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SUMMARY.

This thesis opens with a review of present knowledge 
about pollution from internal combustion engine exhaust, co­
vering the formation of pollutants in the engine, some of the 
effects of emission on man, and the influence of various en­
gine parameters on exhaust emission. The thesis describes the 
development and application of ultrasonic atomisers operating 
at approximately 100 kHz, the investigation of the formation of 
droplets in a liquid layer on a vibrating surface and the measure­
ment of droplet size using liquid wax and microphotography.

Chapter 4.3 presents the results of calculations of eigenvalues 
and vibration amplitudes in an ultrasonic atomiser, using a 
three dimensional finite element programme.
Chapter 6.2 and 6.3 describes experiments on a two-stroke and a 
four-stroke engine which demonstrate the improvment in engine 
emissions which can be achieved using ultrasonic atomisers, par­
ticularly at low load.
Experiments were carried out with ultrasonic atomisers mounted 
in a novel carburettor unit, and the result were compared with 
the engine performance using a normal carburettor. A special 
manifold intended to achieve the best possible utilisation of 
the atomiser was designed and tested.
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NOMENCLATURE AND TERMINOLOGY

b.m.e.p. 2 brake mean effective pressure
CVS = Constant volume sampler
CPU 2 Computer processing unit
Curie temp. temperature where magnetostriction is lost 

in transducers
Crystal - ceramic, piezoelectric material
DISA = Dansk Industri Syndikat A/s
ECE 2 Economic commission for Europe
FID = Flame Ionisation Detector
I.C. 2 Internal Combustion
NDIR = Non Dispersive Infrared analyser
p.p.m = parts per million
PCV = Positive crankcase ventilation
Transformer
(velocity) = concentrator, horn

Transducer 2 arrangement to produce vibration
A
a
B
c
c
co
CB
D
d

Area (m2) 
radius (m)
Transfer number
specific heat (J/kg K) (thermodyn.) 
speed of sound in actual medium (m/s) 
speed of sound in a rod (m/s)
speed of sound in infinite medium (B=Bulk) (m/s) 
diameter (of droplet um) (m)
piezoelectric constant
or ( charge..density __. ,7Vstress at c. el.field

,coul/m2 j ^strain
field at c. stress)

E = Youngs modulus (N/m2)
F = force (N)
f = frequency (Hertz)
G = shear modulus (N/m2)

. , . . . ,v/m . , el field .g = piezoelectric constant (g^r) W e V s ^ r V -'Karge*
, strain _________.
'charge density at c. stress'

h = heat transfer coefficient ( W/m2K)
I = acoustic intensity W/s (W/m2)
i = nodal number
K = dielectric constant (clamped or free) (farad/m)
k = coupling coefficient (%)
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< = polytropic exponent
L = length (m)
M = magnification factor
M - total mass (kg)
m = mass (kg)
N = number
P * power (W)
P « sound pressure (N/m2)
Q = Quality factor
Q = latent heat (J/kg K)
q - heat (J)
Re = Reynolds Number
S = Area normal to sound wave (m2)
Sc = Schmidt Number
T = Temperature (K) (°C)
t = time (s)
u = particle velocity (m/s)
v = particle velocity (m/s)
v = Specific volume (m3/kg)
Y = Youngs modulus (N/m2)
Z = acoustic impedance

a = part of energy transmitted
Xe = evaporation constant
X = wavelength (m)
Xc = capillary wave length (m)
p = density (kg/m3)
v = Poisson's ratio
v = kinematic viscosity (m2/s)
u = dynamic viscosity (NS/m2)
o = surface tension (N/m2)
a = stress (N/m2)
t = shear stress (N/m2)
A «"small part of"
e = compression ratio
eQ ■ permittivity constant of vacuum

■ displacement

ac = acoustic g « gas
t = transmitted s = surface
r “ refected M « manifold
L » fuel X , Y , Z ■ in direction
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1 Introduction

The rapid growth of motor traffic over a relatively short 
period of time has caused much concern about motor vehicle emis­
sions. In Britain alone the number of cars now exeeds 15 mil­
lion. In recent years much research has been carried out to de­
termine how dangerous the exhausternissions from internal com­
bustion ( I.C. ) engines are to human life and to nature in ge­
neral. Although there is little evidence that the present level 
of pollution from engines represents a threat to health in Europe, 
the experience obtained in other countries, especially America 
and Japan, has led to the introduction of legislation which will 
reduce the level of pollutants from I.C. engines significantly 
if it can be met. Car manufacturers in Europe, Japan and the USA 
are endeavouring to find economical and good technical solutions 
that will make it possible to meet the legislation enacted in 
the various countries.
There is no "world standard" for acceptable levels of the dif­
ferent gas components in the exhaust stream. Various countries 
have enacted controls according to their environment and pol­
lution characteristics. The legislation in the US, and in Cali­
fornia in particular, is far more severe than in Europe.

The research described in this thesis is intended as a con­
tribution to the solution of the problem of reducing pollution 
from I.C. engines without too much loss of power or efficiency.
The author has tried to choose solutions which, if successful, 
could easily be adopted in commercial production of petrol en-



gines, and in particular has chosen to investigate the use of 
ultrasonic atomisation as a means of improving inlet system 
characteristics.

Ultrasonic atomisers used in the inlet systems of internal 
combustion engines have many advantages compared with conventio­
nal carburation or fuel injection systems. Low cost, small di­
mensions, very low power requirements and the fact that they do 
not need high pressure fuel feed are some of their main merits. 
However, when one starts from the very beginning in a field there 
are many elementary problems which take time to solve. In the 
field of ultrasonic atomisation very little previous work has 
been done and therfore there are few publications available to 
assist in the design of an atomiser. The first step of the pro­
ject namely to make a suitable and reliable atomiser, took a long 
time: its application in the actual engine inlet system still 
needs to be investigated further in order to find the best pos­
sible arrangement.
It is hoped that this thesis will assist the research which will 
surely be carried out in the future in this field.

1.1 Review of pollution from I.C. engines
1.1.1 Definition of pollution

When substances are added to the environment in such amounts 
that humans, animals, vegetation or materials are affected we 
are speaking of pollution.
Pollution is mostly regarded as waste emitted by man, but nature
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is itself a source of pollution. For instance nitric oxides and 
hydrocarbons from I.C. engines are regarded as pollutants, 
although nature produces about 80% of the total volume of those 
gases emitted into the atmosphere. Furthermore it is necesary to 
look at the pollution problem both locally and globally.
The concentration of road vehicles causes pollution problems in 
certain areas, although seen globally there appears to be no 
reason for alarm.
It takes time for wind to remove the waste, for the vegetation 
to inspire gases or for soot to settle. The problem is that of 
disturbing the balance of nature. Where this balance is disturbed 
in the atmosphere and adverse effects arise we have air pollution

Air pollution and water pollution are very closely related, 
and it would not be correct to discuss air pollution without also 
considering water pollution.
The oceans and our lakes and rivers play a very important part 
in the cleaning procedure of nature. Often the gases emitted into 
the atmosphere cause much more harm to life and vegetation when 
they enter the water than they cause by their presence in the air 
Power stations burning fuels with high sulphur content can be a 
source of damage to fish in waters many hundreds of miles away.

As mentioned above, it is important to consider the effects 
of pollution both locally and globally.
In relation to pollution from I.C. engines the formation of car­
bon oxides shows this clearly. Carbon monoxide ( CO ) is perhaps 
the most dangerous gas emitted by gasoline engines. It is well



-4

known that an engine running in a closed garage will cause cer­
tain death within a few minutes. Globally however, CO is not a 
problem. CO will oxidise in the atmosphere to carbon dioxide 
C02/ which is not ( yet ) considered to be a pollutant as car­
bon dioxide pidy&d most important part of photosynthesis and the 
associated production of oxygen.
However, the increase in the atmospheric concentration of C02 of 
nearly 1 ppm per year is somewhat alarming. Although the effect 
of a change in atmospheric carbon dioxide content on the radia­
tion balance is not fully clear, it has been shown (1 ) that the 
temperature at the earth's surface will rise because of the so- 
called greenhouse effect.
The most difficult part of the pollution problem concerns the 
partly unknown secondary effects. It is much easier to discover 
and understand primary effects, such as when poisonous gases 
are emitted into the atmosphere and cause a health danger.
A typical secondary effect of automotive pollution is smog. Smog 
in the atmosphere is a product of hydrocarbons, nitrogen oxides 
and sunlight.
There are several such hazardous secondary products of gasoline 
engine exhaust, many of which are not well understood. An even 
more dangerous secondary effect not related directly to I.C. en­
gines is experienced in water, where micro-organisms can change 
nearly harmless compounds into a highly dangerous poison. Dis­
coveries like those have been a warning to all research workers 
in pollution, in air or water, andhave forced upon us a certain 
reluctance to regard an emittant as harmless.
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1.1.2 Components In Z.C. engine exhaust which are pollutants

The fuel used In combustion engines is a very complicated 
mixture of various hydrocarbons. In order to simplify the chemi­
cal reactions it is useful to consider the standardised fuel in- 
dolene.
Xndolene is made mainly for petrol engine emission testing and 
has an average 1 .8 6 atoms of hydrogen for each atom of carbon.
The chemical formula for indolene can be written C 7 Hi 3^02*
If the combustion is complete the oxidation will give C02 and 
water (H20) as combustion products, beside nitrogen (N2) which 
is not an active component in the combustion reaction itself.
C7 H13.o2 ♦ 10.3 02 ♦ 38.7 N2 - 7 C02 ♦ 6.51 H20 ♦ 38.7 N2

according to this equation one mole of indolene requires for to­
tal oxidation 49 mole of air, and produces 7 moles of carbon 
dioxide and 6.51 moles of water. This means, in terms of mass,
1410.2 kg of air for every 97.0 kg of fuel. The correct air-fuel 
ratio for indolene is thes£ore 14.5 : 1. However, the real com­
bustion process is more complex than that shown above. In prac­
tice it seems impossible to achieve complete oxidation, so that 
carbon monoxide is formed in considerable quantities. Additio­
nally oxides of nitrogen are formed in the engine, owing to re­
actions which occur at the high temperatures present during com­
bustion. Hydrogen is emitted only in small quantities. Some of 
the fuel will pass through the engine almost unchanged: other 
parts will be converted into very complicated organic compounds 
and be emitted as so-called unburned hydrocarbons.



-6-

Ordinary commercial petrol is not a clean product. Various com­
ponents such as lead and other substances are added to the fuel 
to improve combustion properties, but there can also be other 
organic compounds present containing such elements as sulphur 
and nitrogen, which derive from the crude oil and are not com­
pletely removed during the distillation process. The content 
of sulphur in gasoline is regarded as not significant whereas 
it is often important in the combustion of the heavier diesel 
fuels. Components which are considered as pollutants in the ga­
soline engine exhaust are therefore:

Unburned hydrocarbons (HC) and oxides of HC 
Nitric oxides (NO, N02 etc)
Carbon monoxide (CO)
Lead compounds
Smoke ( carbon particles )

Additionally, there is some sulphur dioxide and traces of heavy 
metals, other than lead, added to the fuel and oil to give de­
sired properties.
Sulphur dioxide and nitrogen dioxide are the only pollutants 
which are fully oxidised ( burned ).
For this project the lead compounds are not of particular in­
terest. The most sensible thing one can do about lead seems to 
be to remove it from the petrol and design the engines to to­
lerate lower grade fuel ( i.e. fuel with lower octane number ).
A reduction of lead content from 0.8 gramAitre to gramAitre
is already decided in many countries. Some countries have deci­
ded to reduce to 0.15 gram/ij.tre These reductions are not ex­
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pected to give the engine manufacturer any difficulties. Eli­
mination of lead, however, could increase wear of the enctine 
valves, but this problem could also certainly be dealt with.
Even if the content of lead is reduced, there is no fundamental 
need to lower the compression ratio. The content of TEL ( tetra 
ethyl lead ) can be compensated for by the use of higher octane 
number aromatics.
However, instead of lead components in the exhaust the aroma­
tics would increase the emission of polynuclear aromatics and 
aldehydes. Combustion engines with lower compression ratios seems 
to be the most obvious answer. However, the thermal efficiency 
is lower and therefore the specific fuel consumption higher. One 
can argue that, in the context of world fuel shortage, this is 
not desirable.
Some lead particle traps to be inserted in the exhaust system 
have been developed and are said to be effective.

1.1.3 The known effects on nature and man

Many of the gases mentioned in the context of engine ex­
haust pollution occur naturally and can be found all over the 
world.

The average concentrations in the atmosphere of gases of in­
terest in connection with automotive pollution, are at sea level:

CO 0 . 1 ppm HC (CH4) 1.5 ppm

o o
to

320 ppm °3 0 .0 2 ppm
N02 O.OOlppm so2 0.0002 ppm
n 2o 0.3 ppm NH3 0 .0 1 ppm
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Carbon dioxide

The level of carbon dioxide is 320 ppm. It is estimated that 
half of the carbon dioxide emitted to the atmosphere via com­
bustion of fossil fuel remains in the atmosphere.
The rate of increase of C02 concentration is about 0.2% of the 
present total level per year. The concentration of C02 in the 
atmosphere influences the weather and it may ultimately be con­
sidered a pollutant. C02 is only poisonous to human beings at very 
high concentrations ( 15 000 ppm ). It is, maybe, the irony of 
fate that the most important gas for oxygen production in the 
future has to be considered as a pollutant, although only about 
10% of the total volume of C02 produced is man-made. 90% is due 
to biological decay, respiration and release from the oceans.

Carbon monoxide

Because of the uncertainty about the residence time of CO in the 
atmosphere it has been difficult to predict how big the natural 
production is, compared with the man-made sources. Recent re­
search (3) carried out by a team from the US Argonne National La­
boratory concludes that the natural emission of CO is many times 
greater than that from combustion engines. The combustion engine 
is, however, by far the biggest source of man-made carbon mon­
oxide (90%).
As stated earlier CO-pollution is not a global danger but a lo­
cal one. Cities with heavy road traffic can have considerable 
concentrations. On a traffic island in London a five minute 
average of 50 ppm has been measured. The average over a day on



the same island was about 35 ppm.
According to air quality standards of 1971 in the United States, 
the 8 hour level is 9 ppm and the 1 hour level 35 ppm. The emer­
gency level is however as high as 240 ppm for one hour. At 240 
ppm CO concentration there is said to be danger of acute sick­
ness or risk of death in groups of sensitive persons.
Carbon monoxide is no doubt the most widespread pollutant from 
combustion engines, but there are only a few cities in the world 
where an 8 hour average is measured higher than 9 ppm. The toxi­
city of CO is due to the fact that the haemoglobin in the blood 
that carries oxygen to various parts of the body has a higher 
affinity for carbon monoxide than for oxygen. In air polluted 
by carbon monoxide the haemoglobin gradually gets "occupied" by 
CO until an equilibrium value is reached, depending upon the CO 
concentration in the air. Insufficient oxygen transport may re­
sult.

Fig. 1 Toxicity of carbon monoxide
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Figure 1 shows (2) that a person will eventually get a
warning of a dangerous CO-level at approximately 100 ppm after 
5-8 hours exposure. This varies of course from person to person.
A smoker for instance has far more carbaxy- haemoglobin in the 
blood than a non-smoker ( up to 5% COHb ) and would react dif­
ferently. ( Cigarete smoke contains about 400 ppm CO when in­
haled into the lungs.)

Little is known about the effects of exposure to low con­
centrations of CO over very long periods of time. Research must 
be used to test allegations that even 15 ppm reduces the oxygen 
supply to the brain sufficiently to affect brain function. The 
removal mechanism for CO in nature is not known with certainty, 
but it is thought that CO oxidises to C02 by means of a radical 
chain reaction giving the CO lifetime in the surface atmosphere 
as low as 2-3 months (3).

Unburned hydrocarbons (HC)

More than 80% of the hydrocarbons emitted into the atmos­
phere is from natural sources.
The main hydrocarbon produced in nature is methane (CH4). The re­
moval occurs by means of reactions with NO, N02 and 0^. It is
beljs/ed that oxidation of CH^ ( by OH ) in the troposphere is the

gmain producer of natural CO ( as much as 4x10 tonnes annually)
9(3,4) ( Pollution is calculated as 0.22x10 tonnes) (6).

There is no evidence that the hydrocarbons emitted to the atmos-
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phere by combustion anginas ara directly harmful to health 
even at the concentrations measured in areas with heavy road 
traffic. Some ( partly ) oxidised hydrocarbons , in particular 
aldehydes, causa aye irritation and odour ( especially formal­
dehyde and acrolin ).
More important is the role HC plays together with nitric oxides 
(NÔ ) to generate photochemical smog and peroxy- nitrates ( e.g. 
PAN ). The undesirable effects of smog include damage to plants, 
material damage, poor visibility in the atmosphere, eye irri­
tation and toxic effects, most of which are believed to be 
coused by oxidising agents such as ozone, nitrogen dioxide and 
PAN.
Many different types of hydrocarbon can occur in exhaust gas and 
their tendency to form smog is not uniform. The unsaturated hy­
drocarbons have the highest reactivity, with the reactivity de­
pending upon the location of double or triple bonds. The reac­
tions are very complicated and are not fully understood. The 
presence of N0x is, however, just as important in smog formation 
as HC. The hydrocarbon acts as fuel for the photochemical reac­
tion and the N0x as both fuel and catalyst.
However, it is maintained that there is enough N0x in the air, 
without vehicle exhaust emission, for photochemical reactions to 
occur. This is certainly one of the reasons why legislation has 
been enacted to reduce HC before reduction of N0x« As will be 
discussed later, the HC component is much easier to remove from 
the exhaust gases than is N0x*



Nature produces approximately ten times as much N0x as 
is caused by man-made pollution sources. Of the nitrogen oxides 
found in combustion engine exhaust only nitrogen dioxide is 
toxic at low concentrations. N02 is more toxic than CO and the 
US federal air quality standard is set as low as 0.05 ppm ( an­
nual exposure.)
Concentrations in excess of 10 ppm can cause death. Experiments 
shows that a concentration of 0.5 ppm produces loss of eye lashes 
and causes chronic disorder of the lung tissues and the res­
piratory system. For normal urban levels of N02 there is no evi­
dence that exposure is a health hazard. Nitrogen oxides (N0x) 
are present in the exhaust mainly as nitric oxide (NO). Only 
about 2 to 3% is N02«
Nitric oxide mixed with oxygen in the air will oxidize rapidly 
to n o2.

2 NO + 02 - 2 N02

The oxidation process is dependent on oxygen concentration. In 
normal ambient 02 concentration, 10 minutes are required to oxi­
dize half of the NO at a concentration of 500 ppm, but lack of 
oxygen will slow down the process considerably. Also in still 
conditions in the atmosphere the oxidation process is very slow. 
In polluted areas the concentration of N02 is very seldom higher 
than 0 . 1 ppm.
Nitrogen dioxide absorbs solar radiation ( wavelength between
0.6 and 0.38um) which causes dissociation:

Nitrogen oxides N0x
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The result is that oxygen in the air together with the oxygen 
produced by dissociation form ozone (0^)•
This reaction is similar to the ozone production in the stra­
tosphere.
Ozone 03 and NO will on the other hand produce N02 and 02:

NO + 0 3 - N02 + 02

It is evident that until equilibrium is established, reactions 
which involve N02, NO, 02 and solar energy proceed in intense 
sunlight, the O^ level will increase, and a rapid change of hy­
drocarbons into other types of organic molecules occurs. The re­
sult is that HC and N02 will be removed and secondary pollutants are 
formed, some as aerosols. An important control strategy in smog- 
type pollution is to reduce the possibility for the formation 
of the most reactive types of hydrocarbons. The total removal 
of hydrocarbons from the exhaust gases is not likely to suceed 
without the use of expensive devices. It would have been a major 
improvement, however, if the structure of the emitted hydrocar­
bons had not allowed the formation of very reactive products.
In the future it might be possible to look at emission control 
more from this aspect and eventually to achieve a better balance 
between cost and outcome.
The most volatile hydrocarbons in the alkene group, the ole­
fines, are most important in the production of photochemical smog. 
Olefines are not an important group in ordinary gasoline, but 
exist in cracked gasoline, produced for better utilization of 
crude oil. Cracking also takes place in the engine combustion



-14

chamber. Up to 50% of hydrocarbons in the exhaust can belong 
to the alkene group.
As we know that smog formation la restricted to a few big ci­
ties in the world it is perhaps possible to confine limits on 
the use of certain fuel types to these areas. Heavy cracked ga­
soline, for instance, could be used in areas where smog does 
not present a problem.

1.1.4 How pollutants in I.C. engines are formed

Hydrocarbons

There are four main sources of hydrocarbon emission.
1. Evaporation and crankcase ventilation
2. Incomplete combustion throughout the mixture in the cylinder
3. Quench zone
4. Scavenging losses

Evaporation and crankcase ventilation
miUUSJkMost combustion engines^now have control of evaporation 

losses. Before these controls were introduced the evaporation 
from the carburettor and fuel tank caused up to 20% of the to­
tal hydrocarbon loss from the car. Crankcase ventilation could 
be responsible for another 20%. Evaporation from the carburet­
tor and tank is directly related to the fuel volatility. In newer 
models of cars the crankcase is vented back to the carburettor 
so that the oil vapour is burned in the engine. The major part 
of the fuel vapour from the tank and the carburettor float cham­
ber is prevented from escaping by improved design. For instance,a 
carbon-filled container can be used to absorb the vapour when



the engine is stopped and recycle the condensate back to the 
engine after starting. This modification reduces the vapour 
loss from a given vehicle by about 90%.

Incomplete combustion

The reasons for incomplete combustion can be divided into 
two main groups: (i) reasons fundamentally associated with fuel 
preparation and combustion in the cylinder, and (ii) those 
which arise because of imperfections in components, incorrect 
timing or bad maintenance, etc.
We will not discuss the latter reasons for incomplete combustion 
beyond stating that with regard to hydrocarbon emission the en­
gine condition is very important. Research on pollution from en­
gines must be done on engines in the best condition, and it must 
be realised that a worn engine or an engine not properly main-

r.tained will have considerably increased HC emissions.
This is one of the difficulties of the work on pollution from 
Internal Combustion engines. It might be possible to keep a 
low level of HC emissions from a new engine, but as the engine 
gets worn this low level can not generally be maintained.
A pollution-controlled engine could be a very bad polluter if a 
cylinder is misfiring because of a faulty sparking plug etc. 
However, even the very best conditioned I.C. engine emits some 
hydrocarbons in the exhaust.

Flame quenching

First of all we have "flame quenching" near the walls of 
the combustion chamber. The combustion tends to be very incom­



plete near cold surfaces and in between liner and piston. Alt­
hough the quench zone is only about 0.10 mm thick (7), the 
volume of unburned hydrocarbons from this region is the main 
source of HC emission via the exhaust gases.
The thickness of the quench zone is dependent upon air-fuel ra­
tio, cylinder temperature and pressure and is measured to be 
about 0.08 mm at full throttle and about 0.4 mm at idle, at 
stoichiometric air-fuel ratio.

Fig. 2 HC-concentration in exhaust

Figure 2 shows the hydrocarbon concentration in the exhaust mea­
sured by Daniel and Wentworth (8). As the piston scrapes off the 
boundary layers on the walls containing unburned hydrocarbons 
the concentration increases. The concentration is highest at the 
end of the stroke ( shortly before the exhaust valve closes ). 
The high concentration measured before the exhaust valve opens 
is partly due to HC residues in the exhaust system from the pre­
vious cycle.
In the quench zone and the quench crevices over two hundred 
types of organic compound have been identified, arising from 
heated, but not completely burned, fuel.



In transient engine operation there are additional sources of 
HC which are even more difficult to detect. It is shown that 
during deceleration residual gases can cause misfiring. Resi­
duals can also create a locally incombustible mixture in the 
cylinder.

Scavenging losses

Scavenging losses occur due to the fact that parts of the 
charge to the cylinder escape during the scavenging period . 
Especially for 2-stroke engines is such short circuiting of 
charge significant, but also some high performance 4-stroke en­
gines might have such losses.

Aldehydes

The formation of aldehydes in the combustion chamber occurs 
during low temperature periods of combustion, and is more 
important for compression ignition ( Diesel ) engines. It has been 
observed that in gasoline engines the formation of aldehydes 
such as formaldehyde and acrolin ( HCHO and C2H 3CHO ) increa­
ses shortly before knocking occurs ( auto-ignition caused by 
excessive pressure in the cylinder ). It is belived that there is 
a close connection between the oxidation that leads to kno­
cking and the formation of aldehydes. Formation of aldehydes 
also occurs when air is injected into the exhaust system to re-

emove hydrocarbons and carbon monoxide from the exhaust.

Carbon monoxide

Carbon monoxide is formed during the combustion of hydrocar­
bon fuels at high temperatures. With complete combustion CO
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will oxidise to C02.
If, during the combustion especially in the expansion period, 
there is locally or overall lack of oxidants, low gas tempera­
ture, or not sufficient time for oxidation available, CO will 
remain in the exhaust gases.
As Figure 3 shows the air-fuel ratio is a most important para-

Even if the air-fuel ratio 
is sufficently high it is, 
still possible for CO to be 
formed locally in the cy­
linder .

Fig. 3

Oxides of Nitrogen

As mentioned previously about 97% of all oxides of nitro­
gen in the exhaust emission from I.C. engines is nitric oxide.
NO is formed mainly at high temperatures.
Although the peak temperature is sufficiently high for NO for­
mation in the combustion chamber, there is insufficient time to 
allow the NO level to reach the equilibrium value:furthermore 
the cooling down process occurs so rapidly that the NO formed 
has insufficient time to decompose to N2 and Oj. NO is "frozen" 
in and remains in the exhaust at a concentration near to the ma­
ximum level occurring during the combustion process ( as shown in 
fig. 4 ).

meter for CO formation.
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According to this, NO for­
mation would be relatively 
high in slow spaed, heavy 
load conditions of opera­
tion.
In the formation of NO, the

Fig. 4
air-fuel ratio is also an 
important factor. Maximum 
NO concentration occurs at

a slightly lean mixture, at more lean mixtures:the NO formation 
falls as a result of lower combustion temperatures. With very 
rich mixtures the NO level also decreases rapidly because less 
oxidants are available.

1.1.5 The effect of engine parameters on exhaust emission

In research on pollution from internal combustion engines, 
especially where experiments are involved, it is very important 
to know about the various factors which influence the concentra­
tions of the different gases in the exhaust.
When the influences of changes in design of engine or components 
are investigated a comparision is worthless if the operating pa­
rameters which affect the exhaust gas composition are not con­
trolled. A series of measurements must be repeated,changing only 
the parameter that is to be investigated.
Factors of importance in investigations on a particular engine 
are:
1. Air/fuel ratio
2. Ignition
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3. Exhaust back pressure
4. Intake manifold pressure
5. Temperatures
6. Output power
7. Engine speed

When comparing different engines we have in addition
8. Combustion chamber surface to volume ratio
9. Combustion chamber design
10. Cylinder displacement and stroke/bore ratio (S/B)
11. Compression ratio (0
12. Valve timing

Air/fuel ratio

The effect of air-fuel 
(A/F) ratio on emissions 
has been closely stu­
died since work on en­
gine emission control 
began about twenty 
years ago.
Engines without pollu­
tion control devices, 
as built before 1968, 
have an air-fuel ratio 
normally slightly rich, 
typically 12 to 14:1.
As can be seen in Figure 5

the level of hydrocarbons and CO is then higher than at weak mix­
tures ( A/F more than 14.7:1 ).
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For reducing carbon monoxide it has proved very successful to 
run at lean mixture, that is at air-fuel ratios higher than 
14.7:1.
Modern carburettors are normally tuned to an air-fuel ratio 
of about 13.5:1. At higher A/F ratios than approximately 15.5 
unstable engine operation can cause poor driveability of the 
car and an increase of HC. Laboratory tests show, however, that 
the hydrocarbon concentration may continue to decrease up to 
an A/F ratio of about 17:1. At higher ratios the engine starts 
to misfire because either overall of locally there is too 
lean a mixture in the cylinder. The flame propagation is in­
complete or slows down.
Air-fuel ratios higher than 16 normally cause a major drop in 
engine maximum power.
As figure 5 shows, the N0x level peaks at an air-fuel ratio of 
about 16. An engine adjusted to an air-fuel ratio of about 16 
for lowest possible carbon monoxide concentration will normally 
have a high rate of N0x emission. As discussed previously this 
is caused by the higher concentrations of oxidants in the cy­
linder in combination with high combustion temperatures. As 
the curve for N0„ in Fig. 5 shows, there is a rapid drop of NO 
at very lean mixtures ( A/F ratios up to 20 ). However research 
on engines shows that to achieve 40% reduction on N0x the engine 
maximum power had to be reduced by 30%. This is a typical result 
from engines with conventional inlet systems. The atomisation 
and distribution of fuel in the conventional carburettor inlet 
system is not very good, especially in transient conditions 
and at low speeds. It is hoped that, through better atomisation 
vaporisation and distribution of the fuel,the engine-performance
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at higher air-fuel ratios can be considerably improved. Several 
fuel injection systems have been developed with this as their 
aim.

Inlet systems and fuel atomisation will be discussed in a 
later chapter.

Ignition timing

Changes in an engine that give higher exhaust temperatures 
tend to give lower emission of hydrocarbons and carbonmonoxide. 
If the timing is retarded such an effect can be achieved. The 
manufacturer sets the timing according to the best overall per­
formance and economy, retarded ignition will normally mean a 
reduced fuel economy at the same power. The decrease in HC acconv 
panying retarded ignition is thought to be caused also by 
the lower surface to volume ratio during combustion. Surface to 
volume ratio will be discussed later. If the ignition is retar­
ded very much, the CO level after combustion will increase be­
cause the time available for oxidation is too short. Retarded 
ignition gives however a higher temperature of the exhaust gases 
and the oxidation activity in the exhaust system increases. Part 
of CO in the exhaust will burn in the exhaust system before 
being emitted to the atmosphere.
Ignition retardation alone is not considered to be a satisfac­
tory means to control emissions, because of the unacceptable 
loss of power and fuel econnomy, but is an important means to 
control emission at low load and idle. Accurate ignition ti­
ming control is very important and it is necessary to mini­
mise timing tolerances in the production of engines.
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Exhaust back pressure

As discussed in an earlier chapter, it is the last part of 
the charge to be exhausted from the cylinder which contains the 
largest concentration of hydrocarbons. If the exhaust back pres­
sure increases to such a level that the last part of the charge 
remains in the cylinder, the hydrocarbon emission may decrease. 
However, if the backpressure is too high the residuals in the cy­
linder will cause incomplete combustion in subsequent cycles. 
Raising the back pressure always has a bad influence on both 
economy and power.
A higher back pressure is favourable in relation to N0x> The 
temperature in the cylinder will drop without addition of oxi­
dants. A high back pressure has no advantage at low speed or 
idle, because under those conditions the charge is already dilu­
ted with exhaust gas owing to bad scavenging, and higher dilu­
tion leads to bad running of the engine.

Intake manifold pressure

The metering system in an ordinary carburettor engine 
is based on the depression in the venturi.

At a constant A/F ratio and with the optimum timing for maxi­
mum power, power output level at constant speed has little in­
fluence on emission of CO and HC, when we are speaking of con­
centration and not weight. Higher power output would however 
give increased temperature during combustion and cause a higher 
N0x level.
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An increase in inlet manifold pressure would have a superchar­
ging effect. On an engine running under load at constand speed, 
the inlet manifold pressure can be varied by changing the throt­
tle position. However, this will generally lead to a change in 
air-fuel ratio and the emission levels change accordingly.

Temperature

A higher temperature level is advantageous for HC and CO 
emissions. Higher temperature of the combustion chamber walls 
has the effect of decreasing the quench zone thickness.Accor­
ding to J.I. Wentworth (9), the HC reduction is 0.35 - 0.58 ppm 
( as Hexane ) pei; degree Fahrenheit. A higher exhaust tempera­
ture increases the cleaning up process in the exhaust system.
For obvious reasons, increased temperature is not of advantage
for NO emissions.x

An increased temperature of the inlet system gives better 
evaporation of the fuel, but a temperature higher than that ne­
cessary for vaporisation under all engine conditions is not 
desirable . Higher temperature requires fuel with higher octane 
number, and because of the lower charge density a worse 
volumetic efficiency ( and consequently lower output ) is to be 
expected.
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Output power

If the air-fuel ratio is assumed constant, one would expect 
a lower concentration of hydrocarbons at higher power output 
at constant speed because the combustion temperature increases. 
However, other factors tends to increase the level of HC, so 
that it remains approximately constant with increased power 
at constant speed. A factor which tends to raise the HC level is 
the effect of reduced residence time defined as:

The effect of output power on CO emission at constant air-fuel 
ratio is also not significant, but the N0x concentration in­
creases. It is very important to remember that we are speaking 
of concentration in ppm and not mass flow rate of emission. The 
mass of emitted gases will of course increase with the load, in 
proportion to the exhaust gas weight emitted.

tres " Volumetric gas flow [mVsec]
Volume of system [m3]

gine power output

mass flow of HC at
different air-fuel

Figure 6 shows the

ratios versus en-

(9)
amtmru m m  M u n m

Fig. 6

Engine speed

Increased engine speed at the same power output normally 
reduces all pollutants in the exhaust. The turbulence promotes
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oxidation reactions as a result of better mixing, both in the 
combustion chamber and in the exhaust system.
Higher speed at the same power output will cause a drop in the 
engine b.m.e.p. and also in the combustion temperature. The 
lower combustion temperature will tend to build up a higher HC 
level, but normally there is an overall reduction of hydrocar­
bon emission.

i
i

Fig. 7

The Figure 7 showes the drop 
in hydrocarbon concentra­
tion for an engine, measured 
at 3 different air-fuel ra­
tios. The engine power was 
rated from 15 KW at 1500 rpm 
upto 25 KW at 2500 rpm.

