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ABSTRACT

Deposit formation during low load operation
of high supercharged diesel engines can reduce
reliability. Tests were run on a research engine
to investigate the influence of constructive and
operational parameters and to get information
about the mechanisms causing deposit formation. In
order to explain the tendencies measured a pheno-
menological model of the fuel jet was developed.
It is possible to correlate the deposit masses
measured with piston temperature and with the
calculated fuel concentration on the jet center-
line at the point of impact. Measures to reduce
deposit formation are given.

INTRODUCTION

Deposit formation in the combustion chamber,
charge air and exhaust system of high supercharged
direct injection diesel engines during 1long low
load operation can cause serious damages (1). It
occurs especially with heavy fuel operation, but
also with gas oil operation. An excessive amount
of fuel on the combustion chamber walls is sup-
posed to be the cause (1). The investigations
described were made for «clarification of the
processes and for derivation of countermeasures.

EXPERIMENTAL INVESTIGATIONS

Test Procedure

Tests with a duration of 8h were run on an
AVL engine (B = 0.12 m, s = 0.12 m). The engine
had a 1low compression ratio (CR = 9.8) and was
equipped with an external supercharger. It was
operated on gas oil. In addition to the data
necessary for supervision the piston temperature
was measured. After the end of each run the engine
was disassembled and the deposits were scraped
off, weighed and analyzed chemically. A subdivi-
sion was made between piston bowl, squish area and
top land. In the figures the respective area's
percentage of the total mass is given. A list of
all parameter constellations investigated is given
in appendix A.

Experimental results

The deposit masses are well reproducible,
with respect to the accuracy normally obtained in
such investigations. The spread is indicated in
the figures in case the same parameter constella-
tion has been run several times. For the curves
and percentages the average value was used. The
mass-time-curve can approximately be descriped by
a function of the type mpep = k(1 -~ e-t/T), Tinme
constants were in the range of 2 ... 20 h.

Further, the results of the parameter con-
stellations investigated will be represented, in
the order of the deposit reducing efficacy of the
measures.

Deposit mass is reduced most by raising the
compression ratio (Fig. 1).
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Very positive as well works an increase in . Higher load, e.g. by cylinder cutout, also
charge air pressure, especially when the exhaust significantly reduces deposit formation (Fig. 3).
back pressure is increased at the same time (Fig. Higher speed works into the same direction, but
2). This could be done by sequential superchar- less pronounced.
ging. Raising the temperatures of o0il and water

only causes a small, positive trend. Higher charge

o 5r air temperature works better, but only up to a
X certain value. After having attained that value,
™ practically no further improvement is evident
e (Fig. 4).
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Modifications of the injection system show
minor improvements. Reducing the diameter of the
tal mass

w
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3 nozzle holes does not bring the expected ameliora-
\100% tion, at least not in the range investigated (50

...150 % of the original cross section). Advancing
fuel injection timing indicates a positive trend.
Lower nozzle opening pressure causes a deteriora-
tion but higher opening pressure causes no
improvement.

To

~
T

Deposit mass mp,, . 1073 kg

Bowl

(%)
T

7%
£0.2% 508%

100% THEORETICAL WORK

Deposit masses were found to correlate well
| with Hydrocarbon emissions from the same engine
1+ (2), Fig. 5. As high HC-values had been shown to
2% 152% 28.7%) be caused by excessive wall wetting (2), it seemed
Top land 121% probable that the same mechanism was the reason
oL l : for deposit formation. This was confirmed by gas-
! L L chromatography, because high-boiling fractions of
0 0185 0.37 the fuel were found in the deposits.
Mean effective pressure p,..MPa
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First an attempt was made to correlate the
measurements with the amount of non-evaporated
, .. fuel coming close to the wall. This aproach was
Fig. 3 Variation of load not successfull, since in the short time it takes

the jet to reach the wall only a small part of the

n = 1500 min-t!



fuel evaporates, especially in the core of the
jet, which mainly contributes to the wall film.
So the explanation had to be looked for in the
evaporation process on the wall.
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Fig. 5 Correlation with HC-emission

