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Abstract
In this study, drying of grape (Vitis vinifera) in isothermal and non-isothermal conditions has been done with the newly 
improved proportional integral derivative (PID) system. The average energy efficiency has been calculated in the processes 
in which the grapes are dried is 53.4% in the isothermal PID system, 59.7% in the non-isothermal PID system, and 30.5% in 
the tray dryer (forced convection). To maximum exergy efficiency in the tray dryer, the experimental optimization is made 
according to the response surface methodology (RSM). In the RSM design, the results have been evaluated by working at 
different airflow rates (1.5 m/s, 2.2 m/s, 2.9 m/s) and different temperatures (298 K, 308 K, and 318 K). In natural condi-
tions, the drying of grapes took approximately 8 days in the sun and 11 days in the shade. A new shrinkage model has been 
improved based on the transformation rate, considering the drying behavior of grape grains. The consistency of the obtained 
model equation with the experimental data has been determined with the help of statistical analysis (R2 0.9987, SST 0.0098). 
Moreover, when the diffusion behavior of grapes has been investigated, it is determined that both temperature and airflow 
rate increase the effective diffusion coefficient in the tray dryer. The maximum effective diffusion coefficient in the tray dryer 
is 2.11·109 m2/s at a temperature of 318 K and an airflow rate of 2.9 m/s.
Highlights
• According to the exergy results, the efficiency has been found to be maximum in the non-isothermal drying performed 
with the new improved system.
• A new model has been improved based on the conversion rate of shrinkage diameter for grape grains during drying.
• To obtain maximum efficiency in the tray dryer, the experimental design of the airflow rate and temperature has been 
evaluated by RSM optimization.
•The effective diffusion coefficient of grape has been compared in the tray dryer under the different conditions.

Keywords  Grape drying · Exergy efficiency · Shrinkage model · Effective diffusion · RSM

1  Introduction

Many natural and artificial processes related to the drying 
of foods have been developed in the literature. Natural pro-
cesses are generally designed using solar energy and the dry-
ing process is carried out without losing the nutritional value 
of foods. Using Fick’s law, the effective diffusion values of 
the air have been found between 1.93·10−11 and 9.16·10−11 
m2/s in which grape leather in different thicknesses was used 
for sun drying [1]. After the food is harvested, it is requested 
that the moisture in its structure be preserved by drying in 
the sun should drop below 20% [2]. The most efficient condi-
tions for sun drying in an economical method are that the air 
is dry, breezy, and at a minimum temperature of 86 °C [3]. 
This process can contribute to the sun exposure of nutrients, 
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removing most of the water from them, and thus their pres-
ervation. However, since it has been observed that drying 
by exposure to direct sunlight has many disadvantages, 
systems have been developed for indirectly sun drying and 
drying food [4]. Systems developed using direct, indirect, 
and mixed methods in solar-powered dryers are becoming 
widespread [5]. In indirect drying, the food to be dried is 
exposed to the open air for several days to reach the desired 
moisture content. In the indirect solar drying method, the 
energy gained by the system is used to heat the flowing air 
for the product to be dried [6]. To improve energy efficiency 
in food drying technologies, hybrid systems have been devel-
oped to increase energy efficiency [7].

Advances in drying technologies have enabled foods to 
be preserved without losing their nutritional value by eco-
nomical methods [8]. Controlling the drying process is very 
important to increase the safety, quality, and efficiency of the 
food and to minimize the production cost [9]. Zeolites have 
been used in the food industry to increase drying efficiency. 
When used in the dehumidified air-drying process with 
zeolite, 10–18% more efficient energy results were obtained 
between 52 and 70 °C compared to conventional dryers [10].

In a study, the effect of drying methods on essential oil 
ratios of fresh lemongrass (2.86%), oven-dried (2.45%), 
shade-dried (2.12%), and sun-dried (2.10%) samples were 
compared. Lemongrass has been dried in the sun (36 h), in 
the shade (48 h), and in the oven (7 h) at 45 ° C with three 
different drying methods [11]. In another investigating of 
the effect of drying efficiency on essential oil ratio, Satureja 
Hortensis plant was dried using three different drying meth-
ods (sun, shade, and oven drying at 45 °C). GC-MS analysis 
showed that there was no significant difference in oil yield of 
the shade-dried (0.94%), sun-dried (0.87%), and oven-dried 
(1.06%) samples [12].

