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SUMMARY

Two projects considered during the early stages of this research are
discussed briefly. These are concerned with engine cooling and exhaust pollution
control by fluidised particles. The advantage of cooling an engine by this means is
that the engine may be run at an optimum temperature and radiated noise
attenuated. The high thermal conductivity and surface area of fluidised particles
would result in improved after reaction in comparison with conventional exhaust
thermal reactors and catalysts.

The fuel consumption, engine cooling system and air-conditioning system of
a Jaguar XJ6 motor car have been studied experimentally and analytically, and
mathematical models used for their analysis. Recommendations are made for
improvements to performance, cost, and fuel consumption.

The efficiency required of a steplessly variable transmission to compete
with the present system on the bases of acceleration-aﬁd fuel economy has been
calculated.

As a result of a literature survey, fluids suitable for air-conditioning a motor
car using an absorption cycle are recommended. The advantage of such a system
is the reduction of fuel consumption by the removal of the compressor brake load
from the engine. The feasibility and limitations of such a system are studied and
providing the condenser air flow rate is increased and a reduced refrigeration load

at idle is acceptable, such a system may be developed.

AUTOMOBILE AIR-CONDITIONING RADIATOR ABSORPTION FLUIDISATION
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"Seek the truth from facts to serve the people”

anonymous graffiti
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CHAPTER 1



INTRODUCTION

Three different projects were considered during the early stages of this
period of research. Two of these, concerning engine cooling by fluidised particles
and exhaust pollution control by fluidised particles, are discussed briefly in
chapter 2. The third project entails a study of a motor car air-conditioning
system and the effects of the system on the fuel economy and engine cooling
systems.

The primary function of a motor car air-conditioning system is that it should
reduce, and maintain at a reduced level, the humidity and temperature in the
passenger compartment, whilst maintaining adequate ventilation. The most
severe conditions, with regard to the temperature of the air and surfaces in the
car, exist when the car has been left standing in strong sunlight resulting in
temperatures higher than ambient. The effectiveness of the air-conditioning unit
may be judged by the time taken for the unit to reduce the temperature inside the
car to the design level.

The temperature in the car may be reduced either by refrigerating the air in
the car or by ventilating the space with air drawn in from outside and
refrigerated. The advantage of the latter system is that ventilation is maintained
and the refrigeration load is less, on initial starting when the air in the car is
hotter than ambient, than if recirculation were employed.

Data for the calculation of the required refrigeration load for motor car
refrigeration is contained in a technical report published by the American
Coolaire Organisatior:. The experience of the manufacturer?, however, has been
that a cooling load dependent on ambient conditions and sufficient to supply
0.15 kg/s of dry air at a temperature a little above 0°C (to prevent the evaporator
from freezing) provides a performance both adequate and competitive with other

vehicle manufacturers' products.



It is the means of providing this cooling load that is the subject matter of
the bulk of this project. The present system used by the manufacturer is a vapour
compression unit with refrigerant R12 as the working fluid. The compressor is
driven from the engine and delivers vapour to a finned tube heat exchanger
positioned in front and upstream of the engine cooling radiator. The position of
this, the condenser, links the performance of the engine cooling system and the
refrigeration system, and a modification to one system cannot be viewed entirely
independent;y of the other. It is necessary therefore in examining the
refrigeration system, to also study the engine cooling system.

Initially the project was aimed as a feasibility study of the use of absorption
refrigeration for motor car air-conditioning. The advantage to be gained from
such a system would be a reduction in engine brake power consumption, giving a
fuel consumption benefit. The technical feasibility of the absorption system rests
on four factors:

(i)  Whether fluids are available which might be deemed safe for use in

such a system.

(ii) Whether the refrigerant thought suitable for use in an absorption
refrigeration system may be used at the temperatures expected in the
condenser and evaporator.

(iii) Whether sufficient heat energy is available from the engine exhaust
gas to drive the system at a level competitive with the present system.

(iv) Whether the motor car heat rejection system might be engineered to
operate at the higher loads resulting from the expected lower
coefficient of performance of a refrigeration system having a low-
grade energy input.

The problem of examining these four factors has been tackled by: a survey

of literature relevent to absorption refrigeration, an experimental study of energy
and mass transfers to and from the engine, and a mathematical model of the

present engine, engine cooling system, and refrigeration systems.



The project is broader than this however and examines the present system to
find its limitations, its effect on the cooling system and its effect on the fuel
consumption. An attempt to improve the present system is undertaken, having
found its limitations. The effects of varying parameters, influencing the cooling
systems of both the air-conditioned and non air-conditioned versions of the car, on
the engine coolant temperatures are examined. The fuel consumption of the
vehicle is apportioned to the brake loads imposed on the engine to highlight
possible economies. The optimum transmission gear ratios, for both fuel economy
and performance, and the required efficiency of a steplessly variable transmission
to compete with the present fixed ratio transmission, are calculated.

Chapter 3 deals with the literature survey and a description of the present
Jaguar XJ6 motor car, the vehicle used as a basis for the study.

Chapter 4 deals with the heat rejection system by experimental
measurement and mathematical analysis for the purpose of extrapolation.

Chapter 5 deals with the engine and experimental determination of engine
cooling requirements, fuel flow, exhaust gas enthalpy, and exhaust gas mass
capacity rate. Also examined in this chapter is the road load, the transmission
efficiency, and the engine coolant mass flow rate.

Chapter 6 is a study of the fuel economy of the non air-conditioned car and
the extent to which this is influenced by the brake loads imposed on the engine.
The influence of transmission gear ratio and the required efficiency of a
hypothetical steplessly variable transmission, to compete with the present system
on the bases of fuel economy and performance, are examined.

Chapter 7 is a study of the engine cooling system based on the results from
the mathematical model. Both the non air-conditioned and the air-conditioned
versions of the car are considered, the latter with the air-conditioning system
switched off. The influence of component sizes of both the engine cooling system
and the refrigeration system condenser are studied. Finally in this chapter, the

result on coolant temperatures of auxiliary brake loads is calculated.




Chapter 8 is concerned with the present refrigeration system and a
comparison of the maximum refrigeration load available from a hypothetical
absorption system, and the calculated performance of the present system. The
mathematical model of the present systern, and its limitations are discussed, and
the influence of individual components on the system calculated, with a view to
suggesting methods of improving the refrigeration load and/or reducing the fuel
consumption penalty of running the air-conditioning. The advantages of a vapour
compression system using R22 are discussed, together with the limitations for its
use. In chapter 9 the conclusions and recommendations are briefly reviewed.

From this research it is believed that in addition to the conclusions arrived
at, the experimental techniques and mathematical models of the systems
considered will be of use as design and development aids in the future. To this end
the complete model in the form of a computer program is given in appendix AS5.
The program is written to be run on a Hewlett-Packard 9830 calculator, and as
such may easily be modified to be used as an interactive package in the design

office.



CHAPTER 2



ENGINE COOLING AND EXHAUST POLLUTION CONTROL

USING FLUIDISED PARTICLES

INTRODUCTION

At the initiation of this research several alternative projects were given
consideration, involving the use of fluidised bed technology. Two of these topics

are discussed briefly in this chapter.

ENGINE COOLING BY FLUIDISED PARTICLES

In the internal combustion engine, less than one third of the chemical enerqgy
of the fuel is converted into work, one third is lost in the exhaust gases and one
third is rejected by cooling. This is an approximate division, the actual balance
depending on engine design, type of fuel, cooling system, ambient conditions etc.
Heat carried off by cooling must be considered a definite loss because, apart from
the fact that no useful work can be obtained from it, part of the engine
performance i.e. the mechanical work produced, is frequently used for its
removal.

Cooling of the engine is necessary for the following reasons. The maximum
temperature of the cylinder walls is determined by lubricating conditions. Above
a certain temperature lubrication of the sliding surfaces deteriorates and rapid
wear of pistons, piston rings and cylinders commences and seizure may result.
The maximum temperature depends on the lubricating oil used and ranges from
160° to 200°C. In addition to this, the alloys (aluminium) of which the piston and
cylinder head are commonly produced are weakened at elevated temperatures.
Any heating of the inlet air by heat transfer from the inlet tract decreases the
volumetric efficiency. Higher octane fuel is also required at higher engine
temperatures.

Further to this, the formation of oxides of nitrogen increase as combustion

temperature increases.



Conversely, if the engine is running cool, other problems become apparent.
There is a greater heat transfer from the combustion gases to the cylinder
resulting in a lower efficiency and higher fuel consumption. Combustion chamber
surface temperature affects the unburned hydrocarbon emissions by changing the
thickness of the combustion chamber quench layer and the degree of after-
reaction. Wentwort!g, in studying the effect of such changes on hydrocarbon
emissions from an engine, found a decrease of 1.04 to 0.63 p.p.m. of hexane per
Kelvin rise in combustion chamber surface temperature. In one test an increase
of 56K decreased hydrocarbon emissions by one third. In addition to changing
quench layer thickness and after reaction, increases in engine temperature
increase fuel evaporation, resulting in more complete combustion.

When running at low temperatures, products of combustion condense on the
walls of the cylinders and etching of the cylinder walls sets in which, together
with poor lubrication at these temperatures, causes excessive wear. The highest
rate of wear occurs in the top third of the cylinder which may indicate the
significance of this chemical action on the bores as suggested by Mackerlé. Rich
mixture running, when starting from cold, causes fuel to be condensed on the
cylinder walls, diluting the film of lubricating oil and decreasing its effectiveness.

A distinct advantage of running an engine at a higher temperature is the
decrease in the cooling heat transfer surface required, no matter what means are
used to cool the engine. Atmospheric air is the ultimate sink whatever heat
transfer system is used. The ambient air temperature may vary between -40°C
and 55°C. For an engine operating at 100°C the temperature difference to
produce the required heat transfer in a hot climate is 45K. For an engine
operating at 200°C the temperature difference is 145K. Hence, assuming a
similar overall heat transfer coefficient for the two engines, the heat transfer
surface area may be reduced by a maximum of approximately 69% for the hotter

engine.



