U.P.B. Sci. Bull., Series D, Vol. 78, Iss. 1, 2016 ISSN 1454-2358

ANALYSIS OF CONVECTIVE DEHYDRATION OF APPLES

Marius INGEAUA', Tudor PRISECARU?, Ton PIRNA?, Cristian SORICA*

Dehydration is an energy intensive process, a very large portion of the
energy used in all industrial processes being used by this process. Between 15 to
20% of the total industrial energy consumption worldwide is used for dehydration,
therefore optimization of the design and selection of equipment, process control and
rational logistics are important factors for improving this process, thus reducing
pollution and increasing the economic throughput. In this we paper analyze a
portion of the convective dehydration of apples in order to identify opportunities for
process optimization through monitoring and control of essential parameters
(temperature, relative humidity and air velocity), as well as providing some
automatic control algorithms for the dehydration process.

Keywords: fruits and vegetables, conservation, dehydration.
1. Introduction

Fruits and vegetables are important for their contribution in vitamins,
minerals, fiber, enzymes, volatile aromatics, etc. Those elements contribute to the
development of metabolic processes in the human body. Eating fruits and
vegetables plays an important role in preventing chronic diseases, cardiovascular
problems, diabetes type II, dementia, and some cancers. As a result of the role
they have in human nutrition, fruits and vegetables must have at least 20-25%
contribution in our diet [4]. The large volume of fruits and vegetables needed to
meet the consumption needs and because they are highly perishable is an issue of
great importance for ensuring the quality of the diet throughout the year.
Preservation using high temperatures or exposure to oxygen lead to the loss of a
significant portion of nutrients, especially vitamins, some of which are destroyed
at temperatures above 40 degrees Celsius [8]. Dehydration is one of the oldest
forms of conservation of fruits and vegetables and is used in order to reduce both
the water content of the products, consequently reducing the activity of
microorganisms and their multiplication, and mass and volume products, reducing
in this way the costs of packaging, storage and transport [9]. After dehydration,

' PhD Stud., University POLITEHNICA of Bucharest, Romania, e-mail: marius_imv(@yahoo.com
2 Prof., University POLITEHNICA of Bucharest, Romania, e-mail: tudor_prisecaru@mail.com

3 Prof., INMA Bucharest, Romania, e-mail: pirna@inma.ro

4 PhD. Eng., INMA Bucharest, Romania, e-mail: cri_sor2002@yahoo.com



242 Marius Ingeaua, Tudor Prisecaru, Ion Pirna, Cristian Sorica

the products must retain as many of their original characteristics (flavor, color,
nutritional value, vitamins, etc.) as possible.

Horticultural products contain large amounts of water, in most cases a
percentage between 70% and 96%. By dehydration the content of water is reduced
to percentages usually between 6% and 25%, depending on their final destination.
Table 1 presents data on fruit dehydration process [2], [3], [4], [7]. In case of
fruits and vegetables, the dehydration can be done immediately after harvest to
reduce their weight and size. Thus, dehydration applied early in the process chain
can reduce the weight and volume of products thereby reducing transportation and
storage costs. Some dehydration parameters are presented in Table 1 for a some
fruits species [2], [3], [5], [10].

Table 1
Fruit dehydration process parameters
. Final .
Nr. Fruit Durﬁtlon Temperature [°C] Humidity ]?(et;snzy
[h] content [%] [ke/m’]
1 Apricots 18...24 45...50/55...65 15 4...5 (halves)
o | Chemiesandsour | ¢ 4o | 45 55/65..72 6...12 6.8 and
cherries 8...10
3 Peaches 6...12 55...60 16 5...6
4 Plums 24...30 50...55/70...75 22...24 10
5 Grapes 12...20 50...55 / max. 70 13...20 8...10
6 Apples (slices) 6...10 50...60/70...72 5...12 6
7 Pears (slices) 5...9 45...50/65...70 10...12 13
8 Quince (slices) 6...8 65...70 22 10

2. Material and Method

Dehydrating fruits and vegetables consists in removing water vapors from
the surface of the body subjected to dehydration using a heat source and a
humidity transport agent (hot air). To get a better rate of dehydration, the products
must have an exposed surface as large as possible, this being the case to achieve
that the products (apples) in this experiment have been sliced [6].

