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Introduction

In the last decades, the demand of innovative small satellites has increased, requiring low-cost, high frequency launch windows in order to overcome today waiting time, that is in the order of years [START_REF] Buchen | 2014 Nano/Microsatellite Market Assessment[END_REF][START_REF] Doncaster | Nano/Microsatellite Market Forecast[END_REF]. Thus, a new affordable, reliable, flexible and responsive system has to be developed to answer market needs. One of the most promising concepts is an air-launcher system using a dedicated aircraft (carrier) as reusable first stage launch platform carrying a low-cost rocket, to be used in the second part of the mission, while the carrier returns at the base.

In order to guarantee a higher safety level, the carrier can be an unmanned vehicle capable to carry on it the rocket from the operative base. Reached the predefined conditions in terms of altitude, Mach number and attitude, the carrier releases the rocket. After the separation, the carrier returns to the base, where it is stored and arranged to be re-used for another mission (see Fig. 1), while the rocket continues its mission.

Due to the peculiarities of the mission described above (re-usability of the carrier, presence of the rocket to be released at high altitude, autonomy and automaticity of carrier's flight), the decision of the carrier architecture is critical for the success of the whole mission. Thus, it has been decided to apply a multi-criteria mathematical approach, the Decision Analysis and Resolution (DAR) method, to down-select the most promising architecture.

The DAR Method

The interest in the small satellite launch is wide and several companies are spending their efforts to address this market. The proposed solution are quite different, ranging from small rockets launched from the ground up to air-launcher. This last configuration is the one studied inside ALTAIR project. The definition of the overall architecture is of paramount importance to correctly develop a proper configuration allowing an efficient and economical way to access the space. Since the definition of the overall architecture is one of the crucial phases of the whole project, in the frame of ALTAIR it has been decided to apply a multi-criteria mathematical approach in order to define overall architecture. In particular, for the architecture definition the DAR method (Wibas) has been applied. The aim of the DAR method is to analyze different solutions by means of a formal evaluation process, evaluating identified alternatives against established criteria. The DAR method has been applied within the following process:

(1) Establish the decision objective, which lead the whole project. For the application reported in this paper, the main objective is to select the cost-optimal solution for the overall ALTAIR system. (2) Establish the criteria for evaluating alternatives (3) Identify alternative solutions (4) Select methods for evaluating alternatives (5) Evaluate the alternative solutions using the established criteria and methods (6) Select recommended solutions from the alternatives based on the evaluation criteria

Configuration Evaluation

Once established the main parameters that completely describe the carrier layout and the evaluation criteria, it is possible to proceed with the evaluation of the several options in order to down-select the most promising configuration. 

Evaluation criteria

In the frame of ALTAIR, the following parameters describing the overall carrier configuration have been defined:

(1)  Inside the carrier. The total amount of configurations to be analyzed is equal to 216. Since the analysis of 216 different configurations would require too much time to be performed, it has been decide to reduce the design space, by selecting the parameters that can be evaluated separately:

(1) Stabilizing solution (canard vs conventional vs three lifting surfaces).

(2) Engine type. Thus, the total number of configurations to analyze has been reduced to 18. Among the 18 different configurations, the three solutions combining two booms and the launcher position inside the fuselage are discarded because they are unfeasible (the payload is only one and it cannot be split into two booms). Thus, the final number of configurations analyzed is equal to 15. They are shown in Fig. 2, where twin engine solution has been assumed in this first evaluation loop. The analysis has been performed by using the DAR method, considering the following criteria:

(1) Low Operative Empty Weight (OEW): OEW is the basic weight of the carrier, including everything needed to perform the mission, excluding the fuel to be burned and the rocket. Aircraft cost, both Recurring Costs (RC) and Non-Recurring Costs (NRC), increases almost linearly with Maximum Take-Off Weight (MTOW) (Large J. P. et al., 1976;[START_REF] Roskam | Airplane Design[END_REF], which is proportional to OEW. The higher mark for this criterion is assigned to options which should guarantee a lower OEW including the evaluation of landing gear architecture. (2) Small overall dimensions: carrier's dimensions are its the overall dimensions (wingspan, wing area, length, height). Smaller dimensions guarantee lower structural weight as well as an easier ground handling. Thus, higher marks for this criterion are assigned to options which should guarantee smaller carrier dimensions.

