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AIlSTRI\Cl . In this stuuy a simple quanlitativc correlation for prcuic,;ting exhaust 
smoke level from a uircct injection diesel engine has neen lIcvclopcd. The effects of 

different engine operating parameters on exhaust smoke level have neen investigated 
experimentally. The experimental results showell that exhaust smoke is significantly 
affectec.l hy changes in the c.liffusion hurning fraction. engine speed and overall 

equivalence ralio. As a result a simple quantilalivc formula which relates exhaust 
smoke to these variahlcs is presented. 

The diesel engine has a poor public image because of its visible soot (smoke) 
emission and sometimes objectionable odour. Many theories of smoke formation 
were hypothesized in the literature. A study of these theories revealed that no 
general agreement has been found as to a single particular mechanism by which 
smoke formation can be explained (Tan 1975). Sampling methods showed that 
soot particulates form at the period of rapid combustion (Fujiwara et al. 1984) in 
the combustion chamber and are further reduced by oxidation. An increase in the 
excess air ratio is found to result in a significant reduction in exhaust smoke 
density (Ishida et al. 1988) . 

Certain fuel properties have been known to affect the soot formation process 
in flames. Improvements of smoke emissions were obtained in high-speed diesel 
engines by fuel heating and blending with a range of low viscosity fuels (Murayama 
et al. 1988). The prevailing conditions of the burning process such as the pressure, 
temperature, and overall equivalence ratio also affect smoke formation. The 
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tendency to liberate smoke has been found to increase with pressure rise 
(McArragher and Tan 1972). The equivalence ratio was found to be an important 
factor in relation to soot release as reported by Janota et al. 1977. 

Early trials at diesel combustion modelling were concerned with the 
calculation of an apparent heat release rate. Some of these models have tJeen 
developed and extended to include emission formation models (Hiroyasu <:nd 
Kadota 1976, Khan et a/. 1971) . These models are concerned with modelling soot 
formation and co.mbustion inside the combustion chamber through the use of 
kinetic data and semi-empirical correlations. 

Bryzik (1976) developed quantitative relationships between diesel engine 
exhaust smoke emission and significant operating variables . He postulated a 
third-order model to describe exhaust smoke level as a function of air/fuel ratio, 
fuel injection timing and engine speed . 

Materials and Methods 

The experimental results of this paper were obtained during a study of the 
effect of different engine operating parameters (such as engine speed, overall 
equivalence ratio, inlet air temperature, inlet air pressure and dynamic injection 
timing) on exhaust smoke level. A description of the experimental setup , 
instrumentation and results of this study were reported by Abdalla (1983). 

The engine used was a single cylinder, direct injection, 4-stroke diesel engine. 
The smoke intensity was measured by a Hartridge smokemeter in Hartridge 
Smoke Units (HSU). 

Analytical Formulation of Heat Release Rate 

The calculation of the rate of heat release from experimental cylinder 
pressure diagrams is based on the application of the first law of thermodynamics 
during the closed cycle period. The first law relates the rate of heat and work 
transfer to the change in internal energy. The computation of a realistic burning 
rate curve requires accurate experimental cylinder pressure data with knowledge 
of instantaneous cylinder volume, a heat transfer model, a knowledge of gas 
composition and properties and the total mass of gas in the cylinder (Marzouk and 
Watson 1976) . 

In order to express the shape of the actual fuel burning rate curves in a 
manageable analytical form, a substitute burning rate function is introduced. The 
most widely used analytical expression which describes the pattern of the rate of 
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burning is the Wiebe (1956) function. This is expressed as follows: 

(1) 

Marzouk (1976) developed a flexible mathematical function based on 
experimental data obtained from a turbo-charged diesel engine. The heat release 
period was considerd to take place essentially in two parts: the premixed 
combustion phase which is associated with the early part of the post-ignition 
process, and a diffusion combustion phase. The two modes of burning were 
assumed to start at the ignition point and to proceed simultaneously for a small 
part of the heat release period during which the combustible mixture prepared 
prior to ignition was totally consumed. Following this the fuel was assumed to burn 
as it entered the combustion chamber in accordance with a rate known as diffusion 
burning rate. 

Consequently the instantaneous burning rate was expressed mathematically 
as the sum of two quantities represented by two mathematical functions: 

dmf.t _ dmr.p dmr.d 
(2)~ - d8 + ~ 

The amount of fuel burning in a diffusion flame is thought to be an important 
factor as far as smoke release in a diesel engine is concerned (Khan 1970). 

