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Abstract

:

The mean radiant temperature (MRT) is an indicator for evaluating the radiant heat environment near occupants and is determined by the radiant heat exchange between the occupants and their surroundings. To control various heating and cooling systems according to the occupants’ thermal comfort, it is essential to consider MRTs in the real-time evaluation of thermal environment. This study proposes a pan–tilt infrared (IR) scanning method to estimate the MRTs at multiple occupant locations in real buildings. The angle factor was calculated by defining the specific classification criteria for dividing the entire indoor surface into sub-surfaces. The coupling IR camera and pan–tilt motor were applied to enable storing data pairs of IR thermal image frame (IR image frame) and pan–tilt angle so each surface area taken by the IR camera can have its direction information. The measurement method of the mean surface temperature using the pan–tilt IR system was presented. The pan–tilt IR system hardware and MRT monitoring software were developed. An experiment was performed to verify the applicability of the proposed pan–tilt IR scanning method. By comparing the surface temperatures measured using a contact thermometer and the proposed IR system, the contact thermometer could cause inaccurate measurement of surfaces with a non-uniform distribution of temperature. The difference between surface temperatures increased by up to 15 °C and, accordingly, the MRT distributions differed by up to 6 °C within the same space. The proposed IR scanning method showed good applicability in various aspects. This paper reports that the MRT has a significant effect on the occupants’ thermal comfort and also suggests considering MRTs in the real-time evaluation of thermal environment to control various heating and cooling systems appropriately.
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1. Introduction


Radiant heat is an essential factor that determines thermal comfort. Existing research [1] has reported that approximately half of the thermal comfort is influenced by radiant heat exchange between the occupants and their surroundings. This factor also influences human health, well-being, and work performance [2]. Therefore, it is essential to evaluate the radiant heat stress experienced by humans to provide a quality indoor environment. The mean radiant temperature (MRT) is an indicator for evaluating the radiant heat environment near occupants. Therefore, it is important to consider MRTs in the real-time evaluation of thermal environment to appropriately control various heating and cooling systems according to the occupants’ thermal comfort.



MRT evaluation methods can be classified using two different approaches: methods measuring the MRT from installed instruments directly on the target location and methods calculating the MRT from the surrounding surface temperatures. Direct measurement methods are common methods to evaluate the thermal environments of buildings. A globe thermometer (GT) is a typical instrument widely used for direct measurements of MRT [3,4,5]. Net radiometers and six-directional shortwave and longwave sensors are also used widely in MRT measurement studies [6,7,8]. These devices have primarily been used to evaluate the MRT of unoccupied spaces. On the other hand, owing to the nature of these devices, they must be placed in locations where the occupants are supposed to be, limiting real-time MRT measurements for buildings in use.



The MRT calculation methods estimate the MRT values at the target location via indoor surface temperature measurements. The angle factors are used to calculate the mean radiant temperatures at specific locations. Evaluation of MRT using the angle factor (AF) method was suggested by Fanger [9]. MRT at every target location can be evaluated by applying angle factors calculated in a 3D space model without directly installing measuring devices around the occupant area. Therefore, the angle factor method can be applied to the real-time MRT evaluation of actual buildings. The AF method was primarily developed in numerical studies focusing on evaluating the heat environment based on the construction plan of the space and calculating the AF for different human postures [9,10]. Therefore, accurate real-time measurements of the surface temperature are important for applying the angle factor method to an actual building MRT evaluation.



Annex F in ISO 7726 [11] recommends using a contact thermometer and an IR sensor to measure the surface temperature. The contact thermometer method measures the conductive heat from the indoor surface at a location to which the thermocouple adheres. For the MRT evaluation, the contact thermometer method requires too many sensors and excessively long thermocouple lengths. In addition, the measured point temperature using a contact thermometer can differ from the average surface temperature. Contact thermometers are rarely used for real building applications owing to this property. The IR sensor can be the most suitable solution for evaluating the real-time MRT in buildings. As a single IR sensor can measure multiple surface temperatures remotely, the installation location of the device to measure the indoor surface is not limited. In addition, use of a single device can minimize device maintenance and the scale of installation.



Several studies have applied IR sensing to MRT evaluations [12,13,14,15]. In these studies, infrared thermal imaging cameras [12,15] and infrared sensors [13,14] were applied to measure the surface temperature. Cheong et al. [12] used an IR camera (testo, 870 Pro) to measure the average surface temperature. They calculated MRT values at two time points by deriving the area-weighted average value. This simple MRT calculation method does not require an angle factor calculation. On the other hand, MRT evaluation for various occupant locations is impossible, and real-time MRT evaluation is complex because of the need for manual manipulation. Guo et al. [13] used eight surface temperature sensors (Melexis, MLX90614). The sensors pointed to each surface, and the temperature data were collected every 20s. They applied the angle factor method that allowed continuous MRT monitoring for various occupant locations. Revel et al. [14] used a low-cost IR sensor composed of an array of eight thermopiles arranged in a row. The pan–tilt motor allowed IR to point in five different directions. In this method, the occupant areas can be secured by installing IR sensors on the ceiling. In similar work, Dizeu et al. [15] presented pan–tilt IR camera with two RGB cameras to visualize indoor thermal conditions. A set of movable measurement grid with 56 spherical sensors were used so that the pan–tilt IR camera can measure indoor stereoscopic temperature distributions.