A further factor to consider with regard to engine cooling system design is
the time taken from initial starting to reach the operating temperature. This
involves two factors. The cooling control system and the thermal capacity of the
engine. The engine should be designed to operate au. an optimum temperature,
found by consideration of each of the above mentioned factors. Hence, until it
reaches this optimum temperature the disadvantages of running at a low
temperature will be manifested. From this point of view the increased levels of
hydrocarbon emissions is probably the most critical. The Californian legislation
test procedure for measurement of emissions includes starting the engine from
cold. At the end of the test the average emissions (in grammes per mile) of
hydrocarbons, oxides of nitrogen and carbon monoxide are measured and compared
with the maximum statutory levels. During the period of initial starting and low
temperature running a large percentage of the unburned hydrocarbons measured in
the test are produced. Hence there is a great deal to be gained by designing the
engine such that the engine warms up as quickly as possible.

The two systems of engine cooling used to date in vehicles are direct air
cooling and water cooling.

Water cooled engines have the advantage that the components are kept at a
constant and even temperature. Cooling of exhaust valve gear, injectors, and
spark plugs, which are localised high temperature regions, is easier and more
effectively carried out on water cooled engines than with any other system at
present.

The water cooling system consists of a water jacket surrounding the engine
and connected to a remote 'radiator'. If the radiator is mounted at the front of
the vehicle then the pressure build up at the front of the vehicle when it is
travelling may be sufficient to produce a flow of air through the radiator matrix.

The pressure drop across the 'radiator' is very small and such that, when
stationary, only a small fan is needed to blow sufficient air through the matrix.

To prevent damage due to freezing in cold climates an ethylene glycol antifreeze



is mixed with the water. This modifies the thermal properties of the coolant. The
temperature of the coolant is limited by its boiling point which may be increased
by pressurising the system. The pressurised system has to be designed such that it
is strong enough to withsiand the pressure. If the flow of water around the system
is not solely induced by thermsyphon action then a pump may be included; the
pump will operate more effectively in a pressurised system where the likelihood of
cavitation is lessened.

The radiator in a water cooled system being made of non-ferrous metal
(usually brass and copper) is an expensive component. It is easily damaged and is
isolated from vibration of the engine by flexible rubber connections. Failure of
the water cooling system usually arises as a result of a leak from one of these
connecting hoses. Control of the temperature of a water cooling system is simple
and is provided by a thermostatic water flow valve, usually with a bypass to
prevent stationary pockets of the coolant evaporating and causing local
overheating. The large capacity of water contained in the water jacket, in
addition to material comprising the water jacket, results in a lengthy warm up
time from a cold start. A weight penalty is also incurred as a result of this. The
water in the water jacket does have the advantage of providing a damper against
vibration of the walls of the cylinder.

With regard to reliability the water cooled engine does not have a very good
record. Mackerl; states that statistics show that 20% of all engine failures are
due to faults in the water cooling system. The air cooled engine has the
advantages over the water cooled engine of lower weight, higher running
temperature, quicker warm up time, lower air flow, and simplicity of production,
operation and reliability.

Its major shortcoming is its higher noise level. In addition to lacking a water
jacket to damp noise radiated from the cylinders, air cooled engines are commonly
made of aluminium alloys which have a higher thermal conductivity than cast iron,

mostly used for water cooled engines, to promote fin efficiency. Aluminium does



not have the noise and vibration damping characteristics of cast iron. Recent
trends have, however, been towards lighter engines (in the interests of economy)
and aluminium is now commonly used for water cooled engines.

All-of the engines produced by British Leyland, both past and present, have
been water cooled, the objection to air coé:led engines probably being the higher
noise level associated with this type of engine. Air cooled engines have been
produced by other companies however. In Germany Dr. Eng. F. Porsche designed
the well known Volkswagen engine. The Volkswagen Beetle holds the record
among European cars for the highest production numbers. Dr. Porsche also
designed the air cooled engines for the sports car which carries his name. The
success of both of these designs is probably the best reference v.;hieh can be given
to engines of this type. The Tatra Company of Czechoslovakia has produced a
great variety of air cooled engines since 1923 for road, rail and aircraft
applications. The products of the Tatra company have shown that air cooled
engines are not limited to small capacities.

In recent years interest has grown around the use of fluidised bed heat
exchangers, the magnitude of gas to immersed surface heat transfer coefficients
being of the order of 5 to 10 timeg those of conventional systems. Much of the
research has been on deep beds, which have the disadvantage of producing a high
pressure drop, but more recent work has been concerned with the heat transfer
coefficients in shallow beds. The appearance of a bubbling fluidised bed led early
investigators to believe that the surface heat transfer coefficients were limited
by a phenomenon corresponding to the laminar film in conventional cgnvective
systems. More recent work by Botteriils et al has shown that heat transfer
between particles and surfaces is by transient conduction through the gas
interface, during the time of point contact. The work of AI-AIE is a useful source
of data on heat transfer to immersed plain and finned surfaces in shallow fluidised

5
beds, using the model of Botterill, and relevant to engine cooling by this method.
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Direct air cooling of engines by the medium of fluidised particles may make
air cooled engines more acceptable than at present if it were found that the
fluidised bed attenuated the engine noise sufficiently. If this were the case then
we should have all of the advantages of air cooled engines without the major
disadvantages of noise. The high heat transfer coefficients available with
fluidisation would mean less finning of the cylinders and cylinder head, making
production easier and also localised hot spots (e.g. around the exhaust valve
guides) could be cooled more effectively than in a directly air cooled engine. The
disadvantages of cooling the engine in this way are the possibility of the particles
entering the engine and causing heavy wear on bearing surfaces and the problem
of supplying a flow rate of air between the required limits. Velocity of the gas in
a fluidised bed may vary by a l'ati(:i5 of up to 8 to 1 and so the fan could conceivably
be driven by the crankshaft through a viscous coupling. When not fluidised the
particles would act as a thermal insulation, decreasing the warm up time from a
cold start, if the temperature control system was engineered to accommodate

this.

Conclusions and Recommendations

It would appear at this stage that direct cooling of an engine by fluidisation
would give the advantages of direct air cooling possibly without the disadvantages
associated with air cooled engines of radiating higher noise levels. It would be
necessary to build a prototype engine to study the level of attenuation of noise

possible with this system.

EXHAUST CLEANING

To date the most successful exhaust treatment technique used commercially
has been air injection into the exhaust system. To meet extremely low emission
levels proposed for the late 1970's it is likely that additional exhaust treatment

devices will be needed. Both catalytic and thermal exhaust reactors have the
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potential for very low emissions.

Thermal Reactor

One of the currently used methods to reduce hydrocarbon and carbon
monoxide emissions is air injection into the exhaust system as described by
Steinhager? et al.

Oxides of nitrogen are not reduced, in fact they may be increased if
sufficiently high exhaust temperatures result from the combustion of the carbon
monoxide and hydrocarbons with the added air, or if the injected air enters the
cylinder during the overlap period. To achieve a high degree of oxidation of the
hydrocarbons and carbon monoxide, a high exhaust temperature coupled with
sufficient oxygen, and a long enough residence ti]r?nr:a-(jf:tdr;z dcu:)mplet:e the combustion.
If a flame is established the heat generated by the combustion of the carbon
monoxide and hydrocarbons keeps the reaction going.

Because of its abundance, the carbon monoxide in the exhaust gases provides
most of the combustion generated heat. Quite often carbon monoxide
concentrations of several percent are measured. On the other hand, hydrocarbon
emissions are only a few hundred parts per million. As a result thermal reactors
are developed most easily for rich carburation. Brownson and Steba?‘ have studied
thermal reactor performance for a reactor coupled to a single cylinder co-
operative fuel research engine. In their work an exhaust mixing tank of 2.4 litres
was used for some of their tests. They determined that the basic factors
governing combustion of carbon monoxide and hydrocarbons in the exhaust gas are
composition of the reacting mixture, temperature and pressure of the mixture,
and residence time of the mixture or time available for reaction.

Graph 2.1 shows the hydrocarbon and carbon monoxide emissions as a
function of air/fuel ratio and injected air flow rate. The emission concentration

results were corrected for the added air. Injected air flow rate is indicated as a

percentage of the engine air volume flow rate. The insulated 2.4 litre mixing tank
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was used.

The minimum hydrocarbon concentrations occurred at rich mixtures. When
too much air was injected, especially at lean mixtures, excessive cooling of the
exhaust increased hydrocarbon corncentrations to above those with no air. Thus
the normal oxidation process was apparently inhibited by this cooling. The effect
of air injection on carbon monoxide concentration was somewhat different.
Exhaust carbon monoxide was uniformly low at most rich air fuel ratios. A small
increase in carbon monoxide occurred at fuel/air ratios slightly richer than
stoichiometric. For stoichiometric mixtures and leaner, carbon monoxide was
very low. Best results occurred for rich mixtures with air injection at 20 - 30% of
inlet air flow. The leanest air fuel ratio for best emission reduction was 13.5:1.
Normally engine operation at such a mixture would reduce fuel economy by 10%.

To further study the peculiar shape of the carbon monoxide curve with air
injection, a quartz window was installed in the exhaust system. For each air
injection rate tried, a blue white luminous flame was observed for all mixture
ratios to the left of the small carbon monoxide peak up to the rich mixture where
the large carbon monoxide increase occurred near 11:1. The very low emissions
with rich mixtures and air injection arose from a 'fire' in the exhaust system. For
mixtures leaner than the small carbon monoxide peak, non-luminous oxidation
occurred and carbon monoxide emission reduction was relatively poor.

At each air/fuel ratio there exists one minimum air injection rate that
provides maximum emission oxidation. Minimum air flow is desired in order to
reduce pump power requirement, and hence size and cost. Graph 2.2 shows the
optimum air injection rate for the data of graph 2.1 for both hydrocarbon and
carbon monoxide emissions. It is apparent that air injection was not highly
effective in reducing carbon monoxide emission unless luminous burning occurred.
This did not happen when the mixture ratio provided by the carburettor was
chemically correct or leaner.

