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Abstract

:

Through applying an exemplary design study, the dependencies between current density, temperatures, and weight in an electrical drive system for a small range aircraft with conventional electrical fan or propeller drives are evaluated. This study applies a combined numerical (Finite Element Method FEM) and analytical approach to the machine design, calculation of temperatures, and cooling system design (cooler, pumps, piping). A design scenario was defined using start and climb flight in a warm tropical surrounding as the worst load case. The design has to move between two fixed temperature limits: The maximum allowable temperature in the machine insulation and the ambient temperature. The implemented method facilitates a comparatively fast-medium depth design of the drive system. The derived results show, in fact, a minimum of weight at a certain current density, which is one of the key interests for the designers of the electrical machine. The main influences on this minimum are the temperature drops in the machine, the heat transfer to the cooling fluid, the heat transfer to the cooler wall, and the remaining heat rejection to the ambient. Method and results are transferable to other types of airplanes with different ratings.
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1. Introduction


Considering aviation drives the weight balance besides reliability and economic feasibility is an essential figure for the system design. A drive system in an aircraft, like in any other vehicle, comprises the electrical machine, the power electronics, and the cooling system. As electrical machines usually are composed of comparably heavy materials, as iron and copper, it is the ambition of the designer to increase the utilization of these materials to an optimized level. The levers are the saturation flux density of the iron lamination, which depends on material quality, and the current density as a design figure. Higher chosen current density results in lower copper weight and higher losses. Evidently, there is a functional dependency between losses, temperatures, and investment into the cooling system. That is the reason why an optimal current density must exist as a function of the cooling system design where the drive system weight reaches a minimum. This function is the aim of the research work presented here in an exemplary design study.



Assuming a single-aisle short-range aircraft (approx. 100 passengers per airplane PAX) in a standard tube and wing configuration with two drives in nacelles and an electric energy supply (battery, turbine-generator set, or fuel cell), a comprehensive study of the thermal dependencies in the drive and cooling system was conducted. In this study, an improved direct slot cooling of a permanent magnet excited electrical machine, as proposed in Reference [1], in combination with an electrically isolating heat transfer fluid on polysiloxan basis [2] is assumed for the cooling system, allowing very effective heat removal from the electrical machine. Regarding the power electronics, weight data and efficiencies for a two-level inverter are used. As cooler for heat rejection to the ambiance, a surface cooler is studied, which has a minimal contribution to the drag [3]. The weight of pumps and piping is estimated based on commercial data. From the calculated losses and the temperatures in the components, the necessary size of the cooler and the system weight are calculated as a function of the current density, thus, enabling a weight balance of the drive system.



There has been a lot of detailed work carried out to study thermal aspects of the design of electrical machines for aviation and automotive applications. In Reference [4], a direct liquid cooling is studied with stranded conductors wound around a steel tube, thus, forming a conductor. Cooling liquid is a standard water-glycol mixture. The additional losses, due to eddy currents in the steel tube, have to be added to the copper losses. In Reference [5], an indirect slot cooling is proposed with cooling channels made in a rather complicated molding process with walls of a thin polyimide film, which is thermal closely coupled with the winding during impregnation. In Reference [6], a process to mold these cooling channels forming a ring-tube construction for later insertion into the free spaces between two phases of a single tooth winding is proposed. Additional weight is saved because no water jacket is necessary in the housing. But due to tolerances in the winding, the thermal coupling of the cooling channel will be reduced by a thicker layer of impregnating resin. In Reference [7], a conventional water jacket cooling system is optimized by better potting materials, while the power electronics components were integrated into the water jacket. This will require moderate coolant temperatures with respect to the thermal limits of the power electronics resulting in a larger and heavier heat exchanger. In Reference [8], a heat pump is proposed to increase the temperature of an oil cooling system to achieve smaller and lighter coolers. The authors also realize the problems with the additional weight of the heat pump components, as also mentioned in Reference [1]. Nevertheless, this may be an option in some special cases. In an overview paper, Reference [9], the authors mention several cooling methods, such as heat pipe cooling, interwinding cooling, or intrawinding cooling. The direct slot cooling proposed here is an improved easy to manufacture variant of interwinding cooling. The papers [10,11] investigate oil spray cooling and air cooling of the electrical machine without closing the complete cooling loop. In Reference [12], the properties of potted Litz wire and its influence on the temperature situation in the winding were studied theoretically and experimentally. These results have been used in the thermal simulations performed here.



