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ABSTRACT 

A future is envisioned where buildings are assembled on-site from factory manufactured modular elements that 

integrate the smart technology needed to enable scalable, cost-effective solutions with autonomous, occupant-

responsive, healthy, and sustainable features. The use of modular elements would mean that buildings are assembled 

rather than constructed on-site with better quality control, less material waste, and more predictable schedules. The 

use of manufactured building elements can enable more cost-effective integration of new sensors, embedded 

intelligence, networking, adaptive interfaces, renewable energy, energy recovery, comfort delivery, and resiliency 

technologies, making high-performance buildings more affordable. To explore and evaluate these modular and 

intelligent comfort delivery concepts and advanced approaches for interaction with occupants, a new human-building 

interaction laboratory (HBIL) has been designed and is under development. The facility has a modular construction 

layout with thermally active panels. The interior surface temperature of each panel can be individually controlled 

using a hydronic system. Such configuration allows us to emulate different climate zones and building type conditions 

and perform studies such as the effect of different active building surfaces on thermal comfort, localized comfort 

delivery, and occupant comfort control, among others. Moreover, each panel is reconfigurable to allow investigating 

different interior surface treatments for different visual and acoustic comfort conditions. In this paper, the overall 

design approach of the facility is presented. Furthermore, a prototype panel has been constructed to validate the design 

and assess the dynamic and steady-state thermal performance. Test results for the prototype panel are also presented 

here with a discussion on their agreement with design phase modeling results. 

1. INTRODUCTION 

In an envisioned future, modular building elements can interact with occupants to optimize energy usage and provide 

localized thermal comfort. These human-building interaction concepts could involve smart sensors and voice 

assistants with advanced control systems and technologies. However, before these innovative building technologies 

are implemented in the field, they need to be engineered and evaluated, both technology-wise and occupant perception-

wise. Radiant heating and cooling (radiant systems) is one of the ways to provide local thermal comfort with modular 

wall elements and thermo-active surfaces. Rhee & Woo (2015) reviewed the development in radiant heating and 

cooling systems over the past fifty years and suggested future research areas that would improve radiant heating and 

cooling technologies. These include designing a system that can provide heating, cooling with multi-zone control, 

developing practical and straightforward technology to sense surface temperature, optimizing hydronic equipment for 

radiant systems, and integrating radiant systems with building envelopes. The concept of a human-building interaction 

laboratory (HBIL) with thermo-active wall panels was conceived to study modular construction, localized thermal 

comfort delivery, development of radiant heating and cooling systems with multi-zone control, application of 

intelligent sensors and advanced control approaches, and different novel comfort delivery technologies embedded in 
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walls such as micro heat pump systems, thermoelectric devices, among others. Figure 1 illustrates the HBIL concept 

where an occupant inside a space equipped with thermally active panels is communicating with an integrated smart 

voice assistant for control. The occupant provides a command stating that he/she is feeling hot. In turn, the voice 

assistant sends a command to the controller to provide localized space cooling around the occupant with thermo-active 

panels to provide the desired thermal environment. 

Figure 1. Modular comfort delivery with voice control 

The HBIL facility is a 6.1m × 3.65m × 3.04m (20' × 12' × 10') (length x width x height) reconfigurable test-space to 

facilitate laboratory research for residential and commercial building systems. It will be able to emulate conditions for 

one or two exterior walls with a glazing area on one wall to enable a realistic representation of a house or a perimeter 

office space. It will also allow the evaluation of localized thermal comfort using thermo-active surfaces and generate 

initial data on occupant interactions with modular comfort delivery systems using novel audio and visual interfaces. 

The main design features include modular construction, reconfigurable wall and interior surface finishes, thermally 

active wall panel elements, variable/localized thermal comfort delivery, reconfigurable lighting/visual comfort, and 

reconfigurable acoustic comfort. 

