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Abstract

:

In this study, the standard tent used by the China International Medical Team (Sichuan) was used as the research object to study the internal temperature change in medical tents in a low-temperature environment relying on heating equipment. Method: Four temperature sensors were arranged along the horizontal direction at a 1.2 m height in the medical tent, and more sensors were installed at heights of 0.1, 0.2, 0.6, 1.2, 1.8, 2.4, and 2.5 m. A total of 11 temperature sensors were set. Temperature tests were conducted in January and February 2021 in Chengdu, Sichuan Province. During the test, the running time of the heating equipment was controlled in real time according to the temperature change trend. A Kolmogorov–Smirnov(K-S) test was used to verify the reliability of the experimental data. The temperature change trend was used to characterize the influence of the heating and cooling equipment on the temperature change inside the tent. Results: Due to the position angle of the heating equipment and the influence of the external environment, the spatial distribution of the ambient temperature inside the medical tent was obviously uneven. In winter, an electric heater with a heating power of about 2500 W can increase the internal temperature of the tent to 16.7 °C, significantly improving the internal thermal environment of the medical tent. The ambient temperature in the medical tent is positively correlated with the height and the installation position of the heating equipment. Conclusion: Medical tents can maintain the ambient temperature well to meet medical needs with the support of heating equipment with sufficient power. The temperature distribution law of medical tents in this experiment has good guiding significance for the placement angle of heating equipment and the configuration position of medical equipment and provides a reference for the development of thermal insulation materials for medical tents.
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1. Introduction


In this study, the difference between emergency medical tents and conventional buildings and other emergency buildings was analyzed, and the temperature changes in tents in different environments (heating and no heating) were compared through control experiments. Based on this, the experimental texture, heating mode, and energy efficiency evaluation of emergency medical tents were also analyzed. The results of this experiment can provide a reference for the design of medical tents and have guiding significance in the selection of heating equipment. Figure 1 shows the framework and ideas for this article.



In recent years, emergency medical tents have played a crucial role in responding to both natural and human-made disasters by providing prompt and feasible medical assistance to affected areas. The medical tent system plays a pivotal role in emergency medical rescue operations, providing essential support for life-saving and injury-management efforts. Its functionalities encompass surgery, first aid, and patient admission, among others, with the maintenance of an appropriate internal environmental temperature being a critical factor in ensuring the smooth operation of these functionalities. Particularly for surgical procedures, the management of the environmental temperature directly impacts the efficacy of the outcomes. According to the “Operating Room Nursing Technical Manual”, heating and cooling equipment should be installed in operating rooms with a minimum winter temperature requirement of 20 °C and a relative humidity level not falling below 30% [1]. However, attributable to the tents’ lightweight construction, their capabilities for thermal insulation and retention are comparatively deficient, leading to pronounced issues with overheating during summer months and excessive cold during winter periods [2,3]. Such conditions often have a detrimental effect on the health of the inhabitants within the tent and may potentially influence medical outcomes [4,5,6]. In order to fulfill the health needs of those inside, emergency medical tents require enhanced management of the internal thermal environment to ensure thermal comfort [7,8,9,10].



The air temperature is a crucial parameter in the thermal environment of the evaluation room and serves as the primary factor influencing the thermal response of the human body, playing a pivotal role in body temperature regulation. Statistical data indicate that mental work efficiency reaches its peak when the temperature is around 25 °C. However, work efficiency sharply declines when temperatures fall below 18 °C or rise above 28 °C. Compared to work efficiency at 25 °C (100%), it drops to only 50% at 35 °C and further decreases to just 30% at 10 °C. Considering hygienics, the lower limit of a building’s thermal environment is around 12 °C [11].



The ambient air temperature determines the temperature difference in the convective heat transfer between the human body surface and the environment, affecting the convective heat transfer, and thus, affecting the thermal balance of the human body. In the face of a cold environment, the body will initially exhibit blood vessel constriction, muscle tension, tremors, and other physiological reactions that do not endanger health. However, when working in an extremely cold environment for a long time, the body temperature will drop and enter the cooling area of the human body because it cannot generate enough heat to maintain thermal balance. Hypothermia is generally considered to be a body temperature below 35 °C, showing severe shivering in the range of 35–32 °C. When it drops below 32 °C, shivering stops, accompanied by heart rate and respiration inhibition and mental confusion. Further cooling may lead to a coma, which is life-threatening at around 22–23 °C. Excessive exposure to a cold environment may also cause local tissue necrosis problems, and direct exposure of the skin has varying degrees of risk of frostbite [12].



