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Abstract: The air conditioning system is the most common way to provide comfortable room
temperature for its inhabitants. However, the energy required for its operation is extremely high and
cost-intensive. Therefore, a more efficient HVAC system with a lower energy consumption is desirable.
The experimental results and performance analysis demonstrated that the outlet air temperature
through the evaporator side of HPHE (precooling) has the potential to save some amount of energy
utilizing an HVAC system equipped with HPHE. This research aims to study the performance of HPHE
with the precooling process applied in commercial room HVAC system applications. This research on
the utilization of HPHE for heat recovery in air conditioning systems was carried out with variations
in temperature of fresh air intake ranging between 32—42 °C. The airflow speed was set constant at 1.0
m/s. This experiment demonstrated the highest effectiveness at a value of 21%. The HPHE heat
recovery analysis results show that the best heat recovery performance is achieved when the fresh air
intake temperature exceeds the exhaust air leaving the room. The phenomenon was compared at a low
fresh air intake temperature of 32 °C, which succeeded in recovering 0.05 W, and when the temperature
rose to 42 °C, 0.21 W was recovered.
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Nomenclatures: HP: Heat pipe; HPHE: Heat pipe heat exchanger; AC: Air conditioning; HVAC:
Heating, ventilation, and air conditioning; AHU: AHU; FR: Filling Ratio (%); Te: Evaporator
Temperature (°C); Tc: Condenser Temperature (°C); AT: Temperature difference (°C);
¢: Effectiveness (%); Tcn: Chiller Temperature (°C); Tcr: Chamber Temperature (°C); Tci: Condenser
Input (°C); Teo: Condenser Output (°C); Teo: Evaporator Output-Outgoing Air (°C); Tei: Evaporator
Input-Air Inlet (°C); R: Thermal resistance (°C/W); AT: Inlet and outlet air ratio (°C); m: Mass flow
rate (kg/s); Cp: Fluid heat capacity (kJ/kg.°C)

1. Introduction

Energy consumption in Heating, Ventilation and Air Conditioning (HVAC) applications is notably
elevated, particularly in office spaces in subtropical and tropical climates [1]. Air conditioning (AC) is
indispensable in creating a comfortable temperature environment in public spaces, including waiting
rooms, stadiums and medical emergency areas [2,3]. The pursuit of comfort and air purity in buildings,
including precise requirements for temperature, relative humidity and air exchange, often necessitates
the continuous operation of the air handling unit (AHU). To achieve this objective, an enhanced control
system is imperative in HVAC to reduce energy consumption [4]. As per Yau and Lee, controlling and
restricting the AHU is crucial to prevent continuous energy consumption increases. This control is
inversely related to maintaining room comfort in buildings with relatively high energy demands [5].

The total energy requirement for HVAC system operation in commercial buildings accounts
for 40-60% of the total energy use [6,7]. The HVAC system serves a crucial function by efficiently
distributing cool air at precise temperatures, ensuring users' comfort while also playing a critical role
in facilitating the exchange of indoor air. However, it is essential to note that this air exchange process
contributes significantly to most energy loss within the building [8-10]. Numerous endeavors have
been undertaken to discover innovative methods of decreasing energy consumption in buildings while
maintaining comfort and indoor air quality. One well-established approach for enhancing energy
efficiency in HVAC systems involves employing new configurations of pre-existing components [11].
By implementing a more efficient system, it becomes feasible to simultaneously reduce exhaust
emissions and recover heat from the exhaust air of the HVAC system. Heat recovery from HVAC
system exhaust air is an energy-saving measure, enabling efficient energy utilization and substantially
reducing exhaust emissions [12]. Energy savings in the HVAC system are achieved by incorporating
a heat recovery system into the AHU ducting system, which effectively harnesses the exhaust air for
improved efficiency [13,14].

