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Abstract

The loss of power and the increase of fuel consumption of
naturally aspirating IC engines operating with low atmo-
spheric pressure at high altitude as well as changes in the
mixture qualiry with non adapting mixture formation

systerms are principally known. Other effects like the
additional advance of ignition timing in petrol engines or
the injection timing of Diesel engines as well us changes
of the exhaust gas qualiry are usually not considered and
no measures are taken in many developing countries - even
when having extended highlands - for improving the
economic and environmental consequences of such unfa-
vourable engine operation.

After reconsidering the important influences and their
theoretical background in high altitude engine operation
soime results out of road and laboratory tests with conven-
tional petrol engines obtained in Ethiopia are shown as
well as proposals for simple adaptation of engine systens.

Introduction

Some countries in Asia, Africa and Latin America have
extended highlands. The influence of their ambient condi-
tions in the operation of both stationary and motor vehicle
IC engines becomes therefore quite interesting and impor-
tant. Usually in developing countries many more types of
new to rather old, both stationary and motor vehicie IC
engines of very different origins are utilized then in indus-
trialized countries. In order to cope with the usually lower
level of service and maintenance, most of these engines do
not have advanced systems for the proper adaptation of the
engine operation to the ambient conditions.

Toyota for example was producing and selling a special
"Afriea” version of the Corolla passenger cars. model
1988, in which among other simplifications the doubie
barrel carburetor and the igmtion system are not adapted
inany way for high altitude operation. The ignition timing
is to be set even some degrees later than normally speci-
fied by the producer.

Cars without systems for improved exhaust pas quality
(exhaust gas catalyzers, purifiers and the like) are not
allowed to move around in industrialized countries, to
avoid the steady pollution of the atmasphere. In developing

countries the concerned authorities have not yet considered
such problems and no measures are usually taken so far.
The consequences are even worse when the engines
operate at high altitude without any adaptation to these
conditions,

After reconsidering the theoretical and practical back-
ground, based on some tests carried out on the road and
in the IC engine laboratory of the Faculty of Technology
of the Addis Ababa University, it i1s to be shown how
considerable improvements can be achieved by simple
adaptations of engine systems.

Cenversion of Power and Fuel
Consumption

The maximum work developed in the engine cylinder
(indicated work) changes, despite some other influences,
basicatly with the mass of the bumnable fresh charge in it.
The consequence in the effective work obtainable on the
flywheel is even greater due to the action of the mechani-
cal losses of the engine. Those matters have been widely
investigated starting the late twenties because of the
importance for comparing and guaranteeing engine test
results obtained under different site conditions, This was
also influenced by the power demand for earlier fighter
planes {lying at great height above ground.

Especially with respect to the medium size and big com-
mercial engines Zinner dedicated his work partially to this
field contributing much to the international standardization
uf conversion formulae for IC engines [1, 2, 3, 4] .

For naturally aspirating (not supercharged) IC engines the
conversion of maximum power and specific fuel consump-
tion from one site to another is valid and reliable only if
the quality of the mixture is maintained for the different
conditions to be compared, In the simplest case it 1s
assumed that the power of the mechanical losses P, of the
reference (atmosphenic) condition {subscript r) equals to
that of the vanable conditions (subscript v} so that the
differences between the indicated power P, (power deve-
loped in the cngine cylinders) and the effective power P,
(net power on the flywheel) are equal too:
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(1)

(2)

The conversion of the indicated powers is given by the

conversion factor k considering the atmospheric (absolute)

pressures (p) and absolute temperatures {7T) :
P, p, [T

kz v I

(3)
Pir Dy Tv

The mechanical efficiency is generally defined by [6]:

nm = Pf / P} (4)
From eqn.(2), (3) and {4) it follows :
. L) 5)

P =P  [1-({1-k)

L

A more general definition of the indicated power conver-
sion factor is

k=¢(p, /pJ)" (T, / T} (6)

where variations of the air humidity can be considered in
the corresponding atmosphenc pressures by applying the
partial pressures of the dry air [ 2 ], i.e. the total pressure
munus partial pressure of vapor {see also DIN 6270).

