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Abstract : NOx emissions in Compression Ignition engines 

are largely a thermal phenomenon and thus cylinder 

pressure data can be used to predict NOx emissions. In 

Cylinder pressure can be used to calculate heat release 

during combustion which can be used to predict 

concentration of oxygen and nitrogen and thus NOx can be 

accurately calculated. Using the temperature calculated 

from pressure is used for calculationg NOx by Extended  

Zeldovich Mechanism. The calculation required the values 

of  In cylinder pressure, Mass fuel rate, Air flow rate  for 

calculating NOx emissions. The calculated value of  NO  was 

compared  with  measured NOx emissions  and  the  error 

comes  around  15 %  for full load , 20 % error  for 80 % 

and 60% load  

Keywords  In cylinder pressure, NOx emissions , Oxygen and 

Nitrogen Concentration                                                                                                                  

1.Introduction        

Oxides of Nitrogen are one of the most undesirable pollutant 

formed inside internal combustion engine because NOx is one 

of the primary causes of photochemical smog.  Photochemical 

smog is formed by photochemical reaction of NOx and air in 

the presence of sunlight. Ozone is also formed as a result of a 

reaction between oxygen and monoatomic oxygen which is 

formed during photochemical reaction which is very harmful 

to lungs and other biological tissues. Hence measurement of 

NOx should be done to know about their concentration and if 

found above concentration possessing threat, then efficient 

measures should be taken to control the NOx emissions.  

Four routes are responsible for the formation of NOx and they 

are the thermal route, the prompt route, the N2O route and the 

fuel bound nitrogen route[1]. NOx is created mostly from 

nitrogen in air .Nitrogen is also found in fuel blends. Fuel may 

contain trace amounts of NH3, NC, and HCN, but it would 

contribute only to a insignificant values.  

The currently available methods of measuring NOx emissions 

include analyzer (direct measuring), engine map method, and 

artificial neutral network. Measurement of Oxides of nitrogen 

on a dry basis, by means of a heated chemiluminescent 

detector (HCLD) with a NO2/NO analyzer is widely used. 

However, the analyzer has disadvantages of higher associated 

costs, requiring large space, and possible effects of soot[2]. 

NOx emission in CI engines are mostly a thermal phenomenon 

and thus cylinder pressure and temperature can be used for 

predicting NOx emissions. Cylinder pressure can also be used 

to model heat release during combustion and which in turn 

can be used to predict Oxygen and nitrogen concentration 

during expansion stroke[3]. So by combining experimental 

data with Extended zeldovich mechanism can be used for 

predicting NOx emissions. 

2. Literature review 

Literature survey has been done to understand the 

Compression ignition direct injection (CIDI) combustion, 

Extended Zeldovich mechanism and heat release model. 

2.1 CIDI diesel combustion 

The diesel engine combustion process is defined by four 

processes[4].  

 

Ignition delay(ab)  The period between the start of fuel 

injection into the combustion chamber and the start of 

combustion Premixed or rapid combustion phase (bc) In this 

phase combustion of  the fuel which has mixed with air to 

within flammability limits during the ignition delay period 

occurs rapidly in a few crank angle degrees. When this 

burning mixture is added to the fuel which becomes ready for 

burning and burns during this phase, the high heat-release 

rates characteristic of this phase result 

 

Mixing-controlled combustion phase (cd) Once the fuel and 

air which premixed during the ignition delay have been 

consumed, the burning rate (or heat release rate) is controlled 

by the rate at which mixture becomes available for burning. 

While several processes are involved –liquid fuel atomization, 

vaporization, mixing of fuel vapor with air, preflame chemical 

reactions – the rate of burning is controlled in this phase 

primarily by the fuel vapor-air mixing process. The heat 

release rate may or may not reach a second (usually lower) 

peak in this phase, it decreases as this phase progresses. 

