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The construction and performance of a natural convection solarfruit dryer is described. The 342-m2 plasticcollector
directed hot air into a drying shed where 500 kg of fruit were dehydrated in 2—5 days. Peak air temperature was 63°C
with an airflow rate of 79 m3/min. Higher air velocities and shorter collectors increased collector efficiency. The
presence of a 65-tonne rock bed under the collector gave some heat storage but was detrimental to the collector efficiency
and to the overall drying performance of the system. It is projected that a steeper south-facing collector slope would
greatly improve the dryer performance (present slope is 7.5°).

pattern. It was coated on each side with a
25-p,m low-density coating to give high
UV resistance and this brought its thick
ness up to 152 u,m (6 mils). It was se
lected over other plastics on the basis of
its clarity (90% transmission over the vis
ible spectrum), strength (average of 16 kg
tensile force to break a 2.5-cm-wide

strip), high resistance to UV degradation,
and cost ($.70 U.S./m2). The transmit-
tance of the cover was measured for vari

ous angles of incident radiation. It was
taken as the relative intensities, as mea
sured by a Li-cor 200-SB pyranometer, of
sunlight coming through a 70-cm-square
of cover material as compared to unim
peded sunlight.

The cover was stretched over the sup
port frame, its sides extending to the
ground where the edges were buried. Two

doors across the width of the entrance

controlled the air entering the collector.
The width narrowed down to 4.9 m at the

top end where the heated air entered the
drying shed.

The plywood drying shed depicted in
Figs. 1, 2 and 3 was topped by a 0.3-m
wide x 1.3-m high chimney that spanned
the 4.9-m length of the shed to enhance
airflow via a stack effect as suggested
by Ibraham and Hansen (1984) and by
Bansal et al. (1984). Air velocities were
measured halfway up the stack above the
center of each tray column with a Thermo-
netics HWA-101 hotwire anemometer.

500 kg of fruit were spread on 32 drying
trays that were arranged in four vertical
columns with a separation of 12.5 cm
between trays (Fig. 3). Each tray con
sisted of a 1.07 x 1.07-m wood frame
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INTRODUCTION

Dehydration is one of the oldest and
simplest techniques of preserving food.
Once a product is dried and sealed it can
be stored indefinitely at no energy cost
and is easy to transport. Drying permits
the use of weather damaged crops, e.g.,
rain-split cherries, that would otherwise
be culled or not even harvested. What is

required is a simple and economical dehy
dration system that can be constructed by
farmers or processors. This paper details
the performance of such a system utilizing
solar-driven natural convection up a 7.5°
south-facing slope located at 49.5° N lati
tude. The objectives were to determine
the operating characteristics of this dryer
and to evaluate the effects of uninsulated

rock storage and of collector slope. Prod
ucts dried were cherries, apricots, onions,
pears and apples.

MATERIALS AND METHODS
The two main components of the dryer

were the solar collector to heat the air and

the drying shed to direct the air through
the product to be dried.

The collector depicted in Figs. 1 and 2
consisted of a blackened rock bed for heat

storage and a plastic cover positioned
0.55 m above the rocks on a wooden
2x4 frame. The bed was filled with

65 tonnes of granite with a mean density
of 2.59 g/cm\ heat capacity of 0.242
cal/g °C and a size of 8-15 cm. It was
spray-coated with a diluted asphalt water
proofing emulsion to give a dark ab
sorbing surface. The bed was on sandy
soil and measured 7.6 m wide by 45 m
long on a 7.5° south-facing slope with an
area of 342 m2. Its depth was 25 cm in the
top 15-m section, tapering down to 8 cm
at the bottom edge where the air was ad
mitted. The cover material was Vansco

W-552 Clear plastic which was con
structed of high-density 0.5-cm poly
ethylene tapes in an orthogonal weave Figure 1. North-facing view of collector air entrance.
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Figure 2. Top of solar collector, entering drying shed.

Figure 3. Open-door view of one tray column illustrating trays and spacing. Product is dried
apricots.

