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Abstract:To address the low energy efficiency of renewable energy, the 

high water supply temperature, and the high power consumption of pumps, 

this paper propose an assembled capillary radiant heating floor based on 

solar collector heating and analyze its heat transfer performance.It is 

found that the capillary tube layout using the I-type laying method is more 

uniform than the U-type laying method , and the overall temperature is 

higher. And the narrower the pipe spacing is, the greater influence on the 

floor surface average temperature is. For type I paving, the optimal main 

pipe supply flow range is 0.2 ~ 0.25m/s, and the optimal water supply 

temperature range is 32℃~36℃. Through the orthogonal test analysis of 

U-type floor, the results show that the variance S of the corresponding 

water supply temperature is 9.59, while the S value of the corresponding 

water supply velocity is only 0.03.In both I-type and U-type paving 

methods, the influence of water supply temperature is greater than water 

supply flow rate on the thermal performance of the floor. 
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1.Introduction 

The construction industry accounts for 23% of CO2 emissions from global economic activities, 

of which China accounts for nearly 41%[1]. According to the report of the International Energy 

Agency, with the energy standards and equipment of zero-carbon buildings becoming more and more 

advanced, even if the heating area increases by 30%, the heating energy consumption of building 

space can be reduced by nearly 70%.Therefore, selecting energy-efficient cooling and heating 

solutions will be highly important for conserving energy, reducing emissions, and promoting the 

green transformation of industry. 

Compared to other heating methods like air conditioning and radiators, low-temperature hot 

water radiant floor heating offers significant advantages [3]. Ala Hasan et al. [4]found that integrating 

a low-temperature water heating system with radiant floors significantly enhances comfort compared 

to conventional radiators and underfloor heating systems. Kassim MS et al. [5]noted that compared 

with the traditional radiator heating method, the low-temperature radiant floor heating system can 
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save 20% to 30% energy.[6]. Additionally, advancements in modular construction materials have 

made the assembly of radiant floor modules an effective solution to the issues faced by traditional 

heating systems[7]. Silva et al. explored optimization strategies for modular buildings using 

simulation and calculation software, achieving designs that aim for zero energy consumption [8]. 

O'Pons et al. investigated the energy consumption and environmental impacts of over 200 schools in 

Spain, finding that modular assembled buildings consume less energy and produce less waste 

compared to traditional cast-on-site construction [9]. 

Capillary heat exchangers present a viable alternative to traditional radiators and electric heaters 

when paired with heat pumps due to their expansive surface area and lower operating 

temperatures[10]. Compared to conventional air conditioning systems, capillary ceiling radiant 

cooling wall panel (CCRCP) systems are known for their low energy consumption, reduced noise 

levels, and enhanced indoor thermal comfort[11], and both radiant cooling and radiant heating 

technologies are suitable for low-load environment[12]. With equal water supply temperatures, 

capillary tubes provided a more uniform surface temperature distribution [13]. Roof heating 

efficiency was 4.36% higher than floor heating, but radiant floor heating achieved better surface 

temperature stability, more uniform temperature distribution, and improved comfort[14]. Many 

scholars have studied the influencing factors of radiation characteristics of unassembled capillary 

tubes.Tomas Mikeska et al. analyzed the radiant heat transfer dynamics of capillary tube systems, 

focusing on the effects of filling layer thickness and water temperatures on capillary tube wall 

temperatures[15]. Pei Ding et al. investigated factors influencing floor thermal performance, noting 

that heat dissipation decreases as the distance between tubes increases, with this effect determined 

by the equivalent distance between tubes [16]. Wei Xinli et al. conducted simulations to explore 

factors affecting surface temperature and heat dissipation in floors of air source heat pump systems. 

They found that the material and physical properties of the floor's decorative layer had the most 

significant impact on temperature uniformity, followed by pipe spacing, with internal filling layer 

thickness having the least effect [17]. Wang Xin and Li Longxin combined theoretical and numerical 

analyses to assess how varying water supply conditions and floor structural design parameters affect 

surface temperature distribution and heat flow density in radiant heating systems using air source 

heat pumps[19]. Taeyeon et al. constructed and simulated a capillary radiant cooling air-conditioning 

system, reporting a 27% reduction in power consumption and 30% less energy usage compared to 

all-air systems[21]. Fu et al. studied the thermal transfer characteristics of capillary radiant heating 

floors, developed a glow temperature model, and analyzed various factors affecting heat transfer, 

offering theoretical insights for radiant floor heating systems[24]. 

