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Abstract: In natural gas pressure boosting stations, air coolers are used to reduce the gas
temperature. Pressure drop as an essential factor in determining the energy performance of any
pressure boosting station has a significant impact on the overall performance of the gas transmission.
In this paper, a laboratory pilot is designed to investigate the effect of pressure drop reduction on the
use of heating pipes at the air coolers. In addition, as a case for a gas pressure boosting station, its
impact over energy performance index and pressure drop parameter has been calculated through
simulating. The results show, implemented PHP tubes in an air cooler, lead to reduce tube length
and improve pressure drop, 44.59, 40.4, 36.78, 23.34% in four gas flow rate. Also, this approach
decreased fuel gas consumption more than 1,114,000 Sm3 and 3,889,440 kWh electrical
consumption in air coolers, annually. Beside, investigation of energy performance indicators reveals
that this approach might improve the total energy performance, thermal performance and electrical
energy performance indices up to 3, 2.3 and 79%, respectively.
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1. Introduction

In recent years, the use of natural gas for power generation, as well as industrial sector
consumption has dramatically increased [1-3]. Gas pressure boosting stations are used along the
transmission lines to supply the required pressure to move from a site to another [4—7]. On the other
hand, due to the pressure constraints of transmission lines, several pressure boosting stations are
required for gas transmission across the whole transmission lines [8—10]. The locations and
pressures required for pressure boosting stations are determined by permissible pressures, available
power, and geographical and environmental factors. This is due to the fact that the pressure drop is
highly dependent on elevation conditions, which reduces the pressure drop through the gas
movement path [11-14]. Each pressure boosting station consists of several scrubbers to filter the
inlet gas, a gas compressor to increase the pressure, and also an air cooler. Indeed, increasing the
gas pressure by the compressor causes a rise in gas temperature. The high temperature of the gas
necessitates the use of air coolers in the design of pressure boosting stations. Air coolers are among
the exchangers that reduce the gas temperature through blowing the air, mostly done by fans, to the
tubes carrying high-pressure gas. The cost of generating pressure at a boosting station can be up
to 50% of the total gas transportation expenditures [15—18]. The use of air coolers in gas pressure
boosting stations has some disadvantages, such as relatively high-pressure drop and significant
power consumption due to the use of electro fans [19-21].

Heating pipe is a means of heat transfer, which is now widely used in commercial applications.
It is more commonly used as a waste heat recycling device due to bringing high efficiency and low
volume without any pollution. Heating pipes usually operate at temperatures ranging from 40 °C
to 350 °C. This range can be extended by careful selection of parts of the system. Additionally, the
length of individual pipes may vary from a few inches to 5 feet long. Vasiliev and Luikov (2005)
investigated a variety of modern heating pipe types. They ultimately concluded that the selection
and design of heating pipes required careful consideration of the exact conditions and limitations of
the system. It was also stated that heating pipes have different advantages, including high
conductivity, isothermal conductivity, low maintenance [22].

Delpach et al. (2019) first addressed the need for energy optimization and its importance in the
ceramic furnace sector, which has a substantial consumption share (more than 50% of the total).
Also, in the cooling section and to improve the heating recovery, the radiant heating pipe was
investigated. Experimental results revealed that the heating pipe could recover the radiant heat and
also the natural displacement (About 4 kW) [23]. Ma et al. (2016) discussed the steel industry in
China and selected a sample in the melting sector for further investigation. Thermal performance
evaluation of heating pipe exchangers has been achieved and analyzed based on heat transfer rate,
heat transfer coefficient, energy efficiency and NTU [24]. The results revealed that energy and
thermal efficiency has improved and exergy efficiency increased from 34% to 41%. Additionally,
by using this system, the heat transfer rate, heat transfer coefficient, and system efficacy rose by 6, 10
and 7%, respectively. In a similar study, Mosleh et al. (2019) investigated the use of pulse heating
pipes in the exchanger structure through laboratory works. The results proved that utilizing pulse
heating pipes can improve the heat transfer coefficient up to 310%. In their research, R134a
operating fluid was used to evaluate the thermal performance of the exchanger. Overall, the authors'
studies express that the use of heating pipes, in various sectors of industry and also in building
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works, significantly contributes to improving efficiency, heat transfer and other relevant
indicators [25].

