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Influence of EGR unequal distribution from cylinder to cylinder on NOx-PM trade-
off of a HSDI automotive Diesel engine

Alain Maiboom*, Xavier Tauzia, Jean-François Hétet

Internal Combustion Engine Team,
Laboratory of Fluid Mechanics, UMR 6598 CNRS,
Ecole Centrale de Nantes,
BP 92101, 44321 Nantes Cedex 3, France

Abstract

The influence of cylinder-to-cylinder variation in EGR distribution on the NOx-PM 
trade-off (while varying EGR rate) is studied on an automotive high-speed direct injection 
Diesel engine. Experiments have been conducted on an engine test bench with and without 
air-EGR mixer and demonstrate that variations in cylinder-to-cylinder EGR distribution
results in a deteriorated NOx-PM trade-off (increased NOx emissions level at a given PM 
emissions level, or increased PM emissions level at a given NOx emissions level)
compared to the well mixed configuration with equal EGR rate for all the cylinders. A 
qualitative study as well an original experiment is conducted to explain this emissions 
increase induced by unequal distribution of EGR. When recirculating hot exhaust gases, the 
emissions increase is due to cylinder-to-cylinder variations in intake gas composition and 
temperature.

Keywords: Diesel engine; pollutant emissions; exhaust gas recirculation (EGR); unequal
cylinder-to-cylinder EGR distribution; EGR maldistribution; NOx-PM trade-off
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Nomenclature

[CO2] CO2 concentration (%)
D volume flow (m3.s-1)
m mass flow (kg.s-1)
n molar flow (mol.s-1)
NOx (g/h) NOx emissions (g.h-1)
P pressure (bar)
PM (g/h) PM emissions (g.h-1)
T temperature (K)
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Xegr EGR ratio (%)

Greek letters
ρ density (kg.m-3)

Subscripts
a air
cool engine coolant
ex exhaust
egr related to recirculated exhaust gases
in inlet
mix after mixing with recirculated exhaust gases

Abbreviations
BMEP brake mean effective pressure
BSFC brake specific fuel consumption
DI direct injection
EGR exhaust gas recirculation
EUDC extra urban driving cycle
FSN filter smoke number
HP high pressure
HSDI high speed direct injection
HTC high temperature combustion
LTC low temperature combustion
PM particulate matter
ROHR rate of heat release
UDC urban driving cycle
VGT variable geometry turbine

1. Introduction

Future emissions regulations like EURO 6 in Europe force Diesel engine manufacturers 
to find ever more complex ways to reduce exhaust gas pollutant emissions, in particular 
NOx and particulate matter (PM) emissions. Exhaust gas recirculation (EGR) into the 
engine intake is an established technology to reduce NOx emissions [1, 2]. The decrease of 
NOx emissions with EGR is the result of complex and sometimes opposite phenomena 
occurring during combustion [3-10].

At the same time, the decrease in combustion temperatures and oxygen concentration 
while increasing EGR rate reduces both soot production in the spray core and soot 
oxidation in the diffusion flame around the jet [11]. Thus the final impact of EGR on PM 
emissions is complex and is the result of contradictory phenomena. In the conventional 
Diesel high-temperature combustion (HTC), the increase of EGR rate (at constant boost 
pressure) is accompanied by an increase of PM emissions, resulting in a trade-off between
NOx and PM emissions while varying EGR rate [4, 12-15].
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Moreover, practical EGR systems often lead to EGR unequal distribution from cylinder 
to cylinder, air and EGR being imperfectly mixed. This phenomenon has been studied by 
various researchers [16-24]. By measuring CO2 instantaneous concentration at each inlet 
port during the intake stroke owing to mid-infrared laser absorption spectroscopy, Green 
[16] has demonstrated that even when operating at a steady condition, the engine’s EGR 
system can produce large temporal variations in the EGR concentration within the flow of 
fresh charge during the intake stroke, that are different for each cylinder. Furthermore, CFD 
analyses [17-18, 20-21] have demonstrated that a standard engine’s EGR system results in a 
highly stratified concentration field within the inlet manifold. Many experimental and 
numerical studies [17, 19, 23-24] have proposed improved inlet manifolds or air-EGR 
connections in order to improve cylinder-to-cylinder EGR distribution.

