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Abstract: This paper discussed the experimental results of the performance of an organic Rankine cycle (ORC) system with an ultra-low temperature heat source. The low boiling point working medium R134a was adopted in the system. The simulated heat source temperature (SHST) in this work was set from 39.51°C to 48.60°C by the simulated heat source module. The influence of load percentage of simulated heat source (LPSHS) between 50% and 70%, the rotary valve opening (RVO) between 20% and 100%, the resistive load between 36 Ω and 180 Ω or the no-load of the generator, as well as the autumn and winter ambient temperature on the system performance were studied. The results showed that the stability of the system was promoted when the generator had a resistive load. The power generation (PG) and generator speed (GS) of the system in autumn were better than in winter, but the expander pressure ratio (EPR) was lower than in winter. Keep RVO unchanged, the SHST, the mass flow rate (MFR) of the working medium, GS, and the PG of the system increased with the increasing of LPSHS for different generator resistance load values. When the RVO was 60%, LPSHS was 70%, the SHST was 44.15°C and the resistive load was 72 Ω, the highest PG reached 15.11 W. Finally, a simulation formula was obtained for LPSHS, resistance load, and PG, and its correlation coefficient was between 0.9818 and 0.9901. The formula can accurately predict the PG. The experimental results showed that the standard deviation between the experimental and simulated values was below 0.0792, and the relative error was within ±5%.
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Nomenclature



	Symbols





	G
	Mass flow rate, kg⋅s^{-1}



	V
	Fan air volume, m3⋅h−1



	ρ
	Density, kg⋅m^{-3}



	γ
	Specific heat capacity, kJ⋅kg−1⋅∘C−1



	T
	Temperature, ∘C



	H
	Enthalpy, kJ⋅kg−1



	p
	Pressure, MPa



	P
	Power, W



	U
	Voltage, V



	I
	Current, A



	R
	Speed, RPM



	Abbreviation





	ORC
	Organic Rankine cycle



	RVO
	Rotary valve opening



	SHST
	Simulated heat source temperature



	LPSHS
	Load percentage of simulated heat source



	MFR
	Mass flow rate



	GS
	Generator speed



	PG
	Power generation



	EPR
	Expander pressure ratio



	Subscripts





	cond
	Condenser



	gen
	Generator



	exp
	Expander



	eva
	Evaporator



	in
	Inlet



	out
	Outlet




1  Introduction

The extensive utilization of fossil energy has led to serious environmental problems [1], such as the greenhouse effect, haze, acid rain, etc. ORC technology utilizes industrial waste heat, geothermal energy, and solar thermal energy as heat sources for power generation [2–4]. The use of ORC technology improves energy efficiency and reduces carbon emissions to the environment.

