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ABSTRACT: Gas Engine Heat Pump (GEHP) is found as an effective machine among energy conversion
systems. However, further improvement of GEHP performance is still indispensable. In the current study,

to recycle efficiently the flue gases waste heat of GEHP unit, it is suggested to utilize a condensing heat
exchanger. To assess the performance of the proposed GEHP, an equipped test room was designed.

The nominal capacity of the current GEHP is about 80 kW for heating and 71 kW for cooling. The experimental
investigation was implemented for two common strategies, i.e. heating and cooling modes. The effect of
outlet dry bulb temperature of 0 °C, 5 °C, 10 °C and 15 °C for heating, and 25 °C, 30 °C, 35 °C and 40 °C
for cooling as well as water outlet temperature of 40 °C, 45 °C and 50 °C for heating and 8.5 °C, 11 °C,

14 °C for cooling on the performance of the GEHP is investigated. The 95% confidence interval has been

considered in statistical analysis. In heating mode, results show that the efficiency of the condensing heat
exchanger increases during the reduction of water out temperature and it leads to a Coefficient of
Performance (COP) enhancement. Additionally, observation indicates that the decrement of the ambient
air temperature from 5 to 0 ° C leads to the severe enhancement of fuel consumption of the gas engine.

The performance indicators are re-evaluated using the non-condensing heat exchanger. It is concluded
that the COP of GEHP with the condensing heat exchanger decreases by the steeper slope versus the reduction

of the ambient dry bulb temperature compared to the non-condensing heat exchanger.

KEYWORDS: Gas engine heat pump; Condensing heat exchanger; Heating and cooling mode;
performance map.

INTRODUCTION
The first studies about the GEHP have been started about 1985 [4]. Since then, these systems are most
in about 40 years ago [1-3] and it was introduced to the market commonly used for heating and air conditioning system [5, 6]
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and sometimes integrated for industrial applications like
the dehumidifying process [4, 7]. Using the GEHP
in residential application have some distinguished
advantages [6, 8] as follows: (1) reduce the electric-grid
peak demand leads associated with conventional,
all electrical system, (2) recovery of waste heat from flue
gases, (3) Adjust the compressor speed with the required
refrigerant level (4) reach a high efficiency in a wide range
of the outdoor temperature (5) increase the part load
efficiencies (6) no need to have defrosted cycle (7) reduce
emissions from combustion. Therefore, GEHP has come
to be one of the accessible patterns of the combination of
cooling and heating for environmentally friendly
buildings.

It is notable that the standard GEHP system is not
an optimal system and there are still capabilities to further
development of the system performance. Therefore, some
investigations have been done to modify the efficiency of
GEHP by suggesting the different flow diagrams [4, 9, 10],
different refrigerant [11-13], adding an extra system [14-17]
and improvement of the control strategy [18-20]. Recently,
Shang et al. [15] proposed a two-driven mechanism,
in which the compression cycle is driven by a gas engine
for heating mode and by electrical motor for cooling mode.
It is shown that the primary energy ratio (PER) of the GEHP
for cooling and heating modes is about 28.5% to 51.2%
and 15.8% to 25.3% lower than that of their proposed
system, respectively. Lio et al. [17] proposed a hybrid
compression-absorption system for GEHP. In this system,
the waste heat of the gas engine is used to generate
the cooling via the absorption refrigeration cycle.
The comparison shows that their proposed hybrid system
can effectively recover the heating waste energy at the low air
temperature. Wang et al. [20] adjust the capacity of GEHP
by developing a control system to reduce the rotary speed
fluctuations caused by the instant load. The experimental
results show that the performance of the professional
controller is better than the performance of the traditional
system. The variation of the engine rotary speed of
an expert control system is smooth and there are no any
overshoots with an acceptable response through
the capacity adjustment process.

The behavior of the GEHP with different types of
variables has been investigated experimentally in two
studies [21, 22]. Liu et al. [21] show that the Coefficient
of Performance (COP) and PER of the GEHP system

322

Varmazyar M. et al.

Vol. 39, No. 5, 2020

increased with growing ambient air temperature and
condenser water inlet temperature, however, it is
decreased with the increasing of the rotary speed of
the engine. Hu et al. [22] find that the characteristic
performance of the system is considerably impressed
by the rotary speed of the engine and the outdoor air
temperature. They realize that the water inlet temperature
acts slightly on heating capacity, while it had some effect
on the PER of the GEHP.

