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The temperature state of outer space devices is influenced by the heat flow outside the space. Although traditional numerical simulation analysis methods are highly accurate, they are time-consuming and not conducive for researchers to quickly assess the effects of external heat flow variations and are difficult to apply to program optimization codes that require large-scale iterative calculations or to codes for on-board temperature control chips. This paper presents an analytical algorithm for heat transfer problems: The transfer function method is applied to the thermal control analysis of outer space equipment with a small computational effort and a simple and straightforward computational procedure. Although this analytical approach only considers a limited set of influencing parameters and the precision of the calculation cannot be compared with numerical methods, it can be applied to the early prediction of internal temperature changes caused by heat flow changes outside the modification of outer space devices, embedded in the optimization code of a design solution, or integrated into the code of an on-board temperature control chip with minimum computational effort. In general, the transfer function method is not suitable for solving the radiation term, whereas this paper excludes the radiation term from the time delay calculation based on the small time scale of the radiation term and solves the time delay of the internal temperature relative to the external surface temperature directly, whereas the amplitude decay of the internal temperature change relative to the external surface temperature fluctuation is solved by the steady-state method based on the long period of the external heat flow change. The practicality of the transfer function method in the design of thermal control of external space devices is evidenced by comparing the computational results with those of commercial software and experimental results.
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INTRODUCTION
The heat transfer is generally regarded as a complex nonlinear unsteady conduction and radiation coupling problem when performing thermal analysis for space equipment. Thermal designers use commercial software to build models and solve the temperature field and present the results to system architecture engineers, mechanical engineers, and electronic engineers. Ultimately, a balanced design is obtained through iterative optimization of the design solution after arguments and compromises.
In the last decades, unsteady heat transfer calculation mainly relies on commercial software that is based on numerical methods like finite element method or finite volume method. Usually, these software tools require meshing after modeling and adapt iteration methods to reach an accurate solution. As a result, these methods require heavy computation. The drawback of large calculation amount could be ignored when the calculation is conducted on a computer. However, if the application needs the heat transfer calculation to be conducted within the control system like MCU or PLC, then it is necessary to find an analytical algorithm for rapid calculation. In addition, the amount of computation will increase exponentially once the designer needs to optimize the whole scheme and some design parameters as each optimization iteration must nest a numerical solution iteration for temperature field that needs to ensure convergence. In this case, the analytical algorithm without iteration is more suitable than the numerical algorithm (Anas El Maakoul et al., 2020).
A common analytical algorithm is the thermal resistance and capacity network method, which utilizes the concept of the resistance and capacity network in electrical field, which could solve the temperature response of each node to each heat source rapidly. This method has been widely used in the evaluation of thermal characteristics of chips and other devices (J.N. Davidson et al., 2014; M. Janicki et al., 2021). Another method is the transfer matrix function method used in this paper (Wang et al., 2009; Derakhtenjani and Athienitis, 2021; Jinbo), which is also called thermal quadrupole method in some literatures (J. Pailhes et al., 2012; Meguya Ryua et al., 2020). In the transfer matrix function method, heat resistance and heat capacity are often used to extract the transfer matrix function on the heat transfer path.
When the input and output of an object satisfy the linear time-invariant condition, the concept of transfer function can be introduced. Under the zero initial condition, the ratio of the Laplace transform of the output value to the Laplace transform of the input value is the transfer function of the system.
[image: image]
Transfer function analysis method has been widely used in thermal conductivity analysis of external enclosure of buildings. In recent years, it has also been used in non-destructive detection of structural defect, or material thermal properties like thermal conductivity measurement (Meguya Ryua et al., 2020; Jie Zhu et al., 2010), or the analysis of heat flow impact of coating on industrial equipment (G. Koutsakis et al., 2020). In the heat transfer analysis of building structure, the method considers the wall as a linear time-invariant system. First, the transfer function of heat transfer through the wall is extracted. Then, the periodic boundary conditions (the time) are transferred into a series of harmonic wave (frequency) by Fourier transform. Formal calculation considers the harmonic waves as input function that needs to do Laplace transform solves the heat flux from outer wall to inner wall surface or in reverse (G. Koutsakis et al., 2020; S. Ginestet et al., 2013; Recep Yumrutaş et al., 2005; Yufeng Miao et al., 2020). This method can be used to analyze the transient heat transfer from a holistic perspective and is especially suitable for the interior temperature response analysis of buildings under solar irradiation, including the peak attenuation and delay of heat and temperature values through walls. Designer could estimate the heating or cooling load needed for a certain building with this approach.
