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Abstract

An indirect forced convection solar dryer consisting of an air flat plate coilector and a drying cabined was
designed and fabricated to investigate its performance under the climate of Algiers. Drying experiments
have been performed for spearmint leaves at different air flow rate in order to determine the drying velocity,
the characteristic drying curve, the effective diffusion coefficient and the activation energy. A mathematical
model based on thermal and mass balances over the component of the solar collector and the cabinet dryer
was developed. Simulations are carried out for meteorological data of Algiers (Algeria). We analyze the
effect of air mass flow rate, air temperature, products mass, collector area, air recycling rate on the drying
time, the solar fraction and the efficiency of the dryer.

Keywords: Solar drying, Curve drying characteristics, Drying efficiency, Simulation, Solar fraction

Nomenclature

Ac: collector area

Cp: specific heat (J.kg™. K*)
CDC: characteristic drying curve
Defr: Diffusion coefficient (m?. s™)
e: thickness (m)

f: solar fraction (%)

f*: dimensionless drying rate

h: heat transfer coefficient (W.m*“K™)
Lv: latent heat of evaporation (J.kg™)
L: length (m)

m: mass (kg)

m : air mass flow rate (kg s™)

Po. porosity

P: solar flux density (W.m™)

Q: quantity of heat (J)

RH: air relative humidity (%)

T: temperature (K)

t: time (S)

Tr: air recycling rate (%)

v: velocity (m.s™)
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w: absolute humidity (kg (water) .kg™ (dry air))
W : width (m)
X: moisture content (kg (water) .kg™ (d.m))

Subscripts

0: initial

*: normalize, precedent tray
a: ambient

aux : auxillary

c: convection

co: solar collector

cri : critical moisture content
d: conduction

dry: dry, dryer, drying
e: external

eq : equilibrium moisture content
f: air

final: final

g: cover

i: internal

in: inlet

ins: insulation

J, K index

M: mixing

out: outlet

p : absorber plate

pr: product

r : radiation

ray : tray

s: sky

t: top

U : useful

Vp: vapor

w: wall

dif: diffuse

dir: direct

G: global

Ls, Cs: sunset, sunrise

Greeks

ou: absorption coefficient

No.c :drying or solar collector efficiency (%)
os: Source term

T: transmittance

AS: elemental area (m?)

At: time



Downloaded by [80.201.153.224] at 13:45 19 August 2013

1. Introduction

It is well know that the traditional open sun drying method practiced widely by rural farmers has inherent
limitations as a high crop losses due to inadequate drying, insects, birds, rain and others weathering effects.
Therefore, the quality of the dried product is often degraded seriously, sometimes not edible. A vast amount
of works relates to solar dryers for various agricultural products have been conducted by many authors. In
broad terms, they can be classified in two major groups: experimental and theoretical studies. The purpose
of the mathematical modeling of the drying process is to allow design engineers to choose the most suitable
operating conditions and size the drying cabinet and drying equipment according!y to meet desired operating
conditions. Models that describe the drying phenomena can be developed on mechanistic or empirical basis.
However, the drying process is the subject of various phenomena (shrinkage, drying rate,...) which are very
difficult to modeling. Consequently, experimental works are used in order to determine by fitting to
mathematical models the drying rate, the diffusion coefficient. In this section, we attempt to report some
papers about mathematical modeling and experimental studies: Concerning the theoretical works, Pratato et
al. [1] developed a simplified design tool for sizing solar assisted fixed bed batch dryer for natural
granulated natural rubber. It is assumed that drying conditions are constant during the drying. The tool is
based on a relation describing the heat savings fraction for sizing solar assisted fixed bed batch dryers. An
indirect forced convection solar dryer for oranges skin was modeled using Hottel Whillier and Bliss model
for the solar collector, thermal and mass balances for the dryer chamber [2]. The aim of this work was the
determination of the solar collector efficiency, the air temperature outset the collector and the useful power
provided by the solar collector to the dryer chamber. Transfer equations were solved using an implicit
numerical scheme and Diabolo-Sablier method. The numerical model was validated against experimental
results from a blowing with controlled atmosphere. Furthermore, a parametric study which involves two
factors, the collector area and the air flow rate, that played a major role in the drying process, leaded to the
determination of the collector area for which the functioning of the dryer is optimal. Simat [3] performed an
optimization of a mixed mode and indirect mode natural convection solar dryers for maize. For the mixed-
mode, the drying chamber cover is transparent whereas for the indirect-mode it is opaque. The thermal
performance of the collectors for mixed mode and indirect mode solar dryer is described by a set of three
equations from energy balance over the cover, absorber and air inside the collector. These equations were
solved using an iterative procedure. Simulation models were validated against results from a laboratory solar
dryer prototype with experiments carried out under solar simulator. For the same drying capacity,
optimization gave a shorter collector area for the mixed mode solar dryer than for the indirect mode dryer.
Moreover, the quantity of dry grain obtained from the mixed-mode was less than for the indirect-mode.
Bennamoun and Belhamri [4] modeled the performance of a solar batch dryer for agricultural products. This
dryer was composed of a flat air collector connected to a heater used in the case of unfavorable climatic
conditions. Transfer equations, deduced from thermal and mass balances over the components of the solar
collector and the dryer chamber, were solved using Gauss-Seidel iterative method. The coefficient of
diffusion was deduced from experimental data and expressed as a function of the temperature and the
velocity of the air drying. Variation in the moisture content and the influence of parameters, such as
collector area and the drying air temperature were studied. It was shown that the increase of these
parameters reduces considerably drying time.

