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Abstract

:

Maintaining a suitable cabin air temperature distribution is essential for providing an acceptable thermal environment for passengers and crew. However, cabin air may be very cold for the first flight in winter morning. It could be difficult to heat quickly the cabin air and to maintain an acceptable temperature gradient before boarding with the existing environmental control system. This study developed numerical model for predicting the heating process that coupled airflow and heat transfer in a cabin. The model was validated by using the experimental data obtained from an MD-82 airliner. With the validated numerical model, this investigation proposed to use an electric blanket to heat cabin air quickly and to reduce the air temperature gradient.
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1. Introduction


If a commercial airplane is parked overnight in cold winter, the structure and cabin air of the airplane would be very cold for passengers before the first flight next morning. This would cause harm to passengers due to the low temperature because the thermal comfort is an important part of cabin comfort, which influences the human health significantly [1,2].



Some researches [1,2] on thermal comfort in airliner cabin were conducted by physical measurements or questionnaire survey and important parameters relevant to thermal comfort were identified. Air temperature, relative humidity and vertical temperature difference are the main environmental parameters for cabin thermal comfort. In order to provide a comfortable cabin environment with acceptable environmental parameters, airliners hope to board passengers within an hour in their first service in the morning after the environmental control system (ECS) is turned on. This process is called the fast heating. However, heating the airplane quickly with existing ECS is very challenging. Since all the ECS supplies air in the upper part of a cabin, the air temperature gradient may be very large and thermal discomfort is created [3,4,5,6,7]. There are a lot of existing researches investigating the airliner cabin environment numerically and experimentally, but these studies mainly focused on the cabin airflow [8,9,10,11,12,13,14,15]. The study focusing on the fast heating process in cabin is still unavailable.



This paper aimed to study the fast heating process of the aircraft cabin experimentally and numerically. A mathematical model was established to simulate the unsteady heating process with different heating methods in this paper. To validate the model, fast heating experiments with simulated conditions were conducted in the first-class cabin of a functional MD-82 airliner. A new heating method using the electric heating blanket was proposed based on the traditional method using the ECS to send hot air into the cabin. Finally, an effective fast heating method was given according to the model predictions.




2. Method


2.1. Physical Description


Figure 1 shows the structures of a typical single-aisle aircraft cabin, which includes air inlets and outlets on two sides, seats, enclosed walls and luggage racks. In the heating process, the hot air from the inlets was supplied to cabin to heat the air and the cabin structure, such as walls, floor, seats, etc. In summary, the physical models in the heating process include the cabin flow field formed by the mixing of the hot and cold air, the heat transfer between the solid objects and the cabin air or atmospheric air. As the hot air enters into the cabin from the top inlets, it is hard to heat the bottom area of the cabin. Thus, it is proposed to use the electric blanket on the cabin floor to heat the bottom area to reduce the vertical temperature difference. For this case, the heat transfer between the electric blanket and the cabin air or the floor should be considered.



For the fast heating study of the aircraft cabin, experiment is the most reliable method. However, it is expensive and time consuming. Besides, it is impossible to do experiments for different types of aircrafts or the heating methods. The better choice is to develop a reliable numerical model, which could simulate the physical processes described above. The existing studies show that the computational fluid dynamics (CFD) is a powerful tool to simulate the air flow and heat transfer in a complex indoor environment, such as the airliner cabin [8,9,10,11,12]. Therefore, this research developed a hybrid CFD model to investigate the fast heating process according to these physical processes.




2.2. Numerical Model Description


2.2.1. Cabin Air Flow


In the hybrid model, the air flow in the cabin was simulated by solving a series of Navier–Stokes equations. The flow field could be obtained by numerically solving Navier–Stokes equations with a suitable turbulence model. The RNG k-ε model was used for turbulence simulation of airliner cabin environment due to its accuracy and economy [16,17,18]. Many studies used it to study the air flow and pollutant transport in airliner cabin and its reliability had been proved by the experimental data [9,19]. Otherwise, the RNG k-ε model is capable of modeling relative strong convective heat transfer phenomenon. Some typical convective heat transfer process was simulated by the RNG k-ε model and good agreement between prediction and measurement was obtained, such as turbulent natural convection in two tall air cavities [20], air jet impingement cooling of a heated circular cylinder [21] and single slot jet impinging cooling of a constant heat flux surface [22]. Thus, the RNG model was utilized in this study for the fast heating process. The air flow was calculated by using the commercial CFD software (ANSYS Fluent 12.0) [23].