Air conditioning systems have minimum requirements to ensure thermal comfort in conditioned
rooms. However, maintaining thermal comfort in tropical climates necessitates a higher energy
demand [15-17]. According to the ASHRAE standard, the recommendation for a comfortable indoor
temperature for humans is 22-27 °C and humidity of about 30-60% [18]. As Ahmadzadehtalatapeh
and Huang Yau stated, indoor air conditioning performance achieves an appropriate level within the
comfort zone when utilizing the cooling coil. It is important to note that the energy consumption of the
HVAC system increases as the desired temperature decreases [19]. Energy savings can be achieved by
reducing the cooling coil load or cooling system requirements by utilizing cooler and drier exhaust air.
One practical approach is the recovery of exhaust air, which is an alternative for cooling the fresh air
entering the system. The heat recovery from exhaust heat plays a pivotal role in significantly reducing
energy consumption within HVAC systems [20,21].
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Hill and Lau conducted six field studies on applying Heat Pipe Heat Exchangers (HPHE) in
HVAC systems, specifically in air conditioning systems within supermarkets. The studies evaluated
two basic configurations: single line and double line. The findings demonstrated a notable reduction
in cooling energy consumption [22]. Wu et al. conducted a study investigating the application of Heat
Pipe Heat Exchangers (HPHE) for humidity control in air conditioning systems. The research revealed
that HPHE could be a viable alternative to conventional coil reheat methods, leading to energy savings
while enhancing the cooling capability of cooling coils with minimal or no external energy
requirements [23]. HPHE is a widely utilized method for recovering cool air in HVAC systems, among
other heat transfer techniques [24-27].

HPHE plays a considerable role in various AHU fields, especially for heat transfer over a certain
distance with an appropriate temperature difference. In HPHE operation of heat transfer through
capillary wicking or gravitational force in the thermosyphon heat pipe [28], heat pipes (HP) excel
among other passive heat transfer methods due to their ability to operate without requiring an external
driving force. With remarkably high thermal conductivity in steady-state operation, heat pipes exhibit
outstanding performance. The steady-state encompasses working fluid velocity, period and the
temperature difference between the heat pipe's condenser and evaporator sections. Heat transfer within
heat pipes transpires through the effective circuit, considering thermal resistance during the
temperature change process [29]. The higher the evaporator (inlet) temperature, the smaller the thermal
resistance, thus impacting HP heat transfer's high effectiveness [30]. Heat pipes are passively used in
the exhaust-air-heat-recovery process, which is cheaper than other heat recovery technologies due to
their high conductance potential.

HPHE plays a good role in individual heat recovery. According to Abdallah et al., if the
effectiveness of HPHE fresh air temperature increases, the mass concentration increases and energy
recovery is strongly influenced by the inlet air velocity and working fluid [29]. Khaled et al. showed
that ambient temperature dramatically affects the technical and economic feasibility of the proposed
energy recovery system. Reducing the pressure operating at an economically desirable temperature,
the higher the comfort of the energy recovery system, the higher the flow rate and the lower the
pressure in the air conditioning system [31]. Economic analysis shows that energy savings lower
electricity consumption costs with a payback period of about three years [32—-35]. Heat recovery can
be made by installing HPHE in the ducting system as an air precooling medium as it passes through
the cooling coil so that energy consumption for cooling can be reduced and the time needed to reach
the dew point will be faster [11,36,37].

The literature study reveals that increasing the number of rows in HPHE leads to decreased outlet
temperature on the evaporator side. Additionally, this increase in the number of rows enhances the
effectiveness of the heat exchanger, resulting in higher energy savings [38—40]. During dehumidification,
HPHE in the reheating process also significantly increases energy savings [23,41,42]. Previous research
has consistently demonstrated the importance of utilizing HPHE in achieving energy savings within
air conditioning systems.

A literature review reveals that the utilization of HPHE positively reduces energy consumption in
HVAC systems. However, further development of HPHE is necessary to enhance its performance and
achieve even more significant energy savings. With the growing number of new buildings and facilities,
the demand for comfortable spaces is also rising, resulting in an increased need for HVAC systems.
Hence, the primary objective of this research is to establish the performance standards of HPHE for
commercial space HVAC system applications.
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2. Materials and methods
2.1. Experiment materials and set-up

In this study, the materials employed include heat pipes arranged in 2 rows, specifically HPHE.
Each row consists of 10 HP rods and straight copper heat pipe tubes. The HPs utilized have a length
of 800 mm and a diameter of 10 mm, employing water as the working mass. The HPHE size includes
an evaporator of 320 mm, an adiabatic side of 120 mm and a condenser side of 360 mm. The adiabatic
side is tightly insulated with 120 x 200 mm dimensions, made of Polyurethane (PU) material and
aluminum adhesive. The test equipment and its dimensions are shown in Figures 1 and 2. The air
system (room chamber) is insulated using PU material. The heat recovery system in the air
conditioning system, HPHE, is mounted on polyisocyanurate (PIR) ducting before the cooling coil.
The cooling coil with 330-watt power serves to cool the room. A blower is used to channel the
inlet and outlet air for distributing the air in the system, while the room to be cooled is scaled down
to a 1:10 ratio of a commercial room. The HPHE (Heat Pipe Heat Exchanger) is positioned between
the inlet and outlet channels, with the adiabatic side of the HPHE isolated by PU (Polyurethane)
material.