Graph 2.3 shows the result of a small (44K) decrease in exhaust temperature,
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at 14:1 air fuel ratio. As a result of the temperature decrease, luminous burning

could not be achieved, and minimum carbon monoxide concentration required a
90% air flow rather than 20%. A result such as this demonstrates the possible
dependence of the required air injection rate on ambient temperature, and prior
engine operation (state of warm up). Conversely this data also shows that small
changes in engine condition might produce large changes in air injection
effectiveness.

Exhaust system insulation may be necessary to achieve high reaction rates in
engines with well cooled exhaust ports. Insulation also helps to reduce emission
concentrations during warm up by accelerating warm up rate.

At mixtures significantly leaner than stoichiometric in the range of 16 to
17.5:1 air injection is not needed to supply oxygen; in fact it would only cool the
exhaust to too low a temperature for any reaction to take place. On the other
hand at such lean mixtures only extremely good heat conservation can produce
temperatures high enough for appreciable reaction. Warreﬁ has studied this lean
region and has concluded that with improved carburation it is possible to achieve
surge free operation at 17 to 17.5:1 and leaner. When this can be achieved both
hydrocarbon and carbon monoxide emissions are reduced to extremely low values
(hydrocarbons less than 50 parts per million and carbon monoxide less than 0.1%,
Federal Emission Tests) if exhaust temperature is kept high enough through good
insulation. Unfortunately oxides of nitrogen are high at air fuel ratios of 17:1.
Even leaner operation is necessary to reduce all three emission components.
Promising work has been done on stratified charge engines by Honda in particular
(Environmental Protection Agenc"y 'Automobile Emission Control - the state of the
art as of December 1972".

Graph 2.4 shows the effect of temperature and reactor volume on exhaust
hydrocarbon concentration at an oxygen input concentration of 3%. Reactor
volume may be viewed as the volume of the exhaust system which is insulated and

at the high temperature needed for reaction. Note that if the exhaust
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temperature were 760°C only twice the conventional system volume would be
needed for virtually complete combustion. On the other hand, if the temperature
were only 650°C eight times .the volume would achieve only a 76% decrease in
concentration. A pair of conventional exhaust manifolds has a volume of about
2.5 litres.

Increasing the exhaust system volume increases the residence time during
which reactions can occur. This is a benefit provided the added surface area does
not result in excessive cooling. Thus when large volume exhaust manifolds are
used they must be well lagged.

The importance of reactor residence time in connection with gas
temperature and composition was shown theoretically by Schwir;; for exhaust
system oxidation of carbon monoxide and hydrocarbons. His results show how the
extent of oxidation is determined by a balance between rate of reaction and
residence time and the energy liberated by combustion. Schwir112g's approach can
be used as a design base for thermal reactors which are well mixed. Levenspigl
gives a fundamental discussion of reactor engineering and Bleni\‘k et al and
Pattersé?‘m give applications of these fundamentals to a multicylinder engine
thermal reactor system.

Graph 2.5 shows the volume advantage which Brownsgn found when he added
increased insulated exhaust volume at a mixture ratio of 14.5:1. In this case
carbon monoxide and hydrocarbon concentration reduction are sought.

Significant hydrocarbon reductions were noted as volume was increased. No
carbon monoxide concentration reduction was found for this non-luminous
oxidation mixture ratio. Graph 2.6 shows that at a rich mixture of 12.3:1 both
carbon monoxide and hydrocarbons were reduced to virtually zero with 2.4 litres
of added insulated volume. In addition to this the minimum air injection rate
requirement was decreased as added volume increased. Without insulation at

12.3:1 no decrease was noted in either emission constituent in spite of the volume

increase. This result suggests that the exhaust oxidation process occurring in the
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unmodified engine was in the port and immediately downstream thereof. The
increased surface area of the added uninsulated volume downstream allowed
enounjh cooling to stop the reactions that might otherwise have proceeded within
this added volume had the exhaust temperature been sufficiently high.

In conclusion, increasing the residence time of the exhaust by increasing
volume improves both the carbon monoxide and hydrocarbon oxidation
effectiveness of air injection and reduces the air flow rate required provided that
heat losses are low. This conclusion applied to both rich and lean mixtures and, as
Warré% demonstrated if surge free operation can be maintained at a weak enough
setting, no air injection is needed.

The exhaust reactors mentioned so far have taken the form of a well
insulated exhaust system in which the exhaust gas is maintained at a high
temperature for an extended period of time. Combustion of the carbon monoxide
and, to a lesser extent, hydrocarbons, provides additional heat tc maintain and
propagate the combustion process. If this heat were conducted backwards against
the direction of flow of the exhaust gas, then the process could reasonably be
expected to be further assisted. This is the logic behind the proposal to use a
fluidised bed as an exhaust thermal reactor. The process of gas combustion in
fluidised beds is well reported, in addition to papers and established texts
(Davidson and Harrisc;g, and Kuni and Levempiit;l) on the thermal and fluidic
properties.

Several papers have reported very high thermal conductivities in the vertical
direction. They mostly agree on what is defined as 'effective thermal
conductivity' of a fluidised bed. One of the earliest papers on fluidised bed
conductivities was that of Shrikhand:. Shrikl'land1ea worked with very tall columns
and obtained values for the thermal conductivity at 12 cm intervals, for different
rates of heat transfer through the bed. Linear temperature profiles were found
and from this it was possible to define an 'effective thermal conductivity' as that

which enabled the heat transfer to be described by Fourier's Law. This
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conductivity increased linearly for an increase in fluidising velocity.
Conductivities ranging from 63 to 450 kW/mK were reported for glass beads of
varying diameters.

Similar results were published by Lewis, Gilliand and Girovalfgl.
Conductivities ranging from 2 to 430 kW/mK were noted. Measurements of
conductivities in the radial direction (horizontal) produced values of only about 2%
of those in the axial (vertical) direction. In this work a honeycomb baffle was
placed halfway down the bed and although this did not affect conductivities above
and below the baffle it did produce a sharp discontinuity in the bed. This baffle
would have stopped the vertical movement of solids.

The work of several Russian workers has been published by Zabrodsiuy.
These tend to agree with the aforementioned work but one interesting point
emerges. The Russian workers recorded bed temperatures at very close intervals
and found that there was not a linear gradient near the bottom of the bed. From
this they concluded that the effective thermal conductivity was much less at the
bottom of the bed.

The most noticable aspects of these works is the very high conductivities.
Contributions from the fluidising medium are very small in comparison.

A comprehensive study of gas combustion in fluidised beds is given by
Brcughtgn. He attempted unsuccessfully to obtain combustion with separate
injections of gas and air, combustion only occurring above the surface. This
illustrates poor gas stream mixing in the bed. With pre-mixed gas streams
Bmughtclmn studied temperature variation down the vertical axis of the bed. It was
found that the temperature was constant down the greater length of the bed, but
near the distributor plate the temperature increased to a maximum and then
decreased towards the plate. Broughtcf;} obtained successful pre-mixed
combustion with particles of less than 1 mm diameter until he reached a diameter
of 0.3 mm diameter. To explain this he used Davidszlgn's model to show that with

very small particles a high proportion of the feed gas passes rapidly through the
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bed in the bubble phase and does not mix within the bed. This bypass would also
remove some of the heat from the bed.

An interesting paper presented by Elliott and Vizta‘r at the Third International
Conference on Fluidised Bed Combustion, outlines initial studies at the University
of Aston in Birmingham. They argued that shallow beds are preferable to deep
beds since this would reduce the heat loss from the bed container. Because of
this, their work was involved in studying how a shallow bed could be used without
combustion occurring above the bed surface. All of this work was with pre-mixed
air-gas supplies, separate gas injection being rejected on the grounds that deep
beds would be required for complete combustion. Initiation of bed combustion was
obtained by igniting the air-gas mixture just above the surface and allowing
recirculation of the particles to warm up the bed.

Exploratory studies into the possibility of reducing atmospheric pollution by
fluidised combustion have shown the advantages to be gained. Oxides of nitrogen
were of the same low level as reported by Jaral{.y et al, and near stoichiometric
conditions carbon monoxide/carbon dioxide ratios of less than .002 have been
reported. This represents a considerable improvement on the conventional gas
burner. Tests were performed by Cole and Essenhigh to find at what bed
temperature a fresh air gas mixture could be injected with an initiation of
combustion. It was found that this would occur at temperatures as low as 400°C.
This temperature is very low and it is possible that there were hot spots within the
bed sufficient to ignite the mixture, but even so, this work is encouraging in the
application considered here.

The greatest problem liable to arise in an attempt to use a fluidised bed as
an exhaust thermal reactor is due to the large range of exhaust gas flows which
the device must handle. The exhaust gas flow from the engine will be of the order
of 100:1 from idle to maximum speed and throttle conditions. The rangtse of gas
velocity which can be passed through the bed between incipient fluidisation and

the onset of allutriation is of the order of 8:1. This wide range of fluidising
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velocities will probably not be efficiently usable, maximum emission
concentration reduction being maximised at one particular velocity which may be
expected to be above the onset of the.bubble phase and below velocities such that
gas passes through the bed without reacting. A further problem will be due to the
relatively low velocities obtainable resulting in a large distributor area. These
problems may possibly be removed by using a rotating fluidised bed where the
particles are under the action of a centrifugal force field. Metcal%g has found
experimentally that the bed throughput (at the minimum fluidising velocity)
increases as the centripetal aéceleration to the power of 0.54. These results were
only for a range of accelerations of from 5 to 30 gravities. From this a 100 fold
increase in throughput requires an increase in rotational velocity of 145 times.
Metcalfe also found that the minimum fluidising pressure increases as the square
of the rotational speed. Hence at high throughputs the pressure drop in the bed
will be very high (1&52 times the pressure drop at idling). Hence, if at idling the
bed pressure drop is of the order of 150 mm of water, at the maximum flow rate
the pressure drop will be of the order of 3 km of water gauge. Extrapolation over
such a wide range may be unreliable but it may be sufficient to conclude that high
flow rates may only be obtained at the expense of very high pressure drops.
Hence this idea seems to be ruled out.

