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The energy conservation potential of the heat pipe based heat exchangers (HPHXs) was studied in this
research. To this end, a typical climate chamber as the representative of an air conditioning system was
established. The performance characteristic of a typical eight-row HPHX was obtained based on the
one week operation (168 h) to determine the performance characteristic curves. The coil face veocity
and insde temperature were set at' 2 m/sand 24-c, respectively. Then, the relevant empirical
performance equations were used to predict the energy conservation of the HPHX for the years of 2000,
2020, and 2050. The predictions showed that total amounts of 6,794 kwWh, 11,278 kWh, and 14,132
kWh energy could be recovered by the fabricated HPHX in the years of 2000, 2020, and 2050,
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1. INTRODUCTION

Energy consumption of the most of the countries has
been considerably increased especially in the devel oped
countries. The increase of energy consumption has been
realized due to the major developments in sectors such
as industrial, transport, residentia, and commercia
sectors [1]. Moreover, based on the World Energy
Council (WEC), with considering the current situation,
the world energy demand would increase up to 50-80%
in 2020. It can be anticipated that the energy
consumption even has a faster growth in hot and
tropical counties in comparison with the other counties.
This is due to the fact that in these countries, the living
standards have been improved and the application of
energy consumers such as air conditioning (AC)
systems has been considerably increased.

Besides the energy aspect, the global warming is a
major issue now and it is one of the mgjor challenges
for the scientits and policy makers. The global
warming negative effects on the world have already
been obvious and UN nations gather annually for
tackling this problem. There are some protocols such as

"Corresponding author Email: m_ahmadzadeh56@yahoo.com (M.
Ahmadzadehtalatapeh )

Kyoto Protocol that the UN nations have agreed on.
Based on this protocol, the countries have agreed to
impose policies to decrease the carbon emissions. One
of the major methods which contribute to the emissions
reduction is the application of energy recovery devices
to improve the systems performance in terms of energy
consumption.

In the building industry, the AC systems are one of
the major energy consumers, and usually the operating
power cost of the AC systems accounts for more than
50% of the entire energy bill [2]. How to reduce the
energy consumption of the AC systems by using new
energy recovery technologies and egquipment is an
important task for the designers and engineers.

Heat pipe heat exchanger (HPHX) as an efficient
heat exchanger is suggested for this purpose. HPHXs
can be used to recover energy between the fresh and
return air. A HPHX is a heat exchanger consisting of
externally-finned tubes filled with a proper refrigerant.
There are two heat transfer sections in HPHX as the
evaporator and condenser sections. In hot climates, the
HPHXs can be used to cool incoming warm air and
consequently decrease the energy demand in the AC
systems. HPHX dose not need externa power and
because of design simplicity, it is a proper heat transfer
device for energy recovering purpose [3, 4]. Application
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of the heat pipe based heat exchangers for heat transfer
and energy recovering purposes has already been
reported such as studies in [5- 12]. For instance, Azad
[5] tested the performance of a heat pipe equipped solar
collector. It was found that by applying this design, the
production cost could be reduced by using an
interconnected heat pipe because the heat pipes could be
evacuated, sealed and tested at once.

Application of HPHXs for energy recovery in AC
systems has been explored by some researches. The
dehumidification capability of HPHX was studied by
Abtahi et al. [6]. It was found that pre-cooling the air
lowered the sensble cooling fraction and
dehumidification capacity of the system was enhanced.
In asimilar research, a HPHX was examined for energy
saving and dehumidification enhancement in an AC
system in the subtropical Florida climate condition [7].

The HPHX was ingtalled between the air streams in
the system. The study showed an improvement in the
dehumidification capability from 22 to 42% for the inlet
temperature of 27°C and the relative humidity (RH) of
50%. In addition, the results showed the average energy
saving of 75% over the 1985 to 1986. In another study,
Mathur [8] used the BIN weather data (BIN weather
data is the average of the real weather data that has been
recorded over extended periods) to study the effect of a
six-rowv HPHX in the energy consumption of an AC
system. Yau [9] studied the effect of three key
parameters of inlet ar state namely, dry bulb
temperature (DBT), RH and air velocity on the sensible
heat ratio (SHR) of the 8-row thermosyphon HPHX.
The study revealed that, by employing the HPHX, the
overall SHR of the AC system was reduced from the
maximum of 0.688 to the minimum of 0.188 as the
evaporator inlet DBT was increased. Moreover, it was
found that SHR was reduced from the maximum of
0.856 to the minimum of 0:188 as the evaporator inlet
RH was increased. In another study, the influence of
HPHXs on the enthapy change in-a tropical AC system
was studied by Yau [10]. The tests and simulations
conducted with/without an eight-row HPHX in an AC
system. It was found that the added HPHX could
improve the cooling load of the chilled water coil. Wan
et al. [11] also tested the effect of a loop heat pipe air
handling coil on the energy consumption in an AC
system operating in an office building. According to the
results, the AC system equipped with the HPHX could
save cooling and reheating energy.