In order to save energy many studies were directed to the design. For example, an indirect solar dryer for
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bananas have been simulated to provide design data [5]. The solar collector was placed on the rooftop of
the drying building and the dryer chamber inside this building. Transfer equations, deduced from thermal
and mass balances over components of the solar collector and the dryer cabined, were solved using the
finite difference method. The solar collector area has been optimized using the simulation model combined
with an economical model. Janjai et al. (2008) [6] performed a study of a roof-integrated solar dryer for
rosella flower and chili. The modeling was carried out for chili and based on transfer equations deduced
from thermal and mass balance over various component of the solar dryer. These equations were solved
using an implicit numerical scheme and Gauss-Jordan elimination method. In order to validate the
mathematical model, an experimental study was performed on the roof-integrated solar dryer. Solar
radiation incident on the roof, air temperature in the collectors, air velocity in the collector, relative
humidity of ambient air and drying air were measured. A considerable reduction in the drying time as
compared the traditional sun drying and a higher quality of dried products in comparison to products quality
of traditional drying method were found. Moreover, this dryer system leaded to an added-value and an
attractive return on invested capital. A multi tray dryer fitted with an inclined multi pass solar air heater
with in-built thermal storage working as a mixed mode was modeled in crder to evaluate its performance
[7]. The drying chamber was provided with glass windows in three sides (east, south and west) and the
north side with an insulating wall. Transfers equations were deduced irom thermal and mass balances over
the various components of the solar collector and the drying chiamber. These equations, linked to the thin
layer drying equation used to study the drying rate in the different trays, were solved using a direct
numerical method. It will be noted that the solar intensity and ambient temperature are supposed periodic
and represented by the Fourier series of six harmonics. Different drying rate has been observed in different
drying trays due to the variation in crop temperatures. The drying efficiency increases with increase in
weight of the crop.

Concerning the experimental works, Sarsavadia [8] conducted an experimental about a solar-assisted
forced convection dryer using electrical energy for the auxiliary heating and running of a blower facilitated
with an exhaust air-recirculating duct to study the effect of drying conditions as air temperature, air flow
rates and fraction of air recycled on the total energy requirement of drying of onion slices. The total energy
requirement and the contribution of the total energy by the solar collector, the blower and auxiliary heating
were determined from measures of air flow rates, air and products temperatures, solar irradiance and weight
loss of onion slices. It was seen that, at a given air mass flow rate, the contribution to the total energy by the
solar collector, the auxiliary heating and blower decreased with increase air drying temperature. At a given
air temperature, the contribution to the energy by the solar collector, the blower and the auxiliary heating
increased with increase in airflow rate. A solar multi-shelf domestic dryer with a number of useful features
as variable inclination to capture more solar radiation, an option to dry products under shade or without
shade was performed by Palsingh et al. [9]. The experiments were conducted for drying of fenugreek leaves
in the batch modes as well as in the semi-continuous mode. The solar radiation incident on the aperture of
the dryer, ambient air temperature, air temperature in the dryer and the weight of the product being dried
were recorded. In batch mode, the thermal efficiency reduced during successive drying days while this
efficient did not change during all the days of the experiments. The shelf life of the product dried in this
domestic dryer has been found to be more than one year.

