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Abstract

:

The constant growth of urban agglomerations with the development of transport networks requires the optimal use of energy and new ways of storing it. Energy efficiency is becoming one of the main challenges of modern engineering. The use of phase change materials in construction expands the possibilities of accumulating and storing solar energy, as well as reducing energy consumption. In this study, we consider the problem of the effect of natural convection on heat transfer in a building block containing a phase change material. Heat transfer, taking into account melting in brick, was analyzed at various temperature differences. The mathematical model was formulated in the form of time-dependent equations of conjugate natural convection using non-dimensional stream function, vorticity, and temperature. The equations describing melting, taking into account natural convection, were solved using the finite difference method. Smoothing parameters were used to describe phase transitions in the material. As a result of calculations, local characteristics of heat and mass transfer at various points in time were obtained, as well as changes in temperature profiles on the side surfaces. It is shown that with a large volume of melt, natural convection increases heat loss by more than 10%.






Keywords:


PCM; building; finite difference method; natural convection












1. Introduction


Energy efficiency of building structures is one of the paramount tasks of the modern construction industry, due to the constantly growing requirements for reducing heat loss. The use of new building materials and technologies has led to significant savings in the subsequent operation of buildings. The use of phase change materials is one of the new trends in increasing the thermal resistance of building structures. The inclusion of such materials in the outer walls of buildings and attic floors allows a reduction in the impact of external temperature fluctuations during the day due to the latent energy of phase transitions [1,2,3,4,5,6].



Recently, a lot of attention has been paid to the problems of using phase change materials in the design of building structures; quite a lot of numerical studies have been published on this topic, in most of which a one-dimensional problem is solved. This approach does not take into account the effect of melt motion.



Stirring of the melt due to natural convection leads not only to uneven melting, but also contributes to the intensification of heat exchange between the structure and the environment.



Paraffins and fatty acids in a wide range of melting points are used as phase change materials. These organic materials have a high latent energy of melting and are not subject to hypothermia or corrosion. The efficiency of using such materials is determined by many factors, such as the geometry of the structure, the thermophysical properties of the materials, as well as the climatic conditions of operation [7,8]. The melting point of the material should be selected not only in accordance with the daily changes in the ambient temperature, but it is also worth taking into account the seasonal changes in weather conditions and the temperature maintained indoors [2].



The inclusion of PCM in blocks of walls, roofs, and exterior or interior decoration allows the temperature fluctuations in the structure to smooth out [9,10,11]. In a pilot study [12], peak heat flux reductions of 51.3% and 29.7% were obtained for walls facing south and west, respectively. Kosny et al. [10] found a 63% reduction in heat transfer with the inclusion of PCM in roofs and walls.



Memarian et al. [13], using a one-dimensional thermal conductivity model, estimated energy costs for a room with a size of 3.65 m × 4.87 m × 2.4 m, and with a PCM embedded window depending on the melting point. For the Tehran climate, a 15% reduction in energy consumption was obtained with the inclusion of a PCM with a melting point of 29 degrees in the design. A reduction in temperatures under extreme heat loads for multi-PCM construction was evaluated in [14]. There was a greater cooling effect in the roof than in the walls. Temperature fluctuations decreased to 46% in July. In addition, there was a 6% decrease in peak maximum temperatures in July and a 24% increase in minimum temperatures in October. The use of phase change materials in the Latvian climate showed a decrease in peak temperatures by 3–4 degrees [15].



In the study [16], a one-dimensional problem of thermal conductivity in a multilayer wall with a PCM layer with a melting point of 29 degrees was considered. It was shown that the location of the material on the outside of the wall has the greatest effect on the intensity of cooling, while the reduction in energy losses can reach 13.4%.



Another way to incorporate PCM into a design is to make PCM embedded bricks [9,17,18,19]. The most common construction includes a load-bearing railing and an outer layer of insulation. The rest of the layers, including decorative finishes for heat loss calculations, can be disregarded.



In the roof structure, where the highest heat transfer and absorption of solar radiation are usually observed, the phase change material restrains the temperature head and absorbs a large amount of energy during the day [11,20] in its structure, which is a layer of material with a changed phase state. Bhamare et al. [20] analyzed the effect of the slope angle of the PCM layer in a concrete roof from 0° to 4°. It has been shown that a small slope of 2° provides the most efficient thermal management and reduces heat loss by 16% compared to a roof without PCM. Other interesting results on PCM applications can be found in [21,22,23].