If some studies have shown that cylinder-to-cylinder variations in EGR can lead to 
higher NOx and PM emissions compared to a configuration where the EGR is equally 
distributed among all cylinders [17], the influence of on the NOx-PM trade-off (while
varying EGR rate) has not been experimentally studied in details or explained. Thus, the 
aim of this study is to quantify and explain the influence of this phenomenon on the NOx-
PM trade-off (while varying EGR rate at constant boost pressure) of an automotive HSDI 
Diesel engine.

2. Experimental setup

2.1. Test engine and operating conditions

Experiments are conducted on a 2.0 l constant-moderate-swirl, water-cooled, 
turbocharged inter-cooled HSDI Diesel engine, equipped with a variable geometry turbine 
(VGT) and a high pressure (HP) water-cooled EGR loop (recirculated gas are taken 
upstream of the turbine and introduced downstream of the compressor). Engine 
specifications are given in Table 1.

When opening EGR valve to increase EGR flow rate at a fixed VGT vanes position, 
boost pressure is reduced because of a reduced exhaust gas flow through the turbine. Boost 
pressure is maintained constant by closing VGT vanes when opening EGR valve. Thus, 
both EGR flow rate and boost pressure are controlled simultaneously.

An air-EGR mixer was developed to ensure that air and recirculated gases are perfectly 
mixed to suppress cylinder-to-cylinder variations in EGR quantity. EGR gases are 
introduced into the main inlet duct tangentially, thus creating a vortex (Figure 1). 
Moreover, when using the air-EGR mixer, the volume of inlet duct between air-EGR mixer 
and inlet manifold is increased in order to limit the temporal variations in the EGR 
concentration. The influence of EGR unequal distribution on NOx-PM trade-off is thus 
obtained by comparing engine-out NOx and PM emissions with and without the air-EGR 
mixer (Figure 2). Inlet air temperature Ta (after intercooler) is controlled separately.

The study is conducted at part load and low load conditions (operating points A and B 
respectively), such as those encountered in the European emissions test cycle for light-duty 
vehicles – composed of four urban driving cycles (UDC) and one extra urban driving cycle 
(EUDC). The corresponding engine speed, pilot and main injection quantities, brake mean 
effective pressure (BMEP) and rail pressure are given in Table 2. For each operating point, 
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injection quantities are held constant, and thus the BMEP is little changed for the various 
operating conditions (use of air-EGR mixer, variation of EGR rate).

2.2. Emissions measurement and intake gas analysis

NOx emissions are measured with an ECO PHYSICS CLD 700EL gas analyser, which 
uses the chemical luminescence detector (CLD) method. PM emissions at the exhaust are 
measured with an AVL 415S smoke meter. The conversion of NOx emissions from ppm to 
g/h and the calculation of PM emissions in g/h starting from the filter smoke number (FSN) 
are explained in a previous paper [3].

Inlet and exhaust CO2 concentrations are measured with a SIEMENS ULTRAMAT 23 
gas analyser, which uses the non-dispersive infrared measurement technique (NDIR).

Each gas analyser is calibrated every 4 hours of experiments with specific gas 
standards. If the necessary shift is under 0.3 %, then the experiments done since the 
previous calibration are validated.

The EGR rate of cylinder j is defined as follows:

 
 
 ex2

j,in2
j,egr CO

CO
100%X  (1)

Where [CO2]in,j and [CO2]ex are measured CO2 concentrations at inlet port of cylinder j and 
exhaust manifold respectively (Figure 2).
The mean EGR rate is given by:

   



4

1j
j,egregr %X

4

1
%X (2)

As explained in the introduction, a standard engine’s EGR system results in a high 
inhomogeneous EGR concentration field within the inlet manifold (in particular in the cross 
section of each intake port) and produces temporal variations in the EGR concentration 
during the intake stroke because of the pulsating flow induced by inlet valve opening and 
closure. As a consequence, the mean temporal value [CO2]in,j obtained with the gas analyser 
without air-EGR mixer is not representative of the real CO2 concentration in the cylinder j 
at inlet valve closure. Also, the temporal mean value of the temperature Tin,j given by the 
thermocouple introduced in the flow of inlet port j is not representative of mean 
temperature of inlet gases introduced in the cylinder during intake stroke. It depends on the 
implementation of the thermocouple in the cross section. As for instance, if it is 
implemented in a high EGR concentration area of the cross section, it will overestimate the 
mean temperature of inlet gases in the cross section because recirculated gases are hotter 
than fresh air.