On the basis of this literature review, it appears that several researchers have proposed numerous
models for thin layer drying of various agricultural products (fruits, vegetables, legumes and fish) and for
porous media (corn, wheat, cereals, spices) [10-15]. Several types of solar dryer were planned and studied,
yielding varying degrees of technical performance. The structure of dryers is depending of the type of
product and numerical solutions are often employed to solve these problems because experimental studies
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are difficult. Further mathematical models describing heat transfer and mass transfer within the product used
the empirical approaches of the drying rate.

It will be noted that the medicinal and aromatic plants have a great importance for both the
pharmaceutical industry and the traditional medicine in Maghreb countries [10]. For instance, in Algeria a
large number of species vegetal are still dried using the open sun drying. In such conditions, solar-energy
dryers appear to be increasingly attractive as commercial propositions [11, 12]. Its low cost and high
processing capacity are its main advantages over other techniques. Moreover, according to our knowledge,
few studies have been carried out on simulation and optimization of a solar dryer for medicinal and aromatic
plants; thus, in this article an experimental and numerical study of an indirect solar dryer for spearmint
leaves are performed and the effect of different parameters on the drying are investigated.

The purpose of the present work was to analyze the possibility of using an indirect forced convection
solar dryer for spearmint leaves for the typical climatic conditions of Alger (Algeria). Experiments have
been conducted on an indirect forced convection solar dryer in order to determine the characteristic drying
curve of spearmint leaves (Mentha spicata) used in our drying model. The effective diffusion coefficient and
the activation energy of spearmint leaves were also determined.

2. Experimental study
2.1. Experimental set up

The experimental setup, as shown in Fig. 1, consists of an indirect forced convection solar dryer with a
flat plate air solar collector, a circulation fan and a cabinet dryer. The solar collector frame is made of
aluminum bars; the sides and the bottom are insulated using polyurethane foam of 40 mm thickness. A
cooper sheet is allocated behind the transparent cover (clear glass). The cooper sheet and the cover thickness
are 4 mm and their area is equal to 2 m?. This sheet acts as the heat absorber plate painted in black color to
maximize the heat absorption from the sclar radiation. A gap of 20 mm between the glass and the absorber
surface was made. The air to be heated passes between the absorber plate and the insulation. The flat plate
air solar collector is placed on a supporting structure at the tilt angle of 36° N (Alger latitude) respect with
the horizontal plane. The collector is oriented to south direction to maximize the exposure of solar radiation.
One side of the collector is connected to the blower with the help of a PVC tube (80 mm in diameter). The
drying chamber was constructed from galvanized iron plate as a parallelepiped enclosure of dimensions
0.93mx0.65m cross sectional area and 1.9m height. The access to the inside of the drying chamber is via an
insulated door (0.93 m x 1.9m). There are five trays (L=0.02, W= 0.01 m) for each tray. The tray is made of
a wood frame of thickness equal to 0.005 m and a perforated aluminum sheet. Vertical, top and bottom walls
as well as the door are insulated using polyurethane foam of thickness equal to 60 mm. The distance from
the bottom of the drying chamber to the bottom tray is about 20 cm and a distance of 20 cm among each
tray. The bottom side of the drying chamber is a circular tube (15 cm in diameter) connected to a centrifugal
fan (220 V, 0.1 kW) and an electrical heater (4 kW, accuracy + 2%) acting as an auxiliary source. The solar
collector is connected to the centrifugal fan with a stainless tube. A thermoregulatory (range 0-100 ° C, 0.1
°C accuracy), connected to a PT100 platinum sensor acting on the auxiliary heating allows the desired air
temperature (Tqry) at the entrance of the drying chamber. The air flow rate across the solar collector then the
drying chamber can be varied between 50 to 600 m®h™.

2.2 Experimental procedure

Drying experiments were carried out during July and August 2008 from 8:00 am to 6:00 pm at the Centre
of development of Renewable Energy (CDER) of Algiers (Algeria). The spearmint leaves (100.0 g + 0.001)
were uniformly distributed as a single layer on a tray located away the entrance of the dryer. The dryer
system is able to dry 20 kg of spearmint leaves. Three drying air temperatures (40, 50 and 60°C) and two



Downloaded by [80.201.153.224] at 13:45 19 August 2013

drying air flow rate (0.035 kg.s™* and 0.070 kg.s™) were selected to examine the influence of temperature and
air flow rate on the drying kinetic of spearmint leaves. Before starting the experiments it's necessary to bring
the system to steady state conditions. So, an operating period at least of one hour prior to the beginning of
each test run is necessary. The dry mass of the spearmint was determined by the dryer oven method (105 °C
during 24h). In the experiments, ambient temperature and relative humidity, inlet and outlet air temperature
in the solar collector and the drying chamber, the temperatures of the products, the amount of solar radiation
and weight loss of spearmint were measured during time first, every 15 min for high moisture content
variations then every 20 minutes for weak moisture content variations until the average moisture content
reaches a constant value depending on the experimental conditions as the air temperature and air relative
humidity.

