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In the present work drying kinetics of Guava of initial moisture content 88 +1 % w.b.
using Refractance Window (RW) dryer as affected by three different levels of water ba-
sin temperature, namely: 80, 85 and 90 +1°C and three different puree thickness of ap-
proximately 1,2 and 3mm as a parameter. The indicators that used to evaluate this sys-
tem such as rehydration ratio, color as quality indicators, productivity(kg/h), drying ef-
ficiency and costs. The main results showed that drying time was affected by water basin
temperatures and puree thickness significantly, the drying time decreases with water
basin temperature increases and puree thickness decreases. The puree temperature af-
fected by drying elapsed time and the rehydration ratios increased as water basin tem-
perature decreases. The RW drying method had significant impact on color quality of
dried samples. Increasing puree thicknesses, productivity decreases due to its depend-
ence on drying time. The drying efficiencies were ranged from 28 to 65%. Moderate val-

ues of drying costs were recorded at 85°C and 2mm thickness.

1. Introduction

Refractance Window (RW) system is a novel drying
method for converting liquid foods and other related
biomaterials into powders, flakes, or sheets with added
value. In this system, purees or juices prepared from
fruits, vegetables, or herbs dry in short times, resulting
in products with excellent color, vitamin, and antioxi-
dant retention (Nindo and Tang, 2007).

Guava (Psidium guajava L.) is known as a “super
fruit”, for its nutritional importance in terms of vita-
mins A and C. Also seeds rich in Omega 3, Omega 6,
Polyunsaturated acids, Riboflavin, Protein and miner-
als (Kadam et al., 2012). Due to the high nutritional
value, the guava is used in diverse ways. Guava has a
very rich taste and fragrance. The use of the juice and
other products made from guava is becoming popular
due to its nutritious value. In different fruit juices like
mango, apple, pear, etc., guava juice is added to en-
hance taste, flavor, and vitamin C content (Irshad et al.,
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2020). According to Food and Agriculture Organization
(FAO) of the United Nations and the Ministry of Agri-
culture, Egypt guava production as of 2019 was 2.7 mil-
lion Mg (FAOSTAT, 2020). Drying is one of the oldest
food preservation methods. High amount of water in
food is the main reason for spoilage and the main pur-
pose of drying is to lower the moisture content in food
to reduce the microbial and enzymatic activities
(Grabowski and Marcotte, 2003). The main advantages
of drying are extended product shelf life and out-of-sea-
son availability, reduced packaging, storage, handling
and transportation costs (Moses et al., 2014).

Several works have been reported on RW drying of
agricultural products to compare drying characteristics
and quality with other drying techniques. These in-
clude strawberry and carrot puree (Abony et al., 2002),
pumpkin puree (Nindo et al., 2003) tomato puree (Abul-
Fadl and Ghanem, 2011), mango puree (Caparino et al.,
2013), guava snacks (Leiton et al., 2020). There are many
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factors affecting RW drying including thickness of pu-
ree or slices, temperature of water bath and residence
time. Frabetti et al. (2018) investigated the effect of pulp
layer thickness of 2 and 3 mm on drying rate and tem-
perature of guava pulp. The duration was 6 mins for 2
mm thickness pulp and 14 min for 3 mm thickness pulp.
The drying time was 10 min for 2 mm-thick guava pulp
and 18 min for 3 mm-thick pulp. Drying rate was 2.1
greater using 2 mm thick-pulp than 3 mm thick-pulp.
Leiton et al. (2020) obtained guava snacks by RW dry-
ing, the thickness of slices were 2 mm and 35 mm in di-
ameter, water temperature was 90°C, and moisture con-
tent of 4% w.b was achieved in 76 min.

