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ARTICLE INFO ABSTRACT
Keywords: All-air central HVAC systems are widely applied to provide fresh and conditioned air, which is very important for
Mechanical ventilation users to lead healthy and productive lives. Decentralized systems are another mechanical solution to ensure

Latent heat

Decentralized ventilation systems
Facade integrated systems
Staggered tube bundle

indoor air quality and thermal comfort with a heat recovery ventilation system integrated into the building wall.
These commercially available systems store sensible energy in the heat exchanger. In this study, an experimental
real-size staggered tube bundled prototype with phase change material (PCM), which stores latent thermal en-
ergy, was proposed/designed and full-scale experiments were carried out in laboratory conditions. The experi-
mental setup includes two spaces that simulate indoor and outdoor conditions that are separated by an insulated
aerated concrete wall. In the prototype, two ducts embedded in the wall contain staggered tube bundles filled
with PCM, which are positioned perpendicular to the airflow to recover heat for supply and exhaust ventilation
modes. The thermal performance of this prototype is investigated for different operating times, namely, 15, 20,
and 30 min. The average air energy change of the latent heat recovery ventilation system values is between 20
and 35 kJ approximately for the operating times. The supply mode efficiency result is an average of 50% and
exhaust mode efficiency is 25%.

include properly insulating the building envelope and reducing infil-
tration loads [4]. However, this creates airtight buildings that are not
well-ventilated, and lead to decreased IAQ. Both natural and mechanical
ventilation methods can help provide fresh air inside the buildings. For
natural ventilation, the pressure difference between the indoor and
outdoor environment is the driving force. However, if the wind-driven
ventilation and stack effect are insufficient or cannot be controlled,
mechanical ventilation systems are preferred. The differences between
mechanical and natural ventilation in terms of indoor air pollutants
were compared, occupants living in mechanically ventilated houses had
a higher health status and their health was significantly improved [5].
The results from healthcare units’ IAQ indicate that adequate control of
CO;, concentration and relative humidity balance effectively reduces the
risk of infection through the air with the use of mechanical ventilation
systems [6]. When the air quality in schools was investigated by venti-
lation rates, the concentrations of pollutants in low-energy school
buildings were lower than those that were naturally ventilated [7].
Comparing mechanically ventilated buildings with naturally ventilated
buildings can provide a better understanding of the IAQ of buildings
because different ventilation systems can have different effects on

1. Introduction

Today, people spend more than 90% of their time indoors either in
the office or at home [1]. Therefore, buildings should be designed not
only to provide adequate accommodation but also to create a healthier
environment. This study examines the relationship between air quality,
human health, and energy use. Such studies have increased recently in
light of the COVID-19 pandemic, which has raised concerns about in-
door air quality (IAQ) [2]. In an attempt to slow or stop the transmission
of the virus, scientists and government officials have focused on
implementing infectious disease prevention measures such as asking
people to stay at home. Such recommendations have led to an increased
interest in ensuring IAQ and related mechanical ventilation systems. On
the other hand, since the building sector consumes more energy than the
industry and transportation sectors [3], many studies focus on the effect
of building energy use on the environment and methods to reduce this
energy use. In response to environmental concerns, many countries have
implemented compulsory measures to decrease energy consumption
while maintaining thermal comfort. The most common measures
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Nomenclature

[ specific heat capacity (J/kg-K)
hg latent heat of fusion (J/kg)

m mass flow rate (kg/s)

n efficiency

Q thermal energy (J)

T temperature (°C)

t time (s, min)

AT temperature difference (°C)

At time difference (s)

Abbreviation

AHU air handling unit

CVS centralized ventilation system
DVS decentralized ventilation system
HRV heat recovery ventilation

HVAC  heating, ventilation, and air conditioning
1AQ indoor air quality

LHTES latent heat thermal energy storage
PCM phase change material

Subscript

in inlet

int initial

out outlet

indoor particle concentrations. Considering IAQ conditions, mechanical
ventilation can reduce indoor particle concentrations in residential
buildings [8]. Also, some publications have discussed and examined
mechanical ventilation systems’ energy use potential in different cli-
mates [9,10]. Advanced designs of new buildings are beginning to have
mechanical systems that bring outdoor air into the indoor environment.
Some of these designs include energy-efficient heat recovery ventilators
to improve IAQ [1]. Heat recovery ventilation (HRV) systems ensure the
efficient use of energy by transferring heat from the exhaust air to the
fresh air supply [11]. There are various methods to recover heat from
exhaust air for mechanical system applications [12], and these systems
typically recover 60-95% of the energy in the exhaust air thereby
significantly improving buildings’ energy performance [13]. Although
there are several studies on heat recovery systems, shortcomings remain
in the research and development of using recovery systems in building
applications and also the use of wall integrated systems [14].

