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Weight estimation is a critical element of the aircraft conceptual design process. The Layered and Extensible Aircraft Performance System (LEAPS) is an aircraft conceptual design tool that is under development by the Systems Analysis and Concepts Directorate (SACD) at the NASA Langley Research Center. LEAPS includes modules that represent aircraft design disciplines. This work presents an update to the LEAPS wing weight estimation method to allow for engine inertia relief to be accurately accounted for when analyzing aircraft with multiple dissimilar engines.
I. Nomenclature
AMMIT		=	Aircraft Structural Analysis Method for Immediate Weight Estimation
BWB		=	Blended Wing Body
EIRF		=	Engine Inertia Relief Factor
EPSM		=	Equivalent Plate Structural Modeling 
FLOPS		=	Flight Optimization System
LEAPS		=	Layered and Extensible Aircraft Performance System
NEW		=	Number of wing mounted engines
SACD		= 	Systems Analysis and Concepts Directorate
SUITCASE	=	SUITe of codes for Aeroelastic Sizing using EPSM	
II. Introduction
Conceptual aircraft design is the critical phase of the aircraft development process where preliminary analyses and performance estimates are conducted. Early weight and performance estimates are often used to plan budgets and schedules. Subsequently, a poor prediction of either can lead to the cancelation of a promising concept or alternatively the advancement of a concept that is likely to encounter future technical issues. Therefore, the success of a project depends heavily on the quality of the conceptual design phase analyses. 
The Layered and Extensible Aircraft Performance System (LEAPS) is an integrated aircraft analysis tool being developed by members of the Systems Analysis and Concepts Directorate (SACD) at the NASA Langley Research Center [1]. LEAPS is being developed to fill the analysis gaps in traditional analysis tools such as the Flight Optimization System (FLOPS) [2]. LEAPS integrates multiple modules that represent disciplines for aircraft design. The LEAPS weights module includes methods largely based on the methods used in FLOPS. However, as FLOPS was primarily developed in the 1980’s and 1990’s, aircraft design has since progressed and several of the inherited methods are unable to accommodate modern trends in aircraft design.
	One such method is the engine inertia relief method in the wing structural weight routine. This method was developed with consideration for future aircraft as it is capable of predicting the inertia relief of large numbers of distributed engines. However, it is built upon the core assumption that each wing mounted engine is identical. As modern aircraft design has seen aircraft that incorporate dissimilar engines [3, 4], this assumption has limited the aircraft that can be evaluated accurately with LEAPS. The objective of this manuscript is to validate the LEAPS engine inertia relief methodology to confirm its effectiveness for aircraft with large numbers of distributed engines and to validate an extension to this method to allow for dissimilar engines. 
III. Wing Structural Weight Prediction and Engine Inertia Relief in LEAPS
Before discussing the methodology extension, it is useful to provide a brief overview of the method used in LEAPS to determine wing weight. As this method is identical to the FLOPS wing sizing method, a detailed description can be found in the documentation of the FLOPS weight estimation method [5]. LEAPS includes two different wing definitions which each use a different weight estimation method: The method used for simple wings uses basic trapezoidal wing geometry and assumes no wing breaks; while the ‘detailed’ method allows for the user to incorporate relatively complex geometry such as wing breaks to allow for variations in thickness, chord, and sweep. While most of the weight estimation methods in LEAPS could be described as regression equations, the detailed wing weight method is perhaps most accurately described as a hybrid between regression equations and a beam based structural sizing. 