In terms of system cost and carbon emission, Calli et al. [5] studied the power demand of a farm and found that the cost-benefit ratio of using both the ORC system and the power grid was 30% higher than using the power grid alone. Köse et al. [6] found that the economics of the Kalina cycle was 3.93 years better than that of the ORC cycle, but the ORC cycle was superior to the Kalina cycle in terms of energy, exergy, and CO2 reduction. Regarding the working fluid and lubricating oil of the system, Hijriawan et al. [7] studied the performance of R134a in an ORC system. The results showed that when the scroll expander speed was 505.8 RPM and the system power was 584.5 W, the energy efficiency of the system was up to 3.17%. Yang et al. [8] studied the effect of lubricating oil ratio in an ORC system. The results showed that the maximum thermal efficiency of the system was 4.7% at a high oil ratio. Regarding the type of heat source, Chen et al. [9] used a solar-assisted ORC system and showed that solar energy not only improves heat recovery efficiency but also reduces annual total cost. Ma et al. [10] proposed an efficient integrated energy system to recover waste heat from power plants. It was concluded that when the MFR of the exhaust gas was adjusted to 70 kg/s, the PG was 7500 kW. Loni et al. [11] reviewed and discussed the operation methods of geothermal-driven ORC systems. It showed that the performance of the geothermal-driven ORC system can be improved by 20% to 30% after optimization. When it comes to waste heat utilization, Sleiti et al. [12] studied the performance of the TMR system under waste heat conditions ranging from 50°C to 85°C. Although this research was of great significance in the low-temperature field, there has been no research on waste heat below 50°C. Pan et al. [13] proposed an ORC system for waste incineration energy recovery. The results showed that the energy efficiency, the exergy efficiency, and the ecological efficiency of the system increased to 41.22%, 66.91%, and 84.54%, respectively. Varis et al. [14] recovered the waste heat generated by 26 gas engines in a certain area. They tested the exhaust gas flow, temperature, and pressure values at the chimney outlet of the engine to obtain the best consumption value and the optimal mechanical power of the equipment in the ORC system. Peng et al. [15] used the heat extracted from coal gangue to generate electricity. They studied the arrangement mode, hierarchical structure, and cold-end heat dissipation mode of the thermoelectric module and proposed a thermoelectric conversion structure that reduced heat loss and improved the output power of thermoelectric conversion. In relation to cross-seasonal environmental conditions, Wang et al. [16] studied the cross-seasonal performance of the ORC system under variable condensation conditions. They found that when the wet bulb temperature was 1.1°C, the power generation and PG efficiency of the system reached 8.04 kW and 11.31%, respectively. Concerning the component equipment of the system, Han et al. [17] used a five-cylinder radial piston expander to recover waste heat for PG. By adjusting the pump speed, the output power of the expander can be optimized, with a total thermal efficiency of 2.02% and a firing efficiency of 10.5% respectively. Wu et al. [18] used a radial inflow turbine generator to study the performance of the ORC system and tested its performance under different speeds, turbine inlet temperatures, and generator loads. The results showed that when the generator reached the rated speed, the output power was 20.47 kW and PG efficiency was 91.1%, respectively. Wu et al. [19] studied the performance of the OR system using a high-speed radial inflow turbine and tested the system performance under different load powers. The results showed that the PG and thermal efficiency of the system were 1.424 kW and 2.52%, respectively. By using a free-piston expander linear generator, Yang et al. [20] studied the performance of the ORC system and found that the maximum energy conversion efficiency of the system was 28.81% when the expander inlet pressure was 0.2 MPa, the operating frequency was 1.5 Hz and the resistive load was 5 Ω. Chen et al. [21] used a model that integrated thermal power generation, computational fluid dynamics, and plate fins to study the ORC system. The results showed that when there were no baffles in the individual module, it could provide accurate prediction results for the system. Zhou et al. [22] used the waste heat generated by wind turbines in a poly-generation system, filling the gap in the waste heat utilization of generators. Shoeibi et al. [23] introduced an improved single-slope solar evaporator to enhance evaporation efficiency, increasing it by 7 W/h compared to traditional solar evaporators. Kaczmarczyk et al. [24] investigated the performance of the 1 kWe scroll expander in an ORC system. The results showed that the maximum efficiency of the expander was 49.31%, and the thermal and exergy efficiency of the cycle were 5.97% and 15.82%, respectively. For the system workload, Cao et al. [25] studied the steady-state and transient performance of the ORC system by using the lamp array to simulate variable external loads. The steady-state showed that the system efficiency reached its maximum when the resistive load was smaller than the ORC power capacity at 50 Hz frequency. The transient analysis showed that the resistive load and the parameters of the heat source had little effect on the electrical quality. Jin et al. [26] studied the influence of resistive load on system performance using a 3 kW ORC system. The results showed that when the resistive load was constant, the increase in power generation of the system led to an increase in the speed and inlet pressure of the expander. Kaczmarczyk et al. [27] simulated the heat source power of the household boiler (12–20 kW), adjusted the rated power of the generator load (200–2000 W), and carried out experimental research on a 1 kW high-speed ORC micro-disturbance generator, the overcompensation and under compensation intervals of the synchronous generator were obtained under different load levels. The results showed that when the load current of the micro-disturbance generator was optimal, the PG was higher.

However, the above research focuses mainly on the influence of the type of working medium and heat source, the components of the system, and the resistive load of the generator in the ORC system. There is little research on the ultra-low temperature performance of the ORC system, particularly the performance below 50°C. The research on ultra-low temperature heat sources will fill the gap in ultra-low temperature ORC power generation systems. The working medium used in the system was R134 a, and the simulated heat source module was established. The effects of LPSHS (50%–70%), RVO (20%–100%), the resistive load of the generator (36–180 Ω or no load), and the ambient temperature in autumn and winter on the system performance were studied. Furthermore, the novelty and originality of the paper are highlighted. Experimental formulas relating to LPSHS, resistive load, and PG are fitted based on the collected experimental data. According to this formula, the PG can be accurately predicted, providing theoretical and practical guidance for the intelligent control of the PG of the system. In addition, through literature research, it was found that there is little use of low-temperature thermal power generation systems for experimental teaching. Therefore, this experimental system has the advantages of a stable heat source, low heat source temperature, small equipment size, and easy transportation, which will be beneficial for teachers’ experimental teaching. Through teaching, students can master the theoretical and experimental knowledge of low-temperature thermoelectric power generation systems and enhance their awareness of energy conservation.

