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Abstract:



In this paper we proposed the novel air-conditioning system which combined induction ventilation and radiant air-conditioning. The indoor terminal device is the radiant induction-unit (RIDU). The RIDU is the induction unit combined with the pore radiant panel on which the copper pipes with rigid aluminum diffusion fins are installed. The two-stage evaporator chiller with the non-azeotropic mixture refrigerant is utilized in the system to reduce the initial investment in equipment. With the performance test and the steady state heat transfer model based on the theory of radiative heat transfer, the relationship between the induction ratio of the RIDU and the characteristic of the air supply was studied. Based on this, it is verified that the RIDU has a lower dew-point temperature and better anti-condensation performance than a traditional plate-type radiant panel. The characteristics of the radiation and convection heat transfer of the RIDU were studied. The total heat exchange of the RIDU can be 16.5% greater than that of the traditional plate-type radiant terminal.
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1. Introduction


Radiant air-conditioning attracted widespread attention and has been gradually developed for its comfort and better energy efficiency [1,2]. However, in regions where the climate is humid, the application of this technology met some obstacles, mainly because of the condensation problems which affected both the indoor comfort and hygiene [3,4,5,6,7]. At present, scholars have proposed to combine the radiation air-conditioning and dedicated outdoor air system to form a hybrid system which can control the temperature and humidity independently [8,9,10]. Since the indoor thermal comfort was enhanced by the radiant air-conditioning and the indoor air quality was improved by the dedicated outdoor air, the hybrid system not only had potential of improving energy efficiency, but also created a healthier and more comfortable indoor environment than traditional air-conditioning systems [8,11]. Scholars have carried out extensive studies on the hybrid system. To simultaneously fulfill the requirements of ventilation, radiant air-conditioning, and the anti-condensation, the system became more complex, difficult to maintain, and always designed as two independent systems, which used two chiller units and two sets of the terminal devices. According to the interior structure of a building, it may be difficult for the dedicated outdoor air system to influence the radiant air-conditioning, which will affect the performance of the anti-condensation. Additionally, the increased equipment and space brought greater costs.



To solve the issues, induction radiant air-conditioning was proposed. The feasibility study and the comparison with the traditional air conditioning system has been carried out in the literature [12]. In this paper, with the steady state heat transfer model based on the theory of radiative heat transfer, the relationship between the induction ratio of the radiant induction-unit (RIDU) and the characteristic of the air supply was studied and the experiments were carried out. Based on this, the anti-condensation performance, characteristics of radiation, and convection heat transfer of the RIDU were studied and compared with the traditional radiant air-conditioning.




2. The Experimental System


Figure 1 shows the experimental system. The experiments were carried out in a climatic chamber (8.5 m (d) × 8 m (w) × 2.6 m (h)) in which the system was installed. The climatic chamber is located within a large conditioned laboratory. The chamber has one window. The walls, ceiling, and floor have similar construction and thermal properties.


Figure 1. The experimental system. RIDU: Radiant induction-unit.
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Figure 2 shows the indoor RIDU terminal device, the area of which is 6 m2. Eight RIDUs were installed and controlled, respectively, to run and stop. The operation characteristics were studied when the RIDUs were operating and kept the indoor temperature stable. The prototype of the RIDU was the modified induction unit, the structure of which was manufactured with the corresponding processing. The induction unit was processed to be combined with the aluminum pore radiant panel on which the copper pipes with rigid aluminum diffusion fins were installed. Therefore, the pore radiant panels of the RIDUs can be cooled and heated by both water and air. In the air-type, which is different with the traditional radiant air-conditioning system and mainly studied in this paper, the indoor air is induced and mixed with the primary air. Then the mixed air is blown into the chamber after exchanging heat with the panel.


