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OBJECTIVES::  

To know the 

 Concepts in combustion 

 To make combustion calculations 

 To know supersonic combustion 

 

UNIT I-FUNDAMENTAL CONCEPTS IN COMBUSTION  

Thermo - chemical equations - Heat of reaction first order, second order and third order reactions 

— premixed flames - Diffusion flames 

UNIT II-CHEMICAL KINETICS AND FLAMES  

Measurement of burning velocity - Various methods - Effect of various parameters on burning 

velocity - Flame stability - Detonation - Deflagration - Rankine – Hugoniot curve - Radiation by 

flames. 

UNIT III-COMBUSTION IN GAS TURBINE ENGINES  

Combustion in gas turbine combustion chambers - Re-circulation – Combustion efficiency - 

Factors affecting combustion efficiency - Fuels used for gas turbine combustion chambers - 

Combustion stability - Flame holder types – Numerical problems. 

UNIT IV-COMBUSTION IN ROCKETS  

Solid propellant combustion - Double base and composite propellant combustion - Various 

combustion models - Combustion in liquid rocket engines - Single fuel droplet combustion 

model - Combustion in hybrid rockets. 

UNIT V-SUPERSONIC COMBUSTION  

Introduction - Supersonic combustion controlled by mixing, diffusion and heat convection - 

Analysis of reaction and mixing processes - Supersonic burning with detonation shocks. 
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15BTAR7E16 COMBUSTION ENGINEERING 

UNIT I 

 FUNDAMENTAL CONCEPTS IN COMBUSTION 

What is meant by combustion? 

 Combustion is a high-temperature exothermic redox chemical reaction between a fuel 

(the reductant) and an oxidant, usually atmospheric oxygen, that produces oxidized, often 

gaseous products, in a mixture termed as smoke. Combustion in a fire produces a flame, 

and the heat produced can make combustion self-sustaining. 

 chemical reaction that occurs when oxygen combines with other substances to produce 

heat and usually light 

What is combustion reaction? 

A combustion reaction is a type of chemical reaction where a compound and an oxidant 

is reacted to produce heat and a new product. The general form of a combustion reaction 

is the reaction between a hydrocarbon and oxygen to yield carbon dioxide and water: 

hydrocarbon + O2 → CO2 + H2O 

 

In addition to heat, it's also common (although not necessary) for a combustion reaction 

to release light and produce a flame. 

In order for a combustion reaction to begin, the activation energy for the reaction must be 

overcome. Often, combustion reactions are started with a match or other flame, which provides 

heat to initiate the reaction. Once combustion starts, enough heat may be produced to sustain it 

until it runs out of either fuel or oxygen. 

Combustion Reaction Examples 

Examples of combustion reactions include: 

 

2 H2 + O2 → 2H2O + heat 

CH4 + 2 O2 → CO2 + 2 H2O + heat 

 

Other examples include lighting a match or a burning campfire. 

 

To recognize a combustion reaction, look for oxygen in the reactant side of the equation 

and the release of heat on the product side. Because it isn't a chemical product, heat isn't 

always shown. 

 



Sometimes the fuel molecule also contains oxygen. A common example is ethanol (grain 

alcohol), which has the combustion reaction: 

 

C2H5OH + 3 O2 → 2 CO2 + 3 H2O 

A Thermochemical Equation is a balanced stoichiometric chemical equation that includes 

the enthalpy change, ΔH. In variable form, a thermochemical equation would look like 

this: 

A + B → C 

ΔH can have a positive or negative sign. A positive sign means that the system uses heat 

and is endothermic. The negative value means that heat is produced and the system is 

exothermic. 

 

Endothermic: A + B + Heat → C, ΔH > 0 

 

Exothermic: A + B → C + Heat, ΔH < 0 

 

Since enthalpy is a state function, the ΔH given for a particular reaction is only true for that exact 

reaction. 

 



 

 

 

What is the thermo chemical equation for the combustion of benzene? 

A thermochemical equation is simply a balanced chemical equation that includes the change 

in enthalpy that accompanies that respective reaction. 

http://socratic.org/chemistry/thermochemistry/enthalpy


As is the case with all hydrocarbons, which are compounds that only contain carbon and 

hydrogen, benzene's combustion will lead to the formation of only two products, carbon 

dioxide, CO2, and water, H2O. 

The balanced chemical equation for the combustion of benzene, C6H6, is 

2C6H6(l)+15O2(g)→12CO2(g)+6H2O(l) 

Now, in order to have the thermochemical equation, you need to add the change 

inenthalpy associated with this reaction, which is listed as being equal to -6546 kJ. 

2C6H6(l)+15O2(g)→12CO2(g)+6H2O(l), ΔHrxn=-6546 kJ 

You need to be a little careful here because this is the change in enthalpy that accompanies the 

combustion of 2 moles of benzene. This means that you can also write 

C6H6(l)+15/2O2(g)→6CO2(g)+3H2O(l) 

ΔHrxn=-6546/2 kJ=-3273 kJ 

This is what the change in enthalpy is when 1 mole of benzene undergoes combustion. 

