
Flow- and concentration variation between
the cylinders of a diesel engine

Master’s thesis
performed inVehicular Systems

by
David Näsström

Reg nr: LiTH-ISY-EX -- 07/3957 -- SE

October 31, 2007





Flow- and concentration variation between
the cylinders of a diesel engine

Master’s thesis

performed inVehicular Systems,
Dept. of Electrical Engineering
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Chapter 1

Introduction

Emission legislations keep getting more and more stringent. Among the man-
ufacturers of heavy trucks and buses, there are a few concepts used generally
to reduce the vehicle out emissions. With the diesel engine,the combustion
is typically conducted in an environment with an excess of oxygen. The most
difficult emissions to control in modern diesel engines are typically NOx and
particulates, commonly abbreviated PM. Several after-treatment systems ex-
ist, the most commonly used are selective catalytic reduction - SCR, NOx-
adsorber, oxidizing catalysts, and particulate filters. Scania’s approach, how-
ever, is mainly focused on preventing the emissions to form already in the
combustion chamber.

One issue in the control systems of Scania’s engines today isthat the
emission reducing systems are not controlled for individual cylinders. To do
this, more information regarding both the amount, as well asthe composition,
of the gases that enter each cylinder is needed.

The goal with this thesis is to evaluate different ways of measuring gas com-
position in the inlet manifold on a cylinder-individual basis. Also covered by
the scope of the thesis is performing measurements based on the evaluation,
using those measurements to try and determine the localization and behavior
of liquid water in the inlet manifold. And looking at the general distribution
of EGR gas between the cylinders.

In this report, different methods of measuring the composition of the gases
that enter each cylinder is discussed in chapter 2. This results in a mea-
surement method being chosen and performed in an experimentdescribed in
chapter 3. The result and the following analysis is presented in chapter 4 and
it is finally concluded in chapter 5.1, where ideas and suggestions for future
work also can be found.
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2 Introduction

1.1 The Scania EGR concept

To achieve a reduction of emission formation inside the combustion chamber,
exhaust gases are used to dilute the charge air (exhaust gas recirculation, from
here on the acronym “EGR” will be used both for the gas and for the concept).
Because the exhaust gases are very hot (it’s not uncommon with temperatures
exceeding500 ◦C), they need to be cooled to raise the density and to prevent
heating of the charge air mixture.

The system used on the engine on which calculations and measurements
has been conducted consists of some different parts. It utilizes an advanced
common-rail fuel system that is able to deliver fuel at high pressures, it also
incorporates a variable geometry turbo-charger.

For the EGR, the exhaust gases are sampled just before the turbine and
led past a proportional valve and on to a cooling system. After being cooled
down, the EGR and the fresh air are mixed together before the inlet manifold.

1.1.1 Water condensation

When the EGR is cooled from approximately500 ◦C down to temperatures
well below100 ◦C, water is condensed. This is believed to occur mainly in
the cooling system. Theoretical calculations based on CO2 concentrations in
the exhaust gas as well as pressure and temperature after thecooler gives a
picture of at which operational points condensation shouldoccur. It is poten-
tially a big problem since high levels of EGR is used, resulting in high relative
humidity as well as large amounts of water (several per centsvolume part) in
the intake.

While the EGR in gas phase probably blends quite well with the fresh
air (measurements of CO2 concentration in the inlet manifold show steady
and reliable values), the liquid water could easily be un-evenly distributed
between the cylinders. In this thesis, there will be attempts to measure the
distribution of both water as well as carbon dioxide.

1.1.2 The effect of EGR

As mentioned earlier, the biggest challenge in large dieselengines today is to
reduce particulates and nitrous oxides, and at the same timemaintain the high
fuel efficiency. The reason that EGR is helpful in doing this is because there is
a trade-off between high efficiency and low NOx formation. This trade-off is
based on combustion temperature, where a high combustion temperature will
give high efficiency but at the same time oxidize nitrogen. A high combustion
temperature also helps oxidizing particulates, thereforeintroducing another
trade-off between particulates and nitrous oxides.

One solution to this problem is to use high injection pressures to increase
the length of the fuel-jet before it starts burning, this is called “lift-off”,
thereby increasing the air-fuel mixing and reducing particulate formation.
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At the same time it is possible to lower the local peak combustion temper-
ature by diluting the fresh air and thereby the oxygen, increasing the distance
between the locations where oxidation can occur. This is done by introducing
inert gases, either by containing burnt gases from the previous cycle, or by
the use of EGR. The use of inert gases also affect the average combustion
temperature by increasing the mass in the cylinder. The use of EGR is cur-
rently the main course that Scania has taken to comply with future legislation
demands.

1.1.3 Importance of uniformity

The NOx formation rate as function of local temperature is approximately ex-
ponential, and due to the connection between EGR-fraction and combustion
temperature it follows that NOx formation is dependent on EGR-fraction in
an exponential manner. This is shown by Magnus Andersson in [1] where he
measures NOx output as a function of inert EGR (EGR /λ).

A high use of EGR can affect fuel economy and particulate formation nega-
tively because it requires a more workload from the compressor to keepλ at
the same level, thereby increasing the pumping-work. Therefore it is impor-
tant not to use an excessive amount of EGR.

If the inert gases in the EGR is distributed un-evenly it causes some cylin-
ders to have a combustion temperature that is higher than others, which could
give a much larger difference in NOx production than if the temperatures
were the same, due to the exponential relationship.

Or you can look at it from another perspective and say that theglobal
EGR-fraction could be lower with preserved NOx formation if all cylinders
received the same amount.

It is very difficult and costly to ensure a perfect distribution using hardware,
but if the differences are known, the fuel system could be used to still give the
same combustion temperature in all the cylinders by balancing theλ to attain
a uniform amount of inert EGR.

1.2 Measuring water

One of the reasons why the distribution of water hasn’t been evaluated in
depth earlier at Scania is because it isn’t obvious how to measure it. If pos-
sible, the measurements should separate liquid water and water vapor. This
is difficult because of the ease with which water changes phase. It is also
unknown whether the liquid water is mainly present as puddles in the inlet
manifold or as an aerosol.

The standard equipment in Scania’s test cells does not include a mea-
suring device for measuring water, something that limits the possibilities to



4 Introduction

approach the problem with a trial-and-error tactics. In chapter 2, different
measuring methods are discussed. Each method’s pros and cons and also its
theoretical accuracy is evaluated and finally a method to usein a practical
experiment is chosen.

1.3 Note on confidentiality

Because some of the material used during this thesis is considered confiden-
tial, measures have been taken to make presentation of data more general.
The biggest change is the presentation of at which operatingconditions the
data is valid for. Instead of describing engine load in Nm, a relative scale
is used where 0 represents zero indicated torque and 1 represents maximum
indicated torque at that particular engine speed. In the same manner the en-
gine speed is not displayed as rpm but as an index where 0 is assigned to one
engine revolution speed and 1 is assigned to another speed larger than the
previous. Both transformations are linear though.