 

Late combustion phase (de) is present Heat release continues 

at a lower rate well into the expansion stroke. There are 

several reasons for this. A small fraction of the fuel may not 

yet have burned. A fraction of the fuel energy is present in 

soot and fuel-rich combustion products and can still be 

released. The cylinder charge is non-uniform and mixing 

during this period promotes more complete combustion and 

less-dissociated product gases. The kinetics of the final 

burnout processes become slower as the temperature of the 

cylinder gases fall during expansion.  
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  Fig2-1 Typical heat-release diagram identifying different 

diesel combustion phases [4]. 

2.2 Mechanism of NOx formation 

The mechanism of NO formation from atmospheric nitrogen 

is given by extended Zeldovich 

Mechanism or thermal NO[5]. In combustion of near 

stoichiometric fuel-air mixtures the principal reactions 

governing the formation of NO from molecular nitrogen are 

 

                                     

                                Kf1 

    O + N2                    NO+N                  (2.1)                                                                             

K-b1 

  

                                Kf2 

       N +    O2                         NO +N                                               (2.2) 

                                   K-b 2  

 

                              Kf3 

   N + OH               NO + H                                              (2.3)                                                                                                       

                              K-b3 

 

 Kf1[O][N2]+Kf2[N][O2] +Kf3[N][OH] –Kb1[NO][N] –   

Kb2[NO][O]-Kb3[NO][H]                                                    (2.4) 

 

Similarly  

 

 Kf1[O][N2]-Kf2[N][O2] -Kf3[N][OH] –Kb1[NO][N] 

+Kb2[NO][O]+Kb3[NO][H]                                                 (2.5) 

 

 

Concentration of the N is minor in comparison with the 

concentrations of the other species, so that the rate of change 

in N can be set equal to zero and used to eliminate N[5].The 

NO formation rate then becomes  

 

 
 

 

According to Westenberg[6], the O atom concentration can be 

obtained from the expression 

 

[O]=3.97*10^5T(θ)^-.5[O2]^(.5)exp(-31090/T(θ)) gmol/m3     (2.7)                        

 

The concentration of  OH in the third reaction in the extended 

zeldovich mechanism is given by [7] 

 

[OH] =212.9T^(-0.57)[O][H2O]^(.5)exp(-4595T(θ))   gmol/m3  (2.8)                                

 

 

Table 2-1 Rate constants for thermal NO formation [8] 

 

Rate constants Value(m
3
/gmol.s) 

Kf1 1.8x10^8exp(-38370/T) 

Kb1 3.8x10^7exp(-425/T) 

Kf2 1.8x10^4Texp(-4680/T) 

Kb2 3.8x10^3Texp(-20820/T) 

Kf3 7.1x10^7exp(-450/T) 

Kb3 1.7x10^8exp(-24560/T) 

 

 

2.3  Heat release model 

Using the first law for a closed system, the energy equation 

for small crank angles change dq, and heat addition, Q, can be 

written as shown [3] 

 

      dQ -  dW =  dU                                                                      (2.9) 

 

       dQ -  PdV =  mCvdT                                                           (2.10) 

 

Differentiating the ideal gas equation results in: 

 

        (PdV +VdP) =  mRdT                                                       (2.11) 

 

Substituting equation (2.11) in equation (2.10) per unit crank 

angle and rearranging yields 

 

                                                                           (2.12) 

 

 

 Where, V(θ) = Vc + 0.5 Vs[5-cos(θ)-(16-sin
2
(θ))^0.5]    (2.13)                                                  

               Vc  = Clearance Volume 

                Vs    = Swept Volume  

 

3. Methodology 

Scope of the paper involves the prediction of NO theoretically 

using p –theta data by using extended Zeldovich mechanism. 

Modeling reduces the cost needed for emission analyzer 

needed for measuring the NO. The graph between NO 
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concentration and theta gives us information about the region 

where the formation of NO is maximum. 

The following methology has been adopted for this work: 

 

1.  Literature survey of CIDI combustion, Extended 

Zeldovich mechanism and heat release model 

2.  Applying heat release model to calculate amount of 

moles of fuel consumed at each degree  

3. Calculating the concentration of oxygen and nitrogen 

during expansion stroke 

4. Using Extended Zeldovich mechanism for theoretically 

calculating NO from P-theta data for different load 

5. Validating the theoretical value obtained with 

experimental value. 