The disadvantage of the transfer function method is that it is only applicable to linear time-invariant systems. For heat transfer processes, heat conduction can be treated as a linear time-invariant process, convection can be approximated as a linear time-invariant process, but radiation heat transfer has a quadratic relationship with temperature and cannot be treated as a linear time-invariant system, so the transfer function method cannot be directly utilized when heat transfer involves radiation.
At present, various linear treatments of radiative heat transfer calculations have been proposed in various literatures. When the surface temperature difference for radiative heat transfer is not significant, the term of solar temperature can be introduced and the radiation term can be incorporated into the convection term (L.P. Thomas et al., 2020; Yufeng Miao et al., 2020). In addition, the radiant heat resistance can be directly set as a constant (G. Evola and Marletta, 2013). However, in some special cases, such as in outer space, where radiation occurs between the 4K deep space background and the spacecraft surface, the temperature difference is substantial. These linearization methods are not applicable nor can the radiative thermal resistance be simplified to a constant. In other words, the radiative thermal resistance is highly dependent on the radiation temperature and cannot be simplified by aforementioned methods.
In this paper, the transfer function approach is applied to the thermal control analysis of a spacecraft. Although radiative heat transfer cannot be simplified to a linear time-invariant equation, radiative heat transfer has a very small time scale with respect to heat conduction and convection, and unlike the coupling of conduction and convection, radiative heat transfer can be immediately considered as an immediately occurring process (Bácsi, 2019).
Given that the time scale of radiative heat transfer is negligible, it can be assumed that, in some cases, radiative heat transfer does not affect the time for the system to reach steady state. For devices in outer space, the external heat flow irradiates the exterior surface of the device and causes an interior temperature response, whereas the internal response time delay to the external heat flow change is largely caused by the heat transfer process. The radiation term can be ignored when analyzing the internal response delay of the interior equipment to the external heat flow.
It is also observed in this paper that, in some spacecraft, the delay time of the temperature response is relatively short compared to the variation period of the external heat flow. Therefore, steady-state heat transfer analysis for outer space applications can be used to obtain the attenuation of the external surface temperature variation and the internal surface temperature variation under varying external heat flow.
In brief, the analytical approach presented in this paper is not intended to replace numerical simulation but to provide a new perspective for engineering designers in situations where very precise results are not required.
1) In the early stages of product design, where numerous options and parameters still need to be discussed with designers from other disciplines, the transfer function approach enables thermal designers to make rapid assessments in meetings and allows systems, mechanical, and circuit engineers to understand the considerations and ideas of the thermal designer without having to wait hours for simulation results before the meeting can continue.
2) In product optimization, this analysis method can be used to reduce the computational effort of early optimization, and once the optimal values of the design parameters have been determined, validation can be performed by numerical simulation.
3) In active thermal control, this analytical approach enables a quick estimation of the initial values of the preliminary active thermal control parameters, which will facilitate reaching fast and stable thermal control algorithms, such as setting the PID values in the PID algorithm.
TEMPERATURE CONTROL OF SPACE EQUIPMENT
Spacecrafts in orbit are subject to three main types of external heat flow: solar irradiation, Earth reflection, and Earth irradiation. In addition, the magnitude of the external heat flow exerted on the spacecraft equipment is determined by the mounting orientation and location on the spacecraft platform, the attitude of the spacecraft platform to the ground, and the type of orbit. Depending on the exterior surface exposed to the external heat flow, the mounting surface on the spacecraft platform can be categorized into the following three cases.
1) Zero irradiation surface. This surface is not irradiated by external heat flow and directly confronts the cold black background of 4K. It has a remarkably high heat dissipation capability. It is commonly used as the preferred heat dissipation surface for space equipment with special cooling demands or which is sensitive to temperature variations.
2) Intermittently irradiated surface. This surface is irradiated periodically by external heat flow, which is intermittent and fluctuates significantly in amplitude. It is normally used as an alternative heat sink surface and is installed with normal equipment with normal temperature requirements.
3) Surfaces that are irradiated all times. These surfaces are exposed to external heat flow for long periods of time, so it is necessary to determine if they can be utilized as heat sink surfaces based on the amount of irradiation.
The heat flow of the outer space equipment in orbit has an orbital cycle and an annual cycle. When the spacecraft orbits the Earth, the external heat flow exhibits a daily varying cycle due to the influence of the Earth’s rotation cycle. However, because the external heat flow is also affected by the Earth’s orbital cycle, the angle of the sunlight and the amount of solar radiation vary greatly with the annual cycle. For the devices inside the spacecraft, the intermittent external heat flow eventually leads to intermittent temperature variations of the internal devices.