Chapter 2

Theory

In this chapter, four different methods of measuring the water, or the effects
of the water is discussed. Finally, two of them are chosen to be tried out in a
test cell at Scania’s development laboratory.

2.1 Temperature change

The amount of water that theoretically is condensed in the EGR-cooler is
fairly easy to calculate. Using the flow of air and the EGR-fraction, it is also
possible to calculate the fraction of liquid water enteringthe inlet manifold. It
is much more difficult to determine if, and how much, water is re-evaporated
in the inlet manifold. The problem is not made easier by not knowing if the
liquid water exists in puddles or as an aerosol or, more likely, both.

If the water doesn’t re-evaporate in considerable amounts,the temperature
gradient in the inlet manifold should be similar to that of the engine running
without EGR altogether. If, on the other hand, the water is evaporating, it
might be noticeable as a different temperature gradient in the inlet manifold.

In the following section some basic calculations will be made to estimate the
effects of water evaporating under the existing conditions.

2.1.1 Theoretical calculations

Consider a gas with a consistency similar to fresh air diluted with some
amount of EGR. Here all fractions are displayed as mole fractions. The gas’
composition is chosen as 78 % N2, 18 % O2, 2 % CO2 and 2 % H2O water
vapour will be used. If an amount of liquid water equal to 1 % where to evap-
orate, thus increasing the amount of water vapor with 50 %, how much would
that lower the average gas temperature, if all energy required is contributed

5



6 Chapter 2. Theory

by the gas itself?

Calculating the total heat capacity of the gas by summarizing the cp of the
substances weighed with their respective mass fractions according to table
2.1, gives a total cp of 1.05 kJ/(kg· K). Since water has a heat of vaporisation
(L) of 2260 kJ/kg [7], vaporising an additional amount corresponding to 1 %
(1 % mole fraction, corresponding to 0.6 % mass fraction) would lower the
average temperature by 13.4 degrees (equation 2.1).

∆T =
L · Xm,H2Ol

cp,tot

=
2260 [kJ/kg] · 0.6%

1.05 [kJ/(kg · K)]
= 13.4 [K] (2.1)

Substance Mole Weight Mass cp [4]
fraction [AMU] fraction [kJ/(kg · K)]

N2 0.78 28 75.7 % 1.04
O2 0.18 32 20.0 % 0.92

CO2 0.02 44 3.1 % 1.85
H2O 0.02 18 1.2 % 1.86

Table 2.1: Individualcp and fractions for the gas mixture

2.1.2 Conclusion

The temperature change is pretty large and should be possible to detect using
ordinary thermocouples or pt-100 sensors. However, it should be noted that
in case the evaporating occurs from water puddles and not from aerosol water,
the energy could be provided by the manifold and the puddles themselves, in
addition to coming from the gas.

Regardless, the chance of seeing the effects of vaporization using tem-
perature measurements are estimated to be good even if it probably won’t be
enough to quantify the phenomenon.

In case of puddles forming in the intake manifold, another effect that
could be studied is the transient behavior of the water. E.g.a step from
much EGR to no EGR could be performed and the temperature behavior for
each port can be analyzed. If there are no build-up of water anywhere, the
temperature should react almost instantaneously, if on theother hand, there
are puddles or wall wetting, it might be possible to see a different behavior of
the temperature at the different positions.

The conclusion is that the phenomenon shows promise to beingmeasurable,
even if it is probably difficult to quantify the amount of water solely by a
temperature measurement. Therefore, different methods ofanalysis are in-
vestigated.
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2.2 Pressure buildup

The composition of the charge air does not influence the compression stroke
in any matter that would be detectable on a pressure trace dueto similar
heat capacities. However, if liquid water enters the cylinder and then re-
evaporates, it should theoretically decrease its density with approximately a
thousand times at normal pressure. Calculations have been done to approxi-
mate the effect on the pressure trace during the compressionstroke.

Two different mechanisms have been considered; first the change in den-
sity due to vaporisation, second the lowering of the charge air temperature as
the energy is transfered to the liquid water to cause it to re-evaporate. The
change incp has also been considered.

The following calculations are based on the assumption thatthe cylinder
are filled with a gas mixture consisting of 78 % N2, 18 % O2, 2 % CO2 and
2 % H2O in gas phase. The comparison is then done when H2O in liquid
phase corresponding to 1 % is added, just as in section 2.1.1.The compara-
tively high density of water allows for the assumption that it does not affect
the initial amount of gas charge in the cylinder.

All numerical values are presented as for300 ◦C, a point in the compres-
sion when the water should have evaporated.

2.2.1 Theoretical calculations

The calculations are based on the gas mixture mentioned above. In table
2.2 the substances are listed together with their respective cp. This gives a
weighed totalcp of 30.74 kJ/(kmole· K) for the gas. Evaporating the extra
per cent of water changes the totalcp to 30.79 kJ/(kmole· K).

Considering the relative weights of the molecules, it is possible to use thecp

and the heat of evaporation to calculate the change in temperature as well as
the relative change in molecule quantity.

The result suggests that the temperature difference will bea lowering with
approximately13.4 ◦C (see equation 2.1) or 2.3 %, considering a temperature
of 300 ◦C, if ideal gas is assumed, this would of course result in pressure
lowering 2.3 % as well. The added molecules, however, cause apressure
rise of 1 % since the increase in the number of gas molecules isexactly 1 %,
giving a total effect on pressure of -1.3 % (1 % - 2.3 %).

2.2.2 Conclusion

The resulting -1.3 % in pressure is unfortunately below the measurement un-
certainties when using the cylinder pressure sensors that are being utilized at
Scania today. On top of that the effect becomes smaller as thetemperature
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Substance Mole fraction cp [4] [kJ/(kmole· K)]
N2 0.78 29.93
O2 0.18 31.87

CO2 0.02 46.69
H2O 0.02 35.83

Table 2.2: Individualcp and fractions for the gas mixture

increases since the relative temperature change become smaller while the rel-
ative increase in molecules remains constant at 1 %.

Therefore this method would not be able to detect differences within the
liquid water distribution, at least not at the levels that are expected during
normal operation.

Further more, this method would not be able to detect differences in the
CO2 distribution.

2.3 Combustion chemistry

Using assumptions regarding the combustion chemistry, andallowing con-
centration measurements, it should be possible to form an equation system
which could be solvable for each cylinder. Using the injected amount of fuel,
the number of molecules can be locked and the distribution between the cylin-
ders calculated.

2.3.1 Theoretical calculations

A simple model of the combustion in a diesel engine is assumedwhere the
only combustion products formed are water and carbon dioxide, as well as
NOx, HC and CO.

