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Preliminary Assessment about the Fuel Saving Potential of the Distributed Propulsion Concept "Nacelle-Wing" in comparison to a "Propfan" concept and the A320neo Airplane

For commercial aircraft the enlargement of the fan diameters is up to date the established measure to reduce the fuel burn on side of the propulsion system. Independent from measures to improve the thermal efficiency of the engines this method seems to be the most effective for improving the flight effectivity. Nevertheless, it appears that this approach comes more and more to a physical boundary where no more relevant improvements are achievable. Knowing that at the airplane side the situation is similar, this treatise tries to open a window for an improvement by combining power plant and airplane design.

The so called "Nacelle-Wing" is a wing concept with central integrated fans for propulsion. This configuration allows increasing the fan area above the current level avoiding aircraft construction limitations and reduces the wetted area of the airplane by the deletion of the nacelles. But as a second effect, the thickened and thereby stiffened wing as well as the shift of the cantilevered mass lump of the power plant to the wingcenter, allows increasing its aspect ratio. This reduces the induced drag of the airplane in addition, what reduces the thrust requirement as feedback. Especially these relations are the focus of the investigation.

Not to miss another promising approach, the "Open-Rotor" or "Propfan" concept is evaluated with the same methods as for the "Nacelle-Wing". This is not only to test the quality of the procedure, but also to classify the results of the "Nacelle-Wing" better in its amount. To start from a known baseline, the A320neo airplane is used as reference for all calculations.

The results show an improvement potential of about 18% fuel saving in cruise for an airplane with "Nacelle -Wing" compared to the A320neo reference. An airplane with Propfans does not achieve this value, but with about 13% improvement also a relevant potential is demonstrated.

Introduction

The intention of this assessment is to quantify the advantage of an airplane concept with a "Nacelle-Wing" 1 concerning fuel saving for cruise flight conditions in comparison to the architecture of a commercial aircraft. Several proposals for Distributed Propulsion are in discussion since years. An interesting version is investigated by ONERA called DRAGON. A major focus in this investigation is to identify acceptable positions of the ducted fans relative to the supercritical airfoil. The outcome is, that only at the very back position of the wing a placement is possible without disturbing the wing-flow. Nonetheless different shocks occur around the fanducts, which lead to energy losses relative to a plain wing. The "Nacelle-Wing" concept avoids this problematic by hiding the fan-duct inside the wing-profile. Therefore only minor effects to the supercritical flow outside are expected avoiding hurtful additional shocks.

To demonstrate the aerodynamic concept of such a "Nacelle-Wing" the following figure illustrates the steps to build it up. The airfoil is split up along its mean line and shifted apart. This opens a canal inside, whose flow has no direct effect to the outside. By adding a compressor unit, this flow is used as propulsive massflow, which is so undisturbed integrated into the surrounding wing-flow. To reduce the friction and pressure losses of this internal massflow a diffusor, direct behind the intake area, is installed and the terminal nozzle is positioned at the very end of the canal.

Provided this aerodynamic concept proves true, the "Nacelle-Wing" leads to different other beneficial effects, which are still not evaluated in detail. First, it reduces the wetted surface of the airplane, because of the deletion of the engine nacelles. That reduces the frictional drag. Second, it stiffens up the wing due to its increased thickness and moves the engine and nacelle mass from its distant pylon into the center of the wing. Both effects should allow increasing the aspect ratio of the wing due to a better flutter stability. That reduces the induced drag of the airplane. Third, the concept allows increasing the propulsive massflow considerable due to its compact design. With conventional airplane architecture the diameter of the nacelles are limited by keeping enough distance to the ground and providing space for the landing gear, what omits here.

In sum of these three effects, an increase of flight effectiveness should be detectable.

To achieve representative results in the assessment, the results are compared with a state of the art airplane as a reference. The standard improvement potential of this reference airplane, which is increasing the propulsive massflow by increasing the by-pass ratio of the engines, is also assessed for a realistic comparison between the concepts. Additionally a Propfan configuration is investigated to allow a comparison between the concepts. Because of the good documented and public available data of the A320neo and as a good example for a state of the art airplane, it is chosen for this purpose.

In Figure 2 a front view of the A320neo, a Propfan configuration and a Nacelle-Wing airplane, all with same fuselage and similar stabilizers, are shown. The engines of the Nacelle-Wing plane are installed inside the fuselage, where normally the landing gear is placed. This is installed in pods inside the Nacelle-Wing and moves in/out forward. The fan area extends not over the complete wing. The outer area is used for the ailerons in traditional manner. The sweepback and the wing area are unchanged and the dihedral angel is similar as on the reference engine. 

Analytical models with variation parameters

To assess the improvement potential of the standard configuration by varying the propulsive massflow with increasing the nacelle diameter requires a detailed investigation of the different types of drag and its connection to the lift.

Forces at an airplane

In principle the lift A of an airplane is equal to its weight G and the thrust T is equal to the drag W.