Surface to volume ratio ( S/V )

The influence of the quench zone on the formation of IIC 
has already bee>i mentioned, in the chapter concerned with the 
formation of hydrocarbons. It is obviously an advantage to keep 
the surface area in contact with the combustion flames as small 
as possible. Figure 8 shows the influence of S/V ratio mea­
sured for different engines. ( Figure from reference 10 ).



Fig. 8

The CO level is not significantly influenced by S/V ratio where« 
the HC level is greatly influenced.
The S/V ratio has become an important parameter which is used 
in designing combustion chambers and in choosing cylinder di­
mensions.

Combustion chamber design

Figure 9 shows S/V values of some combustion chamber de­
signs.

ra x  inPISTON

S / V
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Fig. 9

The double hemis­
phere gives the 
lowest S/V ratio 
and is shown on 
the right in Figure 9, 
As factors other 
than S/V ratios

must be considered, combustion chamber are not shaped as simply 
as those in the figure. The designer must take into account the
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position of the sparkplugs and valves, how the heat is trans­
ported from the hot parts to the cooling channels, etc.

Stroke / Bore ratio

Modern engines have S/B ratios close to, or even lower 
than, 1.0. The reason for this is that long stroke engines are 
less economical, more expensive to produce and need more space 
under the bonnet. Higher S/B ratio gives however reduction in 
s/v ratio, because longer stroke more closely approaches the mi­
nimum area spherical chamber.

Compression ratio

In recent years there has been a tendency to lower the 
compression ratio to enable the engine to run on fuels of lower 
octane number. A reduced compression ratio lowers the thermal 
efficiency and subsequently increases the exhaust temperature of 
the engine. The surface to volume ratio (s/v) decreases when the 
clearance volume is bigger. Both those things tend to decrease 
the concentration of emitted hydrocarbons.

Valve timing

Valve timing is a very important parameter in an engine.
The designer's aim when dimensioning the valve gear is to provide 
for the highest possible volumetric efficiency in order to achieve 
high performance and low specific fuel consumption. Since the 
formation of nitrogen oxides is temperature dependent, a change 
in valve timing which gives incomplete scavenging and lower com­
bustion temperatures will lower the level of N(>x*
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We have discussed earlier that the last part of the combustion 
gases to be exhausted from the cylinder contains a high level of 
hydrocarbons. If the change of valve timing ensures that this lie- 
rich. exhaust remains in the cylinder and reburns, a reduction of 
hydrocarbons may be attained.
There are several possible strategies for changes in valve ti­
ming. Early closing of the exhaust valve, somewhat before top 
centre , would cause the last portion of the exhaust gas to be 
trapped in the cylinder. Late closing of the exhaust valve will 
draw exhaust back into the cylinder when the piston is moving 
downwards. Early inlet valve opening causes exhaust to enter in­
to the inlet manifold : a low load condition with higher vacuum 
makes this most effective.
Increased overlap ( that is the time when the exhaust valve and 
the inlet valve are both open ) would be achieved by a combina­
tion of early inlet valve opening and late exhaust valve closing. 
Camshaft advance ( early exhaust close + early inlet open ) or 
camshaft retard would be a way to solve the technical problems 
of achieving timing changes.
Reduction of emissions by recirculation of exhaust will always 
give loss of maximum power and efficency. If the amount of di­
lution reaches a certain level, misfiring occurs and an in­
crease of hydrocarbons ¡a inevitable.

1.1.6 The Measurement of vehicle exhaust and legislation

The table shows types of instruments which are widely used 
for measuring vehicle exhaust emissions. The instruments used in 
this project are underlined and their operation is described 
briefly in this chapter.



CO NDIR Although C02 emission 
is not regarded as pol­
lution, it is of great 
value to measure the

CO2 NDIR
NDIR
PDS

NO

Salzman
Mass Spectrometer 

f NDIR

Ozone chemiluminescence
Polarographie cell

C02 level. Knowing the 
C02 concentration the 
air-fuel ratio can be
calculated (1 1 ), using
for instance the Shell

HC : fid method TRC II
\L GLC

A more exact determination of air-fuel ratio by means of gas ana­
lysis involves additionally either the measurement of 02 or an 
after-oxidation of the exhaust in a furnace. In the present re­
search it was necessary to have simultaneous measurement of the 
airflow into the engine, for reasons which we will discuss later. 
As the fuel consumption is a very important parameter in all re­
search on engines, the fuel flow rate is normally measured. If this 
is done the obvious way to calculate the air-fuel ratio is to di­
vide the airflow rate by the fuel flow rate. For petrol engines 
this is certainly the most accurate method. For diesel engines, 
however the air-fuel ratio would be overestimated because of the 
short circuiting air during the scavenging process.

The most commonly used instrument for analysing exhaust 
gases from combustion engines is the Nondispersive Infrared Ana­
lyzer ( NDIR ). NDIR analyser works on the principle of selective 
absorption. Many gases have the property of absorbing infrared 
radiation of certain wavelengths ( X ) and transmitting other
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wavelengths in the range 4.5 to 5.0 ym. For C02 the range is 4.0 
to 4.5 ym. In a NDIR analyser there are two identical sources 
of infrared light. One source serves as a reference and directs 
a beam through a pipe filled with a reference gas which does not 
absorb the radiation. The other beam is led through a similar 
pipe which can be filled with the sample gas. ( Figure 10 ) 
Residual radiation of the relevant frequency is then absorbed in

the live side of the detector cell. The absorption of the infra­
red radiation in the sample tube gives a lower temperature in the 
detector at the end of the sample tube. The difference of tem­
peratures can be measured and relates to the amount of gas pre­
sent in the sample. The sample tube receives a constant stream 
of the gas to be analyzed.

Fig. 10

The detector has two cham­
bers one for each tube. The 
chambers are separated by a 
diaphragm carrying a capi- 
tance plate, to register 
the movment of the dia­
phragm. The capacitance 
change, sets up an AC sig­
nal in the amplifier. A 
shutter that alternately 
block and unblocks the ra­
diation causes the dia­
phragm to move from its po­

sition with no radiation to a certain amplitude with radiation, 
depending on the pressure difference in the two compartments of 
the detector. This reduces the drift in response of the system.
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NDIR is also used for nitrogen oxides, but at very low concen­
trations, as in the CVS procedure (see p.35), the NDIR method must 
be replaced by more sensitive instruments. NDIR is now only rarely 
used for measuring hydrocarbons, because the response is very 
different for different types of HC ( for example NDIR gives a 
low reading for aromatics ) . Also it is found that an HC - NDIR 
responds to gases other than HC, such as CO and C0£•

Flame ionization detectors ( FID ) are very much in use for de­
tecting hydrocarbons.
FID is based upon the fact that the hydrocarbons in a flame of 
pure hydrogen and air produce ions at a rate proportional to the 
number of carbon atoms present. Almost all types of hydrocar­
bons are measured with the same response.
An electrostatic field near the burning flame attracts positive 
ions to a collector and electrons to a cathode. The DC-current 
that flows is amplified in a sensitive amplifier whose output 
signal can be recorded.
As will be described in a later chapter, the FID is very sensi­
tive to the rate of flow of hydrogen, air and sample gas, so 
those flowrates need to be kept under close control.
Figure 11 ( page 33) shows a FID burner schematically.
Measurement of NO and N0x by the ozone chemiluminescence analy­
ser is based upon the chemiluminescent reactions between nitric- 
oxide and ozone.
If ozone is present in excess, the intensity of the light pro­
duced when nitric oxide is introduced is proportional to the 
amount of NO present in the reactor. A photomultiplier detects 
the light intensity. By means of an amplifier and a calibration 
unit, the NO concentration is registered on an indicator, direct-
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ly in vpm ( parts per million in volume ).

Fig.11 Fig.12

In order to permit measurements of NO2 # an in line converter de­
composes. N02 into NO.
When the converter is used the sum NO + NO2 can be read on the 
meter.
A chemiluminescent analyser is a complicated and expensive in­
strument capable of measuring concentrations as low as 0 .0 1 vpm. 
The interference from other gases in the exhaust is negligible. 
Figure 12 shows schematically the sample flow through the in­
strument.

Sampling

Investigations of emissions from engines on test beds are 
almost always comparative measurements. Concentrations of gas 
mixtures are measured and compared with the concentration after 
changes have been made to components or other parameters on the
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engine. Emission tests carried out in order to measure the pol­
lution level according to exhaust gas quality standards, must be 
carried out following special procedures, so arranged that a re­
presentative sample of the exhaust is taken. All procedures for 
governmental tests incorporate the use of a chassis dynamometer 
and specially approved test eqipment. in early test procedures 
a probe was inserted into the tail pipe and the gas to be analysed 
could be sucked continuously into the analysers. This method is 
very similar to the methods used on engine test beds. Later test 
procedures, however, involve one or more plastic bags. The plastic 
bag collects a representative portion of the exhaust gas after a 
test run in which acceleration, speed and time are closely speci­
fied. By the use of bags it is not necessary to have continuously 
running analysers. The preparation of the result is much easier 
because an average value of the testcycle can be recorded directly, 
sampled from the middle of the bag.

The European ECE method, shown schematically on fig. 13 involves 
a large PVC bag to collect the exhaust gases emitted during a 
cycle. A flowmeter allows the measurement of the exhaust gas

Fig.13 ECE test method
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Fig. 14 US method CVS 1

The US CVS-1 system dilutes the exhaust gas with air to avoid 
vapour condensation« and is designed to measure true mass emis­
sions.
As mentioned earlier, measurement of very low concentration re­
quires sensitive instruments.

US*Based on the CVS-1 tests, the emission standards for 1974 are

Hydrocarbons 3.4 g/mile.
Carbon monoxide 39 g/mile.
Oxides of nitrogen 3 g/mile.

However, after 1975 the CVS-1 procedure is extended to involve 
3 sampling bags CVS-3, then it is possible to weight cold start 
periods separately. This new method is similar to CVS-1 and uses 
the same cycle. After 1976 the US standards measured with CVS-3 
are

Hydrocarbon 0.4 g/mile.
Carbon monoxide 3.4 g/mile.
Nitric oxide 0.4 g/mile ( deferred until 1977 ).

The last requirement, 0.4 g/mile N0X, is a very difficult stan-
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dard to meet and this level, originally proposed for 1976, is now 
deferred to 1977.
The US standards are much more severe than the ECE requirements; 
however some European countries are considering a strengthening 
of the regulations up to the level of the US standards. Figure 15 
shows a comparison between the ECE standards and the US standards. 
The US standards are converted to ECE cycle.
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1.1.7 Methods for reducing emission of pollutants

For the reasons stated in paragraph 1.1.4, it is easier to re­
duce the levels of emitted hydrocarbons and carbon monoxide than 
those of nitrogen oxides. One could argue that a reduction of N0x

would be easier if there were no legislation governing hydrocar­
bons and carbon monoxide. That is, if the concentrations of HC 
and CO are reduced by means of improved completion of combustion, 
the concentration of N0x tends to rise owing to the higher tem­
peratures and the presence of more oxidants during combustion.
During the first years of the work on pollution control on en­
gines there were no standards for nitrogen oxides. The work done 
in those years concentrated, therefore, on reduction of HC and CO.
A large reduction in those pollutants was achieved by inexpensive 
changes in engine equipment. The crankcase emission, caused by 
blowby from the cylinders into the crankcase, was estimated to 
contribute up to 25% of all HC emission from the uncontrolled ve­
hicle. An internal crankcase ventilation system eliminates all 
blowby emissions. In this system the vent pipe from the crankcase is 
directly connected to the air intake of the engine '. This is 
called positive crankcase ventilation ( PCV ) and is shown in

i at high vacuum but allows 
•

In some engines the vent 
pipe from the crankcase has 
a separate filter ( breather). 
This is called a open PVC 
system. Carburettor and 
tank vapour control have 
also been introduced. On 
the carburettor all direct

Fig. 16. A valve reduces the suctic 
enough ventilation of the crankcas

Fig.16
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external ventilation is eliminated, and the temperature of the 
fuel bowl is reduced by means of heat shields and insulating gas­
kets. The tank and carburettor vapours may be vented to a sto­
rage system or retained internally in the carburettor or induc­
tion system. Some manufacturers use the crankcase as a storage 
chamber. Others use a container fitted with activated carbon as 
a hold up for vapour.
To reduce the hydrocarbon and carbon monoxide emission in the 
exhaust, the carburettor is carefully designed to maintain a suf­
ficiently lean mixture under all driving conditions. The ignition 
timing is retarded and the idle speed is increased to prevent 
misfiring. Automatic choking for cold starts combined with heated 
air inlet due to diversion of the exhaust reduces the HC and CO 
emissions in the warmup period. When the engine has reached nor­
mal working temperature a bimetallic element operates a valve in 
the inlet system so that normal ambient air is sucked into the 
engine.
In some vehicles there is a built-in mechanism that reduces emis­
sions by allowing no advanced timing in the acceleration period 
at lower gears. Only in direct drive is the advanced timing me­
chanism in operation.
As stated in an earlier chapter this retarded timing will reduce 
hydrocarbon as well as nitrogen oxide emissions. But of course 
in lower gears the fuel economy is impaired, especially in stop 
and go driving.

r
The carburettor of an emission controlled engine has become a 
very complicated device. In order to have satisfactory fuel me­
tering under all driving conditions there are carburettors in 
use having 3 and 4 venturies ( barrels ).
The need for exact metering has led to the development of sophis­
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ticated petrol- injection systems/ involving electronic metering 
of air-fuel ratio. There are also some simpler mechanical metering 
systems in use. Electronic petrol injection involves normally 
the use of electromagnetically operated injectors which inject 
fuel into the inlet manifold/ close to the valves. Most systems 
work with pulsed injection. The pulse duration is controlled 
electronically to give the right amount of fuel in response to 
signals from sensors for temperature/ atomosheric and manifold 
pressure/ and speed. Petrol injection is expensive and can be 
used only in expensive cars. The system is also generally diffi­
cult to repair when faults occur/ and special equipment is needed 
to service it. The main advantage of petrol injection is no 
doubt improved atomisation and distribution of fuel. A carburet­
tor is normally situated away from the cylinder inlet ports to 
give space for the manifold branches to the different cylinders. 
This separation causes the fuel from the carburettor to impact 
on the inlet manifold walls, especially at low speed when the 
venturi air speed is low and the fuel is badly atomised. Impac­
tion in the inlet system is widely believed to be the major rea­
son why choking is necessary when the engine is cold. For obvi­
ous reasons, there is a close connection between manifold tem­
perature and impaction. A hot manifold improves the vaporisation 
of the "droplets" from the carburettor. If the fuel is vaporised 
and condensation can be avoided on the way to the engine, there 
will be no liquid fuel resident in the inlet system, and a more 
uniform distribution to the cylinders will result.
However, a heated inlet manifold will increase the charge tem­
perature and so a decrease in maximum power output is inevitable.

Most gasoline engines have the manifolds heated either by water 
circulated from the engine cooling water system ( used by cross­
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flow engines ) or by heat transfer from the exhaust manifold.
On engines with inlet and exhaust on the same side, the exhaust 
manifold and the inlet manifold can be clamped together for bet­
ter heat transfer ( hot spot ).
As discussed earlier, the last part of the charge scavenged from 
the cylinder is highest in hydrocarbons and is also the coolest.
A higher temperature of the exhaust gases increases the after— 
reactions in the exhaust system.
We have seen that a method to get higher exhaust temperatures is 
to make the combustion less perfect. Another way is to insulate 
the exhaust system to prevent heat from getting lost and to fa­
bricate exhaust ports with heat resistant steel liners as shown 
in Figure 17.

Enlarged exhaust manifold 
volume gives lower exhaust 
gas speed and thenfore more 
time is available for after­
reactions. A more effective 
way to increase exhaust 
after-reactions is to inject

Z !

Fig.17

air into the exhaust system. Air injection has been investigated 
on several types of cars and the results are promising. However 
air injection alone is not enough to fulfil the most severe le­
gislation. Air injection will reduce the HC and CO emissions, but 
oxides of nitrogen are not reduced: in fact they might be in­
creased according to whether the temperature is sufficiently high. 
The temperature is again dependent upon the air-fuel ratio during 
combustion. Rich mixtures have a higher hydrocarbon level in the 
exhaust gas, which keeps the after-reactions going and creates a 
higher temperature. Thermal reactors have been developed for after­
oxidation of HC and CO. Also catalysts are able to promote oxi­
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dation of hydrocarbons and carbon monoxide.
A catalytic converter could be shaped as a silencer and filled 
with a noble metal/ ( platinum or an oxide ) shaped to give high 
surface area per unit volume. Alumina pellets covered with the 
catalyst material are often used.
Catalytic reduction of NO is also possible, and scientists all 
over the world are involved in research to find catalysts which 
are able to reduce the three main pollutants emitted effectively 
and inexpensively.
Some catalysts have been found to produce toxic compounds: others 
emit metallic compounds,or quickly deteriorate. Deterioration is 
often accelerated by the presence of lead compounds in the fuel.

It is likely that an exhaust treatment device able to fulfil the 
most severe legislation must be a two stage system - a catalytic 
converter and a thermal reactor to reduce NO to N2 and 02.
The ideal catalyst would of course reduce all three components.
It seems that future pollution control systems will probably 
make combustion engines less efficient.
The principal method known today to reduce N0x is to lower the 
combustion temperature. This will reduce the N0x level but in­
crease the HC and CO concentration. Thermal or catalytic reac­
tors then enable the exhaust to be after-oxidised or decomposed.

The US goverment has realised the difficulties involved in the 
reduction of N0x to the proposed level of 0.4 g/mile and has gi­
ven the car manufacturers another year ( until 1977 ) to try to 
solve the problems.
From an economical point of view neither exhaust after-treatment 
nor recirculations of exhaust gases for reduction of N0x ( and 
consequent decrease of engine thermal efficiency ) is desireable.
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The methods an engineer would like should
1. be inexpensive in production and use
2. not involve much maintenance
3. not give higher fuel consumption
4. not reduce maximum power or driving performance.

After-treatment would, as far as can be seen now, mean a wor­
sening of all the above factors. Pollution reduction in the en­
gine itself, by improved design and techniques, is the only attrac­
tive way for an idealistic engineer.
Looking at the problem from this viewpoint there seems to be only 
one method: to get the engine to perform well at very lean mix­
tures .
As shown in the Figure 5 the level of NO^ and CO will be reduced 
at very lean mixtures. The hydrocarbon level tends to increase 
mainly because of misfiring, but also because of the formation 
of a thicker quench zone.
Very lean operation can only be achieved by very good fuel pre­
paration in the engine inlet system. Maldistribution and an inho­
mogeneous mixture increase misfiring and cause the engine to per­
form badly. Very lean operation is therefore not attainable 
using an ordinary carburettor. Injection systems or combined in­
jection and carburettor ( the so-called stratified charge system ) 
are more likely to succeed.
In a stratified charge system there is often a petrol injection 
system that gives a rich mixture close to the spark in order to 
start the combustion of an overall lean mixture. A stratified 
charge system is expensive but so far most «successful. A strati­
fied charge can not be incorporated into an existing engine, but 

would mean a redesign.



The basis for all lean operation of conventional engines however, 
is an overall homogeneous mixture. In order to obtain this, fine 
atomisation of the fuel is necessary. Fuel atomised to small 
droplets will be more easily vaporised in the manifold.
The project described in this thesis deals with a device developed 
for better atorfetation of the fuel.
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2 The Aims of the research carried out at the University 
of Warwick

The present knowledge of the influence of combustion en­
gine design on emission permits certain modifications to be made 
to reduce pollution emission on the engine itself. Examples of 
such modification are the reduction of surface to volume ratio 
in the combustion chamber, the avoidance of "dead" volumes which 
create increase of hydrocarbons, retarded ignition timing ( es­
pecially at idle ) and better carburettors which operate with 
leaner mixtures.
We have seen from a previous chapter that another means of redu­
cing pollutants could be the use of so-called "hang-on" devices, 
which reduce components in the exhaust gases when incorporated 
as a part of the exhaust system.

2.1 To assess what can be achieved by good preparation of fuel

Most modern production engines with emission control for 
cars work at air-fuel ratios near to 14. However, at this mixture 
strength the NÔ , formation in the engine is close to its maxi­
mum. Figure 5 page 20 shows the trends of pollutant formation in 
the engine at air-fuel ratios up to 19.
Research carried out in several places confirms that at constant 
load the formation of pollutants drops with increasing air-fuel 
ratio from 16 up to approximately 18. At even leaner operation 
the level of hydrocarbons tends to rise again. As mentioned pre­
viously one of the reasons for this is the increased thickness 
of the quench layer. With decreasing combustion temperature, as 
a result of higher air-fuel ratio, the combustion close to the 
surface of combustion chamber is very poor. Increasing the air- 
fuel ratio above approximately 17-18 tends to cause unsteady 
flame propagation even in the charge further away from the walls. 
If the concentration near the spark plug is locally too lean, the 
charge will not ignite and the whole unburned charge of hydro­
carbons is emitted in the exhaust. Extra lean mixture operation 
is very often limited by poor preparation of the fuel-air mix­
ture before it enters the engine cylinder. Very little can be 
dene with the hydrocarbons formed in the quench zone, but im­
proved mixture preparation should reduce hydrocarbon emission
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produced in the charge remote from the v/alls.
The figure 5 page 20 shows the emissions at part load. Experiments 
indicate that the curves at idle have similar characteristics. 
Significant reduction of all pollutants may occur at air-fuel 
ratio above 18.
Full throttle conditions however tend to reduce the gain on NOv 
emissions. The explanation for that must be that the temperature 
during combustion is higher at full load, and the amount of air 
corresponding to air-fuel ratio of, for instance, 19 is not enough 
to keep the temperature level low enough to avoid increase in \0 
formation.
Because of the reduction in pollutant, very lean operation is 
the most interesting aspect of pollution control. But looking at 
the formula for thermal efficency shows another interesting 
feature of extra lean mixtures in gasoline engines.
In the ideal process for combustion engines with constant volume 
energy addition, as is approximately the case for gasoline en­
gines, the thermal efficiency can be expressed as:

For stoichiometric mixture the value for k is calculated to be
1.3 For pure air k is 1.402. As the mixture becomes leaner the 
exponent ( x-1 ) increases and consequently the thermal efficiency 
of the process improves.
Reports on over-lean operation show that air-fuel ratios above 
18 are very difficult to achieve in ordinary production engines, 
and special care has to be taken over fuel preparation.

2.2 The causes of imperfect fuel preparation

The following factors make the fuel preparation imperfect 
in the inlet system of an engine.

1. Variations in the effective fuel flow rate
2. Maldistribution between cylinder
3. Inhomogeneous mixture

^. The ordinary carburettor for combustion engines may be a very 
good device for mixture metering but it certainly has limitations.
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The carburettor is not a very good atomiser, especially at low 
air speeds. Also the fact that the throttle is situated after 
the venturi will cause maldistribution of mixture into the ma­
nifold.
The instability of fuel flow in the carburettor, the escape of 
big droolets from the carburettor feed tube and the presence 
of impacted fuel in the system cause variations of mixture 
strength withtime, and can cause misfiring of the charge when 
the carburettor setting is very lean. In transient operation the 
variation of mixture strength is especially apparent. Transient 
operation at very lean mixture is of course very difficult: 
very lean operation is probably limited to constant speed con­
ditions. Even at " constant speed ", small changes of power, 
and therfore of mixture delivery, must be tolerated. At very 
high air-fuel ratios this could cause instability of the fuel 
delivery and cause the engine to run badly. Systems where fuel 
is metered individually to the cylinders may improve the dis­
tribution: the residence time of the droplets however, is short 
and could cause only partly evaporated droplets and therefore 
inhomogeneous charge in the cylinder.

2. 1'ialdistribution between cylinders is also very common. In 
fact measurements of exhaust composition show very clearly that 
on a multi-cylinder engine there are large variations of mixture 
strength from cylinder to cylinder. Differences of air-fuel ra­
tios of 2 and more are often measured.
The maldistribution is most apparent on engines with 6 cylinders 
or more. 8-cylinder in-line engines as produced for large U.S. 
cars are often extremely bad. The difference in length of the 
branches from the carburettor inevitably causes large differen­
ces of mixture strength at the different cylinders. Even 4-cy­
linder engines suffer from significant maldistribution.
The geometry of the inlet manifold is of course very important, 
but there seems to be only one way to solve the problem with 
single carburettor arrangements, namely to evaporate the fuel be 
fore it enter the manifold branches. Geometrical maldistribution 
seems to be almost eliminated if the fuel is vaporised before­
hand.

3. As mentioned above the ordinary carburettor set-up will at 
times produce a very inhomogeneous mixture of vapour and drop­



-47-

lets of various sizes. The droplets produced in the venturi have 
very different masses and will also therefore have different va­
porisation rates.

At low engine speeds 
it is extremely un­
likely that the big­
gest droplets formed 
are completely va­
porised in the inlet 
system. Photographs 
taken on glas mani­
folds show that even 
for a hot engine the 
impaction is heavy: 
the fuel burned in 
the engine cylinder 
is evaporated from 
the warm manifold 

walls or is sucked into the cylinder as big drops.
As figure 18 shows, mean droplet size falls with increasing air­
speed in the venturi. At a venturi air-speed of 65 m/s the mean 
droplet size is calculated according to the Nukiyama-Tanasawa equa­
tion, to be approximately 60 ym. According to figure 18 under idling 
condition the mean droplet size will be well abowe 500 um. 
Carburettors with constant venturi area have to be dimensioned 
according to maximum power performance. Obviously there is a limit 
to the magnitude of losses that can be tolerated in the venturi 
at full speed. Even a venturi dimensioned for very high pressure 
drop at full load is too big to give high enough airspeeds at low 
lead.
The constant depression carburettor has advantages here: the 
" venturi " area is adjusted according to air flow in order to 
keep the air-speed at a high level even at idle.

2.3 The impaction of droplets and droplet evaporation

Theoretical investigations on droplet size and impaction in 
inlet manifolds show very clearly that most of the fuel droplets 
produced in the carburettor impact in the first bend on the ma­
nifold ( 12 ) .
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According to figure 19, which shows the fraction of impaction on 
90° and 30° bends, there is very little chance for droplets bigger 
than 30 ym to avoid collision with the bottom wall of the runner 
of the inlet manifold in a downdraught carburettor mounting.
At higher flowrates ( and therefore higher air speeds ) the im­
paction rate increases.
Even in a 30° bend of the same diameter, half of the 30 ym drop­
lets will impact at the same flowrate ( Figure 19 (12)).
The calculations of droplet impaction do not take into account 
the effect of the throttle butterfly valve. As the valve is situ­
ated after the venturi, it will cause an asymmetrical flow, be­
sides collecting droplets. The impaction in the manifold of an 
engine is certainly even worse than the results from an idealized 
calculation predict. The impacted fuel on the surface in the ma­
nifold will be moved owing to aerodynamic forces from the air 
stream in the manifold. Only at very slow flow rates is the liquid 
film in laminar flow. Instabilities at higher air-speed cause 
the fuel to be thrown off the surface. In the warm manifold, eva­
poration from the surface accounts for a major part of the fuel 
vapour produced in the inlet system, especially at slow speed.
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The liquid film on the walls in the manifold causes maldistri­
bution of the mixture and delay in the transport from the car­
burettor to the cylinder.
Several experiments with vapour generators have shown that the 
response and driveability of an engine running on completely va­
porised fuel are improved, and that there is no need for en­
riching the mixture for acceleration (13).
The problem in using vapour generators or other devices which 
evaporate the fuel before the inlet manifold is the response time 
of the device. When the load on the engine changes, the vapori­
ser has to produce the mixture at the right air-fuel ratio imme­
diately. If a high temperature of the mixture is to be avoided 
this is only possible by using a vaporiser of large volume or a 
by pass system, where a part of the mixture produced is recycled 
when the engine is running at lower load. In such a system the 
energy used to produce the recycled mixture would be lost. The 
temperature of the mixture must be kept higher than the dew 
point of the mixture to avoid condensation in the inlet ma­
nifold branches. This will cause a drop of maximum power output. 
The lean mixture operation also influences the power output con­
siderably. Figure 21 shows the maximum power from an engine at 
different air-fuel ratios » with ordinary carburettor ( A) and 
with a vaporiser which heats the metered mixture from the carbu­
rettor using heat pipes from the exhaust (13).

A part of the drop 
in power at higher 
air-fuel ratio is 
thought to be caused 
by the high tempera­
ture of the charge. 
When the vaporisation 
of the fuel is 
achieved in a unit 
placed after the car­
burettor it is neces­
sary to produce a 
considerable amount 
of heat in order to 
obtain full vapori­
sation at all load 
conditions, because 
very little time is



available for vaporisation at high mixture flow.
An improvement to this system is to use a by pass system so that 
only a small part of the air together with the fuel is treated in 
the vaporiser.

In the conventional inlet system the manifold is heated by 
contact with the exhaust manifold: in modern cross flow engines 
the heating is by means of a water jacket which 1» connected to 
the cooling system of the engine.
Vaporisation occurs from droplets in the air or from the fuel 
film on the walls of the manifold. To vaporise 1kg of gasoline 
approximately 350 kJ of heat is needed. The vaporised fuel will 
remain as vapour as long as the temperature is higher than the 
dew point of the mixture. The dew point for gasoline mixture is 
shown in the following table for air-fuel ratios of 15:1 and 20:1.

Vacuum 
mm Hg

Dewpoint 
A/F 15

in °C for 
A/F 20 At higher air-fuel ra­

0 46.5 40.5 tios the dewpoint de­
50 45.0 39.5 creases.
250 38.4 33.4 According to this table
370 34 29.0 it is possible to get
500 32.2 22.0 vaporisation in the ma­

about 40°C if there is sufficient time
nifold of an engine at 

for the droplets to absorb
the heat.
Vaporisation occurs from the surface and smaller droplets have a 
bigger surface to volume ratio, as the following figure 22 shows. 
The total surface and the diameter sum of the droplets increases 
with increasing number of droplets, assuming constant volume, as 
illustrated in the figure 22. Area shown in curve A.
As expected both curves show an increasing gradient when the 
droplet-diameter approaches zero.
Droplets formed from 1 cm^ of fuel would have an increase in sur- 
face area of 820 cm at a reduction in droplet size from 26 urn 
to 5.7 vm . Furthermore the existence of a large number of drop­
lets would ease the heat transfer to the fuel mass.
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The diameter sum of the droplets would be extended approxima­
tely 20 times.
Several scientists have carried out research on evaporation of 
droplets in an air-stream. Normally the evaporation rate from a 
liquid surface is expected to be proportional to the surface 
area. If the heat transfer were by radiation this would be the 
case but, because the vaporisation rate is principally controlled 
by the conduction of heat through the gas film surrounding the 
droplet, scientists seem to agree that the vaporisation mass rate 
is more nearly proportional to the droplet diameter.
According to Me Adams (14) the following expression can be writ­
ten.

This equation defines an air evaporation constant dependent on 
the conditions under which the evaporation takes place.

CD

m * mass of evaporated fuel
p = density of fuel
D « droplet diameter

= evaporation constant



The mass of fuel in a droplet can be expressed as

m = p • u• D3/6 or ^  = jir*D2*p ^

This expression gives us in (1) the droplet reduction according 
to: D » Do - At
In an induction system, the heat transfer is controlling at re­
latively high evaporation rate and the evaporation constant is 
found to follow the expression

Xe = Ü  ln(l+B)*Nu
V l

(2)

where B is the transfer number and Nu the Nusselt number which 
for mass transfer is a function of Reynolds and Schmidt number 
according to:

Nu 1 / 2  1 / 3
2 + 0.6* Re *Sc

(3)

The transfer number is for evaporation without combustion is

Bnocomb
Cp(Tg-Ts) (4)

The expression for the evaporation constant is then:

Cp(Tg-Ts)'
ê “ 4— rr lnfl +CpPL -)(2 + 0.6 /Re Vsc) (5)

A

CP
PL
Tg. Ts 
Q

Re
Sc

thermal conductivity of gas or vapour 
specific heat of vapour 
density of fuel
temperature of air and vaporising surface, resp.
latent heat of vaporisation + enthalpy increase
before vaporisation
Reynolds number
Schmidt number
kinematic viscosity
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P
y : dynamic viscosity

: density

In order to calculate the evaporation constant it is neces­
sary first to find a value for the transfer number B. The trans­
fer number is dependent on the heat transfer to the air-fuel 
mixture in the manifold and on the temperature of the mixture. 
The heat flow rate from the manifold to the gas is given by»

Few experiments have been carried out to measure the heat trans­
fer coefficient in gasoline engine inlet manifolds. MtAdams (14) 
suggests an equation based on studies of correlations for pipes, 
where h is a function of Reynolds number ( Re ), Prandtl number 
( Pr ) the manifold diameter ( Dm ), length ( L ) and branch ra­
dius ( Rb ) and mass (M), as follows:

Because of the liquid film in the manifold and the complicated 
shape, the h-valuescomputed from this equation do not correspond 
very well with values reported from measurements on manifolds.
Measurements carried out in diesel engine inlet ports (15) give

If the first straight part of the inlet manifold is considered,

used in the range 0.6 < Pr < 100 according to (16). According to 
this formula the heat transfer coefficient would vary from appro­

at maximum power. ( Re from m 2000 to « 20 000 ) .
Sharp bends and the branches to the different cylinders will 
probably give higher h- values close to the inlet ports. However, 
as it is of interest to find out more about the evaporation of

q = h A(TM-Tg)

where: A = area of manifold transfering heat 
Tm = temperature of manifold wall 
Tg ■ gas temperature 
h 3 heat transfer coefficient

3.5 Dm 0 . 2  - 0 . 6 7
Pr M Cph = 0.023(^1 + - y —  J^l + T"Kb

values in the range of 426 to 540 kJ / m2 h °C.

the Dittus-Boelter correlation, Nu 0.8 O.it
0.023 Re Pr can be

ximately 42 kJ/m2h°C at idle to a maximum of 250 kJ/m2h°C.
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droplets in the first part of the induction system and before 
the distribution of the charge to the different cylinders takes 
place, the values hidle = 42 kJ/m2h°C. and hlQad = 250 kJ/m2h°C. 
are used in the following estimation.

