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1. Introduction

The spontaneous establishment of a microckmaside a direct solar dryer (D$ a direct consequence of
the interactions between the componeaftthe dryer (roofing, inside air, soil, etc.) and variables characterizing
climatic conditions (solar radiation, ambient temperature, wind speed,icing a day, the thermal behavior
of the dryer is different between day and night. Good sealingeadiyer and low transmittance of the cover to
infrared radiation are in demand during the night, because they allow a reduction of energy losses. V
satisfactory transmission of solar radiation inside the dryer and adequate ventilation are requigetthel aiay,

it is necessary to increase the greenhouse effect and to promote the evacuation of moist air.

During winter, the weather conditions are such that during the night, temperatures can reach logauvaings

a significant drop in temperaturasside the dryer. In order to maintain an acceptable set temperature, in relati
to the product to be dried, the period and the dryer implantation site, heating is then necessary although it
generates heavy loads due to the increase in the energgndasicasionstte installation of infrastructures that
are difficult to handle.

In this study, it is proposed to determine the thermal performancebBf8@)(using a theoretical model for the
numerical simulation of its thermal behavior. This model iseagn the classical heat transfer equations
between the different components of the system and the external environment. The simulation result:
compared with the experimental ones.

2. Experimental details

2.1. Site of the installation

The experimentainstallation is located at the Faculty of Sciences of Rabat. Located on the west coasi
Morocco, at 65 m altitude, the climate of the site of Rabat is of the Mediterranean type with a rainy and «
winter and a hot and humid summer. The ambient temperaét moderate throughout the year and represents .
small daily amplitude, with an annual average close to 8.4 he averagseasonal temperatures are 21

in summer, 17.8 jn autumn, 14.9 iC in winter and 18.T jn spring. The mmimum average islose to 9.9C
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and maximum is close to 26;Z. The annual solar radiation is about 1900 kWh#ith an average insolation
time of about 2770 hours per ydaf.

2.2. Solar dryer

The different solar fluxes intercepted by the dryer cover (consistinfiveffacades) are calculated for a
prototype solar dryer of standard geomef38]. Four faades are made of transparent glass with a thickness ¢
6 mm, andthe fifth one {all facing north of opaque plasticA perspective view of thaseddryer is shown
schematically in jurel, below.

Figure 1: Perspective view of the prototype of a standantetsion

2.3. Measured variables

The Measured variablesoncern the climationes that characterize the external environment and the inne
microclimate of the dryertUsing a CR10X data acquisition system with AM2&x%tension, measuremeate
collected every 15 minutesnd then stored in a computefile. Particular attention waaccaded to the
calibration of the various sensors and measuring instruments. Systematic contneésraadent verifications

of the measurements were carried out.

2.3.1. Climate variables

The externalambient temperature and relative humidity are measused) K-type thermocouples and J & R
hydroelectric instrumentsespectively. The speed atttk directiorof windare measured atlavel of 10 m from
the ground. Thglobalhorizontal radiation is measured by means of two calibratecefgpphnometersplaced
aboveandunder the glazedover, respectively.

2.3.2. DSDoperating temperatures

In addition to the climatic variables measured outside the dryer, its thermal performances are determined
its operating temperatures that relate to tdraperature and relative humidity of inside air, glazing and floor
temperatures. The measurement of the global radiation transmitted inside the dryer makes it possib
determine the transmission coefficient of the glazing of the cover.

2.4. Mathematical formulation

2.4.1. Limit conditions

The solar dryer is a physical system composeuirad elements: the covéc)(five elements, the irsideair (ai),
theinsideair vapor mass (\&), the upper surface layer of the s(8lo) and the lowesoil layer (S)Nine energy
balance equations are therefore needed to describe the system. Each equation is written in terms of the ex
of thermal powers. The explanation and determination of each degrgiven in Annex A To define the
conditions atthe limits of the dryer, the following climatic variables will be considered constant during eaxc

simulation step: global solar radiation (Sg), ambient air temperafaed relative humidity (HRe), Wind speed
(Ue) and deep soiemperature Tsp). The initial conditions at time t = 0 are:

Ta(t=0) =T,(t=0 =T,(t=0 =F( t=p =7 t8)=T,(t=0;

T,(t=0) =T (t=0;

T, (t=0) =(T,+T,)/2;

T.(t=0) =T, ;

W, (t=0) =W, (t=0.
Temperature$ correspond to the different faces of the glazed cover of the dryer. The plastic wall
characterized bystT, temperature.
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2.4.2. Equations of thermal balances
Figure 2 schematizes the set of heat flows exchanged per unit of exchange surface area, between the dry

its environment:
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(Tae, Wae) }}j/ plastic facade (S5)
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Figure 2: Schematic of exchanged flows

By applying theprinciple of energy conservation for each element of the dryer, the balance equations
expressed using these thermal fluxes according to the relatidstip:

I Contributions- ! Losses = Variation of internal energy.