The development of infrared sensor applications can evaluate MRTs continuously in multiple locations. These methods assume that the measured temperature at a specific direction is the average temperature of the corresponding surface. In buildings with complex indoor shapes and materials, it is important to measure the average temperature accurately within each surface boundary. Therefore, it is essential to classify the entire surface into separate surfaces based on the surface characteristics, such as a blind, wall, radiant cooling panel, and radiant floor. The infrared sensor should measure the average temperature within the boundary for each classified surface.



This paper presents a method for estimating real-time MRTs at multiple locations in an indoor space without the direct installation of instruments in the occupant area. Section 2 reports a method for classifying the boundaries of the indoor surface and calculating the angle factor through simple 3D modeling. A pan–tilt IR scanning method which uses multiple thermal images is proposed to measure the mean temperature of the indoor surface areas with various sizes. The coupling of a pan–tilt motor and IR camera is proposed to memorize each classified surface with its direction. Two methods (measuring the average surface temperature and the reflected temperature) are proposed to measure mean surface temperature correctly by combining multiple IR images, including the polygon coordinates. Section 3 reports the design of the structure of the pan–tilt IR scanning system. Three major steps are defined considering real building applications: pre-investigation, building major parameters, and real-time MRT monitoring. Pan–tilt IR system hardware and software are developed. Section 4 discusses the applicability of the developed IR system through an experimental study. The advantages of the method, limitations, and future work are discussed in the Section 5, Conclusions.




2. IR Application Methods


2.1. Outline of the Method


The AF method is applied to monitor the MRT at various occupant locations in the operating building. As shown in Figure 1, the angle factor method evaluates the MRT by considering the indoor surface temperature and the angle factor between the occupant and the surface. The angle factor for each surface is a calculated value that varies according to the occupant’s location. The indoor surface temperature is a measured value.



Fanger’s method is based on the idea that the entire surroundings of the human body are divided into several isothermal surfaces. The MRT can be calculated through the relationships between the human body and each surrounding isothermal surface, as shown in Equation (1).


  M R T  (  i , t  )  =    (    ∑   j = 1  n   F  i − j    (  i , j  )    T ¯  S     (  j , t  )   4   )    0.25   − 273.15  



(1)




where    T S    is the surface temperature and    F  i − j     is the angle factor. The impact of radiation transferred from the indoor surface to the occupant location is determined by the angle factor.



2.1.1. Simplified Modeling for Calculating    F  i − j    


The angle factor is a geometrical shape factor describing the radiant heat exchange between a human body and its surrounding surface. The calculation of the angle factor was developed further primarily in numerical studies [10,16,17,18,19], with a focus on evaluating the heat environment based on the construction plan of the space and calculating the angle factor for different human postures. In this study, for simplification, each MRT value was obtained from a spherical surface located at approximately the center of gravity of a human occupant. This study applied the solid angle (Ω) calculation method to obtain the AFs [20,21]. The applied AF method was verified through a field study on MRT measurement compared with the method using a globe thermometer [22]. The AFs for multiple occupant locations were calculated after a simplified modeling procedure.



Section 2.2 proposes a simplified modeling method by classifying the entire indoor surface into sub-surfaces. Sub-surfaces were modeled in 3D space. Regarding the occupant’s location, multiple locations can be set up in 3D space, as many as the occupants need or considering the conditioned zone. This derives modeling the most simplified indoor space built with only the surfaces needed for the MRT evaluation. This model assumes that each indoor surface has the same temperature distribution inside the surface boundary. Finally, the angle factor was calculated at the configured occupant locations, respectively. Once the calculation of the AFs was complete, they were applied to the MRT calculation as constant values so that the calculation process needed to be conducted just once.




2.1.2. Pan–Tilt IR Scanning for Measuring     T ¯  S   


The mean temperature of indoor surfaces (    T ¯  S   ) classified through the simplified model should then be measured to evaluate MRTs continuously in a building in use. The instruments, including contact thermometer, infrared thermometer, infrared sensor, and infrared thermal imaging camera, can be used to measure the surface temperatures, but real-time measurements of the mean surface temperatures are challenging. Several limitations exist when setting the boundaries of classified surfaces, measuring the mean surface temperatures and reflected temperatures, and memorizing and continuously measuring classified surfaces.



The coupling of a pan–tilt motor and an infrared camera is proposed to solve these problems and is called the automatic pan–tilt IR scanning system (IR scanning). The pan–tilt motor memorizes the pan and tilt angles for the direction of where the IR camera is looking. Therefore, each image frame pictured by an IR camera has its direction information. In the IR camera, the polygon image coordinates are set to extract the indoor surface area for each IR image frame for accurate temperature measurements inside the indoor surface boundary. The surface temperature data are extracted within the boundary of the set polygon image coordinates. Here, multiple IR image frames can be added (combined) to measure the large-scale indoor surface defined as ‘IR scanning’ in this study. The correction process for emissivity, reflected temperature, and atmospheric transmittance is performed on the measured surface temperatures. Finally, the mean temperature is calculated for each classified indoor surface of the simplified 3D model, which is assumed to have a homogenous temperature distribution. Therefore, the mean surface temperature and the angle factor are used to monitor real-time MRTs at multiple locations of the buildings.