	Regardless of whether the simple or detailed wing definition is used, LEAPS calculates wing structural weight with four terms: bending material weight, shear material weight, miscellaneous weight, and blended wing body (BWB) aft body weight. Bending material weight represents the portions of the structure responsible for resisting structural bending loads. The shear material weight term loosely represents the portions of the structure responsible for resisting shear and the control surfaces. The miscellaneous weight includes weight not included in the other three terms. The BWB aft body weight is the weight of the aft portion of the body which is not included in the fuselage weight. 
A key part of the calculation of the bending material weight is the calculation of the inertia relief provided to the structure by the wing mounted engines. In a general sense, inertia relief is the application of loads representing the inertia of the vehicle. In the case of the wings, inertial loads generally act to reduce the sizing loads and subsequent weight of the structure. While inertia relief is a function of many aspects of aircraft design, from a very simplified perspective adding more weight or shifting weight outboard will result in the potential for more inertia relief. As LEAPS uses a simplified approach suitable for conceptual design, LEAPS accounts for the inertia of the wing structure and engines using different methods. This work is focused solely on the engine inertia relief method. The engine inertia relief method takes the form of a reduction of the wing structural weight due to the weight, location, and number of wing mounted engines. 
The key output of the LEAPS engine inertia relief method is the engine inertia relief factor (EIRF). The engine inertia relief factor can loosely be thought of as a multiple on the wing bending material weight. Its values range from 1.0 to 0.84 where a value of 1.0 represents no engine inertia relief and 0.84 represents the maximum inertia relief. The minimum value is the culmination of several physical trends that limit the weight reduction due to inertia relief. While the exact cause of the limitation will depend heavily on the aircraft, wing, and engine configuration, these include the structure required to resist load cases that are not alleviated through inertia relief (such as the loading caused by a runway bump), the minimum gauge of the structural elements, additional ‘local’ structure required to mount the engines to the wing structure as the engines are made heavier, and the increased potential for flutter as engines are either made heavier or moved further outboard. As these trends are outside of the scope of the LEAPS wing weight methodology, in LEAPS they are collectively represented by the 0.84 limit on the inertia relief factor.
EIRF is calculated using different methods for both the simple and detailed wing definitions. The simple method leverages a single equation that is a function of the number of wing mounted engines. The detailed method is a complex process that is a function of the number of engines, engine pod weight, engine locations, and wing geometry. A more detailed description of both methods can be found in the documentation of the FLOPS weights method [5]. 
The engine inertia method in LEAPS is only able to calculate an EIRF if all the engines have identical weights or belong to the same engine set. For the purposes of this study, an engine set is defined as a group of identical wing mounted engines arranged symmetrically about the central axis of the aircraft. As the engines are attached symmetrically to the port and starboard semi-span wing sections, a set will always have an even number of engines with a minimum of two engines.
The proposed modification to allow for inertia relief with dissimilar engines will be to calculate an individual EIRF for each engine set. The method used to calculate EIRF for each engine set is identical to the method that is currently implemented in LEAPS, with the one exception being that it considers only the engines from its respective set. In essence, the current calculation is repeated once for each engine set. The EIRF values for each engine set are then multiplied together to calculate the total EIRF as shown in the following equation.
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In this equation,  represents the engine inertia relief for all the engine sets, and  represents the calculated engine inertia relief factor for each individual engine set. This modification is applied before the minimum value restriction is applied. Therefore, the minimum value for the EIRF remains 0.84 as shown in the following equation:

 					 								(2)

	This final value of  is then applied to the wing weight calculation in the same way as the established method in LEAPS. The advantage of this limited modification is that it is effectively an extension of the established method and has no impact on the calculations for aircraft with a single engine set. This eliminates the need to develop an entirely new method from the ground up. Furthermore, the predicted weight for aircraft with a single engine set will remain unchanged. 
	The remainder of the paper is focused on evaluating both the existing engine inertia relief method and the updated engine inertia relief method. This includes a discussion of the tools and methods used for validation, results from the validation analysis, and a discussion of the results.
IV. Validation Tools and Methods
	Several methods were used to validate the proposed LEAPS inertia relief method. These include comparisons between the existing and updated inertia relief methods and comparisons with higher-fidelity structural analysis and design tools. The tools used in this comparison are the SUITe of Codes for Aeroelastic Sizing using EPSM (SUITCASE), where EPSM stands for Equivalent Plate Structural Modeling, and the Aircraft Structural Analysis Method for Immediate Weight Estimation (AMMIT). LEAPS leverages a series of regression equations to estimate wing weight based on a combination of historical data and physical trends. Alternatively, SUITCASE and AMMIT use physics-based methods to determine the ideal structure to resist a given set of load cases. In this regard, they are more flexible and generally provide a more realistic estimate of structural weight. The trade-off is that SUITCASE and AMMIT require significantly more aircraft data and computational resources than the LEAPS wing weight method. This section describes the approaches used to evaluate the proposed method, as well as an overview of the methods used in SUITCASE and AMMIT. The results of the comparisons are provided in the subsequent section.
1. Base Method Comparison
The first test applied to the proposed method was to determine whether it is consistent with the current inertia relief method in LEAPS. This was accomplished by using a theoretical aircraft with identical wing mounted engines and dividing the engine weight between multiple engine sets. As the total engine weight and location is unchanged, the calculated inertia relief factor should be identical regardless of the method used. 
A combination of two approaches were used to divide the engine weight into multiple sets. The first approach was to simply split the engines such that each engine pair belongs to a unique set. For example, if an aircraft has four identical wing mounted engines, they would be divided into a set of two inboard engines and a set of two outboard engines. All other factors being the same, the EIRF calculated for the aircraft with the single set of four engines and for the aircraft with the two sets of two engine should be identical.
The second approach was to divide large engines into several engines located at the same point with each pair of smaller engines in its own engine set. For example, the EIRF would be calculated for an aircraft with two engines each located at 30% span and that would be compared to the EIRF calculated for an aircraft with four engines divided into two sets that are located at 30% span and with the same total weight as the two engine case. While multiple engines located at the exact same wing location is not physically possible, it provides a useful theoretical means for evaluating whether the proposed method provides a consistent result. 
A. SUITCASE
As comparisons with the existing LEAPS engine inertia relief method are limited to aircraft that physically have identical engines, higher order structural analysis tools were leveraged to evaluate cases with dissimilar engines. The SUITCASE structural analysis and optimization tool is an integrated design and analysis code that computes trimmed static aeroelastic loads and uses the EPSM structural analysis tool to compute strength constraints and their sensitivity derivatives for subsequent structural optimization. SUITCASE performs several cycles of optimization until a design is converged for minimum structural weight using wing skin and shear web thicknesses as the design variables. The EPSM structural analysis tool uses regionally defined high order orthogonal Legendre polynomials as displacement functions to determine structural displacements and wing skin stresses and strains. Only strength constraints were considered for this study, but SUITCASE can also perform flutter analyses and compute flutter constraints for inclusion in the optimization. 
The wing structural weight predicted by SUITCASE was compared with the predicted structural weight from LEAPS in order to determine if LEAPS provide an acceptable level of accuracy. The same structural model was used for all cases with the engine weights and locations being applied to the structure as a set of point masses. The following load cases were used to size the wing structure:
· +1.0G mid-cruise case
· +2.5G heavy weight pull-up maneuver
· -1.0G heavy weight push-over maneuver
· +2.5G light weight pull-up maneuver
· -1.0G light weight push-over maneuver
· +2.0G taxi bump
B. AMMIT
The AMMIT structural analysis tool is an aircraft conceptual structural design tool intended to aide in trade space exploration and early conceptual design [6]. AMMIT includes structural line models and handbook methods wrapped in a simple to use interface that can enable rapid, physics-based structural designs without requiring extensive structural expertise. While AMMIT is considered to be a lower fidelity analysis tool than SUITCASE, it was used as a supplement for SUITCASE for select aircraft in this study. The following load cases were utilized to size the wing structure:
· +2.5G heavy weight pull-up maneuver 
· +2.5G light weight pull-up maneuver 
· -1.0G heavy weight maneuver
· -1.0G light weight maneuver 
· +1.0G heavy weight cruise engine out
· +1.0G light weight cruise engine out
· +2.0G heavy weight taxi bump 
V. Results and Discussion
The results of the validation effort are presented in this section. First, a comparison between the wing weight calculated by the LEAPS method and SUITCASE is presented for an aircraft with increasing numbers of identical engines. This is followed by the results of the validation effort for the updated engine inertia relief method. The section ends with a discussion of the results of the validation efforts. 
As SUITCASE and AMMIT calculate a structural weight value comparable to the first and second LEAPS wing weight terms, for the purposes of this comparison the miscellaneous wing structural weight term has been excluded. The miscellaneous weight is relatively small compared to the other terms, and the weight and location of the engines have no impact on the miscellaneous weight.
1. Evaluation of the Existing LEAPS Inertia Relief Method 
As the proposed method is an extension of the existing LEAPS method, a key goal was to confirm that the LEAPS method accurately captures the trends in engine inertia relief for aircraft with large numbers of engines. This analysis was performed on a theoretical aircraft similar in size to the Boeing 737. The analyzed configurations are shown in Table 1. Total engine weight was held constant while the number of wing mounted engines was varied from two to thirty-two. As symmetry is assumed across both semi-spans of the wing, the locations and weights are defined only for one semi-span. 
A comparison of the results for both SUITCASE and LEAPS is plotted in Figure 1. The trends between LEAPS and SUITCASE are close with both methods predicting a rapid decrease in wing weight between two and sixteen engines. This is followed by a plateauing of wing weight between sixteen and thirty-two engines. In LEAPS, this plateauing represents the minimum EIRF value of 0.84, and this effectively limits the maximum inertia relief benefit. Based on the results of this analysis, the current LEAPS method was deemed to be an acceptable base for extension into a method capable of modeling dissimilar engines.