The purpose of this study is to evaluate the contribution of natural convection to the thermal performance of a structure with PCM inclusions, and also to determine under what parameters the hydrodynamics in the melt can be neglected. As a result, the effect of convective mixing of the melt on the thermal resistance of the structure was estimated, taking into account unsteady thermal external conditions at various Rayleigh numbers. A rectangular brick block with rectangular inserts filled with phase change material was considered as a model. The brick was heated from the left wall by air convection.




2. Materials and Methods


A rectangular brick with inserts of phase change material was considered (Figure 1). The condition of thermal insulation was established on the horizontal walls. On vertical walls, the conditions of air convective heat transfer with constant heat transfer coefficients were considered. From the side of the left wall the air temperature changed according to the harmonic law Tout(t) = T0 + ∆T·sin(2πt/P)) and to the right of the region the air had a constant temperature Tin. At the initial moment of time, the material was in a solid state. When the region was heated, a melt was formed in the cavities, the movement of which is considered to be laminar. Buoyancy is described using the Boussinesq approximation.



Energy transfer inside a brick block is described by the heat conduction equation:


    ∂ T   ∂ t   =  k 1   (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )  .  



(1)







To describe the heat and mass transfer inside a cavity filled with paraffin, the equations of natural convection taking into account melting for the melt and the equation of thermal conductivity for solid non-molten material are used.


    ∂ u   ∂ x   +   ∂ v   ∂ y   = 0 ,  



(2)






   ρ  n m    (    ∂ u   ∂ t   + u   ∂ u   ∂ x   + v   ∂ u   ∂ y    )  = −   ∂ p   ∂ x   +  μ  n m    (     ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2     )  ,  



(3)






   ρ  n m    (    ∂ v   ∂ t   + u   ∂ v   ∂ x   + v   ∂ v   ∂ y    )  = −   ∂ p   ∂ y   +  μ  n m    (     ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2     )  +    (  ρ β  )    n m   g  (  T −  T F   )  ,  



(4)






    ∂ h   ∂ t   + u   ∂ h   ∂ x   + v   ∂ h   ∂ y   =  k l   (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )  ,  



(5)






    ∂ h   ∂ t   =    (   k s   )    n m    (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     )  .  



(6)







The energy equations for PCM are written in an enthalpy formulation. The enthalpy function takes into account the latent energy of melting and depends on temperature as follows:


  h =  {     ρ s   c s  T ,   T <  T F  ,      ρ s   c s   T F  +  ρ l   L F  +  ρ l   c l  ( T −  T F  ) ,   T ≥  T F  .      











To make the Equations (1)–(6) dimensionless, the following relations were used:


    X =  x / L  ,   Y =  y / L  ,    V 0  =   g β  (   T H  −  T F   )  L    ,    U =  u /   V 0    ,   V =  v /   V 0    ,   τ =   t  V 0   / L  ,     Θ =    (  T −  T F   )   /   (   T H  −  T F   )    ,   Ψ =  ψ /   (   V 0  L  )    ,   Ω =   ω L  /   V 0    .    











As a result, the following equations of natural convection in non-primitive stream function and vorticity variables were obtained:


     ∂ 2  Ψ   ∂  X 2    +    ∂ 2  Ψ   ∂  Y 2    = − Ω ,  



(7)






    ∂ Ω   ∂ τ   + U   ∂ Ω   ∂ X   + V   ∂ Ω   ∂ Y   =     P r   R a      (     ∂ 2  Ω   ∂  X 2    +    ∂ 2  Ω   ∂  Y 2     )  +   ∂ Θ   ∂ X   .  



(8)







The enthalpy at the boundary of the phase transition has a discontinuity by an amount equal to the latent heat. To pass to a unified energy equation in the solid and liquid phases, the smoothing function φ [24] was used:


  ϕ =  {    0 ,   Θ < − η ,       Θ − η   2 η   ,   η ≤ Θ ≤ η ,     1 ,   Θ > η .      











Here, η is the smoothing parameter and is equal to 0.01.



The auxiliary functions ξ(φ) and ζ(φ) describe a smooth transition of the thermophysical properties of the material at the interface.


  ξ  ( φ )  =    k s     k l    + φ  (  1 −    k s     k l     )   ,    ζ  ( φ )  =    ρ s   c s     ρ l   c l    + φ  (  1 −    ρ s   c s     ρ l   c l     )  .  