(1)

(2)

(3)

The induced drag is known as (4)

(5)

Wherein the aspect ratio is defined in equation ( 6) with the definition of the mean wing depth in equation ( 7)

(6) (7) 
The lift coefficient can be written together with equation (1) (8)

Therefore equation ( 4) can be written using ( 5) and (8)

For a change of mass the change of the induced drag results in:

(10)

The equations are valid for an elliptic lift distribution over the wing, which can be assumed true due to an optimized airplane design.

The friction drag can be described by for Reynolds-Numbers in the range >10E5. This is the magnitude for cruise velocity and the size of the different surfaces of the investigated airplane. The Reynolds-Number is defined with the length of the component in the direction of the flow by:

(13)

The pressure drag of the complete airplane is difficult to assess. It is put together from different losses around the airplane and depends therefore from details of its constructional layout. To avoid a complex investigation it is set to a guessed constant ratio relative to the friction drag.
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The guess is based on the Wikipedia page "Strömungswiderstand" 5 , were the split of pressure and friction drag is listed for different bodies. The mean value between the 10% value of a sole aerodynamic profile and the 60% value of the elliptic body, both shown in the first figure, leads to the 1/3 guess of equation ( 14).

The combined friction and pressure drag can then be summarized by: (15)

The power loss of friction and pressure drag results then in:

(16)

The thrust provided from the engines in the nacelles is per (2) equal to the drag. The thrust of one nacelle is given with the dimensions from Figure 3a by the equations:

(17) (18) (19) 
The streaming velocity in front of the fan is assessed with a Mach-Number of about 0,6. With this assumption, the diameter information of a PW1100G engine6 and the assessment of the airplane drag the necessary velocity change of the fan massflow can be determined. The added fan flow power, what is proportional to the engine power, can be written than:

(20)

The flow of a Nacelle-Wing is shown in Figure 3b. The equations ( 17) and ( 18) concerning thrust are unchanged. As already mentioned in Figure .1 d) a diffusor is installed in the front of the fan to reduce the streaming velocity inside the wing to reduce friction loses. This diffusor ratio is fixed to an appropriate guessed value for this investigation by ( 21) (21) With this diffusor in combination with the external diffusion at the leading edge of the Nacelle-Wing it is guessed to achieve a relevant lower Mach-number without relevant losses inside the wing in comparison to a standard nacelle. The here used Mach-number is given in ( 22) (22) Nevertheless it must be stated, that the function of this diffusion is very important for the function of the whole Nacelle-Wing concept. To prove that a matching of inner and outer diffusion is possible to low Machnumbers with negligible losses exceeds the scope of this investigation and must therefore be investigated in a separate study to validate the concept concluding.

The flow for the Propfan is shown on Figure 3c. The equations ( 17) and ( 18) concerning thrust are again unchanged. The streaming velocity in front of a free flow fan it is given by: (23)

For the sake of completeness it must be noticed that all flow parameters in this investigation are calculated compressible. Due to its publicity these equations are not listed here. 

Parameterized geometry and mass

To allow to evaluate the influence of changed surfaces and masses in dependence to the variation of the propulsive massflow it is necessary to parametrize the affected components as a function of this. Due to different streaming velocities and pressures in front of the fans, the best approach is to relate the geometry to the fan area and adjust this later to the corresponding mass flow of the considered concept.

Standard Nacelle

The standard nacelle is mainly defined by the diameter of the fan. In consequence the geometry is primary referred to this. The resulting propulsive massflow can be calculated than with equation ( 18) and (19). In Figure 4 the considered parameter are shown. Using these dimensions and ignoring the rounding's of the leading edges and thickness distributions of the casings the outer surface of the nacelle inclusive pylon can be written as:

(28)
The inner surface is given by: (29) For the Reynolds-Number of the outer surface of the nacelle the flight velocity is used and for the inner surface the streaming velocity in front of the fan.

(30) (31) For the simplified mass assessment it is assumed that the mass is approximately proportional to the outer surface of the nacelle.

(32) By using the fan-diameter depending mass of 1.3t (see chapter 2.3), the fan diameter of 2,06m of the PW1100G of the A320neo and all the assessed factors for the geometry, the mass-factor results as shown in equation ( 32)

Nacelle-Wing

The Nacelle-Wing is mainly defined by the extent and height of its front fan inlet area. In consequence the geometry is primary referred to this. Considering the diffusor ratio (21) and the internal flow velocity ( 22) the resulting propulsive mass flow can be calculated with equation ( 18). In Figure 3b and 5 the considered parameter are shown. For simplification, the extension of the inlet area is defined with a fixed ratio of the free wing length in this investigation.