It was demonstrated that, for the indoor temperature
of 22-26°C and 50% RH, the rate of energy saving in
the office building was 23.5-25.7% for cooling load and
38.1-40.9% for total energy consumption. The study
showed that by using a HPHX in an AC system, the
energy consumption could be significantly reduced and
the indoor thermal comfort could also be improved. A

3-row thermosyphon HPHX was studied using the
Hilton AC laboratory Unit in RMIT [12]. The capability
of added HPHX for energy recovering and RH control
of supplied air was investigated in the study. Based on
the experimental results, the cooling capability for the
system was improved by 20 to 32.7%. It was a so found
that for RH sSituations below 70% RH, the condenser
side of the HPHX could also perform as a reheater to
replace with the reheating coil to control the RH
parameter. As a result of this study, the application of
HPHXs ingead of conventional reheat coils was
suggested.

Almost in al of the previous research studies,
performance of the HPHX has been considered as a
fixed parameter. However, the empirical performance
equation of the heat exchanger under actual conditions
can lead to more reliable and acceptable findings and
predictions. In this research, the capability of a typical
eight-row HPHX for energy recovering was investigated
in the AC systems operating in hot and tropical areas.
To this end, the performance characteristic of the
fabricated eight-rov HPHX was obtained during one
week of operation. This is performed to find out more
reliable data for the simulations and predictions. The
experiments were conducted in Kuala Lumpur,
Malaysia as ahot and tropical region.

2. METHODOLOGY

The present research can be divided into two main parts.
Firg part is the experimental work and the second part
isthe predictions or the simulations. In the experimental
part, the fabricated HPHX was instdled in an
established experimental AC system, and the
performance curves of the HPHX were obtained based
on the one week (168 h) operation. Then, in the
simulation part the empirical performance equations of
the HPHX were extracted from the performance curves
and were used in a simulation program to predict the
energy recovery potential of the fabricated HPHX for
the upcoming year.

The test set-up consists of aremovable HPHX, a fan
coil unit, an eectric heater and a variable speed fan. The
HPHX, measurement sections, and ducts were fully
insulated to minimize heat transfer to the atmosphere.
The HPHX operated in the horizontal configuration, as
illugtrated in Figure 1. In the operation process, HPHX
pre-cooled the fresh air in the evaporator side before
reaching into the cooling coil. The physica
specifications of the fabricated eight-row HPHX are
listedin Table 1.

The fan coil unit conssted of two units of (9390 W
total cooling capability) cooling coils and a centrifugal
fan to blow the air to the space. In addition, a 5.5 kW
electric heater with a control box was installed after the
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fan coil unit to provide the desired inside air
temperature. A variable speed fan was also located
inside the ducting system to establish the required coil
face velocity or mass flow rate.

TABLE 1. Design specifications of the HPHX

HPHX dimensions 420 mm wide, 350 mm high

NUmber of rows Eight rows of 11 tubes, OD:13.4 mm,

1D:12.7 mm
Centre-to-centre tube Transverse: 31.75 mm ,Longitudinal: 27.5
spacing mm
Ein Aluminum corrugated, wavy plate, 12 fin

per inch, fin thickness: 0.15mm

Threelayers of stainless steel wire mesh,

Wick structure 100 mesh per inch

Refrigerant R-134a (HFC family)
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Figure 1. (8) Schematic diagram of the test set-up, and (b)
Schematic of the HPHX and tube arrangements
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Figure 2. Hourly recorded EBR value

The RH and DBT of the air at each measuring point
were recorded using the RH and resistance temperature
detector (RTD) sensors. Before the instrumentation of
the test set-up, all the sensors were calibrated in the
range of expected operation and the recorded data were
anayzed by a data acquisition software.

The parameters which concerned in this study were;
coil face velocity and insde temperature. The HPHX
was directly receiving the fresh outdoor air in the
evaporator side. The coil face velocity was provided at 2
m/ s, which typically occurs in practice, and return air
temperature was set at 24°C as the approximation for
the inside air temperature.