(9)







The energy equation for PCM, taking into account phase transitions and natural convection, takes the form:


  ζ  ( φ )   [    ∂ Θ   ∂ τ   + U   ∂ Θ   ∂ X   + V   ∂ Θ   ∂ Y    ]  + S t e ⋅  [    ∂ φ   ∂ τ   + U   ∂ φ   ∂ X   + V   ∂ φ   ∂ Y    ]  =   ξ  ( φ )      R a ⋅ Pr      (     ∂ 2  Θ   ∂  X 2    +    ∂ 2  Θ   ∂  Y 2     )  .  



(10)







Heat transfer inside the block will be described by the equation:


    ∂ Θ   ∂ τ   =      α B   /   α  P C M         R a ⋅ P r      (     ∂ 2  Θ   ∂  X 2    +    ∂ 2  Θ   ∂  Y 2     )  .  



(11)







At the time τ = 0, the temperature in the block, including the paraffin inserts, was below the melting point of the material, and since the material was in the solid state, the values of the stream function and vorticity were zero Ψ = 0, Ω = 0. Boundary conditions in the dimensionless form for the presented formulation of the problem were as follows:




	
At the boundaries between paraffin and brick:










   k 1    ∂  Θ 1    ∂  n ¯    =  k 0    ∂  Θ 0    ∂  n ¯    .  



(12)







	2. 

	
On the right border:








   X = 3 ,   0   ≤   Y   ≤   5 :         ∂ Θ   ∂ X    |   M  = − B i  (   Θ M  −  Θ  i n    )    









where    Θ  i n   = 0.1  ;



	3. 

	
On the left border:








   X = 0 ,   0   ≤   Y   ≤   5 :         ∂ Θ   ∂ X    |   M  = − B i  (   Θ M  −  Θ  o u t    )    









where    Θ  o u t   = sin  (    2 π τ   2 P    )  ;  



	4. 

	
At the upper and lower boundaries:








   0   ≤   X   ≤   3 ,   Y = 0   и   Y = 5 :     ∂ Θ   ∂ Y   = 0   









The boundary conditions for the Poisson equation for the stream function and the vorticity dispersion equation Ψ = 0   Ω = −  ∇ 2  Ψ   were used for all solid boundaries of the melt region, including the interface.



The resulting dimensionless differential equations were solved by the finite difference method on an orthogonal uniform grid. The Poisson equation for the stream function was solved using the successive over-relaxation method. The energy equations for paraffin and brick material, as well as the vorticity dispersion equation were solved using the locally one-dimensional Samarsky scheme. Convective and diffusive terms were approximated by finite differences of a second order accuracy. The numerical model was tested on the experimental problem of melting gallium inside a parallelepiped heated and cooled from vertical opposite walls. Figure 2 shows a comparison of the positions of the melting front at times 2, 6 and 10 and 17 min.



The analysis of the influence of the grid parameters was carried out for three different grids and time steps. Figure 3 shows the isotherms and isolines of the stream function at the time t = 6 h for the cavity height L = 0.02 m, and the temperature difference ∆T = 20°. The convergence of the solution largely depends on the time step. For three grids of 161 × 101 nodes, 281 × 176 nodes, and 401 × 251 nodes, time steps of 0.03, 0.01, and 0.005 were chosen. It can be seen that there is convergence in the grid and the time step, and the solutions on the grids of 281 × 176 and 401 × 251 nodes practically coincide. For greater accuracy, all further calculations were performed for a uniform grid of 401 × 251 nodes.




3. Results and Discussion


As a result of the calculations, the distributions of the temperature fields and the stream function were obtained at different times during heating of the material at different Rayleigh numbers. In dimensional variables, the differences in external temperature from 5 to 20 degrees were considered at L = 0.01 m and L = 0.02 m, which corresponds to the ranges of Rayleigh number 2.27·105 ≤ Ra ≤ 5.9·106 and Stefan number 4.48 ≤ Ste ≤ 14.65. Thermal properties of used materials are presented in Table 1.