[bookmark: _Ref53581775]Table 1 Engine relative weight and semi-span location for each evaluated case in the number of engines study.
	Percent Span Location
	2 Engine Case
	4 Engine Case
	8 Engine Case
	16 Engine Case
	32 Engine Case

	25%
	100%
	50%
	25%
	12.5%
	6.25%

	30%
	
	
	
	
	6.25%

	35%
	
	50%
	25%
	12.5%
	6.25%

	40%
	
	
	
	
	6.25%

	45%
	
	
	25%
	12.5%
	6.25%

	50%
	
	
	
	
	6.25%

	55%
	
	
	25%
	12.5%
	6.25%

	60%
	
	
	
	
	6.25%

	65%
	
	
	
	12.5%
	6.25%

	70%
	
	
	
	
	6.25%

	75%
	
	
	
	12.5%
	6.25%

	80%
	
	
	
	
	6.25%

	85%
	
	
	
	12.5%
	6.25%

	90%
	
	
	
	
	6.25%

	95%
	
	
	
	12.5%
	6.25%

	100%
	
	
	
	
	6.25%




[bookmark: _Ref53581890]Figure 1 Comparison of wing weight predicted by LEAPS and SUITCASE for increasing numbers of engines.
D. Evaluation of Updated LEAPS Inertia Relief Method 
The results for the validation effort for the proposed method are presented in this section. For the simple wing method, this includes a comparison between the current and proposed methods. For the detailed wing weight method, this begins with a comparison between the current and proposed engine inertia relief method. This is followed by comparisons between results from SUITCASE, AMMIT, and the proposed method.

Simple Wing Method
As the method for calculating engine inertia relief for the simple wing definition is relatively straightforward, it is useful for illustrating the proposed method. The base value for EIRF is calculated using the following equation:
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where  is the number of wing mounted engines. It is important to note that EIRF has a minimum value of 0.84, which represents the maximum weight reduction provided by inertia relief. 
As this method is a function of only the number of wing mounted engines and due to the assumed symmetry, there are a limited number of possible configurations that can be split. Table 2 describes the selected cases for comparison between the proposed and current methods. The left side of the table details the EIRF calculated using Equation 3 with the minimum value restricted to 0.84. The center of the table includes the calculation of the EIRF for the same number of engines divided into multiple engine sets. The minimum value of 0.84 is applied after the values are combined using Equation 1. As is shown in Table 2, any aircraft with six or more engines saturates the maximum inertia relief benefit of 0.84. Furthermore, any aircraft with less than four wing mounted engines cannot be divided into two or more even engine sets. Therefore, the comparison shows only one possible case with a difference in EIRF due to the proposed method. The results show that in the case where four engines are split into two sets the differences between the EIRF calculated with the two methods is only 0.41%. 