The assumptions made are reflected in the following equations (capital
letters A,B,D-G,I-M and P-U represent different amounts inmoles or any
similar quantity):

FUEL = A · CaHbOc (2.2)

AIR = B · O2 + 3.773B · N2 (2.3)

EGR = D · O2 + E · N2 + F · CO2 + G · H2Og+ (2.4)

+ I · H2Ol + J · CO + K · NOx + L · HyCz

EXHAUST = M · O2 + P · N2 + Q · CO2 + R · H2O+ (2.5)

+ S · CO + T · NOx + U · HyCz



2.3. Combustion chemistry 9

If the equations above are combined it gives the complete combustion equa-
tion:

AIR + EGR + FUEL → EXHAUST (2.6)

The result is a system with 17 unknowns, the system can be usedwith global
measurements but here it will be defined separately for each cylinder. The
number of unknowns is under the assumption that the composition of the
fuel, emissions and fresh air is completely known. In other words,a, b, c, x, y
andz are assumed to be known for each measurement point.

To solve the problem, 17 equations needs to be specified for each cylin-
der; one equation is given by fuel measuring and an additional four equations
is given by the balance of the elements (C, H, N and O). This leaves 12 equa-
tions to be determined by measurements.

Three different locations are available for gas sampling. Before the cylinder,
after the cylinder and in the common exhausts, at these locations the compo-
sition of the gas can be analyzed, of course depending on whatinstruments
are available. Since the EGR is extracted from a point in the exhaust manifold
where gas from all cylinders come together, it can be assumedthat it has the
same composition as the common exhaust during steady-stateoperation. It
is also assumed that all gaseous species mix just as good so that the relative
amounts of all species except H2O in the EGR stay the same regardless at
which cylinder the composition is studied.

Not all measurements are performed in the same way; some of them are
measuring the species concentration relative to dry air (i.e. with all water
condensed and removed, here valid for O2, CO and CO2 concentrations) or
to wet air (with water vapor present, NOx and HC).

Water is avoided for measurements and the following speciesare assumed
to be measurable: O2, CO, CO2, HC and NOx. Measurements before and
after the individual cylinders will provide for 10 additional equations (per
cylinder). That leaves 2 equations to be filled.

If it is assumed that the EGR in gas phase have the same composition
for the cylinder inlets, a concentration measurement (a “dry” measurement of
any species) in the common exhausts will provide for one additional equa-
tion, corresponding to the amount of EGR that is delivered, leaving only one
to completely determine the equation system. It is however not possible to use
more than one measurement from the common exhausts since that equation
would be a linear combination of the other measurement from the common
exhausts and the measurements before the cylinder. This is because the com-
position of the EGR is known from the measurements at the cylinder inlet and
the only additional information that can be extracted is thefraction of exhaust
gas that is recirculated. At least if the assumption of equalblending is valid.

The only option that remains is to use one measurement of water vapor
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concentration, it is chosen to be conducted after the cylinder because all water
can be assumed to be in the same phase there due to the high temperatures.

The equation system has the form:

Āx̄ = B̄ (2.7)

where Ā consists of all measurements except the fuel measurement,B̄ is
formed by zeros and the fuel measurement andx̄ is the variablesA through
U in equations 2.2 to 2.5.

2.3.2 Stability analysis

Since the equation system consists of many different measurements it should
be tested for stability. Even if the system is linearly independent, it is no
guarantee for it not being near-singular. Since all measurements except the
fuel measurement are for fractions, the fuel measurement isthe one locking
the amounts to enable comparison between cylinders.

Since theĀ matrix consists of measurement values, they must be defined
before any mathematical analysis can be made. To do this without needing
actual measurements, syntetic measurements were created and are presented
in table 2.3.

The amounts are recalculated into concentrations for each species and fed
into a Matlab script that solves the equation system. The Matlab function
“COND” is used to estimate the systems condition number. “COND” returns
the 2-norm condition number, a number that predicts the effect of an error in
the input, or in the model itself. It can be interpreted as therelation between
a relative error on the input and the resulting relative error on the solution.

Unfortunately the condition number was 78,312. That is far too big and it
is examplified by a change of 1 % in the prediction of the NOx composition,
from NO1.5 to NO1.515, which causes the estimation of liquid water before
the cylinder to change from 4 to 0.83, a decrease of 83 %.

2.3.3 Conclusion

The condition number points to a very ill-conditioned system, this is unfortu-
nate since the system is likely to suffer from both considerable measurement
errors as well as errors originating from a too simple combustion model. This
leads to the conclusion that this is not a good way to measure EGR distri-
bution. However, the system was solvable and it is possible that with more
water measurements and a different combustion model, the condition number
could be improved.
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Fresh air
Species Amount
N2 37.73
O2 10

EGR
Species Amount
N2 12
O2 6
CO2 5
H2Og 6
H2Ol 4
CO 3
NO1.5 2
H4C1 1

Fuel
Species Amount
C4H6O2 5

Exhaust
Species Amount
N2 45.73
O2 2
CO2 5
H2Og 19
CO 20
NO1.5 10
H4C1 4

Table 2.3: Model data for construction of measurements

2.4 Simplified combustion chemistry

The combustion chemistry in the previous section proved to be too sensitive
to model- and measurement error. It also relied on a large amount of mea-
surements, which tends to become costly and a source of errors. Therefore,
an attempt is done to assume a more basic model and to allow measuring
of water vapor concentration both before and after the combustion chamber
on each cylinder. The resulting equation system and system stability will be
discussed in the following sections.
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2.4.1 Theoretical calculations

As in the previous section, 2.3, the engine is modeled using fuel, air, EGR
and exhaust gases. This time ideal combustion is assumed, also the fuel is
considered to consist only of hydrogen and carbon, resulting in the following
equations:

FUEL = A · CaHb (2.8)

AIR = B · O2 + 3.773B · N2 (2.9)

EGR = D · O2 + E · N2 + F · CO2+ (2.10)

+ G · H2Og + I · H2Ol

EXHAUST = J · O2 + (3.773B + E) · N2+ (2.11)

+ K · CO2 + L · H2O

If the equations above are combined it gives the complete combustion equa-
tion:

AIR + EGR + FUEL → EXHAUST (2.12)

The result is a system with 10 unknowns (A throughL), if the fuel composi-
tion, a andb, are determinable.

Obviously we would need 10 independent equations to solve the equation
system. As before one equation is provided by a fuel measurement. Since the
N-balance already is used in the formulation of equation 2.11, only 3 equa-
tions can be extracted from element balances (C, H and O). This leaves 6
equations to be supplied by concentration measurements.

