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A type of concrete hollow block with typical structure and a common phase change material (PCM) were adopted. The PCM was
filled into the hollow blocks by which the multiform composite PCM hollow blocks were made. The temperature-changing hot
chamber method was used to test the thermal performance of block walls. The enthalpy method and the effective heat capacity
method were used to calculate the heat transfer process. The results of the two methods can both reach the reasonable agreement
with the experimental data. The unsteady-state thermal performance of the PCM hollow block walls is markedly higher than that
of the wall without PCM. Furthermore, if the temperature of the PCM in the wall does not exceed its phase transition temperature
range, the PCM wall can reach high thermal performance.

1. Introduction

As the building energy consumption increases, the energy-
saving technology in buildings has become one of the hot
fields in theworld;meanwhile, people’s demandon the indoor
thermal comfort also increases continuously. One of the
traditional ways to solve this problem is to introduce thermal
insulation materials into building envelope to enhance the
thermal performance of wall. Traditional thermal insulation
materials have low thermal conductivities which can effec-
tively reduce the heat flow through the building envelope;
however, they aremostly organic thermal insulationmaterials
with low specific heat capacity. This can probably result in
the indoor temperature fluctuation with large amplitude and
frequency, which reduces the indoor thermal comfort degree,
gives rise to the frequent open and close of air-conditioning
device, and decreases the opportunity of device operating
under the optimum condition, which increases the energy
consumption of device. In addition, the fire safety hidden
trouble is accompanied, and the thermal insulation material
does not have a lifetime as long as the building itself (the
general service life of the organic thermal insulation material

is 10 to 20 years).Therefore, people start to findnewandbetter
methods to save energy.

It is one of the potential ways to use phase changematerial
(PCM) into building envelope. The proper use of the latent
heat of phase transition effect can substantially increase the
thermal capacity of building envelope. By doing this, the heat
flow into building envelope in daytime is conserved; when the
outdoor air’s temperature falls to a low value in night time, the
PCM releases heat and then makes the conserved heat back
to the outside. In this way, the heat entering into the interior
of the room throughout a day will be remarkably reduced;
furthermore, the peak of heat entering building envelope in
daytime will enter into the interior of the room at dusk or
night with a lower peak value and larger time lag because
of the decrement and delay effects. At this time, the indoor
cooling load is reduced; also, the electric charge is in the valley
time period, by which the indoor thermal comfort degree is
improved and the money is saved.

At present, a lot of researchers studied the thermal per-
formance of the building envelope outfitted with PCM layer.
Aelenei used a new structure of wall with photovoltaic board
and PCM board and calculated and tested the application
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effect under the climate of winter. The results indicated that
the electrical energy was saved by 10% and the efficiency of
the whole system reached 20% by using this type of wall
[1]. Ahmed et al. introduced the PCM (paraffin) into the
wall of the truck box which was used for the refrigeration
of things. The test results demonstrated that the peak heat
flow rate entering the truck box was averagely reduced
by 29.1% when all the walls were outfitted with PCM; if
one wall of the walls was outfitted with PCM, the heat
flow rate can be decreased for 11.3%–43.8%; the heat flow
rate that entered the truck box every day can be reduced
for 16.3% [2]. Alqallaf and Alawadhi analyzed the thermal
performance of a concrete roof deck outfitted with PCM.
The test results indicated that the heat gain became lower
with the increasing amount of PCM; furthermore, the heat
gain was influenced by the phase transition temperature
of the PCM [3]. Bontemps et al. applied PCM into the
wall of an experimental box with twin-box structure. The
experimental box was placed under the environment of the
local typical outdoor climate. The test results demonstrated
that the temperature fluctuation inside the test box with
PCM was significantly lower than that of the box without
PCM [4]. Borreguero et al. tested the thermal performance
of a gypsum board outfitted with PCM. The result showed
that the thermal storage capacity of the gypsum board was
strengthened by the increasing amount of PCM; meanwhile,
the temperature fluctuation inside the wall was reduced;
in addition, containing the same thermal performance, by
increasing 5% (mass fraction) amount of PCM inside the
board, the thickness of the board can be decreased for 8.5%
[5]. Cabeza et al. built a concrete room with actual size. The
south and west walls and the roof were outfitted with 5%
PCM, and the roomwas exposed to the natural environment.
The results demonstrated that the thermal inertia of the wall
with PCMwas remarkably higher than thewall without PCM,
and the interior surface temperature of the PCM wall was
lower (reducing for 0 to 2∘C); the peak heat was shifted for
about two hours by the PCM wall [6]. Castell et al. built the
house using two types of traditional perforated bricks with
and without PCM. The houses were tested under the typical
climate of Spain. The results showed that the PCM made
the indoor peak temperature reduce for about 0.9∘C and
0.73∘C, and the energy consumption reduced for 15% and 17%
[7].

