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Abstract

:

Energy, precision, and multi-functionality have become primary considerations in incubators. For example, if a part of an apparatus must be insulated, while other parts do not, then the specific part can be placed in the multi-functional incubator proposed in this paper to avoid wasting energy. The proposed incubator is composed of various parts including a platform, which is provided for debugging parts to meet the working accuracy of parts. The light windows are adjustable in height to accommodate different heights of light. The incubator is black to prevent stray light in optical experiments. This design can not only insulate but also debug optical or non-optical parts according working accuracy of parts. In this paper, an example incubator is used for an optical experiment was given and the incubator was optimized several times. The temperature fluctuations of the box of the third optimized incubator reached   0.045   ∘  C  . To reduce the temperature fluctuations, the relationship between the ambient and target temperature as well as the temperature fluctuations of the box were analyzed, and a formula was proposed. A further experiment provided evidence for this relationship. Based on the formula, the SLITA (small optimized incubator placed in large optimized incubator with the same target temperature) method for improving insulation accuracy was further proposed, and an incubator was designed using this method. The temperature fluctuations were   0.000014   ∘  C   by simulation, which was reduced 98.6% compared to previous incubators.
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1. Introduction


Reducing energy consumption and greenhouse gas emissions caused by growing industrialized economies is a problem worth studying. Many researchers have carried out studies on improvements in the greenhouse envelope and the reduction of associated greenhouse energy consumption. Wu et al., Pinto et al., Zhang et al., Al et al., and Gulfam et al. conducted research on greenhouse materials to reduce the energy loss of greenhouses and achieve energy savings of up to 34.6% [1,2,3,4,5]. The following researchers studied temperature control and proposed new ways to reduce energy consumption. Kazmi et al. proposed a multi-agent reinforcement learning framework for black-box modeling that could accelerate the learning of thermostatically controlled load behavior, thereby enabling fast active control. Efficiency gains of 20% were realized in a year [6]. Through experiments, Cholewa et al. concluded that the energy savings was between 7.1% and 23.3% depending on the range of modernization activities using thermostatic radiator valves [7]. Daffallah et al. recorded the power consumption of a refrigerator with different loads, compared these cases to that of power consumption without loading, and observed that the thermostat setting position has a considerable effect on the energy consumption of refrigerators [8]. Bomela et al. presented phase response based open-loop control policies that minimized power overshoots and allowed the integration of renewable energy sources [9]. Lan et al. focused on a dynamic model of a thermoelectric generator system designed for vehicle waste heat recovery and predicted that an average power output increase of approximately 20% could be obtained by optimizing the thermal contact conductance and the heat transfer coefficient of the hot side heat exchanger [10]. Chassin et al. designed a new control strategy for residential heating and cooling thermostats that supported the transactive control system concept, could operate in real-time distribution capacity auction systems, and facilitated the increased integration of renewable resources [11]. Shahzad et al. designed a user-controlled thermal office chair equipped with thermal control over the seat and backrest. The energy consumption of the thermal chair was relatively low (0.03 kW). The chair improved users’ overall thermal comfort and further reduced energy consumption [12].



With the development of science and technology, the precision of incubators has become high. The National Institute of Standards and Technology designed a Molecular Measuring Machine. The room temperature was kept at   17   ∘  C   to act as a heat sink, and the temperature fluctuations of the core were kept at   ± 0.005   ∘  C   for the target temperature of   20   ∘  C   [13,14]. The BUPE (Billionth Uncertainty Precision Engineering) in Korea designed the Ultra Precision CMM (three-coordinate measuring machine) with a strict multi-layer closed structure. The incubator’s temperature fluctuations were   ± 0.001   ∘  C   for the target temperature of   20   ∘  C  .



These studies have saved energy in industrialized economies and created high precision insulation incubators. At present, the operation of many components (such as precision machine tool spindles, optical ferro-elastic liquid crystals, liquid-crystal variable retarders, multi-order waveplates, medical equipment, nanotechnology, nanomanufacturing, and black-body radiation technologies) requires not only high-precision temperature distribution but also other functional requirements as well as higher precision temperature distribution to ensure better working accuracy and environments [15,16,17]. There is currently no device that meets these requirements. A device would need to have more than two types of functions to meet or it could not meet the job requirements.



In this paper, a new type of incubator is derived based on an existing greenhouse: a mini thermostatic chamber. This incubator saves energy while combining structures of different industrial fields to expand the function of the greenhouse.



A new structure is added to the original structure of the greenhouse to expand its function. The industrial use of the adjustment workbench is combined with the greenhouse so that it can ensure the high-precision work requirements of the components (e.g., coaxiality and angle) while maintaining the required operating temperature. The organ form rail machine guard shield is combined with the front and rear windows of the greenhouse to make the windows retractable with a certain airtightness. The retractability of the windows allows the incubator to meet different external light source requirements, and the airtightness of the windows provides insulation for the optical components, which ensures high-precision working requirements. The proposed optimized structure allows the incubator to ensure that high-precision non-optical parts and components for optical production work properly.