 

 

 

 

 

http://socratic.org/chemistry/a-first-introduction-to-matter/compounds
http://socratic.org/chemistry/thermochemistry/enthalpy


 

 

HEAT OF REACTION 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 



 

 



 

 

 

Let us consider an example of a third order and trimolecular reaction is given below

 

 



 

PREMIXED FLAMES 

 

 



 

 

 

 

 

 



 

  

In a premixed turbulent flame, fuel and oxidizer are being mixed by turbulence during a 

sufficiently long time before combustion is initiated. The deposition of energy from the spark 

generates a flame kernel that grows at first by laminar, then by turbulent flame propagation. And 

in which the oxidizer has been mixed with the fuel before it reaches the flame front. This creates 

a thin flame front as all of the reactants are readily available. Turbulent flame can be classified 

into four categories  

 Weak turbulent flame 

 Wrinkled laminar flame 

 Distributed reaction flame 

 Flamelet –In–eddy  flame 

 



 

 

DIFFUSION FLAMES 

In combustion, a diffusion flame is a flame in which the oxidizer combines with the fuel by 

diffusion. As a result, the flame speed is limited by the rate of diffusion. 

 

 

 

  

 

 



 

 

 

 



 

  

               

 

 



UNIT II 

CHEMICAL KINETICS 

Laminar burning velocity is an important parameter of a combustib le mixture as it 

contains fundamental information regarding reactivity, diffusivity, and e xothermicity. Its 

accurate knowledge is essentia l for engine design, modeling of turbulent combustion, and 

validation of chemical kinetic m echanisms. In addition, the determination of b urning velocity is 

very important for the calculations used in explosion protection and fuel ta nk venting. The 

burning velocity is defined as t he linear velocity of the flame front normal to itself relative to 

unburned gas, or as the volume of unburned gas consumed per unit time divided by the area of 

the flame front in which that vol ume is consumed (Linnett, 1954). 
 

Since the early 1990’s the use of natural gas as an energy source has been increasing 

rapidly. Natural gas is clean burning and consists of approximately 90 percent methane (CH4). 

Due to this high percentage it i s important to gain as much knowledge regarding the burning 

properties and attributes of methane as possible. This project will focus on a mixture of methane 

and air at various ratios, both g reater than and less than stoichiometric. The mixture will be 

burned to simulate natural gas. The physical property under investigation will be laminar burning 

velocity.  
Laminar burning velocity is highly useful for modeling turbulent burning velocity, (Keck 

1982). Turbulent flow occurs wh en a fluid undergoes irregular fluctuations and mixing. Laminar 

flow is defined as the flow wh ich travels smoothly in regular paths or layers (Laminar Flow, 

2007). According to research by Klimov (1975), the relationship between laminar and turbulent 

burning velocity can be described by the following equation: 
 
 

 

Equation 1 
 

Where  = Turbulent Velocity,  = Laminar Velocity. From this equation Klimov concludes  

 

that    approaches zero according to the limit  . 

 

Another instance where laminar burning velocity is used as an input para meter to model 

a deflagration is the FLACS Co de, developed by GexCon. The FLACS Software Suite is 

primarily used to model various types of explosions. Specifically, laminar bu rning velocity is 

used in the FLACS model for combustion. The model assumes that an e xplosion can be 

represented by many small flamelets, which can be considered laminar. Laminar burning 

velocity models are one of the th ree input parameters for this program and they are a function of 

the gas mixture, temperature, an d pressure. The second input parameter is a turbulent burning 

velocity model, which depends u pon numerous turbulence parameters, and is determined 

through experimental data. The final pa rameter quantifies a model describing quasi-lam inar 

combustion shortly after ignition of the flam e, (GexCon, 2007). 
 

There are many experimental techniques used in obtaining the laminar burning velocity 

of a particular gas-air mixture. A critical review of these methods is available in the literature 



 

 

(Andrews and Bradley, 1972). Apparatuses for measuring laminar burning velocity can be 

classified into two categories: co nstant volume and constant pressure. Examples of these are the 

spherical bomb technique for c onstant volume, and the slot-burner for consta nt pressure. The 

key differences are the ranges of pressure and temperature that can be included in the tests. The 

constant pressure methods pri marily use atmospheric pressure, and approximately constant 

temperatures, while the constant volume methods can measure burning velocity under a wide 

range of temperatures and press ures (Parsinejadet et al., 2006). This project us es the slot-burner 

and Bunsen burner technique to calculate the flame velocities. The slot burner is chosen due to 

its advantages involved in the theory of the velocity calculation as well as e ase of apparatus 

construction. The burning velocity obtained using the slot burner method is calculated by 

multiplying the gas mixture flow rate by the sine of the flame angle. 

 

 

Equation 2 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1: Illustration of experimental pa rameters used to calculate burning velocity using the slot burner method. 

 

The Bunsen burner apparatus is decided upon because it should provide data that is 

accurately comparable to previously published data. The Bunsen burner uses the flame surface 

area and total flow of gas to calculate the laminar burning velocity. 
 
 
 
 

 
Equation 3 

 



The flame produced in both apparatuses is stabilized and adjusted to provide the most 

uniform, symmetrical flame possible. This is done by increasing or decreasing the flow of fuel 

and air. The flame will then be photographed using a high resolution camera. Finally, from the 

pictures of the flames the flam e angles and heights will be measured and then the burning 

velocity will be calculated. 

There are a variety of techniques used to measure laminar burning veloc ity. This section 

discusses a few of these methods . 

