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The demands on tomorrows diesel engines regarding fuel consumption and emis-
sion levels keep getting more difficult to fulfill. Due to this fact, the control demand
is getting bigger and bigger. To be able to comply with the Euro 6 standards, it
is believed that engine control need to be conducted individually from cylinder to
cylinder if the need for after-treatment systems should be minimized.

Scania’s approach to handle emission levels so far has been to use exhaust gas
recirculation (EGR). To be able to optimize the use of EGR it is necessary to
know how the inert gases, water and carbon dioxide, are distributed between the
cylinders. The distribution variation become even more difficult to predict since
the EGR is cooled, sometimes leading to condensation of some of the water con-
tent. The condensation of water and its behavior in the inlet manifold is studied
in this thesis.

Different ways of measuring non-uniformity in the gas composition between
cylinders with respect to EGR in general and water content in particular are eval-
uated. Using these results, measurements have been conducted on an engine and
conclusions are drawn from them.

The conclusions are that uneven distribution of above all liquid water, due to
puddle formation, have an impact on emission formation that should be accounted
for in some of the examined operating conditions.
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Abstract

The demands on tomorrows diesel engines regarding fueLiogution and
emission levels keep getting more difficult to fulfill. Due tiois fact, the
control demand is getting bigger and bigger. To be able toptpmith the
Euro 6 standards, it is believed that engine control neectcomducted in-
dividually from cylinder to cylinder if the need for aftereatment systems
should be minimized.

Scania’s approach to handle emission levels so far has beese exhaust
gas recirculation (EGR). To be able to optimize the use of EG&neces-
sary to know how the inert gases, water and carbon dioxigediatributed
between the cylinders. The distribution variation becorenenore difficult
to predict since the EGR is cooled, sometimes leading to exsation of
some of the water content. The condensation of water anefitauior in the
inlet manifold is studied in this thesis.

Different ways of measuring non-uniformity in the gas comifion be-
tween cylinders with respect to EGR in general and waterestri particular
are evaluated. Using these results, measurements havedredurcted on an
engine and conclusions are drawn from them.

The conclusions are that uneven distribution of above qilitl water,
due to puddle formation, have an impact on emission formatiat should
be accounted for in some of the examined operating condition

Keywords: Diesel engine, EGR, liquid water, cylinder to cylinder aear
variation, measuring water
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Chapter 1

Introduction

Emission legislations keep getting more and more stringimiong the man-
ufacturers of heavy trucks and buses, there are a few canasetl generally
to reduce the vehicle out emissions. With the diesel engiveecombustion
is typically conducted in an environment with an excess gg@x. The most
difficult emissions to control in modern diesel engines gpécally NO, and
particulates, commonly abbreviated PM. Several aftatinent systems ex-
ist, the most commonly used are selective catalytic rednctiSCR, NQ-
adsorber, oxidizing catalysts, and particulate filtersarsa's approach, how-
ever, is mainly focused on preventing the emissions to fdneaey in the
combustion chamber.

One issue in the control systems of Scania’s engines tod#yatsthe
emission reducing systems are not controlled for individyanders. To do
this, more information regarding both the amount, as wethagomposition,
of the gases that enter each cylinder is needed.

The goal with this thesis is to evaluate different ways of suemg gas com-
position in the inlet manifold on a cylinder-individual isAlso covered by
the scope of the thesis is performing measurements basdu @valuation,
using those measurements to try and determine the lodatizand behavior
of liquid water in the inlet manifold. And looking at the geakdistribution
of EGR gas between the cylinders.

In this report, different methods of measuring the comjmsiof the gases
that enter each cylinder is discussed in chapter 2. Thidtsesua mea-

surement method being chosen and performed in an experdesatibed in
chaptel 3. The result and the following analysis is preskimehapter 4 and
it is finally concluded in chaptér 5.1, where ideas and sugmesfor future

work also can be found.



2 Introduction

1.1 The Scania EGR concept

To achieve a reduction of emission formation inside the agstibn chamber,
exhaust gases are used to dilute the charge air (exhaustajasitation, from
here on the acronym “EGR” will be used both for the gas andierconcept).
Because the exhaust gases are very hot (it's not uncommbresmifperatures
exceeding00 °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 mezasaots
has been conducted consists of some different parts. itegibn advanced
common-rail fuel system that is able to deliver fuel at higbgsures, it also
incorporates a variable geometry turbo-charger.

For the EGR, the exhaust gases are sampled just before tieretimd
led past a proportional valve and on to a cooling system.rAifténg cooled
down, the EGR and the fresh air are mixed together beforentbernanifold.

1.1.1 Water condensation

When the EGR is cooled from approximatél§0 °C down to temperatures
well below 100 °C, water is condensed. This is believed to occur mainly in
the cooling system. Theoretical calculations based og €@Dcentrations in
the exhaust gas as well as pressure and temperature afodlee gives a
picture of at which operational points condensation shoatzlr. It is poten-
tially a big problem since high levels of EGR is used, reaglin high relative
humidity as well as large amounts of water (several per ceitane part) in
the intake.

While the EGR in gas phase probably blends quite well with tkeshf
air (measurements of GQroncentration in the inlet manifold show steady
and reliable values), the liquid water could easily be uendy distributed
between the cylinders. In this thesis, there will be attamtptmeasure 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 diesgines today is to
reduce particulates and nitrous oxides, and at the sameniaigain the high
fuel efficiency. The reason that EGR is helpful in doing teibécause there is
a trade-off between high efficiency and low N@rmation. This trade-off is
based on combustion temperature, where a high combustigretature will
give high efficiency but at the same time oxidize nitrogen.ighttcombustion
temperature also helps oxidizing particulates, therefiatr@ducing another
trade-off between particulates and nitrous oxides.