2  System Design

2.1 System Principles

In order to study the performance of the ORC system with ultra-low temperature heat source, a corresponding experimental platform was built with R134a as the working medium. The schematic diagram of this experimental platform is shown in Fig. 1, and its main equipment included: air-cooled evaporator (1), simulated heat source module (2), expander (3), DC generator (6) and its resistive load (7), air-coiled condenser (4), rotational valve (5), etc. The resistive load was referred to as a range of 36–180 Ω between 3, 5, 7, 9 Ω [20] and 200–2000 W [27] as the range of resistive in this study. The main equipment parameters of the system are shown in Table 1.
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Figure 1: System schematic diagram
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2.2 System Physical

Fig. 2 shows the physical diagram of the system, the simulated heat source module included: an inverter (2c), compressor (2a) and heat storage tank (2b), etc.

[image: images]

Figure 2: Physical diagrams of system (a) Front view, (b) Rear view, 1-Air coiled evaporator, 2a-Compressor, 2b-Heat storage tank, 2c-Inverter, 3-Expansion, 4-Air coiled condenser, 5-Rotational valve, 6-DC generator, 7-Resistive load, 8-Pressure gauge, 9-DC voltmeter, 10-DC ammeter, 11-Speed Indicator, 12-Filter, 13-Solenoid valve, 14-Visual liquid mirror, 15-Data acquisition instruments, 16-Liquid storage tank

During the operation of the system, the heat supply of the simulated heat source module (2) was changed by adjusting the frequency of the compressor (2a). The rated power of the simulated heat source module was 3750 W, which meant the LPSHS was 100 %. The SHST and MFR of the working medium were affected by the LPSHS. After passing through the simulated heat source module, the working medium enters the expander (3), which drives the generator (6) to generate electricity. The working medium came out of the expander and entered the air-coiled condenser (4), where the air acted as a cooling source to cool the working medium passing through the condenser. The working medium flowed out of the condenser and entered the air-coiled evaporator (1) through the rotational valve, where the air preheated the working medium through the evaporator. The preheated working medium flowed into the simulated heat source module. The performance of the ORC system was studied by adjusting the resistive load (7) of the generator, the RVO, and the LPSHS. Table 2 shows the parameters of the test system.
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3  Methods

3.1 Calculation Methods

The mass flow rate of R134a in the condenser can be expressed as in Eq (1).

Gcond=Vcond×ρair×γair×(Tcond,air,out−Tcond,air,in)Hcond,in−Hcond,out(1)

The power generated by the generator can be expressed as in Eq (2).

Pgen=Ugen×Igen(2)

3.2 Experimental Methods

3.2.1 The Stability of System

In this paper, different working conditions were studied in detail. For working conditions No. 1–20, the working medium of the system was R134a, the room temperature was kept at 21°C by adjusting the central air conditioner, RVO was set to 100%, LPSHS was set to 50%, and the resistive load of the generator was set as 36 Ω or no load. In order to study the stability of the system, the changes in the inlet temperature and pressure of the expander were detected within 10 min of the system operation, as shown in Table 3.
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3.2.2 System Variations under Generator No-Load

For working conditions No. 21–45, the system used R134a, the central air conditioner was adjusted to keep the room temperature at 21°C, the RVO was 20%–100%, the LPSHS was 50%–70%, and the generator with no-load, as shown in Table 4.
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3.2.3 System Variations under Generator Load

For working conditions No. 46–170, the system used R134a, the central air conditioner was adjusted to keep the room temperature at 21°C, the RVO was 20%–100%, the LPSHS was 50%–70%, and the resistive load of the generator was 36–180 Ω, as shown in Table 5.
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3.2.4 System Variations in Autumn and Winter

For working conditions No. 171–180, the ambient indoor temperature was 13°C in winter, and the central air conditioner was adjusted to simulate an ambient room temperature of 21°C in autumn. The system used R134a as the working medium, RVO was 100%, LPSHS was 50%–70%, and the resistive load of the generator was 36 Ω, as shown in Table 6.
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4  Results and Discussion

4.1 Analyzing System Stability

According to the working conditions No. 1–20, as shown in Fig. 3. When the generator was not loaded, the inlet temperature and pressure of the expander stabilized at 39.80°C and 0.9 MPa, respectively, after 5 min of system operation. When the generator load was 36 Ω, the inlet temperature and pressure of the expander were approximately 39.60°C and 0.95 MPa, respectively.
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Figure 3: System stability

The results showed that the ORC system exhibits better stability when the generator has a resistive load.

