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Abstract: The sol-gel method is used to prepare a new nano-alumina aerogel structure and the thermal properties of this nanomaterial are investigated comprehensively using electron microscope scanning, thermal analysis, X-ray and infrared spectrometer analysis methods. It is found that the composite aerogel alumina material has a multi-level porous nano-network structure. When employed for the thermal insulation of high-rise buildings, the alumina nanocomposite aerogel material can lead to effective energy savings in winter. However, it has almost no energy-saving effect on buildings where energy is consumed for cooling in summer.
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1  Introduction

Thermal insulation materials are widely used in the field of building energy conservation. Architects use thermal insulation materials to reduce the heat transfer of the building envelope, and this is an essential means to reduce building energy consumption [1]. The functional model of commonly used thermal insulation materials reduces heat transfer and heat flow by reducing heat conduction, heat radiation, and heat convection. Materials generally have loose and porous microstructures or closed vacuum layers that hinder air convection or low-emissivity materials. Alternatively, the materials can also be combined to form a composite thermal insulation enclosure structure. For example, various foam sandwich panels, composite walls with lightweight insulation layers, low-radiation insulating glass, etc.

Aerogel is a new type of lightweight nanoporous material. It consists of many nano-scale microporous structures smaller than the mean free path of air molecules. The nanopores prevent the air molecules in it from moving freely so that the aerogel has an ultra-low thermal conductivity that is better than that of a static air layer [2]. The melting point of alumina is higher than 2000°C. The aerogel prepared by us has the good thermal insulation effect of aerogel and the good high-temperature thermal stability of alumina. Preparing pure alumina aerogel can be divided into the inorganic aluminum salt method and the organometallic aluminum alkoxide method. The precursors used in the inorganic aluminum salt method are mainly
AlCl3⋅6H2O
and 
Al(NO3)3⋅9H2O
. The alumina sol prepared by the inorganic aluminum salt method has large particles, and the prepared aerosol gel has large shrinkage and is easy to pulverize. The aluminum sources used in the organometallic aluminum alkoxide method are mainly aluminum sec-butoxide (ASB) and aluminum isopropoxide (AIP). The different amounts of water in the hydrolysis process can be divided into granular and polymerization methods. The granular method is to hydrolyze aluminum alkoxide in excess water. Some scholars use this method to prepare the transparent block alumina aerogel network structure, and to understand its unstable nature. The material is easy to form powder with after drying. The polymerization method adds a small amount of water to control the hydrolysis of the metal alkoxide and polymerizes the product to form a gel. This method uses metal alkoxide as a precursor and ethanol as a solvent for hydrolysis [3].

Then Researcher add peptizer to promote polycondensation and prepare the alumina gel. Some scholars use acetic acid as a peptizer. They used a two-step method to supercritically dry methanol at 60°C to obtain a massive aerogel density of 37 kg/m3 and a thermal conductivity of 0.029 W/m⋅K at room temperature. Some scholars used this method to prepare bulk alumina aerogel at 60°C using ethyl acetoacetate as a chelating agent. The research mentioned above on alumina aerogel mainly increases its specific surface area. This article adopts the polymerization method with aluminum sec-butoxide as the precursor and nitric acid as the catalyst. Researcher prepare alumina aerogel at room temperature and study its thermal properties.

2  Experimental Methods

2.1 Sample Preparation

This article use aluminum sec-butoxide as the precursor. At the same time, This article uses 68% concentrated nitric acid as a catalyst. A step-by-step controlled hydrolysis and polycondensation process is used to prepare wet alumina gel. First, pour an appropriate amount of absolute ethanol and nitric acid into the reaction vessel at room temperature before mixing and stirring evenly. Then add aluminum sec-butoxide dropwise and continue stirring until the sol is clear and transparent. Pour the evenly mixed ethanol aqueous solution into the reaction vessel and continue stirring. Let it stand to form a wet alumina gel when ready to gel. Researcher had the wet alumina gel for several days. Finally, supercritical alcohol drying is carried out in the high-pressure preparation [4]. Researcher sell a certain amount of alcohol and wet alumina gel in the autoclave. Researcher increase the temperature at a rate of 2 °C/min until the temperature and pressure in the kettle reach the supercritical point of alcohol. Then lower the temperature and release the pressure until the temperature in the strip drops to room temperature to take out the alumina aerogel. Researcher will label it as A.