One solution to this problem is to use high injection presstio increase
the length of the fuel-jet before it starts burning, this a@led “lift-off”,
thereby increasing the air-fuel mixing and reducing pattite formation.
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At the same time it is possible to lower the local peak conmibogemper-
ature by diluting the fresh air and thereby the oxygen, iasirgy the distance
between the locations where oxidation can occur. This igdbyrintroducing
inert gases, either by containing burnt gases from the pusvtycle, or by
the use of EGR. The use of inert gases also affect the avermagbustion
temperature by increasing the mass in the cylinder. The UE&R is cur-
rently the main course that Scania has taken to comply witlréuegislation
demands.

1.1.3 Importance of uniformity

The NQ, formation rate as function of local temperature is apprataty ex-
ponential, and due to the connection between EGR-fractichcambustion
temperature it follows that NOformation is dependent on EGR-fraction in
an exponential manner. This is shown by Magnus AnderssdH inljere he
measures NQoutput as a function of inert EGR (EGR\).

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

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

Or you can look at it from another perspective and say thaigtbkal
EGR-fraction could be lower with preserved N@rmation if all cylinders
received the same amount.

It is very difficult and costly to ensure a perfect distrilmtiusing hardware,
but if the differences are known, the fuel system could be tisstill give the
same combustion temperature in all the cylinders by bataritie) to attain
a uniform amount of inert EGR.

1.2 Measuring water

One of the reasons why the distribution of water hasn’'t bestuated in
depth earlier at Scania is because it isn’t obvious how tosomesit. If pos-
sible, the measurements should separate liquid water atet wepor. This
is difficult because of the ease with which water changesehésis also
unknown whether the liquid water is mainly present as pugidiehe inlet
manifold or as an aerosol.

The standard equipment in Scania’s test cells does notdacilumea-
suring device for measuring water, something that limits gbssibilities to
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approach the problem with a trial-and-error tactics. Inptea2, different
measuring methods are discussed. Each method’s pros asduedralso its
theoretical accuracy is evaluated and finally a method toiusepractical
experiment is chosen.

1.3 Note on confidentiality

Because some of the material used during this thesis isaenesl confiden-
tial, measures have been taken to make presentation of datageneral.
The biggest change is the presentation of at which operatingitions the
data is valid for. Instead of describing engine load in Nmelative scale
is used where 0 represents zero indicated torque and 1 essavaximum
indicated torque at that particular engine speed. In theesaanner the en-
gine speed is not displayed as rpm but as an index where Gdggsmaddo one
engine revolution speed and 1 is assigned to another spegst than the
previous. Both transformations are linear though.



Chapter 2

Theory

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

2.1 Temperature change

The amount of water that theoretically is condensed in th&®EGoler is

fairly easy to calculate. Using the flow of air and the EGRfian, it is also
possible to calculate the fraction of liquid water entettinginlet manifold. It
is much more difficult to determine if, and how much, wateriswaporated
in the inlet manifold. The problem is not made easier by naiwking if the

liquid water exists in puddles or as an aerosol or, moreyljksdth.

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

In the following section some basic calculations will be maa 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 dilutéth some
amount of EGR. Here all fractions are displayed as moleifvast The gas’
composition is chosen as 78 % NL8 % G, 2 % CQ;, and 2 % HO water
vapour will be used. If an amount of liquid water equal to 1 %evento evap-
orate, thus increasing the amount of water vapor with 50 %, ach would
that lower the average gas temperature, if all energy redug contributed



6 Chapter 2. Theory

by the gas itself?

Calculating the total heat capacity of the gas by summayitfire ¢, of the
substances weighed with their respective mass fractioosrding to table
2.1, gives a total gof 1.05 kJ/(kg- K). Since water has a heat of vaporisation
(L) of 2260 kJ/kg [], vaporising an additional amount corayting to 1 %
(1 % mole fraction, corresponding to 0.6 % mass fraction) ldidawer the
average temperature by 13.4 degrees (equation 2.1).

_ L Xm0, _ 2260 [kJ/kg) - 0.6%

A= 10 g R @D
Substance Mole | Weight | Mass c, [4]
fraction | [AMU] | fraction | [kJ/(kg- K)]
N2 0.78 28 75.7% 1.04
0O, 0.18 32 20.0 % 0.92
CO, 0.02 44 31% 1.85
H.O 0.02 18 12% 1.86

Table 2.1: Individuat,, and fractions for the gas mixture

2.1.2 Conclusion

The temperature change is pretty large and should be pegsilletect using
ordinary thermocouples or pt-100 sensors. However, it lshioe noted that
in case the evaporating occurs from water puddles and notderosol water,
the energy could be provided by the manifold and the pudtiesselves, in
addition to coming from the gas.

Regardless, the chance of seeing the effects of vaponizasmg tem-
perature measurements are estimated to be good even ibalgyowon't be
enough to quantify the phenomenon.

In case of puddles forming in the intake manifold, anothéeatfthat
could be studied is the transient behavior of the water. ERgtep from
much EGR to no EGR could be performed and the temperaturevioeiar
each port can be analyzed. If there are no build-up of watgwhere, the
temperature should react almost instantaneously, if orotiher hand, there
are puddles or wall wetting, it might be possible to see adiffit behavior of
the temperature at the different positions.

The conclusion is that the phenomenon shows promise to led@agurable,
even if it is probably difficult to quantify the amount of watsolely by a
temperature measurement. Therefore, different methodsalf/sis are in-

vestigated.
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2.2 Pressure buildup

The composition of the charge air does not influence the cessn stroke
in any matter that would be detectable on a pressure tracaodsimnilar
heat capacities. However, if liquid water enters the cyimdnd then re-
evaporates, it should theoretically decrease its denstty approximately a
thousand times at normal pressure. Calculations have hmentd approxi-
mate the effect on the pressure trace during the compresiiue.

Two different mechanisms have been considered; first thegehan den-
sity due to vaporisation, second the lowering of the changemperature as
the energy is transfered to the liquid water to cause it tevaporate. The
change i, has also been considered.