In order to obtain higher precision insulation incubator, the thickness of insulation layer of the incubator and the support columns structure of the incubator are optimized. Then, the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box were analyzed with ANSYS. A new formula was proposed. According to the formula and optimizing the structure of the large and small incubators by changing thickness of insulation layer, the SLITA (small optimized incubator placed in large optimized incubator with the same target temperature) method proposed in this paper caused the temperature fluctuations of the box to reach   0.000014   ∘  C   at   − 10   ∘  C  , and a new ultra-precision incubator was obtained. This incubator achieved the minimum temperature fluctuations of the box. Many researchers have studied the relationship between the structures of tube and heat flux, Nusselt number, and temperature. Moraveji et al. investigated the effects of number of inlets, tube length, diameter of cold outlet on temperature, and flow rates passing through the vortex tube. The vortex tube is used to separate hot and cold gas streams from a higher pressure inlet gas stream [18]. Toghraie studied the effect of fluid jet velocity of water and subcooled temperature on the rewetting temperature, wet zone propagation, cooling rate, and maximum heat flux [19]. Hosseinnezhad et al. investigated the turbulent flow of water/Al   2  O   3   nanofluid in a tube with two twisted tape inserts with numerical simulation. They found the effect of the twist ratio, the counter-swirl flow twisted-tape, and the enhancement of volume fraction of Al   2  O   3   nanoparticles in the base fluid on the amount of average Nusselt number [20]. Pourdel et al. investigated the fluid flow and heat transfer in a flat tube by simulation. They found that the presence of dimples on heat transfer surfaces highly affected the fluid flow physics [21]. Yang et al. built and tested an experimental model to analyze and optimize the heat loss associated with the household solar heating system. They identified the relationship between the wind speed, ambient temperature, the temperature of the heating water tank, and the indoor temperature. The result should help save energy [22]. This paper has studied the temperature fluctuations of the box of incubator, and the optimization results of the incubator are obtained by changing the material, thickness of insulation layer, and support columns structure. The relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box were analyzed. An experiment was carried out, and its results supported those analyzed. The SLITA method was proposed by analyzing and obtaining the formula. A new ultra-precision incubator was obtained. This study is different from those studies, and it improved the accuracy of the incubator through simulation, experiment, and the resulting formula. This will make up for the gap in ultra-precision incubators.




2. Methods


2.1. Overall Structure of Incubator


The incubator comprises a support column, an installation and debugging platform fixed to the support column, and a box installed on the installation and debugging platform (shown in Figure 1). The box surrounds the installation and debugging platform. On both sides of the box, strip-shaped through-holes are provided with an adjustable light window. Sixteen temperature sensors are located inside the incubator, the heating and cooling parts are around the box, and the insulating layer is placed on the outside. The cooling parts, heating parts, and temperature sensors are connected to the controller; they are controlled to achieve the required operating temperature in the incubator. The device can be small, light, low cost, and universal, and it is not limited to the type of insulated object as long as the object can be placed in the incubator. Its inner surface area ranges from 2.4 m   2   to 60 m   2  . The incubator is black to prevent the influence of stray light during optical experiments. In addition, the front and rear light windows of the box can be adjusted in height to meet different external light source requirements. Moreover, the incubator provides an installation and debugging platform for components.




2.2. Characteristics of Each Structural Part


2.2.1. The Heating Part of the Incubator


The incubator is heated by silicone rubber heating wires. Heating-wire materials can be constantan alloy, Kang Manganese copper alloy, or nichrome. These heating wires are wrapped around the glass fibers, and then silicone rubber insulation completely enwraps the wires. The silicone rubber heating wire is soft and easy to lay out; and it can be heated up to   60   ∘  C  . The silicone rubber heating wires are evenly arranged on the top and sides of the box, as well as at the bottom of the installation and debugging platform (shown in Figure 1).




2.2.2. The Cooling Part of the Incubator


Semiconductor chilling plates or water-cooling devices cool the incubator. Semiconductor chilling plates are simple to install and operate. Their refrigeration efficiency is ≤60% and the maximum temperature difference can reach   67   ∘  C  . A fan provides a limited amount of heat dissipation for the semiconductor chilling plates, and water cooling can be used if the heat-dissipation requirements are large. The operation of the water-cooling device is complicated and requires a water source. The water-cooling device has a high cooling efficiency and can cool objects to   − 15   ∘  C  . The device is uniformly distributed on the top and sides of the box, as well as at the bottom surface of the installation and debugging platform.




2.2.3. The Adjustable Light Window


The adjustable light window of the incubator is installed between an upper organ protective cap and a lower organ protective cap. In the center of the adjustable light window, there is a light through-hole. On the adjustable light window’s left and right, the adjustment screws are installed in holes that are arranged on both sides of the box’s strip through-holes. The adjustable light window moves up and down along the strip through-holes via the adjustment screws (shown in Figure 1).



