
 
 
 

Course for undergraduate and Ph.D. students  
Division of Fluid Mechanics, LTH 

 
 
 
 
 
 
 
 
 

MVKN85 & MVK045F (fundamental level) 
 

Study guidance note 
 

 
 

 
Lecture period VT1 Monday, January 20 2020 – Tuesday March 3, 2020 
 
 Monday Tuesday Friday 
Lecture time 10 - 12 13 - 15 15 - 17 
Lecture rooms M:Q M:Q M:Q 
 
Examination: written exam, March 21, 8:00-13:00, place to be determined 

 
 

Teachers: 
• X. S. Bai tel. 046-2224860, xue-song.bai@energy.lth.se 
• Michael Bertsch tel. 046-2226150, michael.bertsch@energy.lth.se  
 
 
Division of Fluid Mechanics 
Dept. of Energy Sciences 
Lund Institute of Technology 
http://www.fm.energy.lth.se 
Copyrights by Division of Fluid Mechanics, LTH



Study guide to Turbulent Combustion 4 

Aims of the Course 
 
Turbulent combustion occurs in nature and engineering applications. Combustion 
of fuels provides most of the energy that we need, from home heating to aircraft 
thrust. Combustion by-products, such as NOx, SOx, CO, or unburned 
hydrocarbons and particles are harmful to human beings.  
 
Combustion is often related to fluid flow that is turbulent. It is crucially important 
for a student in engineering science to understand turbulent combustion in order to 
solve the practical energy related processes that he or she is going to confront 
after graduation. The LTH-course, turbulent combustion (ref. code MVKN85, and 
MVK045F), is aimed at leading the student to understanding the basic processes 
found in turbulent reacting flows, developing the competence to solve practical 
turbulent combustion problems found in industry and daily life. 
 
Content of Course 
 
We will go through the following content. 
 
• Thermo-chemistry 
• Chemical kinetics 
• Transport processes, governing equations for reactive flows  
• Laminar/turbulent non-premixed flames 
• Laminar/turbulent premixed flames 
• Modelling of turbulent combustion 
• Turbulent combustion in gas turbine combustors, IC engines and boilers 
 
The course will be given in about 20 lectures. 6 home works and 1 project report 
will be assigned.  
 
Text Book, Credit, Home works and Examination 
 
The course will mainly follow the book An Introduction to Combustion by 
Stephen R Turns. In addition the following materials may be helpful: 
 
• Irvin Glassman, Combustion, 3rd Edition, Academic Press, 1996, Chap.4, 6. 
• Kenneth K Kuo, Principles of Combustion, John Wiley & Sons, 1986 
• N. Peters, Turbulent Combustion, Cambridge University Press, 2000. 
• X.S. Bai, Lecture note on turbulent combustion 
 
The course is 7.5 points (ETCS) for both undergraduate students and Ph.D. 
students. For the Ph.D. students, extra in-depth tasks are assigned. To obtain the 
credits, the students have to hand in homework exercises and pass a written 
examination. 
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Course Schedule 
 
Lectures Date Content    
1 20/1 Premixed flames - fundamentals 
2 21/1 Chemical kinetics and transport process in flames  
3 24/1 Theory of flame structures and instabilities 
 
4 27/1 Turbulent premixed flames, TPF   
5 28/1 Flame/turbulence interaction 
6 31/1 Theory and modelling of TPF 
  
7 3/2 Non-premixed flames and diffusion flames 
8 4/2 Mixture fraction and flamelets 
9 7/2 Flame/turbulence interaction  
  
10 10/2 Partially premixed flames 
11 11/2 Structures of partially premixed flames 
12 14/2 Theory and modelling of partially premixed flames  
 
13 17/2 Modelling of turbulent combustion  
14 18/2 Turbulent transport and turbulent reaction rates  
15 21/2 Flamelet and conditional moment closure  
 
16 24/2 Project work/group study 
17 25/2 Project work/group study  
18 28/2 Advanced combustion models 
 
19 2/3 Project work/group study  
20  3/3 Presentation of group study results and discussion 
 
21  21/3 Written exam 
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Home Work 1 
 
[Problem description] Consider nature gas (assuming 100% CH4) combustion 
with air in a combustion chamber. The fuel is supplied at a rate 1 kg/s. The air is 
supplied at 20 kg/s. Assume that the fuel and air are well mixed in the combustor 
and combustion occurs homogeneously everywhere in the combustor (i.e. well-
stirred reactor). Assume that the chemical reaction is one-step and completes in 
the combustor, and specific heat capacity is constant (equal to the Cp @ 
T=1200K, see table below). 
 