Castoldi et al. (2015) observed moisture content re-
duction of wet samples increases with the increase in
circulating water temperature. Jafari et al. (2016) ob-
served that the product temperatures during RW dry-
ing process were observed to be 77, 64 and 49 °C when
water bath temperature were 95, 75 and 55 °C, respec-
tively. At similar drying time (i.e., at 10.74 min; 55, 75,
and 95 °C water temperature) the results were 57.3, 10.7,
and 3.8 % w.b respectively (Nindo et al., 2003). Zotarelli
etal. (2015) observed that increasing water temperature
from 75 to 85 °C increased drying rate by 1.7 times and
increased temperature from?75 to 95 °C increased drying
rate 2 times for 2 mm thick pulp layer.

Traditional drying such as Cabinet, bed type,
spray, drum, Microwave and infrared dryers adversely
affects the taste, color, nutritional qualities and preser-
vation of bioactive compounds due to high temperature
exposure of the product. In the present work Guava
were selected in the experimental due to their

popularity and nutritional value. The present research
aims to developed and evaluate Refractance window
dryer for determining its optimal operating conditions.

2. Materials and methods

In the present study, a pilot plant Refractance Win-
dow (RW) dryer was constructed, designed and tested
in Lab. of the Dept. of Ag. Products Processing Eng. Fac.
of Ag. Eng., Al-Azhar U. Cairo to be used in this exper-
imental work in July to September 2021.

2.1. Materials
2.1.1. Guava Samples

Guava was obtained from a local market in Cairo,
Egypt the fruits were selected according to the degree
of ripeness by visual inspection, washed, peeled minced
by a kitchen blender to be puree of average moisture
contents 87 +1 % w.b. for drying process.

2.1.2. System description

The RW dryer as shown in Fig. 1 is consisted of; Wa-
ter basin, 4 kW electrical water heater, the water tem-
perature was controlled using controller element, con-
tactor and digital temperature interface; Polyethylene
terephthalate moving (Sheet) made in China of 0.9
transmissivity coefficient with dimensions of 0.25 mm
thickness and 0.6x1.80 m? Transmission system con-
structed of motor 0.75 kW, 60 Hz, 3phase, and 48 rpm,
made in Germany. System speed was varied from 0.45
m/min to 0.58 m/min by LS inverter made in Korea
(SVOO08IC5-IF model, single phase, motor rating is 0.75
kW), Pulleys, Teflon drums and bearings.
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Fig. 1. Elevation and side view of (RW) dryer structure.

2.1.3. Measuring instrumentations
2.1.3.1. Temperature measurements

In the present study, the Arduino MEGA 2560 was
used as A/D input and output for recording tempera-
tures and ambient air conditions through three DHT22

sensors and the liquid temperatures by three DS18B20
sensors. Arduino was programmed to record these pa-
rameters every lmin, the recorded data was sent to
Coolterm program® that attached with computer.
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2.1.3.2. Electrical balance

Initial and final mass changes during drying pro-
cess of each sample were measured by a digital balance
(HR-200, max 210 g of accuracy of 0.0001g, made in Ja-
pan) for determining initial and final moisture content.

2.2. Methods
2.2.1. The experiments procedure

Several obstacles were presented as controlling film
thickness, fixing measuring instrumentations, puree
material adhesion and scratching final dried product.
To get rid of these obstacles, stationary dryer was used
in the present work. Experiments were conducted in
batch mode and at laboratory scale for drying Guava
puree. The temperature of water bath was set at 80, 85
and 90 +1°C and three different puree thickness of ap-
proximately 1,2 and 3mm, chosen based on preliminary
tests and previous studies. Moisture contents for the
products were continuously determined and during the
drying, air, sample and sheet temperatures were rec-
orded.

2.2.2. Dryer material balance

The concept of mass balance was used for final
mass of dried product, water removed and water evap-
orated according to Abul-Fadl and Ghanem (2011).

mp (t)(l - lv[w.b (t))

M, (t + At) = (1= My (c + 40) - [1]
W (t+ At) = my(t+ A)X (M), (t+ Ab) - [2]
Wwe (t + At) = ww(t)-ww (t + At) - [3]

where: Mp(t) is the mass of product at a time period (t);
kg, Mw.b (t) is the moisture content of product at (t) %,
mp(t+ At) is the mass of product being dried after time
(t+ At) kg, Mw.b(t + At) is the moisture content of prod-
uct after time (t +At) %, W (t +At) is the Water content of
product being dried after time increment of (t + At); kg,
Wwe (t +At) is the water removed after time (t + At);
kg/min.