Previous researches have primarily focused on only the application of heat pipes in thermal
efficiency and overall heat transfer in different sector such as building and industrial. As mentioned
before, air cooler in gas pressure boosting station is an important facility as an energy performance
aspect in natural gas increasing pressure process. The other hand, increasing natural gas pressure is
the main target in each gas pressure boosting station, and reduce presser drop in air coolers cause to
improve energy performance index. Besides, heat transfer can be improved by using heat pipes in
the finned tube and cause to decrease the length of the tubes in air cooler with same heat transfer
performance. Hence pressure drop can be reduced. Therefore, the loss of pressure and the required
power will be reduced, and the efficiency and energy performance index will be improved. To our
knowledge, no prior work has been done to assess experimentally in real air cooler size with all
limitation at natural gas pressure boosting station.

Recently, different experiences have been studied to use of pulsed heat pipe in different
industry. Innovate of this paper is a laboratory system designed by creating similar boundary
conditions in natural gas compression station. In natural gas compressor stations industry by use of
air coolers, reduce natural gas temperatures, so in this study, similar conditions have been
established in the laboratory system as well as laboratory testing at different velocity of inlet fluid,
cooling fan system and tubes that no article has been published so far.

In this paper, a laboratory system was first designed and developed to investigate the pressure
drop in a tube and then the information and data relevant to a gas pressure boosting station in Iran
were gathered and utilized to evaluate two different situations (tubes equipped with finished pipes
and also tubes equipped with heating pipes). A case study of a typical gas pressure boosting station
shows that under designing conditions, the gas must have a pressure increase of about 1.72 MPa
throughout the station, while the triggered pressure drop in the air coolers of the subject station is
only 0.2 MPa. In other words, about 11% of the total pressure increased by the gas compressor is
lost in the cooling section, which results in lower gas pressure at the next station. Also at the station
under study, more than 75% of electrical energy consumption is due to the use of air cooler electro
fans at the gas pressure boosting station. Given the importance of increasing the pressure of natural
gas at pressure boosting stations, the reduction of energy performance at each station is an objective
and indicator of energy performance. In this paper, based on the laboratory and test results, in the
designed exchanger, having one tube equipped with pulse heating pipe and another equipped with
real-size fins, the effect of pressure drop on energy performance index at different fan speeds was
thoroughly discussed and analyzed.

2. Materials and methods

Due to the technical considerations and requirements demanded in this paper, a test system was
designed. In the designed device, a fin-equipped tube and also a tube with pulse heating pipes
implemented on are used. The purpose of designing such a system is to compare the pressure drop
triggered in the fin-equipped tube with the heating-equipped one utilizing R134a operating fluid .
For this reason, various equipment was employed to provide real thermodynamic conditions for the
internal and external flows of the test tubes. For this purpose, it is necessary to have a system
capable of providing process conditions in addition to performing gas cooling to the desired level.
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Therefore, a system was designed and developed which was capable to initially raise the fluid
process temperature to the desired extent and then perform the cooling operation to reach the subject
temperature to investigate the pressure drop in various conditions. The axial fan is also used to
create external flow. Figure 1 shows the laboratory image of the testing system.
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Figure 1. A schematic of the air-cooled heat exchanger designed for laboratory testing system.

The designed system includes a centrifuge fan equipped with an inverter system to determine
the speed of the blown air to create flow inside the pipes. The airflow generated by the centrifuge
fan, with 3 kW power and rated 2860 rpm rotation speed, first passes through a box of electric
heaters containing twelve 500-watt heating elements and reaches the desired temperature. It should
be noted that the heater capacity is variable and can be reached at different temperatures during
testing. Each pair of heaters is connected to a switch and can be switched on and off to meet
different temperatures of tubes inlet. The hot airflow is then passed through the connections into the
inlet header and divided into the internal flow of the pipes. A flow regulating valve is placed on
each tube to control the amount of air in each tube and to establish the same conditions through the
tubes. Thermocouple K-type thermometer is placed at the beginning and end of the pipes.
Ultimately, the airflow passes through the Anemometer flowmeters, Model 6252A, and is
discharged into the ambient.