Using a bed under the action of gravity, a bed of approximately 0.6 m
diameter would be required for the 4.2 litre XJ6 engine. This is for the engine
running at maximum speed and throttle opening. At idle the bed would not be
fluidised unless some system of blanking off some of the area were found. A bed
of smaller area could be used to provide a fluidised reactor at low engine speeds
and throttle openings and a fixed bed at higher speeds and openings. This would be
advantageous in that the unit would be more compact and fluidised combustion
would occur in the most troublesome operating conditions i.e. at rich mixture
settings when idling producing higher emissions at lower temperatures, The

pressure drop would be higher when the bed became packed, but packed beds have
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been used on motor vehicles as catalyst supports. Fluidised beds do not operate
successfully unless the distributor plate is horizontal. This situation would be
difficult to achieve in a motor car.

It may be that the properties of a fluidised bed are such that gas pressure
pulsations (as exist in an I.C. engine exhaust system) are attenuated by passing the

gas through a fluidised bed. If so this would be an added benefit of such a system.

Conclusion and Recommendations

From the literature it would appear that a fluidised bed would work well as
an exhaust thermal reactor because of the high axial conductivity obtainable. It
would appear, however, that the engineering problems associated in using such a
device in a motor car may prohibit its use. Such a device may be worthy of study
for constant speed stationary engines such as used for power generation, or water

or gas pumping.

Catalyst Support

Several catalysts have shown the ability to oxidise hydrocarbons and carbon
monoxide in the exhaust. Usually a noble metal such as platinum, or an oxide, is
needed. Catalysts are often granular alumina pellets with a very high surface
area per unit volume, the catalyst material being deposited on the surface of the
pellets. Alternatively a ceramic matrix is used, the catalyst being similarly
deposited on its surface. The mode of operation of such a catalyst is as for an
exhaust thermal reactor, the additional benefit being that the catalyst permits the
oxidation reactions to occur at relatively low temperatures.

One problem with catalysts is that they deteriorate with mileage. Often the
deterioration is caused by lead compounds in the exhaust which coat the active
catalyst surface. The lead in the exhaust comes from the addition of tetra-ethyl

lead to the petrol to improve its anti-knock qualities.
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Catalysts may use air injection to complete combustion or may operate
without air and utilize excess oxygen from lean mixture operation if sufficient
heat conservation can be achieved. There is evidence that some catalysts
accumulate oxygen during lean mixture operating modes such as cruising. |his
oxygen then reacts during rich mixture modes such as idling.

Catalytic reduction of oxides of nitrogen is more of a problem. A
chemically reducing environment is required and this involves rich mixture
operation and a fuel economy problem. Many reducing catalysts have been found
to produce ammonia (as reported by Hunt“gr and Bernste:ian) a pollutant possibly
more dangerous than the oxides of nitrogen. All catalysts may emit trace metalic
compounds as the catalysts break up in normal driving, and health aspects have to
be considered.

Since the catalysts used for control of automotive exhaust emissions operate
in a similar manner to exhaust thermal reactors, the possible advantages of using
fluidised particles as catalyst supports are the same, i.e. the high thermal
conductivity of the fluidised bed should help to maintain the reactions involved.
Additionally the high surface area of the particles is available for coating with the
catalyst. Some degree of particle cleaning may be afforded by the abrasive action
of the particles on their neighbours to reduce contamination of the catalyst with
lead from the fuel. Unfortunately the same engineering problems also present

themsel ves.

Conclusion and Recommendations

The same advantages would be gained by using a fluidised bed as a catalyst
support system as for an exhaust thermal reactor. Similarly engineering problems
may prevent the use of such a device, as they may the use of fluidised bed exhaust

thermal reactors.
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REFRIGERATION FOR MOTOR CAR AIR-CONDITIONING

INTRODUCTION

The penalties of air-conditioning the passenger compartment of a motor car
are increased manufacturing cost and, if the system is driven by the mechanical
power output of the engine, an increase in fuel consumption. Vapour systems,
essentially reversed Rankine cycles, have the potential for high coefficients of
performance owing to the isothermal modes of heat addition and rejection. Gas
cycles such as the air cycle do not have this advantage and are also limited by
lower refrigerant side heat transfer coefficients, than are available with two
phase flow in the condenser and evaporator of vapour cycles. The two systems
considered here are the mechanical vapour compression system, as is used at
presgnt, and the absorption cycle. Both cycles are similar except in the method of
attaining a pressure difference between the evaporator and condenser. For the
mechanical vapour compression system this is achieved by direct compression of
superheated vapour in a mechanical compressor, and in the absorption system is
achieved by dissolving the refrigerant in a liquid absorbent and pumping this liquid
to a high pressure. The refrigerant is driven off from the solution by raising of
the temperature in the generator, and the absorbent is throttled back to the
absorber.

To reduce the mass flow rate of absorbent required between absorber and
generator and the resulting losses due to sensible heat effects, a refrigerant and
absorbent of high affinity are required.

The requirements of both systems, with regard to choice of a suitable
refrigerant, are similar with the exception of the need for a compatible absorbent
of high affinity for the absorption system.

For the vapour compression system the ultimate coefficient of performance
is that of a reversed Carnot cycle working between the same two temperatures.

For a system with a heat input the ultimate coefficient of performance is that of
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a Carnot cycle engine driving a reversed Carnot cycle refrigerator, as calculated
by the method of Bosnjaknvizg and shown by Threlkelsdo. The temperatures
considered for the Carnot engine are those of the generator and absorber source
anud sink and for the Carnot refrigerator are the temperatures of the medium
being cooled and the sink to which heat is rejected from the condenser.
Theoretically the coefficient of performance increases with generator
temperature. The heat which may be transferred from the engine exhaust gases
decreases as the temperature at which this heat is transferred is increased. An

optimum coefficient of performance may therefore be expected to exist.

THE CHOICE OF A SUITABLE REFRIGERANT

For convenience and brevity refrigerants are henceforth described by the
numbering system of BS&S:EG (1970). Many texts have dealt with descriptions of
refrigerants, notably that of Kuprianoff, Plank and Stein:ﬁe who give
comprehensive details and also A.S.H.R.A.alg. In this project choice has been
limited to established refrigerants, the search for new substances being outside
the scope of work. For motor car air-conditioning the first requirement must be
safety with regard to toxicity and flammability.

The relative safety of the established refrigerants is published in BSML%Z and
in the A.S.H.R.AfaE. handbooks. In BS&&%Z the refrigerants are listed in three
groups. Group 1l is described 'Refrigerants in this group are non flammable and
may be used in direct expansion equipment where the total charge, adequate in
quantity for the refrigeration requirements of the spaces concerned, could escape
into the humanly occupied spaces without creating undue hazards'. Included in
this list are most of the halogenated hydrocarbons with the notable exception of
R30 and R40, but including R11, R12, R13, R13B1, R21, R22, R113, R114, R115,
C318, R500, and R502. Water, although not mentioned, must also fall into this
category. Group 2 lists refrigerants whose principal objection is their toxicity.

Ammonia, R30, R40 and R160 fall into this category. Group 3 refrigerants are
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objectionable by virtue of their flammability and include the light hydrocarbons
such as butane. Only the refrigerants of the above group 1 are worthy of further
consideration in this application. In ANSI Standaarsd B9.1 - 1958 refrigerants are
similarly listed in three groups under similar headings. The list of 'safe'
refrigerants is as for the British Standard, with the exception that R30 falls into
the American group 1.

The American Underwriters Laboratories Classifical:izlan is based on acute
toxicity tests on guinea pigs. Of the refrigerants listed as group 1 by the BagI and
AN355I, all appear in the higher categories (lowest toxicity) of the Underwriters
Laboratories Classificagison. Group 6 refrigerants (the least toxic) are described
as gases or vapours which in concentrations of up to at least 20% by volume for
durations of exposure of at least 2 hours do not produce injury, and the group
includes R12, R114, and R13B1. Group 4 refrigerants are quoted as being lethal or
producing serious injury in concentrations of 2% to 24% for durations of exposure
of 2 to 24 hours. Refrigerants R21 and R40 fall into this group. Two groups 5a
and 5b include R11 and R22.

On the grounds of safety it would seem that any of the refrigerants of group
1in BS 44;35{& with the exception of R21 are worthy of consideration.

The freezing point of the refrigerant should lie below the lowest
temperature expected in the evaporator, or expected to be experienced in
climatic conditions in which the car might be used. To ensure that a high heat
transfer coefficient is available for heat rejection and that heat is rejected
isothermally, the critical temperature should be above the maximum temperature
expected in the condenser. With an expected maximum condensing temperature
of around 90°C, R13, R13B1, and R115 may be unacceptable as having critical
temperatures below 90°c. Refrigerant R113 has a freezing ;éint at -35°C which
is probably low enough to be acceptable in all but the worst of climatic conditions,

but water, in many other ways a perfect refrigerant, is unacceptable on this point.
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The specific enthalpy of evaporation of the refrigerant should be high to
reduce the required mass flow rate around the system. Specific enthalpies of
evaporation of BS 4433L4 Group 1 refrigerants at 0°C are compared on graph 3.1.
To illustrate the advantage of water in this respect, it has an enthalpy of
evaporation some 16.5 times as high as the present refrigerant R12. Of the
refrigerants deemed acceptable so far in this study R22 has the highest enthalpy
of evaporation, some 36% higher than R12.

The required volumes of components in the two systems considered is
dependent on the specific volume of the refrigerant, and more important the
enthalpy of evaporation per unit volume. In this respect R22 is superior to R12 by
an increase of 61%, indicating a reduction in compressor swept volume per unit
time for the vapour compression system, of the same amount for the same
refrigeration load, and a possible cost saving by using a smaller compressor.