Many studies have detailed the reasonable technology for the indoor thermal environment of temporary residential buildings after disasters, and the thermal insulation performance of the selected envelope materials is the main research direction at present [13]. On the one hand, numerous scholars have studied passive methods to regulate the thermal environment of tents [2,14,15,16,17,18]. Their research has concluded that these passive measures cannot fully alleviate the discomfort caused by excessive indoor heat, highlighting the limitations of these approaches in maintaining comfortable indoor temperatures. On the other hand, scholars have also studied active methods to regulate the thermal environment in tents [19,20,21], including air conditioning in summer and heating in winter [14]. However, overall, there is a relative scarcity of research in this area, indicating a gap in the comprehensive understanding of active temperature control strategies in emergency medical tents. Tao et al. [22] concluded that while new materials and designs can improve the thermal environment inside medical tents, they are not fully effective in solving the issues of excessive heat from sunlight or the “cold room effect”. To maintain temperatures in emergency medical tents that meet medical needs, active temperature control remains necessary.



Additionally, scholars are using architectural simulation software to study the thermal load and energy-saving measures in tents. The use of architectural simulation software like Ansys Fluent [23], ESP-r [24], Trnsysv.17 Environment [25], Energy Plus [26], and IDA Indoor Climate and Energy 4.5 [27], is common in these studies. The simulations focus on challenging aspects, such as the translucency of the tent fabric, the air tightness of the tent, and ground heat transfer. These elements are essential for accurate modeling, understanding the thermal dynamics of the tent, and developing effective temperature control strategies. In addition, the study of thermal comfort still has limitations, mainly due to inefficient simulations and challenges in applying the evaluation results early in the design process [28,29].



The existing literature has carried out a lot of research and discussion on the thermal performance of tent emergency building envelopes, the thermal environment characteristics of tents under hot or cold conditions, the improvement effects of various passive environmental control means on the thermal environment of tents, air conditioning and heating methods, the cooling and heating load size, and energy-saving measures. The difference between emergency medical tents and other emergency buildings is that they are reusable and the area of use is not fixed, even across climate zones. Unlike other temporary buildings that only need to provide simple shelter to occupants, emergency medical tents are places where disaster relief workers, such as medical personnel, work, and their internal thermal environment requirements are high.



It is inevitable for emergency medical tents to use air conditioning and heating and other active environmental control means, and passive control means have been pointed out as being unable to thoroughly eliminate a bad thermal environment. The existing active environmental control research is almost all based on the traditional building thermal environment theory, which is unreasonable. The thermal performance and thermal environment characteristics of emergency medical tents under different meteorological conditions need to be studied more systematically, and the thermal environment characteristics and control effects of the active environmental control of air conditioning and heating lack in-depth research. At present, there are many kinds of mature building simulation software that can simulate and calculate the building thermal environment and cooling and heating loads under different meteorological conditions, but the software does not have theories for the basic characteristics of tent emergency buildings, such as the heat transfer of a lightweight envelope structure and the ground heat transfer of temporary buildings. The heat storage capacity of a lightweight envelope is almost negligible, which is different from traditional heavy envelopes. The ground heat transfer of conventional buildings can be considered as a periodic steady state, while the ground heat transfer of temporary buildings is non-periodic, and the influence of heat storage before construction must be considered.



Based on a field experiment in winter, this paper studied the distribution and variation in the ambient temperature inside the medical tents used by the China International Emergency Medical Team in a hot summer and cold winter area (Chengdu). At the same time, by improving the design and heating equipment, the aim was to improve the quality of the thermal environment inside the medical tent to ensure the best comfort for patients and medical staff. The research results provide a reference for the design of medical tents and have guiding significance for the selection of heating equipment.