[bookmark: _Ref53582636]Table 2 Percent difference in EIRF calculated with the current LEAPS method and EIRF calculated with the proposed method utilizing multiple engine sets.
	Baseline - Single Engine Set
	Updated Method - Multiple Engine Sets
	Percent Difference Between Methods

	Number of Engines
	EIRF
	Number of Engines
	EIRF
	Number of Engines
	EIRF
	Number of Engines
	EIRF
	Number of Engines
	EIRF
	Combined EIRF
	

	4
	0.880
	2
	0.94
	2
	0.94
	 
	 
	 
	 
	0.884
	-0.41%

	6
	0.84
	2
	0.94
	2
	0.94
	2
	0.94
	 
	 
	0.84
	0%

	6
	0.84
	4
	0.88
	2
	0.94
	 
	 
	 
	 
	0.84
	0%




Detailed Wing Method
As described above, the first validation step for the proposed method was to compare it with the existing method to ensure the two methods provide consistent results for aircraft that are physically the same. Using the methods described above to divide engines into multiple sets, seventy-nine configurations were evaluated on a variety of wing geometries with variations in engine location, weight, and number. The average difference between the EIRF calculated with the two methods was 0.38% with the maximum difference of 1.35%. While ideally the proposed method would provide the exact same result, an average difference of 0.38% is acceptable given the increased capabilities. 
To evaluate configurations that the current LEAPS method could not, results from the proposed method were compared with both SUITCASE and AMMIT structural analysis tools. The general approach was to evaluate an aircraft to establish a baseline wing structural weight and then evaluate cases with varying numbers and locations of engines. Approximations of the ATR-42, Boeing 737, and Boeing 777 were used as baseline aircraft in this comparison. 
	The approach for selecting cases for the Boeing 777 was to gradually vary the weighting between two sets of engines. The first set includes two engines located at approximately 30% span. The second set includes thirty-two engines distributed on the wing. By holding the total engine weight constant and varying the weight between the two sets, it is possible to evaluate the performance of the method for aircraft dominated by either large discrete engines or distributed propulsion. The semi-span configuration of both sets of engines and the weighting for each analyzed configuration is shown in Table 3.
	A comparison of the primary structural wing weight calculated with SUITCASE and the proposed LEAPS method for each of these cases is shown in Figure 2. The engine set weighting factor plotted on the horizontal axis is percentage of the total engine weight attributed to the two engine set, shown in the second row of Table 3. A value of zero represents an aircraft with an entirely distributed engine set, and a value of one represents an aircraft with two wing mounted engines. 
	The proposed LEAPS method reaches the maximum inertia relief benefit at an engine weighting factor of 50% whereas SUITCASE reaches this point between 20% and 40%. Overall, the maximum percent error between the methods was approximately only 4.5%. This plot illustrates the capabilities of the proposed method as the current LEAPS inertia relief method could only analyze the cases at either extreme end of the plot, and the proposed method allows for a blending of both engine sets. 

[bookmark: _Ref53584344]Table 3 Division of engine weights and locations for Boeing 777 evaluation shown in Figure 2.
	 
	 
	Span Location
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6
	Case 7
	Case 8
	Case 9

	Two Engine Set
	Engine 1
	30%
	100%
	90%
	80%
	70%
	60%
	50%
	40%
	20%
	0%

	Distributed Engine Set
	Engine 2
	25%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 3
	30%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 4
	35%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 5
	40%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 6
	45%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 7
	50%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 8
	55%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 9
	60%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 10
	65%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 11
	70%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 12
	75%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 13
	80%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 14
	85%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 15
	90%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 16
	95%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%

	
	Engine 17
	100%
	0%
	0.6%
	1.3%
	1.9%
	2.5%
	3.1%
	3.8%
	5.0%
	6.3%




[bookmark: _Ref53584373]Figure 2 Results of the Boeing 777 study showing the effect of weighting between two engine sets. 