The measurement of temperatures were performed using thermocouples of type K (0.2 mm diameter) and
a Fluke 2625, Hydra data logger with reading accuracy of + 0.1°C and the solar radiation a Pyranometer
(Kipp & Zonen, 0-2000 W m?, 1mv = 1W m?) disposed beside the collector. The air mass flow rate is
deduced from the air velocity measurements carried out with a thermal anemometer (Hot Wire Anemometer
AVM 714) placed in a circular PVC pipe connected to the exit of the drying chamber. The ambient air and
recycling air relative humidity were measured with two relative humidity sensors (VAISALA HMP60,
Measuring range: 0-100% HR; -40 to +60 °C). Weight loss of spearmint leaves was recording during drying
for determination of drying curves by a digital balance in the range of 0-150g with an accuracy of+0.001g.

3. Mathematical modeling

A mathematical model was developed for predicting the performance of this dryer. The assumptions in
developing this mathematical model are as follows:

- There is one-dimensional heat-flow across the components of the solar collector and the drying cabinet
perpendicular to the air flow direction;

- The ground temperature is equal to the ambient temperature;

- The air is perfectly transparent to the solar radiation and its thermal inertia is negligible;

- There is no shrinkage as drying progress;

- There are no chemical reactions during drying;

- The thermal properties of the product, the air and their moisture content are constants in the range of
temperature considered;

- The spearmint leaves on a tray are at the same temperature and have the same moisture content.

3.1. Transfers equations
3.1.1. Equations of solar collector:

Heat transfer inside the solar dryer occurs by convection, radiation and evaporation from the spearmint
leaves to the air drying. Further, heat transfer from the cover of the solar collector to the environment takes
place by radiation to the sky and by convection due to wind to ambient air. The system is modeled using the
time dependent energy balance and mass balance equation [16, 17]. This method is based on the electric
analogy relative to a section perpendicular to the air flow rate direction across the collector and the dryer
chamber. The solar collector and the dryer chamber are divided respectively into N and M slices
perpendicular to the air flow rate direction while considering that the exit of the ith slice is the entrance for
the following slice. A node placed in its centre represents every element of the still.

The energy balance for the solar flat plate collector can be divided into 4 regions: glass cover, ....
Based on the above assumptions, the required equations can be written as:

Glass cover
- External surface:
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3. 2. Cabinet dryer

For the drying chamber, the energy balance is divided into 3 regions: wall, air drying and spearmint
leaves.
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Spearmint leaves
ot
pr |_ oX
mpr Cppr (FJ_hCV,pr-f epr Aspr (Tf -Tprj-mdryLVE (11)
Where Lv=2.54.10°-2909 Ty,
h is the volumetric heat transfer coefficient; h =8.69 10% mi-3 [6].
cv,pr-f cv,pr-f f
The air velocity v, through the product layer is calculated as follows:
m
vpr:V—; P=1-—" (12)
I:>O ppr L W etray

Where vs is the air velocity inlet layer of spearmint leaves,

The others heat transfers coefficients are calcuiated using correlations given in the literature [16, 17]. Three
thermal performance parameters are defined: efficiency of the air flat solar collector, drying efficiency and
solar fraction. The efficiency of the air flat plate solar collector is defined as the ratio of the total useful
energy and the total incident solar radiation energy. The useful energy (Q,) energy represents the total solar
radiation gain of the absorber reduced by heat losses by radiation and convection.

tdl‘,’ tes
Ne = QU/QS Wlth QU = I mepf (Tf-out _Ta)dt and QS = j (Pdir +Pdif )Acdt (13)
0 tis
The drying efficiency is the thermal energy utilized for the drying divided by the thermal energy available
for the drying.

m. Lv
LAk 14
7, +Q,, (4

Where m, is the amount of evaporated water during the drying.

