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Abstract

:

Airflow in a multi-zone building can be a major cause of pollutant transfer, excessive energy consumption, and occupants discomfort. The key to monitoring airflows and mitigating related problems is to obtain a comprehensive understanding of pressure relationships within the buildings. This study proposes a visualization method for representing pressure distribution within a multi-zone building by using a novel pressure-sensing system. The system consists of a Master device and a couple of Slave devices that are connected with each other by a wireless sensor network. A 4-story office building and a 49-story residential building were installed with the system to detect pressure variations. The spatial and numerical mapping relationships of each zone were further determined through grid-forming and coordinate-establishing processes for the building floor plan. Lastly, 2D and 3D visualized pressure mappings of each floor were generated, illustrating the pressure difference and spatial relationship between adjacent zones. It is expected that the pressure mappings derived from this study will allow building operators to intuitively perceive the pressure variations and the spatial layouts of the zones. These mappings also make it possible for operators to diagnose the differences in pressure conditions between adjacent zones and plan a control scheme for the HVAC system more efficiently.
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1. Introduction


Airflows between internal zones and between indoor and outdoor spaces can cause problems in relation to indoor environmental quality (IEQ) and building energy consumption, such as air pollutant transfer [1,2,3], excessive energy consumption due to air infiltration [4,5,6,7], as well as occupants’ discomfort [8,9]. The key to mitigating these problems is to investigate in real time the variations in indoor environmental parameters such as the concentration of air pollutants, temperature, humidity, and the absolute pressure.



The potential technologies of wireless sensor networks (WSNs) and the Internet of Things (IoT) contribute to the development of real-time monitoring systems for indoor environmental parameters. A wireless sensor network normally consists of a large number of wireless sensing devices to collect data from working environments, so that processes may be centralized to databases, and the environmental parameters of space of interest may be monitored remotely [10,11,12]. The IoT allows the implementation of a WSN that connects all objects to the cloud server services with automatic and timely transmissions, data processing, data analysis, and visualization [13,14]. Intelligent monitoring and control systems using the IoT have been developed and commercialized in smart buildings for the purposes of monitoring indoor environmental quality (IEQ), evaluating occupant comfort, and predicting energy consumption [15,16].



From among the monitored parameters, the IEQ is arguably the most important, since the IEQ can reflect unexpected variations in indoor environmental conditions and provide signals for the control of HVAC systems [17]. The IEQ can be described as a combination of indoor thermal parameters, indoor air pollutant parameters, as well as lighting, acoustic, and spatial factors [18,19]. Among these parameters, indoor thermal parameters [20] and air quality-related parameters [21] are typically applied to monitor the variation of IEQ inside buildings. In particular, comprehensive IEQ monitor systems have recently been developed for inspecting variations in multiple indoor environmental parameters. For example, Parkinson et al. [10] developed an indicative wireless IEQ sensor network called SAMBA to automatically provide timely and actionable IEQ data to building operators.



However, variations in these IEQ parameters are mainly influenced by airflows between adjacent zones and across building envelopes [22,23,24]. It is thus particularly critical to monitor airflows for an adequate evaluation of indoor environmental parameters. Moreover, airflows inside a building are rarely measured, and real-time monitoring processes are also virtually nonexistent [25]. Airflow occurs due to pressure differences across the building components and envelopes, and measurements of pressure differences between adjacent zones or of absolute pressure values in the respective zones provide indications of the airflow characteristics within and around a building. In addition, the direction of airflows between two adjacent zones in a multi-zone building varies with the direction of pressure difference, and airflow always infiltrates from the zone with high pressure to the zone with low pressure. The real-time pressure monitoring allows for the convenient detection of variations in airflow direction between adjacent zones.



Recent advances in technology have made real-time measuring of pressure variations practical, low-cost, and widely available. Furthermore, as the availability of real-time data provided by pressure sensors in a building has increased significantly, another topic warranting consideration is the visualization of the monitored pressures, because it is essential for occupants and building operators to understand and manage IEQ parameters with intuitive, visualized results. Protopsaltis et al. [26] reviewed the tools available for IoT data visualization, and visualized charts were divided into various types for specific purposes such as scatterplots, histograms, bar plots, bubble charts, boxplots, and line charts. Maps, timelines, diagrams, and graphs are also extensions of charts used in some special cases [26]. Conventionally, line charts are the most frequently used visualization tool for representing indoor environmental parameters [27]. Niedrite et al. [28] classified line charts used in the IAQ domain into eight types based on various intents of visualization. However, line charts are ineffective in both displaying real-time information for many sensors and identifying relative differences in spatial and geographical data. Therefore, as an alternative, mappings are used to visualize changes in monitored data over time and space, as in the case of concentration mapping for urban air pollutants [29,30,31]. This visualization method applied in the building environment domain is conducted to represent spatiotemporal variations in indoor thermal parameters, such as PM concentration [32], IEQ distribution [33], spatial temperature distribution [34], relative humidity [35] and so on.



Despite progress in depicting spatiotemporal variations of IEQ parameters using mappings, some limitations remain that need to be improved. First, these visualized mappings are only for a large space or buildings with a single zone rather than multiple segmented zones. There are no related studies and methods for visualizing the spatiotemporal distribution of environmental parameters in a multi-zone building. Second, only thermal environmental parameters are visualized by 2D or 3D spatial mappings. The characteristics of pressure difference between adjacent zones, which are closely related to the changes in thermal environmental parameters, are not monitored or visualized.



Therefore, the aim of this study is to present an intuitive visualization method that allows for the explanation of absolute pressure distribution on the target floor using the pressure mappings. The proposed method makes it possible to clarify the characteristics of real-time pressure difference variations between adjacent zones. To verify the feasibility of this method, field pressure measurements are performed in actual low-rise and high-rise multi-zone buildings located in South Korea. The pressure-sensing system was deployed in all measurement zones to monitor pressure variations in real time. Then, the visualized pressure distribution mappings were generated through grid formation and coordinate establishment processes for the building floor plans. The pressure distribution mappings by floor, as intuitively recognizable results of the visualization for pressure conditions, not only enable building operators and occupants to fully understand the pressure characteristics within the measurement zones, but also provide a basis for the control of IEQ factors and the operation of HVAC systems.



The structure of this study is organized as follows. Section 2 presents the methodology of this visualization process for monitored pressure mappings. Section 3 induces the developed pressure-sensing system for pressure monitoring including the overall architecture and the detailed configurations of applied devices. In Section 4, characteristics of target buildings and pressure variations of each zone are explained, and then the pressure mappings for target buildings are determined using the proposed visualization method. Finally, Section 5 concludes the main work of this study with a detailed consideration for future studies.




2. Methodology


Indoor environmental parameters are typically influenced by internal airflows. However, existing methods make it difficult to investigate airflows directly. Even though various monitoring systems based on WSN and IoT techniques are frequently employed within buildings to monitor specific environmental parameters, it needs to be noted that internal airflows are induced by pressure differences across the building components. As such, this study proposes a method for displaying the pressure distribution within a multi-zone building by floor. As shown in Figure 1, this method is carried out by the following four steps.



Step I: Grid formation based on the floor plan of the target building.



	
Based on the building floor plan, the numbers of columns along two sides of the target building are first identified. (In the target building shown in Figure 1, there are eight columns and six columns along the two directions).



