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Abstract 

 

One of the current problems is the use of energy obtained 

from fossil fuels, especially due to the emission of 

greenhouse gases. An option to replace fossil fuels is the 

use of alternative energies such as solar or wind energy. 

The objective of this work is to carry out a thermal and 

energy analysis of an indirect air heating system that 

receives energy through solar collectors that operate with 

water as the thermal fluid used in a food dehydration 

system, in order to know the efficiency of the system and 

therefore, make improvements to the circuit, in addition to 

the characterization of the water storage tank of the 

system, obtain the amount of energy that can be provided 

and the behavior of temperatures at different operating 

flows. According to the methodology, the temperature 

profile was obtained inside the hot water tank in two 

modes of operation (heating and energy extraction) 

reaching temperatures of 50 to 70 ° C, where the optimum 

temperature for drying is found and in turn reaching an 

efficiency 84%, compared to a conventional drying system 

that uses LP gas. 

 

 

 

Solar collectors, Dehydration, Alternative energies 

Resumen  

 

Una de la problemática actual es el uso de energías 

obtenida por combustible fósiles, sobre todo por la 

emisión de gases de efecto invernadero. Una opción para 

sustitución de los combustibles fósiles es el uso de las 

energías alternas como pueden ser la energía solar o eólica.  

El objetivo de este trabajo es realizar un análisis térmico y 

energético a un sistema de calentamiento indirecto de aire 

que recibe energía mediante captadores solares que operan 

con agua como fluido térmico empleado en un sistema de 

deshidratado de alimentos, para así conocer la eficiencia 

del sistema y por lo tanto realizar mejoras al circuito, 

además de la caracterización del termotanque de 

almacenamiento de agua del sistema, obtener la cantidad 

de energía que se puede aportar y el comportamiento de 

las temperaturas a diferentes flujos de operación. De 

acuerdo a la metodología se obtuvo el perfil de 

temperaturas dentro del termotanque a dos modos de 

operación (calentamiento y extracción de energía) 

alcanzando temperaturas de 50 a 70 °C, donde se 

encuentra la temperatura óptima para el secado y a su vez 

alcanzando una eficiencia del 84%, en comparación a un 

sistema de secado convencional que utiliza gas LP. 
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Introduction 

 

Solar drying has a positive impact on the 

environment and is practically “free”, however a 

disadvantage of solar drying is that solar energy, 

when used as the sole source of energy for 

drying, is not always available. Such is the case 

of a thermosolar pilot plant where the required 

heat is supplied by two energy sources: solar and 

liquefied petroleum gas. The use of the solar 

resource can be achieved through two systems: a 

direct air heating system and an indirect air 

heating system. One of the most relevant 

objectives of this research focused on the 

thermal analysis inside the thermal storage 

system in order to take advantage of the energy 

that such a system provides and thus propose 

improvements to the system.  

 

 Cisneros et al (2021), carried out the 

evaluation of the technical-economic feasibility 

of the production of electricity from 

concentrated solar thermal plants, similar to 

those in this study. Barrantes (2021), analyzed 

the energy demand both to produce hot water 

and to cool the different environments of the 

Clinic of Stomatology of the Señor de Sipan 

University, by means of an aerothermal pump. 

Chira et al (2020), made the comparison 

between solar collection systems for the design 

and analysis of a conditioning system for an 

office floor. Marchena et al. (2021), and Camayo 

et al. (2021), designed a solar dryer using solar 

collectors similar to those in this work. 

 

Theoretical framework 
 

To carry out the energy analysis of the indirect 

air heating system, temperature data, mass flow 

of the fluids (air and water) in different spaces, 

the relative humidity of the air and the ener gy 

inputs (solar and electrical) are used. The mass 

flow of air is determined by the following 

expression: 

 

𝑚̇𝑎𝑖𝑟 = 𝜌𝑎𝑖𝑟 𝜐𝑎𝑖𝑟 𝐴𝑐−𝑠                           (1) 

 

 Where: 𝝊𝒂𝒊𝒓 is the average air velocity in 

the duct, 𝑨𝒄−𝒔 is the cross-sectional area of the 

duct and 𝝆𝒂𝒊𝒓  is the air density.  

 

 The operation of the indirect air heating 

system involves incident solar energy and 

electrical consumption (pumps and fans). 

 

 The incident solar energy in the plane of 

the solar collector in a period of time is evaluated 

by means of the following expression: 

 

𝐸𝑖𝑛𝑐 = 𝐴𝐶  Δ𝑡 ∑ 𝐼𝑖
𝑁
𝑖=1     (2) 

 

 Where: 𝐴𝐶  is the opening area of the 

solar collectors, I is the solar irradiance in the 

collector plane, Δt is the time interval of each 

measurement and N is the number of 

measurements made. The electrical energy 

(Eelec) consumed in a period of time by the 

motors (asynchronous three-phase) coupled to 

the auxiliary equipment is determined by: 

 

𝐸𝑒𝑙𝑒𝑐 = √3 ∙ 𝐴 ∙ 𝑉 ∙ 𝑃𝐹 ∙ 𝑡𝑜𝑝    (3) 

 

 Where: A is the electrical current, V is the 

electrical voltage, PF is the power factor and 

𝑡𝑜𝑝is the operating time of the fan or pump. The 

instantaneous useful energy transferred to a 

thermal fluid is determined by the following 

expression: 

 

𝑄̇𝑢 = 𝑚̇ 𝐶𝑝𝑚𝑓 (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)              (4) 

 

 While, the useful energy transferred to a 

thermal fluid in a period of time (accumulated) 

is determined by the equation: 

 

