 °C.

~ Resetting of the thermostat must give rise to a corresponding change in
the setting of the switching point.

- The setting must not change as a result of temperature variations in
the environment of the thermostat.

- The temperature of the material controlled or stored must be displayed
on the thermostat.

- The thermostat must have indicator lamps to show whether it is on or
off.

- Simple temperature correction must be possible on the thermeostat.

- The thermostat's intrinsic switching differential must be less than
0.5 °C.

A well designed and constructed automatic temperature control system
can thus maintain the set temperature very accurately if the appropriate
conditions are satisfied. However, ventilation may be necessary during
the storage of perishable produce such as potatces, not only for tempe-
rature control but also, for example, to dry the produce, to localize de-
cay areas, etc. An automatic temperature control system will not perform
these functions. The temperature control system itself may alse fail, as
any automatic system is liable to faults.

Since, even where an automatic temperature control system is present,
the quality of the stored produce largely depends on the vigilance and
expertise of the storekeeper.
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15 Fans

A. Rastovski

15.1 Fan characteristics

For efficient cooling, heating and drying of potatces, a certain velu-
me of air has to be passed through the produce. Fans are used to move
this volume of air. Hence the main requirement fer a fan installed in a
store is that it should move the desired volume of air.

However, a flow of air always meets with resistances, which reduce the
pressure in the air stream, giving rise to a certain head loss. For the
desired air flow to be obtained, the fan must therefore build up a head
equal to the head losses in the ventilation system as a whole.

Censeguently, a pressure difference must arise between the suction and
delivery sides of a fan equal to the head lesses in the ventilation sys=-
tem at the desired rate of air flow. This pressure difference is called
the static pressure differential (Aps) or the static pressure (ps)} of the
fan.

The air leaves the fan not only at higher pressure but alsc with a
certain velocity. To make the air move at a given velocity however, a
certain pressure, or pressure difference, is also necessary, viz., the
pressure can be transformed into air velocity. The air velocity is then
equivalent to a given static pressure, which is called the velocity pres-
sure or dynamic pressure (Pd).

Both the static and dynamic pressure thus increase through the fan.
The sum of the static and dynamic pressures is called the teotal pressure
(Ptot) of the air filow, 1.e.:

P =P_+ P

tot s q (Pa) (48)

The dynamic pressure is determined by the air velocity:
Pg=5 . WV (Pa) (49)

p = specific gravity of the air (kg/m3)
v = air velocity (m/s)

The total pressure of the air flow after the fan is thep:
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P =P + g— v (Pa) {50)

The air velocity v is generally determined by the rate of air flow and
the cross~sectional area of the duct perpendicular to the direction of
flow, as follows:

v=g (n/s) (51)
in which
¥V = volume air flow (m3/s)

A

cross-sectional area (m?2)

For example, if the static pressure differential of a fan is APS= 150
Pa at a rate of air flow ¢f V = 6 m3/s, and if the cross-sectional area
of the discharge orifice of the fan is A = 1.0 m2, the air velocity
through the orifice is:

v = = 6 R/8

e
Il
oy

and the total pressure increase through the fan if the specific gravity
of the air is p = 1.26 kg/m?® becomes:
2 1.26 | .2

AP tor = AP st ¥ p/2 v© = 150 + 7

AP 150 + 22.68 = 177.68 Fa

tot

The velocity pressure Pd = 22.68 Pa could in principle be converted
intc the static pressure by, for example, fitting a diffuser behind the
delivery orifice of the fan. In this case the total head of the fan can
be used to overcome resistances in the ventilation system. Diffusers are,
however, not normally used in potatoe stores.

Most of the velocity pressure is then lost in turbulence, and only the
static pressure of the fan is used to move air through the ventilation
system.

Hence the principal parameters of a fan are:

¥V = fan capacity (m3/s)
ﬂPS or Ps = static pressure differential or static pressure (Pa)
Nm = rating of drive motor (kW)

However, the fan capacity varies with variations in the pressure diffe-
rential AP or APy 4o The relationship between the fan capacity and the
fan pressure difference produced is known as the fan characteristic (Fig.
15.1}.
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Ptot

Pressure { Pa}

P,
S Py

Fan capacity V { m3/s! Fig. 15.1. Fan characteristic.

The characteristic of a fan is determined experimentally. Each type of
fan has its own characteristic. In general, however, the higher the pres-
sure differential AP, of a given fan, the lower its capacity. Since the
fan capacity always follows the characteristic, it is essential when
choosing a fan to know its characteristic. Characteristics are specified
by manufacturers in tables or graphs, as in Fig. 15.1.

The characteristic of a given type of fan varies with the rotational
speed and the diameter of the blade unit. Both the air delivery and the
pressure differential usually increase with increasing blade unit diame-
ter and increasing fan rotational speed.

The power, or energy consumption, regquired to drive the fan greatly
depends on the volume of air moved and the increase in head through the
fan.

The energy increase in the air flow through the fan is determined as
follows:

N,, =V - AP

th tot {(w) (52}

For this reason N p is known as the theoretical, or useful, power of
the fan, as this amount of energy is used to move the veolume of air V
against a pressure APy -
However, losses always arise through the fan, and these increase the

required power or energy consumption to drive the fan, as follows:

Nth B v . APtot

Ny v = v (W) (53)

N, is called the shaft power of the fan and nv is its efficiency. The
efficiency nv is alsc a characteristic of the fan - i.e., nv varies from
one type of fan to another. nv, however, also varies with air delivery in
one and the same fan.

In each fan, there is therefore a specific air delivery at which nv is
maximum. The larger nv becomes, the less energy the fan consumes for the
same air delivery and the same pressure differential. The fan efficien-
cy nv seldom exceeds 0.75, but it may alsc be much less.

Fans in potato stores are usually driven by electric motors. However,
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an electric motor also does not operate without losses. By virtue of the-
se losses, the energy consumption of the motor becomes even greater than
the necessary shaft power of the fan. The motor power is determined as
follows:

Na V .« AP V. AP

N = — = . tot _ tot (54)

Nm is the energy consumption of the electric motor and vm its effi=-

ciency. The total efficiency n of the fan and the motor determines the ac-
tual energy consumption for wventilation at a given fan capacity and a gi-
ven head loss through the ventilation system.

The efficiency nm of an electric motor is seldem higher than 0.8, but
may be considerably less, particularly at low loads.

The total efficiency of the fan and motor (n) is therefore seldom
higher than 0.6, but it may be as low as 0.3 or even less.

If Vv, APtot
be calculated as follows from Equation 54:

and Nm are specified for a fan, the total efficiency can

N = (55)

A fan drive motor clearly consumes appreciably more energy than is re-
quired for moving the air. However, this additional energy consumption is
not lost but is converted into heat owing to friction in the fan and the

motor. Hence the difference N - N is used directly for heating the air.

th
As a result, the temperature of the air flow after the fan is higher than
that of the aspirated air.

Owing to friction in the air ducts and in the potato heap, the useful

energy N is also converted into heat. Finally, therefore, the total

energy czgsumption of the drive motor is converted into heat, thus hea-
ting the air flow. Consequently, the energy consumption during ventila-
tion must be regarded as a heat source in the store and must be taken in-
to account as such in the compilation of the store heat balance (see
Chapter 10).

Hence the energy consumption directly determines energy costs during
storage, as well as influencing the required refrigeration capacity in
the store. The higher refrigeration capacity in a mechanically refrige-
rated store entails extra costs for the expensive refrigeration plant.
However, the extra equipment costs are very limited in stores cooled with
outside air.

As the air is heated, i1ts relative humidity falls, so that weight los-
ses, especially in the lowest layers of potatoes, may increase substanti-

ally.
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The increase in the air temperature is directly proporticnal to the

pressure differential AP and inversely proportienal to the total effi-

ciency n. For these reaszgs it is essential when choosing a fan to pay
adequate attention to its efficiency n. The ventilation system must also
be designed so as to minimize head losses within it. Since most of the
dynamic pressure of the fan is lost, a larger fan generally uses lessg
energy for a given air delivery and a given static pressure. But a larger
fan has alsc a higher capital cost.

The fan capacity must also be limited to what is essential for efficient
temperature contrel in the store and for drying wet potatoces.

15.2 Head losses through the ventilation system

The static pressure differential of the fan must be equal tc the head
losses in the ventilation system at the desired rate of air flow.

The head loss in the ventilation system greatly depends on the air ve-
locity or the rate of air flow through the system. Head losses arise both
in the air ducts and in the heap of stored potatoes.

Head losses in a ducting system are caused by friction along the walls
of the straight ducts, by changes in the air velocity and by changes in
the direction of flow.

All these losses can be determined from the fellowing general egua-
tion:

5P = ¢ 5. e (Pa) (56)

in which { = resistance factor of a part of the duct.

The resistance factors for different parts of a ducting system have
been determined experimentally and published in the literature; see, for
example, VDI-Wdarmeatlas (1963) and Sprenger (1964).