2. Methods


2.1. Subjects and Setting


2.1.1. Experimental Subjects


The thermal environment of emergency medical tents was measured using the standard tents of the China International Emergency Medical Team (Sichuan, China). Designed manufactured by Beijing Huilong New Technology Co., Ltd. (Beijing, China), these are semi-foldable, double-layered tents with an air gap, measuring 6000 mm × 5000 mm × 2700 mm (length × width × height). These tents, weighing ≤250 kg and withstanding wind up to level 8, are used for triage, medical departments, kitchens, dining areas, and restrooms in field conditions or during emergencies. The frame is made of steel and aluminum alloy, and the covering is white PVC-coated fabric (550 g/m2) less than 5 mm thick, with a thermal conductivity of 0.0814 W/(m·°C). A field test image of the tent in winter conditions is shown in Figure 2.



The parameters of the tent are shown in Table 1. The vertical east and west sides have an area of 9.5 m2; both the north and south angles are 73.3°, and the area is 11.2 m2. The upper two planes have an inclination of 29.3° and an area of 12.7 m2. The thickness of the tarp is less than 5 mm, and the thermal conductivity is about 0.086 m2·K/W. The tent is a double fabric structure with an air compartment.




2.1.2. Experimental Methods and Test Instruments


To more accurately assess the temperature changes inside emergency medical tents in winter, a series of tests was conducted in Chengdu, Sichuan Province, from 15 January to 10 February 2021. As shown in Table 2, the test groups included scenarios with and without temperature control, as well as conditions with heating. During the testing process, all the doors and windows in the tent were closed, and the gaps were tightly sealed to eliminate obvious air leakage. Figure 3 shows a schematic of the tent doors and windows. This method can comprehensively evaluate the thermal performance of tents under different winter conditions.



Firstly, three days prior to the experiment (15–18 January), a medical tent was established in an open and unobstructed area to acclimate to the surrounding environment and minimize experimental errors and interference. To ensure data reliability and eliminate random errors, the experiment was conducted without heating from 30 January to 4 February when outdoor meteorological conditions exhibited similar changes, as depicted in Figure 4. The average temperature during this period was recorded at 9.48 °C, with the outdoor weather data for these six days serving as the recorded data due to their consistency. Heating experimentation occurred between midnight and eight o’clock on 19 January, which was chosen as the recorded date because it represented the lowest outdoor temperature observed during testing; if heating control could achieve indoor thermal comfort under such adverse weather conditions, it was expected that the tents would maintain indoor thermal comfort with controlled heating equipment.



Secondly, this experiment adopted the multi-channel temperature heat flow tester (JTDL-80) manufactured by Jian Tong Technology Co, Ltd., (Beijing, China), which can record the temperature of the measuring point every minute and every hour and automatically record it on its built-in memory card when used with a blue wire thermocouple, which can effectively improve the accuracy of the experiment.



Finally, the outdoor solar radiation intensity, the inner and outer surface temperatures of the tent facade, the interior temperature of the tent, the air temperatures at different levels in the tent, and the air temperature in different directions at the same height in the tent on the selected recorded date were collected and plotted.



Figure 5 and Table 3 provide a detailed overview of the testing equipment and instrument specifications used in this study from an academic editor’s perspective. The experimental platform recorded the variations in the solar total radiation intensity using the solar radiation data logger manufactured by Jian Tong Technology Corporation (Beijing, China) (JTR-13). This instrument allows for the hourly testing of changes in the solar total radiation intensity, automatically recording the total radiation intensity every minute. Variations in the air velocity, relative humidity, and other parameters within the tent were recorded using the indoor air quality tester from TSI Inc. (TrakPro-64, Shoreview, MN, USA), an American company. This instrument can simultaneously measure and store multiple parameters, such as the dry-bulb temperature, black-bulb temperature, relative humidity, air velocity, CO concentration, and CO2 concentration, among others, and calculate the dew point temperature, wet-bulb temperature, and outdoor air relative humidity. The temperature data were recorded using the multi-channel temperature heat flux tester produced by Jian Tong Technology Corporation (JTDL-80), which, when used in conjunction with blue wire thermocouples, can record point temperature data on an hourly basis and automatically store them on its built-in memory card.