The following calculations are based on the assumption ttatcylinder
are filled with a gas mixture consisting of 78 %,NL8 % G, 2 % CQG;, and
2% Hy,O in gas phase. The comparison is then done whe@ h liquid
phase corresponding to 1 % is added, just as in section Zlthd compara-
tively high density of water allows for the assumption thatdes not affect
the initial amount of gas charge in the cylinder.

All numerical values are presented as 3600 °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 mentionedeablovtable
2.2 the substances are listed together with their resgegtiv This gives a
weighed totak, of 30.74 kJ/(kmole K) for the gas. Evaporating the extra
per cent of water changes the totglto 30.79 kJ/(kmole K).

Considering the relative weights of the molecules, it issifals to use the,,
and the heat of evaporation to calculate the change in texyreras well as
the relative change in molecule quantity.

The result suggests that the temperature difference willbeering with
approximatelyi 3.4 °C (see equatidn 2.1) or 2.3 %, considering a temperature
of 300°C, if ideal gas is assumed, this would of course result in press
lowering 2.3 % as well. The added molecules, however, cayzessure
rise of 1 % since the increase in the number of gas moleculesistly 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 tleasarement un-
certainties when using the cylinder pressure sensors ithdtedng utilized at
Scania today. On top of that the effect becomes smaller akethperature
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Substance Mole fraction | ¢, [4] [kJ/(kmole- K)]
Na 0.78 29.93
0O, 0.18 31.87
CO, 0.02 46.69
H,O 0.02 35.83

Table 2.2: Individuat,, and fractions for the gas mixture

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

Therefore this method would not be able to detect differsnai¢hin the
liquid water distribution, at least not at the levels that axpected during
normal operation.

Further more, this method would not be able to detect diffegs in the
CQO, distribution.

2.3 Combustion chemistry

Using assumptions regarding the combustion chemistry,afloding con-
centration measurements, it should be possible to form aatiy system
which could be solvable for each cylinder. Using the injdaeount of fuel,
the number of molecules can be locked and the distributibmédsn the cylin-
ders calculated.

2.3.1 Theoretical calculations

A simple model of the combustion in a diesel engine is assuntezte the
only combustion products formed are water and carbon digxad well as
NO,, HC and CO.

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

FUEL =A-C,H,O, (2.2)
AIR=B-05+3.773B - Ny (2.3)
EGRZD-02+E-NQ+F~COQ+G'H209+ (2.4)

41 HyOy+J-CO+ K -NO, + L H,C.
EXHAUST =M -Oy+P-Ny+Q-COs + R - HO+ (2.5)
+5-CO+T-NO,+U-H,C,
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If the equations above are combined it gives the completebastion equa-
tion:

AIR + EGR + FUEL — EXHAUST (2.6)

The result is a system with 17 unknowns, the system can bewitiedlobal
measurements but here it will be defined separately for egaider. The
number of unknowns is under the assumption that the conipogif the
fuel, emissions and fresh air is completely known. In otherds,a, b, ¢, z, y
andz are assumed to be known for each measurement point.

To solve the problem, 17 equations needs to be specified ébr @din-
der; one equation is given by fuel measuring and an additfooaequations
is given by the balance of the elements (C, H, N and O). Thislea2 equa-
tions to be determined by measurements.

Three different locations are available for gas samplingfoBe the cylinder,
after the cylinder and in the common exhausts, at theseitosathe compo-
sition of the gas can be analyzed, of course depending oninstatiments
are available. Since the EGR is extracted from a point in thaest manifold
where gas from all cylinders come together, it can be assuhatdt has the
same composition as the common exhaust during steadyegiatation. It

is also assumed that all gaseous species mix just as goodtsihétrelative
amounts of all species except@ in the EGR stay the same regardless at
which cylinder the composition is studied.

Not all measurements are performed in the same way; someiof dne
measuring the species concentration relative to dry ar (with all water
condensed and removed, here valid for, GO and CQ concentrations) or
to wet air (with water vapor present, N@nd HC).

Water is avoided for measurements and the following speariesassumed
to be measurable: £ CO, CG,, HC and NQ.. Measurements before and
after the individual cylinders will provide for 10 additiahequations (per
cylinder). That leaves 2 equations to be filled.

If it is assumed that the EGR in gas phase have the same cdmposi
for the cylinder inlets, a concentration measurement (g™ afreasurement of
any species) in the common exhausts will provide for oneteidil equa-
tion, corresponding to the amount of EGR that is delivereaying only one
to completely determine the equation system. Itis howewepassible to use
more than one measurement from the common exhausts sirtoagtition
would be a linear combination of the other measurement fteancommon
exhausts and the measurements before the cylinder. Thes&ube the com-
position of the EGR is known from the measurements at thedgfiinlet and
the only additional information that can be extracted isfthetion of exhaust
gas that is recirculated. At least if the assumption of egleaiding is valid.

The only option that remains is to use one measurement of wager
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concentration, itis chosen to be conducted after the oglibécause all water
can be assumed to be in the same phase there due to the higraeumegs.

The equation system has the form:

Az =B (2.7

where A consists of all measurements except the fuel measuremeis,
formed by zeros and the fuel measurement anslthe variablesA through
U in equations 2.2 to 2|5.

2.3.2 Stability analysis

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

Since thed matrix consists of measurement values, they must be defined
before any mathematical analysis can be made. To do thigwitieeding
actual measurements, syntetic measurements were createdeapresented
in table 2.3.

The amounts are recalculated into concentrations for epebies and fed
into a Matlab script that solves the equation system. Thda@&dtinction

“COND"” is used to estimate the systems condition number. NOOreturns

the 2-norm condition number, a number that predicts theeffean error in

the input, or in the model itself. It can be interpreted asréhation between
a relative error on the input and the resulting relative reorothe solution.