The solar fraction can be defined as the useful energy supplied by the air flat solar collector divided by the
thermal energy available for the drying.
Q.

f= Qu+—ggaux J Qaux = _([ mf Cpf (Tdry_in 'TM )dt
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Where Q,,, is the amount of the energy supplied by the auxiliary source during the drying process and T

the temperature of the mixing air composed of a fraction Tr of the flow rate of the air outlet the dryer and
(1-TR) of the air flow rate supplied by the solar collector.
(15)

3.3. Numerical methodology

The heat and mass transfer equations were solved using an implicit numerical scheme and the Diabolo-
Sablier algorithm. We used an iterative procedure because of the transfer coefficients by convection and
radiation depend on temperatures of the various components of the air flat plate solar collector and the
drying chamber. For a step time At, computation in an element of the solar collector or the drying chamber
was declared converged, when the difference between temperatures computed for two successive iterations
is inferior to 107, Thus, the air temperature is deduced from the knowledge of the useful air power in the
element considered. This temperature is supposed equal to the inlet air temperature of the next element.
Once the temperatures values have been established in the collector and the drying chamber, the time
progressed to t + At and computations are carried out until the final moisture content of the product is
reached. On the basis of the drying air temperature and relative humidity inside the dryer, the drying
parameters (air flow rate, air and product temperature) and the equilibrium moisture content (Xeq) are
computed. Using the temperature of the various component of the dryer, the change in moisture content of
the entire product for a time interval At is calculated from equation (11). Next the equation (10) is resolved.
In equations (10) and (11), the drying rate oX/atis approximated by an implicit numerical scheme
oX/ot = (X" ()-X' (1)/At

The drying rate is computed using the relation (20) deduced from the curve drying characteristics and the
equilibrium moisture content, Xeq from the relation (19) where Ry is the air drying relative humidity. The
knowledge of Xeq and the critical moisture cantent X, allow the computation of the drying velocity which
is depending on the one hand, the dimensionless moisture content X * (16), the other hand, the initial drying
rate (18). The complexity and diversity oi the drying mechanisms prevent the use of a single model to
characterize the drying process. Thus, experimental studies are necessary to determine the kinetic drying of
the product to be dried.

4. Results and discussion

4.1 Experimental results
4.1.1. Characteristic drying curve of Spearmint leaves
The spearmint leaves moisture content evolution during time is shown in Fig. 2. Drying conditions are

those of the 16 July 2008 (Fig. 3). The relative humidity of the ambient air varied between 50 and 90%; the
ambient temperature between 15 and 31 °C and the global radiation reached the maximum value of 850W
m at 13:00 (local time). It can be observed that the moisture content decreases quickly because of the
interior of the product as well its surface is heated and that weakly bound water from the interior comes to
the surface of the spearmint and evaporate from it, characterizing the falling rate. We note for the lowest
temperatures that the amount of water evaporates in unit of time gradually decreases, although some
quantities of heat are supplied to the spearmint leaves. Our results are in good agreement with these of
Doymaz [18] and Kavak Akpinar [19] about the drying of mint leaves.

In the literature there exist numerous studies on drying kinetics and models for various agricultural
products. Consequently, various theoretical and empirical equations are used to predict the drying
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performance of agricultural products. Among these drying kinetics models, we choose the curve drying
characteristics (CDC).The CDC [20] consists in normalizing the Kinetics of the drying in a theoretical model
from experimentations. The use of the Van Meel [21] concept of CDC allows representing the drying rate
period of the spearmint leaves obtained for different drying conditions by a single normalized drying curve.
The drying rate is normalized as:

. X(t) - xe
In abscissa; X*=-—~ "< (16)
Xcri ~ X
In ordinate: f *=f (X *):(-d—XJ /(d—xj 17)
at ).\ at ),

X, . critical moisture content defined as the average moisture content where the constant rate period ends

and the falling rate period starts. [Z—Tj : drying velocity during the first drying phase.
|

It was noted that the drying kinetics of the spearmint leaves reveals no constant period (Fig. 3). In order to

apply the Van Meel concept of (CDC) for this product, we replace as it was done in various studies about
dXx

biological products X by X, and (WJ by K-‘Z_)t(j

The initial drying rate (dX/dt)o, is deduced from Fornell [22,23]:

(%—fj =avB (T, T,p) (18)
0

Where Ty is the wet-bulb temperature. & and b are determined from measures of the moisture content and
using the square method: a = 7.25 10 and b = 2.57. The equilibrium moisture content, Xeq 1S cOomputed
from the following relation [22, 23]:

- 2 3
Xeq =1.161+106.936R H -311.778R H +264.997R H (19)

The evolution of the moisture content X (t) was deduced from the product weight loss during the drying
process. Measures were performed every 15 minutes at the beginning of the drying process where the
moisture variation is great than then every 20 minutes for weak moisture content variations until the average
moisture content reaches a constant value depending on the experimental conditions as the air temperature
and air relative humidity. The average constant value was about X; =0.47( kg of water / kg of dry product).
A set of 6 experiments were conducted to develop a drying model to simulate the drying curves of spearmint
leaves. The study for three air drying temperature 40, 50 and 60 °C and two air flow rate equal to 0.035 and
0.07 kg.s™ of the evolution of the normalized drying rate f* as a function of reduced moisture content, X*,
leads to a grouping of different values around a single mean curve : the CDC (Fig. 4). The equation of the
CDC was determined using the least squares method. The criterion used to evaluate the fit accuracy was a
residual standard error (Sg=0.0506) and a multiple R squared (R* = 0.9515). The highest value of R? and
lowest value of Sg indicated the goodness of the fit of the experimental data.

pe=| COXIAY |5 1 7683%*-8.02535X 2 +20.94508X 3-25 6662X 4 +11.68 (20)
(-dx/d)
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4.1.2 Effective diffusion coefficient
The diffusion coefficient for each drying condition was determined from experimental data using the
following widely used equation [18, 19]:

* 8 D cct
Ln(X")=Ln(—) —gff (21)
4esp

Where (D ) represents the effective diffusion coefficient and (e, ) the half thickness of a spearmint leave.

Fig. 5 shows a plot of In (X*) versus the time for three air drying temperature (40°C, 50°C and 60°C) and
an air mass flow rate equal to 0.03 kg.s™. It can be seen that the slope of the curve, i.e. diffusivity decreases
as the drying time increases. This is expected as the shrinkage and hardening of the material offer increasing
resistance to moisture diffusion. Diffusion coefficients of spearmint leaves for these three air drying
temperature are presented in Table 1. These values are comparable to some others data reported in the
literature [18] about mint leaves. We note that the diffusion coefficient iricreases as air temperature
increases.

4.1.3 Activation energy
The effective diffusivity coefficient can be related to air temperature by Arrhenius expression [18, 19,
and 24] as:
Ea

D¢ =D exp(- 22
eff D0 T 573.15)) (22)

Where, D, constant (23.49 10° m? s, Ea: activation energy (kJ.mol™), T: air temperature (°C) and R:
universal gas constant (kJ mol™ K™). Eq. (24) can be rearranged in the form of:

Ea

I‘n(Deff ):Ln(DO)' R (T, +273.15) @3)

The plot of Ln(D,,) versus 1/T, leads to the activation energy (Fig. 6). From this figure, Eq is equal to

54.30kJ mol™. This value is an agreemient with the activation energy one of various herbs. In this way,
Doymaz, [18] found for mint leaves a value equal to 62.96 kJ mol™.

4.2 Numerical results

Simulations were carried out Tor meteorological data of Algiers (Algeria) based on the notion of a typical
day (Fig. 7), a weight of spearmint leaves varying between 5 and 20 kg; an air mass flow rate in the range of
0.14 to 0.30 kg s™; five air-drying temperatures 30, 35, 40, 45, and 50°C. The initial and final moisture
content of the product are respectively equal to Xo=5 and Xfina =0.47 (kg water.kg™ dry matter). We
investigate also the effects of air recycling rate using three values 25%, 50% and 75%. We consider the
drying cycle as the time between sunrise and sunset of the typical day.