The heat source temperature for low-temperature radiant floor heating systems typically ranges 

from 35 to 50℃. Considering human comfort standards, many studies suggest maintaining the water 

supply temperature close to 35℃. Conventional radiant floor systems, which use plastic tubing, often 

have high thermal resistance. If the water supply temperature is not sufficiently low, using low-grade 

heat sources can diminish energy efficiency. To address this, radiant floor heating systems can be 

enhanced by integrating solar collectors, which provide a low-temperature heat source and improve 

overall efficiency. The utilization of low-grade energy has been extensively researched for providing 

high-temperature domestic hot water, such as the use of novel solar-biomass hybrid systems (HSBS) 

in buildings to produce domestic hot water at 60℃ for space heating[25], and the design of 

concentrated solar power towers for hot water heating [26]. The use of solar water heaters (SWH) 
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and solar air heaters (SAH) will greatly contribute to environmental protection and sustainable 

economies[27]. Hu D et al. designed an indirect solar thermal hot water system based on a rural area 

in Shenyang, and found that the technical and economic performance of the air source heat pump-

assisted solar water system was significantly improved compared to other heating methods[28]. 

Pinamonti, M, and others conducted energy simulations to evaluate the system's performance, 

demonstrating that the solar energy utilization rate increased by about 5% after adding a heat pump 

compared to a solar energy system without a heat pump [29]. Some scholars have used solar thermal 

systems to provide space heating and domestic hot water for research houses, and found that the 

annual energy storage efficiency of seasonal energy storage tanks is 42%[30] , and the solar energy 

utilization rate can exceed 90% [31]. 

In summary, while numerous domestic and international studies have explored the heat transfer 

characteristics of radiant floor air conditioning systems, most research has concentrated on large-

area radiant floor structures. There is a gap in the investigation of factors affecting the heat transfer 

performance of assembled capillary radiant floor cooling/warming systems under operational 

conditions. In order to solve this problem, this paper introduces an assembled capillary ultra-low 

temperature radiant floor which can use solar hot water, and analyzes the heat transfer performance 

of two capillary structures. 

2. Establishment of model 

As shown in Fig. 1, the internal structure of the assembled capillary low-temperature radiant 

floor consists, from bottom to top, of an insulation layer, a reflective layer, a concrete filling layer 

with embedded capillary tube network, a leveling layer and a decorative layer. The insulation layer 

is made of expanded polystyrene (EPS) board covered by a vacuum aluminized film, which reduces 

downward heat loss and enhances upward heat reflection. The filling layer is a 40 mm thick concrete 

layer in which the capillary tube network made of PPR plastic pipes (20×2 mm main pipes and 

4.8×0.8 mm capillary tubes) is fixed by a wire mesh, providing heat storage and transferring heat 

relatively uniformly to the floor surface. Above it, a 15 mm thick cement mortar leveling layer 

ensures a flat base for the finishing material, and the outermost layer is an approximately 5 mm thick 

ceramic tile decorative layer with good thermal conductivity, long service life and favourable 

economic performance，as shown in Fig. 1. 

 

Fig. 1 Schematic diagram of internal structure form and capillary structure of floor 

As illustrated in Fig. 1, the low-temperature hot water heats the inner wall of the capillary tube 

through forced convection. This heat is then conducted through the capillary wall, filling layer, 

leveling layer, and decorative layer. The radiant heating process between the floor surface and the 
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indoor environment involves both radiation and convection, with radiation being the dominant mode. 

The floor surface radiates heat to other non-heating surfaces via thermal radiation. 

The simulation in this study focuses on fluid flow and heat transfer, governed by the following 

three fundamental control equations: 

（1）Mass conservation equation 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 𝑆𝑚                        （1） 

Where 𝜌 is the density, kg/m3; u is the velocity, m/s. The source term S is the mass added to 

the continuous phase from the dispersed secondary phase. 

