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INTRODUCTION 

The diesel combustion process is very complex and it is difficult to foretell what the 

effects of a change in, for example, engine geometry might be. Thus the improvement of 

diesel engines is time-consuming since the commonly used approach is to alter the engine 

and then test it. Much work has been done in recent years in on attempt to develop models 

for diesel combustion. 

This paper presents the results of a literature search on models that predict the NOx 

exhaust in diesel engines. The databases searched through are: SAE, COMPENDEX, NTIS, 

CEA and CHEMABS. 

Nine models were found and are presented in order of increasing model refinement. At 

the end of the paper a number of different approaches to decreasing NOx exhaust are 

presented. 

References referred to are [1]-[56]. References [57]-[73] have been studied but are 

not referred to and are listed for the sake of completeness. 



1 NO FORMATION 
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Since NO is the major component in combustion and N02 is formed from it upon 

reaching the atmosphere, models of NO formation focus on NO formation.[3] In fig.1 we can 
X 

see the equilibrium concentration of nitrogen oxide versus temperature in air. 
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Fig. 1. Nitrogen oxide equilibrium concentration versus temperature. 

Fortunately, the combustion process is much faster than the NO formation so we never 

obtain the equilibrium concentration. There are three ways of forming NO: 

thermal NO 

prompt NO 

fuel NO. 

1:1 THERMAL NO 

Thermal NO is formed via the Zeldovich mechanism [2] 

0 + N2 ~NO+ N k=1.4·1014exp(-78500/RT) 

N + 0 2 ~NO+ 0 k=6.4·109exp(-6280/RT) 

(1) 

(2) 

where k is the forward rate constant. A third reaction contributes in fuel-rich flames 

N + OH ~NO+ H k=2.8·1013 (3) 

Reactions (1 )-(3) are called the extended Zeldovich mechanism. Reaction (1) has a high 

activation energy and controls the mechanism. Since reaction (1) is slow, thermal NO is 

formed in the postflame region. 

Initially, and often throughout the high-temperature part of the process, the NO 

concentration is much less than its equilibrium. value so the reverse of reactions (1) and (2) 

can be neglected. If we neglect reaction (3) and suppose 0 to be in equilibrium with 0 2, 
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then we obtain a nitric oxide formation rate given by [7] 

(4) 

where Tis the temperature inK and P is the pressure in atm. 

Often one cannot assume atomic oxygen to be equilibrated with oxygen. Schefer and 

Sawyer [14] obtained formula (7) assuming equations (5) and (6) to be equilibrated. 

CO + OH-;::: C02 + H (5) 

(6) 

(7) 

where klf is the forward rate constant of reaction (1) and K5 and K6 are the equilibrium 

constants of reactions (5) and (6), respectively. Mass fractions of 0 2 and CO were computed 

from 0, H and C atom concentrations. The agreement was fair when the formula was tested 

on an opposed reacting jet using propane as fuel. In fig. 2 a comparision between the NO 

formation rate obtained using eqs. ( 4) and (7) is made. In eq. (7) klf is taken from the rate 

data of Baulch et al.[55], klf = 7.6 ·1013 exp(-38000/T), K5 and K6 are obtained by 

dividing the forward by the reverse rate constant taken from Gardiner [54], which gives 

K5 = 2.75 ·10-ST1.5exp(106.9/RT) and K6 = 6.67 ·104T-o·91 exp( --69.1/RT). Mole 

fractions of CO, 0 2 and C02 were taken from measurements presented in [56], see fig. 2. 

Thompson et al.[12] have suggested that since reactions (8) to (11) are fast they are 

assumed to be equilibrated and the thermal NO formation is expressed as (12) 
X 

f-
H + 0 2 -1 OH + 0 

t-o + H2 -1 OH + H 

H2 + OH :=t H20 + H 

OH + OH :=t H20 + 0 

~ = 2klfK8K10[H2J[02J[N2]/[H20] 

(8) 

(9) 

(10) 

(11) 

(12) 

where klf is the forward rate constant of reaction (1) and K8 and K10 are the equilibrium 

constants of reactions (8) and (10), respectively. 
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Fig. 2. Histories of local 0 2, CO, C02 and other combustion products in a 

4-stroke-DI-diesel engine with a displacement of 780 cc, bore· stroke= 95 ·110 mm, a 

compression ratio of 14.6 and 4 nozzle holes with¢= 0.2 mm. Operating conditions :1250 

rpm, A= 1.8, (} = -15° ATDC and P .. = 17 MPa. 
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Fig. 3. Ln dNO/dt versus 1/T obtained from eq. (4) and eq. (7) and fig. 2. 

If we only assume reaction (8) to be equilibrated and the nitrogen atom concentration to 

be at its steady-state value, the formation rate is given by [13] 

2 
dfN01 [k f 1 [N2]-kr1 kr2[NO] /kf2 [ 0 2]] 
~= 2[0 ] 1+krl [NO]/(kf2[0 2]+kf3[0H]) 

(13) 

where kf and kr are the forward and reverse rate constants of reactions. The term kf3[0H] 

can be neglected in lean flames and [0] is assumed to have its equilibrium value. Fig.4 shows 

the strong temperature dependence of [NO ] due to the Zeldovich mechanism.[4] 
X 
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Fig. 4. Nitric oxide emissions from aircraft gas turbines presented in Arrhenius form. The 

prediction is based on Zeldovich kinetics and the assumption of equilibrium oxygen atom 

concentration at the adiabatic flame temperature for a stoichiometric mixture. 

1:2 PROMPT NO 

Fenimore [9] obtained axial [NO] profiles for premixed flat flames, extrapolated these 

profiles back to the burner head and found a rapid generation of NO in the reaction zone, 

which he named "prompt NO", see fig. 5. Many believed that this could be due to the 0 

radical overshoot but no prompt NO is found in nonhydrocarbon flames; the Zeldovich 

mechanism is independent of fuel type. Prompt NO is weakly temperature dependent and 

more prompt NO is found in fuel-rich flames. Fenimore found that for a flame of ¢=0.8 and 

P=l-3 bar, prompt NO varied approximately as P 112, which seems to rule out the [0] 
overshoot as the main cause of fast early NO formation, since higher pressures promote 

radical recombination. Hayhurst and Vince [3] found the reactions to be 

CH + N2 -t HCN + N 

CH2 + N2 -t HCN + NH 

(14) 
(15) 

where N in reaction (11) can yield NO by reaction (2), and HCN and NH form NHi species 

through various reactions with 0 radicals. In the absence of hydrocarbons (that is in all but 

the richest hydrocarbon flames) NO and N2 are formed via the reactions 



NI + 0 X -) N 0 + ... 
/ 

NI + N 0 -t N 2 + ... 

/ 

6 

( 16) 

( 17) 

where NI and NI are nitrogenous intermediates consisting of one or more NH. species and 
I 

Ox is an oxygen-containing species. 90% of the prompt NO formation is due to the I-ICN 

reactions with 0 radicals. In very rich flames the prompt exactly is not completely as above. 
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Fig. 5. Measured [NO] along four ethylene-air flames as a function of reaction time; i.e. the 

distance of the point of sampling from the burner face divided by the calculated velocity of 

the burned gases. The mixture strength and temperature of each flame are as quoted. Mix is 

the equivalence ratio. 