𝐸𝑢 = Δ𝑡 ∑ [𝑚̇ 𝐶𝑝𝑚𝑓 (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)]
𝑖

𝑁
𝑖=1   (5) 

 

 Where: 𝑚̇ is the mass flow of the thermal 

fluid, 𝐶𝑝𝑚𝑓
  is the average heat capacity at 

constant pressure of the thermal fluid, 𝑇𝑓,𝑖𝑛 and 

𝑇𝑓,𝑜𝑢𝑡  are the inlet temperatures and thermal 

fluid outlet, respectively. Not all the energy 

available from the solar resource is transferred to 

the hot air that enters the drying chamber. The 

initial energy is lost sequentially through the 

different components that make up the overall 

drying system. Part of the energy from the solar 

resource is lost through solar collectors. The 

instantaneous thermal efficiency of the solar 

collector field is defined as the relationship 

between the gain of useful energy by the thermal 

fluid and the incident solar energy, at a given 

instant, by means of the expression (García et al., 

2019): 

 

𝜂𝑡,𝑐 =
𝑚̇ 𝐶𝑝𝑚𝑓 (𝑇𝑓,𝑜𝑢𝑡−𝑇𝑓,𝑖𝑛)

𝐼 𝐴𝐶
   

  (6) 
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 The global energy efficiency of solar 

energy collection systems considering the 

electrical energy consumption of auxiliary 

equipment (𝐸𝑒𝑙𝑒𝑐) is determined by the following 

expression (García et al., 2020): 

 

𝜂𝑔,𝑒 =
𝐸𝑢,   𝑎𝑔𝑢𝑎

𝐸𝑖𝑛𝑐+𝐸𝑒𝑙𝑒𝑐
    (7) 

 

 Part of the useful energy gained in solar 

water heaters is stored in the hot water tank 

during the heating operation. Therefore, the 

water contained in the hot water tank increases 

its temperature and, therefore, its thermal 

energy. The overall thermal efficiency of the 

water heating system can be defined as the ratio 

between the thermal energy gained by the tank 

and the total incident solar energy during 

effective operation (water pumps on): 
 

𝜼𝒕,𝑺.𝑪.𝑨 =
𝑬𝒕𝒂𝒏𝒒𝒖𝒆

𝑬𝒊𝒏𝒄
=

[𝒎𝑻 𝑪𝒑𝒎 (𝑻𝒇𝒊𝒏𝒂𝒍−𝑻𝒊𝒏𝒊𝒄𝒊𝒂𝒍)]
𝑨𝒈𝒖𝒂 𝒕𝒂𝒏𝒒𝒖𝒆

𝑬𝒊𝒏𝒄
     8) 

 

 Solar water heaters are not the only heat 

exchangers in the indirect air heating system. 

Also, it is made up of plate and finned tube heat 

exchangers. In a heat exchanger with two fluids 

in between, the fluid with a higher temperature 

(subscript h) gives up part of its heat to the fluid 

with a lower temperature (subscript c) and there 

are also some losses to the environment.  

 

 Therefore, a parameter of interest to be 

determined in a heat exchanger is the 

instantaneous thermal efficiency of heat transfer. 

Which can be defined by the following 

expression: 

 

𝜂𝑖𝑛𝑡 =
𝑄̇𝑐

𝑄̇ℎ
=

𝑚̇𝑐 𝐶𝑝𝑚𝑓𝑐 (𝑇𝑓𝑐,𝑜𝑢𝑡−𝑇𝑓𝑐,𝑖𝑛)

𝑚̇ℎ 𝐶𝑝𝑚𝑓ℎ (𝑇𝑓ℎ,𝑜𝑢𝑡−𝑇𝑓ℎ,𝑖𝑛)
   

(9) 

 

 Also, it is possible to determine the 

global thermal efficiency of the heat transfer 

during the total interval of operation of the 

exchanger, by means of the expression: 

 

𝜂𝑖𝑛𝑡 =
𝐸𝑢,𝑐

𝐸𝑢,ℎ
=

Δ𝑡 ∑ [𝑚̇𝑐 𝐶𝑝𝑚𝑓𝑐 (𝑇𝑓𝑐,𝑜𝑢𝑡−𝑇𝑓𝑐,𝑖𝑛)]
𝑖

𝑁
𝑖=1

Δ𝑡 ∑ [𝑚̇ℎ 𝐶𝑝𝑚𝑓ℎ (𝑇𝑓ℎ,𝑜𝑢𝑡−𝑇𝑓ℎ,𝑖𝑛)]
𝑖

𝑁
𝑖=1

  
 (10) 

 

Equipment and materials 

 

Solar energy drying systems are broadly 

classified into two large groups: active systems 

(forced convection) and passive systems (natural 

convection).  

 

 

 

 Three different subclasses of active or 

passive solar drying systems can be identified 

(which vary mainly in the design arrangement of 

the system components and the way in which 

solar heat is used): distributed, integral and 

mixed type solar dryers (Ekechukwu & Norton, 

1997). Distributed mode is one in which the 

solar collector and the drying chamber are 

separate units. While the integral solar energy 

harvesting unit is an integral part of the entire 

system, so there is no need for a special duct to 

channel the drying air to a separate drying 

chamber. Mixed mode combines some features 

of the distributed and integral types (Ekechukwu 

& Norton, 1999). 

 

 The pilot drying plant in the state of 

Zacatecas was designed with a hybrid solar 

drying system distributed by forced convection. 

This system is basically made up of: A 

dehydration chamber, 40 solar thermal energy 

collectors, conventional heat backup, thermal 

storage and auxiliary equipment. 