2.2 Characterization of Samples

This article uses a Philips XL-30 field emission scanning electron microscope (SEM) to observe the microscopic morphology of the sample. Accurately measure the mass and volume of the sample to calculate the density of the sample. This article uses the Hot Disk thermal analyzer to test the sample’s thermal conductivity. This article uses a pore size distribution meter to analyze the pore structure of the sample. DX-2700 X-ray diffractometer was used to analyze the crystalline structure of the sample and a Fourier transform infrared spectrometer to test the infrared absorption characteristics of the sample. At the same time, Researcher analyzed the internal groups and components of the sample.

2.3 Temperature Influence of High-Rise Building Structure

Due to the large differences in climate conditions in different regions, the temperature values of high-rise buildings in China also have huge differences. The temperature difference between indoor and outdoor conditions in high-rise buildings in the north is far greater than in summer. Therefore, the structural temperature of high-rise buildings can be selected as the lowest temperature value with weaker sunshine conditions. In the southern region, due to abundant sunshine, the temperature difference between indoor and outdoor conditions in high-rise buildings is relatively small [5]. Therefore, the structural temperature of high-rise buildings can be selected as the lowest temperature value with strong sunshine conditions in summer. This article use Eq. (1) to calculate,


tw=tf+ρ⋅Isα
(1)


ρ
is the coefficient of heat absorption on the surface of the building structure. 
Is
is the intensity of the ambient temperature. 
tf
is the atmospheric temperature. 
α
is the temperature conversion coefficient. This article use Eq. (2) to obtain the temperature distribution of the high-rise building structure. Describe the periodic temperature influence of high-rise buildings as shown in Eq. (2).


t=(t1−t2)⋅eay
(2)


t1
and 
t2
are the temperature of the solar surface and the shadow surface of the high-rise building structure, respectively. 
α
is the temperature conversion coefficient. This article take Eqs. (1) and (2) into Eq. (3) to obtain the heat transfer function of high-rise buildings,


T0=A0⋅e−xω/2n⋅sin⁡(tw−t)
(3)

The value of 
α
is around 10. The value of the surface temperature 
t1
of the high-rise building structure takes into account factors such as the ambient temperature, solar radiation, and the heat transfer of the temperature in the building. The shade temperature of the high-rise building structure is taken as the indoor temperature. When the height of a high-rise building is more than ten times its thickness, the heat transfer of a high-rise building can be equivalent to one-dimensional heat transfer [6]. Although the exponential decay speed of temperature transmission is faster, the error of the distribution curve and the applicable range is still within a reasonable range. The temperature of a certain point 
(X,Y,Z)
on the building structure of the same material at time is 
T(x,y,z,t)
. This article use Eq. (4) to calculate the surface temperature of the building structure. The following partial differential equation can be used


∂T∂t=α(∂2T∂X2+∂2T∂Y2+∂2T∂Z2)+WCρ
(4)


T
is the temperature of the building structure. t is time. 
α
is the temperature transfer coefficient of building materials. C is the specific heat of the building material. C is the density of the building structure. 
W
is the heat per unit volume of the building structure per unit time. If the local temperature of a certain surface of a high-rise building is similar, the temperature distribution in the length and height directions is also similar [7]. This article can turn the heat transfer problem in high-rise building structures into one-dimensional heat transfer problems. Suppose the thickness of a high-rise building is the same, and the ambient temperature and sun exposure conditions are also the same. In that case, the temperature inside the building is also basically the same. The heat transfer only changes along with the thickness of the high-rise building. According to the above description and combining Eqs. (3) and (4), This article use Eq. (5) to establish the heat transfer model of the multistory building structure,