A more system-oriented study is presented in Reference [13]. The authors performed an exemplary study of a tilt-wing vertical takeoff and landing (VTOL), 15 PAX plane, with respect to the thermal management system. Ram air is used for cooling. A cross flow heat exchanger with a puller fan is provided. The calculations are focused on the heat exchanger design, neglecting further investigation on the influence of the design of the electrical machines. In Reference [14], the electric on-board system of a more electric aircraft with conventional turbines, but many electrical auxiliary systems is studied. The focus is set here on a fuel cell, and the electrolyzer combination able to handle also regenerative power within the electrical system. In the comprehensive study [15] a fully electric drive system of an AIRBUS size plane with superconducting machines and liquid hydrogen (LH2) cooling is analyzed. The electrical energy supply is provided by turbo generators fueled with LH2. The electrical motors drive a fan via a gearbox. The focus is set on the holistic modeling of the complete electrical system and its weight balance. This does not match with the conventional drive approach of the paper presented here, but it could be a module in an analog holistic approach of an all-electric aircraft with conventional drives. To the best of the authors’ knowledge, no study was found comprising an analysis of the complete conventional drive system.




2. Calculation Approaches


The scientific analysis of the electric propulsion drives is based on analytical and numerical models, which have been developed by the authors. The aim was to be able to examine a range of electric drive systems with a set of parameters. All calculation-models at this stage of our research represent normal conducting machines incorporating direct conductor cooling. Superconducting machines are subject to prospective research, which will be presented in further publications.



The challenge was to set up fast calculating analytical models to represent the electric motor with a liquid cooling system and to combine this with a FEM-model of the thermal situation in the machine slot to obtain systematic data of the drive-system, including machine weight, machine losses, cooling, heat release, and cooling system weight. Furthermore, an analytical thermal network for the motor has been developed, as shown in Reference [5]. The results of these calculations show the range of the optimum system weight and yield information on machine losses.



Figure 1 shows the cooling situation in the slot of the machine, which is represented by the model. The liquid is pumped through the stator-slots to remove the heat of the conductors as they are the major locations of heat generation. As to provide a technologically-feasible solution, a sealing has to be provided to the air-gap of the rotor bore.



The thermal situation inside the slot has been investigated by a 2D-FEM-model, which can also be employed for fast, automated calculations with varying geometry, as is shown in Figure 2. The model represents a cross-section of the slot, including the current conductor in the center.



The cooling channels are embodied by the white areas above and below the conductor. Areas left and right of the conductor are part of the teeth in that area. The model includes slot insulation and conductor insulation, all end winding-losses are transferred to the conductor in the slot.



The object of the calculations is a drive system with forced fluid cooling, as depicted in Figure 3. Motor and heat exchanger are connected by a fluid cycle, which is driven by a pump. The model considers height and speed-dependent environmental conditions.



As the mathematical toolchain provides the possibility to simulate the whole liquid cooling cycle, several investigations can be performed. Of special interest are the heat exchangers in the cooling circuit. These are investigated in detail in chapter 7, but here some principal considerations shall be presented. In the example shown in Figure 4, the aim was to calculate the required cooling area for a 2 MW electric machine fitted with copper conductors. A plane cooler without fins was assumed here. The diagram shows the impact of the flow-rate of the cooling fluid on the system. As the flow rate increases, the required cooling area decreases for given current density and losses. The reason for this is a smaller temperature drop in the cooling circuit, allowing a higher cooling medium temperature level, which results in a larger temperature-difference to the environment.



This is restricted by the permitted pressure in the system and the provided pump-power. By using fins, the required base-area for the cooler on the aircraft can be reduced further, but for the price of increased drag.



Another restriction is the heat transfer coefficient to the surrounding air. The dominating factor of this coefficient is the air-speed and the laminar to turbulent properties of the air boundary layer. To not complicate the results of this study too much, it was assumed that the cooler is integrated into the wing structure. An interesting alternative is to place the cooler in the fast-flowing air behind the propulsor and to assume that the surface enhances turbulent flow. This may result in another restriction: If the required areas exceed the available high-speed air areas, a splitting of the cooler is necessary, and a part of the cooler must be integrated into the wing or hull—this will be the subject of further studies.



For the location of the heat exchanger, several positions can be chosen, as shown in Figure 5. If a surface cooler is chosen, the preferable regions are the wing surfaces or the propulsor airflow if the surface of the cooler fits the available size. A cooler using ram air and a puller fan can be placed anywhere into the hull of the plane or within the nacelles. But it has the disadvantage of increased drag—that is why surface coolers are investigated in this study.




