DEVELOPMENT Supercharging

Diesel Engines with Low-Pressure
Exhaust-Gas Recirculation
Challenges for the Turbocharger

Excellent driving performance and low fuel consumption make the diesel engine an attractive power unit for road traffic.
Itis an essential component for achieving fuel consumption targets demanded in future. The disadvantages of the com-
pression ignition engine are the high, function-related nitrogen oxide and particulate emissions, in addition to costs.
Compliance with future emission standards poses a technological challenge for it. Intensive experimental and numerical
work allowed BorgWarner Turbo & Emissions Systems to determine the relevant influencing parameters of low-pres-
sure-circuit exhaust-gas recirculation for the turbocharger and develop measures to protect the aerodynamic compo-
nents in targeted manner. These measures would lead to anticipate that series use of low-pressure-circuit exhaust-gas
recirculation would appear realistic as a contribution to further reducing pollutant emissions of the diesel engine.
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1 Introduction

Exhaust-gas recirculation to the combus-
tion chamber is a proved and tested meas-
ure for reducing nitrogen oxides. To date,
the exhaust gas is tapped at the high-pres-
sure end, that is tapped from the mani-
fold, and admitted or recirculated down-
stream of the compressor. In specific areas
of the engine map, advantages [1, 2, 12]
can be achieved if the exhaust gas is recir-
culated in the low-pressure circuit. For
this purpose, the exhaust gas is tapped
downstream of the exhaust gas aftertreat-
ment chain and admitted into the intake
line upstream of the compressor. In this
case, it is primarily the higher mass flow
through the turbine and the associated
higher efficiencies, the impellent pres-
sure gradient available over a broad range
for recirculation and the more homoge-
nous mixing of the exhaust gas with fresh
air that have an advantageous impact.
However, low-pressure-end exhaust-gas re-
circulation was unable to be implemented
reliably to date owing to the high load of
the compressor.

2 Load Spectrum and Approaches
to Solving the Problem

2.1 Increased Temperature

Level and Flow Conditions at

the Compressor Inlet

Feed-in of the exhaust air results in in-
creased compressor inlet temperatures
despite the fact that the exhaust air is
cooled. These increased compressor inlet
temperatures result in disproportionate-
ly high outlet compression temperatures.
The design of the turbocharger, the shaft-
hub connection of the compressor impel-
ler or the materials used may need to be
adapted to the changed thermal bound-
ary conditions.

Hot strands that impact both thermo-
dynamically and thermomechanically
on the compressor components occur
during feed-in of the recirculated ex-
haust gas, depending on the impulse ra-
tio of the two material streams and the
geometry of the mixing line. In practice,
mixing can occur only over as short a dis-
tance as possible owing to cramped space
conditions in the engine compartment.
The pressure losses that have a negative
influence on the overall efficiency, the

thermodynamic state variables and the
compressor outlet and oil leakage of the
turbocharger are of crucial significance
in this respect.

Numerical methods were used to in-
vestigate various mixer geometries in re-
spect of their suitability in principle. One
aspect that is of particular interest in
this case is the distance after which an
adequate mixing quality occurs with
pressure losses that are as low as possi-
ble. The local mixing quality ¢ [3] that is
a measure of the linear deviation of the
local temperature T, in the single cell
from the adiabatic mixing temperature
T, is used for assessing the mixture:
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The global mixing quality € allows a
statement to be made on the mixing
quality & in one cross-sectional plane.

M=

e=%Ze Eq. (3)

Since the flow profiles under investiga-
tion have no homogenous velocity pro-
file, the local mixing qualities & were
weighted with the mass flows in the in-
dividual cells.

e="— Eq. (4)

€_= 1, in this connection, means com-
plete mixing and £ = 0 means no mixing
at all. The pressure losses are taken into
consideration by the nondimensional in-
dexc,.
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Table 1: Operating points
Operating point T, T, EGR rate

1 20°C 200 °C 33%

2 20°C 200 °C 20%

3 20°C 200 °C 10 %
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A

Dy 1S @ mass-weighted pressure that
comprises the total pressures p, . and
Do 1D the two lines upstream of the
mfxing point, p, . is the mass-weighted
total pressure in the relevant planes. The
higher the pressure losses, the larger will
be the values of cpl . The calculations are
based on the values listed in Table 1.

For the sake of simplicity, we shall ini-
tially treat both material streams as dry
air. There is a manifold whose secondary
vortex structure has a positive impact on
mixing located upstream of the mixing
point in order to allow simulation under
realistic boundary conditions. The turbo-
charger stream is admixed perpendicu-
larly to the fresh air stream [4] in the first
variant investigated, Figure 1.

