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ABSTRACT

The medical herbs should be dried directly after harvesting, otherwise, insects and fungi spoilage them. Conventional
drying methods such as open sun drying and conventional fuel dryers are not suitable, since they contaminate the herbs,
decrease the drying efficiency and at the same time increase the drying cost. Therefore, the recent trend is toward the
harnessing the renewable energy to dry the medical herbs. This paper presents a new controlled drying system, which
uses a solar collector and an electric heater to heat the drying air, and a PV-WIND hybrid system to supply the required
electric energy to the dryer electric load. This paper also presents the dynamic modeling, simulation, and control of the
suggested thermal system (i.e., the solar thermal system and the electrical heater). Moreover, this paper, exhibits the
different results of the thermal system, to check the effectiveness of this system that fulfills the requirements of the dry-

ing operation. The system results are found to satisfy the ultimate goals of the drying operation.
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1. Introduction

In most countries, enormous of food losses have resulted
from spillage, contamination, attack by inserts/rodents/
birds and deterioration during the storage period. There is
a number of factors, which are responsible for the post
harvest losses, such as system of harvesting, processing,
storage, handling, and marketing. Drying of product is
one of the important post harvest processes and it has
enough potential to reduce the post harvest losses, and to
prevent spoilage of the product in storage drastically.
Moreover, good drying technique can enhance the qua-
lity of the product significantly [1]. Therefore, the drying
of medical herbs must be accomplished as soon as pos-
sible after harvesting, to increase the quality of the herb
and to prevent the expected contamination and losses
caused by infestation of rodents, birds, insects, and fungi
which thrive in moist conditions [1,2].

Traditional open sun drying, where the product to be
dried is exposed directly to the sun, has many disadvan-
tages such as degradation by wind-blown debris, rain, in-
sect infestation, human and animal interference which will
result in contamination of the product. Also, it extends
the drying time significantly. High-speed dryers, on the
other hand, use high-cost conventional energy sources for
their operation. Moreover, they may not be reliable
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and environmentally safe. Instead these dryers may be
operated by using the renewable energy sources, such as
photovoltaic (PV) modules, solar collectors and wind
turbines etc.

In this paper a new controlled herb dryer system is de-
veloped. This dryer uses a flat plate solar collector to
heat the drying air, and a PV-WIND hybrid system to
feed the electrical energy to the dryer electric load.

2. The Suggested Herb Drying System

The configuration of the suggested medicinal herb dryer
system is shown in Figure 1. The diagram consists of
three main systems: the solar thermal system, the dryer,
and the renewable energy system. The main function of
the solar thermal system is to supply the inlet air to the
dryer with the required solar thermal energy that is sui-
table to accomplish the drying process. While, that of the
renewable energy system is to feed the electrical load of
the dryer with the required electrical energy, to ensure
good and continuous drying operation [3].

3. Modeling of the Thermal System

In this section, the energy balance principle is utilized to
develop the complete dynamic modeling of the compo-
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Figure 1. The medical herb dryer system.

nents of the suggested solar thermal system and that of

the electrical heater.

3.1. Modeling of the Solar Collector

A flat plate solar collector type is used, to absorb the
solar energy from the sun and transfers it into the water
that flows inside its parallel tubes, which are attached to
a black metal plate. This type of collectors works on both
the direct and diffuse components of the solar radiation.
Therefore, it stills function when the direct component is
cut off by the effect of clouds [4,5].

The water in the collector will absorb the solar energy
with the rate

Q. = (), ARad (1)

and at the same time will loss a certain amount of heat
energy to the environment, Q, ., , given by

Qamb = JCA: (Tcout _Tair ) (2)

where
7 transmissivity of the collector (fraction of incident
energy transmitted);
a absorbitivity of the collector (fraction of insolation);
(7a)e effective absorbance of collector’s cover (=0.8);
A, collector’s area (=2 m?);
Rad solar illumination
l._lc overall thermal loss coefficient (=8.38 W/m? °C);
Teout Water temperature at the collector outlet;
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T,ir ambient temperature.
Thus, an energy balance [2,4] on the collector (Figure
2) will lead to the following differential equation

dT, m Dups —Q
cout _ _ cw (Tcout _Tcin )+ Qabs Qamb (3)
dt p WVCW p WVCWC pw

where T, water temperature at the collector inlet;
m,, mass flow rate of water in the collector;
Cow specific heat of water;
pw density of water;
V. volume of water in the collector.

