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Trombe wall system is an effective passive solar heating, and phase change material can enhance its heat
storage performance significantly. However, excessive heat loss during winter nighttime has been observed.
Setting the curtain in air cavity can improve heat preservation of winter nighttime. The three-dimensional model
of a phase change material-Trombe wall (TW-PCM) is established with FLUENT, and the influences of phase
change temperature (PCT) and location of curtain/aluminum foil on thermal performance of the TW-PCM are
obtained. It indicates that the total heat output reduces and the heating time extends for the TW-PCM, and the
proportion of glass heat loss is over 50 %. The heat efficiency of the TW-PCM in the nighttime are significantly
improved for TW-PCM with the curtain (CTW-PCM). For a TW with an air cavity width of 0.15 m, when the
thickness of circulation air cavity exceeds 0.07 m (turbulent flow), heat efficiency is higher. The aluminum foil
should attach to the external surface of the curtain.

1. Introduction

According to the World Energy Council, primary energy demand in 2050 will double of that in 2014 (Abbassi et
al., 2014). Approximately 30 % of the total world energy is consumed for heating and cooling of buildings (Wang
and Li, 2006). Building envelopes thermal performance improvement and renewable energy applications are
commonly used to reduce the building energy consumption. A Trombe wall (TW) is an attractive passive solar
heating strategy for solar energy utilization in cold and solar rich area (JGJ/T 267-2012). However, thermal
comfort at night is difficult to achieve because that large amounts of heat are lost through the glass. Enhancing
the preservation of heat at night is crucial for improving the thermal performance of a TW. Two types of insulation
comprising insulation outside and inside the cavity are used in TW, where the location of the insulation
component differs (JGJ/T 267-2012).

Insulation inside the cavity is a commonly used strategy, where built-in blinds and built-in curtains are the usual
methods. Chen et al. (2006) investigated the thermal performance of a TW with a curtain in the air cavity by
experiment in Dalian, China. Although the theoretical optimum fixed location for the curtain in the air cavity was
obtained to minimize the heat loss, the result was not verified. He et al. (2015) focusing on the base modellig,
and after that Hong et al. (2019) considering a specific control application, investigated the thermal performance
of a TW with blinds and its impact on the indoor thermal environment in winter. They obtained the optimized
design parameters, such as position and tilt angle of the blind and air duct width based on unsteady heat
transfer. However, their structures are different from TWs with built-in curtains.

For TWs with built-in curtains, the air cavity is divided into a closed air cavity and a circulated air cavity by the
curtain. It has an insulation performance for a closed air cavity. Thermal resistance of the closed air cavity is
affected by multiple parameters, such as width of the cavity, emissivity and temperature of cavity surface. Chen
(1991) proposed the calculation of air layer thermal resistance, which treated convection and radiation as heat
conduction process. Wang et al. (2015) obtained the theoretical additional thermal resistance of a built-in curtain
on a glazed window, which took into account the influence of the curtain fold. Qu et al. (2014) investigated the
effect of curtain surface emissivity on heat loss on a layer and double layer glass. The function of circulated air
cavity is to provide heat to indoor. It is related to flow and heat transfer in the cavity. It is influenced by many
factors, such as width of the cavity, emissivity and temperature of cavity surface. For a typical building to avoid
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flow blockage effect, the channel width should be greater than 4.7 cm (Anderson and Kreith, 1987). Gan (1998)
studied the effect of cavity width on mass flow rate for a Trombe wall with 0.1 m width inlet, and found that mass
flow rate varied within a small range when cavity width is larger than 0.1 m.

However, the optimized structure of TWs with built-in curtain has not been obtained. This is mainly due to the
lack of comprehensive analysis of flow and heat transfer in closed and circulated air cavity. In this paper, the
complete three-dimensional models of TW-PCMs with built-in curtain are developed with Fluent. The effects of
PCT and the location of the curtain/aluminum foil are analyzed. Finally, the optimized structure is obtained for a
CTW-PCM.