Dehydration process (Fig. 2) is usually divided into several main phases.
Depending on the product subject to this process the number of phases may vary
but the main stages are: heating, drying and cooling.

Heating (AB) was done in a saturated atmosphere to heat the products in a
controlled manner. The heating gradient was set to 20 °C/h. Drying itself (BE) was
realized by rising the temperature from 50 to 68°C in a 12 hour interval, at the
same time venting out the moisture. For moisture exhaust, the flaps C1 and C2
were commanded in phase, while C3 was in antiphase to reduce air recirculation.
The dehydration was stopped after 12 hours because we gathered all the necessary
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data for our analysis, dehydrating further being unnecessary for our purpose.
Cooling (EF) was done for 1 hour by venting in fresh air with 0% recirculation.
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Fig. 1. Chamber for convection dehydration - schematic drawing
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Fig. 2. Dehydration stages

In order to study the convective drying process of apples, we used a
dehydration plant equipped with an automation system and a system for recording
air parameters and mass of the products placed on one of its trays (Fig. 3). The
dehydrator consists in an enclosure made out of polystyrene insulated panels and
stainless steel sheet walls, 24 perforated stainless steel trays of 0.62 by 0.62m and
a total drying area of 9.2 m?. As main actuators, the installation consists in: a 0.75
kW (3 phase) / 1450 rpm fan (V) for hot air recirculation through the enclosure
powered trough a frequency inverter, a water-air heat exchanger for air heating
with a 3 way control valve (V3C), this being supplied with hot water with a
temperature of 70-90 °C provided by a burner (C7) that runs on wood chips or
sawdust, that has a maximum power of 75 kW, three flaps: one for venting out the
moisture (C2), one for fresh air intake (C/) and one flap for air recirculation
obstruction (C3). The installation’s schematic is shown in the Figure 4. The
system is powered from a 3x400V power line, the total power requirements being
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1kW. All the actuators are controlled by the automation system (SA4). The
automation system reads the temperature and relative humidity from the S0 sensor
positioned in the middle of the dehydrator between the product’s trays. The
monitoring system has four temperature and relative humidity combined sensors
(S1 — S4) and four separated air speed sensors (placed in the same places as the
others). The system also has a weight (m) sensor placed under one of the middle
trays to read the product’s weight. The sensors feed information (4-20mA) to two
ADC to Ethernet TCP/IP converters (ADC/NET), connected to an Ethernet
network switch. The monitoring software that runs on the computer collects data
from the ADC/NET converters that reads the analog values of the sensors and
stores it in an Access 2003 database.

Fig. 3. Dehydrator (left) equipped with an automation and monitoring system (right) and the
sensors used (center)
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Fig. 4. Dehydration plant layout

The sensors are placed as follows (Figure 4): S7 is placed immediately
after the heat exchanger, before the first tray of products, S2 is placed between the
product’s trays at three quarters of the length of the trays, S3 is places after the
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products, in the air recirculation tunnel, before the air exhaust flap, S4 is placed
after the air exhaust flap and before the fresh air intake flap and m is placed under
the tray where the S2 probe is placed. The values are recorded in the database at a
configurable interval, in this case being set at 10 seconds. The Access 2003
database can be exported in various formats used for further processing. The
experiment consisted in the dehydration of 15 kg of apples. The apples were
washed, sliced in 6-8mm thick pieces and placed evenly on the trays.

3. Results

The weight of the fresh products at the beginning of the process was 15kg.
For apples that have 85% water content, the total weight of water m, , in the
products subjected to dehydration is:
My W 15kg -85%

. = =12.75k 1
" 100 100 & M

m

where m is the fresh fruit total weight and w,,, is the water content.
The weight of the dry substance m, in the products is:
m, =m, —m,, =15kg —12.75kg = 2.25kg 2)

Fig. 5. Products before (left), during (center) and after (}igh) dedra n

At the end of the dehydration process, the weight of the products was 4kg.
The water content of dryed fruits is:

mw,,, 100 1.75kg-100

m;

Wy, = =43.7% 3)

Air parameters variation during the dehydration process of apples for a
period of 810 seconds is shown in Figure 7. We analyzed various parameters over
several successive periods of air exhaust, a period being the time elapsed between
the closing of the flaps, e.g. sample 1 and the next time the flaps are closing,
sample 12 in this case. The trial was set for total recirculation and air inside
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exhausted upon reaching a relative humidity threshold high enough to provide
meaningful data for the analysis. Samples were extracted during the slow
dehydration period because it has the longest time of all phases and improving its
effectiveness, the efficiency of the entire process will be influenced.