2.2.3. Moisture content of samples

Moisture content of samples was evaluated accord-
ing to the ASAE standard (2002) by oven method at
temperature of 105°C (+1) for 24 hours as follows:

m=—lEL—HMMwa) [4]
Wm+Wd . (o] e
where m is moisture content wet basis (%), wm is mass
of moisture in sample (g), wd is mass of bone-dry mate-

rial (g).

2.2.4. Moisture Ratio (MR)

The moisture ratio was calculated as follows:

MM,

MR =
Mi'Me

- [5]

where MR is moisture ratio (kg water/ Kg dried material), M is
moisture contents after time t (%), Mi is initial moisture
content (%), Me is equilibrium moisture content, as-
sumed Me is Mr (%) and Mt is final moisture content (%).

2.2.5. Useful drying energy rate (Pu)
Pu=(m: cp AT+ Ww L) .. [6]

where Pu is useful drying energy rate (kJ), m is mass of
the sample to be dried (kg), cp is specific heat of the sam-
ple (kJ/kg.°C), its calculated as function of moisture con-
tent from following equation according to Toledo
(1991).

cp =4.1868 mw.b+ 0.83736 .(1 — mwb) -« [7]

AT is temperature difference of sample (°C), Ww is
amount of removed water (kg), L is the latent heat of
evaporation at sample temperature (kJ/kg).

2.2.6. Average drying efficiency determination

The average drying efficiency evaluated according
to Abul-Fadl and Ghanem (2011).

t+At t+At
Er = E¢q + Eep + f pa t+ f Pv - [8]
t t

(Wye X L) + mcp At

1

- [9]

ETotal

where: Er is the total energy used for heating, moving
drying air and plastic belt during a time period of (t) to
(t+At); in k], Ee1is power required to raise the water tem-
perature in the basin to 80, 85 and 90°C +1 (kW), Ee2is
power required for compensating heat losses and dry-
ing process (kW), Pa is electrical power required for
moving drying air (kW), P» is electrical power required
for moving the plastic belt (kW), m is total mass of wa-
ter in the dryer basin (kg), Cp is specific heat of water
(k]J/kg °C), Wuwe is the moisture evaporated during time
period of (t) to (At), in kg, which can be calculated using
the mass balance concept, L is the latent heat of vapori-
zation of water at the drying air temperature in kJ/kg.

2.2.7. Rehydration ratio (RR)

Rehydration capacity is useful to determine how
the dried product reacts with the moisture. The rehy-
dration capacity of dried product was evaluated by im-
mersing 5g of dried samples in boiled distilled water.
Samples were removed at regular time intervals (each 5
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min.) and weighed until difference in successive
weightings was insignificant. Rehydration ratio was
calculated from the following equation (Gowen et al.,
2008):

Wy — Wq

Rehydration ratio (RR) = .. [10]

Wi

where wtis the mass of rehydration sample at any time
(g), wd is the mass of dried sample (g).

2.2.8. Color evaluation

The surface color of the fresh and dried samples
was measured according to RAEI and JAFARI (2013),
color of the dried samples was carried out by 10 trained
panelists. They were requested to assess sensory attrib-
utes of the samples including color and total acceptabil-
ity on a 5-point scale (1 = very bad, 2 =bad, 3 =mediocre,
4 =good, 5 = very good)

2.2.9. Cost analysis

The current economic study is conducted to deter-
mine the costs of drying using RW. The hourly cost of
drying can be calculated according to Awady et al.
(2003).