2. Methodology
2.1 Physical model

A typical CTW-PCM is shown in Figure 1. It is consist of glass cover, closed cavity, curtain, circulation cavity,
absorber, PCM, insulation layer and brick layer. In the daytime, the curtain is open and closed in the nighttime.
The heated air in circulation cavity rises as a consequence of the buoyancy force and eventually exits from the
upper vent, and the cold air is drawn into the cavity through the lower vent. The size of the CTW-PCM is 3.00
m high and 1.00 m width. The distance between the absorber and glass is referred to as the air cavity width,
0.15 m. The curtain divides the air cavity into a closed cavity and a circulation cavity. There are also two air
vents (0.40 m width x 0.10 m height) on the massive wall. They are located at 0.10 m away from the top of the
massive wall and 0.10 m away from the bottom. The PCM used for analysis is Na2SO4-10H20, whose PCT is
32.4 °C-32.5 °C and latent heat is 254 kJ-kg~t. Thermophysical properties of materials of the CTW-PCM are
listed in Table 1.
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Figurel: Schematic of a three-dimensional typical CTW-PCM

Table 1: Thermophysical properties of materials of the CTW-PCM

Materials Thickness Density  Thermal conductivity — Specific heat
/m /kg-m=  /W-mTl.eCt /kJ-kgt-°C
Glass cover 0.005 2,500 0.76 0.837
Curtain 0.003 100 0.045 1.34
PCM 0.020 1,458 0.8 Solid 1.76/Liquid 3.31
Insulation 0.040 50 0.037 1.38
Brick 0.240 1,800 0.814 0.879

2.2 Boundary conditions and solution setup

The weather data of Xi'an typical meteorological year is accessed from Standard for weather data of building

energy efficiency (JGJT 3462-2014). And the weather data on January 18 of Xi'an is used for analysis of the

CTW-PCMs. The hourly solar radiation of south-facing vertical surface is calculated as Yan and Zhao (1986).

To simplify the mathematical model, the following assumptions and boundary condition setting are made:

(1) The glass external surface is set as the convective boundary, and the convective heat transfer coefficient is
fixed as 9.136 W-m2.°C~! based on the all-day average wind speed of 1.58 m-s~1. The hourly outdoor dry-
bulb temperature is used as the boundary condition.
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(2) The brick internal surface is set as the convective boundary, and the convective heat transfer coefficient is
defined as 8.7 W-m=2.°C-1. Indoor dry-bulb temperature of 14 °C is used as the boundary condition.

(3) The solar radiant heat absorbed by the glass and massive wall are defined as the heat source by user-
defined functions as Yan and Zhao (1986) The absorptivity, reflectivity and transmissivity of the glass and
massive wall have been listed in Table 2.

(4) Two air vents are set as pressure boundaries. The inlet temperature is 14 °C, and a temperature of 20 °C
as outlet backflow condition.

(5) The perimeters of the glass, PCM, insulation and brick wall are considered as adiabatic.

(6) The cavity air is considered incompressible with constant thermosphysical properties except for the air
density, which is treated using the Boussinesq approximation.

(7) The no slip velocity boundary conditions at the surfaces of all layers are assumed.

(8) The PCM is homogeneous isotropic, and property degradation and super-cooling are not considered.

The fully turbulent outer region is modeled using the RNG k-¢ turbulence model, and the viscosity-affected near

the wall region is completely resolved to the viscous sublayer with Enhanced Wall Treatment for y+<5 (Wolfstein,

1969). The enthalpy-porosity model is adopted for the solidification/melting process of PCMs. The radiation heat

transfer of air cavity is calculated using surface to surface (S2S) radiation model. The curtain is open in the

daytime and closed in the nighttime. It can be set the air in the daytime and the curtain in the nighttime. The
porous media model is used for analyzing the act of the curtain.

The SIMPLE algorithm is employed for the velocity-pressure coupled relations among the governing equations.

The up-wind scheme is applied for the convective term.