It can be seen from the above research that the building
envelope outfitted with PCM can reach better thermal per-
formance. At present, the study of the phase transition heat
transfer model is mostly around the one-dimensional models
[4, 5, 8]. However, it is easy to leak and be damaged and
occupies the thickness of wall, if the PCM exists in building
envelopewith the formof one layer.Thehollow brickwall and
hollow block wall are widely used in some parts of world for
energy conservation now. If the PCM is properly put into the
holes of the hollow bricks and hollow blocks, the construction
procedure will be simplified and the negative influences will
be avoided with maintaining high thermal performance.

On the field of multidimensional heat transfer, Anto-
niadis et al., using ComsolMultiphysics software [9] and two-
dimensional finite element method, analyzed the impacts of

the hole rows, hole thickness, and the staggered or unstag-
gered arrangement of hole rows on the thermal performance
of hollow brick, taking the effective thermal conductivity
as the evaluation index [10]. Arendt, using two-dimensional
energy equation, studied the impacts of hollow ratio on
the steady-state and unsteady-state thermal parameters of
hollow bricks, with the evaluation indexes of time lag,
decrement factor, and equivalent thermal conductivity [11].
Li et al. studied the heat transfer process of the hollow
bricks with different structures using the Tri-diagonal Matrix
(TDMA) method and Alternating Direction Implicit (ADI)
method [12, 13]. The computational efficiency and accuracy
of the methods are both superior to or equivalent to the
Gaussian elimination method [14], which are appropriate for
the solution of multidimensional heat transfer problems of
the nonhomogeneous materials such as hollow blocks [15,
16]. Mackerle et al. analyzed the thermal performance of a
concrete roof outfitted with PCM using three-dimensional
heat conduction model and finite element method. In the
mathematical model, the specific heat of PCM within the
phase transition temperature range was equivalent to a
certain value. The discrete equations were solved by precon-
ditional generalized minimum residual (PGMR) [17] solver.
This concrete roof had some cylindrical holes inside, which
were filled with PCM (A39). The numerical calculation and
experimental test were performed on the roofs with and
without PCM, respectively. The results demonstrated that
the maximum errors between the calculation results and
the experimental data were 7.25% and 7.4%, and there was
reasonable agreement between calculation results obtained
by the PCM mathematical model and the experimental data
[3]. Carbonari et al. developed a two-dimensional phase
transition heat transfer model. He used the model and finite
element method calculated the heat transfer process of a type
of wall board with PCM layer. After the comparison between
the calculation results and the experimental data, it was found
that a good agreement is achieved [18]. It can be known that,
at present, the study on the multidimensional heat transfer
process of the constant-property material wall is relatively
sufficient but that of the composite PCM wall is insufficient.

In consideration of the reasons above, a type of concrete
hollow blocks in typical structure and a commonly used
phase change material (PCM) were adopted and the multi-
form composite PCM hollow blocks were produced in this
paper. The PCM was put into different positions of hollow
blocks. The temperature-changing hot chamber method was
used to test the thermal performance of the hollow block
walls with or without PCM under different temperature
conditions; meanwhile, the two-dimensional enthalpy model
and effective heat capacity model were used to calculate the
phase transition heat transfer process under the conditions
of experiments. The results of the models were validated
by the experimental data, and the thermal performances
of the hollow block walls with and without PCM and the
walls with the PCM at different positions were compared.
The difference on the thermal performance of each wall was
analyzed, which provides the data reference and guide for
the engineering application of composite PCM hollow block
wall.
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2. Mathematical Models

2.1. Assumptions. To simplify the heat transfer model, the
following assumptions were made: (1) all the materials were
considered to be thermally homogeneous and isotropic; (2)
because the heat transfer processwasmainly heat conduction,
the thermal conductivity of the liquid PCM was considered
to be not changed; (3) because the specific volume ratio of
the solid state to that of the liquid state was less than 1.15,
the volume change of the PCM during the phase change
process was ignored; (4) the supercooling effect during
the freezing process and the natural convection effect were
ignored (the used PCM in the experiment and calculation
was the composite PCM which was the mixture of the
PCM and gypsum in a certain ratio; the natural convection
effect was effectively restrained); (5) the equivalent thermal
conductivity was applied for the air cavities inside the blocks
[19]; (6) because the net heat flow was 0 on the vertical
direction of wall, the heat transfer in the computational
domain was simplified to be two-dimensional heat transfer,
and the total heat flow was on the direction of thickness
(the boundaries of other directions were adiabatic, where the
second type thermal boundary condition was applied).