TABLE I. SUMMARY OF FRUIT DRYING RUNS

Fruit

Cherries

Cherries

Apricots
Apricots
Onions

(one
tray)

Pears

Apples
Apples

(from

storage)

Start

date

24 July
3 Aug.

13 Aug.
24 Aug.

21 Aug.
14 Sept.

Weather
conditions

during run

75% sunny
60% cloudy, damp
80% sunny
70% cloudy, damp

100% sunny
60% cloudy, damp

21 Sept. 60% cloudy, damp

4 July 60% sunny

Relative

humidity
of initial

ambient air %

40

81
45

38

68

70

37

Initial

fruit
moisture

content %

81

81

85

85

89

84

85

XI

Final

fruit

moisture

content %

Drying
time

(days)

IX 2.3

21 5.5

13 2.5

17 6

29 0.1

25 10

(quartered)
5.5

(sliced)
10 5

1.7

covered with nylon fly screen 1.5-mm
mesh, and reinforced with wire across the
center in both directions. Fruit was spread
one layer thick so that each was touching
its neighbor. A typical wet weight was
15 kg per tray (cherries).

The total 1984 cost of the dryer, shed
and trays was about $4000 (Canadian) in
cluding material and labor. The projected
cost for a simpler but more efficient future
design is about $2000. The other major
cost would be for a fruit pitting machine
unless one could have the product run
through a local processing plant. Fruit
suitable for drying must be free of rot but
may have surface cuts or blemishes and
can be of any size.

Fruit was prepared for drying by
various techniques. Cherries were pitted,
apricots were halved and pitted, onions
were chopped, pears were sliced longitu
dinally into quarters or into 1-cm slabs,
and apples were sliced into 1-cm slabs.
Skins were not removed. In some cases

the wet fruit was treated to prevent spoil
age by burning 600 g of sulphur under
neath the trays and closing off the chim
ney for 45 min before starting the run.

Temperature measurements were made
with copper-constantan thermocouples
connected to either a Rubicon poten
tiometer or to a Westronics "E" series

24-channel recorder. For rock bed tem

peratures they were inserted into the cen
ter of rocks via pre-drilled holes packed
with sand and sealed with silicone. At

37 m from the collector entrance the tem

perature at depths of 0, 15 and 30 cm was
measured in the rock bed.

It was desired to compare the daily heat
inputs that the collector would receive at
various collector angles and at various
times of year. Hourly values of radiant
energy impinging on a horizontal pyra-
nometer sensor were recorded from 0600 h

to 1800 h on an ideal clear sunny day.
Using the hourly value and the directional
vector towards the sun at the mid-point of
each hour, a vector was obtained for the
hourly solar energy per square metre of
area normal to the average sun direction
during each hour. The dot product of this
vector was taken with the normal vector to

the collector surface to give the compo
nent of radiation normal to the collector

during each hour. The collector normal
vector had a direction given by the south
ern tilt angle (7.5°C south of vertical for
the existing collector) and a magnitude
equal to the collector area (342 m2).

RESULTS

Fruit Drying Results
The results summarized in Table I
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show the dryer performance to vary with
fruit preparation, weather conditions,
timeof year, and sun angle. It can be seen
that pears quartered longitudinally take
about twice as long to dry as those cut in
1-cm slabs. The ratio of skin area to cut
flesharea is about 1:1 for the quarters but
1:3 for the slabs.

Figures 4 and 5 show cherry drying
time to be more than doubled by incle
ment weather conditions. The unimpeded
solar radiation in Fig. 4 caused the tem
perature of the air entering the drying
shed to vary from 62°C at 1500 h to 26°C
at 0400 h while its velocity in the stack
varied correspondingly from 1 m/sec to
0.3 m/sec. Significantly lessradiation im
pinged on the collector in Fig. 5 causing
lower air temperatures (50-15°C) and
lower velocities (0.3-0.1 m/sec). A
minor factor also prolonging the drying
in Fig. 5 was the higher 22.6% initial
soluble solids content of the cherries com

pared to the 19% of Fig. 4. Experience
has shown there to be a marginal increase
in drying time associated with an increase
in soluble solids of the fresh fruit.

For the purpose of comparison, sul-
phiting was done to just half of the fruit in
a test. The second apricot test employed
fruit that was overripe and the half of it
that was exposed to burnt sulphur fumes
fared much better during the poor drying
days that followed. It had 17% spoilage
while the untreated apricots had 73%
spoilage. A similar treatment was given to
the pears. There was very little spoilage
with any of the pears but it was noticed
that the sulphited fruit was free of fruit
flies and dried with a lighter color.

Water Removal Rate

The rate of water removal depended on
the stage of dryness of the fruit as much as
it did on the weather. Large quantities of
water could be removed, even on cool,
partly cloudy days, during the initial stage
of drying where a large volume of fresh
dry air was the main requirement. Bryan
et al. (1978) also found that most of the
fruit moisture could be removed during
their initial solar stage in which fruit was
dried under transparent covers by the sun
and later by fossil fuel heat during the
night.