The characteristic of total tempera-
ture is used as the indicator of mixing
quality. The mixing quality g, over the
mixing distance x/D shows a very shal-
low characteristic, i.e. a low increase in
mixing quality &, over distance, Figure 2.

Parpendicular Nozzhe Injection (SE)
Mising Ouality £
1"
osf i
L]
A ;-(
¥
T
W

0 08 1 15 2 285 3 A8 4 45 B
=0

mmwc-

i 88§

"

0 05 1 15 2 25 3 35 4 45 5
=

Supercharging

i

M e CEE
L HEE

Figure 1: Distribution of the total temperature for perpendicular nozzle injection (SE)

Hot strands of various strengths form in
the mixing line depending on mass flow
ratio, that is impulse ratio, Table 1. The
impulse ratio is one of the defining pa-
rameters with this type of mixing (“jet in
crossflow”) [5, 6]. This simple, blunt noz-
zle injection does not allow adequate
mixing to be achieved over short distanc-
es and with low pressure losses. In the
case of the radial mixer (RM), an annular
chamber all-round hugs the fresh air
tube, Figure 3. The exhaust gas is admit-
ted through various bores on the circum-
ference [7]. The lobed mixer (BM) consists
of a circular array of folds that guide the
core stream outwards and the casing
stream inwards, consequently creating
large shear planes between both material
streams, Figure 4.

Variants RM and BM indicate a far
greater rise in mixing quality over dis-
tance by comparison with SE, Figure 2.
The BM proves to be less dependent on
the mass flow ratio than the RM. Strands
that are far less distinct occur on both
mixers, consequently achieving a far
more homogenous flow at the compres-
sor inlet. Even after a distance of only
x/D=1, mixing qualities exceeding 80 %
occur, depending on operating point
and type of mixer. The BM features the
lowest pressure losses. Table 2 shows a
qualitative comparison of the mixer ge-
ometries investigated. One disadvantage
of the BM is that, as a component in-
stalled in the main duct, it also continu-
ously influences flow even at operating
points without low-pressure exhaust-gas
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Figure 2: Mixing quality € and pressure loss coefficient Cy for various mixers
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Figure 3: Distribution of total terﬁ.perature for the radial mixer (RM)
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Figure 4: Distribution of total temperature for the lobed mixer (BM)

Table 2: Assessment of mixers

Mixer Mixing quality  Pressure loss  Independence from Complexity
operating point
SE = + = ++
RM + = = +
BM ++ ++ ++ -

recirculation. In practice, a series solu-
tion, as a compromise, will be based on
the available installation space, pressure
losses and, not least, cost. At this point,
we should mention that flow inhomoge-
neities are generally propagated through
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the compressor and persist downstream
ofthe compressor. The thermomechanical
effects of the hot strands on the compres-
sor impeller and on the compressor
housing remain uncritical under the
prevailing boundary conditions [8].
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Figure 5: Relative humidity ¢ of the exhaust gas-fresh air mixture

2.2 Elements of the Exhaust Air Mixture
The gas mixture to be conveyed contains
exhaust gas that essentially consists of
residual oxygen content, the combus-
tion products H,0 and CO, and slight
quantities of pollutants contained, de-
pending on fuel, combustion behaviour
and exhaust gas aftertreatment (NO,,
SO,, CO and unburned hydrocarbons)
and soot particulates, besides the fresh
air inducted with its water content. The
engine oil admitted into the intake duct
as the result of a closed crankcase venti-
lation system must also be taken into
consideration.

The exhaust gas may also contain par-
ticulates that originate not from the
combustion process but from compo-
nents of the exhaust gas aftertreatment,
for example from the ceramic matrix of
the diesel particulate filter or from the
production process used to manufacture
these components. These particulates
do, admittedly, occur in relatively small
quantities but they do occur over the en-
tire lifecycle of the components and they
do occur, in part, in shapes and sizes
that may cause damage. These particu-
lates are flushed into the intake line via
the recirculation line.

2.2.1 Droplet Strike Owing to

Water Condensation

Depending on process management,
operating state of the engine and other
boundary conditions, the water vapour
contained may condense on the numer-
ous condensation cores present if the
temperature drops below the dew point.
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Depending on ambient conditions, these
droplets may grow, coagulate with other
droplets or even evaporate. Liquid wall
films may form, that droplets may enter
but that they may also be torn from.
These processes are very complex in
practice. If droplets strike metallic sur-
faces at a high relative velocity or at
unfavourable angles, they have a high
erosive effect, generally referred to as
“droplet hit”.