2.2. Layout of Measurement Points


Throughout the experiment, a comprehensive range of indoor and outdoor environmental parameters were meticulously measured. These encompassed the outdoor solar radiation intensity, the surface temperatures on both sides of the tent’s facade, the ground temperature within the tent, the air temperature at various heights within the enclosure, and the horizontal air temperature with different orientations at identical heights inside the tent. Temperature sensors were installed on all top and side surfaces, both inside and outside of the tent, as shown in Figure 6. There were a total of 11 sensors for measuring the indoor air temperature, of which 3 were set in the center of the tent at heights of 0.6 m, 1.2 m and 1.8 m, corresponding to the temperature of the human knee, waist and head, and the air temperature of the main living area of the human body [30]. Two sets of sensors were set up at heights of 0.1 m and 0.2 m, respectively, to measure the temperature of the human ankle and calf. In addition, two sensors were placed at heights of 2.4 m and 2.5 m, respectively, to study the temperature distribution at the top of the medical tent. Since the temperature conditions of the human head and feet have an important impact on individual comfort, non-uniform radiation and the temperature difference between the head and the feet will have an impact on human thermal comfort, so monitoring the temperature of the tent top is highly significant for maintaining human thermal comfort [31]. In addition, four other sensors were placed at the 1.2 m height plane. Considering that the height of the emergency bed in the medical tent is 0.4 m, and the height of the operating bed is 0.6–0.95 m, we chose a position of 1.2 m, which is similar to these heights, to obtain the temperature data of the environment of recumbent patients [22].





3. Results


3.1. Thermal Environment under Unregulated Winter Conditions


3.1.1. Air Temperature


The air temperature and its horizontal distribution in the tent at a height of 1.2 m under unregulated conditions during part of the winter test period (30 January to 4 February) are depicted in Figure 7. Throughout the experiment, the door curtain of the tent remained closed. Generally, there is uniformity in the horizontal distribution of the air temperature at five measuring points: east, west, south, north, and middle; however, slight unevenness occurs during nighttime hours. The air temperature in the tent fluctuates with changes in the environmental conditions, showing an obvious “synchronous, amplified” “greenhouse” phenomenon, but different from the negative effect of “overheating” in summer, the effect of winter is positive. When receiving solar radiation during the day, part of the tent inside the air temperature was more than 20 °C, or even close to 25 °C, reaching the thermal neutral temperature range. When the solar radiation intensity was weak, the tent air temperature was close to the ambient temperature. At night, the temperature in the tent was slightly higher than the ambient temperature, and sometimes, a “cold room” phenomenon occurred, where it was lower than the ambient temperature.



The vertical air temperature inside the tent exhibited a significant stratification phenomenon, as depicted in Figure 8. During the daytime, there was an increasing trend of the temperature with height, whereas during the nighttime, the opposite pattern was observed. An analysis of the two highest temperature days on 31 January and 1 February follows. On 31 January, the highest temperatures at 2.5 m, 2.4 m, 1.8 m, 1.2 m, 0.6 m, 0.2 m, and 0.1 m were 28.3 °C, 28.8 °C, 26.4 °C, 25.3 °C, 23.3 °C, 21.2 °C, and 19.9 °C, respectively. On 1 February, the highest vertical temperatures were 28.1 °C, 28.5 °C, 26.5 °C, 25.5 °C, 23.5 °C, 21.5 °C, and 20.2 °C, respectively. It can be seen that the temperature difference in the air in the vertical direction reached more than 8 °C, the temperature difference between 1.8 m and 1.2 m reached more than 1 °C, the temperature difference between 1.2 m and 0.6 m reached more than 2 °C, and the temperature difference between 0.6 m and 0.2 m reached 2 °C. The ground surface has a significant effect on the thermal environment of the tent. On 31 January, the highest ground temperature was 16.9 °C, 8.4 °C lower than the air temperature at 1.2 m and 3.0 °C lower than that at 0.1 m. On 1 February, the maximum ground temperature inside the tent was 17.0 °C, 8.5 °C lower than the air at 1.2 m and 3.2 °C lower than the air at 0.1 m. The ground temperature was obviously lower than the air temperature during the day, absorbing indoor heat. At night, it was higher than the air temperature, releasing heat into the room.