Later, as it dried, diffusion of moisture
within the fruit became the limiting factor
and higher temperature rather than airflow
was more expedient in removing mois
ture. At any instant the overall evapora
tion rate in the drying shed was the prod
uct of the air flow rate and its enthalpy
change from shed entry to exit, divided by
the latent heat of vaporization of water.
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Figure 4. First cherry run (Stellas at 19% soluble solids) showing weight loss, radiant energy
impinging on collector, net energy penetrating cover, and air temperature rise. T\ 1
is the temperature of air entering the drying shed, 716 is ambient air temperature.
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Figure 5. Second cherry run, made in poor weather. Mixture of Stella, Van and Salmo varieties
at 22.6% soluble solids.

This was calculated on an hourly basis and
is reported in Fig. 6. The sum of these
weight losses over a 12-h period (25 July)
was accurate to within 3% of the total

mass change obtained by weighing. The
second set of curves (26 July) in Fig. 6

shows the effect of a rainy morning and
of a reduced fruit moisture content. The

evaporation rate was greatly reduced
and did not approach its maximum until
1400 h whereas the 25 July rate was from
four to six times greater than this at any
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Figure 6. First cherry run. Air velocity in chimney stack, water removal rate (W) from the fruit,
and temperature drop (AT) of the air after it has passed through the fruit.
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Figure 7. Typical summer day temperature rise of air versus its distance up the collector for
various timesof day. The bracketedfigureto the rightof the timedenotesthe chimney
stack velocity (m/sec).
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given time and reached its high plateau
by noon.

Solar Collector Performance

One of the most important characteris

tics of a solar collector is its ability to raise
the temperature of its working medium. In
this case a high air temperature is espe
cially desirable since it not only increases
evaporation rate by lowering the relative

humidity of the airstream but it makes for
a larger buoyancy force and hence higher
air velocity which is of paramount im
portance in dehydration systems. Figures
7 and 8 depict typical sunny day perfor
mances in midsummer and in early fall.
The temperature difference between the
heated air and ambient is plotted versus
distance from the collector entrance. The

time of day is denoted for each curve and
the figure to the right gives the average air
velocity in the exhaust stack at that time.
The curves show a general tendency for
the velocity to increase with air tempera
ture (buoyancy) but this was not always
true. The buoyancy forces were not large
compared to external wind forces which
exerted considerable influence. A south

wind blew into the collector entrance in

creasing the airflow, while a north wind
was a hindrance. It was difficult to assess

the magnitude of these influences with
fruit in the drying shed because the air
flow resistance due to the fruit depended
on the variety and on its degree of shrink
age (stage of doneness) at the time of the
wind. Tests without fruit showed that, for
similar buoyancy forces (ll°C air tem
perature rise in the collector), a 25 km/h
north wind decreased the airflow by about
30% while a 25 km/h south wind in
creased it by about 80%.

There were two major differences
between the summer and fall curves. The

first was a 5-lO°C increase in air tem

perature rise (above ambient) produced by
the more intense summer radiation. The

second difference was due to the presence
of the rock bed and was not expected. The
summer curves show the air to be heated

to its maximum values in the first 30 m

of the collector and to actually come out
some 0.5-3°C cooler than these values
at the 45-m exit point. The fall curves
showed the air temperatures to monotoni-
cally increase up to the collector exit.

To explain this difference it is neces
sary to realize that the rock bed in the top
half of the collector is three or four layers
of rock thick. The surface rock heats up
from the radiation and transfers part of its
heat to the parcel of air in its immediate
neighborhood as this parcel travels around
it. Simultaneously there are other parcels
of air that are percolating around the rela
tively cold rocks in the layers underneath
the surface rock. This has a chilling effect
on these parcels that had previously been
heated up as they had made their way up
the collector. Ultimately of course all the
parcels become mixed together as in any
turbulent flow, and if more heat is lost
to the cold bottom rocks than is picked
up from the hot top rocks then there is a
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net cooling of the air. This was the case
for the summer performance, indicating a
shorter version of the collector would

have delivered air at higher temperatures.
The only change in conditions for the

fall curves is the reduced solar intensity.
This heats the rocks and the air at a lower

rate giving smaller temperature rises. The
magnitude of the chilling effect of the bot
tom layer of rocks is now less than the
magnitude of the heating effect of the top
rock, producing a net air temperature rise.
In other words, the air coming into top
half of the collector (with its multi-layered
rock bed) is relatively cooler (T air -
T ambient) than in the summer. It has a
relatively larger AT (T top rock - T air)
to gain heat from the top rock and a rela
tively small AT (T air - T bottom rocks)
to lose heat to the bottom rocks. The mag
nitude of these ATs was measured and

their relative change from summer to fall
is illustrated in Fig. 9. As can be seen, the
ratio of (AT heat gain/AT heat loss) in
creases from 0.45 to 0.71 as the season

goes from summer to fall. Another factor
contributing to the effect is the smaller air
velocities obtained in the fall. They cause
less of a scrubbing effect on the rock bed,
reducing percolation and mixing. Cold
pockets of air in the lower rocks tend
to stay in place because the slow-moving
main airflow does not penetrate as well.