(33) With a given front fan inlet area the mean inlet height is:

(34)
With the simplification that the inlet area is rectangular, every fan-cell is quadratic and under consideration of equation ( 21) the number of fan-cells inside the wing results by: (35)

The concept to connect the upper and lower wing-halves by two rows of crossed struts can be abstracted by the schema shown in Figure 6. With a guessed relative length of the fan-cell of (37) and a conservative approach that the front and rear cross-struts are continuously connected, the surface of all struts and walls inside the nacelle -wing is given by: (38)

The channel surface, created by the upper and lower surface inside the Nacelle-Wing, can be written by: (39)

The complete wetted surface inside the Nacelle-Wing consists of the surfaces of the struts and walls plus the surface of the channel. This can be written by: (40)

With the assumption that every wetted surface is built by a separate aluminum sheet with a certain thickness, the mass of the inside structure is determined by: (41)

Propfan

The Propfan is mainly defined by the diameter of the fan. In consequence the geometry is primary referred to this. The resulting propulsive massflow can be calculated with equation ( 15) and (20). In Figure 7 the considered parameters are shown The values for the Pod-parameters are guessed roughly and may vary slightly for different worked out examples, but are chosen exemplarily for this investigation.

Mass assessment

To achieve a realistic mass distribution for the A320neo, different sources and some assumptions are made.

From Wikipedia A320neo 7 the following information was found: -23,3t total fuel weight -operating empty 44,3 t -MTOW 79t From A320 FLIGHT CREW OPERATING MANUAL 8 the information of total 18,728t usable fuel are found. An extract from the document is shown in Figure .7.

The two information of the total fuel capacity are averaged and rounded to 21,0t. With this weight the distribution between wing and fuselage tanks is scaled. The outcome is 2x6,9t fuel in the wing tanks and 1x 7,2t in the center tank.

Information about the nacelle with engine weight is available from Wikipedia-PW1100 9 webpage with 2857.6 kg. With the assumption, that the empty wing is about 50% heavier than the nacelle with engine and the empty weight of the complete plane is 44,3t the mass of the fuselage results to 30,0t. The numbers are rounded and listed in Figure 8. Adding the 21.0t fuel a mass of 13,4t for passenger with luggage is left over considering a MTOW of 79,0t. This mass distribution is shown in Figure 9 and is used for all further investigations. For the mass distribution between the engine, the nacelle and the pylon no reliable source was found. On the other hand for a parametrized model it makes sense to vary the mass of the core-engine with the engine power and the nacelle with fan and pylon by the fan diameter. But this distribution is not common, because the fan is usually dedicated to the engine mass. In consequence an assessment is required anyhow. In a rough guess the engine weight inclusive fan-disc with carrying engine-structure, but without fan-blades should be a little bit higher than the rest of the group. On basis of this guess the -power-depending engine mass is defined to 1,6t and the -fan-diameter depending mass is fixed to 1.3t.

Analysis of the A320neo with variation of the propulsive massflow

To achieve a realistic assessment of the effect from the variation of design parameters on existing equipment, the first step is to create a model of the design and calibrate it as good as possible with available data. On basis of this calibrated model the investigation of variants should result in relatively trustworthy results when the assumptions and worked out parameters are taken over unchanged, when varying the interesting components.

A320neo data analysis

On basis of public data of the A320neo, the missing data is calculated and assessed with the equations and assumptions shown in the chapter 2. The found pubic data is collected in Table 1 The fuselage drag is the sum of friction and pressure drag and is calculated by assuming a cylindrical surface with the fuselage diameter and length. With equation ( 11), ( 12), ( 13) and the dynamic pressure the friction drag is calculated and the pressure drag with equation ( 14). The sum is listed in Table 2. The same method is used for the Wing, Elevator & Rudder and Nacelles friction and pressure drag.

For the wetted surface of the wing the Wing area S is doubled after the area, which is already covered from the fuselage, is subtracted. Here the mean wing depth and the full fuselage diameter is used.

For the elevator and fin a combined wetted surfaces is built with a mean length in flow direction.

The wetted surface of the nacelle is specified with the parametrized geometry of equation ( 28). The induced drag is calculated with equation ( 9) using the midflight weight of Table 1.

The total drag is therefore the sum of all drag-components and equal to the required thrust. With the equation ( 19) the axial flow velocity inside the nacelle in front of the fan is known and with (18) together with the two fan diameters the propulsive massflow is determined. With the required trust the necessary velocity change of the propulsive massflow is calculated with equation ( 17). Together with the flight velocity this results in the nozzle flow velocity.

The value which has to be rated concerning flight effectivity is the power, which has to be spent for the required nozzle flow. In this investigation the differences in the effectivity of different variants of fans, gear trains, thermal or electric engines should not be considered and are therefore assumed as equal. However, the different friction and pressure losses inside the nacelle or Nacelle-Wing depend highly from its size and form and must therefore be considered for a correct comparison. Therefore an effective power is defined in equation ( 46)

(46)
It is the sum of the jet power from equation ( 20) and the power loss from friction and pressure at the inner surface of the channels of the propulsive massflow. This power loss is calculated with equation ( 16) by using the equations ( 11) to ( 14) with the suitable flow parameters. The result for the effective power of the A320neo is listed in Table 2 and is used as reference for all subsequent concept comparisons.

To allow a quick rating of all the numbers, the glide ratio for the investigated flight situation as the ratio between weight and total drag is shown. 

