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A transient mathematical model has been evaluated to determine the principle of a solar crop dryer for drying veg-
etables (onion). Considering the meteorological conditions of Freetown (Latitude 8.484° N, Longitude -13.230° W),
the model was developed to determine air temperatures and other operational parameters of the drying system for
a day of March 21¢. However, the investigated system had effectively reduced the drying process of onion. The
developed double-pass solar air collector system showed a low-temperature output in the morning hours and dis-
played high-temperature results in the afternoon hours. From 8:00 to 16:00, the solar collector generates fluid output
temperatures above 50 °C, with a peak value of 96 °C occurred at 12:00. The influence of the mass flow rate on the
system's thermal efficiency was investigated. It was noticed that for a certain solar radiation value, an increased in the
mass flow rate caused an exponential increased in the solar air collector thermal efficiency. Findings also revealed
that an increased in the solar collector length led to a slightly decreased in the outlet air temperatures at a mass
flow rate of 0.02 kg/s. The influence of increasing drying air temperatures and air velocity within the drying chamber
reduces drying time significantly. The drying time for products dried in the first tray is lesser than for products dried in
the subsequent trays, owing to temperature variations. The computation findings were verified to previous studies in
the literature and observed to be strongly comparable.

Key words: double-pass collector, drying chamber, mathematical model, onion, solar energy in Sierra Leone,

thermal efficiency

INTRODUCTION

Fruits and vegetables remain extremely frequent, with
significant quantities produced at specific times of the
year [1]. During peak periods, market rates are gen-
erally at their lowest, resulting in reduced income and
sometimes profits for the producer. The surplus could
also result in the deterioration of significant quantities
due to abundant production during the harvest. Pre-
serving these fruits and vegetables will help minimize
food waste and make foods more accessible during the
off-season [2]. Moisture levels are very high in a wide
variety of food products. Consequently, if not stored in
mechanically managed equipment, it will have a high po-
tential for significant quality degradation, perhaps to the
point of bacteria growth [3]. Drying is the oldest meth-
od of preserving agricultural products. However, it is a
time-consuming and energy-intensive operation. Solar
drying has long been thought to be the most extensively
employed solar energy technique for food preservation.
Solar dryers are favoured since they are simple to con-
struct with locally accessible tools and materials. One of
the most energy-intensive activities in the food sector is
drying fruits and vegetables [4]. Due to rising global oil
prices and scarcity, a greater focus is placed on environ-
mentally friendly renewable energy systems [5]. In many
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tropical and subtropical regions, sun drying is being com-
monly practiced. The inexpensive approach is sun dry-
ing; however, the dried products' consistency falls well
short of global standards. On the other hand, this oper-
ation has quite a range of drawbacks, including product
spoilage due to weather conditions, wind, precipitation,
debris, production loss due to birds and animals, crop
degradation due to decay, insect infestation, and fungi
[3]. Effective drying techniques are the only method of
improving product quality and minimizing economic loss
[6]. Vaporizing water in the substance is typically used
to dry it. As a result, vaporization latent heat should be
given. The moisture must be extracted from the product,
which necessitates air circulation. Because less humid
air absorbs more moisture away from the product sur-
face than more humid air, the greater the drying rate,
the lower the temperature of the heated air delivered
to the drying chamber [7]. The drying time is typically
reduced by increasing the air temperature and velocity
[8]. High temperature on the other hand, degrade the
consistency of heat-sensitive items like food and phar-
maceuticals. In this case, using the desiccant method,
low-temperature and high-humidity drying is needed to
preserve the product's fresh color [8,9]. Without using a
desiccant system, low humidity can be achieved. A high
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temperature is needed. A wide range of complications
associated with the use of desiccant substance in de-
hydration processes have been thoroughly examined by
[11]. Different drying methods vyields different levels of
product quality within the same material [12]. Solar dry-
ing is a more sophisticated form of sun drying and is a
cost-effective way to utilize solar energy [12,13]. Given
the current state of food insecurity worldwide, cost-ef-
fective and sanitary food preservation methods are crit-
ical. Compared to conventional drying methods such
as sun or shade drying, the introduction of drying sys-
tems in developing and underdeveloped countries can
substantially reduce post-harvest losses and enhance
food quality [15]. In light of the global population annual
growth, food production and preservation play a vital role
in reducing hunger, specifically in developing countries.
Modernization, cultivation, and food waste control are
critical measures for maintaining sufficient food access
to meet current and potential demand. Implementation
of preservation methods that maximize nutritional value,
expense, and energy demand is needed to reduce the
food deficit. Mechanical, thermal dryers uses a massive
amount of energy, have quite a high initial and operating
cost, and cause a negative impact on global warming
[16]. However, in some developing countries like Sier-
ra Leone, cool ambient air prolongs some agricultural
products drying process. Consequently, certain products
that requires a high amount of energy for drying pos-
sess serious challenges. The huge losses arising from
these consequences can be significant, especially for
fruits and vegetables, which deteriorates rapidly if not
preserved. The use of solar dryers in an enclosed heat
transfer process has become a much more optimal and
cost-effective choice as a result of the refinement of tra-
ditional open sun drying, particularly in remote areas with
no electricity access [17]. Undoubtedly, in the analysis of
drying system efficiency, it is essential to implement new
concepts that are both effective and feasible. The ad-
vancement of modeling techniques and simulation soft-
ware has been extremely beneficial in analyzing results,
enhancing the efficiency of the process, forecasting tem-
perature changes, moisture levels, and drying time for
various products [18]. Numerous analyses have been
investigated the modeling of solar drying of agricultural
commodities as well as numerical simulations of solar
dryers (direct and indirect) and the drying characteristics
of diverse veggies and fruits [4]. As a result, for dryer de-
sign and operation, simulation models are required. Sim-
ulators for natural and forced convection drying systems
have been developed by several researchers [18,19].
Detailed experimental and computational investigations
for several solar dryers operating in various communities
have been performed to understand better their efficien-
cy and drying technique for multiple products in distinct
locations [21]. Solar drying is only possible during day-
light hours. Mostly with solar air heater, a thermal re-
serve might be created for continual drying [22]. An en-
ergy backup component coupled with the solar collector