 

 Solar collectors based on a liquid thermal 

fluid can be used indirectly by using a liquid-gas 

heat exchanger to heat the hot air required for 

drying food. The plant's indirect air heating 

system is made up of: A field of flat solar 

collectors for heating water, a liquid-liquid plate 

heat exchanger. A hot water tank, a water-air 

finned tube heat exchanger, a centrifugal fan and 

auxiliary equipment (water pumps, expansion 

vessel, valves and air eliminators). 

 

 The field of solar collectors for indirect 

air heating is made up of 40 MAXOL MS2.5® 

collectors, equivalent to a collection area of 

92.44 m2, distributed in four banks (rows) in 

parallel, each one made up of two arrangements 

of five collectors in parallel connected in series 

(10 collectors per row). 

 

 This type of collectors has an aluminum 

absorber plate and a network of 11 copper tubes 

(risers). The absorbing surface has a selective 

titanium oxide coating to increase the ability to 

absorb solar radiation. The collectors are 

covered with low iron 4mm textured tempered 

solar glass. The side walls and the bottom of the 

collector are insulated with polyurethane and 

mineral wool. The frame that supports the 

collector components is made of rolled steel. The 

effective area of each collector is 2.32 m2.  
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 In Figure 1, you can see the key 

equipment that makes up the indirect air heating 

system; as well as its instrumentation (Ortíz et 

al., 2020). The solar collectors of the water 

heating system are oriented to the Equator with 

an inclination of 22.72 ± 0.94 (which is 

practically the same as the geographical latitude 

of the location of the plant φ = 22.89°) and with 

a separation between row of 92 cm. Figure 2 

schematically presents the arrangement of the 

flat solar collector field for water heating, as well 

as the location of the sensors that record the 

variables of interest. 

 

 
 

Figure 1 Instrumentation of the indirect air heating system  

 

. 

 
 

Figure 2 Arrangement of solar collectors for water heating 

 

Operation mode 

 

Hot water from water-based solar collector 

systems can be used directly in the water-air heat 

exchanger (DIRECT MODE) or stored in a 

thermal tank for later use (STORAGE MODE). 

 

The solar collector system for water 

heating operates by a forced circulation system 

made up of a closed primary circuit and an open 

secondary circuit. Both circuits contain treated 

water less than 50 ppm of hardness to avoid the 

incrustation of salts in the equipment. Each 

circuit operates with a 1.5 hp (745.7W) pump 

with a nominal flow rate of up to 160 l / min. The 

primary circuit is responsible for removing the 

useful heat from the solar collector field by 

recirculating the water.  

Meanwhile, the secondary circuit is in 

charge of transporting the useful heat for direct 

use or storage. 

 

The primary circuit has an inverted return 

pipe that allows the paths of the working fluid to 

equalize, favoring hydraulic balance and 

reducing pressure losses. The pipes of the 

primary circuit are made of copper, while those 

of the secondary circuit are made of 

polypropylene (random copolymer). It should be 

noted that only the primary circuit has fiberglass 

insulation covered with aluminum foil. In 

addition, said circuit has an expander vessel 

(325.5 liter volume) that allows the collector 

field to remain stagnant without the need to 

release liquid to reduce the pressure in the 

circuit. 

 

The useful heat that comes from the solar 

collector field is transferred from the primary 

circuit to the secondary circuit by means of a 

plate heat exchanger (10 ribbed stainless steel 

plates). The hot water that comes out of the plate 

exchanger and is transported by the secondary 

circuit can be used directly or stored in the 

thermo tank. It also has a water-air heat 

exchanger that allows the indirect heating of the 

air through the energy that is captured by the 

solar heating system.  

 

The exchanger consists of a finned tube 

system with 125 tubes of 38” long (965.2mm) 

and 5/8" outside diameter (15.875 mm) and with 

circular aluminum fins with a fin diameter of 1 

½" (38.1 mm), with 10 fins per inch (394 fins / 

m). The hot water flows into the tubes and the air 

flows outside the finned tubes, gaining the 

sensible heat given off by the hot water. 

 

The air flow to be heated for drying is 

provided by a centrifugal fan coupled to a 10 hp 

motor. (Maximum BHP: 30 and Maximum rpm: 

1300). The centrifugal fan sucks the air out of the 

water-air exchanger, therefore, it operates at 

negative pressure in that section. The fan has a 

frequency variator that allows to regulate the air 

flow required at the inlet of the drying chamber. 

The ease of variation in the volume and 

temperature of the air in the drying chamber 

easily allows the possibility of treating food 

products of various kinds. 
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The thermal storage tank acts as a heat 

accumulator and backup for the drying system. 

Thermal storage makes it possible to have more 

uniform temperatures in the heat exchanger than 

the hot water coming directly from the solar 

collectors, as well as to have thermal energy 

available at night and during periods with 

adverse weather conditions (very cloudy and 

rainy days). They also have a horizontal 

atmospheric tank with a capacity of 6,450 liters 

for storing hot water. The tank is filled with 

6,150 liters, to cushion the volume changes of 

the water due to the increase in temperature. The 

tank is made of carbon steel with epoxy coating 

on the inside and on the outside it has a thermal 

insulation of fiberglass of 2 pulgadas (50.8 mm) 

with an aluminum foil cover.  

 

In storage mode, the system has a 

differential temperature control that activates the 

primary and secondary circuit pumps when the 

difference between the temperature of the 

working fluid at the outlet of the collector field 

and the water temperature in the lower part of the 

tank exceeds a set value of 8 °C. When the 

temperature difference falls below 4 °C the 

pumps are deactivated. In addition, the control is 

programmed to stop the pumps when the tank 

reaches a temperature of 90 °C, this limit is the 

maximum operating temperature of the water 

pumps. 

