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Notes    1- Allowable for using combustion tables & Steam tables and charts,  2- Assuming any missing data

First Question 

1. Why is the equivalence ratio frequently more meaningful than the air/fuel ratio (or fuel/air) ratio when comparing different fuels? Describe the effect of increasing temperature on the equilibrium of combustion products? Why dose flue gas recirculation decrease flame temperature? What happens if the flue gas recirculated is at the flame temperature?.

2. State main parameter that affecting combustion chamber design and discuss each of them.

3. State advantage and disadvantage of using secondary air for gas turbine combustor. 

4. Methane is burned at constant pressure with dry air, and volumetric analysis of the products on a dry basis gives by 10% CO2, 1% CO, 1.8% O2, and 87.2% N2. Air entering combustion chamber at 300 oC and fuel entering at 100 oC. The exhaust gases exit at 1300 oC, and pressure of 3 bar.  Calculate 

a) The percentage of water vapour that condenses if the products are cooled to 30 oC.

b) Mole fraction of the wet products

c) Enthalpy of combustion.
d) Fuel equivalence ratio  

e) The change in Gibbs function.

f) Equilibrium constant based on concentrations

Second Question

1- Compare between:-

I- Turbulent premixed flame,  II- Turbulent Diffusion Flame.

For the following Factors

a- Flame speed. b- Rate of reaction. c- Flame length. d- Maximum flame temperature.  e- Emissions.   f- Mixing Rate.  g- Flame structure.

2- The following data were obtained during a standard boiler test.

Calculate an energy balance for test boiler.

1. Duration of test



              1 her

2. Steam delivered by boiler



 90718.4 kg

3. Average steam temperature at superheat outlet
 404.4 

4. Average steam outlet pressure 


 40136 Mpa

5. Feed water temperature 



 115.6 C

6. Feed water pressure   




 4.826 Mpa

7. Fuel-fired  





  6978.5 kg

8. Flue gas temperature leaving last heat transfer passage 232 oC

9. Dry bulb temperature of air supplied for combustion 26.67 oC

10. Wet bulb temperature of air supplied for combustion 21.1 oC

11. Barometric pressure at last location 

75.9968 cm Hg

12. Temperature of fuel supplied to burners 

26.67 oC

13. Ultimate (mass) analysis of fuel on as fired basis 
carbon = 0.8095%, Hydrogen=0.1143%, Nitrogen=0.0048%,

Sulfur =0.0143%, Moisture =0.0476% , oxygen=0.005% , Ash=0.0

14. Volume analysis of flue gases in percent (Orsat)

CO2 = 11.34%, CO= 0.7%, O2= 5.06% , N2= 82.89%

15. Higher heating value of fuel is 45357 kJ /Kg 

Third Questioning 
1- Compare between the following fuels and comment for your answer

          A-   2,3,3  trimethylpentane,  B- Acetylene,  C- Hexane. 

            On the following basses:

       I-Chemical structure, II- Flame length,   III- Time for complete combustion,              

       IV- Mixing process,   IIV- Heating value 
2- Compare between liquid and gaseous fuels on 
   A- Emission of exhaust gases   B- combustion chamber design   C- Time of combustion 
   C- Time required for complete combustion     D- Combustion chamber design.  

3. For the following reaction 
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Form the first principle Prove That  :-

Where      Kp(T) :is the equilibrium constant of the reaction at temperature (T)                

                  a, b  : are number of moles of reaction 

                   l, m  : are number of mole of products

                  Pi     : is the partial pressure of species i.

Fourth Question

1-Discuss the following combustion terms:

A- Dew point temperature.

B- Preheating zone

C- Adiabatic flame temperature.
D- Flame structure.
E- Chemical Equilibrium.
F- Flame quenching distance
G- Fuel Flame flammability limits
2. From the first principle prove that “entropy at absolute zero temperature is equal to zero. 

