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Abstract The design of a tunnel solar dryer for small-scérmers in developing
countries is presented in this work. A sizing methmsed on heat and mass balance
equations is proposed. This method allows detengirthe length of a dryer of fixed
width, according to the target product to dry, thienatic conditions of the site of drying
and the desired drying time. Using this sizing rodtha dryer able to dry 10 kg of
mangoes in Banlung (Cambodia) was built. Experisméat on this dryer demonstrate
that the technology and its sizing method are valid
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protected from external contaminations and gets
INTRODUCTION energy from previously heated air combined with
direct sun radiations. Within the context of the
European FP7 project, Annadya, a dryer sized to
process 10kg of fresh mangoes a day in Banlung
(Cambodia) was build and tested on the field.

Solar drying is one of the oldest drying methodsdus
to preserve food. In hot countries, most farmesgs dr
their harvest directly in the sun by spreading the
products on the floor. This method often leads to
production losses and to a degradation of the DESCRIPTION OE THE TECHNOLOGY
products quality. Indeed, the products are directly

subject to the sun UVs, to many contaminations suchA schematic diagram of the tunnel solar dryer is
as dust, insects, fungi, birds, and to bad weather.shown in Fig. 1. The air flows through the dryer
Moreover, drying on the ground is a time consuming thanks to fans (1) supplied with a photovoltaicasol
operation. panel (2). These fans are included in a slab t@ kee
the tunnel hermetic to wind, dust or insects. A
transparent plastic covers the whole tunnel and
creates a greenhouse effect inside. Sun direct and
diffuse radiations go through the plastic layer ang
captured by a black flat floor placed along theedry
The heat exchanges taking place into the tunnardry
are described in more details in the next section:
sizing method. The length of the dryer is divided i
two parts. The heating part (3) is product free &snd
used to heat the air passing through it to a target
drying temperature. The heated air then enters the
drying part (4). The products are placed in thig pa
on a net slightly raised from the floor. The gaata
keep the air temperature in the drying part corstan
on a drying time average. Therefore, the dimensions
of this part have to be chosen in a way that the
In this work, solar dryers are designed with energy energy necessary to evaporate products water is
and mass balance equations for small-scale farmer®ffset by the energy brought by the sun radiations.
in developing countries. The technology selecteel is The air humidity increases along the drying part.
ventilated tunnel solar dryer in which the prodisct ~ Finally, the humidity is evacuated at the end & th

To overcome these difficulties, several authors
developed efficient solar dryers in which the prctdu
are protected from environmental constrafhts!
The types of dryers are numerous according to the
product to dry, its quantity and the technology
choser?) Some dryers are partially or completely
dependent of the sun energy. They work with or
without ventilation. The product can be directly
heated by the sun radiations or dries in contatt wi
air previously heated by the sun radiations. Both
ways to bring energy to the product can also be
combined. The problems often met in the
implementation of these dryers is that local
communities are not involved enough in the projects
and/or the lack of design methodology.



tunnel dryer. Except for this exit, the airtightaesf Fo Famb
the tunnel dryer is of high importance.
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Fig. 1. Schematic diagram of a solar dryer

SIZING METHOD b

A sizing method of the tunnel solar dryer mainly
based on energy and mass balance equations is
established with the software Mathemati¢a This
sizing method allows determining the lengths of the
two parts of a dryer of fixed width, according teet
quantity of the product to dry, its initial and des
final humidities and its ideal drying temperatung b
also according to the climatic conditions of thie sif
drying and the desired drying time. Moreover, it
includes the sizing of the ventilation system.

Fig. 2. Heat fluxes (W/m2) represented in a
transversal cut of the heating part (a) and thendry
part (b) of the tunnel solar dryer.

The heat transfers balances expressed on the four
grey boxes of the Fig. 2 are described by the syste
of Eq. 1, 2, 3 and 4a for the heating part andhey t
system of Eq. 1, 2, 3 and 4b for the drying part.
Equations numbers correspond to box numberings.
The resolution of these four equations including fi
The different heat fluxes taken into account in the unknowns Tpe Tpi Tn, Tar and P(t)) allows to
solar dryer sizing are represented on transvergal ¢ expresP(t), the heat flux transferred to the air in the
of the heating and the drying parts in Fig. 2 aland  dryer, as a function of the time, vig(t), and the
respectively. temperature of the entering airy,. To evaluate the
air temperature after a given distance inside the
tunnel, the dryer is divided in length in zones of
length Az. Eq. 5 is used to calculate the air
temperature at the end of a zone giving the tinte an
the temperature at the entrance of this zone.iSgart
with the ambient temperature, it is possible to
iteratively obtain the temperature reached after a

iven number of zones,. The length of the heatin
atmosphere,Fp,e The second heat loss occurs b_y gone is then determined by trialgs and errors ongthe
convection at the external surface.of the .plastlc, number of zonesn, until reaching a target drying
Feonvp.e Heat COI’ldUCtI.OFI takes plgce In Fhe thickness temperature at the end of the heating part on dryin
of the pl"."St'C’FCO"d'P Finally, the air passing through time average. In the same way, the length of the
the heating part heats by convective heat transfersdrying zone is determined to gB()=0 on drying

with the black floor,Feonvs and with the plastic,  yine averageThis means that the energy absorbed by

