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ABSTRACT

Food and agricultural products require drying to ensure that their nutritional value is unaffected
during handling and storage. Numerous techniques of drying are in use. This work compares drying
with a heat pump dryer (HPD) and an electric heater dryer (EHD) for Egyptian onion slices.
Empirical equations were obtained to calculate the change of moisture over time. This comparison
used the following criteria: moisture content, energy consumption, moisture extraction rate, specific
moisture extraction rate, and drying time. The onions were cut into slices 3 mm thick and 15 to 20
mm long. The slices were dried at temperatures of 50, 60, and 70 °C and drying air velocities of 0.2,
0.3, and 0.4 m/s. The results indicated that a drying of 83% to 26% moisture content on a wet basis
or from 4.88 gMwater/dMgm t0 0.35 gMwater/gMmam ON a dry basis was achieved in one stage in the
multiple stages of drying. The experiments showed that the energy savings resulting from using
HPD was 22.2%. The best value for the R? of moisture content change over time was obtained by
drying Egyptian onion slices according to different drying models for EHD and HPD.

Keywords: Heat pump dryer, onion slices drying, hot-air drying, drying temperature, moisture
content

1. INTRODUCTION

be conducted within a single stage through a
multi-stage process, depending upon the
drying temperature used and the moisture
content of the object [3].

Drying is an energy-intensive process, in
which water is evaporated from a substance.
The main objective of drying is to obtain a
dried product at the highest quality and lowest
cost, as well as at the maximum productivity.
Onions are among of the most important crops
in all countries, and they rank third in global
production among vegetables [1, 2]. They are

HPD is among the most recent and most
advanced techniques for drying, joining other
methods such as hot air, gas, vacuum, steam,
irradiation, solar drying, and others [4].

widely exported and imported, and if they are
to be supplied for long periods and
transported at the lowest prices, it is very
important to dry them. Industrial drying can
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HPD is a common technology for lowering
energy consumption of industrial processes
[5]. Around 7% of drying in 1988 was
performed by industrial heat pumps (HPs) [6].
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Nomenclature

A Cross sectional area of the duct, m> MR Moisture ratio

Co Specific heat, kJ/kg'K m Mass flowrate, kg/s

COP  Coefficient of performance P Pressure, kpa

DR Drying Rate, gMwater/gMdm.S 0 Amount of heat transferred rate, kw

dt Difference in time, s RH Relative humidity (%)

h Enthalpy, kJ/kg SEC Specific energy consumption,
kW-h/kg

hp Horse power SMER  Specific moisture extraction rates,
kg/kW:h

K Drying constant T Temperature, °C

MC Moisture content, gMwater/gMdm \ Velocity, m/s

M Mass of matter, kg 14 Power, kw

MER  Moisture extraction rates, kg/s

Abbreviation

EHD Electric heat drying or dryer SEE Standard error of estimation

HP Heat pump PID Proportional integral derivative

HPD Heat pump drying or dryer

Subscripts

air Air evap Evaporator

comp Compressor f Fan

cond Condenser in Inlet

D Drying out Outlet

db Dry basis Ref Refrigerant

dm Dry matter t Time

dry Dryer whb Wet basis

E equilibrium ws Whole system
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Greek symbols
P Density (kg/m®)
Q Specific humidity (kgm/kgda)

|

Efficiency

HPD is performed with a HP and works
with a vapor compression cycle consists of an
evaporator, compressor, expansion valve, and
condenser with a drying unit. To absorb
moisture from materials hot, dry air is
required. When the hot air leaves the
condenser and enters the drying chamber, it
acquires moisture from the product to be
dried.

Among the factors that affect the
performance of the drying system include the
air temperature, relative air humidity, drying
air velocity, extraction rate of moisture
content (MER), the specific MER (SMER),
the coefficient of performance (COP) of the
cycle drying time, energy efficiency and
exergy efficiency (or the economic analysis of
the system), industrial installation and
operating costs, the power required for
running the system, and the product quality
[3, 6]. Comparing the HPD against an
electrical resistance dryer indicates in an

energy saving of ~40% where COP of heat
pump was between 256 and 2.68, as
determined by an experimental study
conducted by Queiroz et al. [7].