However, the comparison of individual EGR rates Xegr,j and individual intake 
temperatures Tin,j as defined earlier gives an estimation of the unequal distribution of EGR 
gases.

Only when using the air-EGR mixer with a large volume upstream of the inlet 
manifold, the EGR concentration field (and consequently the temperature field) within the 
inlet manifold is almost constant and uniform. Measured CO2 concentrations and intake 
temperatures are consequently representative of CO2 concentration and temperature of the 
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gases introduced in the cylinders during the intake stroke. When air and EGR are well 
mixed, all EGR rates are then equal:

   
   %X
CO

CO
100%X j,egr

ex2

mix2
egr  (3)

2.3. Error analysis

Table 3 sums up the measurement technique, calibrated range, accuracy and relative 
error of various instruments involved in the experiments described in this study for main 
parameters. Errors in experiments can arise from instrument conditions, calibration, 
environment, observation, reading and test planning. The accuracy of the experiments has 
to be validated with an error analysis. That is performed here using the differential method 
of propagating errors based on Taylor’ theorem [25]. It gives the maximum error u of a 
function f(x1,x2,...,xn) as follows:

     2iin21 xucx,...,x,xfu   (4)

As a result, the maximum relative errors for Xegr,j, NOx (g/h), PM (g/h) are 1.4 %, 1.5
%, end 2.3 % respectively.

3. Experimental results: NOx-PM trade-offs with and without air/EGR mixer

The influence of EGR malditribution on NOx-PM trade-off is obtained for both 
operating points A and B by increasing EGR rate with and without air-EGR mixer. The 
results are given on Figure 3. The EGR rate is increasing from 22 % to 34 % without air-
EGR mixer and from 18 % to 30 % with air-EGR mixer for operating point A. It is 
increased from 26 % to 38 % for operating point B. 

Boost pressure is maintained at a fixed level by closing VGT vanes when opening EGR 
valve, at 1070 mbar and 1120 mbar for operating points A and B respectively.

Moreover, as engine coolant passes through the EGR cooler with a constant flow rate, 
EGR temperature Tegr is increasing when increasing recirculated exhaust gases flow, 
whereas inlet air temperature Ta is maintained at a fixed value. As a matter of fact, the 
temperature Tmix of inlet gases after mixing with EGR is increasing as well, thus reducing 
the inlet gas density and in-cylinder trapped mass (“thermal throttling”).

Injection parameters (timing and quantity of pilot and principal injections) are 
maintained while varying EGR rate. The influence of EGR on the gross ROHR and in-
cylinder pressure trace is given on Figure 4 a and Figure 4 b respectively, for operating 
point B (with air-EGR mixer). The corresponding trends of the mean core spray 
temperature T3/4 (that controls the PM production) and the diffusion flame temperature T5

(that controls both the NOx production and the soot oxidation at the jet periphery in the 
diffusion flame) are calculated by a 6-zone phenomenological combustion model 
(presented in a previous paper [26]) and presented on Figure 4 c and d.

As depicted by other researchers [3][5] and Figure 4 b, the combustion process is 
delayed when increasing EGR rate (ignition delay, premixed combustion, diffusion and late 
diffusion combustion). Thus, the whole combustion process is shifted further into the 
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expansion stroke, leading to lower cylinder pressure (see Figure 4 a), lower BMEP, and 
consequently higher brake specific fuel consumption (BSFC): 3.3 % increase is observed 
for operating point A when increasing EGR rate from 18 % to 30 %, and 20 % for 
operating point B when increasing EGR rate from 25 % to 38 % (with air-EGR mixer).

As traditionally observed [2-4, 6-7, 9, 12-15], the increase of EGR rate results in a 
decrease of NOx emissions, whether with or without air-EGR mixer: 75 % decrease is 
observed for operating point A when increasing EGR rate from 18 % to 30 %, and 74 % for 
operating point B when increasing EGR rate from 25 % to 38 % (with air-EGR mixer).
This decrease in NOx emissions is traditionally attributed to the decrease in the diffusion 
flame temperature (as depicted on Figure 4 d). The result of an increase of EGR rate on PM 
emissions is more complex.