The facility is designed to have the capability to individually control the interior surface temperature of each panel, 

thus allowing studies of the effect of surface temperature on thermal comfort, localized occupant comfort control, and 

so on. In addition, the facility will also have air comfort delivery capabilities. For this, slot diffusers are embedded in 

some of the ceiling panels, which will be connected to a main supply air duct from an air-handling unit (AHU). Figure 

2 shows the exploded view of the final design of the thermo-active wall panel, and Figure 3 shows the isometric view 

of the overall facility design. 

Figure 2. Panel exploded view Figure 3. HBIL facility isometric view 

This paper presents the HBIL facility design approach with detailed steps leading to the final design configuration. 

The design and testing of a prototype wall panel to study and validate the design is also presented. A 1-D transient 

numerical model of the panel and its validation based on test results are also presented in this paper. 

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021 
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2. FACILITY DESIGN APPROACH 

To help in determining the range of internal surface temperatures required in the test facility, the DOE reference (Deru 

et al., 2011) small-office building model was used to simulate energy flows for Chicago. The purpose was to determine 

typical ranges for interior wall surface temperatures for both winter and summer conditions. Based on the simulation 

results and typical surface temperatures for floor/ceiling radiant heating and cooling systems, a surface temperature 

range of 15.5-26.7°C (60℉−80℉) was selected for the scope of research to be performed in this facility. 

2.1 Load Estimation 
To select an approach, and size equipment for controlling the surface temperature over the range of interest, the first 

step was to determine facility heating and cooling loads based on heat loss/gain estimates from interior surfaces for 

the most extreme temperature conditions. Thus, convective and radiative heat gains/losses were estimated for the room 

dimensions (surface area (A) of walls, floor, and ceiling), interior surface temperature (Tsurface), and indoor air 

temperature (Tair) conditions that are shown in Table 1. 

Table 1. Load estimation design parameters 

Room Dimension: 20×12×10 ft Heating Design Temperatures Cooling Design Temperatures 

2)Awall = 640 ft2 (59.2 m

2)Afloor = Aroof = 240 ft2 (22.3 m

Tsurface = 80°F (26.7°C) 

Tair = 70°F (21.1°C) 

Tsurface = 60°F (15.5°C) 

Tair= 74°F (23.3°C) 

The convective heat transfer from the interior surfaces (walls and floor) was estimated using convective heat transfer 

correlations from Goldstein & Novoselca (2010) based on the designed comfort delivery system implementation with 

ceiling diffusers. The radiative heat transfer from the interior surfaces (walls and floor) was estimated using a radiative 

heat transfer correlation from Bergman et al. (2011) in which the long-wave radiation is linearized with a view factor 

of unity. Table 2 shows the load estimation results based on heat transfer from interior surfaces (walls and floor) for 

the heating and cooling case. The heating case represents the minimum heating input required to maintain a positive 

heat gain to the room from the interior surfaces at the specified conditions. The negative sign in the cooling case 

conveys that the heat transfer is into the surface from the indoor air. 

Table 2. Load estimation for heating and cooling case 

Operation Mode Convection 

[W] 

Radiation (*1) 

[W] 

Total 

[W] 

Heat Flux 

[W/m2] 

Heating 1592 2592 4184 51 

Cooling -2229 -3469 -5698 -70 
*1 Radiation heat transfer assuming worst-case scenario for each surface, i.e., the surface in the calculation is at 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 whereas 

other walls, floor, and roof are at 𝑇𝑎𝑖𝑟, and assuming paint (𝜖=0.96) 

2.2 Investigation of Design Approaches for Panel Surface Temperature Control System 
Four different system design approaches were investigated to control panel surface temperature for heating and 

cooling. Each approach was evaluated based on its potential to provide both heating and cooling to satisfy the design 

conditions, ease of individual panel temperature control, and overall cost. Table 3 summarizes the different design 

approaches along with their pros and cons. Based on these considerations, a hydronic system that uses chilled and hot 

water loops with mixing valves was selected for controlling surface temperatures of individual panels. A detailed 

description of the panel design and performance is presented in Section 3.1. 

Table 3. Design approaches for HBIL facility 

Design Approach Description Remarks 

Thermoelectric 

based system 

Thermoelectric modules 

embedded in the test facility 

surfaces for both heating 

and cooling. 