 

When the indirect air heating system is 

operated in storage mode, there is a tertiary 

circuit. This is in charge of extracting the energy 

from the tank and delivering it to the finned tube 

exchanger. For this, there is a ¾ hp (559.275W) 

water pump with a nominal capacity of up to 90 

l / min, which is used to transport the hot water 

to the water-air heat exchanger. The water that 

comes out of the exchanger is recirculated in the 

central part of the tank. The pump is connected 

to a frequency variator that allows regulating the 

flow of hot water that passes through the 

exchanger. 

 

The operating variables of the 

components that make up the dewatering system 

of the pilot plant are recorded simultaneously 

using data loggers and an automated data 

acquisition system, with the exception of air 

pressure differentials and velocities, which are 

recorded manually. Measurements are recorded 

using two Agilent Model 34970A data loggers, 

with three digital multiplexers of 22 channels 

each and one analog multiplexer.  

The latter is used exclusively for the 

weather station. Data acquisition and recording 

was scheduled in one minute. Relative humidity 

was measured with Iberian sensors. The 

volumetric flow of water was measured with 

magnetic paddle sensors that send a frequency 

signal. Temperatures were measured with 

calibrated 3-wire RTD sensors, protected with 

reflective stainless steel cylinders; the 

connection to the data logger was made in two 

wires. An adjustment was made to the signal 

delivered by the sensor, due to the additional 

resistance due to the long distances between the 

sensors and the logger. A hot wire anemometer 

was used to measure the air flow velocity in the 

air discharge duct of the finned tube heat 

exchanger. 

 

It has a meteorological station made up 

of: a Kipp & Zonen CM3 pyranometer to 

measure horizontal solar irradiance, a Davis 

6410 cup anemometer to measure the horizontal 

component of wind speed and its direction, a 

Davis model 7852 rain gauge to measure the rain 

precipitation and an Iberian sensor model PCE-

P18 for the measurement of relative humidity 

and ambient temperature. The meteorological 

station is installed at a height of eight meters 

from the floor of the plant, avoiding the 

interference of the exhaust gases from the drying 

chamber and shading effects. 

 

The water heating monitoring system is 

made up of the primary circuit consisting of 

eight temperature sensors, two flowmeters: one 

to measure the global flow to the collector field 

and the other to measure the flow of the North 

row of the collector field. The secondary circuit 

has two temperature sensors in the plate 

exchanger and a flow meter. A Kipp & Zonen 

CMP3 pyranometer was installed on the solar 

water collectors to measure the solar irradiance 

in the inclined plane. The distribution of the 

sensors makes it possible to determine the 

overall efficiency of the collector field, as well 

as the efficiency of the exchange system 

between both circuits, see Figure 1, and Figure 

2. The water-air heat exchanger consists of four 

temperature sensors and a flow meter, which 

allow the efficiency of the exchanger to be 

determined. The thermal storage tank has a 

temperature sensor, additionally it has a 

bimetallic dial thermometer in the middle. In 

Figure 3, you can see the distribution of some of 

the sensors used to monitor the variables of 

interest (Ortíz et al., 2021). 
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Figure 3 Schematic representation of the distribution of 

some of the sensors installed in the plant 

 

The installation of temperature sensors at 

different levels inside the tank was carried out as 

illustrated in Figure 4 to observe how the 

behavior is inside and carry out the energy 

analysis of the same. Wireless capsule type 

sensors (DST-milli-TD) were used that serve to 

record the temperature of small depth (Figure 5). 

 

They are ideal for placement in different 

aquatic conditions, with dimensions of 39.4 mm 

x 13 mm, with a protective plastic shell to be able 

to submerge. It also has a large memory 

capacity, with 699,000 temperature 

measurements in a standard temperature range of 

-1 °C to + 95 °C. 

 

They have a communication box in 

which you are given the instructions to activate 

the capsules and deactivate them, how to 

measure, the measurement time as well as 

obtaining the data after performing the 

measurement tests (Hauer, 2007). 

 

 
 

Figure 4 Instrumentation inside the energy storage tank 
 

For the installation of the capsules inside 

the tank, a carbon steel wire was used as a 

support. In which the capsules were held, at 

different distances, with the help of a heat shrink 

tube which, when heated to 70 °C, shrinks to 

50% of its original size. 

 
Figure 5 DST-milli-TD temperature recording capsules (Hauer, 

2007) 

 

Results and Discussion 

 

Table 1 shows the meteorological parameters 

recorded during the experimentation. On 

average, a difference between the maximum and 

minimum values of ambient temperature of ≈ 20 

°C was recorded, which reflects a large 

temperature range between day and night, which 

is a characteristic of the region's semi-desert 

climate, especially the winter months. Another 

characteristic of the environmental conditions of 

the region and the season is the low relative 

humidity of the air. For the tests, an average 

minimum ambient relative humidity of ≈ 15% 

was recorded. 
 

Parameters Heating Extraction 

Average Standard Deviation Average Standard Deviation 

Average ambient 

temperature * (°C) 

8.79 1.5 10.47 0 

Maximum ambient 

temperature * (°C) 

19.375 3.595 23.62 2.46 

Minimum ambient 

temperature* (°C)  

-0.465 0.445 1.01 1.71 

Average ambient 

relative humidity * (%) 

24.985 3.215 48.03 0 

Maximum ambient 

relative humidity * (%) 

38.63 1.94 71.575 8.565 

Minimum ambient 

relative humidity * (%) 

12.345 4.225 14.8 4 

Average ambient 

temperatura** (°C) 

13.805 2.165 16.19 0 

Minimum ambient 

temperature** (°C) 

1.555 0.265 3.375 3.215 

Average ambient 

relative humidity ** 

(%) 