 

 

The reaction rate for NO [15] is calculated using the formula 

shown below 

 

 
 

The concentration of oxygen [O] and OH is given by 

 

[O] = 3.97*10^5T(θ)^-.5[O2]^(.5)*exp(-31090/T(θ))  gmol/m
3
  

(3.2)
 
   

                                                                                            
 

[OH]=212.9T^(-0.57)[O][H2O]^(.5)exp(-4595T(θ))  gmol/m
3
                                                 

( 3.3) 

 

 

And T(θ) =                                                             (3.4)                                                                                                

 

Where T(θ)  is the instantaneous in-cylinder temperature(K), 

P(θ) is the instantaneous in-cylinder pressure(Pa), M(θ) is the 

instantaneous mass in cylinder (kg), R(θ)gas constant (J/kg-K) 

and V(θ)  is instantaneous cylinder volume. Pressure is 

measured by line pressure transduer 

  

where, V(θ) = Vc + 0.5 Vs[5-cos(θ)-(16-sin
2
(θ))^0.5]       (3.5)                                                       

             Vc  = Clearance Volume 

             Vs    = Swept Volume  

  

Determination of  Mole fractions of Oxygen and Nitrogen  

 

During compression stroke  

Χ N2  = 0.79 

ΧO2  = 0.21 

 

During Power Stroke 

Calorific value of  Fuel = CV MJ/Kg 

 

Heat energy released per Degree = X  (J/degree) = ( )                      

(3.6) 

 

 

Amount of fuel consumed in the cylinder per degree=Af  

 

Af  =                                        (3.7) 

 

 

Moles of fuel consumed per degree  = y  

 

                 y=                                            (3.8) 

 

 

Writing the combustion equation for each degree 

 

(x-yi)C12H23 + yjC12H23  +(17.75/φ) (O2+3.76N2)                         

                                                                        

(x-yi) C12H23  + 12yiCO2   +11.5yiH2O +  (17.75/φ-12yi- 

11.5/2yi)O2 + (17.75*3.76/φ)N2                                                               (3.9) 

 

Where  

Φ = Equivalence ratio at a particular load 

 

For i = 1:180(power stroke ) 

 

yi = y1+y2 + y3 +…………yi 

j = i 

 

Hence mole fractions for  N2  , O2 and  H2O  an be written as 

 

Χ N2  = (17.75*3.76/φ)/( (x-yi)+ (12yi+11.5yi)+  (17.75/φ-

12yi-11.5/2yi) +(17.75*3.76/φ))                                       (3.10) 

 

ΧO2  = (17.75/φ-12yi-11.5/2yi )/(x-yi)+ (12yi+11.5yi)+ 

(17.75/φ-12yi-11.5/2yi)  +(17.75*3.76/φ))                      (3.11)                    

  

ΧH20 =  (11.5yi)/ ((x-yi)+ (12yi+11.5yi)+  (17.75/φ-12yi-

11.5/2yi) +(17.75*3.76/φ))                                              (3.12) 

 

 

Mole fractions can be converted into molar concentration by 

using 

 

[N2] =  Χ N2   kmol/m
3
                                                                                                      

(3.13) 

 

And similarly for  O2 and H2O molar concentration can be 

written 
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4 Results and Discussions 

The graph for cylinder pressure were drawn on the basis of 

cylinder pressure measured using inline pressure transducer 

 

 

  
Figure4.1 Cylinder pressure variation with Crank Angle for 

Different load 

 

Pressure – theta diagram shows that pressure inside the 

cylinder increases with load. Pressure during first 30
0 

aTDC 

are almost same because of premixed combustion but 

afterwards there is substantial differene in the pressure at 

different load because for mixing controlled combustion phase 

more amount of fuel is available to be burnt for higher load. 

The pressure at every crank angle was used for measuring 

temperature using ideal gas equation, which is further used for 

measuring NO.   

