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Abstract: After optimizing the compressor design, condenser tube diameter, and tube row arrangement, air supply volumetric flow rate, and refrigerant charge of the domestic dehumidifier. The optimized design schemes were obtained from the original combinations by non-dominated sorting, and the optimized design schemes were experimentally verified under three environmental conditions according to the test method of T/CAS 342-2020 to obtain a complete idea of dehumidifier multi-component improvement. The results show that the dehumidifying capacity of Scheme 5 is slightly increased by 2.5% at 27°C/60% RH, and its energy factor is significantly increased by 24.6%. When the air supply volumetric flow rate was increased from 210 to 268 m3·h−1, the air supply temperature was reduced by 1.7°C, improving comfort. Under environmental conditions with higher dehumidification demand, i.e., at 35°C/90% RH, the energy factor of Scheme 4 can reach 4.3 L·kW−1·h−1, which is 34.4% higher than the original scheme, and the gap is further widened. The application of the 5 mm tube diameter condenser in dehumidifiers reduces the amount of refrigerant charge by 25.9%, reduces the cost by 7.5%, and strengthens the heat transfer effect and the homogeneity of the two-phase mixing, which shows the great application potential.
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1  Introduction

To improve the air quality in the built environment, in addition to temperature control, humidity control is critical. Additionally, many industries, such as food processing and textile drying, rely on dehumidification as a critical process. Unfortunately, dehumidification consumes a large amount of energy. Buildings alone account for 40% of primary energy consumption in the United States, with one-third consumed globally [1]. Of this, 12.6% to 22.4% is used for dehumidification [2]. The refrigeration and dehumidification system based on the vapor compression cycle cools the wet air below the dew point, thus condensing water vapor to reduce the relative humidity of the air. Due to its simple structure and easy realization, it has been widely used in agriculture drying, industrial manufacturing and other fields [3,4]. In the domestic space of the built environment, the scale of dehumidifiers is also growing rapidly. According to statistics, from 2019 to 2021, China’s dehumidifier industry has achieved a sustained high growth rate of more than 16%, with sales of 11,589,000 units and sales of more than 8.3 billion yuan in 2021 [5].

Currently, the main research on home dehumidifiers includes increasing the dehumidification capability, improving the dehumidification efficiency, and lowering the air supply temperature to improve comfort. In this regard, Wu et al. [6] conducted researches on the compressor displacement, air discharge channels, refrigeration oil and maximum power point of the specialized compressors for dehumidifiers, providing selection principles for improving the energy efficiency of dehumidifiers. Xiong et al. [7] tested the frequency of compressors, and results showed that lowering the compressor frequency under certain conditions can help the dehumidifier save more energy. Jin et al. [8] conducted experimental researches on the relationship between the inlet air volumetric flowrate of the dehumidifier and the amount of removed moisture, and results showed that moisture extraction peaked at an optimal air volumetric flowrate and that too much/little air volumetric flowrate would affect the dehumidification effect to a certain extent. Meanwhile, related literature also showed a similar correlation between dehumidification capacity per unit of power consumption and air inlet volumetric flowrate [9]. Choi et al. [10] developed a transient simulation model to study the optimal compressor frequency and heat exchanger length of the dehumidification system. And results showed that more moisture was extracted but energy efficiency was reduced with the increase of the compressor frequency and that the heater exchange length should match the compressor frequency. In compound dehumidifiers, Wang [11] employed a heat pump in conjunction with a desiccant wheel to provide an efficient drying capability and supply low dew point conditions, resulting in great increase of system’s dehumidification. Chung et al. [12] tested and analyzed the performance of the hybrid dehumidifier by varying the ambient temperature, the bypass air volumetric flowrate, and the power consumption of the heater. In terms of pipe optimization, researchers have focused mainly on the optimization of condensing coil configurations. Yang et al. [13] studied the effect of the capillary tubes’ size and in-tube roughness on the performance of dehumidifiers. Liu et al. [14] increased the energy efficiency coefficient of the dehumidifier by more than 6.5% through changing rows and diameters of condenser tubes.