Unfortunately the condition number was 78,312. That isdarkig and it
is examplified by a change of 1 % in the prediction of the,N¥@mposition,
from NO; 5 to NO, 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 syst¢his is unfortu-
nate since the system is likely to suffer from both considieraneasurement
errors as well as errors originating from a too simple cortibnsnodel. This
leads to the conclusion that this is not a good way to measGR Histri-
bution. However, the system was solvable and it is possitdewith more
water measurements and a different combustion model, thditemn number
could be improved.
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Fresh air
Species | Amount
Ny 37.73
0o 10

EGR
Species | Amount
Ny 12
Os 6
CO, 5
H20O, 6
H,0O; 4
CO 3
N01‘5 2
H4C; 1

Fuel
Species | Amount
C4HgO, 5

Exhaust
Species | Amount
Ny 45.73
0o 2
CO, 5
H20O, 19
CO 20
NO; 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 proveckttob sensitive
to model- and measurement error. It also relied on a largeuatraf mea-
surements, which tends to become costly and a source okeifberefore,
an attempt is done to assume a more basic model and to allosunireg
of water vapor concentration both before and after the catidou chamber
on each cylinder. The resulting equation system and systanility will be
discussed in the following sections.
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2.4.1 Theoretical calculations

As in the previous sectioh, 2.3, the engine is modeled usieg fir, EGR
and exhaust gases. This time ideal combustion is assursedthed fuel is
considered to consist only of hydrogen and carbon, regittithe following
equations:

FUEL = A-C,H, (2.8)
AIR =B -05+3.773B - N, (2.9)
EGR=D-Oy+E-Ny+F-COy+ (2.10)

+ G- HyOy + I - HyO,
EXHAUST = J - Os + (3.773B + E) - No+ (2.11)

+ K -CO3;+ L-HO

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

AIR+ EGR+ FUEL — EXHAUST (2.12)

The result is a system with 10 unknowns through[L), if the fuel composi-
tion, ¢ andb, are determinable.

Obviously we would need 10 independent equations to sob/edjuation
system. As before one equation is provided by a fuel measner8ince the
N-balance already is used in the formulation of equatiod 2ohly 3 equa-
tions can be extracted from element balances (C, H and O%. [Eaves 6
equations to be supplied by concentration measurements.

The relative volumetric concentrations of NO, and CQ in the EGR gas is
assumed to be exactly those of the common exhausts, CE.forere/hile

running the engine in a stationary mode, measurements iodimenon ex-
hausts will be representative for the gas mixture in thd imianifold, as long
as water or fresh air is not considered.

b _ No,.cr (2.13)
D+FE+F  No,cr+ Nn,ce+ Nco,,ce '
F N,
€0:,C8 (2.14)

D+E+F No,.ce + Nn,,ce +Nco,,ce

Unfortunately, the instrument available for measuringgety concentration
in the common exhausts doesn’t dry the gas before measurimagefore the
right hand side of equatidn 2.13 is not available. The sofuis to assume
that the engine has been operating in stationary mode loaggénfor the
CO; and H,O 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 wquation
2.13 can be reformulated as:

D
D+E+F-(1+2)

= (2.15)

_ No,,cE
No,.ce + Nn,,ce + Nco,,ce + Nu,0,cE

The measurements in the intake and exhaust manifolds wdbpe using a
FTIR instrument (further information is available in chap8). This instru-
ment is not capable to measure homonuclear diatomic gasksasu@ and

Ns. Therefore the measurements will be limited tosd H,O.

To summarize; with the nomenclature defined in equations®@®811, the
measurements will consist of:

mpueL = A - m (2.16)
D

XOQ,CE:D+E+F'(1+%) (2.17)
Xco,,cE = ﬁ (2.18)
XCOaINT = g™ B+DF+E+F+G (2.19)
XH20,INT = Ja” B+DG+E+F+G (2.20)
XcosExH = 3.773-B+§+J+K+L (2.21)
Xu,0,ExH = L (2.22)

377 -B+E+J+ K+ L

The actual measurements is on the left hand side of the egsaibove and
the equivalent expressions based on the combustion maatetthe right hand
side.

Worth noting is that the expression for the fuel is in fact netessary
as long as the same amount of fuel is delivered to all the dgfisand only
fractions of the different species is of interest, then amyber can be used.

Of course, the option of using an actual amount remainsgcthitd be of
interest e.g. if the amount of water in to the cylinder werdé¢ocalculated.
In that case, the amount of fuel per stroke could be used, wfseowith a
sufficiently large base for the number of molecules, to awosiceasonably
large numbers.
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2.4.2 Stability analysis

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

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

Fresh air
Species| Amount
0O, 42
N, 158.466

EGR
Species| Amount
O 8
Ny 73
CO, 9
H2O, 4
H> O, 6

Fuel
Species| Amount
Ci2Hag 2

Exhaust
Species| Amount
O, 13
Ny 231.466
CO, 33
H2O, 36

Table 2.4: Model data for construction of measurements

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

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

It is clearly visible that the most sensitive parameter edhe for liquid
water, and that it reacts the most to altered measuremethts 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 behavenssubjected to
increasing errors. Therefore, another test was conduittisdjme with input
data that had been altered by %0 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|
Xo0,,CE o|0|-1{0]0|O0O]O0O|-1]0]O0
Xo,,CcE ojof1411010|0(-12|{0/|0O0
Xco,,INT ojo0|-1{-1/-1{0|-2|-1]0]|O0
XH,0,INT ojojo,0}j0(-1{12j0|]0/|0O0
Xco,exp |O] 121 |1|1|1|7|5|0|1
Xw,0exg |00 0] 0]0]0|-6]1]|0]-1
a o|j1/1|1}1(1|5]2|1]1
b o|0j0|0O0O|]O0O|O0O|4|-1]0]O0

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

a

b

[Parameter [A| B| D | E[ F |G| 1 |J]|K]L]
Xo,,cE 0| O -9 1 0 0 0 6| 0 0
Xco,,cE 0| -4 9 11 0 0 0 9]0 0
Xco,,INT o|1}|-12|-12|-12|-3|-17|-5]| -3 | -3
XH,0,INT 0| O 0 0 0 -9 6 0 0 0
Xco,,exmg | 0113 ] 13 | 13 3113|7551 4 |14
Xmo0.5xH | O 2 2| 22 |53]6[0]9

0 9

0 1

2
9 8 | 10
1 2 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 wadpor mea-
surements increased the theoretical stability of the systere than a hun-
dredfold. This also shows when verifying with faked meaments. At the
same time it requires a modest number of measurements anfiéésible to
realize with satisfactory results.