Feonv.p. the evaporation is on average compensated by the

In the drying part, the heat fluxes are similatitose ~ solar energy that still heats the air passing tjinou

of the heating part excepted on the floor. Indeed, the drying part.

additional heat transfer appears due to an evaporat 1

term, EV. This term represents the heat necessary toF,,,R= aT:eR+—”(T

evaporate the water of the product averaged on the &

drying time. 1)
U(Tf? _T;,i )+ ii(Tp,e _Tp,i )R = hp,i (Tp,i _Tair )R

p

In the heating part, the black flat floor heats by
capturing direct and diffuse solar radiatiokg, The
top of the plastic layer captures infrared radiatio
from the atmospher&,,,,, Inside the tunnel, infrared
radiations are exchanged between the black flodr an
the bottom part of the plasticF.p;. Infrared
radiations are lost by the top of the plastic ittte

Tp,i )R +h pe(Tp,e _Tamb )R

pe

(2)



P(t) = h, (Tﬂ -T, )+ h, (T -T, )R 3) The sizing method fixes the length of the heatiag p
to 5m in order to reach 65°C at the entrance ef th
k(1) s=ofr} —T;,)+ h(r,-T.,) (4a) drying part on average. The length of the drying pa
is fixed at 3.6 m by the sizing model. It is finall
chosen at 5m to include a safety factor and

eventually dry more mangoes or other types of

p.i

Fo (t) V= U(Tf? _Tp4,| )+ hy (Tfl _Talr) (4b)

D (Xo -Xf)Lk product. A picture of the dryer built in Banlung is
@+X,) t, shown in Fig. 3.
p(T_ -_1,t)BAz . Table 1. Values used in the sizing method for the
Tari =T * E"b"—cil =0..,n ) sizing of the Banlung’s dryer
The sizing method requires simulating the sola Symbol value units
radiations during the day at the drying place. &ire B 14 m
and diffuse radiations fluxFp, is computed as a C 1009 JkgK?
sinusoidal function from the sunset and sundowif 5 5 -
g

times and from the mean radiation flux acquired vig
FAOCIim™®. The ambient infrared fluxFamp IS & 0.001 M
estimated from the mean ambient temperature by

hoe 0.5 W m?K*
way of the dew and the sky temperatgreAll —
climatic data can be found with FAOCHor can be Mo 24 wm'K
deduced from previous years data, if available. Lk 2358 16 J kg*
The flow rate that has to be supplied is a very M 10 kg
important parameter of the sizing method. The o, 0.025 kgy s
desired flow rate is computed to ensure that the a 175

inside the dryer is never saturated in water otindry
time average considering the total water to evapora S 0.9
Eq. 6 expresses the air flow ten times higher than

t 6.5 h
air flow that would saturate the drying air. ‘
Tamb 31 °C
M 1 1
=10 (X,-X, )= (6 T 65 °C
QS 1+ XO ( ° f)td Ysat(Td)_Yamb -
% 0.8
The photovoltaic panel and the fans are chosehen t - Koo Ky
way that they can deliver the flow ra@,, on drying il
time average knowing the solar radiations at the X 0.1 KGhater KGery matter
drying place. Yamb 0.012 Khater Kry air*
Az 0.1 m
IMPLEMENTATION OF A TUNNEL SOLAR
DRYER IN CAMBODIA Z 0.2 W mt K*
Within the context of the European FP7 project g 5.67 10 wm® K*