Equation 49 clearly shows that the head losses depend strongly on the
air velocity or on the dynamic pressure of the air flow. The relationship

Velocity head Pd (Pa)
~ w ~ w o ~
(=) =] Qo (=] = (=]
i 1 A 1 i R

I=}
1

T T T T T T T T T
1 2 3 4 5 6 7 8 § 10
Air velocity W {m/fs)

Fig. 15.2. Dynamic pressure of the air, viz., pressure loss by { = 1.
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Fig. 15.3. Relation between head loss and the cross-sectional area of a
duct by £ = 1.

between the air velocity and the dynamic pressure or head losses through
the ducting system is illustrated in Fig. 15.2.

The air velocity also affects the dimensions or cross-sectional area of
a duct. The cross-sectional area can be determined as follows using Equa-
tion 51:

A=

<<

(=) (57)

Hence, the higher the air velocity, the smaller {and cheaper) the
duct. As shown above,‘however, head losses are thereby increased. For in-
stance, if the air velocity is doubled, the cross-secticnal area can be
halved (Eguation 57), but the head loss is then guadrupled (Equation 56}.

The relation between head loss and the cross-sectional area of a duct
is illustrated in Fig. 15.3.

The cross-sectional area and air velocity are set out on the horizon-
tal axis and the dynamic pressure on the vertical axis. A value of 100
has been assigned to the cross-sectional area at an air velocity v =
2 m/s. The graph shows that a reductien in the cross-sectional area from
100 to about 35 is accompanied by a relatively small increase in the dy-
namic pressure; the air velocity thereby increases from 2 m/s to 5 to
€ m/s.

However, if the cross-secticonal area is further reduced, the dynamic
pressure increases sharply. For example, if the cross-sectional area is
reduced from 35 to 25, the increase in the dynamic pressure is just as
large as that caused by the reduction from 100 to 35. The air velocity
then increases from 6 to 8 m/s. At an air velocity of 10 m/s, the dynamic
pressure is tripled as compared with 6 m/s and the cross-sectional area
is reduced only from 35 to 20.
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For these reasons the air velocity through the ducting should prefera-
bly be limited to 5 to 6 m/s.

If the air velocity through the duct is known, the head loss can be
determined by Equation 56, if the resistance factor is known. The resis-
tance factor of a straight duct depends on its length, the roughness of
its walls and the size and shape of the cross-sectional area. A round or
cylindrical duct has the optimum shape. Compared with a cylindrical duct,
a sqguare duct of the same length, wall smoothness and cross-secticnal
area has a resistance facter about 15 % larger, while the resistance fac-
tor of a triangular duct is as much as 30 ¥ larger.

In general, head losses through well designed straight ducts in potato
stores are, however, relatively small.

Tﬁe largest head losses are caused by changes in the cross-sectional
area of the ducts and changes in flow direction. Duct air inlets and out-
lets, sharp bends and abrupt increases or decreases in the duct cross
section cause the largest head losses. Rounded bends and gradual changes
in duct cross section can substantially reduce the head loss.

The head loss through the ducting of a potato store, assuming a maxi-
mum air velocity of 5 to 6 m/s, is usually limited to 80 to 100 Pa.

Head losses in a heap of stored potatoes greatly depend on the air ve-
locity through the heap, the height of the potate heap, the amount of
goil in it and the extent of sprouting of the potatoes. Head losses are
lowest in a heap of clean and unsprouted potatoes. Accumulations of soil
at certain positions in the heap present a considerable resistance to the
air flow, obstructing the flow of air in these positions. Local accumula-
tions of scil (soil cones) must therefore be avoided. The head loss in a
heap of potatoes was determined experimentally by Ophuis, (1958), and
Cloud (1976). The head leoss in a heap of clean, unspreouted potateces is
shown in Fig. 15.4.

The specific volume flow (the volume of air in m3 moved per second per
m? of floor area) is set out on the horizontal axis. The head loss
through a 1 m deep layer of potatoes at a specific volume flow of 0.083
m3/m2«s8 (300 m*/m2.h) is thus 11 Pa. At 0.027 m3*/m?.s (100 m3/m2.h), the
head loss in only 2 Pa/m. The specific volume flow in potato storage is
seldom higher than 0.08 te 0.10 m3/m2.s (290 to 360 m3/m2.h).

The head loss through a 3.5 m deep layer of potatoes is thus 3.5 x
11 = 38.5 Pa at 0.083 m3/m2.s (300 m3/m2.h} and 3.5 x 2 = 7 Pa at
0.027 m3/m2 s (100 m3/m2 h). However, the head loss becomes appreciably
higher through a heap of potatoes which have sprouted considerably or
have a great deal of soil c¢linging to them.

The head leoss through the ventilation system as a whole - i.e.,
through the air ducts and the stored potatoes - will normally be in the
range 100 to 160 Pa in stores with outside air cooling. In mechanically
refrigerated stores, there is also a head loss through the evaporator
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Fig. 15.4. Pressure loss in a 1 m deep pile of clean and unsprouted po-
tatoes.

(air cooler), so that the total head loss through the ventilation system
is larger. The head loss in a mechanically refrigerated store will there-
fore be in the range 200 to 250 Pa.

15.3 The fan capacity

The fan capacity strongly influences both the cooling and the drying
rate in the store, and cannot therefore be chosen arbitrarily. The fan
capacity must be determined on the basis of the required cocling and
drying rate in the store.

The air flow required to store potatoes at a given temperature can be
determined from Equation 48, as follows:

V= 3700 - t (m/s) (°8)
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in which:

Q = heat production in the store (J/day)

o
1}

ccoling time (s/day)

It is assumed in Equation 58 that the temperature rise of the air flow
is 1.5 °C and that half of the total heat dissipation (Q) is dissipated
as latent heat, i.e., by evaporation of water from the potatoes. These
assumptions will be correct if the relative humidity of the air is
90 to 95 %.

If the relative humidity of the air is lower, the relative amount of
latent heat wiil be larger, thus also increasing the cooling capacity at
a given air flow and temperature increase, If the air is dry, the cooling
time is thus reduced, or, if the same ventilation time is retained, a
smaller air flow wiil be sufficient. However, this will give rise to
greater moisture losses from the potatces.

At a given air humidity and temperature increase through the potato
heap, the needed air flow is determined solely by the heat production in
the store and by the ventilation or cocling time.

The heat produced by the fan and electric motor, however, depends on
the air flow and on the duration of fan operation.

The cooling capacity of the air flow is reduced by this heat produc-
tion and can be calculated as fecllows:

AP
v 37oo-v%=%i (59)

In Equation 59, Q* is the heat produced by respiration of the potatoes
and heat transmission through the store walls, floor and roof (see
Chapter 10}.

The volume air flow can then be calculated as follows:

0%
v = (m3/s)} {60)
t (3700 =~ T)

The volume air flow V is plotted against the cooling time t in
Fig. 15.5 for a heat production Q* = 1000 kJ per tonne of potatoes per
day {(i.e., Q* = 1000 kJ/day - tonne), on the basis of Equation 60. An ef-
ficiency of n= 0.5 and a head loss in the ducting system apk = 100 Pa
were assumed for the calculation. The head losses in 3 m and 4 m potato
heaps were taken from Fig. 15.4. The specific volume flow in m?®/m?.s
is set out on the horizontal axis and the coecling time per day on the

vertical axis.
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Fig. 15.5. Ceooling time as a function of the rate of air flow through the
pile; heat generation @ = 1.000 kJ/day.

Fig. 15.5 shows that the rate of air flow is dependent on the duration
of ventilation or cooling.

Increasing the rate of air flow from 0 to about 0.05 m3/m2.s
(180 m3/m2-n) quickly reduces the cooling time. The ventilation time de-
creases more slowly as the rate of air flow increases further. But even
an increase in the rate of air flow above 0.1 m3/m2-.s (360 m3/m2-h still
has a positive effect in reducing the cooling periods.

Fig. 15.5 clearly explains the big differences in rates of air flow in
different parts of the world when potatoes are cooled with outside air.
Climate greatly affects the required rate of air flow with outside air
cooling. For instance, if the ambient temperature remains below the desi-
red storage temperature for 11 to 12 hours per day, a rate of air flow of
0.015 m3/m2-s (55 m3/m2-h) is sufficient to maintain the storage tempera-
ture. This is the case in certain parts of the USA and northern Europe.
However, if the ambient temperature during a given storage peried falls
below the desired storage temperature for an average of only one or two
hours pér day, a rate of air flow of 0.1 m3/m2-s (360 m3/m2-h) or even
higher will be necessary.

In a well insulated store, it is usually possible to maintain the sto-
rage temperature at the level of the mean minimum ambient temperature
with a rate of air flow of 0.1 m3/m2.g.

The lower the rate of air flew, the longer will be the ventilation
time required - i.e., potatces will have to be ventilated with ai} at a
higher temperature, which means that the storage temperature will also be
higher.
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However, the ventilation system is used not only for cooling but also
to dry wet potatoes. Drying relates to the elimination both of any free
water on the surface of the tubers and in the soil clinging to them, and
of the moisture released by rotting of potatoes. In both cases, efficient
drying is essential to limit the spread of disease. However, like cool-
ing, drying depends on the rate of air flow through the potatc heap.

With outside air ventilation, therefore, both cooling and drying of the

potatoes will be faster the greater the air flow through the potato heap.