In the refrigeration and air-conditioning industry, heat exchangers with an outside diameter (OD) of 5 mm or less are called small diameter heat exchangers [15]. By reducing the tube diameter, not only the cost is reduced, but also the reduction of the inner volume will bring about a reduction in the refrigerant charge, which can reduce the impact of refrigerant on the environment. This also plays a great role in promoting the application of R290, a flammable and environmentally friendly refrigerant. At the same time, the reduction of tube diameter leads to the reduction of heat transfer area and the increase of flow resistance, which are two problems that need to be solved by flow path optimization and other methods. Joppolo et al. [16] utilized their condenser model to canvass the influence of different circuit arrangements on the condenser performance and discovered that with the same refrigerant pressure drop and lower refrigerant charge, efficient circuitry designs can improve heat capacity. Ma et al. [17] analyzed the performance characteristics and cost of dehumidifiers with 7/5 mm OD evaporator through experiments. It is found that the optimal refrigerant charge of 5 mm OD evaporator is at least 4.76% lower than that of 7 mm evaporator dehumidifier, and the cost of 5 mm OD evaporator can be reduced by 9.66% compared with that of 7 mm OD evaporator under the same requirement of dehumidification capacity and energy factor value. Small OD will bring about an increase in the flow resistance, due to the evaporator refrigerant is in the low-pressure region, the refrigerant saturation temperature slip is highly sensitive to the pressure drop in this region, this phenomenon significantly reduces the heat transfer temperature difference, resulting in a slight deterioration of its heat transfer capacity [18]. Therefore, this paper mainly focuses on the optimization objective of the condenser rather than the evaporator, the condenser OD is reduced to 5 mm and the tube configuration is optimized to explore the impact of condenser optimization on the dehumidifier dehumidification performance.

Currently, for the dehumidifier optimization, most of the research focuses on the impact of a single variable on the dehumidification performance. Few studies have focused on the combined effects of multiple variables or components on the energy factor and air supply temperature of dehumidifiers, and there is no complete set of dehumidifier optimization process guidance. For the application of 5 mm OD heat exchanger in dehumidifier, there is also a research blind spot. In this paper, based on the above research shortcomings, through the improvement of the compressor, condenser tube arrangement, air supply volumetric flowrate and refrigerant charge, through experiments combined with the vapor compression refrigeration simulation tool VapCyc [19], simulation calculations of air supply temperature and energy factor were carried out according to the Table 1. And during the experimental process, the poor combinations that make the refrigeration system operate inefficiently can be excluded based on engineering experience, which reduces the amount of computation and shortens the development time. It is a dual-objective optimization for energy factor and air supply temperature, and it is necessary to make compromises for these two objectives in different optimized schemes. However, in dehumidifiers, we usually pay more attention to the improvement of energy factor. For the two objectives of energy factor and air supply temperature, based on the results obtained from the calculation of the Table 1, the original combinations in Table 1 are non-dominated sorted [20] to obtain Table 2.
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In this paper, a 5 mm OD condenser is applied in the dehumidifier, which reduces the refrigerant charge by 25.9% and the cost by 7.5%, creating favorable conditions for the future promotion of low GWP environmentally friendly refrigerants. The improvement effects of different optimized design schemes on the operating parameters, dehumidification performance and air supply temperature of the dehumidifier are verified by experiments. Therefore, the overall idea of multi-component improvement of dehumidifier is obtained: energy factor is taken as the upper target for component improvement, when the energy factor reaches the optimal value, then air supply temperature is taken as the lower target for component improvement. It is ensured that the energy factor is not reduced excessively (not more than 5% of the maximum energy factor), and the difference between the condensation temperature and the evaporation temperature always shows a reasonable decreasing trend in the process. The results of this paper can provide valuable insights for the optimal design of dehumidifiers.

2  Experimental Setup and Design Schemes

2.1 Experimental Setup and Testing Components

Fig. 1 shows a complete test system for a dehumidifier, where the dry bulb temperature sensors and wet bulb temperature sensors are arranged at the inlet of the dehumidifier to measure the temperature and humidity of the inlet air. Similarly, the dry bulb temperature sensors and wet bulb temperature sensors are arranged at the outlet of the dehumidifier to measure the temperature and humidity of the supply air. The temperature sensors used in the test system are all of platinum resistance (PT100) type, and the measurement range and accuracy of which are 0°C–60°C and ±0.1°C, respectively. When the refrigerant is in a two-phase state inside the heat exchanger, the refrigerant temperature is constant. We arrange several thermocouples along the surface of the heat exchanger tubes of the evaporator and condenser to observe the change of the refrigerant temperature. When it is observed that the refrigerant temperature tends to be constant, the evaporating temperature (condensing temperature) is obtained by taking the average value of the refrigerant temperature along the two-phase zone. All thermocouples are T-type, and the accuracy of them is ±0.5°C. Differential pressure transducers are placed before and after the nozzle to detect the difference in the duct. The air supply volumetric flowrate is calculated based on the Bernoulli equation and the air pressure difference before and after the nozzle. The formula for calculating the air volumetric flowrate can be referred to GB/T 7725-2022 [21]. The range and accuracy of the differential pressure transducer are 0−1000 Pa and ±0.25% of full scale, respectively. The dehumidifier is placed on an electronic balance with the range and accuracy of 0–30 kg and 1 g.
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Figure 1: The test system of the dehumidifier