In a study for seaweed, the performance of a sun dryer 
designed with natural convection was compared with dry-
ing in the shade. Solar drying was done in 6 days (20.45% 
moisture) and shade drying in 9 days (3.78% moisture). 
Both error functions and correlation coefficients have been 
calculated by statistical analysis using the kinetic models 
of Linear, Lewis, Henderson, and Pabis [13]. The drying 
behavior of Vernonia amygdalina leaves was investigated by 
drying in the open sun with shade and drying kinetics were 
modeled by statistical approaches. According to the Midilli 
and Kucuk models, V. amygdalina leaves dried in open sun 
and shade were calculated of R values 0.99951 and 0.99981, 
RMSE values 0.00243 and 0.00253, and chi-square values 
0.000511 and 0.000428, respectively. In addition, the effec-
tive diffusion coefficient was calculated to be 26.58·10−10 
m2/s in open sun drying and 52.77·10−11 m2/s in shade dry-
ing [14]. It has been observed that drying the leaves in the 
shade gives better results as photochemical effects cause 
deformation in leaf morphology in open sun drying [14, 15].

In recent years, exergy analysis and optimization of sys-
tems have been carried out in drying processes [16]. Freeze-
drying was investigated in a study that analyzed the exergy 
losses in the drying process and created the mathemati-
cal model and evaluated the distribution of exergy losses. 
According to the results, when the temperature of the cooling 
source was reduced from −75 to −25 °C, the energy loss per 
unit mass of the system concerning the moist basis decreased 
from 1409 to 604 kJ [17]. Using the first and second princi-
ples of thermodynamics, the useful energy used during dry-
ing can be estimated. The main purpose of the drying pro-
cess is to evaluate the optimum conditions in minimum time 
and minimum energy [18]. The efficiency and performance 
of the drying systems should be evaluated according to the 
results obtained from the exergy analysis. Hence, it has been 
observed that exergy can play an important role in ensuring 
sustainable and economical energy use [19].

In this research, different drying techniques were used for 
the use of the grape type (V. vinifera) grown in the Eastern 
Anatolia region. The drying behavior of the grapes dried 
in sun, shade, tray dryer, and PID system were investigated 
under isothermal and non-isothermal conditions. Exergy 
analysis can be performed easily with the new PID system, 
and it is ensured that the grapes have been dried in a short 
time, with minimum cost and high efficiency.

Moreover, both a local product (grape) has been intro-
duced and the drying techniques of the product with differ-
ent processes are compared. Since the shelf life of grape, 
which has a large commercial market, can be extended by 
drying, efficient, and economical methods have been evalu-
ated. In this research, the applicability is very high because 
the experimental studies are suitable for real conditions.

2 � Materials and methods

2.1 � Materials

The grape type (Fig. 1), scientific name Vitis vinifera, grown 
in the eastern Anatolia region was collected in Arapgir town 
(Malatya) and prepared for drying. The local grape (V. vin-
ifera) grown in Elazığ and Malatya regions (Turkey) is used 
especially in the wine factory and food sector. The annual 
average harvest of grapes, which is one of the important live-
lihoods of the region, is close to 110 thousand tons (Turkish 
Statistical Institute, 2020).