«— 1200mm —>
Exhaust-Fan

Controlled Chamber

- wwQes] ——8 >

\ Coulir}g Coil

Heater HPHE Unit

Intake-Fan

Figure 1. Experimental apparatus and instrumentation.
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Figure 2. The dimensions of HPHE units and detailed array of copper pipe (inset).

The research was conducted by experimental method to determine the temperature distribution
and heat recovery of straight HPHE in the air system, as shown in schematic Figure 3. HP is installed
in the ducting section of inlet air and returns air. In observing the inlet and outlet air temperature
distribution, a K-type thermocouple cable was used, which was connected to an Agilent 34790A data
logger. Thermocouples are installed to determine the temperature of the air system. The K-type
thermocouple sensor has an accuracy level of £0.02 °C. A total of 7 (seven) thermocouple units, each
of which is installed in the fresh inlet air (Tcn), an inlet of the evaporator (Te,i), an outlet of the
evaporator (Teo), air outlet cooling coil (Tcr), room chamber (Tr), an inlet of the condenser (Tc,i) and
air outlet of the condenser (Tco). The study was conducted 5 (five) times, with the duration of data
collection at 1,100 seconds each. The results obtained from the temperature distribution in the air
system will be used in calculating the effectiveness of HPHE performance, thermal resistance and heat
recovery.

HPHE testing is done by measuring the temperature in several parts. The bottom of the HPHE
functions as an evaporator, and the top is a condenser. The air inlet at the bottom uses a blower through
a heater, a heat source as a regulator of incoming air variations. The inlet air temperature varies
at 32-40 °C, and the velocity is constant at 1.0 m/s. To avoid heat loss, the evaporator and adiabatic
section are isolated, and the condenser section is left open in free contact with the outside air so that
the heat release can proceed properly.
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Data Logger
(Agilent 34790A)

HPHE unit

Figure 3. Set-up of experiment settings.
2.2. Temperature distribution air handling unit

The distribution temperature was determined by strategically positioning thermocouples along
the fresh air inlet, exhaust air and chamber. A Proportional, Integral and Differential (PID) controller
was employed to regulate the temperature of the air inlet, ensuring a constant temperature upon
entering the system. Temperature measurements were taken at various points, including the ambient
temperature, inlet and outlet of the heater, outlet of the HPHE evaporator, outlet of the chiller, at the
controlled chamber, and inlet and outlet of the HPHE condenser. Temperature readings were recorded
at intervals of 20 seconds over 1,100 seconds.

2.3. Effectiveness

Moderate effectiveness is a very relevant parameter to describe the thermal performance of HPHE.
Effectiveness is defined as the ratio of the actual heat transfer to the maximum heat transfer in the heat
exchanger. It can be determined using the equation for test results as described by Sukarno et al. [43]
as follows:

Qact
— Lact 1
€ Qmax ( )
Alternatively,
Tei—Teo
— “ei"leo 2
€ Tei=Tci ( )
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2.4. Thermal resistant

The overall thermal resistance of the evaporator and condenser components depends on the
conductivity of the working fluid in the wick. Another required property of the wick is compatibility
with the working fluid. The thermal resistance can be measured as the temperature difference between
the evaporator and condenser divided by total heat transfer. The thermal resistance equation can be
considered as follows [44]:

Tei—Teo
R=-=-= 3)

2.5. Heat recovery

Heat recovery in the context of buildings and services is the capture and reuse of heat generated
from existing processes, which is usually wasted. In refrigeration and air conditioning systems, wasted
heat occurs in the condenser component. About 20% of the heat wasted from the condenser occurs
during the superheating process and partly during the condensation process. This study calculates heat
recovery at the inlet and outlet evaporator points. The heat recovery equation can be seen in the
following equation:

Q=mX Cp X (Tei — Teo) (4)
3. Results
3.1. Temperature distribution in air conditioning systems