(3) Low interactions with the launcher: carrier must not interfere with launcher dynamics, minimizing aerodynamic interactions, facilitating rocket release etc. Thus, higher marks for this criterion are assigned to options which should guarantee less interactions between carrier and launcher. (4) Low development costs: in order to reduce carrier's NRC, the development costs (which include design, development and investments costs) must be kept as low as possible. Thus, higher marks for this criterion are assigned to options which should guarantee lower NRC. (5) Low Operating Costs (OC): OC includes fuel costs, maintenance costs and implementation costs and must be kept as low as possible. Thus, higher marks for this criterion are assigned to options which should guarantee lower OC. ( 6) Simplicity of the operations to perform the mission: a proper configuration is requested in order to reduce time and costs to prepare the carrier (for example, the time to load the launcher). Thus, higher marks for this criterion are assigned to options which should guarantee simpler operations. ( 7) Reliability to perform the mission: a proper configuration is requested in order to guarantee a high reliability of the carrier, defined as the percentage of successful missions with respect to the planned one.

Reliability is influenced by systems' reliability but in the case of the trade for the configuration selection, it is mainly due to the influence of the architecture on the optimal functionality of the systems. For example, the relative position of landing gear and engine will affect the Foreign Object Damage (FOD), which cause a deterioration of engine reliability. Thus, higher marks for this criterion are assigned to configuration options which should guarantee safety operations with reduced impact on the overall reliability. Table I reports the weight for each one of the abovementioned criterion. The scores for each criterion range from zero up to ten, with six being the minimum threshold. Each mark is multiplied by a weight, preliminary defined by Piaggio and ONERA, for each one of the abovementioned criteria.

Evaluation of the overall carrier layout

The rank of each criterion described in §3.1 is given by the combination of two aspects (engine and rocket location), taking into account the following information [START_REF] Jenkinson | Civil Jet Aircraft Design[END_REF][START_REF] Raymer | Aircraft design a conceptual approach[END_REF][START_REF] Roskam | Airplane Design[END_REF]:

(1) Engine location: rear engine location has two main advantages with respect to under wing engine installation:  Higher aerodynamic efficiency, thanks to the possibility to use a laminar wing.  Reduction of community noise, because there is no wing reflection. Moreover, the landing gear can be shorter, since a rear engine installation allows to reduce ground clearance. On the other side, rear engine location has the following disadvantages:  It increase fuselage load due to the engine acting on it, implying a higher structural weight.

 It induces large CG (Centre of Gravity) travel, since the fuel is located far from the engine. During the flight, fuel is reduced, while engine weight is constant, so CG moves backward, with a consequent reduction of loading flexibility.  It is generally necessary to adopt a "T" tail architecture, which has two main drawbacks.

-The fin has a higher weight (because it must be dimensioned considering the additional load of the horizontal tail mounted on it). -Aircraft stall behavior is worse (deep stall).  Engine burst drives rear mounted systems segregation, with increased weight.  Generally, a rear mounted engine aircraft is longer than an under wing one, so there is an additional increase of the weight. Another possible engine installation is on the wing. Here below a list of advantages and disadvantaged of this type of installation with respect to the classical under wing engine installation.  Aerodynamic efficiency is increased due to:

-Possibility to use laminar wing.

-It is possible to generate a favorable interference of engine/pylon system location on shock intensity. -Engine generates a pitch-down moment, with allows to reduce trim load on the horizontal tail.  Reduction of community noise, due to the shielding effect produced by the wing as well as to the reduction of ground clearance, which allows to use shorter landing gear. The main disadvantages are mainly the following:  Difficulty in engine access for maintenance.  Reduction of flutter speed, due to the fact that engine mass is behind wing elastic axis (unless the engine is located on wing's leading edge). The last option is to adopt under wing mounted engines. This configuration induce the following advantages:  Engine location produce a reduction of bending moment acting on the wing, with the consequent reduction in structural weight  The engines are easily accessible for maintenance, reducing its costs and time requested to be performed.  Engine efficiency is higher.  It is possible to easily reverse the thrust, helping landing phase. The main disadvantages are the following:  In case of inoperative engine, the yawing moment is higher with respect a rear mounted engine installation.  Engine size is limited by landing gear height, or the landing gear must be taller, with consequent increase of structural weight. (2) Launcher location: the rocket can be connected with the wing or with the boom(s). Moreover, it can be located on the carrier's upper side, on the lower side or inside the carrier. Here below a short overview of the different solutions.

 Launcher mounted on the wing: in this case the ground clearance of the carrier is reduced, so the landing gear can be shorter. Moreover, aerodynamic efficiency can be improved by using a laminar design of the wing lower side. On the other side, a complex release system as well as a more complex procedure to link the launcher to the carrier could be mandatory.  Launcher mounted under the wing: this configuration guarantees a simple release procedure, as well as easy on-ground operations. On the other side, the ground clearance must be higher, so the landing gear must be taller, with consequent higher noise generation and structural weight.  Launcher mounted under the fuselage: in this case aerodynamic efficiency of the wing is increased. On the other side, the ground clearance of the carrier must be higher to house the rocket. Thus, the landing gear must be taller, with consequent increase of noise and structural weight.