The evaporator pressure should not be less than atmospheric to prevent air
leaking into the system and reducing the condensing heat transfer coefficient.
The condenser pressure should be moderate, to enable the components to be light,
and yet of sufficient strength. The saturation pressures of 8544%4 group 1
refrigerants at 0°C and 90°C are plotted on graphs 3.2 and 3.3 for comparison.

The requirement of lubrication of the compressor of the vapour compression
refrigeration system, entails refrigerant coming into contact with the lubricating
oil. To prevent reductions in heat transfer coefficients in the evaporator owing to
coating of the surfaces with oil carried over from the compressor, and
modification of the refrigerant properties - in particular the reduction of
evaporating pressures, the oil and refrigerant should be mutually immiscible.
Care must be taken to ensure that the lubricating oil is carefully chosen and/or
that effective oil separators are incorporated. The usual method of oil separation
is described by Ander;gn. The addition of an oil separator is an extra cost to be
avoided if possible. The absorption system, having moving parts only in a liquid

pump, may need no additional lubrication.
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From the above analysis of refrigerants it is apparent that as an alternative
to refrigerant R12 used at present, R22 may have an advantage. Its drawbacks
are higher pressures requiring stronger components, and a lower critical
temperature which may entail improving heat transfer in the condenser to
maintain a temperature sufficiently lower than the critical for heat transfer to be
by condensation.

The coefficient of performance of the vapour compression system, operating
between given source and sink temperatures, is limited by the temperature
differences required for heat transfer and also by the isentropic efficiency of the
compressor. The temperature differences required for heat transfer are
dependent on the overall conductances and the air mass capacity rates. The
conductances , with two phase or liquid flow in the evaporator and condenser, may
be assumed to be limited on the air side and are primarily dependent on the heat
transfer surface areas and the air velocities. @ The compressor isentropic
efficiency is limited, in the case of a positive displacement device as used at
present, by refrigerant pressure losses at the compressor inlet and outlet. These
pressure losses will be a strong function of refrigerant velocity, and the use of a
refrigerant of lower specific volume, in reducing these velocities, may result in a
higher isentropic efficiency. The compressor volumetric efficiency, a reduction in
which increases the required displacement per unit time, decreases as these
pressure losses increase, giving a further advantage to the use of a refrigerant

having a higher enthalpy of evaporation per unit volume.

THE CHOICE OF SUITABLE ABSORBENT REFRIGERANT COMBINATIONS

FOR THE ABSORPTION CYCLE

The requirements of a fluid to act as the working fluid in the vapour
compression cycle are similarly relevant to the refrigerant in the absorption
cycle.

Probably the most complete literature survey of absorption refrigeration is
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that of Ellingtgsn et al in 1957. This includes a list of 50 refrigerants considered
for this system, together with relevant references. The importance of absorption
refrigeration with regard to commercial usage of large plants is stated by Arcram?e
as accounting for more than a quarter of the systems sold in capacities of greater
than 350 kW, and illustrates the research effort put into such systems.

The traditional fluids used as refrigerant and absorbent are ammonia and
water, clearly unsuitable in this application owing to the toxicity of ammonia.
These fluids and their use as an absorbent refrigerant pair are well documented
generally and the properties of the mixture charted thoroughly by Macri"gs et al.
The most important commercial alternative fluids are water as a refrigerant and a
solution of lithium bromide salt in water as an absorbent. This combination has
the advantage that the lithium bromide has no vapour pressure and hence carry
over of absorbent from the generator is not a problem and no rectification is
required as with the ammonia/water system. Limitations of the system are due to
the low vapour pressure of water at the evaporator temperature and the resulting
possible leaks of air into the system, and the high freezing point of water. The
system has found most use in large commercial air-conditioning installations
where the danger of freezing is avoided and the need for continual purging of air
is a disadvantage outweighed by the other advantages.

Attention to refrigerant/absorbent pairs might be limited for motor car air-
conditioning to 5544%‘4 Group 1 refrigerants and suitable absorbents.

As mentioned in the introduction, for a high coefficient of performance the
quantity of absorbent circulated between the absorber and generator must be kept
low in relation to the quantity of refrigerant circulated around the system. This
implies a solubility in excess of ideal solubility as defined by Haida et al and a
negative deviation from Raoult's Law as defined by the same authors.
Unfortunately when a solution is formed in this way heat is generated and this
additional heat, known as the heat of solution, has to be rejected in the absorber.

In order to evaporate the refrigerant from the absorbent more energy than
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indicated by the latent heat of evaporation has to be added at the generator.
Buffingtg% proposed that the overriding factor in selecting absorbents should be
this negative deviation fromRaoult's law. Jacob Albright and Tuckﬁgr questioned
this however and suggest that there may be an optimum, beyond which the
irreversibility due to the heat of solution is equal to, or greater than, that due to
the sensible heat carried over by the absorbent from the generator to the
absorber.

The history of refrigerants in general and absorbent/refrigerant
combinations in particular is outlined in two papers by Hainswou"rﬁ\. He also lists
the desirable properties of the binary combination. The first commercial air-
conditioning machine to be put on the market using a halocarbon refrigerant, used
R21 and dimethyl ether of tetraethylene glycol and was marketed by Williams Oil-
O-Matic Heating Corporation in 1937.

LBLTLBLY

Several papers have been written by Zellhoefer on this and similar machines.
Similar refrigerant absorbent combinations have since been studied and the results
published by the same author and by Asfgé?aht et al. Zeﬁﬁég{;‘ger et al postulated
the existence of C-H<—0 or C-H=—N bonds of which there is much evidence.
Refrigerants having a hydrogen atom in the molecule are superior therefore, and
refrigerants R21, R22, R133a, R31, R124a and R134 show high solubilities. In
1959 Mastrangesfo published a paper on the solubility of halocarbons in the same
absorbent as was used by Williams Oil-O-Matic and a fur'thz'r paper postulating an
equation of solubility based on statistical thermodynamic considerations, which is
a source of data for calculation of heats of solution in absorption systems using
halocarbon refrigerants. Eisemgﬁ calculated the performance of an absorption
machine using the same absorbent for the six refrigerants having a hydrogen atom
and mentioned above. Of the six, refrigerant R22 gave the highest solubility but
gave a lower coefficient of performance than R21, which required a lower mass

flowrate owing to its higher enthalpy of vapourisation. A disadvantage of R22 was

due to the high pumping power required, owing to the large pressure difference
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required between the evaporator and condenser. Doubts are expressed as to the
temperature stability of R21 at the generator temperature of 111°C and evidence
in the form of experimental results published showing the superiority of R22 over
R21 in this respect. These results extend up to temperatures of 177°C. The cther
four refrigerants considered gave lower coefficients of performance owing to
reduced solubilities.

The proposed application of absorption refrigeration for the air-conditioning
of space stations and spacecraft has been reported. This is an application
comparable more closely perhaps with the air-conditioning of motor cars than is
domestic or commercial refrigeration. The constraints on the design of safety,
being operable in any gravitational attitude and of being light in weight, compact
and of small load are similar, The research was carried out by Lockhead Missiles
and Space Company and is contained in two reports,by Hai?a et al and by Sir:; et
al. Their conclusion with regard to choice of a refrigerant/absorbent combination
is in agreement with Eisemgsn, and R22 and dimethyl ether of tetraethylene glycol
are used in a prototype. With a generator temperature of 177°C a coefficient of
performance of 0.59 is reported, considerably higher than calculated by Eisenign
and due to the increased generator temperature.

Using the fluids proposed by Halsg et al and Sigs et al an absorption system

suitable for motor car air-conditioning might be made operable.

THE LIMITATIONS OF THE ABSORPTION SYSTEM AND THEIR EXAMINATION

The first limitation to consider with regard to this system is the cooling load
which might be produced using the heat energy of the exhaust gas. In chapter 5
this heat energy is measured experimentally and in chapter 8 the cooling load,
assuming a generator temperature of 177°C and a coefficient of performance of
0.59 as found by Sin:; et al, is calculated and compared with the cooling load

available with the present system.

Refrigerant R22, shown to have possible advantages over R12, has a lower



35

critical temperature. Difficulty may be found installing sufficient condenser heat
transfer surface and providing sufficient air flow, maintaining the condenser
temperature low enough relative to the critical, for the system to operate
efficiently using either vapour compression or aksorption cycles. This limitation
of R22 is studied in Chapter 8 using a mathematical model of the vapour
compression system, and the model of the heat rejection system developed in
chapter 4.

The removal from the engine of the burden of the compressor will yield
extra capacity of the engine cooling system, which might be used for heat
rejection from the absorber. This extra capacity whether used directly, or by a
reduction of radiator size and the inclusion of a third heat exchanger, will be
necessary to reject heat from the absorber.

The dependence of the stability of halocarbon refrigerants on temperature
will entail the use of a temperature limiting heat transfer device of some form,
which may take the form of a mechanical thermostat, a temperature limiting heat
pipe using a non condensible gas as described by Dunn and Rei.?y, or by a similar
temperature limiting thermosyphon.

Control of the system may be of the form of an on/off switch on this
temperature limiting device transferring heat from the exhaust gases to the
generator.

The limitations mentioned in the latter three paragraphs are practical
problems requiring further investigation if the absorption system appears
favourable after examining the limitations outlined in the first two paragraphs.