20.34 3.13 29.085 7.955 

Maximum ambient 

relative humidity ** 

(%) 

35.84 0.16 69.205 10.805 

Average ambient 

temperature***(°C) 

17.76 3.35 16.45 3.03 

Maximum ambient 

temperature***(°C) 

19.375 3.595 21.205 3.055 

Minimum ambient 
temperature***(°C) 

13.595 2.195 12.105 2.315 

Average ambient 
relative humidity *** 

(%) 

15.785 3.885 20.32 6.81 

Maximum ambient 

relative humidity *** 

(%) 

22.775 2.645 24.935 7.635 

Sun hours (h) 10.6 0 11.035 0.345 

Global irradiance on 

the average collector 

surface** (W/m2) 

648.36 25.9 658.51 0 

Global maximum 

irradiance on the 

collector surface 

**(W/m2) 

1084.43 4.46 1068.96 0 

Total daily irradiation 

on the collector surface 

** (MJ/m2) 

26.975 0.165 26.04 0 

Total daily irradiation 

in horizontal plane** 

(MJ/ m2) 

18.115 0.025 18.05 0 

*     Registered 24 hours a day 

**   Recorded during sunny hours 

*** Recorded during actual heating and extraction operation 
 

Table 1 Meteorological parameters recorded during the 

experimentation 
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The heating tests were carried out with 

half of the catchment area of the water heaters 

(north and south row, since the others were 

disconnected due to leaks). Because of this, there 

is a higher flow per row, although the overall 

flow is similar to the normal four-row 

configuration operation. 
 

Before performing the energy analysis of 

the components of the heating system, an 

analysis of the mass flows involved was carried 

out: flow of the north row (FW-1), global flow 

of the primary circuit (FW-2) and global flow of 

the secondary circuit (FW-3). 
 

The registered data of the FW-2 flow 

were considered to obtain a proportional 

relationship with the FW-1 flow, in order to be 

able to estimate the FW-2 flow in the intervals in 

which there are no records. Meanwhile, for the 

case of the FW-3 flow, the average of the data 

recorded for said flow was considered. When 

tests have been carried out with four rows of 

collectors, a ratio of 0.221 (FW-1/FW-2) has 

been obtained.  

 

This parameter was used to correct and 

estimate a relationship with two rows of 

collectors. The analysis for two rows yielded a 

value of 0.4419 (FW-1 / FW-2) and it was used, 

together with the registered FW-1 data, to 

estimate the global mass flow of the primary 

circuit (FW-2) and of the south row. Table 2 

shows the data of the mass flows of the primary 

circuit (north row flow (FW-1), south row and 

global circuit flow (FW-2). The south row flow 

was calculated as the difference between the 

global flow and the flow of the north row. 
 

Parameter 

By pass-open By pass-closed 

FW-

1 

FW-

2 Row south 

FW-

1 

FW-

2 Row south 

Maximum 43.77 99.04 55.27 39.78 90.00 50.23 

Minimu 41.37 93.60 52.24 36.95 83.61 46.66 

Average 42.32 95.76 53.44 38.46 87.03 48.57 

Standard 

deviation 
0.53 1.19 0.66 0.46 1.04 0.58 

 
Table 2 Measured and estimated flows of the primary 

circuit 

 

From these data, the energy analysis of 

three of the key components of the heating 

system was carried out: solar collectors, plate 

heat exchanger and storage tank. For both tests, 

the volume of water contained in the tank was 

6150 l.  

 

The water heating system was left in 

automatic mode by means of a differential 

control with the following parameters: switch-on 

difference 8 °C, switch-off difference 4 °C and 

maximum switch-off temperature 90 °C. The 

results obtained are presented below. 

 

The temperature inside the tank was 

26.79 °C. There was an effective test period of 

5.5 continuous hours in which the average global 

irradiance on the collector plane was 948.15 W / 

m2. During the operating period the temperature 

of the water stored in the tank increased to 44.10 

°C. In Figure 6, the temperature profile is 

presented: at the entrance (TW-1) and at the exit 

(TW-6) of the solar collector field, as well as the 

temperature progression in the thermo tank 

(TW-11 ) and ambient temperature. The solar 

irradiance is also presented in the plane of the 

collector and it can be seen that it was a totally 

clear day. 

 

In Figure 7, the instantaneous 

efficiencies of the north, south and global row of 

the field of solar energy collectors for water 

heating are presented; as well as the useful 

energy delivered by the solar collectors and the 

energy accumulated in the hot water tank. 

 

 
 

Figure 6 Temperature profile in the field of solar 

collectors for water heating, hot water tank and solar 

irradiance 

 

Instantaneous thermal efficiency was 

determined by equation (6). The area used to 

determine the efficiency of both rows was 23.11 

m2; while for the global it was 46.22 m2. The 

average heat capacity was 4179 J / kg K in a 

temperature range of 33.02 ° C to 46.79 ° C for 

the water in the collectors, as well as the average 

heat capacity was 4178.97 J / kg K in a 

temperature range of 26.21 ° to 43.65 ° C for the 

water in the tank.  
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It can be seen that the instantaneous 

efficiencies of the north row are relatively lower 

than those of the south row and the global ones, 

this is due to the lower mass flow compared to 

the flow of the south row and the global flow of 

the primary circuit of the field of solar collectors. 

During the 5.5 hours of testing, the total incident 

energy on the 20 solar collectors was 867.7 MJ, 

while the useful energy removed by the water 

was 489.28 MJ. Therefore, the global thermal 

efficiency of the solar collector field was 

54.44%. At the end of the test, the energy 

contained in the tank water was 448.19 MJ. 

Therefore, 8% of the useful energy is lost during 

the transport and storage of hot water to the tank.  