Bachmaier et al. [10] measured the prompt NO formation as a function of equivalence 

ratio for many hydrocarbon compounds. Fig. 6 shows the results where we can see that the 

maximum prompt NO content is reached on the fuel-rich side and drops off sharply at an 

equivalence ratio of about 1.4.[2]. Bachmaier et al. also measured the HCN concentrations 

through propane-air flames. These results, which can be found in fig. 7, show that the HCN 

concentration rises sharply somewhere in the flame and then decreases sharply. But for the 

equivalence ratio of 1.5 it continues to rise. Little prompt NO is found for ¢=1.5. The 

explanation for this is that HCN is formed in all the rich hydrocarbon flames but below 

¢=1.4 there are still enough 0 radicals present to react with HCN and form NO. 
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Fig. 6. "Prompt NO" as a function of mixture strength and fuel. Dotted lines show the 

uncertainty of the extrapolation for the determination of prompt NO in propane flames, 

similar curves were obtained for the other hydrocarbons. 
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Fig.7. HCN profiles of fuel-rich propane-air flames. 
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Fig. 8. Concentration-time profiles in the kinetic calculation of the methane-air reaction 

with an inlet temperature of 1000 K, Pin=lO atm, ¢=1.0 and Tc=2477 K 
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Fig. 8 shows a large oxygen radical overshoot within the reaction zone that can lead to 

prompt NO found in flames due to the Zeldovich mechanism. Eberius and Just (1973) 

measured the prompt NO in the flame zone at various equivalence ratios and flame 

temperatures; the results are shown in fig. 9. The results indicate that there are two 

mechanisms for the formation of prompt NO. Nowadays prompt NO is defined as that nitric 

oxide which results from N2 via reactions other than the Zeldovich mechanism. [1] 

De Soete [8] has given an empirical equation for the rate of prompt NO production 

(18) 
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Fig.9. Prompt NO as a function of the temperature at various mixture strengths¢ in 

adiabatic propane-synthetic air flames. 

The table below [3] shows how much NOx is due to prompt NO, as can be seen, not very 

much NO in a diesel engine is formed via the prompt mechanism. 
X 

Table 1. Emission factors for nitrogen oxides; the role of prompt NO. The conversion factors 

are; 1 ft3 = 28.32 1, 1 lb = 0.45 kg and 1 gallon = 3. 78 1. 

Source 

Natural gas: 
household and 

commercial 
industry 
utility 

Gas engines 
Gas turbines 
Gasol inc-powered 

motor vehicle 
Diesel engine 

Average emission factor (as NO zl 

116lb/million ft 3 gas burned 
214lb/million ft 3 gas burned 
390 lb/million ft 3 gas burned 

770-7300 lb/million ft 3 gas burned 
200 lb/million ft 3 gas burned 

1131b/ 1000 gal. fuel 
222lb/ I 000 g;ll. fuel 

%estimated due 
to prompt NO 

57 
31 
17 

2-21 
30 

10 
5 
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1:3 FUEL NO 

Fuel NO results from nitrogen compounds bound in the fuel, e.g. [11]: 

N N NH NH NH 

0 
(p yridines) 

OJ 
(q uinolines) 

0 co 
(indoles) 

COJ 
(carbazoles) (pyrroles) 

These compounds are believed to pyrolyze or react to form an intermediate nitrogen

containing species I, (HCN or NH., i=0,1,2,3), reaction (19). I can react with an oxygen-
1 

containing molecule R to form NO, reaction (20) or with NO or another I to form N2, 

reaction (21). 

fuel nitrogen _, I 

I+ R _,NO 

NO 
I + [ I J _, N2 

(19) 

(20) 

(21) 

Once the intermediate is formed the fuel NO formation is very much like the Fenimore 

prompt NO mechanism. Fuel NO formation is rapid, slightly dependent on temperature and 

sensitive to the fuel-air ratio. More fuel NO is obtained on the lean side of stoichiometric. 
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Fig. 10. Fractional fuel nitrogen conversion versus weight %nitrogen in fuel for synthetic 

oils. 
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Fig. 10 shows the inverse relationship between the fraction of fuel nitrogen converted to 

nitric oxide and the percentage of nitrogen in the fuel.[5] 

De Soete [8] has proposed a formula for the formation of fuel NO 

(22) 

where ka and Ea depend on the nature of the fuel nitrogen and the mixture strength. 



11 

2 DIESEL ENGINES 

There are two types of diesel engines, Direct Injected (DI) and InDirect Injected (IDI) 

diesel engines. IDI diesel engines have a prechamber. During the intake process in a diesel 

engine air is drawn in while the combustion chamber (in a IDI the main chamber) is 

expanded. Near Bottom Dead Centre (BDC) the intake valve is closed and the air is then 

compressed, causing the temperature to rise. Before Top Dead Centre (TDC) high-pressure 

fuel injection through a nozzle commerces. When, at any location, the fuel-air mixture and 

temperature are right, auto-ignition occurs. Thus the combustion process in a diesel engine 

is very complex; at some locations the fuel burns and at others the fuel may still be in the 

liquid phase. After a while the exhaust valve opens and lets out the exhaust. The exhaust 

valve is then closed and the cycle begins again. 
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3 MODELS 

In fig. 11 the models discussed in this paper are presented schematically. The models 

formulated to predict NO x formation in a diesel engine can be separated into three different 

groups; models that do not take into consideration physical and chemical aspects, models 

that treat the combustion chamber as a well-stirred reactor and models that treat the 

combustion chamber as a partially stirred reactor. The first group called "regression 

models", is presented with the necessary input data. Input data are divided into three 

groups, calculated, measured and geometrical. In some models, the "measured" data may be 

estimated or assumed to have a certain value. For the 11 well-stirred 11 group the chemistry 

considered is also presented. The "partially stirred" group is presented with "degree of 

heterogeneity", how the mixing in the chamber is treated, chemistry and input data. 

3:1 REGRESSION MODELS 

The simplest way to formulate a model is to postulate an equation dependent on 

choosen parameters and then select values of constants in the equation to fit experimental 

results. Callahan et al.[15] have developed such an emission model for effects of discrete 

transients in speed and load. They obtained 

14 
Emission = IT exp(b.x.) 

. 0 1 1 
1= 

(23) 

where b. and x. are given in table 3. Table 2 explains S., T., t and t . The constants b. are 
1 1 1 1 s 1 

given for a four-cylinder Caterpillar 3304 engine with a precombustion chamber. It has a 

bore of 12.07 em, stroke 15.24 em, a total displacement of 6.9 litres and with a compression 

ratio of 17.5:1 it has a rated power of 58 kW at 1800 rpm. In fig. 12 the transient test cycle 

used is shown. 

Table 2. Summary of the independent variables which define an individual segment. 

Variable DescriEtion Range 

so Beginning Speed Preceding Segment (0.33-1.0) 
St Beginning Speed (0.33-l.O) 
52 Ending Speed (0.33-1.0) 

To Beginning Torque Preceding Segment (0.05-1.0) 
Tt Beginning Torque (0.05-1.0) 
T2 Engine Torque (0.05-1.0) 

Segment Length (3.0-12.) 
ts Length of Preceding Segment (sec) (3.0- j 2.) 
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Xo 

XI 

x2 

X) 

X4 

x5 
x6 

X7 

X8 

X9 

X1o 

X 11 

xl2 
xl3 
X14 

13 

Table 3. Definition of predictor variables used in the regression model and regression 

coefficients for the prediction of emission values. 

EMISSION 
Definition Variable PART NOx HC co 

I Intercept Bo ·-4.I2051 -1.44556 -4.67497 -2.3.5942 

(S 1 •S2l/2 Savg Bt 0.77846 2.23998 I. 96005 0.94206 

(T 1 + T2l/2 Tavg B2 ).12313 1.06198 I. 32168 1 . .56467 

( . .5-X I )2 Savg 2 BJ 1. 50094 -I. 895.55 0.00000 0.00000 

( . .5-X2)2 Tavg 2 B4 -0.9.5937 -3.708.56 -0.74231 2.52417 

(.5-X 1 lU-X 2l Savg·T avg B5 -4.57653 0.58855 -2.270.54 -1.90942 

In t B6 0.88636 I. 08608 0. 96030 1. 02298 

(S2-S 1 l/t dS/dt B7 2.70045 2.86009 -0.81500 1. 77668 

(T2-T1l/t dT/dt Bs 0 • .51054 I. 26178 -1.20295 1.45372 

X72 dS/dt2 B9 0.00000 -3.24582 0.00000 0.00000 

x82 dT/dt2 a1o 5.55000 -3 • .57931 0.00000 .5.22.5.59 

(S I-S0 )/ts/t dS0 /dt/t Btl 0.00000 -.5.7.5900 -8.002.59 0.00000 

(T 1· T 0 )/ts/t dT 0 /dt/t B12 0.00000 0.00000 0.00000 0.00000 

(XII'I00)2 (dS0 /dt/t)2 BtJ 0.00000 0.00000 0.00000 0.00000 

(XI2'100)2 (dT 0 /dt/t)2 B14 0.00000 0.02321 0.00000 0.00000 

r2 0.8090 0.9611 0.91.52 0.9081 

MSE 0.21179 0.03004 0.064.56 0.06338 

0 s O.l 
f-.>---- ON( (f(Ll --~·~ 

rv.&l ISIC~OSI 

Fig. 12. Transient test cycles: speed and torque versus time. 