The equation M Cp(Tg-Ts) “ h A(T\]-Tg)

gives the connection between the heat transferred from the walls to 
the charge at different flowrates and heat transfer coefficients.
TM is in the following estimation 80 °C.
If the gas temperature ( ) is assumed to be 50 °C, the first
100 mm of the manifold could raise the mixture temperature to 
only 50.8 °C at idle, and to only 50.4 °C at maximum load.
The transfer number would accordingly be as low as = 0.04
and Bmax = 0.01 when the assumption is made that the temperature 
of the vaporising surface is at dew point. This gives an evapo­
ration constant of approximately ■ 1.28><10‘tym2/s and
Xmax = 3.20xl03ym2/s
This would again suggest an evaporation time according to equa-
tion 2 of:

Droplet Diam evapor. time evapor. time
pm sec. IDLE sec. Maxload 6000 rpm
10 7.8 x10"3 3.12 x10~2
30 7.03x 10-2 2.8 x10_1
60 2.8 x10_1 1.12

120 1.12 4.5

If the volume of the inlet system allows a residence time equal 
the time for one revolution the total residence time in the mani­
fold would be 0.16 x 10*~̂ s at idle (1000 rpm) and 10 2s at 6000 
rpm.
In the example above droplets of approximately 15 pm diameter 
would have time to evaporate at idle, at full speed the droplets 
would have to be smaller than 6 Jim.
The assumption that the droplets are surrounded by gas at dew 
point temperature is very doubtful, but makes the calculation 
simpler. Without adding heat to the system there is normally very 
little chance that complete evaporation takes place so early in 
the manifold system that no droplets impact in the bends.



With an air-speed of say 15 m/s ( medium load ) the time for eva­
poration within the first 100 mm of the manifold is 6*10""3s.
Under the conditions assumed in the example, only droplets in the 
range up to 10 pm would have time to evaporate.
Calculations of this kind can only give an estimate of what hap­
pens in the manifold. Turbulence and the presence of liquid fuel 
make the heat transfer very difficult to calculate, and the for­
mulae are of very doubtful validity. However analytic Investi­
gations do give us a better understanding, which allows us 
when designing the system to take steps to improve the fuel pre­
paration. Possible strategies are listed below.

1. The fuel droplets must be as finely atomised as possible. Re­
duction of droplet size increases the surface area and, as we have 
seen, improves vaporisation. The vaporisation should occur as 
early as possible after atomisation, to avoid impaction and mal­
distribution.

2. The inlet system flow paths should be as straight as possible.
No bends or restrictions such as the butterfly valve should occur 
closely after where the droplets are formed.

3. Very little vaporisation is posible without heat input. Heat 
must therefore be applied in the area where the fuel is atomised, 
but control is necessary to avoid applying too much heat, especi­
ally at part load.

4. A large cross-sectional area of the manifold gives a lower 
air speed and more time for evaporation to occur.

5. Bends close to the engine inlet should have large radii and
be shaped to avoid impaction, because some large droplets are like­
ly to be formed even in the best system, especially during tran­
sient operation of the engine.

The size of the fuel droplets is the most important factor 
of those mentioned abowe.
It was therefore decided to work with ultrasonic atomisers for 
atomisation of the fuel.



Unfortunately no ultrasonic atomising equipment was avail­
able, because the technology of ultrasonic atomisers is very little 
known and hardly in use yet.
Consequently it was necessary first to develop an ultrasonic ato­
miser able to give small enough droplets, and shaped suitably to 
be situated in an engine inlet system. The power needed for the 
atomiser had to be within the range of what is available in the 
electrical system of a ear.
The design had to be uncomplicated and as inexpensive as possible 
so that if the project were successful the new system could easily 
be adopted and used by the industry.
Of course the development of a new device is not finished after 
approximately two years of experiments. Endurance tests and optimi­
sation require much more time, but one of the aims has been to 
make the atomiser good enough to permit tests on an engine so that 
the results may be compared with those from the engine with the 
original equipment.
It is important to find out if an ultrasonic atomiser arrange­
ment, replacing the carburettor, can improve the engine perfor­
mance parameters such as power, fuel consumption and exhaust gas 
emissions.
In view of the difficulty of producing engine parts of complex 
shape it was decided, as a first step, to modify an inlet manifold 
produced for the engine, and to use the experience gained from 
this investigation to design a new, more suitable manifold.- 
The metering system is a very complicated part of the emission- 
controlled engine and it is not considered to be an aim of this 
project to develop such a system.
For comparative investigations it is necessary to carry out the 
metering by means of hand operated valves for both air and fuel 
because, if the effect of improved atomisation of fuel on engine 
performance is to be investigated, important engine parameters 
such as air-fuel ratio must be kept as constant as possible.
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3 Test facilities and instruments

3.1 4-stroke engine
For the purpose of the experiments, a Ford Pinto 1600 cm3 enaine 
was loaned by the Ford Central laboratory in Laindon.
This Pinto engine represented the 1974 US export model, equipped 
with pollution control devises including a carburettor giving a 
lean mixture and retarded ignition timing at idle.
The carburettor had a thermostatically regulated hot-air inlet and 
thermostatic choke control.
There was evaporation control on the float chamber, whereby the 
vapour was fed into the manifold of the engine, and the engine 
had the crankcase ventilation led to the clean side of the air 
filter. The engine was fitted to the testbed on its original rub­
ber mounts, lined up with the dynamometer and connected to it 
through a shaft with two universal joints and a splined coupling. 
In order that the engine could be idled the gearbox and clutch 
were used as in the car. The dynamometer was of the DC type cap­
able of motor or generator operation and coupled to a Ward-Leonard 
AC to DC converter. The.installation was controlled in such a way 
that it operated with a constant speed characteristic. The load 
was regulated by varying the dynamometer field current. A sche­
matic diagram of the testbed is shown in Appendix I, together with 
a description and user's instructions. The load torque was mea­
sured with a load cell of strain gauge type and a strain gauge 
bridge of DC type.
In order to increase the sensitivity at low load two instruments 
were used in parallel: the most sensitive instrument could be 
switched off at higher torques.
Drawings of the load cell with the electric circuits are also to 
be found in Appendix I.
All normal accessories belonging to the engine were fitted, except 
the cooling fan.
The fan would make the test cell unnecessarily uncomfortable. In­
stead of the radiator cooling system of a car, a special cooler 
using the laboratory cooling water circuit was designed and pro­
duced. Drawing of the cooler are also shown in Appendix I. The 
cooler was built together with a cooling water reservoir for the 
engine and the original pressure cap was used to maintain the 
correct water pressure and temperature. The exhaust system was
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of course slightly different from that in the car. Although the 
same exhaust silencer was used, there was a sharp bend close to 
the exhaust manifold to save space in the test cell. The exhaust 
pipe was also somewhat longer than in the car with the exhaust 
emitted directly to the atmosphere outside the laboratory.
As is often the case at laboratory installations the exhaust sys­
tem tended to be hotter than in the car because of the absence 
of air flow relative to the engine. For the oil sump the air flow 
is necessary to keep the oil temperature down. A fan can be used 
to cool the sump but it is somewhat more difficult to cool the 
exhaust system on a testbed, in order to obtain the same exhaust 
temperature along the exhaust pipe as in the vehicle. A long very 
hot exhaustpipe will cause after-oxidation of the exhaust gases. 
Exhaust gas analyses from testbed engines are often different 
from those taken from the car by sampling in the tailpipe. This 
does not reduce the value of comparative measurements.

3.2 Instrumentation

As mentioned above, the engine power was measured by means 
of a load cell which indicated the torque which the dynamometer 
absorbed from the engine. A static calibration related the torque 
to the load on the load cell. There were two tachometers, one 
counted the engine speed and the other the speed of the dynamometer. 
In order to obtain more accurate measurement of speed, a strobos­
cope mounted in front of the engine could be used.
The revolution counter on the dynamometer was of the 3 phasetype 
and accurate enough for the experiments. To indicate the ignition 
timing a timing.light triggered from the high tension lead of 
cylinder No 1 was used. For comparative emission tests the ig­
nition timing is of fundamental importance and must be kept con­
stant.
The air filter was replaced with a Ricardo Alcock Viscous flow­
meter type: 476 H for air flow measurements. There is always a 
danger that the change of the inlet system caused by the flowme­
ter causes change in the engine characteristics. Inlet systems 
are often tuned to give the best possible performance. A flow­
meter can change this tuning considerably.
Fuel consumption was measured with volume flowmeter and stopwatch. 
This method is accurate but the adjustment to a chosen air-fuel
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ratio is difficult or at least time consuming. A simultaneous 
reading of flow rate would have been better. However, continuous 
reading fuel flowmeters are not geneally very accurate. An 
average value given by volumemeter is more representative for a 
given load. An ordinary mercury in glass thermometer was used 
to measure ambient air temperatures. The air temperature in the 
inlet manifold and in the air filter were recorded at every setting. 
ExhauMt temperature and the temperatures of cooling water and oil 
are also interesting,the latter especially, because the lack of 
air-speed could lead to high oil temperature. Oil temperatures 
above 110 °C were avoided. Above 90 °C a cooling fan was in ope­
ration to cool the engine oil sump.
The exhaust thermometer was of thermoelectric type, based on 
chromel-alumel wire.
A vacuum gauge was used to register the pressure in the inlet- 
manifold.

3.3 2-stroke engine

The two-stroke unit was intended for use only in pilot 
studies of how the ultrasonic atomisers perform in an engine in­
let system.
These studies revealed many difficulties at an earlier stage and 
more easily than if they had been carried out on the 4-cylinder 
engine. A single cylinder two stroke 2.0 HP engine is very small 
and uncomplicated and experiments on it are less time consuming. 
This two stroke engine was fitted to an 60 A, 12 V alternator.
In order to absorb the engine power over the whole operating 
range, the voltage was increased to 25 V. The power was measured 
with a wattmeter.
The alternator was regulated by using an external field current 
from a 12 V battery. The generated current was removed in the form 
of heat in wire-wound high watt resistances. Although the alter­
nator was up to 70% overloaded there were no complications. More 
information about the two-stroke testbed is shown in Appendix I. 
Because the efficiency of the alternator was not known, the 
measured power output could not be converted to exact engine 
power output. Fuel consumption could therefore not be related to 
power. Because of this a calculation of specific fuel consnmtion 
and emissions in grammes per kW was not attempted.
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The measured power output of the two-stroke unit is only of value 
as a comparative figure and tells little about the engine perfor­
mance and the quality of the engine.
There was no free shaft on the engine or alternator for connec­
tion to a mechanical revolution counter. A stroboscope triggered 
from the generator coils in the flywheel of the engine was used 
to measure the rpm very satisfactorily.
For the measurement of air and fuel consumption tha same system
was used as for the Ford engine. Smaller air-flowmeters have 
greater resistance and may cause changes in output power. There­
fore the Ricardo flowmeter was used also in the experiments with 
the smaller unit.
Two-stroke engines are much more sensitive to inlet system changes 
than are 4-stroke engines. The accuracy of the Ricardo flowmeter 
at very low flow rates is of course not very good but because of 
the influence on the engine, a bigger flowmeter with less res­
tricted flow is preferred to a more accurate flowmeter that gives 
higher restrictions.

3.4 Exhaust gas quality measurements

As was seen in an earlier paragraph, the most interesting 
gases to be measured in connection with exhaust products are car­
bon monoxide, carbon dioxide, nitric oxides, and hydrocarbons. 
Carbon monoxide and carbon dioxide were measured with NDIR.
These instruments require much space and are heavy. In order to 
have as short a sample line as possible from the engine exhaust 
manifold to the analysers, and because the equipment may be re­
quired for other testbeds, it was decided to mount the NDIR-ana- 
lysers together with the hydrocarbon FID on a trolley. All three 
instruments could then have a common sample system and related 
flow regulation on a front panel. A back panel could be used for 
flowftieters, pressure gauges, electric controls and switches.

There was separate calibration input to the analysers. This en­
ables quick calibration checks before or after a measurement on 
the engine, if necessary.
The figure 23 shows the flow diagram of the CO, C02 and HC ana­
lysers on the trolley.
The sample gas is led from the exhaust pipe of the engine through 
stainless steel pipes into the " cooler " of the analyser.
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The cooler prevents the water in the sample gas from condensing 
in the system. All pipes after the cooler are insulated.
If the sample gas has its lowest temperature in the cooler, no 
condensation will take place elsewhere in the flow through the 
analysers. The filter is especially constructed for easy change 
of filter paper.
More details and a drawing of the filter can be found in Appen­
dix IX.
A diaphragm pump with speed control delivers the samole gas at 
pressure to all analysers.
Neither the NDIR analysers nor the NO-NOx analyser is very 
sensitive to variations in the flow rate. The flowrate of the 
sample through each NDIR analyser was adjusted to approximately
1.5 litre/min.
The HC analyser is more sensitive to pressure differences. Even 
a water bubbler would give pulsations of the output reading of 
the recorder. As an extra " safety" pressure control a petroleum 
filled bubbler was used, but the main pressure regulator was a 
pressure cylinder with a plunger. The weight of the plunger re­
gulates the pressure as the plunger is lifted up to a " leak hole" 
in the cylinder. This " plunger " regulator governs the pressure 
without pulsation. It is also easy to check, that the pressure is 
correct when the pressure regulated from the " plunger regulator " 
is very near to the pressure governed from the bubbler. If the 
bubbler is in operation the signal from the HC analyser pulsates. - 
Also the manometer shows clearly when the pressure is too high 
and the bubbler is functioning. Petroleum has less surface ten- 
tion and the pressure pulsation is not so disturbing as with water. 
( Details in Appendix II).
The flowmeter on the exhaust side of the FID burner is only in 
use at start-up and when the air and hydrogen flows are adjusted. 
Experiments were carried out to find the best setting. The exhaust 
from the FID burner has a high water content and condensation 
easily takes place in the pipe and in the flowmeter. Water in the 
exhaust line causes the FID flame to be unsteady. A condenser in 
the system was successful but as the sensitivity of the FID ana­
lyser improves very much at " free exhaust " all measurements 
were carried out with the flowmeter disconnected.
The FID analyser is very sensitive to the flow rates of hydrogen 
and air. Several experiments show that a hydrogen flow rate of 
15 m]/min and an air flow rate of 230 ml/min was most successful.



This gives an air-hydrogen ratio of 15.33 measured with the same 
flowmeter calibrated for air. Measurements of hydrocarbon con­
centrations are often inaccurate because of residues of hydrocar­
bons which settle down in the system. If for instance the filter 
is not frequently changed, hydrocarbons remaining in the filter 
cause the instrument to show a hydrocarbon reading even with a 
clean air sample. The hydrocarbon residues have to be " washed " 
out of the system first. In order to have comparable results the 
paper filter was changed before every series of measurements, and 
the system was drained to give a zero reading on the recorder. 
Although the HC analyser is partly " homemade " the repeatability 
and sensitivity are extremely good.
Calibration gases give the same reading even after long periods 
of time. The sensitivity of the analyser is very good and 
an output of 2mm/ppm can be recorded without disturbing noise.
In order to avoid reactions which could influence the accuracy 
of the measurements, stainless steel tubes were used for all con­
nections between the various components or analysers. Thermal in­
sulation of the tubes and fittings was achieved by using thick 
insulation tape. More details of the FID - analyser can be found 
in Appendix II.
The use of an FID - analyser requires experience if exact measure­
ments are to be obtained. Analysers produced by skillful manufac­
turers are easier to handle than analysers made on a one-off ba­
sis. The FID-analyser described in greater detail in Appendix II, 
has a chromatograph detector head and the amplifier produced by 
PYE, so that the important components are produced by a well known 
firm. However, as long as the rest of the arrangement is " home­
made " the FID analyser cannot be used commercially or to produce 
results for comparison with standard requirements. For use in 
research, where measurements are to be compared, such a homemade 
analyser is very suitable and, with skillful use, may even be 
more accurate than " easy to use " analysers from manufacturers 
because more-control mechanisms may be built in.
The NO - NO^ chemiluminescent analyser was purchased as a com­
plete unit. The experience with this analyser is very good and it 
caused very little difficulty.
This analyser also was checked on calibration before every series 
of measurements, but the reading was always stable and varied 
only a little. The NO - NO^ analyser is calibrated to read vpm 
directly on the meter. There is only a very small proportion of
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N0„ in the exhaust (about 2 to 5%). Almost all nitric oxides
are NO.
It was therefore decided to measure only NO. The exact measure­
ment of total NO,, content would require a constant check of the 
converter efficiency.

3.5 Instrument calibration

The power from the engine measured in Watts is defined as 

P = F ds/dt = F v

when P and v in same direction. If the torque is defined as 
tangentialforce * radius we can write P = Fra.
The force P is the force measured on the lgad cell and the radius 
r the distance from the load cell to the centre of the dynamo­
meter.When n in rpms

P - 71/30 n F r [W]

For the calibration of the load cell a lever was fixed on the 
opposite side of the dynamometer and the calibration force placed 
at an exact measured distance from dynamometer centre. The known 
torque on the load cell was then related to the instrument reading 
as shown in the calibration curve figure 24.
The formula for Power is then

P = 0.1047 M IkW]

M according to scale deflection on instrument and calibration 
curve.
Load cells based on strain gauges are very reliable and stable. 
The only operating problem is to adjust the strain gauges 
correctly. To make adjustment easier, a permanent set-up for 
checking the calibration was built, consisting of a spring balance 
placed on a jib near the dynamometer.
By means of the spring balance a known smaller torque can very 
easily be put on the load cell to check that the calibration is 
correct before use. As the calibration curve Figure 24 shows, the 
plot of meter reading against torque is, as expected, a straight 
line. For the check only one point is necessary to test whether 
the calibration is correct.
Another important value necessary for determining the power is



the speed. Both revolution counters were calibrated against a 
stroboscope( Figure 25 ).
The accuracy of these measurements should be good enough for the 
purpose of comparing different experiments on the inlet system. 
Furthermore measurements on combustion engines are always limited 
in accuracy more by the unsteadines* of the engine caused by va­
riations in the fuel flow and ignition timing than by inaccuracy 
of instrument» or meter reading.
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Calibration of exhaust gas analysers

Both CO and C02 analysers have a built-in sensitivity check. 
On pressing a button situated on the analyser panel, a calibration 
wire is inserted in the radiation beam of the instrument: this 
causes a deflection on the meter. If this deflection is much dif­
ferent from the standard value the instrument calibration has 
changed and it should ba recalibrated or re-adjusted.
The calibration curves for these analysers are not linear and it 
is necessary to use several gases or to blend gases to cover the 
whole range.
For the calibration of CO-CO2 NDIR analysers two calibration gas 
bottles were used. Those gases were mixtures of 2% CO plus 8% C02 
in nitrogen, and 4% CO plus 12% C02 in nitrogen. Those two bottles 
were obviously not enough to calibrate the whole instrument range 
from 0-12%. The gases were therefore blended to give other mix­
tures. In order to get an accurate mixture of the two gases two 
different methods were used.
The arrangement of two flowmeters and a blending vessel is shown 
in Figure 26

This set-up allows continu­
ous readings of blends, by 
adjusting the flowrate, and 
represents a very quick way 
to calibrate. The method is 
exact enough for most mea­
surements. The calibration 
curve for the CO analyser 
was found to be exactly the 
same as determined by the 
manufacturer of the analyser 
before delivery which sug­
gests that this calibration 
method is sufficiently accu­

rate. However, the calibration curve for the C02 analyser is dif­
ferent and it changed during the research programme. The reason 
for this is probably a leak of gas from the detector. The sensi­
tivity loss of the C02 analyser was progressive and therefore a 
calibration check was necessary before every series of measure­
ments. It was not considered to be necessary to compensate for 
this drift by increasing the sensitivity of the instrument. If

Fig.26
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the sensitivity is increased on the instrument the calibration 
curve changes over the whole range. Figures 27 and 28 show the 
calibration curves from the manufacturer and at different times 
during the research.

I I  3 4 S
*/• CO by vo lum t ^

Fig.28



Calibration of Luminox analyser

The NO - N0x analyser is a linear instrument. When the cor­
rect sensitivity is set with a calibration gas ( spangas ) the 
whole range is correct. A calibration could show that this is the 
case. A calibration gas, with 1000 vpm NO was used to set the in­
strument. It then gave at 100 vpm calibration gas 99,5 vpm on the 
meter. Such a small discrepancy is not significant because the NO 
level changes more than that in the engine during a test.
Obviously the spangas used should be as close to the expected le­
vel of NO as possible to avoid unnecessary incorrectness. The 
range of the instrument is from 0 vpm to 10 000. Measurements on 
IC engine exhaust would need only a small part of that range, may­
be up to 4000 vpm.

Calibration of FID-Analyser

The sensitivity of the hydrocarbon analyser is mainly de­
pendent upon the following factors.

1. Air-hydrogen ratio
2. Exhaust back pressure of burner
3. Sample pressure
4. Gain set on recorder and ionisation amplifier.

The air-hydrogen ratio has to be chosen to give a stable flame 
in the burner under all conditions, and good sensitivity.
A too lean or too rich mixture tends to cause the flame to blow 
out when switching from calibration gas to sample, or the flame 
blows out simply because of accidental variations of the sample 
flow rate. In normal operation, after ignition and a heating up 
period, the air-hydrogen ratio was adjusted to maximum sensitivi­
ty of the analyser. Although the burner would not ignite at this 
setting, the flame was stable after ignition. The sensitivity de­
creases especially if the air-hydrogen ratio is too low. At lea­
ner operation than approximately 15.3 the influence on the sen­
sitivity is less significant until the flame blows out.
The air hydrogen ratio of 15.3 is not the true ratio as the flow- 
rates are measured with a flowmeter calibrated for air. The stoi­
chiometric air-fuel ratio is determined as 34 according to the 
equation:
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H2 + y*02 + y *3.76 N2  ■ H2 O + i * 3 . 76 N2

or in terms of mass:

2 + 16 + y x 3 . 76x28 -  2 + 16 + y * 3 . 76*28

D.J Patterson, NA Henein (17 p 316) gives a value of 15.4 for the 
ratio for best sensitivity.

Fig.29



-71-

During ignition and warm-up the mixture was adjusted slightly 
richer. At leaner mixture it was very difficult to get ignition 
and the flame when ignited was very unstable.
The exact measurement of hydrocarbons is very difficult. Hydro­
carbons are very easily trapped in the system. Condensed water 
contains hydrocarbons which then escape the analyser. Also the 
filtering necessary to prevent clogging of the sample jet will 
trap a certain amount of hydrocarbons. Previous work on hydro­
carbons remaining in the water when the engine exhaust is emitted 
under water, as is the case with most boat engines, shows that 
hydrocarbons, even if they are not soluble in water, are dis­
persed in water for a considerable time before they settle. Some 
lighter hydrocarbons are also soluble to a certain extent (18).
The calibration curve for an FID analyser is linear. This makes 
it very easy to take quick calibration checks. To do this check 
there is an separate input on the analyser so that the sample flow 
from the engine need not be disconnected. For the calibration, 
propane in nitrogen was used.
Propane is much more convenient to use than hexane because he­
xane can condense at ambient temperature in a laboratory, gi­
ving different mixture strength at different temperatures.
The FID reads the amount of carbon in the sample. Propane 
( Hg ) gives approximately half of the reading for hexane 
( C, H., ) because the ratio of number of carbon atoms is 1:2.
To check for linearity, four different mixture strengths were 
used namely 1000 ppm, 500 ppm, 100 ppm and 50 ppm.
As the calibration curve Fig.29 shows the linearity is good. 
Because of the many factors influencing the sensitivity it is 
good practice to check one point of this curve every day before 
taking observations.This check can be done in 5 to 10 seconds. FID 
analysers bought as complete units are in this respect better be­
cause sophisticated pressure controls are built-in to ensure less 
variation in the flowrates of gases and sample. A " home made " 
analyser with mainly hand operated valve control and pressure 
gauges need somewhat more attention. If for instance the sample 
flow is too high the analyser output could be non-linear and in 
this case the one point calibration check would not necessarily 
indicate the fault.
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4 Ultrasonic Atomisers
4.1 Possible methods for droplet formation

In paragraph 2.3 there is discussion of the importance of 
fine atomisation of the fuel for achieving quick evaporation in 
the inlet system. It seems to be very difficult to avoid impaction 
of even the smallest droplets in conventional systems, but the 
situation could be helped by heat input to vaporise 
the droplets so quickly after formation in the manifold that im­
paction is avoided. It would also be helpful to change 
the design of the inlet system so that no sharp bends or other 
restrictions, such as a butterfly valve, are situated closely af­
ter the atomiser. Some heat must be provided in this area, with­
out increasing the charge temperature so much that a significant 
loss of volumetric efficency is caused. A suitable atomiser must 
therefore not only give small droplets, but must also be small 
enough to fit in the inlet system. Also the power source for the 
atomiser must be considered as well as the price of the whole de­
vice.
Many types of fuel atomiser have been developed. Many of these 
are able to give droplets of the size aimed for in the inlet 
system of an engine. However, these atomisers are expensive and 
need higher pressures than are easily possible with gasoline, the ato 
misers having been developed for diesel or heating fuel. In or­
der to obtain higher pressures the use of piston type pumps is 
necessary. These piston pumps have small tolerances and the pum­
ping of gasoline creates difficult lubrication problems. The pres­
sure used in petrol injection systems is in the range 2 to 20 bar. 
Compared with the pressure in a diesel engine injector, up to 
1000 bar and more, this pressure is very low. A swirl type ato­
miser operating at 20 bar would give droplets of approximately 
75 um diameter (19). Such droplets are still too large to reduce 
impaction and to obtain quick evaporation.
Mechanical atomisers also exist. A spinning disc atomiser has a 
cup or disc rotating at high speed, so that fuel spread on to the 
surface will be thrown off the lip and caught up by the sur­
rounding air. Such atomisers are very difficult to incorporate 
into a inlet manifold design as the rotating disc needs bearings 
and must be driven by the airflow or by a separate electric motor.
A spinning disc atomiser driven from the air sucked into the en­
gine will have a low speed at idle and will perform very badly at 
start. Some of the pressure jets also perform badly at low speed 
because they are dimensioned for a much higher flow rate ( de-
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pending however upon the design of the pump and the injectors ). 
Modern electronic injection systems often employ an electrically 
driven fuel pump ( pressure 2 - 5  bar approx ) and solenoid type 
injectors. The quantity of fuel delivered to the cylinder is me­
tered by the length of the opening period of the injector valve.
The pressure available for atomisation 2 - 5  bar would according 
to (IS) give droplets in excess of 100 vm diameter.
The advantage of fuel injection syeteme, even thoee working et 
low pressure, is that the fuel is injected close to the hot inlet 
valve and even large droplets evaporate quickly because of the 
heat available.
The air metered for combustion can be kept cool and as no venturi 
is necessary there is less restriction to the flow into the cy­
linder. This gives a higher volumetric efficiency and a greater- 
output power. There is however the question of whether the very 
short residence time of the droplets in the inlet system is enough 
to give the best possible fuel preparation especially at high en­
gine speed. Smaller droplets should improve this condition by eva­
porating more rapidly. As we have stated previously, fuel injection 
systems, like carburettors, give an increase in the hydrocarbon 
emission at air-fuel ratios above 16 to 18.
The other aspect of incomplete combustion, maldistribution bet­
ween cylinders, can be improved by the use of fuel injection sys­
tems because each injector can be adjusted separately to give the 
same amount of fuel.
Inhomogeneous mixture is a very difficult problem but some im­
provement would be achieved through better atomisation and the 
turbulent mixing of fuel and air.
Considering all these problems there seems to be no atomiser avai­
lable which has all the features one could wish. In particularly 
the demand for low price and simplicity is difficult to fulfil 
with present systems.
Atomisation by ultrasonic vibrations has been known for nearly 
50 years. Although the possibility of using ultrasonics as a tool 
to atomise fuel in engine inlet systems has been discussed in 
many papers concerned with pollution problems, very little has 
been published about research in this area.
This apparent lack of interest is very surprising since many scien­
tists have predicted and shown by experiments that droplets of 
dimensions down to 1 ym can be obtained if the frequency is high 
enough. Obviously vibrations of such high frequency that 1 ym dia-
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meter droplets are formed are difficult to obtain, especially 
with fuel flow rates high enough to be interesting for use in com­
bustion engines. Also the electronics necessary to drive the vi­
brator was complicated and expensive before power transistors 
were available. Research carried out by Norster (20) shows this 
clearly.
There are two theories which attempt to explain the mechanism of 
droplet formation on a vibrating surface, the capillary wave 
theory and the cavitation theory. A standing sound-wave normal 
to a surface forms a wave pattern in a liquid film on the surface, 
and if the vibration amplitude is sufficently large, the capillary 
waves on the liquid surface cause liquid to break off and form 
droplets.
The wavelength of the capillary waves decreases with increasing 
frequency, which explains why the droplet diameter decreases with 
increasing exciting frequency. The cavitation theory explains the 
break off of droplets by pressure variations on the surface. 
According to this theory the pressure variations create cavities 
in the liquid film which cause droplets to be thrown off the sur­
face.
Studies of a liquid film on a vibrating surface under a micros­
cope show clearly that a wave pattern is formed that supports the 
capillary wave theory. Increasing the thickness of the liquid film 
changes this wave pattern and causes larger droplets to be thrown 
off the surface. This could support the idea that both the ca­
pillary wave theory and the cavitation theory are correct.
In a later chapter this problem is dealt with in more detail and 
relevant photographs are shown.
To produce droplets of one micron diameter an exciting frequency 
of up to 200 kHz would be needed. There are various methods of 
creating high frequency vibrations, but at frequencies higher than 
100 kHz the piezoelectric ceramic seems to be the only and ob­
vious choice. Magnetostrictive transducer needs more power and is 
far bigaer and more difficult to incorporate in the inlet system 
of an engine.
The piezo-electric ceramics used for ultrasonic cleaning, under­
water echo soundings, etc, are very compact devices and can create 
high frequency vibrations effectively.
Unfortunately there are no ultrasonic atomisers available on the 
market and research on ultrasonic atomisation in combustion engine
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inlet systems must start with the development of ultrasonic vi­
brators capable of atomising at least 5 litres per hour to drop­
lets of the smallest possible size.
5 litres per hour would be the maximum consumption of one cylin­
der of any gasoline engine on the market. It seems to be a better 
idea to develop an atomiser of that size and then to consider 
using several atomisers working together in an engine rather than 
on« bigger atomiser capable of atomising, for instance, 20 litre 
per hour ( for a 4-cylinder engine ). Having one atomiser for 
each cylinder would make it possible to do investigations with 
atomisers mounted close to the inlet valve, as in injection sys­
tems .
Later research has established that the size of a " 20 litre " 
atomiser would make it very difficult to obtain the droplet size 
one is aiming for. This is because such a high flow rate makes 
it necessary to have a large diameter of the atomiser body. As 
we shall see later, there are limitations on the diameter/wavelennth 
ratio because of special properties concerning the propagation of 
sound in solids. Very little is known about sound propagation in 
solids when the diameter/wavelength ratio approaches unity.
Theory valid when the wavelength is much longer than the diameter 
of the speciman seems to collapse, and research carried out on 
diameter/wavelength ratios of approximately 0.5 shows that the 
sound propagation is not uniform and the soundwaves are impossible 
to direct.Much power is lost and atomisers built with this ratio 
do not perform efficiently.