4.2 Analyzing System Variations under Generator No-Load

Based on working conditions No. 21–45, as shown in Fig. 4, the SHST, MFR of the working medium, GS, and system generation voltage under different RVOs increase with the increase of LPSHS when the generator is unloaded.

[image: images]

Figure 4: System variations with LPSHS and RVO without load (a) Simulated heat source temperature, (b) mass flow rate, (c) generated voltage, (d) generator speed

As shown in Fig. 4a, the SHST ranged from 40.38°C to 46.26°C. When RVO was 20% and LPSHS was 70%, the highest temperature was 46.26°C. As shown in Fig. 4b, the MFR of the working medium was set in a range of 0.039 kg/s to 0.076 kg/s. The slope of MFR was highest at 40 % of RVO. When the maximum MFR of the working medium was 0.076 kg/s, RVO was 40% and LPSHS was 70%. As shown in Fig. 4c, when the maximum generation voltage was 68.63 V, RVO was 80% and LPSHS was 70%. As shown in Fig. 4d, GS at an RVO of 20% was the lowest. When the maximum GS was 1064 RPM, the RVO was 80% and the LPSHS was 70%.

In a word, when the generator was unloaded, the SHST, MFR of the working medium, GS, and system generation voltage at different RVOs all increased with the increase of LPSHS. The SHST ranged from 40.38°C to 46.26°C. When the highest MFR of the working medium was 0.076 kg/s, RVO was 40% and LPSHS was 70%. When the maximum generation voltage was 68.63 V, RVO was 80% and LPSHS was 70%. When the maximum generator speed was 1064 RPM, RVO was 80 % and LPSHS was 70%.

4.3 Analyzing System Variations under Generator Load

4.3.1 Analyzing the Influence of SHST on the PG

From working conditions No. 46–170, as shown in Fig. 5, we can see that when the resistive load of the generator was constant, the system PG increased with the increase of SHST.
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Figure 5: PG variations with different resistive loads and SHSTs (a) RVO 20%, (b) RVO 40%, (c) RVO 60%, (d) RVO 80%, (e) RVO 100%

When RVO was 20%, as shown in Fig. 5a, the PG of the system at 36 Ω load was the lowest with the increase of SHST. When the resistive load was 72 Ω and SHST was 49.11°C, the maximum power generation of the system was 13.91 W. As shown in Fig. 5b, when RVO was 40%, the PG of the system with 36 Ω load was the lowest among all the resistive loads with the increase of SHST. When the resistive load was 108, 144, and 180 Ω, the PG of the system was approximately equal, with the increase of the SHST. When the resistive load was 72 Ω and the SHST was 44.75°C, the maximum PG of the system was 14 W. From Fig. 5c, we can see that with the increase of SHST, the PG of the system at 36 Ω was the lowest load and at 72 Ω was the highest load when the RVO was 60 %. When the resistive load was 72 Ω and SHST was 44.15°C, the maximum PG of the system was 15.11 W. When RVO was 80 %, as shown in Fig. 5d, with the increase of SHST, the PG of the system with 36 Ω load was the lowest among all the resistive loads, and the slope of the system PG at a resistive load of 72 Ω was the highest load. When the resistive load was 108 Ω and SHST was 45.1°C, the maximum PG was 14.74 W. In Fig. 5e, one can find that with the increase of SHST, the PG of the system at 36 Ω was the lowest load, when the resistive load was 108 Ω and SHST was 44.61°C, the maximum PG of the system was 14.43 W.

Therefore, when RVO and the generator resistive load were constant, the PG of the system increased with the increase of SHST. When RVO was constant, with the increase of SHST, the PG of the system with 36 Ω load was the lowest among all the resistive loads. When RVO was 60%, the resistive load was 72 Ω and SHST was 44.15°C, the maximum PG of the system was 15.11 W.

4.3.2 Analyzing of SHST and MFR

Analyzing SHST Variation with Different RVO, Resistive Load, and LPSHS

For working conditions No. 46–170, as shown in Fig. 6, the SHST at different resistive loads increased with the increase of LPSHS when RVO kept the same.
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Figure 6: SHST variation with different RVOs, resistive loads, and LPSHSs (a) RVO 20 %, (b) RVO 40 %, (c) RVO 60%, (d) RVO 80%, (e) RVO 100%

As shown in Fig. 6a, when RVO was 20%, SHST varied from 40.53°C to 48.60°C, and the slope of the SHST was the highest at 144 Ω. As shown in Fig. 6b, when RVO was 40%, SHST changed from 40.70°C to 47.23°C, and the slope of SHST was the lowest at 108 Ω. When LPSHS was the same, the SHST was highest at 40% of RVO and 36 Ω of resistive load. As shown in Fig. 6c, when RVO was 60%, the SHST changed from 40.60°C to 46.42°C, and the slopes of SHST at different resistive loads were approximately equal. As shown in Fig. 6d, when RVO was 80%, the SHST varied from 40.12°C to 46.05°C, and the SHST was the highest at 36 Ω load and smallest at 144 Ω load. It can be seen from Fig. 6e that RVO was 100 %, the SHST changed from 39.51°C to 45.95°C, and the SHST was the lowest at 144 Ω of resistive load. The slopes of SHST were equal with 36, 108, and 144 Ω of loads.