	A similar study was performed with a theoretical aircraft resembling the ATR-42. In this case, the distributed engine set included fourteen engines. Table 4 shows the selected configurations that were used in this analysis. Figure 3 includes a comparison of the results from SUITCASE, AMMIT, and the proposed LEAPS method. As with the Boeing 777 study, the three analysis tools show similar trends in predicted wing weight. As with the previous plot, SUITCASE predicts a saturation of inertia relief at a lower engine set weighting factor than LEAPS. While AMMIT remains closely aligned with SUITCASE, it does now show a plateauing of the inertia relief benefit like the other methods. The maximum error between the SUITCASE and proposed method was 5.1% which is acceptable for a conceptual design tool. 

[bookmark: _Ref53584823]Table 4 Division of engine weights and locations for the ATR-42 evaluation shown in Figure 3
	 
	 
	Span Location
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6

	Two Engine Set
	Engine 1
	33%
	100%
	80%
	60%
	40%
	20%
	0%

	Distributed Engine Set
	Engine 2
	40%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%

	
	Engine 3
	50%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%

	
	Engine 4
	60%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%

	
	Engine 5
	70%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%

	
	Engine 6
	80%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%

	
	Engine 7
	90%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%

	
	Engine 8
	100%
	0%
	2.9%
	5.7%
	8.6%
	11.4%
	14.3%




[bookmark: _Ref53584846]Figure 3 Results of the ATR-42 study showing the effect of weighting between two engine sets. 


	In addition to the two studies of cases presented in Figure 2 and Figure 3, many additional configurations of interest were evaluated in both SUITCASE and the proposed LEAPS method. These configurations include all three evaluated aircraft with various configurations of engines divided into up to three unique engine sets. The overall differences between the predicted wing weight for each configuration is shown in Figure 4. Due to the large number of variations between the evaluated cases including wing geometry, engine number, engine weight, and engine location, percent error is plotted against the EIRF calculated using the proposed LEAPS method. As EIRF serves as a relative measure of the inertia relief benefit, values on the left side of the figure have more inertia relief and with values on the right having less. The grouping of cases at an EIRF of 0.84 is a product of the minimum value applied to EIRF. It is important to note that the EIRF values calculated using the prior LEAPS method will generally be larger than values calculated using the proposed method. This is due to the prior method only being able to include a single engine set. The figure shows that LEAPS tends to provide a slight under prediction of wing weight as compared to SUITCASE. Of the thirty-three evaluated configurations, the average of the absolute value of the errors was 2%, and the largest error was just over 5%. 



[bookmark: _Ref53585078]Figure 4 Percent error in wing weight between SUITCASE and the LEAPS proposed method for all evaluated aircraft and engine configurations.

E. Discussion of Results
The results from Section A establish that the existing LEAPS inertia relief method captures the general trends in inertia relief for aircraft with a large number of engines with relatively minimal error. With this basis established, the focus of this work switched to validating the new methodology for aircraft with dissimilar engines in Section B. 
 For the LEAPS simple wing definition, validation was relatively straight forward. EIRF is only a function of the number of wing mounted engines, so the effort was focused on establishing that the extension is consistent with the established methodology. With the maximum inertia relief benefit saturated at six engines, the comparison centered on the four-engine case and established that the EIRF for a single set of four engines (the established method) was almost identical to the EIRF calculated for two sets of two engines.
As the EIRF calculation method for the detailed wing definition has a significant number of potential input variations, validating the modification was significantly more challenging. The approach selected used a combination of point designs to evaluate the error and sweeps of variables to evaluate the trends in resulting weight. The resulting structural weight was compared with the weight calculated with SUITCASE, with select cases also being evaluated using AMMIT. 
[bookmark: _GoBack]The sweeps of cases were applied to the ATR-42 and Boeing-777. As the weight was shifted from the discrete engine set to the distributed set, the trends between LEAPS, SUITCASE, and AMMIT were remarkably similar with a maximum error of approximately 5%. While this is acceptable for early conceptual design, the trends show that LEAPS tends to overpredict the weight reduction provided by engine inertia relief. This general trend of low error, but slight underprediction of weight is confirmed in Figure 4, which displays the error for all thirty-three evaluated configurations. While such an effort was out of the scope of this work, these trends suggest that a future effort to evaluate and potentially reduce the maximum benefit provided by inertia relief could improve the LEAPS wing weight prediction.