3.1.2. Internal Surface Temperature


The temperature variation curves for the east, west, south, and north facades inside the tent are depicted in Figure 9, highlighting significant fluctuations in the internal surface temperatures, attributed to the lightweight structure and limited insulation and heat storage abilities of the tent. During periods of weak solar radiation or at night, the internal surface temperatures closely aligned with the external environmental temperature. On 1 February, for instance, the highest external air temperature was 16.5 °C, while the internal surface temperatures of the east, west, south, and north sides were 24.3 °C, 29.2 °C, 24.3 °C, and 25.3 °C respectively. The temperature in the east was the lowest, 7.8 °C higher than the outside, and the temperature in the west was the highest, about 5 °C higher than the east and about 12.7 °C higher than the outdoor air temperature.



The temperature of the tent’s top internal surface fluctuated in accordance with the environmental conditions, similar to that of its sidewalls. During periods of weak solar radiation or at night, it closely approximated the ambient air temperature. However, under intense solar radiation, it reached up to approximately 30 °C, as depicted in Figure 10. On 1 February, when the outdoor air temperature was 16.5 °C, the temperatures of the south and north roofs of the tent were 28.6 °C and 27.5 °C, respectively, 12.1 °C and 11.0 °C higher than the outdoor temperature. The ground temperature inside the tent was close to the outdoor temperature during the day and significantly higher than the outdoor temperature at night.




3.1.3. Characteristics of the Thermal Environment


The variation curves of the average temperature on the inner surface of the tent, surrounding facades, ground, and air under uncontrolled conditions in winter are depicted in Figure 11. It is evident in the figure that significant fluctuations occurred in both the inner surface temperature of the tent and the average air temperature. For example, on 31 January and 1 February, the temperature fluctuation range reached 15~20 °C. The reason is that the insulation capacity of the tent envelope was poor and the heat storage capacity was small. In contrast, the ground (soil) had a strong heat storage capacity, and the surface temperature fluctuated within 5 °C day and night. Thus, the tent presented an obvious “greenhouse” phenomenon. For example, on 1 February, when the outdoor air temperature was 16.5 °C, the average temperature of the inner surface of the roof of the tent was 28.1 °C, the average temperature of the inner surface of the surrounding facade was 25.8 °C, the average air temperature was 25.1 °C, and the ground temperature was 17.0 °C. The order of temperature was: top > envelope > air > floor. The “greenhouse” phenomenon had a positive impact on the thermal environment of the tent during winter. However, due to its limited heat storage capacity, the indoor temperature decreased rapidly as the solar radiation intensity weakened. During periods of low solar radiation or at night, the temperature inside the tent approached that of the external ambient temperature, and even exhibited a “cold room” phenomenon lower than the ambient temperature due to cold sky radiation. For example, on the night of 3 February, the minimum temperature of the top surface was 7.2 °C, the minimum temperature of the facade surface was 8.1 °C, the minimum air temperature was 9.1 °C, and the minimum ground temperature was 10.8 °C. The order from high to low is: ground temperature > air temperature > facade temperature > top temperature.



From 30 January to 4 February, Figure 12 shows that the temperature difference between the tent’s top internal surface and the external environment reached a maximum of approximately 12.7 °C. The side facades showed a maximum difference of about 10.4 °C, while the highest difference in average air temperature was around 9.4 °C. The ground temperature’s difference stayed within 4 °C. Overall, the temperature differences fluctuated significantly, with most surface and air temperatures within ±1 °C of the external temperature.





3.2. Thermal Environment under Winter Heating Conditions


The winter heating experiment in the tent was conducted at night on 19 January, starting at midnight (00:00), and ending at 08:00 in the morning. The heating system, as illustrated in Figure 13, was facilitated by an electric heater boasting a power output of approximately 2500 W.



3.2.1. Air Temperature


As shown in Figure 14, the outdoor air temperature around the tent fluctuated around 3 °C. Inside the tent, at a height of 1.2 m, the air temperature rose to 16 °C within 15 min and eventually stabilized around 18 °C, meeting the minimum heating requirements for conventional buildings. The temperatures at the four measuring points (east, west, south, and north) stabilized between 18.0 °C and 18.3 °C, with a variation of less than 0.3 °C. The use of electric heating ensured a relatively uniform distribution of air temperature horizontally inside the tent.