Pl i m
CZH [5+E+t”]+(w'e)+(ﬁ) - [11]
Cost (L'E'/kgdried product) =
Dryer hourly cost (L.E./h) - [12]

Dryer prOduCtiVity (kgdried product/h)

where: C is total cost, L.E. /h, P = price of system, L.E., h
= yearly working hours, is assumed in the present work
to be:(300 day/year x 2 period/day x 8 h/period = 4800
h/year), a = life expectancy of system, about 10 Years, i
= interest rate/Year. (The bank interest in Egypt / year),
which was about 11%, t = taxes and overheads ratio,
which is assumed to be 20 %, r =repair and maintenance
ratio, which is assumed to be 10 %. W = power of dryer
(kW), e = hourly cost/kW.h, (1.6 L.E./kW.h), m = the
monthly average wage, L.E., (2000L.E) in the present
work, impose that there are 10 dryers becomes (200 L.E.
/man.dryer.month), 200 = the monthly average working
hours.

3. Results and discussions

3.1. Moisture content wet basis, water removed at three
different film thickness and three different water
basin temperatures

In present work Guava puree films of approxi-
mately 1, 2 and 3mm were dried in a Refractance widow
dryer designed to study the effect of Guava film thick-
ness, water basin temperature 80, 85 and 90 +1°C on fi-
nal moisture content as affected by elapsed drying time.

Moisture contents wet basis were average values of
three replicates for all experiments.

Fig.2a,b and c showed the relationship of Guava
puree moisture content as affected by water basin tem-
perature and drying elapsed time at approximately film
thickness 1,2 and 3mm respectively. There is approxi-
mately inverse proportional between the puree mois-
ture contents and elapsed drying time for all water ba-
sin temperatures and all studied thickness. It also clears
that there is inverse proportional between water basin
temperatures and the final moisture contents of all
studied thickness.
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Fig. 2. Moisture contents wet basis (%) of Guava pu-

ree as affected by water basin temperature and dry-

ing elapsed time at the three different thicknesses

studied.
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The elapsed drying time for Guava puree to reach
approximately the same final moisture content of water
basin temperature of 80 °C for 1, 2 and 3mm thickness
were (2,2.3), (1.8,2.2) and (1.6,1.8) times that of 85 °C and
90 °C respectively. The final moisture contents were ap-
proximately 17%, 15%, 14% and 16%, 15%, 14% and
16%,15%,14% for the three different studied thickness
and at 80,85 and 90°C respectively. It is also cleared that
when drying is proceeded water removed decreased for
all studied temperatures and thickness. It can be also
concluded that at fixed drying time the puree moisture
contents increased as water basin temperature de-
creased at same thickness. It is also cleared that the
higher the water basin temperature the lower the mois-
ture ratio and the faster the drying is progressed (the
lower the elapsed drying time is required), these results
agreed with Shende and Datta (2019).

3.2. Effect of water basin temperature and puree thick-
ness on Guava puree drying curves

Fig. 3 indicated the relationships of moisture ratio
and drying time as affected by water basin temperature
and puree thickness. It's clear that the higher the water
temperature and the lower puree thickness the lower
moisture ratio and total drying time. It is found that the
least drying time was 7 min with puree thickness of
Imm and water basin temperature 85 °C, while the
highest drying time was 96 min with puree thickness of
3mm and water basin temperature 80°C.

Fig. 4 illustrated the relationships of drying rate and
drying time as affected by water basin temperature and
puree thickness. It's clear that as the water temperature
increases and puree thickness deceases the drying rate
increases. The results were in agreements with Badr
(2012) and Eissa (2021). It's also clear that increasing wa-
ter temperature from 80 °C to 85 °C increased drying
rate by 1.1 times and increased water temperature from
80 °C to 90 °C increased drying rate by 1.3 times, the av-
erage drying rates were 0.014, 0.03 and 0.031 for 80, 85
and 90 °C for 2mm of Guava puree thickness respec-
tively.

