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Abstract

:

Researching novel cooling and heating technologies as alternatives to conventional vapor-compression refrigeration cycles has received growing attention in recent years. Thermoelectric (TE) systems rank among promising emerging technologies within this category. This paper presents a comprehensive investigation, utilizing numerical modeling and analysis via COMSOL Multiphysics along with experimental validation, to evaluate the performance of a radiant cooling ceiling panel working on thermoelectric principles. Performance metrics are based on thermal comfort levels within the designed test chamber. The system comprises a rectangular test chamber (~1.2 m × 1.2 m × 1.5 m) with a centrally positioned ceiling panel (dimensions: 0.6 m × 0.6 m × 0.002 m). Four TE modules are attached on top of the ceiling panel, facilitating effective cooling to regulate the ceiling temperature to the desired setpoint. The resultant lower ceiling temperature enables heat exchange within the chamber environment via radiation and convection mechanisms. This study examines the time-dependent variations in mean radiant temperature and operative temperature under natural convection conditions, with comfort level assessment carried out using the PMV method according to ASHRAE Standard 55. An experimental chamber is built to validate the numerical model by performing experiments at various ceiling temperatures. Design challenges are discussed in detail. The results of this investigation offer valuable insights into the anticipated thermal comfort achievable through TE-based radiant cooling systems across various operating conditions.
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1. Introduction


Over the decades, more fossil fuel has been burnt to fulfill the energy demands of the growing human population worldwide. This has led to an increase in carbon footprint emissions, resulting in the distribution of pollutants and contributing to ozone layer depletion [1]. Over the past few decades, many efforts have been put into developing energy-efficient technologies [2,3,4] as well as increasing the share of renewable energies in different sectors [5,6]. It is known that buildings are a major energy consumer sector in the US [7]. Space heating, ventilation, and air-conditioning (HVAC) systems are among the largest energy end-users in buildings [8].



Additionally, given the popularity of vapor-compression cooling/heating systems, the fact that they require refrigerants, and the known harmful effect that the use of refrigerants imposes on the environment, the quest for developing alternative heating/cooling technologies has been growing. One of these technologies is the application of thermoelectric (TE) modules. TE modules operate based on the Peltier effect. The Peltier effect refers to the phenomenon of generating a temperature gradient between the junctions as the result of applying DC voltage difference across the terminals of a thermoelectric module. Peltier (thermoelectric-based) cooling does not need a refrigerant and is considered very environmentally friendly [9]. It produces no noise and does not require large mechanical devices, i.e., compressors; it is reliable and is easy to install [9,10]. These desirable characteristics motivated engineers to explore the application of Peltier-based cooling and heating systems for built environments [11]. TE modules have been used for building applications through integration in the building envelope or as a separate unit (non-integrated). A typical non-integrated system is a TE cooling system and an individual ventilation unit [12]. The integrated TE-based cooling system could be used in walls [13,14,15,16], windows [17], or the ceiling/roof of a building [18,19,20]. In such applications, the TE modules provide a cool/warm surface that facilitates cooling/heating via radiation and convection. It is noteworthy that the radiant cooling system only handles the sensible load, and other systems must be considered for addressing the latent load [21].



The radiant panel surface area’s ratio to the ceiling needs to be maintained at 30–50% to achieve proper thermal comfort [21]. The radiant cooling’s surface temperature combined with diffusers usually operates in the temperature range of 16–19 °C to maintain thermal comfort [22]. The indoor air temperature must be set between 18 and 24 °C with controlled humidity and air velocity below 0.2 m/s [23,24]. It has already been demonstrated that radiant cooling systems are energy-efficient systems [25]; however, to date, not many studies have been conducted on TE radiant cooling systems, particularly pertaining to thermal comfort. Lertsatitthanakorn et al. [26] used a series of water pipes attached to the hot side of the TE modules that were used on the ceiling cooling system. The results showed that the smaller vertical temperature gradient would result in an acceptable temperature range for thermal comfort. They obtained a coefficient of performance (COP) of 0.75 with an average indoor temperature of 27 °C when the system was operating with 1.5 A. Another study was conducted using the same average indoor temperature of 27 °C, and an improved COP of 0.82 was achieved using an air velocity of 0.8 m/s, and the target thermal comfort condition was achieved [27]. A few researchers [28,29,30,31] were able to enhance the COP of the TE-based cooling/heating systems, even though, in most cases, a conventional HVAC system has a larger COP. However, a TE-based cooling system can provide better thermal comfort for the occupants as it can be controlled locally for the occupied zone. Conventional systems typically operate based on the mean air temperature of a thermal zone, which may result in unnecessary cooling of unoccupied areas [32,33,34]. The application of localized cooling was studied by Catalina et al. [35] after performing a series of experiments on a full-scale building.



Typically, the assessment of indoor thermal comfort relies on a subjective perception, wherein occupants express their preferences differently [36]. This evaluation can be accomplished through the direct involvement of individuals or by employing established standard scales, notably the predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) models, which are widely recognized indices [37]. The PMV, a prominent metric, is derived from six key variables encompassing aspects like physical activity level and clothing insulation, as well as thermal environment parameters such as air humidity, velocity, and temperature. The PMV serves as a representation of measurements in accordance with the ASHRAE thermal sensation scale [21].



A limited number of studies are available on the resulting thermal comfort from radiant cooling systems. Nagano and Mochida [38] conducted a comprehensive set of twenty-eight experiments involving five subjects positioned in a supine (lying down horizontally) orientation within an experimental chamber. They installed radiant ceiling panels on a chamber measuring 3.3 m × 2.3 m × 2.3 m in size; a 75 mm insulation layer was used to envelop the chamber surface. A large foam board with embedded water pipes was placed between the radiant panels and the insulation layer, ensuring a consistent ceiling temperature (ranging from 23 °C to 26 °C). The water pipes also maintained wall and floor temperatures between 28 °C and 29 °C. The results showed that a temperature difference of less than 13 °C was achieved between the air inside the room and the radiant ceiling panel. The dissatisfaction rate was reported to be less than 5%.



