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Range and EnduranceRange and Endurance
•• When designing or comparing aircraft, two When designing or comparing aircraft, two 

parameters usually come to mind:parameters usually come to mind:
–– RangeRange:  the horizontal distance an airplane can travel on a :  the horizontal distance an airplane can travel on a 

single fueling.  The cruise portion of a flight is associated single fueling.  The cruise portion of a flight is associated 
with flying for range.with flying for range.

–– EnduranceEndurance:  the amount of time an airplane can remain :  the amount of time an airplane can remain 
aloft on a single fueling.  The loiter phase of a mission is aloft on a single fueling.  The loiter phase of a mission is 
associated with flying for endurance.associated with flying for endurance.

•• We will calculate the range and endurance for pistonWe will calculate the range and endurance for piston--
propeller and turbojet aircraft separately.propeller and turbojet aircraft separately.

•• All our calculations will assume still air conditions All our calculations will assume still air conditions --
I.e. no head or tail winds.I.e. no head or tail winds.
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R and E R and E -- Propeller AircraftPropeller Aircraft
•• Both range and endurance of an aircraft will depend Both range and endurance of an aircraft will depend 

upon the rate at which fuel is burned.upon the rate at which fuel is burned.

•• The common parameter used to define this rate is The common parameter used to define this rate is 
called the called the Specific Fuel ConsumptionSpecific Fuel Consumption, SFC. , SFC. 

•• The SFC is considered a constant for an engine type The SFC is considered a constant for an engine type --
varying vary little with throttle setting or flight varying vary little with throttle setting or flight 
conditions.conditions.

•• Typical range of values: 0.4 Typical range of values: 0.4 -- 0.7 lb/hp/hr 0.7 lb/hp/hr 
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R and E R and E -- Propeller Aircraft (continued)Propeller Aircraft (continued)
•• From the fact that the SFC is a constant, we can From the fact that the SFC is a constant, we can 

deduce some simple range and endurance relations.deduce some simple range and endurance relations.

•• For a long endurance, we would like to burn the For a long endurance, we would like to burn the 
minimum fuel per hour.  From the SFC then:  minimum fuel per hour.  From the SFC then:  

•• Thus, for long endurance we want to fly with a high Thus, for long endurance we want to fly with a high 
propeller efficiency and at minimum propeller efficiency and at minimum powerpower required!required!

•• From our previous result for power required, it From our previous result for power required, it 
follows that for max endurance, we want to fly at the follows that for max endurance, we want to fly at the 
velocity such that Cvelocity such that CLL

3/23/2/C/CDD is maximum.is maximum.
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R and E R and E -- Propeller Aircraft (continued)Propeller Aircraft (continued)
•• For a long range, we would like to burn the minimum For a long range, we would like to burn the minimum 

fuel per mile traveled.  Dividing our previous result by fuel per mile traveled.  Dividing our previous result by 
velocity (miles/hour) gives:  velocity (miles/hour) gives:  

•• Thus, for long range we want to fly with a high Thus, for long range we want to fly with a high 
propeller efficiency and at minimum propeller efficiency and at minimum thrustthrust required!required!

•• From our previous result for thrust required, it follows From our previous result for thrust required, it follows 
that for max range, we want to fly at the velocity that for max range, we want to fly at the velocity 
such that Csuch that CLL/C/CDD is maximum.is maximum.
(Remember, these results are for propeller driven aircraft (Remember, these results are for propeller driven aircraft --

jets will be different!)jets will be different!)
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R and E R and E -- Propeller Aircraft (continued)Propeller Aircraft (continued)
•• Now letNow let’’s work at some quantitative relations.s work at some quantitative relations.

•• First, since SFC does not have consistent units, a new First, since SFC does not have consistent units, a new 
fuel burn rate is introduced: fuel burn rate is introduced: 

•• Note that in the British system, c and SFC are related Note that in the British system, c and SFC are related 
via the conversion factors: via the conversion factors: 

•• Is other references, if these conversion factors are Is other references, if these conversion factors are 
part of the equations, they are using SFC not c!part of the equations, they are using SFC not c!
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R and E R and E -- Propeller Aircraft (continued)Propeller Aircraft (continued)
•• The weight of an aircraft is usually broken down into The weight of an aircraft is usually broken down into 

various components of which only the fuel portion various components of which only the fuel portion 
varies during normal flight.  varies during normal flight.  

•• The rate at which fuel is burned depends upon the The rate at which fuel is burned depends upon the 
SFC and the power setting:SFC and the power setting:

•• Rearrange gives                   which can be integrated Rearrange gives                   which can be integrated 
to get the endurance:to get the endurance:
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R and E R and E -- Propeller Aircraft (continued)Propeller Aircraft (continued)
•• Similarly, the range is found by multiplying time by Similarly, the range is found by multiplying time by 

velocity and integrating:velocity and integrating:

•• These integral relations are useful for calculating the These integral relations are useful for calculating the 
R and E for a given mission where V and P may vary R and E for a given mission where V and P may vary 
through the flight.through the flight.