Figure 2. Cross-section of the RIDU.
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The temperature of the primary air was controlled by the current signal output from the radiation temperature sensor (accuracy: ±0.38%) which is installed in the center of the chamber at the different heights. Since the primary air supply volume decreases as the temperature difference between the primary air and the chamber increases, it can reduce the energy consumption and the noise for supplying the air to utilize the low primary air temperature. The two-stage evaporator chiller with the non-azeotropic mixture refrigerant was utilized to meet the RIDUs and the air handling unit. The chiller utilizes a mixture of refrigerant of R32/R236fa [13], the mixture ratio of which is 55/45 [13,14,15]. The lowest and highest temperature of the chilled water can reach 7 °C and 17 °C, respectively. The ducts and the RIDUs are covered by polyethylene and rubber, which have thermal-and damp-proof insulation performance because of the closed-cell foam to prevent condensation. To supply primary air with low temperature, the two evaporators can operate in series mode. Additionally, the two evaporators can operate in parallel mode to supply fluid to both the RIDU and the air handling unit.




3. Study of the Induction Characteristics


For the RIDU, the induction ratio is an important parameter. However, there is no dedicated study yet for such a type of terminal unit. However, there has been some research on the entrainment effect which can be incorporated into the modeling. The turbulent merging confined jet phenomenon which happens in the RIDU is very complicated, combined with the structure of the RIDU. In many cases, it is studied with the assistance of computational fluid dynamics (CFD) software (http://www.ansys.com/Products/Fluids/ANSYS-Fluent) and massive experiments [16,17,18,19,20]. To study the induction characteristics of the RIDU, we utilized Fluent 6.3 (ANSYS, Inc., Pittsburgh, PA, USA) to build the model of the RIDU and calculate the operating parameters with different induction ratios.



3.1. Model of the Radiant Induction-Unit


As shown in the cross-section of the RIDU in Figure 2, the primary air from the air handing unit was blown into the mixing zone of the RIDU with the nozzle. The negative pressure was created between the nozzle and the inlet of the mixing zone. The indoor return air was inducted into the mixing zone and mixed with the primary air. Then the mixed air exchange heat with the pore radiant panel and passed through the pores of the radiant panel into the chamber. When the simulation proceeded, the primary air temperature can be as low as 7 °C and the inducted return air temperature is 25 °C. Two types of operating conditions were simulated: (1) the supply air velocity and temperature of the nozzle were kept constant. The temperature and volume flow rate of the mixed air were calculated with different sizes of the induction return air inlet and pores; and (2) the physical dimension of the RIDU, the size of the pores, and the primary supply air temperature were kept constant. The temperature and volume flow rate of the inducted return air and the supply air of the pores were calculated with different supply air velocities of the nozzle. In both conditions the induction ratio was calculated and the relationship between it and other parameters was studied. There were three cases, numbered 1, 2 and 3, in the first condition. Three types of models of the RIDUs, labeled A, B and C, were built. In the second condition two cases, numbered 4 and 5, were added and utilized the same model of the RIDU as Case 3. The parameters of the supply air and the model of the RIDU in the five cases are shown in Table 1.



Table 1. The parameters of the supply air and the model of the RIDU.







	
Case

	
Model Number

	
Size of the Induction Return Air Inlet

	
Size of the Pore

	
Primary Supply Air Flow Rate (m3/h)




	
Length (mm)

	
Width (mm)

	
Length (mm)

	
Width (mm)






	
1

	
A

	
1200

	
90

	
150

	
30

	
652.5




	
2

	
B

	
1600

	
150

	
120

	
30

	
652.5




	
3

	
C

	
1200

	
90

	
120

	
30

	
652.5




	
4

	
C

	
1200

	
90

	
120

	
30

	
471.2




	
5

	
C

	
1200

	
90

	
120

	
30

	
321.9











3.2. Mathematical Model


The flow condition of the supply air of the induction radiant air-conditioning system proposed in this paper was the turbulent flow. Thus, the turbulent flow model was utilized in the simulation. It was assumed that the influences of the air leak of the equipment were not considered; the fluid flow of the system was the steady state flow; the flow field had a high Reynolds number; the fluid had isotropic turbulent viscosity; the Boussinesq approximation was met, so the studied fluid was considered incompressible and the variation of its density only affected the buoyancy. In this paper the [image: there is no content] two-equation models were utilized as the models, which were suitable for simulating the turbulent flow. In the models, the turbulence energy [image: there is no content] and the dissipation rating [image: there is no content] were expressed by the following equations. In the equations: [image: there is no content]; [image: there is no content]; [image: there is no content]; [image: there is no content]; [image: there is no content].
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(1)
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(2)
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(3)