Description: A flame is stabilized over a rectangular opening. A Mache-Hebra (or similar) nozzle 

is used to create flat-vel ocity profile. From the side the flame appears to be tent-like in shape. 

 

Flame Shape: Complex Conical 
  

 

 

 

 

Experimental Parameters: 

 

Formula:  
(Strehlow 1984)  

 

Su: Burning velocity (cm/s) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Illustration o f Experimental Parameters used to calculate Burning Veloc ity 
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Figure 3: Design of Slot Burner Apparatus 

 

 

 

 

 
 
 
 
 

 
 
 
 
 

 

 
  
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Typical Bunsen Burner   



 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: Snapshots of two flames as they propagate along a tube filled with two different fuel types. The picture on 

the right shows a fuel with a higher burning velocity than that of the picture on the left. This is determined by the 

spacing between each arc. 

 

 

 
 

  

  



r1: Initial radius of soap bubble (cm) 

r2: Final radius of soap bubble (cm)  

 

Formula:    ( Streholow 1984) 
 

Volumetric flow (cm
3
/s) 

 

Su = Burning velocity (cm/s)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6: Variables involved in soap bubble technique equation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: Vessel used for spherical explo ion.  
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

The slot burner method is chosen for measuring burning velocity for two specific reasons. 

First, the theory is relatively simple. Burning velocity is calculated by multiplying the gas flow 

rate by the sine of the acute angle between the direction of gas flow and the flame edge. The 

second reason for choosing this method is that the apparatus is relatively simple to construct and 

can be created by satisfying a small number of specifications. The first requirement being that 

the air and methane must be pre-mixed within the apparatus. Secondly, the gas mixture must exit 

through a slot of ratio 3:1 (length to width) or greater. Lastly, it is important that the apparatus be 

capable of creating and maintaining a steady flame characterized by a defined inner triangle. 

Air for the experiment is delivered via an in-house compressed air system. A line of steel 

braided tubing joins this delivery system to the slot burner itself. The methane is stored in a 

compressed cylinder located approximately one meter away from the apparatus. Another steel 

braided tube delivers the methane supply to a separate branch of the slot burner, after passing 

through a methane-rated flame arrestor. Each of these supply sources is equipped with a 

regulator as well as a pressure gage. The air then passes through a flow meter of scale 7-70 

standard cubic feet per hour (SCFH). The methane passes through a flow meter of scale 1-11 

SCFH. These flow meters are used for the purpose of identifying the resulting gas mixture 

composition. The supplies then flow through approximately 30 cm (equidistantly) to a T-union 

where they simultaneously flow into a 5.2cm (3 in) diameter clear plastic tube. This tube is filled 

with glass beads of diameter 6mm (0.326 in) meant to mix the air and methane into an 

approximately uniform distribution. The newly mixed gas then passes through a regulator valve. 

The purpose of this valve is to manage the flow exiting the slot thereby reducing turbulence. This 

is followed by a third flow meter of scale 7-70 SCFH to measure the actual gas flow exiting the 

slot burner. This value is used in calculation of the burning velocity. The gas mixture is then split 

once again at a T-union and delivered via PVC tubing to opposite ends of a 1.27 cm (½ in) 

diameter, 15.24 cm (6 in) long steel pipe. The inner wall of which has a fine mesh used to 

pressurize flow within the pipe, thereby reducing turbulence through the slot which is located at 

the top center of the pipe.  

Only a few alterations are made in order to convert the slot burner design to a Bunsen burner 

design. For the first test a 1.524cm diameter by 30.48cm long (1/2” x 12”) pipe is oriented 

vertically directly above the regulator valve. This way the flow no longer splits into two 

directions and exits directly at the top of the steel pipe where the laminar flame forms. 

Experimental parameters measured are the height and base of the flame as well as the volumetric 

flow exiting the pipe. Other burner diameters tested are 0.76cm and 1.016cm. The burning 

velocity is found by dividing the volumetric flow by the area of the flame.  

 

 



A leakage test is performed before every experiment to minimize the risk of a methane 

leak. This is done by first opening the air supply line and applying a leak identifying agent 

(Snoop) to every point with the potential for leakage. Connections are tightened until bubbles 

caused by Snoop are no longer present. The same process is completed along the methane line. A 

flame is lit at the top of the apparatus during this time to ensure that the methane is consumed 

rather than let out into the atmosphere. 

Flame Stabilization : 

               The velocities encountered in modern propulsion engines and power plant burners are 

so high that the flame has to be stabilized by some artificial means.  

               Considering blow‑off as a situation arising to allow the residence time of the reactions 

to proceed to ignition, one may devise various possible flame stabilizers.Velocity is slowed 

down, flow remains high. 

              There are 3 types of flame stabilizers are extensively known. They are: 

              Stabilization by Pilot Flames 

                                         by Bluff Bodies and 

                                          by Recirculation 

By Pilot Flames 

              Suppose a pilot flame (as hot inert gas in Fig 8.28) is held adjacent to the cold reactant 

mixture flow issuing in the form of a high velocity jet.  

              Heat and mass are transferred across the boundary of the two streams by diffusion and 

mixing.  

              The reaction rate in the cold reactant mixture is thus enhanced shown in Figure 8.28 

(Marble and Adamson). 

              Blow‑off would occur if the flow rate > the reaction rate in reactant mixture.  

