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Abstract 
 

The analysis of air launched vehicles carrying payloads to low earth orbit is complex.  The integration of the aircraft flight phase 

and the launch vehicle flight phase requires the integration of systems functioning from different energy relationships.  System 

exergy balance provides a relationship to integrate the efficiency of the aircraft launcher and the efficiency of the launch vehicle 

in a single, integrated system assessment. The exergy balance of the aircraft flight phase can be calculated with the launch 

vehicle included as part of the vehicle mass.  As exergy balance allows for separate of the masses, different velocities, and 

different propulsion systems to continue the mission analysis after separation through payload orbital insertion and aircraft 

landing. This paper presents the initial assessment of the aircraft launch phase up to separation of the launch vehicle.  Showing 

the method of integration afforded by the system exergy balance relationship.  
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Introduction 
 

The power of system exergy as a system integration approach is very apparent in looking at launch vehicles that 

are launched from an aircraft. The exergy balance allows for the integration of aircraft and launch vehicle terms to 

produce an integrated balance equation. To determine the exergy efficiency of an air-launch vehicle with an aircraft 

serving as the booster, a Boeing 747-400 Freighter was chosen as the aircraft booster. The launch vehicle rocket stages 

are the second and third stages of the integrated aircraft/rocket vehicle. The rocket launches from the aircraft while it 

is in steady, controlled flight, and then ascends to orbit.  The aircraft returns to the landing site. The exergy balance 

allows both of these flight phases to be considered in the overall balance of the system.  
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Nomenclature 

α = angle of attack for aircraft 

Δ = general change from one state to another 

δQ = change in path specific heat transfer 

η = thermodynamic symbol for efficiency 

hprop = specific enthalpy for propulsion 

Hp = Heating value for turbojet fuel 

KE = Kinetic Energy 

mpropellant = mass of propellant 

PE = Potential Energy 

S,s = Entropy, Specific entropy 

Sgen = Entropy Generation 

T = Temperature 

T0 = Temperature of surrounding in a system 

Ve = Exit velocity of rocket propellant 

Xdes = Exergy destroyed 

 

1. Air Launched System Exergy Balance 

Exergy balance provides the relationship between all the thermodynamic properties of a system including kinetic 

energy, potential energy, mechanical work, electrical work, fluid work, and thermal work. For an aircraft exergy 

balance isi, 

 

𝚫𝒎𝒑𝒓𝒐𝒑𝒆𝒍𝒍𝒂𝒏𝒕𝑯𝒕𝒐𝒕𝒂𝒍 − ∫ 𝑻𝒊 𝒅𝑺𝒕𝒐𝒕𝒂𝒍 𝒊𝒓𝒓𝒆𝒗𝒆𝒓𝒔𝒊𝒃𝒊𝒍𝒊𝒕𝒊𝒆𝒔
𝑙𝑎𝑛𝑑𝑖𝑛𝑔 𝑎𝑛𝑑 𝑡𝑎𝑥𝑖

𝑡𝑎𝑥𝑖 𝑎𝑛𝑑 𝑡𝑎𝑘𝑒 𝑜𝑓𝑓
= 𝚫 (𝒎𝒗𝒆𝒉𝒊𝒄𝒍𝒆

𝑽𝒗𝒆𝒉𝒊𝒄𝒍𝒆
𝟐

𝟐
) +

∫ 𝒎𝒗𝒆𝒉𝒊𝒄𝒍𝒆𝒈𝒅𝒉𝒆𝒊𝒈𝒉𝒕
𝑙𝑎𝑛𝑑𝑖𝑛𝑔 𝑎𝑛𝑑 𝑡𝑎𝑥𝑖

𝑡𝑎𝑥𝑖 𝑎𝑛𝑑 𝑡𝑎𝑘𝑒 𝑜𝑓𝑓
                 (1) 

 

Aircraft propulsion exergy is related to the enthalpy of the propulsion system as seen by the Htotal term. For a rocket, 

propulsion is driven by the propellant exhaust velocity, Ve, and the exergy balance is given byii, 

 

∑ [∆𝑚𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡 (ℎ𝑝𝑟𝑜𝑝 +
 𝑉𝑒

2

2
)]𝑠𝑡𝑎𝑔𝑒𝑠 − 𝑋𝑑𝑒𝑠 = ∑ [(𝑀𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑓𝑖𝑛𝑎𝑙

𝑉𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑓𝑖𝑛𝑎𝑙
2

2
− 𝑀𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑉𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
2

2
) +𝑠𝑡𝑎𝑔𝑒𝑠

(
𝐺𝑀𝐸𝑀𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑟𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
−