-

can be charged throughout optimal sunlight hours and
used (released) for delivering hot air to the dryer during
off hours, and unfavourable weather conditions [23,24].
In the past decades, various solar air collector and crop
drier systems have been investigated [25]. Among the
widely used solar air collectors are; flat plate single and
double-pass, and V- corrugated single and double-pass
collectors. The absorber plate might have air flowing
above, beneath, or on opposite surfaces. Heat dissipa-
tion through the glazing is reduced by air flowing under-
neath the absorber plate. Since the front surface must
be subjected to the ambient, the top cover suffers the
most losses from the collector [26]. The solar collector's
performance is determined by its kind and design, and
also the amount of heat dissipation while in operation
[27]. Mathematical analysis and computer programs are
useful techniques for establishing energy-efficient de-
sign and projecting total drying system efficiency [28,23].
In the present study, the main concern is to study the
performance of a solar dryer system for onion drying by
employing a double-pass solar air collector to implement
a new idea of solar air heating. The functioning of the
dryer and the different heat transfer coefficients are gov-
erned by series of equations. A mathematical simulation
enabled us to obtain graphically displayed results, which
are then analyzed and discussed.

MATERIALS AND METHODS

Designed the studied system

In this study, a typical indirect convectional dryer de-
signed for agricultural products, mostly fruits and vege-
tables, was used. Fig. 1(a) depicts essentially a simple
solar dryer diagram, which has numerous advantages:
low space usage and ease of maintenance. However,
it comprises of two main components: a double-pass
(counter flow) convectional solar air heater, a drying
chamber with a fan built on the top. The first principal
component of the drying chamber is a double-pass
(counter flow) solar air collector tilted at an angle of 150
with respect to the horizontal, as shown in Fig. 2 (a). Its
top is made up of a glass cover of 1 cm thick. A 0.1 cm
thick stainless aluminium plate coated with black acts as
a heat exchanger in the center, and a 4 cm thick back
plate insulator serves as the bottom. The air flows in
the first and second streams of the absorber plate by
convection. Fig. 1(b) shows the internal diagram of the
drying chamber. The drying chamber is made up of a 4
cm thick polystyrene insulator and a 10 cm thick brick
wall that houses 5 wired mesh racks with a 10 cm gap,
wide enough to allow for the most efficient air circulation
between each mesh on which the products are laid. The
entire drying chamber is a cubic-shaped box with side-
walls that are 100 cm high. As shown in Fig. 1(b), the fan
at the top of the drying chamber is used as an extractor
to facilitate forced convection. Mostly, in the event of in-
clement weather a porous media is placed in the dryer. In
most cases a porous media is only utilized once the solar
air collector outlet temperature is below 50 °C.
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Figure 1: (a) The schematic of a simple solar dryer
system, (b) The schematic of the internal view of the

solar dryer
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Figure 2: (a) The schematic of double-pass (counter
flow) solar air heater, (b) The schematic of thermal
network for double-pass solar air heater