3.3. Results and Discussion


As shown in Table 2, from the data of Case 3, 4, and 5, it can be found that when the velocity and the volume flow rate of the primary air increase, more indoor return air can be induced. However, the variations of the proportional relationship are minimal when the primary air velocity is in a certain extent. According to the literature [21,22], for the jet flow blown from the nozzle, when the primary air flow rate achieves a certain amount defined as the characteristic primary air flow rate in this paper, the induction ratio will remain constant. To achieve the stable induction ratio, we utilized the relatively high airflow rate. When the primary air flow rate is too low, part of the primary air will flow out from the return air inlet directly because of the gravity and little return air will be inducted which will degrade the performance of the RIDU. Compared to the chilled beam [23,24,25,26,27,28], because the mixed air will exchange heat with the radiant panel, the induction ratio cannot be too high to prevent a reduction in the temperature difference between the mixed air and the pore radiant panel. However, a sufficient mixed air flow rate needs to be ensured to maintain a sufficient heat exchange efficiency. Thus, a relatively high primary air flow rate was utilized during the simulation.



Table 2. The calculated results of the five cases.







	
Case

	
1

	
2

	
3

	
4

	
5






	
The volume flow rate of the primary air (m3/h)

	
652.50

	
652.50

	
652.50

	
471.20

	
321.87




	
The volume flow rate of the inducted return air (m3/h)

	
421.32

	
342.51

	
341.78

	
230.15

	
133.21




	
The volume flow rate of the mixed air (m3/h)

	
1073.82

	
995.01

	
994.28

	
701.35

	
455.08




	
The induction ratio

	
0.64

	
0.52

	
0.51

	
0.48

	
0.41




	
Supply air temperature of the pore radiant panel (°C)

	
18.31

	
15.61

	
15.57

	
14.91

	
13.72










From the data of Case 1, 2 and 3, which utilize the different sizes of the induction return air inlet and nozzle, the sizes of the induction return air inlet and pores both influence the induction ratio. The induction ratio increases as the size of the induction return air inlet increases. However, the variation is small. Similarly, the induction ratio increases as the size of the pore increases. Since the area of the pores is small, the resistance to the supply air is greater than the induction return air inlet. Thus, the variations of the size of the pores have greater influence on the induction ratio. The supply air temperature of the pores is affected by the volume flow rates of the primary air and the inducted return air, which means that the supply air temperature of the pores has a direct relationship with the induction ratio. It can be found that when the induction ratio is less than a certain value, the supply air temperature will suddenly fall dramatically. When the supply air temperature is below the indoor air dew point temperature, condensation will occur. Thus, the anti-condensation performance of the RIDU needs to be studied.





4. Study of the Anti-Condensation Performance of the Radiant Induction-Unit


4.1. The Model of the Pore Radiant Panel


As shown in the analysis of Section 3, the pore size of the pore radiant panel installed at the bottom of the RIDU has a great influence on the induction ratio. Therefore, in the cases of which other conditions are constant, the resistance coefficient of the pore radiant panel determines the amount of the mixed air blown into the chamber. While the resistance coefficient is mainly influenced by the opening ratio and thickness of the pore radiant panel. The shape and the amount of the pores have a small influence only on the uniformity of the air supply when the pores are evenly distributed [29]. In order to reduce the weight and enhance the heat transfer effect, the pore radiant panel is processed to be as thin as possible. Therefore, the thickness has little influence on the resistance coefficient. In this paper, the size of the pore radiant panel is 1200 mm × 800 mm and the thickness is 4 mm. Table 3 shows three pore sizes and the opening ratio to study. The opening ratio is set as H. It is assumed that all the pores are uniformly distributed and have the same size. The surface emissivity [image: there is no content] of the pore radiant panel is 0.9. The equation of the opening ratio is:


[image: there is no content]



(4)







Table 3. The pore size and the opening ratio.