	
T building floor plan can first be divided into groups of small rectangles based on the locations of the columns. (The numbers of rectangles for the target floor in Figure 1 are 30 inside the boundary of the building and 40 outside).



	
The number of measurement zones is identified, and the maximum number of zones between two adjacent columns is selected. (There are nine measurement zones for the target floor, and the maximum number of zones between any two columns is set to two).



	
Following the preliminary grid layout and the maximum number of zones between two adjacent columns, the final grid of the building floor plan is obtained. (The total numbers of grid squares for the target building floor in Figure 1 are 105 inside the boundary of the building and 147 outside).






Step II: Establishment of a coordinate system for the measurement zones.



	
A Cartesian coordinate system is established, with the X-axis and Y-axis oriented along the two selected sides of the target building. The location of each grid square derived in Step I is expressed as a single coordinate point.



	
The measurement zones are represented by various groups of coordinates (x, y).



	
The coordinate system of measurement zones can be obtained for each floor through the same procedures.






Step III: Determination of spatial and numerical mapping relationships.



	
The coordinates of the measurement zones are organized by floor.



	
Spatial and numerical mapping relationships (x, y, z) are determined using the collection of coordinates and the monitored pressure values of each zone.






Step IV: Drawing of the pressure distribution mappings by floor.



	
Based on the spatial and numerical mapping relationships of the measurement zones, the pressure distribution mappings are drawn using the three-dimensional plotting tool in MATLAB.






As noted in the detailed explanation above, the pressure distribution mappings of each floor can be developed based on the monitoring of pressure values in each zone.




3. Development of the Pressure-Sensing System for Pressure Monitoring


A pressure-sensing system for pressure monitoring was developed by the authors for this study, where the system utilizes real-time wireless network transmission to store the monitored absolute pressure values taken from the measurement zones. This system includes multiple Slave devices for data monitoring and a Master device acting as a data receiver and processor.



Figure 2 illustrates the overall architecture of the developed pressure-sensing system. Before the actual measurement work, the stational position of devices on the floor surface should be checked by field investigation to ensure that each position will not affect the normal work and life of the occupants. Unlike temperature and humidity, the absolute pressure on the floor surface always remains consistent everywhere in a single zone without partition, and there is no apparent pressure difference between different points on the floor surface. Then, the limited number of Slave devices are connected to a Master by a wireless network. These Slave devices are calibrated through the multi-communication module of the connected Master device to set the system time, data acquisition interval, standard pressure, and other parameters. Temperature, humidity, and absolute pressure are sensed by the installed several Slave devices and are further collected, retrieved, and processed by the wireless-connected Master device to generate preliminary visualized results. In addition, building operators can also perform detailed data processing manually after collecting data from the Slave devices, so as to control building systems more efficiently in accordance with the analyzed results.



Figure 3 shows the detailed configurations of the Master and Slave devices. As shown in Figure 3a, the Master device is mainly composed of five modules: (1) the Setup module, (2) Storage module, (3) Display and data processing module, (4) Multi-communication module, and (5) Power module. In particular, the multi-communication module transmits a signal for setting up the parameters to the Slave devices and receives the monitored data via the wireless network. The monitored raw data received from the group of Slave devices are further processed and visualized by the Display and data processing module.



Figure 3b depicts the configurations of the Slave devices. There are mainly six modules in a Slave device, including the Setup module, Sensor module, Display module, Data collection Module, Multi-communication module, and Power module. Before the formal measurement, offsets in system time, temperature, and humidity need to be adjusted through the Multi-communication and Setup modules. The sensor module monitors the indoor environmental parameters of absolute pressure, temperature, and humidity with sensor 1 and sensor 2 and records the sets of raw data. Table 1 shows the specifications of sensor 1 used in the Slave devices. Each Slave device monitors these parameters at fixed intervals, and the accumulated data are stored as sets of raw data by the Data collection module. Real-time variations of the parameters can be directly shown by the Display module. Thus, each Slave device can also serve as a pressure sensor without being connected to the Master device and can record data in real time. In addition, the multi-communication module can transmit the collected data to the Master device to express the raw data as visualized line charts.




4. Pressure Mappings for Target Buildings Based on the Proposed Visualization Method


4.1. Description of the Target Building


In this study, two multi-zone buildings are selected as target buildings for the real-time monitoring of variations in absolute pressure. Target building A is a low-rise office building of four stories located in Incheon, Korea. Target building B is a high-rise residential building with 49 floors above ground and 5 floors underground located in Seoul, Korea. General information regarding the two target buildings is shown in Table 2.



The number and layout of measurement zones in each target building were identified from field investigations. Figure 4a shows the detailed distribution of monitored zones and the locations of Slave devices on each floor. A total of 22 zones are marked with various colors in target building A: 4 zones on the 1st floor, 5 zones on the 2nd floor, 4 zones on the 3rd floor, and 9 zones on the 4th floor. These zones have different functions, such as offices, meeting rooms, and warehouses. In addition to the Slave devices deployed in these 22 zones, Slave devices were also deployed outside on the 1st floor and the roof. The outside pressure values for the 2nd floor, 3rd floor, and 4th floor was estimated by monitored outside pressure on the 1st floor and the roof.



Figure 4b shows the floor plan and layout of measurement zones for target building B. The typical floor plan consists of a central core surrounded by three elevator shafts and a stair shaft, an elevator hall, and three residential units. Not all floors in target building B had Slave devices installed. As shown in Figure 4b, the 1st floor, the 10th floor, the 20th floor, the 30th floor, the 40th floor, and the 47th floor were selected as representative floors for monitoring pressure variations. For the 10th floor, the 30th floor, and the 40th floor, Slave devices were deployed only in the residential unit 2 (U2), the Elevator Hall (EV.H), and the outside, due to the circumstances of the building not allowing the installing of devices within the elevator shafts on these floors. One more device was installed in the elevator shaft on each of the 1st and 47th floors. No device was placed outside on the 20th floor, and the pressure on the 1st and PIT floors were used to estimate the outside pressure value on the 20th floor. The pressure values within the elevator shafts on the 10th floor, the 20th floor, the 30th floor, and the 40th floor were also estimated using the data for the elevator shafts on the 1st and 47th floors. Slave devices were also placed in the lobby and vestibule on the 1st floor due to its unique layout.




4.2. Pressure Variation during Measurement Periods


As a part of this study, pressure measurements were taken for the two target buildings in different seasons. A 24 h measurement was conducted in building A on 3 September 2022, and a 6 h measurement was conducted in building B on 29 December 2020. To minimize the effect of other factors, such as elevator use by occupants, the opening of doors, and external winds, on absolute pressure variation, field measurements were performed from 0 a.m. to 24 p.m. on Saturday for building A and from 0 a.m. to 6 a.m. for building B. During the measurement period, elevators and other ventilation devices were not operated. The values of absolute pressure were monitored every 30 s. Due to the circumstances of the target buildings, the outside pressure and elevator shaft pressure for some floors were calculated using the equation given below.


   P  i t h   =  P  1 s t   + ρ g H  



(1)







Here,    P  i t h     is absolute pressure either outside the building or inside the elevator shaft on the i-th floor in Pa,    P  1 s t     is the absolute pressure either outside the building or inside the elevator shaft on the 1st floor in Pa,  ρ  is the inside or outside air density in kg/m3, g is the gravitational acceleration in m/s2, and  H . is the absolute height on the i-th floor.