Hodder et al. [39] discussed the thermal comfort experienced by occupants seated in a test room using a chilled ceiling and ventilation system. They showed that the vertical radiant temperature asymmetry greatly impacts the thermal comfort experience. Kitagawa et al. [40] concentrated on examining the impact of air movement and humidity within an experimental chamber featuring a radiant cooling ceiling system, considering the occupants were seated on a chair. They meticulously controlled the experimental conditions using a humidifier and an air-conditioning system equipped with a re-heat exchanger unit. Their conclusions highlighted that elevated humidity levels correlate with warmer thermal sensations. They managed to achieve an optimal sensation vote of around −0.5 and demonstrated that even minimal air movement inside the room can generate a cooler environment compared to still air.



Thermal comfort is influenced by both physiological factors (e.g., metabolic heat rate) and environmental conditions, particularly air velocity, relative humidity, mean radiant temperature, and dry bulb temperature [41]. It is important to note that the accuracy of results tends to increase with a larger number of participants in an experiment. However, conducting thermal comfort evaluations with many subjects can be costly and time consuming [36]. As an alternative, researchers have embraced the use of experimental data and numerical methods (i.e., Computational Fluid Dynamics (CFDs)) to assess the parameters influencing occupants’ thermal comfort. The application of the CFD method has demonstrated promising outcomes, particularly when evaluating parameters, such as the building’s dry bulb temperature and airflow patterns [42].



Catalina et al. [36] assessed the temperature distribution and mean airflow velocity in a room with a chilled water radiant cooling system on the ceiling using a numerical approach. The water temperature was controlled within the range of 17–20 °C, and the ceiling temperature ranged from 16.9 °C to 18.9 °C. They achieved a high level of indoor thermal comfort, especially with airflow velocities below 0.2 m/s. Stamou and Katsiris [43] utilized CFDs to evaluate the thermal comfort within the Olympic Arena Stadium with an integrated HVAC system. They employed four different turbulence models to find the average air velocity and temperature, assessing thermal comfort at various locations using the PMV and PPD models. Their results indicated that an optimal inlet air temperature of 16 °C would yield satisfactory conditions.



Tye-Gingras et al. [44] devised a 2D CFD model for a room and conducted a multi-objective optimization for a full-scale room with a hydronic radiant cooling ceiling and wall. They considered thermal comfort and energy consumption as the two objective functions and explored the resulting solutions. They highlighted that the water inlet temperature has a higher impact compared with the panel surface area in achieving the optimal solution. Their approach included adopting radiation in participating media to account for radiation heat exchange within the room. Other researchers, such as Hussain et al. [45], employed the discrete transfer radiation model (DTRM) for radiation heat transfer through the façade glass surface coupled with the near-wall turbulence model for airflow inside atria. Numerous studies have assessed the thermal comfort of indoor environments featuring radiant cooling ceilings, ventilation systems, and virtual manikins using CFDs. Corgnati et al. [46] developed a CFD simulation involving manikins within a two-desk office environment, exploring two scenarios: (1) an air-only ventilation system and (2) a ventilation system combined with radiant cooling ceiling panels. They focused on draft risk and concluded that integrating radiant cooling panels could notably mitigate the risk of condensation stemming from cold airdrops.



In the present study, a numerical model is developed using COMSOL Multiphysics 5.5a to assess the performance of TE-based cooling panels for producing indoor thermal comfort. The mean radiant temperature (MRT), relative humidity (Rh), and operative temperature (OPR) are used to evaluate thermal comfort using the PMV method according to ASHRAE Standard 55 [47]. Several design challenges are discussed, including the need to balance the cooling capacity of the TE modules with the heat load from the occupants and the environment. An experimental study is also conducted using a chamber (~1.2 m × 1.2 m × 1.5 m) with a black-coated aluminum ceiling panel in the center of the ceiling (0.6 m × 0.6 m × 0.002 m). The ceiling panel with top-attached TE modules makes an integrated radiant cooling system. The cooling system inside the ceiling controls the test chamber’s environment through the integration of an embedded power controller and sensors to measure the MRT, Rh, and OPR in the test chamber. This ensured that the results were accurate and reliable. This chamber creates a test setup like the simulation model performed in COMSOL, thus enabling validation of the cooling system’s performance under real environments. This study presents the novelty of developing a simulation model for a TE-based radiant cooling system along with a simple and inexpensive lab setup to validate the model’s performance, using results from a series of experiments to calibrate the simulation model for further improvements. This study was conducted in a climate-controlled laboratory, which ensured that the results were not affected by outside factors, such as weather or sunlight. The results of this study have important implications for the design and implementation of TE-based radiant cooling systems in buildings.




2. System Description


Figure 1 shows the 3D model of the system created in COMSOL. The system comprises a rectangular test chamber with dimensions of 1104 mm × 1157 mm × 1562 mm, featuring a ceiling panel positioned at the center of the ceiling.



Two distinct designs are considered for the ceiling panel. (A) The first design features a ceiling panel with dimensions of 0.6 m × 0.6 m, covering approximately 29% of the total ceiling area. This configuration assumes that four TE modules are affixed to the top of the ceiling panel (refer to Figure 1). (B) The second design involves a larger ceiling panel with dimensions of 0.862 m × 0.862 m, covering a more extensive area of the ceiling, approximately 58%. In this case, eight TE modules are attached to the top of the panel. These two design variations are being considered to assess their respective impacts on the system’s performance.



Since thermal radiation is a significant heat transfer mode for this particular application, a crucial aspect of the model involves including a spherical object representing a globe thermometer (GT). This addition enables the calculation of the globe temperature, subsequently contributing to the determination of the resulting mean radiant temperature [48]. The sphere in question is characterized by a black-coated shell with a thickness of 4 mm. Positioned at the center of this sphere is a thermocouple (TCP). The GT is initially located at the center of the room, maintaining a distance of 1257 mm from the floor. The test chamber in this simulation does not incorporate any inflow or outflow of air; instead, air circulation is solely driven by natural convection within the chamber.