The vertical distribution of the air temperature inside the tent is depicted in Figure 15, revealing a distinct stratification characterized by higher temperatures at the upper levels compared to the lower ones. Between 04:00 and 06:00, the air temperature was considered stable, with the temperatures ranging from highest to lowest at 2.5 m, 2.4 m, 1.8 m, 1.2 m, 0.6 m, 0.2 m, 0.1 m, and the ground level, being approximately 19.2 °C, 19.8 °C, 17.7 °C, 18.0 °C, 16.1 °C, 11.9 °C, 10.6 °C, and 10.3 °C, respectively. The temperatures between 1.2 m and 1.8 m were relatively close, while below 0.6 m, the temperatures were lower.




3.2.2. Internal Surface Temperature


The temperature curves of the inner surfaces of the east, west, south, and north facades of the tent are depicted in Figure 16. The surface temperatures exhibited a generally low and uneven distribution. During the stable phase, the temperatures of the east, west, south, and north sides were approximately 12.5 °C, 9.4 °C, 11.7 °C, and 10.6 °C, respectively. The east side was the warmest, while the west side was the coldest, with a difference of about 3.1 °C between them.



The temperature curves of the tent’s top surface and ground during the heating period are depicted in Figure 17. The top surface temperatures of the south and north sides were approximately 10.2 °C and 10.4 °C respectively, showing close similarity, while the ground surface temperature was around 10.3 °C, indicating that both the top and ground temperatures were relatively low and consistent with each other during the stable phase.




3.2.3. Characteristics of the Thermal Environment


Figure 18 summarizes the average temperatures of the tent’s top interior, side facades, ground, and air under winter heating conditions. The heated tent environment demonstrated a rapid temperature response, with the surface radiation temperatures lower than the air temperatures, resulting in the occurrence of “cold roof” and “cold wall” effects and a relatively high thermal load. With an environmental air temperature of 3–4 °C and a heating power of 2500 W, the top interior surface temperature rose to about 10.3 °C, the average temperature of the side facades rose to around 9.7 °C, and the ground temperature rose to approximately 10.3 °C, while the average air temperature reached 16.7 °C. The air temperature inside the tent was significantly higher than the outside environment, with a difference of over 13.7 °C.






4. Discussion


This study initially conducted systematic experimental research on the thermal environment of the standard tent used by the China International Emergency Medical Team (Sichuan) during winter in Chengdu, an area with hot summers and cold winters. It involved an in-depth analysis and discussion of the thermal characteristics of the tents, such as the “greenhouse effect” and the “cold room” phenomenon, considering the tents’ lightweight structure with poor insulation, air-permeable doors and windows, and the soil’s heat storage properties. The thermal environment of the tent under two working conditions was further studied, the causes of the cold chamber effect were analyzed, and the energy efficiency and heating mode selection of the emergency tent are discussed below.



4.1. Experimental Texture Analysis


The characteristics of the thermal environment of tents in winter without temperature control were analyzed. In winter, the tents exhibited a notable “greenhouse” effect, positively impacting the internal thermal comfort. During moments of intense solar radiation, the temperature difference between inside and outside the tent could reach about 9.4 °C. Sometimes, solar radiation alone was sufficient to maintain a comfortable thermal environment inside the tent. However, a significant characteristic of the tent’s thermal environment was the large temperature fluctuations due to its limited heat storage capacity, leading to rapid temperature drops as the solar radiation weakened. At times of weak solar radiation or at night, the tent’s temperature neared the external environment’s temperature, even displaying a “cold room” phenomenon, lower than the external temperature, due to cold sky radiation. Only the ground (soil) had a strong heat storage capacity, somewhat moderating the tent’s thermal environment. The larger the thermal capacity of the soil, the bigger the temperature difference [32].



The characteristics of the thermal environment of the tent under winter heating conditions were analyzed. When using electric heating in the tents at night during winter, the air temperature inside the tent was evenly distributed horizontally, but showed significant stratification vertically, with higher temperatures at the top and lower temperatures at the bottom. The tents exhibited “cold roof” and “cold wall” phenomena, where the internal surface temperature was significantly lower than the air temperature.