Applying the condensing heat exchanger can be taken
into account as a way to improve the performance of the
GEHP unit. It recovers efficiently the wasted heat, which
is latent in the steam part of the flue gases of the engine.
This paper aims to study the performance characteristics
of GEHP using the condensing heat exchanger. To apply
this change, it is necessary to modify the path of
the cooling flow of the engine. In most of the past studies
[5, 15, 17, 21, 23, 24], water first absorbs the heat of
the engine body and then come into the exhaust heat
exchanger, while in the present system the water first
recover the wasted heat within the condensing heat
exchanger and then enter the engine. This change leads
to reduce the inlet water temperature of the condensing heat
exchanger and increase the condensation rate, GEHP’s
heating capacity, and COP during the heating mode.

THEORETICAL SECTION
The system of the current GEHP

The view of the process flow diagram of the examined
GEHP system is illustrated in Fig. 1. In this flow diagram,
three flow paths have been identified. The first one, which
is colored in blue and named the heat recovery subsystem,
is related to the water coolant circuit of the engine.
In the current study, the heat recovery system uses a condensing
heat exchanger, which gets well the waste heat energy
of exhaust gas by recovering the latent heat of the water
vapor. The second path, which has a green color, shows
the refrigerant movement route through the heat pump
circuit. The vapour compression of the refrigerant cycle
is moved by a compressor within a circuit, which consists
of typical equipment like expansion valve, evaporator,
and condenser. The last path, which is shown with black color,
is depicted as the accessories of the gas engine
(combustion air and flue gas subsystem and oil and fuel
subsystem). As it is shown in Fig. 1, the gas engine drives
the scroll compressor to obtain the required pressure.
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Fig. 1: The schematic of the GEHP unit with the heat recovery subsystem.

In the present study, the gas engine is controlled by a smart
control system. This system tries to optimize for the engine
lifetime and the response rate of the system load requirement.

In the current study, the gas engine heat pump can be used
in several operating modes namely; cooling and heating
mode, which is shown in Fig. 1. The red arrows and green
arrows indicate the direction of refrigerant movement
in the heating and cooling system, respectively. As it
is illustrated, in the heating mode, the engine coolant water
accumulates the heat waste from the engine, which it
transfers to the refrigerant via a brazed plate heat exchanger.
Waste heat is the heat which is dissipated from the exhausted
flue gases and engine block. Within the cooling mode, this
heat can be used for domestic hot water or can be dissipated
in Radiator. In the current study, as is depicted, the radiator
is selected and is assumed according to experimental
investigation. The energy absorbed by the refrigerant
can be transferred to the water which is circulated within
indoor units by the evaporator heat exchanger.
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The parameters which are used in the sensitivity
analyses are defined in the following sentences. It is
notable that all of the presented parameters are considered
as the main factors of the GEHP units. According
to the standard EN 437 [25-27], the heating value released
from the input fuel can be estimated from Eq. (1).

Patm + Rgas 28815 .
H, 1
101325 273.15 + Tpy, 9% Vgas €h)

Qin =

Pyas: Patm: Vgas and Ty, are natural gas and
atmospheric pressures (kPa), volumetric flow rate (m3/s)
and natural gas temperature (°C), respectively. The above
mentioned parameters are read within the experimental
tests. However, the H,, is the heating value of the natural
gas (kJ/m®) and is obtained from Table 1. In the current
GEHP unit, a part of the wasted heat is used to enhance
the temperature of the water which is circulated inside
of the test room. Then, Qeiverea IS €Stimated considering
the below relation:
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Table 1: Composition of Iran natural gas used as engine fuel
during the experiments [34].

Varmazyar M. et al.

