Aerospace, Energy, and the Environment
Doctoral Qualifying Exam
January 2017
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.

1. The average pressure at the surface of the Earth is approximately 1000 hPa. Given that
the radius of the Earth is approximately 6,400 km, show that the mass of the
atmosphere is approximately 5.25 × 10() kg.
2. The atmospheric concentration of CO2 today is measured at 400 ppm. Calculate the total
mass of CO2 in the atmosphere.
3. If commercial aviation fuel burn is 200 Tg/year, calculate how many years of aviation
CO2 emissions would be needed to increase the atmospheric CO2 concentration by 1
ppm. Do not account for sinks of CO2 and conduct the calculation on the basis of
constant aviation CO2 emissions.
4. Now calculate a first order lifetime of anthropogenic CO2 in the atmosphere. Here
anthropogenic CO2 is defined as the CO2 beyond the pre-industrial level. Assume that
the mass of anthropogenic CO2 in the atmosphere is governed by a first order equation
where emissions are constant at a rate of 10 Pg C yr-1 and the removal rate is
proportional to the anthropogenic mass of CO2. The pre-industrial CO2 concentration is
280 ppm and the current rate of increase of CO2 is 2 ppm/year.
5. Assuming a CO2 radiative efficiency of 1.37´10-5 W m-2 ppb-1 calculate the steady-state
CO2 radiative forcing from a constant aviation fuel burn rate. Use the first order lifetime
you previously calculated, and assume that the aviation contribution to CO2 is governed
by decay with this lifetime and fuel burn at 200 Tg/year.
6. Assume that contrails from aviation fuel burn at 200 Tg/year results in approximately
30 mW m-2 of net (positive) radiative forcing. Sketch a graph of radiative forcing from
aviation as a function of time from t = 0 to +100 years considering CO2 and contrail
components. Assume that aviation emissions begin at t = 0 years at a constant rate of
200 Tg/year, and aviation emissions cease at t = 30 years.
7. Qualitatively explain how contrail radiative forcing varies diurnally. How might this
affect the attractiveness of contrail avoidance for daytime versus nighttime flights?
8. Show that the gradient of the contrail mixing line is given by
𝐺=

𝑝 ⋅ EI H1 O ⋅ 𝑐4
.
𝜀 ⋅ LCV ⋅ (1-𝜂)

9. Consider an aircraft flying at an altitude of 10 km with an overall efficiency of 50%
burning Jet A and its tendency to form contrails. Plot the mixing line on water vapor
partial pressure – temperature plot (Figure 1) for the cases given in Table 1. Assume
EI H1 O for jet fuel is 1.26 kg/kg-fuel. Label each mixing line A, B, and C for cases A, B,
and C, respectively. Terminate each mixing line with a cross where no contrail forms, a
circle if a contrail forms briefly, and a triangle if it persists.

Table 1
Case
A
B
C

Temperature (°C)
-46
-50
-42

Water partial pressure (Pa)
8
2
11

Figure 1

Aerospace, Energy, and the Environment (AEN) Qualifying Exam
Data and Formulae Sheet, with Useful Approximations
Chemistry
Gas
Hydrogen (H)
Carbon (C)
Oxygen (O)
Nitrogen (N)
Sulfur (S)
Air

Precise
Molar Mass
(g/mol)
1.00749
12.0107
15.9994
14.0067
32.065
28.9645

Approx.
Molar Mass
(g/mol)
1
12
16
14
32
29

Ideal Gas Constant: R = 0.08206 L ∙ atm ∙ 𝐾 E( ∙ molE(
Dry Air Specific Ideal Gas Constant: R HIJ = 287.058 J ∙ kg E( ∙ 𝐾 E(
Avogadro Constant: 𝑁P = 6.022140857 × 101R molE( ≈ 6.022 × 101R molE(
Water to Air Molar Mass ratio: 𝜀 = 0.622
Heat Capacity of Air at Constant Pressure: 𝑐4 = 1.005 kJ ∙ kg E( ∙ K E( (@ 300 K)
Standard Temperature and Pressure: 0 °C, 101.325 kPa
Faraday’s constant: F = 96,487 C/mol

Planetary and Earth Sciences
Standard gravitational acceleration at Earth’s surface: 𝑔 ≈ 9.81 g ∙ mE1
Earth’s albedo: 𝛼 ≈ 0.28
Solar Constant: 𝐹Y = 1368

[

\]

(at 1 AU)

Climate Sensitivity: 3 K (1.5 K – 6 K) at 3.7 W m-2

Fuels
Jet fuel properties:
Density: 𝜌 = 775 − 840 g/L ≈ 800 g/L
Typical Average Chemical Formula: C8 – C16 ≈ C12H23 or C12.5H24.4
Lower Caloric Value: 𝐿𝐶𝑉 = 43.02 MJ/kg ≈ 43 MJ/kg
LNG properties:
Lower Caloric Value: ≈ 47.4 MJ/kg (LCV pure CH4 = 50 MJ/kg)
Dodecane properties:
Chemical Formula: C12H26
Lower Caloric Value = 44.147 MJ/kg
Ethanol properties:
Chemical Formula: C2H5OH
Lower Caloric Value = 28.865 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
1 m3 = 1000 L

1 US gallon = 0.00378 m3 = 3.79 L
1 W = 1 J/s
1 kWh = 3.6 MJ
1 kgC = 3.67 kgCO2
1 barrel = 42 US gallons
1 J = 1 kgm2/s2
1 N = 1 kgm/s2

Formulae
Geometric sum formula:

i

1 − 𝑟 il(
𝑟 =
1−𝑟
h

hjk

Faraday’s Law:
𝑁I =

𝑠I 𝐼𝑡
𝑛𝐹

where 𝑁I is the number of moles of species 𝑖, 𝑠I is the stoichiometric coefficient according to the

convention below, 𝐼 is current, 𝑡 is time, 𝑛 is the number of electrons involved in the reaction and 𝐹 is
Faraday’s constant.
Convention used to define stoichiometric coefficients:
s

𝑠I 𝑀I t ⟷ 𝑛𝑒 E
I

Attributional lifecycle (LC) emissions – mass, energy or market allocation:
LCwx =

i
Ij((𝐷I ×EIzt )

𝑃s

×

𝑃s ×𝐶wx
}
hj((𝑃h ×𝐶w| )

where 𝐷I = quantity of raw material or energy input 𝑖 (from 1 to 𝑛); EIzt is the emission index of input
𝐷I , 𝑃h is the quantity of valuable output 𝑘 (from 1 to 𝑚) and 𝐶w| is the material characteristic (mass,
energy etc.) of 𝑃h
Consequential LCA and land use change:
LC‚ƒ‚„… = Attrib. component +

ΔCO1 from LUC×Alloc. ratio
Annual biofuel prod.×M

where M is the amortization period (number of years of interest).
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International Standard Atmosphere Table