For point (4), there are some explanations which are
worthy to state. According to the formula, the Grashof and
Prandtl numbers can be calculated as Gr = 𝑔𝛼Δ𝑡𝑙3/]2 and
Pr = ]/𝑎. After the calculations, for the side holes with
air in the experimental hollow blocks, the average Gr is
calculated as 0.0167, and the 0.3998 for the middle holes
with air. The average Pr for the side holes with air and the
middle holes with air is around 0.699. The average Gr for
the side holes with air and the middle holes with air is
relatively small, which demonstrates that the buoyancy force
is small, relative to the viscous force. Meanwhile, the average
Pr is relatively large, which indicates the obvious influence
of viscidity during the heat transfer process. Therefore, it
can be seen that the convection effect in the holes with
air is unapparent and the main heat transfer approach is
heat conduction. For the holes with PCM, the used PCM
in the experiment and calculation was the composite PCM
which was the mixture of the PCM and gypsum in a certain
ratio. Then the liquid PCM (if it has melted) exists in the
microvoid of the solid gypsum. Because of these, the natural
convection effect was effectively restrained, the value of the
Gr for the holes with PCM becomes very small, and the Pr is
the same as the status of the holes with air.With the situations
above, we assumed the natural convection to be negligible
and we considered that it will not produce large errors in the
calculations.

For point (6), it is worthy to explain that, according
to the instruction book of the device, the heat loss of the
chambers and the wall frames is less than 5%. Furthermore,
the thermal conductivity of the insulation material inside the
frames of chambers (extruded polystyrene) is low enough
(0.029W/m⋅K) and the thickness of the frames is large
enough (larger than 0.15m). Therefore, we consider that
the heat losses through the chambers and the wall frames
have little impact on the accuracy of the experimental
data.

2.2. Governing Equation. In this research, the traditional
two-dimensional heat transfer equation was used to solve the
problem of the hollow block wall without PCM [20], and the
two-dimensional enthalpy model and effective heat capacity
model were adopted for the hollow block wall with PCM.

2.2.1. Two-Dimensional Enthalpy Model. One has
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2.2.2. Two-Dimensional Effective Heat Capacity Model. One
has
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where 𝜌 and 𝜆 represented the density and the thermal
conductivity of the PCM, respectively. 𝑐eff was the effective
heat capacity of the PCM,whichwas calculated using (4).The
parameters 𝑥 and 𝑦 were the thickness and width directions,
and 𝑇 was the temperature of the specimen at a point in time
𝜏; 𝑑𝐻/𝑑𝜏 and𝑚 were the heat flow rate across the PCM and
the mass of the PCM.The heating or cooling rate of the PCM
was given by 𝑑𝐻/𝑑𝜏.

2.3. Initial and Boundary Conditions. Because the param-
eters were tested under the periodical thermal boundary
conditions in the experiments, four temperature periodswere
performed in each experiment to eliminate the impact of the
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Table 1: Thermal-physical parameters of PCM (Capric Acid).

Density 𝜌
(kg⋅m−3)

Sensible heat c
(J⋅kg−1⋅K−1)

Latent heat L
(J⋅kg−1)

Thermal conductivity 𝜆
(W⋅m−1⋅K−1)

Melting peak
temperature range (∘C)

Freezing peak
temperature range (∘C)

886 (liquid)
1004 (solid) 2919 138040 (melting)

150970 (freezing) 0.152 31.4∼34.5 24.6∼27.1

initial condition on the testing results.The initial temperature
was shown as follows:

𝑇 (𝑥, 𝑦, 𝜏)
𝜏=0 = 𝑇init, (5)

where 𝑇(𝑥, 𝑦, 𝜏)was the temperature at point (𝑥, 𝑦) at time 𝜏.
𝑇init was the initial temperature.
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flowed into the point 𝑝 (or 𝑝) and negative value when heat
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where 𝑓(𝜏) was the heat flow function in which the indepen-
dent variable was time 𝜏, 𝑓(𝜏) = 0.

2.4. Numerical Method. Thepoint iterationmethod was used
for the two-dimensional numerical calculation in this work.
The governing equations and boundary conditions were
discretized by Finite Difference Method (FDM) [21, 22]. The
sizes of the mesh and time steps were 0.005m and 2 s, which
guarantees that the results were independent of the usedmesh
and the time step sizes. Central differences were applied in
space step while a fully implicit finite difference scheme and

forward differences were applied in time step. The Gauss-
Seidel scheme was employed in iteration. The convergence
criterion is shown as in (8). The calculation program was
developed in MATLAB environment [23]:

max 𝑇 (𝑥, 𝑦, 𝜏) − 𝑇 (𝑥, 𝑦, 𝜏 + 1)
 ≤ 10

−10

, (8)

where 𝑇(𝑥, 𝑦, 𝜏) and 𝑇(𝑥, 𝑦, 𝜏 + 1) were the temperatures of
the point (𝑥, 𝑦) at the time of 𝜏 and 𝜏 + 1, respectively.