/ Composition Value \
Methane 89.124 %
Ethane 4.5862 %
Propane 1.0029 %
iso-Butane 0.1558 %
n-Butane 0.2045 %
iso-Pentane 0.0682 %
n-Pentane 0.0487 %
n-Hexane 0.0389 %
n-Heptane 0.0191 %
Nitrogen 3.7098 %
Carbon dioxide 1.0419 %
\ Lower heating value 34616.83 kj /m? /

Qdelivered = mwater,inprater (Twater,out 7Twater,in )7

pwater Vwater prater (TWH(SF,OU( _Twater,in ) ( )

Twater,outv Twater,in: Vwater and mwater,in: are delivered
temperature, input temperature, volumetric and mass flow
rate of water, respectively. The above mentioned
parameters are read within the experimental tests.
However, the density of water (p,,q:er) and specific heat
capacity of water (cp,qcer) are calculated at the inlet
temperature and average of inlet and outlet temperatures,
respectively. This density correlation is selected because
of the flow meter is located in the inlet water. The below
equations (Egs. (3) and (4)) are considered for calculating
the density and isobaric heat capacity of water, at the
atmospheric pressure and range of 5-90°C. These accurate
correlations are obtained from the curve fitting scheme
which is introduced in Refs. [28, 29].

Pwater = —0.0037 Tvzvater —0.072 Tyater + (3)
1000.9 (kg m™3?)

CPwater = (—1.3273 e = )T grer + 4)
(3.1895¢ — 5)T 24,0y — 0.0018108 T,y qrer +

42078 (kj kg™t K1)

Additionally, the Coefficient of Performance (COP) of
the unit is calculated as the following equation:
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Qn
COPreating = 5— o (5)
QC
COPcoolzng - Qh _ Qc (6)
Where @, and Q. are the heat supplied to the hot
reservoir and heat removed from the cold reservoir,
respectively. Furthermore, the uncertainties of the
parameters which are going to be examined within the
sensitivity analyses are informed in Table 2. As it is known,
for the considered parameters, the law of propagation
of uncertainty [30-32] is applied. Uncertainty considers
as one of the most main parameters in measurements

as well as modelling processes [33].

EXPERIMENTAL SECTION
The testing room and measuring instruments

In the current investigation, a prepared test stand
is engaged to assess the designed GEHP system. It is
displayed in Fig. 2. The width, length, and height of the
outer of the test room are 3.530 m, 3.612 m, and 4.080 m,
respectively, while its inner dimensions are 3.000 x 3.000
x 3.000 m?. The inner and outer sides of the walls are made
by the wavy steel panels. The polyurethane is used
to insulate the walls. It stuffs the space between both sides
of the walls. A tank with a volume of 60 L is considered
to remove any disturbance in recording the process water
temperature. Afterward, an air handling unit is designed to
consume the energy which is produced in the GEHP
system. This energy is transferred to the air handling
system via the two parallel plate heat exchangers. A surge
tank with a volume of 20L is assumed in the return pass.
The process flow diagram of the designed test room with
the water loops is shown in Fig. 3Fig. 3:. To obtain
the temperature of the specified points, five thermocouples
are considered. The specifications of these thermocouples
as well as the other measuring instruments are depicted
in Table 3. The uncertainty of each instrument is also
specified in Table 4.

To manage the GEHP unit and reach to operator
requests need to design a smart control system based on
the gathering data. Accordingly, some sensors are
embedded in different parts of the GEHP system, including
the gas engine, heat recovery section, heat pump
subsystem and accessories of a gas engine. The required
data is transmitted from the sensors via several cables.
During the test, the smart control system through these

Research Article



Iran. J. Chem. Chem. Eng.

Table 2: Uncertainties of the parameters which are going to be
investigated through the sensitivity analyses.

An Empirical Investigation of a Modified Gas Engine Heat Pump ...

/ Parameter Uncertainty \
Exhaust temperature +0.050 °C
In/out water temperatures diff erence +0.10 °C
Heat output +0.020 kW
Power input +0.025 kW
The coefficient of Performance for heating +0.025 %
\The coefficient of Performance for cooling +0.030 % /

Fig. 2: The manufactured test room with the air handling unit.

cables is connected to the monitoring system of the test
room. The typical sensors which are generally located
in the gas engine, are captured the fuel flow, coolant water
temperature, and engine speed. Therefore these parameters
can be observed in the monitoring system of the test room.
In developing the current smart control system, engine
lifetime increment has been especially important.
Therefore, In addition to the mentioned parameters,
temperature and pressure of the lubrication system
are also observed and controlled in the current study.