Thermal analysis of the double-pass solar air heater

In a small collector, the temperature of the airflow influ-
encing borders is consistent. The airflow temperature
fluctuates progressively from the collector, correspond-
ing to the theoretical model. In the first section, the wall
and average air temperatures are estimated and de-
scribed. The heat exchange variables are calculated
using the temperature values that were assumed at the
start. By inverting the function matrix, Excel can calcu-
late the average temperature vector [29].

[T] = [Y]*[Z] (1)

Furthermore, the theoretical model implies that for a
small solar air heater, the temperatures of the wall in-
fluencing air circulation are consistent (smaller of 10 m).
As a result, the air stream and collector temperatures
vary equally. For the short collectors, the average air
temperature will be the same as the arithmetic average
as stated by [30]:

Ty = (Tp1o +T5)/2 (2)

Ty = (Troo + Tr10)/2 ()

410

The following are
L =240cm, W_=120 cm, U, =1 W/m?°C, k=211 W/
m2°C, T =T =23°% and V =1 m/s [29]. Mostly, the
initial conditions for a double-pass (counter flow) solar air
heater are; for the first air flow stream, atx =0, T, =T,
, for the second air flow stream, atx =L, T,,, =T, . The
thermal efficiency of the solar air collector is determined
by [30,31].

the key concept parameters:

mC(T, — T;
e~ ) "
C
where is the mass flow rate of the fluid, C is the specif-

ic heat of the fluid, T, is the outlet air temperature from
the solar collector, T, is the inlet air temperature, A_is
the cross-sectional area of the solar collector, and | is
the solar radiation intensity. The steady-state energy bal-
ance in the counter flow segment is investigated using
the thermal network depicted in Fig. 2(c). The following
are the steady-state heat transfer equations for the dou-
ble-pass solar air collector components that are consid-
ered as a node in the thermal network:

Exchange on the surface of the glass cover:

Py + hrapg(Tap = Tg) + hegsy (T = Ty) = Ue(T, — Ta) (5)
Exchange on the first airflow stream:

hcap,fl (Tap - Tfl) = Qu + hcg,fl (Tfl - Tg) (6)
The exchange at the absorber plate surface:

by hcap,fl(Tap i Tfl) f h"ap,g(Tap i Tg) f hcapﬂ(Tap i Tfl) +}“'aupr(Tam i pr) (7)
Exchange on the second airflow stream:

heaps2(Tap = Trz) = herzpp(Tre = Top) + Quz -~ (8)
And lastly, exchange at the backplate surface:

hrapp(Tap = Top) + herap (T = Top) = Up(Top = Ta) -~ (9)
with;

(10)

(11)

Qui = 2iC(Te; — Ty;) /WL

Quz = 2C(Tg, — Tpy;) /WL

Egs. (5-9) defines the heat transfer coefficients (HTCs)
of the double-pass solar collector. Considering the above
relationship in Egs (6) and (8), and performing certain
mathematical readjustments, the average temperature
variable can be computed by Excel employing the matrix
inversion form of Eq (1). The iterative approach used ne-
cessitates pre-existing understanding of the surrounding
conditions (T, h,, |) , temperature of the air inlet (T, ,
absorber plate and glass refractive and radiative  pa-
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rameters (ap, €, Oy € Tg) , thermophysical characteris-
tics of air at a specific average temperature (k,p,C, M) ,
as well as stream geometry (D,,L,W ). Furthermore, the
first air flow stream average temperatures (T,) , the sec-
ond air flow stream (T,) , glass (Tg), absorber plate (Tap)
, and back (pr) plate insulator are specified for the first
segment, which are initially assumed. All of the needed
HTCs are computed in Excel. HTCs are evaluated based
on the temperature parameters that were previously es-
timated. In addition, the matrices [X] , [Y] and [Z] are
then established. After that, a standard matrix inversion
function is executed to invert the matrix [Y] to come up
with a new set of temperature matrix [T'] . In the matrix,
a new temperature value [T'] is then verified with the
equivalent initially assumed value [T'] . The iteration is
ended if the divergence between any corresponding new
and old values reaches 0.01 °C, and thus, the previous
temperatures are substituted with the recently computed
ones and used as the appropriate temperatures at the
section of interest. Usually, Tg,Tﬂ,Tap, T, and T  conver-
gence is obtained in at most six iterations. The second
stream input air temperature is set to the same as the
first stream exit air temperature. Upon obtaining the exit
air temperatures from the second stream of the collector,
various parameters of the solar collector are computed,
as well as the thermal efficiency of the collector using Eq
(4) [29,32]. The physical characteristics of air are pre-
sumed to progressively vary with temperature (°C) by
Ong [32]:

Specific heat of air

Cp = 1.0057 + 0.000066(T — 27) (12)
Density of air

Pair = 1.1774 — 0.00359(T — 27) (13)
Thermal conductivity

k = 0.02624 + 0.0000758(T — 27) (14)
Viscosity of air

e = [1.983 + 0.00184(T — 27)]107° (15)

Estimation of Heat Transfer Coefficients

The heat transfer coefficients for the various modes are
determined accordingly, such as [31,32]. Heat transfer
coefficient due to wind by convection:

h, = 2.8+ 3.3V (16)

Exchange across glass surface and sky by radiation:

_oeg(Ty + T)(TZ + T2)(Ty — Ts)

r, (17)
© (Tg o Ta)

with:

T, = 0.0552. T2* (18)

Exchange across the glass cover and absorber plate by
radiation:

Gsapsg(Tap + Tg) (Ta%p + ng)
€ap —H:g — Eapfg

hrape = (19)

Exchange across the absorber plate and backplate by
radiation:

_ O%apfpp (Tap + Top) (Tdp + szp)

hrappp = (20)

€aptE€bp — €ap€bp

Exchange across the absorber plate and backplate by
radiation:

_ GEapEbp(Tap + pr)(Tgp + Tﬁp)

ap,bp — (21)

hr

sap+ebp — €a3p€pp

The following equations are used to compute the con-
vective heat transfer coefficients [30].

k
hc = —Nu (22)

Dh

where Nu is the Nusselt number, and D, is the equiva-
lence diameter of the stream. Nusselt number for laminar
flow zone for (Re < 2300) [32,33].

0.00190 [RePr(g—S)]Nl

Nu=154+ (23)

1+ 0.00563 [RePr(g—S)]lﬂ

For transition flow region (2300 < Re < 6000) :

D 2/3 0.14
14 (—‘) Ki) (24)
ep Heep

Turbulence flow region (Re > 6000)

Nu = 0.116(Re?* — 125)Pr*/3

Nu = 0.018Re%8Pr04 (25)

where Pr is the Prandtl number, and Re is the Reynolds
number

Re = 1Dn (26)
Acp
4. W..d
@7)

T (T
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Where D, is equivalence diameter, d is stream depth
and W_is the width of the collector.

Theoretical approach of the drying chamber

The step-by-step mathematical model has been used to
model the drying chamber. In contrast to previous ap-
proaches, like Hottel et al. global techniques, the step by
step approach provides for the development of tempera-
tures of all solar dryer components in time and space, as
well as the impacts of temperature variations [34]. This
drying chamber is considered to be partitioned into a
series of imaginary segments separated by two shelves
and the chamber's boundaries in the path of airflow.
Considering the heat and energy equilibrium for each
component in Fig. 1(b), the equations regulating thermal
and mass transfers at the segment level are formulat-
ed as follows: Exchange at the polystyrene wall external
surface:

mppCplJ

4 (d;) by So( Ty~ T H Bl T~ T £ 08,(T-T,e)  (28)

Exchange through the brick wall and the polystyrene wall
faces:

mp,Cp, (dT,
‘;P(d) kySy(T,-Te) =

i,
pzpb(d) bS(L-T,)  (29)

Exchange at the internal brick wall surface:

C dT
mpy pb( (30)

4 dt) ky:3 (T T)+hac11p1 (ach Tp)

Exchange through the product, internal wall surface and
the drying air At the internal surface of the brick wall:

Ii]achcpalir(r[‘a:cll_Talch) halchfsf(r[‘ach Tf)'l'4 halchpl (ach Tpl) (31)
Exchange between the product and the drying air:

dT;
rchpf (E) = hach,f' Sf(Tach - Tpi) - Pev (32)
* Depicts the precedent tray
Where the vaporization power is expressed as:

dX
Peva = d.t HISGC Lvap (33)
with m___is the mass (kg) of the dried product, L __ is the

latent heat of vaporization (J/kg), and dX/dt is the mois-
ture content variation with time (kg/kg d.b.s)

The exchange surface is expressed as:

412

S = mD?n (34)

with n being the quantity of dried item packed per tray.