 

  
 

Figure 7 Instantaneous thermal efficiencies and 

accumulated energ 

 

Another important component in the 

water heating system is the plate exchanger, this 

was evaluated by determining its thermal 

efficiency through equation (9). In Figure 8, the 

thermal efficiencies of the plate exchanger are 

presented. As can be seen, the criterion of having 

an efficiency lower than one around 0.6 is met, 

which means that in the exchange there are 

losses to the environment. These results were to 

be expected because the flows recorded in the 

secondary circuit (FW-3), during these tests, 

were low compared to the previous tests (greater 

than 60 kg/min).  

 

Therefore, the results of the plate heat 

exchanger efficiencies are not correct. However, 

a thermal analysis can be performed with the 

temperatures obtained during the tests. In Figure 

8, the behavior of the quotient between the 

increase in water temperature on the side of the 

secondary circuit is presented (𝑇𝑓𝑐,𝑜𝑢𝑡 − 𝑇𝑓𝑐,𝑖𝑛) 

and the decrease in water temperature on the side 

of the primary circuit (𝑇𝑓ℎ,𝑜𝑢𝑡 − 𝑇𝑓ℎ,𝑖𝑛).  

 

 

 

Despite not having the correct mass flow 

that passes through the secondary circuit (FW-

3), it is expected that the mass flow and heat 

capacity in both circuits (FW-2 and FW-3) are 

constant practitioners. Therefore, the efficiency 

of the exchanger would only be a function of the 

quotient between the temperature differential of 

both circuits. Therefore, observing the behavior 

of the quotient (see Figure 8), it is expected that 

the efficiency increases during the test period. 

However, as the heating proceeds, the 

temperatures increase.  

 

The greatest heat losses are generated as 

the temperature increases with respect to that of 

the environment. Taking this into account, the 

result seems a bit contradictory. However, it 

must be borne in mind that it is not a stable 

process and in the first hours of startup it is to be 

expected that there will be greater losses due to 

the preheating of the thermal inertia of the 

equipment. This behavior of the quotient is also 

similar to the results of previous tests with the 

complete solar collector field. 

 

 
 

Figure 8 Thermal efficiencies and quotient between the 

plate heat exchanger temperature differentials 

 

To appreciate the temperature 

distribution inside the water storage tank, four 

wireless capsule-type sensors were installed at 

different heights with respect to the bottom of 

the tank, as shown in Figure 9. In addition to the 

capsule-type sensors, there are also The sensor is 

a PT-1000 (TW-11) sensor that normally records 

the temperature of the thermo tank through the 

data logger.  

 

In Figure 10, the water temperature 

profiles are presented at the different heights 

inside the tank. Despite the fact that during 

heating there is agitation inside the tank due to 

the suction (point 9, Figure 9) and discharge 

(point 1, Figure 9) of water from the secondary 

circuit, it can be observed that there is a slight 

stratification of the temperatures. 
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Figure 9 Distribution of the temperature sensors inside the 

hot water tank 

 

As expected the highest temperatures are 

at the top of the tank and vice versa. The average 

difference between the upper temperature (TW-

11) and the lower one (X) was 0.9 ° C and with 

a maximum close to solar noon of 1.24 ° C. 

These differences are very small and practically 

indicate that the horizontal tank does not allow a 

significant stratification of the temperature in its 

interior (see Figure 10). 
 

 
 

Figure 10 Stratification of temperatures in the tank of 

December 20 

 

In the literature, the analysis of 

stratification using 2D graphics is common, 

representing the temperature on an axis of the 

abscissa and the height of the water level in the 

storage tank on the axis of the ordinate. In Figure 

11, the distribution of the water temperatures 

inside the tank at different times during heating 

is presented. In these types of graphs, a vertical 

line means that the temperature of the water 

inside the tank is uniform, that is, that the water 

in the tank is completely mixed. As previously 

discussed, the degree of stratification is low 

during heating. Therefore, it is to be expected 

that the performance of the solar collector 

system will be low as has been reported in other 

investigations. 

 
 

Figure 11  Evolution of the temperature profiles inside the 

tank. 

 

In order to evaluate the behavior of the 

indirect air heating system, two ways of 

extracting the energy stored in the thermal tank 

were tested: maximum flow and varied flow of 

water through the water-air heat exchanger. For 

the maximum flow test, the water pump was 

operated at 60 Hz delivering an average flow of 

55 kg/min. For the variable flow test, the flow 

rate of water passing through the exchanger was 

regulated between (18-55) kg/min, in such a way 

that the air temperature at the outlet of the 

exchanger was kept between 55 and 50 °C. 

 

The energy extraction in the hot water 

tank ended when the air temperature at the outlet 

of the exchanger was below 50 °C. In all tests, 

the water content inside the tank was 6150 liters 

and the volumetric flow of air through the 

exchanger was 6367.78 m3 / h, operating the 

centrifugal fan at 35 Hz. 