For naturally aspirating engines the amount of fresh charge
induced into the working cylinder changes with the atmo-
spheric pressure so that m = J . Other than what is known
from Thermodynamics the mass of fresh charge depends
not only on the absolute temperature but also on the
volumetric elliciency which is defined as the relation of
the actually sucked charge to the theoretical one according
to the working displacement volume of the engine. The
volumetric efficiency was found to increase with the
temperature {o the power of 0.2 up to 0.3 only [ 2 | which
is mainly an effect of density and viscosity changes. Then
the product of temperature and volumetnic efficiency
variations has to be considered in the conversion factor as
follows :

v

7 [E}: 203

0 7 N
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¥

s0 that the exponent becomes lnally
n=40.7..08 [2].
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Out of these investigations the exponent 0.75 was intro-
duced into the conversion formulae for stationary, ship
and locomotive Diesel engines of the German slandard
DIN 6270. (For more extended and specific considerations
of power conversion of turbocharged IC engines see {3, 4,
57 and the like).

As already piven in equation { 3 ), in the conversion factor
for naturally aspirating motor vehicle engines the tempera-
ture change was considered by n = 0.5 only and was
mtroduced in this form into DIN 70020.

With respect to the load of the engine, the mechanical
losses consist in reality of a constant and a variable part.
With changing atmospheric conditions the pressure level
inside the working cylinder can be considered in the
conversion formulae by a coefficient " @ " which is near
0.07 [ 2 ]. With it the final conversion formulae for the
effective power P, and the specific fuel consumption b,
of naturally aspirating IC engines can be written as

1 - a

P,=P (1 -(1-k) ) (8)
bev: b" _}; :bcr kpf’ (9)
1-(1-ky1la Pes

mr

Petrol Engine Operation at High Altitude

For Addis Ababa (about 2500 m above sea level) and the
Ethiopian highlands around it the above mentioned power
ioss will be about 30 % or even more. Ambient tempera-
ture and relative humdity will not be considered here be-
cause they don’t differ much frown standard conditions. In
addition, since many of the popular even new passenger
cars are not provided with devices capable of adapting
automatically mixture quality and ignition timing to the
low atmaospheric pressure (the above given equations don’t
apply then), an even greater power loss and increased fuel
consumption must be expected.

Influence of Mixture Quality

The mixture quality is usually defined by the air ratio "A"
which is the relation of the actually sucked air mass in the
mixture with a certain fuel mass, over the theoretically
correct air mass for complete combustion of a given fu.i
mass (stoichiometnc mixture relation). This dimensionless
ratio is widely used in European literature and descrnibes
the operation with rich mixtures below and for lean
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km/h 1s about 12 kW only. (In such carburetors the second
barrel apphes for the higher power range only). Therefore
the results of Fig. 7 are drawn over the first barrel MIN.
Under these test conditions the optimum operation of the
engine was found with MIN 95 (or even less acc. Fig. 7)
for the first barrel and the static ignition advance 24°
before TDC. When comparing with the initial setting of
the producer (MIN 104 / 153, static timing 5° b. TDC,
concerned points are shown in the figure with encircled x)
the fuel consumption was reduced by about 8 % for this
particular operation point. It is to be considered too that
Addis Ababa, where the car was mainly used, lays about
500 m higher than the test lane, tending to an even smaller
main jet number and earlier ignition timing for Addis
Ababa conditions than the optimum shown in Fig.7.

An even greater effect was found in long distance tests.
Betore the modifications the car used to consume as an
average slightly above 10 17100 km (overall fuel consump-
tion), which applies for inner city operation with nornul
loads in Addis Ababa mainly, including few long distance
trips. After the modifications of carburetor and timing
(now MIN 95 / 143, uming 24° b. TDC) the car has au
overall fuel consumption of about 7.7 11100 km (= 12.9
km/1). At long distance trips usually 6 L 100 km {1.e. 16.7
km/l} are consumed.

Laboratory Engine Tests

[n the machine hall of the Faculty, a stationary 1.2 lLiter
VYW hoxer engine (25 kW at 3600 rpm) 1 mounied on the
test bed, With it some tests were carried out concemning
again the influence of ignition timing and main jet number
In 501Me engine parameters.

Fig. 8 shows test results tor full load and low part load at
two different engine speeds. The mean etfective pressure
p. thrake m.e.p.. proportional with the engine torgue on
the flywheel) and the exhaust gas temperature ¢, are traced
against the real and the static ignition advances betfure
TDC. The simple carburctor of this engiue was equipped
with the original main jet, MIN = 117.5, but the
acceleration systern was disconnected. This engine doesn’t
have a vacuum ignition advance.