A comparison  between common
traditional drying methods and HPD using
parameters such as SMER, drying efficiency,
operating temperature range, operating
relative humidity range, capital cost, and
running cost is given in Table 1 [6, 8]. Here, it
is clearly indicated that the HPD is the most
efficient drying system in relation to SMER,
running cost, and drying efficiency.

Many types of HPs are available for use
in drying. Among these are ground source
HPD systems. Several HPD models have
already received study in relation to the type
of application, product material, drying
chamber configuration, closed cycle and open
cycle drying model, and hybrid HPD systems

9.

Table 1. Comparison between (HPD) and traditional drying methods [6, 8]

Parameter Hot air drying (EHD)
Operating temperature range 4090
Q)

Operating % RH range Variable
SMER (kg/kW-h) 0.12-1.28
Drying efficiency 35-40

Capital cost Low
Running cost High

Vacuum drying Heat pump dryer
30-60 10-65
Low Wide range
0.72-1.2 1.0-4.0
<70 95
High Moderate
Very high Low
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Sarsavadia et al. [10] developed a batch-
type experimental dryer for onions and
reported that onions are usually dried to a 7%
or less wet basis from the original wet content
to be stored and treated effectively. Fatouh et
al. [11] experimentally studied the drying
properties of different herbs using an electric
heater as an auxiliary device. They concluded
that air drying at 55°C with air at a velocity of
2.7 m/s achieved the highest drying rate.
Effects of drying temperature and sample
mass were studdied [12], date survey in the
field of air source heat pump[13, 14]

Ceylan et al. [15] experimentally studied
the performance of a HPD as a single stage
through a multi-stage process for Kkiwis,
avocados, and bananas where initial moisture
contents of the kiwi, avocado, and banana
were 4.31, 151, and 4.71 gMwater/gMdm
(81.17%, 60.16%, and 82.49% wet basis)
which were dried to 0.75, 0.35, and 0.5
gMuwater/gMam (42.85%, 25.9%, and 33.3% wet
basis). The range of drying velocity
considered was 0.03 to 0.39 m/s. Also, they
evaluated the experimental models Newton,
Page, Modified Page, Henderson and Papis,
Logarithmic, Wang, and Singh and found that
the Page model had the best R?, of 0.99982,
and the lowest standard error of estimation
(SEE) of 0.00384 for an avocado. Arslan and
Ozcan [16] experimentally studied the effects
of sun, oven, and microwave drying on the
quality of onion slices with temperatures of
50°C-70°C. They found that the Page and
Modified Page models give high R? values,
ranging between 0.994 and 0.999. Mota et al.
[17] experimentally analyzed the effects of
drying temperature on the chemical
composition of the onion, including its
moisture content, sugar content, ash, crude
fiber, crude protein, fat, acidity, and vitamin

C. They found that changing the drying
temperature from 30°C to 60°C reduced the
drying time from 7 to 2 h.

EL-Mesery and Mwithiga [18] conducted
an experimental comparison between a gas-
fired hot-air dryer and an electrically heated
hot-air dryer on onion slices. They set drying
air temperatures of 50°C, 60°C, and 70°C and
0.5, 1.0, and 2.0 m/s as the drying air velocity.
The results showed that the value for SEC is
proportional to the air velocity and is
inversely  proportional to the drying
temperature of both dryers.

Singh et al. [19] experimentally
investigated HPD and solar-assisted HPD
modes on bananas and concluded that the
solar-assisted HPD system worked better in
all respects. Sasongko et al. [20] studied the
effects of drying temperature and relative
humidity on the quality of dried onion slices
and showed that the optimum conditions for
onion slice drying were achieved at 49.6°C
and a relative humidity of 0.65%. Bahnasawy
et al. [21] studied the physical and mechanical
properties of some Egyptian onion cultivars
and found that the initial moisture content of
the types of Egyptian onion was 83% wet
basis.