An organ protective cap is used in the machine tool to prevent the high-precision work requirements of components from dust throughout components movement. The organ protective cap was used in the adjustable light window and its material was changed. The cap prevents dust and stray light from entering, but it cannot prevent a large amount of energy loss. Therefore, soft insulation was used for the cap. The soft insulation can prevent dust and stray light from entering, it can prevent a large amount of energy loss, and it is retractable (shown in Figure 2).



A light source can be positioned on one side of the incubator such that the light enters from the adjustable light window on one side of the box, passes through the optical element in the incubator, and is emitted from the adjustable light window on the other side of the box. The light through-hole (which is a threaded hole) is covered by a transparent cover. The transparent cover acts as a seal as well as a means to observe changes in the incubator through the light window. The transparent cover can be replaced with a black cover if observation is unnecessary.




2.2.4. The Installation and Debugging Platforms


Installation and debugging platforms of different precision levels can be selected according to the installation accuracy requirements. There are many mounting holes on the installation and debugging platform [23]. The optical table is implemented for installation and debugging of components. If it is used to test the performance of a component that affects the accuracy and surface of the installation and debugging platform, a protective plate must be placed on the installation and debugging platform, and then the component is placed on the protective plate. The platform does not require the protective plate in the case of experiments that do not affect its performance.




2.2.5. The Insulation Layer of the Incubator


Glass wool, rock wool, expanded polystyrene (EPS), extruded polystyrene (XPS), silica aerogel, vacuum insulation panel, or polyurethane foam can be used as the insulation material. The insulation layer of the incubator is used to prevent a large amount of energy loss, and to ensure that the required working temperature is efficiently achieved in the incubator [24,25,26]. The temperature fluctuations of the box can be controlled at   0.1   ∘  C   or in even smaller increments, such as   0.09   ∘  C  ,   0.045   ∘  C  , or   0.000014   ∘  C  .






3. Specific Case


This incubator is useful for ambient temperatures in the range of −  10   ∘  C   to   40   ∘  C   and can be used for ≤280 mm × 280 mm × 280 mm objects. The incubator weighs approximately 28.3 kg. The incubator enables the optical path height to be adjusted in the range of 182–332 mm for insulation of the optical members. The installation and debugging platform is suitable for parts with high-precision requirements. The following is a case in which ferro-elastic liquid crystal (FLC) and liquid-crystal variable-retarder (LCVR) polarizers are used in a polarization experiment, which requires insulation and precision adjustment. The operating temperature of the FLC is 20–  30   ∘  C  , and the operating-temperature accuracy must be controlled within   ± 1   ∘  C  . The operating temperature of the LCVR is   − 20   ∘  C   to   45   ∘  C  , and the operating-temperature accuracy must be controlled within ±  0.1   ∘  C  . To ensure normal working conditions for the FLC and LCVR, the operating temperatures are set at   25 ± 0.1   ∘  C  . This experiment requires the FLC and LCVR to be installed and adjusted to   0 .  2 ∘    parallel to the mounting surface of the mounting platform.



3.1. Overall Structure of the Incubator


The structure of the incubator is shown in Figure 3a. Figure 3b is a cross-sectional view of the incubator. The incubator is comprised of two support columns (8), an installation and debugging platform (7), a box (1), cooling parts (9), heating parts (2), temperature sensors (12), insulating layers (3), and a controller. The installation and debugging platform is installed on the support column. The box is hinged on the installation and debugging platform, and the box surrounds the installation and debugging platform. The strip-shaped through-holes on the front and back of the box are provided with adjustable light windows (5) (shown in Figure 3b). The heating and cooling parts are uniformly arranged on the outside of the box and at the bottom of the installation and debugging platform. Insulating layers surround the box and the installation and debugging platform. The temperature sensors are installed in the incubator, and the cooling and heating parts are connected to the controller. The box is hinged to the right-hand corner of the installation and debugging platform with two rivets (11) (shown in Figure 3b).




3.2. Key Technologies and Features


3.2.1. The System of the Adjustable Light Window


The upper and lower organ protective caps on the front and rear of the incubator are elastic organ protective caps. The system for the front adjustable light window on the box includes the upper organ protective cap (4), the lower organ protective cap (6), and the adjustable light window with a light-passing hole installed between the upper organ protective cap and the lower organ protective cap (shown in Figure 3b). The front adjustable light window moves up and down along the strip through-hole by adjusting screws (10). The rear adjustable light window on the box has the same structure. The adjustable light window is adjusted by screws sliding in the chutes on both sides of the strip through-hole to make it well-connected to the external light source. After adjusting the height of the light window, the window can be fixed by tightening the screws. The range of the adjustable height is 182–332 mm.