𝐺𝑀𝐸𝑀𝑣𝑒ℎ𝑖𝑐𝑙𝑒,𝑓𝑖𝑛𝑎𝑙

𝑟𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒,𝑓𝑖𝑛𝑎𝑙
)]                 (2) 

 

Combining these equations gives the total balance for the aircraft boosted launch vehicle as, 

 

𝚫𝒎𝒑𝒓𝒐𝒑𝒆𝒍𝒍𝒂𝒏𝒕,𝒂𝒊𝒓𝒄𝒓𝒂𝒇𝒕𝑯𝒕𝒐𝒕𝒂𝒍,𝒂𝒊𝒓𝒄𝒓𝒂𝒇𝒕 + ∑ [∆𝒎𝒑𝒓𝒐𝒑𝒆𝒍𝒍𝒂𝒏𝒕 (𝒉𝒑𝒓𝒐𝒑 +
 𝑽𝒆

𝟐

𝟐
)]𝒔𝒕𝒂𝒈𝒆𝒔 − 𝑿𝒅𝒆𝒔 =

∑ [(𝑴𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝒇𝒊𝒏𝒂𝒍

𝑽𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝒇𝒊𝒏𝒂𝒍
𝟐

𝟐
− 𝑴𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝒊𝒏𝒊𝒕𝒊𝒂𝒍

𝑽𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝒊𝒏𝒊𝒕𝒊𝒂𝒍
𝟐

𝟐
) + (

𝑮𝑴𝑬𝑴𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝒊𝒏𝒊𝒕𝒊𝒂𝒍

𝒓𝒂𝒍𝒕𝒊𝒕𝒖𝒅𝒆,𝒊𝒏𝒊𝒕𝒊𝒂𝒍
−

𝑮𝑴𝑬𝑴𝒗𝒆𝒉𝒊𝒄𝒍𝒆,𝒇𝒊𝒏𝒂𝒍

𝒓𝒂𝒍𝒕𝒊𝒕𝒖𝒅𝒆,𝒇𝒊𝒏𝒂𝒍
)]𝒔𝒕𝒂𝒈𝒆𝒔           (3) 

 

Where the vehicle mass, velocity, and altitude in the kinetic energy and potential energy term on the right hand 

side of the equation are for the total integrated system (i.e., aircraft and launch vehicle) during the boost phase. 
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2. Aircraft Flight Path 

Aircraft exergy is calculated over the aircraft taxi and flight path from engines start to engines shut down. A phase 

specific mission plan (aircraft flight plan and rocket trajectory) must be established to calculate this.  For the aircraft, 

data for the typical flight performance characteristics for the Boeing 747-400F were determined as shown in Table 

1.iii,iv,v  This is visualized in Fig 1. 

Fig. 1.  Visualization chart of first stage for air-launched rocket 

The green line in Fig. 1 represents the flight path as the 747 travels along a 2D path to a cruising altitude of around 

35,000 feet. When the 747 reaches the launch area 60 miles away from the initial starting point, the rocket is released 

and ignited. Table 1 provides a specific flight plan for the aircraft.  According to the flight plan in Table 1, the aircraft 

will be at a cruising speed of about 621 miles per hour.  

Table 2. Mission Phases for the Boeing 747-400F carrying the air-launched rocket 

Flight Phase Description 

1) Engine Start and Taxi Engines start and taxi to runway 

2) Take off Accelerate to 155 knots (178 mph) to takeoff to minimum ground clearance 

altitude (35 feet) 

3) Initial Climb Climb to 1500 feet (speed approx. 191 mph) 

4) Climb to Cruising Altitude Climb to 35,000 feet (290 knots or 288 mph) with angle of attach reduced 

to 10 degrees at 16,500 feet 

5) Cruise Flight to Release Point 

(prelaunch checkout) 

Accelerate  to and maintain 540 knots (621.4 mph) and perform launch 

vehicle prelaunch checkout 

6) Launch Vehicle Release Release launch vehicle on clearance from range and launch vehicle control 

7) Cruise Flight to Landing Field Return to airfield (same as departure field in this scenario) 

8) Descent Final Approach Descend to 1500 feet and reduce speed to 250 knots (288 mph) 

9) Final Approach and Landing Decelerate and land at 135 knots (155 mph) slowing to taxi speed 

10) Taxi and Engines Shut Down Taxi to parking ramp and shut down engines 
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3. Launch vehicle Trajectory 

Fig. 2 illustrates the altitude profile of the aircraft trajectory through rocket separation and initial burn of the second 

stage. The aircraft is the first stage of this system and is represented by the orange track.  The launch vehicle is 

represented by the yellow track.  The launch vehicle initially drops upon release and then gains altitude as the second 

stage burns and the launch vehicle quickly gains altitude.  

Fig. 3 illustrates the launch vehicle separation events and the altitude and down range distance gained at each event.  