 

 
 

By Bluff Bodies 

When a blunt body is placed in a high velocity reactant stream, the flow is greatly slowed 

down at the forward stagnation point (see Figure 8.29) to give ample opportunity for reactions to 

proceed to ignition. 

 



One major disadvantage of solid bluff bodies is the drag they exert on the flow and the resultant 

loss of thrust. 

 
 Campbell overcomes this drawback by employing an opposing gaseous jet in the 

reactant stream. 

              It evolves as the opposing jet. The stream is slowed down and the flame is anchored as 

schematically shown in Figure 8.30. The blow‑off velocity is increased by increasing the 

injection pressure of the opposing jet and by increasing the temperature of the opposing jet gas. 

 
By Recirculation 

           When the solid bluff body discussed above is of finite length in the direction of flow, the 

pressure distribution prevents the high velocity flow from keeping attached to the solid surface.  

              Increasing pressure separates the boundary layer and causes eddy shedding in the 

"wake."  

      Under sufficiently fast flow conditions a (symmetric) recirculation pattern of flow is 

established behind the blunt body as shown in Figure 8.31. 

              The recirculation zone provides a station where reactions can take place.  

 



 
 

 

 



  

 

 

 

 



 

 

 

 

 

 

 

 
RADIATION BY FLAMES. 

Combustion consists of chemical reactions in series and in parallel and involving 

various intermediate species. The composition and concentration of these species cannot 

be predicted very well unless knowledge is available of the flame reaction kinetics; this 

detailed knowledge is not usually available or convenient to obtain. Because the flame 



radiation properties depend on the distributions of temperature and species within the 

flame, a detailed prediction of radiation from flames is not often possible from knowledge 

of only the combustible constituents and the flame geometry. It is usually necessary to 

resort to empirical methods for predicting radiative transfer in systems involving 

combustion. 

Radiation from the non luminous portion of the combustion products is fairly well 

understood. For this the complexities of the chemical reaction are not as important, since 

it is the gaseous end products above the active burning region that are considered. Most 

instances are for hydrocarbon combustion, and radiation is from the CO2 and H2O 

absorption bands in the infrared. For flames a meter or more thick, as in commercial 

furnaces, the emission leaving the flame within the CO2 and H2O vibration-rotation bands 

can approach blackbody emission in the band spectral regions. The gas radiation 

properties in Chap. 9, and the methods in this chapter, can be used to compute the 

radiative transfer.  

The analysis is greatly simplified if the medium is well mixed and can be assumed 

isothermal. A non isothermal medium can be divided into approximately isothermal 

zones, and convection can be included if the circulation pattern in the combustion 

chamber is known.  

Radiation from various types of non luminous flames (laminar or turbulent, mixed or 

diffusion) is treated. The flame shape for an open diffusion flame is considered in 

Annamali and Durbetaki (1975). The local absorption coefficient in non luminous flames is 

calculated in Grosshandler and Thurlow (1992) as a function of mixture fraction and fuel 

composition. Modest (2005) reviews models for radiative transfer in combustion gases. 

When considering the radiation from flames, a characteristic parameter is the average 

temperature of a well-mixed flame as a result of the addition of chemical energy. Well-

developed methods exist for computing the theoretical flame temperature from 

thermodynamic data.  

The effect of preheating the fuel and/or oxidizer can be included. An ideal theoretical 

flame temperature T is computed using energy conservation assuming complete 

combustion, no dissociation of combustion products, and no heat losses. The energy in the 

constituents supplied to the combustion process, plus the energy of combustion, is 

equated to the energy of the combustion products to give, 
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UNIT III 

 COMBUSTION IN GAS TURBINE ENGINES 
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Performance Requirements 
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COMBUSTION EFFICIENCY 

The combustion efficiency of a gas turbine combustion chamber is usually defined as the ratio of 

the heat actually liberated at the chamber outlet to the heat that would be liberated in an ideal 

system. 
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Burning velocity model for combustion efficiency 
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Factors affecting combustion efficiency: 

Gas turbine site performance is directly affected by inlet air density and air environmental 

conditions. The effects of inlet air density on produced power and heat rate are: 

 A given engine design limits air volume flow capacity 

 Produced power is a function of actual energy extracted per pound of vapor and mass 

flow of vapor 

 For a given engine therefore, produced power varies directly with inlet air density 

 Produced power does become limited by low volume (stall and surge) flow 

Care must be taken when selecting gas turbines to ensure sufficient shaft power is available at 

high temperature conditions and fouled inlet conditions, and gas turbine applications tend to be 

‘fully loaded’ since gas turbines (unlike steam turbines) are not custom designed. 

 Thermal efficiency is a prime factor in gas turbine performance. It is the ratio of net work 

produced by the engine to the chemical energy supplied in the form of fuel. The three most 
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important factors affecting the thermal efficiency are turbine inlet temperature, compression 

ratio, and the component efficiencies of the compressor and turbine. Other factors that affect 

thermal efficiency are compressor inlet temperature and combustion efficiency. 

 The effects that compressor and turbine component efficiencies have on thermal 

efficiency when turbine and compressor inlet temperatures remain constant are shown in Figure 

1. In actual operation, the turbine engine exhaust temperature varies directly with turbine inlet 

temperature at a constant compression ratio. 