 PM emissions are increased by 8.80 times (from 1.24 g/h to 10.90 g/h) for 
operating point A when increasing EGR rate from 18 % to 30 %.

 For operating point B, PM emissions are first increased as for operating point A, 
and then decreased for high EGR rates (over 36 %). As depicted on Figure 4 c, 
the core spray temperature where PM are produced becomes too low for PM 
formation (minimal temperature needed for soot inception: 1400 K [11]), thus 
entering a low temperature combustion (LTC) mode with low NOx and PM 
emissions, as described by other researchers [27-29]. This LTC combustion 
mode is accompanied with a large increase of CO and HC emissions, of 151 % 
and 158 % respectively when increasing EGR rate from 25 % to 38 % (with air-
EGR mixer).

As depicted on Figure 3, the comparison between NOx-PM trade-offs obtained with 
and without air-EGR mixer demonstrates that unequal distribution of EGR gases results in 
deteriorated NOx and PM emissions. For instance for operating point A, for higher EGR 
rates tested, a decrease of 20 % NOx is obtained at a given PM emissions level, and 32 %
reduction in PM emissions is obtained at a given NOx emissions level while utilising the 
air-EGR mixer compared to standard configuration. Corresponding measured CO2

concentrations for operating point A with and without air-EGR mixer are given on Figure 
5. For operating point A, it is shown that cylinder 4 seems to admit much more recirculated 
gases that cylinder 1, independently of mean EGR rate ; at 22% mean EGR rate, [CO2]in,4 is 
76% higher that [CO2]in,1. Measured intake temperatures Tin,j (not given here) are in the 
same order than CO2 concentrations: the maximal CO2 is accompanied to the maximal 
intake temperature. At the other hand, the differences in CO2 concentration at each inlet 
port are very low when using the air-EGR mixer, at the same order of the accuracy of the 
CO2 gas analyser (± 0.1 %), showing that the air-EGR mixer is very efficient.

The shift between NOx-PM trade-offs is particularly important at high EGR rates for 
operating point B while entering a low NOx – low PM combustion mode (Figure 3 (b)).

4. Explanation of the influence of unequal EGR distribution on NOx-PM trade-off

To explain the influence of unequal EGR distribution on NOx and PM emissions, two 
cases are studied. First one (Figure 6) considers a constant EGR temperature Tegr, at the 
same level that air temperature Ta. Second one (Figure 7) considers constant engine coolant 
temperature Tcool and flow rate through the EGR cooler, as on a standard engine 



 

 

 

ACCEPTED MANUSCRIPT 

 

configuration. Tegr is thus higher that Ta and increases with EGR rate (because of a higher 
gas flow through the EGR cooler). Qualitative NOx-PM trade-offs (while varying EGR rate 
at constant boost pressure in the conventional HTC mode) given on Figure 6 and Figure 7
are obtained from measurements presented in last section and studies from the literature 
[30-31].

4.1. Case 1: Tegr = Ta

In this first case, the NOx-PM trade-off (while varying EGR rate at constant Tegr = Ta) 
gives NOx and PM emissions of each cylinder (Figure 6 (a) and (b)). Without proper EGR
mixing, all cylinders have same emissions (designated as “well mixed” on Figure 6). When 
running with unequal EGR distribution, for example with one cylinder with a higher EGR 
rate, and another with a lower EGR rate, mean emissions are always higher than with
proper EGR mixing in the classical HTC mode. With a low mean EGR rate, the shift 
between dispersed and well mixed configurations is low (Figure 6 (a)) because the NOx –
PM trade-off is quasi linear for low EGR rates. The shift increases when increasing EGR 
rate (Figure 6 (b)).

4.1. Case 2: Tegr > Ta

NOx-PM trade-offs while varying EGR rate at constant Tegr = Ta and constant engine 
coolant temperature Tcool (Tegr > Ta) are plotted on Figure 7. As demonstrated by other 
researchers [30-31], NOx-PM trade off is improved when reducing exhaust gas temperature 
(reduced NOx emissions at a given PM emissions level, or reduced PM emissions at a 
given NOx emissions level). When increasing EGR rate at constant coolant temperature, 
inlet temperature Tmix is increasing for two reasons:

 The recirculated exhaust gases have a higher temperature than fresh air. Thus, 
the inlet temperature Tmix after mixing with recirculated gases increases with 
EGR rate.