3.3. Water basin, Sheet and puree temperatures as af-
fected by drying elapsed time

Figs. 5, 6 and 7 cleared water basin, Sheet and puree
temperatures as affected by drying elapsed time for
guava puree for all studied basin temperatures and all
thicknesses. It clears that for all purees studied, the pu-
ree temperature started at 22°C and increased to maxi-
mum temperature of approximately 70°C, the average
puree temperatures as drying proceeds were observed
tobe 58, 56 and 54°C when the water basin temperatures
were 90, 85 and 80°C respectively. It is clear that in all
cases the puree temperature does not reach the heating
water temperature.
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Fig. 3. Moisture ratio of Guava puree as affected by
water basin temperature and drying elapsed time at
the three different thicknesses studied.

Despite this fact that the RW drying process yields
better quality products with help of high-water temper-
atures resulting in both rapid dehydration and quit low
product temperatures. These results in agreement with
that reported by Nindo and Tang (2007), when the ac-
tual product temperatures which is usually below 70°C,
this may be attributed to resistance to heat transfer and
cooling that accompanies intense evaporation Abonyi
et al. (2002) and Nindo et al. (2003).
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Fig. 4. Drying rate of Guava puree as affected by wa-
ter basin temperature and drying elapsed time at the
three different thicknesses studied.

3.4. Drying efficiency

Average drying efficiencies were evaluated accord-
ing to Abul-Fadl and Ghanem (2011), based on meas-
urements of electrical power required for heating water
basin, operating belt, air fan and water pump in kW.

Fig. 8 explaine that the average drying efficiencies
of Guava increased as drying temperature increases
and decreased as puree thickness decreases. In present
study the drying efficiencies were 28-65%, these results
agreed with that reported by Nindo et al. (2003), that
the drying efficiency for pilot and commercial scale of
RW dryers ranged between 28-48% and 52-70% respec-
tively.
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Fig. 5. Water, Sheet and Guava puree temperatures as
affected by elapsed time at Imm thickness.

3.5. Productivity

The RW dryer productivity were evaluated for
moving belt dryer as a function of water basin temper-
atures and puree thickness of Guava. Fig. 9 showed that
the dried Guava productivity increases as water basin
temperature increases. Due to dependence of water ba-
sin temperature, time and thickness, the productivity of
one mm has the highest productivity of all studied
thickness, and as the puree thickness increases the
productivity decreases due to its dependence on drying
time. The average productivity of 1, 2, and 3mm at 85°C
were 0.49, 0.36, 0.29 kg powder/h.
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3.6. Quality Considerations

The optimization of drying kinetics was proposed
according to apparent color and rehydration capacity.
Quality evaluations were carried out on the optimized
samples to investigate the effect of film thickness, water
basin temperature 80, 85 and 90 +1°C as affected by
elapsed drying time on dried puree color. A panel of 10
evaluators were formed from among graduate students
and researchers in Agri. Products Process Eng. Dep.,
Fac. of Agri. Eng., Al-Azhar Uni., Cairo.

3.6.1. Color Evaluation

Fig. 10 showed that the average points of dried
Guava were evaluated by panelist groups. It is clears
that as the water basin temperature increases, the color
closeness increases. The results indicated that the RW
drying method had significant influence on color eval-
uation of dried samples. On the other hand, the average
color scores of Guava were higher than 6, mostly be-
tween 7and 8 i.e., between good and very good, indicat-
ing panelists’ consents of the color. Lower total color
changes happened when temperature of water basin
decreased that was confirmed by panelist groups re-
sults which agreed with Jafari et al. 2016. Finally, aver-
age values of different samples, relating to a specific at-
tribute, were compared with each other.

10 - m90 ug85 ug0°C

Average color score

1 2 3
Thickness (mm)

Fig. 10. Average color score of Guava dried as af-
fected by water basin temperatures and puree thick-
ness for all drying experiments.

3.6.2. Rehydration ratio

Rehydration is evaluated in present study for dried
products as quality criteria because it is valuable pa-
rameter for changing the dried products to juice or mix-
ing it to other food stuffs and may be added to bakeries.
Rehydration characteristics of a dried product are used
as a quality index and they could indicate physical and
chemical changes during drying as influenced by pro-
cessing conditions. Fig. 11 shows that rehydration ratios
reached its maximum value at 85°C of water basin tem-
perature. Increasing water basin temperature to 90°C
causing poor rehydration capacity that may be at-
tributed to the collapse of cellular structure or decrease
of porosity. These results agreed with Azizi et al. (2017).

| —=—1mm —w2mm ——3mm |
6
E 5
B 44
=
2 3
B
52
=
5 1
2
0
75 80 85 920 95

Temperature (°C)

Fig. 11. Rehydration ratio for drying Guava at all dry-
ing conditions studied.