Table 2: Absorptivity, reflectivity and transmissivity of the glass and massive wall

Materials Absorptivity a Reflectivity y Transmissivity 7
Glass 0.126 0.074 0.8
Massive wall 0.9 0.1 0.0

3. Grid independence test and model validation

Before the simulation, the grid used in the present study would be checked in the first place. Geometry
construction and structured grid with hexahedral elements are developed in the present work. The quality of the
grid achieves the best. The outlet air temperature is our focus. The outlet air temperature of a CTW-PCM is
chosen to check the grid independence at 19:00. Five grids with different number of elements are employed to
check grid independence. The total numbers of grid elements vary from 18,024 to 509,014. The outlet air
temperature with 196,557 elements is close to that with 509,014 elements. The grid with 196,557 elements is
adopted for the simulation. The grid independence test is shown in Figure 2a and the grid design is shown in
Figure 2b.
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Figure 2: Grid data

To test the reliability and accuracy of the numerical model, the simulation results derived from the model are
compared with the experimental data. The experiment was carried out in a passive solar house located in
Yuzhong city (Gansu Province, China) during March 9-24, 2019. The experiment data of March 15 was used
for the comparison. Data were recorded and saved every 10 min. The instruments employed for the tests
satisfied ISO Standard 7726-2001. Figure 3 compares the numerical data and experimental test results in terms
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of the internal surface temperature of massive wall (Tin, war), where the results are similar, successfully
demonstrating the validity of the model. The mean absolute error (MAE) and root mean squared error (RMSE)
were 2.67 °C and 2.74 °C in terms of Tin, wai. The validation demonstrates the reliability of the numerical model

for studying the thermal performance of the TWs.
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Figure 3: Comparison of numerical and experimental results  Figure 4: Heat efficiency of Trombe walls

4. Results and discussion

It defines 8:00-17:00 as the daytime and the rest of the time as the nighttime because sunrise at 8:00 and
sunset at 17:00 on 18, January in Xi'an.

4.1 The effect of phase change temperature

The PCT has a significant influence on the heat storage of the massive wall. It affects the thermal performance
of TWs. The PCTs of 26.4 °C, 32.4 °C and 38.4 °C are analyzed. Heat efficiencies all day of TWs (None PCM,
PCM 26.4, PCM 32.4, PCM 38.4) are 36.69 %, 23.20 %, 28.45 % and 30.99 %, and heat efficiencies in the
nighttime are 7.84 %, 12.12 %, 14.98 % and 13.51 %, as illustrated in Figure 4. Heat efficiencies all day of TW-
PCM decrease, while heat efficiencies in the nighttime increase compared with TW without PCM. In addition,
heat efficiencies all day increase as the PCT increases. It is because cavity air temperature is lower than PCT
most of the time when PCT is high. And the storage heat of massive wall is less, and most of heat goes into
indoor in the daytime.

The heat transfer rate of TWs is showed in Figure 5. It is obvious that the conductive heat transfer rates are less
compared with the convective heat transfer rates. It is mainly because the insulation performance of the massive
wall is good enough. The heating characteristics vary greatly among different TWs. The total convective heat
outputs are 11.26 MJ, 6.43 MJ, 8.29 MJ and 9.22 MJ. Compared with the TW without PCM, the total convective
heat outputs are less for a TW-PCM. However, the convective heating time is longer. With the decrease of PCT,
the total amount of convective heat transfer decreases and the heating time increases. The uniformity of
convective heat output is worse when PCT is higher. That often causes excess and deficiency of heat output.
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Figure 5: Heat transfer rate of TWs Figure 6: Glass heat loss ratio
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The glass heat loss ratios of TWs (None PCM, PCM 26.4, PCM 32.4, PCM 38.4) are 55.54 %, 57.44 %, 57.20 %
and 56.40 %, as shown in Figure 6. Glass heat loss ratios in the daytime are 33.71 %, 24.63 %, 26.53 %,
28.07 %, and 21.83 %, 32.83 %, 30.67 % and 28.33 % in the nighttime. Glass heat loss ratio in the daytime will
decrease, while that will increase in the nighttime as the PCT decreases. It is notable that the reduction of glass
heat loss is of great significance on improving the heat efficiency, especially for glass heat loss in the nighttime.
Because glass is merely a heat-loss unit in the nighttime.