The aircraft is shown as the orange track, the second stage burn is the yellow track, and the 3rd stage burn (2nd stage 

of the rocket) is show as the green track.  Note the relative short distance the aircraft transports the launch vehicle in 

both ground track and altitude as compared with the launch vehicle stages. 

 

 

Fig. 2.  Visualization chart of first and second stage of the air-launched rocket.  

 
 

Fig. 3.  Visualization chart of the entire mission for an air-launched rocket  
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4. Aircraft Flight Phase Exergy Calculation 

Equation 1 is used to calculate the aircraft phase trajectory efficiency. Note, that this is basically Equation 3 with 

mpropellant = 0 before the launch vehicle propulsion is ignited. The top rows in Table 2 provide the data for the aircraft 

boost phase exergy balance for each portion of the aircraft flight profile.  The exergy values were then used to calculate 

the exergy efficiency for each mission phase. The data in the table shows the change in system mass, m, accounting 

for the fuel consumption in each of the flight phases and the change in aircraft mass with the drop of the launch 

vehicle. The aircraft kinetic energy, potential energy, and heating values (for JP-4 and JP-5) are also shown. JP-4 is 

used in this analysis for the 747-400. 

 

Table 4-14: Aircraft Boost Phase Exergy Balance Calculations 

 



 Lane and Watson 6 

 

Table 2 also shows the results of the exergy efficiency calculations.  The center of the table shows the exergy 

destroyed due to system efficiencies for each mission phase defined in Table 1.  This section also shows the exergy 

efficiency in each phase of flight.  Note, that the aircraft exergy efficiency increases during acceleration phases and is 

most efficient during the cruise flight.  On return the exergy efficiency decreases (as seen by the negative efficiencies). 

Separation of the launch vehicle represents a large exergy drop in the aircraft exergy due to the loss of the launch 

vehicle and payload mass at separation.  The energy imparted into the launch vehicle while attached to the aircraft is 

lost to the aircraft at separation.  The exergy efficiency continues to decrease on the return phases as the aircraft slows, 

losing kinetic energy.  This is illustrated in Fig. 4.   

 

 
Fig. 4.  Exergy Efficiency specific to individual mission phases 

 

The bottom section of Table 2 shows the cumulative exergy destruction and exergy efficiency, summing the 

efficiency increases and decreases across each phase to obtain the final system efficiency of 12.1%.  Note, that the 

energy expenditures to slow the aircraft are in the opposite direction of the thrust.  Therefore, the signs of the kinetic 

and potential energy are reversed during descent and landing to account for the expenditure of energy in the opposite 

direction. Fig. 5 illustrates the total exergy efficiency of the aircraft across the flight phases. 

Note, the aircraft exergy efficiency drops between phases 5 and 6. This reflects the drop of the rocket from the 

aircraft where the aircraft loses the exergy contained in the rockets kinetic and potential energy after the drop while 

the rockets exergy efficiency starts with this kinetic and potential energy. Thus, the launch vehicle starts with much 

higher kinetic and potential energy than for those vehicles starting from a ground launch pad. 

 

 
Fig. 5.  Overall Exergy Efficiency for the entire first stage flight 
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5. Aircraft Flight Phase Exergy Calculation 

The power of the exergy balance relationship to integrate systems with different a different thermodynamics basis 

is shown by equation 3. This shows that the integrated aircraft/launch vehicle system can be treated as an integrated 

unit before separation and then two units after separation.  The exergy efficiency of the aircraft phase has been 

calculated including the separation point of the launch vehicle. This led to an aircraft efficiency of 12.1% for a Boeing 

747-400. Future work will add the rocket phases for this integrated system and provide the overall rocket exergy 

efficiency to orbit and the combined aircraft and rocket exergy efficiency through aircraft landing and rocket orbital 

insertion.  

References 

i Camberos, J., Moorhouse, D. J., “Exergy Analysis and Design Optimization for Aerospace Vehicles and Systems”, 

AIAA, Va., 2011. 

 
ii Watson, M. D., “System Exergy:  System Integrating Physics of Launch Vehicles and Spacecraft”, AIAA Journal 

of Spacecraft and Rockets, January, 2018. 

 
iii The Boeing Company, “TYPE CERTIFICATE DATA SHEET NO. A20WE”, Department of Transportation, 

Federal Aviation Administration, 2005. 

 
iv U.S. Department of Transportation, “Statistical Data for the Boeing-747-400 Aircraft in Commercial Operations”, 

Department of Transportation, Federal Aviation Administration, January, 2005 

 
v TOPCAT Aircraft, “TOPCAT Aircraft Information Boeing 747-400, Boeing 747-400 Freighter”, topcatsim, 

revision 1.04, January, 04, 2009. 

 