In radiative cooling applications aimed at achieving thermal comfort, the recommended range for the ceiling temperature lies between 18 °C and 22 °C [49]. It is important to highlight that adjustments are made to the TE modules’ cold-side temperature setpoint, as well as the number of TE modules used, to ensure that the system operates within this specified comfort temperature range. For case A, using four TE modules and assuming a constant cold-side temperature (Tc) of the TE modules at 13.5 °C and 18.5 °C, the calculated average ceiling panel surface temperature (Trcc) is 18 °C and 21.6 °C, respectively. In the case of B, with eight TE modules, the calculated Trcc is 18.4 °C and 21.85 °C for the Tc values of 13.5 °C and 18.5 °C, respectively.



Simulation runs are conducted to compute the transient variation in ceiling temperature, internal chamber air temperature, and operative temperature. Additionally, the resultant distribution of steady-state temperatures within the chamber is determined for four distinct conditions outlined in Table 1. The thermal comfort for each case is also evaluated using PMV and PPD criteria.




3. Numerical Model


3.1. COMSOL Simulation Model


The temperature distribution and flow pattern within the space are computed using COMSOL Multiphysics, a tool that has been used for numerical simulation and thermal analysis for a variety of problems [50]. This study applies the experimental condition and data to establish boundary conditions for the numerical model. Three key modules in COMSOL are employed: heat transfer in solids, surface-to-surface (S2S) radiation, and laminar flow interfaces [51]. The model represents a small-size chamber.



The finite element method has been employed to solve all governing PDE equations using physics-controlled tolerance and time-dependent analysis. A tetrahedral and triangular mesh type was adopted, featuring a maximum of 30,086 elements. A finer mesh was applied for TE modules and the GT (including shell and TCP), aluminum sheet, and the air domain. Mesh quality was assessed using skewness, and mesh statistics confirmed that the element density was suitable for achieving grid-independent results. The model effectively depicted indoor temperature distribution while maintaining a favorable computational time.




3.2. Assumptions and Initial and Boundary Conditions


The characteristics of the TE modules are presented in Table 2. The details regarding the test chamber are shown in Table 3. It is assumed that the ceiling temperature (TAL) is maintained higher than the air dew point temperature to avoid condensation. The numerical model used brass material to represent the globe thermometer (GT) used in the experimental setup. This was performed to ensure that the results of the numerical model were comparable to the experiment results (see Table 3).



The physics interface used for the analysis, as well as the initial and boundary conditions for the time-dependent study, are presented in Table 4. The initial ambient temperature of the entire system is assumed to be 29 °C. When the system starts operating, the TE modules maintain a uniform temperature (13.5 °C/18.5 °C). The air is treated as a non-participating medium, and gravitational effects are considered for natural convection. S2S radiation employs the hemicube method with a 256 resolution and linear radiosity. Radiation direction is defined for both sides of the aluminum panel and GT (shell and TCP) surfaces. The energy conservation equation for each part of the model can be defined as:


  ρ  C p  (    𝜕 T   𝜕 t   +  u  t r a n s   ∇ T  ) + ∇ (  q  c o n d   +  q  r a d   ) =  Q  a d   +  Q  t e d   +  Q p   



(1)




where qrad and qcond are the heat flux through radiation and conduction, respectively, ρ represents density, specific heat is denoted as Cp, and utrans is the velocity vector for the fluid. Qp and Qad represent the represents the viscous dissipation and additional heat source, respectively, and Qted is the thermoelastic damping effects in solids. The conduction heat flux can be found using Fourier’s law:


   q  c o n d   = − k ∇ T  



(2)







Here, k is thermal conductivity. It should be noted that BC1 describes the constant temperature boundary condition for TE modules when operating with a constant electrical input. At the beginning, the modules’ cold-side temperature is set at 13.5 °C and then at 18.5 °C to reach the desirable radiant panel surface temperature.


  T =  T 0   



(3)







It is assumed that the upper surface of the radiant panel is fully insulated (BC2). Additionally, all walls, floor, and ceiling surface areas have adiabatic boundary conditions:


  − n q = 0  



(4)







The surface-to-surface radiation boundary condition (BC3) is considered for the radiant panel’s backside surface and GT, assuming they both have diffuse surfaces. To simplify the model, radiation from the walls, floor, and ceiling is considered negligible. The radiosity from each surface can be found as:


  J = ε  e b   T  +  ρ d  G  



(5)




where the total hemispherical emissive power (eb(T)), as well as the total irradiation (G), can be determined using:


   e b   T  =  n 2  σ  T 4   



(6)






  G =  G m   J  +  G  a m b   +  G  e x t    



(7)







Here, n is the normal vector, Gm represents the mutual radiation exchange between surfaces, Gext denotes radiation from external sources, and Gamb expresses the amount of ambient radiation. The Navier–Stokes and energy balance equations are solved numerically to find the velocity and temperature distributions for the air inside the chamber. The flow is considered laminar and non-isothermal single phase. The governing equation for laminar flow can be written as:


  ρ   𝜕 u   𝜕 t   + ρ u . ∇ u = ∇ .   − P + τ   + F + ρ g  



(8)







Here, u represents the velocity field, P expresses the pressure, τ denotes the viscous stress tensor, and F is the volume force vector. The four top corners of the model are defined as hydrostatic pressure points. The no-slip condition is considered for all the walls as:


  ρ ∇ u = 0  



(9)







The heat transfer in solid, surface-to-surface radiation, and laminar flow, are coupled together in COMSOL. Equations (1)–(9) are solved concurrently to evaluate the velocity and temperature distributions for all components of the model. The resulting data are then utilized for assessing thermal comfort and estimating potential energy-saving benefits.