 
Fig.1. The effect of compression ratio on thermal efficiency. 

 
Fig. 2. Turbine and compressor efficiency vs. thermal efficiency. 

 maximum thermal efficiency can be obtained by maintaining the highest possible exhaust 

temperature. Since engine life is greatly reduced at high turbine inlet temperatures, the operator 

should not exceed the exhaust temperatures specified for continuous operation. Figure 2 

illustrates the effect of turbine inlet temperature on turbine blade life. In the previous discussion, 

it was assumed that the state of the air at the inlet to the compressor remains constant. 
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Fig.3. Effect of turbine inlet temperature on turbine bucket life. 

The power produced by a turbine engine is proportional to the stagnation density at the inlet. The 

next three illustrations show how changing the density by varying altitude, airspeed, and outside 

air temperature affects the power level of the engine. Figure.4 shows that the thrust output 

improves rapidly with a reduction in outside air temperature (OAT) at constant altitude, rpm, and 

airspeed. This increase occurs partly because the energy required per pound of airflow to drive 

the compressor varies directly with the temperature, leaving more energy to develop thrust. In 

addition, the thrust output increases since the air at reduced temperature has an increased density. 

The increase in density causes the mass flow through the engine to increase. The altitude effect 

on thrust, as shown in Figure 5, can also be discussed as a density and temperature effect. In this 

case, an increase in altitude causes a decrease in pressure and temperature. 

 

fig.4.  Effect of OAT on thrust output. 
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fig. 5.Effect of altitude on thrust output. 

 

The effect of airspeed on the thrust of a gas-turbine engine is shown in Figure 6. To explain the 

airspeed effect, it is necessary to understand first the effect of airspeed on the factors that 

combine to produce net thrust: specific thrust and engine airflow. Specific thrust is the net thrust 

in pounds developed per pound of airflow per second. It is the remainder of specific gross thrust 

minus specific ram drag. As airspeed is increased, ram drag increases rapidly. The exhaust 

velocity remains relatively constant; thus, the effect of the increase in airspeed results in 

decreased specific thrust. [Figure 7] In the low-speed range, the specific thrust decreases faster 

than the airflow increases and causes a decrease in net thrust. As the airspeed increases into the 

higher range, the airflow increases faster than the specific thrust decreases and causes the net 

thrust to increase until sonic velocity is reached. The effect of the combination on net thrust is 

illustrated in Figure 7. 
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 Fig. 6 Effect of airspeed on net thrust.         Fig.7. Effect of airspeed on specific thrust  

   and total engine airflow. 

FUELS USED FOR GAS TURBINE COMBUSTION CHAMBERS
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Alternative Fuels 

Types of Hydrocarbons 

 Pure hydrocarbon fuels are compounds of two elements only, carbon and hydrogen. They 

may be gaseous, liquid, or solid at normal pressure and temperature, depending on the number of 

carbon atoms and their molecular structure. Those with up to four carbon atoms are gaseous; 

those with twenty or more are solid, and those in between are liquid. It is usual to classify the 

hydrocarbons present in petroleum fuel into four main groups: paraffinic, olefinic, naphthenic, 

and aromatic. The proportions in which these groups are present largely define the character of 

the fuel. 

Paraffins: 

  Paraffinic oils are found mainly in the United States, North Africa, and Nigeria. They 

have the general formula CnH2n + 2. Thus, the simplest hydrocarbon, methane, is in this class; its 

molecule can be represented as: 
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The remaining normal paraffins are built up from methane as straight chains, e.g. 

 

Alternative paraffin configurations, or isoparaffins, are in the form of branched chains, such as 
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Aromatics 

  Aromatics are ring compounds containing one or more six-member rings with the 

equivalent of three double bonds. Although similar in structure to the naphthenes, they contain 

less hydrogen and, in consequence, their specific energy is appreciably lower. Aromatic 

compounds in fuel cause swelling of o-ring and this helps seal the high pressure aircraft fuel 

system. The disadvantages of aromatic compounds include a marked tendency to soot formation 

and a high hygroscopicity that can lead to precipitation of ice crystals when the fuel is subjected 

to low temperatures. Aromatics also have a strong solvent action on rubber that can cause trouble 

in fuel systems and on aircraft fitted with soft-rubber-lined fuel tanks. 

The characteristic formula for the aromatics is CnH2n-6. The simplest member is benzene, in which 

each carbon atom carries only one hydrogen atom: 

 

More complex molecules of the aromatic group are obtained either by replacing one or more of 

the hydrogen atoms with hydrocarbon groups or by “condensing” one or more rings [8]. Another 

example is: 
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Production of Liquid Fuels 

1. Separation process: Crude oil is separated into its primary fractions, consisting of gasoline, 

distillate fuels, and fuel oil; these then provide the basic material for the desired range of fuel 

products. Separation is accomplished by a distillation process that exploits the fact that the 

various components in crude oil have different boiling points. When a crude oil is heated, the first 

gases evolved are chiefly methane, ethane, propane, and butane. Next, vapors are released that 

condense to form light distillates and then gasoline. As boiling proceeds, kerosine emerges, 

followed by the middle distillates used in gas oil and diesel fuel. Finally, a residue is left that is 

used in the manufacture of lubricating oils, wax, and bitumen. 