Consequently, the rate of air flow through a potato heap must be large

enough not only to allow the reguired temperature tc be maintained, but

alsoc to remove any free moisture on the surface of the tubers. If a de-
cay area arises in the potato heap during storage although the required
temperature is maintained, moisture severely contaminated with disease
organisms emerges from the rotten tubers. If this moisture comes into
contact with the surface of healthy tubers, they will also be infected
and the rot will spread. This spread of diseases can be limited by rapid
elimination of moisture released from rotten tubers. The rate of air flow
required for this may sometimes be considerably greater than that needed
to maintain the desired temperature in the store. This 'is usually the ca-
se in areas where the ambient temperature remains low throughout the sto-
rage period. In these situations, the drying rate thus becomes the criti=-
cal factor determining the rate of air flow.

weight losses from the potatoes are reduced by increasing the rate of
air flow or reducing the wventilation time. However, the capital cost of
a store with outside air cooling is influenced only to a relatively small
extent by the rate of air flow, so that there is little reason to limit
the fan capacity to a very low level in a store cooled with outside air.
A more generously scaled fan facilitates maintenance of the required
temperature in the store and reduces the risk of the spread of disease in
the stored produce.

This last point, of course, greatly depends on the guality of the po-
tatoes - i.e., the extent to which they are infected with diseases and
their resistance to disease.

For all these reasons, the following rates of air flow are recommended
with outside air cooling in the Netherlands (where the ambient temperatu-
re varies as shown in Fig. 21.2):

- ¥V =0.1 n3/m2.5 (360 m3/m2.h) for the storage of ware potatoes at 7 to
10 °C until the end of May and the storage of seed potatoes at 4 °C
until the end ¢f March.

~ For the storage of ware potatoes at 7 to 10 °C until the end of April,
however, a volume air flow of V = 0.05 m3/m2.s (180 m3/m2.h) may be
sufficient.

In mechanically refrigerated stores, the cooling period is not deter-
mined by the ambient temperature, and refrigeration can usually proceed
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fer a much longer time. The reqguired rate of air flow in mechanically re-
frigerated stores is therefore obviously appreciably lower. The air flow
or the fan capacity is determined by the refrigeration capacity of the
refrigeration plant and the acceptable temperature difference through the
potato heap, as follows:

-9
v prCp AT (61)
in which
Q = refrigeration capacity of refrigeration plant (J/s or W)
p = specific gravity of air (kg/m?*)
Cp, = specific heat of air including heat of evaporation (J/kg K)

AT = acceptable temperature difference through the potato heap (°C).

For AT = 1.5 °C, p = 1.26 kg/m3 and C = 2 kJ/kg K, the rate of air flow

is determined as:

v = 3"7%6 = 0.00026 Q (m3/s5) (62)

in which @ is equal to Q/t in Equation 58. Hence the air flow in fact de-
pends on the cooling capacity of refrigeration plant or the heat produc-
tion in the store and the period of cooling respectively.

In contrast to the situation with an outside air cooling system, the
refrigeration capacity in a mechanically refrigerated store substantially
affects the capital cost of the store. For this reason every effort is
made to reduce the installed refrigeration capacity, and hence also the
fan capacity to what is strictly necessary for efficient control of the
storage conditions.

15.4 Choice of fan

The required volume air flow and the pressure ps needed for this flow
determine the 'working pointf of a ventilation system. If the fan is to
transport this volume of air through the system, the working point must
lie on the fan characteristic, as shown in Fig. 15.6.

If the fan preduces a higher pressure than the resistance of the sys-
tem at the required volume air flow, a larger volume of air will be
transported through the system, as shown in Fig. 15.7a.

However, if the fan pressure at the desired volume air flow is Jless
than the system resistance, the fan will move less air, as shown in Fig.
15.7b.

The changes in fan capacity caused by variations of the pressure loss
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Fan capacity V (mi/s} v Fig. 15.6. Working point of a fan.

through the system depend on the shape of the fan characteristic. One and
the same pressure discrepancy will result in smaller changes in the fan
capacity the steeper the fan characteristic (Fig. 15.8).

The characteristics of two different fans, A and B, are shown in Fig.
15.8. The same pressure discrepancy Ap from the required pressure ps of
the fans gives rise to a smaller reduction in the volume of air moved
with fan A, which has a steep characteristic (V-VA), than with fan B,
which has a flat characteristic (W-VB). This may be important when choos-
ing a fan for a potato store.

Accurate determination of the resistance of the ventilation system in
a store is difficult. The resistance of the potato heap depends on the
degree of sprouting of the potatoes and on the amount of soil and other
impurities clinging to them. The resistance may also be substantially in-
creased by settlement of the potatoes during storage.

The resistance of the ducting system may alsc become much higher if
the air ducts are badly designed - e.g., with structured components per-
pendicular teo the direction of flow of the air.

By virtue of all these factors, the actual resistance or head loss in
the system may be greater than the calculated resistance. If the fan is
selected on the basis of the required rate of air flow and the calculated
head loss, it may be found that this fan in fact has a much lower capaci-
ty. Fig. 15.8 shows that this reduction in the volume air flow depends on
the fan characteristic.

A B
& System
tharacteristic &
b4
’ .
) A ‘Actual working £ A
o point Bl Gystem —~= . Designed
o CLE characteristic_~ working point

Capacity ¥

Fig. 15.7. shifting of the working peoint as influenced by the fan size.
a. Size of the fan too big; b. size of the fan too small.
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Fig. 15.8. Shifting of the working point by change in head loss through
the ventilation system as influenced by the fan characteristic.

The fan chosen for a potato store should therefore be one in which the
calculated working point of the system lies on the steeply sloping part
of the characteristic, even if the fan efficiency is thereby reduced by a
few percent.

This is particularly important in stores used not only for potatoes
but also for other produce, such as onions, which present a greater re-
sistance to the air flow.

15.5 Fan types

Two types of fans are normally used in potato stores, viz.:
- Axial-flow fans or screw fans
- Centrifugal fans

In an axial-flow fan (Fig. 15.9), the air is moved by the hlade assem-
bly in the direction of the shaft (i.e., axially).

In centrifugal fans (Fig. 15.10}, the impeller moves the air radially.
Axial-flow fans are suitable for transporting large volumes of air at re-
latively low pressures, while centrifugal fans can build up much higher
pressures. Axial-flow fans are usually more efficient than pentrifugal
types. Since relatively small head losses occur in the ventilation systems
of potatec stores, axial-flow fans are usually used for this application.

The noise level of the fan is also an important parameter, especially
in stores located close to residential areas.

The noise level generally depends on the fan capacity and the pressure
of the fan. The higher the capacity and the pressure of the fan, the
higher the noise level generally is. However, the human ear is more sen-

Fig. 15.9. Axial-flow fan.
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Fig. 15.10. Centrifugal fan.

sitive to high-pitched than to low-pitched sounds - i.e., it is more sen-
sitive to high fregquencies. The frequency of the noise of a fan strongly
depends on its rotational speed. The fans in the stores should therefore
preferably not be run at faster speeds than 1450 rev/min or 24 rev/s

(24571
measures will often be necessary, such as the use of acoustic insulation.

}. However, if the store is located in a built-up area, special

This must be designed and installied by specialists.
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16 Ventilation systems in potato stores

A. Rastovski

16.1 Introduction

Ventilation is necessary when potatoes are stored in order to control
the storage conditions - i.e., for the cooling, heating and drying of po-
tatoes.

These processes, of course, depend very much on the air velocity -
i.e., the rate of air flow over the tubers.

Sprout inhibitors (IPC-CIPC) are now often applied to the potatoes by
way of the air flow. In this case, the degree of treatment of the pota-
toes with sprout suppressant also depends greatly on the rate of air flow
through the pile of produce. To maintain uniform conditions in stored po-
tatoes, it is therefore insufficient for the store merely to be supplied
with the necessary volume of air at the required temperature and humidi-
ty:; this volume of air must also be distributed evenly over all the pota-
toes. Uniform air distribution through the potateces is thus an important
aspect of an efficient ventilation system in the store.

Very often, it is precisely uneven air distribution through the stored
potatoes that causes many problems during storage, generally giving rise
to inferior storage results.

The following types of ventilation systems are used in potatc stores:
a. Space ventilation
b. Forced-draught ventilation through the heap of stored potatoes.

These two systems are illustrated in Fig. 16.1.

In forced ventilation through the potato heap (Fig. 16.1a), the volume
of air moved through each point in the heap depends solely on the total
volume of air meoved by the fan and on the air distribution. The storage

=
Potatces Potatoes

o —

Fig. 16.1. Ventilation systems. a. Forced ventilation through the pile;

b. space ventilation - unventilated heap.
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conditicns in a homogeneous heap of potatoes can be controlled very effi-
ciently and accurately by choice of the correct fan and an efficient air
distribution system beneath the heap.

However, since air distribution in forced ventilation is independent
of the size of the heap, this ventilation system alsec allows potatoes to
be stored in large heaps, so that optimum use can be made of the capacity
of the store.

In this way the size of the store and the capital cost of the building
per unit of stored potatces can be minimized. On the other hand, addi-
tional capital investment is required for the air distribution system.