3. State the different types of fuels structure and state advantages and disadvantages each of them. 

4. State the different factors affecting on flame velocity and discuses each of them.
	Statement
	True
	False

	1. A CO2 content of 5 % was measured in the stack gas of a coal fired boiler, but the stack looked clean.
	(
	(

	2. The excess air of a coal fired boiler is less than 10 %.
	(
	(

	3. A very low excess air means low energy efficiency.
	(
	(

	4. The CO content increases whenever excess air increases.
	(
	(

	5. The CO2 content increases whenever excess air increases.
	(
	(

	6. The CO content increases whenever excess air decreases to 0 %
	(
	(

	7. Unburnd hydrogen generation is a sign of stoichiometric combustion
	(
	(

	8. Smoke generation is a sign of too much excess air.
	(
	(

	9. The excess air increases at low boiler load.
	(
	(

	10. Increased CO generation is always a sign of stoichiometric conditions.
	(
	(

	11. Solid fuels have always a higher CO2 max than LPG.
	(
	(

	12. The highest possible CO2 max of a fuel is 25 %.
	(
	(

	13. The CO2 max of a fuel is not changing whenever excess air is changed.
	(
	(

	14.  Excess air and excess air factor are in principle the same.
	(
	(

	15. The air-to-fuel ratio is a fuel property that characterizes a fuel.
	(
	(

	16. The CO2 max (dry basis) of a fuel changes with the moisture content

17.  The NO X formation increases with the increase of the moisture content 
	(
(
	(
(

	18. Stack gas could have 21 % Oxygen.
	(
	(

	19. The NO X formation increases with the increase of the moisture content

20. Stack gas could have 0 % Oxygen.
	(
(
(
	(
(
(
	

	21. The percent O2 content of wet stack gas is always higher than the percent O2 content of “dry” stack gas.
	(
	(



(Exam Solution)
First Question 

1. Why is the equivalence ratio frequently more meaningful than the air/fuel ratio (or fuel/air) ratio when comparing different fuels? Describe the effect of increasing temperature on the equilibrium of combustion products? Why dose flue gas recirculation decrease flame temperature? What happens if the flue gas recirculated is at the flame temperature?. (Review Luctures)
2. State main parameter that affecting combustion chamber design and discuss each of them. (Review Luctures)
3. State advantage and disadvantage of using secondary air for gas turbine combustor. (Review Lectures) 
4. Methane is burned at constant pressure with dry air, and volumetric analysis of the products on a dry basis gives by 10% CO2, 1% CO, 1.8% O2, and 87.2% N2. Air entering combustion chamber at 300 oC and fuel entering at 100 oC. The exhaust gases exit at 1300 oC, and pressure of 3 bar.  Calculate 

a) The percentage of water vapour that condenses if the products are cooled to 30 oC.

b) Mole fraction of the wet products

c) Enthalpy of combustion.

d) Fuel equivalence ratio  

e) The change in Gibbs function.

f) Equilibrium constant based on concentrations

Solution

(a):
Assume 100 mol dry products. The reaction equation is

       aCH4 + b (O2 + 3.76N2)    
[image: image1] 10CO2 + CO + 1.8O2 + 87.2N2 + c H2O

A balance on the atomic masses provides the following:

                 c:    a = 1 0 + 1                                    :.     a = 11

                H:    4a = 2 c                                         :.      c = 22

                O:    2 b = 2 0 + 1 + 3 . 6 +c                 :.        b = 23.3

Dividing the reaction equation by a so that we have 1 mol fuel:

         CH4 + 2.12(O2 + 3.76N2)

                    
[image: image2] 0.909CO2 + 0.091CO + 0.164O2 + 7.93N2 + 2H2O

The air-fuel ratio is calculated from the reaction equation to be

                    AF)actual = (2.12*32*1000/233)}/(12*1+1*4) = 18.197

The stoichiometric reaction is 

                    CH4 + 2(O2 + 3.76N2) 
[image: image3] CO2 + 7.52N2 + 2H2O

This gives the excess air as ~ % excess air = (0.12/ 2) (100%) = 6%

   or fuel equivalence ratio (Φ) =2/2.12=0.9433 

There are 2 moles water vapour in the combustion products before condensation. If N, represents moles of water vapour that condense when the products reach 30 oC, then 2 – N, is the number of water vapour moles and 11.09 – N, is the total number of moles in the combustion products at 30 °C. We find N, as follows:

                         PH2O=XH2O*Ptotal      

           Where 

                       XH2O=NH2O/NProducts=(2-N)/(11.09-N)

From steam table PH2O at 30 oC is 

                                                  PH2O =4.246 kPa 

                                       and     Ptotal= 300 kPa

So,                        4.246/(300*1.033) = (2-N)/(11.09-N)     
                             we get N=1.87373719 moles

The percentage of water vapour that condenses by mass is

           ={(1.87373 *18)/(0.909*44+0.09*28+0.16*32+2*18 + 7.93*28)}*100 =11.033 %

             By volume = {1.87373719 /(11.09)}*100=16.8957 %

(b) Total number of moles on wet basics = 0.909+0.09+0.16+2+7.93= 9.089 moles
     XCO2=0.909/9.089= 0.10                               XCO=0.09/9.089=0.0099
     XO2=0.16/9.089= 0.0176                                  XH2O=2/9.089=0.22

     XN2=7.93/9.089 =0.8725
Continue for solution
Second Question

I. Compare between:-

I- Turbulent premixed flame,  II- Turbulent Diffusion Flame.

For the following Factors

a- Flame speed. b- Rate of reaction. c- Flame length. d- Maximum flame temperature.  e- Emissions.   f- Mixing Rate.  g- Flame structure.
(Review Lectures)
II. The following data were obtained during a standard boiler test. Calculate an energy balance for test boiler.

1- Duration of test





1 her

2- Steam delivered by boiler



 90718.4 kg

3- Average steam temperature at superheat outlet
 404.4 

4- Average steam outlet pressure 


 4.136 Mpa

5-  feed water temperature 



 115.6 C

6- Feed water pressure   




 4.826 Mpa

7- Fuel-fired  





  6978.5 kg

8- Flue gas temperature leaving last heat transfer passage 232 oC

9- Dry bulb temperature of air supplied for combustion 26.67 oC

10- Wet bulb temperature of air supplied for combustion 21.1 oC

11 – Barometric pressure at last location 

75.9968 cm Hg

12 – Temperature of fuel supplied to burners 

26.67 oC

13 – Ultimate (mass) analysis of fuel on as fired basis 

carbon = 0.8095%, Hydrogen=0.1143%, Nitrogen=0.0048%,

Sulfur =0.0143%, Moisture =0.0476% , oxygen=0.005% , Ash=0.0

14 – Volume analysis of flue gases in percent (Orsat)

CO2 = 11.34%, CO= 0.7%, O2= 5.06% , N2= 82.89%

15 – Higher heating value of fuel is 45357 kJ /Kg 

   Solution
(1) Fuel analysis on dry basis analysis 

	Species
	Mass of species I

On wet bass
	Mass of species I

Without H2O
	Mass of species I

On dry bass

	Cs
	0.8095
	0.8095
	0.85

	H2
	0.1143
	0.1143
	0.12

	O2
	0.0059
	0.0059
	0.005

	S
	0.0143
	0.0143
	0.015

	N2
	0.0048
	0.0048
	0.01

	Moisture
	0.0476
	-
	-


2- Flow gas analysis (gravimetric)

	Specise I
	XI
	MwI
	XIMI
	Yi

	CO2
	0.1134
	44
	4.9896
	0.1662

	CO
	0.0071
	28
	0.1988
	0.0066

	O2
	0.0506
	32
	1.6192
	0.0539

	N2
	0.8289
	28
	32.2092
	0.7733


3- Energy absorbed by water 
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4- Energy less to dry flue gas 


[image: image5.wmf]kJ/kg

 

3641.5

 

299.67)

48)(505

17.65(1.00

2

Q

fuel

 

kg

 

flue

 

17.65kg

        

gas

 

flue

 

carbon/kg

 

kg

 

(0.0066)]

28

12

)(0.1662)

44

12

[(

fuel

 

carbon/kg

 

(kg

 

0.85

f

m

gas

m

where

)

3

T

4

(T

P

C

g

M

2

Q

=

-

=

=

+

=

-

=

&

&


5- Energy lost from burning hydrogen
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6- Energy lost due to moisture accompanying fvel.
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7- Energy loss due to moisture in air 
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8- Energy loss to incomplete combustion.