4 2 2 2 2 2CH   2(O   3.76N )  CO   2H O  7.52N+ + ® + +  
 
[Questions:] 
A. Determine the stoichiometric fuel/air ratio 
B. Determine the equivalence ratio 
C. Determine the mass fractions of the final products  
D. Discuss the role of N2 in the system 
E. Assume that the temperature of the fuel/air mixture before combustion is 

500K and the combustor pressure is 1 atm (constant pressure combustor), and 
the combustor is adiabatic, determine the product temperature, and discuss the 
influence of initial preheat mixture temperature on the product gas 
temperature. 

 
 

Enthalpy of formation and specific heat capacity of CH4, H2O, CO2, O2, N2  
 
Species  Enthalpy of formation  Cp @ T=1200K 
   (J/mole) (J/mole/K) 
O2   0 35.6  
N2   0 33.7  
CH4   –74831  78.8 
CO2   –393546  56.3   
H2O   –241845  43.7 
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Home Work 2 
 
[Problem description] There are two elementary reactions fundamentally 
important in many combustion processes. They are given in Table 5.3 of Turns 
book, and copied below, 
 

2H+O OH+O®           (1) 

2 2H+O +M HO + M®      (2) 
 
Reaction 1 is known as the important chain-branching reaction and reaction 2 the 
chain terminating reaction. The competition of these reactions largely determines 
whether combustion would proceed. In this exercise, you are requested to use the 
relevant reaction rates to show the rate competition. To be specific consider the 
following conditions (where Xi denotes the mole fraction of species i):  
 

- MWmix=28 g/mole;  
- XH=0.001;  
- XO2=0.05,  
- XM=1 

  
Molecules 
     or Atoms   Enthalpy of formation @ 298 K 

O2    0 
H    218  (kJ/mole) 
O    247  (kJ/mole) 
OH    39  (kJ/mole) 
HO2    13  (kJ/mole) 
 
Reactions  Rate coefficient (the unit is in cm, s, mole)  
       A  n E 
1  1.59e17 -0.927 70.6 
2  7.00e17 -0.80 0.00 
 
 
[Question] Using the above Tables, answer the following questions 
 
1. The unit of rate coefficient in the above table is based on g, mole, cm, s; and E 

is in [kJ/mole]. In such unit system the mole concentration unit is [mole/cm3]; 
density unit is [g/cm3]; the molecule weight unit is [g/mole]. The rate constant 
for reactions 1 and 2 is calculated using k=ATnexp(-E/(RuT)). Ru is the 
universal gas constant, Ru=8.314×10−3  (kJ/mole/K) 
(a) Find out the unit of A for reactions 1 and 2. 
(b) Calculate the mole concentration of H, O2 for p=1 atm and T=1000 K. 
(c) Convert A to SI unit 
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2. Do these reactions release heat or absorb heat? 
 
3. Assume [M]=rXM/MWmix, where XM is the mole fraction of third body, and   

[M] denotes mole concentration of the third body M. Using the equation of 
state to relate r with p. Write down rate formulations of d[OH]/dt and 
d[HO2]/dt. 

 
4. For T=1000K, plot d[OH]/dt and d[HO2]/dt as a function of p. 
 
5. For p=1 atm, plot d[OH]/dt and d[HO2]/dt as a function of T. 
 
6. If d[OH]/dt<d[HO2]/dt then combustion is probably quenched, since radical 

recombination is faster than radical branching. The condition 
d[OH]/dt=d[HO2]/dt may be called the crossover point. From the figures you 
draw in questions 4 and 5, find out the crossover temperature for p=1 atm 
combustion and the crossover pressure for T=1000K combustion. On one side 
of the curves combustion is quenched, which side is it? 
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Home Work 3 
 
The aim of the homework is to help you better understanding the basic concepts 
and developing competence to solve practical projects. A written answer to these 
concepts should be handed in on time. 
  
1. Describe four basic elementary chain reactions found in combustion of 

hydrocarbon fuels (i.e. chain initiating, branching, propagating, and 
terminating reactions). Give example for each of the reactions. Explain how 
the competition of these reactions affects the flame propagation. 