In space ventilation, the air is usually blown freely into the store
by the fan (Fig. 16.1b). Since the resistance to air movement through a
heap of potatoes is many times higher than the resistance of the free
space in the store, the blown-in air will be moved almost exclusively
through the free space. This air will pass along the surface of the heap,
only a thin upper layer of the potatoes coming into contact with it. The
potatoes deep down in the heap will be hardly, if at all, affected by
this air flow in the room - at least, not directly.

With space ventilation, air movement through the heap is thus uneven,
so that the storage conditions of the potatoes differ. Since the potatoes
constantly produce heat, the uneven ventilation will inevitably give rise
to temperature differences within the heap. These temperature differences
cause a natural draught, as a reshlt of which the rcoom air is after all
moved through the heap, although toc a lesser extent. The processes taking
place in an unventilated potato heap will be described in more detail in
Section 16.2.

By virtue of the natural draught, the temperature in the heap will ne-
ver be eqgual throughout. The temperature deep within the heap will always
remain higher than that in the room arcund the heap. This temperature
difference depends greatly on the size of the potato heap.

To contain these temperature differences within acceptable limits,
where space ventilation is used, the potatoes must be stored in relative-
ly small units - e.g., crates, boxes, etc. - with adequate free space
around the stacks.

This method of storage involves relatively poor utilization of the
store, the space required per unit of stored potatoes being larger and
the capital investment in the building thereby being increased. However,
the capital cost of the air distribution system is minimized.

Clearly, therefore, efficient ventilation of stored potatcoes always
invelves additional capital costs, either for the building or for the air
distribution system. The tectal capital investment in the store is usually
lower in the case of forced potato ventilation. Forced ventilation alseo
has the advantages, mentioned earlier, of very accurate and rapid control
of the storage conditions in the stored potatoes, whereby storage losses
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can be minimized. For these reasons, the forced ventilation system is ge-
nerally used in potato stores.

16.2 Space ventilation or natural draught ventilation of potatoes

In an analysis of the processes taking place in a lot of potatoes ven-
tilated without forced draught, it must be remembered that the potato is
a living organism which constantly produces heat by respiration. If this
heat is not eliminated, the temperature of the potatces inevitably rises.
when a single tuber lies in a space, the heat produced can easily be re-
moved by the air and the temperature of the tuber will differ little from
that of the air. However, when potatoes are stored in a heap, as shown in
Fig. 16.1b, the air has free access only to a relatively thin layer of
potatoes on the surface of the heap. The temperature of these potatoes
will relatively quickly become equal to the ambient temperature. The po-
tatoes lower down in the heap, however, have no direct contact with the
air in the room, and therefore cannot give up the heat produced directly
to the ambient air; they are therefore heated. Regardless of their origi-
nal temperature, self-heating will always ewventually raise the tempera-
ture of these potatoes deep inside the heap and of the air around them to
a level higher than the ambient temperature.

Alr movement

However, a change in temperature is accompanied by a change in the
specific gravity of the air. The specific gravity of the warm air in the
heap falls below that of the colder, ambient air. This difference in spe-
cific gravity gives rise to the familiar chimney effect. The cold, hea-
vier ambient air flows towards the heap and displaces the lighter, warm
air out of the heap. The cold air is heated in the heap, becomes lighter
and can in turn be displaced from the heap by the heavier ambient air.
The temperature difference between the heap and the ambient air thus
causes the heap to be ventilated.

This form of ventilation is known as natural draught ventilation or
ventilation by free convection.

Since the temperature of the air leaving the potato heap is higher
than that of the air entering it, this ventilation removes heat from the
heap - i.e., the potatces are cocled. The amount of heat removed by the
air is proportionate to the air velocity and the temperature difference
between the incoming and discharging air - i.e., Q ~ v ('I‘A - T, in which
Q represents the amount of heat removed per m? of floor area.

The motive power for this air movement is the pressure, or pressure
head caused by the difference in weight between the colder ambient air
and the warmer air in the heap. This pressure head is proportionate to
the difference between the temperature of the air in the heap and the am-
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bient air and to the height of the heap - i.e., Ap ~ H (TA = T,), in
which TA is the average temperature in the heap.

However, the air movement through the heap gives riseée to a certain
pressure drop. At low air velocities, this pressure drop is almost 1i=-
nearly proporticnate to the air velocity (v), the resistance to air mo-
vement (K) and the height of the heap (H) - i.e., Ap = K:-H-v,

Since the pressure drop is always equal to the prevailing pressure
head it follows from the two relations given above that the temperature
difference TA - To must be proportiocnate te the air velocity v and the
resistance through the heap K - i.e., (TA - To) = v-K.

Hence the larger the difference in temperature becomes, the more air
will be moved through the heap. More heat will therefore be removed from
the heap, the temperature in the heap falling relatively gquickly. The
temperature difference thus constantly decreases, so that less and less
air is moved through the heap and less heat is eliminated. At a given
temperature difference, the air will remove just as much heat as the po-
tatoes produce. At this temperature difference, the steady-state condi-
tion will be attained, and the temperature in the heap will n¢ longer
change.

Temperature differences between the potatoes and their environment at
steady state.

This temperature is determined by the heat and pressure balance within
the heap - i.e., the relations ¢ ~ (T, - T ).-v and (TA - T,) = Vv-K. How-
ever, the amount of heat removed Q in the steady state is equal to the
heat production of the potatoes per m2 of horizontal area of the heap
Qa-H; i.e., Q= Q, H in which Q is the heat production per m3 of pota-

toes. The temperature T, is propertionate toc the average temperature in

the heap TA. It followsAfrom the relations Qa-H ~ (TA - To)-v and

(TA - To) ~ v.K that the temperature difference between the heap and the
environment in the steady state is exponentially proportionate to the heat
production of the potatoes and to the resistance and height of the heap,
viz., (TA -T,) = Jﬁ;TﬁTE. This relation was verified experimentally by
Beukema (1980) and Burton et al. (1955).

An unventilated potato heap is thus continuously ventilated by natural
draught or free convection. As a result, even the potatces deep down in
the heap are after all cooled with ambient air.

The temperature difference between the heap and the environment with
this form of ventilation depends on:

a. the height of the potato heap;

the resistance to air movement through the heap;

c. the heat production of the potatoes.

a. The temperature difference in a 2 m high heap will be 40 to 50 %
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greater than in a 1 m high heap of the same lot of potatoes given the
same ambient air conditions. In a 3 m high heap, however, the tempera-
ture difference will be 70 to 80 % more than in the 1 m case.

b. An equally large temperature increase takes place in a heap of the same
height if the resistance to air movement is doubled or tripled. Hence
the temperature difference will usually be larger the more the potatoes
have sprouted and/or the more soil and folialge is present among the
potatoes as these increase the resistance to air movement. The tempe-
rature difference is thus smallest if the potatoes are clean and

sprout-free.

c. The heat production of the potatoes influences the temperature to the
same extent as the pile height and resistance. A number of factors de-
termine heat production in potatces. Heat production is usually many
times greater immediately after harvesting than a few weeks later. Tu-
ber damage, intense sprouting and disease also substantially increase
heat production (Burten et al., 1955).

However, heat production in healthy potatoes a few weeks after lifting
is largely determined by the temperature of the potatoes. The increase in
heat production is very limited in the temperature range 5 te 15 °C,
averaging 0.4 W/tonne . °C. At temperatures above 15 °C, heat production
increases considerably faster, averaging 2 W/tonne + °C. The temperature
of the potatces in an unventilated heap depends on the ambient tempera-
ture. The potato temperature is always a few degrees higher than the am-
bient temperature. Because heat production increases sharply at higher
potato temperatures, the difference between the temperature of the pota-
toes and that of the environment will be larger at high ambient tempera-
tures.

However, these high temperatures also promote sprouting and rotting in
potateces. This also increases the resistance to air movement through the
heap, resulting in a further increase in temperature. At high ambient
temperatures and/or in deep potato piles, there is therefore a danger of
excessive temperatures in the heap and even of overheating of the pota-
toes. The equilibrium or steady-state condition is achieved only at ex-
cessively high temperatures, or not at all. Hence the pile height must be
limited te avoid overheating of freshly lifted or sprouted potatoes and
of potatoes stored at higher ambient temperatures.

The volume of air moved by natural draught is usually relatively
small, so that it takes a long time for the equilibrium condition to be
attained. It is therefore the average ambient temperature which deter-
mines the temperature of the potatoes. The temperature in a heap of this
kind will therefore always be higher than in a heap with forced-draught
ventilation. But the temperature is not the same right through the heap.
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Fig., 16.2. Temperature variation through a 1 m deep pile at 20 °C and re-
lative humidity of ambient air of 76 % RH. (from Beukema, 1980).

The characteristic temperature variation in the centre of large heaps of
potatoes wventilated by natural draught is shown in Fig. 16.2.

In a humid environment the air always moves upwards through the pile
and the lowest temperature is attained in the lowest layers of potatoes.
The temperature increases from the bottom towards the top, peaking at a
height of approximately 0.8 H, above which level it falls again. This
fall in temperature in the upper layvers is due to intense mixing of the
air flow from the heap with the ambient air and to the elimination of
heat by conductican (Beukema, 1980}.