4. Experimental Setup


4.1. COMSOL Simulation Model


An experimental setup was developed to investigate the feasibility of a TE-based radiant ceiling panel and validate the numerical model introduced in this article. Figure 2 displays the test chamber that was built and used to test the TE-based radiant ceiling panel. The panel is integrated at the chamber’s ceiling center. Similar to the numerical model, the ceiling panel is constructed from a 609.6 × 609.6 mm2 aluminum sheet with a thickness of 2 mm, fastened to the ceiling. Four TE modules are attached on top of the ceiling panel 10 cm from the edges. The optimal number of TE modules has been determined in previous research papers [52]. To manage heat dissipation from the TE modules, each module is equipped with an air-cooled heatsink. The remaining portion of the radiant ceiling panel’s upper surface is covered with ceramic fiber insulation material.



The structural insulated panels (SIPs) are the prefabricated composite construction elements [53] that have a thickness of 50.8 mm. These panels are used for the chamber’s walls, floor, and ceiling. To ensure proper radiation, the entrance door has a Plexiglass section at its center. The internal dimensions of the test chamber measure 1104 mm × 1157 mm × 1562 mm, which closely resemble the dimensions of the numerical model. The test chamber is mounted on four wheels for easy mobility.



Inside the test chamber, a globe thermometer (GT) is added to measure the mean radiant temperature. In addition, the entire chamber is fully insulated and sealed to minimize the impact of infiltration and exfiltration.



As shown in Figure 2, the entire panel is covered with a black coating. Additionally, to prevent condensation problems, clear protective film stickers designed to counteract condensation are affixed to the lower surface of the aluminum panel.




4.2. Experimental Setup and Test Procedure


The data recorded during the experimental procedure are mean radiant temperature, relative humidity of the air, ambient temperature, input electric power, the temperature at the center of the bottom side of the ceiling panel, and the high-temperature side of the TE modules. The measuring devices used are outlined in Table 5.



As shown in Table 6, a total of three cases are examined in this study to validate the findings. The experiments involve measuring the transient variation of the ceiling temperature in steady-state conditions under three different circumstances, as shown in Table 7. The TE modules are supplied with a specific input current and voltage to lead the radiant ceiling panel temperature to settle at 18 °C, 16 °C, and 14 °C in cases 1, 2, and 3, respectively.



The characteristics of the TE modules were previously detailed in Table 2. The initial and boundary conditions used in the experiments are presented in Table 8. The lab room’s air temperature (Tamb) was maintained at 23.6 °C, and all components were initially at equilibrium with Tamb. The relative humidity (RH) was nearly 47.9%, 46.6%, and 47.9% for the Trcc (radiant ceiling panel temperature) of 14 °C, 16 °C, and 18 °C, respectively. Each series of experiments had a 50 min test duration, with data being recorded at one-second intervals. It is important to note that radiation within participating media was neglected in numerical cases to reduce the computation time.





5. Results and Discussion


This section presents and discusses the findings of the time-dependent simulations that were performed for four different conditions.



5.1. Parametric Study: Surface Temperature of the Ceiling Panel


For the first simulation, it is assumed that a small ceiling panel is used (four embedded TE modules). Two possible cold-side surface temperatures for the TE modules are considered: 13.5 °C and 18.5 °C. The recommended operating temperature range for radiant ceiling panels lies between 18 and 22 °C. Therefore, the TE module temperature is chosen in a manner that achieves this temperature range for the ceiling panel. The results of the simulation after 60 min are presented in Table 9. The average indoor air temperature is computed across all cases; notably, the average temperature of the ceiling panel (Trcc) for cases I and II are 18 °C and 21.6 °C, respectively. Note that cases I and II correspond to Tc = 13.5 °C and Tc = 18.5 °C, respectively. Moreover, the mean air temperature inside the chamber is calculated for each of these cases after 60 min as 27.8 °C and 28.2 °C, respectively.



For cases III and IV, where Tc = 13.5 °C and Tc = 18.5 °C, the Trcc values are determined to be 18.4 °C and 21.85 °C, respectively. The average air temperature inside the test chamber in these scenarios is computed as 27.23 °C and 27.81 °C.



The predicted mean vote (PMV), as well as the predicted percentage of the dissatisfied (PPD), are found for each case, and the results are presented in Table 10. The analysis reveals that none of these cases meet the criteria for achieving thermal comfort conditions.



Chiang et al. [21] reported comparable findings for a TE-based ceiling cooling system with free convection. In their study, they investigated the average indoor temperature across different ceiling temperatures for both occupied and unoccupied conditions. Their setup included a 10.14 m × 7.6 m ceiling fitted with forty-four radiant ceiling panels, each measuring 0.6 m × 1.2 m. Their research results indicated that achieving thermal comfort was not feasible with the system configuration alone. Nonetheless, they demonstrated that the radiant ceiling temperature of 18 °C came closer to the upper limit of thermal comfort. The results of the present study align well with the findings from the numerical investigation by Chiang et al. [21].



Figure 3a displays the temperature distribution inside the test chamber one hour after the start of the operation. Significant temperature variations can be observed vertically. Air closer to the ceiling reached lower temperatures, while the temperatures increased at larger distances from the ceiling. The absence of a continuous inflow or outflow of air constrains the airflow within the chamber to natural circulation driven by buoyancy forces.




5.2. Parametric Study: Surace Area of the Ceiling Panel


To explore the possibility of achieving thermal comfort levels, the impact of increasing the radiant panel area was examined. The first case involves a radiant cooling panel with four TE modules and covers 29% of the ceiling area. For the second case, the surface area of the panel was expanded to cover 58% of the ceiling area, and the number of TE modules increased to eight. Previous research demonstrated that four TE modules could provide a uniform temperature distribution for a 0.6 m × 0.6 m panel and effectively lower the ceiling temperature.



When the size of the radiant panel is doubled, Tc must be set at 10 °C in order to achieve the desired ceiling temperature of 18 °C. As a result, a larger temperature gradient across a TE module is observed, which leads to a smaller COP value. Consequently, using four TE modules for a doubled-size panel would require more power per unit of the cooling effect produced by the panel. Therefore, it is decided to use eight TE modules for the larger ceiling panel (Figure 3b). Despite an increased panel surface area resulting in a cooler air temperature close to the ceiling, the average air temperature within the chamber only decreased by 0.5 °C compared to the smaller panel size (as listed in Table 9).