In Fig. 6 measured deposit masses are plotted
vs. piston temperature. For the points collected
in the band a-a, a clear tendency showing lower
‘deposit mass with rising piston temperature is
evident. But there are some points falling out of
this band. This only can be explained by differen-
ces 1n the formation of the fuel film and it's
tendency to evaporate. A quantity describing this
had to be found. For this purpose a phenomenologi-
cal model of the fuel jet was developed. Like
similar models of other authors (3) it is based on
the theory of turbulent steady gas or liquid jets
(4).
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Fig. 6 Correlation with piston temperature
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Description Of The Model
The system considered is shown in Fig. 7. The
following assumptions are made:

- The jet is slender, velocities are
parallel to the centerline.

- Pressure is uniform over cross sections and
depends on the external flow field according
to Bernoulli's equation.

- The flow is incompressible.

The following equations can be written:
Conservation of fuel mass:

m¢ = const. (1)

Conservation of momentum in x-direction:

.

dIx dm
= (v-cosg——=- R-Cd-¢a-Vn:|va|-sino -
ds ds
dpstx
- A )+ siny (2)
ds

The equation in y-direction is written analo-
gous. The terms on the right hand side represent
momentum exchange by mass entrainment, the devia-
ting force created by the external flow field and
momentum transfer by change of the static pres-
sure.

Change of jet radius or boundary layer
thickness:

dR afum = ve|+ X va] _  ¢aua + facve

— , U = (3}

ds -‘I gm + fa

In the initial region the same expression is
used for d(R-Rc)/ds. o
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Movement in x-direction:

dx
— = cos0-siny (4)
ds

In y-direction a similar equation is valid.

These equations represent a system of ordi-
nary differential equations, which must be solved
numerically. The derivation of mass flux needed
for the momentum equations is not available expli-
citly and has to be calculated numerically. This
is done simultaneous with the integration using a
simple difference quotient.

The profiles used are of the type f=(l-g¢l:-8)n
(4). They are characterized by the parameter n or
by the half-value thickness ¢i1,2. In the initial
region: e1/2u = €1/2¢ = 0.559. In the main region:
e1/2u = 0.441 and e€1/2¢ = 0.630 (4). In the
transition region half-value thicknesses are
interpolated linearly:

e1/2 = (€1/2u = €1/21) M Srel + £1/21 (5)

s - 11
(6)

Srel —_—
dn*(€f/€a)t/2

An unsteady (starting) jet consists of a
steady jet with a head vortex or jet front (5). So
the steady theory can be used if only a method is
found which describes the behavior of the jet
front. In the model used here a plain jet front
is assumed. The jet front velocity is then ob-
tained from a simple continuity consideration (3).
The jet must grow as much as fuel is fed into it
via the nozzle.

A mixture of 1liquid and vaporized fuel is
assumed to emerge from the nozzle £illing the
whole cross sectional area (6). The velocity is
set equal to the one achieved in the vena con-
tracta (7).

Using this model a satisfactory agreement
with measurements taken from the literature is
obtained. More details are given in appendix B.

Correlation With Deposit Masses

The fuel concentration on the jet centerline
~at the point of impact Cmimp was found to be a
quantity suitable to describe the formation of the
wall film. In Fig. 8 the deposit masses are
plotted vs. Cmimp. It can be seen that the points
falling into band a-a in Fig. 6 have similar
values of Cmimp. Furthermore the points falling
out of band a~a can be collected in two more bands
b-b and c-c by using Fig. 8. The tendency of a
certain parameter constellation to form deposits
can thus be predicted from the piston temperature
and fuel concentration at the wall.