 

For the energy extraction test, five 

wireless capsule-type sensors were installed 

inside the hot water tank in order to determine 

the thermal behavior inside it. These were 

installed in the central part of the tank at different 

heights from the bottom of the hot water tank, as 

shown in Figure 12. In addition to the capsule-

type sensors, the PT-1000 (TW-11) sensor was 

also relocated, which normally records the 

temperature of the tank, thermotank through the 

data logger. In Figure 12, you can see the 

locations and heights in which the water used in 

the heat exchanger is sucked (position 5) and 

returned (position 4) to the tank. As can be seen, 

the water that goes to the exchanger is sucked 

above ¾ parts of the water level in the tank, 

while the water that returns from the exchanger 

is discharged just above the middle. 
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Figure 12  Distribution of the temperature sensors inside 

the hot water tank 

 

In Figure 13, the variables of interest are 

presented for the analysis of the energy 

extraction of the hot water tank. Only the 

temperature profiles of the capsule type sensors 

are presented in the highest (A) and lowest (X) 

position relative to the tank, for a clearer 

representation of the temperature profiles inside 

the tank. It can be seen that before the start of the 

test there is a stable stratification of the 

temperature inside the tank. Initially, the 

temperature difference between position A and 

X was 3.9 ° C. Once the water pump is turned on 

(55.06 ± 0.51 kg / min) that extracts the energy 

from the hot water tank, it will be observed that 

initially stratification persists, however, as the 

energy extraction operation progresses at 

maximum flow, the temperatures inside the tank 

are very similar which indicates practically a 

complete mixing inside the tank. 

 

 
 

Figure 13 Temperature profiles in the exchanger and in 

the hot water tank, as well as the mass flow of water 

through the exchanger during operation 

 

Once the energy extraction operation 

(hot water) from the tank is finished, the 

convective movement of the water stops and the 

temperature stratification inside the tank begins. 

In Figure 14, the behavior of the water 

temperature profiles inside the tank can be 

observed in the highest position (A) and lowest 

(X) with respect to the bottom of the tank. In 

addition to the stratification of the temperatures, 

it is also possible to observe the decrease in 

temperature (negative slope), in general, of both 

profiles in the two zones of the tank. 

 This is due not only to the stratification, 

but also to the losses of heat to the environment. 

Before the automatic start of the pumps for 

heating the water, the maximum difference 

between the temperature of the upper and lower 

water inside the tank was 6.78 ° C.  

 

Figure 14 shows the temperature profiles 

of the water at the inlet (TW-12) and at the outlet 

(TW-13), of the air at the inlet (TA-34) and at 

the outlet (TA-35) of the exchanger finned tube 

heat and instantaneous thermal efficiencies; as 

well as the mass flow of water. The air 

temperature at the outlet of the exchanger was 

kept above 50 °C. The maximum air temperature 

at the outlet of the exchanger was 67 °C. The 

instantaneous thermal efficiency of the average 

exchanger was 0.7414 ± 0.0114. 

 

 
 

Figure 14 Stratification of temperatures inside the tank 

during non-operating hours 

 

Using Equation (9), the thermal 

efficiency of the heat exchanger was determined 

heat from water-air finned tubes. The flow rate 

of the air used was considered constant and equal 

to 6366.78 m3/h (average density: 0.86414 

kg/m3). The average heat capacity for water was 

4187.1 J/kg K and that of humid air was 1008.3 

J/kg K (Figure 15).  

 

 
 

Figure 15 Thermal efficiency and temperature profile of 

the exchanger at maximum water flow 
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The average temperature of the tank 

(determined with the five capsule type sensors 

and TW-11) is reduced from 87.61 °C to 63.8 °C, 

contributing a total of 616.83 MJ of thermal 

energy stored in the hot water tank to the indirect 

heating process of the air. The useful heat 

delivered to the air in the heat exchanger was 

415.73 MJ, therefore, 32.53% of the energy 

provided by the hot water tank was lost during 

the indirect heating of the air. 
 

In Figure 16, the accumulated energy 

profiles are presented during the indirect heating 

of the air. In which it is possible to observe the 

energy that is removed from the tank by means 

of the extraction of hot water and the inherent 

heat losses of the tank itself, as well as the useful 

energy that the hot water supplies in the heat 

exchanger and the energy which is absorbed by 

the air during heat exchange. 8.8% of the energy 

removed from the tank is lost during its transport 

in the pipes to the exchanger and 23.66% is lost 

in the heat exchanger. 
 

 
 

Figure 16 Energy profiles during indirect air heating 

 

During the operation of the indirect 

heating system with varied flow, the flow rate of 

the hot water flow that passed through the 

exchanger was regulated in such a way that the 

air temperature at the outlet of the exchanger was 

53.34 ± 2.21 °C. Table 3 shows the variation of 

the mass flow during the extraction test. Only 

four capsule-type sensors and the PT-1000 (TW-

11) sensor were available for this energy 

extraction test. The layout of the sensors inside 

the hot water tank is schematically presented in 

(Figure 17). 
 
 

 

 

 

 

 
Frequency 

Water Pump 

(Hz) 

Average mass 

flow 

of the water 

(kg/min) 

TA-35 (°C) 

  

16:18 16:28 10 22.5 NA NA 

16:28 18:41 133 22 54.63 54.63 

18:41 18:43 2 27 52.40 52.40 

18:43 19:17 34 29 52.99 52.99 

19:17 19:32 15 35 51.93 51.93 

19:32 19:38 6 40 50.11 50.11 

19:38 19:42 4 45 49.03 49.03 

 
Table 3 Variation of the mass flow of water during energy 

extraction 

 

 
 

Figure 17 Distribution of the temperature sensors inside the hot 

water tank 

 

In Figure 18, the parameters of interest 

for the analysis of the energy extraction of the 

hot water tank are presented. It can be seen that 

at 2:00 p.m. the hot water tank had already 

reached the maximum allowed temperature (90 

°C). From 2:40 p.m. to 2:50 p.m., the water 

pump of the water-air exchanger was turned on, 

in order to eliminate the air that was initially 

trapped inside the exchanger tubes (pre-

operation). This causes the temperatures 

recorded by the sensors that record the 

temperature of the water at the inlet (TW-12) and 

the air at the outlet (TA-35) of the heat 

exchanger to increase suddenly.  