•• However, they are not very useful for rapid R and E However, they are not very useful for rapid R and E 
estimations for a given airplane.  For that purpose, estimations for a given airplane.  For that purpose, 
we use the we use the BreguetBreguet relations!relations!
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BreguetBreguet Propeller EquationsPropeller Equations
•• The The BreguetBreguet relations are approximate expressions relations are approximate expressions 

for R and E obtained by making assumptions about a for R and E obtained by making assumptions about a 
typical flight profile.typical flight profile.

•• For range,  assume steady, level flight so that L=W For range,  assume steady, level flight so that L=W 
and Pand PRR=V=V∞∞TTRR=V=V∞∞D.D.

•• Now assume that c and Now assume that c and ηη are constant, and that the are constant, and that the 
aircraft is flown at a velocity such that L/D = Caircraft is flown at a velocity such that L/D = CLL/C/CDD
remains a constant.  remains a constant.  

•• (Note that V(Note that V∞∞ and and ρρ∞∞ are not necessarily constant!)are not necessarily constant!)
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BreguetBreguet Propeller Propeller EqnsEqns (continued)(continued)
•• With these assumptions, the integral can be With these assumptions, the integral can be 

evaluated to get:evaluated to get:

•• This relations tells us that to maximize range, we This relations tells us that to maximize range, we 
want:  want:  
–– The largest possible propeller efficiencyThe largest possible propeller efficiency

–– The lowest possible specific fuel consumptionThe lowest possible specific fuel consumption

–– The largest possible weight fraction of fuel, The largest possible weight fraction of fuel, WWff/W/W

–– A large (L/D)A large (L/D)maxmax and to fly at the velocity where this is and to fly at the velocity where this is 
achieved.achieved.
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BreguetBreguet Propeller Propeller EqnsEqns (continued)(continued)
•• Perform a similar procedure with the endurance Perform a similar procedure with the endurance 

equation.equation.

•• To go further, we need to relate velocity to lift via:To go further, we need to relate velocity to lift via:

•• Now assume that c, Now assume that c, ηη and and ρρ∞∞ are constant, and that are constant, and that 
the aircraft is flown at a velocity such that Cthe aircraft is flown at a velocity such that CLL

3/23/2/C/CDD
remains a constantremains a constant
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BreguetBreguet Propeller Propeller EqnsEqns (continued)(continued)
•• With these assumption, integration yields:With these assumption, integration yields:

•• This relations tells us that to maximize endurance, This relations tells us that to maximize endurance, 
we want:  we want:  
–– The largest possible propeller efficiencyThe largest possible propeller efficiency

–– The lowest possible specific fuel consumptionThe lowest possible specific fuel consumption

–– The largest possible weight fraction of fuel, The largest possible weight fraction of fuel, WWff/W/W

–– A large (CA large (CLL
3/23/2/C/CDD))maxmax and to fly at the velocity where this is and to fly at the velocity where this is 

achieved.achieved.

–– Flying at the highest density possible, I.e. sea level!Flying at the highest density possible, I.e. sea level!
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R and E R and E -- Jet AircraftJet Aircraft
•• Jet aircraft differ from propeller aircraft primarily in Jet aircraft differ from propeller aircraft primarily in 

the fact that a jet engine produces the fact that a jet engine produces thrustthrust directly directly 
while a piston engine produces while a piston engine produces powerpower..

•• The fuel consumption for jet aircraft is thus based The fuel consumption for jet aircraft is thus based 
upon T and called the upon T and called the Thrust Specific Fuel Thrust Specific Fuel 
ConsumptionConsumption, TSFC. , TSFC. 

•• As with piston engines, TSFC is a nearly a constant As with piston engines, TSFC is a nearly a constant 
for a given for a given powerplantpowerplant..

•• Typical range of values: 0.5 Typical range of values: 0.5 -- 1.0 lb/lb/hr 1.0 lb/lb/hr 
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fuel of lb
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R and E R and E -- Jet Aircraft (continued)Jet Aircraft (continued)
•• From the fact that the TSFC is a constant, we can From the fact that the TSFC is a constant, we can 

deduce some simple range and endurance relations.deduce some simple range and endurance relations.

•• For a long endurance, we would like to burn the For a long endurance, we would like to burn the 
minimum fuel per hour.  From the TSFC then:  minimum fuel per hour.  From the TSFC then:  

•• Thus, for long endurance on a jet, we want to fly Thus, for long endurance on a jet, we want to fly 
with a minimum thrust required!with a minimum thrust required!