	
No.

	
1

	
2

	
3






	
Opening ratio H (%)

	
3

	
6

	
9




	
Pore size (mm)

	
40 × 10

	
80 × 10

	
120 × 10











4.2. Mathematical Model


In this paper, Gambit (ANSYS, Inc., Pittsburgh, PA, USA) was utilized to build the model of RIDUs and the chamber. Gambit is a software package designed to help analysts and designers build and mesh models for CFD and other scientific applications. It receives user input by means of its graphical user interface (GUI). The GUI makes the basic steps of building, meshing, and assigning zone types to a model simple and intuitive, yet it is versatile enough to accommodate a wide range of modeling applications [30]. The local refinement was carried out for the mesh of the areas of the pores, the primary air inlet and the induction return air inlet. The pores were set as velocity-inlets and the inducted return was set as free outflow. Four air supply velocities (7, 10, 13, 16 m/s) and five air supply temperatures (6, 8, 10, 12, 14 °C) were chosen for the primary air. The relative humidity of the primary air was 95% and the dew point air supply was utilized. By adding indoor sources of heat and humidity, referred to as thermal manikins, which can be controlled with a digital silicon-controlled rectifier [30,31], into the chamber, when the indoor thermal environment parameters became stable, they were controlled to achieve the indoor design parameters of comfort air-conditioning in summer (temperature: 28 °C, relative humidity: 65%). In this condition, the status and the condensation area of the pore radiant panel were studied.



The primary air has a low temperature and was mixed with the inducted return air by the pressure difference of the nozzle. The near-wall jet and the orifice jet are contained in the process. Thus, the pressure-based solver was utilized to solve the momentum equation, the component transport equation, the continuity equation, and the energy equation. The k-ε two-equation models were utilized and the S2S model was utilized for the radiative transfer.




4.3. Results and Discussion


The critical dew-point temperature is defined as the highest temperature which can course the condensation over the pore radiant panel with a certain opening ratio and parameters of the air supply and indoor thermal environment. In this paper, the velocity and temperature of the primary air are the important control parameters for the system. Thus, in adding the opening ratio, its influence to the critical dew-point temperature is studied.



4.3.1. The Primary Air Temperature and the Critical Dew-Point Temperature


As shown in Figure 3, with the increase of the primary air temperature, the critical dew-point temperature increases and shows an accelerated growth trend. The differences between the critical dew-point temperatures of different primary air velocities tend to decrease. This is because the moisture content of the primary air from the air handing unit increases as the temperature increases. When the other conditions are constant, the relative humidity of the mixed air layer between the panel and the indoor air increases as the moisture content of the primary air increases which causes the dew-point temperature to rise rapidly. Meanwhile, the air velocity also influences the dew-point temperature. Due to the increase of the air velocity, the static pressure uniformity in the mixing zone decreases. The moisture content of the mixed air cannot distribute evenly in time which causes the humidity of part of the area near the panel to increase rapidly. Thus, with the same opening ratio, the higher the primary air velocity is, the greater the influence the primary temperature has on the dew-point temperature.


Figure 3. The primary air temperature and the critical dew-point temperature: (a) H = 3%; (b) H = 6%; and (c) H = 9%.



[image: Energies 10 00026 g003]







4.3.2. The Primary Air Flow Rate and the Critical Dew-Point Temperature


As the primary air flow rate increases, the static pressure in the mixing zone and the mixed air blown into the chamber increase. Since the moisture content of the mixed air layer decreases, the critical dew-point temperature is lowered. As shown in Figure 4, the dew-point temperature decreases as the primary air flow rate increases. It can also be found that as the primary air temperature increases, the differences between the dew-point temperatures of every air flow rate decrease. Namely, with the increase of the primary air temperature, the influence of the primary air flow rate on the dew-point temperature becomes less.


Figure 4. The primary air velocity and the critical dew-point temperature: (a) H = 3%; (b) H = 6%; and (c) H = 9%.