The fluctuation of moisture content is computed by em-
ploying the following formula [35].

K(X - Xe)rnsec = (Wach,o - Wach)rhach (35)
The fluctuation of X, that indicates the product’s moisture
level throughout the drying process is required. As a re-
sult, a better understanding of drying kinetics is essential

Drying kinetics

The first order empirical approach was used to simulate
the activity of moisture absorption inside the onion. It is
expressed as [34,306]:

s

- dt = KC(XS - Xse)
Where X_ denotes the moisture content of the product
(dry basis) during drying (kg water/kg dry solids), X__ is
the equilibrium moisture content of the dehydrated prod-
uct and is the drying time (min). The dehydration pa-
rameter K, ensures the gradient of the falling rate as a
result of the drying curve defined by [34].

(36)

K. = K,DXPTXT wKWyKv (37)
where K is a constant ( h" or min”) ,KD,KT,KW and KU,
are theoretical dimensionless parameters that vary de-
pending on the materia, D is the particle diameter (m),
T, is the dry buld temperature of air (°C), W_ is rela-
tive humidity of the air (%), and U_, is the air velocity
(m/s) [37]. Numerous mathematical equations contain-
ing several variables can be used to characterize the
equilibrium moisture content of substances. The model
becomes extremely complicated as the number of vari-
ables increases, making it more difficult to interpret and
apply. Kiranoudis [38] reported that the GAB equation
variables for onion and other vegetables are estimated,
including physical properties such as:

X, Cka,,

Kse =0 Ky — (4 — Okay)

(38)

where the material equilibrium moisture content is X_,
the water activity is a  , the monolayer moisture content
is X ,C, and k are associated to the effect of tempera-
ture. The onion is assumed in this study as a sphere ob-
ject, and its composition is: 87. 60 % water content, 1.25
% protein content, 4.91 % carbohydrate content, 0.25 %
fat content, and 5.99 % other contents.

The onion's specific heat may be determined by [39]:

=1 4.0 1'424mCarbohydrates 18 g (39)
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The physical properties of the dryer are updated for each
time step and each batch, allowing shrinkage impacts
to be considered [39,40]. The hot air velocity U, sur-
rounding the item can be calculated as:
Uach = U/Po (40)
where U is the velocity of air within the drying chamber,
and P, is the porosity rate. Its equivalent is given as:

P, =1-0c (41)
where Oc is the occupation rate and it is given as:

D} 1
Oc=n 42)

6 long.larg.Ds

where D, is the product diameter, long, and larg are the
length and width of the drying chamber respectively.

Drying Chamber Numerical Approach

An approximate differential equations approach is ad-
opted and employed to characterize each equation in
time and space in order to resolve analytically the set
of five generated equations [Eqs (42-46)] for the drying
chamber. Following that, each pair of derived equation
is resolved into a matrix system of the form [Q][T] = [R],
wherein, the vector [T] indicates the vector of the five un-
determined parameters. Next, a Matlab code was gen-
erated for the drying chamber wherein the Gauss-Seidel
iterative technique was employed to solve the system of
equations [40]. Once the requisite accuracy is achieved,
the computations are declared successful. Else, the
computed parameters are assumed to be incorrect and
the computation is repeated to the acceptable accuracy.

Input Parameters

The model has been analyzed mathematically for Free-
town (Latitude 8.484° N, Longitude -13.230° W and al-
titude 26 m from mean sea level) clamatic weathr con-
ditions during March (day of year, n = 80). Numerous
formulation involving in predicting prominent solar an-
gles are used to determine the overall input data em-
ploying the ASHRAE model for sunny weather [41]. In
addition, this ASHRAE mathematical model is based
on meteorological parameters for Freetown on March
21st . March 21t was choosen in accondacnce with the
ASHRAE model. Based on the meteorological weath-
er condistions of Freetown, March is the most clearest/
cloudless month among the other months of the year.
March is also the harvest season of onions in Freetown.
The sinusoidal technique is analyzed to measure the
ambient temperature data [41] since Sierra Leone has
a mild weather with optimal temperatures ranging from
23 °C to 30 °C in March. Hourly average solar radiation

Istrazivanja i projektovanja za priverdu ISSN 1451-4117
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intensity and ambient air temperature employed to solve
the model are displayed in Fig. 3. The peak radiation in-
tensity captured by the glass cover and absorber plate is
obtained by calculating the direct, diffused, and reflected
components displayed in Fig. 3. As a result, the peak so-
lar radiation intensity occurs at 12:00. The peak ambient
temperature occurs at 14:00, lags two hours following
the maximum solar radiation intensity.