 Launcher mounted on the fuselage: the advantages and disadvantages of this configuration are the same of the first one. Moreover, aerodynamic efficiency can be increased since the rocket does not disturb wing aerodynamic.  Launcher mounted inside the fuselage: in this case aerodynamic efficiency can be maximized and the landing gear can be shortened. On the other side, the procedures to house the payload inside the carrier must be more complex, as well as the procedures for the separation. Moreover, structural weight is increased due to the additional items necessary to house the launcher (opening doors, retaining systems etc.).

Fig. 3 shows the rank of the several configurations analyzed. 

Evaluation of the stabilizing solution

The stabilization of the carrier is obtained by means of dedicated empennages, which are mandatory since the fuselage is inherently instable due to its negative pitching moment. Moreover, the tails also contribute in the control of carrier's rate of descent and deceleration. The criteria described in §Error! Reference source not found. are taken into account for the selection of the stabilizing solution.

Among the several feasible configurations (canard, T-tail, V-tail etc.) for the present application the following configurations have been considered:

(1) One forward stabilizing surface (canard).

(2) One backward stabilizing surface.

(3) Two stabilizing surfaces, one forward and one backward. Among the proposed configurations, the third one has drawbacks on the weight of the carrier, since there are two tails which increase the overall structural weight. Moreover, since the configuration is quite unusual, it requires higher development costs.

The other two configurations are similar, but the backward stabilizing surface requires less development costs since it is a "standard" solution widely used and well known in aeronautics.

The results of the DAR analysis are depicted in Fig. 4. 

Selection of the engine

Among the several engines which can be used by the carrier (turbine engines, scramjet, hybrid engines, electric engines, solar power engines etc.) only two turbine engine solutions have been analyzed [START_REF] Roskam | Airplane Design[END_REF], since high altitude low speed carrier envelope requires engines which allow high thermodynamic power.

Turboprop engines

In turboprop engines, exhaust gases drive a power turbine connected by a shaft driving a reduction gear which is connected to a propeller. Turboprops can be seen as a compromise between piston engines and turbojets. A turboprop engine is shown in Fig. 5.

Turboprop engines are generally used on small subsonic aircraft (e.g. Evektor EV-55 Outback, Piaggio P180, Pilatus PC 12 etc.) as well as on some large military and civil aircraft (e.g. Airbus A400M, Antonov An-140, Lockheed L-188 Electra and Tupolev Tu-95).

The main components of a turboprop are the gas turbine core and the turbine:

(1) Gas turbine core: it is made up of three main components:  The combustion chamber, where the fuel is combined with high pressure air and burned. The combustion produces high temperature exhaust gas, which is used to move the power turbine and to produce thrust through engine nozzle. Combustion chamber is placed between the compressor and the power turbine. It allows the passage of the central shaft connecting the turbine and compressor thanks to its donut shape.  The compressor, which is a device made up of several rows of airfoil cascades. The rows connected to the central shaft and rotating at high speed are called rotors. The fixed rows are called stators and have the aim to keep the flow from spiraling around the axis by bringing it back parallel to the axis.

Compressors are used to increase the pressure of the incoming air before it enters the combustion chamber. Thus, compressors' performance has a paramount influence on total engine performance. On the basis of the direction of the incoming flow, compressors can be classified as axial (if the air through the compressor travels parallel to its axis of rotationsee Error! Reference source not found.) or centrifugal (if the flow through the compressor turns perpendicular to compressor's axis of rotationsee Error! Reference source not found.).  The turbine that, like the compressor, is made up of stator and rotor. However, a turbine can be seen as the opposite of a compressor: while the compressor increases air pressure, a turbine expand the fluid extracting energy from the flow. This helps to maintain the boundary layer attached to turbine blades' surface. Due to the fact that the boundary layer is less likely to separate on a turbine blade than on a compressor blade, the pressure drop across a single turbine stage can be much higher than the pressure increase across a corresponding compressor stage. Thus, a single turbine stage can be used to drive multiple compressor stages. Being turbine blades located just downstream of the combustion chamber, they are subject to high temperatures. Consequently, turbines must be made of dedicated materials that can withstand the heat, or they must be actively cooled.