The advantage to be gained from the absorption system in terms of reduced

fuel consumption is quantified in chapter 8.
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THE PRESENT SYSTEM

For this project the Jaguar XJ6 is used as a subject and is taken to be a
vehicle typical of its type. It is a high performance saloon car having an engine
capacity of 4.2 litres and mid-laden mass of just under 2000 kg. The 6 cylinder
spark ignition engine is water cooled, coolant being circulated by a centrifugal
pump driven from the crankshaft via a vee belt. Control of coolant temperature
is by a wax bulb thermostat and radiator bypass which is blanked off as the
thermostat opens. The radiator is front mounted and convection from the radiator
is assisted by an axial flow fan, driven from the crankshaft, via a vee belt and
viscous coupling. For the version of the car considered, the transmission is by a
five ratio manual gearbox and dry plate clutch. The air-conditioned version of the
car has a vapour compression refrigeration system using R12 as the working fluid.
The compressor is a 6 cylinder positive displacement reciprocating device, driven
through an electromagnetically loaded clutch from the engine crankshaft via a vee
belt. Refrigerant from the compressor passes to a dryer bottle and thence to the
condenser, a finned tube heat exchanger mounted in front of the radiator.
Expansion of refrigerant is by a thermostatic expansion valve to the evaporator
mounted inside the front bulkhead. Control of the air temperature leaving the
evaporator is by switching off the current to the compressor clutch when the
temperature drops to less than 2°C. The state of the refrigerant entering the
compressor is maintained as having a nominal 24K superheat by the thermostatic
expansion valve, which senses the temperature and pressure of the refrigerant at
the evaporator exit. No other automatic controls are incorporated in the
refrigeration system itself, but the system is swiil:ched on and off, via the
compressor clutch, by the air distribution control system. Pressure overloading of
the compressor is precluded by a safety valve as an integral part of the
COMPressor.

Air is sucked over the evaporator at a nominal 0.15 kg/s mass flowrate of

dry air, on the maximum fan speed. The maximum refrigeration load and the most
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severe climatic conditions may be taken as occurring when operating with the fans
at the highest speed and an ambient temperature and relative humidity of 45°C

and 50%.

THE VARIABLES INFLUENCING THE AIR-CONDITIONING SYSTEM, AND ITS

INFLUENCE ON THE CAR

These variables are those which influence each of the components of the
system.

The compressor has a direct effect on both the evaporator load and the
coefficient of performance. The displacement per unit time and volumetric
efficiency influences the mass flow rate of refrigerant and hence the evaporator
load, and the isentropic efficiency is a dependent variable of the coefficient of
performance.

The evaporator, and the overall conductance of heat from the air being
cooled to the refrigerant, through the evaporator, has an influence on the
coefficient of performance by setting the lowest temperature in the cycle. This
conductance is a function of the temperature and humidity of the air, the air
velocity, and the evaporator geometry.

The condenser and the overall conductance of heat from the refrigerant,
through the condenser and to the atmosphere, has a direct influence on the upper
temperature of the cycle and hence the coefficient of performance. This
conductance is dependent on the air velocity and the condenser geometry.

The air velocity over the condenser is produced by the engine cooling fan
and by the forwards motion of the car. This air velocity also influences the
radiator heat transfer coefficient, since on leaving the evaporator, the air passes
over the radiator. The engine cooling system temperatures are dependent on the
radiator overall conductance and the mass capacity rate and temperatures of this
air flow. The relative positions of the condenser, radiator, fan cowl and engine

cooling fan are shown on figure 3.1. The condenser does not completely cover the



38

radiator and does not have the advantage of the same air mass flowrate. The fan
cowl is fitted with simple rubber flaps to act as non return valves and take
advantage of ram air when the car is moving but constrain the air flow, due to the
fan, to be through the radiator when stationary. The temperatures of the engine
coolant are also dependent on the mass flow rate of coolant between the engine
and radiator, the mass capacity rate and radiator coolant side heat transfer
coefficient being functions of this.

In addition to providing the tractive effort, which must equal the rolling
friction of the tyres and aerodynamic drag, the engine has to supply other loads.
These are primarily the transmission losses, the air-conditioning compressor and
the engine cooling fan and viscous coupling. The fuel consumption may be
calculated as a strong function of brake load and engine speed. By calculating the
fuel consumption with and without each of these loads, the fuel consumption
contribution of each load may be taken as the difference.

In later chapters each of the variables is quantified and a mathematical
model of the system built up. Using this model the complete system is studied and

improvements suggested.
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THE MECHANISM OF HEAT REJECTION FROM THE ENGINE AND

AIR-CONDITIONING SYSTEM

METHOD OF CORRELATICN

As illustrated in chapter 3 the mechanism of heat rejection from both the
engine and the air-conditioning system is by forced convection to the atmosphere
from extended surface heat exchangers. The velocity of air over these surfaces
has an influence on the heat transfer coefficient and also on the mean
temperature difference between the air and the heat exchanger surfaces. It is
necessary therefore to obtain data on the air velocity over the heat exchangers
and on the parameters which control this air flow. The air flow is generated by
the forwards motion of the car and by the engine cooling fan.

The forwards motion of the car produces a region at the front where the
velocity of the air relative to the car is greatly reduced and the pressure is high.
In the region underneath the car the air may be expected to be at a pressure
different to atmospheric due to the velocity of the car with respect to the ground.
Air passing through the condenser and radiator travels from the high pressure
Iregion at the front and is exhausted to the underside of the car. The passage of
air in this way must be due to a pressure difference which must equal the
frictional pressure drop.

To analyse the system the following assumptions are made:

(@) That compressi bility effects may be neglected
(b) That the air flow around the car whilst travelling at some velocity U, is
effectively the same as when the car is stationary with a wind blowing over

the car with velocity LJ\‘r and the road moving under the car at velocity U,



(e)

(d)

(e)
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AIR VELOCITY = U

<

A\

1
VELOCITY OF CAR
(" | RADIATOR AR
= VELOCITY z Ur =0
2 3% A

5 ROAD VELOCITY = U,

That the pressure at (4) is equal to the pressure at (5) and that the pressure
at (5) is independent of the velocity at (4) (i.e. that the volume flow rate
from (4) to (5) is small compared with the total volume flow rate past (5) and
that there is no constriction between (4) and (5)).

That the pressure at (3) is equal to the pressure at (2) (i.e. the grill does not
restrict the air flow).

That the piezometric pressure difference between the free stream at (1) and
the underside of the car (5) is directly proportional to the square of the wind
and road velocity Uv'

2

(- P5:kv li = F’4 4.1

e ) e
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Applying Bernoulli's equation between (1) and (2)

U =z v p 4.2
. o 2
2 2 e

Applying Bernoulli's equation between (3) and (4)

-~ 2
—P+kru_r=P2 4.3

- 2
e 2 e
Hence by solving to give Ur in terms of Uv

= kU 4.4

This suggests a linear relationship between the velocity through the radiator
and the car velocity which will later be shown to be the case experimentally.
Theoretically the car could be driven with the radiator and condenser removed and
kv calculated from measurement of the air velocity through the radiator orifice.
The constant k was however calculated by measurement of Ur and measurement
of kr'

The assumption that the pressure drop across the radiator is proportional to
velocity squared is an approximation but variations in kr with velocity may be
compensated for by allowing kv to vary with Uv' This produces a slightly non
linear variation of Ur with Uv in the final relationship when heat exchangers of
different pressure/velocity relationships are considered. An alternative would be
to assume that k varies slightly with l.l\‘r as may be the case, and that kv is a
constant. The former method was chosen for this analysis.

The engine cooling fan has a pressure/volume flow rate characteristic curve
which must, at its operating point, be coincident with the pressure/volume flow
rate characteristics of the heat exchangers. By measuring these characteristics
and by assuming that the velocity is directly proportional to fan speed as
suggested by Woods Guisdge it is possible to calculate the air velocity due to the

fan.
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Addition of the ram air velocity and the fan air velocity must take account
of the influence of the ram air velocity on the fan. For an axial flow fan a low
fan speed coupled with a high ram air velocity would produce a turbine effect with
the ram air tending to motor the fan. For a paddle bladed centrifugal fan no such
reaction is possible. The fan in question was found to behave as the latter case.

The engine cooling fan is driven from the engine crankshaft via a vee belt
and a viscous coupling. For a solidly driven fan, the fan air velocity might be
assumed to vary linearly as the engine speed, as suggested above. The effect of
the viscous coupling is to reduce the fan speed and hence the fan air velocity at
car speeds such that the ram air velocity is sufficient to provide adequate cooling.
The mechanism by which fan power consumption is reduced may be understood
from a simple analysis for which the following assumptions are made:

(@) That the fluid used is newtonian.

(b) That the fluid viscosity does not vary with temperature and hence with
power dissipation in the coupling.

(c) That the power consumed by the fan is proportional to the cube of its speed.

(d)  That the air velocity is proportional to the speed of the fan.

Free body diagrams involving the fan, viscous coupling and pulley are shown

below.
@ 6—“% _ : :|| 3 G_E _ : _-rf w
FAN AND OUTER MEMBER INNER MEMBER OF COUPLING

OF COUPLING AND DRIVEN PULLEY
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From(e): T, = k;U 2 4.5
From (a) : ko (w-cuf) = T, 4.6
From (d) : we = Urk3 4.7
Solving to give Ur intermsof (W
Ur = kZ_k3_ | 1+4 klw -1 4.8
2, (i ey

This is a monotonous relationship (i.e. Ur does not reach a maximum) shown later
not to represent experimental data.

Of the assumptions made (b) is the least applicable. As the torque and hence
the slip and power dissipation in the coupling increases with speed, the
temperature of the fluid increases and its viscosity decreases resulting in
increased slip. Equilibrium is reached when the coupling attains a temperature
such that heat is generated and dissipated to the airstrearn at the same rate.
Hence a maximum fan speed is reached which cannot be increased by increasing
the driven speed of the coupling. To produce a model representing this mechanism
completely would require heat transfer data for the coupling and
viscosity/temperature data for the fluid. A simple model is sufficient however to
predict that at zero driven speed the rate of change of fan speed with driven
speed is zero, a factor subsequently used for fitting equations to experimental
data.