This study also made some assumptions for the pressure variation inside the target buildings. The wind effect was not considered during the measurement period; thus, the pressure outside each side of a target building was regarded as the same for each floor. Moreover, for the building B, it was assumed that residential unit 1, unit 2, and unit 3 have the same absolute pressure at any given moment. We also assumed that the pressure variations inside all elevator shafts on the same floor of building B are also the same. In particular, the absolute pressure values were monitored for the essential zones only, and as the pressure variations inside the PS rooms and EPS/TPS rooms are not considered in this study, the absolute pressure values inside these rooms were assumed to be the same as those of the EV.H.



Figure 5 shows the pressure variation of each zone of different floors taken in real time during the measurement period for target building A. Since building A is a low-rise multi-zone building, indoor pressure variation is not easily influenced by the stack effect, and there is no huge pressure difference between adjacent zones. Figure 5 indicates that the zones on different floors exhibit similar trends of pressure variation. However, it is difficult to intuitively identify changes in pressure difference between zones, especially when there are low pressure differences acting on the building components. Furthermore, the spatial relationship between zones is also neglected, and the pressure variation of a single zone only can be identified. The pressure difference between adjacent zones is more essential since airflow movement through adjacent zones in a building is caused by the pressure difference. Thus, existing folding line charts cannot provide an adequate reference for the control of pressure variation within a low-rise building.



Figure 6 shows real-time pressure variations in zones of the 1st, 10th, 20th, 40th, and 47th floor of target building B. Significant pressure differences between zones can be easily observed on the upper floors, and the directions of pressure differences can also be clearly identified, as can be seen on the 30th, 40th, and 47th floors. Moreover, the direction of pressure difference between the elevator shaft and the outside of the building remains unchanged on these floors, because of the simple layout of the building zones and the strong stack effect in this high-rise residential building. However, the magnitude of pressure difference cannot be determined from the folding line charts. In particular, for the floors close to the neutral plane of this building such as the 10th floor, the pressure differences between zones were not great and the directions of pressure differences also changed with time.



All in all, the existing method for visualizing pressure variations with folding line charts has shortcomings for both low-rise and high-rise multi-zone buildings and cannot provide meaningful visualized results for aiding the control of pressure in each zone. For example, changes in the directions and magnitudes of pressure differences are not readily perceivable due to the low pressure differences between adjacent zones in low-rise buildings. Additionally, the information of spatial relationships cannot be identified from the line charts. For high-rise residential buildings, the line charts are ineffective in displaying real-time variations in the magnitudes of pressure differences between zones, especially on the floors close to the median neutral plane.




4.3. Pressure Mappings of the Target Buildings


4.3.1. Grid Formation for the Floor Plan of the Target Buildings


As shown in the Figure 1, the first step of this method is to form grids for the building floor plans. Based on the number of columns along two major sides of target buildings A and B, preliminary grids can be formed for the building floor plans as shown in Figure 7 and Figure 8.



In target building A, the 4th floor has the greatest number of zones from among the four floors, and as such, the 4th floor was selected as the basis for forming a grid for the floor plan. As shown in Figure 7(a-1), the numbers of columns along the two sides are 6 and 8, and a grid for the floor plan can be created that has a total of 30 grid rectangles within the boundary of the building. It is also needed to consider the outside of the building, and the outside of the building can be represented by a total of 40 grid rectangles shown in Figure 7(a-2). However, the grid rectangles for the inside of the building thus derived cannot represent all measurement zones. Based on the condition that the maximum number of measurement zones between two columns is two, additional grid squares are added between adjacent columns, and the final grid is as shown in Figure 7(a-3). The total number of grid squares representing the internal zones of the building is 105, while the number of grid squares representing the outside of the building is 147. Then, each measurement zone inside the target building can be regarded as a group of grid squares, and the grid formed for each floor is as shown in Figure 7b–e.



For target building B, the 2nd to 27th floors and 30th to 47th floors have the same floor plan, with the 28th floor as a shelter floor and the 29th floor as a non-residential floor. Therefore, the typical floor plan is selected as the standard floor for the grid formation process for target building B. Using the information on the number of columns along the two major sides of the target building shown in the Figure 8(a-1), a preliminary grid was formulated for the floor plan of the typical floor that has 13 grid rectangles on the inside and 36 grid rectangles on the outside. Figure 8(a-2) shows that there is only one grid rectangle between two columns, meaning that the preliminary grid cannot represent all zones on this target floor. For example, the elevator shafts and the elevator hall cannot be represented with the preliminary grid. Considering that there are PS, EV.H, EV.S, and a staircase between two columns shown in Figure 8a, the minimum number of grid squares between any two columns should be four. The final grid for the typical floor plan was thus generated with 68 grid squares inside and 134 grid squares outside shown in Figure 8(a-3). The zones on the typical floor and the lobby are represented as various groups of grid squares as shown in Figure 8b,c.




4.3.2. Establishment of Coordinate Systems for the Measurement Zones


The measurement zones need to be further specified based on the formulated grids of the two target buildings. A Cartesian coordinate system in two dimensions was established for each target floor, and only positive half-axes are applied to specify the measurement zones. In the coordinate system, the X- and Y-axes denote the two sides of the target buildings, and each coordinate point designated as (x, y) is considered as a representation of a grid square. Finally, various groups of coordinates can be used to represent the measurement zones of each target building based on the grid formation results. Figure 9a depicts a coordinate system representing the measurement zones on the 4th floor of target building A, where the points indicate the coordinates of the grid squares derived in the last step. Taking Z6 and Z9 as examples, the grid squares of the two zones can be replaced by two groups of coordinates as marked in Figure 9a. Figure 9b shows the coordinate system for the typical floor in target building B.



According to the coordinate systems, the groups of grid squares can be substituted by coordinate points, and the measurement zones can be described as various sets of coordinates. Taking Z6 and Z9 on the 4th floor for target building A and U2 and EV.S 2 on the typical floor for target building B shown in Figure 9 as examples, the coordinates of these measurement zones are summarized in Table 3. The same procedures are then taken for other floors. The coordinate systems of the measurement zones on each target floor can be finally established.




4.3.3. Determination of Spatial and Numerical Mapping Relationship


As shown in Figure 1, before drawing the pressure distribution mappings, the spatial and numerical mapping relationships should be determined. Pressure mappings are derived from real-time pressure variations and the coordinate sets of each measurement zone. Each coordinate is then matched with its corresponding pressure value to derive the real-time pressure mapping of the target floor.



In order to display the variations in pressure at different times, the measurement period for target building A is divided into periods from AM 0:00:00 to AM 11:59:30 and from PM 12:00:00 to PM 23:59:30. For target building B, measurement periods from AM 0:00:00 to 2:59:30 and from AM 3:00:00 to AM 5:59:30 are applied for visualizing pressure distribution. Here, the mean pressure value during each measurement period is used instead of pressure data at a certain time point to avoid device errors. Table 4 shows the mean pressure of each measurement zone for different time periods. For actual use, the real-time pressure variation in each zone can be used to extract real-time pressure mappings. The setting of time intervals and start time is needed to be the same for the sensors within all the measurement zones. The continuously varying pressure mappings can be then generated with the simultaneous pressure value in each zone.