In order to obtain the performance curves, DBT and
RH of the air at each measuring point were recorded
every minute, and average of the sixty measurements
was used for the data processing purpose. The system
was run for 168 h (one week) and the performance
curves of the HPHX were obtained.

3. RESULTS AND DISCUSSIONS

Before the data processing, in order to check the
reliability of the recorded data, the energy balance ratio
(EBR).in the HPHX was recorded (see Figure 2). EBR
value shows the heat transfer ratio between the
evaporator and condenser sides. It was observed that the
EBR value fluctuated between 0.95 and 1.1 with the
mean value of 1.1.

As illudrated in Figure 2, the EBR value deviates
from unity. This deviation is expected, since the heat
transfer process of the system isatransient heat transfer.
Moreover, non-uniformity of the temperature profile at
the measuring stations is also expected. The non-
uniformity of the temperature causes uncertainty in the
recorded data, which is estimated in section 3.1.

Figure 3 shows the hourly recorded ambient
temperature and RH during the data collection. The RH
was ranging between 45% and 89% and ambient
temperature was in the range of 24°C to 34°C. The
recorded temperature and RH of the measuring points
were shown in Figure 4. According to the  Figure 4,
the evaporator inlet temperature and RH fluctuation are
much more than other measuring points and this is
because of the fact that thereis no control in outdoor air
conditions and the system receives exactly the fresh
outdoor air. The RH and temperature changes after the
HPHX sections are also illustrated in Figure 4.

As mentioned earlier in the paper, the main goal of
the present experimental research work is to understand
the energy conservation or energy recovery potential of
the fabricated eight-rowv HPHX. Almost in al of the
previous research works, the effectiveness of the
HPHXs was considered as a fixed parameter (Note
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effectiveness is defines as the actual heat transfer rate to
the maximum possible heat transfer rate.).

However, the performance of the HPHX in actud
conditions may not be fixed. As a result, determining
the relevant empirical equations based on one week
operation in actua condition make the energy analysis
of the HPHX more accurate and reliable. The recorded
effectiveness of the HPHX was fluctuated between 42%
and 51%, as shown in Figure 5.

The empirical relationships between the evaporator
inlet and outlet temperatures (EIT and EOT) were
extracted from the performance characteristic curves.
Therefore, the evaporator inlet air RH was categorized
into five ranges, namely 40%-50%, 50%-60%, 60%-
70%, 70%-80%, and 80%-100% and the empirical
performance equations for the evaporator section were
obtained (with the highest goodness of fit value, R?)
and tabulated in Table 2. Figure 6 illustrates the typical
performance curve for the RH category of 60%-70% as
arepresentative.

For accurate and reliable predictions of the energy
recovery by the HPHX for the whole years at 2000,
2020, and 2050, the yearly temperature and RH data
together with the empirical performance equations of
the HPHX were considered. To this end, the predicted
TMY weather data for the years 2000, 2020, and 2050
was used [13].
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Figure 3. The recorded ambient temperature and RH during
the test
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Figure 4. The recorded temperature and RH of the measuring
points
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TABLE 2. Empirical equations

0% < RH <50% EOT =0.6628* EIT +7.195
50% < RH < 60% EOT =0.645* EIT +7.822
60% < RH <70%

70% < RH < 80%

80% < RH <100%

EOT =0.6476* EIT + 7.7807
EOT = 0.5866* EIT +9.6301
EOT =0.5017* EIT +12.005

a b W N

The predicted TMY weather fileswere generated by
adapting the current industry standard weather files to
incorporate climate change predictions [13]. The data
files provide the hourly weather data for the whole year
of 8760 hours for the tropical Kuala Lumpur climate.

The hour-by-hour westher data together with the
relevant empirical eguations were used for the
caculations of the energy recovery by the HPHX.
Therefore, the empirical equations of the HPHX, which
were extracted from the performance curves, were
written as a FORTRAN source code to represent the
HPHX in TRNSYS software (TRNSYS software is a
transent systems simulation software with a modular
structure).

TRNSYS software was used to read the hour-by-
hour data from the TMY weather files and compute the
data for the whole years. Then, the energy recovery by
the HPHX evaporator section was simulated hour-by-
hour for the whole year of 8760 h. This prediction was
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performed for the years of 2000, 2020, and 2050, as
illugrated in Figures 7-9.