3.2. Modeling of the Storage Tank

Due to the stratified nature of the storage water tanks, the
used tank is considered to be composed of five identical
layers, as shown in Figure 3. The top layer (i.e., layer #1)
is the highest temperature layer, while the bottom layer
(i.e., layer #5) is the lowest temperature layer. The outlet
water from the collector enters the tank at the top layer

Qabs Qam b

| ]

Solar collector

Tcout +— — T

cin

Figure 2. Energy balance on the collector.
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Figure 3. Stratified water storage tank.
with a temperature T, and the water leaves the tank to QC

the collector from the bottom layer (i.e., the water tem-
perature at the collector inlet T, is nearly the same as
that of the bottom layer Ts). At the same time, the water
outputs from the top layer of the tank at a temperature
Twh = Ty, to feed the heat exchanger side. Also, the water
returns from the load side to the bottom layer of the tank
with temperature T,y.

Generally, the circulation of water in the collector side
increases the thermal energy of the tank, while the circu-
lation of water in the load side may increase or decrease
the stored energy of the tank. Therefore, an energy bal-
ance [2,3] on a general layer (m) of the tank (Figure 4)
yields

ﬂ_ Qcm + QHEm _ QLoss

dt  m._C C C @

m, pw m, pw m, pw
where

Q _ {mcwC pw (Tm—l _Tm )7 Tcout > Tl

- rﬁcwC pw (Tcout _Tm )> Tm—l > Tcout > Tm
Q- mEHWC pw (Tm+1 _Tm )’ Twc < TS

ne HEwC pw (Twc _Tm )’ Tm+1 < Twc < Tm

and

QLoss = ljstAn (Tm _Tair)

The symbols of Equation (4) are defined as
Tn temperature of layer m (m=1,2,---,5);
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Figure 4. Energy balance on layer #m.

Twe outlet temperature of water from the heat ex-
changer side;

My, mass of water in layer m;

Mg, mass flow rate of water in the heat exchanger
side;

A, surface area of layer m;

U, overall loss coefficient for the exposed storage
surface (=10.08 W/m? °C).

3.3. Modeling of the Heat Exchanger

The used heat exchanger is parallel flow water to air type,
which consists of two concentric pipes as shown in Fig-
ure 5(a). The hot fluid (i.e., the water) passes inside the
smaller diameter pipe, while the cold fluid (the air)
passes through the space between the two pipes. It is
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Figure 5. Parallel-flow heat exchanger: (a) Schematic dia-
gram; (b) Temperature distribution along tube axis.

necessary to note here that the two fluids are co-flow.
Where, during the co-flow of the two fluids along the heat
exchanger length, the hot fluid transfers heat through the
shell of the smaller diameter pipe to the cold fluid. There-
fore, a temperature drop will occur in the hot fluid con-
tinuously and at the same time a temperature rise will
occur in the cold fluid along the length of the heat exchan-
ger (Figure 5(b)). Where, the hot water and the ambient
air enter the heat exchanger with temperatures T, and
Tair, respectively; whereas their outlet tempe- ratures are
Twe and Ty, respectively.

Knowing the heat exchanger efficiency 74, the rate of
transferring the heat energy from the water to the air

Qu-a, Willbe

Qw-a = I’ﬁHEprw (Twh _Twc )77HE (5)
Therefore, applying the energy balance equation [2,4]

on the heat exchanger (Figure 6) will lead to the differ-
ential equation

dT mair Qw—a
Moo Mar (1, 7, )e 22 (q)
dt pairVHE pairVHECpair
where m_. mass flow rate of the air;

air

Pair density of the air;

Ve volume of the heat exchanger;

Cpair specific heat of the air.