Then, using the derived pressure values, the spatial and numerical mapping relationships (x, y, z) between each pressure value z and the coordinate point (x, y) are determined. Table 5 shows the examples of the spatial and numerical mapping relationships for Z6 and Z9 on the 4th floor of target building A as well as U2 and EV.S 2 on the 20th floor of target building B during two measurement periods. Finally, all the measurement zones for the target buildings are represented using the mapping relationships (x, y, z).




4.3.4. Pressure Mapping for the Target Buildings


Based on the established spatial and numerical mapping relationship (x, y, z) of each measurement zone, the three-dimensional plotting tool in MATLAB is used to visualize the pressure distribution and variation of the target buildings.



In Figure 10, pressure mappings in 2-dimensional (2D) and 3-dimensional (3D) dimensions are shown for target building A during the two measurement periods, arranged by floor. In contrast to the folding line charts shown in Figure 5, the pressure mappings combine complex spatial information with real-time pressure values for each measurement zone inside each building, illustrating the pressure difference and spatial relationships between adjacent zones.



Building operators can intuitively understand the information on the number of zones inside a building and the layout of each zone. For example, there are nine measurement zones on the 4th floor, and Z1 is adjacent to Z2, Z4, Z5, Z6, and Z7. Furthermore, there is always a lower pressure difference between adjacent zones in a low-rise building due to the weak impact of the stack effect. The pressure mappings use colors to provide a clear distinction of similar pressure values in different zones, allowing the building operator to perceive a lower pressure difference between certain adjacent zones, such as zones Z2 and Z4 on the 1st floor, Z1 and Z5 on the 2nd floor, and Z1 and Z4 on the 3rd floor.



For pressure and airflow control in a low-rise multi-zone building, it must be considered that the real-time variation of the pressure difference between adjacent zones is more important than focusing only on the real-time pressure variation of any single zone. Pressure mappings make it possible to detect real-time changes in pressure difference based on color differences. For example, on the 1st floor, it can be readily seen from the same color hues that the pressure differences between internal zones did not change significantly over the two measurement periods, even as the pressure difference between the inside and outside of the building increased in the second measurement period. In comparison to other zones, the difference between Z8 and Z9 and between the outside and inside of the building decreased on the 4th floor.



Moreover, if the real-time pressure mappings are derived for each floor, the pressure variation characteristics can be identified by comparing these mappings. For example, the pressure of Z1 on the 1st floor was always the highest among all the measurement zones, while the pressure of Z3 was always the lowest. Such pressure characteristics can also be found on other floors. Thus, the pressure mappings derived for a low-rise building provide insight both on the features of real-time pressure variation in individual zones and on the changes in pressure differences between adjacent zones.



Figure 11 shows 2-dimensional (2D) and 3-dimensional (3D) pressure mappings for target building B from AM 0:00:00 to AM 2:59:30 and from AM 3:00:00 to AM 5:59:30. Although there are not many measurement zones in target building B, the number and layout of measurement zones on each floor are clearly identified using 2D pressure mappings similar to those of target building A. Moreover, the variation of colors provides an intuitive indication of pressure distribution within each zone.



As a result of the strong stack effect, there is always a large pressure difference acting on the building components above and below the neutral plane level of high-rise buildings, which is clearly observable in the pressure mappings for the 20th, 30th, 40th, and 47th floors. A huge pressure difference is observed between EV.H and U1, U2, and U3, while the pressure difference between EV.S and EV.H is considerably smaller than the difference between EV.H and the houses. However, with reference to Figure 6, it is difficult to identify these special characteristics using line charts.



The pressure mappings also show the characteristics of real-time pressure difference variations between adjacent zones in target building B, where the pressure differences between adjacent zones changed little over time. Moreover, except for the 10th floor, there were no apparent variations in the pressure difference between adjacent zones, as the color of each zone remained the same during both measurement periods. This indicates that the pressure difference between adjacent zones in high-rise buildings generally remains stable, even though the absolute pressure in each zone may appear to change with time.






5. Discussion


The derived pressure mappings for multi-zone buildings provide detection both on the visualization of pressure conditions in an individual zone and on a pressure difference between adjacent zones using color differences. Based on the mappings, variations in airflow direction across air leakage paths between adjacent zones are then clearly identified. For building A, airflows between Z4 and Z2 on the 1st floor infiltrate from Z4 with high pressure to Z2 with low pressure during the two periods. For Z8 and Z9 on the 4th floor, the airflow direction is from Z9 to Z8 in the first period, and there are no apparent airflows between these two zones in the second period due to similar colors shown in the pressure mappings. Pressure mappings for target building B also provide a clear clarification of airflow moving paths, especially on high floors with a strong stack effect. For the 20th, 30th, 40th, and 47th floors, the airflows flow outside of the building through the horizontal zones, including the elevator shaft, elevator hall, and residential units, which further results in the difference in energy consumption within various zones due to the different temperatures and changed air infiltration rates. Moreover, if there are sources of air pollutants within certain zones, the direction of air pollutant transport can be also identified using real-time pressure mappings.



All in all, the pressure mappings allow building managers to easily understand the pressure condition in each measurement zone and quickly diagnose real-time variations in airflow direction between adjacent zones with color variations. In addition, the operation of the HVAC system can also be adjusted efficiently with the reference of diagnosed results for the airflow distribution.




6. Conclusions


This study develops a pressure-sensing system for real-time pressure monitoring. The developed system consists of a Master device and a number of Slave devices. Field pressure measurements were conducted in actual low-rise and high-rise multi-zone buildings with the new pressure-sensing system. The system enables the real-time monitoring of environmental parameters, especially for pressure variations within zones, and provides the preliminary visualized results of folding line charts. A novel spatiotemporal visualization method was further developed to derive pressure distribution mappings using the data collected from the developed system, which is comprised of four steps. According to the information of columns and the layout of measurement zones for two target buildings, measurement zones were first represented in a grid as groups of squares. A Cartesian coordinate system was then established to represent the measurement zones as various sets of coordinates. Each coordinate was matched with a monitored pressure value to deter’mine the spatial and numerical mapping relationships. Lastly, the pressure conditions within all measurement zones for the two target buildings were visualized for each floor as pressure mappings.



These mappings are especially suitable for visualizing the spatiotemporal distribution of pressure in multi-zone buildings considering the layout of measurement zones. Moreover, the pressure distribution mappings make it possible to detect the pressure variation characteristics of both low-rise and high-rise multi-zone buildings. For low-rise multi-zone buildings, the mappings provide a clear distinction of the pressure differences between adjacent zones by color differences. For high-rise buildings, the mappings not only reveal large pressure differences between EV.H and U1, U2, and U3, but also a small pressure difference between EV.H and EV.S, and the pressure difference always remains consistent with time.