3:2 WELL-STIRRED REACTOR 

In a well-stirred reactor everything is spatially uniform. Here, two well-stirred models 

are presented, a "lumped one-step reaction" model and a model based on the extended 

Zeldovich mechanism. 
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3:2:1 LUMPED ONE-STEP REACTION 

In refs [16] and [17] a correlation technique for flame temperature effects on NOx for 

both direct ignition and divided chamber diesel engines is presented. For both engines the 

expression used is 

EINOx = C exp(E/RTf) (24) 

where EINOx is the NOx emission index (g of NOx as N02jkg fuel), Cis a factor which 

depends upon flow characteristics, E is the overall activation energy (calfmole), R is the gas 

constant (calf mole K) and T f is the stoichiometric adiabatic flame temperature. The flame 

temperatures were calculated at TDC using a version of the NASA equilibrium program. C 

is not determined but by letting T f -1 oo in fig. 13 we obtain C = 1.6 ·10 7. From table 4 we 

can obtain values of E/R for NOx, particulate carbon (C), volatiles (V) and gas-phase 

hydrocarbons (HC). 
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• = 3200 

£f 
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~ 
0 . 
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16.3 
I 

10.2 
15.5 
20.0 
23.7 
15.0 
16.0 

3.4 3.6 3.8 4.0 4.2 4.4 4.6 

1 0 000/T 11 ( 1/K) 

Fig. 13. Flame temperature correlation for NO emission index. 
X 

Table 4. Flame temperature correlations for divided-chamber dieselengines. 

Emission Index E/R* (K) 

(g:/kg: fuel) 0. 72-L Eng:ine 0.52-L Eng:ine 

EINOx -36 700 -36 700 
EIC 48 900 41 100 
EIV 26 700 15 600 
EIHC 15 100 9 600 



15 

Plee et al. [17] changed the flame temperature by increasing the amount of intake gas or 

by elevating the intake air temperature for different loads and speeds in two divided

chamber diesel engines, one with a displacement of 0. 72 1/ cyl and a low swirl prechamber, 

and one with a displacement of 0.52 1/cyl and a high swirl prechamber. They found that for 

temperatures higher than 2125 K the overall activation energy is constant for all operating 

conditions, as we can see in fig. 14, where normalized EINOx versus Tf is shown. The 

normalized EINO is obtained by dividing EINO at a given condition with EINO for 
X X X 

standard air for the same condition. By using the normalized EINO the effect of C in (24) 
X 

is omitted. This indicates that the effect of intake gas addition is primarly due to changes in 

temperature rather than to concentration changes, and that load and speed do not affect the 

temperature dependence. They also found that the chamber geometry did not affect the 

flame temperature dependence, as we can see in fig. 15. 

10 
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• • • 

0. 01 ":---c:-'-::--:-'=---,'----'--'----'--~-l.___J 
3.4 3.8 3.8 4.0 4.2 4.4 4.8 4.8 6.0 6.2 

104 (K'1) r, 

Fig. 14. Correlation of normalized 

EINOx with stoichiometric flame 

temperature for the 0. 72 1 diesel, 

all loads/ speeds. 
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b. O.U·L 

0.01 '--....L..--'-...L.,__L_,L__J____J 

3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 

104 (K-1) 
Tt 

Fig. 15. Correlation of normalized 

EINO with stoichiometric flame 
X 

temperature for both engines, all 

loads/speeds. 

Ahmad et al.[16] used two different temperatures instead of Tf in eq. (24). Tfl is the 

same as that used above, the other, T f2, is obtained by assuming adiabatic compression of 

the unburned gas from the unburned gas pressure at TDC to the peak cylinder pressure. 

They found no significant difference between the correlations using T f1 and T f2. 

Futhermore, they came to the same conclusions as Plee et al., except that E/R was slightly 

lower for the DI engine, as can be seen in fig. 16. 
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Fig. 16. Flame temperature correlations for normalized NO emissions from different 
X 

engines. 

3:2:2 EXTENDED ZELDOVICH 

Wu and Peterson [18,19] have developed a model which requires measured temperature, 

fuel burning rate, engine speed, start of combustion and end of combustion to evaluate the 

NO emission index, EINO. EINO is defined as g NO /kg fuel. It is assumed that the mass of 

NO formed can be evaluated from 

T m d~NO] 
dmNO = MNof t dt dVb 

0 
(25) 

where d ~~OJ is the rate of NO formation, M is the molecular weight, T m is the mixing time 

scale, t is the time and V b is the volume of the burned gases. During the mixing time, T m' 

turbulent mixing causes the temperature of the burned gases to decrease and the radicals 

involved in NO formation to recombine. Using the extended Zelclovich mechanism and 

assuming the reverse reactionsto be negligible and [N] to be at steady state, the rate of N 0 

formation becomes 

(26) 

Assuming 2klf[O]clV b "'exp( -E/RT)clmf and the temperature to be uniform in elY b they 
obtained 
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dmNO N Jm exp( -E/RT)dt dmf 
0 

17 

(27) 

where E, the overall activation energy, is a parameter in the model. The plausibility of 

assuming uniform temperature in dV b was tested by calculating flame temperatures in 

extreme mixing models [20]. The calculations differed by roughly +lOOK which was the same 

as the uncertainty in the experiments performed by Wu and Peterson. 

Since dmf = (dmf/dB)dB, the amount of NO formed from the mass of fuel burned, mfb 

during combustion can be evaluated from 

(28) 

where B is the crank angle and soc refers to start of combustion. The inner integral accounts 

for the turbulent mixing process and the outer for the coupling between the temperature 

history and the fuel burning rate. If both sides of eq. (28) are divided by the total mass of 

fuel injected, mf, and the outer integral is evaluated over the entire combustion process, then 

eq. ( 28) becomes 

B T dFf 
EINO N Jeoc(Jmexp(-E/RT)dt)QF dB (29) 

0soc 0 

where EINO is the emission index of NO defined as the ratio of the mass of NO to the total 

dF 
mass of fuel injected into the combustion chamber, o:J. is the specific fuel burning rate and 

the subscript eoc refers to end of combustion. 

Wu and Peterson chose two different time scales to characterize the mixing time T m· 

The first and shortest, the Kolmogorov time scale T k [21] can be expressed as 

N* 3/2 
Tk N (N ) (30) 

The other, the Corrsin time scale, can be expressed as 

* N 
T N-

c N (31) 

* where N is the engine speed and N is a reference engine speed. Substituting (30) and (31) 

into (29) they obtained 
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N* 3/2 0 dF 
EINO"' ( N ) Jeocexp (-E/RT)oJ. dO (32) 

0soc 
* 0 dF 

EINO "'~ Jeocexp (-E/RT) oJ. dO (33) 
0soc 

If the temperature is assumed to be constant during combustion then eq. (32) and (33) 

reduce to 

N* 3/2 * 
EINO"' (N ) exp(-E/RT ) (34) 

* N * 
EINO "'N exp(-E/RT ) (35) 

* where T is the characteristic temperature. 

The engine used in the experiment was a single-cylinder, automotive type, divided 

chamber with a displacement of 0.72 Land a compression ratio of 19.3. The prechamber had 

a cylindrical geometry. The engine conditions are shown in table 5. Figs 17, 18 and 19 show 

measured EINO versus the variable temperature correlation parameter; in figs 17 and 18 

with E/R = 20000 K and in fig. 19 with E/R = 38000 K. The fact that the correlation with 

E/R =20000 K is better than the correlation with E/R = 38000 K, {38000 K is the 

activation temperature of reaction (1)), can be explained by the superequilibrium radical 

concentrations. Fig. 20 shows EINO predicted using the constant temperature correlation 

with a temperature calculated from the cylinder pressure at 8°CA after the end of injection 

versus measured EINO. Fig. 21 shows that regarding the normalized mass, the variable 

temperature correlation is far better. Even if no significant difference is seen between the 

correlations in figs 17 and 18, the Kolmogorov time scale is believed to be more plausible. 