4.2 The theory of piezoelectric ultrasonic vibration

Ultrasound belongs to the field of acoustic» and can in 
many respects be compared with electromagnetic radiation and elec­
tricity. Ultrasonic waves travel in a medium, and obey the ge­
neral wave equation,are reflected from surfaces, and are refracted 
when travelling from one medium to another. Ultrasonic energy 
can be scattered from surfaces just like light.
The comparison with electricity is that the force ( or pressure ) 
in the ultrasonic wavemotion acts like voltage, and the particle 
velocity is analogous to current.
The ratio pressure/velocity at a given point in the wave field 
is an acoustic impedance by analogy with the electrical impe-
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dance, which is the ratio voltage/current. Like the electrical 
impedance in electricity, the acoustic impedance is a useful 
quantity to consider when the aim is to match different compo­
nents to give the smallest possible losses in a transmission 
line, or to tune a vibrator to give a low loss standing wave of 
a certain frequency.
An ultrasonic wave which propagates in solid generates particle 
motion and creates strain and stress in the material. If the strain 
is within the elastic range of the material the wave motion is 
sinusoidal at any point in the system.
In ultrasonic vibrators of the type developed in the project there 
are several modes of different types of waves to consider but only 
the longitudinal waves in direction normal to the vibrating sur­
face can be used effectivly to produce surface vibration of the 
kind used for atomisation.
All the other types of wave such as shear waves and surface waves 
must be regarded as disturbances which dissipate eneray in the vi­
brator and make it less effective. The presence of the other 
types of waves makes the designing of ultrasonic vibrators diffi­
cult especially at higher frequencies. It is necessary to reduce 
the influence as much as possible of these " parasitic " wave 
forms at least in the resonance area of the vibrator.
It is not possible in any vibrator to avoid excitation of un­
wanted waveforms completely but some clesigns are better than others. 
Figure 30 shows how longitudinal waves propagate in a rod with 
radius much smaller than the wave length of the frequency con­

cerned ( a/X « 0 ) •
The waves cause the rod 
material to be compres­
sed and expanded in the 
way illustrated in the 
figure. As long as the 
rod is slender the 
motion of the particles 
in a given cross sec­
tion normal to the axis 
is uniform, that is the

vibration amplitude is independent of radial or azimuthal position.yThe speed cq of the propagating wave is defined as cQ = — where
Y is the Youngs Modulus and pthe density of the material. ( For
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aluminium cq = 5.2xlo3m/s. in an" infinite " body the propagation 
of the sound is influenced by the surrounding material, and the 
expression for sound speed cg incorporates a function of Poisson's 
ratio v•

cfi = c0/(l-v)/(1+v)(l-2v)

If the radius/wavelength ratio is in the range 0.05 to 1.1 ( appro­
ximately ) the speed of sound can not be defined by simple equa­
tions any more: in fact the soundspeed becomes almost unpredictiable 
Publication by L.Y. Tu and others ( 21 ) shows the longitudial 
wave velocity in rods as a function of radius wavelength ratio a/X 
for different materials ( figure 31 ). For aluminium cQ is

6.3 x ].o3m/s and for a/X 
ratios smaller than 2.5 the 
sound speed drops consider­
ably.

M  U  U  U  U  M  U  U

. «A
Fig.31

Figure 32 (21) shows more clearly the instability at a/X ratios 
lower than 1.0 for an aluminium rod. The Figure shows the relative 
velocity c/cB - a function of the
radius-wavelength radio a/X.

Fig.32
The results shown in Figure 31 and 32 for

As can be seen there 
are no reliable results 
in the area a/X »  1.0, 
and from a/X =0.4 to 
a/X= 0 the velocity in 
the rod increases from 
approx 2.5 * 103 to 
5.2 x 103m/s where the 
value 5.2 x103m/s re­
presents the velocity
e in a slender rod. o

aluminium agree well with
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what was discovered during the present experiments with different 
types of vibrators. A vibrator shaped to give an increased ampli­
tude of vibration may be called a concentrator or a velocity trnns- 
former,- the shape of a velocity transformer is not a simple cy­
linder and the sound speed is dependent upon the actual geometry. 
Difficult shapes cause different types of waveform to be excited 
and this complicates the problem.
According to the frequency - wavelength relation, X ■■ c/f, velo­
city transformers working at 100 kHz would have a wavelength 
based on cQ, of approximately 52 mm. It is therefore not possible 
at such high frequency to avoid a/X ratios in the region of 
a/X = 0 to 1.0. In fact for this application of ultrasonics, one 
is quite likely to be working in the neighbourhood of a/X = 0.5.
All efforts to get a concentrator to perform well at approximately 
this ratio have been unsuccessful.
As we shall see later the one-dimensional theory of wavepropagation 
is not valid at a/X ratios below approximately 2.5. However in the 
search for a mathematical model it is interesting to look at the 
one dimensional theory first.

4.2.1 One-dimensional wave equations

An elastic medium may be considered to consist of homoge­
neous elements of density p, Young's Modulus Y,thickness dx and 
cross sectional area S. When a compressive force is applied

dx

to the element the material 
allows a displacement C .

I n
Fx Fx*AFx

S

1 Fig.33

x*dx

The force ( 1 )

at ( x + dx ) the force is

(2)



d F X  - 2(1 ) £ iv e s J J -  -  -Y  S | j | .

o r  i n  (2) Fx + dFx - Fx -  Y S dx (3)

The net force actina on the element x is therefore

dx is mass of element

F A - S p d x g

For loss-less vibration the elastic forces and the inertia forces 
are equal.

P ♦ Y - 0 (4)p c lt^  Tx7
T h is  equation can also be written in the form

; -79-

Fx - Fx - Y s | ^ d x  - - Y S

The acceleration force of the element is
>2

FA = M |-jr§ where M ' S p

32ç Y 32ç
dt p dx2 « O

or, since cc Y/p,

+ c2 3 2 ç 0 0

This equation is only valid for a slender bar with uniform cross- 
sectional area at very small a/X ratios.
If the area changes with x the equation of motion in the element 
can be derived as follows:

At ( x + dx ) is the stress

Fig.34
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Therefore the equation 4 changes to

Y S

or 3 2 ç 1 3S 3g
312 5 3x 3x

(5)

This differential equation can be solved using the general
solution ; = f^( ct - x ) + f2 ( ct + x ).
L.G Merkulov (22) has calculated magnification factors and stress 
for concentrators of different shape and has shown (2 2) how the 
results can be used as a tool for designing transformers. How­
ever, the assumption that the sound propagation is one-dimensional 
is not valid for transformers of the type and size which are of 
interest in this project.
Many experiments carried out during the development period show 
clearly that the work carried out by L.G. Merkulov and others (22) 
is not very useful in the design of concentrators with small di­
mensions and high frequency.

4.2.2 Two-dimensional wave equation

The two-dimensional equations are written for axi-symmetric 
bodies with the assumption that the stress-strain relation is 
linear. The vibration is assumed to be undamped.
The positions of the vibrating particles are defined in a cylin­
drical polar coordinate system ( r, 0, x ) in terms of u, the dis­
placement in x-direction, and v, the displacement in radial direc­
tion. Because of the axi- 
symmetry there is no displacement
in the 0 - direction. Figure 36 I  ^ — v
shows an element at position
( r,0,x ) in.the coordinate sy- f J
stem. The thickness of an ele- ( ^ ^
ment is dr and the depth is dx.
By symmetry a. is independent 
of 0 so that there is no shear Ficr.35stress in the o. direction therefore0

T o r  -  o ,  T r e =  0,  x 9 x  =  0,  x x e  -  0



For the radial motion:

+

drjdx (r+dr)de - <rr dx r de 

(Txr + gxXr dx " Txr)dr r de - 2ae 

dr dx r d9 p j£y

dr dx sinde2

or

3t xr'
ax ( 1 )

Equation (1) represents the equation of motion in the radial 
direction.
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For axial motion the equation is
/ 3 av \ /
(^x + —-~3x dx - axJdr r de + ^xrx

“ TrX r d0 dx = dr dx r de p d2u

That is

/3ax + 3Txr\ 1rx _ 32u
Zx ) r p

The three-dimensional stress-strain 

°x “ T?7Cex + 3T2TT(ex+er+eei] 

ar " TT7[er + TT 2̂ -(ex+er+Ee) ̂

ae “ lT7[ee + i r ^ i ex+er+ee) 3

ETrx Txr * G axr ■ Yxr

Also

_ 3u 3v v
x 3x’ Er 3r’ e0 r*

relationships are:

(3)

(4)

(5)

(6 )

Yxr 3u 3 V
3r 3 x (7 - 10)

Equations 1 and 3-10 (2) give the following relation for radial 
motion in terms of displacement.

E fiiv ♦ v / 3 2u , 32v . 1 3 v v V 1 . E [3 2V + 3 2v
l-v[3r2 l-2v\3x3r 3r2 + r 3r " r*J.i ' 2(l+v)L3r3x 3xz

E [3v vl , 32 Vr(l+v)[3r rj p TtT
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or

+ 1____\liu_ +
2 ( l - 2 v ) /3 r 3 x

1 32v
2 3x?

P E
32V
St?

Similarly the equation for axial motion in terms of displace­
ment is

E [ 32u . v /32u . 3 2v + 1  3 v M  + * , E .  f  3 2 u  . 3 2 V  ]
1 + vJ.3X7  1 - 2 A 3 X 7 3x3r r  3x/J 2 ( l + v ) [ 3 r 2 3 x 3 r j

E I" 3u ♦ 3v 'I .  0 32U
2 ( l + v ) r [ 3 r 3x 1 P 3 t*

Similarly the equation for axial motion in terms of displace­ment is

/ i - v  )|32 u + |f 1 )|32 v  + j( 1
\ l - 2 v J *3X  ̂ 1U ( l " 2 v ) j ' 3 x 3 r  ' '<2( l - 2 v )

_1_ _3u
+  2r 3r

. 1 3u 1 + v 32u
I  3r  “ p E TxT

The equations have three independent variables and the relations 
are very complex and difficult to solve. After consultations with 
mathematicians at the University of Warwick, it was finally de­
cided that the use of the finite element method would require 
less time and would have better chance of success.



4.2.3 The analysis of vibrations using finite element computer 
programme

During the last few years the finite element method has be­
come widely accepted as a very valuable method of analysis for 
temperature, stress and displacement problems.
Programmes for steady state analysis of axi-syrametric and plane 
structures are already common, but the techniques are now being 
applied to time-varying problems (23).
The programmes available for axi-symmetric structures are not suit­
able for longitudinal vibrations of the kind present in ultrasonic 
concentrators. To rewrite those programmes would take a very long 
time, and it seemed to be a better idea to use the part of Norsk 
Veritas SESAM 6 9 programme package which is made to deal with 
eigenvalue problems in the structure of ships. SESAM 69 (24) 
stands for " Super Element Structural Analysis program Modulus " 
and is a computer programme based on the Finite Element Method, 
especially adapted for use in the multilevel super-element tech­
nique. A super-element is an element created from bacic elements 
due to reduction of certain degrees of freedom.
For the analysis of free vibration and to calculate eigenvalues 
and diplacements in solids of the kind considered in this project, 
the part-programme NV 333 for solving three dimensional problems 
can be used.A three dimensional finite element programme needs 
long computer time and is expensive to use. In order to reduce 
the computer time as much as possible the nodes of the elements 
were fixed in the tangential direction and the displacements at the 
same radius and same position on the x-axis were made linearly 
dependent.
In this way the number of degrees of freedom could be reduced 
significantly.
The computer programme is based on the displacement method and 
works with twenty-node isoparametric hexahedron elements.
Such elements permit adjustment of the shape to fit the structure 
more accurately depending of course upon the number of element 
used.
Figure 37 shows a typical element.
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A shape function matrix of second degree defines the displace­
ments at the nodes. The same function is used to describe the geo­
metry of the element.
The displacements within the element are given by:

ux -  [N] (fix)®
Uy » [N] (5y)e

u z -  [N] (fiz ) e

Where u , u , u are the displacements in x, y and z direction x y z
respectively. N is the matrix containing the shape function 
N± ( i = 1 to 20 ) and (ox )e, (ay)e/ (<*z) 6 are nodal displace­
ment vectors in the three directions.
The shape functions are

for corner nodes:

Ni - J(1 + CCi)(l ♦ nni)(1 ♦ 5Ci)(«i ♦ nni ♦ CCi - 2) 

for mid edge nodes:

Ni - J(1 - C2)(l ♦ nni)(1 ♦ CCi)

where = 0
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where ni = O

Ni - J(1 ♦ CCi)C1 - n2)(1 + CCÍ)

where = O

Ni ■ ♦ 65i)(l ♦ nni)(l - ?*)

Here Ci# Ci» ni are nodal values of 5'/5 and respectively.
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Fig.38

Figure 38 shows the element mesh in the half section of the atomi­
ser of type 22 described later in this report. The mesh is quite 
coarse in order to save computer time. In the three-dimensional 
programme the number of degrees of freedom is 672. This would 
mean an execution time of approximately 1/2 hour at the Univac 
1108 computer. However, by fixing the movement in the y-direction 
( angular ) and specifying linear dependence on some nodes in z- 
direction, the number of degrees of freedom was reduced to 188 
and the computer time cut^about 15 minutes.
The element mesh is built up of nine planes in the z-direction 
and four planes in the x-direction giving 11 and 17 nodal planes 
respectively. The nodal planes 9,11,13 in the z-direction are posi­
tioned on the surface of the transducers. In the interface between 
the transducers and the compressional member of the atomiser body 
(sleeve), as well as at the end of the sleeve some extra nodes had 
to be defined in order to ensure separation of the transducers from 
the atomiser body. This part of the structure represent: the most di*fi-
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cult part in the mesh, and some assumptions had to be made. In­
stead of making a very complicated geometry, the elasticity of the 
material was adjusted in inverse proportion to the cross-sectio­
nal area of the sleeve. This takes into account that the 1.5 mm 
clearence between the transducers and the sleeve is not provided 
for.
Figure 39 shows the three-dimensional plot of the mesh.
The numbers represents the nodal number.
The accuracy of the calculation is very much dependent on the 
relation between the size of elements and the wavelength of the 
sound wave. The wavelength in aluminium at 98.5 kHz is, for the 
chosen geometry about 49.5 mm which is considerably longer than 
the length 10 mm of the biggest element, but for higher harmonics 
the accuracy is not expected to be good.
The computer programme calculates amplitudes of movment in axial
and radial directions.%Resonances will be registered in both directions although mainly 
resonances in axial directions are of interest for this project. 
The following table contains the print-out of the eigenvalues for 
the first 20 modes. The figure in brackets gives the correct mea­
sured average value for the atomiser of type 2 2 .
As can be seen the accuracy of the calculation is surprisingly 
good, especially at the working resonance of the atomiser where 
the discrepancy is 1.79% between the calculated and measured 
value.

s u m m a r y  0 F F RE q u g N C 1 £ S

MODE NO. FREQ(KHERTZ) MODE NO. FREQ(KHERTZ

1 • GOD 1 1 »93.039
2 42.546 f 3 8.01 »2 199.93J
3 . . ' . . . 7S.714 (72.2) 13 ■ 233.366
4 »00.371 (98. S 1 1*1 219.703
5 »27.125 (123.0) IS 219.219
6 »5» .844 16 23S.733
7 »¿3*596 »7 ' 239.S56
a' »60.606 »8 297.508
9 »7*1.»7» 19 258.173

»83.102 20 267.134
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The fact that the calculated values are higher than the measured 
ones gives reason to believe that a finer element mesh would im­
prove the accuracy of the calculation.
The displacement method of the finite element programme causes 
decrease of stiffness if the element mesh is finer: this is the 
reason why the calculated values are higher than the correct ones. 
It is encouraging that the coarse element mesh used gives such 
good results.
Figure 40 shows the displacements of the nodes in the 4 main 
planes along the x-axis. As can be seen the vibration amplitude 
of the atomiser tip smaller end is approximately 10 times bigger 
than the amplitude of the larger end. Where the displacement cur­
ves cross the x-axis represent nodes in the structure. The coun­
tour lines run on the atomiser body ( Figure 40 ) shows how the 
propagation of the wave varies across the diameter.
The three contour lines represent the nodes of the standing wave 
and the location of the nodes at the surface of the body are al­
most exactly where they can be detected on the surface of the 
body by means of a microscope. This will be discussed in more 
detail in a later chapter.

If the element mesh is made fine enough the calculation 
would show in more detail the wave-pattern in the transducer 
region. This would be a very useful help for optimising the ato­
miser to best possible efficiency.
For a series of calculations a three dimensional programme is too 
complicated and expensive to use. The calculation presented in 
this thesis shows, however, that the use of finite element me­
thods can be extremely valuable as an aid in design of ultrasonic 
concentrators. Obviously a two dimensional programme based on an 
axi-symmetrical method would cut the computer execution time 
( CPU-Time ) considerably, and it would be worth while to write 
such a programme if further investigations are to be carried out. 
The work involved in writing a programme for axi-symmetrical bo­
dies is estimated to take more than one year and would be outside 
the scope of this project.

Appendix III gives the computer print-out of the linear 
displacements at mode 4 and a flow diagram of the programme, 
showing the basic steps in the calculation.



Fig.40, to page 89
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4.3 Some properties of ultrasonics

As we have heard, the attenuation of ultrasonic waves is 
dependent upon two factors,namely the geometrical factor and the 
energy absorption or scattering characteristics of the media in­
volved. The geometrical factor takes into account the size of the 
sound source and the wavelength of the sound waves as well as the 
presence of reflecting surfaces near to the propagating wave. The 
maximum rate of decrease of intensity occurs when a point source 
is located far from any reflecting surface in a infinite medium. 
The acoustic intensity is defined as I = W/S, where W is energy 
of the sound wave and S the area at right angles to the direction
of the wave propagation. In the case of a point source and maxi-

2mum rate of intensity decrease I = W/4Tir , where r is the distance 
from the source.
Energy absorption in solids is dependent upon frequency: a higher 
frequency increases the losses in most cases.
Losses in solids are explained as a non elastic phenomenon, and 
other imperfections in the structure of the material. The ab­
sorption in solids varies from 1/1000 dB/metre in homogeneous 
material to 100 dB/metre in plastics and cast iron ( dB=10 logio( 
To quantify the transmission of sound waves in different solids 
acoustic impedance is defined as:

z m sound pressure 
ac volume velocity

The volume velocity is the particle velocity multiplied by the 
area in which the sound pressure acts.
An important factor is the characteristic impedance R = p c 
( c = speed of sound, p density). The characteristic impedance 
explains acoustic properties of a medium, and is an important pa­
rameter in determining how a sound wave acts when propagating into 
another medium.
When a sound wave is propagating normally through a boundary bet­
ween two media, part of the energy of the wave will be reflected 
and the other part transmitted according to the properties of the 
two media.
The part of energy transmitted ( « ) or reflected ( ar ) can be
described in terms of the characteristic impedances of the two 
media as follows.

It 4P2-C2-P1-C1 Ij. * [Q 2*C2 - P1-C1n2
" l7 (p2*C2 + Pl*Cl)2 ar “ li \P27C2— r~pT7cT/

M

H|
W
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where Ifc and Ir are intensity of the transmitted and reflected 
waves respectively and Ii is the intensity of the incident wave.
It is important to note that if the characteristic impedance of 
two media is the same, the sound wave would theoretically be trans­
mitted without reflection, and the intensity of the transmitted 
wave would equal 1^. The equations for sound power reflection or 
transmission coefficients ( ar and afc ) show also that if 
p 2 ° 2 > »]_ c]_ fche reflected wave has the same phase as the in­
cident wave. If c^ > Cj a phase shift occurs.

2Figure a and b shows water with p c - 1.48« lo6 kg/m s and steel 
with p c = 46.7 x lO^kg/m^s characteristic impedance.

Sound
pressure

The sound pressure wave transmitted from steel to water is very 
much reduced in amplitude.
The amplitudes for reflected or transmitted soundpressure (P) can 
be calculated using the relations

I

or P**C2 - Pi‘Ci 
P 2 * C2 + Pi*C2

P2 
2pc

Ptand ô- 2p 2 * C2
P2*C2 + Pl*Ci

Standing waves are formed as a result of interference of waves of 
the same frequency. Longitudinal waves which are reflected at a 
surface will produce a resultant wave of amplitude dependent upon 
the phase. At " in phase " condition the amplitude is at maximum. 
Out of phase condition will represents a sum of the incident and 
the reflected wave. If the two sound waves are 180 out of phase 
there is a cdnC9>Ud̂ iOr\ and a standing wave is formed. For a 
standing wave there is no flow of energy along the axis of the 
sound wave and particles in distance */2 never move. A
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standing wave has nodes and antinodes. At the antinode the displace­

ces working with high intensity vibrations are tuned" to give sound 
waves which reflect on a surface and produces waves in the oppo­
site direction exactly in phase. This condition is called resonance. 
The resonance length of a solid bar depends upon the sound speed 
and'the frequency according to c ■ X f, where c is the speed of 
sound, X the wavelength and f the frequency.
A solid bar would be in resonahce if the length of the bar 
1 = 2 * jf• A cylindrical bar would have the same maximum displace­
ment at each end co ■ {¡e. As'We shall see, the shape of the body 
in which ultrasound travels can make 5e different. If the body is 
designed to increase the amplitude we are speaking of a velocity 
transformer or concentrator.
Equation 5 page 8o describes the displacement in transformers and the 
term — —  takes the change in shape into account if one dimen-

D o X  o X

sional propagation is assumed.
Investigation of different shapes leads to the conclusion that 
stepped horns or double cylindrical shapes give the most advan­
tages in our case, taking production, size and the special appli­
cation into account.
The equation on page Qo describes the propagation of sound waves 
in solids in which the cross-sectional area changes along the axis 
of motion. By solving this equation the magnification of particle 
velocity and displacement can be computed for any easily defined 
shape of velocity transformer.
In the case of a stepped transformer the problem is so simple 
that, by looking at the equilibrium of elastic forces in the step 
of the horn, one can find the magnification factor of the trans­
former.

ment of the particles is maximum ( c max ). All ultrasonic devi­

The magnification factor of a trans­
former is defined as the ratio

C? m Displacement in smaller cylinder 
Cl Displacement in larger cylinder

x-dx x*dx

Fig.41
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of Force requires:

F ( x+dx ) = Y S2

F ( x-dx ) = Y

Assuming that the two elastic forces are equal we have conse­
quently that

. M - - ¿LCl 5 7

The magnification of displacement in a stepped horn is proportio­
nal to the inverse of the cross-sectonal area ratio. In other 
words, by making the diameter ratio in a stepped transformer 
D1=—  = 6 the magnification of the particle displacement would in- 
u 2 2crease with a factor 6 . If a 1/2 wavelength resonant bar is con­
sidered the node of the soundwave would be located in the centre.
In this region there would be intolerable stress if the two cy­
lindrical bars were joined together as illustrated above ( Fig. 41 ). 
It is necessary to fabricate a stepped transformer with a fillet 
to reduce the stresses at that point.
Assuming that the soundwave in the stepped horn is sinusoidal we 
may calculate the maximum stress in the step if the maximum dis­
placement of the tip of the smaller ends is known and the wave- 
motion is one dimensional.
If the length of the smaller 
cylinder is t, we may write 
that the amplitude is:

The strain e = 3— , and da ax
derived from the sine 
wave equation

t

da = Fig.42

gives e
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at x = 0 , in the high stress area is e max = and the stress

a max = Y

This expression for maximum stress is only correct at radius/wave- 
length ratios higher than 2.5 and does not take into account the 
fillet radius.
There are shapes other than the double oylinder which give the 
same magnification factor and less concentration of stress. Figure 
43 shows some alternative shapes with the curves for stress and
velocity ( from 25 ).
For the same magnification the stepped transformer is shorter than 
other transformers, and allows a larger surface area on the tip. ' 
For the purpose of atomisation the size of the transformer end is 
of cour#e very important as it is on this vibrating surface that 
the liquid must be applied for atomisation. There are several 
technicalities involved too. The stepped horn is easiest to manu­
facture and, as will be discussed later, the shape allows simple 
tools to be used during turning in the lathe and when mounting the 
parts together.
The Fourier horn is perhaps the best alternative to the stepped 
horn, but it gives a smaller magnification at the same diameter 
ratio, and is longer. The most effective type of horn, the ex­
ponential, is very long and slender with the smallest area on the 
tip of all the shapes considered.
Figure 44 shows the diametral ratios as functions of magnification 
for the transformers mentioned.
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Profile

Velocity

Streu

(a) stepped,

(b) conical

(c) exponential

Fig.44
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4.4 Piezoelectric transducers

A piezoelectric transducer transforms electrical energy into 
mechanical energy or vice versa.
There are two principal types of piezoelectric transducer»namely 
those made of material which is naturally piezoelectric and those 
made of material that is piezoelectric only after special treat­
ment.
Quartz is a material occurring naturally with piezoelectric pro­
perties. Certain manmade materials, such as Rochell* salt and lead 
niobate, are piezoelectric without special treatment. The most 
widely used piezoelectric transducers are electrostrictive and are 
made piezoelectric by polarization, involving an intense electric 
field applied whilst the material is cooled from higher tempera­
ture ( above the Curie temperature ). If an electrical charge is 
applied to the surfaces of a piezoelectric slab, the material 
will contract or expand depending upon the polarisation and the 
direction of current. On the other hand a charge will be produced 
on the same surfaces if the slab is compressed or expanded mecha­
nically. The electromechanical coupling coefficient k describes 
the ability of the material to change the energy from one form to 
the other.

. 2 = electrical energy produced
mechanical energy into transducer

. 2  m mechanical energy produced
electrical energy into transducer.

Another important factor is the dielectric constant K defined, 
like that for a condenser, as the charge which can be stored on 
the electrodes on a piezoelectric slab compared with the charge 
which would be stored if the electrodes were separated by air. 
There is, however, a change in the dielectric constant K according 
to whether the slab is clamped or free.
If clamped, neither expansion nor contraction is possible. The 
relation between the clamped and free values is

K free =

In a similar way the elastic properties are changed according 
to whether the electrodes of the transducer are on open circuit 
or short circuit.
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Y open = i Y is Youn9's Modulus
of the material.

More important constants are the piezoelectric coefficients 
d and g, defined as follows.

field produced volts/m
g applied stress N/m^

j _ charge coul/m2
force N7in?

A v . m/m
d = g k e °

where e 0 = permittivity of a vacuum ( 9xlO” 12 farad/m )
The relationship with the coupling coefficient is

k2 « g d E

In the research carried out lead zirconate titanate was used 
with k = 0.70, g = 26.lx 10“ 3 fi/S2, d = 289xlO“l2 m/V

and E = 8.15x1010 N/m2.
This material with the trade name PTZ4 has a high Curie tempera­
ture of 328 °C and a dynamic tensile strength of approximately 
245 kp/cm2 ( 25MN/m2 ) .
The piezoelectric coefficent 9 = Zi.lXlcT ^ ^ 2  indicates that
a stress equal to the max. tensile strength for instance, 25 MN/m2, 
produces potential differences of approx 650 Volts in a crystal 
lium thick. The same material 1cm thick would accordingly produce 
6500 volts. The compression of big piezoelectric ceramics must 
thenfore be done with care. Although the current involved is not 
high, a composite transducer for instance ( several crystals in 
series ) can produce a high voltage and cause dangerous electric 
shocks. When a large ceramic is compressed the electrodes must be 
insulated or shorted for safety reasons. A very important factor 
when choosing ceramics is the temperature range of the material. If 
the ceramic temperature exceeds the Curie temperature the polarisa­
tion of the ceramic is neutralized and the ceramic is damaged. Pie­
zoelectric ceramics have a Curie temperature from 50 °C, ( Rochell 
salt ) and up to over 600 °C for some electrostrictive ceramics. 
Quartz has a high Curie temperature too, 575 °C, but is expensive 
and needs a high driving
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voltage ( having d - 2.3* 10” 12 m/V compared with 400xl0**12 m/V 
for some manmade ceramics).
Unlike artificially made ceramics the natural piezoelectric crystal 
such as quartz will regain its piezoelectric properties after an 
accidental overheating of the crystal. This can often be experi­
enced in piezoelectric pressure-transducers used to measure pres­
sure in combustion chambers of IC engines, where the temperatures 
ixnd looo °c.
Another limitation in the use of piezoelectric transducers is the 
tensile strength. If too much power is fed to the transducer the 
stress created in the material exeeds the tensile strength and the 
transducer splits. A crack in the transducer most certainly re­
duces the efficency if the transducer is bound to the transformer 
with adhesive. A damped transducer could continue to perform if 
the crack does not reduce the clamping force or the electrical 
and mechanical contact to the transformer.
Higher power to the transducer will always create higher tempera­
ture. An important thing to remember in the application of piezo­
electric transducers is that the heat created must be allowed to 
be transported from the ceramics to the surroundings. If necessary 
artificial cooling must be considered. High temperature reduces 
the tensile strength of the material,therefore the control of heat 
trailer and of the maximum electric power input is so important.
As will be explained later, the piezoelectric transducer used for 
atomisation of liquid is cooled by the liquid flow. In this case 
there could be a danger of overheating if the atomiser is working 
without fuel flow. This must be considered when the application 
is designed.
The stress created in the velocity transformer by the vibrations 
dissipates energy that also raises the working temperature of the
ceramic.

When an alternating voltage is applied to its electrodes a 
piezoelectric transducer will be forced to vibrate in a manner 
which depends on how the piezoelectric material is cut in relation 
to the axis of the crystals. In manmade ceramics the direction of 
polarisation will give the direction of vibration related to the 
voltage applied. If the direction of movement is in the same axis 
as the polarisation the transducer is X - cut ( Figure 4 5 ).
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Polarisation paraît»I to direction 
of vibration.

Polarisation normal to
direction of vibration.

Fig. 45

The frequency of a forced vibration of a piezoelectric material 
is equal to that of the applied voltage.
If the thickness of the transducer material is adjusted to be

X chalf the wavelength of the sound waves d = or with c = X f, d*j£
a standing wave is formed in the transducer and the impedance is 
at minimum . A transducer has a series of resonant frequencies at 
the same thickness corresponding to the multiple of which forms 
the standing waves but the half wavelength resonance ( first har­
monic ) normally has the lowest impedance.
The resonant frequency of a piezoelectric slab will change if a
non-piezoelectric material is bonded to it, assuming that the
thickness of the second material is different from the value C2d2 = Yf where f is the resonance frequency of the piezoelectric 
slab and C2 the speed of sound in the new material. A transducer 
is often built up of a piezoelectric material together with a non­
piezoelectric material such as steel or aluminium bonded to it. 
Transducers made of sections of several materials are called com­
posite transducers.
The transducer consisting of half wave crystal and a half-wave 
non-piezoelectric material is the simplest form of composite trans­
ducer and the load impedance is transformed at a 1:1 ratio. The 
mechanical load is transformed back to the piezoelectric material 
and lowers its electrical input impedance. This is a very useful 
feature because it is easy to tune the mechanical impedance by 
matching the electrical impedance of the input electric load. This 
will be discussed later in the chapter concerning the design of 
horns.
A composite transducer has several advantages, some of which are 
outlined as follows.
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. Effective heat transfer from the ceramic ( crystal ).
. Less piezoelectric material is needed therefore the cost is 
less.

3. A low voltage is needed to create the same field strength.
4. Possibilities exist for adjusting the quality factor of the 

transducer.
5. The amplitude of the vibrations can be increased by sand­

wiching different materials.
6. Increase of Inertia forces improves resonant conditions

and increases the amplitude where needed.
It was mentioned earlier that the energy dissipated in the crystal 
due to the vibration strain will cause damage to the piezoelectric 
effect if heat is not transferred to cooler surroundings. The pie­
zoelectric material has a low thermal conductivity and a close bond 
to metallic material improves the cooling capacity. PTZ has a ther­
mal conductivity of 2.1 watt/m°C compared with a value of 208 
watt/m°C for aluminium.

foThe quality factor of a transducer is defined as Q = fTt”  wherc 
fo is the resonant frequency and f2 and f^ the frequenliei on 
each side of the resonance/ where the vibration amplitude is 0.707 
times the amplitude at fo.
f  2 f^ is called the bandwidth of the transducer. A broad-band-
width transducer has a lower amplitude at resonance, but will 
have a better performance when the frequency is slightly off re­
sonance.
The high Q transducer must have an accurate frequency of AC-vol- 
tage to perform well.
The tuning of lengths in a multiple layer transducer allows the 
Q factor to be changed to the desired value.
When the piezoelectric material is bonded between two different 
materials as shown in Figure 46 the material with the lower cha­

racteristic impedance will vi­
brate with a larger amplitude, ac-

p i c 1 
0 2̂ 2

steel

al

Fig. 46

cording to the relation M

or M Elpl
E2 P2

When steel and aluminium are used 
the magnification factor is M - 2.7 

The arrangement shown in Figure 46 has a disadvantage in that there 
is a high voltage between the two metallic parts of the transducer.