Despite its contributions, this study also has the following limitations: first, the shapes of the two multi-zone buildings are regular, and future work will be conducted to extend the potential application of this method to multi-zone buildings having irregular shapes. In addition, the visualization procedure is not integrated with the self-developed sensing system. The display and data processing modules will be upgraded with the function of transforming the input pressure data directly into visual pressure mappings. The developed system and its related pressure mappings are also expected to interact with the HVAC system to allow a more effective management of environmental parameters inside buildings.
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Figure 1. Flowchart of the proposed method. 
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Figure 2. Overview of the architecture and components of the developed pressure-sensing system for pressure monitoring. 
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Figure 3. Overview of the configuration for the developed pressure-sensing system. (a) Configurations of the Master. (b) Configurations of the Slave. 
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Figure 4. Floor plans and locations of devices for the target buildings. (a) Floor plan, layout of zones, and locations of Slave devices for target building A. (b) Floor plan, layout of zones, and location of Slave devices for target building B. 
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Figure 5. Real-time pressure variation of measurement zones for target building A. (a) Measured pressure variation on 1st floor. (b) Measured pressure variation on 2nd floor. (c) Measured pressure variation on 3rd floor. (d) Measured pressure variation on 4th floor. (e) Measured pressure variation on 4th floor. 
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Figure 6. Real-time pressure variations in measurement zones for target building B. (a) Measured pressure variation on 1st floor. (b) Measured pressure variation on 10th floor. (c) Measured pressure variation on 20th floor. (d) Measured pressure variation on 30th floor. (e) Measured pressure variation on 40th floor. (f) Measured pressure variation on 47th floor. 
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Figure 7. Grid formation process and results for the floor plan of target building A. (a-1) Number of columns along major sides. (a-2) Preliminary grid for the building floor plan. (a-3) Final grid for the building floor plan. (a) Example of grid formation for building floor plan for target building A. (b) Grid results on the 1st floor. (c) Grid results on the 2nd floor. (d) Grid results on the 3rd floor. (e) Grid results on the 4th floor. 
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[image: Sensors 23 04116 g007]







[image: Sensors 23 04116 g008 550] 





Figure 8. Grid formation process and results for the floor plan of target building B. (a-1) Number of columns along major sides. (a-2) Preliminary grid for the building floor plan. (a-3) Final grid for the building floor plan. (a) Example of grid formation for building floor plan for target building B. (b) Grid results for the typical floors. (c) Grid results on the lobby. 
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Figure 9. Examples of coordinate systems for the target buildings. (a) Coordinate system for measurement zones on the 4th floor of the target building A. (b) Coordinate system for measurement zones on the typical floor of the target building B. 
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Figure 10. Pressure mappings for target building A. 
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Figure 11. Pressure mappings for target building B. 
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Table 1. Specifications of pressure sensors equipped in the developed system.
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	Sensor Features
	Specifications





	Type
	Barometer sensor: VAISALA PTB110



	Operating range
	Range: 800 to 1100 hPa



	Accuracy
	±0.30 hPa at 20 °C



	Linearity
	±0.25 hPa



	Hysteresis
	±0.03 hPa



	Repeatability
	±0.03 hPa



	Interval
	5 s (Minimum)



	Storage
	8 GB
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Table 2. Summary of the target buildings.
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	Specification
	Building A
	Building B





	Location
	Incheon, Korea
	Seoul, Korea



	Completion (year)
	2016
	2020



	Dimensions (m)
	39.6 (L), 54.5 (W)
	49.35 (L), 34.6 (W)



	Height (m)
	19.5
	199.2



	Number of floors

(basement)
	4 (0)
	49 (5)



	Usage
	Office, Warehouse
	Residence



	Exterior
	[image: Sensors 23 04116 i001]
	[image: Sensors 23 04116 i002]
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Table 3. Coordinate sets of the measurement zones for the target buildings.
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Target Building

	
Zone

	
Coordinates Sets






	
Building A

(4th floor)

	
Z6

	
(3, 3),

	
(3, 4),

	
(3, 5),

	
(3, 6),

	
(4, 3),

	
(4, 4),

	
(4, 5),

	
(4, 6),

	
(5, 3),

	
(5, 4),

	
(5, 5),

	
(5, 6),

	
(6, 3),

	
(6, 4),

	
(6, 5),

	
(6,6)




	
Z9

	
(12, 3),

	
(12, 4),

	
(13, 3),

	
(13, 4),

	
(14, 3),

	
(14, 4),

	
(15, 3)

	
(15, 4),

	
(16, 3),

	
(16, 4),

	




	
Building B

(Typical floor)

	
H2

	
(7, 3),

	
(7, 4),

	
(7, 5),

	
(7, 6),

	
(8, 3),

	
(8, 4),

	
(8, 5),

	
(8, 6),

	
(9, 3),

	
(9, 4),

	
(9, 5),

	
(9, 6),

	
(10, 3),

	
(10, 4),

	
(10, 5),

	
(10, 6)




	
EV.S 2

	
(9, 10)
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Table 4. Mean pressure value of all zones during two measurement periods.
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Mean Pressure (Pa)-AM 0:00:00—AM 11:59:30

	
Mean Pressure (Pa)-PM 12:00:00—PM 23:59:30




	
Building

A

	
Floor

	
Z1(Out)

	
Z2(Z6)

	
Z3 (Z7)

	
Z4(Z8)

	
Z5(Z9)

	
Z1(Out)

	
Z2(Z6)

	
Z3 (Z7)

	
Z4(Z8)

	
Z5(Z9)




	
1F

	
101,431

	
101,427

	
101,425

	
101,429

	
—

	
101,258

	
101,254

	
101,252

	
101,256

	
—




	

	
101,430

	
—

	
—

	
—

	
—

	
101,258

	
—

	
—

	
—

	
—




	
2F

	
101,356

	
101,360

	
101,358

	
101,359

	
101,355

	
101,184

	
101,189

	
101,186

	
101,187

	
101,183




	

	
101,360

	
—

	
—

	
—

	
—

	
101,188

	
—

	
—

	
—

	
—




	
3F

	
101,310

	
101,316

	
101,314

	
101,310

	
—

	
101,138

	
101,144

	
101,143

	
101,137

	
—




	

	
101,313

	
—

	
—

	
—

	
—

	
101,141

	
—

	
—

	
—

	
—




	
4F

	
101,265

	
101,266

	
101,259

	
101,262

	
101,261

	
101,094

	
101,095

	
101,088

	
101,090

	
101,089




	

	
101,266

	
101,265

	
101,261

	
101,263

	
101,265

	
101,093

	
101,094

	
101,090

	
101,092

	
101,092




	

	

	
Mean pressure (Pa)-AM 0:00:00—AM 2:59:30

	
Mean pressure (Pa)-AM 3:00:00—AM 5:59:30




	
Building

B

	
Floor

	
EV.S

	
EV.H

	
L/U2

	
V

	
Out

	
EV.S

	
EV.H

	
L/U2

	
V

	
Out




	
1F

	
101,872

	
101,908

	
101,954

	
101,951

	
101,941

	
101,905

	
101,944

	
101,990

	
101,986

	
101,979




	
10F

	
101,407

	
101,409

	
101,423

	
—

	
101,422

	
101,440

	
101,442

	
101,458

	
—

	
101,453




	
20F

	
100,968

	
100,957

	
100,936

	
—

	
100,909

	
101,001

	
100,990

	
100,965

	
—

	
100,940




	
30F

	
100,479

	
100,458

	
100,406

	
—

	
100,373

	
100,512

	
100,490

	
100,432

	
—

	
100,403




	
40F

	
100,040

	
100,023

	
99,942

	
—

	
99,898

	
100,432

	
100,054

	
99,964

	
—

	
99,923




	
47F

	
99,731

	
99,717

	
99,599

	
—

	
99,559

	
99,763

	
99,748

	
99,616

	
—

	
99,579
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Table 5. Examples of spatial and numerical mapping relationships for the target buildings.
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Target Building

	
Zone

	
Coordinates Sets






	
Building A

(4th floor)

