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Abstract

Steam is one of the most commonly used energy form in industrial factories for manufacturing processes and it
takes about 40% of industrial energy use. After process, liquid water remains as a form of waste heat and it needs
to be cooled before exhaust because the temperature of hot liquid water is still high ranging from 50 to 90°C. This
cooling process requires additional energy. Introduction of a heat pump system which can generate steam using
this waste heat has a positive effect on both additional steam generation and waste heat recovery from hot liquid
water. Steam is usually generated through boiler, but the heating capacity of boiler never can exceed the capacity
of input energy. On the other hand, heat pump can usually generate several times more heat compared with the
input energy. Therefore, in this study, a lab-scale steam generation heat pump system is designed and experimental
results are shown in order to verify the performance of the system. It is concluded that coefficient of performance
and heating capacity increase 1.25 and 1.8 times respectively as heat source temperature rises from 60 to 80°C.
Optimal operational point of the system is found and the performance at this condition was also verified.
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1. Introduction

Steam is one of the widely used energy form in manufacturing facilities and it takes about 40% of total energy
use in industrial sector in the United States. [1] Such demand of steam is coming from its diverse application at
manufacturing factories such as food processing [2-3], pulp and paper [4], textile [5-6], hydrogen reforming [7],
chemicals, petroleum refining, primary metals, cement, electrical equipment, glass products, plastic and rubber
product, textiles, etc. After steam is used at these processes, high temperature liquid water (or mixture with
contaminant) remains as a form of waste heat and it needs to be cooled before exhaust because the temperature of
hot liquid water is still high ranging from 50 to 90°C. This cooling process requires additional energy. The amount
of waste heat is large and still has high quality so the thermal energy can be recycled to reduce the primary energy
use and CO; emission. [8] However, a direct use of waste heat energy is difficult because of possibility of
contamination. In this case, the introduction of a heat pump system would have positive effect which can both
generate steam recover waste heat from hot liquid water. Steam is usually generated through boiler, but the heating
capacity of boiler could never exceed the capacity of the input energy. On the other hand, a heat pump can usually
generate several times more heat compared with the input work. Actually, using heat pump for waste heat energy
utilization is nothing new. Many studies showed that heat pump is one of the common systems for heat recovery
but most studies are limited to hot water generation instead of steam. [6, 9, 10] However, when comparing steam
with hot water, steam has several advantages for processes. First, heat transfer coefficient of saturated steam is
much higher (several to hundreds of times) than hot water. Second, temperature control is easier because steam
provides energy as a form of latent heat thereby temperature of steam is kept constant during heat transfer process.
Third, steam does not require additional pump because it naturally moves from high to low pressure side even with
small pressure difference. With these advantages, a steam generation heat pump system is more applicable for
industrial purpose.

In this study, a lab-scale steam generation heat pump system is designed and experiments were conducted.
Results are shown in order to verify the performance of the system at different heat source and charge amount. It
is concluded that coefficient of performance and heating capacity increase as heat source temperature rises.
Optimal operational point of the system is found and the performance at this condition was also verified.

2. Experimental setup
2.1. Selection of refrigerant and oil

For installation of a lab-scale steam generation heat pump, the selection of refrigerant and oil is required. As
operating temperature is different from usual heat pump systems, refrigerant should be selected according to its
temperature range. Target steam generation temperature is at least 100°C which is boiling temperature of water at
atmospheric pressure. In order to operate a heat pump at subcritical region, critical temperature of refrigerant
should be much higher than target temperature. Suitable refrigerants are chosen through following process. First,
refrigerant with critical temperature between 150 and 200°C were selected from REFPROP 9.1 [11]. Second, the
refrigerants that have non-zero ozone depletion potential or high flammability or toxicity were removed. R245fa
and R1234ze(Z) are considered to be suitable for this experiment. R245fa was chosen for steam generation heat
pump system.

In case of oil, viscosity is important. The temperature at operating range of compressor is much higher than
conventional heat pump so the oil needed to be replaced with one that has proper viscosity value at operating
condition. Using proper oil also prevent carbonization or degradation of compressor. The 1SO 320 class oil has
chosen for the system.