3. Experiments and Models Validation of
Composite PCM Hollow Block Walls

3.1. PCM and Composite PCM Hollow Blocks. Figure 1 is the
schematic diagram of the four blocks used in experiments
(the shaded part in the figures is PCM), they are the hollow
block without PCM (Block 1), the block with a hole row of
PCM which is near the left surface (Block 2, the left side of
the block wall was disposed as the outdoor side, and the right
side was disposed as the indoor side), the block with a hole
row of PCM which is in the middle of the block (Block 3),
and the block with a hole row of PCM which is near the
right surface (Block 4), respectively. With filling PCM into
the different rows of blocks, and taking the block without
PCM as a reference, the thermal performance of composite
PCM hollow block walls was analyzed. The PCM used in the
experiments is Capric Acid.The thermal-physical parameters
are shown in Table 1 [24, 25].

After the sealing and screeding on the undersurfaces of
the corresponding holes of blocks with cement slurry sitting
method (CSSM), the mixture of the PCM and gypsum was
filled into different rows of holes in the blocks, as shown in
Figure 2. Because the holes in the middle part of blocks were
thicker than the side holes, the amount of PCM in each row
of holes should be equal with maintaining the comparability;
therefore, the material in each row of holes was the mixture
of the PCM and gypsum in different proportions, and the
mass of the PCM in each hole was 0.314 kg. In addition, four
thermocouples were pasted on the surfaces of the middle
holes to test the varied temperatures on the surfaces of the
PCM layer in Block 3 wall. In the calculations, the compound
specific heat was used to calculate the heat transfer of the
composite PCM, which was obtained by weighting the mass
ratio of the PCM and gypsum.

3.2. Experimental Methodology and Conditions. The tem-
perature-changing hot chambermethod [20] was used in this
research.The experimental device is in Figure 3. Both the left
chamber and the right chamber can stabilize the temperatures
inside and change them dynamically in the experiment.
In order to maintain the adiabatic condition around the
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(a) Block 1 (b) Block 2 (c) Block 3 (d) Block 4

Figure 1: Schematic diagram of the PCM’s positions in the blocks.

(a) PCM in the side holes (Block 2 and Block 4) (b) PCM in the middle holes (Block 3)

Figure 2: PCM blocks.

Heat source

Right chamberLeft chamber

Cold source

Heat source

Fan

Fan

Aluminium plate

Aluminium plate

Thermal insulation material

Experimental wall Specimen bracket

Figure 3: Experimental device.

experimental wall, the frames of the specimen bracket and the
two chambers were treated to be approximately adiabatic. In
the experiments, the temperatures on the two surfaces of wall
were tested by the uniformly distributed thermocouples (nine
thermocouples for each surface of the wall) and recorded by
data logger.

Each block wall was tested under the common four
boundary temperature conditions shown in Table 2; besides,
for further exploration of the composite PCM blocks, the
walls of Block 2, Block 3, and Block 4 were tested under
the additional four boundary temperature conditions, respec-
tively. In the right chamber of the experiments, the adiabatic
condition was maintained around the frames but the temper-
ature was not controlled; therefore, the temperature in the
right chamber was influenced by the varied temperature of
the right surface. Before the experiments, by multiple tests,
the convective heat transfer coefficients on the left and right
surfaces of wall were nearly stabilized at the values around
20.0W/m2⋅K and 11.0W/m2⋅K.

3.3. The Uncertainty of the Experimental Data. The main
devices used in the experiment are left and right cham-
bers, temperature controller, data logger, thermocouples,
and cooling and heating units. The temperature amplitude
inside the left and right chambers is equal to or lower than
0.5∘C, and the heat loss of the chambers is lower than 5%.
Because the tested data are transient varied temperatures,
the devices that influence the accuracy of the experimental
data are the thermocouples. These thermocouples are all T-
type thermocouples. The range of measurement is −50∘C to
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Table 2: Boundary temperature ranges of each experiment.

Experiment number
Left side air’s
temperature
ranges (∘C)

Common boundary temperature ranges
Temperature range 1 19.9∼43.2
Temperature range 2 1.2∼67.2
Temperature range 3 3.9∼72.6
Temperature range 4 1.0∼83.4

Additional boundary temperature ranges for
Block 2

Temperature range 5 27.0∼34.5
Temperature range 6 23.5∼36.9
Temperature range 7 20.9∼40.4
Temperature range 8 17.5∼42.7

Additional boundary temperature ranges for
Block 3 and Block 4

Temperature range 5 17.6∼42.4
Temperature range 6 11.6∼48.0
Temperature range 7 10.7∼54.1
Temperature range 8 11.9∼60.3

100∘Cwith themaximumuncertainty of 0.5∘C.Therefore, the
maximum uncertainty of the experimental data is 0.5∘C.