The relative volumetric concentrations of N2, O2 and CO2 in the EGR gas is
assumed to be exactly those of the common exhausts, CE. Therefore, while
running the engine in a stationary mode, measurements in thecommon ex-
hausts will be representative for the gas mixture in the inlet manifold, as long
as water or fresh air is not considered.

D

D + E + F
=

NO2,CE

NO2,CE + NN2,CE + NCO2,CE

(2.13)

F

D + E + F
=

NCO2,CE

NO2,CE + NN2,CE + NCO2,CE

(2.14)

Unfortunately, the instrument available for measuring oxygen concentration
in the common exhausts doesn’t dry the gas before measuring.Therefore the
right hand side of equation 2.13 is not available. The solution is to assume
that the engine has been operating in stationary mode long enough for the
CO2 and H2O in the common exhausts to have stabilized to an equilibrium
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defined by the carbon/hydrogen balance of the fuel. In that way, equation
2.13 can be reformulated as:

D

D + E + F · (1 + b
2a

)
= (2.15)

=
NO2,CE

N02,CE + NN2,CE + NCO2,CE + NH2O,CE

The measurements in the intake and exhaust manifolds will bedone using a
FTIR instrument (further information is available in chapter 3). This instru-
ment is not capable to measure homonuclear diatomic gases such as O2 and
N2. Therefore the measurements will be limited to CO2 and H2O.

To summarize; with the nomenclature defined in equations 2.8to 2.11, the
measurements will consist of:

ṁFUEL = A ·
Ar,FUEL

1000 · NA · tref

(2.16)

XO2,CE =
D

D + E + F · (1 + b
2a

)
(2.17)

XCO2,CE =
F

D + E + F
(2.18)

XCO2,INT =
F

4.773 · B + D + E + F + G
(2.19)

XH2O,INT =
G

4.773 · B + D + E + F + G
(2.20)

XCO2,EXH =
K

3.773 · B + E + J + K + L
(2.21)

XH2O,EXH =
L

3.773 · B + E + J + K + L
(2.22)

The actual measurements is on the left hand side of the equations above and
the equivalent expressions based on the combustion model ison the right hand
side.

Worth noting is that the expression for the fuel is in fact notnecessary
as long as the same amount of fuel is delivered to all the cylinders and only
fractions of the different species is of interest, then any number can be used.

Of course, the option of using an actual amount remains, thiscould be of
interest e.g. if the amount of water in to the cylinder were tobe calculated.
In that case, the amount of fuel per stroke could be used, of course with a
sufficiently large base for the number of molecules, to avoidunreasonably
large numbers.
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2.4.2 Stability analysis

Now the 10 equations are specified and combining them gives a solvable sys-
tem. Just like before, in section 2.3, the matrix include measurements and to
do a stability analysis, measurement data needs to be faked.

Here the constructed data has been chosen as to resemble realistic opera-
tion of the engine. The data can be found in table 2.4.

Fresh air
Species Amount
O2 42
N2 158.466

EGR
Species Amount
O2 8
N2 73
CO2 9
H2Og 4
H2Ol 6

Fuel
Species Amount
C12H26 2

Exhaust
Species Amount
O2 13
N2 231.466
CO2 33
H2Og 36

Table 2.4: Model data for construction of measurements

Just as before, the Matlab function “COND” is used to estimate the condi-
tion number. In this case it is reported as 314. This is a big improvement
compared to the previous attempt, but to be certain all the measurements and
model parameters are changed with 1 % and 10 % to study the effects on the
result.

In table 2.5 relative errors are shown. The errors are constructed by solving
the system several times and each time altering one of the input data or model
parameters 1%. The solution is then compared to the “correct” solution.

It is clearly visible that the most sensitive parameter is the one for liquid
water, and that it reacts the most to altered measurements inthe exhaust man-
ifold and to errors in the fuel composition estimation.
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It is also interesting to see how the relative errors behave when subjected to
increasing errors. Therefore, another test was conducted,this time with input
data that had been altered by 10%. This data is seen in table 2.6 and it seems
as if none of the relative errors grow more than linearly.

Parameter A B D E F G I J K L

XO2,CE 0 0 -1 0 0 0 0 -1 0 0
XO2,CE 0 0 1 1 0 0 0 -1 0 0
XCO2,INT 0 0 -1 -1 -1 0 -2 -1 0 0
XH2O,INT 0 0 0 0 0 -1 1 0 0 0
XCO2,EXH 0 1 1 1 1 1 7 5 0 1
XH2O,EXH 0 0 0 0 0 0 -6 1 0 -1
a 0 1 1 1 1 1 5 2 1 1
b 0 0 0 0 0 0 -4 -1 0 0

Table 2.5: Result variation due to 1 % variation of input [%]

Parameter A B D E F G I J K L

XO2,CE 0 0 -9 1 0 0 0 -6 0 0
XCO2,CE 0 -4 9 11 0 0 0 -9 0 0
XCO2,INT 0 1 -12 -12 -12 -3 -17 -5 -3 -3
XH2O,INT 0 0 0 0 0 -9 6 0 0 0
XCO2,EXH 0 13 13 13 13 13 75 51 4 14
XH2O,EXH 0 2 2 2 2 2 -53 6 0 -9
a 0 9 8 10 9 9 53 17 10 10
b 0 1 2 0 1 1 -43 -7 0 0

Table 2.6: Result variation due to 10 % variation of input [%]

2.4.3 Conclusions

Using an even simpler combustion model and allowing two water vapor mea-
surements increased the theoretical stability of the system more than a hun-
dredfold. This also shows when verifying with faked measurements. At the
same time it requires a modest number of measurements and it is feasible to
realize with satisfactory results.

The model is based on a pretty heavy assumption however, ideal combus-
tion as in equation 2.11 where the only combustion products are assumed to
be CO2 and H2O, is of course not the case in a diesel engine. It will affect
the results in a negative manner and to get a picture of how bigthe problem
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is some previously collected data is analysed. The main emissions from the
engine, apart from CO2 and H2O, is considered to be CO, HC and NOx. If
these emissions are summed up (the HC readings are correctedto resemble
unburnt diesel fuel), and plotted in a load/engine speed plot (figure 2.1), it
shows the potential of the problem.

It is clearly visible that the only area that have the potential to cause larger
errors is the high load/low engine speed area with the emissions contributing
for more than 0.25 % of the total gas amount. Generally the engine operates
with emissions below 0.05 %, a level that hardly affects the measurement ac-
curacy since the levels of CO2 and H2O is generally at least a few per cents.
Also, since the troublesome area is situated at such low engine speeds, it is
not likely to coincide with measurement points and the assumption regarding
perfect combustion is valid.

Among the different measurement methods discussed, this one clearly shows
the highest potential of being able to deliver both a qualitative as well as a
quantitative measurement. Therefore, the experiment setup will be based on
the measurements mentioned in this chapter.
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Chapter 3

Experiments

In this chapter, the experiment setup will be described, together with a quick
description of the instruments used. An experiment plan will also be defined,
where it will be decided at which engine operating points themeasurements
will be conducted.