2.2.2. Cabin Heat Transfer Models Between the Air and the Solid Objects


The heat transfer processes in solid objects (envelop, seat and electric blanket) were simulated by the in-house code. Their models were described in the following sections.



During the heating process, the heat transfer between the cabin air and the outdoor air through the cabin envelope should be considered. The direct approach is to generate the envelope’s geometry and mesh in the computation. However, this will need very fine mesh because of the cabin envelope is very complicated. This study proposed a new method. First, the cabin is divided into many parts along the three dimensional directions with relative coarse cells. The heat transfer through each part is calculated by using a user defined code, which is connected with the CFD solver. Therefore, the CFD mesh does not need to consider the envelope’s geometry, which is modeled by the in-house code. Equation (1) is the basic governing formula used in envelope heat transfer model, which is based on the traditional heat conduction theory [24,25,26]. Equation (2) is utilized to get the heat flux from the external envelope surface to the atmospheric environment.


  ρ   ∂ T   ∂ t   −  ∂  ∂  x i    [ λ   ∂ T   ∂  x i    ] = S ,  



(1)






  q = h (  T  e x   −  T  e n   ) ,  



(2)




where T represents temperature (°C), ρ the density of insulation material (kg/m3), t the flow time (s), λ thermal conductivity (W/m/°C), S the source term including convection and radiation heat flux (W/m2), h the convective heat transfer coefficient of external envelope surface (W/m2/°C), Tex the external envelope surface temperature (°C) and Ten the atmospheric temperature (°C). The radiation exchange between the inner surfaces in the cabin is considered and the surface-to-surface model was utilized [15]. If the envelope cell is adjacent to cabin air, S equals to total heat flux calculated by CFD. If the cell is adjacent to the external environment, S equals to q. Otherwise, S equals to zero.



The seats in airliner cabin had an obvious influence on the cabin thermal environment because they were thermal storage objects. Similar to the envelope heat transfer, a model was developed to model the heat transfer between the seats and the cabin air. Figure 2 shows the details. First, the seat was divided into two parts along the middle line (red dotted line in Figure 2). Second, each part was then subdivided into different zones based on the Z and Y coordinates. The basic governing formula used in seat heat transfer model is Equation (1) too.



The electric heating blanket on the floor could heat the cabin air and the floor. Figure 3 shows a typical pattern of the heating blanket, which consists of an inner electric heating layer and two insulation layers. The electric heat transferred through the upper layer to the cabin air and also transferred to the floor through the down layer. In the model, the blanket was divided into many zones. The temperature in the inner electric device was assumed uniform. Equations (3)–(6) describe the heat transfer model of the electric heat blanket.


   q  u p   τ + Δ τ   =    T  i n   τ + Δ τ   −  T  u , i n  τ   R  ,  



(3)






   q  d o w n   τ + Δ τ   =    T  i n   τ + Δ τ   −  T  d , i n  τ   R  ,  



(4)






   q  u p   τ + Δ τ   +  q  d o w n   τ + Δ τ   =  q  t o t a l   ,  



(5)






  ρ   ∂ T   ∂ τ   −  ∂  ∂  x i    [ λ   ∂ T   ∂  x i    ] = S ,  



(6)




where    q  u p   τ + Δ τ     and    q  d o w n   τ + Δ τ     represents the heat flux from the inner electric heating device to the upper and down insulation material,    T  i n   τ + Δ τ     the temperature value for the inner electric heating layer (°C) and    T  u , i n  τ    and    T  d , i n  τ    represents the temperature of the cell in the upper or down insulation material neighboring to the inner electric heating device (°C). R represents the thermal resistance (°C/W/m2),    q  t o t a l     the total heat flux of the blanket. In Equation (6), T is the temperature of the cell in insulation material (°C), ρ and λ the density (kg/m3) and heat conductive coefficient of blanket insulation material (W/m/°C), τ the time (s) and S the source term (W/m2). If the envelope cell is adjacent to cabin air, S equals the total heat flux calculated by CFD including convection and radiation heat flux. If the cell is the neighbor to the inner electric heating device, S equals to qup or qdown.