•• From our previous result for thrust required, it follows From our previous result for thrust required, it follows 
that for max endurance, we want to fly at the that for max endurance, we want to fly at the 
velocity such that Cvelocity such that CLL/C/CDD is maximum.is maximum.
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R and E R and E -- Jet Aircraft (continued)Jet Aircraft (continued)
•• For a long range, we would like to burn the minimum For a long range, we would like to burn the minimum 

fuel per mile traveled.  Dividing our previous result by fuel per mile traveled.  Dividing our previous result by 
velocity (miles/hour) gives:  velocity (miles/hour) gives:  

•• To reach a conclusion from this relation, lets assume To reach a conclusion from this relation, lets assume 
TTRR=D and substitute velocity from our C=D and substitute velocity from our CLL definitiondefinition

•• Thus, among other things, for max range we want to Thus, among other things, for max range we want to 
fly at a velocity such that Cfly at a velocity such that CLL

1/21/2/C/CDD is a maximum!is a maximum!
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R and E R and E -- Jet Aircraft (continued)Jet Aircraft (continued)
•• Now letNow let’’s work at the quantitative relations.s work at the quantitative relations.

•• First, since TSFC does not have consistent units, a First, since TSFC does not have consistent units, a 
new fuel burn rate is introduced: new fuel burn rate is introduced: 

•• Note that cNote that ctt is the same in either unit system.  is the same in either unit system.  
Converting to TSFC results in: Converting to TSFC results in: 

•• As before, always check units and conversion factors As before, always check units and conversion factors 
when using other references!when using other references!









=≡

sec
1

sec )(
fuel of N

N
ctsec

1
sec  thrust)of (lb

fuel of lb
=≡tc

( )hour
t

TSFCc
sec3600

=



Dr. Tom Gally

AE 301 Aerodynamics I 6

9/16/2005AE 302 Aerodynamics II 89

R and E R and E -- Jet Aircraft (continued)Jet Aircraft (continued)
•• The rate at which jets burn fuel is given by:The rate at which jets burn fuel is given by:

•• Rearranging and integrating for endurance gives:Rearranging and integrating for endurance gives:

•• Similarly, range will be calculated by:Similarly, range will be calculated by:

•• Note how similar these equations are to those for Note how similar these equations are to those for 
propellers propellers -- only the denominator is different.only the denominator is different.
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BreguetBreguet Jet EquationsJet Equations
•• Now make assumptions similar to those for propellers Now make assumptions similar to those for propellers 

previously to get the previously to get the BreguetBreguet Jet equations from Jet equations from 
these integral relations.these integral relations.

•• For endurance,  assume steady, level flight so that For endurance,  assume steady, level flight so that 
L=W and T=TL=W and T=TRR=D.=D.

•• Now with cNow with ctt a constant and assuming  the aircraft is a constant and assuming  the aircraft is 
flown at a velocity such that L/D = Cflown at a velocity such that L/D = CLL/C/CDD remains a remains a 
constant.  constant.  
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BreguetBreguet Jet Jet EqnsEqns (continued)(continued)
•• Pulling out theses constants and integrating yields:Pulling out theses constants and integrating yields:

•• This relations tells us that to maximize endurance, This relations tells us that to maximize endurance, 
we want:  we want:  
–– The lowest possible thrust specific fuel consumptionThe lowest possible thrust specific fuel consumption

–– The largest possible weight fraction of fuel, The largest possible weight fraction of fuel, WWff/W/W

–– A large (L/D)A large (L/D)maxmax and to fly at the velocity where this is and to fly at the velocity where this is 
achieved.achieved.
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BreguetBreguet Jet Jet EqnsEqns (continued)(continued)
•• Perform a similar procedure with the jet range Perform a similar procedure with the jet range 

equation.equation.

•• To go further, relate velocity to lift via:To go further, relate velocity to lift via:

•• Now assume that cNow assume that ctt and and ρρ∞∞ are constant, and that are constant, and that 
the aircraft is flown at a velocity such that Cthe aircraft is flown at a velocity such that CLL

1/21/2/C/CDD
remains a constantremains a constant
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BreguetBreguet Jet Jet EqnsEqns (continued)(continued)
•• With these assumptions, integration yields:With these assumptions, integration yields:

•• This relations tells us that to maximize range, we This relations tells us that to maximize range, we 
want:  want:  
–– The lowest possible specific fuel consumptionThe lowest possible specific fuel consumption

–– The largest possible weight fraction of fuel, The largest possible weight fraction of fuel, WWff/W/W

–– A large (CA large (CLL
1/21/2/C/CDD))maxmax and to fly at the velocity where this is and to fly at the velocity where this is 

achieved.achieved.

–– Flying at the lowest density possible, I.e. high altitude!Flying at the lowest density possible, I.e. high altitude!
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BreguetBreguet EqnsEqns -- SummarySummary
•• Here is a summary of the Here is a summary of the BreguetBreguet equations:equations:

•• For pistonFor piston--propellers:propellers:

•• For turbojets:For turbojets:
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CCLL and Cand CDD relations relations -- SummarySummary
•• For (CFor (CLL

3/23/2/C/CDD))maxmax,      C,      CD,iD,i=3C=3CD,0D,0

•• For (CFor (CLL/C/CDD))maxmax,         C,         CD,iD,i=C=CD,0D,0

•• For (CFor (CLL
1/21/2/C/CDD))maxmax,      C,      CD,iD,i=1/3 C=1/3 CD,0D,0
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