A light source will be placed in front of the incubator if an external light source is required. The light source could be laser light or white light. When the adjustable light window is connected to the external light source, the light enters the window in front of the incubator, passes through the optical elements in the incubator, and is emitted from the other adjustable light window in the back of the incubator. The incubator is black to help prevent stray light.



The light through-hole (which is a threaded hole) in the adjustable light window will be covered by a transparent cover. The transparent cover not only acts as a seal, but also allows observations of the incubator’s interior. The transparent cover can be replaced with a black cover if observation is not required.




3.2.2. The Heating and Cooling Parts


The incubator is cooled by semiconductor chilling plates. They are uniformly distributed on the top and the sides of the box and at the bottom of the installation and debugging platform. The incubator is heated by heating wires. They are evenly arranged on the top and the sides of the box and at the bottom of the installation and debugging platform.



The temperature sensors arranged in the incubator are German Heraeus PT100s. The temperature measurement accuracy is ±  0.1   ∘  C  . The controller is a digital proportion integration differentiation thermostat controller AT704 that sets the required working temperature, such as   25   ∘  C  .



When the required working temperature is higher than the external ambient temperature, heating wires are used to heat the box to   25   ∘  C  . When the temperature sensors detect the temperature in the incubator lower than   25   ∘  C  , the heating power value of the heating wires is increased by the controller to heat the incubator. When the temperature sensors detect that the temperature in the incubator is higher than   25   ∘  C  , the heating power value of the heating wires is reduced by the controller.



When the required working temperature is lower than the external ambient temperature, the semiconductor chilling plates are used to cool the incubator and reach   25   ∘  C  . When the temperature sensors detect that the temperature in the incubator is higher than   25   ∘  C  , the cooling power of the semiconductor chilling plates is increased by the controller to cool the incubator. When the temperature sensors detect that the temperature in the incubator is lower than   25   ∘  C  , the cooling power of the semiconductor chilling plates is reduced by the controller to cool the incubator. Finally, the incubator will reach the target value of   25 ± 0.1   ∘  C  .




3.2.3. The Installation and Debugging Platform


There are many threaded mounting holes on the installation and debugging platform. The tool and fixture are installed on the installation and debugging platform to adjust the components to be tested in order to analyze their characteristics. The size of the installation and debugging platform is 320 mm × 309 mm × 50 mm, the flatness of the top skin is <0.05 mm/m   2  , the surface roughness is <0.8  μ m, and the payload capacity is 800 kg/m   2  . This precision platform could be bought or made.



If the incubator is used to test the performance of a component that affects the accuracy and surface of the platform, a protective plate must be placed on the platform, and then the component is placed on the protective plate. The platform does not require the protective plate in the case of experiments that do not affect its performance.




3.2.4. The Insulation Layer


The insulation layer of the incubator is polyurethane foam. The density of the polyurethane foam is approximately 35 kg/m   3  , and the thermal conductivity is approximately 0.027 W/(m·K). Insulation layers are arranged on the top and side of the box and at the bottom of the platform to prevent a large amount of energy loss and ensure that the required working temperature is achieved in the incubator efficiently.




3.2.5. Incubator Switch


The box is hinged to the right corner of the platform by two rivets (shown in Figure 3b). The size of the box is 300 mm × 300 mm ×300 mm. If necessary, the box could be opened to expose the components directly. After the box is opened, it is directly supported on one side of the platform without removing the box, which is convenient and reliable. When the box is closed, the components are enclosed in the incubator, which can prevent the interference of stray light in the optical experiment, reduce the energy loss when heating or cooling the incubator, and contribute to the stability of the temperature inside the incubator. A door can be created on the left side of the box, which is convenient for placing parts inside the incubator (shown in Figure 3b).





3.3. Optical Parts FLC and LCVR Insulation Methods


	(1)

	
The desired light source is placed on the front side of the incubator directly opposite the front light window. As shown in Figure 3b, the front side light window can be adjusted according to the height of the light source so that the light goes into the incubator.




	(2)

	
The box is opened and directly supported on one side of the platform. The FLC and LCVR that need to be insulated are placed on the platform for light path adjustment [27,28]. The FLC and LCVR are installed and adjusted to be   0 .  1 ∘    parallel to the mounting surface of the mounting platform. Adjustment of the optical path is finished and then the box is covered just above the platform.




	(3)

	
The rear light window is adjusted according to the height of the light transmission so that the light in the incubator passes through the rear light window. Then, the light passes through the optical element and the detection instrument outside the incubator.




	(4)

	
According to the working temperature requirements of the optical components in the incubator, the incubator is either heated or cooled. At the same time, the temperature sensors detect the temperature value in the incubator and then feed the information back to the electronic control system for correcting heating or cooling. Finally, the target temperature in the incubator is reached.




	(5)

	
After the optical path and working temperature are adjusted, the working performance and the characteristics of the optical components are analyzed to obtain the final result.