It can be concluded that the drying velocity
can range from 0.03 to 3 m/s, and the
optimum velocity depends on the nature of the
material to be dried, as well as the technology
used for drying and differs from application to
another, for onion it is small up to 0.4 or 0.5
m/s. The optimum drying temperature for the
onion is between 50°C and 70°C for single-
stage drying, depending on the initial MC. In
this study, the effects of drying temperature
and velocity on drying properties using EHD
and HPD were investigated experimentally to
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compare between the techniques. The results
are used to generate the best fit for the
empirical drying equations for Egyptian
onions.

In the following section, the governing
equation of the HPD will be investigated to
calculate the performance of the drying
system.

2. THEORETICAL ANALYSIS

Figure 1 shows a schematic of the complete
system of the HPD. The heat transfer rate can
be calculated for the evaporator of the HP

system (Qevap) Using the following equations:
(1)
)

The heat transfer rate can be calculated for
the condenser of the HP system (Qcond) USiNg
the following equations:

Qevap = Mref (href.evap.out - href.evap.in)

Qevap = Mair (hair.evap.in - hair.evap.out)

3)
(4)

Qcond = Miref (h-ref.cond.in - href.cond.out)

Qcond = Mair (hair.cond.out - hair.cond.in)

or

Qcond = Mair Cp.air (Tair.cond.out - Tair.cond.in) (5)
for Mair = Pair- Vair- A

The heat transfer rate when using the
electric heater (Qelect) can be calculated with
the following equation:

(6)

The compressor power (Wcomp) can be
calculated using the following equation:

Qelect = Mair (hair.elect.out - hair.elect.in)

Wcomp = Ihref (href.comp.out - href.comp.in) (7)

Wcomp = Qcond - Qevap (8)
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Fig. 1. Schematic of the complete system.
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The power of the electric fan (Ws) can be
calculated using the following equation:

Wf = Mair APair (9)

where AP is the pressure change of air
through the electric fan.

The dry basis moisture content (MCg;)
of the sample can be calculated using the
following equation:

M;—-Mq
My

MCdb - (10)

The wet basis moisture content (MCy,)
of the sample can be calculated using the
following equation:

M;—Mq

MCwb = M,

(11)

The moisture ratio (MR) found during the
drying experiments was calculated using the
following equation:

MR = MC-MCe

T MCo—MCe (12)

However, due to the high moisture content of
the fresh product, Eq. (12) can be written as
follows.

MC
MC,

MR = (13)

The drying rate (DR) of the over-drying
experiments can be estimated using the
following equation [22]:

dMC _ MCgyqi—MCy

DR = dt dt

(14)

The MER and the efficiency (I14,y) of the

drying process can be estimated using the
following equations:

MERdry = mair (®air.out — COair.in) (15)

n __ Wdry.out — Wdry.in (16)
dry =
Ty ®Wdry.out.sat ~ @dry.in

The (COPRr) and (COPwp) of the vapor
compression cycle and the system as a whole
(COPws) during the drying process can be
represented as follows:

COPg = =2 (17)
comp

COPyp = V%—I:p (18)

COPWS — Qcond (19)

Weomp+Qetect+ Wt

The SMER of the system and SEC are
shown in the following equation:

3 MER
SMER = Wcomp+Qelect+ We (20)
SEC = Weomp+Qetect+ Wt (21)

MER

In the following section the experimental
set-up of the HPD will be explained to study
the performance of the drying system.

3. EXPERIMENTAL SETUP AND
PROCEDURE

3.1 Description of experimental setup

The experimental setup was developed to
study the performance of the HPD and EHD
under different conditions. The setup image is
given in Figure 2. The setup largely consists
of a refrigeration cycle and an air cycle.