4.2.1. Drying curve

Simulations were carried out to investigate the effects of various drying parameters such as air mass flow
rate, air drying temperature and weight of fresh product on drying time. We performed theses simulations
for determining the functioning parameters for which the drying time is inferior to the period of sunshine. In
order to analyze the effect of the weight of spearmint on the drying duration, the computations were
performed for four thicknesses of spearmint leaves 5, 10, 15 and 20 cm corresponding respectively to a mass
of 5, 10, 15 and 20 kg of product. Figs. 8, 9 and 10 show the effect of the air mass flow rate, the weight of
spearmint leaves and the air drying temperature on the drying duration for three air recycling rate (25, 50
and 75%). We note that the drying time decreases as the air mass flow rate increases whatever the layer
thickness of spearmint leaves and the air-drying temperature values used in this study. In fact, the convective
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heat and mass transfers between the spearmint leaves and the drying air are all the more high that the air
velocity is important. The drying time was reduced significantly as the air drying temperature increases
because the pressure vapor of the surface spearmint leaves is related to its temperature. Consequently, an
increase of the air drying temperature leads to an augmentation of the surface pressure vapor; so the air
around the products for which the pressure vapor is inferior to the product surface one, can pick up the
moisture from the spearmint leaves. We note that these results are in agreement with experimental results
presented above (Fig. 2). The increase of the air recycling rate leads to a decrease of the drying duration
notably for low weight of spearmint leaves. Therefore, several scenarios are eliminated; so that the
acceptable drying duration is less than that of the period of sunshine. From Figs. 8, 9 and 10, we note that
for all values of the weight of the spearmint leaves, the low air flow rate values, the drying duration is
inferior to the sunshine one for air temperatures drying used in our simulations.

4.2.2 Collector and dryer efficiency

In general the air mass flow rate and the area collector are the most important parameters affecting the
performance of the solar collectors. So, the influence of the air mass flow rate and the area collector on the
air outlet temperature and the efficiency was studied. Fig .11 shows that the collector efficiency is the more
important that the area collector is small. For this area collector the efficiency increases as the air mass flow
rate increases. We note that for an area collector superior to 6 m?, the collector efficiency remains constant
as the air mass flow rate increases.
Results presented above show that important weight of spearmint leaves increase the amount of heat for the
drying process, small air drying temperature decrease the heat quantity supplied by the auxiliary source and
high air mass flow rate yield high drying efficiency. Fig. 12 shows the drying efficiency during a year for
different air mass flow rate. The drying efficiency displays a maximum value during summer days because
of the atmospheric conditions of Algiers region contributes to an increase of the evapo-transpiration of
vegetations and of the evaporation of water during thiese days. The augmentation of air mass flow rate leads
to an increase of the drying efficiency. A higher air mass flow rate will speed up the evaporation process,
while a lower air mass flow rate will slow down the process because heat and mass transfer coefficients
between spearmint leaves and air are depending on air velocity.

4.2.3. Solar fraction

The solar fraction is lower in winter (Fig. 13). In fact, the solar fraction depends on solar duration: the
days of July and August represent the greatest day length (15 hours) and the daily global radiation is about
7.5 kWh m? per day. We note that the solar fraction reaches higher values for low air flow rate.
Consequently, it is necessary to proceed to a choice of the solar fraction value to deduce the air flow rate for
which the efficiency dryer is maximal.

We plot the evolution of the solar fraction versus the area collector for these drying conditions (Fig. 14).
The analyze of this figure shows that on the one hand, the solar fraction increases as the area collector
increases because the amount of useful heat provided by the air solar collector is depending essentially of
the collector area and the drying conditions on the other hand, the increase of the weight of spearmint leaves
leads to a decrease of the solar fraction because the heat quantity supplied to the product for its drying is all
the more as the mass of spearmint leaves is important. However, we note the existence of an area value from
which the solar fraction increases slowly as the solar collector area increases; this demonstrate that it's not
necessary to use a higher collector area to increase the solar fraction. Fig.15 depicts the effect of the air
recycling rate and the air flow rate on the solar fraction. We note that the solar fraction increases with the air
flow rate until a maximum value depending of the air recycling rate, then decreases as the air flow rate
increases. The solar fraction is all the more great than the air recycling is important.

We plotted in Figs.16 and 17 the maximum value of the solar fraction (Fig.14) versus the drying air
temperature and the weight of the spearmint leaves. The maximum solar fraction decreases as the weight of
the spearmint leaves increases because of the amount of heat quantity required for the drying process is
depending of the moisture quantity to remove from the product and consequently of the weight of spearmint
leaves. As it has been reported previously the solar fraction decreases as the air flow rate increases because
of the air temperature outlet the solar collector which decreases with the increases of the air flow rate.
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Consequently, the amount of heat supplied to the dryer by the auxiliary source increases with the drying air
temperature. From these figures we can deduced that the maximum solar fraction can be obtained with low
weight of spearmint leaves, high air recycling rate and for drying air temperature about 30°C.
5. Conclusion

An experiment and modeling study of an indirect forced convection solar dryer have been developed for

spearmint leaves. On the basis of discussions in various sections, the following conclusions can be inferred:
-The solar fraction reaches its maximum values for small values of air mass flow rate;

-The required drying time increases as the spearmint weight increases or drying air temperature and air
flow rate decrease;

-The diffusivity decreases as the drying time increases

-The activation energy is close to the one of various herbs,

-The area collector has a considerable effect on the solar fraction; therefore, Tor a fresh product weigh of
10 kg and a collector area of 2 m?, the solar fraction and the efficiency of the sclar collector are about 60%
and 50% respectively.
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Figure 2: Evolution of moisture content versus time. Effect of air-drying temperature

Global solar radiation (W.m?)