Table 5. Engine conditions. 

Overall Combustion Intake Intake-air 
Speed air-tuel timing pressure temperature EINO 

Series Cr/min) ratio ( 'CA) (kPa) (K) ('{/kg) 
1 1000 40:1 355 135 303 35.5 
2* 1000 40:1 363 135 303 30.9 
3 1000 40:1 367 135 303 2L4 
4 1000 25:1 363 135 303 21.1 
5 1000 32:1 363 135 303 28.0 
6 1000 55:1 362 135 303 33.4 
7 1500 40:1 363 135 303 20.6 
8 2000 40:1 363 135 303 17.4 
9 1000 40:1 363 100 303 29.3 

10 1000 40:1 363 150 303 31.6 
ll 1000 40:1 362 135 325 32.4 
12 1000 40:1 363 135 351 32.5 

• baseline condition 
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Fig. 21. Comparisions of the histories of NO formation from the variable- and constant

temperature correlations assuming a short mixing time scale and E/R = 38000 K with 

measured data. The engine conditions are: 1000 r/min, 40:1 overall air-fuel ratio, 355°CA 

combustion timing and 135 kPa intake manifold pressure. 

3:3 PARTIALLY STIRRED REACTORS 

The partially stirred reactor models are divided into four groups: 

burned unburned zone models 

spatial variations 

phenomenological models 

multidimensional models. 

3:3:1 BURNED UNBURNED ZONE MODELS 

In a burned unburned zone model the combustion chamber is divided into two zones, 

one in which the fuel is burned and one in which it is unburned. Cakir [22] has developed 

such a model. l-Ie treated the gases as perfect with variable specific heats and assumed 

thermodynamic equilibrium properties and composition for the burnt gas. Heat transfer to 

cylinder walls and heat flux between adjacent gas elements are neglected. Cakir uses the 

Zeldovich mechanism and by assuming [N] and [OJ at steady state he obtains the NO 

formation rate as 
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The concentrations are calculated from 

and the constants are given in table 6. 

Table 6. Rate constants used. 

Reaction Symbol Rate constant, cm'fmol s 
T, K, R = 1·986 cal/K 

o,--> 20 k, 6 10" 118 0~ ( _118 000) 
x RT cxp RT 

20--> o, k, 1·0x10" 

N,+O-->NO+N klf " ( 75 500) 7 x 10 cxp - RT 

NO+N--> N2 +0 k,. 1·55x10" 

N +0,--> NO+O k., ' . ( 7080) 13·3x10 Tcxp - RT 

NO+O--> N+O, k,, ( 39 100) 3·2xlO'Texp -~ 

The volumes of the unburned and burned zones are: 

p 1/ ~'u 
0 V . = v0(1-Z .)(,-) m a1 r. 
I 

vb. = v.-v. 
I I gt 

where Pi is the cylinder pressure at time i and /'is the ratio of specific heats given by 

Cvg = 4.1855(F p +0.02 T b 0·6) 

Cva = 4.1855( 4.61 Ar + 6.5 ·10--4) 

where C is the specific heat of burned gas, C is the specific heat of air, F is an initial vg va p 
value changing with air-fuel ratio and Ar is the recirculated exhaust gas factor which varies 

between 1.0 and 1.03. The temperature to be used in the rate constants is the real burnt gas 

temperature T1 . )J 
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((Z ). 1 T~, )+((Z ).-(Z ). 1 )T~ T _ a 1- 1 a 1 a 1- 1 
bi- z 0 

a 1 

(36) 

where (Za)i_1 is the fraction of air in percent at time i-1, T~' represents the temperature of 
/ 

gases burned at time i-1 and adiabatically compressed or expanded and T. represents the 
1 

temperature of the fraction of gas burned last and compressed or expanded adiabatically. 

(37) 

where (Z1 ). is the fraction of heat released in percent and Z is the reciprocal of the mixture 
( 1 s 

enrichment factor. 

(38) 

where C2 ,B,T2 and a are constants to be determined and .>.0 is the air-fuel ratio before 

combustion. 

(39) 

where 1 is the ratio of specific heats. 

Z Q P. (1-1)/i 

T~ = Tu(i-1) +MD-- ( 1 1/[-1 ) 
vm P(i-1)(1+Y(P(i-1)) ) 

(40) 

where Tu is the temperature of unburned gases, Q is the heat release, M is the number of 

moles, Y = Q('y-1)/P6/ iy 0 and V 0 is the volume before combustion. The heat release Q is 

calculated from 

dQ _ Cv dV dP 
at- K ( !Par+ VCIT) (41) 

using a P-t diagram. 

C = C Z (. 1) + C (1-Z (" 1) vm vg a 1- va a 1-
( 42) 
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Cakir tried the model on a single-cylinder test engine (International Harvester) and a 

spark-ignited diesel hybrid (a 6-cylinder M.A.N. D1246-FM). A comparision between 

predicted and measured nitric oxide emissions for variable load on the International 

Harvester is shown in fig. 22, and for the diesel hybrid in figs 23, 24 and 25. 
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Fig. 22. Measured and predicted NO 

emission at variable load. Inter
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The input data needed for the prediction are the volume before combustion V 0, fuel-air 

ratio before combustion ).0, and a pressure-time diagram for the engine. 

3:3:2 SPATIAL VARIATIONS 

An attempt to model the effects of Exhaust Gas Recirculation (EGR) has been made by 

Ikegami et al.[23]. They used the Zeldovich mechanism to obtain 
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[NO)= J Jexp(-E/RT)[U2]1/ 2f(t,v)dtdv (43) 

where f(t,v) describes the temporal and spatial variations. Assuming f(t,v) does not depend 

on the degree of EGR, the ratio of [NO) with EGR to [NO) without EGR is expressed as 

[NOJ = ([U ]/[U ] )1/2 exp( -E/RT) = a([U ]/[U ] )jJ(T,T ) 
INOTo 2 2 0 exp( -E/RT o) 2 2 0 0 

The factor a is a measure of the effect of oxygen concentration. The factor jJ is a 

measure of the effect of temperature. The effect of the spatially averaged temperature Tm 

gives fim=l. The flame temperature gives jjf 

-E ~Tf 
jjf = exp(RT . T -ZS:T ) 

fO fO f 
(44) 

where TfO is the flame temperature without EGR, 

(45) 

where cis the constant specific heat of gas, Hu is the lower calorific value of the fuel, 10 is 

the stoichiometric air requirement and 

Gr' 
r' = Ga+Gr ( 46) 

where Gr' is the quantity of inert gas contained in Grand Grand Ga are the quantities of 

recycling gas and inlet air, respectively. The temperature drop due to limited oxygen supply 

gives fi¢· jj¢ is calculated from eq. ( 44) by exchanging T£0 and ~Tf with TmO and ~T¢. 

(47) 

* where ¢0 is the local equivalence ratio without EGR. This model can only give relative 

values for an engine. Fig. 26 shows measured [NO)/[N0]0, jim' jj¢ and jjf versus r'. 
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Fig. 26. [NO]/[N0]0 versus net percentage of EGR r' for the spatial variations model. 

3:3:3 PHENOMENOLOGICAL MODELS 

Phenomenological models are based upon some conceptualization of each individual 

process occurring in the engine cycle [24]. The processes are 

fuel injection 

fuel evaporation and ignition delay 

heat release rate and heat losses 

exhaust emissions. 

