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ME525 Spring 2013   Name_______________ 
 
 
 
 
 

Final Examination 
This examination is closed book and closed notes. 
You may use the attached equation sheet.    
(Previously posted on the course web page)  
 
 
 
 
 

Question Maximum Score 

1 50  

2 60  

3 50  

Total 160  
 
 
Note:  Show detailed work for full credit 
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Question 1 (50 Points): A schematic of a jet engine with an after burner system is shown 
below.  The combustors in the gas generator burn n-hexane injected at 298 K with 25 
kg/s of air received from the compressor at a pressure of 286 kPa and a temperature of 
298 K.  The products of these combustors are CO2, H2O, O2 and N2, all of which exit the 
turbine at 1400 K and flow into the afterburner duct.  In the afterburner duct, hexane at 
298K is injected through fuel spray bars and a flame holder resulting in approximately 
uniform product gases at 2000 K entering the adjustable nozzle. The heat transfers to the 
surroundings though the engine walls can be neglected.  

 
(A- 10 Pts) Write the global chemical reaction equations considering major species 
occurring between the inlet and the exit of the Gas generator and the inlet and the exit of 
the “Afterburner duct” (See labels in the photograph) designating the overall equivalence 
ratios for the Gas generator and the Afterburner duct as Φ1 and Φ2. 
(B- 10 Pts) Estimate the mass flow rate of fuel burned by the combustors within: (B1) the 
gas generator and (B2) the afterburner duct. 
(C- 15 Pts) Quantitatively document the potential errors in the estimates of fuel flow rates 
resulting from ignoring the presence of CO and H2 in the product mixtures considering 
the equilibrium of the water gas shift reaction .  
kJ/mol C6H14 CO2 H2O O2 CO N2 H2 

 -167 -393 -242 0 -111 0 0 

 - 56 44 37 35 35 33 

 - 91 73 59 57 56 53 

(1400) - -396.30 -170.12 0 -235.09 0 0 

(2000) - -396.41 -135.64 0 -285.95 0 0 

(D- 15 Pts)  Write the conservation of mass, axial momentum and energy equations and 
their boundary conditions with appropriate assumptions and resulting simplifications for 
the control volume defined as the “Afterburner Duct.” 
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(A- 10 Pts) global chemical reaction equations considering major species occurring 
between the inlet and the exit of the Gas generator and the inlet and the exit of the 
“Afterburner duct” (See labels in the photograph) designating the overall equivalence 
ratios for the Gas generator and the Afterburner duct as Φ1 and Φ2. 
 
 
 

 
 

 
 

Exit of the Gas Generator: 
 
 
Products of fuel lean combustion 
CO2, H2O, O2 and N2 
T= 1400 K, P = ? 
 
 
Assume No heat transfer and no net work done 
because work done by the compressor is equal 
to the work needed to run the turbine. Neglect 
KE changes and PE changes in comparison to 
the chemical energy release. 
 
 
 

Inlet of the Gas Generator  
 
 
 
         T=298 K, P=? 
                   Air O2+3.76 N2 
                     

       25 kg/s 
 
 

 
 
 

Fuel: C6H14 

Exit of the Gas Generator  
 
 
 
         T=1400 K, P=? 
Oxidizer = Products of Gas generator 
exiting turbine (25+ (28*25/ )) kg/s 

 
 
 

Fuel: C6H14 
Exit of the After-burner: 
 
 
Products of afterburner combustion 
CO2, H2O, O2 and N2 and CO, H2 based on 
dissociation at T= 2000 K, P = 286 kPa? 
 
 
Assume no heat transfer and no work done 
because no displacement with force on the 
moving surface. Neglect KE changes and  
PE changes in comparison to the chemical 
energy release. 
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(D)Conservation equations are given below for mass, axial momentum, species and 
energy.  Ideal gas law relates density, pressure, and temperature.  Since the combustors 
and flames are longer in the axial direction, the diffusion terms with respect to x can be 
neglected and the body force is negligible as well.  As discussed, the kinetic energy 
change is low in comparison to the chemical energy change. 

 

All velocities are 0 at the solid boundaries; uniform velocity profiles assumed at inlet 
and exit with the overall mass flow rate calculated using the properties. 
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Question 2: (60 Points): Consider a turbulent non-premixed jet flame formed by 
injection of a pure hydrocarbon fuel (C5H12) at 300 K and one atmosphere pressure into 
atmospheric air (T=300 K, P= 1 atm, mass fraction of O2=0.23 and of N2=0.77). 
(A- 10 Pts) Sketch a control volume showing the jet injector and the flame and all the 
relevant boundary conditions for the conservation of mixture fraction (f). 
 

 
Boundary Conditions 
f(r<rinjector, x=0) = 1 
f(r>rinjector, x=0) = 0 
(df/dr)(r=0, x) = 0 
f(r∞, 0<x<∞) = 0 
 
 



6 
 

(B- 10 Pts) Calculate the time averaged mixture fraction: 

 and the root mean square value of mixture 

fraction: based on the data provided in the 

first two columns of the table below.  
 