3.1.1 Vapor compression cycle

The refrigeration cycle operates by
means of a vapor compression cycle,
involving a  compressor,  evaporator,
condenser, and capillary tube.
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Experimental devices in other works
have included two compressors to study the
effects of multi-stage pressure, but in this,
only one compressor was used. The hermetic
reciprocating compressor used for the device
is AJE4492AGZ, which has the following
specifications: code: CAJ4492A, high
backpressure compressor with 1 hP power,
cooling effect of 1100W, voltage of 187-242
V, frequency of 50 Hz, working on an R-12
refrigerant. The evaporator is a heat
exchanger, in which the freon absorbs heat
from its surroundings for evaporation from the
mixture stage to the vapor phase at the
expense of cooling the surroundings. The type
of evaporator used is a radiator coil that has
the following specifications: CW 1-3 model,
with a fin and tube heat exchanger, tube of
copper 0.40, fins of aluminum 0.12, 3 rows,
and 9 tubes. A condenser is a device or unit
used to condense freon from a vapor state to a
liquid at the expense of heating the
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surroundings. The experimental device
includes two condensers for high-load
applications, but in this work, only the first
was used. The specifications of the used
condenser in the HPD are as follows: CW 1-3
model, air-cooled condenser, tube of copper
0.40, fins of aluminum 0.12, 3 rows, 9 tubes,
heat load 1865 W, and outer dimensions of 25
x 25 x 10 cm in length, height, and width
respectively. The capillary tube is of copper,
with a very small inner diameter. The inner
diameter of the capillary tube used is 0.5 mm.

3.1.2 Drying air cycle

The air cycle occurs in air in the air duct.
this channel is made of a sheet whose
dimensions are 28 x 28 cm, height and width,
respectively, and a sheet thickness of 0.7 mm.
The air cycle contains air supply devices (air
fans), an electric heater, and a drying
chamber.
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Fig. 2. Photo of the device setup.

The experimental device shown in
Figures 1 and 2 has a bypass that is used in
other contexts but not in this experiment, in
which it was kept closed (no recirculation).
Fans were used to supply the air, and the
experimental device included two fans that
ran at different speeds. The specifications of
the air fans used are as follows: Model: 2-022-
0010 induced axial fan at 60 W and 1300 rpm
and at 90 W and 1300 rpm. The electric heater
used had a capacity of 2.4 kW and was used
as an auxiliary device in an HPD operation
similar to that of Fatouh et al. [11]. The
drying chamber is in the duct, lying after the
condenser and the electric heater. It has
dimensions of 40, 20, and 20 cm for length,
width, and height respectively. It consists of 4
shelves to distribute the product to be dried
homogeneously.

3.2 Principles of operation of the HPD

As mentioned, the system performs a
vapor compression cycle and an air cycle.
When the compressor is running, the
refrigerant mass flow passes through the
components of the cycle as the evaporator
converts the refrigerant from a liquid phase to
a gaseous or vapor phase, and the condenser
condenses the vapor to a liquid. Air passes
through the evaporator to be dried and then
passes through the condenser to be heated.
The dry, hot air enters the drying chamber to
remove moisture from the materials to be
dried. The drying air temperatures were
controlled by the PID controller with an
accuracy of +1°C.

Onions are the material to be dried.
Selected onion samples were cleaned, peeled

by hand, and trimmed. Then, they were cut
into slices 3 mm thick and 15 to 20 mm long.

In all, 500 g Egyptian onion slices were
distributed uniformly at 6.25 kg /m? loading in
a thin layer over the four drying trays, and
uniform air distribution in the chamber was
ensured. The different drying air temperatures
and the drying air velocity were controlled in
experiments. The samples were weighed at
regular intervals of 10 min until the goal
weight of the samples (115 g) (26% final
moisture content) was reached. For the dry
base, onion slices were dried from 4.88
gMwater/gMam ~ Moisture  content to 0.35
gMwater/gMam Moisture in the initial stage of
multi-stage drying.