 

The energy extraction operation for the 

indirect heating of the air began with an average 

flow of 18.8 kg/min and gradually increased in 

order to maintain the desired air temperature at 

the outlet of the exchanger. The energy 

extraction operation ended when the TA-35 was 

47.8 °C. During operation, the air temperature at 

the exit of the exchanger was between 47 and 56 

°C and the average air temperature at the 

entrance of the tunnel was 53.3 ± 2.21 °C. 

 

 



17 

Article                                                                                                    Journal Renewable Energy 
December, 2021 Vol.5 No.15 6-22 

 

 
CABRERA-CHAIREZ, Jeisell Marisol, ORTÍZ-RODRÍGUEZ, Néstor 
Manuel, VILLEGAS-MARTÍNEZ, Rodrigo Cervando and GARCÍA-

GONZÁLEZ, Juan Manuel. Thermal evaluation of an indirect air heating 

system using solar collectors. Journal Renewable Energy. 2021 

ISSN 2523-2881 

ECORFAN® All rights reserved 

 
 

Figure 18 Temperature profiles in the exchanger and the hot 

water tank, as well as the mass flow of water in the exchanger 

 

In Figure 19, the temperature profiles 

inside the hot water tank are presented during the 

energy extraction operation at different water 

flows through the exchanger. It can be seen that 

just before the pump is turned on there is a stable 

temperature gradient between the different 

sensor positions, which means, the stratification 

of the water temperature inside the hot water 

tank. As expected, the highest position is the one 

with the highest temperature and vice versa. 

Initially, the temperature difference between 

position A and X was 4.31 °C. Once the pump is 

turned on, it can be observed that the 

stratification persists, however, it is no longer 

stable due to the mixing that begins to happen 

inside the tank due to the suction and return of 

water during the extraction of energy. 

 

In Figure 20, it is observed that at lower 

flow (18.9 kg/min) mixing is more evident in the 

positions below the discharge of the return 

water. As the operation progresses and the water 

flow increases, mixing at other levels of the 

water inside the tank begins to be relevant. 

Increasing the flow up to 25 kg/min causes 

significant mixing to the TW-11 position and 

increasing to 31 kg/min until water suction 

(position Z, the temperature in this position is 

similar to the water temperature at the inlet of the 

exchanger, the temperature difference between 

them is due to heat losses in the pipe). When the 

maximum flow is reached (54 kg/min), a 

complete mixing occurs between the different 

positions registered inside the tank.  

 

Therefore, there is no significant 

stratification in between the measured positions 

and the temperatures are practically the same. 

With these observations it can be concluded that 

the gradual increase in the flow of the water 

extraction delays the complete mixing of the 

tank, which allows to prolong the operation time 

of the indirect heating of the air with a desired 

temperature. 

 
 

Figure 19 Temperature profiles inside the tank and the mass flow 

of water in the exchanger 

 

Using Equation (9) the thermal 

efficiency of the water-air finned tube heat 

exchanger was determined. The flow of the air 

used was considered constant and equal to 

6366.78 m3/h (average density: 0.8701 kg/m3). 

The average heat capacity for water was 4186 

J/kg K and that of humid air was 1003 J/kg K. In 

Figure 20, the temperature profiles of the water 

at the inlet (TW-12) and at the outlet are 

presented. (TW-13), of the air at the inlet (TA-

34) and at the outlet (TA-35) of the finned tube 

heat exchanger and the instantaneous thermal 

efficiencies; as well as the mass flow of water in 

the heat exchanger. The air temperature at the 

outlet of the exchanger was kept above 50 °C 

when the water flow was less than 40 kg/min. 

The instantaneous thermal efficiency of the 

average exchanger was 0.8478 ± 0.0301. 

 

 
 

Figure 20 Thermal efficiency and temperature profile of 

the exchanger when the water flow is varied 

 

The average temperature of the tank 

(determined with the four capsule type sensors 

and TW-11) is reduced from 88.27 °C to 58.92 

°C, contributing a total of 758.17 MJ of thermal 

energy stored in the hot water tank to the indirect 

heating process of the air. The useful heat 

delivered to the air in the heat exchanger was 

576.42 MJ, therefore, 25.22% of the energy 

removed in the hot water tank was lost during the 

indirect heating of the air. In Figure 21, you can 

see the energy removed and the decrease in the 

average temperature in the hot water tank. 
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Figure 21 Power extraction during operation 

 

Conclusions 

 

The results of the thermal analysis have 

demonstrated the technical feasibility of using 

solar thermal technologies for indirect heating of 

the air for drying products. The highlights of the 

work are: The indirect solar air heating system is 

capable of delivering the required temperature in 

the food drying process, that is, temperatures 

between 50 ° C and 70 ° C. The indirect solar 

heating system of Air in storage mode allows the 

temperature of the air at the inlet of the drying 

chamber to be regulated. 

 

The extraction of thermal energy in the 

hot water tank gradually from a low flow to a 

maximum flow allows better use of the stored 

energy and extends the heat supply time around 

3.53 hours. A longer heat supply from indirect 

air heating can minimize the use of L.P. gas 

heating backup. 

 

During the solar water heating operation 

and the extraction of thermal energy in storage 

mode, there is no thermal stratification inside the 

tank. However, the gradual extraction of energy 

generated greater stratification than a maximum 

flow extraction. 

 

The field of water-based solar collectors 

obtained thermal efficiencies of 52.88%. 

However, the overall thermal efficiency with 

respect to the energy delivered to the finned tube 

heat exchanger decreases in a cascade, since it 

has several stages to be able to heat the air used 

in the drying process. 

 

The development and implementation of 

technology for solar drying systems, initially on 

a demonstrative scale, in the Mexican industrial 

sector could allow a technical and economic 

maturation of the technology, and the benefits 

could be presented in the short term. 
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