The sensors which are located in heat recovery and heat
pump subsystems have been used to detect the system fault
and estimate the performance indicators of the GEHP unit.
In addition to the mentioned sensors, the test room
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monitoring system is also equipped with temperature,
pressure and flowmeter sensors. Among these sensors
can be referred to the temperature sensor at the inlet
of the flue gas-water heat exchanger, which is used to
evaluate the steady condition of the results. The steady
condition will result when the amplitude of the
fluctuations in the gathered temperature data of this
sensor is less than 0.05 °C. During the test,
the volumetric flow of water which is circulated in the test
room circuit was kept constant at 135 liters per minute.
In order to achieve a steady condition, the monitoring
system of the test room adjusts the speed of the air
conditioner’s fan so that the amount of heat dissipation
reaches a constant value and does not change versus
the time. It must be noted that the steady condition
is considered as a main assumption in the current study.

RESULTS AND DISCUSSION

In the current section, the characteristic curve
of the GEHP unit is obtained during the sensitivity analyses.
The two main operational strategies, heating, and cooling
modes are considered here. Condensing and non-
condensing heat exchangers have been considered
to obtain the performance curves of the GEHP unit.
The composition of Iran natural gas, which is assumed as fuel,
is identified in Table 1. Furthermore, the tests were implemented
at the mean atmospheric pressure of 902.1 mbar.
The equipment which is used for measurement, have been
revisited precisely. The data which are obtained from
the experimental test is recorded via the data logger
in the testing room. Statistical analysis is done considering
the average of the indicators quantities which has been perceived.
Assuming the normal distribution and 95% confidence
interval by means of an average of the observed data, upper
and lower bounds are specified during the test and shown
in the following Figures.

Pressure drop in condensing heat exchanger

The effect of water condensing in the heat exchanger
on engine performance must be assessed. Accordingly,
it is required to study the pressure drop due to the
condensation across the condensing heat exchanger.
This is measured during the 90 seconds period of the engine
operation. The results are shown in Fig. 4 for the output
power of the engine of about 15.7 (kW). As can be seen,
the value of the pressure drop is between 0.63 (kPa) and
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Fig. 3: The process flow diagram of the test room.

0.84 (kPa), which is less than the allowable value provided
by the engine manufacturer.

Sensitivity analyses 1: the strategy of following the
heating mode

In this case, the experiments were done under three
conditions, 40 °C, 45 °C and 50 °C of the outlet water
temperature of GEHP system with condensing heat
exchanger. The outlet water is the water which is delivered
to the consumer. For these conditions, the effects of
variation of outdoor dry bulb temperature on the heating
capacity, power input, and COP of the system are shown
in Fig. 5. As it is shown, when the control system operates
at the outdoor dry bulb temperature range between 5 °C to
15 °C, the power input to the gas engine remains nearly
constant in the minimal value. Practically reducing the
power input leads to a reduction in fuel consumption of
GEHP with condensing heat exchanger. However, when
the ambient temperature decrease from 5 ° C to 0 ° C,
a relatively sharp increment happen in the fuel consumption
of the gas engine. It is due to the reduction of the
evaporator heat exchanger ability to absorb the heat from
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the ambient cold air at 0 °C temperature. The enhancement
of fuel consumption leads to the rise of the value of waste
heat and ultimately prevent the inappropriate reduction
of the COP. additionally, decrement of the ambient
temperature from 5 ° C to 0 © C makes relatively high
increment on the mass flow rate of condensing water in the
heat exchanger. This leads to a further enhancement
in the heat absorbed from the exhausted gases and a relatively
significant increase on the COP of GEHP with condensing
heat exchanger during the mentioned interval of
temperature.

The COP results of GEHP with condensing heat
exchanger in Fig. 5(C) show that the outdoor dry bulb
temperature enhancement can lead to increase the
condenser efficiency. Also, in a constant outdoor dry bulb
temperature, the increment of the outlet water temperature
from 40 °C to 50 °C results in the reduction of the COP.
It is due to the efficiency enhancement of the condensing
heat exchanger within the reduction of the water out
temperature.

The engine performance indicators of GEHP with
the non-condensing heat exchanger were revisited. Observation
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Table 3: The specifications of the investigated GEHP system.

