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Abstract:

e increasing interest in renewable energy has opened an opportunity to apply this technology in the industry and domestic sector.
However, in solar-based systems, limitations associated with the intermittent energy delivery can cause unstable performance and
unreliable designs. Weather fluctuations, such as wind speed and appearance of clouds, are considered the principal factors that
contribute to the instability in the amount of energy available. In the agriculture, for instance, the use of thermal solar energy
applied to dryer systems is highly desirable since the process is energetically very intensive. erefore, it is feasible to design dryer
devices for agricultural products, with important economic returns due to energy savings and the value added to the materials
processed. us, the energy performance of systems that operate with solar thermal energy can be improved by introducing an
energy accumulation system based on the use of phase change materials (PCM). e detailed methodology for the design of a
thermal energy accumulation system for a tunnel dryer type Hohenheim for agricultural products is presented. As PCM, paraffin
is chosen because its melting temperature is near 60 °C, which is an appropriate value for the drying temperature of this kind
of products. e theoretical calculations show that the value of the surface temperature has an important influence on phase
change calculations and the total mass of PCM required in the system. On the other hand, the heat transfer is dominated by the
external heat transfer in the air. Additionally, the tube diameter significantly affects the phase change time. e results obtained
are important and make a significant contribution to the knowledge required for implementations of similar systems, since little
has been explored in this field in regions where the weather conditions are suitable to unexpected changes. e design should be
implemented in an experimental prototype of Hohenheim dryer and its performance is to be determined based on measurement
of the energy change of the drying air.
Keywords: Renewable energy, solar dryer, PCM, heat transfer.

Resumen:

El creciente interés en las energías renovables ha abierto una oportunidad para aplicar esta tecnología en la industria y el sector
nacional. Sin embargo, en sistemas basados en energía solar, las limitaciones asociadas con la entrega de energía intermitente pueden
causar un rendimiento inestable y diseños poco confiables. Las fluctuaciones climáticas, como la velocidad del viento y la apariencia
de las nubes, se consideran los principales factores que contribuyen a la inestabilidad en la cantidad de energía disponible. En
la agricultura, por ejemplo, el uso de la energía solar térmica aplicada a los sistemas de secado es altamente deseable ya que el
proceso es energéticamente intensivo. Por lo tanto, es factible diseñar dispositivos de secado para productos agrícolas, con retornos
económicos importantes debido al ahorro de energía y al valor agregado de los materiales procesados. Por lo tanto, el rendimiento
energético de los sistemas que funcionan con energía solar térmica se puede mejorar mediante la introducción de un sistema de
acumulación de energía basado en el uso de materiales de cambio de fase (PCM). Se presenta la metodología detallada para el
diseño de un sistema de acumulación de energía térmica para un secador de túnel tipo Hohenheim para productos agrícolas. Como
PCM, se elige parafina porque su temperatura de fusión es cercana a 60 ° C, que es un valor apropiado para la temperatura de
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secado de este tipo de productos. Los cálculos teóricos muestran que el valor de la temperatura superficial tiene una influencia
importante en los cálculos de cambio de fase y la masa total de PCM requerida en el sistema. Por otro lado, la transferencia de calor
está dominada por la transferencia de calor externa en el aire. Además, el diámetro del tubo afecta significativamente el tiempo de
cambio de fase. Los resultados obtenidos son importantes y aportan una contribución significativa al conocimiento requerido para
implementaciones de sistemas similares, ya que se ha explorado poco en este campo en regiones donde las condiciones climáticas
son adecuadas para cambios inesperados. El diseño debe implementarse en un prototipo experimental de secador Hohenheim y
su rendimiento debe determinarse en función de la medición del cambio de energía del aire de secado.
Palabras clave: Energía renovable, secador solar, PCM, transferencia de calor.

1. INTRODUCTION

e use of direct sun energy as renewable source in the industrial and domestic sector is limited due to its
intermittent delivery. Particularly in the tropical region the availability of light hours is greater compared
to the areas between the Arctic and Antarctic polar circles and the Tropics of Cancer and Capricorn. is
favors the use of devices powered by this type of energy. erefore, it is necessary to know the potential
of renewable energy sources in the region, to make a good design process in projects related to this type of
technologies [21,22].

