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this paper, to show the effect of temperature, specific humidity and mass flow rate, on
the specific energy consumption on the use of air heaters, and the combination
refrigeration system to produce hot and dry air. In this study, we use an experimental
method by using temperature variations of 60°C, 90°C, 120°C, and 150°C. Air mass flow
rates using 100 Lpm, 150 Lpm, 200 Lpm, and 250 Lpm variation. The air from the
environment is sucked up by the blower and then enters the evaporator. In the
evaporator, the air will condensate so the air will get the low relative humidity. The
heat in the condenser is used as preheating the dry air before entering the heater. To
produce hot and dry air with the minimum humidity ratio (3.9 g / kg aryair) for the same
target temperature is recommended to use a 100Lpm airflow rate by adjusting the
evaporator pressure to 2.6 bar. Then, to obtain the minimum SECR (0.928), the
recommended target temperature is 120°C, by adjusting the airflow rate to 250Lpm
and the pressure at the evaporator 1.6 bar.
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1. Introduction

In recent years, many fruits have been processed to facilitate the process of consumption, one
example is in the form of fruit juice. However, this has the disadvantage of being able to change color
to brown because it requires a longer and heavier time for the distribution process related to the
water reserves needed in the juice or fruit juice. Another form of processing to solve the existing
problem with the form of powder with the process of drying [1]. Drying is the process of transferring
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heat and mass to remove water by heat application, from solid or liquid food, intending to obtain
solid products that are low enough in water content [2].

The main objective of any drying process is to produce a dried product of the desired quality at a
minimum cost and maximum throughput by optimizing the design and operating conditions. Spray
Drying is a type of dryer used to evaporate and dry the solution and slurry to obtain the results of a
dry solid [3]. This technology uses drying temperatures above 100°C [4]. High-temperature air dryers
reduce the moisture content in the material. The higher the air temperature in the drying chamber,
the faster the material dries [5]. The more heat exposed to the material, the faster the material dries
[6]. The temperature and drying conditions imposed on a product have an important influence on it.
Drying temperatures in spray drying are a common problem during the drying process. Drying in high
temperatures can cause damage the sensitive materials [7]. Drying materials using high drying air
temperatures can damage products in heat-sensitive materials, such as vitamins, proteins, and -
carotene [8]. Food that is sensitive to heat cannot accept physical, chemical, microbiological, and
mechanical treatment, when it is dried using high degrees of temperature, such as drying in a spray
dryer [9]. Because of the high operating temperature, this spray drying technology cannot be used
on heat-sensitive materials [10]. By drying the material at a low temperature, the energy
consumption needed to generate power heater will also be lower. Based on energy scenario
modeling for Malaysia using LEAP has been carried out to develop a long-term and sustainable energy
sector scenario for Malaysia, there are several policies to address energy consumption in Malaysia
resulting from an increase in population each year. This increase in energy consumption will also
result in environmental pollution which makes CO, emissions increasing as well. Therefore, the
importance of a tool to achieve maximum efficiency to overcome energy problems [11].

The ideal drying air temperature for heat-sensitive material is in the temperature range of 50-
60°C. However, this method has shortcomings in terms of performance resulting from increased
temperatures which can cause damage to vitamins, proteins, and B-carotene. on the type of material
to be dried, as well as the sugar content that can be determined the reduction in glass temperature.
In addition, the drawback is the low efficiency of large energy consumption [12]. The process of
drying a material occurs through two processes, namely the heating process and the drying process.
Drying is done to reduce the amount of water by mechanical conditions of temperature, RH, and
airflow control, without damaging the structure of the product.

A heat pump is a device that can generate heat besides coal-fired boilers and heater. The heat
pump system includes an air source heat pump and a solar heat pump [13]. Currently, the use of
Waste Heat Recovery (WHR) in applied technology to process food is increasingly being investigated,
especially for the drying process. For instance, In soy protein powder factories, an effective heat
recovery system is needed to reduce energy consumption. For spray drying and space heating during
the heating season, circular water with a heat pump is used to recover waste heat from the exhaust
air to preheat the air around the inlet. Drosou et al., [14] has found that the heat recovery system
could reach 21.3% energy-saving amount compared to the traditional spray drying system. And the
static payback period of the heat recovery system is around 2.4 years [14]. In general, there are
several types of drying technology used in food processing. Extra energy is needed to encourage an
efficient drying process to reduce system energy consumption. This research on modifying the heat
pump system and combining other mechanisms to improve the performance of the heat pump
system has been done widely. Heat pump dryer is proven as a drying system that ensures the
product’s quality especially food and agriculture products, able to control drying temperature,
relative humidity, moisture contain extraction, drying air velocity, drying period, etc [15].