Vol. 39, No. 5, 2020

/ Performance(kW) \
Cooling capacity(Standard) 71.0 kW
Heating capacity (Standard) 80.0 kW
Heating capacity (low temp.) 78.0 kW
Electrical Rating
Running Amperes (A) 6.22
Cooling Power input (kW) 1.33
Power factor (%) 93
Running Amperes (A) 3.92
Heating Power input (kW) 0.83
Power factor (%) 92
Starting Amperes(A) 30
Gas Type
P Propane gas(G31)
Gas Band H Natural Gas (G20)
L Natural Gas (G25)
Compressor
Cooling Oil (L) 7.5 (HP-9)
Crankcase heater(W) 30
Engine
Displacement (L) 2.488
Rated output (kW) 15.7
Oil quantity (L) 43
Starter motor 12V DC, 2 kW
Engine cooling water
Concentration 50% Water-50% Ethylene glycol
Freezing temperature -35°C
Quantity (L) 29
Water pump input power(kW) 0.16
Refrigerant
Type HFC (R410A)
Quantity (kg) 115
Ventilation System
Type Propeller fans (x2)
Air flow rate (m%min) 380
Rated input (kW) 0.70x2
Drain heater (W) 40
External Dimensions & Weight
Height (mm) 2,273
Width (mm) 1,650
Depth (mm) 1000(+80)
Weight (kg) 805
\_ Operating noise (dB) 60 /)
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Table 4: Measurement devices and their uncertainties.

/ Parameter Measurement device Operation range Uncertainty \
Water flow rate Magnetically inductive flow meter 0-1000 m*h* +1%
Gas flow rate Magnetically inductive flow meter 0-1000 m*h* +1%
Pressure Pressure sensors 0-4 bar +0.08 bar
\ Temperature Temperature sensors —20t0 100 °C +0.10 °C /
4, = —+— Pressure of Flue Gas atthe Ilet of Heat Exchanger 0.85 of the condensing heat exchanger increases within the
| —o— Pressure of Flue Gas at the Outlet of Heat Exchanger - -

[ —— Pressure Drop Across the Heat Exchanger reducing of the water out temperature. Seeing all of the
= 3F 08 above debates, it is established that the lowest feasible
3 i & temperature is the best rate of the heating mode of

= . R . .

S af 0% 3 the GEHP unit. It leads to increase the life time and
8 L 07 § a maintenance interval of the system due to the reduction

[a B . = .
1L of the operating temperature of the heat exchangers, surge
0.65 tank, pipelines, and recirculation pump. Consequently,
ol | this temperature decrement has efficiency as well as technical

0 20 40 60 80 and economic advantages.
Time (s)

Fig. 4: The pressure drop of condensing heat exchanger
against the time in seconds.

shows that the unwanted condensation increase within
the decrement of the ambient dry bulb temperature. In outlet
water temperature of 40 °C, the mass flow rate of
condensing water is so high that it produces a severe
pressure drop in the path of the flue gas within the heat
exchanger. This pressure drop disrupts the engine’s
performance, therefore at mentioned temperature, there is
no result for non-condensing heat exchanger. In outlet
water temperature of 45 °C and 50 °C, the difference
between the heating capacities of the GEHP using the
condensing and non-condensing heat exchangers is
increased by an enhancement of the ambient dry bulb
temperature. Fig. 5 (C) illustrates a steady decrease
in the COP of the GEHP with non-condensing heat exchanger
versus the decrement of the dry bulb temperature.

In the designing of a GEHP system, when the highest
possible outlet temperature is selected, the heat transfer
area must be reduced to the lowest value. However, after
selecting the components, it does not have any effect on it.
Furthermore, enhancement of the delivered temperature
leads to reduce the condensation of water vapor
and decrement of the efficiencies of heat exchangers.
On the other hand, as discussed earlier, the efficiency
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Sensitivity analyses 11:
the cooling mode

In this case, the experiments were done under three
conditions, 8.5 °C, 11 °C and 14 °C of the outlet water
temperature of the GEHP system. For these conditions,
the effects of variation of outdoor dry bulb temperature
on the cooling capacity, power input, and COP of the system
are shown in Fig. 6. As it is illustrated, in a constant outlet
water temperature, increasing outdoor dry bulb
temperature leads to a decrease in cooling capacity almost
linearly. The slope of decrement remains approximately
constant with an increase in the outlet water temperature.
However, the power input is exponentially changed
in terms of outdoor dry bulb temperature. At 40 °C of outdoor
dry bulb temperature, the significant enhancement
in power input has led to an impressive reduction
in the amount of the COP. It is due to the decrease
of the condenser efficiency during the dissipation of the heat
to the hot air at 40 °C temperature.