	
Z6

	
(3, 3, 101, 265),

	
(3, 4, 101, 265),

	
(3, 5, 101, 265),

	
(3, 6, 101, 265),

	
(4, 3, 101, 265),

	
(4, 4, 101, 265),




	

	
(4,5,101,265),

	
(4,6,101,265),

	
(5,3,101,265),

	
(5,4,101,265),

	
(5,5,101,265),

	
(5,6,101,265),




	

	
(6, 3, 101, 265),

	
(6, 4, 101, 265),

	
(6, 5, 101, 265),

	
(6, 6, 101, 265)

	

	




	
Z9

	
(12, 3, 101, 265),

	
(12, 4, 101, 265),

	
(13, 3, 101, 265),

	
(13, 4, 101, 265),

	
(14, 3, 101, 265),

	
(14, 4, 101, 265),




	

	
(15, 3, 101, 265),

	
(15, 4, 101, 265),

	
(16, 3, 101, 265),

	
(16, 4, 101, 265)

	

	




	
Building B

(20th floor)

	
U2

	
(7, 3, 100, 936),

	
(7, 4, 100, 936),

	
(7, 5, 100, 936),

	
(7, 6, 100, 936),

	
(8, 3, 100, 936),

	
(8, 4, 100, 936),




	

	
(8, 5, 100, 936),

	
(8, 6, 100, 936),

	
(9, 3, 100, 936),

	
(9, 4, 100, 936),

	
(9, 5, 100, 936),

	
(9, 6, 100, 936),




	

	
(10, 3, 100, 936),

	
(10, 4, 100, 936),

	
(10, 5, 100, 936),

	
(10, 6, 100, 936),

	

	




	
EV.S 2

	
(9,10,100,968)

	

	

	

	

	

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
—

—

rl' =
Stational
positioning for
Slave #1
A
2
! r
-
[
1
1
1
1
1
7 \ 4
Stational Stational
positioning for positioning for
Slave #4 Slave #5
—_— —_—
r.I;f_"-i'%i'":‘J f.]'_f =)
— ———

N =]
Stational positionin

=—

=

rl?f%fj
Stational
positioning for
Slave #2
A

T t\g 5 O ™

Stational

N Temperature Humidity Pressure

positioning for

Slave #3
A

®

for Master

Stational
Positioning for
Slave #6

A 4
Stational

Positioning for
Slave #7

)

[T

i

Slave .‘ss
.

Setup signal
of the slave

1
Monitored: 1
lata 1 :

[\ * i

g

Data
analysis






media/file30.png
P

-_
.





media/file26.jpg





media/file27.png
Pressure mapping for the 1st floor
AM 0:00:00 to AM 2:59:30

10 |
5 L
0 i
0 5 10 15 20
X
= E: =) E: = E: E: E: = = = =2 =2 =2 =
® ® ©e © © © ©° e ¢« =2 8 & £ 5 X
[+ - = o (3] (%) e h
x10° x10°
1.0196
o
5 1.0194 1
w
w
2 1.0192
-9
o
E 1.019 -
2
= 1.0188
«
1.0186

b

Pressure mapping for the 20th floor
AM 0:00:00 to AM 2:59:30

AM 3:00:00 to AM 5:59:30

L610°1

AM 3:00:00 to AM 5:59:30

AM 0:00:00 to AM 2:59:30

Pressure mapping for the 10th floor
AM 3:00:00 to AM 5:59:30

10
Y
5
: 0
20 0 5 10 15 20
X
- =X N e o N e N o e
e == 2 2 222 2223 =222 s8 8
g & 28 2 2 2 2 &2 5 &2 " 2 P REEEEZEST
= 0 = = = S = 8 £ 2 E T 2 2 2
%103 x10°
1.01425 1.0146
) -5}
S S
72 1.0142 2 1.01455
g ]
S —
&~ 1.01415 A~ 1.0145
2 2
= =
S 1.0141 3 1.01445
= =
1.01405 , 1.0144
20 15 : o 20 15
10
5 10
Y 00 X

AM 0:00:00 to AM 2:59:30

Pressure mapping for the 30th floor
AM 3:00:00 to AM 5:59:30

15 15 15 IS¢
10 10 - 10 + 10 -
Y Y Y
5t 5 5t 5¢
0 L ' 0 i i j 0 i i ‘ 0 ;
0 S 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
X X X X
— — o — — — X oot o ik k. — —_ — X e e e e e e e e e e X — — [ —_— — X
N b . . P * P ) ° - . . . . . [a—y
$ 8 8 §8 8 & = : 3 § ¢ : § == SEEEESEEEZ: = s 2 £ 2 3 =
= S s F4 b3 L = o -3 3 & ° ® & = o = B o= 3 & £ & & n
5
. . x10 %10°
%10° x10°
1.005
x 1.0098 1 @ 1.0048
= -
; 1.0096 - % 1.0046
2 = 1.0044
&~ 1.0094 - =
3 = 1.0042
= =
_'Z 1.0092 . 2 1.004
« < 1.0038
1.009 L
15 : 20

Pressure mapping for the 40th floor

AM 0:00:00 to AM 2:59:30

AM 3:00:00 to AM 5:59:30

15

AM 0:00:00 to AM 2:59:30

20

Pressure mapping for the 47th floor

AM 3:00:00 to AM 5:59:30





media/file18.png
Number of columns: 6

EPS/TPS PS2 = " Number of grid rectangle outside: Number of grid rectangle outside:
P | 2 36 134
§_3V. L U3
E\ @3
S35 " Number of grid rectangle inside: Number of grid rectangle inside:
13 68
T U2 =
J
Y
Number of columns: 6
(a-1) (a-2) (a-3)

(a)

l

Typical floor |--

(b) (c)





media/file21.jpg
Pressure mapping for the 1st floor Pressure mapping for the 2nd floor
AMOO00010 AM 115930 PM 1200:00to PV 255930 AM 0:0000 to AM TES930  PM 12000 to PM255930

Pressure mapping for the 3rd floor Pressure mapping for the it floor
AMOO0000to AM 115930 PM 1200:00to PM Z559530  AM 0:0000 o AM 1S90 PM 12000 to PM255930





media/file31.png





media/file3.jpg
Mostors] | St sl
el b

&

4
-






media/file19.jpg





media/file7.jpg
(b)





media/file28.png
x;_h

=
o~

9.975

9.97

9.965

L4 ..-r
v o
] Wi —
A & =
Sl =
\d

9.96 2.1nssa1g ANJosq

x10*
9.97 |-

9975 .