The whole dehydration process lasted for 5h and 30m. In Figure 5 are
pictures with the products before, during and after dehydration. In Figure 6 is
presented the dehydration chart for sensor S2 and the weight of the products (for
the tray under that the sensor was placed).
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Fig. 6. Dehydration chart

To ensure that the results will not be affected due to the measuring errors
of the sensors, the data from the beginning of the process, before the heating
phase, was processed in order to determine the measuring error. To calculate the
measuring error we looked at the measuring difference between the values of
sensor S1 and sensor S3, because these sensors in this phase had to indicate the
same value. Because the measuring error of the temperature was very small and
because usually the temperature probes can be very well calibrated, we attributed
the error to the relative humidity sensor. In this experiment we only care about the
water vapor content in the air, and its error was calculated as being equal to:
€4, , =1.38g/kg . This value is the average of the difference between the value

indicated by the S1 sensor and the value indicated by the S3 sensor. This
calibration can also be done by starting the process without any products inside
the dehydrator; both sensors must indicate the same values, the difference
between them representing the error.
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Fig. 7. Air’s parameter values in an interval of 810 seconds during the dehydration process studied
(10 second samples)

To analyze the process, the closing moments (samples 1 and 16) and
opening moments (samples 12 and 23) of the flaps were chosen. After closing the
flaps, the relative humidity increases between samples 1 and 12, and falls between
samples 12-16 after the flaps closed. The process is repeated in the subsequent
intervals. For a quantitative analysis of the process we analyzed the amount of
moisture in the air, because relative humidity can not provide relevant
information. Thus, the amounts of moisture values were calculated and the graph
is presented in Figure 8. To get the moisture content we used the following
formula:

x, 20622 — P Pas ok &)

pB _(0” pAs

where: x, is the water vapor content [kg/kg]; ¢ — is the relative humidity [RH % /
100]; p, - Water vapor saturation pressure at the temperature at which the

calculation is made [bar]; p, — Atmospheric pressure [bar].

With these values we can analyze various parameters such as the amount
of moisture vaporized from the surface of the products, the amount of moisture
discharged from the system and the rate of vaporization.

The amount of moisture vaporized from the product’s surface reported per
kg of air is represented by the difference between the amount of moisture
measured by the sensor S1 placed before the products and its value measured by
the sensor S3 placed after the products. The variation of this parameter is shown
in Figure 9.



248

Marius Ingeaua, Tudor Prisecaru, Ion Pirna, Cristian Sorica

dx,, (n) = x5(n)—x,(n),

where 7 is the sample number.

Fig. 9. The amount of moisture vaporized from the surface of the products dx, ; [g/kg]
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Fig. 8. The values of the amount of moisture in the air
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Since sensor calibration showed a measuring error, the corrected real value

becomes:

dx}—lr (n)= X3 (n)— X (n)— ‘édxH ,

(6)

where n is the sample number, and the real value corrected with the measuring

error is:



Analysis of convective dehydration of apples 249

de'—lr (}’l) = x3 (}’l - 1) - xl (n) - éd@,, (7)
If a process that takes place in optimal conditions, the integrals of these

curves will be equal to the amount of moisture vaporized or amount of moisture
discharged from the system. Figure 10 shows the trend of this parameter.

m,, = [ dv, o and m,, = [dx, o (8)
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Fig. 10. The amount of moisture discharged from the system dx,_; [g/kg]