However, weather fluctuations (winds, clouds, etc.) cause variation in the amount of energy entering the
devices. For this reason, mechanisms have been proposed to improve the conditions of stability and reliability
of solar based systems. Such is the case of the use of thermal energy accumulation systems, using phase change
materials (PCM), applied to devices that operate using solar thermal energy. Current research is aimed at
comparing different types of PCM, determining the most appropriate depending on the application that is
required. e most common uses, taking advantage of solar thermal energy can be found in applications for
heating enclosures or swimming pools, water heaters or for dehydrating products [1, 2, 3].

In the value chain for agricultural products, drying is the process with the highest energy requirement.
For that reason, the implementation of dryers that use solar thermal energy has advantages, such as energy
savings and reduction of production costs, together with increase in the value added of the products and
reduction in product losses for farmers. In developing countries product losses can account for 30 % to 40
% of harvested material [4].

e main advantage of thermal energy accumulation systems using PCM in drying applications, compared
with sensible heat accumulation, is that it is possible to maintain a constant temperature inside the drying
chamber during energy delivering by phase change.

In the present work, the methodology of design of a thermal energy accumulation system for a Hohenheim
type solar tunnel dryer for aromatic plants is presented.

e methodology includes the analysis of the heat transfer phenomena involving natural convection
during phase change in the PCM and forced convection in the drying air. Paraffin is used as PCM as it has
a melting temperature of 60 ˚C which is in the appropriate range for the drying of aromatic plants. Other
factors such as cost, availability and safety were also considered. e modified tunnel dryer, has a modular
design consisting of three main parts: the collector, the accumulation system and the drying chamber. e
designed accumulation system consists of a cross flow heat exchanger. e PCM is located inside copper tubes
that are located perpendicular to the direction of the air flow. It was observed that the surface temperature
of the tube has an important effect on the phase change time and on the total mass of PCM required in
the system. On the other hand, a greater thermal resistance is presented in the heat transfer process by
external convection, compared to the internal one. e developed methodology and the results obtained are
important and make a significant contribution to the knowledge for possible implementations of similar
systems since little has been explored in this field in the tropical region.
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2. INITIAL CONSIDERATION

e energy accumulation module is designed to be placed in a Hohenheim-type tunnel dryer between the
collector and the drying chamber. e basic configuration of this type of dryer can be found elsewhere [5, 6,
7, 8, 9]. e drying air is forced to flow through the dryer by means of fans located at the initial part of the
collector. In the collector, the drying air is heated and then is conducted through the accumulation system
and finally through the drying chamber.

e accumulation system consists of copper tubes in a tube bank arrangement forming a cross-flow heat
exchanger. In the solar collector, the energy coming from the sun is captured by means of radiation heat
transfer in a black surface and then transferred through convection to the drying air. When a suitable
level of radiation is available, air flows through the system and is heated at a higher temperature than
the melting temperature of the paraffin. en by passing the accumulation system the paraffin inside the
tubes undergoes melting. e design of the heat exchanger requires the quantification of the heat transfer
phenomena that occur inside the tubes (natural convection with phase change) and outside of them (external
forced convection). For the calculations following assumptions are made:

• e design is performed for the option in which the system is accumulating energy, the PCM
undergoes a melting process. Aer having designed the system, its behavior during solidification is
analyzed.

• No overheating of the melted PCM or sub cooling of the solidified PCM is considered.
• e inlet temperature and mass flow of the air in the heat exchanger is constant.
• Energy transferred in the system during phase change varies with time due to the continuous

changing of the solid and melting fractions inside the tubes. For design purposes the heat transfer in
the system is analyzed as a steady state process with average constant parameters.

• Heat losses in the system are negligible.

From the last assumption an energy balance in the module states that the energy delivered by the air is
transferred to the phase change material during the phase change process. is quantity of energy is the
parameter that enables to determine whether the heat exchanger meets the established requirement for
desired heat transfer rate  or not. e desired heat transfer rate is calculated from the temperature change
in the air based on an input temperature in the tube bank of  (temperature reachable at the collector
outlet) and the desired outlet temperature  (suitable drying temperature for agricultural products
[11]) and can be calculated using (Equation 1).

(1)

e air velocity is set at , this value lies in the higher range used in this type of dryers [3]. Higher
velocities mean higher air mass flows and consequently the heat transfer requirement to reach the desired
temperature is higher, the module is than designed for this work condition. e thermo physical properties
of air are calculated at the average temperature  between inlet  and outlet .