Has the capability to provide both heating and 

cooling and can meet the required heat flux. 

However, this system would have required 

many modules and control hardware due to the 

small size of each module, thereby leading to 

very high total cost. 

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021 
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Cold air and 

heating element 

based system 

Cold air through ducts 

between the interior surface. 

Exterior insulation layer for 

cooling and resistive heating 

element for heating. 

An airflow with a velocity of 1 m/s would not 

be sufficient to maintain the interior surface 

temperature at the lowest target setpoint. Higher 

air velocities could result in noise issues. 

With this design configuration, the lower 

Chilled water and 

heating element 

based system 

Chilled water through tube-

heat spreader attached to the 

interior surface for cooling, 

resistive heating element for 

heating. 

thermal resistance between the heating element 

and the chilled water loop compared to the 

thermal resistance between the heating element 

and the indoor air could lead to control issues 

and very large cooling requirements when the 

system is operating in the transition between 

cooling and heating mode. 

Cold and hot water loop 

Chilled and hot 

water-based 

system 

with a 3-way mixing valve 

to control the supply water 

temperature and 

subsequently control the 

panel surface temperature. 

This system suits the design requirements for 

surface temperature target range and with a 

reasonable control approach without any issues 

mentioned above for other design approaches. 

For the chosen system configuration, the panel interior surface temperatures are controlled based on mixing chilled 

and hot water for the desired target temperature. The idea is to have two parallel chilled and hot water loops and utilize 

a 3-way mixing valve to change the water inlet temperature to each panel to maintain the desired interior surface 

temperature. The water flow rate in each panel is kept constant to reduce the overall system cost and control 

complexity. 

Preliminary steady-state simulations were performed in EES (Engineering Equation Solver) (Klein, 2021) using a 

finite volume model of the panel described in Section 3.2 to determine a water flow rate to achieve an acceptably 

uniform temperature distribution over the panel surface. In the simulation, the inside air temperature (𝑇ID) was 

assumed to be 21.11°C (70℉), and the outside air temperature was 23.33°C (74℉) (as the facility will be located in 

an indoor environment). Figure 4 shows the steady-state temperature distribution across the panel height for a cooling 

case, with a water inlet temperature of 12.77°C (55℉) and a flow rate of 0.95 GPM. Figure 5 shows simulation results 

with the same flow rate for a heating case, with a water inlet temperature of 29.44°C (85℉). It can be seen from both 

the plots that this water flow rate results in a temperature change in water (black line) across the panel height of around 

0.6°C (1.2℉) and a temperature difference along the panel surface (green line) of around 0.7°C (1.4℉). These are 

within acceptable limits. Based on the analysis results and 3-way mixing valve selection constraints, the water flow 

rate for each cooling circuit of a panel was specified to be 1 GPM. 

Figure 4. Panel steady-state simulation results for 

cooling 

Figure 5. Panel steady-state simulation results for 

heating 

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021 
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The facility will be composed of 52 modular 1.22m × 1.52m (4'×5') (width × height) wall, ceiling, and floor panels 

attached to an overall frame. A four-pipe hydronic distribution system will provide hot and cold water to pairs of 

panels that are arranged in a series flow arrangement as depicted in Figure 6. The hot and cold water will be mixed 

using a 3-way valve to allow individual control of a temperature at the interior surface of each panel pair. There will 

also be a diverting valve at the outlet of each panel pair that will divide the mixed water into hot and cold water return 

loops in the same proportion as the mixing valve in order to maintain balanced flows. The hydronic system will 

continuously circulate cooling and heating water in the two separate loops to each 3-way mixing valve. A temperature 

sensor will be embedded in an appropriate location at the interior surface treatment of each 4'×5' panel and used to 

provide feedback control of local comfort conditions within the interior space. A water-to-water heat pump will 

provide heat transfer between chilled and hot water tanks that will be coupled to the chilled and hot water loops. In 

addition, there will be a resistance heating element in the hot water tank and an auxiliary hot water fan coil unit for 

heat rejection that will be used, when necessary, for load balancing. Pressure-regulating valves will be employed in 

both hot and cold water loops to maintain the required head pressure. The 3-way valves will be adjusted using feedback 

control based on surface temperature setpoints that can vary locally within the indoor space. Humidity control and 

ventilation requirements will be satisfied by dedicated air diffusers. 