A320neo propulsive massflow variation

In this analysis the fan diameter is varied by keeping the inflow characteristics constant, that the propulsive massflow varies proportional to the fan area. The effect of changing the wetted surface outside the nacelle is rated concerning the airplane friction and pressure drag. The change in nacelle mass is converted into a change of induced drag of the airplane, while a change in the engine mass is assessed minor and is therefore not considered. Both types of drag are summed and are considered, when identifying the necessary thrust.

Comparing the calculated effective power with the value of the analyzed reference-plane A320neo the effect of the variation concerning the flight effectivity can be determined.

In Figure 10 the result of the variation is shown. There is still the possibility for a further improvement, but the possible advantage of about 0,5% seems very small. On the other hand this improvement would require a fan diameter increase of about 250mm. Knowing the problematic of the ground clearance of the nacelle and effects to the size of the landing gear it is understandable that these last tenth of a percent were not used, when the actual layout of the A320neo was fixed.

In Figures 11 to 14 

Constant flutter-safety design

In the investigation in chapter 3.2 the effect to the flutter behavior of the wing due to the changed mass of the nacelle was not considered. Nonetheless, increasing this mass will reduce the eigenfrequencies for the bending and torsion modes of the wing, what reduces the flutter stability in consequence.

It is obvious that in a simple preliminary assessment, this effect cannot be considered in detail. Nevertheless, it is possible to evaluate the flutter-safety of different variations relative to each other, when comparing the key parameters of this effect.

The flutter-effect is determined by changing lift-forces due to torsional deformations as well as up and down moving wing portions, which get in resonance to each other.

In general it can be stated, that the flutter-instability will rise with the sensitivity of the wing-lift relative to incidence changes and will drop with the dynamic stiffness of the wing.

With this conception a flutter-safety parameter can be defined, which is proportional to the derivative of lift relative to the angle of attack and reciprocal to the torsional and bending eigenfrequencies of the wing. Both types of oscillation are used, because they do not depend directly from each other and must therefore considered separately, to express the intended common dynamic stiffness. The index n in the equation is thereby the order number of the different modes of each type of oscillation. This definition is shown in equation ( 47).

(47) When calculating this parameter from a flutter stable wing as a reference, a wing variation which achieves the same value of this parameter should have a similar, ideally the same flutter risk as the reference. This is the basic idea of this approach and can be written as: (48) In equation ( 48) there is no mode order number show, what is explained in the following. Expanding the denominator of ( 47) with ( 49) to (51), mode dependent factors and constant figures can be grouped and extracted as shown in equation ( 52)

(52) constant Factor
By execution (48) these constant factor appears on both sides of the equation and can therefore be cut out. In consequence the flutter-safety parameter loses its dependency from a mode parameter, what is already anticipated in (48). The flutter-safety parameter can then be defined as:

(53)

This result is logic, because a flutter-safety parameter must be an explicit value, what is demonstrated here. This is also not in conflict with the derivative of the lift in the equation, because it is explicit too. It is generally known as:

(54) (55) 
The derivated lift coefficient there can be written as shown in equations ( 54) and ( 55)
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. This relationship is valid for elliptic lift distributions only. Implying that commercial airplane wings are optimized and therefore relatively close to that lift distribution, this generalization should be admissible.

Nevertheless, it is fair to ask whether the balance between aerodynamic and mechanics is correctly reflected. May be a better approach would be a square of the derivated lift coefficient, because also two frequencies are in the denominator. Or another non integer exponent. Because this cannot be valued without comparisons to flutter calculations of various variants, which would go beyond the scope of this investigation, the simplest approach without exponent is chosen here. Additionally the derivated lift coefficient doesn't vary very high within the here investigated aspect ratios and without varying the flight speed and wing loading the influence of such an exponent is low. In anticipation of the results of chapter 5 the spread is about half a percent with a square exponent, what justifies the simplification.

As already mentioned the equation ( 53) is valid for constant bars only. Apparently wings are profoundly variable, that a further simplification is necessary. In Figure 16 this procedure is sketched. To determine the reference flutter-safety parameter a wing with constant section and mass distribution is derived from the real reference wing. As shown in the upper part of Figure 16 the mean wing depth and thickness as well as the mass of the nacelle, with its distance to the neutral fiber, is created in an analogous wing model. The same procedure is carried out for the Nacelle-Wing, that a second flutter-safety parameter with this analogous model can be created.

Considering equation ( 48) the analogous model of the Nacelle-Wing can then be varied by keeping the fluttersafety constant. The interesting variation parameter is thereby the inlet area of the fans in consideration of all dependent geometry. Solving this equation, the result can be written as a correlation between the mean thickness ratio and the aspect ratio of the Nacelle-Wing. The solution cannot be written explicit and is therefore solved iteratively. For using it in the integrated variation of the airplane a polynomic approximation is done. With the definition of the mean thickness ratio of the wing by: (56)

The resulting equation can be written as shown here:

(57) For the analogous reference wing a hollow square profile with mean wing depth and mean wing thickness is defined. The square has a wall thickness and an additional bar being spaced apart from the center of the square as shown in Figure 18. With these definitions all necessary mechanical parameters for the reference flutter-safety parameter can be calculated.