The results showed that when RVO was the same, the SHST under different resistive loads increased with the increase of LPSHS, while the SHST varied from 39.51°C to 48.60°C. When SHST reached the maximum, the RVO was 20%, LPSHS was 70%, and the resistive load was 108 Ω.

Analyzing MFR Variation with Different RVOs, Resistive Loads, and LPSHSs

For working conditions No. 46–170, as shown in Fig. 7. When RVO was the same, the MFR of the working medium under different resistive loads increased with the increase of LPSHS.
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Figure 7: MFR variation for different RVOs, resistive loads, and LPSHSs (a) RVO 20%, (b) RVO40%, (c) RVO 60%, (d) RVO 80%, (e) RVO 100%

As shown in Fig. 7a, when RVO was 20%, the MFR of the working medium at 36 Ω load first increased and then decreased with the increase of LPSHS. When RVO was 20%, the MFR of the working medium at a resistive load of 144 Ω was the largest among all resistive loads. Moreover, the maximum MFR of the working medium was 0.079 kg/s at 70% of LPSHS and 144 Ω load. As shown in Fig. 7b, when RVO was 40%, the slope of the MFR of the working medium was the highest at 36 Ω load and lowest at 180 Ω load. The maximum MFR was 0.077 kg/s at 70% of LPSHS and 36 Ω load. In Fig. 7c, we can see that when the RVO was 60%, the MFR at 144 Ω load increased approximately linearly with the increases of LPSHS, and the maximum MFR was 0.074 kg/s at 70% of LPSHS and 144 Ω load. As shown in Fig. 7d, when RVO was 80%, the slope of the MFR was the lowest at 36 Ω load and highest at 108 Ω among all resistive loads. It can be seen from Fig. 7e that the maximum MFR was 0.071 kg/s at 70% LPSHS and 108 Ω load when RVO was 100%, and the slope of MFR was lowest at 72 Ω load.

The results indicated that, under the same RVO, the MFR of the working medium increased with the increase of LPSHS. For different RVOs and resistive loads, the MFR of the working medium was always maximum when LPSHS was 70%. When RVO was 20%, the maximum MFR of the working medium was 0.079 kg/s at 70% of LPSHS and 144 Ω load.

4.3.3 Analyzing EPR Variations with Different RVOs and LPSHSs

For working conditions No. 46–170, the resistive load of the generator was 36 Ω, as shown in Fig. 8. EPR fluctuated around 1.19 with 20% RVO. EPR was the lowest at 40% RVO, while LPSHS decreased EPR by about 60%. EPR has a linear relationship with 60% RVO. When RVO was 80%, the EPR fluctuated around 60% of LPSHS and then stabilized at 1.218. EPR fluctuated at 1.218 when RVO was 100%.

[image: images]

Figure 8: EPR variation with different RVO and LPSHS

The experiment showed that when the resistive load was the same, EPR fluctuated less, indicating better system stability.

4.3.4 Analyzing of GS and PG

Analyzing GS Variation with Different RVOs, Resistive Loads, and LPSHSs

For working conditions No. 46–170, as shown in Fig. 9. When RVO was the same, the GS increased with the increase of LPSHS under different resistive loads.
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Figure 9: GS variations with different RVOs, resistive loads, and LPSHSs (a) RVO 20%, (b) RVO 40%, (c) RVO 60%, (d) RVO 80%, (e) RVO 100%

When the LPSHS was the same, GS increased with the increase of the resistive load. As shown in Fig. 9a, when LPSHS was 70%, the resistive load was 180 Ω, and RVO was 20%, the highest GS was 869 RPM. Fig. 9b showed when LPSHS was 70%, the resistive load was 180 Ω and RVO was 40%, the highest GS was 896 RPM. In Fig. 9c, we can see that the highest GS was 875 RPM, when LPSHS was 70%, the resistive load was 180 Ω and RVO was 60%. It can be seen from Fig. 9d that the highest GS was 888 RPM for LPSHS was 70%, the resistive load was 180 Ω and RVO was 80%. When LPSHS was 70%, the resistive load was 180 Ω and RVO was 100%, the highest GS was 894 RPM, as shown in Fig. 9e.