Figure 4 illustrates the change in the ceiling panel temperature with time for the four cases that were studied. In each case, the ceiling panel’s temperature achieves a steady-state condition within 15 min. For each setpoint for the TE temperature, the decrease in temperature resulting from expanding the panel’s surface area is smaller than one degree. Given the size of the chamber and the panel, that result is expected. Comparable findings were also observed by Chiang et al. [21].



It is observed that for each ceiling panel size (29% or 58% ceiling area coverage), increasing the TE temperature setpoint from 13.5 °C to 18.5 °C leads to a ceiling panel temperature rise of 4 degrees. This is expected since constant temperature boundary conditions were considered for both cases pertaining to each setpoint.



Figure 5 demonstrates the temperature changes for different heights in the test chamber. Note that all height measures are referenced from the floor. At a height of 1257 mm and with the small ceiling panel (29% coverage), the air temperature reached 26.25 °C and 27.25 °C with Tc of 13.5 °C and 18.5 °C, respectively. When the larger ceiling panel is simulated, for each TE temperature setpoint, the magnitude of temperature drop compared to the small-sized panel becomes significant at distances near the ceiling and becomes very small at larger distances. This implies that a seated person might perceive little to no temperature distinction at knee level (647 mm from the floor), while there could be a subtle temperature difference noticed at neck level (1257 mm from the floor) as the panel area increases.



Regardless of the TE temperature and the ceiling panel coverage area, the air temperature at the knee and feet levels remained constant in all cases. However, the air temperature close to the ceiling (1257 mm from the floor) gradually decreased over time.



Figure 6 illustrates the vertical temperature distribution inside the test chamber for two distinctive panel temperatures. Once more, the figure indicates that a seated occupant would experience a cooler sensation in the head zone (attributed to the proximity to the ceiling panel) and a warmer sensation in the feet zone. The range of heights considered spans from 38 mm (minimum) to 1257 mm (maximum). The temperature readings corresponding to the least heights for all four cases are determined. At the largest height, the temperature values are found to be 26.15 °C, 27.05 °C, 25.55 °C, and 26.65 °C for cases 1, 2, 3 and 4, respectively. This indicates that the lowest temperature is achieved closest to the ceiling when the larger ceiling panel operates at a temperature of Tc = 13.5 °C.



In a study by Chiang et al. [20], it was demonstrated that in an office space without supplied air with a radiant panel surface temperature of 18 °C, the vertical air temperature distribution ranged from 30.5 °C near the feet zone to 32.5 °C near the ceiling (located at a height of 2.9 m). This occurred when a configuration of forty-four cooling panels with 41.68% ceiling coverage was employed in a room of 0.14 m (length) × 7.6 m (width) × 2.9 m (height).



In this study, following a 60 min operational period with a ceiling temperature of 18 °C (where Tc = 13.5˚C) and a ceiling coverage of 58%, the maximum vertical temperature gradient between the ceiling to the ground is found to be 2.65 °C. This result is notably consistent with the findings reported in [21].




5.3. Thermal Comfort Assessment


The temperature data acquired through COMSOL enables the evaluation of thermal comfort using the psychrometric chart [54]. The mean radiant temperature (Tmrt) is determined as follows:


   T  m r t  4  =  T g 4  + C   u ¯   0.5      T g  −  T  a i r      



(10)




where Tg is the globe temperature, C is constant 0.247 × 109, u represents the mean air velocity (0.01 m/s), and Tair denotes the air temperature inside the chamber.



The operative temperature measures the thermal comfort in a built environment. It can be evaluated using mean radiant temperature and dry bulb temperature values.


   T  o p r   =    T  m r t   +  T  a i r    2   



(11)







In this study, a relative humidity of 50%, a metabolic rate of 1 met (~104 W), and a clothing level of 0.6 are considered. Table 10 presents the results of the thermal comfort analysis, showing the PMV and PPD data evaluated using the CBE Thermal Comfort Tool [54] at three different heights. The local Topr is calculated according to the air temperature and the GT thermocouple’s (TCP) temperature at each specific height.



When the radiant panel operates at 18 °C (Tc = 13.5 °C), which covers 58% of the ceiling area, good thermal comfort can be achieved at the neck zone, as indicated by a PMV of 0.32 and PPD of 7%. The thermal sensation vote for such a case is neutral. For the case with the area coverage of 29%, a PMV of 0.5 is achieved, which shows that the operative temperature at the height of 1257 mm falls on the upper boundary of the thermal comfort zone.



The findings demonstrate that when the radiant panel operates at 21.6 °C (Tc = 18.5 °C), achieving thermal comfort becomes challenging across various heights and panel coverage scenarios. The perceived thermal sensation in this case leans slightly warm. It is worth noting that appropriate adjustments in supply air velocity and temperature could potentially result in more effective and uniform cooling. However, high air speed or too high/low air temperature could cause dissatisfaction.



Kitagawa et al. [40] studied the thermal comfort of seated occupants within a chamber measuring 4 m × 4 m × 2.5 m. A horizontal radiant panel (1.6 m × 2 m) was attached at the center of the room and located 1.8 m from the floor, just above the subject’s head. To enhance the view factor, two additional radiant panels (0.9 m × 2 m) were attached along the length of the horizontal panel. All panels were coated in black, and their surface temperatures were controlled through water circulation. The study revealed that a seated person’s thermal comfort could be improved with slight air movement under natural conditions, reaching a PMV of 0.5°.





6. Model Validation


Table 11 presents the variation of the ceiling panel temperature and the corresponding indoor air temperature, where E1, E2, and E3 refer to the experimental tests, and tests N1, N2, and N3 refer to the numerical studies conducted using COMSOL Multiphysics.