2.2. Classification of Indoor Surfaces


Classifying a whole indoor surface into sub-indoor spaces is an important preceding step for calculating the angle factor. The indoor surface can be classified according to surface structure and location, material properties, and thermal characteristics. These surface classifications can vary according to the use, such as atriums, exhibition halls, performance halls, sports stadiums, and small residential and office spaces. In this study, a method of classifying the entire indoor surface into sub-indoor surfaces with respective boundaries is defined.



Figure 2 presents a schematic diagram of classified indoor surfaces. Once indoor surfaces are classified, simplified indoor space can be modeled in 3D space. This model assumes that each surface has the same temperature distribution, as discussed earlier.



The classification of indoor surfaces requires a close on-site inspection process because it includes an investigation of the indoor space dimension and material properties. The main criteria and application method for the surface classification derived in this study are as follows.



2.2.1. Surface Structure and Location


Surface structure and location were set using the most basic surface dividing criteria. The surfaces can be divided based on the edges where indoor surfaces such as wall, ceilings, and floor join. As a common example, a concrete structure space with a rectangular floor plan can be classified into six indoor surfaces consisting of a ceiling, floor, and four walls of different locations and orientations. More than six surfaces can be classified if the floor plan is not rectangular and has various planes and cross-sectional shapes.




2.2.2. Material Properties


Even for the same location and orientation, if an indoor surface is composed of different materials, it can be classified into different surfaces based on the boundary of heterogeneous materials. The first factor to consider is the thermal performance of surface material. The time and magnitude of temperature change according to the thermal capacity and thermal transmittance. The surface emissivity was also set as an important criterion of surface classification. Indoor surfaces with different emissivity have different amounts of radiant heat exchange with the indoor surroundings. Furthermore, the emissivity is a crucial parameter required in the correction process of an IR camera. This can be classified clearly by measuring the emissivity in the field using an IR camera.




2.2.3. Thermal Conditions and Characteristics


An indoor surface area with different thermal conditions should be classified as different surfaces even if composed of the same structure and materials. The surface area, on which the surface temperature is controlled by a radiant heating [23] or cooling system [24], can be a major criterion of surface classification. In addition, a surface should be classified based on the boundary line between an externally exposed wall and an interior wall.





2.3. Pan–Tilt IR Scanning Method


2.3.1. Proposition of IR and Pan–Tilt Coupled System


The auto IR scanning method is proposed to enable the IR scanning system to repeat the process of storing information on the area of the target surface as well as measuring and correcting the mean temperature of the indoor surface according to the set time interval. The coupling IR camera and pan–tilt motor were applied to enable storing data pairs of IR thermal image frame (IR image frame) and pan–tilt angle. Each surface area taken by the IR camera can have its direction information.



IR Image Frame with Angular Data


The coupling system was applied to designate the unique horizontal and vertical direction vector values for the IR image captured through the IR system. By applying the coupling system, all measured IR images obtain their location information, and the IR system could measure the corresponding direction repeatedly according to the frame unique number m.



Figure 3 shows the conceptual diagram and main parameters of the pan–tilt IR system. The mth IR image frame has information of its horizontal pan angle (   φ  m , H    ) and vertical tilt angle (   φ  m , V    ). Several IR image frames can be merged according to the size of the jth surface area. Here, the merged IR image frame is the same as j, the surface identifier. The location information of the mth IR image frame can be expressed as Equation (2).


  F  r  j , m   =  (   φ  m , H   ,  φ  m , V    )   



(2)








IR Image Frame with Polygon Image Coordinates


Each IR image frame contains single polygon image coordinates for identifying the boundary of the jth surface to which the frame belongs. Figure 4 represents the polygonal and pixel unit areas in an IR image frame. The right and upward orientations are indicated by the x-axis and y-axis, respectively.



Several pixels exist within the boundary of the polygon image coordinates, which can be expressed as Equation (3).


   C  j , m   p o   =  (   C  j , m , 1   p x   ,  C  j , m , 2   p x   , … ,  C  j , m , n − 1   p x   ,  C  j , m , n   p x    )   



(3)




where    C  j , m   p o     is mth polygon image coordinates within mth IR image frame.    C  j , m , ξ   p x     is  ξ th pixel coordinate within mth polygon image coordinates. Using the Equation (3), each set of pixels that lie within the boundaries of the classified surface can be set. Therefore, only the temperature of the pixels within the boundary of the polygon image coordinate can be extracted in the process of calculating the surface temperature of the target surface.





2.3.2. Measurement of the Mean Surface Temperature


The IR camera is a device because the released IR changes with the surface temperature of the object. Intrinsically, it measures the radiation power (W) and not temperature; subsequently, it converts it to the surface temperature of the object [25]. The total radiation power incident on the detector (   W  t o t    ) is expressed in Equation (4) [26].