3.4. Analyzing Temperature Distribution of the Box and Optimizing the Incubator


The working temperature of FLC and LCVR is   25 ± 0.1   ∘  C  . The box is made of 6A02 aluminum alloy. The platform and support column are made of steel. The heating wire is made of constantan with a diameter of 0.5 mm. Its resistivity is 2.44  Ω /m and its density is 8.9 g/cm   3  . The heating power of the heating wire is given by:


  φ = △ t / R =  (  t  f 1   −  t  f 2   )  / Σ  R i  =  (  t  f 1   −  t  f 2   )  /  [  ( 1 /  h 1  +  δ 1  /  λ 1  +  δ 2  /  λ 2  … +  δ i  /  λ i  + 1 /  h 2  )  × 1 / A ]   



(1)




where  φ  is the heat transfer of n layers of the flat wall,   t f   is the fluid temperature on the solid surface, h is the surface heat transfer coefficient,  δ  is the thickness of the solid,  λ  is the thermal conductivity of the solid, as shown in Figure 4, and A is the heat transfer surface area of the solid.


  h =  N u  × λ / l  



(2)




Free convection in large space [29]:


   N u  = C ×   (  G r  ×  P r  )  n  ,  



(3)






   G r  = g × α × △ t ×   ( l )  3  /   ( ν )  2  ,  



(4)




where   N u   is the Nusselt number, l is the characteristic length,   G r   is the Grashof number,   P r   is the Prandtl number,  α  is the volume expansion coefficient, and  ν  is the kinematic viscosity.



The temperature distribution of the incubator is simulated by finite-element analysis software (ANSYS) [30]. First, a 3D model of incubator is established in computer aided design (such as SOLIDWORKS). The thickness of insulation layer is set as a parameter. Then, the 3D model is imported into ANSYS, in which the thickness of optimization variable insulation layer is parameterized. The characteristics of material of the insulation layer, box, installation, and debugging platform, support columns and other parts of incubator are set according to the actual use and production situation. The natural convection air, the required ambient temperature, and heating load of the incubator are set. The minimum value of the temperature difference between the highest and the lowest on the box is set as the optimization target. According to the above formula, the shape of the object, the value of h is calculated preliminarily. The preliminary results of the temperature distribution in a steady state are obtained, and then h and  φ  are corrected until the temperature distribution is obtained within the error range [31,32].



For the light window part and for the case of guaranteed light transmission, it is necessary to use a vacuum flat glass cover to isolate the air convection between the inside and outside of the box and to reduce the temperature fluctuations of the box. The incubator meshing was set based on the quality requirements of the analysis. The mesh quality was checked using the SKEWNESS function in ANSYS, with values between 0 and 1. SKEWNESS outputs 0 for the best mesh quality and 1 for the worst, and a mesh quality of 0.95–1 is unacceptable. The calculation results of temperature difference between the highest and the lowest on the box could be accurate to 10th place after the decimal point, which fully met the required accuracy of calculations. The incubator mesh met the mesh quality requirement (shown in Figure 5a). By simulating the temperature of the initial structure of the incubator for an ambient temperature of −  10   ∘  C  , the temperature distribution of the box is as shown in Figure 5b. The temperature of the box was between   25.104   ∘  C   and   16.707   ∘  C  , and the temperature fluctuations of the box reached   8.397   ∘  C  , was higher than the required   ± 0.1   ∘  C  . The large temperature deviation was due to the support columns that extended out of the box (shown in Figure 6). The support columns were replaced by vacuum columns with adequate stiffness. The material of this vacuum column was cement. The thermal conductivity was 0.72 W/(m·K). The thickness of the insulation layer was the design variable and the minimum temperature fluctuations of the box comprised the objective function. The optimization result was obtained by changing the value of the design variable using a genetic algorithm. After optimization, the temperature of the box was between   25.456   ∘  C   and   25.015   ∘  C   (shown in Figure 7). The temperature fluctuations of the box reached   0.441   ∘  C  , which was higher than the required   ± 0.1   ∘  C  .



The thermal conductivity of the vacuum was very low. A vacuum was used between the insulation layer and the wall of the box to reduce the exchange of energy between the outside and inside of the box. This further improved the thermal stability of the box and reduced its temperature fluctuations. The structure optimized by the genetic algorithm was obtained by changing the vacuum gap (shown in Figure 8). The temperature of the box was between   25.02   ∘  C   and   24.93   ∘  C  , and the temperature fluctuations were within   0.09   ∘  C  , thus meeting the requirement of   ± 0.1   ∘  C  .



