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Abstract: In order to ensure the safe operation of the compressors used in water chillers, in the present study some interlock protections have been added to the related design. These include a low pressure protection, a high pressure protection, an exhaust temperature protection and a differential pressure protection. Some tests have been conducted by tuning the saturation suction and exhaust temperatures of the compressor through adjustment of the cold source outlet temperature and the ambient temperature. The results show that the ambient temperature increases with decreasing device load and increasing fan speed under the same saturated suction temperature; the device refrigerating capacity steps up with augmenting load and dropping saturation exhaust temperature, while it is not greatly affected by the fan speed. Moreover, the Energy efficiency ratio (COP) decreases with the rise of the saturation exhaust temperature. This parameter is not affected much by the device load and fan speed at high saturation exhaust temperature, while it improves on increasing the device load and decreasing the fan speed at low saturation exhaust temperature.
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Nomenclature



	Cp
	the specific heat capacity of a refrigerant at constant pressure, kJ/(kg·°C)



	Gr
	the circulating flow of working medium, kg/s



	Gw
	the circulating flow of refrigerant, kg/s



	hin/hout
	the enthalpy value at the inlet and outlet of working medium in an evaporator, kJ/kg



	Pcom
	the consumption power of a compressor, kW



	Pfan
	the consumption power of fan, kW



	Ppump
	the consumption power of water pump, kW



	Ptotal
	energy consumption of the device, kW



	Q
	refrigerating capacity of the unit, kW



	Qr
	the heat absorption of working medium in the evaporator, kW



	Qw
	cooling capacity of refrigerant in the evaporator, kW



	Tin/Tout
	the inlet and outlet temperature of the refrigerant, °C



	COP
	the index to evaluate the comprehensive performance of the device, Dimensionless quantity



	η
	heat balance error of evaporator, Dimensionless quantity





1  Introduction

With the advantages of large load change and long refrigeration cycle, large scale water-cooled units are mainly used in subway, high-rise buildings, apartments, engineering, and other places. As the main energy consumption products, many scholars [1–5] have studied a series of problems such as equipment control logic, equipment selection, device performance, fault analysis, structural lubrication, application environment, etc. Refrigeration and air-conditioning compressors are designed to work under well-defined conditions. In some applications, it is interesting to observe their performances beyond these conditions [6–8], for example, in the case of an air source under different loads.

Through experiments, Cuevas et al. [1,2] measured the performance of the scroll refrigeration compressor under the condition of variable speed and multiple pressure ratios. It was pointed out that the compressor used achieved the highest volume efficiency and isentropic efficiency when the pressure ratio was between 2.2 and 2.6. With the increase in pressure ratio, the internal leakage increased, the lubrication condition became worse, and the volume efficiency and isentropic efficiency decreased.

Ibrahim et al. [3] simulated the condenser coil of the air source heat pump water heater, studied the influence of the length of the condenser coil on the performance of the heat pump, and finally determined the shortest length of the condenser coil matching the best energy efficiency considering the cost factor, simulated the condenser coil of the air source heat pump water heater, studied the influence of the length of the condenser coil on the performance of the heat pump, and finally determined the shortest length of the condenser coil matching the best energy efficiency considering the cost factor.

Fan et al. [6] verified the application of unbalanced data technology in the fault diagnosis of water chillers. Firstly, the fault samples were oversampled by using the synthetic minority oversamping technology (smote), and then the fault diagnosis was carried out by using the support vector machine (SVM). Liu et al. [7] took the group of chillers with the non-uniform matching of cooling capacity as the research object, considered the selfbalance characteristic of cooling capacity, constructed the thermal characteristic model of parallel operation of multiple chillers, studied the parallel operation characteristic of non-uniform load matching chillers under variable load, and proposed the control strategy of multiple Chillers Based on energy efficiency benchmark, Compared with the uniform load matching chiller, the applicability of the non-uniform load matching control strategy is discussed. Tang et al. [8] established the theoretical model of the air-cooled refrigeration system based on the polyphase lumped parameter method, mass conservation, energy conservation, and pressure balance, and carried out theoretical research and experimental analysis on the air-cooled refrigeration system. Based on the non-linear temperature enthalpy relationship of mixed refrigerants during heat exchange, the influence of mixed refrigerants bubble, dew point temperature, and slip temperature on cooling capacity was analyzed. Yu et al. [9] conducted experimental research on the performance of different mixed refrigerants. Li [10] summarized the oil return effect of an air pump, thermosiphon, and ejector in screw chiller.