   W  t o t   = ε  τ a   W  o b j   +  (  1 − ε  )   τ a   W  r e f l   +  (  1 −  τ a   )   W a   



(4)




where ε and 1 − ε are the emissivity and reflectivity of the target object, and    τ a    is the transmittance of air. The IR camera detects a radiant power mixture. The total radiation power incident on the detector (   W  t o t    ) is affected by the radiation power emitted by the object (   W  o b j    ) as well as the radiation power reflected from the surroundings (   W  r e f l    ) and the radiation power emitted by the atmosphere (   W a   ). Therefore, to measure the indoor surface temperature accurately, it is important to undergo the correction process considering ε,    W  r e f l    , and    τ a   . The emissivity value can be measured during a preliminary field review. The emissivity data for each surface can be used as fixed values unless there are changes in the materials.



An algorithm that automatically measures and corrects the surface temperature in real-time is needed to apply the IR scanning method. Therefore, an auto IR scanning method is proposed to allow the IR scanning system to repeat the process of measuring and correcting the mean temperature of the indoor surfaces.



Measurement of the Average Reflected Temperature


When the radiant temperature of the entire indoor surface (   W   S  η , j      ) is measured, the reflected temperature can be calculated according to each surface. The concept of the surface group (η) was introduced for the reflected temperature to exclude the surfaces located on the same plane in the calculation of the reflected temperature. Here, it was assumed that there is no reflection between the two surfaces located on the same plane. This is expressed as Equation (5).


      S η    c     =  S  t o t   −  S η       =  {   S j    |    S j  ∈  S  t o t     A N D    S j  ∉  S η   }     



(5)







The concept of the surface group (   S η   ) is designed to be applied only to the reflected temperature measurement process. The mean reflected temperature excludes only the group surface to which the target surface belongs (See Figure 5).



The area of these surfaces can be expressed as a complementary set (   S η    c   ). All surface groups in the complementary sets to be measured were recalculated with the emissivity value as 1 and the distance as 0 (i.e.,   ε = 1  ,   d = 0  ). The final calculated value is the reflected temperature (   t  r e f l ,  S  η , j      ) of the jth surface and is input as data for the correction process of the thermal imaging algorithm. The reflection temperatures of all surfaces in the surface group (   S η   ) are the same. The equation for calculating the reflection temperature of the jth surface is expressed as Equation (6).    N  ( )     denotes the number of elements in a set.


     t  r e f l ,  S  η , j      ( t )    =    (   t  t o t ,  S η    c     ( t )   )   ¯       =  1    ∑   m ⊂ j , m ⊄ η    N   (   ∁  η , j , m   p x    )        ∑  ξ ∈ m      ∑  m ⊄ η     t   S  η , j , m , ξ      ( t )     



(6)








Calculation of the Mean Surface Temperature


Based on the real-time measured air temperature and the reflected temperature of the surface obtained earlier, each actual pixel temperature can be derived according to the correction process. Referring to Equation (4), the detected radiation power incident from the  ξ th pixel location within the mth polygon coordinate area (   W  t o t ,    S  η , j , m , ξ      ) can be expressed as Equation (7) in consideration of the radiation power contribution to the detector signal ( Φ ). The actual temperature of the pixel location (   t   S  η , j , m , ξ      ) at time t can be corrected as Equation (8). Therefore, the jth mean surface temperature (   t   S  η , j      ) can be calculated by averaging all the pixel temperatures within the jth surface area according to Equation (9).


   W  t o t ,    S  η , j , m , ξ     = ε  τ a   Φ  S , j , m , ξ   b b    (   t   S  η , j , m , ξ      )  +  (  1 − ε  )   τ a   Φ  r e f l    (   t  r e f l ,  S  η , j      )  +  (  1 −  τ a   )   Φ a   (   t a   )   



(7)






   t   S  η , j , m , ξ      ( t )  =  1   Φ  S , j , m , ξ   b b      {   1  ε  τ a     W  t o t ,    S  η , j , m , ξ      ( t )  −    (  1 − ε  )   ε   Φ  r e f l    (   t  r e f l ,  S  η , j      ( t )   )  −    (  1 −  τ a   )    ε  τ a     Φ a   (   t a   ( t )   )   }   



(8)






   t   S  η , j      ( t )  =  1    ∑   m ⊂ j    N   (   ∁  η , j , m , ξ   p x    )        ∑   ξ ∈ m     ∑   m ⊂ j    t   S  η , j , m , ξ      ( t )   



(9)







The transmittance of air (   τ a   ) is determined by considering subject distance and relative humidity. The calculation of the air transmittance can have slight difference depending on the manufacturers. The angle factor method uses interior surfaces, which are assumed to be a homogeneous temperature. By applying this method, it is possible to accurately measure the mean temperature of the indoor surfaces continuously (See Figure 6).



Note that correction of IR images for intrinsic geometric deformation can be a crucial factor in the field of visualizing IR images [27]. This study focuses on measuring accurate mean temperature by averaging temperatures within the boundary of each classified surface. Therefore, correction of IR images and storage of IR image data are not necessary after the mean temperature value is measured.