H=α∂2T∂X2∂T∂tT0
(5)

2.4 Establishing the Limits of the Heat Transfer Model

The limit of the heat transfer model is the actual solution condition of the heat transfer model of the high-rise building structure. This can be divided into initial conditions and boundary conditions. The external environment of high-rise buildings is relatively evenly distributed around 6 a.m., so the temperature at this time can be used as the initial condition of the heat transfer model [8]. The boundary conditions refer to the heat exchange conditions between the surface of the high-rise building structure and the surrounding environment. The boundary conditions of different boundaries of high-rise buildings are not the same, so they need to be treated differently. Since most of the interior rooms of high-rise buildings are equipped with constant temperature air conditioners, the first category of boundary conditions can be used. The temperature T on the surface of the high-rise building structure is a function of time 
t.


T=Tb
(6)

The surface of the high-rise building structure is in contact with the external environment, and the surface temperature is closely related to the air temperature. The surface temperature of high-rise buildings is affected by sunlight. This article utilizes Eqs. (5) and (6), and uses Eq. (7) to obtain the limits of the heat transfer model.


−λ(∂T∂n)=h(T−Ta)−αJH
(7)


λ
is the thermal conductivity of building materials. h is the heat exchange coefficient when the surface of the high-rise building structure is in contact with the environment. 
α
is the coefficient of absorption of solar radiation on the surface of the high-rise building structure. J is the intensity of sunlight. 
Ta
is the temperature of the air in the environment.

2.5 The Analysis Process of the Effect of the Temperature Field on the Building Structure
I This article discretizes the use of the heat transfer model limits of the heat transfer model of the high-rise building structure. At this point, this article has a closed set of mathematical equations.

II The solution this article obtained by operating the mathematical equations is the temperature value of discrete points on the high-rise building structure.

The discretization process mainly considers the role of high-rise building structure surface and thermal insulation materials. Before solving the model, it is necessary to discretize the model first. This article set the thickness of the high-rise building as H, and there is a total of n units. Set the horizontal direction as the x axis. The physical quantity of each unit in the 
x
axis direction is represented as a node [9]. In this way, n nodes can be obtained. This article sets the coordinate point where the boundary of each unit and the x axis intersect as 
X1,X2,⋯,Xn+1,(X1=0,Xn+1=H)
, respectively. The thickness of the I unit of a high-rise building is 
Xi+1−Xi
. The thermal conductivity, density and specific heat of building materials are 
λi,ρi
and 
ci
, respectively. Then the coordinates of each child node can be obtained as 
X(1)=0,X(i)=(Xi+Xi+1)/2,(2≤i≤n−1),X(n)=H
. At this point, This article has completed the discrete processing process of the high-rise building structure. Establish the difference equation of the heat balance according to the results of the discrete processing of the high-rise building structure,


G=X(1)+X(i)+X(n)
(8)

Suppose the heat flow vector of the high-rise building structure is 
q=−λgradT
. This article uses Eqs. (8) and (9) to obtain the heat transferred to the intermediate unit 
i.


q=(Ti−1−Ti)×G(Xi−Xi−1)/2λi+(Xi+1−Xi)/2λi+1
(9)

If the heat transfer inside the high-rise building is ignored, the heat transferred to the unit is the increment of the unit in unit time:


Δq=q(Xi+1−Xi)ΔTΔt
(10)

If the thermal conductivity is 
λi=λi+1
, then Eq. (9) is equivalent to Eq. (10):


Ti−1k+1−Tik+1(Xi−Xi−1)/2λi+(Xi+1−Xi)/2λi+Ti+1k+1−Tik+1(Xi+−Xi)/2λi+(Xi+2−Xi+1)/2λi+1=ρici(Xi+1−Xi)Tik+1−Tikτ
(11)

According to Eq. (11), the temperature value of each point in the high-rise building structure can be calculated.