3. Designing Load Case


As an example, for this study a single-aisle short-range airplane (100 PAX) in conventional wing tube configuration with two propellers or fan drives in nacelles, as depicted in Figure 5, traveling at max. height of 6000 m is considered.



From a typical flight profile defined in the SE2A consortium (Excellence cluster Sustainable and Energy Efficient Aviation at TU Braunschweig), a maximum power demand of 2.1 MW was derived. Taking into account a propeller efficiency of 0.85 and an emergency power reserve of 90–100% (e.g., malfunction of one drive), a power rating of 2.2–2.3 MW for each drive was defined.



Usually, an airplane is designed for universal use in cold and warm environments. For the electrical drive system, take-off and climb flight in a warm tropical ambiance is the most critical load case. The system has to deliver maximum power at f. e. 40 °C. As can be seen from Table 1, the ambient temperature decreases during climb flight, so the critical scenario was estimated as take-off at 60 m/s at 40 °C ambient temperature with both engines at full power.



As the thermal capacity of lightweight machines tends to be small, a steady-state operation at this load is assumed. However, the humidity of the ambient air, fortunately, has no influence on the performance of the electrical drive.




4. System Components


Electrical Machine


As the electrical machine has to drive a fluid flow engine in the form of a propeller or a fan, the torque-speed curve is a quadratic parable. A design for a wide field weakening range as, e.g., in automotive or railroad drives is not necessary. This simplifies the choice of the machine topology, and those promising a high utilization of the magnetic circuit with low weight are preferable. A very suitable design example is a synchronous machine with surface-mounted permanent magnets. This topology provides the air gap flux density with a minimal weight of permanent magnet material. A circumferential speed at a value of 150 m/s at 7000 rpm was chosen—allowing a lightweight design with a prestressed rotor carbon fiber banding of about 2.5 mm up to 3 mm with only a small decrease of the air gap flux density. An appropriate gearbox adaption to different purposes, such as a propeller or fan drive, is possible. The main data of the machine are given in Table 2.



Further features to reduce the weight were the choice of a Fe-Co lamination (saturation flux density 2.4 T) and a direct slot cooling as proposed in reference [1].



The winding topology is a double-layer distributed winding with a small content of harmonics. It is built as a potted Litz wire winding with the thermal values according to Reference [12].



The cooling channels are simply produced during the impregnation process by removable inserts. This has the advantage that the cooling channels need no channel walls. As the cooling fluid is electrically insulating, no problems due to contact of fluid and wire are expected. The Litz wire winding requires rectangular slots, so that the teeth will be conical. Calculations by the authors of the heat transfer coefficients in the cooling channels with a polysiloxan cooling fluid showed that a hydraulic diameter of appr. 4 mm would be a good choice for the sizing of the cooling channels. Compared to reference [1], the number of the cooling channels in the slot was increased from 2 to 6, while one cooling channel also works as an insulating phase separator in the center of the slot (Figure 6). Due to the net slot width of 10.5 mm, a channel height of 2–3 mm is suitable.



As an air gap sleeve of non-conductive material is provided to separate the winding overhang spaces from the air gap, the slot opening also serves as a cooling channel. To allow an easy winding to process, the number of the cooling channels was adapted to the number of turns of the coils.



Due to the high voltage of the intermediate circuit, reinforced insulation of the slot liners and the phase insulation in the slot and in the winding overhang is necessary. Consequently, a slot filling factor of 50% only was calculated for the pure copper regions (without cooling channels).



The design process follows the standard routines for permanent magnet excited machines. Electric loading and flux density are kept constant to fulfill the requirements for power and voltage. A force density of appr. 60 kN/m2 was provided, which results in a little bit higher than the values of the usual permanent magnet machine designs. The design calculations were done by varying the current densities 15 A/mm2 ≤ S ≤ 45 A/mm2. They yield a medium depth design of the electrical machine with all necessary electrical and mechanical data from which here the dimensions and the weight were evaluated. During the design process, the short circuit current and the current at possible overload were reviewed to avoid demagnetization in the d-axis or edge demagnetization of the permanent magnets. To achieve this, the flux leakage of the slots was adjusted for each design.



Figure 7 depicts the weight of the active parts and the number of cooling channels per slot as a function of the current density. While in all design calculations, current loading and flux density are kept constant with increasing current density, the copper weight is reduced, the slot height becomes smaller, and the weight of the teeth is reduced as well. As the weight of the yoke is only reduced because the teeth height becomes smaller, the weight function approaches a limit of appr. 95 kg at infinite current density, requiring an infinite efficient cooling system or at least superconductivity of the winding.