.....

.....

nnnnn

.....

Local Standard Time (hr)

Figure 3: Diurnal variation of average solar radiation
and ambient temperature during March 21st

RESULTS AND DISCUSSION
Performance of the double-pass solar air collector

A computer program was developed to compute the en-
ergy balance equations (5-9) on the double-pass solar
air collector to determine the temperatures of the air in
the first stream (T,) , second stream (T ) , and absorber
plate (Tap) .

0
©

Time in hours

Figure 4: Hourly temperature variation at various
components of the solar air heater for

L =240 cm W, = 120 cm,p = 15% and h =
0.02 kgs™*

The results are generated for the solar radiation intensi-
ty and ambient air temperature for the month of March

for the meteorological conditions of Freetown. Fig. 4
illustrates the hourly temperatures of air in the various
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streams as well as in the different components of the
solar air collector. As seen from the figure, the energy
gained during the first 1 hour was utilized to heat up the
collector. Fig. 4 also depicts the ambient air temperature
so that the change in temperature caused by the solar
air collector may be noticed. The findings in Fig. 4 can
be used to describe the operating mechanism of the so-
lar air collector. Throughtout the daylight periods inlet T,
(ambient) air temperature enters the solar air collector
first air stream and is then heated by radiation and con-
vection energy exchange through the glazing covering to
reach the stream temperature (T,) . The outlet air (T, )
from first air stream then serves as the inlet air for the
second air stream which increased the second air stream
temperature (T,,) . Consequently, T,, is higher unlike T,,.
Because the absorber plate captures direct sunlight as a
black material, the temperature of the plate (Tap) is sig-
nificantly higher throughout the day. The rise in is due to
the increased temperature of the absorber surface and
the increased radiative and convective heat exchanges
across the plate. Consequently, beyound 19:00, there
hardly any captured irradiance, hence, the temperature
is relatively higher unlike the ambient temperature. Fi-
nally, the outlet air temperature (T, ) from the second
air stream then serves as the intake air for the drying
chamber. Similar in curve trends of Fig. 4 can be seen
in the study done by [42,43]. The collector's length is a
crucial component to consider. It can be employed to
determine the collector's expense and also to calculate
the collector's return. Three collector lengths are inves-
tigated in this study to assertain their optimal outlet air
temperatures at a mass flow rate of 0.02 kg/s. It was
observed that increasing the collector surface leads to
slight decrease in outlet air temperature as shown in Fig.
5. The peak outlet air temperatures for collector lengths
of 24 m, 5.4 m, and 9.4 m are 91.72 °C, 90.67 °C, and
90.39 °C respectively all occured at 12:00. For econom-
ical purposes, a collector length of 2.4 m can deliver an
optimal outlet air temperature for any heating and drying
application. Similar findings are related to the work done
by [44].

Temperature

Time in hours.

Figure 5: Effect of variation in solar air heater length on
the outlet air temperatures
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Fig. 6 depicts the influence of varying the mass flow rate
of the flowing fluid inside the solar air heater. Undoubtly,
the mass flow rate is a vital parameter in any solar air
heater system. Once the ambient air mass flow rate is in-
creased the temperature of the collector exit air decreas-
es. The mass flow rate flowing at 0.01, 0.02, 0.03, 0.04,
0.05, 0.1, 0.2, 0.3, and 0.4 kg/s can be warmed up to
118.9, 91.72, 77.30, 68.72, 63.03 , 50.14, 42.58, 39.78,
and 38.30 °C respectively all occurred at midday. It is
seen that, an increase in the fluid mass flow rate leads
to an exponential decreased on the out put temperatures
of the solar air heater. These observations are linked to
the notion that the slower the air circulates, the slower
it requires to be heated up. The air circulation variation
at 0.01 kg/s becomes significantly important compared
to air moving at 0.4 kg/s, indicating that air circulation
capacity is a crucial component. Similar curve trends can
be justified to the study of [22].