Because we have discrete values we summarize these values and we get
the amount of moisture vaporized per unit of mass of fluid that is circulated:

mvup = Z?O dx},l (n) = 36851 g/kg (9)

and the amount of moisture discharged from the system compared to the same
unit mass is:

m, = 2:‘0 dx,_, (n) =36.433 g/kg (10)

One can see that this two values are very close, indicating that not all of
the moisture has been evacuated from the system.
The difference between the two values is the amount of moisture
exhausted out of the enclosure:
Ax=m,, —m, =0418 g/kg (11)
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To quantify the real value of the amount of moisture in the air the values
must be reported for the mass of the air being circulated. Because in the
experiment we used sensors to measure air velocity, we can calculate the mass
flow rate of air circulated so the mean air velocity in the examined time being:

sz ()

—— =4.94 m/s 12
3 o1 (12)
for the sensor S3, in a flow section of 0.69m x0.4m, meaning a flow surface S

of 0.276m”>. This being said, the air mass flow is:

= p,, VS = 1.085"—‘%~4.94ﬂ.0.276m2 =1.478 kg/s (13)
m S

where p . is the air density at an average temperature of 54 °C. The same mass

air flow is at sensor S1 and also on the product’s surface, but with a lower
velocity because the flow section is larger. The average flow velocity in this area

1S:
~ Zvl (n)

v, =-—=0.976 m/s (14)
40

If we multiply the value of dx, ,(n) with the air flow mass r1;, we will
get the speed of moisture vaporization from the product’s surface in respect to the

unit of time 71, , :
My =dx, , -ms, [g/s] (15)

where Atz =10s is the time interval between two consecutive samples.
In the period considered, the mass of vaporized moisture from the surface
of products is:

40
My = D (i1, At =544.6 ¢ (16)
1
For the period considered, the average surface speed of vaporization is:

— m,,, 544.6g
m, ,, =—2=—2=0.672 g/s 17
-0 T 8105 g (17)

total
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To plot the moisture content versus time, the Henderson-Pabis model [/]
can be used:

m, =" = g™, [kg/kg] (18)
m

s

where: m, is the moisture content; m, = is the mass of the solid content;
a =5.2606 and k£ =0.000783 are calculated coefficients.
So, for the studied process, the equation is:
m, =5.2606-¢""%" | R? =0.994 (19)

where ¢ is the time, measured in tens of seconds.

-0.00078309x

5 1™ y = 5.26064905e
< R? = 0.99408849

- - -m=f(®)
Expon. (m=f(t))

[x10s]

1 142 283 424 565 706 847 988 1129 1270 1411 1552 1693

Fig. 11. The amount of moisture depending on time

For an accurate calculation of coefficients the time period between the
beginning and the end of the dehydration was examined, ignoring irrelevant
information during heating.

4. Conclusions

For effective control of dehydration equipment we need at least two sets of
sensors placed before and after the products subjected to the process. Through this
site we obtain vital information for increasing the process efficiency.

Using the calculated values we can get some important information
regarding the development of the process even during dehydration, such as: the
time until the end of the process, energy consumption, internal and external
temperature of the products etc. The process time is a useful parameter that can be
estimated after a certain process time has passed, because some data on the
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dehydration speed is needed in order to establish the mathematical model to be
used, such as Newton, Page, logarithm, etc. The temperature of the inner and
outer surfaces of the products can be calculated using the wet bulb temperature,
since we know that the products have this surface temperature, so their inside
must be at a lower or equal temperature of the wet bulb.

Due to the large measurement error of the sensors for this analysis, a
calibration is required before starting the process. This eliminates the need for
absolute calibration of each sensor which leads to savings in time and money. It is
well known that a relative humidity sensor regardless of the method of
transforming the physical size to electrical quantities can provide at best modest
measurement accuracy. Because of the environment in which they are used, these
sensors would require a calibration pretty often. By implementing a relative
calibration we can increase the calibration interval. Also this will provide accurate
absolute values and more relevant information than obtained by a precision close
to that provided by the manufacturer. After the relative calibration of the sensors,
an offset value can be assigned to one of the RH sensors so it’s value can be used
in calculations and process control.

The Henderson-Pabis model, offers a good precision for the plum’s

dehydration process analysis with a square root error of: R* =0.9985.
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