2.1. Charging heat pipe

To fill the gas operating fluid, the weight of the test apparatus and the devices attached there
are first measured. A weighing scale with 0.05 g accuracy was used to measure weight. To fill the
device with R134a gas, both valves are closed first. Then the R134a gas capsule attached to one of
the valves with a gas hose. The capsule was placed in a way that it was positioned higher than the
upper valve. The capsule is also reversed to place the outlet at the bottom of the device. This is
because the R134a liquid is inserted into the outlet of the capsule to fill the heating pipe with this
liquid while filling. After the steps as mentioned above, first, we open the capsule valve. Then we
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open the upper valve of the apparatus and then open the lower one. The gas pressure causes the
liquid R134a to fill the oscillating heat pipe and also to expel the air inside the tube. When the liquid
R134a is excreted vigorously from the second valve, the second valve closes, and then the first one
is shut. The gas hose is slightly loosened to remove the R134a in the hose slowly. The hose is then
removed from the device. This method fills the heating pipe with a filling proportion above 90% of
the operating fluid. Then, regarding the internal volume of the heating pipes and the operational
fluid density at ambient temperature, by the continuous discharge of the R134a gas out of the pipes
and simultaneous weighing of the whole apparatus with scales, the desired filling ratio is measured.
Thermodynamics properties in experiment situation are statistically shown in Table 1.

Table 1. Thermodynamics properties in experiment situation.

Parameters Unit R134
Viscosity liquid cp 0.20
Boiling Point @ 1 atm C —26.1
Liquid density @ 25 C kg/m3 1206
Vapor density @ Boiling point kg/m3 5.25
Specific heat liquid @ 25 C kJ/kgK 1.44

After completing and running of the laboratory system, the pressure drop was measured in two
various situations. One using a tube equipped by pulse heating pipes (L1) and the other utilizing fin
heating pipes (L2), provided that the temperature of the outlet gas is 50 °C and the pressure drop
measurement is carried out through two Gauge-like barometers at the end of both tubes. Previous
studies showed that the overall heat transfer coefficient in a tube using a pulse heating pipe is far
better than that of using fins [25]. Therefore, the surface of the exchanger utilized to supply the
same temperature in the tube with a pulse heating pipe is expected to be lower, in fact, the tube
length is longer, and the surface should be more extensive. For this purpose, through the carried out
experiments up to 30 minutes, the axial fans are switched off, and after 30 minutes the fans are
switched on (the inverter frequency is set to 10 Hz). It is observed that the performance of both the
heating pipe and fin-equipped tubes has improved. Ultimately, after 30 minutes, the condition is
balanced. The purpose of this section is to experimentally select the specified length in the
exchanger to obtain the same output temperature in both tubes. The results of this test are brought in
Figure 2.
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Figure 2. Output temperature test results for pulsed heat pipes and fin-equipped tubes.

Test results show that the temperature within a meter of a tube equipped with heating pulse
pipe is 50 °C, which at the same temperature conditions is 1.5 m long for the tube equipped with
fins. The schematics of the experimental system are being shown in Figures 3-5.

Figure 3. Laboratory system for pulsed heat pipes and fin-equipped tubes.
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Figure 5. Pulsed heat pipes dimensions and the number of fin equipped tubes.

The NTU method, using to calculate the heat transfer rate in heat exchangers. This method is
used when the temperature not defined in all streams. NTU is a dimensionless parameter ratio that
calculated Egs 1 and 2.

NTU = A (1)

min

Coin =(MC )iy 2

According to Eq 1, total heat transfer area in both tubes in our investigation can be calculated
and determine for setup system.
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3. Results and discussions

As previously mentioned, the study performed in the laboratory system is following the
thermodynamic and operating conditions of one of the pressure boosting stations in Iran. The
operating considerations of the station, as well as the design conditions of the air-cooling exchanger
which have been the basis of boundary conditions selection in this study, are listed through Tables 2
and 3.

Table 2. Natural gas thermodynamic properties in the air cooling exchanger.

Parameter Input Output
Natural gas temperature (°C) 86.2 50
Inserted gas temperature by the fan (°C) 50 55
Natural gas flow rate (kg/hr) 631336 631336
Inserted gas flow rate (kg/hr) 4574556 4574556
Natural gas pressure (kPa) 6823 6623

*Qas density in the standard condition is assumed 53.23 kg/m3 in the input.

Table 3. Air cooler conditions to design the heat transfer pipes.