(

) (64) (65) (simplified) (66) (simplified) (67) (68) (69) 63 
The herein used distance is given by the distance between the center of gravity of the nacelle and the mechanical neutral axis of the wing. This length is graphically derived from the picture in Figure 19 Figure 19: A320neo assessment for the distance between the nacelle center of gravity and the mechanical neutral axis of the wing

The size of the square is chosen in that way, that the ratio between the mass of the wing and the mass of the nacelle with engine is identical to the ratio of the mass of the hollow square and the quadratic beam in the analogous model. Assuming a common density the ratio can be written as the ratio between the cross sections of these components as shown in equation ( 70)

(70)
The result for the dimension of the quadrat is then given by:

(71)

Wherein the mass ratio can be built with the information of chapter 2.3 listed in Figure 9 for an airplane with max. fuel and is then given by: To consider the required geometry of a supercritical airfoil as defined in (58) for the Nacelle-Wing, equation ( 74) fixes the length to thickness ratio of the upper and lower portion of the profile in sum, independently from the height of the inside channel as already explained in figure 1 and shown in figure 3b.

The connecting walls with height ease the complex link box connection shown in figure 5&6 to a form which is relatively simple calculable. With these definitions all necessary mechanical parameters for the flutter-safety parameter of the Nacelle-Wing can be calculated. The values for and for the Nacelle-Wing are calculated identically with the equations ( 68) and ( 69) by using the values from ( 78) and ( 79) and are therefore not listed twice.

Varying the propulsive massflow of an airplane with a Nacelle-Wing

Nacelle-Wing calculation method

This analysis is similar to the variation of the fan area described in chapter 3 with the difference that here additionally the aspect ratio of the wing is connected to the variation, as a further dependent variable. The connection comes from the boundary condition of equal flutter stability relative to the A320neo reference wing described in chapter 4. The variation of the fan area of the Nacelle-Wing effects a change of the wing thickness. When using equation ( 57) this leads to an increased aspect ratio with changing all dependent parameters inclusive the shape of the inlet and fan area and therefore the thickness of the wing, what feeds back the input parameter.

To solve this problem an iterative calculation is started by defining a fan area as target value. With a guessed starting wing length s the height can be determined with equations ( 21), ( 33) and (34). By keeping the wing area S constant with equations ( 7),( 74) and ( 75) the mean thickness ratio X, defined in equation ( 56), can be determined as input for equation ( 57). The output of (57) gives a new aspect ratio, which results in a new wing length s. In the iteration loop the wing length s is then varied in that way that the difference in the loop falls under a certain threshold, what stops the iteration and delivers the solution for the selected target value. With the so found values the wetted surface inside the Nacelle-Wing is calculated with equations ( 33) to (40). With the internal flow velocity defined in ( 22) and the equations ( 11) to (15) by using for the Reynolds number in (13) the internal power loss of friction and pressure is determined in ( 16).

The mass of the inside structure of one wing is calculated with (41). The change of mass for the airplane is then given by: (80) With:

(81) (82) (83) 
Herein the mass of the inside structure is rated as fully additional and the mass of the nacelle of the reference airplane is deleted complete. To consider a mass increase for the division of one single engine to several divided engines, a factor (81) of 20% addition is considered. The shown ref.

-masses ( 82) & ( 83) are readouts from chapter 2.3 With this change of mass, the midflight mass of table 1 and the determined aspect ratio the induced drag is calculated with equation ( 9).

By increasing the aspect ratio of the wing the wetted area of the wing increases slightly. Because of the reduced wing depth the wing area inside the fuselage, whose diameter stays unchanged, is reduced. Considering equation ( 7) for a constant wing area, the wetted wing area is therefore:

(84)

The friction and pressure drag of the wing can then be calculated with equations ( 11) to (15)

Together with the unchanged friction and pressure drags of fuselage, fin and stabilizer the complete drag of the airplane is computed per equation (3) which is equal to the trust per equation ( 2). With the equations ( 17), ( 18) &( 22) the propulsive massflow together with its necessary velocity change is determined and using equation ( 16) and (20) the required effective power is computed per (46). Comparing this effective power with that one from the reference plane the loss or increase in flight effectivity is visible and is the result of this investigation step.

The calculation is than fulfilled for different fan area target values, what demonstrates the effect of this variation.

Nacelle-Wing airplane data and results

In Figure 21 the result of the Nacelle-Wing variation is shown together with the results for the variation of the standard nacelle already presented in chapter 3 for comparison.

It can be seen, that already the change to the Nacelle-Wing without changing the propulsive massflow relative to the Ref.