The vacuum insulation panel had a fairly low thermal conductivity, reaching 0.002–0.004 w/m/K, which was 1/10 the thermal conductivities of traditional insulation material that their thermal conductivities were 0.012–0.05 w/m/K such as polyurethane foam, Glass wool, rock wool, expanded polystyrene board, and silica aerogel. The thermal conductivity of the vacuum insulation panel selected for the incubator was 0.003 w/m/K. This incubator was similar to the incubator shown in Figure 7, but the insulation layer of the polyurethane foam was replaced with the vacuum insulation panel. The thickness of the vacuum insulation panel used in this incubator was changed, and the optimization result was obtained with a genetic algorithm (shown in Figure 9). The temperature of the box was between   25.07   ∘  C   and   − 25.025   ∘  C  . The temperature fluctuations of the box were   0.045   ∘  C  , which were smaller than the fluctuations of the boxes of previous incubators.




3.5. The Influence of the Difference between the Environment and the Target Temperature


The optimized structures described above were the result of simulations at an extreme ambient temperature of   − 10   ∘  C  , and the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box was assessed. First, different ambient temperatures for the optimized incubator (shown in Figure 7) with the insulation layer of polyurethane foam were set to   − 5   ∘  C  ,   0   ∘  C  ,   5   ∘  C  ,   10   ∘  C  ,   15   ∘  C  ,   20   ∘  C  ,   22   ∘  C  ,   23   ∘  C  ,   26   ∘  C  ,   27   ∘  C  ,   30   ∘  C  ,   35   ∘  C  ,   40   ∘  C  ,   45   ∘  C  ,   50   ∘  C  ,   55   ∘  C  , and   60   ∘  C  . The appropriate hot or cold flow was adjusted at the respective ambient temperature to bring the temperature distribution of the box to the same target value of   25   ∘  C  . The temperature fluctuations of the box were obtained at different ambient temperatures. The relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box was linear (shown in Figure 10 and Figure 11). Figure 10 and Figure 11 showed that this relationship was c = 0.0182|a|. The a is the difference between the ambient temperature and the target temperature and its unit is     ∘  C  . The c is the temperature fluctuations of the box and its unit is     ∘  C  . In Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22, the “  ∘  ” represents the results at different a by simulation, these points “  ∘  ” are fitted into straight lines by the least square method, and the “  ⋆  ” represents results at different a on the lines. When the target temperature was   10   ∘  C  , the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box was linear (shown in Figure 12 and Figure 13). The relationship between a and c was obtained as:


  c = 0.0182 | a |  



(5)




For the same incubator, when the target temperature was different, as long as the absolute value of the difference between the ambient temperature and the target temperature was the same, the temperature fluctuations of the box were the same.



When the insulation layer was a vacuum insulation panel, the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box was linear (shown in Figure 14 and Figure 15). Figure 14 and Figure 15 showed that the relationship was achieved through points and obtained as c = 0.0013|a|. When the target temperature was   10   ∘  C  , the relationship was linear (shown in Figure 16 and Figure 17) and obtained as:


  c = 0.0013 | a |  



(6)







From the above simulation results, the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box showed a good linearity. For the same incubator, when the target temperature was different, as long as the absolute value of the difference between ambient temperature and the target temperature was the same, the temperature fluctuations of the box were the same. Additionally, the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box remained the same. Because the heat exchange area of the same incubator does not change, its heat transfer performance does not change, and the relationship between a and c remains unchanged. Therefore, the heat exchange of the structure of the incubator is unchanged as long as |a| was the same, and the temperature fluctuations of the box subsequently remains unchanged.



If the material used in the insulation layer is changed, the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box will vary. Because different insulation layer materials have different thermal conductivities and their heat transfer performance varies, the heat exchange of the incubator structure will change, even for the same structure size, and the temperature fluctuations of the box will change. The lower the difference between the ambient temperature and the target temperature is, the smaller the heat exchange of the incubator structure, and the smaller the temperature fluctuations of the box.



Using the simplified incubator structure (shown in Figure 18a), the relationship between the ambient temperature and target temperature as well as the temperature fluctuations of the box was influenced by the volume of the incubator. The insulation layer was a vacuum insulation panel. The thickness of insulation layer was 30 mm. Different ambient temperatures were set to   5   ∘  C  ,   10   ∘  C  ,   15   ∘  C  ,   20   ∘  C  ,   30   ∘  C  ,   35   ∘  C  ,   40   ∘  C  , and   45   ∘  C  . The heating or cooling of the box was adjusted to reach the target temperature of   25   ∘  C  . The highest temperature was   25.032   ∘  C   and the lowest temperature was   25.024   ∘  C   on the 200 × 200 × 200 mm box at the extreme ambient temperature of   45   ∘  C  . The temperature distribution of this box at this extreme ambient temperature was shown in Figure 18b. After the simulations, the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the boxes was obtained for 200 × 200 × 200 mm and 300 × 300 × 300 mm boxes (shown in Figure 19, Figure 20, Figure 21 and Figure 22). Figure 19 and Figure 20 showed that the relationship for the 200 × 200 × 200 mm box was:


  c = 0.0004 | a |  



(7)




From Figure 21 and Figure 22, the relationship for the 300 × 300 × 300 mm box was:


  c = 0.00055 | a |  



(8)




When the size of the box changed, the coefficient of the relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box also changed. Because the heat exchange area changed, the heat exchange of the incubator also changed as long as the material of the insulation layer was the same, and the temperature fluctuations of the box changed.