3. Development of Pan–Tilt IR Scanning System


3.1. Development of System Structure


Figure 7 shows the system structure of the pan–tilt IR scanning system developed in this study. The system consists of three major steps: (1) pre-investigation on site for measuring the surface dimensions, emissivity, reviewing the occupant locations and IR installation location, and surface classification, (2) building major parameters—angle factors and surface directory, and (3) real-time evaluation of the MRT.



A dataset should be constructed for the target space through preliminary field investigation. The surface classification introduced in Section 2.2 is performed. Direct measurement of the emissivity value can be conducted using an IR camera using the reflector method [28] and non-contact thermometer method [29]. Before field monitoring, a pre-evaluation is performed using the established information based on the pre-investigation results. The database of the angle factors at multiple occupant locations for each classified surface is uploaded. The information regarding the IR image frames of the interior surfaces and their polygon coordinates must be established using the IR system on the site. In this process, the IR system builds a database with the surface class directory of each interior surface, as shown in Figure 8. One classified surface (   S  η , j    ) within the surface group (   S η   ) has one or more assigned frames (  F  r  j , m    ). For each frame, its pan and tilt angles (   φ  m , H   ,    φ  m , V    ) as well as its polygon coordinates (   C  j , m   p o    ) are included as information in the surface directory.



Once the database is built, an infrared thermal image is taken for each frame in the same order as that in which the frames have been saved in the corresponding directory. One cycle is finished when all the photographing in the directory is completed. At this time, the reflected temperature on the surface is calculated, and the surface temperature is determined using the correction process. The real-time MRT is calculated using the angle factor and surface temperature.




3.2. The IR System Development


The hardware system is composed of a pan–tilt IR scanning system (IR system) and a PC for calculating and monitoring. The IR system is composed of a single integrated system with an IR detector, a pan–tilt motor, and temperature and humidity sensors. A separate power supply activates the system. The data are transmitted through the local area network (LAN). Figure 9 presents a photograph of the hardware of the developed IR system, and Table 1 lists the specifications of each system.



The IR detector shown in Figure 9a measures the radiation power of the surface and can measure surface temperatures in the range of −20 to +350°C, covering most indoor and outdoor spaces. The field of view (FOV) is 45° horizontally and 33.8° vertically, covering a wide area to prevent the number of frames per cycle from becoming too large. The accuracy is within ±2%. The pan–tilt brushless direct current (BLDC) electric motor was designed to have a maximum horizontal rotation angle of 355° and a vertical rotation angle of −85° to +85°, which covers all interior surfaces considering the FOV of the IR detector. The rotation speed is 60°/s for panning and 30°/s for tilting. The accuracy is ±1°. The temperature and humidity sensors have measurements in the ranges of −20 to +60 °C and 0% to 99.9%, respectively. The accuracy is ±1% for the temperature and ±2% for the humidity at room temperature.



The IR system is connected to the MRT monitoring system. The top image in Figure 9b shows the pre-input process screen and illustrates building the frame and polygon coordinates of all the interior surfaces required for one cycle. Before starting the measurement, the user must specify the surface area, number of frames per surface, and polygon area while viewing the IR screen. When this process is complete, the directory of the surface class database for every indoor surface of the target space is established in the IR system. The bottom image in Figure 9b presents a typical real-time surface measuring screen based on the established directory. Here, the current IR screen is shown on the left bar, and the measured frames for each surface are shown on the right list. The MRT monitoring program is written in C# language.





4. Experimental Study


4.1. Description of Experimental Study


An experimental study was conducted with two objectives. One was to compare two surface temperatures measured by the proposed IR method and the existing contact thermometer method (CT method). The other was to verify the applicability of the proposed IR method to a real-time MRT estimation at multiple locations.



The target space for estimating the MRT was a university lecture room located in Incheon. The shape of the space was a long rectangle in the east and west directions, and three windows and indoor roll blinds were installed in the south (see Figure 10). Adjacent offices are located in the east and west, and corridors are located in the north. The experiment was performed from 3 a.m. to 8 p.m. on 3 November 2019. To minimize changes in the indoor environment due to other factors, the air conditioner was not operated, and all indoor blinds were kept closed.



The CT method is a method that uses a temperature sensor in direct contact with the target surface. This method assumes that the average temperature measured at one or several points is the surface temperature [3], which is the major difference between the CT and IR method, as shown in Figure 11.



The contact thermometer used was CEM DT-3891G with K-type thermocouples, which have a measurement range of −200 to +1322 °C and an accuracy of ±0.15% at moderate temperatures [32]. They were installed on each blind and indoor walls, ceiling, and floor, respectively. For accurate measurements, a large pressure was induced between the sensor and the contacted surface to be closely contacted so the heat exchange between the contact temperature sensor and the surface could be much higher than the heat exchange between the sensor and the surrounding environment. In the case of blinds, the sensor was placed in the center of the blind surface, avoiding the shadow generated by the window frames.



The thermal imaging camera was installed in the center so that the IR viewing angle to the object surface normal was less than 40° or 45° to ensure the measured data accuracy [26]. The equipment shown in Table 1 was used to measure the indoor surface temperature according to the above installation environment and measurement settings.