 As the engine coolant temperature and flow through the EGR cooler are kept 
constant, the increase of EGR flow results in an increased EGR temperature.

As a consequence, the NOx-PM trade-off is better at constant Tegr than at constant Tcool

(Tegr > Ta).
Furthermore, when running with unequal EGR distribution, the cylinder that has a 

higher EGR rate (cylinder 1) has a higher inlet temperature (Thigh) as well, whereas the 
cylinder with the lower EGR rate (cylinder 2) has a lower inlet temperature (Tlow). NOx-
PM trades-offs while maintaining inlet temperature at Tlow and Thigh are also plotted on 
Figure 7, the one with the low temperature being better than the one with the high 
temperature. It must be noticed that NOx and PM emissions of cylinder 1 and 2 are not 
placed on the NOx-PM trade-off at constant Tcool obtained on a multi-cylinder engine. 
Actually, for the cylinder with the high EGR rate, EGR temperature is unchanged 
compared to the well mixed configuration, whereas is it higher with the same EGR rate on 
the whole engine (because of an increased EGR temperature as explained earlier). As a 
matter of fact, cylinder one has a lower inlet temperature Tmix and thus little lower NOx and 
PM emissions that the corresponding point on the NOx-PM trade-off at constant Tcool. 
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Inversely, cylinder 2 has a higher inlet temperature and higher emissions than its 
corresponding point on the NOx-PM trade-off.

As in case 1, the dispersed configuration results in increased NOx and PM emissions.

As an example, a quantitative experiment is conducted for operating point A. NOx and 
PM emissions for the well mixed and dispersed configurations are obtained as explained 
below. First measurement consists in measuring NOx and PM emissions of the engine with
21.9 % EGR with the air-EGR mixer (without unequal EGR distribution). Corresponding 
intake CO2 concentrations are equal to 2.2 %. Intake temperature Tmix is equal to 44.8°C 
(Ta = 24.0°C, Tegr = 156.5°C).

Then, for the same mean EGR rate, to model an EGR dispersion, it is supposed that two 
of the cylinders have a lower CO2 concentration (1.6 %) and two others a higher one (2.8
%). Corresponding intake temperatures are calculated as explained in the appendix. These 
two intake configurations (intake CO2 concentration and temperature) are simulated on the 
whole engine (four cylinders) with the air-EGR mixer. Contrary to previous experiments, 
an independently controlled water circuit on the EGR cooler is used to control the 
temperature of the recirculated gases Tegr, thus permitting control over the temperature Tmix. 
It is supposed that individual cylinder-out emissions are the same when EGR is properly 
mixed, thus giving each cylinder-out emissions of the engine with the simulated unequal 
EGR distribution. Global engine emissions (sum of individual cylinder-out emissions) are 
then compared to those obtained with proper EGR mixing. The results are given in Table 4.

For the well mixed configuration, it can be noticed that the shift between measured and 
calculated temperature Tmix is very low, at the same order that the accuracy of the 
thermocouple (± 1°C), showing that the methodology used to calculate Tmix is efficient.

As can be shown, for a CO2 dispersion of ± 27 %, a 10 % NOx emissions increase and a 
51 % PM emissions increase are obtained, compared to the well mixed configuration.

5. Conclusion

In this study, the influence of cylinder-to-cylinder variations in EGR distribution on the 
resulting NOx-PM trade-off (while varying EGR rate) has been experimentally investigated 
on an automotive high-speed direct injection Diesel engine. Main conclusions are as 
follows:
 Unequal EGR distribution results in increased NOx and PM emissions compared to 

engine running with well mixed air and EGR gases.
 The increase in emissions is due to cylinder-to-cylinder variations in both gas 

composition and intake temperature.
From the above experiments, it is concluded that the suppression of unequal cylinder-

to-cylinder EGR distribution results in a large reduction of NOx and PM emissions, 
especially when running with high EGR rates. An optimised air-EGR connection will be 
one of the ways to achieve future emissions standards.
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Appendix. Calculation of inlet temperature.