The model is based on a pretty heavy assumption howevet ddesdous-
tion as in equation 2.11 where the only combustion produetsissumed to
be CG and HO0, 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 howhieigproblem
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is some previously collected data is analysed. The mainséonmis from the
engine, apart from C9and KO, is considered to be CO, HC and NOIf
these emissions are summed up (the HC readings are corteatesemble
unburnt diesel fuel), and plotted in a load/engine speetl (fitpure 2.1), it
shows the potential of the problem.

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

Among the different measurement methods discussed, thislearly shows
the highest potential of being able to deliver both a quiaitaas well as a
guantitative measurement. Therefore, the experimenpseiube based on
the measurements mentioned in this chapter.
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Figure 2.1: Sum of the mole fractions of CO, HC and NOX, in tbenmon
exhaust [%]



Chapter 3

Experiments

In this chapter, the experiment setup will be describedgttogr with a quick
description of the instruments used. An experiment plahaigb be defined,
where it will be decided at which engine operating pointsrtteasurements
will be conducted.

Since previous measurements at Scania haven't includaeylindividual
EGR with the species needed to verify these models, addltneasurements
are required. Because it has not been performed at Scawigbifstruments
and engine hardware is not already provided for.

Measurements will be conducted in both the intake as welhasek-
haust ports of all the cylinders, also the additional oxygerasurement in
the global exhaust as mentioned in section 2.4 needs to aegad since it
isn't part of the standard measurement equipment at Seasist cells.

3.1 Experimental setup

The chosen method includes gas sampling from individuaaeshports as
well as inlet ports. Also a gas measurement from the commbauests is re-
quired. This sums up to 13 different measurement locatibissnot realistic

to use that many instruments and therefore the same insttumage to be
used to analyze gas from several locations.

One alternative is to manually switch the outlet of gas soitlmiginates
from different sources, this would not only be time consugrint could also
be hazardous since it requires test cell access during gr@tign of the en-
gine. A better method is to use valves that can be actuateudrdistance and
use those to guide gas from the current sampling locatiometéanistrument.

For this experiment, solenoid valves that are normally ume&cania’s
V8 engines are being used. These valves open fully whencteljeo 400 A.
Twelve of them are attached in parallel and their respectitets are con-

18
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nected to the measurement device. The valves are mountasitolthe turbo-
charger to provide passive heating of them (see figure Jitthat way, con-
densation of hydrocarbons and water can be reduced. FigRrdisplay a
principal sketch of the measurement setup and the locafigagssampling
points and location of the temperature sensors in the indetifold. Please
note that the sketch is not complete, the VGT is not includeti reeither is
the EGR cooling system, note also that each cylinder hasrileb ¢hannels
but only one exhaust channel.

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

3.1.1 Measuring devices

For the oxygen concentration a non-sampling type,N@alyzer with Q
measurement will provide the data, it will be mounted aterturbine. While
an analytical system from Horiba takes care of the,@@asurements in the
common exhausts.

To analyze the C® and H,O-concentrations in the intake- and exhaust
manifolds a FTIR-instrument is used.

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

Gasmet DX4000

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

“In infrared spectroscopy, IR radiation is passed throughma-

ple of gaseous molecules. Some of this radiation is transmit
ted through while the rest is absorbed by the sample, praduci
an infrared spectrum, or ‘molecular fingerprint’. Becauaete
molecular structure has a unique combination of atoms, each
produces a unique infrared spectrum. From this, identifinat
(Qualitative analysis) and analysis (Quantitative mezsment)

of the gas is possible, the two major applications of FTIRcspe
trometry.

FTIR stands for Fourier Transform Infrared, the preferredhnd
of infrared spectroscopy. Since chemical functional geoap-
sorb light at specific frequencies, one can identify the magke
of the sample. As well, through calibration of the spectrteame
one can determine the intensity of the absorption (relatésd
component concentration).”

The instrument used is a Gasmet DX4000, it has a accuraty<oR % [3].
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Horiba MEXA-7200DEGR

Non dispersive Infrared (NDIR) sensors are simple spectyis devices of-
ten used for gas analysis. The main components are an id&atece (lamp),
a sample chamber or light tube, a wavelength filter, and thared detector.
The gas is pumped (or diffuses) into the sample chamber, anda@ncentra-
tion is measured electro-optically by its absorption of ecéfic wavelength in
the infrared (IR). The IR light is directed through the saengthamber toward
the detector. The detector has an optical filter in front tidtt eliminates all
light except the wavelength that the selected gas molecalesbsorb. Ide-
ally other gas molecules do not absorb light at this wavelergnd do not
affect the amount of light reaching the detector.

Horiba MEXA-720NOx

The instrument utilizes a zirconia sensor [5] which useslaatmchemical
cell that allows gas to pass through a diffusion barrier im toavity where
oxygen is pumped using an ion pump. The pump is kept at a nertédtage
and the pumping current is measured [8]. One problem is tRtilreduced
to NO in the cell, causing additional,Qo form. If the NO,- and G-levels
are compared for the engine, the result is that the erroodotted by NQ
reduction is never larger than 3 %, and if only the area ofiiatt (see sec-
tion[3.2.1) is looked upon, and it is considered that,N@® diesel exhausts
typically consists of 90 % NO and 10 % NQ6], the relative error never
exceeds 0.2 %. That can be considered unsignificant whenarechpo the
instrument’s accuracy of 0.5 % [5].

3.2 Experiment plan

There are several interesting variables that could affgabye all, the be-
havior of the water in the EGR-cooler and inlet manifold. Byng already

existent measurements of the engine some different gigantiere studied.
This led to a decision on what measurement point that wouldskd. Please
note that due to confidentiality, the axes has been re-saaldttanslated and
not all data is presented. This was of course not the casegltimé work of

the thesis.