A



used back to back as illu-

The two thin ceramic slices 
are bonded together with an 
electrically conducting cement. 
An electrode is fitted to the 
cement layer. In order to im­
prove the conteot ( eleotrloel 
as well as mechanical ) a thin 
the ceramics. The polarity of 
a current is fed to the elec­

trodes both ceramics contract or expand at the same time.
This increases the amplitude and causes the boundary between the 
ceramics to be at a node if the length of the metallic slabs on 
each side is j or an odd multiple of j.
The ceramics can be bonded with special adhesive such as silver 
Araldite. But the need for adhesive in high stress regions repre­
sents a disadvantage of the sandwiched transducer of this design. 
Another technique is to assemble the transducer by compressing 
the ceramics between the metallic slabs by means of a screw ar­
rangement in the center of the transducer or by fixing the two 
halves together with screws through flanges on the outside of the 
ceramics.
Static compression improves not only the mechanical-electrical 
contact but also the axial stress conditions in the ceramic. If - 
the compression is high enough the net axial stress is never ten­
sile and no adhesive is needed.Conductive grease between the ele­
ments improves the electrical contact between the interfaces and 
is recommended.
The contact between the faces is of fundamental importance. Study 
of different designs of transducers is very difficult mainly be­
cause of differences from experiment to experiment in the contact 
between faces. This leads one to believe that the changes which 
occur are caused by the change in design. A very strict procedure 
is necessary for such experiments.
Even if the transducer is of clamped design it is desirable to 
use epoxy resin because this in any case improves contact. The 
tests on transducers were carried out using a very simple elec­
tronic drive unit which needs a low impedance of the transducer to 
start oscillation. Therefore in all the atomisers produced the

This can be avoided if ceramics are 
strated in Figure 47

al

steel

Fig.47
copper washer can be placed between 
the ceramics must be such that when



> -101

This can be avoided if ceramics are used back to back as illu­
strated in Figure 47

The two thin ceramic slices 
are bonded together with an 
electrically conducting cement. 
An electrode is fitted to the 
cement layer. In order to im­
prove the contact ( electrical 
as well as mechanical ) a thin

al

steel

Fig.47
copper washer can be placed between the ceramics. The polarity of 
the ceramics must be such that when a current is fed to the elec­
trodes both ceramics contract or expand at the same time.
This increases the amplitude and causes the boundary between the 
ceramics to be at a node if the length of the metallic slabs on 
each side is j or anodd multiple of
The ceramics can be bonded with special adhesive such as silver 
Araldite. But the need for adhesive in high stress regions repre­
sents a disadvantage of the sandwiched transducer of this design. 
Another technique is to assemble the transducer by compressing 
the ceramics between the metallic slabs by means of a screw ar­
rangement in the center of the transducer or by fixing the two 
halves together with screws through flanges on the outside of the 
ceramics.
Static compression improves not only the mechanical-electrical 
contact but also the axial stress conditions in the ceramic. If - 
the compression is high enough the net axial stress is never ten­
sile and no adhesive is needed.Conductive grease between the ele­
ments improves the electrical contact between the interfaces and 
is recommended.
The contact between the faces is of fundamental importance. Study 
of different designs of transducers is very difficult mainly be­
cause of differences from experiment to experiment in the contact 
between faces. This leads one to believe that the changes which 
occur are caused by the change in design. A very strict procedure 
is necessary for such experiments.
Even if the transducer is of clamped design it is desirable to 
use epoxy resin because this in any case improves contact. The 
tests on transducers were carried out using a very simple elec­
tronic drive unit which needs a low impedance of the transducer to 
start oscillation. Therefore in all the atomisers produced the
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ceramics were not only clamped but also cemented.
The use of cement is es­
sential because of the poor 
surface finish of some of 
the ceramics.
Figure 48 shows a 1/2 in and 
a 1 in ceramic after being 
mounted without adhesive.
It is clear that only 
half of the surface of 
each of the ceramics has 
had contact with the mat­
ching material.
The elasticity of the ele­
ment producing the static 

compression of transducers of clamped design is not critically im­
portant, but it should be more elastic than the piezoelectric ele­
ments compressed, especially if a wide bandwidth of the transducer 
is desired. If the compression element is much less elastic than 
the ceramics the resonant frequency is more affected by the com- 
pressional force and more care has to be taken to achieve the 
right compression. One way to measure the compression of the cera­
mics is to connect the electrodes to a charge amplifier. The rea­
ding of the instrument while applying the force is a very good in­
dication of the compression involved. The calibration of the cera­
mics is easily carried out in a hydraulic press having a scale 
indicating the applied force. It is of course also possible to 
use weights, but it is very important that the force on the cera­
mic discs is applied exactly axially and a jig arrangement is ne­
cessary to ensure parallel movement.
The ratio of elasticity of the transducer clamping force may be 
expressed as follows.

A1t .  V V i i i s
41c *t \

where Y = Young's Modulus 
A - Area 
1 = length

Al = compression or elohqation 
c = compression element 
t “ transducer

Fig.43
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A1t YC Ac X/1c 
Alc " *t At 1/Xt

where Y = Young's Modulus 
A = Area 
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Al = compression or elongation 
c = compression element 
t = transducer

Fig.48
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The use of cement is es­
sential because of the poor 
surface finish of some of 
the ceramics.
Figure 48 shows a 1/2 in and 
a 1 in ceramic after being 
mountod without adhesive.
It is clear that only 
half of the surface of 
each of the ceramics has 
had contact with the mat­
ching material.
The elasticity of the ele­
ment producing the static

compression of transducers of clamped design is not critically im­
portant, but it should be more elastic than the piezeeieecric ele­
ments compressed, especially if a wide bandwidth of the transducer
is desired. If the compression element is much less elastic than 
the ceramics the resonant frequency is more affected by the com­
pressions! force and more care has to be taken to achieve the 
right compression. One way to measure the compression of the cera­
mics is to connect the electrodes to a charge amplifier. The rea­
ding of the instrument while applying the force is a very good in­
dication of tne compression involved. The calibration of the cera­
mics is easily carried out in a hydraulic press having a scale 
indicating the applied force. It is of course also possible to 
use weights, but it is very important that the force on the cera­
mic discs is applied exactly axially and a jig arrangement is ne­
cessary to ensure parallel movement.
The ratio of elasticity of the transducer clamping force may be 
expressed as follows.

ih  yo a c y g
41c Yt At V i t

where Y 
A

Al

Young's Modulus
Area
length
compression or elongation 
compression element

- transducer
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If the length of compression element and the thickness of the 
transducer are equal the ratio will be equal to the ratio of the 
products of Young's Modulus and cross-sectional area.

fit
Al.

V c
Yt At

The compression of a transducer is illustrated in Figure 49, where 
the force F on the ceramics causes an elongation of the compres­
sion element Alc and a compression of the transducer cera­
mics Alt. al
The diagram is drawn for the ratio = 1.0 (I)
In this case the force amplitudS of the vibrating transducer is 
equal to the amplitude in the compression element .

Fig.49
A more elastic compression element reduces its stress amplitude, 
but increases the stress in the transducer material if force from 
the vibrating crystal remains the same.
If the clamping force is too small ( F III) the contact between 
transducer and the velocity transformer can be " tensile ". In 
other words, if the faces were not cemented they would separate 
when the transducer contracts.
Before the value of the clamping force is chosen the following 
factors have to be considered.
1. A very stiff mounting causes high stresses in element
2. The compressive force is difficult to apply correctly
3. The frequency depends upon the compression force. It may be



difficult to achieve perfect matching to the tuned transformer.
4. A very elastic mounting can cause the compression elements to 

stretch find cause loss of tuning between transducer and trans­
former

5. The impedance of transducer is dependent upon the clamping 
force. Higher clamping force gives a higher Q-factor.

6. The bandwidth reduces as the force increases.
The atomisers made in this project have a ratio of elasticity of 
about 1.0/ but a higher value would have been better. For the 
chosen design of velocity transformer however it is difficult to 
get the necessary length of compression elements to achieve the 
desired elasticity.
The design must be a compromise between many factors. And the par­
ticular difficulty with velocity transformer design is that the 
design has a direct influence on the efficiency as vibrator. This 
will be shown in the next paragraph concerned with the development 
of atomisers for the project.
The use of spring washers or a flange-screw arrangement as flexi­
ble members can easily cause parasitic resonances to take place 
and make the transducer less efficient.

4.5 The development of ultrasonic atomisers

There are a few manufacturers of piezoelectric ceramics who 
have a range of different shapes and sizes in production. The ce­
ramic suitable for use in powerful vibrators, namely lead zirco- 
nate titanate, is used for sonar and underwater depth sounding 
equipment, ultrasonic cleaning, etc., and is produced in large 
quantities on a continous basis. Some ceramics are therefore avail­
able at much lower prices than ones on special.order.
Transducers in the cheaper series are produced as discs or rings 
of diameter 2 in., 1 1 / 2 in., 1 in., 1 / 2 in., with thicknesses of 
1/8 in., or 1/4 in.
The standard size 1 in. ceramic is 1/4 in. thick and the 1/2 in. 
ceramic is 1/8 thick.
The 1 in. and 1/2 in. sizes were therefore the obvious choice for 
use in the first experiments.
All transducers are marked on the positive polarised side, but the 
marks disappear very easily and it was nesessary to make an ar­
rangement for testing the transdusers for polarity. As Figure 50
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shows, the transducer test equipment consists of a weight-arm 
set-up that allows the ceramic disc to be clamped with a known 
force.

Fig.50
The charge amplifier and oscilloscope show the respective load 
of the ceramic.
When transducers are to be compared, it is very important to 
take care that the contact between the trans-ducer and the clam­
ping blocks is good and the same for each test. The use of grease 
to improve contact is a necessary precaution.

During the research with ultrasonic atomisers, 30 different 
designs were investigated. Within those 30, the outside geometry 
was changed using the same bodies. Every shape and change in pro­
file had to be tuned by using a " trial and error " method to get 
the best possible resonance.
Not all the experiments are described in this report, as most 
of them were unsuccessful. The failures can be attributed partly 
to the radius/wavelength ratio. Much time had been lost before it 
was discovered that publications dealing with ultrasonic concen­
trators for welding and other applications were only valid for 
relatively low frequencies at which the sound propagation is 
more nearly one-dimensional. This lack of basic knowledge of ul­
trasonics caused the first wrong decision, which was to base the 
research on 1 in. discs. The use of 1 in. ceramic'transducers at 
frequencies of approximately 100 kHz seems to be unsuccessful al­
though some of the concentrators made did work at approximately 
100 kHz. But they also had low impedance resonance at other fre­
quencies and this,as will be discussed later, would complicate the 
design of the electronic drive unit considerably.
The efficiency of the atomisers based on 1 in. ceramics was not

\
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as good as those based on smaller diameters at the desired fre­
quency of approximately 100 kHz.
In the first experiments only one 1 in diameter transducer was 
used, mounted as shown in Figure 46 ( page 101 ) .
The alternating current was supplied from a 100 W power ampli­
fier driven from an oscillator as shown in Figure 51. In order to 
study the impedance of the design a 2-trace oscilloscope was con­
nected to the transducer input. One trace was used to measure the

voltage across a 10 n re­
sistance and the other to 
show the voltage across 
the transducer. The two 
traces also show the re­
sonance clearly due to 
the phase angle between 
the two signals ( current 
voltage ).

A forced vibration at high impedance of a piezoelectric transducer 
can create very high voltages. This was experienced during the 
first hours of the research, as amplitudes of up to 1000 V were 
traced.
Difficulties with the insulation and the safety of the mounting 
underlay the decision to change to the two transducer-system 
shown in Figure 47 . The use of two ceramics allows two exactly 
equal " halves " to be clamped together as shown in Figure 52.

Fig.51 #

The aluminium horns were clamped together with five 4mm screws. 
The use of such a symmetrical design ensures that the first node 
is in the boundary between the ceramics, at 3/4 wavelength re­
sonance. For practical reasons it is not possible to make 1/4



wavelength resonance clamped horns for frequencies as high as
100 kHz.
The approximate length for 1/4 wavelength resonance at 100 kHz is 
12 mm and the thickness of a 1 in. crystal represents already
6.3 mm of this length. 6 mm is of course not enough length in which 
to shape an effective concentrator and to create the necessary 
clamping force.

The use of symetrical clamped horns is a way to tune the horns to 
the desired frequency. In order to increase the amplitude one of 
the halves can be replaced by a " dummy " backing, also tuned to 
resonate at the same frequency. The stainless steel backings can 
be tuned separately in the same way by clamping two dummies to­
gether and then adjusting the length in the lathe to give the same 
frequencies as the " active " horns.
Symmetrical tuning seems to be the only safe way to do investi­
gations with clamped concentrators, where the thickness of the 
ceramic is much less than the resonant thickness.

If the resonant frequency is unknown for both active and dummy 
parts there is very little chance of getting a good match by trial 
and error. The result is total confusion among all the different 
resonant peaks.
Figure 53 shows a 1 in. atomiser for approximately 45 kHz. This 
atomiser is open and the elastisity can be adjusted by using 
thinner screws which provide the clamping force.
The flange system and the screws absorb much energy and the ef­
ficiency as atomiser is not good enough, considering the power 
source available in a car.
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The efficiency was improved by the addition of a vibrating plate 
on the end of the horn as shown in Figure 54.

A horn of that shape 
was brought to reso­
nance at a frequency 
as high as 95 kHz. The 
efficiency as an ato­
miser is quite good be­
cause there is a com­
bined effect from the 
surface waves on the 
tip and bending vibra­

tions of the plate. However, the endurance of this design is not 
good enough. The plate on the end broke off after some minutes of 
running because of fatigue failure. Another weakness of the de­
sign is that the ceramics easily crack. The reason for this is the 
uneven clamping force from the five screws.
For use on an engine, the ceramics need more protection than is 
provided in such an open structure.
Figure 55 shows an example of a design where a threaded sleeve is 
used to match symmetrical horns.

The threads and contact surfaces of the horns had to be turned 
accurately, to avoid misalignment which would cause uneven forces 
on the ceramics. The contact surfacesfcfefe polished to give the best 
possible mechanical contact.
The atomiser shown in Figure 55 could be tuned to extremly low 
electrical impedance ( less then 20 n at resonance ) but the ef­
ficiency of the vibrations on the atomising surface was not good 
enough.
The reason for this, as explained earlier, is that the sound
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waves do not propagate only in the desired direction along the 
axis, but also in the radial direction and along the surface.
These movements are at low radius/wavelength ratios absorb too 
much energy.
The design shown in Fig. 55 is more successful at lower frequen­
cies where the radius/wavelength ratio is greater than say 1.5 
although there is reason to belive that even at that ratio scat­
tering and parasitic resonances can influence the performance con­
siderably.
The diameter of the resonator was kept as small as possible, but 
using 1 in. ceramics it is not possible to make the diameter less 
than approximately 33 mm.

The best atomiser using a 1 in. ceramic had a stepped con­
centrator of lengh 38.1 ( including one ceramic ). This atomiser 
worked at 95.5 kHz and needed 3.1 watt to atomise water applied 
to the surface. The average sound speed was 4.8 x 103m/s and the 
electrical impedance varied from 150 to 200 ft depending on the 
compression. On both sides of the frequency 95.5 kHz there were 
a range of resonances. At 75 kHz, for instance the impedance was 
as low as 14 ft, and it was impossible to get the simple electro­
nic drive unit to pick up the feedback signal from 95.5 kHz when 
the 75 kHz resonance has such a low impedance. Without very com­
plicated filters, a drive unit would respond to the signal from 
75 kHz and continue to work at that frequency. At 75 kHz there 
were hardly any axial vibrations on the tip of the horn, but there 
was strong activity on the first step and in the radial directions. 
Many other designs were tried in an attempt to get rid of strong 
parasitic resonances close to the desired frequency, but without 
much success. The experiments with 1 in. ceramics were then 
stopped and a series of experiments were carried out using 1 / 2 in. 
ceramics.
It is necessary to appreciate the performance of an ultrasonic 
atomiser aimed for in this project in connection with the elec­
tronic drive unit and the power source available. It would be 
possible to get almost any construction of horn to work if the 
frequency could be " fixed " by using expensive electronic cir­
cuits and filter arrangements to exclude the influence of adja­
cent resonances, and if enough power were available to compensate 
for the losses in the electronic drive unit and in the vibrator 
itself.
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For use on an engine, where limited electric power is available, 
an atomiser arrangement has to be efficient and the electronics 
involved must be simple and inexpensive.
To study vibrators using the smaller ceramics, an arrangement 
similar to that shown in Figure 55 was made for 1/2 in. diameter 
ceramics. It became apparent that a number of resonant frequencies 
disappear and there is less activity of vibrations in the radial 
direction.
Another basic advantage of using smaller transducers is that it 
is simpler to get the contact areas flat and parallel. The larger 
ceramics are easily cracked on the outside if elasticity of the 
horns causes bending. Such bending can be produced especially 
when screws are used as compression members, or when a distortion 
takes place when the transducers are in vibration.
Experiments with the 1/2 in. transducers show that the average 
sound speed is very unpredictable.
The arrangement in Figure 56, of a total length of 116.5 mm, when 
exactly tuned to resonance at 60.9 kHz gives the speed of sound 
as 4.72 * 103 m/s

VMXtfzzzzr

Fig.56

Shortened to 70 mm the resonance frequency is approximately 90 kHz 
( giving 4.2« 103 m/s . The soundspeed drops so that a higher re­
sonant frequency than approximately 95 kHz cannot be achieved.
With the drop in sound speed, the impedance at resonance increa­
ses. How the geometry affects the sound propagation can be illu­
strated by turning a step on each side, as shown by the dotted 
line in Figure 56.
For a tip length of approximately A/8, the frequency increases 
to a maximum and decreases to the frequency for the plain cylin­



drical bar when t = X/4.
The frequency is also dependent on the diameter but this influence 
is hard to predict. In most cases a reduction of the diameter in­
creases the frequency.

Several experiments based on the design shown in Figure 56 fi­
nally led to the most successful design ( Figure 57 ), where the 
stainless steel sleeve and the dummy backing are made of one

This design was the number 22 in the series of experiments. The 
vibrator 22 works at 98.5 kHz. The average soundspeed in the alu­
minium part is 5 .2 x 1 0 3m/s.
In the dummy the sound speed is 3.9x 103 m/s,assuming a node for 
the vibration at the interface between the two ceramics. It is 
possible to make a vibrator of the same design for frequencies 
higher than 100 kHz, but the efficiency of the vibrations is not 
as good. When exactly tuned the impedance of the atomiser is ap­
proximately 35 ft. The impedance is slightly dependent upon the 
production tolerances and the quality of the contact between the 
transducers and the metallic material.
In order to maintain such a low impedance, care has to be taken 
when the components are joined together and especially when Aral- 
dite cement is applied to the surfaces.
As mentioned in the chapter 4.4, the elasticity of the compression 
member is an important factor to consider when designing sand­
wiched type resonators. For the design the elasticity can be changed 
by weakening the sleeve or the walls of the chamber containing 
the transducers.
However, wall thicknesses of 0.5 mm and less caused loss of com­
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press ion due to the excessive stresses. Zn order to make a resona­
tor with a more elastic compression member other designs were tried. 
Figure 58 shows one of the types considered.

The longer sleeve and the elastic design allowed this atomiser 
to be made with various stiffnesses.
Another thought behind this design was that when assembling the 
atomiser the transducer would not be rotated on the surface.
A transducer is easily scratched by the turning motion. This de­
sign like so many others, was a failure. The nut and the sleeve 
absorbed too much energy to make the design efficient.
Other experiments in which the stiffness was adjusted by weakening 
the flanges on the horns, as shown in Figure 59, were also unsuc­
cessful.

In atomisers of elastic flanged design the transducers easily 
get damaged owing to the bending motion at the outside.
Appendix iv includes photographs and drawingsof some of the 
types of horn investigated. Type 22 was by far the most success

Fig.58

Fig.59
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ful and was developed further. To overcome some of the difficul­
ties of damage to transducers in assembly the ceramics were stuck 
to the horns with silver Araldite type ESP49 and to copper washers 
at the positive polarised side. The washers constitute the electri­
cal contact member but also give protection against the turning 
motion when the two halves are screwed together. To provide con­
tact with the washers from the electronic drive unit, a special 
screw was made, as shown in Figure €0 .

There are not many different types of material suitable for ul­
trasonic concentrators.
Titanium alloy is the best material available, because of its ex­
tremely high Q ( giving a low dissipation of acoustic energy ) and its 
ability to sustain large amplitudes without failure.
However, titanium alloy is expensive and very difficult to machine.
The next best is probably aluminium alloy, and so for the experi­
ments carried out in this work a special aluminium developed for 
the Concorde project was used.
Some fatigue damage of atomisers occurred but only in the less 
effective designs where the diameter ratio of the stepped horn 
was made very big in order to get sufficient amplitude on the tip.

Atomisers of type 22 with a diameter ratio 18:8 or a magnification 
factor M « 5.0 have been used for many hours without damage. The 
fillet radius of 4 mm seems to be big enough to give the necessary 
strength. According to the one-dimensional theory the stress in the 
region between the two cylinders can be calculated using the

The spring is wound of
brass spring wire and for 
insulation a 2 mm shrink 
sleeve can be formed very 
easily using heat.

Fig.60

formula i amax = 5? * -. See page 9 4

where : Y ■ Young's Modulus
t = length of tip 
C2 = amplitude at end



ful and was developed further. To overcome some of the difficul­
ties of damage to transducers in assembly the ceramics were stuck 
to the horns with silver Araldite type ESP49 and to copper washers 
at the positive polarised side. The washers constitute the electri­
cal contact member but also give protection against the turning 
motion when the two halves are screwed together. To provide con­
tact with the washers from the electronic drive unit, a special 
screw was made, as shown in Figure 60 .

There are not many different types of material suitable for ul­
trasonic concentrators.
Titanium alloy is the best material available, because of its ex­
tremely high Q ( giving a low dissipation of acoustic energy ) and its 
ability to sustain large amplitudes without failure.
However, titanium alloy is expensive and very difficult to machine.
The next best is probably aluminium alloy, and so for the experi­
ments carried out in this work a special aluminium developed for 
the Concorde project was used.
Some fatigue damage of atomisers occurred but only in the less 
effective designs where the diameter ratio of the stepped horn 
was made very big in order to get sufficient amplitude on the tip.

Atomisers of type 22 with a diameter ratio 18:8 or a magnification 
factor M « 5.0 have been used for many hours without damage. The 
fillet radius of 4 mm seems to be big enough to give the necessary 
strength. According to the one-dimensional theory the stress in the 
region between the two cylinders can be calculated using the 
formula i amax = ™ — • See page 9 4.

The spring is wound of
brass spring wire and for 
insulation a 2 mm shrink 
sleeve can be formed very 
easily using heat.

Fig.60

where : Y = Young's Modulus
t = length of tip 
C2 “ amplitude at end



-114

As stated in Chapter 5.1, amplitudes £2 of up to 15y have been 
measured in type 22 horns. This would mean a theoreticel stress 
of a = 13.sx 10*%^ The fillet is not taken into account in this 
calculation but it seems that the material is very much on the 
limit of its fatique strength and that the fillet radius gives 
the necessary safety factor to the design. For the aluminium alloy 
used the maximum is approximately 15 bars . At the high frequency 
of 98.5 kHz only a short period of time at load in expeas of the 
fatique strength of the material is necessary to cause failure.
In a period of 1 minute 5.9 million load changes occur.
As mentioned above, the fatique failure occurs at the maximum 
stress region, which for stepped horns is situated in the fillet 
between the two cylinders.
Often the crack is not visible. The vibration simply stops. The 
explanation is that a small crack in the horn causes a change in 
the resonant frequency, after which the horn does not vibrate ef­
ficiently enough for complete deunage to occur. Fatigue failures 
can therefore be very difficult to discover.

The circular shape of the type 22 vibrator makes assembly 
easy. Two specialy made cleunps are handy tools for the compression 
of the transducers. In the early work the compression was correctly 
adjusted by measuring the gap between the two halves: later, with 
experience, the compression was simply regulated by counting the 
number of sparks between the copper washers and the atomiser body. 
Four sparks is a measure for 0.075 mm compression of transducers.
As the stiffness ratio is approximately1 1.0, the compression of 
the transducers is 0.038 mm. With a Young's Modulus of 11.5*1010 N/ra2, 
the stress in the transducer after compression would be approxi­
mately 6.65x10® N/m2.
The maximum compressive strength of the transducer material is 
given by the producer as greater than 5.00x10® N/m2 
After a short period the material seems to settle and the compres­
sion will be somewhat lower than 6.65*108 N/m2.
A more accurate way to measure the compression is to use a charge 
amplifier to register the charge from the transducers during com­
pression. This charge is directly related to the strain through 
the piezoelectric pressure constant d.( PTZ 4, dj3 ** 289*10~12 m/V ).



The transducer testing equipment ( see Figure 50 ) gives the re­
lation between compression and voltage, and the same electronic 
equipment can be used when compressing the transducers in the ato­
miser body. However, there is no need for such a complicated pro­
cedure when atomisers are produced with small tolerances. To in­
vestigate how the atomiser could be produced five bodies were made 
all within the close tolerances shown in drawing ( Appendix IV ).
In cold condition the resonant frequencies for the five were 89.5, 
98.8, 98.85, 98.4, 98.38 kHz.
The impedances were 60, 30, 36, 40, 44 ft.
All these five atomisers are capable of atomising at least 5 1/min. 
but, as will be explained in a later chapter, the average droplet 
size increases with the flowrate.

4.6 Electronic drive unit

The atomiser has a very high Q-factor and has to be driven 
at an almost exact frequency. The resonant frequency is not con­
stant, but changes with the temperature and when liquid is applied 
to the tip. Therefore an electronic oscillator to drive the ato­
miser must be able to drift with those changes for the best pos­
sible efficency. As is the case with every acoustic resonator, 
there are many resonant frequencies to consider, namely the " ba­
sic " 1/2 wavelength resonance and the higher harmonics. Additio­
nally there can be various parasitic resonances dependent on the 
geometry. Normally the basic 1/2 wavelength resonance corresponds 
to lowest impedance and is easiest to tune in. In our case we are 
using the third harmonic and all lower and higher harmonics must 
be avoided.
To meet the requirements, the electronic drive unit has to be a 
feedback oscillator, but it is not possible to filter a feedback 
signal effectivly from a low impedance resonance as close as say 
20 kHz without using complicated circuits. If the aim is to keep 
the cost down, the atomiser must have only high impedance reso­
nances adjacent the important working frequency. If this is achieved 
the drive unit can be made very simple.
The atomiser type 22 works at 98.5 kHz and has a high impedance 
at the second harmonic but a low impedance at the first. The dif­
ference between the first and the third is nearly 50 kHz. The first
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harmonic can therefore be separated by a oscillator circuit.
The problem was to eliminate the influence of the second
and the fourth harmonic resonances which are approximately 74 kHz
and 123 kHz respectively. If the atomiser is properly assembled
the second harmonic will be of higher impedance than the third:
this could be achieved due to the design and the tuning of the
geometry.
With increasing number of harmonics the impedance increases even 
if the resonator is especially tuned to the higher frequency. The 
fifth or higher harmonics are therefore usually not so difficult 
to avoid as the lower ones. If however the atomiser is supported 
in a way that gives increasing stiffness, the higher harmonics 
could be more dominant, and cause a feedback oscillator to jump to 
another resonance.
Several known oscillator circuits were tried but most crystal feed­
back oscillator s have been developed to create constant frequency 
oscillations with very little power to the crystal and are there­
fore not suitable as drives for power applications without an am­
plifier. Such drive units exist and are necessary for operating 
high power ultrasonic drills or cleaning tanks.
To drive a type 22 atomiser requires only approximately 5 watts, 
therefore is a two stage drive unit consisting of an oscillator 
and an amplifier is not neccessary.
The development of the electronic drive unit had to be done in 
parallel with the investigation of different types of transformers.
A drive unit with more oscillator circuits tuned to approximately 
the correct frequency was necessary for driving the less sucess- 
ful designs, where a number of resonances had approximately the 
same impedance. It was especially difficult to get the oscilla­
tion started at the correct frequency. Feeding fuel to the ato­
miser could also cause a jump to another undesired resonance.

Figure 61 shows how the drive unit for the type 22 atomiser was 
finally made.

Fig.61
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A ferrite rod can be moved in a double coil for tuning to exact­
ly the correct frequency: that is when the phase angle between 
voltage and current is zero.
The AC signal for voltage and current fed to the atomiser can be 
used for calculating the efficency of the drive unit

n m Power to the atomiser 
Power to the drive unit

The efficency of the designed drive unit is measured to be better 
than 65%.
The D.C. current needed from a 12 V battery is 0.6A. The total 
consumption for each atomiser is consequently 7.2 W.
Almost any power transistor of pnp type can be used. Cheap tran­
sistors such as 2 N 3054 and 2 N 3055 have both been used success­
fully.
Since the transducers are a part of the oscillating circuit there 
must be a drive unit for each atomiser.
For the work with 4 atomisers on the engine, the drive units were 
assembled in small aluminium casings, but a better solution would 
be to mount all the units in one box.
If transistors in the cheaper range are used a current limitation 
would be of advantage.
In case of failure, when the atomiser stops vibrating the current 
through the transistor is about 2 A. For a 2 N 3055 this current 
does no harm, but the smaller 2 N 3054 can be damaged after some 
time by overheating.
In order to keep the transistor cool, it is mounted on one side 
of the aluminium casing. ( See the photograph in Appendix IV ) .
A printed circuit version of the drive unit would make it a very 
small device which could easily be mounted on the engine close to 
the atomiser.

4.7 Fuel feed to atomiser

As was seen earlier, the average droplet diameter of the ato­
mised fuel is frequency dependent, but the fuel flow rate and the 
way in which the liquid is applied to the atomiser surface are
also of importance. The most successful atomisers have 8 nun dia-

2meter of the smaller end. This means that more than 50 mm is avail­
able for atomisation. The difficulty, however, is to apply liquid 
to this area in such a way that the whole area is effective. A
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single jet of fuel to the surface allows only a small part of the 
area to be used and gives good conditions for atomisation at low 
flow rates. When the flow rate increases the liquid is thrown off 
in droplets which collide and build up larger drops on the way 
from the surface.
Several methods have been tried to achieve the best possible dis­
tribution.

a. Hole in the centre of small cylinder
b. Feed from the front
c. Feed from the side on to the atomising surface
d. Feed on to the side of the atomiser tip

The experiments with fuel distribution were carried out in a stea­
dy state flow rig, where the atomiser could operate in an air- 
stream of variable speed, comparable to that in an engine mani­
fold. For these experiments water or alcohol was used. Water is 
not very suitable because of corrosion of the aluminium. After 
some hours the aluminium becomes a black colour in places with 
strong vibration. Petrol or alcohol do not affect the aluminium.
a. Fuel feed through a central hole represents the simplest way, 

but has some disadvantages. Even if the feed into the atomiser 
is done at a node on the step, as shown in Figure 62 (a)

Fig.62

it will affect the impedance of the horn considerably. Addi­
tionally a single bore on the tip does not ultilize the area 
very fully as the liquid is thrown off in the centre region 
and the larger outside area remains dry.

b. The feed from the front can be via one jet or more. It is po­
sible to direct the jets at different parts of the surface. 
However, with this setup it is necessary to have access to the
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atomiser from the front side, as would be the case for instance 
when the atomiser is mounted in a tube. Impaction of droplets on 
the feed tubes has also to be considered ( Figure 62 b )

c. To avoid impaction the feed jets were mounted upstream of the 
atomiser. There is a danger that the liquid fuel is blown off 
by the high speed air before it hits the atomising surface. 
Various methods of shielding the atomiser were tried. It was 
later discovered that the " blow off " effect is easier to 
avoid in the pulsating flow in the engine than in the steady 
state flow. This difficulty only arises when the fuel feed pres­
sure is low ( Figure 62 c ).

d. When the atomiser is arranged with the tip directed down-wards 
it is possible to feed the fuel at low pressure on to the side 
of the atomiser tip. The vibrations, the airspeed and gravity 
cause the fuel to flow around the atomiser tip and on to the 
surface. This method has many advantages but it is more diffi­
cult to arrange the pipes supplying the fuel. It can be argued 
that in the case where the fuel is fed from the outside rim, 
the fuel is thrown off before it can get to the centre. A com­
bination of a central jet and gravity feed is possibly needed 
to achieve the best utilization of the surface.
For instance,the central jet could be a high load jet opera­
ting in conjunction with a low load jet feeding on to the side. 
The question of fuel feed has to be seen in relation to the 
mounting of the atomiser in the inlet system, and the means of 
support of the atomiser.

The atomisers used in this research have all been used at constant 
power input. At a low fuel flow rate, suitable for an engine at 
idle, the droplets formed would be smaller at lower power input 
to the atomiser. A high power atomiser throws off the low fuel 
feed instantly, and the droplets so formed are larger than if the 
atomiser input power is less and the fuel has time to spread over 
a larger area of the atomiser surface.
It would not present any difficulty to regulate the atomiser power 
in proportion to the fuel flow rate. The electronic drive unit 
could be regulated via the base current or by simply altering the 
level of the input DC voltage.
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4.8 Support of atomiser

According to the number of nodes of the standing wave In 
the type 22 atomiser there should be three places on the body with 
no axial vibration. Because of the arrangement of the sleeve with 
strong radial movement there are only two nodes which can be used 
for supporting the atomiser body. One node is situated on the step, 
and the other at the stainless steel backing piece 12 mm from the 
end. At all other places the atomiser is in vibration and a support 
would damp the movement and result in an increase of the mechanical- 
electrical impedance.
In the first experiments the support of the atomiser was considered 
together with the arrangement of the fuel feed. The atomiser body 
was mounted on three nylon screws clamped to the node in the backing

feed tubes was also made somewhat neater. As Figure 64 shows, a 
seal was made at the front end to avoid air leakage through the 
atomiserarrangement when mounted on the engine.

successful assembly which was used in experiments on the engine ma­
nifold where fuel was atomised close to the inlet valves.