In fig. 27 a schematic diagram of the diesel combustion process is shown. The fuel is injected 

through a nozzle and forms a spray with characteristic parameters as shown in fig. 28. Many 

expressions for the spray angle 0, the Sauter Mean Diameter (SMD ), the breakup length and 

the spray tip penetration have been developed [24,25]. The pre-ignition processes are both 

physical and chemical. The evaporation rate controls the physical delay. In the physical 

delay period the fuel is atomized, vaporized, mixed with air and raised in temperature. The 

phenomenological models are divided into single zone, two- to four-zone and multizone 

models. 
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SINGLE ZONE MODELS 

Dent et al. [38][39][40] have developed a single-zone phenomenological model. They used 

characteristic mixing rates based on the dissipation of turbulent kinetic energy in the engine 

cylinder after injection to model the mixing of air and fuel. No allowance was made for fuel 

impingement on the wall. The NO formation rate used was obtained from the Zeldovich 

mechanism and is given by 

1 d 2 Rl \lbv<IT ([NO]Vbv) = 2(1-a) l+aR1/R2 ( 48) 

a=~ 
eq 

R1 = k1[N] [NO] eq eq 
R2 = k2[N] [02] eq eq 

where Vbv is the volume of burning mass. The equilibrium concentrations are calculated 

from the equilibrium constants of reactions (1) and (2) and 0 2 dissociation, mass balance 

equations and the ideal gas law. The data required for the prediction are: 

the engine dimensions 

operating conditions 

fuel injection pressure diagram and 

swirl ratio at inlet valve closure 

They used the injection pressure diagram synthesized by line segments and discretized 

elements to calculate the injected fuel quantity, spray penetration, Sauter mean diameter of 

atomized droplets, fuel droplet size distribution and air entrainment into the spray over the 

discretized time step ~t. The injected fuel quantity Q is calculated from 

(49) 

where Cd is the orifice discharge coefficient, Pf the fuel density, ~pis the difference between 

the fuel line and the engine pressures over ~t and A0 is the nozzle orifice area. 

In a quiescent chamber spray penetration is evaluated from 

s = 0.39(2~P I Pf) 112t (50) 

when t < 0.3 ms, otherwise from 

S = (8U0d0t) 1/ 2(294.4/T) 1/ 4 (51) 
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where t is the time from start of injection, U 0 is fuel jet velocity and d0 is the equivalent jet 

orifice diameter, 

uo = (2~P I Pf)1/2 

d6 = do(Pf/ Pa)1/2 

d0 is the orifice diameter. 

The SMD is calculated from 

(52) 

(53) 

SMD = 8.0 ~p-{).458 Q0.209 vf0.215 (54) 

where vf is the kinematic viscosity of the fuel. The radial droplet size distribution is 

schematically shown in fig. 29. Y p is the normalized radius Y jrj' rj is the jet radius, Dp = 

dp/SMD and dp =droplet diameter. 

Cue i ['fQj)Cit'Qiion 

i1 Rapid Evnpcrat ion 

IL . d•p - Np . d'n. • Np .ri~ ·vj j - k r"JL k•1"'k•1 

OlSTRI6UTION EVAPORATION lliDSTRISUTION 

Fig. 29. Schematic of droplet distribution, evaporation and burning mechanisms. 

The jet structure is given by 

dr.jdS = O.ll(p + p.)j P· 
J a J J 

U/Um = (1-Yp3/2)2 

f/f = (U/U )1/ 2 
m m 

(55) 

(56) 

(57) 
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where Pais the density of air, U is the local velocity at Yp, Urn is the jet centre-line 

velocity at S, and f is the mass concentration at S on the jet centre-line. The air 

entrainment is obtained from 

(58) 

where maE and mf are mass flow rates of air entrained and fuel injected, respectively. Air 

entrainment into a wall jet is calculated from 

(59) 

where S is the wall jet penetration in time 6t, and the origin of S is the intersection of the w w 
jet axis and the impingement surface. At the end of the injection period, the turbulent 

mixing contributes to the air entrainment. The mass of air entrained, dma/ dt, is obtained 

from 

(60) 

where c1 is a constant and Tis the mixing time. 

( 61) 

where L is the length scale , here taken as d0, and c is the energy dissipation rate of the eddy 

structure. 

(62) 

where C is a known constant [53], N is the engine speed, Bip is the injection period, Vf is the 

volumetric delivery of fuel per stroke of the injection pump, n the number of holes in the 

injector nozzle and d0 the injector orifice diameter. When swirl is added to the engine the air 

entrainment and jet structure are affected. The turbulent mixing is given by 

R = R .R . 1/(R. . + R · 1) lllJ SWli lllJ SWlr 

R = 1/T 

(63) 
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Fig. 30 Brief description of the single-zone model. 
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Table 7. Test conditions for quiescent chamber-single cylinder four-stroke direct-injection 

diesel engine. 

ENGINE I 

Dat.1 S!!t 

TeH Condition ----Engine speed (rpm) 

InJection timing (BTDC) 

Injection duratlo~ ("CA) 

Fuelling rate (mmJ/cycle) 

Intake pre~sure (bars) 

Intake templ!rature ( "K) . 
Bore • 1~0 mm, Stroke • 152.~ mm 

Number of nozzle holes • 8 

Air /fuel ratio • 25 

100 

I~ 
~ 

~ 
• - • 

100 

A 

1300 

18 

2~ 

1~2.3 

1. 19 

333 

• • 
• 

• 

B c D E 

19 DO 1300 1300 1300 

10 10 2~ 16 

28 2~ 30 30 

1~2.3 1~2. 3 191 ,6 191 .6 

1. 35 1.19 1.5 1.5 

333 333 333 333 

Compression ratio • 1~.3 

Orifice diameter • 0.2032 mm 
l /d • ~ 

0 0 

• • 

:oo •oo ~ aoo '000 
~NO(f'f'\.1) 

Fig. 31. Quiescent NO model overall comparison with engine data (see table 9). 

The model is described in fig. 30. The model has been tried on two engines [39], tables 7 

and 8. Fig. 31 and table 9 show a comparision between predicted and measured NO for 

engine 1. In figs 32 and 33 predicted and measured smoke--NO-EGR trade-offs are shown 

for engine 1, and in figs 34 and 35 predicted and measured smoke-NO-injection timing 

trade-offs are shown for engine 3. The model also predicts the amount of soot formation. 
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Table 8. Test conditions for quiescent chamber single-cylinder four-stroke direct-injection 

diesel engine. 

ENGINE 3 

~ 
COMPRESSION 

18.4: 1 n 

Engine speed (rpm) 1900 1900 

Inject ion timing (BTDC) 9 12 

lnjec t ion duration (•cA) 30 30 

Fuelling rate (rtY11J/cyc le) 121.9 119.1 

Intake pressure (bars) 2. 2 7 2. 21 

Intake temperature (•K) 315 316 

Bore = 120 mm, Stroke • 120 rtYT1 

Number of nozzle holes • 7 
A i r If u e I rat i o • 28 

Orifice diameter • 0.17 mm 

I /do • 7 

--I.CEJSUR(O 
--- PRCOICTED 

1000 

100 

.col 
~ 

•oo 

100 

0 
10 IS 20 

··~LEVU.(%) 

Fig. 32. Smoke-NO-EGR tra.cle-Dff 

set E table 7. 

RATIO COMPRESSION RATIO 

20.4: 1 
... 

1900 1900 1900 1900 

15 9 12 15 

30 30 30 30 

115.9 121 .9 117.8 114.9 

2. 16 2.31 2.24 2. 19 

317 312 315 315 
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Table 9. Comparision between predicted and experimental nitric oxide concentrations. 

Single-zone model. 

SET A EXP (PPM) --
10 EGR 6~0 

20 EGR 290 

SET B 

0 EGR 520 
10 EGR 290 

SET C 

0 EGR 5~0 

10 EGR )00 

gu 
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Fig. 34. Smoke-NO-injection timing 

trade-off, compression ratio 
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MULTIZONE MODELS- NO MIXING 

Hiroyasu et al.[29] have developed a model which is divided into a Heat Release (HR) 

and an Emission Formation (EF) model. In the HR model, fuel injected through the nozzle 

is divided into 250 packages with the same fuel mass. It is assumed that there is no mixing 

between the packages. Spray impinging on walls and swirl are considered. The air 

entrainment into the spray is given by the conservation of momentum and the spray 

behaviour is determined by the experimental equation of spray penetration observed without 

combustion. In fig. 36 a schematic diagram of spray combustion is presented and fig. 37 

shows the combustion process of each package. Droplet evaporation, which is assumed to 

start immediately after injection, is modelled. The heat release rate is calculated in each 

package, and by summing up the heat release from each package, the heat release in the 

combustion chamber is obtained, from which it is possible to calculate the average 

temperature and the pressure. Heat transfer to the walls is accounted for. 