Considering heat recovery effectiveness, energy consumptions are
limited [9] and decentralized ventilation systems (DVSs) have lower
pressure losses [10] when DVSs and centralized ventilation systems
(CVSs) are compared. Also, the large volume requirements of a CVS [15]
can be avoided by using a DVS and embedding HRV systems into the
building wall. HRV systems that store sensible heat are commercially
available. However, wall integrated HRV systems can only meet the
fresh air requirement of relatively small spaces by using multiple units
because of the low capacity of their sensible heat energy storage units
and small fans. These wall integrated HRV systems usually involve
electronically driven two-way fans. The indoor air that is expelled to the
outdoors flows through a ceramic material and transfers its thermal
energy to the ceramic block, and the temperature variations within the
ceramic block correspond to the sensible heat storage. After completing
the expelling process, the fan works in the opposite direction, trans-
ferring fresh outdoor air to the indoors. Removable filters in the system
control the outdoor contaminants and the two units running simulta-
neously prevent indoor pressure imbalances.

The commercially available wall-integrated DVSs generally consist
of an air supply grill, an air filter, an axial fan, and a ceramic heat
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exchanger, from outdoors to indoors. These products can provide
different fresh air flow rates depending on their fan capacities and the
selected control levels. The fans usually work in one direction for 70 s.
The number and placement of units inside a space depend on the size of
the space to be ventilated, the desired air change rate, and the homo-
geneous fresh air distribution. In addition to considering esthetic value
in architectural designs, DVSs are easier to control and generate less
noise than CVSs. However, the proper design, selection, and imple-
mentation of energy-efficient ventilation systems require a holistic
approach to the buildings and users. According to ASHRAE [16], air to
air energy recovery equipment for the room-based DVS that is installed
in the exterior walls, sensible effectiveness is typically in the range of
80-90%. Furthermore, in the previous work of the authors executed the
same experimental setup but differently by using a sensible heat re-
covery ventilation system included a ceramic heat exchanger [17] and
found that the supply efficiency for simulated summer conditions, when
the unit is operated for 7.5 min, is up to 89% and for 10 min, the exhaust
efficiency is decreased to 45%.

Beside sensible heat storage, latent heat recovery is possible in
condensing conditions (i.e., heating mode). For the latent effectiveness,
the manufacturers report that desiccant treated fixed-bed regenerators
are in the 60% to 80% range [16]. Thus, latent heat thermal energy
storage (LHTES) is frequently used today in the heating and cooling
sector due to its energy-saving and high efficiency [18,19]. Therefore,
heat recovery DVSs can achieve higher thermal energy storage capac-
ities by using latent heat in addition to sensible heat. The narrow tem-
perature ranges and system designs associated with PCM in LHTES have
attracted the attention of many researchers [20-25].

Providing comfortable thermal conditions while using less energy by
adding PCMs to the building elements has a wide range of applications.
Soares et al. [20] examined how and where PCMs are used in LHTES
systems and explored the relationship between building solutions and
the building’s energy performance. They concluded that LHTES systems
with PCM can contribute to increase indoor thermal comfort and system
efficiency, reduce the heating and cooling peak loads, and reduce energy
consumption. Thus, to maximize the system’s benefits, the phase change
temperature, type of PCM, and the amount of material must be deter-
mined accurately. Some mechanical systems store latent heat in heat
recovery ventilation, in addition to the studies. Experimentally and
numerically designed and fabricated studies include a real-size heat
exchanger unit with PCM [21] integrated into a ventilated window [22]
or staggered tubes [19]. These studies were conducted to improve IAQ,
performed experimental and numerical simulations to determine the
most suitable design criteria by changing the heat exchanger forms, the
amount of PCM, and properties of the PCM.

As seen in the previous articles, a wide variety of energy-efficient
systems have been developed and evaluated for the recovery of waste
heat energy from buildings. In many studies, the performance of DVSs
was compared with CVSs under different climatic conditions and the
findings show that DVSs cause lower pressure losses and provide more
energy savings. Several studies [11,17,23,24] mentioned wall inte-
grated HRV systems, a new concept (especially for DVS), and evaluated
their potential applications for residential ventilation. Thus, by using
PCM, more thermal energy storage capacity can be provided in a more
compact geometry than the sensible heat thermal energy storage solu-
tion. Based on the studies compiled above, and to the best of our
knowledge, there are no numerical and experimental studies into the
energy and flow analysis of a decentralized wall integrated HRV system
with PCM. Thus, this current study proposes such a unit design and
experimentally evaluates its thermal performance and air flow behavior.
In the current study, firstly, a full-scale experimental system is built up
that includes a new HRV prototype. This prototype is characterized
thermally under controlled conditions. The fan performance and the
heat recovery unit performance are calculated according to calibrated
and measured data. Thus, how different operational cycle periods affect
the energy consumption by the HRV prototype is investigated. Lastly,



T. Pekdogan et al.

the results are analyzed and the conclusions on the performance are
given.