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

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

vaporisation, both in the inlet manifold. Figure 3.4 shoWws fraction of
liquid water and two levels are shown, both the one per caentdis well as
the areas with the maximum fractions. Later on, in secti@il3.these will
be used when placing the measurement locations.

In figure] 3.5, the relative humidity provided that no wateew@porates is
plotted. Here it is visible that the point with the least ctenf re-evaporation
(because of the high relative humidity) is the area justmgdoengine speed =
0, load = 1.

3.2.1 Operation points

Based on the parameters in the previous section, measur@uoiats were

placed to try to capture the interesting phenomenons teadgrected to oc-
cur. The coordinates of measurement points discussed hikteeweferred

to as [relative engine speed, relative load].

As can be seen in figure 3.4, [0.2,0.5] and [0.4,0.5] conthiasighest frac-
tions of liquid water and therefore the highest potentialdistribution varia-
tion. Furthermore, it is interesting to follow the line withnstant 1 % liquid
water share and see if there are any differences due to gasglesd or EGR
fraction, etc. The points placed along the 1 %-line is maskitd squares((l)

in figure3.6 and the point at [0,1] coincides with the pointhathe highest
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relative humidity in figure 3.5.

To study the EGR-fraction’s impact on the water’s behaviot also the
distribution of CQ, different levels of EGR is used in the same operation
point. This point [0.4,0.5] is marked witha in the figure.

The rest of the measurement points are chosen to fill out tipetotacil-
itate implementation in the engine control system laterTdrat is something
that won't be covered by the scope of this thesis however.

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

3.3 Experiments

Two different kinds of experiments was conducted, one widady-state
measurements where only the gas concentrations was reigaratone where
step-responses was studied with respect to the tempesatutiee different
places in the inlet manifold as well as the water concemtnadit different lo-
cations in the inlet manifold. The steps was conducted asldesuchange in
EGR fraction at otherwise steady-state operation of théneng
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3.3.1 Steady-state measurements

The Gasmet DX4000 was used together with an array of soleradies to
measure water and carbon dioxide concentrations in thedntkoutlet ports
of the 6 cylinders. Due to the single measurement channéleofistrument,
the twelve different measurements had to be done sequegntial

At the same time as measuring® and CQ, the instrument measured
CO, NO and NQ@ concentrations as well.

In the common exhausts, after the turbine, the Horiba MEXXANOX
measured @concentration and the Horiba MEXA-7200DEGR measured the
CQ;, levels (in dried gas).

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

3.3.2 Step-response measurements

During the transient steps, a valve in the EGR piping wa®eiilly opened,
or closed shut, thus limiting the flow of EGR into the inlet rifald. While
doing this, seven temperatures in the inlet manifold wasrded with a sam-
ple rate of 1 Hz. The steps was performed six times, and eachttie FTIR
instrument was used to measure thglH and CQ-concentrations at a dif-
ferent location in the inlet manifold. These measuremerats performed at
1/6 Hz.

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

3.4 Actual measurement points

Due to problems with the test setup and the Gasmet instryiieritest-series
had to be re-runned. This of course caused the time-framéhi@rthesis
to be very limited. Therefore, all the measurements in thEesrent plan
from section 3.2 wasn't performed. The operating condgéticapresented in
chapter 4 are plotted in figure 3.7
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Analysis

Using the collected data, both from the stationary opegativints, as well as
from the dynamic steps in EGR, it should be possible to drawesoonclu-
sions regarding the presence and behavior of water in teénmhnifold. To
do this, raw data is plotted and studied and also used as faghe model
that calculates liquid water fraction (see section 2.4Y). tRe analysis of the
dynamic steps, some calculations based on simple physiations are made
to be able to quantify the amounts of water.

4.1 Stationary

The measurements consists mainly of concentration vatoes ihtake and

exhaust ports of the different cylinders, and also from th@mon exhausts.
Some additional data such as temperatures, massflows asziigre was also
stored if they should be needed. The model described inose2t4 was

implemented in Matlab and the data was fed to that program.

Due to some problems with the measurement equipment thesenota
enough time available to do measurements at all the opgratinditioned
described in the experiment plan. Instead, ten differeaddcand engine rev-
olution speeds was evaluated using nominal EGR-levelsgisasithree dif-
ferent EGR-levels in one of the operating points.

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

When studying the results from running the program, it isrcleat some of
the results can’t be plausible. If the fraction of liquid @ainto the cylinders
are studied, some of them show negative values, which okedarimpossi-
ble. To verify that this is not a result of a sensitive systémilar calculations
are done just to receive the liquid water concentration. olthdt it is assumed

27
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that the difference in C® and H,O-fractions in the intake and exhaust ports
of the individual cylinders is directly a result of the amowi fuel that has
been burnt.

In the following equations, index 1 represent conditionfoleecombus-
tion and index 2 after)V,,; refers to the total number of gaseous molecules
where the respective measurements are made, that beirgimehmanifold
and in the exhaust manifold. The fuel is considered to coasms/drocarbons
with a C/H-relation of 1:1.85.

1.85
Ni,02 — Nm,01 = 5 ——(Nco,2 — Nco, 1) &
1.85 1.85
NH,02 — > ——Nco,,2 = Nu,0,1 — 2 ——Nco,1 &
Nm0.2 — Y2 Neo, 2 _ Nu,01 — L8 Nco, 1
Ntot,l : Ntot 2 Ntot,l Ntot,Q
1 1.85 1 1.85
X - X X E—— ¢ &
Neors (XH,0,2 5 Xcos, 9) = Ntot,2( H0,1 5 XC021 1)
Ny 1.85 Ny
Xt,0.2 — ~ Y X 01 = X0y — t’1X002,1) (4.2)
Ntot 2 Ntot,2

Since the total amount of molecules is unknown we need tmaggithe frac-
Niot,1

tion ==. The largest relative change in molecule amount is if we tuova

A W|thout EGR. In the following calculations it is assumedttdamolecules

of CiH; g5 are burnt in fresh air at = 1. The combustion is assumed to be

perfect.