3.4. Evaluation Indexes. To analyze the calculation accuracy,
the standard errors and maximum absolute errors between
the calculation curves and experimental curves were calcu-
lated using (9). The standard error reflects the average extent
of the calculation curves deviating from the experimental
curves, while the maximum absolute error reports the maxi-
mum deviation between the two curves:

𝜎 = √
∑
𝑛

𝑖=1

(𝑁
𝑖
− 𝑁sta,𝑖)

2

𝑛
,

𝜎


= max (𝑁1 − 𝑁sta,1
 ,
𝑁2 − 𝑁sta,2

 ⋅ ⋅ ⋅
𝑁𝑛 − 𝑁sta,𝑛

) ,

(9)

where 𝜎 and 𝜎 are standard error and maximum absolute
error, respectively, 𝑛 is the amount of data, 𝑖 is the sequence
number of data, 𝑁

𝑖
is the 𝑖th datum, and 𝑁sta,𝑖 is the 𝑖th

standard datum.

3.5. Models Validation and Experimental Analysis. Figures
4–7 are the curves of the surface temperatures (including
the experimental data and calculation results), decrement
factors, time lags, standard errors, and maximum absolute
errors of the blocks in Figure 1 under the boundary temper-
ature conditions in Table 2. The values of the temperature
decrements, decrement factors, time lags, standard errors,
and maximum absolute errors of each block wall are shown
in Table 3.

3.5.1. Models Validation. It can be seen that, as a whole,
the standard errors and maximum absolute errors of the
calculation results increase slowly with the temperature
range’s width on the left surface of wall. The standard errors
of the effective heat capacity model (Eff) and enthalpy model
(Ent) are lower than 1.4∘C and 1.7∘C, and the maximum
absolute errors are lower than 2.8∘C and 3.6∘C, respectively.
The maximum errors always exist for the calculation results
of the left surface. The reason for this is that the decrement
effect of wall makes the temperature fluctuation on the right
surface be significantly lower than that on the left surface; as a
result, the calculation errors on the right surface reduce, while
the temperature on the left surface is slightly influenced by
the wall, which makes the errors be relatively larger. Figures
6(l) and 6(m) are the calculation errors of the temperature
on the two surfaces of PCM layer in Block 3 wall. It can
be seen from the data in Table 3 that the standard errors
of the two models are both lower than 2.9∘C and mostly
in the range from 1.0∘C to 2.5∘C; the standard errors of the
effective heat capacity model (Eff) are lower than that of
the enthalpy model (Ent). The errors are produced by these
factors: (1) in the experiment, it is impossible to reach the
absolute adiabatic condition around the walls, but in the
mathematical models, it is the idealized adiabatic condition
around thewalls; (2) the error inevitably exists in the obtained
experimental data; (3) to control the calculation amount, the
size of the computational mesh is set as 0.005m × 0.005m,
so the calculation result is the average value of the area of
each mesh; and (4) not all the assumptions in the models
and the conditions in the experiment are unified. In spite of
these, there is reasonable agreement between the curves of
the calculation results and experiment data (the error is lower
than 5%); therefore, it is considered that the results of the two
models can both meet the requirement for the analysis, and
the effective heat capacity model is more accurate than the
enthalpy model.

3.5.2. Experimental Analysis. Seen from Figures 4–7 that,
for the four experiments under the common boundary
temperature ranges (from temperature range 1 to temperature
range 4) of eachwall, the temperature decrements, decrement
factors, and time lags of the block walls with PCM (Block
walls 2, 3, and 4) are all significantly larger than that of
the block wall without PCM (Block wall 1). The increased
amounts of the temperature decrements of Block walls 2, 3,
and 4 are from 1.5∘C to 5.0∘C, and the increased decrement
factors are from 1.0 to 2.5 and those for the time lags are from
0.5 h to 3.0 h, compared to Block wall 1. This demonstrates
that the phase transition energy storage effect has worked
by the use of PCM, which plays an important role on the
development of the unsteady-state thermal performance of
wall.

Also, the decrement factors and time lags of eachwall vary
with a slowly declining trend on the whole with increasing
width of boundary temperature ranges.The main reasons for
this phenomenon can be explained as (1) for the air layers
in the blocks, the width addition of the boundary temper-
ature ranges increases the temperature difference between
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Table 3: Temperature decrements, decrement factors, time lags, standard errors, and maximum absolute errors of each block wall.