Annédya, a dryer sized to process 10 kg of fresh

mangoes in 6.5 hours in March in Banlung N

(Cambodia) was built and tested on the field. The The tynnel dryer_ materials include new and re_cycle
initial humidity of the mangoes are estimated &t7 supplies, all available locally. The tunnel is buit

of water per kg of dried matter and the targetlfina @round 1.2 m from the floor thanks to a wood
humidity is fixed to 0.1 kg of water per kg of dtie cons_tructlpn to avoid dust and facilitate product
matter. The total water mass to evaporate is thenManipulation. At the entrance of the dryer, two
7.84 kg. The width of the tunnel is chosen as 1.4 mComputer fans (12V, DC) were included in a
and the air flow rate is computed as 0.025 kg of ai Plywood slab. The floor of the tunnel is made of
per second. All the data used to size the dryer aretl'€€ layers. Plywood slabs, insuring the airtightn
presented in Table 1. The convective heat transfer®’ the tunnel bottom, is covered by an insulating
coefficient between the air and the surfaces indide polystyrenfa Ia_lyer made of used ice boxes pieces.
dyer, h,;, is determined with a correlation of mixed Black textile is placed over the polystyrene layer.
convectior® The convective heat transfer coefficient 1N€ Semi-circular structure is made of bamboo stalk
between the ambient air and the top of the pIastic,The covering plastic layer is attached at the wood

hpe is determined with the Hilpert correlation Structure with binder clips in a way to insure

considering a slight wind berpendicular to the airtightness. In the drying part, a large horizonet
dryer!® g g perp is built with string fixed at the bamboo stalks at

around 15 cm of the dryer floor. The product is



spread on a mosquito net placed directly on thegstr RESULTS AND DISCUSSION

net. The WldthOf the product surace s 1.2 m Details on the experiments gathered in Table 2 show

that the objective of evaporating around 7.8 kg of
water from around 10 kg of fresh mangoes is
reached. An experimental difference with the sizing
method hypotheses is the surface occupied by X kg o
mangoes. The dryer was sized considering a maximal
surface mass of 5 kg frwhile the maximal surface
mass reached on the field was 2.24 k§. iAs the
drying part was built longer than the length prestic

by the sizing method, we were able to spread 10 kg
of fresh mangoes anyway.

The temperature results monitored during mangoes
drying experiments M1, M2 and M3 are presented in
¢ ; Fig. 4 a, b and c, respectively. The cross maraess
Fig. 3. Tunnel solar dryer built in Banlung. the ambient temperatures. The circle markers ae th
temperatures measured at the end of the heating par
(filled circles) and at the end of the mangoes zone
INSTRUMENTATION AND EXPERIMENTS (empty circles). The experimental results are
d compared to the temperatures obtained with the
sizing method. To obtain these data, the sizing
method is used with the diffuse and direct solax,fl
the ambient temperatures, the air flows, the prbduc
surface mass and the water evaporated mass
measured the same day. The temperatures predicted
by the sizing method are represented with filled

CheckTempl by Hanna InstruméhtsThe ambient squares for_the temperatures at the end of théngeat
air humidity, Y,n, was measured with a digital part and with empty squares for the temperatures at
thermometer-hygrometer by TFA The air the end of the zone with mangoes.

temperature and humidity at the end of the mangoesDuring the experiment M1, the whole day was sunny
zone, To, andYo,, were monitored with a HoBadata  without clouds and wind. The ambient temperatures
logger Temp/HR U12-011. Direct and diffuse solar vary between 31.8°C and 37.5°C. The mean
radiations were measured with a solarimeter KfMO temperature reached at the end of the heatingipart
SL-100. The air flow in the dryeQ, is determined  58.3 °C. The highest difference between measured
by measuring the air velocity with a Pocket and predicted temperatures is 3.8 °C and the mean
anemometer Xplorer2 by SkywafthAll data were  absolute difference is 1.7 °C. The mean temperature
collected every 20 minutes during drying reached at the end of the zone with mangoes is
experiments. Information on each experiment are 62.9 °C.

presented in Table 2.

Three experiments of mangoes drying (M1, M2 an
M3) were monitored with air temperatures and

humidity along the dryer. The ambient temperature,
T.mp Was measured outside of the entrance dryer, in
the shadow and sheltered from the wind with a
Testd® 905-T1 thermometer. The temperature at the
end of the heating parf,,i; was monitored with a

The morning of experiment M2 was cloudy. The
afternoon was sunny. Wind was intermittently
blowing during all day. Ambient temperatures during
the experiment vary between 30.9 and 37.4 °C. The

Table 2. Information on mangoes drying
experiments.