Since previous measurements at Scania haven’t included cylinder-individual
EGR with the species needed to verify these models, additional measurements
are required. Because it has not been performed at Scania before, instruments
and engine hardware is not already provided for.

Measurements will be conducted in both the intake as well as the ex-
haust ports of all the cylinders, also the additional oxygenmeasurement in
the global exhaust as mentioned in section 2.4 needs to be arranged since it
isn’t part of the standard measurement equipment at Scania’s test cells.

3.1 Experimental setup

The chosen method includes gas sampling from individual exhaust ports as
well as inlet ports. Also a gas measurement from the common exhausts is re-
quired. This sums up to 13 different measurement locations,it is not realistic
to use that many instruments and therefore the same instrument have to be
used to analyze gas from several locations.

One alternative is to manually switch the outlet of gas so that it originates
from different sources, this would not only be time consuming but could also
be hazardous since it requires test cell access during the operation of the en-
gine. A better method is to use valves that can be actuated from a distance and
use those to guide gas from the current sampling location to the instrument.

For this experiment, solenoid valves that are normally usedon Scania’s
V8 engines are being used. These valves open fully when subjected to 400mA.
Twelve of them are attached in parallel and their respectiveoutlets are con-

18
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nected to the measurement device. The valves are mounted close to the turbo-
charger to provide passive heating of them (see figure 3.1). In that way, con-
densation of hydrocarbons and water can be reduced. Figure 3.2 display a
principal sketch of the measurement setup and the location of gas-sampling
points and location of the temperature sensors in the inlet manifold. Please
note that the sketch is not complete, the VGT is not included and neither is
the EGR cooling system, note also that each cylinder has two inlet channels
but only one exhaust channel.

Figure 3.1: The solenoid valves mounted on the engine’s hot side

3.1.1 Measuring devices

For the oxygen concentration a non-sampling type NOx analyzer with O2
measurement will provide the data, it will be mounted after the turbine. While
an analytical system from Horiba takes care of the CO2 measurements in the
common exhausts.

To analyze the CO2- and H2O-concentrations in the intake- and exhaust
manifolds a FTIR-instrument is used.

More specific information regarding the instruments can be found in the fol-
lowing sections.
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Figure 3.2: Measurement setup

Gasmet DX4000

“FTIR” is an acronym for “Fourier Transform InfraRed”, it isa way of analyz-
ing samples of gas. The following explanation is drawn from the homepage
of the provider of the instrument used [2].

“In infrared spectroscopy, IR radiation is passed through asam-
ple of gaseous molecules. Some of this radiation is transmit-
ted through while the rest is absorbed by the sample, producing
an infrared spectrum, or ‘molecular fingerprint’. Because each
molecular structure has a unique combination of atoms, each
produces a unique infrared spectrum. From this, identification
(Qualitative analysis) and analysis (Quantitative measurement)
of the gas is possible, the two major applications of FTIR spec-
trometry.

FTIR stands for Fourier Transform Infrared, the preferred method
of infrared spectroscopy. Since chemical functional groups ab-
sorb light at specific frequencies, one can identify the make-up
of the sample. As well, through calibration of the spectrometer,
one can determine the intensity of the absorption (relates to the
component concentration).”

The instrument used is a Gasmet DX4000, it has a accuracy of± < 2 % [3].
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Horiba MEXA-7200DEGR

Non dispersive Infrared (NDIR) sensors are simple spectroscopic devices of-
ten used for gas analysis. The main components are an infrared source (lamp),
a sample chamber or light tube, a wavelength filter, and the infrared detector.
The gas is pumped (or diffuses) into the sample chamber, and gas concentra-
tion is measured electro-optically by its absorption of a specific wavelength in
the infrared (IR). The IR light is directed through the sample chamber toward
the detector. The detector has an optical filter in front of itthat eliminates all
light except the wavelength that the selected gas moleculescan absorb. Ide-
ally other gas molecules do not absorb light at this wavelength, and do not
affect the amount of light reaching the detector.

Horiba MEXA-720NOx

The instrument utilizes a zirconia sensor [5] which uses an electrochemical
cell that allows gas to pass through a diffusion barrier in toa cavity where
oxygen is pumped using an ion pump. The pump is kept at a certain voltage
and the pumping current is measured [8]. One problem is that NO2 is reduced
to NO in the cell, causing additional O2 to form. If the NOx- and O2-levels
are compared for the engine, the result is that the error introduced by NO2
reduction is never larger than 3 %, and if only the area of interrest (see sec-
tion 3.2.1) is looked upon, and it is considered that NOx in diesel exhausts
typically consists of 90 % NO and 10 % NO2 [6], the relative error never
exceeds 0.2 %. That can be considered unsignificant when compared to the
instrument’s accuracy of± 0.5 % [5].

3.2 Experiment plan

There are several interesting variables that could affect,above all, the be-
havior of the water in the EGR-cooler and inlet manifold. By using already
existent measurements of the engine some different quantities were studied.
This led to a decision on what measurement point that would beused. Please
note that due to confidentiality, the axes has been re-scaledand translated and
not all data is presented. This was of course not the case during the work of
the thesis.

One interesting variable is relative humidity. If all the water is assumed to
be in gas phase, i.e. total re-vaporisation is allowed, the result is that an area
of the engine operation map display a relative humidity in excess of 100 %,
implying that liquid water must be present. This can be seen in figure 3.3,
please note that the area with the higher relative humidity is within the line.

Other quantities that were regarded when choosing measurement points are
the mole fraction of liquid water and the relative humidity assuming no re-
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Figure 3.3: Relative humidity in inlet manifold if all wateris evaporated [%]

vaporisation, both in the inlet manifold. Figure 3.4 shows the fraction of
liquid water and two levels are shown, both the one per cent line as well as
the areas with the maximum fractions. Later on, in section 3.2.1, these will
be used when placing the measurement locations.

In figure 3.5, the relative humidity provided that no water re-evaporates is
plotted. Here it is visible that the point with the least chance of re-evaporation
(because of the high relative humidity) is the area just around engine speed =
0, load = 1.

3.2.1 Operation points

Based on the parameters in the previous section, measurement points were
placed to try to capture the interesting phenomenons that are expected to oc-
cur. The coordinates of measurement points discussed here will be referred
to as [relative engine speed, relative load].

As can be seen in figure 3.4, [0.2,0.5] and [0.4,0.5] containsthe highest frac-
tions of liquid water and therefore the highest potential for distribution varia-
tion. Furthermore, it is interesting to follow the line withconstant 1 % liquid
water share and see if there are any differences due to gas flowspeed or EGR
fraction, etc. The points placed along the 1 %-line is markedwith squares (�)
in figure 3.6 and the point at [0,1] coincides with the point with the highest
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relative humidity in figure 3.5.