For each element i of the dryer:
¥ the absorbed solar powers will be designatedjify, respectively;

¥ the infrared radiative powers exchanged betwaelementsand j"i, as well as the external environment
(outside ground, outside air, celestial vault) will be designatteB}{ ;

¥ the sensible convective powers exchanged between the dryer element i and the indoor or outdoor ai
be designated by €

i, air’
¥ the latent convective powers exchanged between the element i of the dryer and the indoor or outdoc
will be designated b@il-air;

¥ the power exchanged by conduction at the soil layers So, S and Sp will be desig@gég by

The expressions of the different heat flux powers involved in the balance equations (relations 1 to 9) as wi
the different coefficients of exchange and the choice criteria of the convective modes of exchange (lamini
turbulent regimes, natural or forced convection mode) will be given in Annex A.

2.4.2.1. Thermal balance of coverage
The cover is composed of five surface®fSBwhich four are transparent glass of 6mm thickness, and the fifth i:
opaque plastic insulated 10mm thick. Each waNilEbe characterized by its temperaturg {he index i
denotes the different glazed faces of the dryer). The plastic wall, facntly, n® characterized by itsyT
temperature.
The geometric and physical characteristics of the five walls of the @nrsoil are given imable 1 of
Appendix B.Thebalance equations sfirface S of the cover are expressedngirelations (1) to (5):
- Surface S; :

d

TV
Qfl - Q\llql,vz - Q\?l,v3 - Q\?l,v4 - @1,pl - Ql,so - Ql,c - Ql,se - Qﬁl,a _er Qvli,ai - Q\I/_l,ae =p < le VI dtl (1)

- Surface S2 :

dT,
Qiz - QSZ,V[ - Q52,v3 - QSz,vzt - QSz,pl - QSz,so - QSZC B QS&SE B Q(V:lai ) QSz,ae ) Qsz"“i ) Q;*‘e =PCa Vo dtv2 @
- Surface S3 :

dT
S R R R R R R R C C L L _ 3
Qv3 - Qv},vl - Qv3,v2 - Qv3,v4 - Qv3,p1 - QV3,50 - QV3,C = Qv3,se - Qv},ai - QVB,ae - Qv},ai - Qv3,ae - I V'cv3‘Vv3‘ d; (3)
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- Surface S4 :
R R R R R C C L L _
Qv4 Qv4 vl ~ Qv4 v2 Qv4,v3 B Qv4,p1 - Qv4,so - QV4,C - QV4,se - Qv4,ai B Qv4,ae - Qv4,ai - QV4,ae - I v CV4
- Surface S5 :
R R C L L —
Qpl Qplvl Qple - Qpl,vs - Qpl,v4 - Qpl s0 Qplc Qplse - Qpl ai ~ Qpl,ae - Qpl,ai - Qpl,ae =1 pl* C ( )

2.4.2.2. Thermal balance of soil
The soil is composed of two superimposed layers, the upper layéas {8 direct contact with the inside air of
the dryer, and the lower layer (S) is in direct contact with the deep gpil (S

- Thermal balance of the soil surface layer So
The thermal balance of the upper layer (So) of the soil can be written as:

; dT,
Qso Qio vl - Qio v2 - QS},V3 - Qi),v4 - Qfo,pl - Qioc - Q;o se Qio ai Qso ac Qio ai Qio ,ae - Qg),s: ps 'Cs '\/so T (6)

- Thermal balance of the lower soil layer S
The thermal balance of the lower soil layer is:

dT,
G _ V s 7
QSO,S Q§ ,SP pS S S dt ( )

In this equation,the powerexchanged by conduction between the lower soil layer S and the deep soil
depends on the temperatures Ts and W#h. increasing depth, warming or cooling of the soil caused by
changes in temperature between day and night is achieiledh time lag and a decrease in amplitéde.a
given depth zye consider in a first approximation thhe temperatur@sof the deep soil remains constant

2.4.2.3. Thermal balance of indoor air
The equation governing the thermal balance of indooisairritten from the thermal powers exchanged by
sensible convection between the indoor air and the other elements of the dryer:

) Qal a Q;I v2 Q;' Ve @' va Q" pl QI so Qm ae QXE & 'yi':j(;l;ai (8)

C,jis the specific heat fir (J.kg".K™)

Qgi aeis the thermal power exchanged between teB@lenir and the outside air of the dryer by natural renewal

through the structure of the dryer.
QX is the supply of heating power ofsideair which will be considered zero in the absence of heating.