-plane leads to a reduction of effective power of about -9%. Increasing the propulsive massflow, the effective power fall further to about -18%, when its double. The detailed results for this doubled propulsive massflow are also shown in Table 3&4 as well the sketch of the Nacelle-Wing airplane in figure 2 shows this variation. direct to an increased mass of the airplane, but is then relatively stable, when increasing the inlet area for increasing the propulsive massflow. But in opposition to the variation in chapter 3, here the induced drag is drastically lower and falls further with the massflow increase. This is caused by the higher aspect ratio of the Nacelle-Wing, which is possible because of the deletion of the exterior positioned mass of the nacelle &engine and its stiffer profile. This over-compensates the mass increase of the design.

Also the wetted area of the airplane is reduced due to the deletion of the standard nacelle, which reduces its friction and pressure drag. The slightly increasing value with the propulsive massflow is caused by the increasing wetted area of the wing, when increasing the aspect ratio. This effect is already explained for the definition of equation ( 80) Unchanged to the standard variation of the nacelle, the increased propulsive massflow reduces the necessary nozzle outflow velocity, what reduces the effective power. This is here also on the side of the positive effects.

In Table 3&4 6. Varying the propulsive massflow of an airplane with Propfans at the rear of the fuselage.

Propfan airplane calculation method

The first step in this investigation is to use equation ( 48) for a clean wing variation without a mass of a nacelle& engine to estimate an improved aspect ratio. For this the flutter safety parameter (53) for the reference plane is copied to the variation side, but the value of the square is set to zero. The solution of this equation provides then the searched aspect ratio.

With a given Propfan-diameter the surface of the pod is given by using equations ( 24) to (28) with the replacements defined in (42) to (45).

With the assumed constant engine mass (83) and the surface dependent nacelle-mass per equation ( 32) here called pod-mass, the changed mass of the airplane is given by:

(85)

With this mass change together with the midflight airplane mass and with the here valid aspect ratio the induced drag is calculated by ( 9).

With the surface of the pods and equations ( 11) to (15) the friction and pressure drag of the pods is calculated and with equation ( 7)& (84) the wetted wing area and with this also its friction and pressure drag is determined.

Together with the unchanged fuselage, fin and elevator drag the complete airplane drag is then determined, that the required thrust per (2)& ( 3) is known.

Again, with the equations ( 17), ( 18) &( 22) the propulsive massflow together with its necessary velocity change is determined and using equation ( 16) and (20) the required effective power is computed per (46). This effective power compared with that one from the reference plane is the result of this investigation as already done in the prior ones. The result for varying the Propfane diameter is shown in chapter 6.2.

Propfan airplane data and results

In Figure 26 the result of the Propfan variation is shown again together with the results for the variation of the standard nacelle already presented in chapter 3 for comparison.

It can be seen, that already the concept-change to the Propfan without changing the propulsive massflow relative to the Ref.

-plane leads also to a reduction of effective power of about -9%. Increasing the propulsive massflow, the effective power fall further to about -13%, when its double. The detailed results for this doubled propulsive massflow are also shown in Table 5&6. The geometry is again shown graphically in the sketch of the Propfan airplane in figure 2. Similar to the Nacelle-Wing, the induced drag drops to a lower value when changing the concept, but then it increases with the massflow increase. This is caused by the higher aspect ratio of the clean wing without higher airplane mass at the beginning. When increasing the diameter of the Propfan its mass increases what compensates the primary win in induced drag more and more.

Here also the wetted area of the airplane and in consequence the friction and pressure drag is reduced due to the replacement of the standard nacelle to the smaller Propfan nacelle. However, when increasing the diameter the Propfan nacelle grows accordingly, what compensates this first advantage also more and more.

Unchanged to the standard variation of the nacelle, the increased propulsive massflow reduces the necessary nozzle outflow velocity, what reduces the effective power. This is here also on the side of the positive effects.

In Figure 31 shows a Propfan, here without the necessary pylon, for a better illustration of the concept. The fans are counter rotating here, to avoid a spin of the flow off. The picture looks from the rear into the engine exhaust with its high diameter cone. 

Discussion

The calculations show that by increasing the fan diameter only in the standard configuration, no more relevant improvements are achievable. The advantage to reduce the engine power by increasing the propulsive massflow is compensated by increased induced drag in consequence of increased weight and increased friction and pressure drag coming from the bigger nacelle. This is already the result of the investigation without considering the negative effect to the flutter stability of a heavier nacelle.

The leading advantage of a Propfan is the avoidance of that big nacelle with its weight and drag. This is valid as long as the aerodynamic efficiency is not relevant worse, than at a standard fan. Than it is obvious, that this concept is advantageous, especially when the benefit of the change to a plain wing is considered, as done in this investigation. Nevertheless, when increasing the diameter, the same effects as on the standard nacelle start to counteract the benefits, that a too high increase seams not reasonable.

In opposition to these, the Nacelle-Wing concept avoids the described counteracting effects. There is a higher mass, but then it is relatively independent from further variations. The wetted area of the plane is even reduced and nearly independent from wing-variations. With this and with the extensive increase of the aspect ratio, which overcompensates the weight increase easily, a reasonable drop of drag appears. Additionally the effect of reducing the engine power by increasing the propulsive massflow works unchanged.