In this situation, there are no teeth at all, and on the inner surface of the yoke, a thin layer of current (a current sheet) remains. It is noteworthy that with higher current density, the degression of weight becomes smaller, while the copper losses increase linearly (Figure 8). For example, the weight difference between 30 A/mm2 and 40 A/mm2 is approximately 5%, while the losses increase by 43%.



Reduction of the copper area reduces the copper volume by the same ratio as the current density is increased because we assume constant current. This gives a linear increase of the losses instead of the quadratic function usually expected with constant copper volume. The main dimensions of the lamination and the specific values of power density are given in Figure 9 and Figure 10.



Related to the active mass, the chosen design approach yields fairly good power by weight values. One has to keep in mind, that the drive weight, including power electronics, cooling system, and nacelle construction, will reduce these values significantly. A calculation of the housing weight depends very much on the design of the plane and is not the subject of this study.





5. Thermal Calculations


In general, the temperatures in the machine and inside the cooling system can vary only between two fixed boundaries: The maximum allowable temperature of the insulation (e.g., insulation class H with 180 °C, IEC 34, EN-DIN 60034) and the ambient temperature, here chosen to 40 °C. The difference between these boundaries splits up into the temperature drops inside the cooling system, according to Figure 11.



The preliminary calculation of the heat transfer coefficients from cooler to the ambiance (Figure 12) shows comparatively small values, which increase with speed and decrease with height. For the anticipated worst-case scenario of a hot day take-off with 60 m/s (Ma = 0.2) this leads to large required cooler surfaces and corresponding weight, which is influenced by the losses of the machine and the value of δTu.



Usually, the heating of the cooling fluid is small, due to its high thermal capacity. In steady-state conditions the cooling fluid is cooled down in the cooler by the same amount as it is heated in the machine, meaning the average temperature level of the cooling fluid is constant.



The temperature drop inside the cooler wall is negligibly small if a cooler structure with hollow fins or a thin-walled surface cooler is used as proposed in chapter 7.



The critical figure in this calculation is the temperature difference δTu available for the heat transfer to the ambiance. This determines the size and weight of the cooler. If the other temperature drops are too high, there remains only a small temperature gap for the heat transfer to the ambient resulting in a huge cooler surface and heavy cooler weight.



Temperature Drop within the Winding


As the analytical loss calculation of the machine accounts only for classical copper losses, for all thermal calculations, the losses in the machine were increased by a flat amount of additional losses of an estimated 5 kW to have a more realistic scenario. The calculation of the temperature distribution in the winding was done with numerical methods and counter checked with an analytical thermal equivalent network (TEN). As the cooling channels can be seen as isothermal layers, the slot sections between the channels are decoupled as a first approximation. The critical section is the one at the slot opening. For the temperature check, it is sufficient to model this section, as depicted in Figure 13, for a half section and a half tooth.



The thermal calculations are deliberately made for a steady-state situation. The thermal equivalent network can be expanded by the thermal capacities of the considered elements what in the steady-state condition is not necessary. The thermal behavior of the normal conducting system is an approximation of a P-T1 characteristic with a large time constant, which is easily controlled by the volume flow of the coolant. Therefore, there appears no risk of thermal instability. Figure 14 shows the temperature rise at the hot spots θ1, θ5 of the TEN. The temperature rise of θ5 increases a little bit faster over the current density. The reason is an increase of the influence of the losses transferred over the tooth head to the slot opening channel.



For the critical region at the slot opening, the heat transfer coefficients of the cooling channel and slot opening will be different, due to their different dimensions and flow velocities. Therefore, both channels were treated separately. As the heat transfer coefficients in both channels are different, also different equivalent resistances Rü1, Rüs in the analytical network occur. Consequently, the calculated temperature drops of Figure 14 are related to the average cooling fluid temperature.



To consider the dependency of the thermal material parameters of the cooling fluid as density, viscosity, thermal conductivity, and heat capacity [2] influencing mainly the Prandtl number Pr, these parameters were adapted iteratively to the calculated temperatures [16,17].



In this study, the pressure difference Δp over the lamination length was limited to a fixed value of 0.245 bar to keep the power consumption of the pump and the dimensions of the pipes within reasonable limits (Figure 15). Further pressure drops occur in the winding overhang spaces, the piping, and the cooler, which all must be covered by the pressure developed by the pump.