Air Entrainment Air 

Injection Evaporation 

& Mixing 

Expan!.ion & Air 

Entrainment 

Ignition & Evaporation 

Combustion Mixing & 

Combu!.lion 

Expansion & Air 

Entrainment 

Mixing & 

Combustion 

Fig. 36. Schematic diagram of the spray combustion in the ''no mixing" model. 

NO forms via the extended Zeldovich mechanism. A heterogeneous temperature field is 

assumed. The adiabatic flame temperature T B ( 0 a) is calculated as in homogeneous 

combustion. After combustion the adiabatic temperature varies as 

~-1 

TB(B) = TB(Ba) (P(B)/P(Ba))~ (64) 

in each package. 

The NO formation rate is given by 

dY 2R1 ( 1-/32) RT 1 
(:lljNO = j3R1/ (R2+R3)+1 y-B w 

!3 = f#8t 
e 

(65) 



Rl = klb[NO]e[N]e 

R2 = k2f[N]e[0 2le 

R3 = k3f[N]e[OH]e 
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~NO is the increase in mole fraction per unit crank angle. The species concentrations are 

calculated from the heat release model. Eq. (65) is integrated for each package from the start 

of burning to a crank angle where reaction rates are so low that Y NO no longer changes. 

Finally, Y NO is summed up over all the packages. 

Injection B 
• 

11\N·I 
Ignition (A) I \ (B) 

Corrbution F~ I 1'1·#'M'M 
Controlled by Fuel Controlled by Air 
Evaporation Rote Entrainment Rote 

t t 
l;!~~y;,J W///1 

(A) ,/ \. (B) 
IW//ffhl I I::.:MW////A 

l '-....../ 
Valve Oper/ [000/A ""'l:i~~fh.-rzr:~>7~7:~n:«J'7"l 

Complete Incomplete 
Combustion Combustion 

• Liquid Fuel 

~ Vaporized Fuel 

D Air 

~ Products 

Fig. 37. Schematic diagram of the mass system in a package. 

Hiroyasu et al. [30] extended the model to include additional control volume for a swirl 

chamber so that an IDI diesel engine could be modelled. Soot formation is also modelled. In 

figs 38, 39 and 40 comparisions between calculated and experimental NO and soot 

formations for a DI engine are shown, and in fig. 41 a comparision is presented between 

measured and predicted pressure for an IDI engine. Hiroyasu et al. [31] have also used this 

model and the "method of system- model transformation'' to optimize a DI diesel engine. 

The parameters optimized were : 

number of nozzle holes 

diameter of nozzle hole 

diameter of Toroidal 

swirl ratio 

clearance volume 

intake valve closing timing 

injection timing 

injection duration 

exhaust valve opening timing. 
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Mansouri et al. [33][34] have developed a model for an IDI diesel engine. The 

combustion chamber is divided into three zones, the prechamber, the main chamber and the 

connecting passageway. Each zone contains a large number of equal mass elements. The 

cycle simulation is divided into four processes, intake, compression, combustion and 

expansion and exhaust processes. 

The intake process starts at the time the intake valve opens, tivo· Values for 

temperature, pressure and fuel-air equivalence ratio are assumed and checked with values 

obtained at the end of the cycle simulation. Quasi-steady one-dimensional flow equations 

are used to model the intake process. Mass flows through valves are computed using the 

equations for isentropic adiabatic flow through a nozzle, 
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I p 1 p ( 1+ 1) I 1 1 I 2 
m' = Cd A p IRT ( 1RT )1 2 (_1_((~)2 ~-(~) )) 

o o o 11 Po Po 

where m' is the mass flow rate through a restriction, Cd is the discharge coefficient, A is the 

area of the restriction, Po is the stagnation pressure upstream of the restriction, R is the gas 

constant, 1 is the ratio of specific heats and Psis the static pressure at the restriction. The 

mass in each chamber at t. is obtained from 
lVO 

pV = mRT (66) 

and the the mass is calculated using 

m' = m'. -m' 
1 e (67) 

where m' is the mass change in chamber, m'. is the mass flow rate into the chamber and 
1 

m' e that out of the chamber. The rate of change of pressure, p', is obtained from 

p ' = p (T 'IT + m' lm ) p p p p mp p (68) 

T 'V ' m~ - m' 
, _ ( m m + 1m mp) 

Pm -Pm~v- mm 
m m 

(69) 

where the subscripts i, m and p denote intake valve, main and prechamber, so mim denotes 

mass flow from intake manifold into the main chamber. T', the time rate of change of 

temperature is obtained from 

, RT Q' m{(h i - h) mi m~ V' 
T = C -R(mRT + mRT + __ m ___ v) 

p 
(70) 

where R is the average gas constant for the chamber contents, CP is the specific heat at 

constant pressure, Q' is the rate of heat transfer to the chamber contents, m is the mass in 

the chamber, hi is the specific enthalpy of material flowing into the chamber, his the 

average specific enthalpy of the chamber contents and V' is the rate of change of volume V 

of the chamber. 

The compression process starts at the time the intake valve closes, t. , and is defined 
lVC 

as part of the intake process, except that there is no flow through the intake valve. 

The combustion and expansion process starts at the time the fuel injection starts tfis· 

The fuel injection profile mfi ( t) is used as input. The mass of fuel injected is given by 
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t 
mf.(t) =tf mf' .(t)dt 

1 f" 1 1 s 
(71) 

Fuel evaporation is modelled as 

(72) 

where dmfe/ dt is the rate of evaporation of liquid fuel in the spray, mfe is the mass of fuel 

evaporated and Te(t) is the characteristic evaporation time. The chemical ignition delay 

time Tid is calculated from 

Tid(t) = 2.43·10-9 p-2 exp(41560/RT) (73) 

Fuel-air mixture elements whose residence times and ignition delay times satisfy 

dt 
JTid(t) ~ 1 

and whose equivalence ratio ¢ satisfy 

¢1 ~ ¢ ~ ¢u 

where ¢1 is the lower limit and ¢u the upper, are assumed to become burned elements 

instantaneously. ¢1 and ¢u are inputs to the model. The work transfer to the piston is 

calculated from the pressure and the rate of change of volume in the main chamber. The 

pressure and temperature are calculated with the aid of the heat transfer to the walls, and 

mass and energy continuity equations. Turbulent flow Nusselt-number Reynolds-number 

correlations determine the heat transfer. Elements that flow into the main chamber mix with 

elements in it at a rate governed by the stochastic mixing model. 

The exhaust process starts at the time the exhaust valve opens, t , and is modelled as evo 
the intake process. The extended Zeldovich mechanism gives the NO formation rate 

2 
d(NO) _ 2MNOR1 ( 1-o: ) (74) 
dt - p ( 1 + o:K 1) 

where (NO) is the mass fraction, MNO is the molecular weight of NO, R1 =klf[N2]e[O]e, 

[leis the equilibrium mole fraction, o:=[NO]/[NO]e, pis the gas density and 

k1f[N2]e[ 0 le 
K 1 = .-k2-,f["'N'""'] e,-[ 0""2-l.--e--:-+,-k-3 f-r["'KTN.-] eT7'[0""'H,-] e 
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Table 10. Cycle simulation input parameters. 

I. Ceometrieal and Desiqn F&ra~~ters 

l. Bore 
2. Stroke 
J. Conr.ect1nq rod ler.q:h 
~. Pre-chamber volume 
S. Main-chamber volume 
&. Passageway d!ame:cr 
7. Intake valve dia~eter 
8. Exhaust valve dia~~=er 
9. Intake valve open1r.q t:ma 

10. Intake valve clo~lr.q t:ne 
II. Exha~st valve open1nq t::e 
12. Exhaust valve clo~1nq ::~e 

II. Op~ratin• Parameters 

I. Intake man!Cold pressure 
2. Inlet mixture Tc~pera:u~e 
J. Exhaust syst~m pressure 
4. ECR rate in intake 
S. Load: masa oC Cuel injacte1 ,er e'lcl• 
&. Speed 

300 

250 

T 
o. 20C ..2:... 