Based on the simulation results, it was found that the
energy recovery by the evaporator section of the HPHX
was estimated at 3397 kWh, 5639 kWh, and 7066 kWh
for 2000, 2020, and 2050, respectively. Moreover, if the
energy rejected in the condenser section could be used
for heating process, the amount of energy recovery by
the HPHX could be increased up to 6794 kWh,
11278 kWh, and 14132 kWh for the years 2000, 2020,
and 2050, respectively. Table 3 shows the capahility of
the HPHX for energy recovering. Astabulated in Table
3, the energy recovery potential of the HPHX increases
from 2000 to 2050. In percentage terms, the predictions
showed that the energy recovery potential of the
fabricated HPHX could increase up to 66% and 108% in
years 2020 and 2050 in comparison to year 2000,
respectively. This is attributed to the fact that, the inlet
temperature to the evaporator section would be higher in
coming years, therefore, the temperature drop in the
evaporator section expected to be increased.

It is clear that the amount of energy recovery by a
heat exchanger depends on the amount of the ventilated
air in the system. As aready explained, the above
described climate chamber is a small scale of the AC
systems.

In the climate chamber under test, the system
received 622 CFM (cubic feet per minute) of air, which
was almost suitable for a smal room of about 20 m?2,
and the energy recovered by the HPHX was based on
the above ventilated air; therefore, it _could. be
anticipated that the amount of energy recovery in the
actual AC systems would be much higher than the
above mentioned amounts. For example, in the study
reported in [11] the energy saving of the system with the
added loop heat pipe was estimated to be about 140
kW/h, which is considerable in an actual AC system.

Therefore, by considering all the above, HPHXs as
an environmentally friendly technology could be an
appropriate heat recovery device for coming years.
Moreover, based on the interesting energy recovery
capability of the HPHXs in AC systems, AC systems
are recommended to be equipped with this heat recovery
device to improve the system performance in terms of
energy consumption.

3.1. Uncertainty analysis Bias uncertainty

( Bragencen ) PECAUSE Of the non-uniformity in the

temperature profile was estimated for the recorded
parametersin this research. The bias uncertainty for the
dependent variables that results from a non-uniform
temperature digtribution at a measuring point can be
approximately represented by:
Xmax — Xm‘n
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Figure 7. Energy recovered by the evaporator section of the
HPHX, simulation for the whole year- year 2000
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Figure 8. Energy recovered by the evaporator section of the
HPHX, simulation for the whole year- year 2020
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Figure 9. Energy recovered by the evaporator section of the
HPHX, simulation for the whole year- year 2050

TABLE 3. Energy recovery by the HPHX

Year By the By the Improvement
evapor ator evapor ator (%)
section of the and condenser
HPHX (kWh) sections of the
HPHX (kWh)

2000 3397 6794 -

2020 5639 11278 66

2050 7066 14132 108
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where X is the dependent variable (effectiveness and
EBR in this research), N is the number of dependent
varigbles, x _ and X . ~ae the maximum and

minimum dependent variables calculated based on the
maximum and minimum temperatures at the measuring
points.

In this study, the bias uncertainty for the hourly
recorded effectiveness and EBR was calculated. To this
end, maximum amount of parameter (X ) is

calculated based on the maximum recorded temperature
at the measuring points and minimum amount of
parameter (X ) is calculated based on the minimum

recorded temperature at the measuring points. Figure 10
shows the hourly calculated bias uncertainty for the
effectiveness and EBR parameters. It was found that the
uncertainty for the EBR values was ranging from 0% to
6.8% and for effectiveness parameter was varied from
of 0% to 4.9%.
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—_ — Effectiveness
S\i
2
£
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Figure 10. Hourly calcul ated bias uncertainty for the EBR and
effectiveness

4. CONCLUSION

In this research, the capability of HPHXs for energy
recovering was estimated for the whole year of 8760 h
at 2000, 2020, and 2050. For this purpose, the empirical
performance eguations ‘of the HPHX were used in
TRNSY S software. Based on the simulation results, the
fabricated eight-row HPHX has the capahility of energy
recovery at 6794 kwh, 11278 kwh, and 14132 kwh for
the years 2000, 2020, and 2050, respectively. Moreover,
the predictions showed that the energy recovery
potential of the fabricated HPHX could increase up to
66% and 108% in years 2020 and 2050 in comparison to
year 2000, respectively. Therefore, it is anticipated that
HPHX s can recover a considerable amount of energy in
ayearly operation if they could beinstalled in the actual
AC systems and they are recommended to be used in the
AC systems to improve the systems performance in
terms of energy consumption.
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1. INTRODUCTION