Following a 50 min operational period, for Trcc set at 18 °C, the average air temperature inside the test chamber reached 23.1 °C (E1), while in the numerical study, the average air temperature reached 21.24 °C (N1). In tests E2 and E3 with Trcc of 16 °C and 14 °C, Tair,avg was about 23.2 °C and 22.7 °C, while in tests N2 and N3, Tair,avg was calculated to be 19.13 °C and, 19.34 °C, respectively. It can be seen that the temperature difference between the experimental and numerical models was less than one degree in all tests.



Figure 7 displays an example of temperature distribution on the surface of the ceiling panel captured by an infrared thermal camera when the system reaches the steady-state condition. In tests, E1, E2, and E3, using a thermal camera, the average surface temperatures of the ceiling panel were measured to be 17.93 °C, 15.97 °C, and 13.73 °C, respectively. The average surface temperatures for the computational models for tests N1, N2, and N3 were estimated to be 17.88 °C, 15.2 °C, and 14.96 °C, respectively. In addition, the panel surface temperature closer to the edges was marginally warmer than the areas near the TE modules. It should be noted that the small circular area close to the center of the panel, as seen in Figure 7, is the thermocouple that is attached to the bottom surface of the panel.



The temperature variation at the center of the radiant ceiling panel in all three setpoint tests is shown in Figure 8. The temperatures are very comparable to the temperature measured by the thermal camera. In the numerical simulations, tests N1, N2, and N3 reached 18.78 °C, 15.37 °C, and 14.94 °C, respectively. Their time to reach a steady state was 20, 10, and less than 5 min, respectively. The discrepancy between surface temperatures between experimental and numerical results arises from several variables, including material properties, experimental measurement errors, ambient conditions, etc., as it pertains to TE modules and ceiling panel boundary conditions.



Furthermore, relative humidity was not defined in the numerical model, and the radiation in the participating media was neglected. Also, four heat sinks were placed on each TE module in the experiments to release the heat into the environment properly. In contrast, in the numerical simulation, the forced convection caused by air-cooled heat sinks was disregarded to reduce the computation time. Only a transient temperature boundary condition was used for the TE modules.



In all the experimental tests, the cooling system and the chamber’s MRT took an acceptable amount of time to reach a steady-state condition. Comparing these results with findings from other authors, it was evident that our systems performed well in terms of stabilization time. As anticipated, the MRT required a longer time to reach a steady state, averaging around 30 min. A study conducted by Lertsatitthanakorn et al. [26] is particularly relevant in this context. They built a chamber with dimensions of 1.5 × 1.5 × 2 m3 and installed a 50 × 50 cm2 ceiling panel comprising 36 TE modules. Their research revealed that in the cooling mode, the chamber took roughly 30 min to achieve a steady-state temperature of approximately 15 °C, while the ambient temperature remained around 20 °C. These findings align with our experiment’s results and provide additional support for the conclusion that our systems’ stabilization time falls within an acceptable range.



The transient variation of temperature at the closest position to the ceiling (1257 mm height) for experimental and numerical models is presented in Figure 9. In the experimental study, after 50 min of operation, the air temperature reached around 22.7 °C, 22.2 °C, and 22.1 °C for all three tests, respectively. This difference might have been caused by the small temperature difference between the set point temperatures of the cooling panels. In the numerical models, the air temperature declined by about 1 °C when the ceiling panel temperature reduced from 18 °C to 14 °C. Also, in some tests, steady-state conditions occurred earlier, which is possibly due to the errors involved in experimental measurements.



The thermal comfort of all experimental tests has been investigated. For instance, when Trcc is at 14 °C, the operative temperature (Topr) and PMV reach about 22.53 °C and −0.99, respectively. As a result, the thermal sensation is slightly cool, which occurred on the psychrometric chart’s left side of the thermal comfort zone.



The experiments were performed in a conditioned room where the operative temperature was initially about 24 °C in all tests, which led to a PMV of −0.47 with the neutral thermal sensation that complies with ASHRAE Standard 55; therefore, before performing the experiments, the room temperature was already conditioned, and the thermal comfort condition was provided for the occupant.



While complete thermal comfort was not attained, the success of the experiment lies in its ability to validate the simulation models created to understand the performance of the radiant cooling system, rather than focusing solely on occupant comfort. The radiant ceiling panel demonstrated effective operation in reducing both ceiling and air temperatures, resulting in a modest cooling effect within the room. This study provides further insights into the performance of thermoelectric-based cooling systems from a thermal comfort perspective, in addition to the previous studies on energy and economic analysis [55]. Further studies are desired to explore other advanced modeling strategies as well as various performance improvement strategies to accomplish optimal performance.




7. Conclusions


In this study, a numerical model of a thermoelectric (TE)-based radiant cooling system integrated into a ceiling panel is developed in COMSOL Multiphysics. Through a parametric analysis, this study examines how variations in ceiling panel size, the number of TE modules, and the temperature of these TE modules impact the transient temperature variation within the room. Four scenarios are considered for simulation, and the corresponding thermal comfort conditions for each scenario are assessed after the system reaches its steady-state conditions. Two of the scenarios that correspond to a 29% ceiling area coverage with four thermoelectric modules operating at 13.5 °C and 18 °C are validated using a custom-built thermal chamber in a lab environment. The key findings of this study can be summarized as follows:




	
Reducing the cold-side temperature of the thermoelectric modules from 18.5 °C to 13.5 °C resulted in a 4 °C decline in the average temperature of the ceiling panel. Additionally, this change is followed by a reduction in air temperature inside the test chamber at positions close to the ceiling;



	
For a larger-sized ceiling panel (covering 58% of the ceiling area), a temperature reduction of 0.5 °C is accomplished at positions close to the ceiling, irrespective of TC value. This temperature difference is smaller for positions at higher distances from the ceiling;



	
In the absence of any external forces and input/output airflow (free convection), the average air temperature in the room cannot reach the thermal comfort condition. Further study is needed to consider the airflow exchange in the conditioned space and how it may impact the system’s performance for achieving thermal comfort;



	
The local thermal comfort was achieved at 1257 mm when the cold-side TE temperature was set at 13.5 °C and the large-size ceiling panel was in use, covering 58% of the ceiling. It was demonstrated that although case III is the optimum condition, it is possible to approach the comfort condition for case I with a PMV of 0.5 and a PDD of 10%;



	
The experiments could successfully verify the numerical model by lowering the ceiling and room temperature to about 2 degrees at a height of 1257 mm;



	
The test results are also a basis for future studies on thermoelectric-based cooling systems as alternatives to traditional cooling technologies.