2.2. System description

A schematic of the steam heat pump system is shown in Fig. 1. Its configuration is almost the same as
conventional water to water heat pump with mechanical compressor except the steam reservoir. The first role of
steam reservoir is to separate saturated steam and water after heat exchange process at condenser. Without steam
reservoir, direct steam generation at condenser outlet should be done and this is difficult in control aspect because
water may not fully evaporate to steam at condenser outlet. Another reason for use of steam reservoir is to keep
steam at saturated state not superheated state because the heat transfer coefficient of saturated steam is much higher

2



Jin Woo YOO et al / 12th IEA Heat Pump Conference (2017) P.3.7.8

than that of superheated steam. With steam reservoir, generated steam could always be at saturated state. During
the experiment, produced steam naturally leaves the steam reservoir by pressure difference with ambient pressure.
At the same time, tap water enters to steam reservoir in order to keep the level of water at steam reservoir constant.
For the performance evaluation thermocouples, pressure sensors and mass flow meters are installed. Temperature
is measured at inlet and outlet of each component and pressure sensor is located at inlet and outlet of condenser
and evaporator. Mass flow meters were used to measure refrigerant, steam, water mass flow at heat exchangers.
Data were saved after the system had reached steady-state.

Specifications of each component (compressor, heat exchangers, expansion device, water pump, steam
reservoir) and experimental conditions of the system are shown in Table 1 and 2 respectively. A reciprocating
compressor with 4 cylinders was used and two heat exchangers were selected to make this system at the capacity
range around 10 kW. For expansion device, electronic expansion valve was applied. Centrifugal pumps were
installed at each side (condenser and evaporator). The state of water at condenser side pump inlet is almost
saturated state (not exactly saturated because added tap water), thereby cavitation tends to occur. However, through
the calculation of available and required net positive suction head (NPSH), the pump was properly installed and
there is no cavitation during the operation.
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Fig. 1. Schematic of lab-scale steam generation heat pump system

Table 1. Specifications of lab-scale steam generation heat pump

Part Specifications

Compressor Reciprocating compressor with 4 cylinders
Total stroke volume : 308 cm?®

Condenser Plate heat exchanger with 26 plates
Width / length / height (mm) : 512 / 124 / 58
Evaporator Plate heat exchanger with 26 plates

Width / length / height (mm) : 512 / 124 / 58

Expansion device Electronic expansion valve

Pump at condenser side Multistage centrifugal pump

Pump at evaporator side Centrifugal pump

Steam reservoir Diameter / height (mm) : 150 / 650
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The heat source temperatures of experiment are decided from 60 to 80°C and the sink temperature of the system
depends on the operating condition at condenser and steam reservoir. Suction degree of superheat(DSH) of
compressor is fixed at 15 K. This value is much larger than conventional heat pump systems which are generally
controlled below 10 K. The choice of high suction DSH is related with the characteristic of refrigerant. The
temperature-entropy diagram of R245fa is not bell-shape but overhanging type. [12] Many refrigerants have bell-
shape temperature-entropy diagram so when suction point of compressor is at superheated state, refrigerant at
discharge point automatically becomes superheated state and this is important for safe operation of compressor.
On the other hand, overhanging type refrigerant such as R245fa has lower discharge DSH than suction DSH. In
order to secure the refrigerant at compressor discharge point at superheated state, high suction DSH is required.
Five different charge amount conditions were chosen to find out performance of this system at optimal operational
point. Mass flow rate of water at condenser was decided at the condition where cavitation does not occur. During
the experiment, refrigerant decomposition does not occur because decomposition temperature of R245fa is around
300°C which is much higher than operating temperature of steam generation heat pump. [13] Maximum
temperature in this experiment was 135°C.