[image: Energies 10 00026 g004]







4.3.3. The Opening Ratio and the Critical Dew-Point Temperature


Table 4 shows the highest and lowest critical dew-point temperatures with different opening ratios. The low-humidity air layer near the pore radiant panel becomes thicker and the critical dew-point temperature become lower as the opening ratio increases. However, the influence of the opening ratio on the dew-point temperature becomes less as the opening ratio increases. From Figure 3 it can also be found that the higher the opening ratio is, the greater influence the primary air temperature and velocity have on the dew-point temperature. It should be paid attention that too high an opening ratio will reduce the heat exchange between the mixed air and the pore radiant panel and increase the air velocity, which affects the comfort.



Table 4. The opening ratio and the critical dew-point temperature.







	
Opening Ratio

	
Critical Dew-Point Temperature




	
%

	
Highest (°C)

	
Lowest (°C)






	
3

	
15.1

	
12.5




	
6

	
13.9

	
11.8




	
9

	
13.2

	
11.3













5. Performance Study of the Radiant Induction-Unit


From the analysis of Section 4, the mixed air enters the chamber though the pores and forms an air layer between the indoor air and the panel, the temperature of which is close to the panel. Thus, the problem of condensation can be effectively solved. Furthermore, relative to the traditional plate-type radiant terminal, the heat transfer of the mixed air is added to the total effective heat transfer of the terminal. Therefore, the analysis of the radiant heat transfer of the RIDU is different from the traditional plate-type radiant terminal. It is necessary to do further analysis based on the characteristics of the RIDU and the radiation heat transfer theory.



5.1. Mathematical Model


Since there are pores on the radiant panel of the RIDU, the relationship between the angle factor and the opening ratio of the pore radiant panel needs to be reconfirmed.



There are plenty of pores on the panel and the pores are small and uniformly distributed. Moreover, the angle factor is a pure geometry and only depends on the size of the surface and the relative position. Therefore, the angle factor can be calculated according to the following equation:


[image: there is no content]



(5)







The angle factor of the whole pore radiant panel can be calculated according to the following equation:


[image: there is no content]



(6)







When the pore radiant panel is divided into numerous parts the area of which are expressed with[image: there is no content]. Then: [image: there is no content].



The heat transfer of the per unit area of the pore radiant panel can be calculated according to the following equation:


[image: there is no content]



(7)







According to the model simplification method of the radiant panel provided by the literature [32], the above equation can be simplified as:


[image: there is no content]



(8)







In the general conditions, when the thermal environment of the system and the chamber remain constant, the temperature difference between the radiant panel and the surface of the envelopes is not more than 20 °C. Based on this condition, the maximum relative errors between the simplified and the complete models are less than 6%.




5.2. Experimental Analysis


5.2.1. Validation of the Calculation Method


Although the calculation method proposed in Section 5.1 is simple, it is necessary to verify the accuracy via the experimental method. When the thermal environment of the chamber reaches the stable state, the environmental parameters remain constant. The instantaneous heat exchange between the RIDU and the chamber consists of three parts: (1) the radiant heat exchange between the pore radiant panel and the surface of the envelopes [image: there is no content]; (2) the convective heat exchange between the pore radiant panel and the indoor air [image: there is no content]; and (3) the heat exchange between the indoor environment and the mixed air blown into the chamber through the pores [image: there is no content]. In the steady state, the sum of the three is equal to the heat exchange between the building envelopes and the outdoor environment [image: there is no content]. The heat balance equation is:


[image: there is no content]



(9)







The instantaneous heat transfers in the steady-state condition can be calculated by substituting the experimental data measured into the corresponding equations. According to the heat balance Equation (9), the actual value of the radiant heat exchange can be calculated and compared with the theoretical value [image: there is no content] calculated with Equation (8).




5.2.2. Calculation of the Convective Heat Exchange


The convection heat exchange can be calculated as [33]:


[image: there is no content]



(10)







Since the mixed air can form an air layer, the temperature of which is close to the panel, the convection heat transfer between the panel and the indoor air caused by the thermal buoyancy is reduced. Therefore, although the convection heat exchange is difficult to be calculated accurately, it can be seen that the value is much less than that of the traditional plate-type radiant panel.