20

9.968
9.966
9.964

9.962

9.96

15

x10*

v 7 - ‘ 4
W ~ w © w
~ o © - I
9 =N = - =N
g =

>
2INSSAI NNJosqVy

9.958

9.956

20

X :_a
10.006
10.004

10.002

9.998

9.996

9.994

x10°

1.001

= 2
JINSSAIJ IINnjosqy

>
oo |

9.998

9.996

9.994

9.992

x10*

10.005 .
9995,

9.99

2INSSAAJ IINnjosqQy





media/file23.png
Pressure mapping for the 1st floor
AM 0:00:00 to AM 11:59:30 PM 12:00:00 to PM 23:59:30

15
10 -
Y
5_
0 i i i H
5 10 15 20
X
— — —_— — — —_— _x
= = = = = = ==
N N N N N N s
(] (] (V] (o] (¥ ] %] (%]
N (=2 ~1 = 2] kY= .
x10°
o 1.01432
=
2 1.0143.
=
P
A 1.01428
]
=
= 1.01426 -
w
]
< 1.01424 |
15 20
10 o
. 10
Y 0 0 X

Pressure mapping for the 3rd floor
AM 0:00:00 to AM 11:59:30 PM 12:00:00 to PM 23:59:30

15

Absolute Pressure

0 10 15 20
X

e — e s B f— —x

S & & & & & &

o = ) o = o o N

N N h N N W n

) W & n - Q =3
x10°

1.01258 -

1.01256 .,

1.01254

1.01252 | -

15 - - 20

Pressure mapping for the 2nd floor
AM 0:00:00 to AM 11:59:30 PM 12:00:00 to PM23:59:30

15

10 -
Y
5 L
0
—_— — — — — —X
e = = = = ==
W W w w (7 WL N
n n wh hn hn (=)
171 = ~J (-] o
x10°
2 1.0136-
=
w
w
¢ 1.01358.
(=™
=]
S 1.01356 -
=}
2 101354 |

15

15

€8110°1

x10°
1.0119 -
1.01188 -

1.01186 -

Absolute Pressure

= 1.01184 -

P8IT0°I

S8I10°1

98110°1

L8IT0°]

Pressure mapping for the 4th floor
AM 0:00:00 to AM 11:59:30 PM 12:00:00 to PM23:59:30

88110°1






media/file14.png
102,100

102,050

102,000

101,950

101,900

Absolute pressure (pa)

101,850

101,800

—I1F-EV.S1 —I1F-EV.H —I1F-L —1F-V —I1F-Out

0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00
Time

(a)

101,100

—20F-EV.S1 —20F-EVH —20F-U2 ——20F-Out

101,050

01,000

00,950

pressure (pa)

100,900

Absolute

100,850

100,800

100,150

0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00

Time

(c)

100,100 A

100,050 A

100,000 A

Absolute pressure (pa)
O O
“\O u\O
O O
(] n
o o

99,850 -

99,800

—40F-EV.S1 —40F-EV.H —40F-U2 ——40F-Out

0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00

Time

(e)

Absolute pressure (pa)

Absolute pressure (pa)

Absolute pressure (pa)

101,525

101,500

101,475

101,450

101,425

101,400

101,375

101,350

100,550

100,500

100,450

100,400

100,350

100,300

100,250

—10F-EVS1 —10F-EVH —10F-U2 —10F-Out
|
’ I
0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00
Time

—30F-EV.S1 —30F-EV.H —30F-U2 —30F-Out

- I '
I

0:00 0:30 1:00 1:30 2:

00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00
Time

(d)

100,050

—47F-EV.S 1

—47F-EV.H

—47F-U2 ——47F-Out

99,950

99,850 A

99,750 A

99,650

99,550 A

99,450

0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00 4:30 5:00 5:30 6:00

Time

(f)





media/file6.png
Setup module
Group ID Set:1~20 Slave ID:1~20

BAUDR : 9600,14,400,19,200,38,400
Slave time : 1s~30min, LCD time :0s~ON

Display and data processing
module

Storage module

Group, Call ID, Setting,
Battery state <«—

Time

—>' [Pressure, Temp., humidi

ta

Data analysis :
(Pressure, Temp., Time)

Multi-communication module

LTE modem (Server) || Wire(PC or Server)
Wireless (Slave) RS-232, TCP/IP

Power module

Signal of parameters
[ J
setup to Slaves

Setup module
. Time, Pressure offset, Temperature
offset, Humidity offset
Sensor module
Sensor 1 ( Sensor 2 J
Absolute pressure Temp.,Humidity
— Y..¥

CPU

[ ]

T4

Multi-communication module

Wireless Wire(PC or Server)
(MASTER) RS-232,TCP/IP

Display module

—>: (Pressure, Temp., humidity,
setting index

Data collection module
Pressure, Temp., humidity,
Time

—

Signal of recorded Power module
data to the Master ®






media/file15.jpg
© @ ©

®





nav.xhtml


  sensors-23-04116


  
    		
      sensors-23-04116
    


  




  





media/file11.png
Absolute pressure (pa)

Absolute pressure (pa)

101,580
101,380} —1F-Z1
101,180
101.580
101,380} —1F-22
101,180
101,580
101,380
101,180
101,580
101,380} —1F-Z4
101,180
101,580
—1F-Out
101,380
101’1Rn T T T T T T T T T
0:00 2:30 5:00 7:30 10:00 12:30 15:00 17:30 20:00 22:30
Time
(a)
101.480
101,280, —3F-Z1
101,080 . ._w
101.480
101.280L —3F-72
101,080 B hey
101,480
101.280| —3F-Z3
101,080 ke
101,480
101,280 —3F-Z4
101,080 M
101,480
101,280L —3F-Out
101,080 B ahes

0:

00 2:30 5:00 7:30 10:00 12:30 15:00 17:30 20:00 22:30
Time

(c)

Absolute pressure (pa)

Absolute pressure (pa)

101.520
101,120 e T
101.520
101.320 :—\’N“f‘“'"\\ —2F-72
101.120 gl cahey
101,520
101,320-\”\"""”‘\\ ‘____d;\zifi
101,120 N
101,520
——2F-74

101.320F
101,120 IS cah ot
101,520
101,320 W\\\ —2F-75
101,120 —
101,520 —JF-Out

_P__M
101,120 . N . .

0:00 2:30 5:00 7:30 10:00 12:30 15:00 17:30 20:00 22:30
Time

(b)

101,400

—4F-Z1
101,200L

101,000

101,400
101,200 ——4F-72

101,000

101,400

101,200/ —4F-Z3

101,000
101,400

101.200L ——4F-Z4

101,000
101,400

1012001 —4F-Out

101’000 T T T T T T T T T
0:00 2:30 5:00 7:30 10:00 12:30 15:00 17:30 20:00 22:30
Time

(d)






media/file16.png
6

Number of columns :

Number of columns : 8

(a-1)

—

| Nuthber bf grid rectangle qutside:40

lllllllllllllll

| 1F I

||||||

||||||

s

77






media/file2.png
(1) Form a preliminary grid for the building floor plan

Information from target Number of columns along two Preliminary grid based on
building floor plan sides of the target building information of columns

s =\

'Nu:mhbr of grld rectangle

Number of columns : 6

1 L] e
2.z

Y
Number of columns : 8

(2) Divide the preliminary grid into smaller squares

Maximum of measurement ; Final grid with measurement
Layout of measurement zones H H Grid for the floor plan H g

zones between two columns

zones
- ~ ~ = - - s ~
Ni h T orid t | b i ' i
- o T | V T
o L
[ i
P - r
[ ' i
- 4oda L
HE Sz £
[ L
[~ i e i g -
i I |
ot : +
Lo d | AEX L TR | | U5 Ereet B Y i i
e k|
\ J

; ; . Target building represented on the coordinate Measurement zones represented on the
Cartesian coordinate system for the final grid ;
system coordinate system for each floor
e ™) s ™\ e

Y y v

[ e T e S e e e S [ | e T S S e e e ]

e I e L S A 1 I A 1 <= 25 ] 0 0 5 S I D I D ! I I O W11
24— 12 L R 13
|+t 4966006+t 12—
w—-rt+t+-rr1+rt+1rrr—++-1r+1ri 10 0-0-0-0-0-0-0———— 11111 w

L e e o I o 9 [ R e} §

8|t 8 L T 8

N b 7 * 000008000000 e -l

[ O o I B 6| ——-0-0-0-0-0-0-0-0-0-0-0-0-0-0——| o

e S S T S T SO0 00000000000 o

' S S S [N I N A 1900000000000 | .