The relation between the inlet and outlet temperatures
of the heat exchanger, can be outlined using the heat ex-
changer effectiveness &y, as [6]

THE _Ta'r - -
ﬁs mHEprw > maiGCair
e = wh — lair )
" Twh _Twc - C h. C
#: mHEW pw < mair pair
wh — lair
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3.4. Modeling of the Electrical Heater

The main function of the electrical heater is to make the
auxiliary heating of drying air. The auxiliary heating
means that the electrical heater will operate only if the
temperature of the output air Te from the heat exchanger
is lower than the required value to adjust the air drying
temperature Tgryer at 40°C.

If the rated power of the electrical heater is Ppegeer and
the heater efficiency is 7heater, then the rate of heat added
to the drying air (in the electrical heating chamber) [7]
will be

Qheater = Pheater X ﬂheater (8)

Thus, by applying the energy balance principle on the
electrical heating chamber (Figure 7) will yield [8]

deryer __ mair (Tdryer _THE)+ ?/heatg
PairVrc

9
dt pairVHC air ( )

pair

where Vyc volume of the heating chamber of the elec-
trical heater.

4. Control of the Thermal System Including
the Air Blower

The control system of the thermal system including the
air blower performs control and protection functions for
the components of the thermal system and the air blower
in the dryer system of Figure 1. Where, it optimizes the
operation of the following electrical loads:

1) The air blower;

2) The water circulation valve and pump of the col-
lector side;

3) The water circulation valve and pump of the heat
exchanger side;

Tair TWh
Q W-E
The 3 : Twe
Figure 6. Energy balance on the heat exchanger.

Heating chamber

Tdrycr é/reater TH E
- SO
Electrical
heater

Figure 7. Energy balance on the electrical heating chamber.
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4) The electrical heater.

Therefore, there will be four control signals in the sys-
tem (Table 1). The first three control signals are swit-
ched control signals based on logic control decision and
the fourth is a switched control signal based on/off con-
troller (or thermostat).

Where, T, is the desired drying temperature of the air
and SWB is the switching control signal of the air blower,
SWC is the switching control signal of the valve and
pump in the collector side, SWHE is the switching control
signal of the valve and pump in the heat exchanger side.

Simulation of the Thermal System

In this simulation the mathematical models of the differ-

ent components of both the solar thermal system and the
electrical heater are used to simulate the complete sug-
gested thermal system, by using the MATLAB-SIMU-
LINK. Figure 8 shows the designed SIMULINK model
of the dryer thermal system. Each component, in the
simulation model, has its own parameters and input and
output variables.

5. Simulation Results of the Thermal System

The performance of the complete components in both the
solar thermal system and the electrical heater with the cor-
responding control signals are necessary to evaluate the
control capability of the proposed system. The perfor-
mance of the system is preferably evaluated by compar-

Table 1. Thermal system control.

Component Control signal Control rule
Air blower SWB If (Trer # 0) then (SWB will be on and vice versa)
Valve and pump in collector side SWC If (Rad > 0) & (Tcout > Tein)) then (SWC will be on and vice versa)
Valve and pump in HE side SWHE If (Tair < Trer) then (SWHE will be on and vice versa)
Electrical heater SWheater On/off control (thermostat)

(i o
@ N T
" SWHE | "™ THE THE
> - Relay > Tmr
e
I SWHE
T -
T, [ ) we
T SWB " SWHE AL Electric Heater
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Figure 8. SIMULINK model of the thermal system.
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ing the performance of the system in a summer day with
that of a winter day.

The meteorological data in this work are obtained at
two different days with different atmospheric conditions.
Figures 9(a) and (b) show the variations of the solar
insulation incident on the surface of the solar collector on
summer and winter days, respectively (in Sinai Peninsula
(Abu Rudies) [9]). While, Figure 10 shows variation of
the corresponding ambient temperature.