Figure 6. HBIL facility hydronic system 

3. PROTOTYPE PANEL DESIGN, TESTING, AND NUMERICAL MODEL 

VALIDATION 

A prototype panel was constructed to validate the design and assess the steady-state and dynamic thermal performance 

of the panel and it is shown in Figure 7. As mentioned before, the design goal for the panel was to provide uniform 

surface temperature from 15.5°C (60°F) to 26.7°C (80°F). Additional transient response criteria were established, so 

that panel surface temperature would be able to change from minimum to maximum design value in less than 50 

minutes. A numerical model was developed for the panel that is described in this section, along with steady-state and 

transient response validation results. This numerical model will be useful as a tool to design alternative wall panels 

with different surface treatments in the future. 

A test setup for a prototype panel testing was designed and constructed, as shown in Figure 8. Twelve thermocouple 

sensors were attached to measure the surface temperature, as shown in the front view. One thermocouple sensor was 

attached to the back panel to measure aluminum backplate temperature, as shown in the 'rear view' of Figure 8. Hot, 

cold, and mixed water temperatures were measured using in-line thermocouples inserted in the water stream. Hot and 

cold water bypass valves were used to maintain the constant head pressure on the hot and cold loop. Head pressures 

of hot, cold, and mixed water were also measured. Furthermore, a differential pressure sensor is installed between the 

inlet and outlet of the panel to estimate the pressure drop across the panel. 

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021 



 

   

 

         

  
  

 

 
   

 

          

             

           

           

             

          

         

            

            

           

            

         

       

R•ll•f Volv• _ Mixed \lo.ter Urw 

® Heod Pressur• Sensor ~ 3-.,.,o y Volv• © Pr•sstr• lronsducer IXXl 

(f) Te11perot11.r~ Sensor CXl Honuol Volv• ~ Dlff, Pr, Tronsct..cer N 

J 

FRONT VIEII 

r-1-,-r-1-7 
I Ti I Tf!. I In I 
I I I I I I 
I T I r, I IH I 
I I · I I I 
I I I I I I 
I Ti I i:-e I (IT I 
I I I I I I 
I r 2 I m l ~10 I 
I I . I I I 
L_I_.J. _L_I_ .J 

Hot: \loi.er Line Cold \lo wr- Line 

Boll Volv• 0 .,.,oter PUl,p 

Check Volve X />Ir Vent 

3522, Page 6 

Figure 7. Prototype panel test setup 

Figure 8. Prototype panel test setup schematic drawing 

A temperature stratification was observed in the room air temperature from the ground level to 7 feet height. The air 

temperature at 1 foot above the floor was around 1°C lower than the temperature at a level of 7 feet above the floor 

level. Also, because all the panel layers were installed inside an aluminum frame, it was assumed that there would be 

heat transfer occurring through the edges of the panel, thereby resulting in sightly different surface temperature 

readings as compared to the central part. Keeping these factors in mind, the design goal was to have the surface 

temperature distribution across the twelve thermocouples to be within 1°C to 1.5°C. Different piping configurations 

were tested to achieve uniform surface temperature distribution across the panel surface along the same horizontal 

plane of a specific elevation from the floor. A series flow configuration was finalized because the parallel piping 

configurations showed non-uniform flow across different parallel passes, which led to a non-uniform surface 

temperature distribution. Six heat spreaders are used for the six straight sections of copper tubing. They have a semi-

circular cavity slot to hold the copper tubes on one side and have a flat surface on the other side attached to the flat 

aluminum backplate surface. Based on experimental investigation, C-type heat spreaders showed better heat transfer 

capability than the U-type heat spreader. Figure 9 shows C-type and U-type heat spreaders. 