 
2. Describe the C3H8-air laminar premixed flame structure, see Fig.5.1, that is, 

the distributions of species and temperature in the preheat zone, reaction zone 
and post-flame zone. Explain the structure using elementary reactions. 

 
3. Describe the concept laminar flame speed. How is the laminar flame speed 

influenced by fuel structure, fuel/air mixture ratio, initial temperature, 
pressure, and dilution species. 

 
4. Discuss the influence of heat losses (by radiation and conduction to the walls) 

and radical losses to walls, on the propagation of laminar flames 
 
5. Describe quenching distance. 
 
6. Describe the phenomena flame flash back and blow off / lift off. 
 
7. Describe the mechanisms for laminar premixed flame to have flammability 

limits, i.e., lean (low) limit and rich (upper) limit. 
 
8. Describe the mechanisms for laminar/turbulent premixed flame stabilization, 

i.e., rim-stabilization, and bluff-body stabilization. 
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Home Work 4 
 
 
The aim of the homework is to help you better understanding the basic concepts 
and developing competence to solve practical projects. A written answer to these 
concepts should be handed in on time. 
 

1. Describe the species and temperature distributions in jet diffusion flames. 
 

2. What is the physical interpretation of mixture fraction? How can one use 
the mixture fraction field to determine approximately the flame height and 
flame shape (for example in jet diffusion flames)? 
 

3. Prove that for one-step chemical reaction with infinite high rate the 
chemical reaction zone is at stoichiometric mixture fraction. 

 
4. What is the advantage to use a conserved scalar such as the mixture 

fraction to replace the fuel species mass fraction in the transport 
equations? 

 
5. In Burke-Schumann's flame sheet model, one obtains a linear relation 

between the species mass fractions and the mixture fraction. What is the 
basic assumption(s) behind it? Under which further assumption(s) can one 
show that the temperature depends only on the mixture fraction? 

 
6. For CH4 and air non-premixed flame, derive the ‘state relationship’ the so-

called Burke-Schumann flame sheet model for CH4, O2, N2, CO2, and 
H2O mass fractions. 

 
7. Why in diffusion flames one can assume infinitely fast reactions while in 

laminar premixed flames one cannot do so?  
 

8. How does the chemical kinetics affect the diffusion flames? 
 

9. In jet-diffusion flames, the flame near the nozzle may be locally quenched 
and flame being lifted off; describe the physical background. 



Study guide to Turbulent Combustion 11 

Home Work 5 
 
 
The aim of the homework is to help you better understanding the basic concepts 
and developing competence to solve practical projects. A written answer to these 
concepts should be handed in on time. 
 

1. Discuss the scales (turbulence and chemistry) in turbulent premixed 
flames. Describe the important non-dimensional parameters and use these 
parameters to define different turbulent premixed flame regimes. 

 
2. Explain why the laminar flamelet in turbulent flows is often wrinkled. 

 
3. Describe the concept turbulent flame speed. What factors could influence 

the turbulent flame speed? 
 

4. In the regime of wrinkled flamelet, show that the turbulent flame speed is 
larger than the laminar flame speed.  

 
5. A Bunsen flame is in the regime of corrugated flamelet. The flame is 

assumed to be of a conical shape. Show that the half cone angle, the flame 
speed ST and nozzle flow speed U has the following 
relation, ST =U sin(α) . Further, show that the height of the turbulent 
mean flame is proportional to R/It, where R is the radius of the Bunsen 
burner and It is the turbulence intensity ( I t = !u /U ). 

 
6. In the regime of thin reaction zone regime, what assumption can you 

make in order to show that the ratio of turbulent flame speed to laminar 
flame speed is equal to the square root of the ratio between turbulent eddy 
viscosity and laminar viscosity. 

 
7. When the turbulent flame intensity u´/SL is large, why could the wrinkled 

laminar flamelet be quenched? 
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Home Work 6 
 
 
The aim of the homework is to help you better understanding the basic concepts 
and developing competence to solve practical projects. A written answer to these 
concepts should be handed in on time. 
 

1. Discuss the structure of turbulent diffusion flames 
 

2. In jet-diffusion flames, the flame height is proportional to the nozzle flow 
speed in laminar flames, while in turbulent flames, the flame height is 
almost independent of the nozzle flow speed. Explain this phenomenon 
using turbulence flame theory. 

 
3. In turbulent diffusion flames the mean flame is often much thicker than the 

laminar flame; describe the phenomenon of the flame broadening. 
 