 2. Upgrading process: These processes improve the quality by using chemical reactions to 

remove any compounds present in trace quantities. Commonly used upgrading processes are 

sweetening, hydrotreating, and clay treatment.  

3. Conversion process: These processes change the molecular structure of the feedstock, usually 

by “cracking” large molecules into small ones, e.g., catalytic cracking and hydrocracking. 

COMBUSTION STABILITY: 
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FLAME HOLDER  

A flame holder is a component of a jet engine designed to help maintain continual combustion.All 

continuous-combustion jet engines require a flame holder. A flame holder creates a low-

speed eddy in the engine to prevent the flame from being blown out. The design of the flame 

holder is an issue of balance between a stable eddy and drag. 

   The simplest design, often used in amateur projects, is the can-type flame holder, which 

consists of a can covered in small holes. Much more effective is the H-gutter flame holder, which 

is shaped like a letter H with a curve facing and opposing the flow of air. Even more effective, 

however, is the V-gutter flame holder, which is shaped like a V with the point in the direction 

facing the flow of air. Some studies have suggested that adding a small amount of base bleed to a 

V-gutter helps reduce drag without reducing effectiveness. In fluid dynamics, an eddy is the 

swirling of a fluid and the reverse current created when the fluid flows past an obstacle. The 

moving fluid creates a space devoid of downstream-flowing fluid on the downstream side of the 

object. 

  Fluid behind the obstacle flows into the void creating a swirl of fluid on each edge of the 

obstacle, followed by a short reverse flow of fluid behind the obstacle flowing upstream, toward 

the back of the obstacle. This phenomenon is most visible behind large emergent rocks in swift-
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flowing rivers.

 

Re-circulation in flames 

 

 

 



UNIT IV 

COMBUSTION IN ROCKETS 

Basic Rocket propulsion: 

 To launch a rocket or to move a rocket through space, we must use a propulsion system to 

generate thrust. For rocket propulsion the fuel and oxidizer are usually stored as either a liquid or a solid. 

During combustion, new chemical substances are created from the fuel and the oxidizer. 

 

 

 

 

 



 

 

 



 

 

 

 

 



Metals:

 

LIQUID PROPELLANTS

 

 

 



 

 

 

 

 

 

VARIOUS COMBUSTION MODELS: 

 Gas Phase Governing Equation 

 Liquid Particle Trajectory Model 

 Turbulence Model 

 Droplets Atomizing Model 

 Droplet Evaporation Model 



 Chemical Reaction Kinetics Model 

Gas Phase Conservation Equations 

 Based on the assumptions, the mass, energy, and components conservation equations for droplet 

evaporation at spherical coordinates can be obtained 

 

 
Liquid Particle Trajectory Models 

 A liquid rocket engine spray combustion process is a typical process of two phase flow. At 

present, two-phase flow models mainly include the single fluid model, particle trajectory model, and 

quasi fluid model. The particle trajectory model is the most widely used in numerical calculations of the 

liquid rocket engine combustion process. Based on the particle track model assumptions, the gas is treated 

as continuum and the droplet groups are treated as a discrete system.  

In the particle trajectory model, the trajectory of discrete phase particles (droplets) is obtained by 

integrating the differential equation of the particles forces in Lagrangian coordinates. The particles 

balance equations are: 

 



 

The Mass equation                                

 

 

Turbulence Model 

Based on the Boussinesq hypothesis, in the gas phase governing equations, the viscosity coefficient (μ) 

can be decomposed into the laminar viscous coefficient (μl) and the turbulent viscosity coefficient (μt: μ 

= μl + μt). Among them, μl is given by the Sutherland formula: 

 

 



 

In the formula, 

 

 

 

 

Droplets Atomizing Model: 

 In numerical calculations of the liquid rocket engine combustion process, the spray model as the 

initial and boundary conditions of the spray combustion calculation has an important influence on the 

calculation results.  

 The spray model includes spray size distribution model, the flow intensity distribution model, and 

mixing ratio distribution model, respectively obtaining the mean diameter distribution of spray droplets, 

the position distribution of droplets, and the initial velocity distribution of droplets.  

 As the atomization process is more complicated, we usually do not consider the details of the 

liquid atomization process. Instead, for the injector used in the experiments, the distribution 

characteristics of droplets (including parameters such as droplet size distribution, velocity distribution, 

and temperature) are directly given based on experimental results in combination with the empirical 

formula to directly simulate the liquid atomization result. 

Droplet Evaporation Model: 

 The internal flow and heat transfer process of the droplet usually have two limit cases, which are 

known as the surface model and the uniform temperature model. The surface model assumes that the 

coefficient of temperature conductivity of the fuel droplet α 0, assuming that a high temperature 

difference always exists between the surface of a drop and its internal mass.  

 Assuming that the droplet internal temperature is equal to the initial droplet temperature, only the 

droplet surface temperature reaches the thermodynamic equilibrium temperature, and the droplet can 

exchange heat and mass with external air flow through the surface. The surface model is used in the 



treatment of droplet evaporation in still air. The uniform temperature model is also known as the infinite 

thermal conductivity model.  

 It assumes that the coefficient of temperature conductivity of the drop α ∞, and that the droplet 

internal circulation and other factors mean that the droplet temperature is always uniform and identical to 

the surface temperature. This model is applicable to the droplet evaporation of small droplets, strong 

convection, and when the droplet internal circulation is good.  