For calculation purposes, all tubes were assumed to have the same length of 1 m corresponding to the
width of the tunnel dryer. However, the tubes have different dimensions, since this system is incorporated
in a module with the same geometry of the solar dryer in gable roof disposition. is can be seen in Figure 7
were the length of each tube decreases with the vertical distance. e final design considers these variations
by increasing the number of rows at the end of the assembly in a way that the heat transfer area  and the
mass of PCM correspond to the calculated values.
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3. METHODOLOGY

e design methodology comprises four main stages. Stage one includes heat transfer through phase change
inside the tubes. e paraffin properties required to perform the calculations are summarized in Annex A1.
e analysis of this zone allows the calculation of the convection heat transfer coefficient on the internal side

 and the required minimum mass of PCM required. Stage two corresponds to the geometric sizing of the
system, which is based on the required minimum mass of PCM and the available space in the cross section of
the tunnel. e dimensioning allows determining the convection heat transfer coefficient in the external side

 of the tubes. e calculation procedures of  and  requires the knowledge of the surface temperature
of the tubes . As this parameter is not known a first estimation is made. With  and , the total heat
transfer coefficient of the exchanger U is determined.

Stage three, includes verifying if the proposed design meets the requirement given by the desired heat 
is is done by applying the Number of Transfer Units (NTU) method for the design of heat exchangers.
e effectiveness of the heat exchanger and the actual heat transfer , which must be greater than or equal
to , were calculated. In case of not fulfilling the condition, a geometric resizing of the system was carried
out. When the heat requirement is fulfilled, the actual surface temperature  of the tubes and the final
temperature  of the air are calculated in stage four. Finally, in stage five, the design is consolidated.

3.1. Analysis of heat transfer inside the tubes

For the heat transfer analysis inside the tubes the correlations proposed by Bareiss et al. [8] are used.
ey developed expressions for an average  (Equation 2) and an average dimensionless melting time 
(Equation 3) for a PCM inside a circular enclosure. e average value of  is calculated from  as  =

 . Using (Equation 4) together with (Equation 5 and 6) the required minimum mass of PCM in
the system can be determined.

(2)

(3)

(4)

(5)
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(6)

3.2. External heat transfer through the tubes

e analysis of the heat transfer on the external side of the heat exchanger is based on the method proposed
by Zukauskas presented by Cengel [9]. For a staggered configuration  can be estimated according to
(Equation 7).  is calculated using the maximum air speed in the arrangement.  is determined from

 as = . e overall heat transfer coefficient of the exchanger (U) is calculated according to
(Equation 8).

(7)

(8)

3.3. Determination of the heat capacity of the module

Using the calculated external and internal heat transfercoefficients, the heat transfer capacity of the module
isdetermined using the method of Number of TransferUnits (NTU-Method) [11, 10]. e actual heat
transfer inthe module is calculated according to (Equation 9, 10 and 11).e maximal heat transfer  is
calculated from the maximum temperature difference and the heat capacity of the air .

In the case that  it is necessary to perform a resizing process to increase .

3.4. Determination of the actual tube surface temperature and air exit temperature

e procedure for calculating the actual tube surface temperature  was to relate the  to find the phase
change time by (Equation 6). Initially the assumed is taken to find the mass of PCM . at calculated
time is compared to the time that is calculated when the phenomenon of heat transfer into the tubes is
involved. So, the actual tube surface temperature  is when this iterative process is performed, and equalities
are achieved at the time of phase change.

 is calculated using Equation 9 [6] from an energy balance of the drying air.

(9)
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4. RESULTS AND DISCUSSION

Table 1 show the results of the heat transfer analysis inside and outside the tubes respectively when using a
first set of given conditions. Table 2, shows the results of the operation of the heat exchanger.

For the analysis of the external heat transfer the staggered configuration was used as it allows a higher
turbulence in the air increasing the heat transfer in the system. e distances between tube axes are initially
fixed as two times the diameter of the tube. Table 3 presents the main dimensions of the tube bank.

TABLE 1
Calculated heat transfer parameters

Source: Own elaboration.

(10)

(11)

(12)
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TABLE 2
Calculated parameters of the heat exchanger

Source: Own elaboration.