2.4.2.4. Water Balance of insideair
The equation governing the water balance of the inside air ésllmaghe thermal powers exchanged by latent
convection between the inside air and the otingerelements:

L L L L L L
- Qai,vl - Qai,vz - Qai,v3 - Qai,v4 - Qai,pl - Qai,so - Qal ,ae pal CLm ai®

C 4iis the specific latent heat of water vaporization QK.

dWai

9
m 9)

Qla_Li aeis the latent heat power exchandpydnatural renewabetween the indoor air and the outside thirough

thedryerstructure
2.4.3. Digital resolution method
Equations (1) to (9) form a system of fimtder differentiakquations of the type:

d;f () =1£; [, Y, (0, Y5 (0,00, Yy (0] (10)

Among the many algorithms used to solve this type of equation system, the-Rutteyenethod of order 4 was
chosen. It is based orlimited development of the functions Yi defined as foIIows:

Yi(t, + A=Y, (t,) +Y; (t,) - At+Y, (t, ) Y”(to) (11)

The method makes it possible to calculate the coordlnates of the foIIowmg poifi) (then (§, Y») and so on,
with t; = t, + #t, t, = t; + #t, ...t = .1 + #t, where#t represents the time step.
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In the system of equations (1) to (9), the initial conditions corresponding to the temperatures measured ¢
time tare indicated previously (see @ 4.1):
These boundary conditions are imposedths characteristics of the solar dryer. The inputs of the simulatior
program correspond to the climatic parameters Sg, TRe, Beand Tspwhich are regularly measured every 15
minutes.
The following assumptions were considered:
$ heat transfers are assumedbéunidirectiona]
$ the temperatures of each element of the dryer are assumed to be uniformly distributed
$ during a simulation step, the ambient temperature Tae, the global solar radiation Sg and the wind spe
are assumetb remain constant or vary slightly;
$ the constructive and operational parameters of the solar dryer (covering, soil, indoor air, etc.) are
explicit functions of time, they are always implicit functions of their temperature;
$ the temperature of the sumading soil surface ¢fis assumed to be equal to that of the ambient temperatur
Tae, and the apparent temperature of the gky dalculated by the relation:

T.=T,! N + T ! 1-N
8 8

Where Tsnis the temperature of a covered sky, estimatedAfrimze's relatior{16]:
T, =T, ! 6 (T,,andT,_ in Kelvin),
andTsds the temperature of a clear sky, estimated from the relationship of Swifil¥dnk
T,.=0,05532x (T, +273,15)° (T andT, in Kelvin).

N is the coefficient of cloudiness that varies between BDifer a very clear sky, and N & for a completely
covered sky.

3. Results and Discussions

In order to evaluate the temperatures of the different elements of the dryer, the model described above take
account the meteorological data collected during one year (2013). Onblitaatically different days (a clear
summer day and a covered vantlay) were chosen for validation of the model.

3.1. Validation of the model

Among the temperatures estimated by the model, the temperature of the inside air of the dryer is the

important because its variation directly affects the temperatutthe ather elements. As a result, its knowledge

is of major interest in determining the performance of the dryer, whatever the climatic conditions prevail,

without the need to resort to measuremefite following figures3(a) and 8b) represent theariation profiles

of the measured temperature Tai (in bold lines) and the calculated one (in normal lines) during the two stt

days (January 15, 2013 for the winter day, and August 15, 2013 for the summer day), respectively:

The comparison of variatioprofiles of the measured and calculated temperafyreshows a satisfactory

agreement. For the two days studied, the esitimadrror does not exceed 1.6 jn the middle of the day and

increases slightly at the beginning and the end of the day, dhe telatively high inertia of the air inside the

dryer, which slightly delays the response of the dryer to the rapid variation in ambient climate parameters.
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Figure 3: Measured and calculated variations of theideair temperature of the solar dryer
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These profiles show that the amplitude of variation oftdmperaturerai inside the dryer between day and
night is higher in summewras around30 jC (between maximum and minimum), compared with tonly) iC
in the winter. The offset from midday of reded maxima is more thaiour hours in summer, compared
aboutthreehours in winter.
Due to the IR thermal losseshich are important in winter as well as in summer, it is observed that:
$ in the night period, the temperaturgis reversecandbecomes lawer by approximately 3 to 4 j@an the
ambientoutsidetemperature  the deployment of a thermal screen may prove useful and will make
possible to reduc®y even prevent this inversion of temperature;
$ during the day, the temperature difference leetwthe inside and the outside is much higher in summe
(around 30 {C) than in winter (8 jC). It is therefore necessary to use heating, especially during the ni
because it would keep a higher temperature.

3.2 Quantification of heating power

3.2.1 Heating systems

Heating is an important cost in the operating budget of a dryer, and then the choice of heating mode an
most economical system mecessary. Amonthe multitude of auxiliary heatingsedsystems, especially in
winter (gas boiler, heapump, oil heating, electric heating, pellet stove and wood insert, etc.), the minimu
power to be used is dependent on the surrounding climatic conditions and the volume of the air to be heate:
In order to validate the response of our model to the uaenehting system, we tested two heating systems, on:
of which is radiative, and the other is convective.

3.2.1.1. Radiant heating system
The tested radiative system consists of an electric heating plate with a radiating surface of, 108ectad
inside the dryemhe choice othe radiating surface af00Ocm! is conditionedbythe standard dimensions of the
commercially available heatinglates Even the choice of a larger area (equal to the surface of the dryer fi
example) remains insufficient tensure the desired setpoint temperaiire heating plate with nominal
temperature & = 160iC and the elements of the dryér particular the cover whose mean temperaiyés
much less than g, are considered to act as gray bodies radiating oneetottier with emissivity% and %,
respectively.

The power radiated by the surface & the heating plateép the surface Aof thedryercover, is given § the
equation[18]:

1" 12

1-(1-¢).(1-¢,).F,.F

1207 21

st 0.6.6,.ALF ( T;)

h

[=)

Where k, and k; are the respective shape factors between the surfaasdAd, and& the StefarBoltzmann
constant.
Since the product, €1;).(1-",).F2.F21 is much less than 1, this equation can be simplified and becomes:

QE:! '"1'"2'A1'F12 (T‘; 'T:,)

Since the surface #of the heating plate is very small with regard to surfagehfe shape factors will be # 1
and k# 0. Furthermore, considering that the radiating surfaces are black bodiesnigsivity'§gand % are
equal to 1, and the power radiated by the heating plate is reduced to the expression:

Q;: Al'h12 : ( TZh B T:n)

where the radiative coefficieni4is given by the relation:

h,=c. (Tch +-I:n) (-fh +-\E)
For a maximum temperatucd the heating plate Tch = 1€ and a nrmimum winter average temperature of
the cover Tm =5 {C, the radiative coefficient;his equal to about0.7W.m2K™. Under these conditions, the
nominal power corresponding to the maximum power which would be radiated by the heating plate is:
Qmax =116 W. This power value remains largely below the minimum value required to maintain a desired
temperaturelseduring the heating period. Therefore, the use of the heating plate is not suitable for auxilic
heating, since in addition to the high enecgynsumption, necessafyr its supply, the thermal requirements (as
indicated by curves 4.a and 4.b belpw)ll never be met, especially when the difference betwheset point

temperature &;andthe cover mean temperature,Tassumed to be close to the outside temperafiwas
greater than 2 jC.
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3.2.1.2. Aero-convective heating system
The installationoutside the dryer of a convective heating system, with modular power, made it possible
ensure a heat exchange by renewing air between the outside environment and the inside air of the drye
heat exchange is carried out by means of a double pigepfowhich is used for blowing and the other for
recovery.
Its application for model validation took into account the technical characteristics of the system, which v
considerably from one system to another (including nominal power and blowing rateheidcover a very
wide range of available products in commerce.
For a heater convection heating system, the following relation calculates the supplementary heatinp powt
met