Table 2. Experimental conditions

Variable Value
Type of refrigerant R245fa
Heat source temperature (°C) 60/70/80
Suction degree of superheat (K) 15 (All conditions expect one)
20 (at charge amount = 1.8 kg, Tsouree= 80°C)
Amount of refrigerant (kg) 10/12/14/16/18
Mass flow rate of water at condenser side (g/s) 760
Mass flow rate of water at evaporator side (g/s) 1100
Compressor speed (RPM) 900
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Fig. 2. Pressure-enthalpy various at different charge amount condition (Tsouree=70°C)
3. Results and discussion

System performance with respect to charge amount can be explained with Fig. 2 which represents pressure-
enthalpy diagram at the source temperature of 70°C. Evaporating pressure hardly changes mainly because the
suction DSH kept constant. On the other hand, condensing pressure increases as charge amount rises. The pressure
values at all heat source conditions are shown in Fig. 3. From this graph, it is concluded that at constant suction
DSH condition, condensing pressure is highly dependent on charge amount while evaporating pressure show little
variation. In Fig. 4, degree of subcool(DSC) becomes higher as charge amount become larger. This is because the
pressure increase at condenser makes larger temperature difference between refrigerant and water at condenser
which tends to generate higher DSC.
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In order to find optimal operational condition, coefficient of performance(COP) and heating capacity of the
system is represented in Figs. 5 and 6 respectively. In the COP aspect, the optimal operational point lies between
charge amount of 1.2 and 1.4 kg. This is because maximum COP is shown at 1.2 kg when heat source temperature
is 60°C and 1.4 kg at heat source temperature of 70°C and 80°C. Corberan et al. (2011) also reported that at lower
heat source condition, maximum COP also appears at lower charge amount condition. [14] The maximum COP at
80°C was 3.39 which is about 25% higher than COP at 60°C (2.72). In case of heating capacity, the system has
maximum value at charge amount of 1.6 kg at all the heat source temperature in Fig. 6. The heating capacity of
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the system is the product of mass flow rate of refrigerant and enthalpy difference between inlet and outlet of
condenser. In pressure-enthalpy diagram in Fig. 2, the increase of enthalpy difference is clearly checked as charge
amount rises. On contrary, mass flow rate of refrigerant in Fig. 7 shows reversible trend which means it tends to
drop as charge amount increases. This is due to the pressure variation. A high compression ratio between
compressor inlet and outlet usually yields lower mass flow rate. As mentioned earlier, at the same source
temperature condition, evaporating pressure does not change while condensing pressure increases when charge
amount rises. Therefore, compression ratio increases with charge amount which results mass flow rate decrease.
Two different trends make maximum point of heating capacity at 1.6 kg in this experiment. At the condition where
charge amount is 1.8 kg and heat source temperature is 80°C, refrigerant mass flow rate is smaller than expected
value because suction DSH at this point is 20 K. This happened due to the limit of electronic expansion valve(EEV)
opening. When charge amount decreases, the opening value of the EEV tends to increase. Only at this condition,
EEV reached the maximum value so the suction DSH is no longer controllable to 15 K. Therefore, the EEV was
operated at fully-opened state. Suction DSH was kept at 15 K other than this point. The maximum heating capacity
at 80°C was 11.7 kW and it is about 1.8 times larger compare with heating capacity at 60°C which is 6.5 kW.

From these results, the optimal operational point could be decided differently according to the criterion which
can be either COP, heating capacity. Additionally, the compressor discharge temperature is another factor that
should be into consideration when checking the system characteristics. In Fig. 8, the temperature at compressor
discharge points are shown and the trend is similar to condensing pressure that it increases as charge amount rises.
Checking compressor discharge point is one of the important task because there is possibility of oil carbonization
and refrigerant decomposition. In case of this system, the decomposition of R245fa is 300°C and there are no signs
of oil carbonization.
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Fig. 7. Charge amount vs. mass flow rate of refrigerant Fig. 8. Charge amount vs. compressor discharge temperature

4. Conclusion

In this study, a lab-scale steam generation heat pump system was designed and experiments were conducted to
figure out the characteristics of this heat pump cycle with respect to various charge amount and heat source
temperature. The maximum COP was shown at different charge amount with respect to heat source temperature
and COP at source temperature of 80°C is 25% higher than that of 60°C. In case of heating capacity, maximum
point is shown at the charge amount of 1.6 kg for all the source temperature condition and at 80°C, it is 1.8 times
larger compare with the source temperature of 60°C. When deciding the system operational charge amount, COP,
heating capacity, and compressor discharge temperature need to take into consideration for both efficient and safe
operations.
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