 When we deal with the droplet preheating problem, surface models usually ignore droplet 

evaporation in the heating period, and the droplet internal heating is calculated according to the unsteady 

heat conduction. When the droplet surface temperature reaches the equilibrium temperature, the 

evaporation where the heat and mass transfer are balanced between the two phases is established.  

 The uniform temperature model assumes that the droplet evaporation is determined by the 

diffusion in the droplet preheating period, which is a non-equilibrium evaporation process; the heat 

transmitted to the droplet not only heats the droplet but also provides the heat required for droplet 

evaporation; After reaching the equilibrium temperature, we have a stable evaporation process when the 

diffusion and heat transfer is in phase equilibrium. 

  The equilibrium temperature of droplet steady evaporation is closely related to the flow 

conditions, usually growing with increasing flow temperature. When the current temperature is extremely 

high, the equilibrium temperature will be close to the boiling temperature of liquid drops. Unlike the 

model of droplet evaporation in static air, a droplet undergoes deformation due to the ambient air flow 

effect in convection conditions. 

Chemical Reaction Kinetics Model: 

For a chemical reaction system composed of NR reactions, the production rate of component i is 

 

 

 

 

Theory for Quasi-Steady Evaporation and Combustion of a Single Droplet at Atmospheric 

Pressure: 



 It is also assumed that the droplets contain only one chemical component. Moreover, in most 

cases there is a velocity difference between the droplets and the ambient gas during combustion, and thus 

the effect of convective heat and mass transfer on the droplet evaporation rate should be examined. This 

section first describes droplet evaporation and the combustion process in a static environment, and then 

analyzes droplet evaporation and combustion in the case of convection. 

 Consider the evaporation of an isolated droplet in a static gas without combustion (Figure). The 

initial droplet temperature is T0 and the temperature of the ambient gas is T∞ . To simplify the analysis, 

the following assumptions are introduced: 

1. There is only spherically one-dimensional flow caused by the Stefan flow around the droplet, and the 

spherically symmetric center is the center of the spherical droplet.   

2. The gas flow field is quasi-steady with a constant pressure.  

3. The gas is immiscible with the liquid droplet.  

4. Droplets contains only one component, the internal temperature is uniform and equal to the initial 

temperature, and the surface of the two phases is at equilibrium. 

 5. The gas phase Lewis number (Le) is 1.  

6. The physical properties of the flow field (thermal conductivity coefficient (λ), specific heat capacity 

(cp), and ρD where D is the gas mass diffusion coefficient) are assumed to be constant.

 

Fig. Quasi-steady evaporation model for a droplet in a static gas without combustion. 

Gas Phase Conservation Equations 

 Based on the assumptions, the mass, energy, and components conservation equations for droplet 

evaporation at spherical coordinates can be obtained 



 

 

Equation Solutions: 

 Distribution of Droplet Vapor Concentration Assuming that: 

 wkt, 

 

    

The following correlation can be derived by integrating Equation 

 

Substituting Equation into above the following equation can be obtained: 

 

From assumptions  

 

 

Since the droplet surface parameters are known, the above equation describes the relation between the 

droplet vapor concentration and radius. The vapor concentration declines exponentially with the radius. 

At r = rs 



 

where, 

 

which is called the Spalding transfer function. The relation between the mixture velocity and vapor 

concentration on the droplet surface can be derived from Equation 3.11. 

 

The droplet mass consumption rate can be computed by 

 

where ρl is the density of the droplet. Since the droplet evaporation rate is equal to the consumption rate, 

the following correlation can be derived: 

 

where K is the evaporation constant, which is proportional to the transport coefficient ρD. By integrating 

above Equation, the following correlation can be obtained, 

 

The time required for droplet evaporation can be computed by 

 

Therefore, a bigger droplet would take longer to finish the evaporation process. 

COMBUSTION IN HYBRID ROCKETS: 

Hybrid Rocket System 

 

Solid Fuel • Polymers: Thermoplastics, (Polyethylene, Plexiglas), Rubbers (HTPB) • Wood, Trash, Wax 

Liquid Oxidizer • Cryogenic: LO2 • Storable: H2O2, N2O, N2O 



Hybrid Rocket Configuration: 

 

Fuel and oxidizer are physically separated One of the two is in solid phase. 

Most Hybrids:    Reverse Hybrids: Oxidizer: Solid ,Fuel: Liquid 

Oxidizer: Liquid 

Fuel: Solid  

Hybrid Rocket Configuration-AMROC Booster: 

 

 

Advantages of Hybrids: 

 



UNIT –V 

SUPERSONIC COMBUSTION 

Introduction to Supersonic combustion 

A scramjet ("supersonic combustion ramjet") is a variant of a ramjet airbreathing jet 

engine in which combustion takes place in supersonic airflow. As in ramjets, a scramjet relies on 

high vehicle speed to compress the incoming air forcefully before combustion (hence ramjet), 

but whereas a ramjet decelerates the air to subsonic velocities before combustion, the airflow in a 

scramjet is supersonic throughout the entire engine. That allows the scramjet to operate 

efficiently at extremely high speeds. 

Basic principles 

The compression, combustion, and expansion regions of: (a) turbojet, (b) ramjet, and (c) 

scramjet engines. 