Parameter Unit Value
Heat transfer rate kW 14300
Heat transfer area m’ 52011
Electro fans number - 24
Fan power consumption kW 37

After conducting laboratory tests regarding different inlet gas flow rates to the tube, the results
show that the outlet pressure of the tube equipped with a pulse heating pipe is much higher due to
the shorter gas passage through the tube. The test results in 4 different gas flow rates, from the
highest flow (v1) to the lowest one (v4) inside the tube is shown in Figure 6.
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Figure 6. Test results in four different gas flow rates.
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The results pertinent to the measurements in test system prove that in all four modes of inlet
fluid velocity to the tube, the L1 tube equipped with a pulse heating pipe endures a higher gas
pressure, which was also true in the real conditions of the gas pressure boosting station. Figure 7
shows the improvement in pressure drop (%).
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Figure 7. Pressure drop improvement for each tube.

Regarding the laboratory scale, it is not possible to provide the inlet pressure to the exchanger
at the gas pressure boost station, which is the output of the gas compressor. For this purpose and
considering the linear relationship between velocity and pressure, the percentage of improvement
impact in two tubes is used for simulation.

The primary purpose of this study is to reduce the pressure drop triggered in the heat exchanger
and to increase the energy performance of the gas pressure boosting station. Since the energy
performance index at a pressure boosting station is defined as the ratio of total energy consumed to
the overall increase in pressure, the reduction of the energy performance index per a constant
pressure rate rise at the gas pressure boosting station requires the decline of the electrical energy or
gas consumption. As perceived in this study, the heating pipe is widely utilized as it reduces the
surface area of the exchanger and consequently uses a shorter tube to cool the gas to the desired
extent, causing the gas to travel through a shorter path in the exchanger. On the other hand,
lowering the pressure drop in the case study station will result in entering natural gas to the next
station with higher pressure, thus reducing fuel consumption in the turbine. To evaluate the gas-
saving capability, the pressure boosting station studied at the next station was simulated in Aspen
Hysys software. Then, the inlet pressure to the station was calculated in two different scenarios
which are shown schematically in Figure 8.
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Figure 8. Schematic designation of the system by Aspen Hysys software.

In the above simulation, the station inlet gas flow (No. 1) with 4903 kPa pressure and 25 °C
temperature is initially divided into three parts. These three flows include by-pass flow (No. 2), gas
flow to boost gas pressure (No. 3), and gas flow to fuel turbine compressors. The exhausted gas
from the turbo-compressors flows to the air coolers to lower the temperature, and at the air-cooling
exchangers, the gas temperature is reduced to 50 °C.

After the simulation process in ASPEN-HYSYS, some parameters such as natural gas suction
pressure and fuel gas selected to validate the simulation. So, average daily operation data and
simulation results in 30 days compared and uncertainty calculation in Figures 9 and 10 show 0.02%
and 0.09% error in pressure and temperature suction, respectively. Deviation means that simulation
results are acceptable.
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Figure 9. Comparison of real suction natural gas pressure and simulation result.
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Figure 10. Comparison of real suction natural gas temperature and simulation result.

The simulation results demonstrate that assuming constant pressure at the gas compressor
outlet, the difference in air cooler pressure drop at the previous station will result in lower gas
turbine consumption, which this pressure increase at V1 condition (maximum gas flow rate) is
about 100 kPa. Figure 11 shows the effect of increasing the inlet pressure to the pressure boosting

station at different intervals on a gas turbine.
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Figure 11. Effect of increasing the inlet pressure to the pressure boosting station at
different intervals on a gas turbine
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It should be noted that the results of Figure 11 are calculated for one gas turbine unit. To this
end, to calculate the total reduction in turbine fuel consumption considering the layout of the
sampling station and the use of 2 turbo-compressors continuously throughout the year, fuel
consumption is estimated to be annual as 1.115 MMM".

The energy performance index, in each natural gas boosting station, includes thermal, electrical
and total energy performance that calculated with Eqs 3 to 5.

Tetal Energy Consumption (kf)
Increased pressure (AP) (3)

Tetal Energy Performance Index =

Fuel Consumption (k)
Increased pressure (AF) (4)

Thermal Energy Performance Index =

Electrical Ener gy Consumption (kf)

Electrical Energy Performance Index = Increased pressure (AF) )

The total energy consumption at the gas pressure boosting station divided by the increased
pressure indicates the station's energy performance. Also, thermal energy includes fuel gas
consumption in the gas turbine, and Electrical energy performance is all electrical consumption
related to increased pressure that significant energy users are electro motors in air coolers.

Accordingly, the use of tubes equipped with heating pipes will improve the energy
performance index, as illustrated in Figures 12—-14.