VI. Conclusion
In conclusion, an updated inertia relief methodology has been developed and demonstrated to be an effective extension to the original LEAPS method to allow for accurate inclusion of inertia relief for aircraft with multiple dissimilar engines. This has been accomplished without compromising the method in LEAPS for traditional aircraft with identical engines. This represents a critical step to ensuring LEAPS is compatible with emerging trends in aircraft conceptual design towards large numbers of differently sized engines. The extension has been implemented in the LEAPS source code and will be included in the first public release of LEAPS.
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SUITCASE	2	4	8	16	32	0.99897398997974629	1.0009527235902356	0.98959332693742663	0.94413575311800446	0.93153048715488751	LEAPS	2	4	8	16	32	1.0046394089186572	0.99607215688827011	0.96956535049475456	0.93500433270337646	0.93500433270337646	Number of Engines


Predicted Wing Weight Relative to Baseline Aircraft 




SUITCASE	1	0.9	0.8	0.7	0.6	0.5	0.4	0.2	0	0.99846553276050753	0.98778594863577418	0.98586838241678532	0.97265537138959224	0.97272535555816853	0.96250766694603829	0.956992914462231	0.9477690010438834	0.9445077387882308	LEAPS	1	0.9	0.8	0.7	0.6	0.5	0.4	0.2	0	1	0.98334400668940369	0.96656300692988162	0.94965700079031645	0.93262598827070775	0.91546996937105651	0.91380555136066177	0.91380555136066177	0.91380555126707619	Engine Set Weighting Factor


Predicted Wing Structural Weight Relative to Baseline Aircraft




SUITCASE	0	0.2	0.4	0.6	0.8	1	0.95059103685699164	0.95318468005544277	0.9865529862672473	0.98353169245229566	1.0124524322524955	1.0204645243432551	LEAPS	0	0.2	0.4	0.6	0.8	1	0.93614382252050243	0.93614382252050243	0.93614382252050243	0.94344981526863314	0.96729422771136886	0.99047166203792247	AMMIT	0	0.2	0.4	0.6	0.8	1	0.9358715337995418	0.9551084143422085	0.97510905576969553	0.99566310021118365	1.0166619012938323	1.0380166926194057	Engine Set Weighting Factor


Predicted Wing Structural Weight Relative to Baseline Aircraft




737	0.96901273456257897	0.97330941560489403	0.95690826515623395	0.90616362521432803	0.84	0.84	0.86835092268934111	0.84	0.88482482008055396	0.96901273456257897	0.84	0.86591292704387302	0.84	0.84	2.3950084725461425E-3	5.6712376856036138E-3	-4.8759212967218989E-3	-2.0238592861831693E-2	-9.6717239914615397E-3	3.7291807368526526E-3	-2.7721673165244709E-2	-1.4179571795966621E-2	1.0408156005366287E-2	3.7659445309944279E-3	-1.287597103877729E-2	-1.1325606396831981E-2	5.6135508892136551E-3	6.8744703121702917E-4	ATR-42	0.96322562759936603	0.84	0.84	0.88541306713931833	0.84	0.84	0.84	0.85409864444068906	0.90011208909037477	0.94483844139905004	-7.9889212019394772E-4	-1.6145574183213596E-2	-1.5779735710560919E-2	-4.5378935910680047E-2	-1.5198138606752582E-2	-1.7877813073904181E-2	-5.1096255800182254E-2	-4.0753010290623226E-2	-4.460279130413964E-2	-2.939138165987229E-2	777	0.96776987983203999	0.94307995716911552	0.91820473196762142	0.89314420422755691	0.86789837394892067	0.84246724113171489	0.84	0.84	0.84	1.5368254477949282E-3	-4.496866909784682E-3	-1.9582102267625259E-2	-2.3644932496922351E-2	-4.122372986201335E-2	-4.8869945861552133E-2	-4.5128195255069115E-2	-3.5835155661151398E-2	-3.2506020078294319E-2	Engine Inertia Relief Factor


Percent Error in Wing Weight
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