To study the EGR-fraction’s impact on the water’s behavior and also the
distribution of CO2, different levels of EGR is used in the same operation
point. This point [0.4,0.5] is marked with a⊕ in the figure.

The rest of the measurement points are chosen to fill out the map to facil-
itate implementation in the engine control system later on.That is something
that won’t be covered by the scope of this thesis however.

With the objective to study water puddle occurrence, some dynamic steps in
EGR fraction will be made while studying inlet port temperatures.
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Figure 3.6: Engine operation points for measurements

3.3 Experiments

Two different kinds of experiments was conducted, one with steady-state
measurements where only the gas concentrations was regarded, and one where
step-responses was studied with respect to the temperatures in the different
places in the inlet manifold as well as the water concentration at different lo-
cations in the inlet manifold. The steps was conducted as a sudden change in
EGR fraction at otherwise steady-state operation of the engine.
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3.3.1 Steady-state measurements

The Gasmet DX4000 was used together with an array of solenoidvalves to
measure water and carbon dioxide concentrations in the inlet and outlet ports
of the 6 cylinders. Due to the single measurement channel of the instrument,
the twelve different measurements had to be done sequentially.

At the same time as measuring H2O and CO2, the instrument measured
CO, NO and NO2 concentrations as well.

In the common exhausts, after the turbine, the Horiba MEXA-720NOx
measured O2 concentration and the Horiba MEXA-7200DEGR measured the
CO2 levels (in dried gas).

The engine was run for a couple of minutes in each new operation point
to be stabilized, then an addition amount of time for each newsampling point
with the FTIR instrument, to allow condensated water in the piping to evapo-
rate.

3.3.2 Step-response measurements

During the transient steps, a valve in the EGR piping was either fully opened,
or closed shut, thus limiting the flow of EGR into the inlet manifold. While
doing this, seven temperatures in the inlet manifold was recorded with a sam-
ple rate of 1 Hz. The steps was performed six times, and each time the FTIR
instrument was used to measure the H2O- and CO2-concentrations at a dif-
ferent location in the inlet manifold. These measurements was performed at
1/6 Hz.

Some additional measurements was performed at other operating conditions,
but with only temperature logging.

3.4 Actual measurement points

Due to problems with the test setup and the Gasmet instrument, the test-series
had to be re-runned. This of course caused the time-frame forthis thesis
to be very limited. Therefore, all the measurements in the experiment plan
from section 3.2 wasn’t performed. The operating conditions represented in
chapter 4 are plotted in figure 3.7
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Chapter 4

Analysis

Using the collected data, both from the stationary operating points, as well as
from the dynamic steps in EGR, it should be possible to draw some conclu-
sions regarding the presence and behavior of water in the inlet manifold. To
do this, raw data is plotted and studied and also used as inputto the model
that calculates liquid water fraction (see section 2.4). For the analysis of the
dynamic steps, some calculations based on simple physical relations are made
to be able to quantify the amounts of water.

4.1 Stationary

The measurements consists mainly of concentration values from intake and
exhaust ports of the different cylinders, and also from the common exhausts.
Some additional data such as temperatures, massflows and pressures was also
stored if they should be needed. The model described in section 2.4 was
implemented in Matlab and the data was fed to that program.

Due to some problems with the measurement equipment there was not
enough time available to do measurements at all the operating conditioned
described in the experiment plan. Instead, ten different loads and engine rev-
olution speeds was evaluated using nominal EGR-levels, as well as three dif-
ferent EGR-levels in one of the operating points.

Unfortunately, one of the solenoid valves used to choose gassampling
point started leaking and therefore there are no gas composition data avail-
able for cylinder five.

When studying the results from running the program, it is clear that some of
the results can’t be plausible. If the fraction of liquid water into the cylinders
are studied, some of them show negative values, which of course is impossi-
ble. To verify that this is not a result of a sensitive system similar calculations
are done just to receive the liquid water concentration. To do that it is assumed

27
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that the difference in CO2- and H2O-fractions in the intake and exhaust ports
of the individual cylinders is directly a result of the amount of fuel that has
been burnt.

In the following equations, index 1 represent conditions before combus-
tion and index 2 after,Ntot refers to the total number of gaseous molecules
where the respective measurements are made, that being in the inlet manifold
and in the exhaust manifold. The fuel is considered to consist of hydrocarbons
with a C/H-relation of 1:1.85.

NH2O,2 − NH2O,1 =
1.85

2
(NCO2,2 − NCO2,1) ⇔

NH2O,2 −
1.85

2
NCO2,2 = NH2O,1 −

1.85

2
NCO2,1 ⇔

NH2O,2 −
1.85
2

NCO2,2

Ntot,1 · Ntot,2

=
NH2O,1 −

1.85
2

NCO2,1

Ntot,1 · Ntot,2

⇔

1

Ntot,1

(XH2O,2 −
1.85

2
XCO2,2) =

1

Ntot,2

(XH2O,1 −
1.85

2
XCO2,1) ⇔

XH2O,2 −
Ntot,1

Ntot,2

XH2O,1 =
1.85

2
(XCO2,2 −

Ntot,1

Ntot,2

XCO2,1) (4.1)

Since the total amount of molecules is unknown we need to estimate the frac-
tion Ntot,1

Ntot,2
. The largest relative change in molecule amount is if we run at low

λ without EGR. In the following calculations it is assumed that A molecules
of C1H1.85 are burnt in fresh air atλ = 1. The combustion is assumed to be
perfect.

A · C1H1.85 + B · O2 + 3.773B · N2 →

A · CO2 +
1.85

2
A · H2O + 3.773B · N2 ⇒

⇒B = A +
1.85

2 · 2
A =

5.85

4
A ⇒

⇒Ntot,1 = 4.773
5.85

4
A;Ntot,2 = (1 +

1.85

2
+ 3.773

5.85

4
)A ⇒

⇒
Ntot,1

Ntot,2

= 0.94

This is an underestimation since we know that we run the engine with EGR
in most cases and always haveλ > 1. Therefore we don’t introduce any large
errors if we approximate equation 4.1 with this equation:

XH2Oout − XH2Oin − XH2Oliquid =
1.85

2
· (XCO2out − XCO2in) (4.2)
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This equation obviously doesn’t have any problems with numerical stability
and when the calculations of the amount of liquid water into each cylinder,
according to equation 4.2, are compared to those of the equation system in
section 2.4, it should show whether the negative values is caused by measure-
ment errors or if they are caused by a sensitive equation system. If the two
different sets of values agree that there is negative amounts of liquid water
entering some cylinders, the errors are in the measurement data itself, other-
wise it’s more likely numerical instability that is causingthe problems.