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021 
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C-type heat spreader U-type heat spreader 

Figure 9: Heat Spreaders 

3.1 Panel Performance Limit Assessment 
Limits on the panel thermal performance were assessed for heating and cooling mode by evaluating the maximum and 

minimum surface temperature the panel can achieve with the given chiller and heater capacities for typical indoor 

conditions. The temperature on the panel surface was measured at twelve locations, as shown in the 'front view' of 

Figure 8. In a performance assessment test, the heating mode was initiated at first, and hot water at 45°C was circulated 

through the hydronic circuit at the panel back until the surface temperature reached a steady-state. After a 10-minute 

steady-state measurement, the system was switched to cooling mode, and chilled water at 4.5°C circulated through 

the panel until a steady-state was reached. 

Figure 10 shows test results with PEX tubing in the hydronic circuit at the back of the panel. The design goal for the 

surface temperature in heating and cooling was achieved; however, the transient response was slow. It took around 90 

minutes to reach the minimum surface temperature from the maximum, which did not meet the transient design goal. 

To improve the transient response of the panel, PEX tubes were replaced with better-conducting copper tubes. This 

modification resulted in a faster dynamic response in heating as well as in cooling mode, as shown in Figure 11. The 

time required to reach maximum heating or minimum cooling steady-state temperature was reduced by 40% compared 

to the PEX tubing case. In addition to the quicker response, there was around a 2⁰C rise in heating and a 1.5°C drop 

in cooling steady-state panel surface temperature compared to the test with PEX tubing. Further, the effect of rear 

insulation on the panel surface temperatures was also studied, as shown in Figure 11. Without rear insulation, the 

surface temperature dropped around 1°C due to heat losses from the panel back surface. 

Figure 10. PEX tubing performance limit test results 

6th International High Performance Buildings Conference at Purdue, May 24-28, 2021 
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Figure 11. Copper tubing performance limit test results 

Figure 12 and Figure 13 are panel surface thermal images during steady-state heating and cooling conditions with 

copper tubing, respectively. A significant heat loss was observed from the panel edges. Consequently, the region with 

the lowest temperature value was in the center of the panel. This temperature distribution aligns with the thermocouple 

readings plotted in Figure 11. It can also be observed that the temperature measured by thermocouples closer to the 

floor (T12, T11) was lower than the rest of the thermocouples, which aligns with the indoor air temperature 

stratification explained above. It should be noted that panel edge losses should be dramatically reduced when the 

panels are installed within the facility if adjacent panels are operating at similar conditions. It should also be noted 

that these experiments were extremely useful in finalizing the prototype panel design and validating the model, as 

described in the next section. 

Figure 12. Heating steady-state thermal image Figure 13. Cooling steady-state thermal image 

3.2 Validation of Prototype Panel Heat Transfer Model Using Experimental Results 
The prototype wall panel is essentially a composite wall with copper tubes embedded in heat spreaders on the backside 

and a gypsum layer on the front side. A 1-D transient thermal network model for this prototype wall panel was 

developed in EES (Klein, 2021). The critical inputs for the model are mixed water inlet temperature, outdoor 

temperature, and indoor air temperature values. The model calculates values of panel surface temperature, water outlet 

temperature, and aluminum backplate temperature. In addition, the heat transfer that occurs from water to the indoor 

air (𝑄̇𝑓𝑟𝑜𝑛𝑡 ) and the heat lost to the outdoor air (𝑄̇𝑙𝑜𝑠𝑠) are computed. The model uses 'bond conductance' to account 
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for the thermal resistance for heat transfer between water and the heat spreader. The model was tuned by varying the 

values of bond conductance, capacitances, and thermal and contact resistances. Figure 14 shows the thermal network 

diagram for the model with different layers of the prototype wall panel. 

Figure 14: Thermal network model for prototype panel 

The thermal circuit in Figure 14 leads to the following equations (equations 1-4) that represent the heat transfer rates. 