3.3 Instrumentation and measurements

The dry and wet-bulb temperatures were
measured using a K-Type thermocouple with
a measurement range of —50°C to 200°C, and
the uncertainty was +0.1°C. Air velocity was
measured using a digital anemometer (Testo
425) with a measurement range from 0 to 20
m/s and an uncertainty of £0.01 m/s. The
onions were weighed on a digital scale (SF-
400) with a measurement range from 0 to
10,000 g, and the uncertainty was =1 g. The
power consumed was measured with a digital
multimeter (UT71E), with a measurement
range from 0 to 2500 W and an uncertainty of
1+2.0%. When the device is turned on, the fan
runs continuously. During the use of the EHD,
the electric heater turns on and off in response
to the use of a PID controller. While the HPD
was in use, the compressor was running
continuously. The electric heater, as an
auxiliary device, turned on and off to bring
about the required temperature.

3.4 Experimental procedure
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The experiments were performed
using the following setting procedure:

1. The measuring instruments were
installed and prepared to work.
2. Onion samples were sliced, weighed,

and then homogeneously distributed over the
surfaces of the drying chamber.

3. The drying chamber was placed above
the digital scale in the path of the hot air
through the duct past the condenser and the
electric heater.

4. The drying chamber gate was closed
tightly to ensure there would be no air
leakage.

5. The data logger, the electric power
meter, and the fan were turned on for the
required velocity, and then the electric heater
and the compressor of the HP were activated.
6. The weight of the onion slices was
read every 10 min and was noted on the
spreadsheet.

7. The instruments and the machine were
turned off after the final weight of the onion
slices was assessed.

4. RESULTS AND DISCUSSION

The characteristics that affected dryer
performance and influenced the choice of
drying system were drying time, energy
consumed, moisture content, DR, and
experimental drying equations. On the dry
basis, the amount of the initial moisture
content of the onion slices was 4.88
gMwater/gMam, and the drying was performed
to a final moisture amount of dry matter of
0.35  gMwate/gmgm.  Experiments  were
performed in the air source HPD and EHD
while drying the air at 0.2, 0.3, and 0.4 m/s
and drying air temperature 50°C, 60°C, and
70°C.

The air conditions were sampled
before and after each component and plotted
in a psychometric chart, as shown in Figure 3.

- Wigrng
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0.026

0.022

— 0.018

0.014

0.010

0.006

=== 2 B = ~ S =1 L~ 0.002
0 10 20 30 40 50 60
D.B.T (°C)

Fig. 3. Psychometric chart of a sample process air.

1- evaporator-in, 2- evaporator-out, 3- condenser-in, 4-
condenser-out or electric heater-in, 5- electric heater-
out or dryer-in, 6- dryer-out.

4.1 Drying time

A total of nine experiments were
performed with the electric heater, and nine
more experiments were done by drying with a
HP at drying temperatures of 50°C, 60°C, and
70°C. The air velocities were 0.2, 0.3, and 0.4
m/s. Figure 4 shows the difference in moisture
content of onion slices using electric heater
drying and HPD as a function of drying time
at 0.2 m/s. Figure 4 shows that as the drying
temperature increases, the drying time
decreases. Figures 5 and 6 show the variation
in moisture content of the onion slices using
electric heater drying and HPD as a function
of drying time at 0.3 and 0.4 m/s, showing
that as drying velocity increased, drying time
decreased.

Figures 4-6 show the relationship
between drying time and drying temperature
and velocity. Increasing the temperature or
velocity of the drying air increases the heat
and mass transfer between the drying air and
the materials to be dried. Changes in the
velocity of the air flow played an important
role in transferring the evaporated water from
the surface of the product and reducing drying
time. Thus, the minimum drying time is at the
highest speed, which is 0.4 m/s, and the
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highest temperature was 70°C. The drying, Time when using EHD was 570 min, and
which indicates that the drying time by HPD, when using HPD it was 510 min, as shown in
was less than that when using EHD at the Figure 7

same temperature and velocity.
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Fig. 4. Moisture content variation as a function of drying time at a drying speed of 0.2 m/s and a different drying
temperature: (a) electric heater drying and (b) heat pump drying.
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Fig. 5. Moisture content variation as a function of drying time at a drying speed of 0.3 m/s and different drying
temperature: (a) electric heater drying and (b) heat pump drying.
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Fig. 6. Moisture content variation as a function of drying time at a drying speed of 0.4 m/s and different drying
temperature: (a) electric heater drying and (b) heat pump drying.
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Fig. 7. The time difference between an EHD and an HPD at different drying temperatures and velocities.