Energy consumption of the most of the countries has
been considerably increased especially in the devel oped
countries. The increase of energy consumption has been
realized due to the major developments in sectors such
as industrial, transport, residentia, and commercia
sectors [1]. Moreover, based on the World Energy
Council (WEC), with considering the current situation,
the world energy demand would increase up to 50-80%
in 2020. It can be anticipated that the energy
consumption even has a faster growth in hot and
tropical counties in comparison with the other counties.
This is due to the fact that in these countries, the living
standards have been improved and the application of
energy consumers such as air conditioning (AC)
systems has been considerably increased.

Besides the energy aspect, the global warming is a
major issue now and it is one of the mgjor challenges
for the scientits and policy makers. The global
warming negative effects on the world have already
been obvious and UN nations gather annually for
tackling this problem. There are some protocols such as

"Corresponding author Email: m_ahmadzadeh56@yahoo.com (M.
Ahmadzadehtalatapeh )

Kyoto Protocol that the UN nations have agreed on.
Based on this protocol, the countries have agreed to
impose policies to decrease the carbon emissions. One
of the major methods which contribute to the emissions
reduction is the application of energy recovery devices
to improve the systems performance in terms of energy
consumption.

In the building industry, the AC systems are one of
the major energy consumers, and usually the operating
power cost of the AC systems accounts for more than
50% of the entire energy bill [2]. How to reduce the
energy consumption of the AC systems by using new
energy recovery technologies and egquipment is an
important task for the designers and engineers.

Heat pipe heat exchanger (HPHX) as an efficient
heat exchanger is suggested for this purpose. HPHXs
can be used to recover energy between the fresh and
return air. A HPHX is a heat exchanger consisting of
externally-finned tubes filled with a proper refrigerant.
There are two heat transfer sections in HPHX as the
evaporator and condenser sections. In hot climates, the
HPHXs can be used to cool incoming warm air and
consequently decrease the energy demand in the AC
systems. HPHX dose not need externa power and
because of design simplicity, it is a proper heat transfer
device for energy recovering purpose [3, 4]. Application
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of the heat pipe based heat exchangers for heat transfer
and energy recovering purposes has already been
reported such as studies in [5- 12]. For instance, Azad
[5] tested the performance of a heat pipe equipped solar
collector. It was found that by applying this design, the
production cost could be reduced by using an
interconnected heat pipe because the heat pipes could be
evacuated, sealed and tested at once.

Application of HPHXs for energy recovery in AC
systems has been explored by some researches. The
dehumidification capability of HPHX was studied by
Abtahi et al. [6]. It was found that pre-cooling the air
lowered the sensble cooling fraction and
dehumidification capacity of the system was enhanced.
In asimilar research, a HPHX was examined for energy
saving and dehumidification enhancement in an AC
system in the subtropical Florida climate condition [7].

The HPHX was ingtalled between the air streams in
the system. The study showed an improvement in the
dehumidification capability from 22 to 42% for the inlet
temperature of 27°C and the relative humidity (RH) of
50%. In addition, the results showed the average energy
saving of 75% over the 1985 to 1986. In another study,
Mathur [8] used the BIN weather data (BIN weather
data is the average of the real weather data that has been
recorded over extended periods) to study the effect of a
six-rowv HPHX in the energy consumption of an AC
system. Yau [9] studied the effect of three key
parameters of inlet ar state namely, dry bulb
temperature (DBT), RH and air velocity on the sensible
heat ratio (SHR) of the 8-row thermosyphon HPHX.
The study revealed that, by employing the HPHX, the
overall SHR of the AC system was reduced from the
maximum of 0.688 to the minimum of 0.188 as the
evaporator inlet DBT was increased. Moreover, it was
found that SHR was reduced from the maximum of
0.856 to the minimum of 0:188 as the evaporator inlet
RH was increased. In another study, the influence of
HPHXs on the enthapy change in-a tropical AC system
was studied by Yau [10]. The tests and simulations
conducted with/without an eight-row HPHX in an AC
system. It was found that the added HPHX could
improve the cooling load of the chilled water coil. Wan
et al. [11] also tested the effect of a loop heat pipe air
handling coil on the energy consumption in an AC
system operating in an office building. According to the
results, the AC system equipped with the HPHX could
save cooling and reheating energy.