Indexes
Temperature
decrements

(∘C)

Decrement
factors

Time lags
(h)

Standard errors (∘C) Maximum absolute errors (∘C)
Left surface
Eff/Ent

Right surface
Eff/Ent

Left surface
Eff/Ent

Right surface
Eff/Ent

Block walls and temperature ranges Experimental values
Block 1 wall

Temperature range 1 17.5 4.02 6.17 0.50 0.28 0.90 0.54
Temperature range 2 49.9 4.10 5.42 0.62 0.69 1.29 1.23
Temperature range 3 51.6 4.07 5.58 0.60 0.72 1.14 1.38
Temperature range 4 61.0 3.85 5.17 1.04 0.77 1.79 1.25

Block 2 wall
Temperature range 1 19.0 5.30 7.25 0.62/0.76 0.24/0.27 0.83/1.40 0.46/0.48
Temperature range 2 51.2 5.43 6.17 0.36/0.33 0.67/0.47 0.72/2.64 1.25/0.99
Temperature range 3 51.5 5.17 6.08 0.63/1.41 0.60/0.46 0.98/2.91 1.02/0.87
Temperature range 4 65.4 5.18 5.92 0.52/1.69 0.70/0.63 1.12/3.52 1.34/1.46
Temperature range 5 6.0 5.47 7.33 0.19/0.13 0.12/0.16 0.39/0.32 0.20/0.26
Temperature range 6 10.9 5.65 6.92 0.24/0.39 0.19/0.28 0.54/0.76 0.37/0.48
Temperature range 7 15.9 5.62 6.50 0.44/0.30 0.24/0.26 0.78/0.55 0.45/0.49
Temperature range 8 20.7 5.72 7.25 0.56/0.68 0.31/0.37 1.18/1.07 0.55/0.62

Block 3 wall
Temperature range 1 19.7 6.82 7.67 0.09/0.13 0.24/0.30 0.19/0.28 0.45/0.53
Temperature range 2 53.0 6.47 7.17 0.70/0.98 0.77/0.44 1.42/1.80 1.10/0.99
Temperature range 3 56.2 6.43 6.83 0.72/0.85 0.70/0.50 1.47/1.63 1.24/1.05
Temperature range 4 67.2 5.63 5.08 0.71/0.99 0.94/1.43 1.60/2.03 2.18/3.15
Temperature range 5 20.5 6.61 6.67 0.40/0.44 0.20/0.25 0.66/0.71 0.40/0.45
Temperature range 6 30.4 6.24 5.92 0.80/0.97 0.34/0.47 1.18/1.46 0.68/0.86
Temperature range 7 40.3 6.14 5.5 0.78/1.00 0.47/0.66 1.24/1.71 1.01/1.21
Temperature range 8 49.3 5.96 5.75 0.73/1.01 0.62/0.93 1.20/1.78 1.37/1.55

PCM in the holes of Block 3 wall
Temperature range 1 — — — 1.73/2.18 1.29/1.88 3.30/3.13 2.34/2.66
Temperature range 2 — — — 2.20/2.91 1.58/2.25 4.82/4.18 3.43/4.52
Temperature range 3 — — — 2.22/2.25 1.74/1.50 4.96/3.61 3.76/2.92
Temperature range 4 — — — 2.57/2.89 2.23/2.27 5.30/4.25 4.18/5.47
Temperature range 5 — — — 1.44/1.94 0.99/1.50 2.81/2.72 1.96/1.78
Temperature range 6 — — — 1.73/2.10 1.04/1.57 3.44/3.44 2.25/2.10
Temperature range 7 — — — 1.66/2.52 1.17/1.71 3.47/4.03 2.39/2.83
Temperature range 8 — — — 1.73/2.74 1.34/1.99 3.74/4.50 2.58/3.75

Block 4 wall
Temperature range 1 19.3 5.71 6.33 0.49/0.59 0.25/0.32 1.01/1.13 0.45/0.72
Temperature range 2 49.8 5.45 6.33 1.32/1.38 0.54/0.35 2.42/2.64 1.13/0.61
Temperature range 3 56.1 5.96 6.33 1.31/1.26 0.65/0.26 2.50/2.50 1.24/0.71
Temperature range 4 62.7 4.87 5.92 1.37/1.43 0.50/0.45 2.75/3.04 1.05/0.98
Temperature range 5 19.9 5.45 5.83 0.52/0.49 0.22/0.40 0.94/0.83 0.34/0.69
Temperature range 6 29.5 5.41 5.67 0.54/0.59 0.38/0.58 1.01/1.03 0.64/1.01
Temperature range 7 34.8 5.10 5.67 0.62/0.72 0.44/0.92 1.17/1.25 0.74/1.74
Temperature range 8 38.8 5.12 6.08 0.70/0.78 0.36/0.62 1.34/1.43 0.69/1.32
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Figure 4: Continued.
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Figure 4: Experimental data of Block 1 wall and calculation errors.