5.2.3. Calculation of the Heat Exchange though the Building Envelopes


The instantaneous heat exchange between the building envelopes and the outdoor environment can be calculated as [34]:


[image: there is no content]



(11)







The parameters of the building envelopes are shown in Table 5. During the experiments, we set 10 temperature measuring points with the PT100 thermocouples (OMEGA Engineering, Inc., Stamford, CT, USA) on every envelope and utilize the average value to calculate [image: there is no content].



Table 5. The parameters of the building envelopes.







	
Envelope

	
Heat Transfer Surface Area (m2)

	
Thermal transmittance (W/m2K)






	
Southern exterior wall

	
8.8

	
2.92




	
Southern exterior window

	
3.2

	
2.5




	
Southern exterior door

	
3.6

	
2.5




	
Northern interior wall

	
14

	
3.92




	
Northern interior door

	
2.9

	
3.5




	
Eastern interior wall

	
21

	
3.92




	
Western interior wall

	
21

	
2.76




	
Floor

	
66

	
3.3




	
Ceiling

	
58

	
3.3











5.2.4. Calculation of the Heat Exchange between the Indoor Environment and the Mixed Air


In the steady-state condition, because the mixed air has fully exchange heat with the pore radiant panel, according to the experimental data the difference between the mixed air and the panel is small (less than 0.6 °C). Therefore, in order to simplify the calculation, it is assumed that the temperature of the mixed air is the same as the pore radiant panel. The mixed air contains the primary air and the induced air. The flow rate of the primary air is accurately measured by air flow sensors (accuracy: ±0.3%) installed in the small-diameter duct between the air handing unit and the chamber. The flow rate of the induced return air is measured by TES-1340 hot-wire anemometer (accuracy: ±0.3%) (TES Electrical Electronic Corp., Taipei, Taiwan). The area of the induction return air inlet is averagely divided into 10 parts and the average value is collected. The heat exchange between the mixed air and the indoor environment can be calculated as:


[image: there is no content]



(12)









5.3. Results and Discussion


All of the eight RIDUs were operating during the experiments. The area of every RIDU is 6 m2. The opening ratios of the RIDUs chosen for the experiments are 3%, 6% and 9%. The volume flow rate and the temperature of the primary air was 652.50 m3/h and 13 °C, respectively. The primary air flow rate to every RIDU was controlled by the air volume control valves TVR-Easy250 (TROX GmbH, Neukirchen-Vluyn, Germany) [35]. All of the experimental data are recorded under steady-state. The attention is focused on the stabilization of the induced return air volume flow rate which is the difficulty of the experiments. The micromanometer reading for the induced return air is valid only if its variation is within ±10 L/h for 5 m. When the steady state of the volume flow rate and the temperature of the primary air and the thermal environment of the chamber is confirmed, the heat exchanges calculated with the methods in Section 5.1 and Section 5.2, separately, are shown in Table 6.



Table 6. The heat exchanges with different opening ratio.







	
[image: there is no content] (%)

	
[image: there is no content] (W)

	
[image: there is no content] (W)

	
[image: there is no content] (W)

	
[image: there is no content] (W)






	
3

	
6635

	
1557

	
5078

	
5202




	
6

	
6703

	
1687

	
5016

	
5094




	
9

	
6791

	
1849

	
4942

	
4979










From the data in Table 6 it can be found that the actual value of the theoretical value calculated with Equation (8) is less than 3%. Therefore, the simplified model is suitable for the performance evaluation of the RIDU under certain conditions.



The radiant heat exchange of the pore radiant panel decreases as the opening ratio increases. This is because the radiating area is reduced. However, on the other hand, the one-way resistance is reduced, which increases the primary air velocity and the inducted return air. Thus, the total volume of the mixed air which exchange heat with the panel increases. Therefore, although the heat transfer area between the mixed air and the pore radiant panel decreases, the reduction of the radiant heat transfer is small. The increasing of the inducted return air reduces the temperature difference between the mixed air and the indoor environment. However, increasing the total volume of the mixed air also increases the total heat exchange of the RIDU, which equals the heat exchange between the building envelopes and the outdoor environment. Ultimately the air-condition load removed by the RIDUs increases as the opening ratio increases. Overall, the higher the opening ratio is, the more the RIDU approximates to the traditional air conditioner. When the opening ratio is too high, the advantages of the radiant air-conditioning cannot be maximized.