2.2 � Methods used in the study

The grape harvest in autumn has been collected and prepared for 
drying. The drying kinetics of the grapes has been investigated 
in the sun, shade, tray dryer, isothermal, and non-isothermal 
systems. Firstly, the drying behavior of the grapes in the natural 
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sun environment has been investigated. On average, the entire 
surface (360°) of grape grains of a certain size was dried at 
equal time intervals for about 2 weeks. Under laboratory condi-
tions, it has been dried in the shade for 16 days without expo-
sure to direct sunlight. In the newly improved system, the dry-
ing process was carried out by isothermal and non-isothermal 
conditions at certain temperatures. The grape has been dried 
under isothermal conditions at the temperature of 344 K until 
it lost 80% of its initial mass. The initial moisture of the grapes 
(based on dry mass) is approximately 7% to 7.5% at room tem-
perature. Besides, grape-drying kinetics were studied under 
non-isothermal conditions in the PID system with a certain 
temperature increase rate. This drying process, which started 
at 293 K, was carried out gradually with a heating rate of 0.15 
K/min. The shrinkage behavior of the grape has been modeled 
with the newly developed equation in isothermal and non-iso-
thermal conditions considering the volumetric and superficial 
shape changes in the structure. Besides, parameters affecting 
the drying behavior of the grape with forced convection (tray 
dryer) were determined using the response surface method-
ology (RSM). According to the conditions determined in the 
RSM method, an experimental study plan (Table 1) was made 
with airflow velocities between 1.5 and 2.9 m/s and temperature 
between 318 and 298 K. In the drying system shown in Fig. 2, 
the electricity consumed (kWh), the voltage (V) supplied to the 
system, the power (kW) of the system, and the approximate 
insulation losses can be calculated. In the PID system, high sen-
sitivity temperature and mass losses can be measured, electri-
cal energy entering the system, insulation, and other losses can 
be approximately calculated. A certain amount of sample (1 g) 
can be taken and the temperature can be easily distributed on 
all surfaces to the conductive and porous cell. The PID system 
reactor has a total diameter of 19.5 cm and a height of 21.5 cm 
and is made of perlite-reinforced insulated mortar (5 cm thick), 
rock wool (1.5 cm thick), and aluminum plate (1 mm thick). The 

drying cell was placed in the cylindrical space (approximately 
inner diameter = 6 cm) in the inner center of the reactor. The 
cylindrical drying cell has a diameter of 3.5 cm, a height of 3 
cm, and a porous side surface area (about d = 1–5 mm). The 
drying cell made of galvanized steel plate (1 mm thick) is placed 
in the center of the system reactor. In this system, temperatures 

Fig. 1   The images of the grape (Vitis vinifera) before harvest

Table 1   Experimental design according to RSM for the tray dryer

Experiment no. Air flow rate (m/s) Temperature (K) Drying 
time 
(min.)

1 2.2 298 282
2 2.9 308 220
3 2.2 308 291
4 1.5 308 428
5 2.2 308 293
6 2.2 308 291
7 2.2 308 295
8 1.7 301 378
9 1.7 315 370
10 2.7 301 239
11 2.7 315 228
12 2.2 308 290
13 2.2 318 276

Fig. 2   The improved PID isothermal and non-isothermal system: 
electrical source (1), a potentiometer (2), mass scale (3), drying reac-
tor cell (4), dry air gas cylinder (5), and flow meter (6)
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can be controlled very precisely with the help of thermocouples. 
For thermogravimetric measurements, the foot of the drying cell 
only comes into contact with the sensitive mass scale (0.001 
g). Temperature control can operate with 0.1 K precision in the 
programmable PID system and the data can be transferred to 
the computer.

2.3 � Exergy analysis

Exergy analysis of grapes can be performed under isothermal 
and non-isothermal conditions in the PID system. Exergy effi-
ciency can be determined since the energy entering the system, 
the energy lost from the system, and the energy consumed can 
be calculated approximately. In the process according to the sec-
ond law of thermodynamics, the exergy changes and efficiency 
analyzed at steady state are given in Eq. 1 and 2 [20–23]. In the 
equations below, the characteristics of the air entering (in) the 
system and the air leaving (out) the system are indicated. Also, 
temperature (T), exergy (Ex), and specific heat capacity (Cp) 
have been expressed with symbols in the equations.

The exergy input and exergy output of the air in the tray 
dryer is given in Eq. (3) and (4) [24].

2.4 � Effective diffusion coefficient

In Eq. (5) and (6), Fick’s diffusion model improved for solids 
with spherical geometry, and the simplified inference by mak-
ing the necessary assumptions are shown, respectively [25, 
26].

In Eq. (7), the change of effective diffusivity with tem-
perature is shown by the Arrhenius relationship [27].