For the optimized design schemes in Table 2, parameters such as dehumidification capacity, power consumption, suction and discharge temperatures, evaporation and condensation temperatures, etc., were experimentally tested according to the test standards of T/CAS342-2020 [22]. By collecting the weight of condensed water from the dehumidifier during one day of uninterrupted operation, the dehumidification capacity is obtained by observing the weight changes in the electronic balance. The entire experimental system is placed in an Ambient chamber, where the inlet air state of the dehumidifier is strictly controlled by means of the dry bulb temperature sensor and wet bulb temperature sensor at the dehumidifier inlet.

Energy factor in the tests will be calculated according to the following equation based on the actual results of dehumidification capacity and the power consumption.

Ef=G24∗Q(1)

In Eq. (1), Ef stands for energy factor (L·kW−1·h−1); G stands for dehumidification capacity (L·D−1); Q stands for the power consumption (kW).

The core components of the dehumidifier and the principle of condensation dehumidification are shown in Fig. 2, the core of which is a vapor compression refrigeration system, including the compressor, condenser, air supply fan, throttle device, evaporator. The evaporator cools the air to the dew point temperature, removes water vapor from the air through condensation. The dehumidified air is heated via a condenser and then air with the right temperature and humidity is brought into the room. The refrigeration system plays an important role in the operational stability and performance of the product.
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Figure 2: The appearance and structure of the dehumidifier

2.2 Acquisition and Comparison of Optimized Design Schemes

Considering that key components, such as the compressor, condenser, fan, and refrigerant charge, are decisive to the performance of dehumidifiers, the Table 1 was designed after the improvement of the compressor. As shown in Table 1, there are three main influencing factors, including condenser type, refrigerant charge, and air supply volumetric flowrate. The condenser type is limited to 4 rows of 5 mm OD condensers and 3 rows of 7 mm OD condensers. The range of the refrigerant charge is constrained to enable the dehumidifier to operate normally, and the optimal charge is usually determined based on experiments and engineering experience. Since the refrigerant type and charge are different in different refrigeration dehumidification systems, so the specific limits of the refrigerant charge should be quantified according to the actual refrigeration system, the refrigerant charge of this paper ranges from 190–290 g. The air supply volumetric flowrate is mainly determined by the fan and the pressure resistance loss, this paper uses an inverter fan, the pressure resistance loss mainly comes from the heat exchanger and the HEPA filter. The fan in this paper is capable of supplying air volumetric flowrate in the range of 190–280 m3·h−1.

The main objectives in the paper are energy factor and air supply temperature. The energy factor integrates the dehumidification capacity and power consumption, the energy factor is increased to meet the dehumidification performance requirement and the air supply temperature is decreased to meet the comfort requirement. Since the same factor may have different tendencies to influence the two objectives, it leads to the need for the final optimized scheme to make compromises for these two objectives. Optimized design Schemes 3–5 are obtained by non-dominated sorting [20] of the Table 1. Non-dominated sorting is an idea in genetic algorithm optimization, for all objectives, when all objective values of solution A are better than or equal to all objective values of solution B; and there exists at least one objective such that the objective value of solution A is strictly better than that of solution B, which is defined that A dominates B. For the two objectives described in the paper, the priorities of all the original combinations are ranked, from the set of the first three priorities, a solution is chosen to form Scheme 5, Scheme 4, and Scheme 3, respectively, according to the principle of energy factor preference, with the former strictly dominating the latter. As shown in Table 2, Scheme 1 is the original design for the dehumidifier, and Schemes 2–5 are optimized design schemes, Scheme 2 improves the refrigerating capacity of the compressor; Scheme 3 adjusts the diameter and rows of condenser tubes while reducing the refrigerant charge; Scheme 4 increases the fan speed but decreases the refrigerant charge; and Scheme 5 removes the HEPA filter to increase the air supply volumetric flowrate without increasing the energy consumption. By experimentally validating different optimized design schemes in Table 2 and analyzing their effects on different dehumidification objectives, the overall idea of multi-component improvement for dehumidifiers is obtained.