3  Results and Discussion

3.1 Composition of Alumina Aerogel Sample

As seen in Fig. 1, the alumina aerogels obtained by this process are mostly pseudo-boehmite phase or polycrystalline boehmite phase. The different peaks in Fig. 1 correspond to the different crystal faces of the boehmite crystal phase. Among them, the diffraction peak 
2θ≈28∘,2θ≈50∘,2θ≈65∘
is the strongest. The crest is narrow and sharp. This corresponds to the (120) plane, (051) plane, and (002) plane of the boehmite crystal phase.
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Figure 1: XRD pattern of alumina aerogel

Fig. 2 shows the infrared spectrum of alumina aerogel. Table 1 lists the group vibration modes corresponding to each peak. The absorption peak near 1634 cm−1 represents the bending vibration of H-O-H. This indicates that the sample contains water. The peak at 1416 cm−1 corresponds to the vibration of the C-H bond, and the peak is smaller. This indicates a small number of organic groups in the sample. The peaks at 3325, 3092, 1968, 1167, and 1069 cm−1 respectively represent AlO-H vibration, AlO-H anti-stretching symmetrical vibration, AlO-H combined vibration, AlO-H anti-symmetric deformation vibration, and AlO-H symmetric deformation vibration. All vibration modes of AlO-H correspond to polycrystalline boehmite. 880, 780, 731, 615, 486 cm−1 are pseudo-Boehm peaks and correspond to boehmites. It can be seen from the infrared spectrum that the aerogel has more boehmite components and has sharper peaks. This is consistent with the results of the XRD pattern.
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Figure 2: The infrared spectrum of the sample
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3.2 The Influence of Preparation Parameters on Alumina Gel

As the sol’s reaction temperature increases, the gel’s homogeneity, and transparency increase, but the gel skeleton structure weakens (Fig. 3). If the reaction temperature is too low, the gel structure is not uniform. The reaction temperature is too high, and the sol does not gel. As the concentration of nitric acid increases, the gel time increases rapidly. If nitric acid is added too little, the sol will agglomerate [10].

[image: images]

Figure 3: The effect of temperature on the gel; (a) 20°C, (b) 40°C, (c) 60°C

On the contrary, sol does not gel. The amount of water in the hydrolysis and polycondensation reaction of the sol also affects the speed of the gel and the structure of the gel. Fig. 4 shows that as the amount of water added increases, the gel time shows an upward trend.
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Figure 4: The effect of the amount of water on the gel time

3.3 Nanoporous Structure of Alumina Aerogel

The alumina aerogel block is milky white, bluish, and has no apparent cracks. It becomes light blue translucent after heat treatment at 1200°C. The unique structural parameters such as the three-dimensional nanoparticle skeleton and high porosity of aerogel determine its heat resistance and heat resistance properties, and structural strength [11]. Fig. 5 is a scanning electron micrograph of the obtained alumina aerogel. The aerogel in this experiment has a typical colloidal structure with pores and spherical particles.
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Figure 5: SEM image of the sample

Fig. 6 shows the pore size distribution of aerogels. There are two obvious peak pore diameters in this experiment’s aerogel pore size distribution, and the peak pore size differs by the orders of magnitude. The smaller peak apertures are mainly distributed around 3 nm, with sharp and high [12]. The larger peak pore size is mainly concentrated around 37 nm, the pore size distribution is vast, and the peak value is low. The specific surface area is shown in Table 2. The quantity is 380 m2/g.
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Figure 6: Pore size distribution diagram of the sample
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3.4 Thermal Properties of Alumina Aerogel

Table 2 lists the thermal conductivity values of alumina aerogel at room temperature. The alumina aerogel prepared in this paper has good heat insulation performance, and the thermal conductivity at room temperature is only 0.020 W/m⋅K. The thermal conductivity of aerogel is mainly composed of three parts: solid heat conduction, gaseous heat conduction, and radiant heat conduction. Solid heat conduction is the heat conduction of solid particles that make up its network structure. Gaseous heat conduction refers to the heat conduction of gas molecules in nanopores. It consists of convection heat transfer and heat conduction of the gas itself [13]. The size of the pores in the aerogel skeleton is only tens of nanometers. This dramatically limits the thermal movement of gas molecules. Our convective heat conduction can be ignored, and the gaseous heat conduction is only the gas heat dissipation transfer contribution.