2. Experimental setup and procedure
2.1. Experimental setup

The full-scale experiments were carried out in the Building Physics
Laboratory of the Faculty of Architecture, Izmir Institute of Technology.
An experimental chamber, previously used for the thermal study of a
double-skin facade [25-28], was redesigned and prepared for this study.
The experimental setup includes two spaces that simulate indoor and
outdoor temperature conditions. They are separated by an insulated
aerated concrete wall. Parametric studies have been carried out to
determine the performance of two wall integrated HRV systems with
tube bundled prototypes containing PCM.

The experimental setup shown in Fig. 1 consists of eight main parts:
The aerated concrete wall (I) separates the simulated indoor (II) and
outdoor (III) environments. The dimensions of the simulated indoor
environment (II) are 2.7 m depth, 1.5 m width, and 3 m height, and it
has 10 cm thick insulated panel walls. The simulated outdoor environ-
ment (III) has measurements of 2 m depth, 1.5 m width, and 3 m height.
The experimental HRV systems (IV) are mounted inside the two air ducts
(V), which are positioned outside of the wall for being accessible while
taking measurements inside the units and the ducts insulated against
heat transfer. The heating/cooling constant temperature bath (VI) with a
flowmeter condition the indoor (II), while a cooling group (VII) and a
thermostat-controlled heater (VIII) condition the outdoor (III)
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environment. The heating/cooling systems use wall-hung serpentines to
condition the air as shown in Fig. 1. Thermocouples (shown as T)
continuously measure temperatures from the points shown schemati-
cally in Fig. 1.

The experimental decentralized ventilation unit with heat recovery
(IVin Fig. 1) uses a heat exchanger to transmit heat from the exhaust air
to the supply air and can be installed directly on a facade. Fig. 2 shows
the overview of the ventilation system with a tube bundle prototype,
which consists of covers for inside (1) and for outside (2), filter (3), fan
(4), and the tube bundle heat exchanger unit (5). The air taken from
outside passes through the filter before it reaches the indoor

Fig. 2. The experimental heat recovery system overview.
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Fig. 1. Plan and section of the experimental setup (not in scale).
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environment.

The experimental heat recovery systems are mounted inside the two
air ducts (V) which are thermally insulated as shown in Fig. 1. The ducts
are integrated with the aerated concrete wall that separates the indoor
and outdoor environments. The Duct-1 and Duct-2 in Fig. 3 are placed
one meter above the ground and have a cross-sectional area of 0.175 m
x 0.175 m. The prototypes work in opposite directions simultaneously;
thus, the air inside the ducts flow in opposing directions (in exhaust and
supply modes) to minimize the pressure imbalances in the rooms that
represent indoor and outdoor environments.

2.2. Experimental procedure

The experimental procedure is divided into three processes which
are the preparation process, the data collection process and analyze and
interpret the data process.

(1) The preparation process reaches and maintains the representative
temperature conditions for the inlet and outlet sections of two
HRYV systems, which are closed during this period, by controlling
the temperature of the indoor (22 + 1 °C) and outdoor (35 + 1 °C)
room. Indoor and outdoor temperature values were chosen based
on the indoor thermal comfort condition [29], and the average of
maximum temperature measurements from Turkish State Mete-
orological Service between 1991 and 2020 for Izmir Turkey [30].

(2) After adjusting the system, two HRV units are used alternatively
in exhaust/supply modes in periodic cycles. The thermal energy
stored by the units is monitored during these periodic cycles.
Throughout the experiments, indoor and outdoor temperatures,
temperatures at the inlet and outlet sections of the HRV units,
temperature changes in the HRV units, air velocity at the ducts
where HRV units integrated, as well as the pressure differences
between indoor and outdoor environments and between inlet and
outlet sections of the HRV units are measured (Table 1). These
experimental data measured by the instruments (mentioned in
Table 1) are recorded with a datalogger in time steps of 5 s during
the experiments.

(3) The reliability of the test results is determined by the uncertainty
analysis given in the following section. Using the measurement
results, the thermal energy storage capacity of HRV systems is
calculated for different operating times.

a) indoor

b) outdoor

Fig. 3. Ducts’ location in simulation rooms with temperature (red dot) and
velocity (blue dot) measurement points. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article).