In the laboratory, the LCVR and FLC polarization tests were carried out. This incubator was the same as the incubator shown in Figure 5, and the insulation layer’s thickness was 20 mm. The ambient temperature was about   23   ∘  C  . The temperature of the box was between   25.001   ∘  C   and   24.902   ∘  C   in the simulation. The temperature fluctuations of the box were   0.099   ∘  C   and the fluctuations reached   ± 0.1   ∘  C   (shown in Figure 23). The temperature in the incubator was controlled at   25 ± 0.1   ∘  C   (shown in Figure 24) [33]. The incubator was not optimized in this experiment, but its temperature fluctuations for the box reached   ± 0.1   ∘  C   easily because of the ambient temperature of   23   ∘  C  , which was close to   25   ∘  C  .




3.6. Improving the Insulation Accuracy Method


According to the simulation results described in the previous section, when the ambient temperature was close to the target temperature, the temperature fluctuations of the box were smaller. Therefore, using a large incubator provides an ambient temperature that is close to the target temperature of the small incubator, which will greatly reduce the temperature fluctuations of the box of the small incubator. The improvements to the insulation accuracy method were as follows.



First, the structure of the small incubator is optimized. The thickness of the insulation layer is the design variable and the minimum temperature fluctuations of the box is the objective function. The optimization result is obtained by changing the value of the design variable using a genetic algorithm. Then, the small optimized incubator is expanded to a large incubator so that the small incubator can be placed in the large incubator. The target temperatures for the large incubator and the small incubator are the same. The structure of the large incubator is optimized, and the optimization method is the same as that of the small incubator, so the temperature fluctuations of the box of the large incubator are at a minimum at the same ambient temperature. Finally, the optimized small incubator is placed in the large optimized incubator. This structure can then be simulated. In this case, the ambient temperature for the large incubator is equal to the outside ambient temperature. The heat flow of the large incubator is adjusted so that the temperature distribution of the box of the large incubator is close to the target value. The target temperature for the large incubator is the ambient temperature for the small incubator. Based on this, the heat flow of the small incubator is fine-tuned so that the temperature distribution of the box in the small incubator has a further high-precision distribution. This insulation optimization method for improved accuracy is referred to as the SLITA (small optimized incubator placed in large optimized incubator with the same target temperature) method.



The optimized incubator (shown in Figure 9) with vacuum insulation panels was used as a small incubator, and then the small incubator was expanded to a large incubator so that the small incubator could be placed in the large incubator. The heat flow of the large incubator was adjusted at the ambient temperature of   − 10   ∘  C   so that the temperature distribution of the box of the large incubator was close to the target value of   25   ∘  C   (shown in Figure 25). Based on this, the heat flow of the small incubator was fine-tuned so that the temperature distribution of the box in the small incubator had a further high-precision distribution of about   25   ∘  C   and the temperature fluctuations of the box of the small incubator were very small. Based on simulation, the target temperature of the box in the small incubator was distributed between   25.000359   ∘  C   and   25.000345   ∘  C   (shown in Figure 26), and the temperature fluctuations of the box of the small incubator were   0.000014   ∘  C  .



The target temperature fluctuation values of this incubator (shown in Figure 26) were reduced 98.6% compared to the previous incubators, such as molecular measuring machine and CMM. Thus, the accuracy of the insulation distribution was greatly improved using the SLITA method.





4. Conclusions


In this work, the principle and function of each main structural component of combined incubator were introduced in detail. A small-scale incubator was then designed for FLC and LCVR polarization optics experiments. The incubator has an adjustable light window, anti-stray light, adjustable instrument accuracy, and heat-preservation function. At the same time, ANSYS was used to simulate the temperature distribution of the incubator at   − 10   ∘  C  . The temperature fluctuations of the box reached   ± 0.1   ∘  C   through several optimizations. The relationship between the ambient temperature and the target temperature as well as the temperature fluctuations of the box was analyzed. The relationship showed a good linearity. From Formulas (5) to (8), the formula for the relationship was obtained as:


  c = C | a |  



(9)




The C changed when the material of the insulation layer and the size of incubator changed. The C did not change for the same incubator. This formula is suitable to natural convection air, and there is no wind. The formula suggested that the lower the difference between ambient temperature and the target temperature was, the smaller the temperature fluctuations of the box were. When we need to control a particular structure at the desired temperature fluctuations, according to this formula and target temperature requirements of this structure, we can control the ambient temperature of this structure to the corresponding temperature value. In this way, the deformation of the structure, material performance, and requirements can be guaranteed. Thus, it can reduce a lot of long-term experiments and the waste of funds. The incubator used for the FLC and LCVR polarization optics experiments was not optimized, but its temperature fluctuations for the box reached   ± 0.1   ∘  C   easily. This was because the target temperature was near the ambient temperature, which was consistent with the formula.