In addition, in the process of obtaining the Table 2 from the Table 1, the air supply temperature and energy factor of different original combinations are obtained through experiments in combination with the vapor compression refrigeration simulation tool VapCyc [19]. And at the same time, poor combinations that make the refrigeration system operate inefficiently are ruled out based on the engineering experience, which reduces the amount of computation and shortens the development time. Specific implementation plan is to determine the condenser type and air supply volumetric flowrate, through the experimental test to make the evaporator outlet superheat located in the reasonable interval [23], the refrigerant charge is thus determined. Then the refrigerant charge is taken as the benchmark, simulation results are obtained through VapCyc to observe the impact of air supply volumetric flowrate on the dehumidification objectives. It can be found that the energy factor generally shows an increasing and then decreasing trend with increasing air supply volumetric flowrate, which is consistent with the paper [24], and the increasing air supply volumetric flowrate brings about a monotonic decrease in the air supply temperature.

2.3 Test Conditions

After products are optimized according to the schemes described in Table 2, the performance will be tested indoors under different conditions of 27°C/60% RH, 30°C/80% RH, and 35°C/90% RH according to the test method in T/CAS342-2020. The data of the power consumption, current, dehumidification capacity, suction and discharge temperature of the compressor, evaporator temperature, etc., are collected during the test, and the energy factor is determined according to CNS 12492-2017 [25] implemented in Taiwan. Specific conditions and requirements are shown in Table 3.
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2.4 Calculation of Maximum Uncertainty

This paper focuses on evaluating the dehumidification performance of this dehumidifier through dehumidification capacity and energy factor. In addition, the air supply temperature and air supply volumetric flowrate are also important parameters for evaluating the comfort performance of dehumidifiers. The uncertainty of these computational parameters is evaluated by the root-sum-square formula [26], and the formula is shown below:

ΔY=[(∂Y∂x1×Δx1)2+(∂Y∂x2×Δx2)2+…+(∂Y∂xn×Δxn)2](2)

U=|ΔYY|×100%(3)


where Y denotes the dependent variable, and x denotes the independent variable obtained by the measuring instrument. Δx denotes the error of the independent variable, and U denotes the relative uncertainty of the measurement. Table 4 shows the results of the maximum relative uncertainty of the key parameters.
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3  Results and Analysis

3.1 Dehumidification Capacity and Energy Factor

The five schemes are tested under Condition 1 according to Table 2. Changes in the dehumidification capacity, energy factor and power consumption of the Schemes 1–5 are shown in figures below.

The overall trends in Figs. 3 and 4 indicate that measures such as improving the compressor, optimizing condensing coil arrangement, adjusting fan speed, and reducing refrigerant charge have a positive effect on increasing dehumidification capacity and energy factor to varying degrees. Based on the effects of Schemes 1–5, the following conclusion can be drawn:
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Figure 3: Dehumidification capacity and energy factor
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Figure 4: Power consumption

The dehumidification capacity of Schemes 1–4 successively increases by 1.2%, 1.0% and 0.7% while that of Scheme 5 decreases by 1.3%, with the maximum increase of 3.0%. The dehumidification capacity fluctuates within a narrow range between 19.91 and 20.50 L·D−1. Comparing all the modification schemes, improving the compressor refrigeration capacity, optimizing the condenser flow path arrangement, and reducing the refrigerant charging provide the most significant increase in dehumidification capacity for dehumidifiers.

The 3 rows of 7 mm OD condensers have been optimized to 4 rows of 5 mm OD condensers. At the same time, the reduction of the inner volume of the condenser requires that the optimal refrigerant charge be reduced as well. Smaller pipe diameter increases refrigerant flowrate and is more likely to form a ring flow, generating a larger shear force to make the liquid film thinning, which helps to improve the heat transfer between the refrigerant and the inner surface of the condenser [27]. At the same time, the increased number of tube rows also leads to an increase in the external surface area of the condenser, which improves the efficiency of heat exchange between the condenser and the wet air. Although the reduced charge may have a negative effect on the heat transfer of the system, this can be compensated for by optimizing the heat exchanger. On the other hand, removing the HEPA filter does reduce the dehumidification capacity to a certain extent, but it has a minimal impact on the overall results. On the other hand, the HEPA filter in the article will bring large wind resistance loss, the removal of the HEPA filter increases the air supply volumetric flowrate without increasing the energy consumption. However, this can also lead to insufficient heat exchange time between the wet air and the evaporator, which cuts down on the dehumidification capacity.