4.2. Pre-Investigation and Pre-Evaluation


The surface dimensions and emissivity and the installed location of the thermal imaging camera were reviewed through an on-site investigation. The surface classification was derived according to the orientation of the building, configuration of the interior surfaces, and the identified material properties. Table 2 lists the major investigation results. The surfaces were divided into groups of six main directions, including the ceiling and floor surfaces. The south was set as surface group 3, which was composed of three roll blinds and one wall. The emissivity of each surface was determined from measurement using the non-contact thermometer method [29].



After a pre-investigation, the surface class directory was set up. The IR system was installed, and the number of IR image frames and polygon coordinates were set to nine indoor surfaces (   S  η , j    ) seen through the IR detector. Three frames were set for the east and west surfaces and four and five frames for the ceiling and floor, respectively. Therefore, a total of 20 frames were set as one cycle. Figure 12 and Table 3 show the example settings for the polygon image coordinates and directory dataset input to the monitoring program.



For the angle factor calculation, the interior surfaces in the simplified 3D model were used. The dimensions of the interior surfaces were used for 3D modeling. The angle factor determines the amount of longwave radiation delivered from an interior surface with a specific temperature to an occupant at a specific location. In this study, the angle factors were calculated for 2500 occupant locations at a 1000 mm height to verify the applicability of the proposed IR method and review the MRT distribution.



The time intervals must be set to be larger than the minimum time interval limit to maintain the user’s set time interval; if the IR measurement is not completed within the time of a single cycle, the time will not match with the measured data obtained from the T/RH sensor set at the same interval. Considering the time required in IR focusing, shooting, and pan–tilt rotating repetitively for twenty frames, the minimum time interval was calculated to be six minutes for this space. Table 4 lists the major monitoring set of parameters that was input into the IR system.




4.3. Measurement Results


4.3.1. Comparison Results of Surface Temperatures: CT vs. IR Methods


Surface temperatures were measured by two measurement methods using a contact thermometer (CT method) and the developed pan–tilt IR system (IR method). Figure 13 shows the measurement results for three blinds and the north wall. The surface temperatures of the walls by the two methods had similar levels. Figure 13b shows the measurement result for the north wall. In the case of blinds, the temperature difference between the two methods increased during the afternoon. Figure 13a shows the measurement results for blind 3 as an example case. In this case, the largest temperature difference was up to approximately 10 °C.



The measured IR images were analyzed to understand the cause of the error. Figure 14 shows the IR images and their histograms at four time points starting at 12 o’clock, where the two temperatures are similar. The box in the IR image represents the polygonal area for averaging the surface temperature via the IR method. The circle represents the measurement point for the CT method for the surface temperature measurement. The IR images showed that non-uniform temperatures were distributed on the measurement area (see Figure 14 left). A large difference between the average surface temperature and the point temperature occurred as the incident area of the solar irradiance over the blind was changed. In addition, a temperature difference also occurred between the parts solar shaded by the frame and other surfaces.



The non-uniform distribution of temperature was examined more objectively by placing the data of the measurement area in a histogram (see Figure 14 right). The total number of measured temperature samples in the polygonal area was 38,192. In the histogram, each measurement was analyzed by setting the bin width as 1 °C in the range from 15 to 50 °C. The red bin shows where the temperature measured using the CT method belongs. In the case of t1 in Figure 13, the histogram showed that the surface temperature measured using the CT method was located in the same phase as the range having the highest frequency within the polygonal area. The temperature distribution was narrow from 24 to 27 °C. This resulted in a slight temperature difference between the two methods. On the other hand, the other cases (t2, t3, t4) showed broad temperature distributions from 23 to 43 °C, unlike the case of t1. Furthermore, the frequency was distributed evenly. In these cases, the measurement value can have significant errors depending on the location measured. This result showed that a non-uniform temperature distribution occurring within the surface area might result in erroneous measurements in the CT method.



The mean temperatures of each classified surface could be monitored for every set time interval using the proposed IR method. Figure 15 shows the temperature changes for the nine interior surfaces measured during the monitoring period. The three red lines showed dramatic temperature changes in the blind surfaces during the day and night.



The temperature on the blind surfaces (red lines) increased up to approximately 40 °C. The blind surface temperature increased first on the blind located in the east, where the sunlight reached first (i.e., blind 1). A comparison of the blind surface temperature with the surface temperature of the north wall at the opposite side (green line) showed that the blind surface temperature during the day increased to approximately 15 °C higher than the north wall surface temperature. During the night, the blind surface temperature decreased to approximately 2 °C lower than the wall surface temperature. Consequently, the temperature change range between the day and night was approximately 3 °C for the wall, but the blind surface temperature changed over a wide range of approximately 25 °C. This may be because the blinds had a low thermal capacity and were directly affected by the solar irradiance. The measurement result confirmed that this proposed IR method enables remote real-time measurements of multiple surface temperatures classified by the users.