Table 1

Information of test instruments.
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Test Test instruments Test instrument Number of the test
parameters places instruments
Temperature T-type Indoor and 5 for indoor
thermocouples outdoor 3 for outdoor
environments

Air velocity

Blitz Sens VS-C2-1-A
Air velocity

Inlet and outlet
sections of the

3 for both sections
(twice for Duct 1

HRV units and 2)
Inside the tubes of 8 (twice for Duct 1
HRV units and 2)

Inlet and outlet
sections of the

1 (twice for Duct 1
and 2)

transmitter ducts
Differential HK Instruments Indoor and 1 instrument from
pressure DPT-R8 Analog outdoor 2 points for
manometer environments differential
analysis

Inlet and outlet
sections of the
HRYV units

1 instrument from
2 points for
differential

analysis

Thermocouples within the ducts monitor the temperature variations
of air and the PCM in the tubes. The melting and solidification processes
of the PCM are observed with temperature measurements from many
points, as detailed in the following section. Thermocouples also located
at the inlet and outlet constantly monitor temperature changes of the
airflow inside the ducts, and a datalogger records these measurements.
The duct section and measurement points are given in Fig. 4. Two air
velocity transmitters which are shown in Figs. 3a and 4, placed in the
room that simulates the indoor environment measures air velocities in
both ducts. Moreover, a differential pressure meter placed before and
after the energy storage units records pressure drops for the exhaust and
supply conditions of the units (Fig. 4). In the exhaust mode, flow is
laminar and hydrodynamically fully developed close to the outlet,
therefore, air velocity is measured close to the outlet from different
points at the cross-section of the ducts. Meanwhile, in supply mode, the
velocity measurement is taken from the specified point. Beside, a ther-
mocouple near the outlet of the duct measures the air temperature for
calculating the mass flow rate of the air considering the density variation
with temperature.

The working principle of a DVS relies on the temperature differences
between indoor and outdoor environments. In this study, a novel recu-
perative wall integrated HRV system with LHTES is developed and the
improvement of the thermal energy storage performance using PCM as
well as the system’s pressure drop during ventilation are evaluated by
conducting a full-scale experimental study for this tube bundle
prototype.

At the start of each experiment, for all charging and discharging
experiments, indoor and outdoor environment temperatures were
monitored until the system reaches steady-state conditions while the
inlet and outlet sections of the ducts were sealed with covers. A
thermostat-controlled electric heater was used to stabilize the outdoor
environment temperature. When the desired temperature was reached,
the duct covers were opened, and the experiments started. During the
experiments, two systems worked in synchrony. While one system
exhausted air from the inside which took place as the discharging pro-
cess for the PCM, the other one supplied fresh air from the outside which
was the charging process for the PCM. The RT27 (paraffin that changes
phase at 27 °C) PCM [31] was placed in the prototype. The solidification
and melting process of PCM in the tube bundle were monitored during
discharging and charging cycles with temperature measurements. Dur-
ing the experiments, temperature, flow rate, and pressure were
measured utilizing the data acquisition system at 5 s intervals.
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Fig. 4. Duct setup and measurement points (not to scale). (For interpretation of the references to color in this figure, the reader is referred to the web version of

this article).

2.2.1. Measurement methods

For calculating and expressing the variation of the experimental
setup, ambient, air velocity, pressure drop, and temperature measure-
ments play a decisive role in significantly determining flow rates,
pressure differences, and temperature changes.

The air velocity in the ducts is measured by Blitz Sens VS-C2-1-A
(measurement range 0,1 m/s) air velocity transmitter [32]. First, ve-
locity measurements were taken along the duct cross-section for exhaust
and supply from 16 different points as given in Table 2, then the average
velocity values in the duct sections were calculated to determine the
mean airflow rates. In Duct 1, the average velocities for supply and
exhaust air are 0.344 m/s and 0.282 m/s, respectively. The points that
provided the nearest values to the calculated average velocity values
were selected to represent the average velocity (marked in Table 2) and
the following velocity measurements were taken from these points
during experimental studies to determine the mean velocity, volumetric
flow rate, and mass flow rate.

In the experimental setup, the differential pressure measurement was
monitored with an analog manometer from two points. Two separate
measurements were taken to measure the pressure difference between
the indoor and outdoor environments, and the pressure difference be-
tween the systems on the two ducts with fans working in exhaust and
supply modes. Fig. 5 shows the cases when the fan is working in exhaust
and supply mode for cycles of 15 min, 20 min, and 30 min. While Duct 2
is operating in the exhaust mode, Duct 1 is in supply mode. When the
system runs from the indoor to the outdoor environment, the fan pro-
duces an average pressure difference of 8.20 Pa for 15 min, 8.07 Pa for
20 min, and 8.02 Pa for 30 min. During the airflow from the outdoor
environment to the indoor environment, the pressure difference occur-
ring between two fans for 15 min, 20 min, and 30 min is 9.74 Pa, 9.78
Pa, and 9.57 Pa, respectively.