Air conditioning occurs in an air system with compressors, condensers, evaporators and
expansion valves as its main components. The fresh air flowed from the inlet ducting, and the
temperature was increased using a controllable heater; then, the air flowed through the HPHE
evaporator to reduce the heat from the air before the room. From the chamber, the air flowed to the
outlet and through the condenser of HPHE, the air obtained the heat and released it to the outside. The
distribution temperature of these processes is the data displayed in Figure 4, parts A-E, where the inlet
temperature was set at 32 °C, 34 °C, 36 °C, 39 °C and 42 °C, respectively.
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Figure 4. Temperature distribution flow over time in an air inlet at (a) 32 °C; (b) 34 °C; (c) 36 °C;

(d) 39 °C; and (e) 42 °C.

The temperature at the initial testing stage was uniform at 30 °C. Part A in Figure 4, using a PID
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Controller, The steady state at 200 seconds around 32 °C. At this stage, there is a minimum temperature
drop from the evaporator inlet side (Te,i) to the evaporator outlet side (Te,0) with an average value at a
steady state of 2.01 °C. While the heat transfer in the air chamber between before and after the
condenser side is 2.0 °C. The result shows that the evaporator side receives heat sufficient to produce
vapor bubbles that can move the liquid and bubble arrangement above it. As a result, the working fluid
flows from the evaporator side to the condenser side, even though it is in a relatively small amount.

Figure 4B presents a graph of the relationship between the temperature distribution at a steady
state of 34 °C and the same period as the other stages. Before reaching a steady temperature, a
fluctuating heat transfer phenomenon occurs due to the PID controller. This fluctuation occurs at each
stage (A-E). The curve shows that the differential temperature between the air entering and leaving
the evaporator is 2.25 °C and at the condenser is 1.41 °C. While in section C the difference between
the incoming and outgoing air temperatures from the evaporator is 1.43 °C and from the condenser
is 1.35 °C. Section D also from the evaporator is 2.14 °C and from the condenser is 1.68 °C. The
unbalance different temperatures between the evaporator and condenser are due to the heat loss in the
overall systems. The higher the temperature inlet, the higher the temperature difference between the
evaporator and condenser.

3.2. Analysis of the effectiveness of HPHE performance

Equations 1 and 2 generate the HPHE effectiveness value based on the temperature difference
between the hot and cold fluids flowing through the HPHE. The actual temperature difference in one
section of the heat pipe evaporator is divided by the maximum temperature difference between the air
entering one section of the heat pipe evaporator and the air entering the other section of the heat pipe
condenser. However, remember that this equation only considers the temperature difference factor and
not other factors, such as airflow and air pressure, which also affect the effectiveness of the HPHE.
The effectiveness of heat pipe performance can be calculated based on data from the five tests. The
effectiveness graph against the inlet air temperature can be seen in Figure 5:

25 T T T T T T

20

Effectiveness, (%)

L] L] L] L] L] L]
32 34 36 38 40 42
Fresh air inlet temperature, (°C)

Figure 5. Relationship graph of effectiveness and intake air temperature.

Figure 5 depicts that the heat pipe demonstrates its lowest performance effectiveness at an inlet
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air temperature of 32 °C, amounting to a 7% reduction during the initial test. In contrast, the highest
performance effectiveness of the heat pipe is observed when the inlet air temperature reaches 42 °C,
resulting in a remarkable 21% effectiveness level. This observation indicates that the effectiveness of
heat pipe operation escalates with higher inlet air temperatures. Remarkably, this finding aligns with
multiple research studies conducted by Abdallah et al. [29], Sukarno et al. [33] and Rittidech et al. [45],
all of which establish a similar trend of increasing effectiveness as the inlet temperature rises.

3.3. Thermal resistance

To achieve efficient thermal transfer, it is desirable for the thermal resistance of a heat pipe to be
as low as possible. Employing Eq 3 from the preceding discussion makes it feasible to calculate the
thermal resistance of the heat pipe using data obtained from the five conducted tests. The

corresponding table and graph illustrating the relationship between thermal resistance and inlet air
temperature are presented in Figure 6.

140 A

= =
© o N
o o o
1 1 1

Thermal resistance, (°C/W)
[o)]
o

40 4

Fresh air inlet temperature, (°C)

Figure 6. Relationship graph of thermal resistance and intake air temperature.