It was demonstrated that, for the indoor temperature
of 22-26°C and 50% RH, the rate of energy saving in
the office building was 23.5-25.7% for cooling load and
38.1-40.9% for total energy consumption. The study
showed that by using a HPHX in an AC system, the
energy consumption could be significantly reduced and
the indoor thermal comfort could also be improved. A

3-row thermosyphon HPHX was studied using the
Hilton AC laboratory Unit in RMIT [12]. The capability
of added HPHX for energy recovering and RH control
of supplied air was investigated in the study. Based on
the experimental results, the cooling capability for the
system was improved by 20 to 32.7%. It was a so found
that for RH sSituations below 70% RH, the condenser
side of the HPHX could also perform as a reheater to
replace with the reheating coil to control the RH
parameter. As a result of this study, the application of
HPHXs ingead of conventional reheat coils was
suggested.

Almost in al of the previous research studies,
performance of the HPHX has been considered as a
fixed parameter. However, the empirical performance
equation of the heat exchanger under actual conditions
can lead to more reliable and acceptable findings and
predictions. In this research, the capability of a typical
eight-row HPHX for energy recovering was investigated
in the AC systems operating in hot and tropical areas.
To this end, the performance characteristic of the
fabricated eight-rov HPHX was obtained during one
week of operation. This is performed to find out more
reliable data for the simulations and predictions. The
experiments were conducted in Kuala Lumpur,
Malaysia as ahot and tropical region.

2. METHODOLOGY

The present research can be divided into two main parts.
Firg part is the experimental work and the second part
isthe predictions or the simulations. In the experimental
part, the fabricated HPHX was instdled in an
established experimental AC system, and the
performance curves of the HPHX were obtained based
on the one week (168 h) operation. Then, in the
simulation part the empirical performance equations of
the HPHX were extracted from the performance curves
and were used in a simulation program to predict the
energy recovery potential of the fabricated HPHX for
the upcoming year.

The test set-up consists of aremovable HPHX, a fan
coil unit, an eectric heater and a variable speed fan. The
HPHX, measurement sections, and ducts were fully
insulated to minimize heat transfer to the atmosphere.
The HPHX operated in the horizontal configuration, as
illugtrated in Figure 1. In the operation process, HPHX
pre-cooled the fresh air in the evaporator side before
reaching into the cooling coil. The physica
specifications of the fabricated eight-row HPHX are
listedin Table 1.

The fan coil unit conssted of two units of (9390 W
total cooling capability) cooling coils and a centrifugal
fan to blow the air to the space. In addition, a 5.5 kW
electric heater with a control box was installed after the
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fan coil unit to provide the desired inside air
temperature. A variable speed fan was also located
inside the ducting system to establish the required coil
face velocity or mass flow rate.

TABLE 1. Design specifications of the HPHX

HPHX dimensions 420 mm wide, 350 mm high

NUmber of rows Eight rows of 11 tubes, OD:13.4 mm,

1D:12.7 mm
Centre-to-centre tube Transverse: 31.75 mm ,Longitudinal: 27.5
spacing mm
Ein Aluminum corrugated, wavy plate, 12 fin

per inch, fin thickness: 0.15mm

Threelayers of stainless steel wire mesh,

Wick structure 100 mesh per inch

Refrigerant R-134a (HFC family)

] Main Setup
Measuring IEJ/Controller

HPHX Station
(Condenser)

(_%D 4 [& Return Air

H
/
o ff 2 (%F 05 || %
Coolng p|oyer
Coil

HPHX ]
(Evaporator] Eléctric
Heater
Inside
Co:?rz}eéox [ Sensor
Ambient Air Inlet
Data logger *1,2,3,4 and S are
measuring stations (sensors
for DBT and RH)
@

Evaporator  pdiabatic Condenser
Section Section S\ection

27.5
mm

35

31.7;
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42 cm }‘ﬁ'(
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(b)
Figure 1. (8) Schematic diagram of the test set-up, and (b)
Schematic of the HPHX and tube arrangements
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Figure 2. Hourly recorded EBR value

The RH and DBT of the air at each measuring point
were recorded using the RH and resistance temperature
detector (RTD) sensors. Before the instrumentation of
the test set-up, all the sensors were calibrated in the
range of expected operation and the recorded data were
anayzed by a data acquisition software.

The parameters which concerned in this study were;
coil face velocity and insde temperature. The HPHX
was directly receiving the fresh outdoor air in the
evaporator side. The coil face velocity was provided at 2
m/ s, which typically occurs in practice, and return air
temperature was set at 24°C as the approximation for
the inside air temperature.