4.2 Power consumed

Energy consumption measured with a
smart digital scale. Using Simpson’s 3/8 rule,
the total energy consumed was calculated, and
it was found that drying using an electric
heater consumed the least energy at Vg = 0.4
m/s and Tq = 50°C, and drying with a HP

consumed the least energy at Vq = 0.2 m/s and
T¢ = 50°C. Figure (8) shows an SEC
comparison between EHD and HPD. The
COP of wusing vapor compression cycle
according to refrigerant effect was 1.5 and
according to heat pump was 2.5.
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Temp. =50 °C Temp. =60 °C Temp. =70°C
35 wEH 35 = EH 35 mEH
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Fig. 8. The difference in SEC for EHD and HPD at different drying temperatures and velocities.

The results showed that using HPD
saves more energy than using the EHD at the
same drying temperature and velocity. The
main reason for this is that the COP for the
HP cycle is more than the unit. A comparison
between the SEC values in our study and that

of previous work [18], [23], and [24] was
performed, as shown in Figure (9). The SEC
value was enhanced by 69.5% compared to
[23] and approximately similar to the values
in [18, 24].

20 - SEC
E 60 -
E 50 -
+ 40 A
3
= 30 -
O 20 4
Sl m W " B
o L I
EL-Mesery EL-Mesery Sharmaand Sharma and Jindaratetal present
and and Prasad [23] Prasad [23] [24] study
Mwithiga Mwithiga
[18] [18]

Fig. 9. Comparison of SEC values with those of other works

4.3 Moisture ratio

The MR is the ratio of the
instantaneous to the initial MC of a material.
Figure 10 shows the variation in MR versus
drying time at 50°C as the drying temperature
for the best condition for drying the electric

heater and the HPD. Figure 10 shows that
using HPD is better than using electric heater
drying, taking less time and requiring less
energy consumption. The MR curve obtained
is similar to that found in previous works on
drying as [22, 25].

4.4 Drying rate
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The DR is the change in the moisture content
of a material per unit time. Figure 11 shows
the variation of DR versus drying time of
EHD and HPD at 0.2 and 0.4 m/s as drying
velocity and at a drying temperature of 50°C.
This shows that the DR is high in the
beginning but then decreases with the passage
of time because the moisture content at the
beginning is large, making it evaporate easily
and leave the surface of the material (high
heat and mass transfer), while ultimately the
opposite happens. This also shows that the DR
curve is similar to that shown in earlier work
on drying.

1.2 —=—EHD at 0.2 m/s
) —+— EHD at 0.4 m/s
~—4 HPDat0.2 m/s
08 {4 ~ % HPD at 0.4 m/s
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-
S 0.4 - )\‘g‘ &
Tagtay,
0.2 - “Xregte
22 x:; $*epga,
0 T ! ! ' ' I

0 200 400 600 800 1000 1200
Drying Time (min)

Fig. 10. Variation of moisture ratio as a function of
drying time at 50°C drying temperature.
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Fig. 11. Variation in the drying rate as a function of
drying time.

4.5 Empirical drying equations

Usually, the drying models adopted in
the analysis of drying properties are

theoretical, semi-theoretical, or purely
experimental [26]. The empirical equations
for MR for the five common experimental
models are presented in Table 2. Mazza and
Lemaguer [27] derived theoretical models for
drying any material by convection, where K is
the drying constant (s—1) and t is the drying
time (min).