（2）Momentum conservation equation 

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
− 𝜌𝑔𝑖 + 𝐹𝑖                （2） 

𝜏𝑖𝑗 = [𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)] +

2

3
𝜇

𝜕𝑢𝑙

𝜕𝑢𝑙
𝛿𝑖𝑗                       （3） 

Where p is pressure, pa; 𝜇  is the dynamic viscosity, kg/(m · s); 𝑔𝑖  and 𝐹𝑖  are the 

gravitational volume force and the external volume force acting in the I-direction, 𝐹𝑖contains other 

model-related source terms, N. 

(3) Energy conservation equation 

𝜕(𝜌𝑇)

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌𝑢𝑇) = (𝑑𝑖𝑣

𝑘

𝑐𝑝
𝑔𝑟𝑎𝑑𝑇) + 𝑆𝑇                 （4） 

Where 𝑐𝑝 is the heat capacity, J/(kg k); T is temperature, K; ST is the internal heat generation 

within a fluid, as well as the mechanical energy that is converted into thermal energy as a 

consequence of viscous forces.  

The plane size of the assembled radiant floor model needs to meet the requirements of the 3 M 

modulus, and the length and width dimensions can be 600×300 mm, 900×600 mm, and 1200×900 

mm.The assembled capillary radiant floor is manufactured as standardized prefabricated modules, 

and its in-plane dimensions are specified using modular coordination on a 3M modular grid. 

According to the modular coordination standard (basic module M = 100 mm), commonly used 

module sizes in engineering practice include 600 × 300 mm (6M × 3M), 900 × 600 mm (9M × 6M), 

and 1200 × 900 mm (12M × 9M). In this study, the 600 × 300 mm (6M × 3M) module is selected as 

a representative unit because it aligns with widely used prefabricated products and installation 

procedures while substantially reducing the computational cost for orthogonal-design parametric 

runs; in practical applications, a room-scale floor is formed by assembling multiple modules, and the 

heat-transfer behavior in interior regions away from edges is dominated by local structure and 

operating conditions, so the module-level results can be regarded as representative of the assembled 

floor system.The assembled capillary low-temperature radiant floor studied in this paper uses U-type 

and I-type (as shown in Fig. 2) forms; the U-type model has a same-side return, while the I-type 

model has an opposite-side return. The overall size of the radiant floor is 600×300 mm, with capillary 

tube spacings of 10 mm, 20 mm, and 30 mm. The model is constructed as depicted in Fig. 2. 



 

 5 

 
Fig. 2 Schematic diagram of I (left) and U (right) models 

3. Result analysis of floor heat transfer performance 

3.1Grid Segmentation and Model Assumptions 

The following assumptions are made for the assembled capillary radiant floor model to improve 

computational efficiency: 

(1) All sides and bottom of the floor are regarded as thermal insulation surfaces; 

(2) Ignore all wall thermal resistances. 

(3) The various materials are regarded as incompressible, and their physical parameters are 

constants. 

Since the model in this study is more complex and has many meshes, a polyhedral mesh (Poly) 

is used, ANSYS Mesher is utilized for meshing, and the meshing results are shown in Fig. 3. The 

grids around the capillary tubes are small and dense in order to capture the strong temperature and 

velocity gradients. 

In ANSYS Fluent, a three-dimensional segregated transient solver was adopted. The energy 

equation was activated to solve the heat transfer in both the fluid and solid regions. The k–ω 

turbulence model was used to describe the viscous effects of the flow inside the capillary tubes. In 

addition, the Solidification/Melting model available in Fluent was enabled. These numerical settings 

were used for all simulation cases in this study. 

 

Fig. 3 Assembled capillary radiation heating floor grid 
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3.2 Boundary condition setting 

The model is divided into solid domain and fluid domain. The fluid domain is the low-

temperature hot water in the capillary, and the solid domain is the capillary wall and equivalent 

packing layer. The physical parameters of low-temperature hot water in fluid domain are set as 

density of 1000kg/m3, heat transfer coefficient of 0.599 W/(m·K) and specific heat capacity of 4200 

J/(kg·K). Relevant boundary conditions and parameters are set, as shown in Tab. 1. 