The particular boundary conditions
under which liquid phase may form
from the exhaust gas/fresh air mixture is
of major significance. A combustion cal-
culation was conducted in order to deter-
mine the water content of the exhaust
gas. The combustion calculation indi-
cates an absolute humidity of around
6.4 % on the basis of a relative humidity
¢ of the surrounding fresh air of 60 % at
an ambient temperature T =20 °Cand
with a combustion air ratio 4 = 1.4. On
the basis of this information, it was pos-
sible to determine the relative humidity
¢ of an homogeneously mixing exhaust
gas/fresh air mixture. Figure 5 shows the
relative humidity ¢ as a function of the
adiabatic mixing temperature T , at an
exhaust gas recirculation rate of 33 %
and an air temperature of T,, of 20 °C.

Saturation, that is a relative humidi-
ty @ = 1 of the mixed gases, is achieved
at a temperature T, = 27 °C, corre-
sponding to an exhaust gas temperature
T, =40 °C, Figure 5. At an exhaust gas
temperature T, = 40 °C, the relative hu-
midity in the exhaust gas is already ¢ =
1.4, and this would result in condensa-
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tion prior to mixing. Condensation of
liquid phase by mixing of the two mass
streams and the associated temperature
reduction can consequently be consid-
ered uncritical at the corresponding ex-
haust gas temperature T,. An exhaust
gas temperature T, below 40 °C (after
cooler) must be avoided with regard to
the risk of droplet strike.

This consideration is based on homo-
geneous mixing of the two part mass
streams. An air-water vapour mixture
was considered in order to establish
whether points at which the flow is su-
persaturated can form locally as the re-
sult of flow inhomogeneities, and the
exhaust gas temperature was varied at
constant fresh air temperature (T,
298K). The results are shown in Figure 6.
The results show the distribution of the
relative humidity ¢ for the RM in oper-
ating point 1, Table 1.

Despite inhomogeneous flow, no val-
ues of @ 2 1 occur in the mixing line.
However, if the exhaust gas is saturated

=

or supersaturated, values of ¢ > 1 occur
in the mixing line as well. Downstream
of the mixing point, the relative humid-
ity ¢ drops. Droplet hit in through-heat-
ed state can be avoided with appropriate
design and control of the recirculation
line. Liquid phase may occur from low-
pressure exhaust gas recirculation only
during cold starting and at extremely
low ambient temperatures.

2.2.2 Particulate Hit

Figure 7 shows the blades of a compressor
wheel made of aluminium after opera-
tion on an engine with low-pressure ex-
haust-gas recirculation. Even without
magnification, clear damages are visible,
and these damages, at this intensity, im-
pact on the impeller’s aerodynamics. If
the damage symptoms are analyzed
more precisely under the scanning elec-
tron microscope, it can be clearly seen
that virtually all damage has occurred
on the leading edge of the projecting
vanes with increasing intensity in the di-
rection of the vane tip.

These damages were caused by par-
ticulate hit. The larger the particulates,
the less they are able to follow the flow
owing to their inertia. This means that
they strike the vanes at various angles.
An analysis of the velocity conditions
indicates that what is involved is less a
strike of the compressor blades by the
particulates but more a situation in
which the particulates are knocked out
of the intake stream by the leading edg-
es of the vanes. This explains why practi-
cally all damage resulting from particu-
lates is detected at the edges of the pro-
jecting vanes.

One focus in development of effective
protection mechanisms was on retaining
the material used, not least for reasons

Figure 7: Particulate strike damage on the compressor impeller
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Figure 8: Vane leading edges before and after particulate strike

Table 3: Result of the Kesternich test

Coating Number of cycles withstood until
occurrence of defined corrosion marks
Nickel-phosphorous (electroless deposition) 10
A0, (electrolytic deposition) 4
Nanopaint (sprayed on and tempered) 30

relating to costs, so that the main atten-
tion was paid to finding a suitable coat-
ing. Various metal, ceramic, plastic and
nano-coatings were applied to alumini-
um impellers, and bi-coating systems
and tri-coating systems were also investi-
gated. The focus was on striking the com-
pressor impellers rotating at high speed
with suitable materials of defined com-
position and grain size distribution (Ari-
zona dust SAE ] 726 and spherical single
particulates), besides assessing the adhe-
sive strength of the coatings in overspeed
tests. These materials were added in de-
fined manner using a dosing unit, after
which the condition of the surface of the
impeller, the efficiency and the balance
quality of the moving parts was assessed
before and after the strike event.

Figure 8 (A) shows a vane leading edge
in original condition. Figure 8 (B) shows
a vane coated with Al,O, and Figure 8
(C) shows a vane coated with nickel-
phosphorous, each after a strike test
with 4 x 0.25 g ,Arizona dust“. While
the nickel-coated vane (C) shows only

slight wear marks on an otherwise in-
tact and closed coating surface that
have no impact on function or reliabili-
ty, the coating in (B) in the area of the
leading edge is completely eroded. Indi-
vidual particulates with a size of 1 mm
also penetrate the nickel-phosphorous
coating, Figure 8 (D), and cause plastic
deformation at the vane edges.