In order to obtain the performance curves, DBT and
RH of the air at each measuring point were recorded
every minute, and average of the sixty measurements
was used for the data processing purpose. The system
was run for 168 h (one week) and the performance
curves of the HPHX were obtained.

3. RESULTS AND DISCUSSIONS

Before the data processing, in order to check the
reliability of the recorded data, the energy balance ratio
(EBR).in the HPHX was recorded (see Figure 2). EBR
value shows the heat transfer ratio between the
evaporator and condenser sides. It was observed that the
EBR value fluctuated between 0.95 and 1.1 with the
mean value of 1.1.

As illudrated in Figure 2, the EBR value deviates
from unity. This deviation is expected, since the heat
transfer process of the system isatransient heat transfer.
Moreover, non-uniformity of the temperature profile at
the measuring stations is also expected. The non-
uniformity of the temperature causes uncertainty in the
recorded data, which is estimated in section 3.1.

Figure 3 shows the hourly recorded ambient
temperature and RH during the data collection. The RH
was ranging between 45% and 89% and ambient
temperature was in the range of 24°C to 34°C. The
recorded temperature and RH of the measuring points
were shown in Figure 4. According to the  Figure 4,
the evaporator inlet temperature and RH fluctuation are
much more than other measuring points and this is
because of the fact that thereis no control in outdoor air
conditions and the system receives exactly the fresh
outdoor air. The RH and temperature changes after the
HPHX sections are also illustrated in Figure 4.

As mentioned earlier in the paper, the main goal of
the present experimental research work is to understand
the energy conservation or energy recovery potential of
the fabricated eight-rowv HPHX. Almost in al of the
previous research works, the effectiveness of the
HPHXs was considered as a fixed parameter (Note
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effectiveness is defines as the actual heat transfer rate to
the maximum possible heat transfer rate.).

However, the performance of the HPHX in actud
conditions may not be fixed. As a result, determining
the relevant empirical equations based on one week
operation in actua condition make the energy analysis
of the HPHX more accurate and reliable. The recorded
effectiveness of the HPHX was fluctuated between 42%
and 51%, as shown in Figure 5.

The empirical relationships between the evaporator
inlet and outlet temperatures (EIT and EOT) were
extracted from the performance characteristic curves.
Therefore, the evaporator inlet air RH was categorized
into five ranges, namely 40%-50%, 50%-60%, 60%-
70%, 70%-80%, and 80%-100% and the empirical
performance equations for the evaporator section were
obtained (with the highest goodness of fit value, R?)
and tabulated in Table 2. Figure 6 illustrates the typical
performance curve for the RH category of 60%-70% as
arepresentative.

For accurate and reliable predictions of the energy
recovery by the HPHX for the whole years at 2000,
2020, and 2050, the yearly temperature and RH data
together with the empirical performance equations of
the HPHX were considered. To this end, the predicted
TMY weather data for the years 2000, 2020, and 2050
was used [13].

100
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Figure 3. The recorded ambient temperature and RH during
the test
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Figure 4. The recorded temperature and RH of the measuring
points
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TABLE 2. Empirical equations

0% < RH <50% EOT =0.6628* EIT +7.195
50% < RH < 60% EOT =0.645* EIT +7.822
60% < RH <70%

70% < RH < 80%

80% < RH <100%

EOT =0.6476* EIT + 7.7807
EOT = 0.5866* EIT +9.6301
EOT =0.5017* EIT +12.005

a b W N

The predicted TMY weather fileswere generated by
adapting the current industry standard weather files to
incorporate climate change predictions [13]. The data
files provide the hourly weather data for the whole year
of 8760 hours for the tropical Kuala Lumpur climate.

The hour-by-hour westher data together with the
relevant empirical eguations were used for the
caculations of the energy recovery by the HPHX.
Therefore, the empirical equations of the HPHX, which
were extracted from the performance curves, were
written as a FORTRAN source code to represent the
HPHX in TRNSYS software (TRNSYS software is a
transent systems simulation software with a modular
structure).

TRNSYS software was used to read the hour-by-
hour data from the TMY weather files and compute the
data for the whole years. Then, the energy recovery by
the HPHX evaporator section was simulated hour-by-
hour for the whole year of 8760 h. This prediction was
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performed for the years of 2000, 2020, and 2050, as
illugrated in Figures 7-9.