The flow velocities were calculated from the pressure difference Δp over the parallel channels in the slots according to standard literature [16]. The velocity inside a channel as a function of the prescribed pressure is


   v k  =     2  Δ p     ρ w   [   ζ e  +  ζ k  +  ζ   ü k       (  1 −    A k     A  Nw      )   2   ]       



(1)







With ρw density of cooling fluid ζe, ζk, ζük flow resistance coefficients for the transition into the channel, channel friction, transition from the channel into free space with Ak, ANw channel area, and the area of the free flow inside the winding overhang space.



The heat transfer coefficients inside the channels were calculated with the flow data from the pressure calculation as Reynolds number Rey and Prandtl number Pr according to References [16,17]. Nusselts number for heat transfer inside a channel or tube is:


  Nu = 0.012  [    Rey   0.87   − 280  ]    Pr   0.4    [  1 +    (     d h     L k     )     2 3     ]   k  1      



(2)







The correction factor k1 refers to the different temperatures and Prandtl numbers inside the fluid and at the channel wall. In most cases, it is very close to 1. The coefficient of heat transfer is then


  α = Nu    λ w     d h     



(3)







With λw thermal conductivity of the cooling fluid and dh hydraulic diameter of the channel.



The temperature drop of heat transfer follows


     δ T   w  =    P  vk     α ·  L k   d h  π    



(4)







With Pvk the transferred power, πLkdh the heat transferring surface.



Figure 16 and Figure 17 show typical functions of temperatures δTw over the pressure difference of the cooling channels and the current density.



Due to the multichannel configuration, the temperatures of the heat transfer are acceptable even at higher current densities, although a moderate pressure drop has been chosen. From these values and the corresponding heat flows, thermal resistances (Rü1, Rüs) were derived and iteratively introduced into the TEN of Figure 13.





6. Inverter


The inverter is handled in this study as a black box. It is advantageous to provide a separate cooling circuit for the inverter, because pressure drops and required coolant flow are different to those of the machine, and a different temperature level is required for the effective cooling of the power electronic devices. An electrically isolating cooling fluid as Syltherm [2] will contribute to a weight-saving construction. As the rated power is constant and independent from the current densities in the machine, the inverter contributes a constant weight to the system balance. Conventional water-cooling automotive inverters show a rating of 0.07 kg/kVA, but the development of high power density inverters is in progress, so no fixed figures can be given. The weight of the inverter depends in principle on the apparent power PA and is dominated by the electronic power switches, the capacitor in the intermediate circuit, and the cooling system. The choice of the components depends on the blocking voltage and the maximum current. So the apparent power of a 3 phase inverter with output Voltage amplitude     U ^  Δ    and current amplitude     I ^  S    is usually used as an appropriate measure for the rating of the inverter.


   P A  =    P N     η  m   · cos  ( φ )     



(5)







	
With PN: nominal power



	
ηm: Efficiency of the motor



	
cos(φ): Power factor of the machine






Due to the different flux leakage in the current density-dependent machine design, the power factor varies between 0.771–0.824 with increasing current density, while the efficiency has an adverse tendency. Consequently, the apparent power variation is not significant. With a conservative estimation of a specific ratio of 0.03–0.04 kg/kVA the inverter will add appr. 100 kg weight to the system that represents the actual state of the art sufficiently. Even more optimistic figures in prototype applications down to 0.02 kg/kW are given in references [18,19], so the actual estimation is on the safe side.




7. Cooling Equipment


7.1. Surface Cooler


As a cooler surface heat exchanger is chosen. It has the advantage of minimal drag, and it is a passive device with no puller fan, which is energy consuming, adds additional weight, and has a certain failure probability. The construction can deploy a plane surface or a fin structure, as in Figure 18a,b, both preferably integrated on the bottom side of the wing.



The cooling fluid passes through the channels in x-direction is indicated in Figure 18a,b. The given dimensions also serve for the weight calculation. The outside air also flows in axial (x) direction over the surface of the cooler. For the mass balance, only the additional weight of the cooler is of interest what implies that only the additional material as upper folded sheet and separator sheets, as well as fluid filling count for the mass balance, and the lower sheet is part of the wing structure.



The heat exchanger with fins can also be integrated into the nacelle housing with the advantage of higher turbulence, and therefore, a smaller allowable surface. But for easier comparison, it was assumed that both coolers are an integral part of the wing.