The mass flow conservation upstream and downstream of the air-EGR connection is given 
by:

aegrmix mmm   (A1)

The thermodynamic first principle applied to the flow through air-EGR connection 
(supposed adiabatic) gives the enthalpy of air-EGR gases as follows:

egra

egregraa
mix mm

hmhm
h








 (A2)

Moreover, the CO2 conservation is written as follows:

dt

)CO(dn

dt

)CO(dn

dt

)CO(dn
mix2

0

a2egr2 




(A3)

This can be written with CO2 concentrations and volume flows:
     mix2egraex2egr CODDCOD  (A4)

   mix2
egr

egr

a

a
ex2

egr

egr
CO

mm
CO

m




















(A5)

The EGR mass flow is finally given by:
 

   mix2ex2

mix2

a

egr
aegr COCO

CO
mm







  (A6)

EGR mass flow is thus deduced from the measured fresh air flow and CO2

concentrations with equation (A6). Specific enthalpy of fresh air and EGR gases (ha and 
hegr respectively) are calculated according to gas compositions and temperatures. Equation 
(A2) gives specific enthalpy hmix with 2.8 % CO2 and 1.6 % CO2, and finally the 
corresponding temperature Tmix.
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Figure Captions

Figure 1: Axial section (with respect to inlet duct) of air-EGR mixer
Figure 2: Configuration of engine inlet
Figure 3: NOx-PM trade-off while varying EGR rate with (w) and without (w/o) air-EGR 
mixer for operating points A and B (figure (a) and (b) respectively)
Figure 4: Mean gross ROHR (a), in-cylinder pressures (b), calculated core spray 
temperature (c) and flame temperature (d) while varying EGR rate with air-EGR mixer, 
operating point B.
Figure 5: CO2 concentration at each inlet port with and without air-EGR mixer for various 
EGR rates, operating point A
Figure 6: NOx-PM trade-off while varying EGR under HTC mode, with Tegr = Ta

Figure 7: NOx-PM trade-off while varying EGR under HTC mode, with Tegr > Ta
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Table 1. Specifications of test engine.

Type turbocharged (VGT), intercooled
Compression ratio 18 : 1
Number of cylinders 4
Number of valves per cylinder 4
Combustion chamber type re-entrant bowl-in-piston
Injection System Common-rail piezoelectric 2nd generation
Number of injection holes 7
Injection nozzle diameter (mm) 0.150
Maximum injection pressure (bar) 1600
Fuel Diesel
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Table 2. Operating conditions.

Point
Engine speed

(rpm)
Pilot quantity
(mg/stroke)

Principal quantity
(mg/stroke)

BMEP
(bar)

Prail

(bar)
A 1450 1.5 17.7 5.5 700

B 1870 1.2 14.5 4.0 750
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Table 3. Relative measurement error.

Instrument
Calibrated 
range

Accuracy
Relative 
error

Gas temperatures (k-type thermocouple) 0-1000 °C ± 1°C ± 0.75 %
Inlet gas pressure (2 bar piezoresistive relative 
pressure sensor HCS Sensor Technics)

0-2 bar ± 5 mbar ± 0.25 %

Air mass flow (hot wire air flow meter)
0-1000 
mg/stroke

± 5 
mg/stroke

1 %

Fuel consumption (AVL PIERBURG PLU 
401/121)

0.05-23 
kg/h

± 37g/h ± 0.16 %

NOx (ECO PHYSICS CLD 700EL) 0-1000 ppm ± 5 ppm 1 %
Smoke (AVL 415S) 0-10 FSN ± 0.1 FSN 2 %
Inlet and Exhaust CO2 (SIEMENS 
ULTRAMAT 23)

0-20 % ± 0.1 % 1 %
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Table 4. Engine intake conditions and measured NOx and PM emissions.

Configuration
[CO2]mix

(rpm)
egrm

(mg/stroke)

Tmix

(°C) NOx
(g/h)

PM
(g/h)

calculated measured

Well mixed 2.20 71 45.3 44.8 14.9 1.46

Dispersed, 
cylinders 1,2

2.80 97 51.4 51.4 9.2 3.31

Dispersed, 
cylinders 3,4

1.60 48 39.4 39.4 23.6 1.09

Mean values: 16.4 2.20
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