This SLITA method was proposed according to the idea that, when the ambient temperature is close to the target temperature, the temperature fluctuations of the box are smaller. An example was as follows. The optimized incubator with vacuum insulation panels (shown in Figure 9) was placed in a larger optimized incubator with a vacuum insulation panel. The temperature fluctuations of the box of the small incubator were   0.000014   ∘  C   at   − 10   ∘  C   with the simulation. The target temperature fluctuation values of this incubator were reduced more than 98.6% compared to Ultra Precision CMM and were reduced more than 99.72% compared to Molecular Measuring Machine. At present, the world’s highest precision incubators Ultra Precision CMM and Molecular Measuring Machine were known only. It can be seen that the SLITA method will further improve the accuracy of the incubator.



Instruments that only need to be insulated can be placed in the incubator without having to be placed in a large-space air-conditioned room. Precision instruments that require insulation and working accuracy can be placed in this incubator. The incubator can be widely used for optical components, such as FLC and LCVR, to ensure high polarization measurement accuracy. It can also be used for detecting the characteristics of precise mechanical parts, optical parts, instruments, materials, biology, medicine, atom, molecule, and nanotechnology at different temperatures. For nanomachining technology, the machining precision is controlled in the range of 0.1–100 nm. For example, a tube’s material was aluminum. Its coefficient of linear expansion is   20 ×  10  − 6     / ∘  C   and its length is 1 m. The deformation of aluminum tube is required to be controlled at 0.1 nm, so the effect of ambient temperature change on machining accuracy needs to be considered. According to the above conditions, it can be obtained that the ambient temperature fluctuations must be controlled at   5 ×  10  − 6     ∘  C   to ensure the required machining accuracy of the aluminum tube. At present, there is no such incubator, so it is necessary to create the conditions for the extremely high insulation accuracy of the incubator to achieve nanometer ultra-high precision machining. The SLITA method proposed in this paper to improve the accuracy of the incubator will provide sufficient ambient temperature conditions for the realization of nano ultra-high precision machining. Thus, this incubator ensures that various components are suitable for use in actual production.
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Figure 1. Main body of the incubator. 
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Figure 2. The synthesizing process of adjustable light window. 
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Figure 3. (a) main body of the incubator; (b) cross-sectional view of the incubator. 
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Figure 4. Heat transfer in a multi-layer wall. 
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Figure 5. (a) meshed overall structure and (b) temperature distribution of the box and support column. 
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Figure 6. Temperature distribution of the box and support column. 
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Figure 7. Temperature distribution of the simplified support column. 
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Figure 8. Temperature distribution of the box with the vacuum gap. 
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Figure 9. Temperature distribution of the box with vacuum insulation panels. 
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Figure 10. Effect of a on c below   25   ∘  C   with polyurethane foam. The a is the difference between the ambient temperature and the target temperature. The c is the temperature fluctuations of the box. The “  ∘  ” represents the results at different a by simulation. The “  ⋆  ” represents results at different a on the lines. 






Figure 10. Effect of a on c below   25   ∘  C   with polyurethane foam. The a is the difference between the ambient temperature and the target temperature. The c is the temperature fluctuations of the box. The “  ∘  ” represents the results at different a by simulation. The “  ⋆  ” represents results at different a on the lines.
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Figure 11. Effect of a on c above   25   ∘  C   with polyurethane foam. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 12. Effect of a on c below   10   ∘  C   with polyurethane foam. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 13. Effect of a on c above   10   ∘  C   with polyurethane foam. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 14. Effect of a on c below   25   ∘  C   with vacuum insulation panel. The a, c, “  ∘  ” and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 15. Effect of a on c above   25   ∘  C   with vacuum insulation panel. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 16. Effect of a on c below   10   ∘  C   with vacuum insulation panel. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 17. Effect of a on c above   10   ∘  C   with vacuum insulation panel. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 18. (a) Main body of the simplified incubator and (b) temperature distribution of the 200 × 200 × 200 mm box at the extreme ambient temperature of   45   ∘  C  . 
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Figure 19. Effect of a on c below   25   ∘  C   for 200 × 200 × 200 mm box. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 20. Effect of a on c above   25   ∘  C   for 200 × 200 × 200 mm box. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 21. Effect of a on c below   25   ∘  C   for 300 × 300 × 300 mm box. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 22. Effect of a on c above   25   ∘  C   for 300 × 300 × 300 mm box. The a, c, “  ∘  ”, and “  ⋆  ” have the same meaning as Figure 10. 
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Figure 23. Temperature distribution of the box at   23   ∘  C  . 
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Figure 24. Constant-temperature experiment on LCVR and FLC. 
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Figure 25. Large incubator temperature distribution. 
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Figure 26. Small incubator temperature distribution. 
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