Fig. 4 illustrates that the power consumption of optimized schemes drops obviously by 9.0%, 3.3%, 3.9%, and 2.9%, with the maximum drop of 17.7% and within the range from 322.51 to 393.2 W. Since the power supply voltage is basically stable at 115 V, changes of current are consistent with that of the power consumption. Some conclusions can be drawn from the above results. The compressor is optimized to operate at a significantly higher efficiency, and the power consumption at the same refrigeration capacity is significantly reduced, which positively affects the energy efficiency of the dehumidifier operation. 3 rows of 7 mm OD condenser coil is optimized for 4 rows of 5 mm OD condenser coil, the increase of the row number can make up for the decline in the heat transfer area. Although smaller pipe diameter will accelerate the flow, so that the flow resistance increases, but also easier to produce turbulence, enhance the two-phase fluid mixing and heat transfer rate, thus improving the condensing efficiency. Besides, because of the great contribution of HCFC and HFC refrigerants to the direct greenhouse effect, it is urgent to reduce their atmospheric emissions. There a reduction of the refrigerant charge in the systems is a significant goal to achieve [28]. As the authors explained in the paper [29], most of the refrigerant charge of the chiller can be found in the condenser and the liquid lines, thus charge reduction should be primarily focused on condenser optimization. Thirdly, a reasonable increase in the speed of the fan will reduce the time of the heat exchange, but the higher inlet air volumetric flowrate will lead to a more adequate heat exchange between the air and the evaporator. Under this operating condition, compared to the reduction of heat transfer time, the improvement of heat transfer effect has a dominant influence on the power consumption of dehumidifiers. Therefore, by adjusting the fan speed and the refrigerant charge, the refrigeration capacity of the compressor and the airflow can be optimally matched, and the operation efficiency of the whole system is higher.

According to the results of the different schemes and Eq. (1), the energy factors of Schemes 1–5 are calculated to be 2.11, 2.34, 2.45, 2.57 and 2.63 L·kW−1·h−1, respectively, with a maximum increase of 24.6%. Combined with the previous analysis, several components of the dehumidifier are improved, which brings a small increase in dehumidification capacity, but it dramatically improves power consumption. Although the optimization of the compressor, the optimization of the condenser, the reduction of the refrigerant charge and the increase of the fan speed have a significant effect in reducing the energy consumption, this improves the matching effect of the compressor refrigeration capacity and the inlet air heat transfer capacity, which is particularly important in the improvement of dehumidifiers. Also, according to the limit of energy factor in CNS 12492-2017 (Energy factor > 2.5 L·kW−1·h−1), both Schemes 4 and 5 are qualified for Benchmark Level 1.

Considering the actual design and product production, compressor optimization usually brings about a substantial increase in cost. However, optimizing the heat exchanger by replacing the 7 mm OD tubes with 5 mm OD tubes not only reduces the inner volume, but also has fewer consumables, which reduces the production cost. If the tube diameter is reduced from 9.52 to 5 mm, the surface area per unit length of copper tube is reduced by 47.4%. This means that even if the thickness of the copper tube remains the same, the amount of copper used per unit length of tube decreases by 47.4%. In practice, the reduction in copper material can be up to 62.9% due to the increase in compressive strength and the reduction in the wall thickness of the copper tubes. Since copper tubing accounts for more than 80% of the material cost of a heat exchanger [30], this means that the material cost of the heat exchanger can be reduced by more than 50% by using smaller diameter tubes.

Detailed copper tube costs for two different OD condensers are analyzed in Table 5. There is no change in fin cost as there is no change in fin length, width and spacing. The price and mass of copper tubes are referenced in the paper [18]. The application of 5 mm OD condenser leads to 7.5% cost reduction.
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The reasonable reduction of the refrigerant charge will promote the decline in the power consumption and reduce the harmful effects of refrigerants on the environment. The refrigerant charge reduction also leads to a cost reduction. Therefore, taking cost control and performance improvement into account, condenser optimization combined with charge reduction shows greater potential for improvement in domestic dehumidifiers.