the strategy of following

CONCLUSIONS

In the current study, the experiments were done at six
conditions, 40 °C, 45 °C and 50 °C of the outlet water
temperature for heating mode, and 8.5 °C, 11 °C and 14 °C
of the outlet water temperature for cooling mode using
the condensing heat exchanger. The 95% confidence
interval has been assumed in statistical analysis. At these

Research Article



Iran. J. Chem. Chem. Eng.

An Empirical Investigation of a Modified Gas Engine Heat Pump ...

Vol. 39, No. 5, 2020

——&@—— Condensing-outlet water temperature (40 °C)
——@—— Condensing-outlet water temperature (45 °C)
—{ +—— Condensing-outlet water temperature (50 °C)

Heating capacity (kW)

Dry bulb temp (°C)

46

45

44

43

Power input (kW)

1

42

o
o
=
o
=
[$)]

Dry bulb temp (°C)

——&@——— Condensing-outlet water temperature (40 °C)
——@——— Condensing-outlet water temperature (45 °C)
— - —@— - — Non condensing-outlet water temperature (45 °C)
———— Condensing-outlet water temperature (50 °C)
—-—J="= Non Condensing-outlet water temperature (50 °C)

1.4 1.4

:

13 13

1.2 1.2

COP

11 11

b
[
|
*
\
\
HH

1.4

t =
w
ILARES RRRANRAREE RRaRS]

=
i
|
g
\
\|
KA
!
!
\
(]

11

o

Dry bulb temp (°C)

L v L
5 10 15 0 5
Dry bulb temp (°C)

=
5]
=
3
Sk
o
=
1S
-
13

Dry bulb temp (°C)

Fig. 5: The impacts of variation of outdoor dry bulb temperature on (A) heating capacity (B) power input
(C) COP for the outlet water temperature of 40 °C; 45 °C; 50 °

conditions, the effects of variation of outdoor dry bulb
temperature on the heating or cooling capacity, power
input and COP is investigated. In heating mode, results
show that when the system operates between 5 °C to 15 °C
for outdoor dry bulb temperature, the fuel consumption
remains nearly constant. However, at 0 °C, a relatively
sharp increment happens. Results show that the
efficiency of the condensing heat exchanger enhances
during the reduction of water out temperature and
it leads to COP enhancement. In cooling mode, figures
show that the behavior of the GEHP unit is related
to the condenser efficiency. In addition, the significant
enhancement in power input has led to an impressive
reduction in the value of the COP because
of the condenser efficiency reduction near the 40 °C

Research Article

temperature of outdoor dry bulb temperature.
The results in heating mode are revisited by analyzing
the GEHP unit using the non-condensing heat exchanger.
Comparison between these two data sets illustrates that
the difference between the GEHP's heating capacities
using condensing and non-condensing heat exchangers
increases by an increment of the ambient dry bulb
temperature. Observation in heating mode shows that
the reduction of outlet water temperature leads
to the onset of unwanted condensation in a non-condensing
heat exchanger. It results in an enhancement of pressure
drop in the flue gas path within the heat exchanger
and disrupts the engine performance at 40 ° C. Finally,
it is obtained that the behavior of the GEHP in cooling
mode is absolutely related to the condenser efficiency.
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Nomenclature Myater.in The mass flow rate of the circulating
Qin  The heating value released from the input fuel, kW water in the test room, kg/m?®
Pyas The natural gas pressure, kPa cop The Coefficient of Performance
Piim The atmospheric pressure, kPa Qy The heat supplied to the hot reservoir, KW
Vyas The natural gas volumetric flow rate, m¥/s Q. The heat removed from the cold reservoir, kW
Tyas The natural gas temperature, °C

Hyqs The heating value of natural gas, kJ/m? Received : Feb. 23,2019 ; Accepted :Jun. 10, 2019
Qaelivered The wasted heat which is delivered

to the circulating water in the test room, kW REFERENCES
Twater,out The outlet water temperature in [1] Bussmann W., “Editor Heating of the Dortmund—

the test room, °C Wellinghofen Open Air Swimming Pool with a Gas

Twater,in The input water temperature Heat Pump (Two Years of Operational Experience)",

in the test room, °C Collection of Technical Papers—AIAA1978:

Vivater The volumetric flow rate of the ASME/ASCE/AHS Structures, Structural Dynamics
circulating water in the test room, m%/s & Materials Conference.