Figure 4 shows the temperature fields (a) and streamlines (b) for the case L = 0.01 and ∆T = 10, taking into account natural convection in the melt and temperature distributions obtained without taking into account natural convection (c) at different times, this case corresponds to the Rayleigh number Ra = 4·105 and the Stephan number Ste = 8.33. After two hours of heating, the material had not yet begun to melt and the temperature distributions for both cases looked the same. At the time instant of 4 h, a weak convective flow appeared in the cavity, rising along the left boundary. Already at this stage, it was clear that the isotherms were condensed to the left of the PCM enclosures, and almost the same temperature was observed on the right side of the brick block. This distribution indicates that the phase change material prevented the passage of heat to the right side of the area, converting it into latent energy. With an increase in the volume of the melt and further heating of the brick, the isotherms in the upper part were shifted to the right wall, as a result of which the upper part of the region was heated more intensively.



It can also be seen that on the right boundary of the brick, the temperature was slightly higher for the case with natural convection taken into account. Figure 5 shows the temperature profiles on the right wall adjacent to the indoor environment. It can be seen that for ∆T = 10°, as in the case of ∆T = 5°, the temperature on the right wall in cases with natural convection and without convection differed by less than 0.1 degrees, while for a temperature head of ∆T = 20° it exceeded 0.7 degrees. Thus, taking into account the constant heat transfer coefficient on the right wall and the temperature of indoor Tin = 25°, the heat transfer rate increased by more than 10% when the convection effect is taken into account. In this case, as expected, the temperature was higher for the case of natural convection in the melt.



Figure 6 shows the melting process at a temperature difference ∆T = 20° (Ra = 7.4·105 and Ste = 4.48). In this case, the melting process was faster. Along with an increase in the temperature of the external environment, the intensity of convective heat transfer in the region increased with an increase in the melt volume. At the moment of time t = 6 h, the material was already completely melted, and it can be seen that the right wall heated up more intensively for the case taking into account convective heat transfer.



The hydrodynamics are reflected in more detail by the fields of the velocity vector presented in Figure 7. It can be seen that in the process of melting, narrow liquid flows ascend along the vertical wall and descend along the interface; here the highest velocity values are observed. A large heat flux at the interface, caused by the absorption of the energy of the phase transition, enhanced convective heat transfer. When the volume of the solid material completely left and the convective vortex expanded over the entire region, the velocities along the vertical walls decreased, and therefore there was a slight decrease in the maximum value of the stream function      | Ψ |    max    .



At larger scales of the model, the material did not have time to melt completely, even at high temperature drops (Figure 8). This figure shows the temperature fields and streamlines for the case L = 0.02 m and ∆T = 20° (Ra = 5.9·106 and Ste = 4.48). As in the previous cases, the temperature fields were the same at the initial stages of melting. Since the thermal conductivity of the RT25 was lower than in the brick, the heat was distributed unevenly and the isotherms were bent. With large volumes of material at the time t = 4 h, a small volume fraction of the material melted, while the differences in the temperature fields were insignificant. After six hours of heating, the melt volume remained insignificant in comparison with the volume of unmelted material and the right part of the brick remained unheated both in the case of natural convection and without it.



At the same time, considering the temperature profiles on the left wall (Figure 9a), it should be noted that natural convection reduced the brick temperature by mixing the melt. In the upper part, the brick, as expected, heated up more, while the temperature of the left wall was 0.3 degrees lower over the entire height during convective heat and mass transfer. Hence, it can be concluded that natural convection makes a significant contribution to the charging process: by enhancing heat exchange with the outdoor, the phase change material absorbs more energy by increasing the temperature difference with the environment. On the other hand, with such a volume of PCM, there was practically no temperature change on the right wall. At ∆T = 10°, the difference did not exceed 0.01 degrees, for ∆T = 20°, and the presence of convective heat transfer reduced the temperature by no more than 0.04 degrees. It should be noted that in this case, the melting point had a greater effect on the heat transfer between the brick and the interior. Thus, even at large temperature drops, stirring the melt did not significantly reduce the temperature at the right boundary, but promoted greater energy absorption.




4. Conclusions


The influence of natural convection and the efficiency of using PCM in brick for cooling building structures were analyzed. The addition of PCM to a structure has been shown to increase its thermal resistance by absorbing a large amount of energy. It is shown that, at small temperature differences from 5 to 10 degrees from the outer side, convective heat transfer has little effect on the temperature of the inner surface. The temperature difference on the surface does not exceed 0.1 degrees. With an increase in temperature by 20 degrees, more intense melting is observed, while the temperature of the inner surface is 0.7 degrees higher than in the case without natural convection. With a large volume of PCM, if the proportion of molten material is not significant, the temperature change on the inner surface does not exceed 0.04 degrees. However, due to the mixing of the melt, the temperature on the outer surface decreases, increasing heat transfer with the environment. Thus, the influence of natural convection manifests itself in the intensification of heat transfer between the ambient and the interior. With sufficient PCM volume, the effect of natural convection can be neglected. However, a small volume of material and high temperatures contribute to the intensification of convective heat transfer in the structure, which can cause heating of the brick in the upper part and increase heat loss by more than 10%.
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Nomenclature