Total Energy Performance (kJ/AP)

1,240,000 1,234,646

1,230,000
1,220,000
1,210,000

1,200,000 1,197,356

1,190,000

1,180,000

1,170,000

SEC t (with finned Tube) SEC t (with PHP Tube)

Figure 12. Total energy efficiency index improvement by using this scheme.
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Thermal Energy Performance (kJ/AP)
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SEC th. (with finned Tube) SEC th. (with PHP Tube)

Figure 13. Thermal energy performance index improvement by using this scheme.
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12,000
10,366

10,000

8,000

6,000

4,000
2,226

2,000

SEC el (with finned Tube) SEC el (with PHP Tube)

Figure 14. Electrical energy performance index improvement by using this scheme.

In the calculations, the thermal value of the gas is considered 45000 kJ/m’ and also the results
of the operating conditions survey pertinent to the subject station indicate that amongst the 24 air
cooler fans, on average half of them are permanently used during the year. Also, a significant
portion of the power consumption at each power-boosting station depends on the air more cooling
electro fans and therefore has a dramatic impact on the electrical energy performance index of the
station.
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Figure 15 shows the results of pressure drop reduction under different conditions of this study.

The calculated pressure drop in the tubes equipped with the heating pipes of the current study
shows that in the hot section, 53 kPa is dropped (for natural gas), while in operating conditions for
cooling parts, the pressure drop reported in the technical sheet by the air cooling manufacturer has
been 200 kPa. In other words, the pressure drop in the heating pipe exchanger design conditions
will be approximately four times lower than the current circumstances. In a similar study by Sun
et al. (2018), in particular, by combining a series of heating pipes with the use of gravitational force
in thermoelectric coolers (TEC), they empirical investigated the valid parameters. The results of
this study showed that using the combination mentioned above can improve the cooling capacity
by 68% [26]. Another survey by Borlaco et al. in 2018 on the use of a heating pipe system in a
building installation proves that the thermal energy performance index has improved by about 30% [27].
Also, researches by Honghai et al. (2007) on the utilization of a type of heating pipe in the building
sector have resulted in a 30—50% improvement in air conditioning operation [28].

Pressure Drop in Tubes
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mL1(PHP) 53 36 24 14
L2(Fin) 200 152 102 64

Figure 15. Pressure drop reduction under different conditions.
4. Conclusions

The goal of this investigation was the experimental implementation of the heat pipe in the
finned tube instead of simple finned tube and assets pressure drop and infused in energy performance
index in natural gas pressure boosting station. For this purpose, the real case study selected and
boundary condition, air cooler size and operation data was recorded. Next, the experimental setup
was designed, fabricated and tested in different condition. Also for creating real boundary condition,
the gas pressure boosting stations simulated in HYAYS. Comparing results with real the in suction
pressure and temperature, show 0.02% and 0.09% error respectively.
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One advantage of using tubes equipped with pulse heat pipe is triggering a very low-pressure
drop in natural gas. The purpose of a gas pressure boosting station design is to increase the pressure;
nevertheless in the current process of a station, as soon as the pressure is enhanced through the turbo-
compressor cycle, a percentage of the total pressure increase provided in the cooling section is lost.
The results of the analyzing and evaluating the cooling section of the case study gas pressure
boosting stations reveal that this section of the station has the potential to improve the energy
performance as well as reduce energy consumption and improve its performance. First, outlet
temperature in tubes (finned tube, and fin with PHP tube) adjusted at 50 °C. Experimental results
show that the outlet temperature in 1.5 meters of the finned tube and 1-meter fin with PHP tube
length is equal. Afterwards, in four-velocity, outlet pressure was calculated and result from
show 44.59, 40.40, 36.78 and 23.34% in V1 to V4 improvement in pressure drop. Reducing the
pressure drop in air cooler lead to increase suction pressure in the next gas pressure boosting station.
Results of simulation show with using PHP tube in an air cooler, energy saving in fuel gas
consumption in the next station will be 1,114,116 Sm’® annually. Also implemented these type of tube
cause to reduce 3,889,440 kWh electrical consumption in air coolers. Energy performance
calculations for the case study station have revealed the improvement in overall energy performance,
thermal performance and electrical energy performance indices up to 3, 2.3 and 79%, respectively.
Besides, the development of this design at all pressure boosting stations will also create a very high
potential for energy savings.
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