3.2 Air Supply Volumetric Flowrate and Air Supply Temperature

The air supply volumetric flowrate is a key variable that affects the dehumidification performance and comfort indicators. Increasing the air supply volumetric flowrate is an intuitive way to reduce the air supply temperature, but its over-increase leads to an ineffective increase in power consumption. Particularly in environments of high humidity often coupled with high temperature, which will result in higher air supply temperature and a significant increase in ambient temperature during dehumidifier operation, affecting spatial comfort. A reduction in the air supply temperature can significantly improve personnel comfort. Therefore, effectively controlling the air temperature is also a core concern for manufacturers. Fig. 5 shows the air supply temperature and air supply volumetric flowrate of schemes under Condition 1.
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Figure 5: Air supply temperature and air supply volumetric flowrate

Combined with Figs. 3 and 5, after adjusting the fan speed in the Scheme 4, the air supply volumetric flowrate is increased from 210 to 235 m3·h−1, and the dehumidification capacity is increased by 0.7%, which is not a significant change. This indicates that under the operating Condition 1, by adjusting the compressor refrigeration capacity and the inlet air volume heat transfer capacity to improve the match between the two, the operating efficiency can be improved to a certain extent, thus saving energy, but the heat transfer effect has not been significantly enhanced. When the heat exchange effect does not change much, the increase in air volumetric flowrate will lead to an increase in the relative humidity of the air sent into the space. In addition, after the removal of the HEPA filter in the Scheme 5, the air volumetric flowrate was further increased from 235 to 268 m3·h−1, but the dehumidification capacity decreased by 1.3%, which is because the wind speed was too fast at this time, resulting in insufficient heat exchange time.

From the perspective of air supply temperature, the measured values of each group are between 35.5°C–37.4°C, and the overall fluctuation is not big. The main reason for this is that the evaporating and condensing temperature are always within a reasonable range after improvements have been made under the various schemes. However, it is worth mentioning that the air supply temperature shows a decreasing trend in the case of gradually increasing air volumetric flowrate, and the increase of 58 m3·h−1 air volumetric flowrate brings about a 1.8°C decrease in air supply temperature. Increased air volumetric flowrate means that more air is fed into the dehumidifier for treatment, and the treated air is returned to the environment more quickly. The increased air flowrate helps to reduce the contact time between the air and the condenser during the dehumidification process, which reduces the air supply temperature. Therefore, the larger the air volumetric flowrate, the closer the air supply temperature is to the ambient temperature, so the ambient temperature rises less. In view of this factor, without structural improvement, the air supply temperature can be effectively reduced by boosting the air supply volumetric flowrate, thus alleviating the increase in the ambient temperature during the operation of the dehumidifier. However, it should be noted that the enhancement of the air supply volumetric flowrate should not be too large, which will destroy the heat exchange effect of the evaporator and the inlet airflow and deteriorate the dehumidification performance.

Currently, the most widely used dehumidifier standards in China include QB/T 5688-2022 “household dehumidifier” [31], T/CAS 342-2020 “household dehumidifier” and so on, which evaluate the dehumidification performance based on rated dehumidification capacity and do not take the air supply volumetric flowrate into account. Considering the comfort and dehumidification performance of the dehumidifier in actual use, the above division method is still worth exploring.

3.3 Comparison of Refrigeration System Operating Parameters

The refrigeration system plays an important role in the operational stability and performance of the dehumidifier. Figs. 6 and 7 show the changes in the suction and discharge temperature of the compressor, the evaporation temperature and condensing temperature of the refrigeration system of Schemes 1–5 under Condition 1.
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Figure 6: Suction temperature and discharge temperature of the compressor
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Figure 7: Evaporating temperature and condensing temperature

As shown in Fig. 6, according to the results after the stabilization of the dehumidifier, the discharge temperature is hardly influenced by changing the compressor and condenser structure, fan speed, and reducing refrigerant charge. Overall, it remains between 55.3°C and 57.5°C, and the system works stably at this temperature range. However, when the condition is changed to Condition 3 (not shown in the figure), the discharge temperature of Scheme 1 increases to 90.2°C, while that of Scheme 4 increases to 76.7°C. The maximum operating temperature of the dehumidification system has been reduced significantly, which improves operational stability and safety to a certain extent.

With the modification of the dehumidifier, the suction temperature of the compressor approximates a gradual increasing trend. The results from the Scheme 1 to Scheme 5 are 6.5°C, 10.4°C, 11.3°C, 11.2°C, and 11.2°C, respectively. The primary contributor to the variation is the compressor performance optimization. Besides, after replacing the 4-row 5 mm condenser, reasonably reducing the refrigerant charge and increasing the air supply volumetric flowrate can reduce the flow resistance to a certain extent, which will help the refrigerant phase change more fully in the evaporator and condenser, and make the suction temperature rise slightly, thus reducing the compressor operating load. When the test condition is given as Condition 3, the suction temperature increases to 30.8°C in test Group 1 and 22.5°C in Scheme 4.