To model heat transfer from copper tubes to the heat spreader panel, equation 5 is used, which is analogous to a solar 

flat plate collector scheme (Kalogirou, 2009). The heat transfer coefficient between the water and tube inner surface 

(ℎ𝑓𝑖) is evaluated using an inbuilt EES function for internal pipe flow from Nellis and Klien (2009). Convective and 

long-wave radiative heat transfers to or from the panel surface are assumed to occur in parallel with exchange 

occurring with a common indoor condition. The long-wave radiation is linearized with a view factor of unity (Bergman 

et al., 2011) to the surrounding surfaces (equation 6). In contrast, a natural convection correlation from Nellis and 

Klein (2009) for a vertical wall (also an EES built-in function) is employed. 

𝑄̇ = 𝑄̇ ̇ (1)𝑖𝑛 𝑓𝑟𝑜𝑛𝑡 + 𝑄𝑙𝑜𝑠𝑠 

̇ (2)𝑄𝑖𝑛 = (𝑇𝑊 𝑖𝑛 − 𝑇𝑃𝑛)/𝑅𝑊−𝑃𝑛 

𝑄̇𝑙𝑜𝑠𝑠 = (𝑇𝑃𝑛 − 𝑇𝑂𝐷)/𝑅𝐼𝑛𝑠−𝐴𝑙 (3) 

𝑄̇𝑓𝑟𝑜𝑛𝑡 = (𝑇𝑃𝑛 − 𝑇𝐴𝑙)/(𝑅𝑃𝑎𝑛𝑒𝑙 + 𝑅𝐺𝑝−𝐼𝐷) (4) 

(𝑇𝑏 − 𝑇𝑓) (5)′ ′ ′ = =𝑞𝑢 𝑞𝑓𝑖𝑛 + 𝑞𝑡𝑢𝑏𝑒 (1⁄ ⁄𝐶𝑏) + (1 𝜋𝐷𝑖ℎ𝑓𝑖) 

= 2 (6)ℎ𝑟 𝜀𝑔𝑝 × 𝜎 × (𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑇𝐼𝐷
2 ) × (𝑇𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑇𝐼𝐷) 

where 𝑄̇𝑖𝑛 is the heat transfer rate from the water inside the tubes to the heat spreader node, 𝑄̇𝑓𝑟𝑜𝑛𝑡 is the heat transfer 

rate from the heat spreader node to indoor air through interior surface treatment and 𝑄̇ is the heat transfer rate 𝑙𝑜𝑠𝑠 

occurring from the heat spreader node to outdoor air through insulation panel. The thermal capacitances of the heat 

spreader (due to its small size and mass) and insulation panel (due to its low mass density) are neglected because they 

were found not to significantly contribute to the transient behavior of the prototype wall panel. Using the heat transfer 

rate (𝑄̇𝑓𝑟𝑜𝑛𝑡 ), an energy balance was set up to calculate a time-dependent temperature gradient (𝑑𝑇𝐴𝑙/𝑑𝑡) equation 7. 

This was integrated numerically over the total duration of the test (Et) to calculate aluminum node temperature (𝑇𝐴𝑙 ) 

(equation 8). A similar set of energy balance and integration equations were set up between the aluminum and support 

panel nodes and between the support and gypsum panel nodes to calculate panel surface temperature. The equation 

system is closed by an energy balance (equation 9) between the total heat transfer rate entering the system and energy 

gained or lost through interaction with the cooling or heating water, respectively. 
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(𝑇𝐴𝑙 − 𝑇𝑆𝑝) (7)
𝑄̇ = {𝐶𝑎𝑝𝐴𝑙 × (𝑑𝑇𝐴𝑙⁄𝑑𝑡)} +𝑓𝑟𝑜𝑛𝑡 ⁄2 ⁄2 ⁄2)(𝑅𝐴𝑙 + 𝑅𝑆𝑝 + 𝑅𝐴𝑙,𝑆𝑝 

𝐸𝑡 (8) 
𝑇𝐴𝑙 = 𝑇𝐼𝐷 × ∫ (𝑑𝑇𝐴𝑙⁄𝑑𝑡) 𝑑𝑡𝑖𝑚𝑒 

0 

𝑄̇𝑖𝑛 = 𝑚̇ 𝑤 × 𝐶𝑝𝑤 × (𝑇𝑤,𝑜𝑢𝑡 − 𝑇𝑤,𝑖𝑛) (9) 