Air side piezometric pressure drops across extended surface heat exchangers
are traditionally correlated as friction factor against Reynolds number. The
possible variation in geometry may also be taken in.tn account in terms of non-
dimensional geometric ratios. By plotting these dimensionless groups it is possible
to see discontinuities in the relationship to suggest a change in the type of flow,
i.e. laminar to turbulent. For both the present radiator and condenser, the

friction factor has been plotted against Reynolds number and a value of critical

Reynolds number obtained. The critical Reynolds number has been assumed to be
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independent of changes in the geometry of the heat exchanger, due to variations
in fin density or core thickness. This approximation is necessitated by a lack of
experimental data at low values of Reynolds number.

Heat transfer and pressure drop data, in terms of j factor and friction
factor, are correlated against Reynolds number and the ratio of passage length to
mean diameter, for the radiator. The manufacturer's design dagg is used for
calculation of the condenser pressure drop and air side heat transfer coefficient.

For the coolant side heat transfer coefficient of the radiator the familiar
Nusselt number, Prandtl number, Reynolds number relationship is used with an
experimentally derived constant.

The refrigerant side heat transfer coefficient for the condenser is dealt with

in chapter 8.

CONDENSER AIR VELOCITY MEASUREMENTS IN SITU

A hot wire anemometer was developed and calibrated for this purpose. The
device and the method of calibration are described in Appendix Al.

Using the hot wire anemometer the air velocity over the condenser was
measured under the following conditions.
a) Car stationary, viscous coupling locked
b) Car moving, fan removed
c) Car stationary
d) Car moving in first, second, third, fourth and fifth gears

The tests with the car stationary were carried out with the car indoors to
remove the influence of crosswinds. The tests on the moving car were conducted
on straight roads at constant speed, the car being driven in both directions. Tests
out of doors were not conducted in wet or windy conditions, the wind speed being
less than 5 m/s in all cases. Atmospheric pressures were noted during the tests
and efforts made to ensure that the nickel wire was kept clean using a soap

solution.
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RESULTS
The experimental data and computed velocities are listed in Appendix A2.
The plotted data of velocity against engine speed with the viscous coupling
lucked lie closely about a straight line as shown on graph 4.1. This line was fitted
by the method of least squares and constrained through the origin. The gradient
of the curve with the viscous coupling unlocked and the car stationary is assumed
at zero engine speed to be as for the straight line with the viscous coupling

locked, as discussed earlier. Hence a curve of the form:

4 . n
UcFan = A(l-Bw) 4.8

(where A, B, and n are constants) was fitted to the data by the method of least
squares, and found to give a good representation as shown on graph 4.2.

The points plotted for air velocity against road speed with the fan removed
were similarly fitted to a straight line constrained through the origin. The fit of
this line, as shown on graph 4.3, lends validity to the analysis of the variation of
ram air velocity with road speed.

With the car moving and the unlocked viscous coupling driving the fan the
combined effect of ram air velocity and fan generated velocity are evident. It

was found that the data could be described by an equation of the form:

2 2 2

UcTotal 4 UcFan " UcRam

4.9

Functions of this form are shown plotted with the data on graphs 4.4 to 4.8
inclusive, and deviations from the data tabulated in appendix A2. The logic for
this method is that both the fan and the ram effect impart kinetic energy to the
air and the function illustrates the effect of adding the kinetic energy from each
source. The independence of the kinetic energy imparted by the fan, from the

ram air velocity suggests that the fan behaves as a centrifugal fan, as discussed

earlier.
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By using the function above an equation was developed for the condenser
face air velocity:
2

U2 = (Aqw -8B (g™’ + (Cg,w)’ 4.10

where U is the face velocity, A, B, and C are constants derived from the
experimental data, 9 is the fan pulley gear ratio, 9, is the car gear ratio and w is
the engine speed. Using this equation it is possible to calculate the condenser air
face velocity given any combination of 95 99 and wW. It is also possible by
varying the value of B to study the effect of varying the viscosity of the fluid in
the viscous coupling, since the slip and B are both dependent on this viscosity.

Using the developed equations the condenser air face velocity has been
plotted against road speed in miles/hour on graph 4.9, and against engine speed in
rev/min on graph 4.10.

A further ramification of the fitted equations for condenser air face
velocity is that knowing the fan power consumption at one speed it is possible to
calculate the power consumption of both the fan and viscous coupling as a

function of engine speed and pulley ratio.

As above:
n
UcFan = Awgl (1-B (wgl) ) 4.11
and
UcF'an = A(_uf 4.12
hence: slip =& 9y ~We= B (wgl)m'l 4.13
Assuming that the torque varies as the square of the fan speed:
L 7 0 2 n2
Te = kW, = k(wgl) (1- B(C:ng) ) 4.14
.". Power dissipated by coupling
= k Bwg™’ (1 - BlwgM? 4.15
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Power dissipated by fan
= k(wg))’ (1 - Bwg)"’ 4.16

Total dissipation by fan and coupling

T, wgy 4.17

n

K (cugl)3 = B(cugl)")2 4.18

Using data obtained by the manufacturgr, of torque against volume flow rate
at a fixed fan speed, for an identical fan with the same tip clearance but using a
different cowl, the value of k was calculated. As seen from the manufacturers
data plotted on graph 4.11, the torque does not vary with volume flow rate over
the range of flow rates for which the fan may be used. Using this value of the
constant k in the above equations the power dissipation by the fan and coupling
are plotted on graph 4.12. Also plotted for comparison is the power which would
be consumed were the fan solidly driven, showing the dramatic effect the coupling

has in reducing power consumption at high speeds.

MEASUREMENT OF FAN PRESSURE/VOLUME FLOW RATE

CHARACTERISTICS

A test rig owned by Smiths Industries of Witney was used to establish data
on the present engine cooling fan and fan cowl. This rig is adaptable for the
testing of engine cooling fans or extended surface heat exchangers of the type
used for car radiators, air-conditioning condensers, car interior heating matrices
etc. The rig consists of three chambers of approximately 2m by 2m by 2m. Air
enters the first chamber through an aperture. This chamber is fitted with
pressure tappings to register the static pressure. Air flows from this chamber
through one of a range of nozzle orifices (designed to BS1042 parst:2 1) to the second
chamber. Each of the nozzle orifices is provided with a rubber bung, the nozzle

selected being the only one unblocked. From the second chamber the air passes

through a duct to the third chamber. This duct has a centrifugal fan, driven from
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a Ward-Leonard set, and a remotely operated sluice connected in series, to
generate and/or control air flow. The third chamber is similarly provided with
static pressure tappings as is the first. Air from the third chamber is exhausted to
atmosphere through an apperture.

The element to be tested is fitted to either of the appertures on the first or
third chamber and by manipulation of the rig fan speed and the sluice, the
required volume flow rate may be set and read off an inclined manometer
connected to a suitable nozzle orifice. The piezometric pressure drop is read
from an inclined manometer connected to the static pressure tappings on the same
chamber to which the element being tested is fitted. A mercury barometer and
mercury in glass thermometer were provided for the measurement of atmospheric
pressure and ambient temperature.

‘The fan cowl was secured outside the aperture in the third tank and an air-
tight seal effected with adhesive tape. The fan was mounted on the shaft of a d.c.
electric motor, driven from a Ward-Leonard set, and fitted with an electronic
impulse tachometer.

Two tests were carried out:

a) With the ram air flaps unsealed

b) With the ram air flaps sealed with adhesive tape.

In each case the driven speed was maintained at 1,000 rev/min and the volume
flow rate varied between zero and the maximum in noted steps, the piezometric
pressure difference across the fan being noted at each step. The ambient
temperature and barometric pressure were read during the tests. A hand held
smoke generator was used to study the air flow pattern around the fan and cowl.

The measured pressures were corrected to standard temperature and
pressure by assuming that the piezometric pressure difference varies as the
density, as given by Woosgs. The two sets of results are shown on graph 4.13 to
show the absence of leakage through the ram air flaps when unsealed. The curves

drawn through the data points for the flaps unsealed are cubic splines for the
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purpose of interpolation.

The form of the curve is as may be expected, the rate of pressure rise
decreasing as the flow is reduced until the pressure recovers and the flow becomes
less stable.

A sketch showing the airflow around the fan is shown in figure 4.1. This is
the airflow pattern expected for a centrifugal fan and not an axial flow fan,
lending validity to the method of correlating ram air velocity and fan air velocity.
This effect may be promoted by the position of the electric motor acting as a

down-

bluff body X stream of the fan, but a similar configuration exists in the car with

the engine in the same position and somewhat larger than the electric motor.

EVALUATION OF THE FRICTION FACTOR OF THE PRESENT RADIATOR AND

CONDENSER TO ESTABLISH VALUES OF THE CRITICAL REYNOLDS

NUMBERS

Velocity/piezometric pressure drop data were established experimentally for
the radiator and condenser, as fitted to present air-conditioned cars, using the
flow rig which was used for the tests on the engine cooling fan. The condenser
and radiator in turn were affixed over the aperture in the first (air inlet) chamber
and the volume flow rate increased whilst readings were taken of piezometric
pressure drop. Atmospheric pressure and ambient temperature were read during
the tests.

From the results, values of friction factor and Reynolds number were
calculated. The experimental and calculated results data are tabulated in
appendix A2. The air velocity was calculated from the volume flow rate and free
(minimum) flow area. The mean diameter was calculated for the radiator as a
series of triangular passages whose base length equals the fin pitch minus fin
thickness and perpendicular height equals the coolant tube spacing. For the
condenser the mean diameter was calculated as for a series of parallel plates.

The fin geometries of the radiator and condenser are shown on figs. 4.2 and 4.3.
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In calculating the velocity and mean diameter for the condenser, no account was
taken of the refrigerant tubes. Figures 4.2 and 4.3 show the dimensions of the
radiator and condenser.