(1)Exergy loss = exergy − exergy out

(2)Exergy efficiency = (exergy in − exergy out)∕exergy in

(3)Exin = minCpin
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2.5 � Shrinkage model

The volume of the spherical structure was obtained by scan-
ning through the three-dimensional printer before and after 
drying. Shrinkage diameter (DR) has been determined in the 
new improved model with the obtained results. Since the 
grains shrink and move away from the spherical geometry 
after drying, their volumes were calculated with the help of a 
three-dimensional scanner. When the experimental data were 
compared with the model equation with the help of statistical 
analysis, R2=0.9987, SST=0.0098 (total sum of squares), 
and χ2=0.025 (chi-square) values were found. In Eq. (8) and 
Eq. (9), α is the conversion ratio, β is the spherical shrinkage 
coefficient, M is the mass of the sample, and ξ is the specific 
correction factor. In addition, some symbols indicate that 
is the initial (i), the final (f), and any time (t) in the models.

The experimental data have been recorded by meas-
uring the average diameter of the grape before and after 
the drying process. These calculations were repeated for 
five different grape grains and the theoretically developed 
model was confirmed in the equation. With statistical 
analysis, correlation coefficients, R2 values, error func-
tions were evaluated, and experimental and theoretical 
results were compared. To determine the exact spherical 
shrinkage diameter in grape grains, all surfaces must be 
at equal temperature during drying. Non-linear regres-
sion analysis is needed to evaluate the parameters of the 
selected model. Since the moisture permeability of the 
waxy skin of the grape is very low, drying the grains is a 
slow and energy-intensive process. Shrinkage during dry-
ing plays an important role in determining the accuracy 
of the drying pattern. The experimental conditions should 
be optimized by examining the drying kinetics, moisture 
diffusion, quality change, and shrinkage behavior [28–33].

3 � Result and discussion

3.1 � Sun drying

Sun drying of food with traditional methods is the oldest 
and most economical method. However, modified systems 
using solar energy have been developed to dry foods effec-
tively and in a short time without losing their nutritional 
value [34, 35]. In this research, the drying behavior of 

(8)a =

(

Mt −Mf

Mi −Mf

)

(9)DR =

(

Vt
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)

= � exp (�) + �
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grape grains was investigated in direct sunlight in the open 
air. In Fig. 3, the drying curve of the grapes is shown 
according to the average day and night temperature val-
ues of the air. When the drying curve is examined, it is 
determined that the slope of the curve decreases in both 
days and slows down very much after the sixth day. The 
decrease in moisture loss after the sixth day of drying in 
the sun is because the grape grains gradually reduce on 
the surface and near the surface. In the drying conditions 
where both heat transfer and the mass transfer took place, 
the moisture in the center of the grains occurred with a 
slower mass transfer rate. In other words, after about the 
sixth day, the drying behavior of grapes can be expressed 
as a decreasing speed region [34–36].

3.2 � Shade drying

In Fig. 4, the curve of drying in the shade without expo-
sure to direct sunlight in the laboratory is given. Drying 
speed in shade drying conditions is slow and since direct 
sunlight has no harmful effects, both shrinkage and nutri-
tional values of grapes are affected less [31].

3.3 � Isothermal and non‑isothermal drying 
with the PID system

The grape was dried at 344 K under isothermal conditions 
with the improved PID drying system. In non-isothermal con-
ditions, starting from room temperature, the drying process 
was carried out in the PID system with a temperature increase 
of 0.15 K/min. It can be seen in Fig. 5 that the drying rate 
of grapes under isothermal conditions is higher than that of 
non-isothermal drying in Fig. 6. Also, the drying time of 
grapes in the isothermal condition is faster than drying in the 
non-isothermal condition. According to the results obtained 

from the exergy analysis in the PID system, the exergy effi-
ciency in the isothermal drying was approximately 53.4%, 
while it was 59.7% in non-isothermal conditions. Since the 
drying temperature of the grapes is both high and constant 
under isothermal conditions, the maximum drying rate and 
minimum drying time were realized. In non-isothermal dry-
ing, on the other hand, starting from room temperature, a 
gradual increase in temperature was achieved with the help 
of the PID system. Since the temperature in the isothermal is 
reached after about 3 h, the mass transfer rate is lower than 
isothermal drying with the effect of temperature.