QX=D"'(' c'#)
where D is the volumetric air flow rate (in’mm'), ( is its density (in kg.i), c is its specific heat (in J.RK™),
and#) is the temperature difference between the inlet and the outlet of the heating system, the value of w
can reach 100 C. In the operating temperature range of the dryer, tlity desfsthe air and its specific heat ¢
are assumed to be independent of its temperature.
Depending on the requireskt pointtemperaturels, the minimum power required for the dryer is always
available by this type of heating system.
For the electric bater we tested, with a power of 9 kW = 7740 kcal/hour, maximum hot air flow rate D = 1(
m/hour and a deviatiott) = 60 jC with a diameter of 100 mm supply/exhaust ducts, the heating power QXh
reached 1200 W.
The cost price of the heating systeemains a major disadvantage in the overall investment cost, but can |
easily damped by means of a correct dimensioning of the heating requirements.

3.2.2. Simulation of the heating system

The introduction of heating power into the dryer is necessaoydar to maintain its internal air temperature
higher than or at least equal to a set temperatyractording to the specificity and nature of the product to be
dried.

From the climate data measured on 15/1/2013 and 15/8/2013, several simulation$hextihg power QX
(voluntarily introduced as a constant in equation 8) have been realized by successive increases of its
between 0 and Nominal power QN, the value of which is linked to external climatic conditions. The cho
variation pitch is 100 W

The following figures 4.a and 4.b show the variation profiles of QX as a function of the setpoint temperature
the both studied days:

1100 (a) Tset
1000 — Winter 30°C
900 28°C
= 800 26°C =
= 700 — 24°C =
< 600 22°C 4
o 1 20°C 3}
= 500 — =
S 4003 e 5
[a T} 4 16°C a8 Tset
300 30°C
200 — / 28°C
. 26°C
100 )/ 2o
0 I[l]l[l]l’]l[l]|]1[1]l]1]» 0 1]1[1||]|||||||||||||/|_1J|2>
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24
Time (h) Time (h) |

Figure 4: Temporal variations of the heating power QX as a function of the setpoint tempeg@ttur'e T

An analysisof these curves shows that:

- For the winter period, it will be seen that the heating time depends on the set temperature required, whic
be reached quickly or not, depending on the ambient climatic conditions. Consequently, thetineatinay
be Imnger or shortertican everexpandedhroughout the day for certain temperatures (see figure 5). For th
day of 15/01/13, for example, heating is required all dagdbtemperatures of about 10 ¢rmore.

- The increase of the set point temperat#f@X is accompanied by an increase in the heating power. Thit
increase is greater in the nighttime perig@¥ = 55 W/;C) than in the daytime pericd@X = 40 W/;C).
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- For the summer period, night heating is only necessary for the highest set temperatarsst(femperature
Tset= 30 jC, for example, heating must be provided between 19h PM and 8h AM).

- In the case of lower set temperatures, heating may only occur during the beginning of the day, where
inertia of the air inside the dryer plays a rolerinintaining the relatively high internal temperature during the
end of day period.

- The curves of figure 4, which show the evolution of the power heating according to the set temperature
are in a range between 16 and 30 jC. Outside this rangédéanot necessary for lower set temperatures
(less than 16 iC). For high set temperatures (above 30 jC), many products to be dried are not very resist
high temperatures, especially during the night.

A

$& -

$ -

$3$

Additional heating time (h)
@

1# ——r—T——T—T—TT>
" % %% $B & B $H %
Set point temperature (j C)

Figure 5: Variationof the heating time as a function of the set temperatuggis Winter.

3.3. Evaluation of heating energy cost

For the assessment of the cost of heating energy, and excluding the initial investment cost, fluctuations

variability in fuel purchaserices, ease of installation of the heating system, necessity of connection to a po\

source, the need for storage, etc., two scenarios are possible:

- the heating power remains constant during the heating period, the resulting energy is the progustweth
by the duration of operation;

- the heating power remains constant over successive short periods and its value changes from one pel
another as a function of the desired setpoint temperature, the resulting energy in this case is theesum
successive energies calculated for each interval.

Based on the estimated heating power variation profile over a day, as a function of the resptegteait

temperature, the curve (a) Higure 6 below shows the variation of the daily heating eneajgulated for the

winter day studied. A quadinear increase is obtained as a function of the required temperature of the, ener
which vary for a set temperature of 16 ;C from k\Wh.m*.day’, and reachesk®h.m?.day* for an extreme

set temperature &0 C.