In the cooler, two relevant temperature drops are dominant: Heat transfer from cooling fluid to the cooler outside wall and heat transfer from the cooler outside surface to the ambient air. A recursive calculation is necessary to adjust both to the chosen conditions. The temperature drop in the cooler walls is in the region of mK and neglectable compared with the other temperature differences. The calculations for the sizing of the cooler surface follows the usual design process with the average Nusselt number and average heat transfer coefficient. Here the results given in Reference [20] were evaluated. While the finned cooler induces turbulent flow already at the upstream end, with a plane cooler first, a laminar flow develops with the transition to a turbulent flow along the cooler length x.



For the data assumed here, the transition to turbulence starts approximately at x = 110 mm, and full turbulent flow is achieved after x = 230 mm. As the Nusselt number and the heat transfer coefficients vary now along the cooler surface, average values were calculated by integration along the cooler length x. The average Nusselt number is given then in Reference [18]:


       Nu   avg   = 0.037   Pr   0.6    (    Rey  L  0.8   −   Rey  u  0.8    )  + 0.664   Rey  l   1 2      Pr    1 3          +  1 c   (  0.037   Rey  u  0.8       Pr   0.6   − 0.664   Rey  l   1 2      Pr    1 3     )        with       c = 0.9922   log   10    (    Rey  l   )  − 3.013     



(6)







	
Pr: Prandtl number



	
ReyL: Reynolds number for the full length Lc



	
Reyl: Reynolds number at the beginning of the transition



	
Reyu: Reynolds number were turbulent flow is achieved






The turbulent section of the cooler length (First term in Equation (6)) gives the highest contribution to the heat transfer, but the heat transfer coefficient drops also with the length of the turbulent region. That is why the calculation of the cooler weight shows a flat minimum at Lc = 0.7 m for the cooler with fins and Lc = 1.1 m for the plane cooler.



As the inside of the cooler is divided into a plurality of separate channels guiding the coolant flow through the cooler, the heat transfer can be calculated for each channel with the hydraulic diameter dhc. It is assumed that the coolant flow in all channels is the same as what is achieved by little restrictions at the entrance of the channels. The pressure differences over the cooler channels and within the flow distribution devices were calculated using [16,17]. For a volume flow inside a cooling channel Equation (6) applies again.



The calculations were done for a constant volume flow of 1630 l/min of coolant, which requires different pressures for each cooler type. But adjusting of the pressure by a centrifugal pump is easy, and the pumping power is small compared with the losses. Nevertheless, the optimization of the volume flow depending on the thermal situation in the machine is a further component for the optimization of the system.



The material properties defining the Prandtl numbers as viscosity ηa, thermal capacity cpa, and thermal conductivity λa of the ambient air were adjusted to the given temperature. From the heat transfer coefficient, the thermal power and the available temperature difference δTu to the ambiance (compare Figure 11) follows the size of the cooler and the number of required channels. With these values, the temperature drop from cooling fluid to the cooler wall can be recalculated, giving a new value for δTu, and the calculation of the cooler size is restarted (Figure 19). Usually, convergence is achieved after one or two recursive cycles.



The small difference between the two temperatures comes from the different heat transfer coefficients, due to the smaller velocities of the fluid in the plane cooler. The temperature difference from cooler to the ambient air is nearly the same, as shown in Figure 20.



Consequently, both coolers should have the same active surface (Figure 21). But as the heat transfer coefficients differ, the surface of the plane cooler is larger. This results in a larger weight of the plane cooler (Figure 22), but the difference between both types is surprisingly not very impressive. Therefore, a plane and easy to manufacture cooler may be a viable alternative.



For the estimation of feasibility, the width of the cooler is an important figure. As the length of the cooler was fixed to 0.7 m and 1.1 m, respectively, the plane cooler requires a considerable that which follows directly from the surface (Figure 21). While a width of 3 m at 30 A/mm2 may be a feasible figure for a plane of the anticipated size, the feasibility of the higher values is questionable.



In contrast to this, a cooler with fins placed in the more turbulent propulsor airstream around the nacelle may have a higher depth than 0.7 m without the problems of reduced heat transfer as mentioned before. Moreover, the weight of the piping will be reduced because of the smaller distances.