Tab. 1 Related boundary conditions 

Name 
Boundary condition 

type 
Parameter setting 

Heating pipe entrance Velocity Inlet 
Velocity：0.3m/s 

Temperature：308K 

Heating pipe outlet Pressure Outlet —— 

Upper surface of floor Mixed boundary 

Convective heat transfer coefficient：7W/m2·K 

Radiance of surface：0.75 

External radiation temperature：289K 

Under surface of floor Adiabatic wall heat flux：0 

Side surface of floor  Adiabatic wall heat flux：0 

3.3 Model reliability verification 

In this work, five representative points are selected on the surface of the 600×300 mm radiant 

floor for model verification, as shown in Fig.2 (left). These points are located at the four corners and 

at the centre of the plate. According to Eqs. (1)–(4), the surface temperatures at these locations are 

obtained analytically and compared with the numerical results, as illustrated in Fig.4.The relative 

errors at the five points are all within 3%, which demonstrates that the present model has satisfactory 

calculation accuracy. 

It should be noted that the present study mainly focuses on numerical analysis and that full-

scale experimental validation of the assembled capillary radiant floor has not yet been completed. 

Nevertheless, the magnitude of the surface temperatures and their variation trends with operating 

parameters predicted by the model are consistent with the ranges reported in previous experimental 

studies on capillary radiant floor and roof systems [14–18,24]. These experimental results provide 

indirect evidence for the physical soundness of the present numerical model. In future work, a 

dedicated full-scale test rig of the assembled capillary radiant floor will be constructed to measure 

surface temperature distributions and heat fluxes under controlled operating conditions, so that more 

detailed comparisons between measured data and numerical predictions can be carried out. 
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Fig. 4 Simulation result verification 

3.4 Thermal performance analysis of floor under different structural parameters 

When the inlet temperature of the main pipe is 35℃, the water flow rate of the main pipe is 0.3 

m/s, and the distance between branch pipes is 20 mm, the effects of different methods of laying 

capillary tubes on heat transfer performance were studied. In comparing the U-type and I-type 

capillary tube laying methods, the temperature distribution of heating floor are shown in Fig. 5. The 

two laying methods of the floor surface of the highest temperature areas are present in the supply and 

return of water where the main location is located. Compared with the U-type paving method, the 

capillary tubes using the I-type paving method result in a more uniform floor surface temperature 

distribution. The U-type paving method results in a high temperature at one end of the end of the 

low-temperature effect, whereas the I-type paving methods of the two supply and return mains are 

distributed at the two ends of the floor. Thus, the floor temperature is more uniform, and the floor 

surface temperature of the lowest temperature region appears on the left side of the floor. By 

analyzing the temperature in the middle area of the floor surface, it is found that the U-shaped paving 

mode is 27.82℃, and the I-shaped paving mode is 28.33℃, which is about 0.51℃ higher than the 

U-shaped paving mode.These findings indicate that the thermal conduct performance of I-type tube 

laying method is better than that of the U-type laying method. 
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Fig. 5 Comparison of simulated surface temperatures of floors with U-type (left) and I-type (right) 

laying methods 

To study the effects of different capillary tube spacings on thermal conduct performance of floor, 

an I-type capillary radiation floor model was used, with a inlet water temperature of 35℃ and a main 

pipe water flow rate of 0.3 m/s under working conditions. Compared with the 10 mm, 20 mm, and 

30 mm tube spacing conditions,the results of the cloud maps are shown in Fig. 6. Judging from the 

uniformity of temperature distribution on the floor surface, the tighter the tube spacing is, the more 

uniform the distribution of the floor surface temperature. By analyzing the surface average 

temperature in the middle area of the floor, it is found that the temperature of pipe spacing of 10mm 

is 0.68℃ higher than that of pipe spacing of 20mm, and the average temperature of pipe spacing of 

20mm is 0.34℃ higher than that of pipe spacing of 30mm, which shows that the smaller the pipe 

spacing, the greater the influence on floor surface average temperature. 