	
Bi

	
Biot number




	
C

	
specific heat, J K−1 kg−1




	
g

	
gravitational acceleration, m s−2




	
h

	
enthalpy, J kg−1




	
k

	
thermal conductivity, W K−1m−1




	
L

	
cavity height, m




	
LF

	
fusion energy or latent heat of melting, J kg−1




	
p

	
pressure, Pa




	
P

	
dimensionless half-cycle equivalent to 12 hours in dimensional time




	
Pr

	
Prandtl number




	
Ra

	
Rayleigh number




	
Ste

	
Stefan number




	
t

	
time, s




	
T

	
temperature, °K




	
TF

	
melting temperature




	
u, v

	
velocity components in Cartesian coordinate along x and y, m s−1




	
U, V

	
dimensionless velocity components




	
x, y

	
Cartesian coordinate, m




	
X, Y

	
dimensionless Cartesian coordinates




	
Greek symbols




	
α

	
thermal diffusivity, m2 s−1




	
β

	
coefficient of thermal expansion, K−1




	
γ

	
heat transfer coefficient, W K−1 m−2




	
Θ

	
dimensionless temperature




	
μ

	
dynamic viscosity, Pa s




	
ν

	
kinematic viscosity, m2 s−1




	
ρ

	
density, kg·m−3




	
τ

	
dimensionless time




	
ψ

	
stream function, m2 s−1




	
Ψ

	
dimensionless stream function




	
ω

	
vorticity, s−1




	
Ω

	
dimensionless vorticity




	
Subscripts




	
b

	
brick




	
l

	
liquid




	
PCM

	
phase change material




	
s

	
solid
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Figure 1. The considered model. 
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Figure 2. Comparison of obtained numerical data (solid line) and experimental data [25]. 






Figure 2. Comparison of obtained numerical data (solid line) and experimental data [25].



[image: Fluids 06 00258 g002]







[image: Fluids 06 00258 g003 550] 





Figure 3. Isotherms Θ and streamlines Ψ for L = 0.02 m and ∆T = 20° obtained for different grids: solid black line—161 × 101 nodes, solid red line—281 × 176 nodes, dashed line—401 × 251 nodes. 






Figure 3. Isotherms Θ and streamlines Ψ for L = 0.02 m and ∆T = 20° obtained for different grids: solid black line—161 × 101 nodes, solid red line—281 × 176 nodes, dashed line—401 × 251 nodes.



[image: Fluids 06 00258 g003]







[image: Fluids 06 00258 g004 550] 





Figure 4. Temperature fields (a) and streamlines (b) for the case L = 0.01 and ∆T = 10 taking into account natural convection in the melt and temperature distributions obtained without natural convection (c) at different times. 
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Figure 5. Temperature profiles on the right wall at L = 0.01m. 
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Figure 6. Temperature fields (a) and streamlines (b) for the case L = 0.01 m and ∆T = 20° taking into account natural convection in the melt and temperature distributions obtained without natural convection (c) at different times. 
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Figure 7. Dimensionless velocity field at times t = 4 h and t = 6 h for the case of L = 0.01 m and ∆T = 20°. 
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Figure 8. Temperature fields (a) and streamlines (b) for the case L = 0.02 m and ∆T = 20° taking into account natural convection in the melt and temperature distributions obtained neglecting natural convection (c) at different times. 
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Figure 9. Temperature profiles on the left wall for ∆T = 20° (a) and on the right wall for ∆T = 10° and ∆T = 20° (b) at L = 0.02 m. 
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Table 1. Properties of materials.
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Properties

	
k, W/(m∙K)

	
c, J/(kg∙K)

	
ρ, kg/m3

	
μ, Pa∙s

	
Lf, J/kg




	
Solid

	
Liquid

	
Solid

	
Liquid

	
Solid

	
Liquid






	
Brick

	
0.7

	
840

	
1600

	

	




	
RT25HC (Tf = 26.6 °C)

	
0.19

	
0.18

	
1800

	
2400

	
785

	
749

	
0.00375

	
232,000
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