7.2. Pump and Piping


A centrifugal pump was chosen to cover the pressure difference in the cooling system. This pressure difference depends on the pressure drops in the machine, the cooler, and the pipes with an unknown number of bends. With a pressure drop in the machine of 245 mbar, in the cooler of appr. 30–60 mbar, the overall pressure capacity of the pump was chosen to 800–1000 mbar to cover all eventualities. That yields a maximal power rating of 2–3 kW. Looking into the data sheets of suppliers of industrial centrifugal pumps [21] shows that one pump can cover a wide range of volume flow and pressure differences by choice of appropriate feeding frequency and speed. That is why one pump can cover the whole range of pressure and volume flow discussed here and adds only a constant value to the weight balance. According to catalog data, the required width of the connecting pipes is DN = 80 mm on the pressure side and DN = 100 mm on the suction side.



An appropriate pump of these ratings weighs appr. 80–90 kg in industrial construction with cast iron 16 bar housing and standard IEC motor. Adoption to the requirements of aircraft operation with aluminum housing and impeller wheel and with a fluid-cooled motor will reduce the weight to appr. 20–30 kg.



The piping is the most unknown component in the system because the spatial distance between the electric machine and cooler depends on the construction of the whole aircraft and is not known yet. To include the contribution of pipes and flanges to the estimated weight balance, a piping of 10 m overall length was estimated. With aluminum pipes of 2.5 mm wall thickness, the weight balance is given in Table 3:



This rough calculation shows the weight of the pipes is not neglectable and in the range of the pump weight. At this stage of the design considerations, a constant value for the piping independent of the losses is added to the weight balance.





8. Weight Balance


The weight balance is established without any construction elements for nacelle or gears. It contains the weights of machine (Mact), power electronics (MPwr.El), cooler (Mk), pump, and piping (Mpu, Mro). Figure 23 shows it for a cooler with fins, and Figure 24 refers to a plane surface cooler.



Both figures show a flat minimum between 30 and 35 A/mm2 current density. The system mass at these values is appr. 315–317.5 kg leading to a specific system weight of 6.6–6.7 kW/kg. While the weight of power electronics, pump, and piping are estimated as constant values in this calculation, the main influences come from the active weight of the machine and weight of the cooler.




9. Discussion and Conclusions


Although a lot of assumptions were necessary to conduct this exemplary study, it revealed some unambiguous conclusions and tendencies which are helpful for more specific design calculations.



Looking at the current density and the losses as important design parameters, the main influences on the weight balance of the drive result from the machine and the heat exchanger design. In the normal conducting machine with copper winding, the weight decreases with the current density following a hyperbolic function, while the losses increase nearly linear. Consequently, the gain of weight at high current densities becomes smaller, while the losses increase significantly. This strongly interlinked relationship has been systematically elaborated in this study.



To remove the losses with a lightweight cooling system, the key figure is the temperature difference between cooler surface and ambiance δTu, which reaches here a level of appr. 100–120 K. To keep this as high as possible, the other temperature drops in the cooling system should be kept at corresponding small values. This can be achieved by a multichannel direct slot cooling system. The machine weight minimum can be reached by designing and implementing a current density defined between 30 A/mm2 and 35 A/mm2. As was learned from separate calculations with only two cooling channels, this minimum will shift to current density values around 20 A/mm2, while the cooler size and weight increase exponentially.



The question of implementing a cooler with fins or a plane one is more a question of costs than of weight because the difference between both is small compared with the overall weight of the drive.



Of interest may be a reduction of the maximal temperature in the slot (class H implemented and machine calculation appropriate for class F, as often demanded in practice), to increase the lifetime of the insulation and to provide a safer overload capability. With the proposed design approach this has been calculated exemplarily for 30 A/mm2. It will reduce the overall losses by 6.7% and the temperature difference to the ambiance δTu to 90 °C. The cooler surface had to be increased by 22%, and the cooler weight increases only by 14%.



In addition to the considerations on the electric machine presented here, the power electronics and auxiliary units play a further essential role in optimizing the weight ratios in the overall system. The power electronics design depends on the apparent power rating, the voltage in the intermediate circuit, and the switching frequency, which adds a constant figure in the weight balance. The optimization of the weight of power electronic systems is a task for future research [22]. These systems have to include a separate cooling system as well. Moreover, piping and pumps contribute a constant figure to the weight balance, but the amount of volume flow influences the temperature drops in the machine and the temperature difference to the ambiance. The pressure assumptions in this study were more on the cautious side. An optimization approach could be to adopt the volume flow and the power rating of the pump to the tolerable system pressure.



The study elaborated on the dependencies described by using an explicit design example. The approaches were presented in a generalized way, so that a transferability to machines with a similar stator design will be possible. For machine topologies with a different mode of operation or a substantially different performance class, the assumptions regarding thermal behavior are generally valid, whereby for new performance characteristics, corresponding model laws must be applied.
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Figure 1. Direct conductor cooling principle. 