Based on Figure 6, it can be seen the relationship between thermal resistance to inlet air
temperature. The highest thermal resistance of 139.82 °C/W occurs when the intake air temperature
is 32 °C. The thermal resistance value drops significantly when the incoming air temperature has
passed 36 °C. The lowest thermal resistance value, 44.22 °C/W, occurred when the inlet air temperature
was 36 °C. Itis caused by the heat pipe working fluid that has not fully evaporated when the evaporator
temperature is less than 36 °C. These results align with previous research [29], where the best
performance of the heat pipe in flowing fluid is when the inlet air temperature is part C. The heat pipe
performance at a temperature of more than 36 °C, there is no significant change of thermal resistance
due to the ability of the heat pipe to transfer thermal from the evaporator to the condenser. The thermal
resistance tends to decrease when the fresh air inlet temperature increases, and the slight thermal
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resistance occurs at the air inlet temperature of 36 °C. The heat resistance is slightly constant at a
temperature of more than 36 °C due to the ability of the heat pipe to transfer heat. This phenomenon
is according to the research of Sukarno et al. [25] dan Ramos et al. [46], where more excellent heat
absorption is obtained when the air inlet temperature increases, thus increasing the air inlet temperature
on the evaporator side reduces the thermal resistance.

3.4. Heat recovery analysis of Heat Pipe Heat Exchanger

The graph below provides a visual representation of the correlation between heat recovery and
the temperature of the fresh air inlet. It demonstrates how changes in the fresh air inlet temperature
impact heat recovery efficiency within the system. This information is essential for understanding the
relationship between these two factors and optimizing the heat recovery process in HVAC systems.

0.3 ! ! ! ! ! !

Heat Recovery, (W)

0.0 ; i ; ; ; ;

32 34 36 38 40 42
Fresh air inlet temperature, (°C)

Figure 7. The relationship between heat recovery and the temperature of the fresh air inlet.

Figure 7 shows the relationship between heat recovery and inlet air temperature. The graph shows
that the lowest heat recovery occurs when the inlet air temperature is 32 °C, which is 0.05 W. Heat
recovery increases significantly when the inlet air temperature reaches 36 °C. This value demonstrates
that the best heat recovery occurs when the inlet air temperature is 42 °C, which is 0.21 W. Thus, heat
pipe work's heat recovery increases with the fresh air inlet temperature. The temperature is limited
to 42 °C due to the maximum ambient temperature in the surrounding, and in Indonesia, the
temperature rarely exceeds 42 °C. It is possible to test a temperature of more than 42 °C, but in this
experiment, we limited it to 42 °C. The effectiveness performance analysis has been compared with
research conducted by Abdallah et al. [29], Sukarno et al. [33] and Rittidech et al. [45]. On thermal
resistance, the trend has been compared with the results obtained by Sukarno et al. [25] and
Ramos et al. [46]. Furthermore, energy recovery analysis has been added to the narrative in the form
of energy recovery refers to the process of recovering wasted heat in an HVAC. In the context of HPHE,

AIMS Energy Volume 11, Issue 4, 612-627.
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heat recovery involves the transfer of heat from a wasted hot fluid into a cool fluid that requires heating
or cooling. The higher the heat recovery, the more heat is successfully recovered and reused [47,48].

4. Conclusions

The research findings provide several critical conclusions regarding utilizing Heat Pipe Heat
Exchangers (HPHE) for heat recovery in air conditioning systems. The analysis of HPHE performance
effectiveness reveals that the highest effectiveness is achieved during the fifth test, where the inlet air
temperature reaches 42 °C, resulting in an effectiveness level of 21%. Notably, the effectiveness
demonstrates an increasing trend as the inlet air temperature rises. Therefore, it can be inferred that the
performance effectiveness of the heat pipe improves with higher inlet air temperatures.

Additionally, the analysis of HPHE thermal resistance indicates that it absorbs a substantial
amount of heat, particularly when the fresh air inlet temperature increases. This behavior leads to a
reduction in the thermal resistance of the evaporator at higher fresh air inlet temperatures. The
minimum thermal resistance occurs at an inlet air temperature of 36 °C.

Furthermore, the analysis demonstrates a significant increase in heat recovery as the inlet air
temperature reaches 36 °C. The optimal heat recovery is achieved when the fresh air inlet temperature
is 42 °C, resulting in a value of 0.21 W. Consequently, the active heat recovery of the heat pipe
intensifies with higher fresh air inlet temperatures.
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