The unregulated test data from the tent revealed the presence of a nocturnal cold chamber effect within. The cold chamber effect refers to the phenomenon wherein the temperature within the tent is lower than that of the surrounding environment. According to the test results, the author analyzed that the reason the air temperature in the tent was lower than the outdoor temperature was that the intensity of solar radiation was much greater than that of long-wave radiation during the day, so the effect of long-wave radiation could be ignored. There is no solar radiation at night, the background temperature of the sky is much lower than the air temperature, and the radiation of the tent to the sky cannot be ignored, especially in cases where the angle coefficient between the tent and the sky is relatively large. Under a clear night sky, without the cover of clouds, the heat radiated out cannot be compensated for; the tent loses heat, and the temperature is reduced. On cloudy days, the clouds in the sky will reflect back part of the heat radiated out, so the cold room effect is more obvious under a clear night sky but weaker on cloudy days.




4.2. Heating Method Analysis


In the distinct field of architecture designed for emergency and disaster relief, selecting a heating apparatus presents a more complex challenge than in conventional structures, owing to the emphasis on features such as simplicity, utility, and lightweight design. A substantial body of scholarly work has investigated the application of fuel-based heating stoves within emergency medical tents to manage the indoor thermal and moisture conditions [33,34,35]. However, due to the occurrence of thermal layering and the increased risk of combustion, among other issues, the utilization of fuel-based heating systems is not advised as the primary warming strategy for tents. Such methods should be considered only as interim alternatives.



In contemporary society, particularly within the contexts of rescue operations, disaster relief, and post-catastrophe resettlement, the provision of a reliable power supply system is deemed an essential lifeline. This encompasses the utilization of power for rescue efforts, communication devices, and the construction and maintenance of mechanical apparatuses. Researchers have explored the application of electrical energy for heating within tents as part of their experimental investigations. Wang [30] conducted an empirical comparison of the indoor thermal and humidity conditions within tents, under both heated and unheated scenarios during winter. The heating apparatus selected was a 1000 W electric furnace. Post-heating, the tent’s temperature experienced a significant increase; the average internal temperature of the tent that was heated was 6.1 °C higher than that of the tent without heating, accompanied by a reduction in the relative humidity, thereby markedly enhancing the living conditions. An et al. [36] performed a simulation analysis on the heating and air supply modalities for tents, deriving an efficacious heating air supply strategy that addresses the dual issues of high energy consumption and suboptimal internal thermal conditions in tents. In 2021, Tao et al. [22] executed heating and cooling trials in Shenyang (January) and Guangzhou (August), respectively. Their findings indicated that a heater with a 5 kW capacity could sustain an interior tent temperature exceeding 22.5 °C in a −14.9 °C low-temperature environment.




4.3. Energy Efficiency Assessment of Solar Emergency Medical Tents


The utilization of solar energy to enhance the thermal environment of tents is a promising practice in the specialized field of disaster relief construction, considering various factors, such as integration and transportation convenience. Zhao et al. [37] suggested enhancing the insulation and air tightness of the building envelope while harnessing solar energy to minimize heat loss indoors during winter. After field experiments and computer simulation experiments, Liu [38] concluded that the ventilation and lighting equipment of a modular solar emergency relief tent consumed 0.786 kWh of electricity throughout the day, which has the characteristics of self-sustaining energy. In the design of disaster relief shelter and related products, stable electric energy technology is incorporated into the shelter body to achieve a sufficient and stable power supply at any time. This innovation has great potential for development. In addition, three principles need to be paid attention to in the design of emergency and disaster relief buildings: quick construction, comfortable living, and energy self-sufficiency. For emergency medical tents in large-scale camps, sustained energy supply is often a serious challenge. Therefore, the use of easily accessible green energy, such as solar energy, to improve the thermal environment inside tents is a promising solution.



The most important feature of a solar emergency building is still its emergency response ability; that is, it must be designed with this immediacy in mind, otherwise all other factors will be irrelevant. The traditional field emergency power supply system relies on an oil generator for power generation, which not only consumes a lot of energy but also causes serious pollution. At the same time, in the case of complex disaster areas and blocked roads, relying solely on oil transportation increases the transportation pressure on the lines leading to the disaster areas. Previous studies have shown that new materials and designs can improve the thermal environment inside medical tents but cannot effectively solve the “cold chamber effect” problem faced by tents [22]. In order to maintain the indoor environment, air conditioning equipment is still necessary. Therefore, in the selection of emergency medical tent technology, a combination of solar active and passive technology can be used, and the design principle of “passive, active as a supplement” can be followed to minimize the energy demand of tents. Additionally low-technology means can be widely used so that tents can adapt to the environmental climate under various climatic conditions and only a minimum degree of transformation needs to be carried out.