Space infrared (IR) camera is a special device in the spacecraft and, because the camera works in the IR band, changes in environmental temperature will lead to fluctuations in IR stray light, which will eventually affect its performance.
Therefore, when a spacecraft is equipped with an IR camera, it is critical to assess the internal temperature response caused by changes in external heat flux. When the external heat flux varies intermittently, the amplitude and delay of the internal temperature change should be analyzed in order to estimate the duration and magnitude of the impact. Accordingly, the optimal operating time of the IR camera can ultimately be determined.
As shown in Figure 1, the IR camera is mounted inside the spacecraft and has certain heat dissipation requirements, so the designers used heat pipes to connect it to the exterior surface of the spacecraft. The exterior surface of the spacecraft is a three-layer structure, with a honeycomb core material in the middle and an aluminum skin layer inside and outside.
[image: Figure 1]FIGURE 1 | Space camera’s installation. (A) Installation of real sample. (B) 3D model assembly.
Therefore, the heat transfer path of the IR camera inside the spacecraft can be simplified as Figure 2. The IR camera is connected to one end of the heat pipe through the thermal interface material, and then, the other end of the heat pipe is connected to the exterior surface of the spacecraft through the thermal interface material.
[image: Figure 2]FIGURE 2 | The heat transfer path of interior space camera to exterior spacecraft wall.
As shown in Figure 3, there are certain similarities between spacecraft and buildings when performing thermal transient analysis. The designer of a building can evaluate the delay and attenuation of the internal temperature response caused by changes in the temperature or heat flow on the exterior walls (Xing Jin et al., 2012; Lazaros Elias Mavromatidis et al., 2012). The same approach can be used for spacecraft design to evaluate the internal temperature variations caused by heat flow changes on the exterior surface.
[image: Figure 3]FIGURE 3 | Similarities between buildings and spacecraft in the exposure to periodic external heat fluxes.
TRANSFER FUNCTION ANALYSIS METHOD FOR HEAT TRANSFER OF SPACE APPLICATION
As a rapid and straightforward analytical method, the transfer function method is computationally small and the physical meaning of the analytical results is well defined. Compared with the current mainstream numerical simulation algorithms, it allows the designer to quickly obtain computational results and to enhance the understanding of the physical processes of heat transfer (A.B. Sproul, 2017).
Fourier Transform of Periodic External Heat Flow
For external heat flow with periodic fluctuations, the time-varying external heat flow can be converted into multiple sinusoidal waves with different frequencies and phases using the time-domain and frequency–domain conversion methods commonly used in electronic signal processing (Liao et al., 2021). In engineering practice, periodic functions (whose frequencies are called fundamental waves) can be decomposed into a finite number of sinusoids (called harmonics) with integer multiples of the fundamental waveform.
The concept of the discrete Fourier transform could be introduced and the fast Fourier transform (FFT) algorithm utilized. The external heat flow function could then be decomposed into several sinusoids with different amplitudes, frequencies, and phases. This is shown in Eq. 3.
[image: image]
where [image: image] denotes the average value of the external heat flow; [image: image] denotes the amplitude of the corresponding frequency; [image: image] denotes the period of the external heat flow function; and [image: image] denotes the phase of the corresponding frequency, respectively.
When using the FFT algorithm for conversion between the time and frequency domains, the external heat flow is first sampled, and the following two restrictions must be considered when sampling.
1) Sampling theorem, also known as Nyquist’s theorem. The sampling frequency must be at least twice as large as the frequency of the signal of interest. For example, if we want to extract and calculate the fifth-order harmonics of the external heat flow for a 24-h conversion period, the fundamental frequency of the external heat flow is [image: image] and the fifth-order harmonic frequency is [image: image], and the sampling frequency used to discretize the continuous external heat flow signal must be greater than [image: image].
2) The quantity of samples required by the FFT algorithm. The FFT uses the parity feature of the data sequence to decompose each computational sequence into even and odd sequences, and then, using the concept of complex real and imaginary parts, the time complexity of the discrete Fourier transform can be reduced from [image: image] to [image: image]. Therefore, the number of samples must be increased to the power of 2, i.e., [image: image].
By introducing Euler’s formula [image: image], the trigonometric functions in the Fourier transform can be transformed into complex exponential functions. Figure 4 illustrated the Fourier transform of a periodically varying external heat flow used in this paper later.