 

4.1 Modeling Results 

 

Extended zeldovich mechanism was applied for calculating 

NO for CI engine at different load conditions and the results 

were shown below 

 

 
 

Figure 4.2 Temperature variation with crank angle for 

different load 

 

Temperature curve shows that it follows the same trend for 

different load. The peak temperature achieved was due to the 

premixed combustion and is nearly same for 80% and full 

load, but later on for higher load temperature is higher due to  

more amount of fuel available for mixing controlled 

combustion . 

 

 
 Figure 4.3 Variation of mole fraction of O2 with CA for 

different load 

 

Figure 4.3 for mole fraction of oxygen available with crank 

angle shows that most of the oxygen is consumed during the 

one –third of the expansion phase. Initially there is a steep 

decrease in the mole fraction of O2 because of premixed 

combustion and afterwards it become more gradual. 

 
Figure 4.4 Variation of NO reaction rate with crank angle at 

full load 

 

Figure 4.4 shows the variation of NO reaction rate at full load. 

As it can be seen from the graph that NO reaction start at 15 º 

after  TDC beause temperature and concentration of oygen are 

high at this point . NO reaction rate stops at around 50º Crank 

angle after TDC as temperature and concentration of oxygen 

drops also because of expansion and combustion respectively. 

 

Figure 4.5 shows the comparative variation of reaction rate of 

NO for different load. The above graph shows the same trend 

as discussed for full load. 
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Figure 4.5 Variation of NO reaction rate with crank angle for 

different load. 

Reaction rate is highest for full load while lowest for 40% 

load due to less amountof fuel available for combustion. Also 

as the load decreases reaction stop before 50º crank angle 

because of reduced mixing controlled combustion resulting in 

less temperature. 

 

Fig 4.6 NO variation with Crank Angle for full load 

 

Figure 4.6 shows that more or less all of the NO forms within 

the 20
o
 following the start of combustion. NO concentrations 

reach a maximum value just after time of peak pressure. After 

the time of peak pressure , temperature decreases  as the 

cylinder gases expand and the formation of NO comes to  halt. 

The concentration of  NO rises smoothly after the top dead  

Fig4.7 NO variation with Crank Angle for  80 % load 

 

 

 

center and then freeze about one –third of  the way  during the 

expansion process. 

 

 

 
 

Fig4.8 NO variation with Crank Angle for 60 % load 

 

 

 
 

Fig 4.9 NO variation with  Crank Angle for  40  % load 

Figure 4.7, 4.8 and 4.9 for 40%, 60 %  and 80% follow the 

same trend as full load . The graph shows that NO reduces  as 

the load reduces which can be inferred from the  fact that with 

reduction in load amount of fuel injected per cyle reduces. 

Hence the maximum temperature reached durin expansion 

stroke decreases and hence NO decreases.  
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Fig4.10 Predicted NO and Measured NOx at different load 

Figure 4.10 shows that the measured and predicted value of 

NOx and NO  are in the difference of  16%  for full load 

which is acceptable as NO2  formation at high load is very less 

as compared to   NO. However the differences increases as the 

load increases as the NO2 formation increases at lower load. 

5 Conclusions 

The following conclusions are drawn from results 

1 .The values calculated theoretically are comparable with NOx 

experimental values for full, 80 percent and 60 percent with error of   

14.4 %, 20.3 % and 21.9%  respectively 

2. The values calculated for 40 % loads shows much deviation 

because of the greater contribution of NO2 in the NOx  at lower load 

3. The NO formation rate calculated at each crank angle shows that 

formation discontinues at 50º crank angle  after top dead center . 

4.  Cumulative concentration of NO at each crank angle also shows 

that NO formation stops at around 50 º crank angle after top dead 

center. 
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Appendix  

 

Table 1 Engine Specification 

 

Parameters Specifications 

Bore 102 mm 

Stroke 116 mm 

Cubic Capacity 947.38 

Compression Ratio 19.5:1 

Power  10  HP @1500 rpm 

IVO 43
o
CA bTDC 

IVC 67
o
CA aTDC 

EVO 87
o
CA bTDC 

EVC 39
o
CA a TDC 

Injector opening   

pressure  

250-260 bar 
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