On the other hand, this concept has a specific loss, which limits the benefits. The friction and pressure losses inside the Nacelle-Wing are relevant higher than in a standard nacelle and compensate partially the advantages. These losses depend highly from the flow velocity inside the wing, what raises the diffusor direct behind the inlet and its adjustment to the stagnation flow in front of the wing to a key component of the concept. This is extra critical, because of the sweep of the super critical wing and the consequentially three dimensional flow here.

Assuming that this diffuser adjustment to low losses is possible without effects to the supercritical flow outside the wing, the Nacelle-Wing concept shows an identifiable higher fuel saving potential then the Propfan concept. Taking into account, that the positioning of the Propfan pods at the rear of the fuselage inclusive the required T-tail, lead to a further mass increase of the airplane, this finding is substantiated. Also the Nacelle-Wing high lift concept 16

, by blowing out fan air between the flaps in landing configuration, shows a further potential to improve the cruise performance by reducing the wing area. In Figure 32 the results for the changes in effective power of the three investigated concepts are shown. For equal power transmission to the propulsive massflow, this reflects the fuel saving effect. The power transmission efficiency is not part of this investigation, but an outlook should be given here.

In principle the Propfan concept does not differ to the standard fan. But it must be mentioned, that the effectivity of a standard fan is difficult to achieve with a Propfan, because of its higher Mach number level at its blade tips. In consequence an additional risk not to achieve the here presented fuel saving potential has to be addressed.

On the other hand, the power distribution of a Nacelle-Wing is still an open point. A first approach would be an electric solution, but considering the transformation losses, such a system looks not attractive. Better would be a pneumatic power transfer as already proposed years ago in a Japanese patent

17

. With such a concept a high efficient system would be possible with well-known components. But a risk to exceed the here assumed 20% mass addition for the divided propulsion system cannot be excluded.

Concerning noise, there is a huge advantage of the Nacelle-Wing relative to the Propfan and even relative to a standard nacelle. Due to the complete encased fans inside the Nacelle-Wing with the large surfaces around the conditions for noise damping are ideal in contrast to the Propfan. Here, the blade tips are rotating supersonic outside and are fully free to emit noise.

Concluding I want to say, that I hope that this treatise will be an initiation for further investigations about the "Nacelle-Wing" concept. Especially in respect of the climate change problematic it is important to scan all possible approaches to find the best possible solutions for commercial airplanes for future.

Figure 1

 1 Figure 1 Mach-Number distribution around a supercritical airfoil with a Fan-Installation below the trailing edge with different angles of attack. Extract from DRAGON 2 Exploration.

Figure 1 :

 1 Figure 1: Aerodynamic concept of a Nacelle-Wing; change steps for built up a) supercritical airfoil 3 ; b) split line and streamlines added; c) split airfoil with minor changes of the streamlines at the leading edges and drawn-in contour at the lower trailing edge; d) adjusted leading edge with intake diffusor, compressor, nozzle and further drawn in lower trailing edge

Figure 2 :

 2 Figure 2: Front view of the A320neo Reference Airplane, a Propfan and a Nacelle-Wing configuration. All with same fuselage, but optimized aspect ratio and propulsive massflow

Figure 3a :

 3a Figure 3a: Geometry and flows of a standard nacelle

Figure 3b :

 3b Figure 3b: Geometry and flows of a Nacelle-Wing

Figure 4 :

 4 Figure 4: parametrized nacelle geometryThe diameter of the nacelle is assessed by about 20% higher than the diameter of the fan. This dependency is defined with the parameter in equation (24)

Figure 5 :

 5 Figure 5: parametrized Nacelle-Wing geometry

Figure 6 :

 6 Figure 6: repeat cell schema Nacelle-Wing It can be seen that the sum of the length of the struts plus the cell wall of one repeat-cell (thick lines) results in equation (36)

Figure 7 :

 7 Figure 7: parametrized Propfan geometry All equations for the standard nacelle from chapter 2.2.1 can be used unchanged for the Pod and Pylon geometry, if the following parameters shown in (42) to (45) are exchanged.

Figure 8 :

 8 Figure 8: Fuel tanks and weight A320 10

  the partially opposing effects are shown. The increased Fan diameter leads to an increased mass, which increases the induced drag. It also increases the surface of the nacelle, which increases the friction and pressure drag. On the other hand, the increased propulsive massflow reduces the necessary nozzle outflow velocity, what reduces the effective power.

Figure 10 :

 10 Figure 10: change in effective power relative to the A320neo by varying the propulsive massflow

Figure 15 :

 15 Figure 15: oscillation modes for torsion and bending The bending eigenfrequencies for a one side fixed bar with a constant profile are shown in equation (49) 11 .

Figure 16 :

 16 Figure 16: analogous models for a standard wing and a Nacelle-Wing

Figure 17 :

 17 Figure 17: relation of aspect-and thickness-ratio of a Nacelle-Wing with the flutter safety of an A320neo wing Adjacent explanations show the details which are used for the shown solution in Figure 17.