 

Fig. 6 Comparison of floor temperatures at 10mm (left), 20mm (center) and 30mm (right) tube spacing. 
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3.5 Thermal performance analysis of I-shaped floor  

Under the working condition of a inlet water temperature of 35℃, the trends of surface average 

temperature change in I-type model with pipe spacings of 10 mm, 20 mm and 30 mm were compared 

and analyzed under five different main pipe water supply flow rates, as shown in Fig. 7. With the 

increase of flow rate, the gradient value of the floor surface average temperature elevation gradually 

increases. Comparing the average temperature of the floor surface with three kinds of pipe spacing, 

it is found that the temperature rise is the most obvious when the flow rate is between 0.2m/s and 

0.25 m/s. Among them, 0.1℃ is increased at 10mm tube spacing; Increase 0.05℃ at 20mm tube 

spacing; Increase 0.03℃ at 30mm tube spacing. When the water flow rate increases from 0.25m/s to 

0.3m/s, the gradient of surface temperature rise decreases. 

 
Fig. 7 Variation diagram of floor temperature under the influence of different water supply flow rates 

When the main pipe water flow rate is 0.3 m/s, the trends of floor surface average temperature 

changes in seven water supply temperatures of I-type models with three pipe spacings were compared 

and analyzed, as shown in Fig. 8. By studying surface average temperature, it is found that the 

temperature rises gently in the range of 31℃ to 32℃, and the gradient value of temperature rise in 

the range of 32℃ to 36℃ is gradually increasing.The optimal water supply temperature is between 

33℃ and 34℃ under the condition of 10mm pipe spacing, and the average floor temperature in the 

interval increases by 0.9℃.The optimal water supply temperature is between 32℃ and 33℃ with 

20mm pipe spacing and 30mm pipe spacing, and the floor surface average temperature in the interval 

increases by 0.8℃ and 0.76℃ respectively. When the inlet water temperature exceeds 36℃, the 

curve of the upward trend slightly flattens. 
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Fig. 8 Variation diagram of floor temperature under the influence of different inlet water temperature 

The above analysis illustrates that surface average temperature is more affected by changing the 

inlet temperature than by changing the flow rate for same pipe spacing. 

3.6 Performance analysis of U-shaped floor 

After the simulation and verification analysis of I-type assembled low-temperature radiant 

heating floor model, three U-type assembled capillary low-temperature radiant heating floor models 

with different pipe spacing are established respectively. The physical parameters, boundary 

conditions and calculation methods of the model are all set at the original values, and then we 

simulate different water supply conditions. 

In the orthogonal test design for the U-type floor, three levels were selected for each factor 

based on practical operating ranges and product constraints of ultra-low-temperature capillary radiant 

floor systems. The inlet water temperatures of 31 °C, 33 °C and 35 °C represent typical low, medium 

and high values within the ultra-low-temperature regime that can be achieved by solar collector–

assisted heat pump systems, and are consistent with recommended supply temperatures for low-

temperature radiant floor heating [3,14,24]. The main pipe velocities of 0.1, 0.2 and 0.3 m/s cover 

the feasible operating range of the circulation pump used in this study and correspond to low, nominal 

and high flow conditions. The capillary tube spacings of 10, 20 and 30 mm reflect compact, standard 

and relatively sparse layouts, respectively, which are compatible with the geometric constraints of 

commercial capillary modules [15–18]. Therefore, the chosen factor levels provide a representative 

design space for evaluating the thermal performance and sensitivity of the assembled capillary 

radiant floor. 

Simulate and calculate the 9 working conditions in Tab. 2 respectively, and the results are shown 

in the following table: 

Tab. 2 Simulation calculation results 

      Factor level 

Serial 

 number 

Inlet temperature, Inlet velocity, Tube spacing 
Average temperature of floor 

surface/℃ 

1 31℃，0.1 m/s，10 mm 26.15 

2 31℃，0.2 m/s，20 mm 25.55 

3 31℃，0.3 m/s，30 mm 25.38 

4 33℃，0.1 m/s，20 mm 26.92 

5 33℃，0.2 m/s，30 mm 26.65 

6 33℃，0.3 m/s，10 mm 27.55 

7 35℃，0.1 m/s，30 mm 27.88 

8 35℃，0.2 m/s，10 mm 28.96 

9 35℃，0.3 m/s，20 mm 27.82 
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It is assumed that the index Y analyzed in this test represents that the surface average 

temperature of the assembled capillary radiation floor is 25℃ different from the design temperature 

of the floor surface. By calculating and analyzing the range and variance, the simulation results are 

sorted out. Relevant parameters and formulas in the table are as follows: 