2.2.3. Model Implementation


The cabin air flow model was solved by the ANSYS Fluent 12.1 [23]. The models for the cabin envelope, the cabin seats and the electric blanket were implemented as the user defined functions based on the finite difference method. These functions were connected with the ANSYS Fluent. For the air flow field, this study used the SIMPLE algorithm to couple the pressure and velocity. And the PRESTO! Scheme was adopted for pressure discretization and the first-order upwind scheme for all the other variables. A converged calculation with low order scheme would be more creditable and accurate than a diverged one with high order scheme [8]. The surface-to-surface model was used to model the radiation exchange between the surfaces in the cabin. This method was also adopted in vehicle cabin environment modeling [15]. The relationship between the air density and temperature were considered and the polynomial function was utilized in the air flow modeling [23].



Figure 4 shows the flow chart of the fast heating simulation of the aircraft cabin air. In each time step, the flow field in the cabin was simulated by CFD solver based on the thermal boundary conditions provided by in-house code. Then the in-house code solved the heat transfer equations for solid zones based on the heat flux simulated by CFD and updated the thermal boundary parameters for cabin air flow simulation. In the next time step, the flow field in the cabin was modeled according to the new thermal boundary parameters. This iteration continued until the heating time was reached.





2.3. Experiment Description


The numerical model must be validated by using the experimental data before it could be used. This study conducted fast heating experiments in the airliner cabin for the evaluation of two heating methods and the validation of numerical models. All the experiments were done in the first-class cabin of a functional MD-82 airliner due to economy and previous research achievements. Liu et al. 2012, 2013 measured and simulated the flow field in the first-class cabin of this MD-82 airliner [8,13]. Their data and methods could be used for the fast heating research directly. Figure 5 shows the schematic model of the first-class cabin in the MD-82 airliner: 3.25 m (L) × 2.91 m (W) × 2.04 m (H). There are three rows of seats, three and a half pieces of diffusers, seven outlets and seven windows on each side. More details can be found in Liu et al. (2012, 2013) [8,13].



Two heating methods were tested in winter: The hot air from inlets without (method 1) and with (method 2) the electric heating blanket placed on the floor. Before the fast heating experiment, the MD-82 airliner was parked at the airport for at least seven cold days. If the air temperature in cabin was low enough, the fast heating experiments were conducted in winter morning. As each experiment need much time, two cases were done in two different days. The initial cabin air temperature in method 1 was about −9 °C and −3 °C for method 2. A ground air-conditioning cart was used to supply air into the first-class cabin and the supply air temperature was controlled at 20 ± 1 °C. The initial flowrate in method 1 and method 2 is about 8000 m3/h. The outdoor temperature for method 1 was about −10 °C and −3.5 °C for method 2. In method 2, the electric heating blanket was placed only on the floor aisle and the heating power was 350 W/m2. The temperature and relative humidity data logger sensors (HOBO) were used to measure the air temperature in the cabin. The measuring range was −20 to 70 °C with the resolution 0.12 °C. The thermal resistors were used to monitor the temperatures of solid surfaces, such as the wall, seat and the floor. The measuring range is −40 to 100 °C with the resolution 0.02 °C.



To validate the model, the temperatures of the cabin air and the surfaces of the solid objects were monitored at some points in the experiments. Figure 6 shows the locations of points for air temperature measurements in method 1 and 2. The red points represent vertical rope supporting the HOBO sensors and each rope is numbered. Three HOBO sensors are fixed on each rope, the height of the location for HOBO are 1.1 m, 0.6 m and 0.1 m, as shown in Figure 6b. The three heights represent the head region, waist region and the feet region of passengers sitting in the cabin. The air temperature difference between the head region and feet region has significant influence on the thermal comfort. There are two ropes in aisle (3 and 4) and two (5 and 6) between two chairs. In the front and the back, there are curtains separating the first-class cabin with the economic cabin and the cockpit. For each curtain, two ropes are set to measure the air temperatures, which will be used as the boundary conditions in the air flow filed simulation. Figure 7 shows the locations of points for solid surface temperatures, inlets, and outlets. In Figure 7a, the height of ‘Envelope-up’ was 1.1 m and that of ‘Envelope-mid’ was 0.6 m. The points for seat surface temperature are shown in Figure 7b. Four sensors were located at different heights. Two sensors were used to measure the seat cushion and the other two were used to measure the seat back.