Kamil investigated the steam condensation phenomena in an air-cooled condenser [11]. The considered horizontal flattened tube has a 30 mm hydraulic diameter, and its length is a function of the steam quality with a limit value between 0.95 and 0.05. Mahmood et al. used the Engineering Equation Solver (EES) to solve a set of methodical equations and empirical equations, the mathematical model of the current study, which has been validated with experimental results from the literature [12,13].

In addition, it is very important to study the effect of application environment on the performance of the chiller. Mao et al. [14] compared the thermophysical properties of R22 and R147a under different mixing ratios with the indexes of compressor suction and exhaust pressure, suction and exhaust temperature, power, unit heating capacity, and energy efficiency ratio. It was confirmed by experiments that the unit heating capacity and COP of R22 and R147a mixed refrigerant system with the ratio of 7:3 were slightly lower than those of the R22 system, while the suction and exhaust pressure, suction and exhaust temperature, and compressor power were all lower than those of R22 system. Experimental research on the influence of the performance of different heat pump units and factors, for example, environmental temperature, water supply temperature, air volume, water supply flow, and other variables on cop, heating capacity, system power consumption, energy efficiency, exhaust temperature, compression ratio and so on, also were carried out in china and other countries [15–26].

Kasim et al. aimed to reduce the required cooling capacity of an absorption chiller powered by a solar parabolic trough collector and a backup fuel boiler by integrating thermal storage tanks [27]. The system’s thermal performance was simulated for a building that is cooled for 14 h/day. The system used 1000 m2 parabolic trough collector with 1020 kW absorption chiller. Chilled water storage and cooling water storage effects on the system performance for different operation hours per day of the absorption chiller under Izmir (Turkey) and Phoenix (USA) weather conditions were analyzed.

As the compressor performance is very important to the operation of the whole equipment, and the saturation temperature of the compressor suction and exhaust will have a direct impact on the performance of the compressor, therefore, referring to the former research results and based on the existing equipment, this paper describes the reasonable operation conditions of the compressor,. It takes the satisfaction of the compressor suction and exhaust temperature as the benchmark, carries out the environmental temperature and the refrigerant outlet temperature adjustment, and then analyzes the influence of load and air volume on the performance of the air source chiller under different loads, so as to provide direction for further improvement of the performance of the device. By selecting appropriate refrigerants and equipment, determining reasonable index parameters, and to improve the energy consumption ratio, so as to be better applied and popularized in practical projects.

2  Chiller Prototype and Experimental Device

The system principle of the water chiller is shown in Fig. 1. The equipment is mainly composed of a parallel compressor unit, oil separator, microchannel heat exchanger, mass flowmeter, electronic expansion valve, spray expansion valve, gas-liquid separator, hot gas expansion valve and other main components.
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Figure 1: Schematic diagram of equipment system

The parallel compressor unit is composed of four SZ148 Danfoss constant frequency scroll compressors. During the operation of the equipment, the load of the unit is mainly controlled by adjusting the number of compressors. In order to ensure that the compressor operates within the normal temperature/pressure working condition range, and avoid the compressor’s protection shutdown caused by differential pressure protection, exhaust protection, high-pressure protection, etc., the experiment respectively sets the liquid injection expansion valve and hot gas expansion valve to control the suction state of the compressor. Among them, the type of spray expansion valve is Sporlan. When the wall temperature of the compressor is high, the opening of the spray valve is automatically controlled so as to effectively cool down the compressor; The thermal gas expansion valve adopts Danfoss TGEX-11TR expansion valve, whose function is similar to a bypass device. After throttling, the exhaust gas of the compressor is fully mixed with the compressor evaporator exhaust gas at the suction port of the compressor so as to prevent the compressor suction from carrying liquid.