Figure 5 illustrates the comparison between the RIDUs with the different opening ratios and the traditional plate-type metal ceiling radiant panels operating in the same condition. It can be seen that the radiant and the convection heat exchanges of the metal ceiling radiant panels are more than that of the RIDU. However, in the total heat exchange of the RIDU, the heat exchange between the mixed air and the indoor air is added and occupies the proportion of 23.4%, which increases as the opening ratio increases. According to the calculated result, the total heat exchange of the RIDU is 16.5% more than that of the metal ceiling radiant panel with the same equipment distribution area.


Figure 5. The comparison between the RIDUs (6 × 8 m2) and the traditional plate-type radiant panel.



[image: Energies 10 00026 g005]








6. Conclusions


In this paper, the induction radiant air-conditioning system was proposed. The experiments were carried out and the relationship between the induction ratio of the RIDU and the characteristics of the air supply were studied. Based on this, the anti-condensation performance, characteristics of radiation, and convection heat transfer of the RIDU were studied.



The induction ratio of the RIDU is influenced by the structure and the primary air velocity. As the increasing of the primary air velocity, the induction ratio tends to be stable. The induction ratio increases as the sizes of the nozzle and the pores increase, but the pores that have higher resistance have greater influence. Too low an induction ratio will cause condensation.



	(1)

	
The critical dew-point temperature increases as the primary air temperature increases and decreases as the primary air velocity and the opening ratio increases. The opening ratio also influences the variation trend of the critical dew-point temperature. When the opening ratio of the pore radiant panel is 9%, the highest critical dew-point temperature of the RIDU can reach 15.1 °C, which is lower than 20.8 °C of the traditional plate type metal ceiling radiant panel with the same indoor temperature and humidity (28 °C, 65%). Therefore, the induction radiant air-conditioning system has better anti-condensation performance and more extensive applicability. The temperature of the primary air and the chilled water can be lowered to reduce the energy consumption, cooperating with the two-stage evaporator chiller.




	(2)

	
Based on the radiation heat transfer theory, the heat transfer characteristics of the RIDU are studied. The calculation error of the simplified model built for calculating the radiant heat exchange was 3%. As the opening ratio of the pore radiant panel increases, the radiant heat exchange decreases and the air supply heat exchange and its proportion increases. The total heat exchange of the RIDU slightly increases. With the primary air the flow rate and temperature of which are 652.50 m3/h and 13 °C, respectively, in the same condition, and the total heat exchange of the RIDU is 16.5% more than that of the traditional plate-type radiant panel.
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Nomenclature








	[image: there is no content]
	buoyancy, N



	[image: there is no content]
	turbulence energy, W



	[image: there is no content]
	coefficient of the compressible turbulent flow pulsation to the total dissipation rate



	[image: there is no content]
	total area of the pore radiant panel, m2



	[image: there is no content]
	actual radiation area of the pore radiant panel, m2



	[image: there is no content]
	total area of the pores, m2



	[image: there is no content]
	opening radio



	[image: there is no content]
	temperature, °C



	[image: there is no content]
	air flow rate, m/s



	[image: there is no content]
	heat exchange, W



	[image: there is no content]
	angel factor of the No.[image: there is no content] surface of the pore radiant panel



	[image: there is no content]
	angel factor of the No.[image: there is no content] surface of the plate type radiant panel



	[image: there is no content]
	Prandtl number



	[image: there is no content]
	mixed air flow rate, m3/s



	Greek Letters
	



	[image: there is no content]
	dissipation rating



	[image: there is no content]
	turbulent viscosity, Pa



	[image: there is no content]
	Boltzmann constant



	Subscript
	



	[image: there is no content]
	average velocity gradient, s−1



	[image: there is no content]
	total



	[image: there is no content]
	cooling



	[image: there is no content]
	panel
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