3.6.3. Cost Analysis

The production cost (L.E./kg) was evaluated in pre-
sent work for identifying the economical evaluation of
Refractance window dryer at three different film thick-
ness and water basin temperature. As previously men-
tioned, the operating cost (L.E./h) for the RW dryer and
the costs of kilogram dried product (L.E./kg) for Guava
pulp were calculated according to Awady et al. (2003).

Fig. 12 showed that the operating costs per kilo-
gram powder of Guava increases as puree thickness in-
creases and also with increasing the water basin tem-
peratures. Moderate values were recorded for 85°C of
all studied thickness. Also, one mm puree thickness is
the least costs of all studied thickness of Guava dried
puree, it has lower rehydration ration and in turn lower
quality. The 3mm puree thickness is refused due to
larger cost per kg powder, so 2mm thickness is selected
as the optimal puree thickness and moderate costs for
dried Guava puree. Dollar exchange rate at the time of
experimental work was equal to 18 L.E.

45 4

mg0°C

40 39.9

35 4

30 4

25 1

Cost, (LE/kg)

20 1

15 1

10 1

Thickness(mm)

Fig. 12. Operating costs per kilogram powder of
Guava.
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4. Conclusions

The present work aims to study drying kinetics of
Guava using Refractance Window (RW) dryer as af-
fected by namely: three different levels of water basin
temperatures (80, 85 and 90 +1°C), and three different
puree thickness (1,2 and 3mm). Quality indicators (i.e.,
rehydration ratio and color), productivity, drying effi-
ciency and cost analysis were studied.

Results can be concluded in to:
1. Evaluating the behavior of RW drying:

a. The optimal elapsed time of dried puree at water
basin temperature of 85 °C was 22 min at puree
thickness of 2 mm.

b. The final moisture contents were 17%, 15%, 14%
and 16%, 15%, 14% and 16%,15%,14% for the
three different studied thickness and at 80,85 and
90°C respectively. It is also cleared that when dry-
ing is proceeded water removed decreased for all
studied temperatures and thickness. It can be con-
cluded that at fixed drying time the puree mois-
ture contents increased as water basin tempera-
ture decreased at same thickness. It is also cleared
that the higher the water basin temperature the
lower the moisture ratio and the faster the drying
is progressed (i.e., the lower the elapsed drying
time is required).

2. It is found that in all cases the puree temperature
does not reach the heating water temperatures. De-
spite this fact that the RW drying process yields bet-
ter quality products due to higher water tempera-
tures resulting in both rapid dehydration and quit
low product temperatures.

3. Drying efficiencies increases as drying temperature
increase and decreases as puree thickness decreases.
The drying efficiencies were 28-65%.

4. Quality was evaluated via rehydration ratio and the
results were:

a. Increasing water basin temperature to 90°C caus-
ing poor rehydration capacity that may be at-
tributed to the collapse of cellular structure or de-
crease of porosity.

b. The higher rehydration ratios were recorded at
85°C for all studied puree thickness. The optimal
rehydration ratio was at 85°C and 2mm thickness.

5. The RW dryer productivity increases as water basin
temperature increases, due to dependence of water
basin temperature, elapsed time and thickness, the
productivity of 1 mm has the highest productivity of
all studied thickness.

6. The operating costs were recorded for 85°C of all
studied thickness as moderate value. 1 mm puree

thickness is the least costs of all studied thickness of
dried puree, it has lower rehydration ration and in
turn lower quality. Puree thickness of 2 mm is the op-
timal of moderate cost per kg 11.39 L.E./kg, . ..
at water basin temperature of 85°C.
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