4. Discuss the interaction between turbulence and diffusion flames 
 

5. In the laminar flamelet regime, estimate the scalar dissipation rate. Discuss 
the effect of turbulence on the flame structures based on the scalar 
dissipation rate 

 
6. For Damköhler number unity, the turbulence eddies may quench the 

chemical reactions. In order to maintain the combustion process one may 
mix hot combustion products to air or the fuel streams. Analyze this 
process using elementary reactions and discuss the reaction zone 
structures.   
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Appendix: A sample of written exam problems 
 
 
Turbulent Combustion, VT-04 
Dept. of heat and power engineering  
Lund Institute of Technology  
Monday, March 19 
Total points: 48 
 
   Examination 

 
Problem 1  
 
A typical methane/air turbulent 
premixed flame is shown in 
Figure 1.  The picture shows an 
instantaneous distribution of 
radical OH concentration 
measured using PLIF. As seen 
from the picture, unburned 
fuel/air mixture and the burned 
products are separated by thin 
reaction zone (the high OH 
zone). Please answer the 
following questions. 
(24 p) 
 
 
 
 
 
 
What are radicals? Why can radicals (such as OH) be used to represent the 
reaction zone? (3p)  
 
The flame is highly wrinkled. How does a turbulence eddy wrinkle a flame? (3p) 
 
The flame is ‘held’ at the rim of the burner. Discuss the mechanism of this rim 
stabilization (3p) 
 
Some part of the flame looks like locally quenched. How is the flame locally 
quenched? (3p) 
 
Under what conditions, the instantaneous flame can be approximated by the so-
called laminar flamelet? (3p) 

CH4+Air 

Figure 1 
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If the instantaneous flame can be assumed to be locally laminar flamelet, show 
that with the same flame height (length) and injection area, the fuel consumption 
rate of a turbulent flame is much faster than a laminar flame (3p) 
 
Describe the structure of the local laminar flamelet, i.e., the distributions of CH4, 
O2, CO, CO2, H2O and T across the flame (3p) 
 
Describe different factors that affect the temperature in the laminar flamelet, i.e., 
the equivalence ratio, the temperature of the unburned mixture, and the level of 
turbulence (3p) 
 
 
 
 
Problem 2 
 
Consider a jet diffusion flame (see Figure 2b). An important parameter of the 
flame is the length of the flame (or the so-called flame height). Measurements 
of the flame height at different volume rate of the fuel jet (i.e. fuel velocity 
times the fuel jet tube area) are shown in Figure 2a. Please answer the 
following question (24p) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Explain (6p) 
why the flame height increases almost linearly with the volume rate of fuel flow, 
when the volume rate is low  

Figure 2a Figure 2b 

fuel 

Flame 
height 



Study guide to Turbulent Combustion 15 

why the flame height is almost independent of the volume rate of the fuel flow, 
when volume rate is high  
why the flame height increases when the tube diameter increases  
 
For tube diameter 0.178 inches (see the figure), when the fuel flow volume rate 
increases from 400 to 1200 cm3/s, the flame height changes only slightly. If you 
continue increasing the volume rate, how is the flame height going to change? 
Why? (3p) 
 
Describe the local flame structure across the flame (assume the fuel is CH4), i.e., 
the distributions of fuel, O2, CO, H, CO2, H2O and T (3p) 
 
If the fuel is CH4 and the oxidizer is O2, please estimate the mixture fraction at the 
flame, and in the fuel jet, as well as in the O2 rich zone. (3p) 
 
Assume that the fuel is CH4 and the oxidizer is O2 and assume that the chemical 
reaction is infinitely fast, the flame thickness is zero, i.e. ‘flame sheet’. Estimate 
the total mass fraction of products, and the mass fractions of O2 and CH4 in the 
flame sheet. (3p) 
 
What is the physical meaning of scalar dissipation rate (defined 
as 2 ( )D Z Zc = Ñ ×Ñ , where Z is mixture fraction and D is mass diffusion 
coefficient)? How is the peak flame temperature affected by the scalar dissipation 
rate? (3p) 
 
Now you are asked to design a gas turbine combustor. The total fuel volume rate 
is 1000 cm3/s and the length of the combustor length is 12 inches.  Propose your 
design plan (Hint: you may use several canes. Give the number of canes and fuel 
nozzle diameter for each can (3p) 
 
Good Luck!   Please hand in your answer together with these question sheets. 