The experimental results showed that under the same RVO, GS increased with the increase of LPSHS, and the GS increased with the increase of resistive load when LPSHS was the same. Moreover, when LPSHS was 70%, the resistive load was 180 Ω and RVO was 40%, the highest GS was 896 RPM.

Analyzing PG Variation with Different RVOs, Resistive Loads, and LPSHSs

For working conditions No. 46–170, under the same RVO, the PG under different resistive loads increased with the increase of LPSHS can be found in Fig. 10.
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Figure 10: PG variation with different RVOs, resistive loads, and LPSHSs (a) RVO 20%, (b) RVO 40%, (c) RVO 60%, (d) RVO 80%, (e) RVO 100%

As shown in Fig. 10a, when RVO was 20%, LPSHS was 70% and the resistive load was 72 Ω, the highest PG was 13.91 W. Fig. 10b showed that when RVO was 40%, LPSHS was 70%, the resistive load was 72 Ω, the highest PG was 14 W. Under different resistive loads, PG increases initially and then slows down, about 60% of LPSHS. Among all resistive loads, the slope of PG is highest at 72 Ω and 60 % resistive load. We can see from Fig. 10c that when RVO was 60%, LPSHS was 70% and the resistive load was 72 Ω, the highest PG was 15.11 W. Besides, when RVO was 80%, LPSHS was 70%, and the resistive load was 108 Ω, the highest PG was 14.74 W, as shown in Fig. 10d. The slope of PG was linear at 72 Ω of resistive load. as shown in Fig. 10e when RVO was 100%, LPSHS was 70%, and the resistive load was 108 Ω, the highest PG was 14.43 W. The slope of the PG with 72, 144, and 180 Ω load was roughly equal. When the resistive load was 36 Ω and 108 Ω, PG rose faster and then slower around 55% of LPSHS.

The results indicated that when RVOs were the same, PG increased with the increase of LPSHS under different resistive loads. When RVO was 60%, LPSHS was 70%, the resistive load was 72 Ω, and the highest PG was 15.11 W.

In summary, when RVO and resistive load were constant, the PG of the system increased with the increase of SHST.

When RVO was the same, the SHST, MFR of the working medium, GS, and PG of the system increased with the increase of LPSHS under different resistive loads. The SHST changed from 39.51°C to 48.60°C. When SHST was maximum, RVO was 20%, LPSHS was 70%, and the resistive load was 108 Ω. The MFR of the working medium was always maximum when LPSHS was 70% for different RVOs and resistive loads. When RVO was 20%, LPSHS was 70% and the resistive load was 144 Ω, the highest MFR of the working medium was 0.079 kg/s. When the resistive load was the same, EPR fluctuated less, indicating better system stability.

The GS increased with the increase of resistive load when LPSHS and RVO were constant. The highest GS was 896 RPM when LPSHS was 70%, the resistive load was 180 Ω and RVO was 40%. When RVO was 60%, the SHST was 44.15°C, LPSHS was 70%, and the resistive load was 72 Ω, the highest PG was 15.11 W.

4.4 Analyzing of System Variation in Autumn and Winter

Fig. 11 shows the working conditions No. 171–180.
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Figure 11: System variation in the autumn and winter (a) simulated heat source temperature, (b) mass flow rate, (c) expander pressure ratio, (d) generator speed, (e) generated power

From Fig. 11a, we can see that with the increase of LPSHS, the SHST in autumn was about 10°C higher than in winter. With the increase of LPSHS, the MFR of the working medium in autumn was about 0.02 kg/s higher than in winter, as shown in Fig. 11b. In Fig. 11c, it can be found that with the increase of LPSHS, EPR in winter was slightly higher than in autumn by 0.1. Fig. 11d illustrates that with the increase of LPSHS, the GS in autumn was about 119 RPM higher than in winter. It can be found in Fig. 11e that with the increase of LPSHS, PG in autumn was about 2.48 W higher than in winter.

The results indicated that with the increase of LPSHS, the SHST, MFR, GS, and PG of the system were higher in autumn than in winter, while the EPR was higher in autumn than in winter.