Koper et al. [33] measured airflow rates for different pressure drops
namely 0, 4, and 7 Pa by using a single room decentralized heat recovery
unit in winter conditions. For 7 Pa, the volume flow rate was 22 m®/h in

supply mode and 6 m®/h in exhaust mode. In the study of Zemitis et al.
[34], a regenerative heat exchanger effectiveness was calculated
experimentally. The results showed that for a 10 Pa differential pressure,
deviations in the amount of fresh air can range from 30% to 100% for the
nominal flow rate of 30 m>/h. Regarding these references, for the cur-
rent experimental setup, the average pressure loss in this system is
approximately 10 Pa (Fig. 5) and the volume flow rate is 28 m>/h in
supply mode and 22 m®/h in exhaust mode. So, the fan performances of
the current study were quite better than the other studies [33,34] for the
same and similar pressure drops.

In experimental studies, the critical measurement for the LHTES
system is the determination of the solid and liquid phases [35]. The
temperature measurements of the medium are used for monitoring the
melting and solidification process. The positions of thermocouples in-
side the test rooms representing indoors and outdoors are shown in
Fig. 1. The number and location of thermocouples are as follows; one
thermocouple measures the laboratory temperature, in which the
experimental setup is placed, five thermocouples provide indoor envi-
ronment temperature values, and three thermocouples represent out-
door environment temperature. In the indoor environment, one
thermocouple is placed at the midpoint of the two-duct exit sections to
measure the air temperature inside the duct for the determination of the
air density. In the outdoor environment, three thermocouples measure
the temperature of the system inlet in front of the filter for each duct,
and three thermocouples measure the temperature of the system outlet
(Fig. 4).

The tube bundle has 10 rows, and eight thermocouples are placed in
the tube bundle prototype. Their placement is shown in Fig. 6. The
selected tubes with a thermocouple inside are colored. These color codes
are also used in the following section numbered 3, Results and Discus-
sion. In addition, the arrangement of the thermocouples in Fig. 6 is
shown with a 3D top view. These locations are selected to show the
average temperature gradient in the PCM.

Calibration is important to determine the deviation of the indicator

Table 2
Duct 1 fan exhaust and supply velocity measurement results in m/s.
v, 1. 1. 1 iv. Column iii. Column ii. Column i. Column Avg.
1.
o 2.
o 3.
' 4.
-
Supply 1. Line 0.270 0.341 0.320 0.350 0.344
2. Line 0.306 0.345 0.371 0.403
3. Line 0.280 0.380 0.38 0.415
4. Line 0.271 0.300 0.35 0.370
Exhaust 1. Line 0.390 0.252 0.199 0.242 0.282
2. Line 0.395 0.251 0.225 0.278
3. Line 0.306 0.225 0.282 0.281
4. Line 0.270 0.281 0.283 0.347
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Fig. 5. The pressure difference at the inlet and outlet of the systems while the fan operates in exhaust and supply modes for three different running times.
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Fig. 6. Thermocouple placement inside the prototype of the decentralized HRV system with PCM.

of a measuring device from the actual value during measurement.
Thermocouples were calibrated in the Chamber of Mechanical Engineers
Calibration Laboratory and Metrology Training Center in Izmir, Turkey.
Also, differential pressure measurement systems were self-calibrated in
a case, where the pressure values were measured, and there was no
pressure-generating effect; thus, the pressure values were the same in
the two openings of the device. The air velocity measuring probe was
calibrated by a comparison method, in which the reference sensor and
the test instrument were placed in a wind tunnel test section.

In this study, uncertainties were calculated using the methodology
described by Holman [36]. Air velocity measurement uncertainty during
the experiments was calculated by using the manufacturer’s catalog
values as ~5.94% by interpolation and the uncertainty of the mass flow
rate of air was calculated as ~6.27%. The total uncertainty value of the
thermocouples also took the uncertainty of the devices used into

consideration during the process of calibration. The overall heat transfer
rate uncertainty value was ~6.35%, depending on the parameters of
mass flow rate, specific heat, and temperature uncertainties.

2.2.2. Usage of phase change material

The most common PCMs are paraffin and salt hydrates. In this
experimental study, RT27 which is paraffin that changes phase at
around 27 °C was placed in copper tubes in liquid form. The tube bundle
consists of 100 copper staggered tubes filled with PCM at the direction of
the airflow. The height of one tube is 15 cm, and its outer diameter is
4.76 mm. Liquid PCM was poured into the tubes having 0.3 mm wall
thickness (see Fig. 6). The tube arrangement in the bundle is designed as
1.4 cm for the transverse pitch and 1.4 cm for the longitudinal pitch. The
diagonal pitch between tube centers is measured as 1.565 cm in the
prototype.
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The inner volume of a tube is 2.04 cm® and the total empty weight of
the tube bundle is 906 g. When the copper tube bundle is filled with
liquid PCV, it weighs 1065 g and 1062 g when the PCM solidifies due to
the difference in solid-liquid density. Therefore, on average, 1.6 g of
RT27 PCM [31] can be added into a tube. The physical properties of the
air and copper depended on temperature, are chosen in the reference
numbered [37]. On the other hand, studies numbered [38,39] are taken
as the reference for the physical properties of PCM given in Table 3.