The temperature variation in the rock
bed at a point 37 m from the collector
entrance is illustrated in Fig. 10. During
the sunny portion of the day, the bottom
rocks heat up more slowly than the top
rocks. As evening comes on the top rocks
cool down and the bottom ones are rela

tively warmer. Heat flows back up to the
surface rocks and into the air. Cloudy
days exhibit similar but less pronounced
temperature fluctuations as in Fig. 10.
The evening contribution from the rock
storage became smaller and shorter with
the reduced radiation and cold nights of
the fall.

The length of the collector was varied
and showed that the collecting efficiency
dropped off as length was increased.
Figure 11 shows the fraction of the radia
tion penetrating the cover that was con
verted into useful drying heat. It is the
sum of the hourly enthalpy fluxes ob
tained from air temperature and velocity
measurements, divided by the net daily
radiation obtained from the pyranometer.
It is plotted against the average (0900—
1600 h) velocity in the exhaust stack. The
15-m collector was about twice as effi

cient as the 45-m collector at converting
the transmitted sunlight into air heat.
Increased velocity generally made for
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Figure 8. Typical fall day temperature rise of air versus its distance up the collector for various
times of day. Bracketed number denotes stack velocity (m/sec).
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Figure 9. Relative temperature differences of air, top rock, and bottom rock for summer and fall,
at a location 37 m from the collector entrance.

better heat transfer from the rocks and

higher efficiency; however, the velocity
depended on the degree of tray loading
(static pressure drop across the fruit) and
on external wind conditions as well as on

the incident radiation flux. Looking at the
15-m curve it can be seen that efficiency
increased from 35 to 50% going from
27 Sept. to 28 Sept. The radiation was
nearly identical, the tray loading for
28 Sept. was slightly reduced due to
shrinkage, but it is likely that the big fac
tor was a moderate south wind that helped
the airflow. The 18 Sept. point on the
45-m curve is at a lower efficiency and
velocity than the 1 Oct. and 2 Oct. points
although radiation flux was higher. This
was probably due to its flow restriction
due to a heavy loading of fresh pears com
pared to a light loading of nearly dry

prunes in the latter cases. Again, the
1 Oct. run was of particularly high effi
ciency due to a south wind that augmented
the air flow. The 25 July cherry run en
joyed a high heat flux but its velocity was
not correspondingly high due to a dense
loading of fresh cherries and a light NE
wind.

Jackson (1983) recommends that the
air volume flow rate per unit collector area
be within 12—18 L/s m2 for maximum
efficiency. The maximum flow of the
45-m collector was 3.9 L/s m2, well be
low this range and the cause of low effi
ciencies due to high conductive losses. It
should be pointed out that the actual effi
ciencies are lower than those of Fig. 11
because the overall efficiency is based on
radiation striking the cover not on the net
radiation penetrating it. The initial per-
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Figure 10. 25 July temperature profile with depth at various times of day at a location 37 m from
the collector entrance.
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Figure 11. Fraction of the net radiation penetrating the cover that is recovered as useful air heat
versus stack velocity for two collector lengths (15 m and 45 m). The number below
the date denotes the net daily energy penetrating the collector (kwatt-h/m2) on that
date.

formance was even poorer when the air
gap between the cover and the rocks was
only 0.3 m; raising the cover to 0.55 m
greatly improved the airflow. The short
15-m collector was the more efficient unit

and its flow rate of 9.7 L/s m2 was closer
to the recommended rate.

Collector Angle
The collector/dryer unit was con

structed on a 7.5° south-facing hill pri
marily because of the hill's proximity to
power sources for instrumentation. The
shortcomings of this low angle at 49.5°N
latitude were not fully appreciated until
September when significantly less radia
tion penetrated the cover. As can be seen
in Fig. 12, the daily heat input by the end
of September was reduced to 60% of that
in July. The input was reduced not only
because less radiation impinged on the
cover due to the lower sun angle, but also
because proportionally more of that radi
ation was reflected by the cover at the
lower angles. Figure 13 shows the mea
sured transrriittance of the cover material

versus the angle between it and the radi
ation. The curve is fairly flat from 60 to
90° but the transmission falls off rapidly
for angles less than 60°.