A-CiHig5+B-09+3.773B - Ny —

1.85
A- COQ“F*A H20+3773B Ny =
1.
=B = A+2—82A_@A
585 1.85 5.85
= Niot,1 = 4.773—— A; Niot 2 = (1 +T—|—3773—)A:>
Ntotl
=094
Ntot2

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

1.85

XHgOout - XHQOin - XHzOliquid — T . (XC020ut - XCOQin) (42)
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This equation obviously doesn’t have any problems with micaéstability
and when the calculations of the amount of liquid water irdorecylinder,
according to equatian 4.2, are compared to those of the iequsstem in
section 2.4, it should show whether the negative valueslisazhby measure-
ment errors or if they are caused by a sensitive equatiomrmsystf the two
different sets of values agree that there is negative araafrtquid water
entering some cylinders, the errors are in the measurenagmitdelf, other-
wise it's more likely numerical instability that is causitige problems.

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

Even though the results seem to be untrustworthy, they npigivide useful

information if studied in the right way and by using cautiohem coming to

conclusions. If it is assumed that the variation is sometelated to which

operating condition the engine is ran at, it might help talgtthe cylinder-

to-cylinder variation for each operating point. Here it istfed as a surface,
where the shading is determined by the deviation from therfraation value

for each operating point.

The plot of liquid water distribution (figufe 4.1) shows thiaére seems to
be more liquid water coming into the first cylinders in the anay of the op-
erating points. The C®fractions in to the cylinders (figure 4.2) differ within
a +/- 0.2 vol% interval, while the D fractions in to the cylinders (figure
[4.3) vary with +/- 1 vol% between the cylinders within the saoperating
condition, implying that the variation in water distriboti is mainly due to
the behaviour of the liquid water, since the variation inevatistribution is
comparatively large. The small variation of the distribatiof CO; show us
that the mixing of gases in the inlet manifold is working s&ctory.

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

To further try to conclude how the water is distributed, th® Maction out
from the cylinders is studied (figure 4.5), the surface shthas it seems to
be more NO created in cylinder 4 especially, this is inténgsbecause that
cylinder also have a higher share of €id the exhaust manifold (figure 4.4).
It does not, however, seem to have more water coming out €igui). This
could be explained by an injector that gives a slightly higlmount of fuel
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in cylinder four, raising the C@levels out from the cylinder. At the same
time, it seemed to receive slightly less of liquid water, efhivould explain
why the increase in C&out is not accompanied by a higher amount of water
vapor out. The increase in NO formation would originate framigher local
temperature even though the extra amount of fuel loweritivalue in the
combustion chamber. If the operating points with extreméssion values
are studied (12 - 20 % and -20 - -12 %) it seems as if the emigsiomation
is a combined effect of a higher amount of fuel as well as ailligion of
liquid water that is not uniform but some percent point higimecylinder 4
and some percent point lower in cylinder 1.
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Figure 4.5: Deviation from operating point average in NQfi@n out from
the cylinders

4.1.1 Result

The analysis seem to suggest that there are generally maié Water enter-
ing the first cylinders than the last. It is supported by bb#hdalculations of
liquid water directly but also by the distribution of G@h the exhaust mani-
fold. Since the deviation of CQin the exhaust is bigger than the deviation of
CGQ; in the inlet manifold and because its distribution is notrefating with
the increase in water vapor, it suggests that there arddgsd Water entering
the last cylinders.

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

The biggest effect on the NCemissions seem to originate from a cylinder-
to-cylinder deviation in injected amount of fuel and fromkaw distribution

of liquid water. As far as distribution of gaseous EGR goés, deviation
seems to be on par with what'’s possible to reliably measung tise Gasmet
instrument and this test setup. It is hard to point directitha phenomenons
when the measurement data displays obvious imperfectioost, of the data
seem to point in the directions just mentioned, however.

4.2 Dynamics

The dynamic sequence consisted of a step in EGR-fractiomfimminal level
to zero per cent by using a valve that can be closed to elimiegtaust gas
recirculation. Closing of the valve takes a couple of huddrdlliseconds, so
that dynamics is not considered in the analysis. During ttéuesient, CGQ-
and H,O-fractions were measured with 1/6Hz and the temperatuteohlet
ports where sampled with 1Hz. The placement of the diffetemiperature
sensors is displayed in figure 3.2.

Data for the Pt-100 temperature sensors implied that tbepanse time
was a few seconds. To verify this, a step from no EGR to nontitaR
was studied, in this case there should be no liquid watereptds the inlet
manifold which could disturb the measurements. In this wadyg possible
to verify if there is a big difference in responsiveness du¢he different
massflows.

Figure[ 4.7 shows that there is an initial drop in temperaturigich is
likely due to the cold EGR heat-exchangers. After that tiegerise in tem-
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perature as the turbo-charger changes its working pointhanaxhaust is
starting to circulate. No big variation caused by the ddfégrgas mass flows
can be seen, which suggests that the dynamics of the semedaestenough
for the experiment.
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Figure 4.7: Temperatures in inlet manifold during step freorEGR to nom-
inal EGR level, values sampled at 1 Hz and normalized

Six identical steps in EGR was made for the same operatinditbom, at
each one of them, gas from the intake port of one cylinder \aagpted. If
the CQ-fraction is plotted (figuré 4.8) the speed of the samplingigment

is visible, since the C@fraction should change almost instantly, and can be
used when studying the differentB-fractions. A quick look at the §D-
fractions compared to the average behavior of the-@@ctions (see figure
[4.9) implies that there is both a larger variation inG4fraction before the
step as well as a slower decay, a decay that seems to ge dilittlower the
further in to the inlet manifold the gas is sampled.