[image: image]
[image: Figure 4]FIGURE 4 | Fourier transform from time domain to frequency domain.
Governing Equation
Aforementioned, the exterior wall of the spacecraft consists of three parts, with a honeycomb layer in the middle and thin aluminum skin layers on either side. For each layer of the structure, which can be considered as a thin shell, its heat transfer can also be considered as a one-dimensional heat transfer problem.
The transfer function method is utilized to solve this one-dimensional transient heat transfer problem. The solution is carried out by the set of transient heat transfer partial differential equations shown in Eq. 4.a and Eq. 4.b
[image: image]
[image: image]
where [image: image] is the thermal diffusivity which is given by [image: image].
Laplace Transform
The transfer function method is resolved by a mathematical Laplace transformation. Through this method, the partial differential equations are turned into the corresponding algebraic equations. After resolving the algebraic equations, the inverse Laplace transform equations should be used to obtain the corresponding heat flow and temperature values.
[image: image]
[image: image]
Transfer Function Matrix
The transfer function matrices of each layer structure for heat flow and temperature are finally obtained by solving the Laplace transform of the governing equation (Eq. 6).
[image: image]
Utilizing the transfer function matrix, once the Laplace transform values of the temperature and heat flow on one side of the thin-walled structure are known, the Laplace transform values of the temperature and heat flow on the other side of the thin-walled structure can be solved.
[image: image]
where [image: image] and [image: image] denote the Laplace transform values of the temperature and heat flow inside the thin-walled structure, respectively, and [image: image] and [image: image] denote the Laplace transform values of the temperature and heat flow outside the thin-walled structure, respectively.
Considering that the object under analysis possesses a three-layer structure, the overall transfer function matrix of the exterior surface of the spacecraft from the outside to the inside is
[image: image]
where [image: image] denotes the heat transfer function matrix of the exterior aluminum skin, [image: image] denotes the heat transfer function matrix of the honeycomb panel core plate, and [image: image] denotes the heat transfer function matrix of the interior aluminum skin.
Heat pipes and thermal interface materials can be considered as purely thermally resistive devices, and they have a limited and negligible heat capacity; therefore, their transfer function matrices are as follows (Jie Zhu et al., 2010; Ádám Bácsi, 2019):
[image: image]
where [image: image] denotes the thermal resistance of the heat pipe or thermal interface material.
The matrix of transfer functions on the whole heat transfer path is illustrated in Figure 5.
[image: Figure 5]FIGURE 5 | Transfer function matrix along the heat transfer path.
After solving the governing equations and obtaining the Laplace domain solutions for temperature and heat flow, the inverse Laplace transform can be used to obtain the solutions for temperature and heat flow.
In the heat transfer process, there is a certain lag in the heat transfer process due to the existence of the heat capacity of the shell itself. The time delay from the peak time of the exterior surface temperature waveform to the peak of the interior surface temperature waveform can be defined as ξ, expressed as Eq 10.
[image: image]
Aforementioned, the temperature response of the equipment inside the spacecraft to external heat flow has limited relevance to radiation and depends mainly on the time required for heat transfer to reach equilibrium along the conduction path.
Temperature disturbances of different frequencies are applied to the exterior surfaces of the spacecraft walls. The temperature response delay time of the equipment inside the spacecraft can be determined by solving the transfer function matrix and the correlation equation.
CASE STUDIES
The thermophysical parameters along the heat dissipation path of the IR camera device as the object of research are presented in Table 1.
TABLE 1 | Thermal properties of different material through the heat transfer path.
[image: Table 1]Time Delay Analysis
The time lag of temperature response calculated are shown as Figure 6.
[image: Figure 6]FIGURE 6 | Time lag from exterior wall to interior device of different heat flux fluctuation.
The commercial software TMG is utilized for transient thermal simulation to obtain the temperature response of the internal device when the external heat flow varies periodically. By observing the delay in the peak time of the internal device temperature response relative to the peak time of the wall temperature, it is feasible to compare the consistency of the delay values of the different methods. Figure 7 shows the temperature change from the exterior surface of the spacecraft to the interior device and its time delay under external heat flow with different frequencies of sinusoidal waves. The results simulated by commercial software are compared with the calculated values of the methods described in this paper.
[image: Figure 7]FIGURE 7 | Time lag comparison between transfer function method and TMG simulation. (A) Time lag for fluctuations with a period of 12.8 hrs. (B) Time lag caused by fluctuations at different cycles.