Figure 14 shows curves of daily energy
impinging on the cover for various collec
tor tilt angles, versus the angle between
the sun and the horizontal at noon. The

solar noon angle can be calculated for
any specific date. At this latitude it varies
from 17° (21 Dec.) to 64° (21 June). The
net daily energy penetrating the cover was
calculated by multiplying each hourly
total radiation by the cover transmissivity
for the average angle between the sun
and the collector during that hour. These
net curves are also shown in Fig. 14 to
gether with the efficiencies (net energy/
total energy).

Figure 14 shows that the efficiency of
the existing collector (7.5% slope) was
quite low compared to one of a steeper
slope. It appears that a south slope of
45° would be preferable at this latitude.
The 45° slope has the flattest efficiency
curve, changing very little throughout the
year while the 30° slope has a slightly
higher efficiency during the peak summer
months. It can be seen that a 45° collector,
when compared to the 7.5° collector, re
ceives about the same amount of heat on

21 June, 1.75 times as much heat on
21 Sept., and almost 4.5 times as much
heat on 21 Dec. The local fruit drying
season extends from the cherry harvest
in late June to the apple harvest in late
October. A steep collector slope angle is
important not only for receiving more
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radiation and reducing reflection losses,
but its is more aligned with gravity. For
equal air temperature rises, the buoyancy
force up a 45° collector is 5.4 times as
great as the force up a 7.5° collector just
due to the greater gravity component.
This should generate a great increase in
air velocity through the collector/dryer,
greatly reducing drying time. Although
the temperature rise of the air would tend
to be reduced due to its shorter residency
time under the collector, this would be
countered by the higher net heat input on
the steeper slope which would tend to
raise the air temperature. Further experi
ments are planned with a variable slope
collector model to quantify the effects of
angle on air temperature and velocity. If a
dark insulating surface were to be used as
the absorber instead of darkened granite,
then conduction losses away from the col
lector would be greatly reduced, giving a
much higher heat input into the air, raising
its temperature. An alternative technique
could be to place the rock storage on a
suitable insulating surface to avoid the
heavy conduction losses and to reduce
temperature extremes which could be
detrimental to product quality. A solid
desiccant as suggested by Miller (1984)
and by Carbonell et al. (1983), may be
a preferable storage material, giving in
creased drying potential (reduced water
vapor pressure) at reduced temperatures,
and being lighter. It is felt that an opti
mized version of the present collector/
dryer could function at over twice the
present capacity. The version would have
a steeper slope, an insulated absorber sur
face, more drying trays and an improved
exhaust slot design to enable external
wind to assist in the airflow regardless of
the wind's direction. The latter would be

a "peaked-roof type periphery around the
exhaust slot to cause the wind passing
over the "roof to create a low-pressure
zone (lift) above the slot.

CONCLUSIONS

(1) The solar dryer was capable of
drying 500 kg of fruit in 2-5 days.

(2) Water removal rates of up to 18
kg/h were obtained from fresh fruit.

(3) Air temperature increases of up to
29°C above ambient were obtained in the
summer; increases of 22°C were obtained
in the fall.

(4) The peak volumetric airflow rates
were 79 m3/min in the summer and
46 m3/min in the fall. The rate could
vary widely, depending on external wind
conditions.

(5) The net effect of the rock bed was
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Figure 12. Daily radiation penetrating the cover of the 45-m collector versus time.
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Figure 13. Transmittance of the collectorcover material versus the angle between the material

and the sun.

detrimental to the dryer performance due
to conduction losses. Typically 15% of
the radiation penetrating the cover was
converted into sensible air heat. Also, the
rock bed acted as a cold thermal mass that

utilized much of the morning radiation for
its own heating.

(6) A short (15 m) collector was from
2.1 to 2.8 times as efficient at recovering
heat as the long (45 m) collector. Again,
most of this difference was due to the

presence of the rock bed.
(7) As the stack air velocity increased

from 0.43 to 0.88 m/sec the percentageof
heat recovered increased from 12 to 29%.

(8) The collector slope of 7.5° was too
low for efficient performance. A 45°slope
has four advantages: it receives more in
tense radiation, its reflection losses are
smaller, the tunnel is more aligned with
gravity which facilitates natural con-
vective air movement, and its efficiency
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remains high throughout the entire drying their direction and assistance in carrying out
season. the project.
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