3.4 � Response surface methodology

In this study, an experimental design was made with sta-
tistical regression according to RSM method and optimum 
conditions were determined according to response func-
tions. In experimental design, it is necessary to determine 
the effective parameters to find optimum results with a 
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Fig. 3   Variation of grape mass loss (%) over time in sun drying

0 2 4 6 8 10 12 14 16

20

30

40

50

60

70

80

90

100

)
%(

sso
L

ssa
M

Time (Days)

Fig. 4   Variation of grape mass loss (%) over time in the shade drying

0 20 40 60 80 100 120 140 160 180 200 220

20

30

40

50

60

70

80

90

100

)
%(

sso
L

ssa
M

Time (min.)

Fig. 5   Drying the grape under the isothermal condition
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small number of experiments. The response functions of 
these parameters in the process are evaluated statistically 
in a fast, reliable way, and a good solution is reached. 
According to the RSM method, the most appropriate 
results are obtained in the most economical, short time, 
and with maximum efficiency by consuming less energy 
[37].

Experimental design, regression modeling, and optimi-
zation processes were evaluated using RSM with the help 
of statistical analysis. Statistical analysis was performed 
with RSM to obtain the minimum number of experiments 
and maximum effective efficiency. In the experiments, 

optimum results were obtained by evaluating the response 
functions of the independent variables. First, the independ-
ent variables and their range of change were defined, and 
then the experimental results obtained were entered into the 
RSM as a response function. The results were evaluated by 
statistical analysis and both optimum experimental condi-
tions and optimum mixing ratios were determined [38, 39]. 
RSM model in Fig. 7 shows the drying time results found in 
the tray dryer for different temperatures and airflow rates.

In the verification experiments, the airflow rate was 2.2 
m/s and the temperature was taken as 308 K, and it was 
repeated five times. According to the experimental data, 
drying times were found to be approximately 291, 293, 
291, 295, and 290 min. In the RSM method, the results 
have been expressed in the lowest 288.897 min. and the 
highest 295.126 min. at 95% confidence interval. With 
the statistical analysis (standard deviation, 2.0826), it was 
seen that the experimental data and the theoretical results 
were consistent.

When the RSM results in Table 2 are compared with the 
models suggested in the tray dryer, it is determined by statis-
tical analysis that the experimental data are more compatible 
with natural log.

In Eq. 10, the drying time (tdrying: min.), drying tempera-
ture (T: K), and airflow rate (v: m/s) have been expressed in 
the RSM model equation.

(10)

ln
(

t������

)

= −28.20963 − 0.387541 ⋅ v + 0.228221 ⋅ T − 0.001838 ⋅ v ⋅ T

+0.108594 ⋅ v2 − 0.000367 ⋅ T2
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Fig. 6   Drying the grape under the non-isothermal condition

Fig. 7   Tray dryer model results 
according to RSM design

Table 2   RSM design models result for the tray dryer

Transformation Source Sum of squares Mean square F-values P-values Std. dev. R2 % C.V.

Square root Quadratic vs 2FI 0.8749 1.1402 145.37 0.0001 0.0263 0.9987 0.1520
Natural log Quadratic vs 2FI 0.0083 0.0041 81.55 0.0001 0.0071 0.9992 0.1255
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According to RSM results, optimum experimental condi-
tions are 2.2 m/s air velocity, 308 K temperature, and 306 
min. 51 seconds drying time.

RSM results in Fig. 8, the distribution of the experimental 
data and the model data were statistically compared. The 
data obtained in the experimental study plan in RSM design 
according to the central composite method were evaluated 
by statistical analysis. In the central region, the distribu-
tion of errors, large deviations, and small deviations have 
been determined, and the harmony between the actual and 
estimated values is evaluated. According to the statistical 
parameters, the significance (p-value = 0.0001) is small, 
the R2 value is close to 1, and the error functions such as 
SST are close to 0 expresses that the reliability between the 
experimental and the theoretical model [39–42].