3. Results


3.1. Method 1: Hot Air


Figure 8 shows the measured air temperature curves of the inlet in method 1. The air temperatures increase gradually, though the temperature of the supply air from ground air condition (GAC) is 20 °C. This is because the supply air went through the cold pipes before it entered into the cabin. The air temperatures differed a little between the left side and the right side (Figure 6) due to the complicated pipes of the airliner. Method 2 had similar results but a different initial temperature of −3.5 °C. In the simulations, the inlet air temperatures used these measured values, not the supply air temperature of the ground air-conditioning cart. Figure 8 also presents the measured outlet air temperatures, which were very close for the two sides. This means that the relative symmetric air flow distribution in the cabin.



The relative errors between the model predictions and experimental data can be calculated by using Equation (7):


  e r = 1 −    T  s , 30   −  T  s , 0      T  e , 30   −  T  e , 0     ,  



(7)




where er is the relative error value, Ts,0 and Te,0 are simulated and experimental temperature before the heating and Ts,30 and Te,30 are simulated and experimental temperature when the fast heating is processed for 30 minutes.



Figure 9 shows the comparison of the numerical results of transient air temperatures and solid surface temperatures with the experimental data of method 1. In a horizontal plane, the modeled and measured air temperature distribution is very uniform, so we selected position 3 for comparison, other positions had the same results approximately. Similar to the cabin air, the envelop surface temperature distribution was also uniform in a horizontal plane. The position of the seat is No.2 as described in the Figure 7b, other positions had the similar relative error level. The relative errors calculated by Equation (7) were all below 15%. All the model predictions were lower than the measured data. There were many reasons. First, the geometry used in the models was simplified from the actual cabin. They had many differences. For example, the supporting structure beneath the seats was neglected due to its limited impact on the air flow [8]. The grid number would be too large without this simplification. Second, many literatures [8,19] show that the airflow distribution in the aircraft cabins was extremely complicated and difficult to model accurately. Besides, it is impossible to obtain absolutely accurate boundary conditions for the flow model of the aircraft cabin [13]. The air flow rate in the first-class cabin used in CFD was measured by HSA (hot-sphere anemometers). Since the HSA could not be placed very close to the diffuser slots, the measured flow rate was lower than the actual value because of the velocity decay from the slots to the HSA probes [13]. Thus, the numerical model is acceptable.




3.2. Method 2: Hot Air with the Electric Heating Blanket


Figure 9 also shows that the air temperature at height of 0.1 m is much lower than that at height of 1.1 m. The vertical temperature difference is still very big, though the hot air is sent into the cabin from the top inlets. Thus, it is better to find a way to heat the air in the bottom area of the cabin except the hot air. The electric blanket is recommended in this study. The parameters were introduced in the experimental description section.



Figure 10 shows the comparison of the numerical results of transient air temperatures and solid surface temperatures with the experimental data when the electric heating blanket is placed on the floor. Similar to the method 1, the position 3 was selected to compare and its relative error by Equation (3) was most obvious due to the effect of the electric heating blanket only being placed on the aisle. The relative errors were all below 15% too. For the two cases, the final air temperatures at the height of 1.1 m and 0.1 m were 6.0 °C and −3.0 °C, 12.8 °C and 7.5 °C, respectively. In comparison to method 1, the final vertical temperature difference in method 2 reduced a lot. Besides, different from method 1, the model predictions of the air temperature at the height of 0.1 m fluctuated obviously. Compared to case 1, method 2 adapted the electric blanket on the floor. As the temperature gradient at the blanket surface was very large, the thermal plume formed near the surface was strong. For the flow field simulation, the strong thermal plume is still a very challenge topic [27]. It needs more study on the CFD theory for the flow with strong boundary thermal plume to solve this problem. Nevertheless, the predictions of the proposed model in this paper are acceptable for engineering applications in the heating process of the aircraft cabin air.





4. Discussion


The above validation of the model for the heating process of the cabin air proved that the model is accurate enough for the engineering application. In this section, the model was used to evaluate the effects of different heating methods under the extreme cold environment, where the atmospheric temperature was −40 °C. The first-class cabin of the MD-82 airliner was still used. Three more cases were discussed. The details are shown in Table 1. Method 3 only increased the temperature of the hot air from the top inlets in comparison to method 1. Method 4 combined method 3 with the electric blanket used in method 2. The area of electric heating blanket was the same to the cabin floor. Actually, the temperature of the supply air from the inlets would decrease to the normal level after the fast heating process. Thus, this situation was considered in method 5, which decreased the supply air temperature after 30 minutes heating.