—  j»t fuel feed to the atomiser
(Fig.63X Later instead of 
screws a Teflon ring was 
made to fit in a slot in 
the atomiser body.

piece, a number of pipes 
were bent and provided the

Fig. 63 The arrangement of the

The front part of the 
support body was meant 
to be a shield against 
the force of the air. 
Threads on the end al­
lowed the unit to be 
mounted in the manifold. 
Figure 65 shows the more

Fig.65
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The atomiser was supported by teflon rings of a shape designed to 
avoid fixing the atomiser body over a significant length. If the 
mounting is to be almost loss - less the atomiser must be held on­
ly in a very narrow slot. Also slnoe exact location in the radial 
direction must be avoided a gap between the atomiser body and the 
teflon ring is necessary.
In the arrangement shown in Figure 65 the atomiser is open at the 
front.
Atomisers of this design must be mounted with the tip downwards. 
Fuel between the atomiser and the support body, would influence 
the performance of the atomiser considerably. Another disadvan­
tage with arrangements like Figure 65 is the size.It is more dif­
ficult to find space on the induction system for atomiser units 
as big as that in Figure 65. The diameter of the threaded end 
is 27 mm.
During the investigations on the engine it was discovered that the 
volume of the fuel feed was too great. The unsteady fuel feed 
caused by the pressure variation in the feed line caused maldis­
tribution to the cylinders and therefore increased the hydrocar­
bon level in the exhaust.
Fuel feed on to the side of the horn has to be from a low pres­
sure supply. This causes the fuel to be sucked out of the system, 
especially at idle when the pressure in the manifold is low.
For individual atomisers on each cylinder it is necessary to have 
a higher pressure fuel supply and to arrange for the pressure drop 
to occur as close to the outlet as possible.
At low pressure feed the regulating valve must be situated as 
close to the outlet as possible. With designs like that in Figure 
65 it is not easy to fit adjustment needles at the ends of the 
feed tubes. A new atomiser was made with a small flange at the 
step of the horn. If the flange is small enough it does not in­
fluence the impedance significantly. Additionally, as the atomiser 
must be electrically insulated from the engine a rubber seal makes 
the mounting somewhat flexible.

Figure 66 shows this 
arrangement. Using 
the flange system, 
the atomiser set up 
is only 18.5 mm in 
diameter, is sealed
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in the front and can be mounted in any direction. However, it’is 
not protected and has no fuel feed arrangement. The fuel has to 
be led to the atomiser from " outside This makes experiments 
more flexible but the atomiser is not a complete unit and the feed 
tubes must be arranged in the manifold independently.
Further discussion of the application of the atomisers will be 
found in chapter 6.
Photographs of some of the arrangements used oan be found in 
Appendix IV.
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5 Measurement on the vibrators 

5.1 Amplitude and stess

Vlbratlve atomisation can only take place If a certain mi­
nimum amplitude is exceeded. For a type 22 horn of frequency
98.5 kHz this minimum amplitude is approximately 1.5 ym. At such 
small amplitudes only a vary thin film of liquid can be applied 
to the surface. Flooding of the tip is to be avoided. Figure 67 
shows the relations between power and flowrate.

It is difficult to draw 
such a diagram accurately. 
The limits for atomisation 
are dependent upon sub­
jective judgement and 
upon how the fuel is fed 
to the atomiser. For the 
type 22 atomiser ampli­
tudes of 10 to 12 ym give 
reliable atomisation at 
flow rates of more than 
5 1/h. If the flow rate in­

creases, bigger drops are thrown off. An increased amplitude per­
mits atomisation of higher flow rates too but the droplets seem to 
increase in diameter, possibly owing to a cavitation effect.
Figure 68 shows.the measured amplitude at the vibrating end in re­
lation to the power fed to the transducer. Less than 1/2 watt in­
put power is necessary to achieve amplitudes of 1 to 2 ym, but at 
higher power there is little or no increase of amplitude. For trans­
ducers which rely on clamping without adhesive, the curves fall off 
with increasing power. This suggests that an increase in power 
causes a worsening of the contact between the transducers and the 
metallic material.

As the Figure fiR shows, the clamped and cemented version is more 
reliable at higher power than the clamped only type. If the clam­
ping force is not sufficently high an increase in power causes the 
amplitude to fall for reason stated above. The atomisers used in the 
research were adjusted to approximately 5 W on the transducer or
8.5 watts on the DC. side of the drive unit ( 12 V, 0.7A ).
The vibration amplitude were measured by means of a special micros-

l/h
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cope based on the image shearing method. The instrument VAMMISE 
has the advantage that it is not necessary to fix anything to the 
tip which might change the performance of the atomisers. The light 
reflecfed from the polished edge of the tip was sufficent to mea­
sure the amplitudes. At small amplitudes the accuracy is not very 
good, but amplitudes bigger than 3 pm could be distinguished quite 
well. In order to confirm the results from the measurements with 
VAMMISE the latest version of the type 22 atomiser was measured 
by means of a DISA universal indicator which is able to register 
signals from capacitive or inductive transducers. An amplitude 
can be detected from the change in capacitance when a metallic 
plate is hold close to the vibrating surface. The result of these 
measurements corresponded reasonably well with those of the VAMMISE 
( on Figure 68 see the curve for 22 B ).
The calibration of the signal from the frequency-modulated reac­
tance converter was carried out using a micrometer screw for con­
trolling the distance between the plate and the vibrating sur­
face and an electronic sensor based 6n a differential transfor­
mer pickup for exact measurement and calibration of the movement.

The Photograph 
Figure 69 shows 
the instrumentation.

h.
o o .

Fig.69
As we have seen, the maximum stress in the concentrator is given 
by o max - " , where C2 is the amplitude at the end, Y is
Young's Modulus and t the length of the smaller cylinder. Figure 68 
shows the maximum stress, calculated from this equation at dif­
ferent power. The curve is drawn for the atomiser 22 B.
From the equation v ■ — —  ( obtained from the solution of the

P C owave equation (25)) where v is the velocity of the particles at the 
small end and p c0 is the characteristic impedance, it follows 
that at 8 watts input the particle velocity would be given appro-
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ximately by
v 1.17.10 ’

13.9.10 !> 8.41 m/s

This Is to bs compared with the maximum velocity obtainable in a 
rod, which is given by

vmax
F 1.9.10 J 

p.cQ 13.9.10 5 13.20 m/s

F represents the fatigue stress of the material, here taken to 
be 1900 bar.
According to this investigation there seems to be little chance 
of fatigue failure of the type 22 atomiser, because even at very 
high power the amplitude does not exeed about 14 pm. It must be 
remembered, however, that at idle the temperature may rise, cau­
sing the material to weaken considerably.

5.2 Impedance and Q-factor

The impedance of the concentrator is a very important para­
meter in the tuning procedure. The impedance and phase angle were 
measured with a vector impedance meter.
Figure 70 shows the impedance of the unfinished atomiser, consis­
ting of an aluminium and a stainless steel symmetrical tuned bar, 
at frequencies around resonance and the impedance of the finished 
atomiser with the tuned tip. The resonance curve is extremely 
sharp for both the finished and the unfinished resonators but, as 
can be seen, the curve for the finished atomiser is somewhat shar­
per especially at frequencies lower than resonance. For the tuned 
atomiser a decrease of 250 Hz causes an increase in the impedance 
of approximately 450 n ( for an atomiser working at 92 kHz ).

The sharpness of the resonance is as mentioned before ex­
pressed in terms of the Quality factor Q «* *— f ■rl " r 2
where ( — f2 ) is the band-width of the resonator ( see pane 100 ) .
The Q factor is a measure of the damping of the vibrating system 
and depends not only on the geometrical match but also on the ma­
terial used.
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In order to calculate the quality factor for the type 22 atomiser 
it is necessary to measure the change of the amplitude on each 
side of the resonance keeping the power constant. This is a diffi­
cult thing to do with a resonator having a narrow band-width but _ 
could be done by tuning the feedback oscillator slightly out of 
resonance so that the feedback signal altered the frequency slight­
ly*
Figure 71 shows the decrease of amplitude on each side of the 
resonant frequency. As can be seen , the band with of the atomi­
ser is approximately 30 Hz. The Q-factor according to the defini­
tion is about 3290,

Fig.70
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As Figure 71 shows, a frequency change of 12 Hz above the re­
sonant frequency causes a 30% decrease of amplitude. This explains 
the importance of having an electronic drive unit which runs at 
the correct frequency all the time both on load and when tempera­
ture changes cause the resonant frequency to drift.

5.3 Temperature effects

As we have seen the damping of the vibration system is re­
latively small. The heating up of the atomiser is not expected 
to be a problem under normal conditions.
During atomisation the cooling capacity of the liquid which is 
applied to the atomising surface is always sufficient to cool the 
atomiser body. Even at idle, when the atomiser is vibrating without 
fuel, the temperature level is low and there is no danger of over­
heating if the heat can be transferred to cooler surroundings.
The problem with overheating can occur if the surroundings are at 
high temperature.
A high engine temperature together with operation of the atomiser 
at idle may give rise to temperatures high enough to affect the 
impedance of the atomiser considerably.
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Above about 270 °C the transducers slowly lose their polarization, 
but the efficiency decreases at far lower temperatures than the 
Curie temperature. Furtheremore, a temperature rise causes changes 
of the clamping force. For the best possible performance it is 
necessary to keep the temperature at the lowest possible level.
As mentioned earlier, the temperature increase causes the reso­
nant frequency to drop until an equilibrium is established.
Figure 72 shows the frequency change in the heating up period when 
an atomiser is switched on and driven at idle ( without atomi­
sation ) with an ambient temperature of 20 °C.

Fig.72

Atomisers which are supported by a flange on the step are better 
cooled than those supported on the dummy, at distance \/4 from the 
end, and kept in a closed cylinder.
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5.4 Droplet Formation

The atomisation of liquid by ultrasound was first discovered 
as early as 1925, but the first studies of the mechanism of ato­
misation were carried out many years later by K. Sollner (26). 
Sollner proposed the so-called cavitation hypothesis which sug­
gests that atomisation by acoustic vibrations is due to hydrau­
lic shocks generated by the implosion of cavitation bubbles close 
to the vibrating surface.
In 1954 some scientists (27) proposed the capillary-wave hypothe­
sis. According to this hypothesis the droplets are formed at the 
crests of a standing capillary wave on the surface of the liquid 
applied to the vibrating surface.
The photographs in Figure 73 show the standing wave formation in 
a layer of alcohol at 0.25 kHz (a), 1.0 kHz (b), and 1.5 kHz (c).

Fig.73

The decrease of the capillary wavelength with increasing frequency 
is illustrated in Figure 72.

0.5

Fig.74

H-
1.0 1.5

frequency kHz



-130-

5.4 Droplet Formation

The atomisation of liquid by ultrasound was first discovered 
as early as 1925, but the first studies of the mechanism of ato­
misation were carried out many years later by K. Sollner (26) . 
Sollner proposed the so-called cavitation hypothesis which sug­
gests that atomisation by acoustic vibrations is due to hydrau­
lic shocks generated by the implosion of cavitation hubbies close 
to the vibrating surface.
In 1954 some scientists (27) proposed the capillary-wave hypothe­
sis. According to this hypothesis the droplets are formed at the 
crests of a standing capillary wave on the surface of the liquid 
applied to the vibrating surface.
The photographs in Figure 73 show the standing wave formation in 
a layer of alcohol at 0.25 kHz (a), 1.0 kHz (b), and 1.5 kHz (c).

Fig.73

The decrease of the capillary wavelength with increasing frequency 
is illustrated in Figure 72.

Fig.74

1.5
frequency kHz



131-

The photographs were taken with an ordinary camera equipped with 
a macrolens . At higher frequencies than 1.5 kHz the wavepattern 
is too small to be seen without a microscope. As can be seen from 
the photographs, the capillary waves are not uniform. This is pos­
sibly due to non-uniform amplitude of vibration over the surface 
and the variation in the thickness of the liquid layer. If the wa­
velength X of the capillary wave is related to the droplet dia- c
meter by the expression D - a Xc, it is found that o is a constant 
almost exactly equal to 0.3 for all frequencies.
The formula(28)  ̂ = 8ttct

nection between the capillary wavelength and the exciting frequen­
cy. Using this formula to calculate Xc for 1.5 kHz we find the 
value 0.709 mm, compared with the measured value of 0.71 mm from 
the photographs. Considering the simplicity of the experiment the 
agreement is very good. The formula for the capillary wavelength, 
multiplied by the factor 0.3, gives an expression for the droplet 
diameter.

This formula gives ( Figure 75 for Gasoline ) the theoretical drop­
let diameter as a function of frequency.
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Experiments show clearly that in an ultrasonic atomised spray there 
are a large number of droplets both bigger and smaller than this 
theoretical value. At the frequency of the type 22 atomiser,

c gives the con-

o = surface tension 
p •» density 
f = exciting frequency
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98.7 kHz, the theoretical value for the droplet diameter of petrol 
is 12.5 urn .
However, investigations show clearly that only at very low flow . 
rates are such small droplets obtained.
As was mentioned in a chapter 4.8 there are a number of parameters 
which influence the quality of the spray.
It is interesting to notice that the droplet size increases rapidly 
at high flow rates.
Also an increase in power ( bigger amplitude ) at constant flow- 
rate causes an increase in the droplet size.
An atomiser adjusted to take high flow rates needs more power and 
the large droplets formed at high flow rate might be a result of 
both these effects.
For a certain amplitude of vibration there is an optimum liquid 
layer thickness. This optimum is difficult to obtain without accu­
rate control both of the liquid feed to the atomiser and of the 
power. Obviously an ultrasonic atomiser, like a pressure atomiser, 
is best suited to a certain flow rate, but whereas the pressure 
atomiser performs better at high flow rates the ultrasonic atomiser gi­
ves the smaller droplets at lower flow rates. In the context of the 
engine manifold system the ultrasonic atomiser is of most advanta­
ge when the engine is idling: the two phase flow atomisation of 
a normal carburettor is then not satisfactory.
At higher flow rates the air speed is higher and the atomisation 
better. As was shown in chapter 2.3 a high temperature level acce­
lerates the evaporation, but the shorter residence time in the 
manifold does not ease the demand for small, evaporating droplets.
Even at high flow rate the droplets produced by an ultrasonic ato­
miser at about 99 kHz will of course be far smaller than those pro­
duced in a carburettor.
There is no certain explanation of why some bigger droplets are 
formed in the spray from an ultrasonic atomiser, but studies of 
the spray give the impression that some sort of cavitation takes 
place. The occurrence of collision may explain why larger droplets 
are found, particularly at high flow rate and with big amplitudes.
If the atomisation were as described by the capillary wave theory, 
the number of droplets produced could be expressed as
N ■ -— 4— y on the area X 2. T is the period of vibration.

T  A C  Cc c
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According to the relation D - a \ given earlier and the equationc
3 3__________________lc=/8ito/'pf2 » we have N - k / (p/n o)* f7/ 3

2where N «= number of droplets /cm s.
It is not easy to prove this relation experimentally. All experi­
ments give far lower values for the flow rate. As mentioned in 
an earlier chapter# one reaaon for this could be the difficulty 
of distributing the liquid in such an way that the vibrating sur­
face of the atomiser is properly used. Usually the ratio

Q calculated 
Q measured

is as low as about 0.3. It is therefore reasonable to believe 
that the whole truth about the physics of droplet formation is not 
yet known.

5.5 Capillary waves on atomiser surface

In order to try to clarify further how droplets are formed 
in the liquid layer applied to a vibrating surface, an atomiser 
working at 98.5 kHz was studied under a microscope giving a magni­
fication of up to several hundred times. A camera was fixed to the 
microscope to enable photographs to be taken.
The capillary waves created can have different patterns, but in 
most cases the one directional type of waves shown in Figure 16 
represents the start of the process. The next stage is the for­
mation of two directional wave pattern shown in Figure 77

Fig.76 Fig.77
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Further development of the two directional wave pattern creates 
the droplets. In Figure 78 it can be seen that some of the drop­
lets are already formed and are about to be thrown off the sur­
face.
In the experiment 96% alcohol was used. According to the theory 
the capillary wavelength at 98.5 kHz should be 43pm. This cor­
responds very well with the measured values from the photographs 
shown. The distance between two lines in the scale imposed in the 
photographs is 10 urn.
The droplets which can be seen on the photographs seem to be of

the size 10 to 15 urn. 
Theoretically the drop­
let size is 12.9 pm 
( 43 pm * 0.3 ).
The time needed for the 
creation of droplets is 
dependent upon the vi­
bration amplitude and 
the thicknes of the li­
quid layer.
The studies of the capil- 

Fig.78 lary waves through the
microscope revealed that at large vibration amplitudes and with a 
thick liquid layer the two directional wave pattern is not formed 
properly and droplets are thrown off from the one directional 
waves, giving droplets of various sizes, always bigger than those 
formed from the regular pattern shown in Figure 78. This is cer­
tainly the explanation of the formation of larger droplets at 
higher flow rates.
Early in the work it was found that if the power supply to the ato­
miser transducer is increased the droplets increase in size. The 
reason for this is that less of the vibrating surface is utilized 
as there is insufficient time for the liquid to spread onto a lar­
ger area. The droplets formed are then similar to those formed in 
a thick layer. It is very difficult to tell where the cavitation 
effect comes in. Studies of that effect could not be carried out 
using the microscope.
It is uncertain under what conditions the cavitation effect cre­
ates droplets, but with very thick liquid layers and large am­
plitudes no surface wave could be seen although droplets and drops
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were splashing from the layer.
Obviously the changes in wave pattern occur in a very short time.
As soon as a droplet has left the surface a new crest is formed in 
its place by means of continuous movement of the liquid layer.
In order to take the photographs and study the wave-formation un­
der the microscope the power to the transducers was controlled.
With the atomiser working at normal power there is no chance of 
seeing the creation of droplets at all as it is only a matter of. 
milliseconds between the creation of successive droplets at the 
same spot.

'5.6 Droplet size measurement

There are several publications dealing with spray quality 
investigations ( 29,30 ). In ( 31 ) many methods of measurement 
are listed and described.
The investigation of droplets in this project had to be carried 
out by simple means.
Some of the methods for droplet diameter measurement can be done 
without expensive special equipment. One of these is the absolute 
slide method where droplets are collected on slides coated with 
a suitable material. However, using this method it is difficult 
to discover anything about the average droplet size, because drop­
lets will collide and build up heavy concentrations on the slide. 
For studying many droplets in a spray, in order to determine the 
sizes, the Frozen-Drop or the Wax method seems to be the easiest 
and most accurate way. A spray of paraffin wax behaves very much 
like a gasoline spray, because importent properties such as vis­
cosity and surface tension are similar for the two liquids. Wax 
alloys can be made to give almost exactly the same values, but in 
the investigation carried out an ordinary acid-free paraffin wax 
with melting point of 54 to 58 °C was used.
At 140 °C the viscosity was found to be 29.5 s. Redwood, compared 
with 26 s. Redwood for Petrol at 18 °C.
It was very difficult to obtain a higher temperature than 140 °C 
in the arrangement used because of dangerous fumes from the heating 
pot. The heated wax was applied to the vibrating surface of the 
atomiser by means of a preheated syringe.
To ensure quick solidification of the wax droplets a steel Plate 
cooled by means of liquid nitrogen was situated underneath the 
atomiser and the spray. The solid wax drops can easily be collected
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on microscopic slides for observation and measurement under the 
microscope. The only problem about this arrangement is to get a 
representative sample. Smaller droplets do not settle as quickly 
as the bigger ones. In fact« the smaller droplets were difficult 
to catch. The draught in the room caused the smallest droplets 
to drift away. Some were found at the collecting plate, but it is 
believed that too many of the smaller droplets had drifted away 
for the sample from the collecting plate to give the correct as­
sortment. However, the arrangement used should give reasonably 
correct information about the sizes of the smallest and the biggest 
droplets in the spray, if enough samples are taken.
It is probably not possible to obtain a correct average droplet 
size by this method, but change of droplet sizes with flowrate 
or method of distribution is noticeable.

Fig.79 (al

Fig.79 (b)
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Pig.79 (c)

The investigation was carried out with an atomiser working at 92 
kHz. According to the theory this frequency should give droplets 
of average diameter 13 vm ( according to Figure 75 ).
Figure 79 shows photographs of wax droplets at different flowrates. 
Imposed in the photographs is a scale giving 50 urn distance bet­
ween the lines.
Photograph (a) shows droplets collected at low flow rate. The 
smallest droplet is found to be smaller than 10 um, but these drop­
lets are difficult to detect on the photograph because of the light 
conditions of the microscope. The biggest droplet on the photograph 
a is approximately 45 iim, but the average dropletsize taken from 
a number of samples gives a value at very small flow rate of 18 
to 20 urn. With increasing flow rate the average droplet size 
increases because the number of bigger droplets gradually rises. 
Photograph (c) is taken at almost maximum flow rate and it is easy 
to see that the drops are very much .larger. The biggest droplet 
measured is almost 100 pm. It must be remembered, however, that 
at high flow rate the density of the spray causes collisions bet­
ween droplets close to the vibrating surface and that the speed 
of the droplets is higher owing to the demand for more power to 
the transducers to give increased amplitude.As was explained ear­
lier, the increase of amplitude will itself cause a number of big­
ger droplets to be thrown off owing to unknown effects ( possibly 
cavitation ).
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Fig.79 (c)
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Photograph (c) is taken at almost maximum flow rate and it is easy 
to see that the drops are very much larger. The biggest droplet 
measured is almost 100 um. It must be remembered, however, that 
at high flow rate the density of the spray causes collisions bet- 
wcen droplets close to the vibrating surface and that the speed 
c-f the droplets is higher owing to the demand for more power to 
the transducers to give increased amplitude.As was explained ear­
lier, the increase of amplitude will itself cause a number of big­
ger droplets to be thrown off owing to unknown effects ( possibly 
cavitation ).
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Sampling is more difficult at high flow rates. The intensity of 
the spray causes the smaller droplets to be kept in the air where­
as the weight of the bigger droplets causes the bigger droplets 
to settle down quickly. The result therefore depends very much on 
how and where the sample is collected. In a heap of wax droplets 
the average droplet size will vary depending on where the atomiser 
was situated. The only way to measure average droplet size seems 
to be to sort the droplets into several sizes and work out the 
average size by counting. The sorting can be done using graded 
gauge sieves for bigger droplets, but smaller droplets must be exa­
mined microscopically. The wax-method is probably not suitable 
for very small droplets.
The holographic method might be useful in this work, but for very 
small droplets it will be difficult to make the droplets visible 
on the photographic plate. Holographic methods have the same dis­
advantage as the photographic method; it is difficult to measure 
droplets in the middle of the spray where the drop concentration 
is high. Figure 80 shows photographs of an alcohol spray taken 
with a normal camera and a macrolens, giving approximately 14 times 
magnification. The distance between two lines in the scale on 
the side of the photograph represents a true distance of 0.5 mm.

L 111111111! 111S
Fig.80 (a)
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The photographs were taken with two electronic flashes giving a 
time of exposure of 1/1000 s. The depth of focus is only ± 5 mm 
at a shutter opening of 4.0. Most of the droplets are therefore 
not sharp.
Several photographs show that the droplets are more uniform in 
size when using petrol or alcohol than when using liquid wax, but 
it is difficult to measure an exact size because of the vapour 
tail and the vapour cloud surrounding the droplets.
In that respect it would have been an improvment to work in a low 
temperature room or to use a liquid with a higher boiling point.
The average droplet sizes determined from the photographs at a 
medium flowrate of alcohol using the atomiser 22 is nearly 40 pm.
It can be argued that immediate evaporation causes a reduction of 
the droplet diameter and that the photograph shows too small a 
droplet size. At higher temperatures at which the evaporation 
rate is big this would certainly be the case.
During the experiments the air temperature was kept at 15 °C and 
the photographs were taken close to the atomiser. Figure 80 (b) 
shows droplets standing still in the air about 0.5 meter from the 
atomiser. As can be seen, some of the droplets appear to be even 
bigger than those close to the vibrating surface. The reason is 
obviously that a slow moving droplet will be surrounded by a vapour 
shell which reflects light to the film and gives the image of a 
big drop.
The measurement of droplet size is difficult. The measurement of 
droplets produced due to ultrasonic vibration could however be 
done using a special feature of ultrasonics.
If droplets are sprayed in a strong ultrasonic field the droplets 
can be made to coalesce on ultrasonic pressure planes and to remain 
in field long enough to be measured optically.
Figure 81 shows a photograph of droplets in such an ultrasonic 
field.
At low temperatures a stationary droplet appears very sharp.
In an ultrasonic carburettor made for the project, the standing 
wave kept a cloud of spray in place for some tenths of seconds. 
After that time the droplets slowly join together in-to large drops 
resting exactly at the nodes of the standing wave, where they re­
main until they evaporate.
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Photographs of droplets and the measurement of droplet size using 
liquid wax gives the impression that only at very low flow rate 
is the theoretical value of droplet size obtained. At medium flow 
rates, at which the atomiser is mostly used, the droplets are 
more likely to be about 40 pm. At flow rate too big for the capa­
city of the atomiser the droplets increase rapidly in size. This 
observation corresponds well with what could be seen looking at 
the liquid layer under the microscope.
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6 The application of atomiser In an Inlet system

6.1 Steady state flow rig tests

The first experiments with atomisers working in an airstream 
were carried out using a blower with a maximum capacity of appro­
ximately 160m3/h. The blower speed could be regulated to simulate 
the airflow at different engine speed and power.
Preliminary studies under steady conditions are much easier to 
arrange than those involving pulsating flow like that in the real 
inlet system of an engine. Transparent perspex tubes of various 
shapes were used to look at the performance of the spray in various 
arrangements for a range of air and "fuel" flow rates. In the 
steady state rig the impaction of droplets could be studied. Another 
important task was to find the arrangement giving the best possible 
fuel feed to the atomiser end.
There are two main ways of arranging the atomisers in a pipe.
The atomiser body can either be mounted inside at the middle of 
the tube, with the atomiser pointing downstream, or be mounted 
from the outside fixed to the wall of the tube and pointing in­
wards.
The atomiser situated in the middle of the airstream is the best 
solution and gives little impaction, assuming that the tube is 
wide enough and has no downstream restrictions.
The last condition is difficult to realise in the real system be­
cause of the relatively small inlet diameter of the engine port and 
the inevitable bends. At simulated maximum load the atomiser fixed 
at the wall pointing at right angled (90°) into the pipe normally 
gave impaction at the opposite wall. If the atomiser is pointing 
downstream the impaction in the tube is less than if the atomiser 
is fixed at 90° to the axis.
Narrow tubes giving high air velocities cause the droplets to be 
forced in the direction of the air flow, but there is reason to 
believe that the droplets then collide and form bigger droplets 
because of increased spray density.One of the main advantages of 
ultrasonic atomisers is thé fact that no venturi that gives sig­
nificant restriction to the system is needed. A narrow inlet ma­
nifold would reduce this advantage. A high airspeed is undesirable 
also because of the danger of build up of fuel drops at places 
such as on feedtubes or in bends and at edges which create vortex 
motion.



Feed tubes are better mounted upstream, ( Figure 86 ) although down­
stream arrangements have been very sucessful in some experiments 
where the atomiser was angled approximately 30 ° to the axis ( Figure 
85 ). At some flowrates the vortex created by the angled atomiser end 
gave a very fine distribution of fuel to the vibrating surface. At 
low flowrates however, fuel drips from the feed tubes without rea­
ching the surface of the atomiser. This is obviously caused by the 
use of too low a fuel pressure to form a jet.
Later investigations on the engine revealed that under all conditions 
the fuel feed is the most difficult part of the experiments. This 
is discussed later in chapters concerned with actual experiments on 
the engines. Fuel feed via small pipes pointing at the vibratina sur­
face upstream or downstream ( see Figure 85 and 86 ) was later abon- 
doned because it was discovered that the atomising area was better 
utilized by pointing the feed pipes at the side of the tip as illu­
strated in Figure 62 d.
The atomiser must then be pointing in direction of the air flow 
in order to get the fuel forced around the circumference. In 
straight pipes of the sizes used in inlet systems, it is diffi­
cult to avoid impaction at the opposite wall when the atomiser is 
flanged to the induction pipe.
For technical reasons it is not possible to angle the atomiser in a 
pipe sufficiently to direct the spray parallel to the axis of the 
pipe. The mounting of the atomiser in a bend makes it possible to di­
rect the fuel spray more into the middle of the air stream. In the 
situation in which one atomiser is connected to each cylinder the ato­
misers can be arranged rather like the injectors in a manifold of an 
engine with fuel injection.
All experiments involving the steady state flow rig were aimed at 
solving some of the problems involved in carrying out comparative 
tests on a two-stroke and four stroke test engine.
As is often the case in research, most of the experiments were not 
sucessful and are not discussed in detail.
One of the experiments with an ultrasonic carburettor is worth men­
tioning because it raised many of the difficulties in the application 
of ultrasonic atomisers.
Figure 82 shows the arrangement. The atomisers are mounted in sepa­
rate cylinders.as shown in Figure 64 ( paragraph 4.8 ).
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Fig.82

The flange at the bottom of the carburettor was made to fit the ori­
ginal manifold of the Ford test engine. In the upper half there is a 
moving shield, forced down gradually with increasing air consumption.
The shield was meant to have two functions: firstly it was intended 
to direct the air along the walls of the bowl to cause better mixing 
and to prevent the impaction of droplets. Secondly, the movement of 
the shield could eventually be used as a part of a system for me­
tering the fuelsupply to the atomisers.
Perspex windows made it possible to watch the four atomiser vibrating 
surfaces and the impaction in the " bowl ".
This ultrasonic " carburettor " was made exactly the same length as



-144

the original carburettor with the same inside diameter at the 
flange. The experience in the flow-rig with this design was not 
very promising. A vortex in the bowl caused impaction at the walls 
and at high air flow rates a wave of liquid moved up the walls and 
big drops of liquid were thrown off as the liquid reached the 
shield in the upper half of the spherical chamber. The main rea­
son for the failure is obviously the narrow outlet of the bowl and 
the failure to direct the air along the walls to prevent impaction 
of droplets.
Figure 83 shows photographs of a two-dimensional model which was

used for 
studies of 
various ar­
rangements in 
a wind tunnel. 
The arrange­
ment (b) had 
small fixed 
shields moun­
ted through 
an extended 
M moving " 
shield and 
represented 
the best so­
lution using 
the
" bowl " and 
four atomisers 
mounted from 
the outside.

Fig.83
(a)
(b)
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Additional difficulties with the individual fuel feed to the atomi­
sers finally led to another design where the four atomisers were moun­
ted in the middle of the bowl, pointing downstream ( Figure 89 ) , in 
this case it is simpler to direct the air around the droplet spray. 
However, this arrangement needed somewhat more length.

As was mentioned in the chapter 3 , the testbed for the four
stroke engine is equipped with a dynamometer that is able to run as 
a motor. An obvious feature of this testbed is that it is possible 
to motor the engine for studying conditions in the inlet system wit­
hout combustion. This feature was used to compare the results from 
the steady state tests with those in a pulsating flow.
Experiments with individual atomisers close to the inlet ports was 
not studied only in the steady state air stream because the pulsation 
from the opening and closing inlet valve can cause quite different 
conditions for the atomiser. A part of the work on atomisers situ­
ated in the manifold was therefore carried out on the engine itself, 
using methylated spirits instead of petrol to avoid dangerous gas 
concentrations in the exhaust system of the engine.
Studies of droplet behaviour in the pulsating air shows clearly that 
impaction is more difficult to control with pulsating flow than with 
steady air flow. The droplets from the atomiser seem to reach the 
opposite wall more easily as a result of the variation of the air 
speed.
The only way to avoid impaction in the manifold branch without adding 
heat seems to be to situate the atomiser as close to the cylinder as 
possible and to direct the spray straight at the inlet valve.
This knowledge was used in the last experiment on the engine with a 
manifold specially produced to fit four atomisers, each pointing di­
rectly into the inlet port. See Figure 84.
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At the end of the development period of the atomisers a simple test- 
rig was built for endurance tests. A gravity feed system supplied 
the atomisers with water for atomisation, and the atomisers could be 
run for several hours.
The endurance of the atomiser 22 Is very good. Mo failure has been 
discovered during the many hours of use.
The most difficult features have been the feed arrangement and the 
contact screw to the transducer.

6.2 Preliminary studies on 2-stroke engine

formance was studied by applying water or methylated spirits to the 
vibrating surface.
Petrol was only very seldom used because of the danger of explosion 
and the toxic fumes. For preliminary studies using petrol, the small 
two stroke test unit described in chapter 3 was found to be very 
suitable.
The inlet system of this engine is very simple and the original car­
burettor could be replaced with a simple arrangement made of trans­
parent perspex, as shown in Figure 85.