In order to reduce the occupied volume of equipment space, the microchannel with high heat exchange efficiency is selected as the condenser, and the air temperature at the inlet and outlet of the microchannel is measured by the enthalpy difference method. The thermocouple is installed in the temperature sampler, and the air temperature is measured by dry bulb temperature. A variable frequency fan is selected to provide power for airflow. During the experimental operation, the number of variable frequency fans remains unchanged. The air flow is controlled by adjusting the speed of the variable frequency fan (see Fig. 2 for specific installation). In addition, an MIK-P300 pressure transmitter is used to measure the working medium pressure, with the measurement accuracy of 0.1 level; WZP thermal resistance is employed to measure the working medium/cold source temperature in the device, with the measurement range of −200°C~500°C, and the measurement accuracy of ±0.15°C; The DMF-1-U20 mass flowmeter is selected to measure the working fluid flow. The measuring range is 0~3000 kg/h, and the measuring accuracy is ±0.1%. The thermocouple probe is installed on the surface of the compressor housing with tin paper, and then the wall temperature of the compressor is measured.
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Figure 2: Measurement of air source condition

For a specific load, the experiment first determines the circulating flow of the refrigerant in the device under the condition that the inlet and outlet temperature of the refrigerant is 12°C/7°C and the dry and wet bulb temperature of the air source is 35°C/34°C, and then adjusts the outlet temperature of the refrigerant and the dry bulb temperature of the air source to reach the set value of the saturated suction and exhaust temperature within the operating condition range of the compressor.

3  Calculation of Experimental Data

In the experiment, the supercooling of the expansion valve is 5°C, and the suction superheat of the compressor is 8°C. According to the temperature, pressure, flow, and other parameters measured by the instrument, the heat absorption of the working medium in the evaporator can be obtained:


Qr=Gr(hout−hin)
(1)

where: Gr is the circulating flow of the working medium, kg/s; hin/hout is the enthalpy value at the inlet and outlet of working medium in an evaporator, which can be calculated according to the temperature/pressure value at the inlet of the expansion valve and the suction port of compressor, kJ/kg.

Cooling capacity of refrigerant in evaporator:


Qw=GwCp(Tin−Tout)
(2)

where: Gw is the circulating flow of refrigerant, kg/s; Cp is the specific heat capacity of the the refrigerant at constant pressure, kJ/(kg·°C); Tin/Tout is the inlet and outlet temperature of refrigerant, °C.

Experiment regulation: when the errors of the heat balance of evaporator are less than 3%, the experiment data are valid, and the arithmetic mean value of heat exchange of working medium and refrigerant were used as the calculation standard of refrigerating capacity of the device, namely:

Heat balance error of evaporator:


η=|Qr−Qw|/(Qr+Qw)
(3)

Refrigerating capacity of the unit:


Q=(Qr+Qw)/2
(4)

In the calculation of energy consumption of the device, the main elements include compressor, water pump, and fan. The input voltage can calculate the power consumption and current, that is:


Ptotal=Pcon+Ppump+Pfin
(5)

where: Pcom is the consumption power of a compressor, kW; Ppump is the consumption power of water pump, kW; Pfan is the consumption power of the fan, kW.

Finally, COP is selected to evaluate the comprehensive performance of the device, namely:


COP=Q/Ptotal
(6)

4  Analysis of Experimental Data

The protection of compressor suction and exhaust state mainly includes high-pressure protection, low-pressure protection, and exhaust temperature protection. Among them, low-pressure protection aims to avoid system energy efficiency reduction, liquid refrigerant freezing, and other faults caused by low suction pressure; Because of when the exhaust pressure is high, the exhaust temperature increases, the high-pressure protection is set, the compression ratio increases and the volumetric efficiency decreases, so that the cooling capacity decreases, the power consumption increases, and the compressor efficiency decreases; The exhaust temperature protection mainly limits the exhaust temperature of the compressor. If the exhaust temperature exceeds the normal value. In that case, it will not only lead to the carbonization corrosion of the lubricating oil, reduce the viscosity of the lubricating oil, thus reducing the lubricating performance, resulting in poor lubrication, accelerated wear, and increased power consumption, but also cause permanent damage to the compressor volute, drive bearing, internal seal, etc.