Figure 18 :

 18 Figure 18: simplified cross section of a standard wing for the mechanical estimationFor a better comparison with common formulary the naming shown in brackets in Figure18is used consecutive in this chapter. Derived from Figure1the ratio between profile length and thickness of a supercritical airfoil 14 is given by about:

  model of the Nacelle-Wing a hollow double T-shaped profile with mean wing depth and mean wing thickness is defined. It has the same wall thickness as the reference profile and an additional quadratic bar is positioned in the center of the profile as shown in Figure20. The quadratic bar represents here also the mass of the engines with fairings and baffles and is assumed identical to the mass of the reference nacelle and engine.

Figure 20 :

 20 Figure 20: simplified cross section of a Nacelle-Wing for the mechanical estimation For a better comparison with common formulary the naming shown in brackets in Figure 20 is used also consecutive in this chapter. With this the definitions (73) to (75) can be made.

Figure 21 :Figure 24 :

 2124 Figure 21: change in effective power relative to the A320neo by varying the propulsive massflow of a Nacelle-Wing

Figure 26 :Figure 27 :

 2627 Figure 26: change in effective power relative to the A320neo by varying the propulsive massflow of an open rotor plane

Figure 31 :

 31 Figure 31: Safran open rotor mockup 15 in 2017

Figure 32 :

 32 Figure 32: change in effective power relative to the A320neo by varying the propulsive massflow of a Nacelle-Wing and an open rotor plane

  

Table 1 :

 1 . Data from A320neo

	Flight Altitude	11 km	Weight (MTOW)	79,0 t
	Temperature	217 K	Weight mid flight	76,0 t (3,0 t Fuel consumed)
	Pressure	22632 Pa	Fuselage length x dia.	37,6 m x 3,95 m
	Ma	0,78	Wing area S (A320-200)	122,8 m^2
	v	230 m/s	Wing Span (2s)	2 x 17,9 m
			Elevator area	31 m^2
			Elevator length	2,7 m
			Fin area	21,5 m^2
			Fin length	3,95 m
			Fan Diameter PW1100G	2,06 m

Table 2 :

 2 Calculated data of the A320neo

	Friction & Pressure Drag			
	Fuselage	13800 N	Induced Drag (mid flight)	12200 N
	Wing	8800 N		
	Elevator & Rudder	4300 N	Total Drag	41600 N
	Nacelles	2500 N		
			Glide Ratio	18,0
	Σ Friction & Pressure Drag	29400 N		
			Nozzle flow velocity	314 m/s
	Fan axial flow velocity	181 m/s	Power loss (one engine)	0,12 MW
	Single Fan massflow	246 kg/s	Effective power (one engine)	5,76 MW

Table 4 :

 4 all results for a doubled propulsive massflow are listed exemplarily. Resulting performance data of the Nacelle-Wing airplane with doubled propulsive massflow relative to the A320neo

	Weight (MTOW)	80,7t	
	Weight mid flight	77,7 t (3,0 t Fuel consumed)	
	Wing Span (2s)	2 x 24,9 m	
	Mean Wing Depth (lm)	2,458 m	
	Mean Wing Thickness (dm)	0,724	
	Wing Inlet (length x height)	15,28 x 0,45 m	
	fan Inlet (length x height)	15,28 x 0,53 m	
	Table 3: Resulting geometry data of the Nacelle-Wing airplane with doubled propulsive massflow relative to
		the A320neo	
	Friction & Pressure Drag			
	Fuselage	13700 N	Induced Drag (mid flight)	6600 N
	Wing	9400 N		
	Elevator & Rudder	4200 N	Total Drag	33900 N
	Nacelles	0 N		
			Glide Ratio	23,3
	Σ Friction & Pressure Drag	27300 N		
	Fan axial flow velocity	138 m/s	Nozzle flow velocity	265 m/s
	Single Fan row massflow	492 kg/s	Power loss (one channal)	0,51 MW
			Effective power (one channal)	4,71 MW

Table 5 :

 5 Table 5&6 all results for a doubled propulsive massflow are listed exemplarily again. Resulting geometry data of the Propfan airplane with doubled propulsive massflow relative to the A320neo

	Weight (MTOW)	80,0t	
	Weight mid flight	77,0 t (3,0 t Fuel consumed)	
	Wing Span (2s)	2 x 18,9 m	
	Mean Wing Depth (lm)	3,235 m	
	Mean Wing Thickness (dm)	0,359	
	Propfan Diameter	2,697 m	
	Friction & Pressure Drag			
	Fuselage	13700 N	Induced Drag (mid flight)	11300 N
	Wing	8900 N		
	Elevator & Rudder	4200 N	Total Drag	39900 N
	Nacelles	1800 N		
			Glide Ratio	18,9
	Σ Friction & Pressure Drag	28600 N		
	Fan axial flow velocity	250 m/s	Flow off velocity	271 m/s
	Single Fan massflow	492 kg/s		
			Effective power (one engine)	5,00 MW

Table 6 :

 6 Resulting performance data of the Propfan airplane with doubled propulsive massflow relative to the A320neo
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Nomenclature