Applications for heat pump systems are widely used in space heating and cooling, desalination,
and drying. For instance, in tomato flavour from a heat pump dehumidifier dryer was characterized
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and compared to fresh and freeze-dried tomato samples for the retention of fresh flavour
compounds [16]. Nonvolatile, volatile, and odor intensity are quality parameters that will be
monitored. In the non-volatile profile, there is no difference but there is a significant change in the
volatile impact of the main odor observed. On the other hand, commercial spray-dried tomatoes are
also evaluated to check thermally induced volatile changes. The volatile and sensory profiles of heat
pump dried tomato were comparable to freeze-dried tomato, with good retention of fresh aroma.

Operation energy consumption of heat pump systems is one of the key problems for system
design [17]. The main advantages of using HP technology are the energy-saving potential and the
ability to control drying temperature and air humidity. This creates the possibility of a wide range of
drying conditions [18]. Using a heat pump dryer, which is a combination of heat pump and drying
unit, both the latent heat and sensible heat can be recovered from the exhaust air, thus improving
the overall thermal performance and yielding effective control of air conditions at the inlet of the
dryer. The combination of spray dryers with electric air heaters and cooling systems has proven to
be efficient in terms of energy consumption [19]. The combination of spray dryer and cooling system
with double condenser using R134a cooler. The cooling system is supported by the amount of heat
energy that is wasted from the refrigerant condensation step, which can increase engine efficiency
and increase productivity [20].

Experiments on the combination of spray dryers and refrigeration systems have been carried out
at an airflow rate of 450 Lpm and drying air temperature at 60°C with a refrigeration system at a
humidity ratio of 0.005 (kg H,O/kg dry air), resulting in a drying capacity equal to the capacity drying
at a drying air temperature of 120°C without a refrigeration system at a humidity ratio of 0.021 (kg
H.0/kg dry air). For an airflow rate of 450 Lpm, drying capacity at 90°C with a refrigeration system at
a humidity ratio of 0.005 (kg H.O/kg dry air) produces a drying capacity of 1.5 times the drying
capacity at 120°C drying air temperature C without a refrigeration system at a moisture ratio of 0.021
(kg H20/kg dry air) [21]. This shows that the system can reduce the temperature of the drying air
without reducing production capacity. By regulating the temperature of air that passes through the
evaporator at 10°C, the drying temperature at 140°C, and the airflow rate at 450 Lpm, the
productivity of drying with a cooling system is even 3 times greater than the yield of drying
productivity with conventional methods [22].

In other studies, the energy analysis of a cooling system with multistage evaporative coolers using
liquid desiccant dehumidifier between the stages [23]. The researched evaporative cooling system
utilizes the air humidity for cooling in humid areas and requires no additional water supply. In this
cooling system, energy to regenerate a weak drying fluid is the main energy needed. In this study,
the heat input for regeneration is supplied from conventional energy sources such as a simple line
heater. The results show that the energy consumption is about 25% less for the mechanical
regeneration system with 3 % recovery than the thermal energy regeneration system to increase the
desiccant solution temperature of 22°C. The COP of the proposed cooling system is defined as the
cooling effect by the mass rate of water evaporated in the system divided by the amount of energy
supplied to the system, that is the COP is independent of the energy source.

The condenser produces waste heat reaches 90°C and the heat is accumulated into a space heater
up to 140°C. That means: the heater works only up to 50°C, so the temperature of the air is high and
dry but has a very low SECR (Ratio of Specific Energy Consumption) in dew point 20°C, which indicates
that the system is very significant [24]. In a study conducted by Kosasih et al., [24], combining spray
dryers with a dehumidifier system based on a refrigeration system with an air heater to increase the
humidity of the air by increasing the level of air condensation to reduce the water content will be
reduced. The refrigeration system is composed of an evaporator that functions as a dehumidifier; the
hermetic compressor works to increase the pressure, then turns on two condensers arranged in
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parallel as preheaters and economizers. By utilizing the heat coming out of the condenser, which will
be used to increase the temperature of the air before entering the air dryer and expansion valve.
Condensers that function as economizers can prevent the exergy of the system so that it can increase
system efficiency. The combination of this system can reduce the use of energy/specific energy
released from the whole system 39%, combined with a spray dryer system with a cooler 39%,
compared to a spray dryer system without a dehumidifier.