4.3.2. Real-Time MRT Distributions


The MRT monitoring system calculates the MRT value according to the time interval set in the IR system. The surface temperatures and angle factors were used for real-time MRT calculations depending on the occupant’s location. In the experiment, the indoor MRT distributions were monitored using the IR system every six minutes during the daytime on 3 November. Figure 16 shows a heat map of the hourly MRT distributions. The MRT can have a broad temperature range of 6 °C during the daytime within the same space. This suggests that the occupants can experience different thermal comfort levels depending on their locations in the buildings. For example, assume two occupants are standing near the blind (MRT = 30.1 °C) and east wall (MRT = 24.2 °C) at 4 p.m. They are assumed to have the same personal parameters (i.e., 0.45 clo for closing insulation and 1.2 met for metabolic rates). The measured room air temperature, relative humidity, and air velocity were 23 °C, 39%, and zero, respectively. In this case, the predicted mean vote (PMV) values were evaluated at 0.33 for standing near the blind and −0.52 for the east wall. Therefore, the thermal conditions around the east wall exceeded the acceptable range of thermal environment presented in the standard (PMV < ±0.5) [33,34]. This suggests that the mean radiant temperature has a significant effect on the thermal environment.



Existing research [1] reported that approximately half of the thermal comfort experienced by the human body is affected by the radiant heat exchange between the occupants and surroundings. Therefore, the effects of MRT should be considered in studies evaluating heat environments for indoor air conditioning and heating control. In actual buildings, considering the MRT values in an evaluation of the thermal environment was challenging. This is because the general method using a globe thermometer requires direct measurements at the occupant location. This experiment verified that the proposed pan–tilt IR method allows rapid, accurate, and remote measurements of the mean temperatures of all classified surrounding surfaces. Furthermore, the IR application method effectively evaluated the MRTs at multiple occupant locations.






5. Conclusions


MRTs were applied to the real-time evaluation of thermal comfort, and a method for estimating MRTs at multiple occupant locations was proposed. To calculate the angle factor, this study defined the specific classification criteria for dividing the entire indoor surface into sub-surfaces according to surface characteristics. Coupling a pan–tilt motor and IR camera was applied to measure repeatedly the mean temperature within the classified surface boundary. The developed pan–tilt IR system hardware and MRT monitoring software were presented. The experiment showed good applicability of the proposed IR scanning method to actual buildings. The MRT has a significant effect on the thermal environment.



The proposed method could evaluate the MRTs at various locations without placing a sensor at the occupant’s location. The method could remotely measure the temperatures of the entire surface at long distances. This enables the users to control the heating and cooling systems based on comprehensive thermal comfort conditions considering radiant heat stress. The major advantages of applying this method are as follows:




	
No requirement to install measuring devices in occupant areas—the MRTs can be monitored remotely in a space with a high occupant density or complex occupant movement lines.



	
Memorization of each location of classified indoor surfaces and repeated measurements of their average temperature—this enables continuous monitoring of the indoor surface temperature. Moreover, it can be applied to controlling radiant heating and cooling systems, such as radiant ceiling panels and floor heating, by continuously monitoring and controlling their surface temperatures.



	
MRT evaluations at multiple indoor locations—individual MRT evaluations are possible for multiple occupant zones especially in large spaces, such as concert hall, dome stadium, and station.



	
Minimization of the equipment installation size—single equipment can be installed in the space. Therefore, space utilization is high. This is advantageous in terms of maintenance and repair.








Despite its applicability in actual buildings, the proposed IR scanning method has limitations in the following aspects. The development cost is high. Although the globe thermometer has been widely distributed at low cost, thermal imaging cameras are expensive. Recently, several low-cost IR cameras have been produced. Applying a low-cost IR camera to the proposed method will reduce the unit price. Moreover, the proposed method can be applied in a limited fashion to measure longwave MRTs in dome structures with no windows or glass. In spaces with windows or glass, the radiation temperature at the occupant location changes because of the longwave and shortwave radiation produced by direct and diffuse solar radiation. Thus, in future work, longwave and shortwave radiation should be considered when evaluating MRT.
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Nomenclature








	Symbols
	



	    C  p o     
	polygon image coordinates (pixels)



	    C  p x     
	pixel coordinate (pixels)



	    d  I R − j     
	distance between IR camera to object (mm)



	  F  
	angle factor



	   F r   
	IR image frame



	  S  
	interior surface



	  S  
	group of interior surfaces



	  t  
	temperature (°C)



	  T  
	absolute temperature (K)



	     T ¯  s    
	mean surface temperature (K)



	  W  
	radiation power (W)