3. Results and discussion

The prototype decentralized HRV system stores latent heat thermal
energy with the tube bundle containing PCM. In the context of this
study, the thermal energy storage performance of the prototype is
evaluated by experiments. During the experiments, while one system
exhausts air from the inside, the other one supplies fresh air from the
outside. However, the exhaust and supply flow of the axial fans in the
heat recovery system are different from each other. Therefore, in this
study, a new fan characteristic was obtained by making measurements
at the fabrication speed settings. This characteristic shows that the fan
operates exhaust and supply modes with 47% efficiency during the ex-
periments [17].

3.1. Charging and discharging experiments

The experiments were conducted for the two DVS tube bundle pro-
totypes with PCM that operate simultaneously. At the start of each
experiment, the duct and the indoor environment were monitored until
the system reaches steady-state conditions. After that, two HRV units
installed at two ducts were used alternatively in the exhaust and supply
modes in a certain periodic cycle to achieve charge and discharge con-
ditions for the thermal energy storage of the units. Experiments
continued for 15 min, 20 min, and 30 min cycles. For the simulation of
summer conditions, the indoor environment temperature is maintained
at around 22 °C, and the outdoor environment is kept at approximately
35 °C.

Temperature gradients in the tubes in the two ducts depend on the
outdoor and indoor environment temperatures, as can be seen in
Figs. 7-9. For the figures below (Figs. 7-9), D1 represents Duct 1 and D2
represents Duct 2. The placement of the thermocouples is coded by the
number of rows in which they are located to represent the temperature
individually. Duct inlet and outlet temperatures are specified as DTin
and DTout, respectively. In addition, the phase change at 27 °C for PCM
is indicated in all figures. In addition, all graphs contain direction in-
dicators. These direction indicators represent the characterization test
results for supply (inlet to outlet) and exhaust (outlet to inlet) of ducts.
Meanwhile, Tinside and Toutside are indoor temperature and outdoor
temperature, respectively.

The experiment in Figs. 7-9 is for the simulated summer conditions.
Temperature changes when both units run simultaneously for Duct 1
(D1) and Duct 2 (D2). Thereby, the charging and discharging of the PCM
can be monitored by following the temperature change in the thermo-
couples. The system operates for 15 min in one direction then, afterward
it operates in the opposite direction for another 15 min (Fig. 7).

Duct 1 first takes supply air from the outside, and the PCM melts
between 26 and 28 °C. Later, when the system operates in the reverse

Table 3
Physical properties of RT27 [31,38,39].

Properties Values for RT27
Density, solid phase (15°C) 880 kg/m®
Density, liquid phase (40°C) 760 kg/m>
Specific heat 2.4 kJ/kg-K
Latent heat 184 kJ/kg
Thermal conductivity 0.2 W/m-K
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Fig. 7. Heat recovery system operation for 30 min, with 15 min cycles in
summer conditions for Duct 1 (D1) and Duct 2 (D2).

direction, the solidification process begins (Fig. 7-D1). Temperature
fluctuations occur in the outdoor environment due to the thermostat of
the experimental setup. When the ambient temperature rises above or
sinks below +1#x00A0;°C, the thermostat activates and either stops or
starts the heating system. Since the outdoor environment has a smaller
volume, heat losses have a higher impact and cause faster cool down.

Thus, the fluctuation in the outdoor environment occurs mainly due
to the thermostat-controlled heater. As seen in Fig. 7, when the systems
in Ducts 1 and 2 are operated for 15 min, the PCMs in the temperature
trend inside the tubes of the first three rows do not reach 27 °C, thus they
are not fully melted. The other measured rows have temperatures higher
than 27 °C, which shows that the PCMs are melting, and the fastest
melting tube rows are the 8th and 10th. Duct 1 and Duct 2 work in
opposite directions. Duct 2 is in the exhaust while Duct 1 is in the supply.
In Duct 2, the fastest solidifying tube row is the PCMs inside the first two
tubes. So, this figure shows that there is not enough time to stabilize the
temperature distribution of the PCMs inside all the tubes. For this
reason, the system must operate for a while for the PCM to melt or so-
lidify. Hence, the system was operated for different operation times, and
Figs. 8 and 9 give the results.
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Fig. 8. Heat recovery system operating for 40 min with 20 min cycles in
summer conditions for Duct 1 (D1) and Duct 2 (D2).