the colder surface and the hotter surface to some extent,
which enhances the heat convection and radiation in the
holes andmakes the thermal performance of wall reduce, and
consequently produces the fall of the decrement factors and
time lags; (2) for the blocks with PCM, when the temperature
of the PCM in the wall has not exceeded the phase transition
temperature range (the phase transition of PCM has not
totally finished), the PCMwall can reach high unsteady-state
thermal performance (Figures 6(a) and 6(e)), but once the
temperature of the PCM has exceeded it, as shown in Table 1
(it is apparent in Figures 6(b), 6(c), 6(d), 6(f), 6(g), and 6(h)),
the phase transition process has been totally finished: namely,
the latent heat of PCMhas been used up, and only the sensible
heat of the liquid or solid PCM can store the heat; because
the sensible heat of PCM is at least one order of magnitude
lower than the latent heat, the thermal performance of wall
greatly reduce after the phase transition has finished, and
the function of PCM gradually reduces with the increased
width of the boundary temperature range, which makes the
decrement factors and time lags of wall decrease. Under the
common boundary temperature ranges (from temperature
range 1 to temperature range 4), the temperature decrements,
decrement factors, and time lags between Block wall 2 and
Block wall 4 have little difference.

For the additional boundary temperature ranges (from
temperature range 5 to temperature range 8) of Block walls
2, 3, and 4, the decrement factors and time lags of Block
2 wall are slightly larger than that of Block 4 wall, but the
temperature decrements of Block 4wall are greatly larger than
that of Block 2 wall. This phenomenon results from the large
difference of the boundary temperature ranges between the
two walls: the boundary temperature ranges of Block 4 wall
are larger; therefore, in spite of its smaller decrement factors
and time lags compared to Block 2 wall, the temperature
decrements are large; it should not be simply considered that
the thermal performance of Block 4 wall is lower than Block
2 wall. Hence, the decrement factor and the temperature

decrement should be both considered as the indexes for
evaluating the unsteady-state thermal performance of PCM
wall.

For the data of Block 3wall, under the common boundary
temperature ranges (from temperature range 1 to temperature
range 4), its temperature decrements, decrement factors, and
time lags are higher than Block 2 wall and Block 4 wall with
the values of 0∘C–5∘C, 0.5–1.5, and 0 h–2.5 h, respectively;
under the additional boundary temperature ranges (from
temperature range 5 to temperature range 8), its unsteady-
state thermal performance also apparently improves. It is
worthy to point out that, although the mass of the PCM filled
into each block is not changed, the thermal performance of
Block 3 wall is higher than Block 4 wall under the same
boundary condition. The reasons are complicated: one of the
important reasons is that the addition of a certain amount of
gypsum takes the place of a part of air, which increases the
heat capacity and consequently enhances the unsteady-state
thermal performance of the Block 3 wall.

It can be concluded from the experimental data that suit-
able environmental condition for the application of the PCM
wall with a certain structure exists; for different boundary
temperature conditions, the different optimum structure of
PCM wall should be selected; the unsteady-state thermal
performance of PCM wall under different environmental
conditions is related to the factors such as phase transition
temperature, latent heat, PCM’s thickness, and position in the
wall.

4. Conclusions

In this paper, a type of concrete hollow blocks with typical
structure and a common used phase change material (PCM)
were adopted, and the PCMwas filled into different positions
of the hollow blocks, and then different types of compos-
ite PCM hollow blocks were produced. The temperature-
changing hot chamber method was used to test the thermal
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Figure 5: Experimental data of Block 2 wall and calculation errors.

performance of the hollow block walls with and without
PCMunder different temperature conditions;meanwhile, the
enthalpy model and effective heat capacity model were used
to calculate the phase transition heat transfer process under
the conditions of experiments.The results of the models were
validated by the experimental data, the thermal performances
of different hollow block walls were compared, and the
reasons for the difference on the thermal performance of each
wall were analyzed, which provide the data reference and
guide for the engineering application of the composite PCM
hollow block wall. After the analysis of this research, it can be
concluded that

(1) for the dynamic heat transfer processes of the
composite PCM hollow block walls with multiple
structures, the calculation results of the adopted
two-dimensional enthalpy model and effective heat
capacity model have reasonable agreement with the

experimental data (the errors are lower than 5%);
therefore, it is considered that the two mathematical
models can both satisfy the analysis requirement on
the problem of the unsteady-state phase transition
heat transfer, and the effective heat capacity model is
more accurate than the enthalpy model;