The nickel-phosphorous coating
proves to be the best-suited for the com-
pressor impeller in the experimental
investigations. This lead-free coating is
produced at 90 °C with no need for an
external current source by reduction of
nickel ions present in aqueous solution.
The reaction partners in this case are
hydrophosphite ions that are also re-
sponsible for the phosphorous content
of the finished coating. The phospho-
rous content crucially influences the
relevant properties of surface hardness
and ductility [9, 10]. With a defined bath
composition, external electroless depo-
sition ensures a homogeneous coating
of constant thickness at all points on

the surface and excellent definition of
the edges that is particularly important
with regard to aerodynamics and bal-
ance quality of the impeller.

The nickel-phosphorous coating used
withstands multiple strikes up to a par-
ticulate size of around 200 pm in quanti-
ties occurring in practice with no degra-
dation of efficiency, without inadmissi-
ble change to the balance of the impeller
and retaining corrosion protection (Sec-
tion 2.3.3). Particulates upwards of a size
of around 200 ym must be kept away
from the compressor using other suita-
ble measures.

2.2.3 Corrosion as the Result of

Acid Condensate

The composition of the exhaust gas con-
densate and the dew point of the exhaust
gas depend on the fuel composition, the
combustion characteristics, the air ratio,
the load of the engine and the type and
performance of exhaust gas aftertreat-
ment. If condensation occurs, pollutants
contained in the exhaust gas become dis-
solved and this produces strong acids
that result in corrosive attack of the me-
tallic surfaces. It is, above all, conditions
in which liquid acid condensate dwells
on the components and is able to dry at
the surface are critical. Fundamental
tests (Kesternich test in accordance with
DIN 50018, assessment in accordance
with DIN EN ISO 10289) were conducted
to test various coatings for corrosion re-
sistance, Table 3.

Admittedly, the nickel-phosphorous
coating used for the compressor wheel
does not achieve the corrosion resist-
ance of the nanopaint but the nano-
paint is not adequately resistant to par-
ticulate hit. However, the nanopaint is
used for all aerodynamic surfaces of the
housing owing to its excellent corrosion
protection properties and its ease of use.
This paint is sprayed on to the complex-
shaped components after special sur-
face pretreatment and then develops its
final properties in a following temper-
ing process [11].

2.2.4 Resinous Deposits on the
Components

Recirculated exhaust gas constituents
and the oil admitted from the closed
crankcase ventilation system as the re-
sult of inadequate separation may form
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Figure 9: Milled compressor impeller after 300-hour engine run with low-pressure EGR

resinous deposits that adhere very
strongly in conjunction with the in-
creased temperature level at the com-
pressor inlet or outlet. These deposits
would be very undesirable since they
may reduce flow cross-sections or cause
moving components to seize. The nanote-
chnology sector provides us with ap-
proaches involving the creation of suita-
ble surface structures by targeted incor-
poration of specific elements with an
oleophobic effect, consequently aiming
at preventing adherence of the sticky ex-
haust gas constituents.

3 Result and Synthesis

If we reflect the described, additional
loads at the boundary conditions to date
for designing turbochargers, that is ho-
mogeneous, single-phase inflow to the
compressor, we can clearly see the im-
pact of low-pressure-circuit exhaust-gas
recirculation for the turbocharger.

The approaches to solving the prob-
lem, both theoretical and established
experimentally, for the exhaust gas-re-
sistant compressor were subjected to a
real loading spectrum in a 300-hour en-
gine test at various operating points. The
result confirms the measures elaborated
in the fundamental tests. The impeller
shows only a few dry deposits that do not
adhere strongly and that do not impair
the functions of the compressor, Figure 9.
The back-check of the balance quality of
the rotor and the compressor efficiency

26  MTZ 0212008 Volume 69

indicated no inadmissible changes by
comparison with the original values. The
SEM analysis of the compressor impeller
shows slight particulate traces at the
vane leading edges, but the coating at
these highly stressed points is closed and
consequently intact. Corrosion marks
were not found either on the compressor
impeller or on the compressor housing.

Intensive experimental and numeri-
cal work allowed us to determine the
relevant influencing parameters of
low-pressure exhaust-gas recirculation
for the turbocharger and develop meas-
ures to protect the aerodynamic com-
ponents in targeted manner. These
measures would lead us to anticipate
that series use of low-pressure-circuit
exhaust-gas recirculation would appear
very realistic as a contribution to fur
ther reducing pollutant emissions of
the diesel engine.
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