Based on the simulation results, it was found that the
energy recovery by the evaporator section of the HPHX
was estimated at 3397 kWh, 5639 kWh, and 7066 kWh
for 2000, 2020, and 2050, respectively. Moreover, if the
energy rejected in the condenser section could be used
for heating process, the amount of energy recovery by
the HPHX could be increased up to 6794 kWh,
11278 kWh, and 14132 kWh for the years 2000, 2020,
and 2050, respectively. Table 3 shows the capahility of
the HPHX for energy recovering. Astabulated in Table
3, the energy recovery potential of the HPHX increases
from 2000 to 2050. In percentage terms, the predictions
showed that the energy recovery potential of the
fabricated HPHX could increase up to 66% and 108% in
years 2020 and 2050 in comparison to year 2000,
respectively. This is attributed to the fact that, the inlet
temperature to the evaporator section would be higher in
coming years, therefore, the temperature drop in the
evaporator section expected to be increased.

It is clear that the amount of energy recovery by a
heat exchanger depends on the amount of the ventilated
air in the system. As aready explained, the above
described climate chamber is a small scale of the AC
systems.

In the climate chamber under test, the system
received 622 CFM (cubic feet per minute) of air, which
was almost suitable for a smal room of about 20 m?2,
and the energy recovered by the HPHX was based on
the above ventilated air; therefore, it _could. be
anticipated that the amount of energy recovery in the
actual AC systems would be much higher than the
above mentioned amounts. For example, in the study
reported in [11] the energy saving of the system with the
added loop heat pipe was estimated to be about 140
kW/h, which is considerable in an actual AC system.

Therefore, by considering all the above, HPHXs as
an environmentally friendly technology could be an
appropriate heat recovery device for coming years.
Moreover, based on the interesting energy recovery
capability of the HPHXs in AC systems, AC systems
are recommended to be equipped with this heat recovery
device to improve the system performance in terms of
energy consumption.

3.1. Uncertainty analysis Bias uncertainty

( Bragencen ) PECAUSE Of the non-uniformity in the

temperature profile was estimated for the recorded
parametersin this research. The bias uncertainty for the
dependent variables that results from a non-uniform
temperature digtribution at a measuring point can be
approximately represented by:
Xmax — Xm‘n

n

B =

Tdependent
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Figure 7. Energy recovered by the evaporator section of the
HPHX, simulation for the whole year- year 2000
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Figure 8. Energy recovered by the evaporator section of the
HPHX, simulation for the whole year- year 2020
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Figure 9. Energy recovered by the evaporator section of the
HPHX, simulation for the whole year- year 2050

TABLE 3. Energy recovery by the HPHX

Year By the By the Improvement
evapor ator evapor ator (%)
section of the and condenser
HPHX (kWh) sections of the
HPHX (kWh)

2000 3397 6794 -

2020 5639 11278 66

2050 7066 14132 108
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where X is the dependent variable (effectiveness and
EBR in this research), N is the number of dependent
varigbles, x _ and X . ~ae the maximum and

minimum dependent variables calculated based on the
maximum and minimum temperatures at the measuring
points.

In this study, the bias uncertainty for the hourly
recorded effectiveness and EBR was calculated. To this
end, maximum amount of parameter (X ) is

calculated based on the maximum recorded temperature
at the measuring points and minimum amount of
parameter (X ) is calculated based on the minimum

recorded temperature at the measuring points. Figure 10
shows the hourly calculated bias uncertainty for the
effectiveness and EBR parameters. It was found that the
uncertainty for the EBR values was ranging from 0% to
6.8% and for effectiveness parameter was varied from
of 0% to 4.9%.
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Figure 10. Hourly calcul ated bias uncertainty for the EBR and
effectiveness

4. CONCLUSION

In this research, the capability of HPHXs for energy
recovering was estimated for the whole year of 8760 h
at 2000, 2020, and 2050. For this purpose, the empirical
performance eguations ‘of the HPHX were used in
TRNSY S software. Based on the simulation results, the
fabricated eight-row HPHX has the capahility of energy
recovery at 6794 kwh, 11278 kwh, and 14132 kwh for
the years 2000, 2020, and 2050, respectively. Moreover,
the predictions showed that the energy recovery
potential of the fabricated HPHX could increase up to
66% and 108% in years 2020 and 2050 in comparison to
year 2000, respectively. Therefore, it is anticipated that
HPHX s can recover a considerable amount of energy in
ayearly operation if they could beinstalled in the actual
AC systems and they are recommended to be used in the
AC systems to improve the systems performance in
terms of energy consumption.
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