The ability of a heat exchanger is needed to obtain an effective heat transfer. But the ability of
the heat exchanger is also affected by the working fluid in a heat exchanger. Based on the results of
research conducted by Lee [25], showed that the efficiency of domestic water heat exchangers is
optimal when 1.5% copper or alumina nanoparticles are added to a water-based heat transfer liquid.
The results also show that the addition of copper or alumina nanoparticles to a water-based heat
transfer liquid increases the temperature of domestic hot water. Copper nanoparticles significantly
increase the temperature of domestic hot water. The application of nanofluid as a strong candidate
to increase heat transfer in domestic water heating systems was found in this study [25].

The drying productivity with the refrigeration system is even 3 times larger than the result of the
drying productivity with the conventional method. These results indicate that the combination of
spray drying and refrigeration systems with low evaporator temperatures can have a significant
positive impact [26]. In a study conducted by Ruhyat et al., [26], the dehumidifier system based on a
refrigeration system uses two condensers arranged in series and uses a hermetic compressor that
has a power of 0.5 PK, specific energy consumption at a flow rate of 450 Lpm at a dew point of 100°C
over a low dehumidifier energy consumption. However, this refrigeration system has a low
coefficient of performance (COP).

Today, conventional drying processes are often carried out when pre-harvesting, postharvest
handling, and thermal processing. But it significantly affects the typical fresh fruit colour, aroma, and
overall taste due to high temperatures or prolonged exposure to heat and oxygen. Technologies such
as freeze-drying, where low temperatures are used, may preserve quality better than other
techniques but are prohibitively expensive and time-consuming [27]. Hence, there is a significant
opportunity for developing economically viable technologies to produce high-quality flavour
ingredients.

In a previous study, drying using a spray dryer system with a dehumidifier system based on a
refrigeration system with an air heater. The current research aims to produce hot dry air using a
double condenser refrigeration system arranged in series. This refrigeration system aims to condense
air into the referrer system evaporator so that the water content in the air becomes lowest. Then by
using this system can reduce energy consumption by utilizing the heat condenser on the refrigeration
system that functions as a preheater.

2. Methodology
In this research, we are using the experimental method in the controlled room with the air

temperature 27,3°C and RH= 81,8%. The schematic diagram of the experiment shown in Figure 1
below.
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Fig. 1. Schematic diagram of the experiment
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The goal of this research is to produce hot dry air (by dehumidifying the air in the evaporator of
a refrigeration system). The relative humidity and the dry bulb temperature of the air (at the inlet,
point al, and outlet, point a2, of the evaporator) are measured by using thermocouple K-type and
collected by using DAQ NI 9213. Air temperature at the outlet of the condenser 1 (at point a3) is
measured by NI-DAQ 9213. At the outlet of an electric air heater (point a4) the temperature of the
air is measured by NI-DAQ 9213 and controlled by using Shimaden PID controller. The temperature
of the heater was varied at 60°C, 90°C, 120°C, and 150°C. The air mass flow rates also varied 100 Lpm,
150 Lpm, 200 Lpm, and 250 Lpm and measured by using rotameter. The air mass flow variation
controlled by a voltage regulator that connected to the blower. The power of an electric air heater is
calculated, and the power of the compressor refrigeration system is measured by using a power
meter.

The dehumidifier is the evaporator of the refrigeration system that uses R-134a refrigerant. The
refrigeration system is using two condensers that arranged in series. The function of condenser 1 is
heat recovery apparatus that recovers part of compressor power and air heat loss in the evaporator.
The rest of the heat of the refrigerant is released to the environment through the condenser 2.

The air has a specific humidity value from the magnitude of the relative humidity value. This can
be formulated into the equation as follows

Mg = Mg + My (1)
Then the equation is divided by the mass flow rate of dry air

Tig Ty

Mgq =1+ Maq (2)

w is the ratio between the mass flow rate of vapor and the mass flow rate of dry air, then

haa = 35 3)
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To calculate the heat released on the evaporator, you can use the following equation
(Myq ha,l) = Qevap + (my hy) + (mda ha2) (4)

where hai is the environmental enthalpy of the air, hax the evaporator air enthalpy, mw is the mass of
evaporating water dan hy, is the evaporating enthalpy.

my, = My — My, (5)
My, = Mgg Wq (6)