Time in hours

Figure 6: Influence of fluid mass flow rate within the
solar collector on the air temperatures output

fency (%)

Thermal efic

Mass flow rate (kg/s)

Figure 7: Influence of mass flow rate on the thermal
efficiency of the solar air heater for various values of
Solar radiation

At different solar radiation intensities, Fig. 7 illustrates
the computed results of the influence of mass flow rate
on the thermal efficiency of the solar air heater. At a giv-
en solar radiation intensity value, the solar air heater
thermal efficiency was observed to be significantly high-
er as the mass flow rates increases. The solar air heater
thermal efficiency increased by approximately 30 % at
solar radiation of 988 W/m2, and at mass flow rates of
0.01 to 0.4 kg/s, for this same value, the peak thermal
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efficiency of approximately 69 % was observed at a
mass flow rate of 0.4 kg/s. However, it is noticed that,
the solar air heater thermal efficiency increases expo-
nentially as the mass flow rate increases. This increase
in the thermal efficiency is directly influenced by the so-
lar radiation intensity. Additionally, a thermal efficiency of
approximately 4 % was noticed to be increased at solar
radiation intensities varying from 185 to 988 W/m? at a
mass flow rate of 0.4 kg/s. Consequently, as shown in
Fig. 7, the thermal efficiency improves in lockstep signifi-
cantly with the mass flow rate. Invariably, the mass flow
rate has a significant impact on the collector's thermal
efficiency. The study of [30] can justify similar results.

Parametric study of the drying chamber i. Influence
of drying air velocity on the drying process of onion

The influence of drying air velocity on onion drying rate
at the fifth tray is illustrated in Fig. 8. This is also inves-
tigated in terms of product moisture losses over time.
When drying at a higher velocity, the drying air's ability
to absorb water vapor is enhanced. Air circulating slowly
around a dried product requires a significant time to fix
water at a reduced rate. The evaporated vapor is effec-
tively extracted from the product by air flowing around
it. The less moist the drying air is, the higher the drying
gradient from the product within the surrounding air. Our
study discovered that air circulating at 5 m/s effectively
eliminates onion moisture, whereas as air flowing at 0.5
m/s results in a prolonged drying time. As evidenced by
the experimental investigation done by [45], and the sim-
ulation study done by [46], Fig. 8 reveals that air velocity
is not a crucial variable as temperature, and that it im-
pact declines as the drying process progresses.

Product moisture content (kglkg d.b)

Figure 8: Variation of the air velocity on the
influence of the drying process of onion
(5" tray, =85°CandD, =0.05m)

Influence of the drying temperatures on the prod-
uct’s drying process

The temperature is primarily and critically important
component to consider in any dehydration process.
Fig. 9 depicts how this variable influences moisture re-
moval. Drying at relatively low temperatures requires a
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prolonged time to dry, while drying at considerably high-
er temperatures needs minimal time. It is important to
recognize that drying at extremely high temperature may
degrade the product's inherent characteristics. The im-
pact of drying at varied steady air temperatures (85 °C,
65 °C, and 45 °C) on the drying rate is displayed in Fig.
9. Approximately 420 minutes (7 hours) was required to
acquire the desired hydration at 85 °C. Even at 65 °C,
approximately 540 minutes (9 hours) seemed more than
enough. Drying at 45 °C takes slightly over 900 minutes
(15 hours). It was observed that enhancing the hot air
temperature results in relatively high evaporation capaci-
ty. As reported by [15], the drying period and air tempera-
ture had an inverse correlation; as the air temperature
increases, the drying rate decreases.

Product moisture content (kglkg d.b)

rrrrrrrrrrr

Figure 9: Influence of drying air temperature on the
product’s moisture content reduction

(5" tray, U=2m/s, D, =0.05 m, Ac = 2.88 m?,)

Influence of tray positioning on the drying process
of the onion

The drying chamber's effectiveness is measured by the
decrease in material moisture level and drying rate in
various racks. Fig. 10 depicts such effect for time vari-
ation of the drying air's absolute humidity for three dis-
tinct tray levels. Apparently, the drying rate decreases
between the initial and final racks. It is quite possible that
this observation is due to the reality that the air tempera-
ture drops as it progresses from one rack to another. As
reported by [4] in this scenario, the hot air recovers the
water released by the product’s evaporation. Additional
cause is that the moisture emitted by the air is absorbed
by the air as it progresses from the various trays, de-
creasing the ability of the air to absorb moisture. That is,
in the final phase, the hot air regains additional lost mois-
ture than in the previous, wherein the humidity regained
by the air declines with time as there is less moisture to
dissipate.
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ontents (kg/kg d.b)