A similar analogy to that used by Marzouk (1976) is employed here to define 
a diffusion burning fraction, 0: , as the ratio between the cumulative fuel consumed 
by diffusion burning (mr.d) to the total amount of fuel injected per cycle (mu): 

mr.d 
0: =-­ (3)

mf.t 

Using this definition a non-dimensional form of fuel burning rate is obtained 
as follows: 

(4) 

where: 

dmr,k 
'd6 where k=t,p ,d (5) 

8 8; 
1: = 

'4' 
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In this way the rate of burning is expressed as the sum of two component 
distributions weighted by the diffusion burning fraction- (U'). 

Extensive trials employing different mathematical functions were carried out 
before arriving at the following two functions which best represented the 
experimental data: 

For premixed burning: 

(6) 

For diffusion burning: 

(7) 

From the processed heat release data, reliable burning rate curves were 
established for the different test conditions (see Fig. I). The shape parameters 
(CJ, C2, C3 and C4) and 0: in equation (4) were evaluated for each burning rate 
curve using a non-linear curve fitting routine. 

The following relation was established from the experimental results and 
expresses the diffusion burning fraction as a function of equivalence ratio and 
ignition delay: 

4>8. 461 

0: = 1.155 (8)(ID)o.449 

Similarly the ignition delay was represented by the following relation: 

3.227 . expo (2100/T)ID (9)
pl.14 

where 
T mean temperature during ignition 
P mean pressure during ignition 

Exhaust Smoke Correlation 

Exhaust smoke intensity is found (Abdalla 1983) to be influenced by engine 
operating variables such as overall equivalence ratio, engine speed, intake air 
temperature and pressure and dynamic injection timing. Alterations of dynamic 
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Fig. I. 	Typical results from burning rate computations (N = 800 rev/min, <Po = 0.82, injection timing = 
28.21°BTDC). 

injection timing, intake air temperature and pressure are found to produce 
significant changes in the ignition delay period which in turn is related to diffusion 
burning fraction (equation 8). However , the present study showed that exhaust 
smoke release is significantly influenced by the proportion of fuel burning as a 
diffusion flame (Fig. 2), equivalence ratio (Fig. 3) and engine speed (Fig. 4). 

From the experimental results exhaust smoke is found to be best represented 
to the above variables by the following relationship: 

S N JI.091 [<Po ]1.H32 [ ex J0.2763 -- . -- . exp 1.1091-- (10)[Sref N ref <POref 	 exref 

In the present work, the test condition that gave the maximum Break Mean 
Effective Pressure (BMEP) is chosen as the reference point. Comparison between 
calculated and meiisured exhaust smoke at different test conditions is presented in 
Figs. 3-7. 
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Fig. 2. 	 Effect of diffusion burning fraction and engine spccd o n c xhaust smo ke at naturally aspired 
cngine conditions. 

The smoke correlation described above seems to predict changes in exhaust 
smoke level at different conditions reasonably well with an average error of ± 
14% . 

Conclusion 

It may be concluded that the simple exhaust smoke correlation presented in 
this paper is useful in predicting changes in exhaust smoke level due to alterations 
in engine operational variables such as equivalence ratio , speed , inlet air 
temperature and pressure and fuel injection timing. 
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Fig. 3. Calculated and measured e xhaus t smoke versus e4uivale nee ratio at diffe rent e ngine speeds . 

Exhaust smoke emissio n is found to be significantly influenced by the 
proportion of fuel burning in a diffusion mode . A reduction in smoke level could 
be achieved if a greater fraction of the total fuel is injected and premixed before 
ignition occurs . 

The derived smoke correlation could be incorporated into an existing 
performance simulation program to predict exhaust smoke level during transient 
as well as steady state operation of a direct injection diesel engine. 
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Notation 

C" ~ 
C), C4 

CW., CW2 

R 
HSU 
ID 
m 
N 
P 
S 
T 

Subscripts 

b 
d 
f 

p 
ref 
t 
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Witbe shape factors for premixed burning 
Wiebe shape factors for diffusion burning 
Constants 
Fuel burning rate 
Hartridge Smoke Units 
Ignition delay 
mass , kg 
Engine speed, · rev/min 
Pressure , bar 
Exhaust smoke , HSU 
Temperature , K 
Diffusion burning fraction 
Burning duration, CA degrees 
Overall equivalence ratio 
Normalized crank angle 
Crank angle, degrees 

burned 
diffusion 
fuel 
ignition 
premixed 
reference 
total 
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