4.5 Control Algorithm

Based on the above experiments, the relationship equation between the LPSHS, resistive load, and PG was fitted, when RVO was 20% to 100%. As shown in Eq. (3):

Z=Z0+A1X+A2X2+A3X3+A4X4+A5X5+B1Y+B2Y2+B3Y3+B4Y4+B5Y5(3)

where Z was the PG, W. X was the load percentage of the simulated heat source, % . Y was the resistive load, Ω. Z0, A1(B1), A2(B2), A3(B3), A4(B4), and A5(B5) represented the fitted constant, primary, secondary, tertiary, quadratic, and quintuple terms, respectively. Fig. 12 shows the fitted surfaces based on PG under different RVOs, resistive loads, and LPSHSs. Table 7 contains the values of the constant term coefficients, the coefficients of each level term, and the correlation coefficient R2 of Eq. (3), where the correlation coefficient R2 ranges were 0.9818 to 0.9901.
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Figure 12: Fitted surfaces between LPSHS, resistive load, and PG with different RVOs (a) RVO 20%, (b) RVO 40%, (c) RVO 60%, (d) RVO 80%, (e) RVO 100%

[image: images]

4.6 Experimental Verification

Based on the original experimental equipment, adjustments were made to the RVO, resistive load, and LPSHS, and the PG was measured. Eq. (3) was verified when the RVO, resistive load and LPSHS were different. As shown in Fig. 13, the standard deviation between the calculated and experimental values of PG was within 0.0792, and the relative error was within ±5%. It was concluded that the fitted equation between LPSHS, resistive load, and PG was valid.

[image: images]

Figure 13: Experimental values and calculated values of PG when RVO varied from 20% to 100% (a) standard deviation, (b) relative error

5  Conclusion

In this paper, based on the ultra-low temperature heat source below 50°C, the performance of the ORC system was studied by adjusting the resistive load of the generator, the RVO, and the LPSHS. The following conclusions can be drawn:

● Compared to no resistive load, the stability of the ORC system is better when the generator has a resistive load.

● When the generator is unloaded, the SHST, MFR of the working medium, GS, and the voltage generated by the system with different RVO increase with the increase of LPSHS. The SHST varies from 40.38°C to 46.26°C. When RVO is 80% and LPSHS is 70%, the maximum generator voltage is 68.63 V, and the maximum GS is 1064 RPM.

● When the generator has a resistive load, the SHST, MFR of the working medium, GS, and PG of the system increase with the increase of the LPSHS for RVO remains the same. When RVO and the generator resistive load are constant, the PG increases with the increase of SHST. SHST changed from 39.51°C to 48.60°C. When SHST is at its maximum, the RVO is 20%, LPSHS is 70%, and the resistive load is 108 Ω. GS increases with the increase of resistive load when LPSHS and RVO are constant. The highest GS is 896 RPM when LPSHS is 70%, the resistive load is 180 Ω and RVO is 40%. When RVO is 60%, LPSHS is 70%, and the resistive load is 72 Ω, the highest PG of the system is 15.11 W.

● The SHST, MFR, GS, and PG are all higher in autumn than in winter. While EPR is higher in autumn than in winter.

● When RVO is the same, there is a correlation between LPSHS, resistive load, and PG, with a correlation coefficient of 0.9818 to 0.9901. The standard deviation between the calculated value and the experimental value of PG is within 0.0792, and the relative error is within ±5%. This relationship can provide strategic advice for power control output in the system.

● Based on a large number of experiments, the optimization direction of the ORC system under an ultra-low temperature heat source was obtained. In future redevelopment of ORC systems, it is necessary to reduce the rated power of the simulated heat source module and add a heat storage device inside it. It is also necessary to keep the diameter of the pipeline consistent in the system, and finally replace a new expander of the same type. This work has made some efforts in the research of ORC systems for ultra-low temperature heat sources.
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Table 3: Experimental conditions for system stability

Work conditions No. RVO (%) LPSHS (%) Resistive load (2)  Time (min)
1-10 100 50 36 1,2,3,4,5,6,7,8,9,10
11-20 100 50 No load 1,2,3,4,5,6,7,8,9,10
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Table 4: Experimental conditions with no-load

Work conditions No. Resistive load (£2) RVO (%) LPSHS (%)

21-25 No load 20 50, 55, 60, 65, 70
26-30 No load 40 50, 55, 60, 65, 70
31-35 No load 60 50, 55, 60, 65, 70
36-40 No load 80 50, 55, 60, 65, 70

41-45 No load 100 50, 55, 60, 65, 70
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Table 7: The coefficients and correlation coefficients R? with different RVOs