Curve (B of Figure 6 shows thevariation of this daily supplemental heating energy calculated for the summ:e

day studied. It can be seen that this energy, which remaindareset temperatures below 2C.; increases

slightly for set temperatures abo&® C., and holds only 1.2 kWmm?.day'for the set pointextreme

temperature of30 C.
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Figure 6: Variations in daily heating energy for both studied days.
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Conclusions

The positive comparison between the theoretical model and the experimental results concerned the vari
during twaclimatical different dayof the air temperature inside the dryerm@aximum deviation of 1.5G was
observed betweethe twotemperaturegtheoretical and experimental)

Deviation between outside and inside tempeesis very high in summer (3C) but lower in winter

(10 iC).The difference obtained in the winter seasomsifficient to initiate the drying process without the
need for auiiary heating.

The results of simulation of the thermal behavior of the dryer as a function of the heating power show thi
increasethe temperature of the ainside the dryer by iC, an auxiliary heating of approximately 55 W
overnight against 40 Wluring the day is necessary in winter. In summer, the need for auxiliary heating is or
desired during the night and for very high geinttemperatures.

The daily auxiliary heating energy increases linearly depending on the regeirpdintemperatureln winter,

the daily heating energy 5 kWhm™day" for a temperatursetpoint of 16 jC, reaching BWh.n*.day*for

an extreme temperatuset pointof 30 jC.In summer, this energy, which remains zero for set temperature
below 20 C, increases ghitly for set temperatures above 20 jC aaduiresonly 1.2 kWh.m?3.day*for the
extreme temperatuet pointof 30 jC.

NOMENCLATURE
Cai Mass heat of moist air inside the dryer (J-kg"). So: Surface of the upper soil layer fin
Cae Mass heat of moist air outside the dryer (3.kg'). S:  Surface of the lower soil layer @n
cs Specific heat of concrete (J:k&™). S:  Surface of bodyi(.
¢, Specific heat of glass (JRd<™). S1 Surface of the south inclined glass’m
co:  Specificheat of plexiglas (J.kKgK™). S2  Surface of the south vertical glass’m
cLai  Specific latent heat of vaporization of the water(J)kg S3  Surface of the east vertical glass’(m
D: Hourly air outflow (Volume/hour). S4: Surface of thavest vertical glass (fh
e:  Thickness of upper soil lay&(m). Sg: Global solar radiation (W.H).
Fij: Form factor between element i and element j. Sy Surface of the north wall G
Gr: Grashof dimensionlessumber. St Surface exchange between solid and inside . (m
hy mi: Mass transfer coefficient between the Si facade and the Ti:  Temperature of body i(K).
inside air ( kg.nfs?) To:  Temperature of the north wal,$iC).
hy me Mass transfer coefficient between the Si facade and the Tsc: Temperature of alear sky (jC).
outside air ( kg.nis?) Ts: Temperature of the lower soil layer (jC).
hy 2 Sensitive convective exchange coefficient betweenithe S Tse: Temperature of the outside soil(K).
facade and the inside air (WaiK™). Tsn: Temperature of a cloudy sky (jC).
hy a¢ Sensitive convective exchange coefficient betweenithe S Ts; Temperature of the upper soil layer (iC).
facade and the outside air (W2rK™Y). Ty1: Temperature of the south inclined glasgi€).
hoiaic Sensitive convective exchange coefficient between the S T,,: Temperature of the south vertical glasg;€).
facade and the inside air (WaiK™). Tvs: Temperature of the east vertical glaggiS).
hpi,ae Sensitive convective exchange coefficient between gthe S T..: Temperature of the west vertical glagyi&).
facade and the outside air (W2rK™Y). Tsp: Deep Soil Temperature (jC).
hso i Sensitive convective exchange coefficient between the Ue: Wind speed of the outside air (M)s
upper soil surface.Snd the outside air (W.fK™). Vt: Volume of air insidehe dryer (m).
HRe:Relative humidity of outside air (6 V. : Volume of the facade; 8f the dryer ().
Nu: Nusselt dimensionless number. Vi . Volume of the facadeSof the dryer ().
Tai: Air temperature inside the dryer (jC). Vs: Volume of the lower soil layer of the dryer m
Tae: Ambient temperature of outside air (jC). Vso: Volume of the upper soil layer of the dryer’jm
Tc: Apparent temperature of the sky (K). W, Inside air vapor mass gkkg).
N: Coefficient of nebulosity. W,; : Saturated humidity at the temperature of facade
Pr: Prandtl dimensionless number. Si(kg/kg).
Q¢  Convective power exchanged between inside air ai and W, : Saturated humidity at the temperature of facade
otitSide air ae (W). Su(kg/kg).
Qicair . Sensitive convective power exchanged between the dryer Wg,: Saturated humidity at the temperature of the upper soil
"~ element i and the inside or outside air (W). surface §kg/kg).
Qg 4 -Power exchanged by conduction between soil layers (W). %  Emissivityof bodyi.
L : Latent convective power exchanged between the dryer *.s Thermal conductivity of the upper soil surfage
elementi and the inside or outside air (W). (W.mtK™.
R - |nfrared radiative power exchanged between elementiand (s Density of concrete (kg.1).
" elements |'i (W). (v: Density of glass (kg.H).
s :Solar power absorbed by element i (W). (p:  Density of Plexiglas (kg.i).