Thermoelectric cooling systems offer major advantages, such as controllability and modular design. There is no need for refrigerants, and, therefore, no potential for global warming or ozone depletion, and no need for major moving parts. However, the low value of the figure of merit and, as a result, relatively small coefficient of performance, higher initial cost, and challenges in switching the mode of operation between heating and cooling, must be explored and addressed in order to further use this technology as a promising alternative for conventional cooling and air conditioning systems. Future studies may include assessing the effect of adding forced convection on the resulting thermal comfort from the system. Furthermore, other aspects, including the need for dehumidification and ventilation, should be explored in detail to better understand the requirements associated with thermoelectric-based cooling systems.
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Nomenclature




	
S2S

	
Surface to surface




	
A

	
Area (m2)




	
A29

	
Radiant ceiling with 29% area coverage




	
A58

	
Radiant ceiling with 58% area coverage




	
BC

	
Boundary Condition




	
Cp

	
Specific heat capacity (J/kg.k)




	
I

	
Input current (a)




	
e

	
Emissive power (W)




	
F

	
Volume force vector (N)




	
G

	
Irradiation (W/m2)




	
GT

	
Globe thermometer




	
g

	
Gravitational acceleration (m/s2)




	
J

	
Radiosity (W)




	
k

	
Thermal conductivity (W/m.K)




	
N

	
Number of TE modules




	
P

	
Pressure (Pa)




	
Q

	
Heat transfer (W)




	
R

	
Thermal resistance (K/W)




	
T

	
Temperature (K)




	
TCP

	
Thermocouple




	
u

	
Velocity (m/s)




	
V

	
Voltage (v)




	
Subscript




	
amb

	
Ambient




	
ad

	
Additional




	
b

	
Black body




	
c

	
Cold side




	
cond

	
Conduction




	
d

	
Diffuse surfaces




	
ext

	
External




	
h

	
Hot side




	
m

	
Mutual radiant exchange




	
mrt

	
Mean radiant temperature (K)




	
opr

	
Operative temperature (°C)




	
P

	
Pressure




	
rad

	
Radiation




	
rcc

	
Radiant cooling ceiling




	
trans

	
Translational motion




	
TE

	
Thermoelectric




	
ted

	
Thermoelastic




	
Greek




	
ɛ

	
Emissivity




	
∆

	
Gradient




	
σ

	
Stephan Boltzmann constant (5.6703 × 10−8 W/m2K4)




	
ρ

	
Density (Kg/M3)




	
τ

	
Viscous stress tensor
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Figure 1. (a) Schematic of the whole test chamber, (b) the top view of the design chamber. 
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Figure 2. Experimental apparatus of the test chamber. 
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Figure 3. Temperature distributions for two configurations: (a) Arcc = 29%, (b) Arcc = 58%. 
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Figure 4. Ceiling panel temperature for various TE temperatures and areas. 
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Figure 5. Variations of vertical and operative temperature distribution with time; (a) Tc = 13.5 °C, (b) Tc = 18.5 °C. 
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Figure 6. Vertical temperature distribution at different heights: (a) Tc = 13.5 °C, (b) Tc = 18.5 °C. 
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Figure 7. Infrared images of the radiant panel surface temperature distribution after 30 min of operation: (a) Trcc = 17.93 °C, (b) Trcc = 15.97 °C, (c) Trcc = 13.73 °C. 
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Figure 8. TE-based radiant ceiling panel bottom surface temperature at the center: (a) Trcc = 18 °C, (b) Trcc = 16 °C, (c) Trcc = 14 °C. 
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Figure 9. Comparing the globe temperature at a height of 1257 mm: (a) Trcc = 18 °C, (b) Trcc = 16 °C, (c) Trcc = 14 °C. 






Figure 9. Comparing the globe temperature at a height of 1257 mm: (a) Trcc = 18 °C, (b) Trcc = 16 °C, (c) Trcc = 14 °C.



[image: Energies 16 06981 g009]







 





Table 1. Numerical simulation design criteria.
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	Case Number
	Percentage of Area Coverage
	Tc





	I
	29%
	13.5 °C



	II
	29%
	18.5 °C



	III
	58%
	13.5 °C



	IV
	58%
	18.5 °C










 





Table 2. The characteristics of the TE module.
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	Dimension (mm)
	40 × 40 × 3





	VTE,max
	16.1 V



	ITE,max
	8 A



	ΔTTE,max
	71 K



	Qmax
	80 W










 





Table 3. The characteristics of the test chamber, aluminum sheet, air, and GT.
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	Ceiling Panel (Aluminum)
	Globe

Thermometer: Shell (Copper)
	Globe Thermometer: TCP (Copper)
	Air
	Globe

Thermometer Shell (Brass *)





	Dimension (mm)
	L = 600,

W = 600,

H = 2
	Ri = 50

Ro = 49.6
	Rt = 5
	L = 1156.97,

W = 1104.9,

H = 1562.1
	Ri = 50

Ro = 49.6



	Density (kg/m3)
	2700
	8960
	8960
	varying with temp.
	8530



	Specific Heat,

Cp (J/kg.K)
	904
	385
	385
	varying with temp.
	375



	Thermal Conductivity, k (W/m.K)
	237
	400
	400
	varying with temp.
	109.0



	Emissivity, ε
	0.95
	0.95
	0.95
	0.95
	0.90







* The brass shell is used in Section 6 for model validation.