During the development period of the atomisers their per-

Tank
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The atomiser was angled at approximately 60 ° to the pipe axis and 
the fuel was supplied downstream.
A butterfly valve to regulate the air flow was situated between the 
silenasr and the atomiser. To control' the fuel a needlevalve was 
used.
Because there is no need for high fuel pressure to the atomiser, the 
only pump on the fuel side was the original diaphragm pump situated 
on the engine ,working with the pulsating pressure in the crankcase , 
normally used for transport of fuel from the fuel tank to the car­
burettor.
The first experiments with this arrangement were very encouraging. 
Although some of the fuel atomised did impact in the tube the engine 
ran satisfactorily. Compared with the carburettor, the idling con­
ditions could be improved significantly and the maximum power was 
increased by about 30%.
Only a few measurements could be carried out before the perspex car­
burettor split. The cause of the cracking of the perspex was thought 
to be the engine vibrations, and so the " carburettor " was fitted 
with an elastic rubber hose after repair.
However, after only a few minutes run the mended " carburettor " fell 
apart again and the experiment had to stop.
Later experiments revealed clearly that perspex is not a suitable ma­
terial for use in connection with ultrasonic vibrations, especially 
if different perspex parts are joined together with cement, or if 
perspex tubes are bent in warm air to give a certain shape . " Fro­
zen-in stress " in the material causes the material to crack when 
exposed to ultrasonic vibrations. Even if the atomiser is mounted at 
a " node " the vibrations transferred seem to affect the material. 
None the less, most of the studies of impaction involve the use of 
perspex, because it is the only cheap material that is transparent 
and easy to work with, but only straight pipes where the atomiser was 
mounted in rubber survived without cracks.



Figure 86 shows an ultra­
sonic " carburettor " for 
the two-stroke engine made 
in brass with upstream 
fuel feed. The atomiser 
was mounted directly to 
the air inlet pipe. A 90° 
mounting of the atomiser 
makes the arrangement much' 
simpler. To lead the fuel 
to the atomiser, a 0.5 mm 
ID.stainless steel tube 
was mounted from the op­
posite side.
As was stated in a pre­
vious chapter, having the 
atomiser pointing in the 
direction of the air-flow 
provides a better solution 

Fig. 86 and prevents impaction in 
the tube to some extent.

An angle of 60 °, as used in the first experiment on the two-stroke 
unit, is enough. An even smaller angle between the atomiser body and 
the tube axis would inevitably cause restriction of the inlet tube 
and this would again affect the charge to the engine. The experiments 
on the two-stroke unit were also intended to be a preliminary study 
only and could not be allowed to involve too much work and time.

Because of the short distance from the air inlet of the carburettor 
(Figure 8 6)to the atomiser it was possible to see the droplet behaviour 
without having a transparent tube. As the fuel feed was upstream there 
was no impaction of droplets on the feed pipes.
To avoid " lift off " of the low pressure fuel jet at high air velo­
city, a small shield was fixed to the feed tube. Without this shield 
the end of the feed tube had to be situated very close to the edge of 
the atomiser tip. Later experiments showed that the obvious arrange­
ment, when mounting an atomisers in a pipe and using low pressure 
feed, is to feed the fuel on to the side of the atomiser tip. The 
atomiser must then be angled in such a way that the speed of the air 
forces the petrol down to the end.
Experiments show that such an arrangement can utilize the vibrating
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Figure 86 shows an ultra­
sonic " carburettor " for 
the two-stroke engine made 
in brass with upstream 
fuel feed. The atomiser 
was mounted directly to 
the air inlet pipe. A 90° 
mounting of the atomiser 
makes the arrangement much' 
simpler. To lead the fuel 
to the atomiser, a 0.5 mm 
ID.stainless steel tube 
was mounted from the op­
posite side.
As was stated in a pre­
vious chapter, having the 
atomiser pointing in the 
direction of the air-flow 
provides a better solution 

Fig.86 and prevents impaction in
the tube to some extent.

An angle of 60 , as used in the first experiment on the two-stroke
unit, is enough. An even smaller angle between the atomiser body and 
the tube axis would inevitably cause restriction of the inlet tube 
and this would again affect the charge to the engine. The experiments 
on the two-stroke unit were also intended to be a preliminary study 
only and could not be allowed to involve too much work and time.

Because of the short distance from the air inlet of the carburettor 
(Figure R6)to the atomiser it was possible to see the droplet behaviour 
without having a transparent tube. As the fuel feed was upstream there 
was no impaction of droplets on the feed pipes.
To avoid " lift off " of the low pressure fuel jet at high air velo­
city, a small shield was fixed to the feed tube. V7ithout this shield 
the end of the feed tube had to be situated very close to the edge of 
the atomiser tip. Later experiments showed that the obvious arrange­
ment, when mounting an atomisers in a pipe and using low pressure __ 
feed, is to feed the fuel on to the side of the atomiser tip. The 
atomiser must then be angled in such a way that the speed of the air 
forces the petrol down to the end.
Experiments show that such an arrangement can utilize the vibrating
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surface very well because petrol reaches the surface from the whole 
circumference. Using the ultrasonic " carburettor " shown in Fig.86 
the performance curves shown in Figure 87 and 88 were made.
Curves marked o relate to results obtained using the original car­
burettor and those marked □ relate to the experiment with the ultra­
sonic carburettor at the same power rating and approximately the 
same air fuel ratio. It was very difficult to obtain exactly the same 
air fuel ratio» differences of up to 1.0 had to be accepted. The rea­
son for this difficulty is, firstly, the different restriction in 
the two systems and secondly, the method of measurement of the air­
flow. As is well known, only very small discrepancies in the flow 
metering cause large differences in the air fuel ratio. As the curves 
show, the air consumption and fuel consumption are almost the same 
for the two experiments, although the variation in the air fuel ratio 
is significant. The inaccuracy of the air fuel ratio must be taken 
into account when conclusions from the experiment are drawn.
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The performance curvers are measured at maximum power of engine. The 
maximum power ( In watts ) versus engine speed Is shown In Figure 87. 
Using the ultrasonic arrangement the power could be Increased 
by 30% at an angina spaad of 4500 rpm.
The maximum power could be Increased at all speeds, but not so much. 
Obviously, the improvement is partly caused by the reduction in los­
ses in the inlet system, resulting in a better charge-induction . 
the engine cylinder.
What is of particular interest is to notice the improvement of the 
idling conditions of the engine.
A two stroke engine, especially one without reed valves ( one-way 
valves ) in the inlet, is unsteady at low speed because of big dif­
ferences of the cylinder charge from stroke to stroke.
With the ultrasonic carburettor the engine could idle at 400 rpm 
compared with a minimum speed of 800 rpm with the original carburet­
tor. The airflow was not easy to measure at that low speed, but ef­
forts were made to give the engine the same air fuel ratio. It is 
well known that the venturi-carburettor is not a very good atomiser 
especially at low flowrates, and so the improvement noticed is not 
surprising. The better low speed characteristics of the engine with 
the ultrasonic device gave a lower hydrocarbon level in the exhaustegas.
Figure 88 shows the content of HC, NO on CO corresponding to the en­
gine power shown in Figure 87. As expected for the two stroke engine 
the hydrocarbon level is very high. When idling, the engine equipped 
with the original carburettor gave values up to 16000 ppm ( as pro­
pane ). With the ultrasonic carburettor the level was down to 10 000 
ppm, but a comparison is not fair without knowing the air fuel ratio 
more exactly. It is more correct to compare the results under load, 
as represented in Figure 88.
As can be seen, the hydrocarbon content in the exhaust at higher power 
and speed is almost the same with the original carburettor as with 
the ultrasonic device. At maximum power the engine with original car­
burettor could hardly be run at 2200 rpm. The ultrasonic device gave 
good engine stability at far lower speed, and the hydrocarbon level 
was lower.
The nitrogen oxide content is lower with the ultrasonic carburettor, 
when the engine power is equal to the maximum power with original 
carburettor. If the engine equipped with the ultrasonic device is 
run at maximum output the NO level is higher than at maximum power
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with the carburettor. As the NO-level is dependent upon the tempera­
ture In the cylinder this result Is as expected.
The reason why the NO- concentration is lower at the same power is 
more difficult to understand, because the air and fuel consumption 
were almost unchanged.A more efficent combustion would theoretically 
give a higher cylinder peak temperature and therefore a higher NO* 
level. The CO concentration is surprisingly low at all load con­
ditions.
Even at maximum load with the ultrasonic device the CO level did not 
exceed 4%. Measurements carried out in the laboratory for Internal 
Combustion Engines in Trondheim and also reports from Volvo-Penta, 
the producer of the engine, show that the CO level for two~stroke 
engines can be far lower than the average for four-stroke engine.
This might be due to the temperature level, which is relatively high 
for two-stroke engines at high output.

It is difficult to draw any conclusion from the experiments 
with the two-stroke unit. The experiments were meant as an aid in 
the development and application of ultrasonic atomisers, but obvi­
ously improvments in two-stroke engines must be possible if such a 
simple experiment as that described above gave such promising re­
sults.

6.3 Investigations on four-stroke engine

The experiments on the four-stroke Ford Pinto engine con­
sisted of three different tests.

A. Tests on the engine with original carburettor
B. Tests with the ultrasonic carburettor replacement.
C. Tests with four independent atomisers in the inlet 

system for best possible utilisation.

The importance of keeping some of the engine parameters constant is 
particularly vital if the exhaust gas emissions under varions opera­
ting conditions are to be compared. In chapter 1.1 some of the effects 
on emissions of engine parameters are explained in detail.
The tests on the engine with the original carburettor had to be car­
ried out carefully in order to establish the performance of the engine 
as it leaves the factory.
As was stated before it is essential to control the following engine 
parameters if a comparison is to have any value.
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1. Air-fuel ratio
2. Ignition timing
3. Engine power and speed

The air fuel ratio is by far the most difficult parameter to mea­
sure accurately. Although the method used is considered to be the 
most accurate way to measure air fuel ratio, pulsations and inac­
curate readings cause differences and faults which can influence the 
results. As will be explained later, when using this indirect method 
it is difficult to adjust to exactly the same air fuel ratio while 
running comparative experiments. It is necessary to repeat measure­
ments more often than would be the case if a more direct A/F measu­
ring method were used, also the manifold vacuum and the exhaust tem­
perature were measured. At constant speed and load these measure­
ments are directly related to the air-fuel ratio.
The experimental engine has its ignition retarded at low speed or when 
the butterfly is almost closed, by means of a connection from the ven­
turi to the back side of the diaphragm of the vacuum remilator.
It is impossible to get this system to work correctly when using ul­
trasonic devices which give a quite different depression in the ma­
nifold. Therefore a manual adjustment of the ignition timing was 
built in. For every measurement the timing had to be adjusted to cor­
respond to the value measured on the tests with the original carbu­
rettor, at same speed and power.
The timing was measured with a timing stroboscope triggered from the 
high tension lead of No 1 cylinder.
It was not considered to be important to solve the problem of the 
fuel and air metering at this stage of the research. The metering was 
therefore done by hand by means of a butterfly valve in the air inlet 
to get the correct amount of air to the cylinders,and a fine adjust­
ment needle valve to adjust the petrol flow to the atomisers. Efforts 
were made to design the ultrasonic devices so that a fuel metering 
system easily could be incorporated. For example, a " shield " ar­
rangement for reducing impaction, might be used as a part of an air­
metering system. ( See Figure 82 page 143 ).
During the last two years mechanical metering systems seem to be 
gaining favour compared with electronic, manifold pressure controlled • 
systems for use in petrol injection equipment for car enaines.
The reason for this is that the pulsating pressure in the induction 
system is not good enough, even as one of several input values in the 
electronic metering system, to cover all engine operating conditions.
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The use of hotwire or other more sophisticated air speed metering 
methods is still too expensive and the devices too vukierable.
Fuel metering for a system using ultrasonic atomisers is not expec­
ted to be difficult to arrange. Air/Fuel metering similar to the 
Fosch K-Jetronic could easily be adopted, but the ability of the ato­
misers to operate with a low pressure fuel feed should make the ar­
rangement even simpler and cheaper.

6.3.1 Carburettor replacement

The ultrasonic carburettor that was finally mounted on the 
engine is shown in Figure 89.
The main difference between this carburettor and that shown in Fi­
gure 82 page 143, is that the four atomisers are situated inside the 
M bowl " shaped chamber in a cage made of aluminium.
The atomisers were supported in a slot at the nodal point in the 
dummy. Teflon rings, made to fit the slot exactly keep the atomisers 
rigidly in place without loss of efficency. A dome was made at the 
top of the atomiser cage to give an aerodynamic shape. The atomiser 
cage was supported by four brass tubes through one of which the fuel 
to the atomiser feedpipe was run. The other pipes were used for the 
leads to the transducers. Because of the design of the feedback oscil 
lator used, it was necessary to insulate the atomisers from each 
other and to connect + and - leads to each atomiser from the drive 
unit.
In the middle of the four atomisers a feedpipe was connected, at the 
end of which was fixed a distributor to feed fuel to each atomiser.
In order to ventilate the " cage " slots were cut at the side of the 
aluminium casing. The protruding fins directed a small part of the 
airstream along the atomiser bodies.

I
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Pig.90

For ease of comparison all the performance curves are put at the end 
of this chapter. In the discussion of the results some of the pos­
sible errors are discussed and the results are analysed taking into 
account the changes in air fuel ratio from experiment to experiment. 
Appendix IV includes a photograph that shows details of the ultraso­
nic carburettor unit.
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Fig. 90

For ease of comparison all the performance curves are put at the end 
of this chapter. In the discussion of the results some of the pos­
sible errors are discussed and the results are analysed taking into 
account the changes in air fuel ratio from experiment to experiment. 
Appendix IV includes a photograph that shows details of the ultraso­
nic carburettor unit.
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Fig. 90

For ease of comparison all the performance curves are put at the end 
of this chapter. In the discussion of the results some of the pos­
sible errors are discussed and the results are analysed taking into 
account the changes in air fuel ratio from experiment to experiment. 
Appendix IV includes a photogranh that shows details of the ultraso­
nic carburettor unit.



The advantage of this system compared with the setup described on 
page 142 is that there is a common feed of fuel and the fuel valve 
can be situated close to the fuel distributor. With low pressure fuel 
feed it is very important to have the shortest possible distance bet­
ween the fuel valve and the outlet. As explained earlier, the air 
flow is regulated by a butterfly valve at the inlet, before the ato­
misers. This is done to avoid impaction of droplets. In the ordinary 
carburettor system, in which the butterfly valve is situated after 
the venturi, heavy impaction takes place at the butterfly valve.
In the ultrasonic carburettor, Figure 89, the pressure drop 
is at the top of the system and the carburettor is at the 
same low pressure as the manifold.
This causes a bigger pressure drop at the fuel valve and vapour bub­
bles are created in the fuel line to such an extent that the fuel 
flow is difficult to control, if the volume of the fuel line in the 
low pressure area is too great. A constant stream of fuel is neces­
sary if a constant air fuel ratio is to be maintained. Especially at 
idle, vapour bubbles cause unstable running conditions.
A higher fuel pressure would solve the problem of the vaporisation 
in the fuel lines. At a minimum manifold pressure of 0.5 bar ( at 
idle ) the creation of bubbles would be avoided. It would then be 
necessary to have a pressure pump to deliver enough fuel at higher 
engine loads. Pressures of 6 bar or more would be required assuming 
a constant restriction of the jet close to the outlet.
For the experiments with the ultrasonic carburettor the need for a 
high pressure pump was avoided by having the regulating valve at the 
end of the feed system. The original fuel pump, giving an almost con­
stant pressure of apprximately 0.4 bar, was sufficient.
The fuel valve was made with a needle. Threads at the end of the 
needle permitted adjustment of the gap between the needle and the 
seat in the distributor piece. Figure 89 page 156 shows the final 
arrangement. A Bowden cable transferred the needle movement to the out­
side of the carburettor for regulation.
Figure 90 is a photograph of the atomiser section in operation at a 
medium fuel flow rate.
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6.3.2 Atomisers on an engine manifold

In chapter 2 it was shown that there is little chance of 
getting homogeneous mixture and uniform distribution to all cy­
linders in a multi-cylinder engine without having evaporation of 
the fuel droplets early in the inlet manifold, so early that only 
air and evaporated fuel enter the branches.
In a single carburettor system early evaporation is probably the 
only way to prevent droplet impaction under all engine load con­
ditions. In petrol injection systems the injectors are situated 
close to the inlet valves. Maldistribution of fuel is then eli­
minated if the injectors work equally. In all systems, however, 
there is a possible maldistribution of air, depending of course 
how well the inlet manifold succeeds in delivering equal amounts 
of air to the cylinders. The experiments carried out with four 
ultrasonic atomisers mounted on an original carburettor manifold 
clearly show the nature of the maldistribution of both air and 
fuel and its effects on engine performance.
Figure 91 shows the arrangement. In the steady state test rig it 
was found that impaction shortly after the atomisers could be part­
ly avoided by diverting air from the intake, close to the butter­
fly valve, to the front of the atomisers, as illustrated on the 
Figure 91.
Experiments on the engine showed that there was no impaction of 
fuel in the manifold. The results of the exhaust gas measurements 
were less promising however. At nearly all loads the CO content

in the exhaust was hig­
her than with the car­
burettor. The hydrocar­
bon level at idle was 
higher than in the ori­
ginal situation.
Detailed results of this 
experiment are not con­
sidered to be of great 
interest and are not 
given in this report. 
However, it is very in­
teresting to notice the 
reason for the poor re­
sults. At idle maldis-
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trlbutlon of the fuel arose, principally because of problems with 
vapour bubbles in the feed tubes. At higher load there was also 
maldistribution of air, caused mainly by differences in the flow 
rates of air by-passed from the air inlet to the fronts of the ato­
misers.
A higher pressure feed and restricted outlet of the fuel would de­
finitely improve the performance of the design, but the maldistri­
bution of air would still give different charges to the cylinders. 
Although the time available for the research was running out, it 
was decided to make a completely new manifold and a fuel system 
working at higher pressure.
The difficulty with one atomiser on each cylinder is that a common 
fuel valve is too far away from the fuel outlet. With individual 
regulation on each atomiser it is difficult to get equal fuel- 
supply to all the atomisers.
An attempt was made to produce spring-loaded valves to open at
0.5 bar, but with the equipment available they were all too in­
accurate to give the same opening pressure.

6.3.3 Hew manifold design for better distribution of air and fuel 
to the cylinders

The engine manufacturer has many different factors to con­
sider when designing an engine inlet system, one of which is the 
limited space available to give the manifold branches to the cy­
linders the best possible shape.
In an inlet system with carburettor it is desired to place the 
carburettor fairly close to the valve port to keep the volume 
between the venturi and the inlet valve as short as possible.
In injection systems more care can be taken to give the branches 
the geometry required for best possible air distribution.
The manifold especially manufactured for the use of atomisers 
close to the inlet valve could be designed without thinking of 
the restriction of space under the bonnet of a car as only labo­
ratory tests were in question.
In the case of the four-cylinder research engine each pair of 
adjacent cylinders have the inlet ports close together. In order 
to avoid disturbance between the two cylinders the branches were 
made separate. A siamesed system which is often used, causes 
unequal filling of the cylin- -



Fig.92

ders because of robbing effects.
The shape and dimensions are identical for each pair of cylinders, and
each the branch are joined together as smoothly as possible.Fig.92

shows a photograph of 
the manifold. The ato­
misers are fitted in 
the same way as shown 
on the experimental ma­
nifold Fig. 84: The 
feed system operating 
with pressure from ap­
proximately 0.5 to 8 bar 
is different from pre­
vious experiments. The 
pressure of the fuel 
feed necessary to avoid 
depression in the feed

line had to be approximately 0.5 bar at idle. At this pressure the 
fuel flow through each jet, corresponding to the fuel consumption 
at idle is only 4 to 5 cm3/min. On the other hand if the same jet 
is used for maximum power of the engine, the fuel flow through each 
jet must be approximately 85 cm3/min. Besides the difficulty of ma­
nufacture the four jets to give exactly the same amount of fuel, it 
was not possible to reach the amount of 85 cm3/min. using the elec­
tric fuel pump available, with a maximum pressure of approximately 
8 bar. The investigation on the engine with the new manifold could 
not cover the performance at higher power, but for reasons stated 
previously the low load conditions are more interesting to study, be­
cause it is especially at lower flow rates that an improvment using 
the ultrasonic atomisers is expected. If further experiments were to be 
carried out, the use of two-jet feed seems necessary with an idle and 
low load jet feeding on to the side of the atomiser tip, and a high 
load jet feeding directly to the middle of the vibrating surface.
This double jet system represents a good utilisation of the atomiser,

but makes the feed control system 
slightly more complicated them 
the one jet system used. The fuel 
flow to the jets was regulated 
with a valve controllinc the 
fuel pressure of the pump. The 
arrangement is shown at Fig. 93.

Fig.93
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In order to have the possibility of a fine adjustment a rheostat 
could be operated to vary the pump speed. A manometer indicated the 
pressure of the fuel and was concequently a measure of the fuel flow. 
The air flow was adjusted with a butterfly valve in the mani­
fold. A butterfly valve like those used in inlet systems of en­
gines tends to split the air stream and may cause maldistribution 
to the different branches. In the manifold produced for the ex­
periment the butterfly was situated approximately 100 mm from the 
diversion to the branches. The first junction diverts the air to 
two equal pipes which are again divided in two equal bends where 
the atomisers are fixed. The atomiser spray is directed into the 
inlet-opening of the cylinderhead of the engine. There was no win­
dow for the purpose of studying inpaction in the manifold. Earlier 
experiments where inlet bends were made of perspex tubes as des­
cribed in paragraph 6.1 could show that the system works satis­
factorily as to droplet formation and impaction. The performance 
of the atomisers and the fuel feed could be checked before fit­
ting the manifold to the engine ( see photograph Figure 94 ). The 
performance of the atomisers can easily be checked during the ex­

periment by reading 
the DC-current to 
the drive units.
The jets used for 
the experiment were 
made 0.1 mm diameter 
bore. In order to 
get the same flow 
rate at all 4 jets 
the bores were po­
lished using grin­
ding paste on a thin 
wire.
The jets finally 

gave very near to the same flow rate in the range possible using 
the pressure from 0.5 to 8 bar. Within this pressure-range the en­
gine could not be run at maximum power at speeds higher than 
3000 rpm. An increased flow rate achieved by means of the second 
set of jets pointing to the middle of the atomiser surface from 
underneath was not used for emission experiments. The problem with a 
double jet system is that the second jet has to start performing 
at higher load, and the arrangement of the control valves would 
have taken too much time to manufacture.

Fig.94
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have taken too much time to manufacture.
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6.3.3 Discussion of results

The results from the experiments carried out on the Ford 
test engine are shown on the following pages 166 to 170. Curves 
a to h show " under load " conditions of the engine, where in­
teresting parameters and emissions of C0# NO and HC are plotted 
versus engine output power at constant speeds.
Curves marked x represent the results obtained with the original 
carburettor and the standard ignition setting of the engine. It is 
of little interest that different timing of the engine may cause 
lower emissions. The results are here only important for a com­
parison with results achieved with ultrasonic devices used under 
as close to the same conditions as possible. However it is not pos­
sible to achieve exactly the same conditions from measurement to 
measurement. In order to be able to take different running con­
ditions into consideration the curves for A/F ratio and exhaust 
temperature are shown on the same diagram.
Curves marked o are related to the ultrasonic device replacing 
the carburettor and results from the experiments carried out with 
the manifold designed for the use of ultrasonic atomisers close 
to the inlet port are marked A.
The ignition timing and the A/F ratio were considered to be the 
most important parameters to control. Because of the possibility 
of setting the ignition timing by hand each time this parameter 
is easier to set to a certain value than the A/F ratio.
It was not possible at all points to get exactly corresponding 
values for the A/F ratio and the exhaust temperature. The adjust­
ment of the A/F ratio to the same value as with the carburettor 
was,as explained earlier,not straight forward, because the air flow 
and the fuel flow were adjusted independently. Often an exhaust 
temperature and a ignition timing corresponding to values measured 
with the carburettor gave different values for the A/F ratio with the 
ultrasonic devices. The reason for this can be differences in the 
fuel flow rate and consequently changes in heat release. It is 
well known that air-flow meters of the type used may give inac­
curate readings in pulsating flow and discrepancies may occur due 
to that effect. During the last experiment, involving the new 
manifold, the exhaust temperature and the ignition timing were re­
garded as more important parameters than the measured A/F ratio. 
According to the theory a higher air-fuel ratio gives at the same 
speed and power of the engine a lower exhaust temperature if the
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ignition timing is the same and the air-fuel ratio is on the lean 
side. It is important to consider the exhaust temperature and the 
variation of the measured A/F ratio before conclusions of the re­
sults are drawn.

At medium power the CO level is low for all speeds measured. The 
ultrasonic carburettor seems however to be able to keep the low 
CO level even at higher power • This could be caused by less res­
tricted inlet, but at 2000 rpm ( Figure 96 c ) the A/F ratio mea­
sured is closely the same with carburettor as with the ultrasonic 
carburettor and even here the CO level is significantly lower with 
the ultrasonic device. It is possible that the engine equipped 
with the original carburettor has disturbing resonance in the in­
let system at 2000 rpm. The curve for NO shows an inexplicable 
increase at approximately 6 KW.
The curves for NO show some reductions in concentrations for the 
engine with ultrasonic atomisers, but in most cases the different 
charge to the cylinders and also the change in A/F ratio explain 
this effect. A reduction in NO emissions is expected if the A/F 
ratio is much leaner than stochiometric. If a rich mixture cause 
reduction in NO the CO level will increase. The small all over re­
duction of NO is therefore thought to be caused by a small dis­
crepancy in A/F ratio and should not be credited to ultrasonic 
atomisation. It is more interesting to study the hydrocarbon emis­
sions. The level of HC emissions seems to be lower with the use 
of ultrasonics- especially at low speed: At for instance 1100 rpm 
the HC level did not increase significantly at A/F ratios above 
17 using the ultrasonic carburettor. With the venturi carburettor 
the HC level was increasing rapidly at A/F ratios above 15 at this 
speed. This tendency can be noticed also in Figure 99 i which 
shows the comparison between standard carburettor and ultrasonic 
carburettor at idle. The tendency to misfire is far more noticeable 
when the engine is run with the ordinary carburettor, at the same 
A/F ratio higher than 15.
Even more convincing are the results from the experiments with 
the specially produced manifold. With this arrangement the level 
of HC at idle could be reduced to 50 ppm ( as propane ). Those 
results are shown in Figure 99 j.
When atomisers are situated close to the inlet ports no impaction 
occurs in the manifold.
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The adjustment of air and fuel flow can be done accurately with 
hand operated valves, to achieve the lowest possible level of emit­
ted CO and HC. Such an accurate adjustment Is normally not pos­
sible with the carburettor. In order to see how low an emission 
level of CO and HC can be obtained, the carburettor was adjusted 
with the air bleed screw at each point.
The Ignition timing and the exhaust temperature was kept the same 
In both experiments but It was not Intended to get the same A/F 
ratio.
The lowest level of CO and HC is with the manifold arrangement 
obtained at lower A/F ratios than with the carburettor. Considering 
the very low CO level it seems strange that the A/F ratio is only 
approximately 14 . There is therefore reason to believe that the A/F 
ratio-curve concerning measurements with the manifold is too low. 
Different pulsations in the inlet system may cause a change of the 
air flow meter reading.
In Figure 96 some results from the experiments with the manifold ' 
are shown for under load conditions.
The A/F ratio is also on load lower than is expected accor­
ding to CO emissions. The emission of CO for the test with the 
manifold was lower than 0.8 % for all loads.
Tables of the results can be found in Appendix VI.
Figure 98 h shows that the fuel consumption is almost unchanged 
for the engine equipped with the ultrasonic carburettor. There 
is therefore little evidence that the better atomised fuel im­
proves the thermal efficiency of the engine.
According to some measurements the fuel consumption is even higher 
than with the carburettor.
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7., Conclusionsand recommendations

An atomising device for petrol engines can only be as good 
as the metering system permits.
The experiments carried out on the two engines show this clearly.
If the mixture is correct the use of ultrasonic atomisers in the 
inlet system can reduce the exhaust emissions of carbonmonoxide 
and hydrocarbons especially at low load and idle.
The use of ultrasonic atomisation enable one to design the inlet sys 
tern of an engine to give less resistance and consequently it is 
possible to increase the cylinder charge for a higher b.m.e.p. and 
maximum power.
During the period of research there has been very little failure of 
the atomisers or the electronics involved. The first atomisers made 
did not change impedance significantly during the period of re­
search, and performed just as well after 2 years time.
Atomisers mounted in a " carburettor unit " can not prevent im­
paction in the inlet manifold without addition of heat to evapo­
rate the fuel quickly after the droplets are produced. Only with 
evaporated fuel-air mixture it is possible to avoid maldistribu­
tion and inhomogeneous charge to the cylinders.
The atomisers produced need more space and are more difficult 
to mount in the manifold near the inlet port of an engine than 
injectors made for petrol injection systems. However ultrasonic 
atomisers can surely be made smaller and more effective than those 
used in the experiments described in this report.
Ultrasonic atomisers could be incorporated in conventional car­
burettors to improve the performance especially at low venturi 
air speeds.
The experiments carried out on the two stroke engine improved the 
engine performance by relatively simple means using an ultrasonic 
arrangement.
If further research is to be carried out to develop ultrasonic 
atomisers similar to the atomiser type 22, a computer programme

ebased on an axi-symmetrical solution would be very useful in the 
optimisation process.
The experiments carried out on atomisers did not involve other 
materials than aluminium and steel. The use of titanium seems to 
be an easy way to improve the efficiency of the atomiser developed 
in this project: although the difficulty associated with the ap­
plication of ultrasonic atomisers in petrol engines seems not to 
be the atomiser itself but the fuel feed and the closely related 
fuel-air metering.
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FORD-ENGINE TESTBED USERS MANUAL

Appendix I

Description and Operating Procedure

The installation is a motoring testbed with unconventional 
characteristics. It must not be operated by anyone who is not con­
versant with its characteristics and with the correct operating 
procedure.

General Description of the Testbed

The engine can be motored or loaded with a d.c. dynamometer 
(motor/generator), for which the d.c. supply/load is provided by 
a Ward-Leonard set.

Basically, the "load" control on the engine control panel 
determines the speed of the dynamometer. The dynamometer will 
automatically act as a motor or generator according to the power 
delivered or required by the engine at that speed. In particular 
when the dynamometer control demands zero speed, the engine will 
stop (very rapidly if the load control is adjusted very rapidly). 
Equally the engine cannot accelerate the dynamometer at a given 
load setting. Consequently this testbed is particularly suited to 
carrying out tests at constant speed.I

Electrical Connections

The Ward-Leonard set can also be connected to another test­
bed referred to as Testbed No. 1, the Ford testbed being Testbed No. 2. 
Before the Ward-Leonard set or either engine dynamometer is opera­
ted, the correct armature and field connections must be made bet­
ween the W.L. set and the appropriate test cell. This requires 
using a large changeover switch (adjacent to the W.L. set) for 
the armature circuit, and a small changeover switch for the W.L. 
d.c. machine field circuit and for control of a relay controlled 
switch in the d.c. armature circuit.
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When Testbed No. 2 Is In use, a notice to that effect should 
be displayed on the control panel for Testbed No. 1.

Controls

The normal mode of operation is with constant dynamometer 
field strength (although adjustment is possible using the rheo­
stat inside the control panel). Load variations are then achieved 
by varying the W.L. generator field strength (using the rheostat 
which is controlled from the front of the testbed control panel).

Protection Circuits

The Ward-Leonard set has overspeed and overload trips and 
corresponding reset facilities.

In addition the supply to the dynamometer and generator 
field circuits is available only if

(a) The d.c. armature circuit is closed (Key switch).
(b) The "start" button is closed.
(C) No overspeed or overload conditions have occurred on the 

testbed.
(d) For starting the dynamometer, the generator field is ini­

tially zero.

Operation of the overspeed or overload relay also breaks 
the engine ignition circuit. (The ignition cut-out can be by­
passed, if the engine is to run with no electrical power connected 
to the dynamometer).

Emergency Stop

The testbed can be rapidly decelerated by using the genera­
tor field control rheostat. Operation of the "stop" button de­
energises the field circuits and is followed by gradual decelera­
tion (in some circumstances preceded by a short period of acce­
leration) .
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Starting Procedure for the Testbed

In outline

1. The Ward-Leonard set must be started to provide a d.c. sup­
ply to the dynamometer (see operation of W.L. set).

2. The normal engine checks must be carried out (fuel, lubri­
cant, engine coolant, laboratory cooling water, cell ven­
tilation etc.)

3. The dynamometer must be started with the gearbox In "neu­
tral" and accelerated to approximately 2000 r.p.m.

4. The engine can then be started (using the starter motor) 
and the speed synchronised with that of the dynamometer. 
(Normal operation is with top gear. Allowance for the gear 
ratio must be made if smother gear is to be selected). The 
clutch and gearbox can then be used to connect the engine 
and dynamometer, and tests carried out as required.

Stopping Procedure

1. At a part throttle condition, and low engine speed, disengage 
the engine and dynamometer.

2. Stop the engine (or use the ignition cut-out by-pass switch 
to maintain ignition when the dynamometer is stopped).

3. Decelerate the dynamometer using the generator field control 
and press the "stop" button. Open key switch.

4. Stop the Ward-Leonard set (see operation of W.L. set).
5. If necessary, restore connection of the armature and field for 

testbed No 1.
6. Isolate fuel and coolant supplies to the testbed in the 

normal way.

Operation of Ward-Leonard Set 

Starting Procedure

1 Set rotor resistance to maximum (large floor mounted control
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near to the W.L. set).
2. Close 3-Phase supply Isolator (wall mounted switch behind 

W.L. set).
3. Press "Start" button.
4. Decrease rotor resistance to zero.