As can be seen from Table 2 the calculated value of  is lower than . erefore, it is necessary to perform
a resizing of the system aiming to increase the value of . As shown in (Equation 10) this value is a function
of the effectiveness # and the maximum heat .

e value of , for the present study, is considered constant, since it depends on  that in turn depends
on the specific heat of the air and its mass flow and  is a design parameter. To reach the desire value of 
608.24 an effectiveness # of 90.90 % should be needed, representing an increment of 63 % from the initial
value of 55,00 %. NTU must be then incremented from 0,79 to 2.377, calculated from (Equation 11). As
shown in (Equation 12) the value of NTU can be increased by:

• Increasing the overall heat transfer coefficient U.
• Increasing the heat transfer area .
• A simultaneously increase in U and  (in case the increase of one of the two independently is not

sufficient to achieve the expected NTU value).

TABLE 3
Configuration of the tube bank
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Source: Own elaboration.

FIGURE 1
Variation of the overall heat transfer coefficient U with respect to h ext and h int

Source: Own elaboration.

e overall heat transfer coefficient U depends on  and . In Figure 1 the change of U is presented with
a variation of  (line with asterisks) keeping the value of  constant in 28.22 ; and with a variation of

 (line with circles) keeping the value of  constant at 561.35 . It is clearly observed that the system
is dominated by the external heat transfer. is behavior is expected because of the high value of the internal
heat transfer coefficient, compared to the value of the external heat coefficient. Modifications tending to
increase the value of U should concentrate on improving the heat transfer from the external side.

An increase in  is reached with an increase in  which is achieved by increasing  and making the
ratio  greater than 1 as expected from Equation 7.

A decrease in  and  increases the maximum air velocity in the tube bundle making  higher. Figure
2 shows the variation of  with . e variation is done by keeping the value of  constant at 0.05159,
which corresponds to 2.5 times the radius of the tube (0.0206m) varying the value of  according to the
desired ratio. is figure shows that with an increase in the ratio  the  decreases considerably. is is
because the decrease in the Reynolds number (indicated in the figure) caused by the increase in the distance

 has a greater effect on Equation 7 than the increase in that ratio. e pressure drop in the tube bank is
determined by applying the relationship developed by Zukauskas et al. [14, 15]. e calculated pressure drop
is only 60 Pa for the most critical case in which  and  are low, so it is not considered a relevant issue when
selecting the distances between tubes.
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FIGURE 2
Variation of h ext with the relation ST /SL . is included for selected values

Source: Own elaboration.

Figure 3 presents the results of U by  1.0 and 1.2. e best option to implement in the design is 
1.0, with a distance between centers of 1.25D, obtaining U= 44.99  that corresponds to an increment
of 59.71% when compared with the initial value.

FIGURE 3
Overall heat transfer coefficient U by ST/SL  1.0 and 1.2

Source: Own elaboration.

Another possibility to increase the value of U is by changing the tube diameter. Two possibilities where
studied maintaining a relation . is distance, was proposed by Holman [12]. e effect of varying
the tube diameter affects both the inside and the outside heat transfer conditions of the tubes, so this is
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considered when calculating U. As can be seen in Figure 4 with an increment in tube diameter (these are the
commercial ranges of pipelines) the overall heat transfer coefficient is considerably affected. Between  and
1.5 in of commercial diameters. However, for pipes with a diameter between 2 and 4, there is no significant
variation in the overall heat transfer coefficient, therefore, no account will be taken.

FIGURE 4
Behavior of U varying the nominal of the copper tube

Source: Own elaboration.

Due to the increment of the cross section of the tubes, the phase change time increases as the radius
becomes larger. Phase change time is an important design parameter as short phase change times mean short
energetic autonomy of the system. For the present project 2 h autonomy is considered as acceptable. It was
observed that diameters smaller than 1.5 in are not suitable for the design because they have a shorter phase
change time. In turn, large diameters have a lower overall heat transfer coefficient value.

When performing the calculations again, with the nominal diameter of 1.5 in,  ratio and  distance;
the new values are: , , , . Although, approaches , it is still below it.

Another improvement in NTU can be reached by increasing the heat transfer area . Figure 5 presents the
variation of NTU with  between 9.47 and 12.45 m2, which is the range of area that can be handled in the
system. As shown in Figure 5, the increment in NTU is not as effective as when increasing U. Moreover, the
possibility of increasing the heat transfer area of the tubes is limited due to space considerations, structural
problems that can be presented in the module due to excessive weight and increasing costs. Consequently,
an increment in heat transfer area is not considered.
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FIGURE 5
NTU behavior, modifying AT

Source: Own elaboration.