	Abbreviations and acronyms
	



	3D
	three-dimensional



	AF
	angle factor



	CT
	contact thermometer



	FOV
	field of view



	GT
	globe thermometer



	IR
	infrared



	MRT
	mean radiant temperature



	Greek letters
	



	  ε  
	emissivity



	  η  
	identifier of a given surface group



	  ξ  
	identifier of a given pixel of IR image



	  τ  
	transmittance



	  Φ  
	radiant power contribution



	  φ  
	identifier of a given pan–tilt angle



	Subscripts
	



	a
	air, atmospheric



	H
	pan rotation



	i
	identifier of a given occupant location



	j
	identifier of a given interior surface



	m
	identifier of a taken IR image and polygon



	obj
	abject



	refl
	reflected, reflection



	    S j    
	  j  th interior surface of indoor space



	    S η    
	  η  th surface group



	t
	time



	tot
	total



	  V  
	tilt rotation



	Superscripts
	



	bb
	black body



	po
	polygon



	px
	pixel



	Etc
	



	     ( )  ¯    
	mean value



	    N  ( )     
	number of elements in a set



	     ( )  c    
	complementary set
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Figure 1. Concept diagram of the applied MRT evaluation method. 
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Figure 2. Example of indoor surface classifications for simplified modeling. 
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Figure 3. Conceptual diagram of IR and pan–tilt coupled system. 
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Figure 4. Conceptual diagram of polygon image coordinates in an IR image frame. 
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Figure 5. Conceptual diagram of measuring reflected temperature. 
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Figure 6. Process averaging radiant power of the target surface. 
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Figure 7. Developed system design of pan–tilt IR scanning system. 
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Figure 8. Example of the surface directory. 
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Figure 9. Developed IR system and monitoring software. 
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Figure 10. Experimental set for MRT evaluation. 
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Figure 11. Two different methods for measuring indoor surface temperature. 
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Figure 12. Example showing polygon coordinates for north wall and blind 1. 
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Figure 13. Measured surface temperatures from CT and IR methods: (a) measured surface temperatures of blind 3 via CT and IR methods, (b) measured surface temperatures of the north wall via CT and IR methods. 
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Figure 14. Measured IR images and histograms at four time points. 
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Figure 15. Real-time surface temperatures monitored by the IR method. 
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Figure 16. Distribution of the mean radiant temperatures monitored in real-time on 3 November. 
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Table 1. Specifications of the developed pan–tilt IR scanning system.
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Parts

	
Specifications






	
Infrared detector

	
Object temperature range

	
−20 to +350 °C




	
(FLIR A310) [30]

	
Accuracy

	
±2%




	

	
Thermal sensitivity

	
<0.05 °C at +30 °C




	

	
FOV

	
40° width × 33.8° height




	

	
IR resolution

	
320 × 240 pixels




	

	
Focal length

	
18 mm




	

	
Weight

	
0.7 kg




	
Pan–tilt motor

	
Angle range

	
Pan: 0 to 355°

Tilt: −85 to +85°




	

	
Rotation speed

	
Pan: 60°/s

Tilt: 30°/s




	
T/RH sensor

(Autonics THD-W1-T)

	
Measuring range

	
Temperature: −19.9 to +60 °C

Relative humidity: 0 to 99.9%




	
[31]

	
Accuracy

	
Temperature: ±1 °C

Relative humidity: ±2%
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Table 2. Major investigation results.
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Surface Class

	
   Emissivity   ( ε )   

	
   IR   Distance   (  d  I R − j   )     

(Approx.)




	
    Group   (  S η  )    

	
    Surface   (  S  η , j   )    






	
   S 1   : East

	
   S  1 , 1    : East wall

	
0.95

	
6000 mm




	
   S 2   : West

	
   S  2 , 2    : West wall

	
0.95

	
9000 mm




	
   S 3   : South

	
   S  3 , 3    : South wall

	
0.95

	
5000 mm




	

	
   S  3 , 4    : Roll blind 1

	
0.95

	
5000 mm




	

	
   S  3 , 5    : Roll blind 2

	
0.95

	
5000 mm




	

	
   S  3 , 6    : Roll blind 3

	
0.95

	
5000 mm




	
   S 4   : North

	
   S  4 , 7    : North wall

	
0.95

	
3000 mm




	
   S 5   : Ceiling

	
   S  5 , 8    : Ceiling

	
0.95

	
1500 mm




	
   S 6   : Floor

	
   S  6 , 9    : Floor

	
0.90

	
1500 mm
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Table 3. Directory dataset of IR image frames input to the pan–tilt IR system.
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Monitoring Set

	
Values




	
     S μ       

	
     S  η , j        

	
    F  r  j , m        






	
    S 1    

	
    S  1 , 1     

	
   F  r  1 , 1     
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    S 2    

	
    S  2 , 2     

	
   F  r  2 , 2     
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    S 3    

	
    S  3 , 3     

	
  F  r  3 , 3    ,    F  r  3 , 4    ,    F  r  4 , 5    
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    S  3 , 4     

	
   F  r  4 , 6     
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    S  3 , 5     

	
   F  r  5 , 7     
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    S  3 , 6     

	
   F  r  6 , 8     
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    S 4    

	
    S  4 , 7     

	
  F  r  7 , 9    ,    F  r  7 , 10    ,    F  r  7 , 11    
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    S 5    

	
    S  5 , 8     

	
  F  r  8 , 12    ,    F  r  8 , 13    ,    F  r  8 , 14    ,   F  r  8 , 15    
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    S 6    

	
    S  6 , 9     

	
  F  r  9 , 16    ,  F  r  9 , 17    ,    F  r  9 , 18    ,   F  r  9 , 19    ,   F  r  9 , 20    
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Table 4. Summary of major monitoring set.
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	Monitoring Set
	
	Values





	Monitoring period
	Start time
	3 November 2019 03:00



	
	End time
	3 November 2019 20:00



	
	Time interval for one cycle
	6 min



	Surface class
	Number of surface groups
	6



	
	Number of surfaces
	9



	
	Number of IR image frames
	20



	
	Number of target locations
	2500
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