Depending on the engine type, there may be multiple turbine stages in the engine. Generally, turboprops (but also turbofans) use a separate turbine and shaft to power the fan and gear box respectively (two spool engine). For some high performance engines, an additional turbine and shaft is used to power separate parts of the compressor (three spool engine). ( 2) Propeller: it is the device that converts the rotary motion of the engine (to which it is generally connected through a gear box) into a propulsive force. A propeller is made up of a rotating power-driven hub, to which several (generally 2 up to 6) radial airfoil-section blades (usually long and thin) are connected (see Fig. 6). The whole assembly rotates about a longitudinal axis with a blade's pitch that can be fixed, manually or automatically-variable. Blades are generally twisted to increase propeller efficiency since the tip moves faster than the hub due to the blade rotation. The engine moves the propeller, across which an increase in air pressure occurs.

Turbofan engines

A turbofan can be seen as a combination of turbojets and turboprops. In this type of engine, a fan is located before the core, which is followed by an additional turbine at the rear. Both the fan and the turbine are composed of many blades, like the core compressor and core turbine, and are connected to an additional shaft. Generally, the fan shaft passes through the core shaft for mechanical reasons (two spool engine), but some advanced engines have additional spools to improve efficiency. In a turbofan, the inlet air passing through the fan is divided into two separate streams of air: one goes to the engine core (whose main component are the same described in §4.3.1) through the high-pressure compressor.

The hot exhaust generated by the core passes through the fan turbines and exits through the nozzle.

The other part of the incoming air passes through the fan, where it is slightly accelerated, and bypasses (i.e. goes around) the engine core. In this way, turbofans get a percentage of their thrust both from the core and from the fan. The ratio of the air that goes around the engine to the air that goes through the core is called bypass ratio.

Error! Reference source not found. shows a typical turbofan engine. 

Engine down-selection

The down-selection of the engine type has been performed considering the main advantages and drawbacks of the abovementioned engines. In particular, the main advantages of turboprops are mainly two:

(1) They guarantee a higher efficiency at speeds lower than 250-300 kts.

(2) They offer a higher thrust at low speed, allowing a reduction of take-off and landing distances.

On the other hand, the main advantages of turbofans are mainly six:

(1) They guarantee a higher engine efficiency at high altitude (depending on by-pass ratio).

(2) They produce less noise.

(3) They have no problem at high speed, which, on the other side, negatively affects turboprop engines due to the high tip Mach number reached by external parts of the propeller blades. (4) They have a higher power to weight ratio with respect to turboprops, so they are lighter than a turboprop of the same power. (5) Due to the fact that there is no external propeller, installation problems are reduced. (6) They have no gearbox and the by-pass ratio can be set low (3-5) not to negatively affect engine performance increasing the altitude.

On the basis of the considerations reported above, it has been decided to down-select the turbofan engine.

Conclusion

The present paper has analyzed different carrier's layouts (both under an architectural and propulsive point of view), down-selecting the most promising one, taking into account the peculiarities of the configuration to be studied.

The DAR method has been applied to select both the overall carrier layout (number of booms, position of the rocket and of the engines) and the type of empennages.

The choice of engine type has been performed separately, since they do not depend on the carrier's architecture.

The final configuration down-selected is a two-lifting surface with two booms, turbofan engine under wing mounted and the launcher under the central wing (see Fig. 8). 
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 1 Fig. 1. ALTAIR Concept Of Operations (CONOPS).
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 2 Fig. 2. ALTAIR's candidate concepts (frontal view. Two engines considered for simplicity).

Fig. 3 .

 3 Fig. 3. Results of DAR analysis for the CARRIER layout.

Fig. 4 .

 4 Fig. 4. Results of DAR analysis for the stabilizing solution.
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 5 Fig. 5. Example of radial (on the right) and axial (on the left) compressors.
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 6 Fig. 6. Example of two-blade propeller.
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 7 Fig. 7. Example of turbofan engine (By K. Aainsqatsi -Own work, CC BY 2.5, https://commons.wikimedia.org/w/index.php?curid=4005530).

Fig. 8 .

 8 Fig. 8. Example of downselected configuration.

  Number of booms (i.e. fuselages):

	 One central.
	 Two.
	(2) Number of stabilizing surfaces:
	 One (canard or conventional).
	 Two (canard and horizontal tail surface).
	(3) Engine type:
	 Turboprop.
	 Turbojet.
	(4) Engine position:
	 Under Wing Mounted Engine.
	 Over Wing Mounted Engine.
	 Rear Mounted Engine.
	(5) Longitudinal position of stabilizing surfaces:
	 Forward.
	 Backward.
	 Forward and backward.
	(6) Launcher position:
	 On top of the carrier.
	 Under the carrier.

Table I .

 I Criteria and associated weights.

	Criterion	Weight
	Low Operative Empty Weight	15%
	Small overall dimensions	10%
	Low interactions with the launcher	10%
	Low development costs	20%
	Low operating costs	20%
	Simplicity of the operations to perform the mission	10%
	Reliability to perform the mission	15%
	Total	100%
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