The same occurs on all surfaces of the potatec heap which are in direct
contact with the ambient air. This intense heat removal from the surface
may also influence the temperature in the middle of the heap. This in-
fluence, of course, depends on the size of the heap. Burton et al. (1955)
found that this influence was evident as long as the length or width of
the heap was less than twice the height - i.e., L < 2H or W < 2K. In
these heaps of limited horizontal size, the maximum temperature in the
middle of the heap was also appreciably lower than in larger-sized heaps
at the same ambient temperature. The length and/or width of the heap thus
also affect the maximum temperature difference between the heap and the
environment.

This temperature difference is ‘alsc affected by the manner in which
the air can gain access to the heap (Beukema, 1980). Fig. 16.3 depicts
two heaps of equal size. The air has free access to the beottom of heap A,
while heap B is ventilated from above only.

The arrows show the direction of air movement through the two heaps.
Since the air in heap A is moved principally in one direction - i.e., up-
wards - while it is moved in heap B first downwards and only then up-
wards, more air will flow through heap A, so that the temperature of
these potatoes will be lower.
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Fig. 16.3. Heaps with different air access. a. Free air access to the
bottom of the heap; b. air access only from above.

In a 3.7 m high heap ventilated only from above (type B), Burten
et al. (1955) observed the largest temperature difference Tha = To =
4.5 °C at ambient temperatures of 6 to 1¢ °C, The highest temperature was
measured at a height of 3 m. The temperature of the lowest layer of po-
tatoes was then 1 °C higher than the ambient temperature. The measure-
ments ware carried out a few weeks after the harvest in unsprouted pota-
toes with relatively little clinging soil.

Beukema (1980) measured a maximum temperature of 21.8 °C in a 1 m high
heap of clean, unsprouted potatoes with type A vetilation, the ambient
conditions being T0= 20 °C and 96 % RH. This temperature was measured at
a height of 0.85 m. The temperature of the lowest layer of potatoes was
virtually the same as the ambient temperature - viz., 20 °C. Given the
same ambient conditions and with the same lot of potatoes piled to a
height of 3 m, a maximum temperature of about 24 °C could be expected in
a type A heap. However, the potatoes would sprout intensively at these
high temperatures, thus after a relatively short time increasing the re-
sistance to air movement again, so that the temperature in the heap might
increase sharply. Heap size must therefore be limited to a minimum at
these high ambient temperatures to avoid overheating of the potatoes.

At lower humidities of the ambient air the lowest temperature does not
occur at the very bottom of a pile but somewhat higher, as shown in
Fig. 16.4(a); the initial temperature drop being caused by intensive eva-
porative cocling of potatoes.

At very low humidities of ambient air the evaporative coeling becomes
predominant and the temperature of potatoes remains lower than the am-
bient temperature throughout the pile as shown in Fig. 16.4(b). In that
case there occurs a downward movement of air through the pile.

Dimensions of potato heap

It is clear from the foregoing that the temperature in an unventilated
heap of potatoes can be reasonably well controlled by limiting the size
of the heap. If the requirements as to temperature uniformity are not
critical, healthy, clean potatoes can be stored in this way even in large
heaps (up te 3 m high) at an average ambient temperature not exceeding
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Fig. 16.4. Temperature variation through a 1 m deep pile of 20 °C and a
relative humidity of the ambient air of: a. 76 % RH; b. 45 % RH.
{from Béukema, 1980).

6 to 8 °C. The maximum temperature in the heap will then be limited to
about 10 to 13 °C.

At higher ambient temperatures and/cr if the temperature uniformity
requirements for the potatoes are more critical, the heap size - in par-
ticular, its height - must be limited. In this case the potatoes are
usually stored in boxes or crates, as illustrated in Fig. 16.5, or bulk-
piled in clamps as shown in Fig. 16.6.

Potatoes to be stored without forced wventilation must be dry and rea-
sonably clean - i.e., with little clinging secil and foliage. Large gquan-
tities of soil and foliage impede air movement, causing the temperature
of the potatoes to rise. The potatoes must also be treated with sprout
suppressants to prevent intense sprouting. The volume of air moved by na-
tural draught is usually very small, so that the wet potatoes dry slowly.
There is therefore a relatively high risk of rotting in wet potatoes.

) | o 1| | ol i 1 |l | ol

=1 | 1 o 1 P | o

- a - b

Fig. 16.5. Stacking of crates (a) and boxes (b) in space ventilated

stores.
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Fig. 16.6. Storage of potatoes in unventilated clamps.

Condensation

Since the temperature deep within the heap is higher than the surface
temperature, water vapour from the air will condense cn the surface of
the heap. The amount of moisture precipitated depends on the amount of
air moved through the heap and the difference between the temperature in
the heap and on the surface. Hence more moisture will precipitate on the
surface of large, tall heaps, thus also substantially increasing the risk
of rotting of the potatoes. Since the moisture released by rotten pota-
toes cannot be efficiently evaporated, the disease rapidly spreads. This
is one of the main disadventages of natural draught ventilation.

Condensation on the surface layers of large heaps can, however, be
prevented by covering them with straw. The highest tempervature is then
attained in the top layer of potatoes and the condensation occurs in the
straw where the temperature is lower.

Because the spread of rot in unventilated heaps cannot be efficiently
counteracted, this method of storage is relatively little used. Space
ventilation is usually employed only for temporary steorage is boxes, cra-
tes, sacks on pallets and in above-ground clamps.

In develeoping countries, however, potatoes, like many other agricul-
tural produce, are usually stored without forced ventilation. It is then
preferable for the potatoes to be carefully selected for storage; the
heaps should be kept small and above all not too high (not more than 1 to
1.5 m}, and they should be covered with straw or other air-permeable in-
sulating materials. Losses can be substantially reduced by pericdic in-
spection of the stored potatoes and eliminaticn of rotten tubers from the
heap.

16.3 Forced ventilation of the potato heap
16.3.1 Air digtribution

In forced ventilation, the fan moves the air directly through the
heap. The ventilation of the heap is then determined by the volume air
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flow of the fan. Unlike natural draught ventilation, forced ventilation
allows accurate control of the wolume air flow through the heap and hence
alsoc the storage conditions of the potatoes. To avoid major differences
between the storage conditions in different parts of a heap, the heap
must, however, be ventilated unifermly - i.e., the volume of air moved by
the fan must be distributed evenly through the heap.

The air is always moved through the heap vertically. A system of air
ducts underneath the potato heap is therefore required for even air dis-
tribution through it. A typical air distribution system is illustrated in
Fig. 16.7. The air supplied by the fan or fans is distributed from the
main duct to thé lateral ducts, which have openings through which the air
can be blown into the heap.

The air is distributed through the heap by the laterals, which are
therefore also called distribution ducts. The system must be so designed
that the air supplied by the fan can be distributed uniformly to the la=-
terals, the same volume of air being discharged through all the openings
in the laterals. Air distribution through the heap then depends solely on
the distance between the discharge openings - i.e., the distance between
the ducts and between the discharge openings in the ducts. In forced ven-
tilation, the movement of air through a homegenecus heap of potatoes is
thus fully determined by the fan and the air distribution system. Venti-
lation is, however, completely independent of beth the horizontal dimen-
sions and the height of the heap. The smaller the spacing between the
discharge openings, the more uniform the air distribution becomes.

The widest spacing between discharge openings is usually determined by
the distance between the distribution ducts. The openings in a duct can
be positioned very cilose together without substantially increasing the
cost of the duct. Ducts are often made with a gap along their entire

7’

/
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Fig. 16.7. Air distribution system in the potato store.
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length. However, narrow duct spacing results in a larger number cof ducts,

so that the air distribution system becomes more expensive. With above-
ground ducts, the useful floor area is also reduced as the duct spacing

becomes closer., The work of filling and emptying the store is thereby
impeded.

Hence the duct spacing is always a compromise between the air distri-
bution, the system cost and the cbstruction to weorking in the store.

16.3.2 Spacing between distribution ducts

The effect of the spacing between the discharge openings of air ducts
on air distribution through the heap will now be analysed (Fig. 16.8).

A given pressure P, which is higher than the pressure P, above the
potate heap, is present in the duct. Owing to the pressure difference
P - Po’ the air is moved through the heap at a given velocity. The pres-
sure drop through the heap must be equal to the prevailing pressure dif-
ference P - P . However, since the pressure drop through the heap depends
on the air velocity and the distance to be travelled by the air, the air
velocity will be lower the longer this distance. For this reason the air
velocity along the path KA will be higher than that along the path XB.
The heap will thus not be ventilated uniformly.

The potatoes directly above the duct will always be better ventilated
than those at a greater horizontal distance from the duct. In general,
the air distribution will depend on the ratio between the distances to be
travelled by the air through the heap -~ i.e., on KB/EA. Since KB de-
pends both on the height of the heap (H) and on the distance between the
air ducts (L) - or on (H + L) - KA being defined solely by the height of
the heap (H), the air distribution will alsc depend on the ratio of the
duct spacing to the heap height - i.e., on L/H. The smaller the duct
spacing relative to the heap height, the more uniform the air distribu-
tion becomes,

However, since the pressure drop through the heap at high air veloci-

Po

Fig. 16.8. Air distribution between two ducts.
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ties is influenced more by the air velecity than by the distance to be
travelled by the air (Fig. 15.4), the air distribution will not be linear-
ly proportionate to L/H but approximately to (L/H)O‘SS. At a duct spacing
L equal to the height of the heap H (i.e., L = H}, the air velccity
through the potatoes exactly between the ducts will be about 80 ¥ of that
directly above the duct.