 





Table 4. The initial and boundary conditions for numerical analysis; constituent physics: heat transfer in solids, S2S radiation, and laminar flow.
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	Components
	Initial & Boundary Conditons





	TE modules
	IC: T = 29 °C

BC1: Constant temperature: Tc = 13.5 °C, and 18.5 °C



	Aluminum sheet top side
	IC: T = 29 °C

BC2: insulation (adiabatic)



	Aluminum sheet backside
	IC: T = 29 °C

BC3: S2S radiation-diffuse surface, ε = 0.95



	Ceiling (areas not covered by TE-radiant panel)
	IC: T = 29 °C

BC2: insulation (adiabatic)



	Air in the room
	IC: T = 29 °C,



	Walls & floor
	IC: T = 29 °C

BC2: insulation (adiabatic)



	GT & TCP
	IC: T = 29 °C

BC3: S2S radiation-diffus surface, ε = 0.9










 





Table 5. Description of the measurement instrument.
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	Category
	Accuracy or Range





	NTC Thermistor: MP-2996

MP-3193
	15K ohms at 25 °C

Range: −20 °C to +100 °C



	Temperature controller:

TC-48-20
	Voltmax = 50 V

Imax = 20 A



	Wet bulb globe thermometer (WBGT) data logger (87786 AZ)
	Accuracy: ±0.6 °C

Range: 0~50 °C



	HOBO data logger
	Accuracy: ±0.21 °C from 0° to 50 °C

Range: −20° to 70 °C



	Thermal camera, FLIR A70
	Thermal sensitivity/NETD < 35 mK

Accuracy:

±2 °C or ±2% of reading, for ambient temperature 15–35 °C and object temperature above 0 °C (32 °F)










 





Table 6. Number and type of cases in the validation process.
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Validation Case

	
Trcc (°C)

	
Tc,avg (°C)






	
Experimental cases




	
E1

	
18

	
17.93




	
E2

	
16

	
15.97




	
E3

	
14

	
13.73




	
Numerical cases




	
N1

	
18

	
18.85




	
N2

	
16

	
15.49




	
N3

	
14

	
14.93











 





Table 7. Power supply parameters used in the experiment.
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	Validation Case #
	Trcc
	I (A)
	Volt (V)
	P (W)





	E1
	18 °C
	17
	24
	408.3



	E2
	16 °C
	23.5
	24
	564



	E3
	14 °C
	29.7
	24
	712.8










 





Table 8. The experimental conditions.






Table 8. The experimental conditions.





	Components
	Initial and Boundary Conditions
	Components
	Initial and Boundary Conditions





	Room temperature (Tamb)
	Tinit = 23.6 °C
	Air in the room
	IC: Tinit = 23.6 °C,



	RH%
	Trcc = 18 °C; RH = ~47.9%

Trcc = 16 °C; RH = ~46.6%

Trcc = 14 °C; RH = ~47.9%
	Aluminum sheet bottom surface
	IC: Tinit = 23.6 °C

BC3: S2S radiation—diffuse surface, ε = 0.95

BC4: free convection

(hal = 4 W/m2K, Tamb = 23.6 °C)

BC1: constant temperature:

Tc = 14 °C, 16 °C, and 18 °C



	TE modules
	IC: Tinit = 23.6 °C

BC3: S2S radiation—diffuse surface, ε = 0.9

BC4: forced convection

(hte = 20 W/m2K, Tamb = 23.6 °C)
	Ceiling panel (areas not covered by the TE radiant panel)
	IC: Tinit = 23.6 °C

BC2: insulation (adiabatic)



	Aluminum sheet top side
	IC: Tinit = 23.6 °C

BC2: insulation (adiabatic)
	GT
	IC: Tinit = 23.6 °C

BC3: S2S radiation—diffuse surface, ε = 0.99



	Walls and floor
	IC: Tinit = 23.6 °C

BC2: insulation (adiabatic)
	TCP
	IC: Tinit = 23.6 °C

BC3: S2S radiation—diffuse surface, ε = 0.99










 





Table 9. Average indoor air temperature inside the test chamber and the ceiling panel temperature after one hour of operation.






Table 9. Average indoor air temperature inside the test chamber and the ceiling panel temperature after one hour of operation.





	Case #
	Ceiling Area Coverage
	Tc (°C)
	Trcc (°C)
	Average Indoor Air

Temperature (˚C)





	I
	29%
	13.5
	18
	27.8



	II
	29%
	18.5
	21.6
	28.2



	III
	58%
	13.5
	18.4
	27.23



	IV
	58%
	18.5
	21.85
	27.81










 





Table 10. Thermal comfort analysis.






Table 10. Thermal comfort analysis.





	
Case Number

	
A (%)

	
Tc (°C)

	
H (mm)

	
PMV

	
PPD






	
I

	
29

	
13.5

	
1257

	
0.5

	
10%




	
952

	
1.04

	
28%




	
647

	
1.22

	
36%




	
II

	
29

	
18.5

	
1257

	
0.79

	
18%




	
952

	
1.15

	
33%




	
647

	
1.25

	
38%




	
III

	
58

	
13.5

	
1257

	
0.32

	
7%




	
952

	
0.93

	
23%




	
647

	
1.15

	
33%




	
IV

	
58

	
18.5

	
1257

	
0.65

	
14%




	
952

	
1.04

	
28%




	
647

	
1.22

	
36%











 





Table 11. The average indoor air temperature inside the test chamber and the corresponding radiant panel surface temperature for different test cases.






Table 11. The average indoor air temperature inside the test chamber and the corresponding radiant panel surface temperature for different test cases.





	
Validation Case

	
Trcc (°C)

	
Tc,avg (°C)

	
Tg,avg (°C)






	
Experimental Tests




	
E1

	
18

	
23.1

	
22.81




	
E2

	
16

	
23.2

	
22.42




	
E3

	
14

	
22.7

	
22.67




	
Numerical Tests




	
N1

	
18

	
21.24

	
22.94




	
N2

	
16

	
19.13

	
22.55




	
N3

	
14

	
19.34

	
22.38
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