Table 4 presents a general summary of the resizing of the system. With these changes, the ratio of  and 
is 80.73 %. e value of 1298.33 W is the maximum achievable heat transfer in the system and is accepted for
the final design. Finally, the Table 5 shows the actual values of  and  compared with the values assumed
initially.

TABLE 4
Design parameters recalculated with ST  = SL  = 1.25D

Source: Own elaboration.
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TABLE 5
Assumed and calculated values of #s and #F

Source: Own elaboration.

With the calculated  and the #s assumed initially, Table 6 shows a comparison of parameters
calculated from the point of view of the phenomenon of internal heat transfer in the tube. As can be seen
in Equation 7, the incidence of #s in the external phenomenon of heat transfer is only evident in the ratio
of , whereby it can be stated that the temperature of the surface, has no relevant impact on the
external heat transfer. A different situation occurs in the internal side, where #s plays an important role when
calculating the time of phase change and minimum mass of PCM.

TABLE 6
Comparison of internal heat transfer parameters with calculated and assumed Ts

Source: Own elaboration.

5. FINAL DESIGN

Figure 6 shows the final configuration of the thermal storage module. As can be seen in figure 6a, the length
of the tubes varies with the vertical distance, therefore, it is necessary to attach more rows in the module, to
maintain the calculated heat transfer area of 9.47 m2. Figure 6b shows the configuration of the rows along
the accumulation module. is final design will be implemented in a prototype of a Hohenheim-type tunnel
dryer to evaluate its performance experimentally.
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FIGURE 6
Final configuration of the thermal storage module. (a)

Cross section (b) Longitudinal section. Measures in meters
Source: Own elaboration.

6. PERFORMANCE OF THE SYSTEM AT SOLIDIFICATION CONDITIONS

Using the above design, the performance of the thermal storage module during solidification conditions is
analyzed. In this case the inlet temperature is lower than the phase change temperature of the paraffin. It is
assumed that the PCM is in liquid phase at the phase change temperature and it is instantly subjected to the
air temperature. For the analysis, only the latent heat is considered. Applying the NTU-Method the actual
heat transfer in the system is calculated and presented in Table 7 for different air temperatures.

TABLE 7
Results applying the NTU-Method
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Source: Own elaboration.

Analyzing the behavior of the system, varying #0, in terms of heat transfer, there is no significant variation,
so that U and NTU are maintained in similar values. However, what makes difference, is the difference in
temperature that is reflected in the calculation of  and . In these parameters if a change is observed, so
they are in function of the temperature difference.

Figure 7 shows the variation of #F and  with . As the effectiveness remains almost constant  is
proportional to  and consequently to #F. e minimum outlet temperature for an inlet temperature of
20 °C is 48 °C which is an acceptable drying temperature. Furthermore, at higher heat transfer rates lower
phase change times are expected, since the total amount of energy remains constant as it depends on the mass
of PCM.

FIGURE 7
Behavior of the system,  and #F varying 

Source: Own elaboration.

e phase change time can be calculated from Equation 13.  is determined as the total energy that
the mass of PCM delivers during solidification (for the purposes of this analysis the sensible heat is not
considered).

(13)

As shown in Figure 8 as  decreases the phase change time increases considerably. us, if the temperature
in the system drops instantaneously from phase change temperature to ambient temperature (20 °C) the
system has still autonomy of approximately 30 min. If the temperature remains at 55 °C the autonomy would
rise to more than 4.6 h.
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FIGURE 8
Variation of phase change time t [min] with #0

Source: Own elaboration.

7. CONCLUSIONS

One of the main disadvantages of implementing drying devices using solar energy is the intermittent energy
supply due to weather fluctuations. is can be reduced with the implementation of thermal energy storage
systems using PCM materials.

e developed methodology for the design of an energy storage module consisting of a cross flow heat
exchanger in which the PCM is located inside the tubes can be easily implemented in the design of modules
with different conditions of temperature and air flow. e analysis of the heat transfer phenomena showed
that the system is controlled by the external heat transfer in the air which is strongly affected by the air speed
in the system.

e heat transfer during phase change inside the tubes is important in determining the melting time which
depends strongly on the surface temperature and the tube diameter. Melting times from 30 min to 4.6 h can
be achieved depending on the outside temperature.
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Appendix A

TABLE A1
ermophysical Properties of Semi-Defined Paraffin
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