At a duct spacing of L = 2H, the air velocity exactly between the
ducts will be equal to about 68 % of the maximum wvelocity above the duct,
i.e., VEE = 0.68 VER* At the bottom of the heap, between the ducts, how-
ever, a cone of very poor ventilation arises, its size depending on L/H.

Uneven air distribution also increases the pressure drop in the heap,
so that the fan can move less air. This is because the fan is chosen on
the basis of uniform air distribution through the heap - i.e., for an
average air velocity through the heap of Vg m3/m2 . h and the pressure
drop Ap - H associated with this velocity (AP being the pressure drop
per met}e of height of the potato heap at the %verage velocity of vg).
Since uneven air distribution causes the velocity over KA to be higher
than v, the pressure drop in the heap will alsoc be increased and the fan
will not be able to move so much air. The ventilation of the potatoes at
a large horizontal distance from the duct will thereby be further im=-
paired.

The conditions of the less well ventilated potatoes will always be be-
hind those of well ventilated potatoes. A longer ventilation time will
therefore be necessary to bring the entire heap to the same temperature
or to dry it uniformly. As a result, weight losses in non-uniformly ven-
tilated heaps of potatoes will increase. $ince the temperature of the po-
tatoes in the badly ventilated cone between the ducts generally remains
higher after termination of ventilation, air movement by natural draught
arises in the heap. This air movement eliminates the temperature dif-
ferences in the heap but also leads to condensation on the surface of the
colder potatoes. The amount of condensation depends on the quantity of
badly ventilated potatoes - i.e., on the duct spacing.

It is difficult to define precisely the maximum distance between
ducts. In general, the distance between the ducts must be reduced:

- the less air is moved by the fan per tonne of stored potatoes;
- the lower the height of the potato heap;
~ the poorer the quality of the potatoes.

Ideal air distribution is cbtained by a grating-type floor, the dis-
tance between the gaps being extremely limited. Where air is distributed
through separate underfloor ducts, their spacing should preferably be
limited to L = 0.8 H between centres. Experience shows that the condition
of all potatoes can still be efficiently contrelled at this duct spacing.
Control of the storage conditions becomes more difficult if the duct spa-
cing is wider, the risk of unexpected losses being increased.
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The distance between ducts above floor level should be limited to a
maximum of [, = H between centres. If the air distribution ducts are
spaced the recommended distance apart, the air is well distributed
through the potatoes between the ducts. However, if the entire heap is to
be uniformly ventilated, the air must also be blown unifermly into the
heap over the entire length of the duct.

16.3.3 Air distribution through the duct

The air must be uniformly distributed over the entire length of the
duct. For this purpose an air distribution duct is provided with dis-
charge openings a relatively short distance apart. Each discharge opening
in a duct must then discharge approximately the same volume of air.

The volume of air discharged by an opening is determined by the
latter's cross-sectional area (A} and the air velocity (v) - i.e.,

V=A v (m3/s).

However, the air is moved only by the agency of a pressure or a
pressure difference. To move the air through an opening at a velocity v,
a pressure of Aps = .ﬁp/2-\i’2 is necessary. The air velocity through the
opening of an air duct is thus determined by the static gauge pressure in
the duct Aps and the resistance factor of the opening £ - i.e., v = Z.A s,
The discharge velocity through the opening will thus increase the higher
the static gauge pressure in the duct. The volume of air discharged
through an opening is then determined by the static gauge pressure in the
duct and the cross-sectional area of the opening - i.e., V=A %Tég_'

Uniform air distribution through a duct can thus be obtained in two
ways, viz.:

a. keeping the static pressure in the ducts and the cross-sectional areas
or dimensions of all openings the same, or

b. allowing the static pressure in the ducts to change and modifying the
dimensions of the discharge openings in the duct in such a way that

the volume of air moved through all openings is the same.

The air distribution ducts usually have equal-sized discharge ope-
nings. For uniform air distribution through the duct, the static pressure
over its entire length must then remain approximately the same.

In an air flow through the duct there is always a static pressure Ps
and the air is moved at a specific velocity v. To move the air at a spe-
cific velocity a static pressure is necessary.

The static pressure can thus be converted into air velocity, but the
air velocity can also be converted into static pressure.

An example of this is the wimndmill. The wind arises as a conseguence
of a pressure difference in the atmosphere. The static pressure is thus
converted inte wind (or air) velecity. However, the wind exerts a pres-
sure on the sails of the mill, setting it in rotation. The wind velocity
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is thus reconverted into static pressure on the sails of the windmill.
The same conversion can take place in an air duct. Hence the air velocity
determines a pressure, which is known as the velocity pressure or dynamic
pressure of the air flow, P, = 2 -v2 (Chapter 15).

d 2
The total pressure in the air flow is then the sum of the static and
dynamic pressures - i.e., Piot = Bg ¥ Py =B  + p/2 -+ v2. at a specific

total pressure ) of an air flow, the static pressure thus declines as
the air velocity increases. However, the static pressure increases as the

air velocity falls. But the total pressure P is never equal throughout

an air duct. The total pressure declines con:zgntly in the direction of
the air flow owing to pressure losses in the duct.

The static pressure, however, may fall, remain the same or increase
according to the change in wvelocity in the duct. This will be illustrated
by an example. Fig. 16.9 represents a segment of an air distribution
duct. An equal volume of air Vo is discharged through the discharge
openings. As a result the volume of air moved through the duct falls from
Vl before the opening to V, - V., after the opening, the air velocity also

1 0

1 to Vz.

The movement of air from A to B gives rise to a pressure loss of AP. The

total pressure P, at B is then AP less then the total pressure Py at
2 1

changing from v

A-i.e.:

- AP {(63)

However, the total pressures at A and B can be determined as follows:

]
1]

Ps + p/2 v
1 1

=P + p/2 v
1

o
1

2
1
2
2

Equation (63) can thus be written as follows:

P + p/2 vg =P + p/2 v2 - AP
51
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Fig. 16.9. Variation of static pressure through the duct.
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The difference in static pressure between A and B is then:

2

5 (64)

g 2
P - P = AP = (v - v
s1 sz 2 1

Since pressure losses always arise when the air velocity changes, the ve-
locity pressure will not be entirely converted into static pressure but
only a part n of it. Equation 64 then becomes:

By < Fg, T AP - g (v% - vi) (65)
In air ducts, n will usually vary between 80 % and 90 % - i.e., n = 0.8
to 0.9.

The air velocity, however, is determined by the volume air flow and the
cross-sectional area of the duct - i.e., v = %.

Equation (64) can thus be written as follows:

v v v,
P, - P =AP—nE]E—1)2-(%)2 (66)

It is clear from Equation 65 that the change in static pressure through
the duct is greatly affected by the change in its cross-sectional area.

AP always represents a pressure loss (Equations 64 to 66) - i.e., AP
entails a decrease in static pressure. The change in the velocity pres-
sure p/2 (vi - vg) may, however, result in a corresponding pressure loss
or pressure gain according to the change in air velocity. If the air
velocity constantly increases - i.e., if v, becomes larger than vy - the
static pressure in the duct declines correspondingly. However, if the air
velocity in the directiop of flow constantly decreases - i.e., v, less
than vy - the pressure in the duct increases correspondingly. It there-
fore depends on the shape of the duct whether the static pressure in the
duct increases, decreases or remains the same.

The static pressure in the duct remains unchanged - i.e., P - P, = 0 -

=
if the velocity in the direction of flow declines in such a lway 2 that

the resulting pressure gain is equal to the pressure loss AP in the duct.
According to Eguation 66, this reguirement is satisfied if:

2 (67)

A duct which conforms to Equation 67 is known as an equal-pressure
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duct. The air is distributed uniformly through the heap of potatoes
through an equal-pressure duct having equal-sized discharge openings.

The cross-sectional area of an equal-pressured duct declines constant-
ly in the direction of the air flow.

However, ducts of equal cross-sectional area are also used in potato
stores. Since the volume air flow in a distribution duct constantly de-
clines, the air velocity will alsec decrease in a duct of equal cross-
section. The pressure loss in the duct depends greatly on air velocity,
declining with decreasing air velocity. The pressure gain, however, will
increase substantially with falling air velocity. This will usually give
rise to an increase in the static pressure in the direction of the air
flow. The static pressure at the end of a duct of this kind may be consi-
derably higher than the pressure at the beginning. This pressure diffe-
rence depends very much on the air velocity at the beginning of the duct.

A duct of equal cross-section, having equal-sized discharge openings,
will thus not distribute the air absolutely uniformly through the potato
heap. Even so, reasonable air distribution can be obtained with a duct of
this kind subject to certain conditions.

16.3.3.1 Equal-pressure ducts

An equal-pressure duct can be scaled on the basis of Eguation 67. For
this purpose the duct must be divided into short segments. For the first
segment, at the beginning of a duct, all data are known except for the
cross-sectional area A,. This can be calculated from Equation 67. This
also fixes the initial cross-section of the second segment, and the final
cross-section of this segment can be determined. The variation of the
cross-sectional area of the entire duct can be determined in the same
way.