The key outputs of the model are surface temperatures and aluminum backplate temperatures obtained for each time 

step (every minute). Figure 15 shows the panel surface temperature results from the tuned model (TModel) and 

experiments (TExpt). It can be seen that model results are within 0.5 °C of the experimental results throughout the test 

interval. Similarly, Figure 16 shows the aluminum backplate temperature results (TAl,Back,Model) overlaid on 

experimental results (TAl,Back,Expt). In this case, the differences in the model and experimental values are slightly higher, 

about 1°C, especially at steady-state. This is because the sensor measuring the aluminum backplate temperature was 

covered using insulation tape, thereby blocking the convective and radiative heat transfer with the air. This resulted 

in lower values for steady-state cooling and higher values steady-state heating cases. On the contrary, the temperature 

sensors on the panel surface had a transparent thin thermal tape allowing relatively more convective and radiation heat 

exchange with the indoor air. Additional validation tests were performed on the prototype at different operating 

conditions with similar results. 

Figure 15. Comparisons of the model and 

experimental results (Panel surface temperature) 

Figure 16. Comparison of the model and experimental 

results (Aluminum backplate temperature) 

4. CONCLUSIONS 

This paper presented an overview and design of a human-building interaction laboratory (HBIL) that will enable 

evaluation of next-generation concepts for comfort delivery and building interaction. Furthermore, a prototype 

thermally active panel for the facility was presented along with the assessment of its transient and steady-state thermal 

performance. The panel is capable of generating a wide range of interior surface temperatures that could be locally 

controlled to provide local heating or heating within the facility. Modeling results for the panel agree well with 

measurements, such that the model could be used in the future to develop alternative thermally active panels for 

installation in this modular facility. 

The future steps involve the assembly of the HBIL facility, installation and commissioning of the facility's hydronic 

system, design, commissioning of control architecture, and voice interaction. Once fully commissioned, the facility 

will be used to emulate different climate zones and/or study localized thermal comfort delivery with human test 

subjects. 
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NOMENCLATURE 
Symbols Subscripts 

T: 

R: 

𝑅𝐶 : 
𝑄̇𝑙𝑜𝑠𝑠: 
𝑄̇𝑖𝑛 : 

𝑄̇𝑓𝑟𝑜𝑛𝑡 : 
𝐷𝑖 : 

′ 𝑞𝑢 : 
𝐶𝑏: 
ℎ𝑓𝑖: 
ℎ𝑐 : 
ℎ𝑟 : 
∆𝑇: 

𝜀𝑔𝑝: 
𝜎: 
𝑇𝑏 : 

𝑇𝑓 : 

Temperature 

Thermal Resistance 

Thermal Contact Resistance 

Heat transfer rate from Al to OD through Ins (W) 

Heat transfer rate from W to Al through Pn (W) 

Heat transfer rate from Al to the Surface (W) 

Tube Internal Diameter (m) 

Heat rate per unit length of the tube (W/m) 

Bond Conductance (W/m-K) 

W-Tube inside wall heat transfer coefficient (W/m2-K) 

Surface-ID convective heat transfer coefficient (W/m2K) 

Surface-ID radiative heat transfer coefficient (W/m2K) 

Tsurface- TID 

Emissivity for gypsum surface 

Stefan-Boltzmann constant (W/m2K4) 

Al Temperature (K) 

Water Inlet Temperature (K) 

𝑃𝑛: 
𝐴𝑙: 
𝑆𝑝: 
𝐺𝑝: 
𝐼𝑛𝑠: 
𝑊: 
𝐼𝐷: 
𝑂𝐷: 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒: 

Heat Spreader Panel 

Aluminum Back Panel 

Support Panel 

Gypsum Panel 

Insulation Panel 

Water 

Indoor Air 

Outdoor Air 

Panel Surface 
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