4.2 The effect of the location of the curtain

Heat efficiency in the nighttime for CTWSs is shown in Figure 7. The thickness of closed cavity of 0.04 m, 0.06
m, 0.08 m, 0.10 m, 0.12 m are analyzed. The total heat efficiencies of CTW-PCMs (No curtain, curtain 0.04,
curtain 0.06, curtain 0.08, curtain 0.10, curtain 0.12) are 12.87 %, 20.33 %, 20.48 %, 20.43 %, 16.36 % and
14.76 %, and the convective heat efficiencies are 11.21 %, 18.53 %, 18.68 %, 18.60 %, 14.58 % and
12.91 %. The conductive heat efficiencies are less and the differences are small among different CTW-PCMs.
The heat efficiency of a TW-PCM in the nighttime is significantly improved when the thickness of closed cavity
is less than 0.08 m (the thickness of circulated cavity is larger than 0.07 m). That is because that the air in
circulated cavity is turbulent.

Convective heat transfer rate of CTW-PCMs is illustrated in Figure 8. The heat goes into indoor by convection
until 1:35, 4:45, 4:40, 4:50, 7:00 and 7:15 for CTW-PCMs (No curtain, curtain 0.04, curtain 0.06, curtain 0.08,
curtain 0.10, curtain 0.12), and the total convective heat transfer are 3.64 MJ, 5.99 MJ, 6.04 MJ, 5.76 MJ, 4.71
MJ and 4.17 MJ in the nighttime. The convective heat transfer of CTW-PCMs (curtain 0.04, curtain 0.06, curtain
0.08) increase considerably, compared with TW-PCM without the curtain. It shows that the curtain has a good
insulation effect at night. It's interesting that the total convective heat transfer is less, when the heating time is
longer. It's obvious that the convective heat transfer change sharply due to the drastic change of air flow, when
the curtain is open or closed.
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Heat efficiency in the nighttime for CTW-PCMs is shown in Figure 9. It's obvious that heat efficiency is the
largest for a CTW-PCM which the aluminum foil attaching to external surface of the curtain (E-Low E), and the
least for the internal surface (I-Low E). Compared with CTW-PCM (None Low-E), heat efficiency of CTW-PCM
(E Low-E) is larger. It indicates the thermal resistance of the closed air cavity has a significant impact on heat
efficient. As well, it is unfavorable for attaching to internal surface of the curtain from None Low-E and | Low-E.
Due to the combined effect of the aluminum foils of internal and external surfaces, heat efficiency of IE Low-E
is slightly higher than None Low-E. In a word, the aluminum foil should be attached to external surface of the
curtain.

In order to analyze the cause, convective heat transfer of the circulated air cavity is obtained, as shown in Figure
10. Convective heat transfer of E Low-E increases when the curtain is closed, while decreases for | Low-E. It
can inhibit convective heat transfer for attaching to internal surface of the curtain, because of the change of the
curtain internal surface and massive wall external surface. As well, the heating time changes.

5. Conclusions

In the present paper, the effects of design parameters on the thermal performance of a CTW-PCM are analyzed
based on the numerical simulation. It can conclude that:

(1) Compared with a TW without PCM, the total heat output reduces and the heating time extends for a TW-
PCM. The uniformity of convective heat output is better, and heat efficiency in the nighttime increases. Glass
heat loss is large, and the proportion is over 50 %. With the PCT decreases, glass heat loss declines in the day
and increases at night.

(2) The convective heat transfer and the heating time of a CTW-PCM increase considerably, compared with
TW-PCM without the curtain. For a TW with an air cavity width of 0.15 m, when the thickness of circulation air
cavity exceeds 0.07 m, heat efficiency is higher. The aluminum foil should attach to the external surface of the
curtain.
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