The characteristic variation of the cross-secticnal area of an equal-
pressure duct is represented by the full line in Fig. 16.10.

The air distribution through the equal-pressure duct, having egqual-
sized discharge openings, is independent of the air velocity at the duct
inlet and of the air discharge velocity. Air distribution remains uniform
even at very high air velocities at the beginning of the duct and low
discharge velocities. As a result the duct size and the static gauge

Equal pressure duct

qqqqqq oo Tapered duct
~ 7

L
1

Cross-sectional

area

Lcngth of the duct

Fig. 16.10. Cross-sectional area of an equal-pressure duct.
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pressure inside the duct can be kept small. However, since the high air
velocity necessitates a considerable increase in the fan size and influen-
ces the duct dimensions to a much lesser extent, it is preferable to
limit the air velocity at the duct inlet to 6 m/s.

an equal-pressure duct as illustrated in Fig. 16.10 is much too com-
plicated and expensive for potato storage. Air distribution ducts are
therefore made with a tapered configuration as indicated by the dashed
line in Fig. 16.10. If the cross-section of the duct is rectangular, the
width is usually kept constant throughout its length, the height varying
in proportion to its cross-sectional area.

Table 16.1 Inlet/end cross-sections of distribution ducts of
different lengths.

Duct length (m} inlet/end cross-sectional ratio
5 4:1
10 7:1
15 10:1
20 13:1

Table 16.1 sets out the recommended ratios between the inlet and end
cross-sections of distribution ducts of different lengths. It applies
only to smooth-walled distribution ducts.

The static pressure through a duct of this kind changes only to a li-
mited extent. To achieve even air distribution, the discharge velocity
should preferably not be allowed to fall below 4 m/s. The maximum effec-
tive cross-section of all discharge cpenings is then determined as fol-
lows:

Ay, = 3 (n?)  V in mi/s
This correspends to a maximum effective cross-section of the discharge
openings of 0.25 m? per m?® of air blown through the duct per second.
However, since about three quarters of the cross-sectional area of the
discharge openings is covered by potato tubers when stored in bulk heaps,
this area must be made three or four times larger than stated above =~
i.e., 0.75 to 1 m2 per m3/s of discharging air.

The air distribution through a duct can best be tested when the store
is empty. If major irreqularities are found, these can be eliminated
before the store is filled. If, however, the air distribution proves to
be reasonable, it will be even more uniform in the filled store. Serious
problems during storage can be avoided by a check of this kind.
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16.3.3.2 Ducts of equal cross-section

The static pressure at the end of an egual-section duct will usually
be higher than at the inlet. Since the cross-section of the duct is the
.Same over its entire length and the volume of air moved continuously
declines owing to the air discharge, the velocity will also fall conti~
nuously, reaching nil at the end of the duct. This means that the total
velocity pressure at the duct inlet is converted into static pressure at
the end of the duct. Equation 67 can then be written as follows:

B ap = nhH? £ - ap

The pressure loss AP in the duct is usually smaller than the velocity
pressure at the inlet. The static pressure will therefore increase con-
tinuously in the duct, reaching its highest value at the end of the duct.
The static pressure, or gauge pressure relative to the environment, how-
ever, determines the air wvelocity through the discharge openings,

AP, = %vg- £,

Hence the discharge velocity will increase continuously in the direction
of the air flow, reaching a maximum at the end of the duct. The air dis-
tribution through a duct with equal discharge openings therefore becomes
non-uniform.

This non-uniformity is determined by the ratio between the static
pressures at the end and at the inlet of the duct. If the duct is desig-
ned for a specific average discharge velocity Vi the static gauge pres-
sure at the inlet is determined by APi = 5% Vg. The static gauge pressure
at the end of the duct is then:

= £By2 4 nBv? .
AP £2v° + n5Vy = AP.

The ratio between the static pressures at the end and at the inlet of
the duct becomes:

2 2 2
APe _ £ p/2 Vo * np/2 vy - AP _ AR zl 1
Ay ¢ pr2 v ARy T2k
Since the velocity is equal to %, this ratic can be written as follows:
2
AP, 24p « A A, 2 . (68)
ﬁ—'—l-———T+(.A.—).%
i Ep vV K

in which: Ay = cross-sectional area of all discharge openings (m2)
Ak = cross=-sectional area of duct (m2)
V = volume air flow at duct inlet (m3/s)
AP = pressure loss in duct (Pa)



The static pressures APe and APi determine the discharge velocities at
the end and at the inlet of the duct respectively, i.e.:

_ e
8B, = () - Gk
(o]

V.
= (132, p
APi—'(AO) zg

(69)

[

in which: Va volume of air discharged at the end of the duct (m3/s)
V.

i velume of air discharged at the inlet (m3/s)
In a smooth-walled duct, the pressure leoss in the duct AP is usually

relatively small and the value Ao 2 P 4 can be disregarded.
(7)) Ep

The resistance factor for the éischarge openings is approximately
£ = 1.

The air distribution through the duct is then largely determined by
the ratio between the area of the air discharge openings and the cross-
sectional area of the duct Ao/Ak. The air distribution becomes more uni-
form the smaller AO/Ak becomes = i.e., the smaller the area of the dis~
charge opening becomes relative to the cross-section of the duct.

For example, if the total area of the air discharge openings is twice
the cross-sectional area of the duct (AO/Ak: 2), about twice as much air
will be discharged at the end of the duct as at the inlet (Ve/vi x 2). At
a ratio Ao/Ai = 1, about 35 % more air is discharged .at the end of the
duct, i.e., Ve/Vi z 1.35, and at AO/Ai 0.5 about 13 % more, i.e.,

Ve/Vi 1.13.

This air distribution is oktained by a duct which blows the air into a
free space, i.e., if the back-pressure on the cutside of the duct is
constant. However, in a duct covered with potatoes, the back«pressure
varies in proportion to the pressure loss involved in the motion of air
through the heap. This pressure loss depends greatly on the volume air
flow. Hence the largest pressure drop will arise at the end of the duct,
where the largest volume of air is moved. The back-pressure at the end of
the duct thus becomes larger than at the inlet, so that APe/APi in Egqua-
tion 68 becomes smaller - i.e., the air is distributed more uniformly

11k}

M

through a duct covered with potatoes.
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In general, the air distribution through a duct of equal cross-section
at any ratio Ao/Ak will become more uniform the higher the pressure los-
ses through the potato heap - i.e., the higher the static pressure at the
duct inlet. The air distribution will thus become more uniform the higher
the heap of potatoes and the greater the air flow per tonne of stored
pctatoes per hour.

In the case of an equal-section duct, it is recommended that the ef-
fective area of the discharge openings should be kept egual to or smal=-
ler than the cross-section of the duct - i.e., Ao/Ak £ 1. If the air ve-
locity at the duct inlet is thus limited to 5 to 6 m/s, reasonable air
distribution can be achieved with an equal-section duct without excessive
pressure loss, as the pressure loss through the discharge openings in
this case remains limited to about 16 and 23 Pa respectively.

However, if the air velocity at the duct inlet is 10 m/s, the pressure
loss through the discharge openings will rise to about 64 Pa.

Since some 65 to 75 % of the discharge area is blocked by potatoes,
the duct will need to have a total area of discharge openings about three
times its cross-section.

The rules set out in Sections 16.3.3.1 and 16.3.3.2 also apply to the
securing of uniform air distribution from the main duct to the air dis-
tribution ducts.

16.3.4 Alir duct construction

Both underfloor and above-floor ducts (in the floor and on the floor
respectively) are used in potato stores. A ventilation system often com-
prises a combination of both types of ducts.

An underfloor distribution duct is illustrated in Fig. 16.11.

Underfloor ducts are made entirely of concrete (Fig. 16.1la) or partly
of concrete and partly of brick (Fig. 16.11b). The walls are often fi-
nished with cement mortar to provide a smooth surface. Underfloor ducts
are covered with wooden or concrete beams or metal sheets.

In the case of the air distribution ducts, the space between the
covering beams must be left free for the air cutlet (Fig. 16.12). The
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Fig. 16.11. Underfloor duct.
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Fig. 16.12. Air discharge from underfloor ducts.

area of the air discharge gaps must be determined as explained in Sec-
tions 16.3.3.1 and 16.3.3.2.

The beams or panels covering over the ducts must be capable of with-
standing the pressure exerted by potatoes, equipment and machinery. If
underfloor air ducts are used in the store, the fleor must pe of concre-
te. BAbove-floor ducts, however, may ne installed on either a concrete or
a hardened earth floor.

Above-floor ducts are made of timber or metal. Galvanized steel is
usually used in the latter case.

Examples of above-floor ducts are illustrated in Fig. 16.13.
Above-floor ducts are usually cheaper to buy and are often used for
this reason. However, the operating costs of above-floor ducts are higher

because they usually need more maintenance and must be replaced more

Fid. 16.13. Examples of above-floor ducts. a. Rectangular duct made of
timber; b. triangular duct made of timber; c¢. steel tube ducts.
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frequently. They also require more labour, as they are placed in pesition
when the store is filled and have to be removed again for unlocading.

One advantage of underfloor ducts is also that they are of universal
application - i.e., they can be used for bulk storage, storage in boxes,
storage in sacks and sacks on pallets. Above-floor ducts are suitable
only for bulk and sack storage.