Using Figs. 6 and 8 the mechanism respon-
sible for the observed tendency can be detected.
In the following the parameter constellations are
sorted with the varied parameter rising. Number 2
is the reference parameter constellation. Unfortu-
nately piston temperatures are not available for
all cases.

o 8r
o b 4 |ba a
o | N t
g °r i 3 }
£ ] | |.017 |
@ cc S T I S
(7]
S L LTl 1020 | | 25 o2 o2k
E i I o261 | o6 4O 1
= | | |1 L
2 ' 1,3 |11 100 |
& ol [l lig” L1 pe
e I OO i B I
*|16 |
I AN |
oL
{ L ] L —
01 0.15 0.20 025 0.30

Fuel concentration on jet centerline at point
of impact Cmimp

The figures indicate parameter constellations

Fig. 8 Correlation with fuel concentration

It can be seen that the improvements from
rising load (parameter constellations 3-2-1) and
temperatures (2-6-7-8-9-10-11-12) are due to a
rise in piston temperature. With the advance of
injection timing (17-2-18) temperature also plays
the main role. On the contrary changes of charge
air and exhaust gas pressure (2-13-15~14-16)
mainly work via a reduction of Cmimp. A combined
influence is found with the variation of speed (5-
3-4), nozzle opening pressure (19-2-20), nozzle
hole diameter (23-24-2-25-26) and compression
ratio (2-21-22).

CONCLUSIONS

Measurements of deposit formation in a direct
injection diesel engine during low load operation
are presented. An effective reduction of deposit
formation is possible by increasing the compres-
sion ratio, the charge air and exhaust gas pres-
sure (e.g. by sequential supercharging) and the
load (e.g. by cylinder cutout). Higher temperatu-
res also are advantageous, depending on the star-
ting level. The deposits in the tests described in
this work were probably formed mainly from fuel
that had been deposited on the wall in the 1liquid
state and evaporated incompletely. The deposit
mass can be correlated with piston temperature and
the fuel concentration on the jet centerline at
the point of impact.

NOMENCLATURE

A jet cross sectional area, m?
B cylinder bore, n

bod begin of delivery, °CA

C fuel concentration

cda drag coefficient

CR  compression ratio

dn  nozzle hole diameter, m

f value of distribution profile
HC  hydrocarbon emission, vpm Cs
I momentum flux, N

k constant, kg

11 length of initial region, n
1n nozzle hole length, m

n parameter in distribution profile
n engine speed, min-t

m mass, kg

i} mass flux, kg/s



pcy charge air pressure, MPa

pex exhaust gas pressure, MPa
pme mean effective pressure, MPa
Po nozzle opening pressure, MPa
pst static pressure, Pa

R jet radius, m

Re radius of potential core, m

s jet path, m

s piston stroke, m

sre1 dimensionless jet path in transition region

time, h

time constant, h

velocity in the jet, m/s

velocity of the external flow field, m/s
x-coordinate, m

y-coordinate, m

empirical parameter

angle between centerline and z-axis, rad
dimensionsless thickness/radius
half-value thickness/radius

empirical parameter

charge air temperature, °C

oil inlet temperature, °C

cooling water inlet temperature, °C
piston temperature, °C

angle betwenn centerline and x-axis, rad
empirical parameter

density, kg/m?

angle between v-vector and x-axis, rad

~
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Subscripts

a of air

(o for concentration
Dep of deposit

f of fuel

I in initial region

imp at point of impact

n maximum, on jet centerline
M in main region

n normal to jet centerline

t tangential to jet centerline
u for velocity

X in x-direction

Yy in y-direction
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APPENDIX A
LIST OF PARAMETER CONSTELLATIONS

The reference parameter constellation 1is
characterized by the following data:

Compression ratio CR =09.8

Speed n = 1500 min-!
Mean effective pressure pme = 0.185 MPa
Naturally aspirated

Charge air temperature Ven = 30 oC

0il inlet temperature Jor1= 15 oC
Cooling water inlet temperature /w = 70 °C
nozzle hole diameter da =0.33 mm
begin of delivery bod = 33 °CA
nozzle opening pressure Po = 24 MPa

In the following all parameter constellations
are listed. Only the data changed with respect to
the reference parameter constellation are given.