Scramjets are designed to operate in the hypersonic flight regime, beyond the reach of 

turbojet engines, and, along with ramjets, fill the gap between the high efficiency of turbojets and 

the high speed of rocket engines. Turbo machinery-based engines, while highly efficient at 

subsonic speeds, become increasingly inefficient at transonic speeds, as the compressor rotors 

found in turbojet engines require subsonic speeds to operate. While the flow from transonic to 

low supersonic speeds can be decelerated to these conditions, doing so at supersonic speeds 

results in a tremendous increase in temperature and a loss in the total pressure of the flow. 

Around Mach 3–4, turbo machinery is no longer useful, and ram-style compression becomes the 

preferred method. 

Ramjets utilize high-speed characteristics of air to literally 'ram' air through an inlet 

diffuser into the combustor. At transonic and supersonic flight speeds, the air upstream of the 

inlet is not able to move out of the way quickly enough, and is compressed within the diffuser 

before being diffused into the combustor. Combustion in a ramjet takes place at subsonic 

velocities, similar to turbojets, but the combustion products are then accelerated through a 

convergent-divergent nozzle to supersonic speeds. As they have no mechanical means of 

compression, ramjets cannot start from a standstill, and generally do not achieve sufficient 

compression until supersonic flight. The lack of intricate turbo machinery allows ramjets to deal 

with the temperature rise associated with decelerating a supersonic flow to subsonic speeds, but 

this only goes so far: at near-hypersonic velocities, the temperature rise and inefficiencies 

discourage decelerating the flow to the magnitude found in ramjet engines. 



Scramjet engines operate on the same principles as ramjets, but do not decelerate the flow 

to subsonic velocities. Rather, a scramjet combustor is supersonic: the inlet decelerates the flow 

to a lower Mach number for combustion, after which it is accelerated to an even higher Mach 

number through the nozzle. By limiting the amount of deceleration, temperatures within the 

engine are kept at a tolerable level, from both a material and combustive standpoint. Even so, 

current scramjet technology requires the use of high-energy fuels and active cooling schemes to 

maintain sustained operation, often using hydrogen and regenerative cooling techniques 

 

Advantages and disadvantages of scramjets 

Advantages 

Does not have to carry oxygen 

No rotating part makes it easier to manufacture than a turbojet 

Has a higher specific impulse (change in momentum per unit of propellant) than a rocket 

engine; could provide between 1000 and 4000 seconds, while a rocket typically provides around 

450 seconds or less. Higher speed could mean cheaper access to outer space in the future 

Special cooling and materials 

Unlike a rocket that quickly passes mostly vertically through the atmosphere or a turbojet 

or ramjet that flies at much lower speeds, a hypersonic air breathing vehicle optimally flies a 

"depressed trajectory", staying within the atmosphere at hypersonic speeds. Because scramjets 



have only mediocre thrust-to-weight ratios, acceleration would be limited. Therefore, time in the 

atmosphere at supersonic speed would be considerable, possibly 15–30 minutes. Similar to a 

reentering space vehicle, heat insulation would be a formidable task, with protection required for 

duration longer than that of a typical space capsule, although less than the space shuttle. 

Vehicle performance 

 

 

The performance of a launch system is complex and depends greatly on its weight. Normally craft 

are designed to maximise range (R), orbital radius (R) or payload mass fraction (ѓ) for a given engine and 

fuel. This results in tradeoffs between the efficiency of the engine (takeoff fuel weight) and the 

complexity of the engine (takeoff dry weight), which can be expressed by the following: 

where  

 is the empty mass fraction, and represents the weight of the superstructure, tankage 

and engine. 

 is the fuel mass fraction, and represents the weight of fuel, oxidiser and any other 

materials which are consumed during the launch. 

 is initial mass ratio, and is the inverse of the payload mass fraction. This 

represents how much payload the vehicle can deliver to a destination. 

https://en.wikipedia.org/wiki/Launch_vehicle


A scramjet increases the mass of the motor  over a rocket, and decreases the mass of 

the fuel . It can be difficult to decide whether this will result in an increased ѓ (which would 

be an increased payload delivered to a destination for a constant vehicle takeoff weight). 

For an engine strongly integrated into the aerodynamic body, it may be more convenient 

to think of De as the difference in drag from a known base configuration. 

The overall engine efficiency can be represented as a value between 0 and 1 Ƞ, in terms 

of the specific impulse of the engine: 

 

 
Specific impulse is often used as the unit of efficiency for rockets, since in the case of the 

rocket, there is a direct relation between specific impulse, specific fuel consumption and exhaust 

velocity. This direct relation is not generally present for air breathing engines, and so specific 

impulse is less used in the literature. Note that for an air breathing engine, both  Ƞ and Isp  are a 

function of velocity. 

 

 

 

 

https://en.wikipedia.org/wiki/Specific_fuel_consumption_(thrust)


Disadvantages 

 Difficult / expensive testing and development 

 Very high initial propulsion requirements 

Supersonic combustion controlled by Mixing 

 

 

 

 
 

 

 

 

 



 

 

 

 
 

Supersonic combustion controlled by Diffusion 

 
 

 

 

 

 

 

 

 



 

Supersonic combustion controlled by heat convection  

 

 

 

 



 

 

 

 
 

SUPERSONIC BURNING WITH DETONATION SHOCKS. 
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