If the temperatures are studied for the same case as abdwetheibegin-
ning temperatures normalized (figlre 4.10), the appearzartde explained
by the following reasoning: The initial drop in temperatiselue to the fact
that the EGR gas after the air-to-air heat exchanger stillasmer than the
fresh air from the inter-cooler. When the EGR is shut off, tlevfthrough

the inter-cooler is increased and the turbo-charger cteogerating point,
both resulting in the air after the inter-cooler getting mar. What is not
explained is why there is such a large deviation between iffereht tem-

perature sensors. As could be seen in figure 4.7, mere locddiesn’t cause
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Figure 4.8:C'O, fraction when going from nominal EGR level to no EGR,
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more than a few seconds delay due to different gas mass fldvesthEory is
that the temperature difference between TL31 and the fatigwemperature
sensors is a result of water evaporating, either from psdalel wet walls of
the inlet manifold, or by droplets on the sensors themselves
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Figure 4.10: Temperatures in inlet manifold during steprfrocominal EGR
level to no EGR, values sampled at 1 Hz and normalized

To quantify this phenomenon, both the temperature difie@erand the de-
lay of the H,O-fractions settling can be integrated and used to estithate
corresponding amount of water needed to explain the behavio

To calculate the amount of water from the temperature diffee the first
step is assuming that TL31 is showing the “real” temperaiuitieout the in-
fluence of water, after that the difference between the teatype sensors can
be calculated and together with the measured air mass floantérgy needed
to lower the temperature during a period of time estimatethfthe tempera-
ture appearance is determined. If all the energy is assumeahte from the
water, the corresponding mass of liquid water is given bypsimsomparing
the specific heat of air with the heat of vaporization of water

. Cp,
Mu,0 = /(Ti+1 —T;) -arg - z’H2Odt (4.3)

HO

The same analysis can be made based on the concentratioorereasts,
although here we obviously use another equation.
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Marr

MH,0 = /AXHQO - MAIR * dt (4.4)

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

Location of the water; Amount of water| Amount of water
(temperature) (fraction)
In front of cyl. 1 8.49¢ 5426 g
(also before cyl. 1)
In front of cyl. 2 Og 16.10g
In front of cyl. 3 5.73 ¢ Og
In front of cyl. 4 Og 18.6¢
In front of cyl. 5 1.43¢g 1.07g
In front of cyl. 6 1.82¢ 0.59¢

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

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

As mentioned in section 3.4, some additional transient oreasents was
done without gas sampling. These temperature measurerrenévaluated
in the same manner as above and the results are displayeit baiblar form

and as a surface plot (table 4.2 and figure 4.11). Even thdweghariation is

percentually very large, the results seem to be somewhatstent with what
we saw in the previous data.

rev. index -0.1| 0.1 0.1 0.3 | 0.7
load index 05| 05 1 1 1
Infrontofcyl. 1&2 | 3.38| 2.64 | 10.05| 1.57| O
In front of cyl. 3 7221 397| 001 |343] O
In front of cyl. 4 186| O 0.11 0 0
In front of cyl. 5 0.42] 0.77| 0.74 | 0.02| O
In front of cyl. 6 0.55|150| 1.68 | 1.46| 1.14

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

4.2.1 Result

From studying the measurements it is clear that liquid wexésts stationary
in the inlet manifold. It is also obvious that there are sorme sf puddles
present, and not just liquid water as aerosol. This is appavben consid-
ering the amount of time it takes for the,8 fractions and temperatures to
stabilize after a step in EGR fraction.

The two different attempts to quantify the phenomenon dagsagree
completely regarding the amounts and placement of the vbatdooth sug-
gests that the water puddles are mainly present in the hiegif 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 watsepce in the
inlet manifold when using large amounts of cooled EGR. Taugately and
with certainty quantify the exact amounts and with good isien determine
the location of the water was shown to be the major difficulitye results fur-
ther show that the water form “puddles” that can take as langva minutes
to dry if the engine is run without recirculating humid exkbgases.

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

It was shown that the distribution of gaseous EGR works gddeéasure-
ments of cylinder out emissions, mainly NO and NGuggest that the effect
on emissions from uneven water distribution can be compatatiarge and
that also differences in fuel distribution is likely to haaeyreater impact on
emission formation than that of gaseous EGR distribution.

In this thesis it is shown that the best way for measure diffees in distribu-
tion is to actively measure the species of interest. It ie atncluded that if
faster response times are demanded i.e. for transients RifEg8tion or en-
gine load, temperature measurements are an option thate s@ay enables
quantification possibilities.

Finally, it is shown that the impact of liquid water distrimn on emission
formation should be taken into account when tomorrows eamssegislation
is to be met but also that the current way of mixing and distiiiy the inlet
gas is working satisfactory.

39
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5.2 Future work

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

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

Measurements in the exhaust channels were far more stabiembasure-
ments in the relatively cold gases in the inlet manifold. uélfdelivery can
be controlled more accurately so that that source of uneiaritaition of
emissions can be reduced, it could be an option to direatigysemission
formation from individual cylinders, if the impact of engiloperation should
be more thoroughly investigated.

One idea is to run the test at an one-cylinder setup and mgradd lig-
uid water into the manifold in a controlled manner to see Whimounts are
needed to make a considerable impact on emissions.

For the calculations regarding water condensation it wasrasd that the
cooled EGR held the same temperature as the charge air mixutr when
the temperature readings of the transient steps are adatyselear that the
EGR is significantly warmer. This should be taken into coasation when
planning potential future investigations. Separate teatpee measurements
of the fresh air and EGR before the point of mixing would bephdlwhen
evaluating which operating conditions are associated laithe fractions of
liquid water.

The calculations of volumetric efficiency that are done méimgine con-
trol system today compensates in some way for liquid watesind) the
knowledge that was obtained during this thesis togethdr thi¢ additional
temperature measurements mentioned above, it should biblea® improve
that model.
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Notation

Symbols and abbreviations used in the report.

Variables and parameters

c, 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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