As shown in Figure 7, the time lag from the exterior wall to the interior unit calculated by the transfer function method used in this paper is consistent with the results obtained from the TMG software simulation. This also proves that the method used in this paper is reliable in calculating the time response, although it does not require a detailed model.
Figure 7A illustrates the time lag between the exterior wall and the interior equipment for a heat flux with 12.8-h cycle fluctuations. Figure 7B shows a comparison of the time lags calculated with the TMG tool and the transfer matrix method.
Attenuation Calculation
When the external heat flow varies, the temperature of the outer surface of the spacecraft varies first, and, after a certain time lag, the temperature of the interior devices also varies. The parameter of most concern when assessing the effect of external heat flow fluctuations is the magnitude of the interior device temperature variation.
On the basis of the aforesaid analysis and calculation of the time delay, it can be observed that the time delay is basically within 2 h. Therefore, if the variation period of external heat flow is more than 12 h, then the transient heat transfer can be considered as several steady processes. See Figure 8.
[image: Figure 8]FIGURE 8 | Linearization of periodic external heat flux.
After linearizing the external heat flux, as illustrated in Figure 8, it is possible to calculate the value of the temperature variation of the exterior walls of the spacecraft and the interior equipment for different power levels of external heat flux.
For the convenience of the analysis, [image: image] is defined as the temperature rise due to a certain level of heat flux. In addition, the attenuation ratio of the temperature change of the internal device to the magnitude of the temperature change outside the spacecraft can be defined, as shown in Eq. 11.a and Eq. 11.b.
[image: image]
[image: image]
Figure 9 demonstrates a schematic of the thermal path from the exterior wall of the spacecraft to the interior IR camera.
[image: Figure 9]FIGURE 9 | Schematic diagram of the thermal transfer path.
Commercial software TMG was used to solve the temperature changes of the exterior wall and the inner IR camera after reaching a steady state under various external heat flux densities.
Figure 10 illustrates the spacecraft temperature distribution simulated by TMG when the external heat flux is 500 W per square meter, where the blue dots represent the temperature monitoring point of the exterior wall of the spacecraft, and the red dots represent the interior device monitoring point of the IR camera.
[image: Figure 10]FIGURE 10 | Temperature contours of the interior device under different external heat flux. A-D show the temperatures at different heat fluxes.
Table 2 shows a summary of the simulation results. The attenuation rates of the temperature rise at the two monitoring points at different external heat fluxes are presented here.
TABLE 2 | Attenuation ratio when different heat flux applied.
[image: Table 2]EXPERIMENT VALIDATION
Figure 11 illustrates the test environment setup. The test results were obtained by monitoring the temperature of one monitoring point on the exterior wall of the spacecraft and another monitoring point on the interior unit of the IR camera (see Figure 12). It can be seen that the time lag between these two monitoring points when an external heat flux is applied is consistent with the values archived from the transfer function method and the simulation results of TMG. In addition, the temperature variations of the exterior wall monitor and the interior equipment monitor are in agreement with the simulation results of TMG.
[image: Figure 11]FIGURE 11 | Experiment setup.
[image: Figure 12]FIGURE 12 | Temperature profile of two monitor points under different heat flux.
CONCLUSION
In this paper, the concept of transfer function is innovatively applied to thermal control design and provides a unique perspective for designers. The solution process and results have a clear physical meaning. This not only enables the thermal designer to clearly communicate the design concept and its results to other designers but also provides clear access to the influence of the parameters of each part of the product in the heat transfer process, which is crucial in subsequent optimization.
The calculation method used in this paper is reliable compared to conventional commercial software and experimental results. As an analytical method for numerical heat transfer, it is computationally small and, therefore, suitable for embedding the algorithm in the control unit of the on-board equipment to actively predict the effect on the internal devices when the external heat flow changes.
Meanwhile, it must also be emphasized by the authors that the analytical method only considers the influence of limited parameters and its accuracy cannot be compared with the mainstream numerical simulations, the limitations of which is obvious; firstly, the heat transfer path must be simple and, also, the results need to be compared with those of certain numerical simulations before the approach can be safely applied to product design.
In product design, there will certainly be numerous situations and cases where the application of transfer functions is applicable. How these applications can be specifically carried out, how they can be verified in later simulations and experiments, how they can be applied to deliver shorter product development cycles and lower development costs, and how they can be integrated with other optimization methods and thermal control algorithms to bring about performance improvements are all topics that can be studied in the next work.
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