Percentage 
of time 
(%) 

Mixture 
fraction  

T, K YO2 Y C5H12 YN2  

g/cm3-s 

 

g/cm3-s 

0 1 300 0 1.0 0 0 0 
10 0.125 2141 0 0.092 0.67 0 0 
15 0.0625 2272 0.01 0.027 0.72 -0.00948 0.00435 
25 0.06 2194 0.12 0 0.73 0 0 
20 0.055 1735 0.13 0 0.73 0 0 
20 0.045 1636 0.14 0 0.74 0 0 
10 0.03 1248 0.17 0 0.75 0 0 
0 0 300 0.23 0 0.77 0 0 
 
fmean = 0.0599 
g = 0.0237 
 
(C- 10 Pts) Construct and graph pair of equations for straight lines representing the state 
relationships (a total of eight equations and four graphs) using the 

tabulated values of shown in columns 3—6 of the table above 

where indicates functional dependences.  
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State-relationships 
Inside flame-sheet: 
Yfuel = (f-fstoich)/(1-fstoich) 
YO2 = 0 
T =  [(Tfstoich-Tair)/(fstoich)]*f + Tair 
Outside flame-sheet: 
Yfuel = 0  
YO2 = 1 – f/fstoich 
T =  [(Tfstoich – Tfuel)/(fstoich – 1)]*(f-fstoich) + Tfstoich 
It is assumed that Nitrogen does not react and diffuses only: 
YN2 = -YN2,f=0 * f + YN2,f=0 
(D- 10 Pts) The local instantaneous volumetric molar consumption rate (gmol/cm3-s) of 
C5H12, according to a global reaction can be approximated as: 

 where the numerical values of 

constants with appropriate units are: A = (6.4)1011(cm3-s/moles)m+n-1(6.4)1011(cm3-
s/moles)0.75, m=0.25 (no units), n=1.5 (no units), Ea/Ru=15,098 K.  Write down: (D1) the 
units of the constants explicitly, and (D2) an expression for = 72(g/mol) and 

calculate sand enter in the sixth column of the table, the values. 

Values are entered in the table above.  Fuel is consumed and CO2 is produced only for 
15% of the time because at all other times turbulence causes either the fuel or the 
oxygen to not exist at the location in question.   
[EA] = kJ/kmol 
[Ru] = kJ/kmol-k 
[k] = [A] = [(gmol/cm3)-0.75]/s 
m’’’C5H12 = w’’’C5H12 * MWC5H12 
xi = Yi MWmix/MWi 
MWmix ≈ MWN2 ≈ 29 kg/kmol 
[i] = xi P/(RuT) 
Substitute above expression into reaction rate equation and obtain the following equation: 
m’’’C5H12 = -Aexp(-EA/RuT)(YC5H12).25(YO2)1.5(MWC5H12).75(MWO2)-1.5(MWmixP/RuT)1.75 
The production rate is equal to 0 at all mixture fractions except f=0.0625 as given in the 
table 
m’’’C5H12 @ f=0.0625 = -9.92x10-3 g/cm3-s 
(E- 10 Pts) Estimate the time averaged and mean square values of the temperature, and 
mass fractions of C5H12 and O2, ( and production rate of CO2 ( ). 
Tmean = 1902K 
T’rms = 332K 
fmean = 0.0599 
f’rms = 0.0237 
YO2_mean = 0.1025 
Y’02_rms  = 0.0579 
YC5H12_mean = 0.0133 
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Y’C5H12_rms = 0.0279 
1kmol C5H12  5kmol CO2 
72kg C5H12  5*(44) kg CO2 
1kg C5H12  5*(44/72) kg CO2 
m’’’CO2 = -5*(44/72) m’’’C5H12 
The average production rates should not be calculated using the average values of the 
scalars above because the dependence on temperature is very non-linear and will cause 
significant errors. Further, the production rate requires that both fuel and oxidizer occur 
simultaneously at the location and this happens only 20% of the times.  The average 
production rate therefore should be calculated using the instantaneous production rates 
weighted over their time of occurrence. 
m’’’CO2_mean = 4.55 x 10-3 g/cm3-s 
(m’’’CO2)’rms = 3.49 x 10-2 g/cm3-s 
(F- 10 Pts) Discuss (3 sentences) the effects of turbulence on the fuel consumption rate. 
Turbulence enhances the effective burning rate by increasing the surface area of the 
flame through wrinkling. Turbulence enhances the mixing between the fuel and oxidizer 
to increase the burning rate. Turbulence also increases the effective diffusion of heat, 
leading to higher burning rates.  If the turbulence intensity increases such that the 
chemical processes cannot keep up with the dissipation of heat and radicals, the flame 
will extinguish, and this is known as blowout. 
 
Question 3: (50 Points):  This part of the final examination is to be completed as a take 
home assignment and is to be electronically submitted before midnight on Wednesday, 
5/1/2013. 
(A- 10 pts) Define a subsystem involving combustion issues that is of significant 
relevance to the topic of your ME525 term project.  Define the known quantities on the 
basis of customer demand, rating of the system, and other engineering considerations.  
Draw the overall control volume, define the coordinate system and identify the 
boundaries in preparation for writing conservation equations and boundary conditions. 
(B- 10 pts) Write a chemical equation of relevance to the subsystem and define the 
common fuel, oxidizer and products based on global reactions assumed at the level 
appropriate for preliminary engineering design. 
(C- 10 pts) Write conservation equation for appropriate quantities whose solutions will 
allow very detailed geometric design of the combustor from the point of view of adequate 
heat release rate, appropriate CO and NOx pollutant control.  
(D- 10 pts) Make appropriate assumptions to reduce the problem defined in section (c) to 
a problem that can be completed in two hours by an average ME525 student. 
(E- 10 pts) Solve the problem defined in part (d) and discuss the results in the context of 
combustion fundamentals. 
 
 
  