parameter
constellation data
1 pme = 0.37 MPa
2 reference parameter constellation
3 pme = 0 MPa
4 Pme = 0 MPa, n = 1000 min-?
5 Pme = 0 MPa, n = 2000 min-!
6 Ju  =900°C, Jor1 =110 °C
7 Jen = 55 oC
8 Jen =5509C, Yw =90c°cC
9 Jen =550°C, Yo =110 oC
10 Jon =559¢c, Yu =90 ec,
ot1 = 110 °C
11 ch = 80 °C
12 Jen =90 °c, Yw =90 e,
JOll = 110 °C
13 pca = 0.05 MPa, pex = 0.0 MPa
(superpressure)
14 pce = 0.11 MPa, pex = 0.0 MPa
(superpressure)
15 pce = 0.05 MPa, pex = 0.045 MPa
(superpressure)
16 pce = 0.11 MPa, pex = 0.1 MPa
(superpressure)
17 bod = 28 °CA
18 bod = 37 °CA
19 Po = 12 MPa
20 Po = 36 MPa
21 CR = 13.3, bod = 28 °CA
22 CR = 16.7, bod = 25 °CA
23 da = 0.4 mm
24 dn = 0.37 mn
25 dn = 0.29 mm
26 da = 0.23 mm
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APPENDIX B
DETAILS OF THE JET MODEL

Solution Of The Equations

In the following the procedure used for
solution of the differential equations given above
is described.

Fuel mass flux, total mass flux and momentum
flux are given in an integral form:

Fuel mass flux:

me = | Cog-u-da M
A

Total mass flux:

A= ¢uad (8)

A
Momentum flux:

T={guzan (9)

A
Additional equations are:
Momentum flux in x- and y-direction:
Ix = i-cose-sinr‘ (10)

.

Iy

I-sino-siny (11)
Velocity in the jet:

u=vt + (un —- vt)*fu(e) (12)
Concentration in the jet:

C = Cn'fcle) (13)

Here fu(e) and fc(c) are the values of the
dimensionless distribution profiles given above.

Density in the jet:

gﬂ ga
¢ = = (14)
1-C(1-%2a/8s) 1 - Cnfc'B

The further prodecure will be indicated for

the transition and main region. Using the
dimensionless radius ¢ we get:
dA = 2-w-R2-¢-de (15)

With equations 12 to 15 equation 7 for the
fuel mass flux becomes:

. 1 fcede
me = $a*2'wR2* (vte| —— +
0o 1-CmBfc

1 fcfuede
+ (= ve)e | ———) (16)
o 1-Caffc

* the program.

Equation 9 for the momentum flux is
manipulated in the same way. Now um and Ca can be
calculated from I and m¢. These two equations have
to be solved simultaneously in an iterative
procedure, since Cm appears in the integrals. The
angle 6 is calculated from equations 10 and 11.

In the initial region Rc is calculated from
m¢. The conservation-equation of momentum is not
needed explicitly here. To satisfy it, the pro-
files for velocity and concentration have to be
adapted adequately. This is done simplest, if they
are chosen to be identical. The resulting profiles
are given above. They fit experimental data fron
gas jets given by Abramovich (4) quite well.

It was said above that the derivation of mass
flux needed for the momentum equations is obtained
numerically. This method is quite unusual. The
normal way would have been to differentiate the
equations and solve the resulting systen for the
derivations of um, Cm and © instead of Ix and Iy
(in the transition and main region). This method
is suggested in the 1literature. It's first
disadvantage is the relative complicatedness of
The second and more important is the
resulting of a stiff system, because um and Ca
change much faster than the other variables inte-~
grated. So this path was left after initial trials
because of numerical difficulties. The accuracy of
the method proposed is sufficient to keep numeri-
cal losses of excess momentum of a jet in a

coflowing stream 1less than 1% after 500 nozzle
diameters.
Experimental constants

The constant a is dependent of the ratio

lan/dn, as jet angle is. For a nozzle with 1la/dn =
3.2, a = 0.1 was found. The formula for the
dependence of jet angle given by de Neef (8) is
used to calculate the dependence of a on 1la/dn.
The other parameters are: A = 0.19, cq4 = 1.6 and
N = 0.15.

Comparigon with measurements

As an example for the accuracy obtained fuel
distributions measured by (7) are compared with a
calculated curve in Fig. 9. The good agreement
which is obtained also at different back pressures
and distances from the nozzle indicates that gas
jet profiles are applicable even to non-evapora-
ting fuel sprays.
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