20% 40% 60% 80% 100%
A —164 100.4 —365 —338.2 —955.8
A, 11.43 43.56 —17.29 44.97 —10.06
A, —0.3415 —3.318 2.158 —2.154 3.281
A, 0.0053 0.0879 —0.0621 0.048 —0.1025
A, —4.075E-5 —0.001 7.321E-4 —5.063E-4 0.0012
A, 1.249E-7 4.295E-6 —3.134E-6 2.057E-6 —5.343E-6
B, 0.3193 0.4318 0.4819 0.4538 0.4953
B, —0.0039 —0.0079 —0.0079 —0.0095 —0.0135
B; 2.143E-5 7.853E-5 6.748E-5 1.108E-4 1.757E-4
B, —6.266E-8 —4.127E-7 —3.122E-7 —6.587E-7 —1.059E-6
B; 9.513E-11 8.56E-10 5.984E-10 1.481E-9 2.329E-9
R? 0.9901 0.989 0.9818 0.9846 0.9881
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Table 1: Details of the main equipment parameter

Instruments

Models

Parameters

Evaporator

Simulated heat source
module

Expander

DC generator

Condenser

Resistive load

FNHM 2.0/7

ZW61KAE-TFP-542;
FR-E740-5.5K-CHT;
4L;

ATC-066-J10

WY1013

FN-22B

BX8

Fan air volume: 1250 m*/h

Fan power: 75 W

Fan voltage: 220 V

Number of uses: 2

Compressor

AC voltage: 380 V

Frequency: 50 Hz

Maximum current: 10 A

Discharge volume: 17.34 m*/h
Rotational speed: 2900 RPM
Ultimate pressure: 27.5/20 MPa
Rated power: 3750 W

Inverter

Input: 21.4A 3PH AC380 50/60 Hz
Output: 12.0A 3PH AC380 0.2-400 Hz
Heat Storage Tank

Working temperature: —40°C/+130°C
Maximum pressure: 4.2 MPa
Vortex type: 500 W

Discharge volume: 10 m*/h

Rated speed: 1000 RPM

Rated voltage: DC 72 V

Rated output: 550 W

Fan air volume: 4500 m*/h

Fan voltage: 220 V

Fan power: 180 W

Number of uses: 1

Rated current: 0.5 A

Rated resistance: 0-550 Q x 3
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Table 6: Experimental conditions in autumn and winter

Work conditions No.  Quarter Resistive load (2)  RVO (%) LPSHS (%)

171-175 Winter 36 100 50, 55, 60, 65, 70
176-180 Autumn 36 100 50, 55, 60, 65, 70
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Table 2: The parameters of test system

Instruments Models Parameters

Data acquisition GL840 Number of channels: 20 ch

instruments Thermal resistance: —200°C < pt100 < 650°C
Accuracy: +1°C

Pressure gauges DD-9 Measuring range: 0-3.8 MPa

Accuracy: 2%-3%
Temperature: —25°C/+150°C

Evaporator FNHM 2.0/7 Heat exchange: 2000 W
Heat transfer area: 7 m?
Number of uses: 2

Condenser FN-22B Heat exchange: 6400 W
Heat transfer area: 22 m’
Number of uses: 1

DC voltmeter DF3-D Range: DC 300 V
Resolution: 0.1 mV
DC ammeter DF3-D Range: DC5S A
Resolution: 0.01 A
Speed indicator DLX-ZSY2301 Measuring range: 2.5-99999 RPM

Testing distance: 50-500 mm
Accuracy: +(0.1% n 4+ 5d) RPM/4+ (1% n + 5d)
RPM
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Table 5: Experimental conditions with resistive load

Work conditions No. Resistive load (£2) RVO (%) LPSHS (%)
46-70 36 20 50, 55, 60, 65, 70
40 50, 55, 60, 65, 70
60 50, 55, 60, 65, 70
80 50, 55, 60, 65, 70
100 50, 55, 60, 65, 70
71-95 72 20 50, 55, 60, 65, 70
40 50, 55, 60, 65, 70
60 50, 55, 60, 65, 70
80 50, 55, 60, 65, 70
100 50, 55, 60, 65, 70
96-120 108 20 50, 55, 60, 65, 70
40 50, 55, 60, 65, 70
60 50, 55, 60, 65, 70
80 50, 55, 60, 65, 70
100 50, 55, 60, 65, 70
121-145 144 20 50, 55, 60, 65, 70
40 50, 55, 60, 65, 70
60 50, 55, 60, 65, 70
80 50, 55, 60, 65, 70
100 50, 55, 60, 65, 70
146-170 180 20 50, 55, 60, 65, 70
40 50, 55, 60, 65, 70
60 50, 55, 60, 65, 70
80 50, 55, 60, 65, 70

100

50, 55, 60, 65, 70
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