330 Research Article



Iran. J. Chem. Chem. Eng.

[2] Struck W., Willeitner E., Kok G., Generation of Heat
with Diesel and Gas-Motor-Heat-Pumps, Klim Kaelte
Ing., 6(7-8): 279-284 (1978).

[3] Morokoshi H., Inoue S., Fujio K., Okuda I., Suzuki S.,
Yamada H., Et Al Gas-Engine-Driven
Cooling/Heating Hot-Water Supply System, National
Technical Report, 30(5):35-42 (1984).

[4] Hepbasli A., Erbay Z, Icier F., Colak N., Hancioglu E.,
A Review of Gas Engine Driven Heat Pumps (Gehps)
for Residential and Industrial Applications, Renewable
and Sustainable Energy Reviews, 13(1):85-99 (2009).

[6] Zhang R., Lu X,, Li S., Lin W., Gu A., Analysis
on the Heating Performance of a Gas Engine Driven
Air to Water Heat Pump Based on a Steady-State
Model, Energy Conversion and Management, 46(11-
12): 1714-1730 (2005).

[6] XuZ., Yang Z., Saving Energy in the Heat-Pump Air
Conditioning System Driven by Gas Engine, Energy
and Buildings, 41(2):206-211 (2009).

[7] Howell J.R., Peterson J.L., "Preliminary Performance
Evaluation of a Hybrid Vapor-Compression/Liquid
Desiccant Air Conditioning System"”, American
Society of Mechanical Engineers, New York, NY;
(1987).

[8] Sun Z., Wang R., Sun W., Energetic Efficiency
of a Gas-Engine-Driven Cooling and Heating System,
Applied Thermal Engineering, 24(5-6):941-947
(2004).

[9] Elgendy E., Schmidt J., Optimum Ultilization of
Recovered Heat of a Gas Engine Heat Pump Used
for Water Heating at Low Air Temperature, Energy
and Buildings, 80:375-383 (2014).

[10] d'Accadia M.D., Sasso M., Sibilio S., Field Test
of a Small-Size Gas Engine Driven Heat Pump
in an Office Application: First Results, International
Journal of Ambient Energy, 16(4):183-191 (1995).

[11] Schmidt 1.J., Fatouh .M., Zhekov I.Z., "Analysis of
Energy Efficiency of Gas Driven Heat Pumps".

[12] Patel J., Henderson Jr H.I., Collins M., Comparing
Gas-Engine Cooling Systems, ASHRAE Journal,
40(3): 65- (1998).

[13] Wu X., Yang Z., Liu H., Huan Z., Wang W.,
The Performance Of Mixture Refrigerant R134a/R152a
in a Novel Gas Engine-Driven Heat Pump System,
International Journal of Green Energy, 11(1):60-74
(2014).

Research Article

An Empirical Investigation of a Modified Gas Engine Heat Pump ...

Vol. 39, No. 5, 2020

[14] Zhang Q., Yang Z., Li N., Feng R., Gao Y., The
Influence of Building Using Function on the
Operating Characteristics of the Gas Engine Driven
Heat Pump with Energy Storage System (Esgehps).
Energy and Buildings, 167:136-151(2018).

[15] Shang S., Li X., Wu W., Wang B., Shi W., Energy-
Saving Analysis of a Hybrid Power-Driven Heat
Pump System, Applied Thermal Engineering,
123:1050-1059 (2017).

[16] Li Y-L., Zhang X-S., Cai L., A Novel Parallel-Type
Hybrid-Power Gas Engine-Driven Heat Pump
System, International Journal of Refrigeration,
30(7):1134-1142 (2007).

[17] Liu F., Dong F., Li Y., Jia L., Study on the Heating
Performance and Optimal Intermediate Temperature
of a Series Gas Engine Compression-Absorption Heat
Pump System, Applied Thermal Engineering, 135:
34-40 (2018).