——1Tt+1++1r T+ +r+Tt+1T137 I §-0-0-0—-0-0-0-0-0—0-0-0-0—8— a1

2 2| ! | A T - 2

{ENEEEEEE [T A .

0] 1234 567 891011121314151617181920 y 0] 1 234 567 891011121314151617181920 y 0 T 234 567 891011 121314151617181920

ST T —

lCoordinates of the measurement zones for the]

o > Spatial and numerical mapping relationships
target building {
Measurement zone | Coordinates Measurement zone | Spatial and numerical mapping relationship
eue * '!(x’y}"" aen "'9(X9Yaz)s"-
76 (3,3) (34) (3,5) ... 76 3,3,101265) (3,4, 101265) (3,5, 101265) ...
79 (12,3) (12,4) (13,3) ... 79 12,3,101265) (12,4, 101265) (13,3, 101265) ...
ol ST b A IS

—

2D and 3D pressure mapping of the target building at the ﬁrst
measurement period

2D and 3D pressure mapping of the target building at the
second measurement period

] =10*
157 “iloh266 101095
<10
101268 Lo
101096
£
L1264 Loy
0- 5 10104
[T
101263
Y = Loeer |
:
Lowesr =
101262 E Lo |
5 -
Lones
Lo1261 101088 L 15
e - L
Loless R L
126 e
10 s s
0 -1 v . . 101289 comigad X 0 0 ¥
[ 5 1 15 n
- X






media/file20.png
i b.-

X

/(l

Sy NP KSR NESWES WS -

=
o
=)
—
0
—(
-~
=" r p—
. ; =
[ 1 1 1
| ) | 1 ) 1
Lood [ | L / )
| ) | 1 ) 1
[ T T T o / v
’ Fan® Fan® 4
/ A / —
7 o oy Py ey 3
/f\ Y r\/ —(
o) o o 7 2
A\ Y e
N Nk e
YN —
- =
N -
=)}
o
OO~ %
O @@ ~
0P N-)
o) N
D@D w
Q@ DD -+
o
D en
o
—
<
TN N e O NSRS W TN - =
y gy p—
pobr
L |
oo !
m
A A
\ &
A 3
T R
Wt \ ®
& NG| / \m
[ ~
el / | o
A~ |~
-i- -t A0 |_3. ............ o
N G Y v & y—
o T NIENE v
Fany Fany Fany R '
P (== LA A S —
- Y T 1 Y ' 1= DD -
R Y Y Y v
[ T e R T R R Y |
| | - \ NNl (ap]
I I | I L | | ) | AV L& & o y—
N6 el ~
L I~
e W - WY 25 WO WP =Y e
A7 ARV A S O A o
/ FanY o FanY o o 0
//\ & &7 AP ¢ —
LN D) o o N ) LNl 9
NSO A Y A
0 W 0 WO <> WY 2.9 o \f 0 WO 45 WO s W 9 o0
A7 UV A O A ¢V B A ¥ A A VA O A
D QD ~
@ Dy DD N-
OO OO »
@k D DD -t
DD DD i
o
—
<
T NN e O N XD N TN AN e (—]
Py v e v v

(b)

(a)





media/file10.jpg
Absolute pressure (pa)

101,400

—4F-Z5
101,200

101,000

101,400
101,200

——4F-Z6

101,000

101,400
101,200
101,000

—aFZ7

101,400 =T

101,200
101,000/

101,400 =0
101,200

101,000
0:00 2:30 5:00 7:30 10:00 12:30 15:00 17:30 20:00 22:30

Time

(e)





media/file5.jpg





media/file24.png
151

15

15

15

20

20

20

15

20

15

1.01094

1.01093

1.01092

1.01091

1.0109

1.01089

1.01088

x10°
1.01266

1.01265

1.01264

1.01263

1.01262

1.01261

1.0126

1.01259

1.01142
1.01141
1.0114

1.01139
1.01138

1.01137

1.01315

1.01314

1.01313

1.01312

1.01311

1.0131

x10°

%10°

1.01096 -

®x10°

o
S
L
]

101142

-
=3
&
<

01092

10109

2IN$$21J AN[OSqY

101264 .

21n5821J AN[OSqY

<
—
—
=

v

01262 |

-

1.01138

101136 L

1.0126 |

9.INSSAIJ aINjosqQy

1.01316 ..

1.01314 |

1.01312 .-

—
en
-
=

—

2INSSAIJ AN[OSqVY

1.01088 L.

0

15






media/file1.jpg





media/file25.jpg
Pressure mapping for the 1t floor

AME000010 AM 25930 ~ AM 3000010 AM 53930

Pressure mapping for the 10 loor
AM 300010 AM 5390

AM 3000010 AM 25930

Presure mappin fo the 20 floor

AMB000010 AM 25930 AM 3000010 AM 53930

Pressure mapping for the 40th oor
AME000010 AM 25530 AM 300010 AM 53930

Prssure mapping for the 0th floor
“AM 3000010 AM 535930

AM 00000 10 AM 2590

Lt

4

Pressure mapping for the 471h floor
AM G000 10 AM 25930 AM 3004010 AM 53930






media/file12.png
Absolute pressure (pa)

101,400
101,200

101,000
101,400

——4F-7Z6
101,200

101,000
101,400

—4F-7Z7
101,200

101,000
101,400

—4F-Z8
101,200

101,000
101,400

—4F-79
101,200

101.000

L T T T T T T T T

0:00 2:30 5:00 7:30 10:00 12:30 15:00 17:30 20:00 22:30
Time

(e)





media/file9.jpg
: 2 i
! = 8 =
! 2 =

T
@ (b)
- ,Jr o

@





media/file0.png





media/file22.jpg





media/file8.png
5 e .

- 1F(Lobby), 2F~ 4F( Corridor)
- - Office room
A ) 1 - Meeting room
| " Warehouse
i ! B  utility room
- ~ Vestibule
= = = = ] [ e v - - @ Location of a Slave
) 54.5 il
(a)
’ 49.35 .
- - - - - 7 PIT
n EPSMPS| | PSm " 47F o o
PS [E 2 =
V. C
U1 e - s U3 aoF|d B
= . S S n © _ - L J
- =
L
u
|
n | | E
- W =
® ® " i
U2 o :
= -
. n
Typical floors (2F-27F / 30F -47F) ;i H——8——® Elevator hall
L
= |- ——a—— Elevator shaft
. L — PS » - ’_I s = E Elevator hall U1,U2,U3 Residential unit
ps ps EVSE p H B sieymintshall | TS Piping shaft
s \ S Q ® 5 H Residential unit
VEd o [ a1 H Outside EPS/TPS Electrical /
P E L _I—l - - Telecommunication
N L 2 - n Piping Shaft
S -
u EV.H Elevator Hall
H : = L Lobby
\Y% Vestibule
[E Elevator shaft
[ ] Location of a Slave
Lobby (1F)






media/file17.jpg