(2) when the phase transition temperature of the PCM in
the wall is within the temperature range of the envi-
ronment, the unsteady-state thermal performance of
the hollow block wall with PCM is higher than that
of the same wall without PCM (in the research of
this paper, the increased amounts of the temperature
decrements of the PCM wall are from 1.5∘C to 5.0∘C,
and the increased decrement factors are from 1.0 to
2.5 and those for the time lags are from 0.5 h to 3.0 h);

(3) when the temperature of the PCM in the wall has
not exceeded the phase transition temperature range,
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Figure 6: Continued.
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Figure 6: Continued.
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Figure 6: Experimental data of Block 3 wall and calculation errors.

the PCM wall can reach high unsteady-state thermal
performance; otherwise, the function of PCM will
significantly reduce, which makes the unsteady-state
thermal performance of wall reduce;

(4) the temperature decrement, decrement factor, and
time lag should be considered together as the indexes
for evaluating the unsteady-state thermal perfor-
mance of PCM wall; otherwise, the validity of the
evaluation will probably be affected;

(5) optimumboundary condition exists for the PCMwall
with a certain structure; for different boundary con-
ditions, the PCM wall structure should be properly
selected; the unsteady-state thermal performance of
the PCM wall is related to the factors such as phase
transition temperature, latent heat, thickness, and the
position in the wall.

Highlights

(i) The twomathematicalmodels for the phase transition
calculation were validated.

(ii) The thermal performance of composite PCM hollow
block walls was analyzed.

(iii) The impact factors on the thermal performance of
PCM hollow block wall were analyzed.

(iv) The thermal performances of the wall with and
without PCM were compared.

Nomenclature

𝑐: Specific heat, kJ⋅kg−1⋅K−1
𝑐eff : Effective heat capacity of PCM,

kJ⋅kg−1⋅K−1
𝑐
𝑝,equ: Equivalent specific heat of PCM in the

phase transition temperature range,
kJ⋅kg−1⋅K−1

𝑐
𝑝,𝑠
: Specific heat of the PCM in the solid state,

kJ⋅kg−1⋅K−1
𝑐
𝑝,𝑙
: Specific heat of the PCM in the liquid

state, kJ⋅kg−1⋅K−1
𝑓(𝜏): Heat flow function as a function of 𝜏,

W⋅m−2
𝐻: Enthalpy of PCM (kJ⋅kg−1)
ℎ
𝑎
: Convective heat transfer coefficient when

𝑥 = 1, W⋅m−2⋅K−1
ℎ
𝑏
: Convective heat transfer coefficient when

𝑥 = 𝑁
𝑥
, W⋅m−2⋅K−1

𝑖: Sequence number of data
𝐿: Latent heat of PCM, kJ⋅kg−1
𝑚: Mass of the PCM, kg
𝑛: Amount of data
𝑁
𝑖
: 𝑖th datum

𝑁sta,𝑖: 𝑖th standard datum
𝑁
𝑥
: Total number of the meshes on the 𝑥

direction
𝑁
𝑦
: Total number of the meshes on the 𝑦

direction
𝑇: Temperature, ∘C
𝑇
𝑓𝑎
: Boundary air temperature when 𝑥 = 1, ∘C

𝑇
𝑓𝑏
: Boundary air temperature when 𝑥 = 𝑁

𝑥
,

∘C
𝑇init: Initial temperature, ∘C
𝑇
𝑚
: Mean temperature of the phase transition

temperature range, ∘C
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Figure 7: Experimental data of Block 4 wall and calculation errors.

𝑇(𝑥, 𝑦, 𝜏): Temperature of the point (𝑥, 𝑦) at time
point 𝜏, ∘C

𝑇(𝑥, 𝑦, 𝜏 + 1): Temperature of the point (𝑥, 𝑦) at the time
of 𝜏 + 1, ∘C

𝑥: Direction of thickness, m
𝑦: Direction of width, m.

Greek Symbols

𝜌: Density, kg⋅m−3
𝜏: Time, s
𝜆: Thermal conductivity, W⋅m−1⋅K−1
𝜀: Half of the phase transition temperature range, ∘C
𝜎: Standard error, ∘C
𝜎: Maximum absolute error, ∘C

Subscripts

𝐸: Point right to the point 𝑝

init: Initial
𝑁: Point above the point 𝑝
𝑁: Point above the point 𝑝
𝑝: Boundary meshes when 𝑥 = 1
𝑝: Boundary meshes when 𝑥 = 𝑁

𝑥

𝑆: Point under the point 𝑝
𝑆: Point under the point 𝑝
sta: Standard
𝑊: Point left to the point 𝑝.
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