It can be seen from Fig. 6 that the pore diameters of alumina aerogels are all within 70 nm. It is smaller than the mean free path of the main molecules in the air, and it is difficult for the molecules in the pores to collide. Therefore, the contribution to gaseous heat conduction is small [14]. In addition, the size of the two peak apertures in the pore size distribution diagram differs by several orders of magnitude. This shows that the alumina aerogel prepared by this process has formed a secondary porous nano-skeleton structure similar to silica aerogel (Fig. 7). In Table 2, the primary pores accounted for 87.1% of the total pore volume, and the secondary structure accounted for 32.9% of the total pore volume. This means that the pores of the primary structure are particularly dense, and the pore structure is more difficult to cause gas flow. And the pore size of 3 nm is an order of magnitude smaller than the mean free path of gas molecules. The collision between gas molecules is more difficult to transfer heat, which significantly reduces the gaseous heat transfer [15]. Compared with the single-structure alumina aerogels obtained by other processes, it is found that the aerogels prepared by this process have obvious secondary pore structure, which dramatically increases the gas-solid interface. This also increases the collision probability between gas molecules and the interface. A large amount of energy is dissipated at the interface and is not conducive to solid-state heat conduction. As a result, the overall thermal conductivity is greatly reduced.
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Figure 7: Schematic diagram of the hierarchical structure of silica aerogel

The diffraction peaks corresponding to boehmite crystals are particularly strong in the XRD pattern of the sample, which means that the crystallinity of the sample is high. The high crystallinity of the aerogel is mainly due to the high crystallinity of the first-stage particles. More first-order crystal particles can increase the number of collisions with crystal faces [16]. Most of the energy is dissipated at the crystal plane during internal transfer, which greatly reduces the heat conduction.

3.5 Hotbox Test Window Test Piece and Comparison Hot Box Test System

This article uses two identical hot boxes in the same outdoor environment for thermal performance comparison. The dimensions of the two hot boxes are both 750 mm × 500 mm × 900 mm. Install openings for the test enclosure structure measuring 250 mm × 650 mm on the same side elevation. There are vents with dimensions of 50 mm × 50 mm at the same position on the opposite wall. The geometric dimensions are the same. In addition, the material and structure of the enclosure structure on each side of the two hot boxes are the same. The outer layer is wrapped with a 2 mm thick epoxy resin board with good weather resistance and high hardness [17]. The inner layer is a 100 mm thick extruded foam insulation board for heat insulation. The bottom surface is a 100 mm thick extruded foam insulation board. It is placed on a 50 mm thick extruded foam insulation board cushion and then placed on the roof platform. The junctions of the hot box walls are airtightly connected by waterproof tape. The outer side of the tape is reinforced and fixed by an epoxy resin board connecting the two wall surfaces with angle steel.

The test window specimens are divided into target specimens and comparison specimens. The target test piece is constructed as two sheets of 4 mm thick transparent glass sandwiched between a 4 mm thick alumina aerogel translucent material layer. The structure of the comparative test piece was a translucent film attached to ordinary 4 m thick flat glass [18]. This ensures that the light transmittance of the contrast specimen is equal to the target specimen. At the same time, this can reduce the difference in the thermal environment inside the hot box caused by the difference in transmitted light. The test results show that the light transmittance of the comparison test piece after the film treatment is similar to the target test piece. The data is between 10% and 15%. This article installed the two test pieces on the windows of the two hotboxes respectively during the experiment. The thermal performance difference between the two test pieces was compared by measuring the thermal environment parameters inside the hot box. The entire comparative hot box experimental test system is shown in Fig. 8. The temperature measurement uses a platinum resistance Pt100 temperature sensor. Heat flow measurement uses a heat flow sheet. A multi-channel data logger is used for data recording. Record temperature and heat flow data every 1 min. The experimental system uses seven platinum resistance temperature sensors and two hot strips. The platinum resistance temperature sensor measures the internal air temperature of the two hot boxes, and the temperature of the center of the inner glass wall and the outer wall, respectively [19]. Another temperature sensor measures the outdoor air temperature.
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Figure 8: Comparison of the hot box test system and schematic diagram of each test point