[18] Li S., Zhang W., Zhang R., Lv D., Huang Z., Cascade
Fuzzy Control for Gas Engine Driven Heat Pump,
Energy Conversion and Management, 46(11-12):
1757-1766 (2005).

[19] Zhao Y., Haibo Z., Zheng F., Modeling And Dynamic
Control Simulation of Unitary Gas Engine Heat
Pump, Energy Conversion and Management, 48(12):
3146-3153 (2007).

[20] Wang M., Yang Z., Su X., Zhang B., Wu X, Shi Y.,
Simulation And Experimental Research of Engine
Rotary Speed for Gas Engine Heat Pump Based on
Expert Control, Energy and Buildings, 64:95-102
(2013).

[21] Liu F-G., Tian Z-Y., Dong F-J., Yan C., Zhang R.,
Yan A-B., Experimental Study on the Performance of
a Gas Engine Heat Pump for Heating and Domestic
Hot Water, Energy and Buildings, 152:273-278
(2017).

[22] Hu B., Li C., Yin X., Cao F., Shu P., Thermal
Modeling and Experimental Research of a Gas
Engine-Driven Heat Pump In Variable Condition,
Applied Thermal Engineering, 123: 1504-1513
(2017).

[23] Ma X., Cai L., Meng Q, Chen T., Zhang X., Dynamic
Optimal Control and Economic analysis of a Coaxial
Parallel-Type Hybrid Power Gas Engine-Driven Heat
Pump, Applied Thermal Engineering, 131:607-620
(2018).

331



Iran. J. Chem. Chem. Eng.

[24] Liu H., Zhou Q., Zhao H., Experimental Study
on Cooling Performance and Energy Saving of Gas
Engine-Driven Heat Pump System with Evaporative
Condenser, Energy Conversion and Management,
23: 200-208 (2016;).

[25] CEN. European Standard EN 437. Test Gases — Test
Pressures — Appliance Categories. Brussels (2003).

[26] Shamekh A.H., Khatibzadeh N., Shamekhi A.,
A Comprehensive Comparative Investigation of
Compressed Natural Gas as an Alternative Fuel
in a Bi-Fuel Spark Ignition Engine, Iranian Journal
of Chemistry and Chemical Engineering (IJCCE),
27(1):73-83 (2008).

[27] Bidar B., Shahraki F., Energy and Exergo-Economic
Assessments of Gas Turbine Based CHP Systems:
A Case Study of SPGC Utility Plant, Iranian Journal
of Chemistry and Chemical Engineering (IJCCE),
37(5):209-223 (2018).

[28] Sohani A, Sayyaadi H, Balyani HH, Hoseinpoori S.
A Novel Approach Using Predictive Models
for Performance Analysis of Desiccant Enhanced
Evaporative Cooling Systems, Applied Thermal
Engineering, 107: 227-252 (2016).

[29] Sohani A, Zabihigivi M, Moradi MH, Sayyaadi H,
Balyani HH. A Comprehensive Performance
Investigation of Cellulose Evaporative Cooling Pad
Systems Using Predictive Approaches, Applied
Thermal Engineering, 110: 1589-1608 (2017).

[30] Bouvenot J.-B., Latour B., Siroux M., Flament B.,
Stabat P., Marchio D., Dynamic Model Based on
Experimental Investigations of a Wood Pellet Steam
Engine Micro CHP For Building Energy Simulation,
Applied Thermal Engineering, 73(1):1041-1054
(2014).

[31] Moffat R.J., Describing The Uncertainties in
Experimental Results, Experimental Thermal and
Fluid Science, 1(1): 3-17 (1988).

[32] Guide 1. 98. "Guide to the Expression of Uncertainty
in Measurement (GUM)", International Organization
for Standardization, Geneve. (1995).

[33] Sohani A., Sayyaadi H., Hoseinpoori S., Modeling
and Multi-Objective Optimization of an M-Cycle
Cross-Flow Indirect Evaporative Cooler Using the
GMDH Type Neural Network, International Journal
of Refrigeration, 69:186-204 (2016).

332

Varmazyar M. et al.

Vol. 39, No. 5, 2020

[34] Habibi M.R., Varmazyar M., Comprehensive
Preliminary Experimental Performance Investigation
of a Micro-CHP System by Using an Equipped Test
Room, Applied Thermal Engineering, 134:428-436
(2018).

Research Article