(s Density of the inside air (kg.f.

X: Inside air heating power (W).
Q 9P W) &  Constant of StefaBoltzman(W.n?.K™).

Re: Reynolds dimensionless number.
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ANNEX A

1) Exchanged thermal powers
Power of the convective heat flux exchanged between the facadab tBe outside aithe index i denotes the various

glass sides of the dryer):
QVI ae_h S ( Tae)

Power of the convective heat flux exchanged between the facmiaxﬂ; tBe inside air

Q\C/i,ai :hVi,ai S(Ty,-T,)

Power of the latent convective hélaix exchangedetween the facades Si and the outside air

QV] ae_CLal hv1 me'Si'(in _Wae)
Power of the latent convective heat flexchangedbetween the facades Si and the inside air

QVI al_CL ai h "Si‘(in _Wai)

vi.mi

Convective heat flux due to air leakage

QS ,.=D.p,.. ” —(C T,C,..- T.)
Power exchange by conduction between two successwe layers: of soll
So
QS So ( )

Power of the radiative flux exchanged between surfaaedSsurface S

0.€,.€,.F ;- S; (44)

R _ Viv]
QVi'Vj_l-(l-sw).(l-sv)% F,

Vi.vj*T vjvi

-T,;
Power of the radiative flux exchanged between the surfeered3he sky

Q} . =c.e,.e.F,.(T!-T!)
Power of the radiative flusxchanged between thessirface and the celestial vault

Qt o .8 .F . (T/-T)

2) Convective exchange coefficients
The convective coefficient hc,ae (W-25C™) betweenthe solar dryer cover anthe outside air is assumed to be related
only to windspeed Ue (m-4) according to McAdam's lay19-20:

heac 7.5+ 3.88 U, if Ue<Ujimie=7.72(m.s™).
hc,ae: 7.3 (Ue)O.SO if Ue>Ulimite-
The convective coefficient (W.m?C™) between the inside air and the solar dryer cover is calculatedtieorelation:
_ Nua,
c,ai_ Lci
The convective coefficient (W.m?.{C™) between the inside air and the solar dryer cover is calculated from the relatior
Nu .
hso ai = =
’ L

soil
A the thermal conductivity of the air (WK™
Li:  the characteristic length of the coverage considered equal to the ratio between its surface and its perimeter (m).
Leoi: the characteristic soil length corresponding to the ratio of the dryer / floor area.
The dimensiordssnumber of Nusselt Nu depends e nature of the convection (natural or forced) and the mode of flow
(laminar or turbulent)21]:

Nu =f (Gr, Re)

The boundaries between these different modes are defined by the dimensionless numbers of Grashof (Gr), Reynold
and Prandlt (Pr).
Thelimit between laminar and turbulent regimes is defined by the progliétT.
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ANNEX B

Table 1: Geometric and physical parameters of the solar dryer cover

Orientation | Tilt | Densiyp Thermal Massic
surfaces (kg/m?®) conductivity* hea C
. i 1 g/m e
Settings Materials (m!) (W/m.K) (J/kg |2n)
Fasade (S1) 2,18 South 34
Fasade (S2) Glass 1,5 South 90 2500 0.8 840
Fasade (S3) Of 6mm 171 East 90
Fasade (S4) 1,71 west 90
Faeade (S5) Plexiglas 2,78 North 90 1170 0,7 1380
Of 10 mm
Soil (S) Concrete 1,80 - - 2200 1.8 1000
of 15cm
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