3.5 � Exergy analysis results

Exergy efficiency has come to the fore in the drying of food, 
as in every field. The energy values entering, leaving, and 
lost in the system during the drying of grapes directly affect 
the exergy efficiency. It has been observed that the energy 

costs of processes with very low exergy efficiency are also 
very high [43–48]. In this study, exergy analysis of grapes, 
electrical energy (kWh) entering the proportional integral 
derivative (PID) system have been controlled. The lost energy 
in the laboratory conditions is calculated approximately by 
examining the controlled (3 times) experiments without dry-
ing in the system. The energy consumed in the drying process 
can be calculated approximately after removing the energy 
lost from the system from the energy entering the system. 
However, it is understood that most of the energy used during 
drying is given back to the environment. While calculating 
the exergy efficiency, all these parameters and system losses 
were taken into consideration and exergy analysis was made. 
The approximate energy efficiency for the processes in which 
the grapes are dried has been calculated as 53.4% in the iso-
thermal system, 59.7% in the non-isothermal system, and 
30.5% in the tray dryer with forced convection [21].

3.6 � Effective diffusion coefficient results

The effective diffusion coefficient was calculated in the 
range of 1×10−10 to 7×10−8 in other studies in which the 

Fig. 8   Statistical analysis of 
RSM model results
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drying process of grapes with convective air was performed. 
In convective drying, the type of grape, the drying surface 
(thin or thick skin), and the speed and temperature of the air 
directly affect the diffusion coefficient. Effective diffusion 
coefficient values calculated for the grape grain at the dif-
ferent temperatures and airflow rates are given in Table 3. 
Average effective diffusion coefficients were determined for 
each grape grain in spherical shape in the constant drying 
region under certain conditions. The spherical grape grains 
prepared for the drying process have been separated from 
their stems, cleaned, and placed in the drying system and the 
data were recorded. Effective diffusion coefficients of grape 
grains of approximately the same size have been calculated 
with the help of the models in Eq. (6) and (7) [49, 50]. Con-
vective air-dried, the grape grains in a shorter time at high 
speeds and temperatures. It is also seen in the experimental 
work plan in Table 1 that the increase in airflow velocity 
and temperature decreases the drying time. The decrease 
in the drying time also means an increase in the diffusion 
rate. Besides, when Table 3 is examined carefully, it can be 
understood that the convective airflow velocity reduces the 
drying time more effectively than the temperature. When 
Table 3 is examined, it is seen that both temperature and air-
flow rate increase the diffusion coefficient. The highest effec-
tive diffusion coefficient has been calculated as 2.11×10−9 
m2/s at 318 K temperature and 2.9 m/s airflow velocity.

4 � Conclusion

In this study, exergy efficiency has been made by compar-
ing different dryers and drying mechanisms for the drying 
grapes. It has been observed that grape grains dried naturally 
(sun and shade) take a long time. The energy losses in the 
drying processes have been evaluated and the method with 
the highest exergy efficiency is determined.

The average energy efficiency for grapes dried by differ-
ent methods is found at 53.4% in the isothermal PID system, 

59.7% in the non-isothermal PID system, and 30.5% in the 
tray dryer.

The suitability of the newly improved model for the 
grapes in the tray dryer to the experimental data (R2 0.9987, 
SST 0.0098) has been determined with the help of statisti-
cal analysis. Also, it has been determined that the effective 
diffusion coefficient in the tray dryer (forced convection) 
increases with both temperature and airflow rate. The highest 
effective diffusion coefficient is calculated as 2.11×109 m2/s 
at 318 K temperature and 2.9 m/s air flow rate.

Heating of the air, sending it to the system at high speed, 
discharging it from the system in a very short time, and insu-
lation losses can cause large energy consumption (kWh). 
However, it was preferred in the tray dryer due to its low 
drying time and drying temperature.

Since the volatile components in the grape are gradually 
diffused from the surface by natural convection, the PID 
system has become advantageous because the color change, 
shrinkage, and deformation in the structure are less. Drying 
of grapes under natural conditions took about a week in the 
sun and 11 days in the shade.
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