The performance of the solar collector during the
summer and winter days is shown in Figures 11 and 12,
respectively. Figure 11, as shown, includes the switching
control signal of the collector-side path, while Figure 12
shows the temperatures of the water at the inlet and out-
let sides of the collector. It is shown from Figures 11 and
12 that the used collector is able to heat the water that
flows through it, whenever there is solar illumination;
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Figure 9. Variation of solar insolation: (a) Insolation of the
summer day; (b) Insolation of the winter day.
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summer day; (b) During winter day.
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Figure 12. Inlet and outlet temperatures of the collector: (a)
During summer day; (b) During winter day.

where the heating of the water is proportional to the in-
cident insolation level. Also, it is cleared that the water
continues to flow in the collector as long as the tempe-
rature of the water at the collector outlet is greater than
that at the collector inlet. The initial apparent-rise of the
outlet temperature compared with the inlet one, for the
two cases, is due to: using the same value of the initial
conditions for the two temperatures, the water does not
flow in the collector during the night period, and the cor-
responding variation in the ambient temperature.

Figures 13(a) and (b) show the performance of the
storage water tank during the summer and winter days,
respectively. Thus, the effect of stratification on the tank
is shown in this figure, where the bottom layer exhibits
the lowest temperature and the top layer exhibits the
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Figure 13. Temperature of the tank layers: (a) During sum-
mer day; (b) During winter day.

highest temperature of all the tank layers. It is indicated
that the temperatures of the tank layers increase during
the daylight hours and decrease during the night hours,
such that the variation of the temperatures is proportional
to the variation in the solar insolation.

The performance of the heat exchanger during the
summer and winter days is shown in Figures 14-17, re-
spectively. Figures 14 and 15 include the switching con-
trol signals of the air blower and the heat exchanger side,
respectively. While the performance of the inlet and out-
let temperatures of the heat exchanger water and the per-
formance of the inlet and outlet temperatures of the heat
exchanger air are shown in Figures 16 and 17, respec-
tively. Thus, it is clear from these figures that the swit-
ching control signal of the air blower exists as long as
there are herbs in the dryer, and that of the heat exchanger
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Figure 14. Switching signal of the air blower: (a) During
summer day; (b) During winter day.

side exists as long as the ambient temperature is lower
than the desired drying temperature Ty Also, the inlet
temperature of the heat-exchanger water is the tempera-
ture of the tank top layer (Figure 13) and the shown dif-
ference in temperature between the inlet and the outlet
water (which depends on the solar insolation incident on
the collector) expresses the rate of the thermal energy
transferred to the heat exchanger air. Moreover, the out-
let temperature of the heat-exchanger air is increased
with respect to the ambient temperature according to the
quantity of heat transferred from the water.

6. Conclusion

This paper suggests and develops a new controlled dry-
ing system for the medical herbs. The suggested drying
system includes the following three systems: the solar
thermal system, the dryer, and the renewable energy sys-
tem. The main function of the solar thermal system is to
supply the dryer inlet air with the required thermal en-
ergy through utilizing the flat plate solar collector. While,
that of the renewable energy system, which comprises

Copyright © 2013 SciRes.
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Figure 15. Switching signal of the heat exchanger side: (a)
During summer day; (b) During winter day.

hybrid photovoltaic and wind energy sources, is to feed
the electrical load of the dryer with the required electrical
energy. This paper presents, also, the dynamic modeling
and simulation of the suggested drying system. The sys-
tem results are indicated that the used collector is able to
heat the water that flows through it, whenever there is
solar illumination; where the heating of the water is
found to be proportional to the incident insolation level.
Also, the water flows in the collector as long as the tem-
perature of the water at the collector outlet is greater than
that at the collector inlet and there is illumination. The
temperatures of the layers of the storage water tank in-
crease during the daylight hours and decrease during the
night hours; such that the variation of the temperatures is
proportional to the variation in the solar insolation. The
air blower operates as long as there are herbs in the dryer,
and the water flows in the heat exchanger as long as the
ambient temperature is lower than the desired drying
temperature. Also, the drop in water temperature between
the inlet and the outlet sides of the heat exchanger is used
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air: (a) During summer day; (b) During winter day.

to rise the temperature of the outlet air from heat exchan-

ger.
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