" 
~ 1!50 

100 

/" 

7. lnJecticn :imi~q 
8. Pre-chamber vall t6mperature 
9. Maln-chamber vall :•mperat~re 

10. Paasaqeway wall temp•rature 

"" pred lcted 1!500 rev/min 
A Experimental 

v 0.2 0.3 0.4 0.!5 0.6 

EQUIVALENCE RATIO,</> 

300 Solid Symtioll: Predicted 
Open Symbolsz Experlmenlol 

250 
A cf>~0.28 

0 </> .,. 0.53 
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Fig. 42. Comparison of predicted exhaust NO concentrations and measured exhaust 

concentrations as a function of fuel-air equivalence ratio, engine speed and fuel injection 

timing. 

~ 
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The equilibrium species concentrations are calculated using a NASA equilibrium 

program. In fig. 42 a comparision between predicted and measured NO concentrations is 
X 

presented. The concentration is defined as mass in chamber· [NO] in chamber/total mass in 

cylinder. The NO exhaust is obtained by following the NO formation in each package from 

the start of combustion to the start of exhaust and then summing. Soot formation is also 

modelled. In table 10 the input data required are listed. 

The model includes eight constants that are determined from the best fit to experimen

tal data. The constants are the passageway discharge coefficient, Cd , the mean liquid pw 
droplet size, d, the upper limit of combustion, ¢u and five constants in the heat transfer and 

turbulent mixing submodels. Variation of these constants one at a time showed [NO ] to be 
X 

slightly dependent on them. 

Liu et al. [35] used the model to examine the effects of fuel injection timing and EGR on 

a single-cylinder version of a 1979 Oldsmobile diesel engine with naturally aspirated 

four-stroke indirect injection. The solid line in figs 43, 44 and 45 represents the crank angle 

resolved NOx history predicted by the simulation normalized by the ratio of the measured 

exhaust NO concentration to the predicted NO concentration. The incylincler NO 
X X X 

histories are measured by total cylinder sampling. The engine conditions are shown in table 
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Fig. 45. Measured and simulated total-cylinder averaged NO x concentration histories at 

1500 RPM and medium load conditions, with and without EGR. 

Table 11. Engine test conditions. 

Equiv;alence Exhaust NO, 
Engine ratio· Injection Injection Fuel per concentrutionh 

Test speed ovcro~ll EGI\ timing duration cycle Experiment ;\lodel 
series (r/min) (0 .. ) (%) ("BTDC) ("CA) (mg) (ppm) (ppm) 

1 1000 0.94 0 8.5 22.8 36.8 166 :t 2. 322 
2 1000 0.60 0 5.5 13.4 22.8 148 :t 3 (a) 
3 1000 0.38 0 4.5 11.5 15.3 117 :t 8 197 
4 1500 0.32 0 12.5 15.3 14.7 160 :t 4 257 
5 1500 0.35 0 7.7 15.3 16.0 125 :t 7 172 
6 1500 0.36 0 2.1 15.2 16.4 120 :t 6 102 
7 1500 0.60 0 8.9 21.3 27.5 177 :t 3 249 
8 1500 0.64 11.5 9.2 19.7 26.9 124 :t 6 99 

For all tests: Intake Air Temperature-299 K; Intake Air Pressure-0.962 Atm; Initial Oil and Water 
Temperature-360 K. 

'Dumping data only. No simulations were run for these conditions. 
hDry volumetric basis. 
•standard deviation. 

TURBULENT MIXING CORRELATIONS 

Lipkea and DeJoode [36] have developed a model for a direct injection diesel engine. The 

general idea that a fuel jet behaves like a jet of pure gas is used to model one fuel jet and 

then they assume no interaction between jets. The fuel injected is divided into equal discrete 

mass elements, each one forming a zone which entrains and moves. All the air outside the jet 

zones is considerd as one unburned zone. The atomization and vaporization are assumed to 
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be faster than the mixing and are not modelled. The concentration and movement of the 

zones are based on fully developed turbulent mixing correlations. The model takes into 

account the internal recirculation within the fuel jet and the effect of swirling flow upon the 

free jet. Transition to a wall jet is allowed. The combustion chamber is treated as a cylinder 

with the same diameter as the bowl. The relations used to calculate cylinder pressure, local 

temperature and composition of each burning zone and the unburned zone are: 

1.2 

1.0 
Work 
Ratio 

0.8 

Nitric 1·0 

Oxide 
Ratio 0.6 

the fuel stoichiometri 

conservation of mass 

ideal gas equation of state 

first law of thermodynamics 

heat transfer out of the cylinder 

a simple air and fuel global kinetics scheme 

the Zeldovich mechanism and 

a property model (variable specific heats). 
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Fig. 46. Comparision of the model 

and experimental results for 

indicated work ratio and nitric 

oxide ratio versus air-to-fuel 

ratio at constant intake pressure 

at 2500 rpm and full load for 

the engine configuration speci

fied in table 13. 
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Fig. 47. Comparison of the model and 

experimental results for indicated 

work-ratio and nitric oxide ratio versus 

air-to-fuel ratio at constant intake 

pressure at 1500 rpm and full load for 

for the engine configuration specified in 

table 13. 
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It is assumed that during each time interval the pressure is the same everywhere in the 

cylinder and that the composition and temperature of each zone are uniform. 

Thermodynamic equilibrium is reached at the end of each time interval in each zone. The 

model requires the pressure and mass in the cylinder at intake valve closure and an estimate 

of the metal surface temperature as input data. The temperature in the chamber is assumed 

to be uniform until fuel injection begins. The model is assumed to be valid for the direct

injection diesel engine configurations and conditions given in table 12. Figs 46- 49 show 

comparisions between measured and predicted values; the engine configuration is given in 

table 13. The air-to-fuel ratio is varied by varying the intake air temperature. Lipkea et al. 

[37] have used the model described above to study the effects of several parameters. The 

parameters are given in table 14. They came to the conclusion that a 11 one at a time 11 

parametric study can not give the optimum engine. 
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Table 12. Representative engine 

configurations and operating 

conditions. 

Bore (mm) 
Displacement (1.) 
Power (kW) 
Speed (rev/min) 

90 • lt.O 
2. 16 

30. 400 
1000 • 2SOO 

Table 14. Parameters varied. 

Design Parameters 

Fuel injection nozzle: 

44 

Abbreviation 

Number or holes ................................ HOLE# 
Diamete~ or hole ............................... DIAHOL 

End or induction swirl ratio• ........................ SWIRL 

Compression ratio .................................. CRA T 

Fuel quantity (rue! and air ratio) .................... FMASS 

Fuel injection timing and duration: 
Timing (fixed duration) ......................... TIMING 
Duration (rixed start/vary end) ................... INJEND 
Duration (fixed end/vary start) ................... INJSTR 

In-cylinder conditions at intake valve closure 
Air mass (rue! and air ratio) ..................... AIRMAS 
Pressure ........................................ PRESS 

Engine speed ...................................... ERPM 

Combustion bowl (diameter) ...................... BWLDIA 

• Air charge rotational speed (rev/min) at the end or induction divided 
by the engine speed (rev/min). 

3:3:4 MULTIDIMENSIONAL MODELS 

Table 13. Engine configuration. 

Bore (mm) 
Stroke (mm) 
Connecting Rod Length (mm) 
Compression Ratio 
Combustion Bowl Radius (mm) 
Swirl Ratio 
Fuel Injection Nozzle 

Number or Nozzle Holes 
Nozzle Hole Diameter (mm) 

106.5 
110.0 
181.0 
18.0 
29.3 
2.0 

4 
0.295 

Multidimensional models are based on the numerical solution of governing coupled 

partial differential equations solved in fine geometric grids with two or three dimensions in 

the combustion chamber. They are limited by the inadequacy of submodels for turbulence, 

combustion chemistry etc, and by computer size and cost of operation. Multidimensional 

models are presented in [26,27 ,28]. 
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4 DISCUSSION AND CONCLUSION 

As can be seen in fig. 11 the only NO formation process, if any, considered is the 

Zeldovich or the extended Zeldovich mechanism. This is because of the high temperatures in 

the diesel combustion process. Prompt and fuel NO contribute about 100 ppm each while 

NOx exhaust from a diesel engine constitutes about 1000 ppm. See also table 1 concerning 

prompt NO in diesel engines. All models assume the reaction rates of 0, 0 2 and N2 to be 

fast enough to assume equilibrium concentrations of 0, 0 2 and N2. 