Fig. 8 shows the results of 20 min of operation for summer. At the
beginning of the experiment, while the fan in Duct 1 supplies air, the fan
in Duct 2 exhausts air from the indoor environment. The average indoor
temperature is 22 °C, and the outdoor temperature is around 35 °C.
While one cycle duration is 40 min, Fig. 8 shows two 20 min exhaust and
supply modes for D1 and D2. The figure shows that the melting and
solidification process sufficiently occurs in the PCM tubes. Looking at
the rows one by one, the ones with the lowest temperatures in exhaust
mode are the first two rows in D1. In the supply mode, in D2, the fastest
melting row is the 5th and 9th. Then it is 8th, 10th, 6th, 3rd, 1st, and
2nd, respectively. Moreover, when the system operates for 20 min, the
temperature increases inside the tube bundle, and the melting and so-
lidification process of the PCM performs better than the 15 min cycle
presented in Fig. 7.

Fig. 9 gives the results of operation for 30 min of exhaust and 30 min
of supply modes. Thus, the cycle is 60 min in total. The indoor tem-
perature value is 21 + 1 °C on average, while the outdoor temperature is
around 33 °C. As can be seen, PCM completely melts in Duct 2 and
completely solidifies in Duct 1 in 30 min. Then, the temperatures of the
thermocouples increase. This indicates that sensible heat storage follows
LHTES. Thus, the temperatures of these thermocouples get very close to
the indoor or outdoor environment when the system operates for 30
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Fig. 9. Heat recovery system operating for 60 min with 30 min cycles in
summer conditions for Duct (D1) and Duct 2 (D2).

min.

When Duct 1 is in exhaust mode, the first two rows are solidifying
first. And then 3rd, 9th, 5th, 6th, 8th, and 10th are solidifying, respec-
tively. While Duct 2 is operating in supply mode, the first row of melting
tubes is the 5th and 9th row. Then the rows of tubes 8th, 6th, 3rd, 10th,
1st, and 2nd, are melted, respectively.

Fig. 10 shows the melting process of the PCM inside the tubes while
working in the supply mode. This color chart represents the tempera-
tures measured in the tubes from blue to red. Red is the 35 °C which is
the row of tubes with the highest temperature, while blue represents
27 °C is the row of tubes that have not completely melted which is the
mushy zone. When the system operates for 15 min, the first three rows
are not fully melted. And in all operation time, the last three rows have
the highest temperature when system operating supply mode.

3.2. Data reduction
Table 4 shows the results of the tube bundle HRV system with PCM

obtained from experimental data and calculations. In sensible heat
storage systems, the variables that determine the amount of energy
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Fig. 10. Temperature distribution for rows at the end of an operation cycle in
supply mode.

stored are the amount of material used, the specific heat of the material,
and the temperature change that takes place during the heat storage.
The amount of heat stored in/released from the PCM to the air is
calculated by using Eq. (1);

Q = mec,ATA? M

where m is the mass flow rate of air (kg/s), ¢, is the air specific heat
capacity (J/kg°C), AT is the temperature change of air (°C), and At is the
running time period (s). The results of the experiments are presented in
Table 4. The air energy change is obtained according to the weighted
averages of three thermocouples (Tin) placed before the filter in the unit,
and the average of the three thermocouples (Tout) placed after the
prototype and air velocity data measurements during specified time
steps.

The PCM, RT27 can store latent heat and is used in the prototype to
add more energy storage capacity according to the temperature and
phase changes in the material. So, when calculating the internal energy
change in the PCM during the experiment, both of the physical processes
of heat storage; sensible heat and latent heat, occur and need interpre-
tation. Sensible heat is related to the temperature change of a substance,
while latent heat depends on the phase change of the material, namely
liquid to solid or solid to liquid phases in this study. Since phase change
enthalpy is used to overcome the molecular attraction of particles, it has
many times more energy storage capacity than sensible heat [40].

Furthermore, air energy changes shown in Table 4 are used to
investigate the performance of the heat recovery system. The storage
rate per unit time is an important parameter for evaluation rather than
the actual running period of the system. According to Table 4, when the
system operates for 20 min, the system performs better than 15 and 30
min. Also, when looking at the calculation of the average storage rate
per unit time, the best performance can be seen by operating the system
for 20 min. The thermal energy stored in the system from the previous
cycle or waiting for the time variations between the cycles are the rea-
sons for the difference in supply and exhaust values for heat transfer

Table 4
Air energy change of the latent HRV prototype.
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rates.

The best possible thermal efficiency cannot always be achieved due
to experimental uncertainties and errors, as well as poor setup or
breakdown during operation. To obtain the efficiency of the unit, it is
calculated according to the following procedures described in European
Standard EN 13,141-8:2014 for non-ducted units to measure tempera-
ture ratio on the supply air side [41]. The heat recovery efficiency used
in the calculations is given for the supply air side temperature ratio by
using Eq. (2):

1 1+ A1 T21 _ Tzz) :|
= ———=)dt| x 100 2
1 Teycle {f <T21 =T

where;

T21 = supply inlet temperature (°C)
T9o = supply outlet temperature (°C)
T11 = inside temperature (°C)

n defines the efficiency of the decentralized heat recovery prototype
for different working conditions. The temperature measurements are
recorded at 5-second intervals (At), and the efficiencies are calculated by
using specified operating time cycles which are 15 min, 20 min, and 30
min represented by tcyce. The supply efficiency results calculated ac-
cording to Eq. (2) are 51.6% for 15 min, 54.9% for 20 min, and 46.7%
for 30 min. And exhaust efficiency results are 23.3%, 29.8% and 24.6%,
respectively.