The hot target box was installed with alumina aerogel fine composite panel specimens in the comparative hot box experiment. Install the test piece of an ordinary glass film compared to the hot box. Turn on the data logger to record temperature and heat flow data. Some of the experimental data obtained are as follows [20]. Fig. 9 shows the comparison of the internal air temperature between the target hot box and the comparison hot box. From 19:00 to 06:00 of the next day, the temperature curves of the two overlapped, and the overall temperature remained under a slow cooling trend. During 06:00–09:40, the heat flow data shows the heat inside the hot box. The air temperature inside the hot target box is slightly slower than that of the comparison hot box, but the difference is not much. This indicates that the thermal insulation effect of the alumina aerogel translucent composite board during this period is slightly better than that of ordinary glass, but the effect is not obvious. The heat flow data during the period of 09:40–14:00 indicates that the heat inside the hotbox loses heat. The internal air temperature of the hot target box is slightly higher than the internal air temperature of the contrast hot box. This shows that the alumina aerogel laminated glass with a better heat preservation effect hinders the heat dissipation inside the hot box. Therefore, the internal air temperature of the hot target box is relatively high during this period [21]. Combining multiple sets of data, it is concluded that the air temperature difference between the target hot box and the comparison hot box varies within the range of −2.3°C to 2.4°C. The average value of the absolute value of the difference is only 0.27°C.

[image: images]

Figure 9: The comparison between the target hot box installed with aluminum oxide aerogel translucent composite board and the ordinary glass with film, the internal air temperature fluctuation of the hot box

In summer, the curtain wall enclosure structure is not better the heat preservation, the more energy-saving. Because the alumina aerogel layer with good thermal insulation performance may hinder indoor heat dissipation in summer, increasing the cooling load is not conducive to energy saving. At the same time, it can be concluded that the aluminum oxide aerogel translucent composite insulation board has no energy-saving advantage compared to the filmed ordinary glass with the same transmittance in the summer climate environment. This result directly proves the conclusion drawn during the energy consumption simulation. In summer, the alumina aerogel translucent composite insulation board has no obvious energy-saving gain in the climate zone, where refrigeration energy consumption is the mainstay.

4  Conclusion

This article uses aluminum sec-butoxide as the precursor and nitric acid as the catalyst. In the experiment, an alumina aerogel with thermal conductivity of 0.020 W/m⋅K and a density of 120 kg/m3 can be prepared at room temperature. The secondary pore crystal structure formed by this kind of gas glue increases the number of collisions between energy and crystal faces and interfaces. Most of the energy is dissipated at the crystal and interface. This article believes that the experimentally prepared composite aerogel alumina material has a multi-layered porous nano-network structure. In the high-rise building information thermal insulation experiment, the alumina nanocomposite structure material aerogel translucent composite thermal insulation board has important energy-saving significance for buildings with heating energy consumption in winter and has great promotion value.
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Table 1: Components corresponding to each infrared absorption peak

Wavenumber/cm Approximate description

3325 AIO-H vibration

3092 Asym. stretching vibration of A10-H
1416 VC-H

1968 Combination vibration of AlO-H

1634 0-H bending of adsorbed water

1167 Asym. deformation vibration of AIO-H
1069 Sys. deformation vibration of A1O-H

880, 780, 731, 615, 486 Band of pseudo-boehmite
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Table 2: Pore size distribution and thermal conductivity of samples under different conditions

Sample A B
Pore size/nm 14.4 -
Proportion to the total pore volume at 3 nm 87.10% -
Proportion to the total pore volume at 37 nm 32.90% -
Surface area/(m”/g) 380.1 376

Thermal conductivity at room temperature/(W/m-K) 0.02 0.029
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