Figure 11a shows the simulated average air temperatures of the horizontal planes with different height in the first-class cabin of cases 3 and method 4. The air temperatures at the height of 1.1 m and 0.6 m were the same for the two cases except that at the height of 0.1 m. This indicates that the existence of the electric heating blanket had little influence on the air temperature of the upper cabin zone when the electric blanket heating power is not very high. The average air temperatures at the plane of 1.1 m were both 39 °C, while that at the plane of 0.1 m were −20 °C (method 3) and 0 °C (method 4), respectively. The electric blanket was really very effective for heating the air of the bottom area of the aircraft cabin. Figure 11b presents the simulated average air temperatures of the horizontal planes of method 5. The final average air temperature was 15.1 °C and 9.1 °C at the height of 1.1 m and 0.1 m. The vertical temperature difference was reduced a lot to 6 °C compared to that of cases 3 and 4. Though the supply air temperature deceased to 40 °C after 30 minutes, the air temperature in the lower zone kept increasing. In all the simulations, the flow rate of the supply air was not very large due to the limited ability of the available ground air-conditioning cart. A higher flow rate was completely possible to use in the engineering applications. Thus, the final cabin air temperature of the lower zone could be further increased to a very comfortable level for the passengers. These results indicate that the model developed in this paper was very convenient for the analysis of the heating methods for the aircraft cabin air.




5. Conclusions


This study developed an unsteady hybrid CFD model to simulate the fast heating process for the aircraft cabin air. From the results presented in this paper, the following conclusions could be made:



(1) Based on the comparison between the measured and simulated results, the numerical model based on the physical mechanisms of the fast heating process of the aircraft cabin air was acceptable for the engineering application.



(2) The simulated data illustrated that the available ECS could not provide a satisfied thermal environment after heating the airliner cabin for enough time due to the obvious vertical air temperature difference.



(3) Based on the numerical model, we had proposed a hybrid heating method, which utilized an electric heating blanket on the floor and decreased the supplied air temperature if the heating time was long enough. The results described that the vertical temperature difference could be reduced to 6 °C after one hour of heating.
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Figure 1. Description of the physical model for the cabin air heating process. 






Figure 1. Description of the physical model for the cabin air heating process.



[image: Energies 12 03565 g001]







[image: Energies 12 03565 g002 550] 





Figure 2. Description of the cabin seat model for the heating process. 






Figure 2. Description of the cabin seat model for the heating process.



[image: Energies 12 03565 g002]







[image: Energies 12 03565 g003 550] 





Figure 3. Description of the electric heating blanket model for the heating process. 
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Figure 4. The flow chart of fast heating simulation of the aircraft cabin air. 
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Figure 5. Model of the first-class cabin of the MD-82 aircraft. 
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Figure 6. Sampled points of air temperature in the experimental cabin. (a) horizontal direction; (b) vertical direction 
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Figure 7. Sampled points of surface temperature in the experimental cabin. (a) surface temperature of side wall; (b) surface temperature of seat. 
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Figure 8. The measured air temperature curves for the inlets and outlets. 
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Figure 9. Comparison of the numerical results of transient air temperatures (a,b) and solid surface temperatures (c,d) with the experimental data of the method 1. 
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Figure 10. Comparison of the numerical results of transient air temperatures (a,b) and solid surface temperatures (c,d) with the experimental data of the method 2. 
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Figure 11. Simulated unsteady air temperatures without (method 3) and with (methods 4 and 5) an electric heating blanket in the heating process. (a) average air temperatures of the horizontal planes with different height in the first-class cabin of cases 3 and method 4.; (b) average air temperatures of the horizontal planes of method 5. 
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Table 1. The details of the other three heating methods.






Table 1. The details of the other three heating methods.





	Case No.
	Electric Blanket (W/m2)
	Heating Time (min)
	Supplied Air Temperature (°C)





	Method 3
	0
	30
	75



	Method 4
	350
	30
	75



	Method 5
	400
	55
	0–30 min: 75, 30–55 min: 40
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