Figure 12 shows three models from
among the common five drying models for
EHD and HPD under conditions that achieved
the lowest energy consumption. The drying
constants k, a, and n for drying Egyptian
onion slices by EHD and HPD for the five
drying models are presented in Table 3. The
R? parameter and the SEE were determined
for the drying models used, namely, Newton,
Page, Modified Page, Henderson and Pabis,
Wang, and Singh.

Table 2. Mathematical models for drying

No. Name Model equation Refs.

1 Newton MR =exp (—kt) | [28],

[29]

2 Page MR [25]
= exp (—kt™)

3 Modified Page | MR [15]
= exp [—(kt)"]

4 | Henderson and MR [30],

Pabis = a.exp (—kt) [31]

5 Wang and MR [32]
Singh =1+ at + bt?

The best model for drying the Egyptian
onion slices with EHD was the Page model,
where the maximum value of R? was 0.9919,
and the lowest value for SEE was 0.0162,
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approved with [15, 33]. However, for drying
with HPD, the best model was inferred to be
the Henderson and Pabis, where the maximum

EHD at 50 °C and 0.4 m/s
1 B  Exp. EHD at 0.4 m/s
Newton model
0.8 | A Henderson and Pabis model
\\ — - — Wang and Singh model
0.6
0.4
0.2
0
0 200 400 600 800 1000
Drying Time (min)
(@)

value for R? was 0.9982 and the lowest value
of SEE was 0.0275, approved using [26].

Lo HPD at 50 °C and 0.2 m/s
1 ¢  EXP.HPD at 0.2 m/s
\) Newton model
0.8 \* \ VR Henderson and Pabis model
® 0.6 ¢ . — - — Wang and Singh model
=
04
0.2
0
0 200 400 600 800 1000 1200
Drying Time (min)
(b)

Fig. 12. Empirical models of onion slices drying by (a) EHD and (b) HPD.

Table 3. Drying constants, coefficients of the models (R?), and standard error of estimate (SEE)

Model Model equation EHD HPD
Equation R? SEE Equation R2 SEE
constants constants
Newton MR = exp (—kt) K =0.003 0.9653 0.0460 K =0.002 0.9953 | 0.0275
page MR = exp (—kt™) | K=0.0126 0.9919 0.0162 K =0.0063 0.9962 | 0.0303
n =0.7857 n =0.8539
Modified MR K =0.0038 0.9919 0.169 K =0.0026 0.9962 | 0.1484
Page = exp [—(kt)"] n= 0.7857 n =0.8539
Henderson MR K =0.003 0.9881 0.0460 K =0.002 0.9982 | 0.0275
and Pabis = a.exp (—kt) a = 0.8024 a=0.923
Wang and | MR a = —0.0028 | 0.9236 0.0571 | a=-0.0020 | 0.9606 | 0.0360
Singh =1+ at + bt? b=2x10"° h=1x10"°

Figure 13 shows photos of fresh and
dried onion slices. The dried onion slices
showed no change in color or taste after
drying. Temperatures above 70°C can damage
onion slices.

- 200 -



Vol. 41, No.2. July 2022

Fig. 13. Onion slices (a) before drying and (b) after

drying.

5. CONCLUSIONS

A comparison of drying onion slices with

an electric heater dryer and an HP dryer at
different air temperatures and velocities was
conducted to establish how the quality of
dried products can be preserved. In this study,
we designed and implemented a laboratory
EHD and HPD, with the following results:

Using an HP dryer can effectively
increase drying energy efficiency.

Saving the highest energy or lowest
energy consumption was obtained with
an HPD at an air velocity of 0.2 m/s
and 50°C.

Experiments showed that energy
saving with HPD compared to EHD
was 22.2%. The improvement can be
increased from this value if a
refrigerant cycle is used with a high
COP and the air humidity removed
through the evaporator.

Drying constants of the different
models were obtained, and the best R?
value for Egyptian onion slices to give
a change in drying ratio according to
drying time was established.
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