To calculate the refrigerant mass flow rate can use the following formula

Nm MNe Pcomp = 1, (hs — hy) (7)
which
Peomp =V I cosg (8)

From Eq. (7), the heat released in the evaporator can be calculated through the equation below
Qevap = 1, (h, — hy) (9)
To calculate the heat released from condenser 1, can use the following equation

Qc1 = Mgq (haz — hg2) (10)

To calculate the magnitude of the enthalpy change from condenser 1, can use the following
equation

Qc1 = My (hz — hy) (11)

To calculate the magnitude of the enthalpy change from condenser 2, can use the following
equation

Qcz = My (hy — hs) (12)

To calculate specific energy consumption (SEC) using the dehumidifier, can use the following
equation

Pcompt Prant Ppt Pp

SEC =

(13)

Mda

For systems without dehumidification (heater only) P.yy,;,=0 and P4, =0. To calculate the power
in the heater using the following equation

129



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 76, Issue 1 (2020) 124-134

@

Py = myq Cp (Taa — Th,in) (14)

Ty in=T,3 (for the system using dehumidifier), T}, ;,=T,; (for the system using heater only). Then
to calculate the ratio of specific energy consumption using the following equation

SEC Dehumidifier (16)

Without Dehumidifeir

3. Results

In this experiment, the relationship of the specific energy consumption ratio (Rggc) to produce
hot dry air by using dehumidifier combine with heater and only using the heater for the temperature
60°C, 90°C, 120°C, and 150°C can be seen in the following Figure 2.
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Fig. 2. Graph Specific Energy Consumption Ratio vs Humidity ratio at Temperature (a) 60°C, (b) 90°C,
(c) 120°C, and (d) 150°C for different air flow rate

Based on the picture above, in Figure 2(a)-(d) it can be concluded that the relationship of the ratio
of specific energy consumption at each heating temperature is influenced by the given air discharge.
When the airflow rate is 250 Lpm, the value of the specific energy consumption ratio is the lowest
compared to other airflow rates. So, by using a dehumidifier system, when the airflow rate is 250
Lpm, the SEC is lower if it only uses a heater. In certain conditions, when the airflow rate used is 200
Lpm and 250 Lpm with a temperature of 150°C the value of the specific energy consumption ratio is
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lower than other air flow rate. It means that energy consumption using a dehumidifier system is still
more efficient than just using a heater.

When the Rggc value more than 1 indicates that at the same airflow and the same temperature
target of the heater, the SEC value of dehumidifier system is higher than without the dehumidifier
system. When the Rgg¢ value less than 1 indicates that at the same airflow and the same temperature
target of the heater, the energy consumption by using the dehumidifier system is lower than only
using the heater. r. This is because when the dry air comes out the condenser 1 is preheating so that
the energy to raise a certain temperature will be smaller.

Figure 3 illustrates the relationship between Evaporator pressure and humidity ratio. To get a
lower humidity ratio, it also requires pressure on the low evaporator as well. For the same evaporator
pressure, the lower the airflow rate, the lower the humidity ratio obtained. The low airflow rate
causes the incoming air will be more easily to condensation on the evaporator refrigeration system
so that the air coming out of the evaporator becomes drier. When at a lower airflow rate, want to
produce air with a lower humidity ratio by lowering the pressure on the evaporator (with the
expectation of a lower SECR), this condition will be difficult to achieve because the evaporator may
freeze, which can inhibit heat exchange.
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Fig. 3. Graph Evaporator pressure vs Humidity ratio

Based on the psychometric chart in Figure 4, at point, a, 1 is an environmental air condition with
a temperature of 27.3°C and RH = 81.8%. Furthermore, air will enter the evaporator in the
refrigeration system so that the RH increases with decreasing air temperature. However, the air
produced does not reach 100% RH because when condensation occurs in the evaporator tube, some
of the water will evaporate and be carried by dry air again so that the RH measured at point a, 2 is
88%. The air will flow into condenser 1 and an increase in temperature up to 50°C. then the air will
enter the electric heater and require a little energy to produce dry air with a temperature of 60°C.
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4. Conclusions

Overall, it can be concluded that to produce air with a minimum humidity ratio (3.9 g / kg dry air)
for the same target temperature, it is recommended to use a 100Lpm airflow rate by adjusting the
evaporator pressure to 2.6 bar. To obtain the minimum Rgg (0.928), the recommended temperature
is 120°C, by adjusting the airflow rate to 250Lpm and the pressure at the evaporator 1.6 bar.
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