5. Conclusions


This study reveals two different thermal environment characteristics and rules of emergency medical tents in winter when they are not regulated and when they are heated. Here are the main conclusions:




	
In regions with hot summers and cold winters, when a winter tent is unheated, during periods of weak solar radiation or at night, the temperature inside the tent approaches that of the external ambient temperature. Furthermore, even in cold weather conditions where radiation is present, the “cold room” phenomenon occurs below the ambient temperature. This indicates that achieving thermal comfort solely based on the insulation performance of the tent itself is nearly impossible without solar thermal radiation or any adjustments.



	
When testing the tent thermal environment in hot summer and cold winter areas, when the outdoor ambient temperature is 3–4 °C, the ambient temperature inside the tent can be raised to 16.7 °C by using an electric heater with a heating power of about 2500 watts. It is inferred that the medical tent can maintain the ambient temperature well to meet the medical needs with the support of sufficient power heating equipment and is expected to achieve thermal comfort.



	
After testing electric heating as a method for tent heating, it was observed that while the air temperature was evenly distributed horizontally, there was noticeable vertical stratification, with higher temperatures in the upper part and lower temperatures in the lower part. This suggests that the placement of electric heaters influences the temperature variation inside medical tents. Understanding this distribution pattern can guide optimal angles, heights, and positions for ventilation and cooling equipment within medical tents.



	
The temperature distribution of an emergency medical tent in this experiment has important guiding significance for the placement of beds and medical equipment. Based on the characteristics of general disaster relief personnel and medical personnel, the methods of adjusting the thermal environment of emergency medical tents were discussed in depth, aiming at providing a reference for the thermal environment adjustment of emergency medical tents and the development of thermal insulation materials.








Although this study provides valuable insights, there were limitations on the data collection, which mainly focused on winter and did not fully consider the impact of different seasons on the thermal environment of emergency shelters. Future studies need to broaden the scope of data collection to further evaluate the thermal environmental effects under diverse climatic conditions. In addition, given the critical role of medical tents in disasters, future research should focus on the thermal comfort requirements of medical operations in winter disaster sites and on how to optimize tent design based on these requirements to enhance the efficiency and effectiveness of medical response to disasters.
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Figure 1. The framework and ideas for this article. 
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Figure 2. Emergency medical tent; winter thermal environment test site. 
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Figure 3. Emergency medical tent door and window layout. 
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Figure 4. Outdoor meteorological data of Chengdu, 30 January–4 February: (a) surface wind speed and air temperature; (b) surface horizontal radiation and relative humidity. 
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Figure 5. Experimental testing instruments: (a) solar radiation recorder; (b) indoor air quality tester; (c) point thermocouple sensor; (d) multichannel automatic temperature and heat flow recorder. 
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Figure 6. Schematic diagram of air temperature measuring points in the tent. A, B, C and A′, B′, C′ play a role in dividing the space inside the tent, helping to visually and objectively determine the specific location of the temperature sensor. 
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Figure 7. Horizontal distribution of air temperature in a tent under unregulated winter conditions. 
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Figure 8. Vertical distribution of air temperature in a tent under unregulated winter conditions. 
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Figure 9. The inner surface temperature around the tent under unregulated winter conditions. 
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Figure 10. The top surface temperature and ground temperature inside the tent under unregulated winter conditions. 
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Figure 11. The inner surface temperature and air temperature of the tent under unregulated winter conditions. 
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Figure 12. The difference between the temperature inside the tent and the ambient temperature under unregulated winter conditions. 
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Figure 13. Electric heater heating site image. 
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Figure 14. Horizontal distribution of air temperature in the tent under winter heating conditions. 
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Figure 15. Vertical distribution of air temperature in the tent under winter heating conditions. 
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Figure 16. The internal surface temperature around the tent under winter heating conditions. 
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Figure 17. Tent top surface temperature and ground temperature under winter heating conditions. 
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Figure 18. The inner surface temperature and air temperature of the tent under heating conditions in winter. 
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Table 1. Thermophysical parameters of the tent model.
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Dip Angle (°)

	
Area (m2)

	
Thermal Conductivity (m