Aerospace, Energy, and the Environment (AEN)
Doctoral Qualifying Exam
January 2018
Instructions:
•

Calculators may be used.

•

No other resources (e.g. books, notes etc.) may be used, except the attached AEN Data
and Formulae sheet.

•

No communicating.

•

Please write in pen and cross-out mistakes.

•

Do not take away this question paper – turn it in with your solution.

•

Do not discuss the questions with anyone until after results are announced.

Liquefied natural gas (LNG) has been proposed as an alternative to Jet A for gas turbine
powered transport aircraft. We will consider a conventional Jet A aircraft and a derivative
LNG fueled aircraft. For the purposes of this question assume LNG is 100% methane (CH4),
which has a lower heating value (LHV) of 50 MJ/kg. In all cases consider only the cruise
portion of flight and neglect takeoff, climb, descent, and approach.
1. Compute EI(CO2) for Jet A and LNG, i.e. the kilograms of emitted species per kg of fuel
burned.
2. Being explicit about the assumptions being made, derive the Breguet range equation
and express it in the form
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Estimate the mass of fuel burned by a conventional (Jet A) aircraft for a 5000 km
mission. Assume the aircraft lift-to-drag ratio is 16, the flight speed is 250 m/s, the Jet A
fueled engine’s thrust specific fuel consumption is 9´10-6 kg/Ns, and the final aircraft
weight is 40 tonnes. Hence estimate the total CO2 emitted for a 5000 km flight.
Qualitatively, identify a feature of the range equation that would be different for an
electric aircraft (assuming a non-mass gaining battery).
3. The LNG-derivative transport aircraft burns 3% more fuel by energy than the
conventional aircraft for the same 5000 km mission due mainly to the weight of
cryogenic tanks. Production and distribution of LNG results in approximately 2.5% of
the natural gas leaking into the atmosphere. There is no leakage from the aircraft.
Hence estimate the total CO2 and CH4 emitted to the atmosphere from the LNG aircraft
accounting for engine exit plane emissions as well as methane leakage. Qualitatively,
why is the leakage of methane important even though it does not occur at the engine
exit plane?
4. The radiative efficiency of CO2 is 1.37´10-5 W m-2 ppb-1 and of CH4 is 3.63´10-4 W m-2
ppb-1. Assume a first order e-folding atmospheric lifetime of CH4 of 11 years and CO2 of
52 years. Hence derive approximate expressions for the radiative forcing (RF) as a
function of time due to emissions attributable to one 5000 km flight under both Jet A
and LNG scenarios. You may assume without proof that the concentration of CO2 in the
atmosphere increases by 1 ppb (by volume) for every 8 Tg of CO2 emitted.
5. Sketch graphs of RF as a function of time for 50 years under both the conventional and
LNG aircraft scenarios. Does the LNG aircraft resultsin reduced warming relative to the
conventional aircraft (accounting for CO2 and CH4)?
6. Now we consider the impact on contrail formation. Show that the gradient of a contrail
mixing line is given by
𝐺=

𝑝 ⋅ EI(HG O) ⋅ 𝑐K
𝜀 ⋅ LCV ⋅ (1 − 𝜂)

7. Assume the aircraft fly at an altitude of 10 km. Plot the mixing lines on water vapor
partial pressure – temperature plot (Figure 1) for the cases given in Table 1 for both the
Jet A and LNG aircraft. The overall efficiency is 50% in all cases. Take the constant
pressure specific heat as 1.00 kJ/kgK. You may assume that EI(H2O) for Jet A is 1.26
kg/kg and for LNG is 2.25 kg/kg. Label the termination points A or B according to the
ambient conditions. Use solid lines for Jet A and dashed lines for LNG. Directly draw on
the diagram. Which conditions lead to contrail formation?
8. Would you expect LNG aircraft to produce more or fewer contrails than Jet A fueled
aircraft? How might you expect the properties of the contrails to differ?
Table 1
Case
A
B

Temperature (°C)
-46
-42

Water partial pressure (Pa)
7
11

Figure 1
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Chemistry
Gas

Precise
Molar Mass

Approx.
Molar Mass

Hydrogen (H)
Carbon (C)
Oxygen (O)
Nitrogen (N)
Sulfur (S)
Air

1.00749
12.0107
15.9994
14.0067
32.065
28.9645

1
12
16
14
32
29

(g/mol)

(g/mol)

Ideal Gas Constant: R = 0.08206 L ∙ atm ∙ 𝐾 \] ∙ mol\]
Dry Air Specific Ideal Gas Constant: R `ab = 287.058 J ∙ kg \] ∙ 𝐾 \]
Avogadro Constant: 𝑁i = 6.022140857 × 10Gl mol\] ≈ 6.022 × 10Gl mol\]

Planetary and Earth Sciences
Radius of the Earth: 𝑟o = 6,371km ≈ 6,400km
Standard gravitational acceleration at Earth’s surface: 𝑔 = 9.80665 g ∙ m\G ≈ 9.8 g ∙ m\G

Aeronautics
Jet fuel properties:
Density: 𝜌 = 775 − 840 g/L ≈ 800 g/L
Typical Average Chemical Formula: C12.5H24.4
Lower Caloric Value: 𝐿𝐶𝑉 = 43.02 MJ/kg ≈ 43 MJ/kg

Unit Conversions
1 m = 3.2808 ft
1 N = 0.2248 lbf
1 kg = 2.2046 lb
1 tonne (metric) = 1000 kg
1 g/kN/s = 0.03539 lb/hr/lbf = 0.03539 lb/(hr*lbf)
1 gallon = 0.00378 m3

International Standard Atmosphere Table