Another consideration for designing such a wall-embedded system
included a decentralized heat recovery ventilation is inside and outside
pressure difference induced by the wind and stack effects. Although the
stack effect is already considered in this current study (pressure drop
values are different for the exhaust and supply modes in Fig. 5 because of
the stack effect), the wind effect is not included because of the labora-
tory experiment conditions. But, in the real working condition of these
wall-embedded systems, the wind effect should be considered and the
system in the wall is installed avoiding prevailing wind direction. Ac-
cording to Merzkirch et al. [14], the heat recovery efficiency can be
reduced 8-22% because of the wind and/or stack effect. The heat
exchanger unit’s efficiency is dependent on the pressure difference, if
the pressure differences are around 10 Pa to 20 Pa, the efficiency is
changing between 20 and 50%. Filis et al. [42] validated an average of
62% sensible heat recovery efficiency at 5.2 Pa negative pressure dif-
ference in their simulations. Although mentioned studies [14,17,42]
about the decentralized heat recovery ventilation system included sen-
sible energy storage unit, gave the better performances, the present
study included latent energy storage unit provided an efficiency be-
tween 25 to 55% under the specified laboratory condition. This latent
energy storage system should be improved considering different tube
heat exchanger designs for better efficiency of the system which is
another study subject for future studies.

4. Conclusions
A novel latent HRV system, which aims to increase the energy per-

formance of the buildings, while taking fresh air to the interior, is
experimentally investigated under different operating conditions. In the

Time [min] Direction [in: inlet, out: outlet] D2-Tip Avg [°C] D2-Tou_avg [°C] D2-Air_Vel [m/s] Std. Dev. of Vel. Energy Change [kJ] Avg. Storage Rate (Watt)
15 in to out 32.10 29.85 0.35 0.025 16.12 17.9
out to in 26.02 24.29 0.30 0.010 14.68 16.3
20 in to out 30.46 28.34 0.32 0.056 27.24 22.7
out to in 25.56 23.97 0.29 0.012 22.13 18.4
30 in to out 32.01 30.05 0.35 0.025 34.12 19.0
out to in 24.17 23.39 0.32 0.027 19.88 11.0
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experimental test chamber, two ducts are integrated into an insulated
wall representing an exterior wall that separates the indoor and outdoor
environments. Units installed in these ducts operate simultaneously to
prevent pressure imbalances. According to the experiments, the
melting/solidifying results show that 20 min operation time gives the
best thermal performance for maintaining a comfortable indoor tem-
perature with the least energy consumption according to the storage
rate. Meanwhile, the supply mode efficiency result is an average of 50%
and exhaust mode efficiency is 25% for simulated summer conditions.

Experimental studies all have some limitations. In this study, a more
accurate temperature distribution in the tube could be observed by
taking more measurements while the system is working. Different phase
change materials could be also investigated experimentally under
different indoor and outdoor conditions; especially winter conditions
could be studied as future studies. Another issue that needs reconsid-
eration is the fan. Although the fans serve to exhaust and supply func-
tions at the same time, the exhaust direction operates with a lower flow
rate compared to the supply direction. Therefore, due to the high flow
rate, there is a more homogeneous distribution in the prototype during
the flow of fresh air from the outdoor environment to the indoor envi-
ronment than the air transfer from the indoor environment. For these
two operations, a pitch control fan or two separate fans can provide
more effective ventilation performance. This system can also contribute
to a healthy indoor environment by meeting the fresh air requirement
that is an important element of IAQ. Therefore, changes in the levels of
IAQ variables including, temperature, relative humidity, and carbon
dioxide levels must be experimentally investigated.

The prototype adds LHTES into ventilation systems by the integra-
tion of PCMs. Hence, it is an alternative to the ceramic systems in the
market under different climatic conditions. Yet, more research and
development are necessary before the prototype can enter the market.
According to the experimental results, it is necessary to examine the
environmental characteristics of the building on which the system will
be used depending on the months and seasons on a micro-climatic scale
for the selection of suitable PCMs in different temperature ranges. This
study became a possible starting point for further studies to create
design guidelines for DVSs with latent heat, where the experimental
setup will be modeled, analyzed, and compared with the experimental
results. Therefore, creating a valid simulation model, and conducting the
necessary parametric investigation for different seasons, months, and
choices of PCM to turn the prototype into a product is the authors’ next
study priority.
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