The working condition operation diagram of the scroll compressor used in the device is shown in Fig. 3. It can be seen from the diagram that the saturated suction temperature range of the compressor is −30°C~25°C, and the saturated exhaust temperature range is 10°C~60°C. In order to ensure the safe and reliable operation of the compressor, the corresponding protection is also set for the compressor, in which, the first stage indicates the low-pressure protection of the compressor, the second stage means the high-pressure protection of the compressor, and the third stage expresses the compressor exhaust temperature protection. In addition, in order to ensure the safe operation of the device, the compressor differential pressure protection is specially designed, as shown in Fig. 3 (the fourth stage); that is, the compressor must provide certain power for the working medium to overcome its flow resistance in the condenser, liquid pipeline, expansion valve, evaporator, and other components.
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Figure 3: Operation map of compressor

During the experimental operation, other operating conditions remain unchanged. The saturated suction temperature and saturated exhaust temperature of the compressor are adapted respectively by adjusting the refrigerant’s outlet temperature and ambient temperature. Among them, the saturated suction temperature and saturated exhaust temperature go up with the heightening of the outlet temperature and ambient temperature of the refrigerant, which is mainly caused by the temperature difference of heat exchange.

Furthermore, the full load working medium flow rate is more than 75%, and the full load working medium flow rate is more than 50%. Although the speeding up of the working medium flow rate in the heat exchanger results in the enhancement of the heat transfer characteristics and the downsizing of the heat exchange temperature difference, the condensation heat exchange is the largest under the full load condition, and the enhancement of the heat exchange makes the heat exchange temperature difference much higher. Finally, under the same saturated suction and exhaust temperature, the full load will affect the outlet temperature, and the ambient temperature of the refrigerant should be lower, as shown in Fig. 4.
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Figure 4: Environment range provided by refrigeration equipment under different load

Under the same working condition, the full load cooling capacity value is equal to (1.32~1.42) × 75% load cooling capacity, and load cooling capacity value is equal to (1.88~2.06) × 50% load cooling capacity, because the compressor is the main power for the flow of working fluid in the device. When the number of starting and stopping compressors are different, it will inevitably lead to different cycle flow of working fluid, and then the device will show different cooling effects. In addition, under the condition of the same refrigerant outlet temperature (i.e., under the condition of compressor saturated suction temperature), the refrigerating capacity improves with the reduction of ambient temperature, because: the decrease of ambient temperature results in the decrease of saturated compressor exhaust, while the volumetric compressor efficiency raises with the reduction of pressure ratio, resulting in the speeding up of working medium circulation flow, thus showing a greater refrigerating capacity [25,26], which is shown in Fig. 5.
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Figure 5: Refrigerating capacity providing by refrigeration equipment under different load

For the same type of parallel compressor unit, when evaluating the COP of the device, the comprehensive performance of a single compressor can be characterized. When the saturated exhaust gas of the compressor is large, the compression ratio also augments, while the compressor’s isentropic efficiency decreases with the compressor decreases with the increase of pressure ratio [28,29]. Therefore, under the same saturated suction temperature condition of compressor, Power consumption will go up with the increase of pressure ratio, that is to say, under the same saturated suction condition, the power consumption of compressor increases with the rising of saturated exhaust temperature, while the refrigerating capacity improved with the saturated exhaust gas as the temperature becomes higher, the COP of the device becomes less; In addition, under the same compressor suction and exhaust saturation temperature condition, the difference between different load conditions increases with the falling of saturated exhaust temperature, and when the exhaust temperature takes the maximum value, the COP difference between different load conditions is very small, as shown in Fig. 6.
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Figure 6: COP variation range of equipment performance under different load