Figure 1. Direct conductor cooling principle.



[image: Energies 13 06149 g001]







[image: Energies 13 06149 g002 550] 





Figure 2. Finite Elemet-Model coupled to the analytical model, view in slot-direction. 
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Figure 3. Calculated cooling system. 
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Figure 4. The cooling area on the outside of the plane depending on the current density and the flow-rate of the cooling circuit of the electrical machine, assuming a heat transfer coefficient fluid to a cooler wall of 180 W/(m·K). 
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Figure 5. Potential heat-sink locations on an aircraft. 






Figure 5. Potential heat-sink locations on an aircraft.



[image: Energies 13 06149 g005]







[image: Energies 13 06149 g006 550] 





Figure 6. Arrangement of cooling channels in the slot. 
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Figure 7. Weight of the active mass over current density. 
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Figure 8. Copper and iron losses over current density. 
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Figure 9. Main dimensions of the lamination with air gap diameter D = 417.3 mm, outer lamination diameter Da and inner rotor lamination diameter Dib, (circumferential speed vu = 150 m/s). 
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Figure 10. Specific weight of the active mass of the designed machines. 
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Figure 11. The temperature drops inside the cooling system. 
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Figure 12. An example of calculated heat transfer coefficient α for a surface cooler to the ambiance of an aircraft depending on height and speed, turbulence on the whole surface is assumed. 
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Figure 13. Thermal equivalent network of a half section of the winding at the slot opening. 
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Figure 14. A temperature rise in the winding over current density calculated from the TEN, including heat transfer resistances and a temperature drop of heat transfer inside the cooling channels. 
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Figure 15. Volume flow of cooling fluid through a cooling channel Q1 and the slot opening Qs depending on the pressure drop over the lamination. 
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Figure 16. Temperature drop of heat transfer in cooling channel δT1 and slot opening δTs over pressure difference at 30 A/mm2 current density. 
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Figure 17. Temperature drop of heat transfer at cooling channel δT1 and slot openening δTs over current density at constant pressure (0.245 bar). 
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Figure 18. Structure of surface cooler. 
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Figure 19. Temperature difference δTcw fluid to the cooler wall. 
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Figure 20. Remaining temperature difference between cooler and ambient air, hot day take-off, 40 °C. 
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Figure 21. Effective surface Awd of cooler with fins and plane cooler. 
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Figure 22. Cooler weight. 
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Figure 23. Mass balance of drive and cooling system with a finned surface cooler. 
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Figure 24. Mass balance of drive and cooling system with a plane surface cooler. 
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Table 1. Critical scenarios.
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	Scenario
	Height
	Temperature
	Velocity
	Power Demand





	Start 1
	0
	288.15 K = 15 °C/40 °C
	100 km/h = 28 m/s
	0.91 MW



	Start 2
	0
	288.15 K= 15 °C/40 °C
	216 km/h = 60 m/s

Take-off
	1.95 MW



	Climb flight 1
	1500 m
	278.4 K = 5.3 °C
	216 km/h = 60 m/s
	2.1 MW



	Climb flight 2
	2880 m
	269.4 K = −3.7 °C
	396 km/h = 110 m/s
	1.95 MW



	Traveling flight
	6000 m
	249.15 K = −24 °C
	514.7 km/h = 143 m/s
	1.36 MW
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Table 2. Performance data of the electrical machine.
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	Max. power
	2.1 MW
	For 33 min during start and climb flight



	Max. torque
	2865 Nm
	No field weakening



	Power at traveling speed and height
	1.36 MW
	Continuous at 250 K = −23 °C



	Max. speed
	7000 1/min,

Ω = 733 1/s
	



	Rotor circumfernetial speed
	150 m/s
	



	Number of pole pairs
	6
	



	Max. feeding frequency
	700 Hz
	Litz wire winding



	Intermediate circuit voltage
	3 kV
	Reinforced insulation



	Phase voltage
	1280 V
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Table 3. Weight of pump and piping.
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	Pipe
	Nominal Width
	Da (mm)
	M (kg)
	Remark





	8 m
	DN 80
	85
	14
	2.5 mm Wall



	2 m
	DN100
	105
	4.33
	Incl. Bends



	Kompensators
	DN 89/100
	
	2.7
	Rubber elements



	Pump
	
	
	25
	



	Sum:
	
	
	46
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