The optimized design has a positive impact on the reasonable control of the compressor suction and discharge temperature, especially in high temperature and high humidity environment with higher dehumidification needs. The modification of suction and discharge temperature can enhance operational safety, extend compressor life, and avoid the interruption of the dehumidification caused by the compressor overheating.

Fig. 7 shows the effect of different optimized schemes on evaporating temperature and condensing temperature. The average evaporating temperature increases from 8.55°C to 11.09°C, and the average condensing temperature decreases from 40.4°C to 36.77°C after the optimized design. It can also be found that each optimized scheme increases the evaporating temperature with changes in the order of 4.8%, 8.4%, 14.1%, and 5.68%. However, in the Scheme 4 where the fan speed is increased, the increase of the evaporating temperature is very significant and far exceeds the change of the suction temperature. This is because changes in the air supply volumetric flowrate will have a direct impact on the heat exchange effect between inlet air and evaporator, resulting in changes in the evaporating temperature. In addition, the charge is significantly reduced in conjunction with condenser optimization, which results in a more adequate heat exchange with the evaporator for the same inlet air volumetric flowrate, a large amount of refrigerant enters the superheated zone in advance, and the evaporation temperature increases.

And condensing temperature is reduced with each optimization scheme, the change range is in the order of 6.4%, 0.9%, 1.8%, 1.6%. It can be found that the optimization of the condenser configuration has less effect on the condenser heat exchanging than they do on the evaporating temperature. The optimization of the compressor is the primary reason for the reduction of condensing temperature. This is mainly due to the lower maximum operating temperature (compressor discharging temperature) with the compressor optimization, which leads to a simultaneous reduction of the condenser inlet temperature, and the condensing temperature is also reduced with no change in the heat transfer structure of the condenser. The increase of air volumetric flowrate can also enhance the condensation effect and reduce the condensation temperature, the increase of 58 m3·h−1 air volumetric flowrate brings 1.2°C condensation temperature reduction.

As shown in Fig. 7, with the updating of the scheme, the difference between the evaporating temperature and condensing temperature shows a steady decrease, and the compression ratio of the compressor decreases, which reduces the energy consumption. Compared with the 7 mm OD condenser, although the 5 mm OD condenser forces the refrigerant to flow at a relatively high flow rate and thus intensifies the resistance to flow, this also enhances the turbulence effect in the tube, which leads to a more uniform two-phase distribution of the refrigerant. This is consistent with the findings in the paper [18,32]. At the same time, the reasonable reduction of the refrigerant charge can prevent the liquid phase from accumulating too much, avoid local blockage and uneven flow in the pipeline, and thus reduce the flow resistance. In addition, when the evaporating temperature increases and the condensing temperature decreases, the temperature difference between the two components and the environment decreases, the exergy loss decreases, and the total irreversibility rate decreases, which ultimately improves the overall energy efficiency of the refrigeration system. This is consistent with the findings in the paper [33]. Therefore, the optimization scheme in this paper also verifies the core direction of energy efficiency improvement of the refrigeration and dehumidification system.

3.4 Comparison of Performance under Different Operating Conditions

Figs. 8 and 9 present the results of further researches on significant parameters such as the power consumption, dehumidification capacity, air supply temperature and evaporating temperature of Schemes 1 and 4 tested under the different conditions.
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Figure 8: Input power and dehumidification capacity
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Figure 9: Evaporating temperature and air supply temperature

Fig. 8 illustrates the comparison between Schemes 1 and 4 under Condition 1 (27.0°C/60% RH), Condition 2 (30.0°C/80% RH), and Condition 3 (35.0°C/90% RH). The data illustrates that the difference in the dehumidification capacity of the two schemes under Condition 1 is about 3.0%. The dehumidification capacity of the two schemes under Condition 3 are 41.7 and 43.3 L·D−1, respectively, with a slight increase of 3.8%. However, Scheme 4 sees a decrease of 22.8% in the input power from Scheme 1 under Condition 3, higher than the decrease of 15.6% under Condition 1, which helps the energy factor of the optimized product increase to 4.29 L·kW−1·h−1 under Condition 3, proving that the optimized scheme is more likely to deliver good performance under worse conditions. Synthesizing the conclusion of Chapter 3.3, the optimized product has a greater advantage over the original product in environments with higher dehumidification needs, both in terms of operational stability and energy-saving characteristics.