The ignition timing greatly affects all engine parameters,
The aptimum tirming obtained for maximum p, for every
operation points of the engine coineides with the minimum
specific fuel consumption b, (since the mixture quantity
and yuality were almost constant for every operation point}
and coincides also with minimum unbumed fuel compo-
nenls of the exhaust gases, some being converted into the
toxic carbon monoxide and different hydrocarbons.
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Figure 8 Optimization of Tgnition Timing of VW
Boxer Engine

The producer’s recommendation for the setting of the
static 1gnition advance at 7.5° b, TDC equates with the
vbserved opfimum at full loud (wide open throttle =
WOTY tor 3000 rpm only. For the other operation points
indicated 1o Fig. 8, the optimum setting would be much
carlicr. The higher the engine speed and the lower the
load, the earlier 15 the optimum 1gnition timing, which
indicates clearly the general need for centrifugal advance
and vacuum advance systems of any petrol engines, in
order to compensate for the nearly constant time delay of
the inflammation period with increased speed and for the
lower flame travel velocity with decreasing cylinder
pressure, due to throttling at part load.

For this engine with the carburetor not yet adapted to high
altitude operation, considering the too rich nuxture
provided, the 1gnition timing should be set at about 8 to
109 earlier than prescnbed (compare also with road tests,
3.2). According to the indicated exhaust gas temperature
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behaviour, this would also be advantageous for thermal
stress and lifetime of exhaust valves and other members.
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Figure 9 Full Load Optimization with Different Main
Jets

Fig.9 shows a comparison of engine test resnlts for two
engine speeds at full foad which were oblained with
different main jets. Starting with the original nain jet
{MIN = 117.5), the two others lead to a considerably
Jeaner mixture, If the original main jet was correctly set
for sea level then MIN = 110 would represent the right
setting for abont 2500 m altitude, according eqn. 10.

The results correspond in principle with Fig.1. The
original main jet led to an overrich mixture under the
given site conditions, For optimum ignition timing, with
leaner mixture there is a small reduction in mean effective
pressure (corresponding with engine torque and engine
power) but a considerably better fuel consumption. MJN
110 conld be uccepted as a good compromise for this
engine even without additional full load (power range)
enrichinent systems as they are frequently used for normal
car engines. They are aimed to muke up the power loss at
full load which would arise from the lean mixture of the

part load (= economy range) mixture formation system,
compare Fig. 1 (see also [7, 9]).

Since normal driving includes many more opemation
conditions with constant speed at part load and few (and
usually short) full load cycles only, it is more important to
check the part load behaviour of the carburetor. Fig. 10
indicates the test results which were obtained for low parl
load operation on that engine for the same set of different
main jets as before.
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Figure 10 Part Load Optimization with Different Main
Jets

The leaner mixture (obtained for example with MJN 104)
leads necessarily to Jower mean effective pressure, similar
asin Fig.1 and 9. In order to study the effect of the leaner
mixture in the efficiency of the engine at mven part load
working points {(p,, speed}, the throttle valve angle for
MIN 110 was adapted so that the saume mean etfective
pressure was obtained as for MJN 117.5. At optimum
ignition timing, the comparison with the onginal main jet
gives a considerably lower fuel consumption for the two
speeds, down to 82 % and 91 % respectively. Similar test
results can be expected for all operation points of the
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engine. If the original ignition setting should be taken as
reference, an even greater fuel saving would be observed
on this engine by the aduption of MIN and ignition timing.
A complete and more careful optimization of the mixhure
yuality throughout all operation conditions ot any engine
in the test bed of the Faculty of Technology would require
the acquisition and building-up of reliable combustion air
consumption and exhusust gas component measurement
devices.

Summary and Recommendations

The loss of engine power at high altitude is unavoidable
{(or can made up only with proper superchargers). With
non-supercharged petrol engines operating continuously at
high altitude, additional effects like an enrichment of the
air fuel mixture and a slower comhustion can be counter-
acted hy proper setting of main jet and ignition timing.

The test results obtained for one operation point from road
tests and for four operation points in stationary engine tests
obtained with real carburetors concide principally with the
theory of the elementary carburetor.

If the carburetor systems can’t be adapted to high altitude
then an additional advance of the ignition timing of about
B to 109 18 already an useful measure.

A better solulion is the interchanging of original main jels
by smaller ones where the MIN's are reduced with the
fourth root of the atmospheric pressure change (for Addis
Ababa to about 93 %), together with a setting of the static
ignition timing by about 15 to 20° earlier then for sea
level conditions. This would lead to a considerable
reduction of fuel consumption, pollution of the atmosphere
und thermal stresses of engine parts, as compared with the
non-adapted engine.
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