(9) Energy loss to radiation and unaccounted for losses
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Certain terminology and definition are commonly used when discussion boiler combustion system. Capacity “Cb” is the heat absorption rate of a boiler and its feed water and generated steam.
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Where msteam= steam mass flow rate Kg/s. 

Heat Fate (HR) compares the boiler heat addition to the net power plant output, an inverse of thermal efficiency, or 
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The heat rate per units volume of furnace space is termed the furnace rating (FR) or 
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Boiler energy balance summary

	No
	Item
	KJ / kg
	%

	1
	Gain by water and steam
	35534.8
	78.34

	2
	Loss to dry flue gas
	3641.5
	8.04

	3
	Loss to moisture from burning H2
	3057.2
	6.74

	4
	Loss to moisture in fuel
	141.5
	0.31

	5
	Loss to moisture in air
	95.17
	0.21

	6
	Loss to incomplete combustion
	1180.2
	2.61

	7
	Radiation and unaccounted loss
	1701
	3.75


HHV = 4535 kJ / kg

Third Questioning 

                                   (Review Lectures)
Fourth Questioning 

Fourth Question

1-Discuss the following combustion terms:

H- Dew point temperature.

I- Preheating zone

J- Adiabatic flame temperature.

K- Flame structure.

L- Chemical Equilibrium.

M- Flame quenching distance

N- Fuel Flame flammability limit
                             (Review Lectures)
2. From the first principle prove that “entropy at absolute zero temperature is equal to zero. 
             (Review Lectures)
3. State the different types of fuels structure and state advantages and disadvantages each of them.      (Review Lectures)
4. State the different factors affecting on flame velocity and discuses each of them.

                         (Review Lectures)
	Statement
	True
	False

	1. A CO2 content of 5 % was measured in the stack gas of a coal fired boiler, but the stack looked clean.
	
	(

	2. The excess air of a coal fired boiler is less than 10 %.
	
	(

	3. A very low excess air means low energy efficiency.
	
	(

	4. The CO content increases whenever excess air increases.
	
	(

	5. The CO2 content increases whenever excess air increases.
	(
	

	6. The CO content increases whenever excess air decreases to 0 %
	
	(

	7. Unburnd hydrogen generation is a sign of stoichiometric combustion
	
	(

	8. Smoke generation is a sign of too much excess air.
	
	(

	9. The excess air increases at low boiler load.
	
	(

	10. Increased CO generation is always a sign of stoichiometric conditions.
	
	(

	11. Solid fuels have always a higher CO2 max than LPG.
	(
	

	12. The highest possible CO2 max of a fuel is 25 %.
	
	(

	13. The CO2 max of a fuel is not changing whenever excess air is changed.
	
	(

	14. Excess air and excess air factor are in principle the same.
	(
	

	15. The air-to-fuel ratio is a fuel property that characterizes a fuel.
	
	(

	16. The CO2 max (dry basis) of a fuel changes with the moisture content

17. The NO X formation increases with the increase of the moisture content 
	
	(
(

	18. Stack gas could have 21 % Oxygen.
	
	(

	19. The NO X formation increases with the increase of the moisture content

20. Stack gas could have 0 % Oxygen.
	(

	(
(
(
	

	21. The percent O2 content of wet stack gas is always higher than the percent O2 content of “dry” stack gas.
	
	(


� EMBED Equation.3  ���





� EMBED Equation.3  ���





Good Luck


                 Dr. Mohamed Saied
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