On page 46 the models are tabulated together with a an indication of how good the 

predictions are, experimental data needed for each prediction and then possibilty of changing 

engine geometry etc. 

4:1 REGRESSION MODELS 

The agreement between predicted and experimental values in a regression model within 

the interval in which the model is constructed is (hopefully) good. For each prediction, 

independent variables are needed as input data, in this case the transient test cycle for speed 

and load. In order to construct a model, several experimental results are required, in this 

case speed and load cycles and N 0 emissions. If for example, the engine geometry is 
X 

changed the constants in eq. (23) have to be fitted with new experimental data. The model 

is also used to predict particulate, hydrocarbon and carbon monoxide emissions. 

4:2 WELL-STIRRED REACTORS 

Both well-stirred reactor models use the temperature as input data either calculated ( 1) 

or measured (2). 

4:2:1 LUMPED ONE-STEP REACTION 

For the model developed by Ahmad et al. and Plee et al. the predicted values seem to lie 

within +50 % of the experimental values, as can be seen in figs 14, 15 and16. For each 

prediction aP-t diagram is required. The model does not take into account the engine 

geometry. 

4:2:2 EXTENDED ZELDOVICH 

Wu and Peterson's model predicts EINO to within a tolerance of 25% [18]. To predict 
X 
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Model Agreement Possibility to Experimental 

with expt'l change engine geom. data required 

results 

Regr. Hopefully No Test cycle. 

good For construct ion 

much expt'l 

data are needed 

Lumped +50% Does not take engine P-t diagram 

one-step figs 14,15 geometry into account 

reaction and 16 

Extended +25% Does not take engine Temperature, 

Zeldovich geometry into account. P-t diagram 

Burned- +20% Determines some constants P-t diagram 

unburned figs 22-25 for changing engine geom. 

Spatial Not New standard air Standard air 

variation good measurement. measurement 

Single- +100% Yes for DI Fuel inj . press. , 

zone figs 31-35 swirl ratio 

No +200% Yes for both DI 

m1xmg figs 36-38 and IDI 

Sto- +10% Yes for IDI, some Expt'l data for 

chastic calibration. 

rmxmg calibration is needed. Fuel inj. profile, 

exhaust pressure 

Turbulent Within Yes for DI Data to estimate 

m1xmg 95% conf. mass and press. 

correl. lim. of expt at intake valve 

closure. 
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EINO they need measured temperature, engine speed and aP-t diagram. The fuel burning 
X 

rate is calculated from the P-t diagram. The model does not take into account the engine 

geometry. 

4:3 PARTIALLY-STIRRED REACTORS 

4:3:1 BURNED UNBURNED ZONE MODELS 

From figs 22, 23, 24 and 25 it seems that the experimental results are within +20% of 

the predictions. A P-t diagram is needed for prediction. In order to changes the engine 

geometry, the constants C , B and T in eq. (38) have to be redetermined. The model has z z 
not been tested on a real diesel engine. 

4:3:2 SPATIAL VARIATIONS 

As can be seen in fig. 26 neither (Jm, (3¢ nor (Jf is a good prediction for the effects of 

EGR. Standard air NO measurements are required. The model predicts [NO ]/[NO ]sd· 
X X X 

4:3:3 PHENOMENOLOGICAL MODELS 

In phenomenological models the engine geometry is approximated by, for example, a 

cylinder with the same diameter as the bowl. 

SINGLE-ZONE 

The single-zone model developed by Dent et al. predicts the NO exhaust to within+ 

100% as can be seen in figs 31 - 35. Fuel injection pressure diagram and swirl ratio at inlet 

valve closure are needed as input data. Several parameters such as engine dimensions and 

operating conditions, can be changed. The model has been developed for a DI diesel engine 

at the University of Technology, Loughborough England. Allowance is made for the angle of 

the spray axis relative to the cylinder head. 

MULTIZONE- NO MIXING 

In figs 38, 39 and 40 the experimental NOx concentration lies within+ 200% of the 

prediction made by the model developed by Hiroyasu et al. The model is valid for both DI 

and IDI diesel engines and is sensitive to many parameters but not to the angle between the 

spray axis and the cylinder. The model was developed at the University of Hiroshima. The 
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computation was carried out in only 18 of the 250 packages to save time. These 18 packages 

were chosen to represent typical packages. The computation takes 4 minutes on a HITAC 

M-180 computer. A program for the injection simulation [41] is used to calculate the history 

of the injection pressure, the nozzle needle lift, the injection rate of fuel etc. for the design 

parameters and the operatings condition in an engine. This is used as input data for the 

model. 

MULTIZONE-STOICHASTIC MIXING 

The model developed by Mansouri et al. predicts the NO concentration with only 10 % 
X 

error [33]. The model is sensitive to many parameters but not to the angle between the spray 

axis and the cylinder axis. The model was developed for an IDI diesel engine at General 

Motors and Massachusetts Institute of Technology. Several constants are used for 

calibration, but these constants do not significantly affect predicted [NO ]. Exhaust 
X 

pressure, fuel properties and wall temperatures are needed as input data. As can be seen in 

figs 43, 44 and 45 the in-cylinder NO concentrations given by the model are not higher 
X 

than the exhaust NO concentrations, as is found experimentally. 
X 

MULTIZONE-TURBULENT MIXING CORRELATIONS 

The model presented last in this paper is that developed by Lipkea and DeJoode and 

gives predictions within the 95 % confidence limit of experimental data. It requires 

experimental data to estimate the mass and pressure in the cylinder at intake valve closure. 

The possibility of changing parameters is good within the specifics of a DI diesel engine. No 

allowance is made for the angle between spray axis and cylinder head. The model was 

developed at John Deere and a single run takes 5 CPU seconds on an IBM 3090 computer. 

4:4 CONCLUSION 

In the regression, well-stirred reactor, burned-unburned and spatial variations models 

not many parameters can be varied. Models which are worth further investigation are the 

phenomenological models. Unfortunately, not much information is available on the last 

presented model since it was developed at the John Deere company. The single-zone model 

and the multizone model with no mixing do not show as good agreement with experimental 

data as the multizone model with stochastic mixing. On the other hand, the stochastic 

mixing model uses eight constants which have to be determined by experiment. 

Multidimensional models are not yet good enough for realistic use. 
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5 MEANS OF DECREASING NO EXHAUST 
X 

Almost all NO is formed within 20° CA after the start of combustion [35]. In an 

IDI diesel engine most NO is formed in the prechamber and is transported to the main 

chamber [34]. See fig. 50. 
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The NO formation rate is sensitive to many parameters. Increased pressure gives an 
X 

increased rate of NO formation. The NO formation rate increases with advanced injection 

timing due to changes in local temperature and local [OJ [52]. But as we can see in fig. 51, 

injection retardation with high injection pressure causes higher local temperatures, so the 

NO formation rate increases. As can be seen in fig. 52 the NO formation rate decreaseing 

with decreased ignition delay. Increased fuel and air mixing increases NOx [45, 46]. The NO 

formation rate is very sensitive to the temperature. The best way to decrease NO is to 
X 

lower local temperatures without retarding the combustion process or increasing the 

combustion duration. This can be done with exhaust gas reciculation or in turbo-charged 

engines by cooling the intake charge [42, 43]. By combining EGR and intake air throttling, 

the air-to-fuel ratio is controlled [4 7] and thus the NO formation rate. 
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Using a dual fuel injector two different kinds of fuel can be injected; for example, alcohol 

and gas oil reduce NOx, fig. 53. Goto and Kontani [48] have developed such an injector. 

Another way to reduce NOx emissions is to use an emulsion of water in dieseloil as fuel. 

There are still some problems to be solved in the construction of an emulsifier that can be 

used in real life. When engines with conventional mechanical systems have reached the end 

of their capabilities, electronic diesel control could be useful. This type of system controls 

the start of injection and quantity of fuel injected [50]. 

Hales and May [51] came to the conclusion that turbo-charged and aftercooled versions 

of direct-injection engines with high injection pressures and turbo-charged swirl chamber 

engines are best suited to meet more stringent emission standards. In the future particulate 

traps will also be necessary. 
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