Fig. 9 compares air supply temperature and evaporating temperature of Schemes 1 and 4 under three conditions. Under the Condition 3, the dehumidifier of Scheme 1 blows air at about 52.8°C, and that of Scheme 4 is 52.2°C, so the optimized design scheme fails to result in a significant reduction in the air supply temperature, and no significant difference between the air supply temperature of Schemes 1 and 4 is found among three conditions. In addition, the evaporating temperature is not apparently correlated with the optimization. Under the Condition 2, the evaporating temperature of Scheme 1 is about 2.5°C, lower than that of Scheme 4. Under Condition 3 (worse condition), the former is 2.2°C, higher than the latter. Therefore, there are some uncertainties in adjusting the evaporating temperature of the dehumidifier only by optimizing components.

4  Conclusions

In this paper, for the objectives of energy factor and air supply temperature of the household dehumidifier, the dehumidifier is improved from multiple perspectives, including compressor, condenser, air supply volumetric flowrate and refrigerant charge. And the optimized design table is obtained by non-dominated sorting of the original combinations. According to the standard of T/CAS342-2020, the optimized design schemes are experimentally verified and analyzed under three conditions, the complete implementation idea of the multi-component improvement of dehumidifiers is obtained to achieve the dual-objective optimization of the energy factor and the air supply temperature. And the following conclusions are obtained:

(1)   The dehumidifier multi-component improvement idea: with the energy factor as the upper target, the compressor, condenser piping arrangement, refrigerant charge is improved; when the energy factor reaches the optimal value, with the air supply temperature as the lower target, the air supply volumetric flowrate and refrigerant charge is improved while ensuring that the energy factor does not deteriorate too much. During the improvement process, the difference between the condensing temperature and evaporating temperature always shows a reasonable reduction trend.

(2)   Under the condition of 27°C/60% RH, the energy factor of the optimized Scheme 5 is 24.6% higher than that of the original scheme. The main reason for the increase in the energy factor is the significant decrease in energy consumption, and the dehumidification capacity is increased by 2.5%. Compared with the component modification, the increase in air supply volumetric flowrate plays a decisive role in the reduction of air supply temperature.

(3)   The application of 5 mm OD condenser in dehumidifiers reduces the refrigerant charge by 25.9% and the cost by 7.5%, creating favorable conditions for the future promotion of low GWP environmentally friendly refrigerants. Although the smaller OD accelerates the flow and increase the flow resistance, turbulence is more likely to arise to enhance the mixing uniformity of two-phase fluids and heat transfer rate, thus improving the condensation efficiency.

(4)   Under the environmental conditions with higher dehumidification demand, i.e., at 35°C/90% RH, the energy factor of the Scheme 4 can reach 4.3 L·kW−1·h−1, which is 34.4% higher than the original scheme, and the gap is further widened. Meanwhile, the operational stability of the Scheme 4 is also superior to the original scheme.
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Table 1: Original combinations

No. Factor Units Levels
1 2 3 4 5
1 Condenser type / 1 2 / / /
2 Refrigerant charge g 190 200 215 225 290
3 Air supply volumetric m’-h™! 190 210 235 268 280
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Table 3: Test conditions

Condition Dry-bulb temperature (°C) Relative humidity (%)
1 27.0 60
2 30.0 80
3 35.0 90
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Table 4: Maximum uncertainty of the operating parameters

Operating parameters Uncertainty Units
Dehumidification capacity +0.12% L-D!
Energy factor +0.33% L-kW-"h™!

Air supply volumetric flowrate +2.4% m’-h™!
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Table 2: Optimized design schemes

Scheme Compressor Condenser Fan speed Refrigerant charge
(refrigerating capacity)  (OD/rows) (type/quantity)

1 (original) 1205 W 7 mm/3 rows 1000 rpm R410A/290 g

2 1335W 7 mm/3 rows 1000 rpm R410A/290 g

3 1335 W 5 mm/4 rows 1000 rpm R410A/225 g

4 1335W 5 mm/4 rows 1100 rpm R410A/215 g

5 1335W 5 mm/4 rows 1100 rpm (removal ~ R410A/215 ¢

of HEPA filter)
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Table 5: Detailed cost of two condenser types

Items Units 7 mm OD condenser S mm OD condenser
Mass of copper tube per meter  g-m™ 54 32.5

Length of single copper tube mm 270 270

Number of copper tubes 36 52

Mass of copper tubes g 524.88 456.3

Cost of copper tubes per ton ¥t 66,825.7 71,096.4

Total cost of copper tubes ¥ 35.08 32.44
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