When the difference between the two sets of results is studied, it can be seen
that it keeps within a narrow region (-0.06 to 0.13 percentage points), which
shows that it is in fact measurement errors or -uncertainties that cause the
strange results.

Even though the results seem to be untrustworthy, they mightprovide useful
information if studied in the right way and by using caution when coming to
conclusions. If it is assumed that the variation is somehow related to which
operating condition the engine is ran at, it might help to study the cylinder-
to-cylinder variation for each operating point. Here it is plotted as a surface,
where the shading is determined by the deviation from the mean fraction value
for each operating point.

The plot of liquid water distribution (figure 4.1) shows thatthere seems to
be more liquid water coming into the first cylinders in the majority of the op-
erating points. The CO2 fractions in to the cylinders (figure 4.2) differ within
a +/- 0.2 vol% interval, while the H2O fractions in to the cylinders (figure
4.3) vary with +/- 1 vol% between the cylinders within the same operating
condition, implying that the variation in water distribution is mainly due to
the behaviour of the liquid water, since the variation in water distribution is
comparatively large. The small variation of the distribution of CO2 show us
that the mixing of gases in the inlet manifold is working satisfactory.

Since the CO2 fraction out from the cylinders (figure 4.4) seems to vary
more than the intake manifold values, it points towards injectors that deliver
different amounts of fuel, it could possibly depend on varying volumetric ef-
ficiency between the cylinders. That effect is not expected to be very big in
comparison though.

To further try to conclude how the water is distributed, the NO fraction out
from the cylinders is studied (figure 4.5), the surface showsthat it seems to
be more NO created in cylinder 4 especially, this is interesting because that
cylinder also have a higher share of CO2 in the exhaust manifold (figure 4.4).
It does not, however, seem to have more water coming out (figure 4.6). This
could be explained by an injector that gives a slightly higher amount of fuel
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Figure 4.1: Deviation from operating point average in liquid water fraction in
to the cylinders

Figure 4.2: Deviation from operating point average in CO2 fraction in to the
cylinders
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Figure 4.3: Deviation from operating point average in watervapor fraction in
to the cylinders

Figure 4.4: Deviation from operating point average in CO2 fraction out from
the cylinders
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in cylinder four, raising the CO2-levels out from the cylinder. At the same
time, it seemed to receive slightly less of liquid water, which would explain
why the increase in CO2 out is not accompanied by a higher amount of water
vapor out. The increase in NO formation would originate froma higher local
temperature even though the extra amount of fuel lower theλ value in the
combustion chamber. If the operating points with extreme emission values
are studied (12 - 20 % and -20 - -12 %) it seems as if the emissionformation
is a combined effect of a higher amount of fuel as well as a distribution of
liquid water that is not uniform but some percent point higher in cylinder 4
and some percent point lower in cylinder 1.

Figure 4.5: Deviation from operating point average in NO fraction out from
the cylinders

4.1.1 Result

The analysis seem to suggest that there are generally more liquid water enter-
ing the first cylinders than the last. It is supported by both the calculations of
liquid water directly but also by the distribution of CO2 in the exhaust mani-
fold. Since the deviation of CO2 in the exhaust is bigger than the deviation of
CO2 in the inlet manifold and because its distribution is not correlating with
the increase in water vapor, it suggests that there are less liquid water entering
the last cylinders.

The deviation in liquid water distribution is likely to be a few percentage
units, which is a rather large spread. At the same time, the deviation when it
comes to CO2 is just a few tenths of a percentage unit, which implies that the
construction of the inlet manifold is good when it comes to evenly distribute
gas.
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Figure 4.6: Deviation from operating point average in watervapor fraction
out from the cylinders

The biggest effect on the NOx emissions seem to originate from a cylinder-
to-cylinder deviation in injected amount of fuel and from a skew distribution
of liquid water. As far as distribution of gaseous EGR goes, the deviation
seems to be on par with what’s possible to reliably measure using the Gasmet
instrument and this test setup. It is hard to point directly at the phenomenons
when the measurement data displays obvious imperfections,most of the data
seem to point in the directions just mentioned, however.

4.2 Dynamics

The dynamic sequence consisted of a step in EGR-fraction from nominal level
to zero per cent by using a valve that can be closed to eliminate exhaust gas
recirculation. Closing of the valve takes a couple of hundred milliseconds, so
that dynamics is not considered in the analysis. During the transient, CO2-
and H2O-fractions were measured with 1/6Hz and the temperature ofthe inlet
ports where sampled with 1Hz. The placement of the differenttemperature
sensors is displayed in figure 3.2.

Data for the Pt-100 temperature sensors implied that their response time
was a few seconds. To verify this, a step from no EGR to nominalEGR
was studied, in this case there should be no liquid water present in the inlet
manifold which could disturb the measurements. In this way it is possible
to verify if there is a big difference in responsiveness due to the different
massflows.

Figure 4.7 shows that there is an initial drop in temperature, which is
likely due to the cold EGR heat-exchangers. After that thereis a rise in tem-
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perature as the turbo-charger changes its working point andhot exhaust is
starting to circulate. No big variation caused by the different gas mass flows
can be seen, which suggests that the dynamics of the sensors are fast enough
for the experiment.

Figure 4.7: Temperatures in inlet manifold during step fromno EGR to nom-
inal EGR level, values sampled at 1 Hz and normalized

Six identical steps in EGR was made for the same operating condition, at
each one of them, gas from the intake port of one cylinder was sampled. If
the CO2-fraction is plotted (figure 4.8) the speed of the sampling equipment
is visible, since the CO2-fraction should change almost instantly, and can be
used when studying the different H2O-fractions. A quick look at the H2O-
fractions compared to the average behavior of the CO2-fractions (see figure
4.9) implies that there is both a larger variation in H2O-fraction before the
step as well as a slower decay, a decay that seems to get a little bit slower the
further in to the inlet manifold the gas is sampled.

If the temperatures are studied for the same case as above, with the begin-
ning temperatures normalized (figure 4.10), the appearancecan be explained
by the following reasoning: The initial drop in temperatureis due to the fact
that the EGR gas after the air-to-air heat exchanger still iswarmer than the
fresh air from the inter-cooler. When the EGR is shut off, the flow through
the inter-cooler is increased and the turbo-charger changes operating point,
both resulting in the air after the inter-cooler getting warmer. What is not
explained is why there is such a large deviation between the different tem-
perature sensors. As could be seen in figure 4.7, mere location doesn’t cause
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Figure 4.8:CO2 fraction when going from nominal EGR level to no EGR,
values sampled at 1/6 Hz

Figure 4.9: H2O and the average CO2 fraction when going from nominal
EGR level to no EGR, values sampled at 1/6 Hz
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more than a few seconds delay due to different gas mass flows. The theory is
that the temperature difference between TL31 and the following temperature
sensors is a result of water evaporating, either from puddles and wet walls of
the inlet manifold, or by droplets on the sensors themselves.