 𝑃 = 𝐽1
2+𝐽2

2 + 𝐽3
2                                  (5) 

 𝑀 = 𝑃/3                                       (6) 

 𝑆 = 𝑀 − 𝐾                                    (7) 

 𝐺 = 𝑌1 + 𝑌2 + 𝑌3 + 𝑌4 + 𝑌5 + 𝑌6 + 𝑌7 + 𝑌8 + 𝑌9                     (8) 

 𝐾 = 𝐺2/9                                   (9) 

           𝑌 = 𝐺/9                                      (10) 

Where J1, J2 and J3 are the sum of the analysis indexes corresponding to the three columns of 

numbers A, B and C;S is the variance;R is the range;J1, J2 and J3 are the differences between the 

maximum and minimum values of the average values of test indexes.According to Formulas（5）~

（10）, the analysis results shown in the following table can be obtained. 

Tab. 3 Result analysis 

Working condition A B C Analysis index Yi 

1 1 1 1 1.15 

2 1 2 2 0.55 

3 1 3 3 0.38 

4 2 1 2 1.92 

5 2 2 3 1.65 

6 2 3 1 2.55 

7 3 1 3 2.88 

8 3 2 1 3.96 

9 3 3 2 2.82 

 

Tab. 4 Detailed indicator results 

Analysis index A B C 

J1 2.08 5.95 7.66 

J2 6.12 6.16 5.29 

J3 9.66 5.75 4.91 

P 135.1 106.41 110.77 

M 45.03 35.47 36.92 
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R 2.53 0.14 0.92 

S 9.59 0.03 1.48 

According to the calculation results of variance s value in Tab. 4, it is evident that inlet 

temperature exerts the greatest influence on the surface average temperature of the assembled 

capillary temperature radiant heating system. The spacing between capillary tubes has the next most 

significant impact. In contrast, the main pipe supply velocity shows a minimal effect on the surface 

average temperature, with an S value of only 0.03. Additionally, the range r value calculations 

confirm that the factors affecting the floor surface temperature, in descending order of influence, are: 

water supply temperature, capillary tube spacing, and water flow rate . 

By analyzing the calculation results of the floor surface average temperature corresponding to 

the above nine working conditions, it is found that the design value of the floor surface average 

temperature of 25℃ is met with low-temperature hot water of 31℃ in the third working condition. 

4. Conclusion   

In our study, we analyzed the principles of radiant floor heating and developed two simulation 

models for assembled floor radiation. We examined the heat transfer characteristics of floors with 

U-shaped and I-shaped pipe layouts. We assessed the impact of pipe spacing, water flow rate, and 

water supply temperature on the heat transfer of the I-shaped assembled floor.  

(1) It was found that the two types of laying methods for the floor surface of the highest-

temperature region appeared in the supply and return main locations. Additionally, the capillary tubes 

using the I-type laying method provided more uniform floor surface temperature distribution than 

the U-type laying method, and the temperature was higher. 

(2) In the middle section of the floor, a tube spacing of 10 mm resulted in a average surface 

temperature 0.68℃ higher than that with a 20 mm spacing, while the 20 mm spacing was 0.34℃ 

higher than a 30 mm spacing. This shows that reducing the tube spacing significantly improves the 

floor surface temperature. 

(3) Both the I-type and U-type flooring systems demonstrate that the temperature of the water 

supply exerts a more substantial influence on thermal efficiency than the water flow velocity. For I-

type layout, the most effective water flow rate is between 0.2 to 0.25 m/s, while the ideal water supply 

temperature is between 32℃ and 34℃. 

(4) In future work, a full-scale prototype of the assembled capillary radiant floor will be 

constructed and instrumented in a laboratory test room and in selected buildings. Long-term 

measurements of surface temperature, heat flux and indoor thermal comfort will be carried out under 

different operating conditions, so as to further validate the numerical model and comprehensively 

evaluate the seasonal energy-saving potential and practical applicability of the proposed system. 
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