Shut Down Procedure

1. Press "Stop" button.
2. Open 3-phase supply isolator.

Starting Dynamometer No. 2

1. An indicator on the dynamometer control panel shows when 
the Ward-Leonard Set is running (Switch SI).

2. Operation of the panel key switch then closes the main d.c 
armature circuit (Switch Ll).

3. Set the generator field supply to minimum.
4. Press the "start" button.
5. Raise dynamometer speed to desired value.

Stopping Dynamometer No. 2

See the testbed "stopping procedure
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Electric circuit diagram of dynamometer arrangement
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cellTest and stroke engine testbed





¡5?* —  ̂  r y — n

-181-

Strain gauge load cell 
for torque measurement

J fro m  eng.

X 3 ________a .

cooling r r  
tower ^

—  —  i / l 'n p e t r p i ß M ---------- — — ——

4 =| = = f = ^ - V £ r 4 J
-> c o o l i n g  
U* tower

n  .I  to engine

Engine cooler

Two-stroke 
test engine



-181-

Strain gauge load cell 
for torque measurement

11from eng.

Engine cooler

Two-stroke 
test engine



-182

Appendix II

1

Filter arrangement for the 
sample gas to the analysers

Plunger regulator for sample 
pressure control to FID analyser



-183-

Starting procedure of FID Ananlyser

1. Switch on recorder and FlD-amplifier, allow a warm up period 
of approximately 1/2 h before measuring.

2. Connect the flow meter to the exhaust pipe of the hydrocarbon 
detector.

3. Adjust the air-flow to approximately 230 ml/min. and the hy­
drogen flow to richer than 15 ml/min. Adjust the sample pump 
pressure to the correct pressure marked on the manometer.
Ignite the burner by pressing the ignition switch. When the 
burner has ignited the float in the flowmeter drops signifi­
cantly.

4. Disconnect the flowmeter and operate the air regulator to give 
leaner mixture. The mixture strength is regulated accurately
by means of the calibration gas and the sensitivity of the ana­
lyser. At max. sensitivity measured with the same flowmeter 
the A/F ratio is 14.4. During measuring the sample pressure 
must be checked. The sample pressure can be changed by altering 
the weight of the regulator plunger and by adjusting the level 
in the petroleum bubbler.
When the front panel valves are operated to change over to ca­
libration gas, the sample flow to the FID analyser must not be 
interrupted by closing the sample flow valve first.
The calibration gas valve must be open before shutting the sam­
ple gas valve, otherwise the FID burner flame may extinguish.

5. Change filter paper before every series of measurement.

6. Details of the FID amplifier can be found in the maintenance 
manual.
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A to m is e r type 2 2

A lu m in ium  Stainless steel

Appendix IV

Some of the transformers investigated





Atomiser working 
at low power 
( input approx.2 W )

Atomiser working 
with large ampli­
tude ( input ap­
prox. 6 W )

Ultrasonic
Carburettor
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Appendix V

Drive unit 
and tool 
used for the 
assembly of 
atomisers.
Left: adaptor 
to measure 
current/voltage 
to transducer

Instruments 
used for de­
velopment of 
ultrasonic ato­
misers

D  power ampli*i«* 2) VAMMISE
^  Video o.c^at° 4 ) Impedance meter

^  0 tCill°*cOi>e Frequency counter
^  7)power supply

/C - c*:
ito*

10) Experimental 
manifold v
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Drive unit 
and tool 
used for the 
assembly of 
atomisers.
Left: adaptor 
to measure 
current/voltage 
to transducer

Instruments 
used for de­
velopment of 
ultrasonic ato­
misers

1 ) power amplifier 

M  Video -<*“ ***
^ ^  08C iU ° ‘ COpe 6) 

ceid»1*101

2) VAMMISE

4) Impedance meter
Frequency counter

7)power supply
10) Experimental 

manifold
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Appendix VI

T E S T  WITH CARBURETTOR 

P O W E R

T a b la  1

T E M P C O N SU M PT IO N

NO P*v m V N m hW /Art. E l Pm IGN P u » l/ llm t hg/h A i r
c m hg/h CO % CO, % NO H C Rimo-

1 1 1 0 0 0 O 0 25 5 2 0 14 2 L .17 ” / 2 * 7 1 .1 1 3 .2 1 4 .5 1 3 .C 13 2 3 9 .5 1 1 .5 1 0 0 6 9 0

2 1 1 0 0 30 25 2 .9 29 5 4 0 9 12 1 .1 5 ” / i s i 1 .6 6 5 . 5 2 5 .0 1 S .C 2 .5 0 . 5 4 0 .0 12 9 0 0 5 8 0

3 1 1 0 0 6 0 4 6 . ! 5 .6 31 6 0 0 0 16 L .14 ” / 1 0 9 2 .3 6 . 5 3 6 .7 1 5 .9 1 .0 0 .2 5 3 9 .5 1 1 .7 1 8 0 0 4 9 0

« 1 1 0 0 1 0 0 8 0 9 .2 5 33 6 0 0 0 17 1 .1 3 ” / 68 3 .7 1 0 .4 4 4 .7 1 2 .1 2 8 .0 5 38 1 0 .2 5 0 0 1 1 4 0

S 1 5 0 0 0 0 0 34 5 8 0 14 10 L .13 9 3 / 1 7 0 1 .4 6 4 . 6 1 9 .4 1 3 .1 1 8 .  ( 2 .5 39 1 1 .0 3 8 0 7 1 0

C 1 5 0 0 4 0 32 5 .1 2 34 6 1 0 8 10 1 .1 3 9 3 / 9 7 2 .5 6 9 . 0 3 8 .1 7 1 4 .8 2 .3 0 . 4 4 0 .5 1 2 .5 2 1 0 0 6 7 5

7 1 5 0 0 BO 6 4 1 0 .1 35 6 2 0 0 25 L .13 9 3 / 6 3 3 .9 8 1 2 .2 5 1 .7 1 3 .0 19 3 .2 40 12 1 3 0 0 9 8 0

• 1 5 0 0 10O SO 1 2 .6 33 6 0 0 0 20 L .13 ” / 4 4 6 .7 1 1 4 .5 6 1 .5 1 0 .8 38 7 . 5 3 6 .5 9 .3 4 2 0 1 3 7 0

» 2 0 0 0 0 O 0 34 6 6 0 14 22 L .13 9 3 / l S l 1 .6 6 5 .8 2 4 .6 1 4 .8 3 .2 0 .5 5 40 12 1 5 0 156

1 0 2 0 0 0 40 3 2 .5 6 .8 3 34 6 5 0 6 36 1 .1 3 9 3 / 6 8 3 .6 9 1 3 .4 5 6 .6 1 5 .4 2 .5 0 . 5 4 0 12 >000 6 6 0

1 1 2 0 0 0 SO C4 1 3 .4 34 660 0 28 1 .1 3 9 3 / 4 0 6 .2 8 1 7 .8 7 5 .5 1 2 .0 30 3 3 6 .5 1 0 .6 6 6 0 1 1 7 0

12 2 0 0 0 130 1 0 4 2 1 .6 35 65 0 0 26 1 .1 3 9 3 / 3 1 .5 7 .9 7 2 0 .6 8 7 .6 1 1 .0 4 0 8 .2 3 6 .5 9 .3 4 2 0 1 6 3 0

13 2 5 0 0 0 O 0 36 690 14 28 1 .1 3 9 3 / 1 3 3 L .8 9 6 . 7 2 8 .7 1 5 .2 3 .0 0 . 5 40 12 1 2 5 1 4 0

14 2 5 0 0 4 0 3 2 .5 1 .5 3 36 680 9 4 0 1 .1 3 9 3 / 6 S 6 .8 5 1 4 .1 5 9 .8 1 5 .5 3 .5 0 . 6 4 0 .5 1 2 .5 >300 5 9 0

I S 2 5 0 0 BO C4 L 6 .6 36 710 2 37 1 .1 3 9 3 / 3 9 6 .4 4 2 0 .2 8 4 .9 1 3 .1 19 3 .2 4 0 .5 1 2 .5 1700 9 5 0

1C 2 5 0 0 12 0 9 5 2 5 .0 38 7 0 0 0 3 0 1 .1 0 9 3 / 2 7 9 . 3 26 1 0 7 .1 1 1 .5 33 6 .5 38 1 0 .2 9 0 0 1 2 9 0

1 1 3 0 0 0 0 O 0 38 700 14 43 1 .1 0 , 3 / 1 0 6 1 .3 7 8 .7 3 3 6 .0 1 5 .2 2 .2 0 . 4 40 12 2 6 0 328

IB 3 0 0 0 4 0 3 2 . 5 10 .2 4 37 700 9 45 1 .1 0 9 3 / S 6 1 5 .1 3P 0 . 5 40 12 .8 0 0 35 5

1 » 3 0 0 0 BO 6 4 2 0 .1 37 750 2 40 1 .1 0 ” / 3 7 6 . 8 2 2 .9 9 3 .5 1 3 .6 6 .5 1 .2 4 1 .5 1 3 .2 7700 B30

2 0 3 5 0 0 0 O 0 40 750 L4 45 1 .1 1 9 3 / 9 4 2 .6 7 1 0 .1 4 1 .5 1 5 .5 4 . 5 1 . 75 4 0 .5 1 2 .7 2 5 0 232

2 1 3500 40 3 2 .5 1 1 .9 5 40 765 9 46 1 .1 1 9 J / 4 9 2 .1 2 1 9 .1 7 8 .3 1 5 .3 3 . 0 0 . 5 41 1 2 .7 L6SO 250

22 3 5 0 0 7S 6 0 1 2 .0 10 790 2 43 1 .1 1 9 3 / 3 2 7 .8 5 2 6 .6 1 0 9 .1 1 3 .9 6 . 5 1 . 0 41 1 2 .7 3 5 0 0 6 9 0

2 3 3 000 SB 6 6 .5 2 7 .6 17 720 2 4 0 1 .1 2 , 3 / 3 1 1 .1 0 4 .5 6 9 5 .0 1 1 .8 5 .5 0 . 8 4 1 . 13 3 0 0 0 7 4 0

24 3 000 1 4 0 1 2 0 3 2 .1 39 730 0 34 1 .1 1 ” / 2 4 LO. 5 6 .1 0 1 2 4 .1 1 1 .6 30 5 .6 3 6 .5 1 0 .7 1 1 0 0 L070

25 3 5 0 0 1 2 0 9 5 3 4 .9 11 760 0 35 1 .1 ” / 2 0 , rJ .S C M f 1 4 9 .6 i l x i J W L J L 11 .8 0 0 - 1030 .

2 S 4 0 0 0 0 0 0 12 '9 0 0 SO 1 .1 0 ” / 7 3 3 .4 4 2 .5 6 5 1 .3 1 4 .9 6 . 5 1 .0 3 9 .5 1 1 .5 3 0 0 280

27 4 0 0 0 4 0 3 2 .5 1 3 .7 43 7 8 0 8 5 0 1 .1 0 ” / 3 6 6 .9 7 5 . 3 1 0 6 .2 1 5 .2 3 .5 O.C 405 1 2 .5 2 7 5 0 290

2 * 4000 S7 6 9 29 37 7 5 0 0 SO 1 .1 2 9 3 / 2 0 .S 1 2 .1 7 .6 1 1 5 6 .3 1 3 .0 30 5 .5 39 11 llO O L030

2 » 4 0 0 0 SB 4 6 .5 1 9 .5 39 7 2 0 8 5 0 1 .1 0 ” / 3 7 6 .7 9 5 . 0 w , t M i ? . ]  . 9 . 3 U a l J 2 6 0 0 270
1

•

I

A / P EMISSIONS
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ULTRASONIC CARBURETTOR

P O W E R T E M P CO N SU M PTIO N A / F EM ISS IO N S  1

NO R tv m V N m kW INL E l Pm IGN X , Fu tl/tim * kg/h A i r
cm kg/h CO r . CO, % NO H C F tm a  1

3 0 1 0 0 4 0 44 5 .5 32 6 0 0 2 16 L .1 3 * 3 / 1 3 0 1 .9 3 7 .4 3 3 .2 1 7 .1 1 . 0 0 .2 5 34 L 0 .5 450 425

31 1 0 0 LOO 4 0 9 .2 33 6 2 0 0 17 L .1 3 » /  4 9 2 .4 2 1 0 .0 4 2 .6 1 5 .1 6 1 .0 4 0 L 2 .S 2100 59 0

32 l o o LOO 4 0 . 9 .2 33 6 2 0 0 17 1 .1 3 ” /  92 2 .7 3 1 0 .4 4 4 .0 1 6 .4 1 . 0 0 .2 5 39 L 1 .0 1900 490

33 1 0 0 L20 9 5 1 1 .0 34 6 1 0 0 12 L .1 2 I J /  70 3 .5 9 1 1 .7 4 4 .5 1 3 .9 17 2 .4 39 11 1300 8 5 0

34 1 0 0 0 0 0 34 5 0 0 14 4 L . l ” / 2 5 0 1 . 0 3 .2 1 3 .2 1 3 .2 1 . 0 0 .2 5 34 LO .S SO 35 0

3S l o o 0 0 0 34 5 0 0 14 4 L . l * * / 2 6 2 0 .9 6 3 . 2 1 3 .2 1 3 .7 2 . 0 0 .4 34 LO .S 100 355

34 5 0 0 45 34 5 . 7 35 5 7 5 4 30 L .1 4 '1 1 4 2 .1 3 7 .7 7 3 2 .9 1 5 .9 1 . 0 0 .2 5 39 1 1 900 460

37 .5 0 0 4 5 5 7 .5 1 0 .7 34 6 1 0 l .C 25 L .1 3 ” /  7 5 3 .3 5 1 1 .2 4 7 .5 1 4 .2 7 . 0 1 .0 4 0 .1 2 2 2 0 0 6 7 0

34 .5 0 0 1 2 0 9 5 1 5 .4 34 5 8 0 0 25 L .1 3 ” /  37 6 . 4 1544 4 5 .5 9 .6 3 0 5 .5 - 35 6 . 2 600 1350

3 » 0 0 0 SO 4 0 4 .4 35 6 8 0 7 25 1 . 1 3 ” / 7 3 3 .4 4 1 2 .4 5 3 .6 1 5 .4 4 0 .4 3 4 .5 1 0 .7 ISO 3 1 0

4 0 ¡0 0 0 0 0 0 34 6 5 0 14 19 1 .1 2 ” / 1 4 S 1 .7 3 5 .4 3 2 2 .9 1 3 .2 5 .5 0 .4 34 1 0 .4 120 390

41 !0 0 0 0 0 0 23 6 4 0 14 22 1 . 1 7 « / u s 2 .1 4 3 .5 1 3 1 .7 1 4 .9 30 0 .5 37 9 7 150 500

42 iOOO 4 0 3 3 4 .9 5 24 6 7 0 4 36 1 .1 5 ” /  74 3 .4 5 .4 5 1 .5 1 7 .0 1 . 0 0 .2 3 5 .5 4 . 2 700 350

4 3 ÎOOO 1 3 0 1 0 5 2 2 .1 33 6 6 0 0 35 1 . 1 3 ” /  30 4 . 3 1 0 .2 4 7 .5 1 0 .9 . 4 ‘ 1 .1 3 5 .5 6 . 2 1800 7 7 0

44 (SOO 7 0 57 15 35 7 5 0 6 24 1 . 1 3 ” /  54 4 .3 3 4 . 3 7 1 .1 1 6 .4 3 .5 0 .4 36 9 . 0 100 2 8 0

4S 1000 4 0 44 i s . : 37 7 5 0 0 40 1 . 1 2 » V  4 0 6 .2 4 1 2 .0 LOO. 3 1 5 .9 5 . 0 0 .7 5 36 1 0 .4 700 225

44 1 000 0 0 0 34 7 5 0 14 40 1 . 1 3 » V  42 3 .0 4 4 . 6 3 9 .2 1 2 .« 4 1 .2 4 0 12 150 30 0

47 ISOO 4 0 33 1 2 .2 32 8 0 0 0 35 1 . 1 4 m l i s i n g « - - • 15 0 .2 5 37 9 . 7 200 705

44 1 500 0 0 0 37 8 0 0 14 4 0 L .1 2 * 3/  4 0 3 .1 4 6 . 3 5 3 .1 1 6 .9 1 .0 0 .2 5 36 LO .S 120 600

49 1 5 0 0 5 0 4 0 1 4 .7 37 8 0 0 4 45 L .1 2 » V  47 5 .3 4 1 0 .5 4 9 .0 1 4 .4 1 .0 0 .2 5 36 LO.S 900 195

SO 1500 L10 1 7 .5 3 2 .5 41 8 2 0 0 35 - m is t in g - - - - 30 5 .0 35 6 . 2 1 200 415

S I 1500 LIO 1 7 .5 3 2 .2 42 8 0 0 0 35 1 . 1 ” /  2 0 1 2 .5 1 4 .4 15 5 1 2 .4 7 .5 1 .1 4 0 12 1600 1 200

S2 1000 54 4 5 19 43 8 0 0 6 50 1 . 1 ” / 3 0 .S 4 . 2 1 2 .7 1 0 3 .2 1 2 .5 13 2 .0 40 12 1000 SOO

S3 .5 0 0 O 0 0 24 6 2 0 14 20 L .1 7 » / 1 4 S 1 .7 3 2 .4 2 5 .5 1 4 .7 1 . 0 0 .2 5 37 9 . 7 LIO 170

S4 2 5 0 0 0 0 0 29 7 0 0 26 30 L .1 S ” / 1 2 0 2 . 1 3 .4 3 3 .7 1 4 .0 1 .0 0 .2 5 3 7 .5 1 0 L40 280
350

s s 2 5 0 0 L34 1 0 7 . ! 2 4 .0 32 7 5 0 0 L .1 4 » /  30 8 .3 7 1 3 .3 1 1 4 .9 1 3 .7 IS 2 .5 3 4 .5 1 1 >500 580

S4 4 0 0 0 O 0 0 31 8 0 0 - L .1 4 * 3/  65 3 .4 6 5 .4 6 5 1 .1 1 3 .2 3 0 . 5 4 0 12 ISO 280

57 2 5 0 0 0 o 0 30 - - L .1 4 * 3/ 1 4 0 1 .7 9 3 .5 3 0 .6 1 7 .1 1 .0 0 .2 5 37 9 .7 110 705

S4 4 0 0 0 9 0 7 1 . ! 3 0 35 8 2 0 . • L .1 3 ” / 2 1 1 1 .9 1 9 .5 162 1 3 .6 SO 0 .7 5 - - >000 355

S » 4 0 0 0 12 4 9 7 .9 4 1 35 - - - s i t t i n g 2800 460

—

. . . .
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IDLE O RIG IN AL ADJUSTMENT O r 

POWER TEMP
CARBURETTOR

CONSUMPTION

NO R tv m V N m k W INL E t Pm ION \
F u t lA Im t kg/h A ir

cm kg/h CO % CO, % NO H C Rem ark  1

60 1100 0 0 o 25 520 14 2 1 .17 ” /227 1 .1 3 .2 1 4 .5 14 .5 13 2 3 9 .5 1 1 .5 100 690

61 1000 o 0 0 33 560 13 2 1 .15 ” /248 1 .0 7 .1 1 6 .0 11 .5 1 .5 0 .2 8 3 9 .0 l l . f l 110 670

62 1250 0 0 0 33 600 12 4 1 .15 93/19s‘ 1 .2 7 4 .6 2 0 .0 15.7 1 .4 0 .2 5 3 7 .5 11 100 920

63 1500 0 0 0 34 580 14 10 1 .13 93/170 1 .4 8 4 .6 1 9 .4 13.1 18 .( 2 .5 39 11 380 710

64 1500 0 0 0 34 640 13 10 1 .14 ” /175 1 .4 4 5 .7 2 4 .4 16.5 1 .4 0 .2 5 3 4 .5 8 140 1950

65 2000 0 0 0 34 660 14 22 1 .13 *3/151 1 .6 6 5 .8 2 4 .6 14 .6 3 .2 0 .5 5 4 0 .0 12 150 156

66 2500 0 0 0 36 690 14 28 1 .13 ” /133 1 .8 9 6 .7 2 8 .7 15 .2 3 .0 0 .5 40 12 125 140

67 3000 o 0 o 38 700 14 43 1 .1 93/106 2 .3 7 8 .7 3 3 6 .0 15 .2 2 .2 0 .4 40 12 260 328

6« 3500 0 0 0 40 750 14 45 1 .11 ” / 9 4 2 .6 7 1 0 .1 4 1 .5 15 .5 4 .5 0 .7 5 4 0 .5 1 2 .7 250 232

6» 4000 0 0 0 42 790 0 50 1 .1 *3/  73 3 .4 4 2 .5 6 5 1 .3 14 .9 6 .5 1 .0 3 9 .5 1 1 .5 300 280

70 1500 o 0 0 34 620 14 to L.13 ” /17S 1 .4 4 5 .2 2 2 .7 I S . 5 2 .0 0 .3 3 5 .0 8 .2 150 700

A/F EMISSIONS

X D I2 ULTRASONIC CARBURETTOR

71 1100 0 0 0 38 500 14 4 1 .1 93/262 0 .9 6 3 .2 1 3 .2 13 .7 2 .0 0 .4 38 1 0 .5 100 355

72 1500 O 0 0 24 620 14 20 1 .17 » V l « 1 .7 3 2 .6 2 5 .5 14 .7 1 .0 0 .2 5 37 9 .7 110 170

73 2000 0 0 0 23 640 14 22 1 .17 , J /115 2 .1 8 3 .5 1 3 1 .7 14 .5 3 .0 0 .5 37 9 .7 150 500

74 2500 0 0 0 29 700 26 30 1.1S 93/120 2 .1 3 .8 3 3 .7 16 .0 1 .0 0 .2 5 3 7 .5 IO 140
is o

350

75 3000 O 0 0 34 750 14 40 1.13 93/ 82 3 .0 6 4 .6 3 9 .2 12 .8 8 1 .2 40 12 150 300

76 3500 0 0 o 37 800 14 40 1 .12 ” / 8 0 3 .14 6 .3 5 3 .1 16 .9 1 .0 0 .2 5 38 1 0 .5 120 600 I

77 4000 0 0 0 31 800 1 .14 93/  65 3 .8 6 5 .8 6 5 1 .1 13 .2 3 0 .5 40 12 150 280

78 1200 0 0 o 36 620 11 6 1 .12 93/198 1 .2 7 9 .4 20 15 .7 1 .0 0 .2 39 13 ISO 183

79 900 0 0 0 36 520 10 4 1 .12 93/296 0 .8 5 5 .8 1 2 .1 14 .7 0 .5 0 .1 3 6 .5 9 .2 SO 374

ID L E  I O RIG IN A L CARBURETTOR ADJUSTED FO R LON CO AND RC EM ISSIO N AT EACH REV.

80 1100 0 0 0 30 500 5 1 .1 5 93/217 l . l l 5 .7 1 3 .1 11 .5 2 .0 0 .3 39 13 100 443

81 1900 0 O 0 32 700 16 1 .14 , J /146 1 .7 ! 10 .9 2 4 .9 14 .5 3 .0 0 .5 40 14 120 200

82 1400 0 0 0 33 620 7 1 .14 93/20S 1 .2 6 .1 1 6 .5 15 .4 2 .0 0 .3 39 13 120 199

S3 2800 0 0 0 33 730 36 1 .14 1 .15 14 .4 3 2 .9 15 .3 2 .0 0 .3 39 13 200 177

64 920 0 0 0 31 520 5 1 .1 4 93/284 1.87 5 .8 1 3 .3 15 .2 2 .0 0 .3 39 13 90 595

65 1000 0 0 0 30 540 5 1 .1 5 93/2S3 3.96 5 .6 1 3 .3 13 .6 L0/8 L.S
1 .1 3 .9 13 90 744

66 1100 0 0 0 25 520 2 1 .17 93/227 L . l l 3 .2 1 4 .5 1 4 .5 13 2 3 9 .5 1 1 .5 100 690

—
-
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XDLE O RIG IN A L

POWER
ADJUSTMENT CARBURETTOR

CONSUMPTION

NO R* v m V N m k W INI E l Pm ICN Y , Fu t l/ t im t kg/h A ir
cm kg/h CO % CO, % NO H C R tm ark  1

60 1 1 0 0 o 0 o 25 520 14 2 1.17 93/227 1 .1 3 .2 1 4 .5 1 4 .5 13 2 3 9 .5 1 1 .5 100 690
61 1000 o 0 0 33 560 13 a 1.19 , J /348 1 .0 ' 7 .3 1 6 .0 1 8 .8 1 .5 0 .2 5 3 9 .0 1 1 .0 110 470

62 1250 o 0 0 33 600 12 4 1.15 ” /198‘ 1 .27 4 .6 2 0 .0 1 5 .7 1 .4 0 .2 5 3 7 .5 11 100 920

63 1 5 0 0 o 0 0 34 580 14 10 1.13 93/170 1 .48 4 .6 19 .4 1 3 .1 18 . ( 2 .5 39 11 380 710
64 1500 0 0 0 34 640 13 10 1 .14 ” /175 1 .44 5 .7 2 4 .4 1 6 .8 1 .4 0 .2 5 3 4 .5 8 140 1950

65 2 0 0 0 0 0 0 34 660 14 22 1.13 *3/151 1 .66 5 .8 2 4 .6 1 4 .8 3 .2 0 .5 5 4 0 .0 12 150 156

66 2500 0 0 o 36 690 14 28 1.13 93/133 1 .89 6 .7 2 8 .7 1 5 .2 3 .0 0 .5 40 12 125 140

67 3000 o 0 o 36 700 14 43 1 .1 93/106 2 .37 8 .7 3 3 6 .0 1 5 .2 2 .2 0 .4 40 12 260 328

6S 3500 0 0 0 40 750 14 45 1.11 ” / 9 4 2 .67 1 0 .1 4 1 .5 1 5 .5 4 .5 0 .7 5 4 0 .5 1 2 .7 250 232

69 4000 0 0 0 42 790 0 50 1 .1 “ 537 ^ T 3 .44 2 .5 6 5 1 .3 1 4 .9 6 .5 1 . 0 3 9 .5 1 1 .5 300 280

70 1500 o 0 o 34 620 14 10 L.13 93/175 1 .44 5 .2 2 2 .7 1 5 .5 2 .0 0 .3 3 5 .0 9 .2 150 700

A /F EMISSIONS

ID LE  ULTRASONIC CARBURETTOR

71 1100 O 0 0 38 500 14 4 1 .1 93/262 0 .96 3 .2 1 3 .2 1 3 .7 2 .0 0 .4 38 1 0 .5 100 355

72 1500 O O 0 24 620 14 20 1 .17 93/145 1 .73 2 .8 2 5 .5 1 4 .7 1 .0 0 .2 5 37 9 .7 110 170

73 2000 0 0 0 23 640 14 22 1 .17 , J /H 5 2 .18 3 .5 1 3 1 .7 1 4 .5 3 .0 0 .5 37 9 .7 150 500

74 2500 0 0 0 29 700 26 30 1.15 93/120 2 .1 3 .8 33 .7 1 6 .0 1 .0 0 .2 5 3 7 .5 10 140
Ì80

350

75 3000 0 0 0 34 750 14 40 1.13 *3/ 82 3 .06 4 .6 3 9 .2 1 2 .9 8 1 .2 40 12 150 300

76 3500 O 0 0 37 800 14 40 1.12 ” / 8 0 3.14 6 .3 5 3 .1 1 6 .9 1 .0 0 .2 5 38 1 0 .5 120 600

77 4000 0 0 0 31 600 1.14 93/  65 3 .86 5 .96 5 1 .1 1 3 .2 3 0 .5 40 12 ISO 280

78 1200 0 0 o 36 620 11 6 1 .12 93/198 1 .27 9 .4 20 1 5 .7 1 .0 0 .2 39 13 ISO 183

79 900 0 0 o 36 520 10 4 1 .12 93/296 9 .85 5 .8 12 .1 1 4 .7 0 .5 0 .1 3 6 .5 9 .2 50 374

ID LE I O R IG IN A L CARBURETTOR AD JU STED  FOR LON 0 0  AND HC EM ISSIO N AT EACH REV.

80 1100 0 0 0 30 500 5 1 .15 * 3/217 1.11 5 .7 13 .1 1 1 .5 2 .0 0 .3 39 13 100 443

81 1900 0 0 0 32 700 16 1 .14 , J /146 1 .7 ! 10 .9 2 4 .9 1 4 .5 3 .0 0 .5 40 14 120 200
-

82 1400 0 0 o 33 620 7 1 .14 ,3 /205 1 .2 8 .1 18 .5 1 5 .4 2 .0 0 .3 39 13 120 199

83 2800 0 0 o 33 730 36 1 .14 ” / m 1.15 14.4 3 2 .9 1 5 .3 2 .0 0 .3 39 13 200 177

84 920 0 0 0 31 520 5 1 .1 4 93/284 ) .8 7 5 .8 1 3 .3 1 5 .2 2 .0 0 .3 39 13 90 595

85 1000 0 0 0 30 640 3 1 .15 93/2S3 9.98 5 .8 1 3 .3 1 3 .6 i f y T iT s -
1 .1 3 .9 13 90 744

86 1100 0 0 0 25 520 2 1 .17 93/227 L . l l 3 .2 1 4 .5 1 4 .5 13 2 3 9 .5 1 1 .5 100 690

J
— — — — — — — — ------ -- — — — — w
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IDLE ULTRASONIC ATOMISE 
P O W E R

IS IN I  
T E M P

•LET MAMIFO J )
CO N SUM PTIO N A / P EMISSIONS

NO Rtv m V N m h W INL E t Pm ICN X . Fu t l/U m t kg/h A i r
c m kg/h CO % CO, % NO HC P t r ro rk

• 7 1 0 0 0 0 0 0 28 5 5 0 5 1 .1 6 ” / 1 5 6 X .S 6 1 0 . ! 2 4 .5 1 5 .5 0 . 5 0 . 1 38 12 8 0 2 1 0

• S 2 0 0 0 0 0 0 28 7 5 0 16 1 .1 6 ” / 1 3 7 1 .6 1 1 . ! 2 4 .3 1 3 .5 0 . 5 0 . 1 39 13 100 245

S * 2 8 0 0 0 0 0 26 7 4 0 36 1 .1 7 ” /XX4 2 .1 3 6 . 1 2 8 .6 1 3 .4 0 . 5 0 . 1 40 14 1 2 0 1 4 0

9 0 2 5 0 0 0 0 0 28 7 0 0 26 1 .1 6 ” /X 267 1 .9 5 5 . 5 2 5 .6 1 3 .1 0 . 5 0 . 1 39 13 1 2 0 56

91 2 5 0 0 0 0 o 29 7 4 0 36 1 .1 6 ” / X 2 5 i 1 .9 7 5 .7 2 6 .5 1 3 .5 0 . 5 0 . 1 40 14 1 2 0 98

92 1 5 0 0 0 0 0 37 7 2 0 10 1 .1 3 ” /X4S 1 .7C 5 . 0 2 2 .6 1 3 .3 0 . 5 0 . 1 40 14 1 2 0 10 5

93 3 1 0 0 0 0 o 28 7 7 0 37 1 .1 6 , J / 1 0 4 2 .3 1 2 .5 2 9 .1 1 2 .6 0 . 5 0 . 1 40 14 1 5 0 10 5

l o a d  ULTRASONIC ATOM ISERS IN  IN L E T  MANIFOLD

94 2 5 0 0 1 1 .0 30 72 0 36 1 .1 5 * * /  55 4 .5 3 1 2 .5 5 7 .4 1 2 .6 1 . 0 0 .2 5 39 13 8 0 0 2 6 0

9 5 2 5 0 0 1 7 .4 33 730 36 1 .1 4 ” /  41 6 .0 3 1 8 .5 8 4 .0 1 3 .9 1 . 0 0 .2 3 38 12 9 0 0 245

9 6 2 5 0 0 0 0 0 29 74 0 36 1 .1 4 , 3 / 1 2 5 S 1 .9 7 5 . 7 2 6 .5 1 3 .5 0 . 5 0 . 1 40 14 12 0 98

97 2 5 0 0 1 4 .3 31 750 36 1 .1 4 * 3/  59 4 .2 13 5 9 .5 1 4 .1 1 . 0 0 .2 3 40 14 120C 105

98 2 5 0 0 6 .0 30 700 36 1 .1 5 ” /  86 2 . 8 ! 8 . 5 3 9 .0 1 3 .7 1 . 0 0 .2 3 40 14 1300 175

99 2 0 0 0 7 .0 35 - 25 1 .1 3 ” /  73 3 .4 1 3 .4 6 0 .5 1 7 .5 1 . 0 0 .2 3 3 6 .2 9 .5 3 0 0 2 1 0

1 0 0 2 0 0 0 1 4 .2 35 680 25 1 .1 3 ” /  47 5 .3 1 4 .5 6 5 .6 1 2 .4 1 .2 5 0 . 3 38 12 1 7 0 0 4 2 0

101 2 0 0 0 1 1 .0 36 - 25 1 .1 3 * V  53 4 . 7 1 4 .5 6 5 .6 1 4 .0 5 .2 0 . 8 39 13 1 5 0 0 1 2 0

10 2 3 0 0 0 1 0 .5 36 4 0 1 .1 3 * 3 /  57 1 .3 5 1 6 .0 7 2 .5 1 6 .6 3 . 0 0 . 5 38 12 1 5 0 0 4 2 0

•
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