Figure 4.10: Temperatures in inlet manifold during step from nominal EGR
level to no EGR, values sampled at 1 Hz and normalized

To quantify this phenomenon, both the temperature differences and the de-
lay of the H2O-fractions settling can be integrated and used to estimatethe
corresponding amount of water needed to explain the behavior.

To calculate the amount of water from the temperature difference the first
step is assuming that TL31 is showing the “real” temperaturewithout the in-
fluence of water, after that the difference between the temperature sensors can
be calculated and together with the measured air mass flow theenergy needed
to lower the temperature during a period of time estimated from the tempera-
ture appearance is determined. If all the energy is assumed to come from the
water, the corresponding mass of liquid water is given by simply comparing
the specific heat of air with the heat of vaporization of water.

mH2O =

∫
(Ti+1 − Ti) · ṁAIR ·

cp,H2O

LH2O

dt (4.3)

The same analysis can be made based on the concentration measurements,
although here we obviously use another equation.
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mH2O =

∫
∆XH2O · ṁAIR ·

MH2O

MAIR

dt (4.4)

The results of the calculations are displayed in the following table (table 4.1).

Location of the water Amount of water Amount of water
(temperature) (fraction)

In front of cyl. 1 8.49 g 54.26 g
(also before cyl. 1)

In front of cyl. 2 0 g 16.10 g
In front of cyl. 3 5.73 g 0 g
In front of cyl. 4 0 g 18.6 g
In front of cyl. 5 1.43 g 1.07 g
In front of cyl. 6 1.82 g 0.59 g

Table 4.1: Location and amount of water calculated from temperature and
fraction measurements in inlet manifold

It can be seen that the two kinds of measurement isn’t complying about the
exact location of the water. What they do agree about is that the amount is
diminishing further into the inlet manifold, they also showvalues of approxi-
mately the same order of magnitude, spanning from single grams to tenths of
grams.

As mentioned in section 3.4, some additional transient measurements was
done without gas sampling. These temperature measurementsare evaluated
in the same manner as above and the results are displayed bothin tabular form
and as a surface plot (table 4.2 and figure 4.11). Even though the variation is
percentually very large, the results seem to be somewhat consistent with what
we saw in the previous data.

rev. index -0.1 0.1 0.1 0.3 0.7
load index 0.5 0.5 1 1 1
In front of cyl. 1 & 2 3.38 2.64 10.05 1.57 0
In front of cyl. 3 7.22 3.97 0.01 3.43 0
In front of cyl. 4 1.86 0 0.11 0 0
In front of cyl. 5 0.42 0.77 0.74 0.02 0
In front of cyl. 6 0.55 1.50 1.68 1.46 1.14

Table 4.2: Location and amount of water calculated from temperature mea-
surements in inlet manifold
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Figure 4.11: Amount and location of water calculated from temperature mea-
surements

4.2.1 Result

From studying the measurements it is clear that liquid waterexists stationary
in the inlet manifold. It is also obvious that there are some sort of puddles
present, and not just liquid water as aerosol. This is apparent when consid-
ering the amount of time it takes for the H2O fractions and temperatures to
stabilize after a step in EGR fraction.

The two different attempts to quantify the phenomenon does not agree
completely regarding the amounts and placement of the waterbut both sug-
gests that the water puddles are mainly present in the beginning of the mani-
fold and that the amount per cylinder is in the tenths of grams.
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Conclusions and future work

5.1 Conclusions

The work shows that there are ways to measure liquid water presence in the
inlet manifold when using large amounts of cooled EGR. To accurately and
with certainty quantify the exact amounts and with good precision determine
the location of the water was shown to be the major difficulty.The results fur-
ther show that the water form “puddles” that can take as long as two minutes
to dry if the engine is run without recirculating humid exhaust gases.

All results seem to agree that the water is mainly localized in the begin-
ning of the inlet manifold and that evaporating water increase the fraction of
water vapor further down the manifold.

It was shown that the distribution of gaseous EGR works good.Measure-
ments of cylinder out emissions, mainly NO and NO2, suggest that the effect
on emissions from uneven water distribution can be comparatively large and
that also differences in fuel distribution is likely to havea greater impact on
emission formation than that of gaseous EGR distribution.

In this thesis it is shown that the best way for measure differences in distribu-
tion is to actively measure the species of interest. It is also concluded that if
faster response times are demanded i.e. for transients in EGR-fraction or en-
gine load, temperature measurements are an option that in some way enables
quantification possibilities.

Finally, it is shown that the impact of liquid water distribution on emission
formation should be taken into account when tomorrows emissions legislation
is to be met but also that the current way of mixing and distributing the inlet
gas is working satisfactory.
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5.2 Future work

Much of the data collected here is uncertain and it would be wise to use
familiar equipment and to devote more time to verify that reliable results can
be guaranteed.

Using a valve system with valves that was not developed for the task did
not cause any major problems and it seem to be good and cost-effective alter-
native when the utilizing time does not exceed a few weeks.

Measurements in the exhaust channels were far more stable than measure-
ments in the relatively cold gases in the inlet manifold. If fuel delivery can
be controlled more accurately so that that source of uneven distribution of
emissions can be reduced, it could be an option to directly study emission
formation from individual cylinders, if the impact of engine operation should
be more thoroughly investigated.

One idea is to run the test at an one-cylinder setup and manually add liq-
uid water into the manifold in a controlled manner to see which amounts are
needed to make a considerable impact on emissions.

For the calculations regarding water condensation it was assumed that the
cooled EGR held the same temperature as the charge air mixture, but when
the temperature readings of the transient steps are analysed it is clear that the
EGR is significantly warmer. This should be taken into consideration when
planning potential future investigations. Separate temperature measurements
of the fresh air and EGR before the point of mixing would be helpful when
evaluating which operating conditions are associated withlarge fractions of
liquid water.

The calculations of volumetric efficiency that are done in the engine con-
trol system today compensates in some way for liquid water. Using the
knowledge that was obtained during this thesis together with the additional
temperature measurements mentioned above, it should be possible to improve
that model.
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Notation

Symbols and abbreviations used in the report.

Variables and parameters

cp Specific heat capacity (at constant pressure)
L∗ Heat of vaporization
M∗ Mole weight
N∗ Amount of substance
X∗ Mole fraction

Abbreviations
AMU Atomic mass units
EGR Exhaust gas recirculation
HC Hydro carbons
PM Particulate matter
SCR Selective catalytic reduction
TL3* Temperature sensor in inlet manifold
TX06 Temperature sensor in inlet manifold
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