Product moisture c

Time in minutes

Figure 10: Influence of the drying process of the product
in the first and fifth last trays

(D,=0.05m, U=2m/s)
CONCLUSION

Computational programs are multifunctional software
that can be used in numerous studies. In the current
study, we are primarily focused in the computation of
a solar dryer system, and most importantly, the inves-
tigation of the drying of onion under Freetown climatic
weather conditions for March 21%t. To achieve this, we
developed equations for both the solar air heater and
the drying chamber and then used them to simulate our
dryer numerically. For the double-pass solar air collec-
tor, the thermal effectiveness of the double-pass solar
air collector was predicted by employing a mathemati-
cal approach and resolution technique. It is made up of
a steady state process approach that can concurrently
compute the temperature variables for all components of
the solar air heater in order to estimate the air tempera-
ture output for heat transfer variables. Furthermore, a
matrix inversion technique was applied. For certain sets
of operational parameters, a theoretical approach was
employed to compute the thermal efficiency of the dou-
ble-pass solar air heater. The variation in lengths of the
solar air heater with time on the outlet air temperatures
was analyzed. The influence of mass flow rate on the
thermal efficiency of the system was also investigated. It
was found that the thermal efficiency of the solar air heat-
er significantly reliant on the mass flow rate. As a result,
enhancing the mass flow rate across the solar air heater
improves efficiency. At a mass flow rate of 0.4 kg/s and
at solar radiation intensity of 988 W/m2, the peak thermal
efficiency was found to be approximately 69%. However,
it was also observed that the solar air collector thermal
efficiency increased by approximately 4 % at solar radia-
tion intensities varying from 185 to 988 W/m?, at a mass
flow rate of 0.4 kg/s. For the drying chamber, a Matlab
program was developed to solve the system of equations
established using the Gauss-Seidel technique. At equal
moment, we carried a complete quantitative analysis of
the product's kinetics and dryer effectiveness. The de-
veloped Matlab program was ideal in investigating the
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drying chamber’s performance in a particular region. The
model findings proved encouraging, and we were able to
determine the variables for the different drying charac-
teristics, resulting in the dryer's optimum effectiveness.
In order to authenticate our findings for both the dou-
ble-pass solar air collector and the drying chamber, our
results were verified to the findings of existing investiga-
tions reported in the literature. We were able to establish
that our model is viable after comparing the findings.

NOMENCLATURE

A, solar collector frontal area

C specific heat capacity of working fluid (J/kg K)
C, specific heat (J/kg K)

D characteristic dimension (m) a

D, equivalence diameter (m)

d channel depth (m)

h, hc convective heat transfer coefficient (W/m2 K)
hr radiative heat transfer coefficient (W/m2 K)
| solar radiation intensity (W/m2)

j tray number

k thermal conductivity (W/m2 K)

L collector length (m)

L, 4.1, factor used in matrices

larg width (m)

long length (m)

L, latent heat of vaporization (J/kg)

m mass flow rate (kg/s)

m, mass of the chamber dryer wall (kg)

m mass (kg)

Nu Nusselt number

P power absorbed (W/m2) € emissivity

Pr Prandtl number p viscosity

Qu heat gained by working fluid (W/m2)
Re Reynolds number

S, surface of one chamber dryer wall (m?)
t time (s)

T temperature (K)

U velocity (m/s)

U, bottom heat loss coefficient (W/m? K)
U, top heat loss (W/m? K)

V wind velocity (m/s)

W absolute humidity (kg/kg)

W, collector width (m)

X moisture content (kg/kg dry basis)
Subscripts

1&2 referred to first second stream
a, am ambient air
ap absorber plate
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ach heated air
b brick

bp back plate
skier vault

e external

f fluid, product
g glass

i inlet

o outlet, initial value
p polystyrene
r radiative

s sky

w wind

Greek

a absorptivity

B collector angle with horizontal

€ emissivity

M viscosity

T transmitivity

p density (kg/m?)

n efficiency

o Stefan’s Boltzmann constant(W/m?K)
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