M1 M2 M3 mean temperature reached at the end of the heating

part is 54.8 °C. The highest difference between

Day (March 2014) |  13th 19th 20th measured and predicted temperatures is 7.2 °C and
Weather Sunny Cloudy and | Cloudy and the mean absolute difference is 2.1 °C. The mean
conditions allday | Windyinthe | windy in the temperature reached at the end of the zone conggini
morning morning mangoes is 59.4 °C.
Fresh mass (ko) 98 82 11.0 The slightly windy morning of experiment M3 was
Length occupied 3.65 4.9 5.05 followed by a sunny afternoon. An intermittent wind
(m) was weak. Ambient temperatures vary between 30.2
Fresh surface mass| , ,, 139 182 and 38.7 °C during the experiment. The mean
(kg m?) temperature of 56.7 °C is reached at the end of the
Drying time (h) 6.3 5.75 5.9 heating part. The highest difference between
Water evaporated measured and pred|cted_ temperatures is 6.1 °C and
7.9 6.4 8.5 the mean absolute difference is 1.8°C. The

ki
a) difference of 6.1 °C occurred at 11h10. Just before

this measurement, a gust of wind took place,



lowering the dryer temperatures. The mean
temperature reached at the end of the mangoes zone
is 53.3 °C.

The mean temperatures reached at the end of the
heating zone for the three experiments M1, M2 and
M3 are lower than the target temperature of 65 °C.
This is mainly because the air flows in the dryer
measured during the experiments are higher than the
air flow used in the sizing method. Indeed, onlg on T
type of fans was available in Banlung and two fans sl T

were necessary to have a homogeneous drying in the
dryer width. The sizing of the ventilation system 20
could not be exactly applied.
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With a mean difference of 1.9 °C for the three 20
experiments, the sizing method considering the real

drying conditions gives good predictions of the 70}
temperatures at the end of the heating parts. Only oo o o
three predicted temperatures are different of more 60| FE
than 5°C from experimental data. These
experimental data are related to windy conditions.
Sheltering the dryer from the wind is then very o

important. 401 . .
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Generally the mean temperature at the end of the ottt
mangoes zone is similar to the mean temperature
reached at the end of the heating zone, as the drye 0 1T 10 13 14 15 15 17
was sized for. The differences are mainly due @ th p,
fact that the experimental surface mass of theuymiod

is lower than the one used to size the dryer.

80

For temperatures at the end of the mangoes zone, 70} ——
differences between experimental and predicted .
temperatures are important, especially in the N
beginning and at the end of the drying. This is :
explained by the fact that the sizing method dass n
take into account the real evaporation kineticshef
product but the mean evaporation rate on drying tim N
average. The evaporation rate being faster at the I e

beginning of the experiment, experimental
temperatures are lower at this moment. The opposite 20
situation occurs at the end of the drying, when the
evaporation rate lowers, resulting in experimental ¢
temperatures higher than the predicted temperatures Fig. 4. Day evolution of the temperatures during
This phenomenon is particularly visible at the mangoes drying experiments M1 (a.), M2 (b.) and
beginning of the experiment M3. The high fresh mass M3 (c.) with measured ambient temperaturgs (

of this experiment induces a high evaporation ahte measured and predicted temperatures at the end of
the beginning of the experiment, leading to a high  the heating partej and @), and measured and
temperature difference between experimental and predicted temperatures at the end of the zone with
predicted temperatures at the end of the mangoes mangoes,d) and ).

zone.
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CONCLUSIONS

A tunnel solar dryer designed for small-scale fasme
in developing countries is presented in this watthe
technology consists in a ventilated tunnel with a
black floor and a plastic top in which a greenhouse
effect takes place. The air passing through thisel

is heated in the first part of the tunnel thatrisduct
free. The heated air enters next the second péheof
dryer where the product to dry is spread.



A sizing method of this technology of solar dryexs  Subscripts
developed based on heat and mass balance equationB.
This sizing method allows determining the lengths o
the two parts of a dryer of fixed width, accorditag
the quantity of the product to dry, its initial and
desired final humidities and its ideal drying
temperature but also according to the climatic
conditions of the site of drying and the desiregirdy
time. The lengths are determined in a way that the

initial

air  air inside the dryer
amb ambient

cond conduction

conv convection

d drying

D direct and diffuse

target drying temperature is reached at the enteof _external

; . final
heating part and that the temperature along thegiry

. : : L fl dryer floor
part is constant on drying time average. Within the . internal

context of the European FP7 project, Annadya, al
dryer sized by the developed method to procesgy10 k
of fresh mangoes in 6.5 hours in March in Banlung
(Cambodia) was built. Experimental results obtained
with this dryer show that the design is performant.
Indeed, target temperatures are reached at thefend
the heating zone, temperatures at the entrancatand
the exit of the drying part are similar and the
mangoes are dried at the end of the drying time. ACKNOWLEDGEMENTS

Furthermore the comparison of experimental The authors want to acknowledge the F.R.S.-FNRS
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good representation of the real transfer phenomena.

Moreover, the dryer was built with local people in REFERENCES
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