Under the condition that the following influencing factors remain unchanged, the influence of fan speed on equipment performance is studied and analyzed, such as cold source outlet temperature/flow, ambient temperature, superheat and subcooling. With the condition of 50% load, different fan speeds, and specific compressor saturated exhaust temperature, the ambient temperature goes up with the increase of fan speed. When the fan speed increases by 200 r/min, the ambient temperature ascends by about 0.218°C~2.828°C, and the difference grows with the falling of saturated exhaust temperature. This is because: under the same heat exchange and saturated exhaust temperature conditions, the air volume increases with the up-grading of fan speed, resulting in the diminution of heat exchange temperature difference, i.e., the going up of ambient temperature; and with the downsize of saturated exhaust temperature, the condensation heat exchange gradually increases, resulting in the further becomes large to heat exchange temperature difference between various fan speeds, as shown in Fig. 7.
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Figure 7: Environment range providing by refrigeration equipment under different fan speed

In addition to the influence of wind speed on the heat transfer characteristics of the condenser, it also has an indirect effect on the precooling in front of the valve. However, the supercooling change will not greatly impact the heat transfer of the evaporator. Therefore, the influence of wind speed on the refrigerating capacity of the unit is relatively small; that is, the change of refrigerating capacity with wind speed is relatively small; In addition, under the same wind speed and suction saturation temperature conditions, the refrigerating capacity attenuates with the raise of saturated exhaust temperature. Similarly, as mentioned above, the higher saturated exhaust temperature causes the magnification of compressor pressure ratio, thus making the compression volume efficiency lower, inducing the working medium circulation flow diminution, and finally reducing the overall refrigerating capacity of the device, as shown in Fig. 8.
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Figure 8: Refrigerating capacity providing by refrigeration equipment under different fan speed

The COP of the device changes with the experimental variables, which is a comprehensive reflection of the different effects of the experimental variables on the refrigerating capacity and the total power consumption of the device. Under the same condition, COP weakens with the going up of saturated exhaust temperature. Under the condition of high saturated exhaust temperature, wind speed has little effect on COP, while under the condition of low saturated temperature, COP will boost with the decrescence of wind speed, as shown in Fig. 9.
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Figure 9: COP variation range of equipment performance under different fan speed

The former is due to the low isentropic efficiency of the compressor at high saturated exhaust temperature. At this time, the power consumption of the compressor accounts for a large proportion of the total power consumption of the device. Although the reduction of wind speed will cut down the total power consumption of the fan, it has little impact on the total power consumption of the device. The latter is due to the improvement of the isentropic efficiency of the compressor at low saturated exhaust temperature (that is, the power consumption of the compressor accounts for the total power consumption of the device). The wind speed has a great influence on the COP of the device, and the wind speed mainly improves the COP of the device by reducing the power consumption of the device, but has little influence on the cooling capacity.

5  Conclusion

In this paper, the air source water chiller is taken as the experimental research object. By adjusting the outlet temperature of the cold source and the ambient temperature, the compressor’s saturated suction and exhaust temperature of the compressor was adjusted. The influence of the system performance of the air source water chiller under different loads is studied; the conclusion and future directions are as follows:

1.    In order to ensure the stable and reliable operation of the compressor, the operation protection of the compressor mainly includes compressor low-pressure protection, compressor high-pressure protection, compressor exhaust temperature protection and compressor differential pressure protection;

2.    Through adjusting the outlet temperature and ambient temperature of the cold source, the saturated suction and exhaust temperature of the compressor is adjusted. Under the same saturated suction temperature, the ambient temperature increases with the decrease of the unit load and the increase of the wind speed;

3.    The refrigeration capacity of the unit improves with the increase of the load and the dropping of the saturated exhaust temperature (the coming down of the ambient temperature), but it is not affected by the wind speed;

4.    The purpose of COP analysis is to comprehensively evaluate the performance of the device. Under the same saturated suction temperature condition, the compressor power consumption increases with the increase of saturated exhaust temperature, and the cooling capacity declines with the increase of saturated exhaust temperature, resulting in cop decreasing with the increase of saturated exhaust temperature. In addition, under the high saturated exhaust temperature condition, COP is affected by the device load, wind speed, etc. The COP promotes the increase of load and the slower wind speed under the condition of low saturated exhaust temperature;

5.    Further, the device should be optimized, select appropriate refrigerants and equipment, determine reasonable index parameters, and improve the energy consumption ratio, so as to be better applied and popularized in practical projects.
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