§

Moisture content X
(kg water/kg dry mater)

§

17

Spearmint: MENTHA SPICATA
- (@) m=0,070kgs®
i x  T=40.0°C
X e T=50.0°C
L = T=60.0°C
¥ ¥t
v X
* x
-+ X
- - =
I-.— T T T T '-.- T *' T
0 50 100 150 200 250

Drying time (min)

300

1000 |
g @ x X x "
b3
600 - X b3
b3
400 X
b3
200 - X
b3
¥ ¥
O T T T T T T T T
6 8 10 12 14 16 18 20

Hours




Downloaded by [80.201.153.224] at 13:45 19 August 2013

18

100 50
e Relative humidity (%) K Temperature (°C) 1 45
90 1 . |
S 80 o : 4008
> . () k3
€ 70- . y KK Xy 1308
E v X ok e, 8
o %ﬁ ° 4125 €
2 60+ * ° ° ; 2
% X * ® . ¢ 1%
@ 504 " ° o 115
40 I I I I I I I I I I I I I I I 10
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Hours

Figure 3: Meteorological data in Algiers (Algeria). (a) :Global solar radiation

Diemensioless drying rate f (/)

(b): Relative humidity and temperature

0,84

*Test1t06
CDC *

Spearmint : MENTHA SPICATA

T T T T T T T
0,2 04 0,6 038
Moisture ratio X (/)

Figure 4: Characteristic drying curve (CDC) of Spearmint leaves



Downloaded by [80.201.153.224] at 13:45 19 August 2013

-35- m=0.035kgs” *

Ln(D,,)

19

0 25 50 75 100 125 150 175 200 225

Time (min)
Figure 5: Ln(X") versus time

_23’4_- x LI:](Deff) )
i —— Linear Fit of Ln(D,)
-236+
' Mm=0.035kgs™
-238+
-24,0+
-24,2 1
-24.4+
1 Equation ; Y=-6531.22286 X - 3.75115
246 R-square : R*=0.98125

| ! | ! | ! | ! |
00300 000305 000310 000315 0,00320
VT (K)

Figure 6: Effective diffusivity versus air temperature



Downloaded by [80.201.153.224] at 13:45 19 August 2013

20

21+
< 184

o)

umi

I
(3]
(=}
x
[y
o

[

Ambiant air temperature

T [ I — R S—
1 2 3 45 6 7 8 9 10 11 12 13

Number of month

4,0x10

Absolute h

Figure 7: Monthly Average diurnal variations of ambient temperature

16

and absolute humidity in Algiers

Drying duration (hours)
= = =
T ¢ T Y T

o
]

., X N T =0%
., ¥ v o T.=25%
X P, % T.=50%
[}
X + =750,
mO x T4
O X +
| X
m© X
.O.O X%
o X x
[ | O o xx
| - e)
u 0
[ | - .O

m=5kg Ac=2m" T=30°C

I I I I I
024 028 032 036 040
Air flowrate (kg.s™)

T T
04 048 052

Figure 8: Evolution of the drying duration versus the air mass flow rate

m=5kg Ac=2m’ T=45°C
12 g <
—~~ + ® ]
wn
3
< 104 ¥ ° n
5
5 + « | |
3 87 T =0%
> P
£ . >.< . o T=25%
8 6- y - % T.=50%
3 v T=T5%
4 | | |
0 5 10 15

Weight of spermint leaves (kg)

20



Downloaded by [80.201.153.224] at 13:45 19 August 2013

21

Figure 9: Evolution of the drying duration versus the weight of spearmint leaves
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Table

Table 1: Diffusion coefficients of spearmint leave drying at different drying conditions

Temperature (°C) Diffusion coefficient, (Des) m?/s
40 1.9871 10

50 4.2059 10™

60 6.935 10!
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