In terms of ventilation of the potatces, however, there is no diffe-
rence between the two types cf ducts. The ventilation depends solely on
the design and construction cf the system.

16.3.5 Alr distribution systems

Uniform air distribution through the stored potatoes and minimum ob-
struction of operations during loading and unloading of the store are the
two principal requirements which must be satisfied by a good air distri-
bution system.

Since the potatoes are stored in different ways - viz., loose, in
sacks, boxes, sacks on pallets, etc. - appropriate air distribution sys-
tems must be used in the stores concerned. A ventilation or air distri-
bution system usually comprises a manifold or main duct, to which one or
more distribution ducts are connected. If the potatoes are cocled with
outside air, the ventilation system must be designed so that the potatoes
can be ventilated with fresh cutside air, ambient air or a mixture of the
two. The main duct with the fan(s) must therefore communicate with the
space above the potato heap and with the surrounding atmosphere. This is
necessary in mechanically refrigerated stores only if outside air venti-
lation is used for drying wet potatoes.

Air distribution systems for loose storage are illustrated in Figs.
16.14, 15, 16 and 17.

Both above=-fleoor and underfloor air distribution ducts may be used for
the system illustrated. The air distribution depends solely on the duct
spacing and on the air distribution through each duct. If the duct spa-
cing is limited to 80 % of the height of the bulk heap - i.e., 0.8 H

Main gduet Fan

B ' B B

N0 L
08 H “_Lateral

Fig. 16.14. Each lateral provided with a fan.
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between centres - and the ducts are scaled as described in Sections
16.3.3.1 and 16.3.3.2, good air distribution will be obtained with all
systems illustrated.

Ideal air distribution is obtained with the system depicted in Fig.
16.17. This system is, however, also the most expensive. Its advantage is
its universal applicability: it is suitable for all forms of storage,
including boxes and sacks on pallets.

In small stores, underfloor distribution ducts are alsc used for un-
loading the store. For this purpose a conveyor belt is placed in the duct

Lateral
aleral

Fan Plenum

08 H

Fig. 16.15. Plenum in the middle.

F
0oH ‘. Lateral

Fig. 16.16. Plenum among the side wall and laterals.

Pienym Fan

R ® @

®

Plenym Fan
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A - s u i A Air discharge
m 1 [ L 1 i b

Fig. 16.17. Air distribution through slatted floor.
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and transports the potatoes out of the store to the outside of the buil-
ding (Fig. 16.18).
In this case the duct dimensions must be matched to those cof the conveyor
belt.

Where potatoes are stored in boxes, the air distribution system illus-
trated in Fig. 16.17 may be used. The systems shown in Figs. 16.19 and 20
may also be used for box storage.

Fig. 16.18. Lateral used for unloading the store.

= Chyamsghr—c

Fig. 16.19. stack of boxes ventilated through an underflcor duct.

Fig. 16.20. Separate ventilation of each box.
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In the system illustrated in Fig. 16.19, the boxes must be stacked as
close together as possible to prevent air from flowing around them. In
the system in Fig. 16.20 the distribution duct is formed by the pallets
of the boxes; the pallets must then have a solid wall on two sides (Fig.
16.21}.

The boxes in a given row must be stacked very close together to mini-
mize air losses. Since the 'distribution duct' has an equal cross-section
in this case, both this cross-section and that of the discharge openings
being determined by the construction and the number of boxes, the number
of boxes per discharge opening in the main duct must be limited if uni-
form air distribution is to he obtained.

The number of boxes in a row is determined by the requirement that the
total discharge area of all boxes in a row must be equal to or smaller
than 3 to 4 times the cross=-section of the pallet -~ i.e., in accordance
with Fig. 16.21:

Ay

A

3

=
[F8

(70)

n = number of boxes in a row.

Since the distribution duct is not absolutely airtight in this case
(as air can leak between the boxes), high pressure cannct be built up in
it. For this reason the air wvelocity through the discharge openings of
filled boxes must be limited to 3 to 4 m/s.

For this reason the velocity on admission to the pallet of the first
box must not exceed 4 m/s. Assuming an air loss of 20 %, the number of
boxes in a row can be determined as follows:

T
P
el

Fig. 16.21. Box type to be used for the ventilation system in Fig. 16.20.
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The boxes used in, for example, the Netherlands have a free pallet cross=-
section of A, = 0.11 m2, and each box has a storage capacity of one tonne

g =
of potatoes. If an air flow of 0.041 m3/s per box is required, the per-
missible number of boxes in a row is n = 3.3 g;%%f = 8,85 = 9.

The area of the gap in the bottom of the box is given by Equation 70:

3A

K _ 3.0.11 _ »
A, s = = 2922 = 0.037 m2,

The number- of boxes in a row can be determined in the same way for any
type of box and any desired volume air flow through the box.

The main ducts of ventilation systems usually have equal cross-sec=-
tions throughout their length. For good air distribution through all the
distribution ducts connected, the cross-section of the main duct must
then be equal to or larger than the cross-section of all connections.

However, there are no limitations on the cross-section of equal-
pressure main ducts.
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17 Air humidification

A. Rastovski

The weight losses caused by evaporation of water from potatoces depend
greatly on the difference in vapour pressure between the potatoes and the
air. This vapour pressure difference is determined by:

@. the temperature of the potatoes;
b. the difference in temperature between the potatoes and the air;
¢. the relative humidity of the air.

If the difference in temperature between the potatoes and the air is
considerable, the humidity of the air has relatively little effect on the
vapour pressure difference. However, if the potatoes and the air are at
the same temperature, the relative humidity is the only factor (apart
from the temperature) which determines the vapour pressure difference.
The vapour pressure difference becomes nil at any temperature at a rela-
tive humidity of 10¢ % if the potatoes and the air are at the same tem-
perature.

In theory, therefore, no water should evaporate under these condi-
tions - i.e., there should be no moisture loss from the potatoes. As sta-
ted earlier, the temperature of the potatoes is nevel equal to that of
the ambient air owing to the heat produced by the potatces. Some moisture
loss will therefore also occur under the conditions mentioned, but will
be the minimum possible. .

However, any fall in relative humidity below 100 % will give rise to a
coénsiderable increase in the vapour pressure difference or moisture loss.

For instance, if the relative humidity falls from 99 % to 96 %, the va-
100-96
100=-99
will increase by about the same factor. If a quantity of moisture is ad-

ded to air at 96 ¥ RH, sufficient to raise the relative humidity to 99 %,
the moisture loss can thus be reduced to about a quarter. The same rela-

pour pressure difference is guadrupled ( = 4) and the moisture loss

tive reduction in vapour pressure difference would occur if the relative
100-84 _ 4)

100-96 '

These examples show that if the potatoes and the air are at the same

humidity were increased, for example, from 84 % to 96 % (

temperature, any increase in relative humidity substantially reduces the
vapour pressure difference. If the air is very humid, a relatively small
increase in relative humidity can reduce the vapour pressure difference
to a fraction of its original wvalue. Of course, this involves a drastic
reduction in a small quantity.
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When tall potato heaps are cooled, the potatoes which come into con-
tact with the cold air first - i.e., the lowest layers =- are cocled very
quickly to the air temperature. After this, it takes a long time before
the entire heap is cocled. During all this time, the temperature of the
lowest potatoes is equal to the air temperature and the moisture loss
from these potateoes is greatly affected by the relative humidity of the
air.

Potatoes higher up in the heap attain these conditions later, and re-
main so for a shorter time. In the lowest layers of potatoes, therefore,
the relative humidity has the strongest effect on meoisture loss. The
moisture loss in the lowest layers of potatoes can be minimized by venti-
lation with saturated or very humid air. This low mocisture loss may also
result in reduced losses due to pressure damage or bruising in the pota-
toes at the bottom, thus enhancing the economic value of the potatoes.

For this reason it is advantageous to ventilate the potatoes with very
humid air. The aim is usually to ventilate with air of 95 % or higher re-~
lative humidity. The air which has to be used for ventilation is often
drier, and it is then advantageous to humidify it.

The air can usually be humidified by supplying water vapour or by eva=~
porating water intc the air. In the former case, the air temperature in-
creases relatively little and the heat content or enthalpy of the air in-
creases substantially. However, if water is evaporated into the air, the
air temperature falls and the enthalpy remains virtually unchanged (Sec-
tion 9.1.2).

If the air is saturated by evaporation of water, its temperature falls
(practically) to the wet bulb temperature. As a result of this falling
temperature, the cooling capacity of the air increases. For this reason
humidification by water evaporation is generally used in potato storage.
To accelerate the evaporation process, the air must come into contact
with a large area of water, as the degree of evaporation is directly pro-
portional to the area of water on which evaporation occurs.

The area of a given quantity of water can be increased in two ways,
viz.:

a. atomizing the water in fine drops
b. dividing the water into thin layers.

The first principle is used in water atomizers and the second in air
washers.

Particularly with the former, it is essential to be aware of the dan-
ger of overhumidifying the air and wetting the potatoes during ventila-
tion. The more the potatoes are diseased and the longer the ventilation
periods, the greater the danger of seriocus rotting of potateces due to
overhumidification of the air. With t