The friction factor is plotted against Reynolds nimber on a log-log plot on
graph 4.14. Discontinuities exist for both the radiator and condenser at Reynolds
numbers of 227 and 329 respectively. At lower Reynolds numbers the form of the
functions approximate to rectangular hyperbolas as would be expected for laminar
flow. In this laminar region for the radiator the line fitted by the method of least
squares has the equation:

f = 50.217 4.19
Rel.El?S

The expected equation for an infinitely long smooth circular pipe is:

16
Re 4.20

indicating a friction factor of approximately 3.1 times as high as calculated from
theory.
For the condenser the equation fitted in the laminar flow region is

constrained to have a gradient of -1 on the log-log plot and is

f = 85.7 hEd

—

Re
The expected equation for infinitely long flat plates is:

Re
which indicates that the friction factor is approximately 3.6 times as high as
calculated from theory. For both the radiator and condenser the divergence from
theory is largely due to the short length (core thickness) of the airflow passages,
and also to the existence of louvres on the radiator and tubes and crinkled fin
edges on the condenser.
This being the case, the influence of the length to mean diameter ratio on

the value of the critical Reynolds number may be considerable as may be other
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dimensionless geometric ratios describing the louvres and tubes.

The factors believed to influence the magnitude of the friction factor in
laminar flow are also believed to account for the low values of critical Reynolds
number when compared to vaiues of 2300 from the literature for smooth circular
pipes. A low critical Reynolds number and the resultant turbulent flow at low
velocities is desirable in a heat exchanger to promote high surface heat transfer
coefficients. To make this an advantage the heat exchanger should be operated
with a velocity sufficiently high to ensure that the Reynolds number is higher than

the critical value.

DETERMINATION OF THE RADIATOR COOLANT-SIDE HEAT TRANSFER

COEFFICIENT

Experimental da?'.aa from a series of tests carried out by the radiator
manufacturer on radiators of similar design to that used on the present car were
made available for this project. This data is tabulated in appendix A2. Two sets
of test data were used for evaluation of the coolant-side heat transfer coefficient,
each of these sets of data giving a variation of coolant and air flow rates for
particular radiator dimensions.

Overall conductance was calculated using the equation due to Stevegg given
by Rohsenow and Hartn;lf.‘t for cross flow heat exchangers. By assuming fluid
mixing on the coolant side the calculation is greatly simplified, and the air off
temperature is only used for calculation of the bulk temperature and fluid
properties, which for both coolant and air was taken as the arithmetic mean.
Errors arising from the assumption of coolant mixing are less significant if the
coolant temperature change is small, which is the case in practice but not at the
high air flow rates and low coolant flow rates in some of the experimental results.
A constant fin efficiency on the air side is assumed.

The overall conductance is the inverse of the sum of the resistances and

assuming a zero resistance for the copper of the tubes the resistances considered
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are those on the coolant side and the air side. McAdams gives the following

equation for the forced convection heat transfer coefficient inside a smooth
circular tube.

Nu = 0.023 Re%8 pp0-4

, where Re > 10° 4.23
For both the air side and water side, the heat transfer coefficients are assumed to

vary as the mass velocity to the power of 0.8 as given in this equation.

Hence:
A G e 4.24
UoveraLL  m2-8 m?0:8

water air
This equation was fitted separately to the data for the two radiator tests by
the method of least squares to find the value of Cl' The data and fitted equations
are plotted on graphs 4.15 and 4.16. The resultant coolant side equation became:

0.8 PO.&

Nu = 0.0138 Re P 4.25
- for the two row 1.59 mm fin pitch radiator, and
Nu = 0.0136 Re>8 prl+4 4.26

- for the three row 2.12 mm fin pitch radiator, assuming indexes of 0.8 and 0.4 for
the Reynolds number and Prandtl number respectively. Properties were
calculated from the data of Mayhew and Rogerﬁg at a temperature of 80°C. The
agreement between these figures indicates that the method and result of the
calculations is a good approximation. A mean value of the constant of 0.0137 was
subsequently used. Although water was used in these tests on the radiators, the
dimensionless equation is assumed to be applicable to other fluids and was
subsequently used for a water antifreeze mixture as used in the car. The
properties of a 45/55 water antifreeze mixture were obtained from the antifreeze

67
manufacturers, and were also taken at go°c.
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CORRELATION OF AIR SIDE j AND f FACTORS WITH REYNOLDS NUMBER

AND FIN GEOMETRY

60
For the radiators tested by the radiator manufacturer and tabulated in

Appendix A2, the following dimensionless equations were fitted:

b

1 "1
f = AjRe ~ (L/d) 4.27

b

c
j = ARe 2 (L/d) 2 4.28

where d is the mean diameter and L is the core thickness, and Al, bl’ Cys AZ’ bz,
c, are constants. Properties of air and water were calculated using polynomials
fitted to data from Mayhew and Rugei'ss and for both were taken at the arithmetic
mean bulk temperatures. The overall conductance was calculated using the
equation due to Steve?laa as for the determination of radiator coolant side heat
transfgr coefficient. The water side heat transfer coefficient was calculated
using the Nusselt number, Prandtl number, Reynolds number relationship

developed earlier. The thermal resistance of the tubes was assumed to be zero.

The fin efficiency was calculated iteratively using the relationship

Nfin = tanh x 4.29
X
where x = Wf h
2t k

where:

Wf is the fin width measured between the tubes,

h is the surface heat transfer coefficient,

k is the thermal conductivity of the fin material,

t is the fin thickness.
The conductivity of the copper fins was taken to be constant, and a value of
400W/mK given by the manufacturesr?s used. The mean diameter was calculated

for the air passages by the method described earlier. The characteristic length L
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is taken to be the core thickness. The area of flow is the minimum open area of
the matrix as before.

The resultant calculated values of j and f are plotted against Reynolds
number on graphs 4.17 and 4.18. Also shown are the fitted equations at the values

of (L/d) used. The fitted coefficients of equation 4.27 are:

Al = 3.122
bl = -0.40
e, = -0.33

and for equation 4.28 are:

AZ = 1.478
l::2 = -0.48
e, = -0.47

The R.M.S. deviations of j and f are 8.4% and 5.8% respectively. Comparison with
the equation fitted for turbulent flow through the present radiator using data
obtained at Smiths Industries gives a mean deviation of 14.5% from that data over
the range of Reynolds number of 500 to 5000. This is probably due both to the
inadequacy of the equation in Reynolds number and (L/d) to represent the data and
also the scatter of the data.

From the experience gained by measuring the velocity/pressure drop
relationship for the present radiator and condenser at Smiths Industries

laboratory, an expression of the form:
n m
f = (A;+BsRe) (A, +B, (L/d)") 4.30

where Aj, 83, n, Aa, Ba, and m are constants, would give a more accurate fit to
experimental data. The data currently available on this particular pattern of

radiator is insufficient in both quantity and quality to permit this.
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For turbulent flow through a smooth circular pipe of infinite length and a

Prandtl number of 1:

= 2 4.31

For the relationship established here for j and f the higher ratio of approximately
6 is probably due to the losses at the exit from the air passages. This multiple of
3 is consistant with the earlier comparison of the friction factor with a simple
theoretical analysis in the laminar region.

The expected similarity between j and f suggests that a similar relationship

to equation 4.30 would also provide a better representation of j.

CONDENSER AIR SIDE PIEZOMETRIC PRESSURE DROP AND HEAT

TRANSFER COEFFICIENT

Experimental data, on the pattern of heat exchanger used as a condenser,
made available by the manufactur?r is insufficient in quantity, for analysis by the
method used for the radiator. Design data from the same sourscoe on this unit was

made available in graphical form. The following is an algebraic representation of

this data.
h = 1716 ¥R x uc°'57 4.32
P = 8.284 x R/F x ucl'M 4.33

where P is the pressure drop in N/mz, R is the number of tube rows, F is the fin
pitch, and h is the heat transfer coefficient in W/rn2 of face area. Uc is the

condenser face velocity.

COMPARISON OF RADIATOR AND CONDENSER AIR VELOCITIES

As shown in chapter 3, the physical layout of the radiator, condenser, fan
cowl, and engine cooling fan is such that the radiator completely covers the fan
cowl, but the condenser of smaller area does not. This configuration renders

analysis of the air flow impossible except on the basis of potential flow. Potential
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flow analysis in this situation would be exceedingly complex and probably yield

results of poor accuracy. The method of analysis used here is based on the

following assumptions:

a) The velocity of air flowing through that portion of the radiator shadowed by
the condenser is the same as for the condenser.

b) The piezometric pressure drop experienced by the fan is that due to the
radiator and condenser in series with an air velocity equal on each.

c) The volume flow rate, pressure rise characteristics of the engine cooling fan
are unaffected by the close proximity of the radiator matrix.

Following these assumptions and using the data obtained with the hot wire
anemometer, the friction factor/Reynolds number relationshi“;ist’:leveloped from the
manufacturer's data on the radiator, the velocity/pressure drop design data on the
condenser, and the data obtained on the engine cooling fan. The condenser
velocity was found to be 15.5% greater than the radiator velocity. This is as
might be expected from the layout of the components.

Using the same method, a mathematical rﬁodel was developed to calculate
the radiator and condenser air velocities for any combination of fin pitches and
core thicknesses. The model was extended to include the effects of ram air
velocity, calculated from equation 4.4. The ratio of condenser air velocity to
radiator air velocity is assumed to remain constant and to be an effect of the
component layout. This model is included in Appendix A5 in the form of a
computer program. An improvement, especially with regard to the influence of
ram air velocity, would result from measurement of the radiator air velocity using
a similar hot wire anemometer covering the area of the radiator matrix.

An improved hot wire anemometer, giving a more accurate mean velocity
over the area of flow and/or a matrix of point velocities, is suggested and
described in appendix Al. This may be a useful instrument for the development of

engine cooling fans and fan cowls.
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RESULTS OBTAINED BY THE CAR MANUFACTURER FOR THE AIR FLOW

RATE THROUGH THE RADIATOR

Volume air flow rates through the radiator of the car have been measured by
the sponsor with the car stationary and the viscous coupling locked. The method
adopted was to attach a sharp edged circular duct to the front of the car and
sealed such that all of the air passing through the radiator passed first through
this duct. The air velocity was measured at the entrance to the duct using a vane
anemometer and was assumed to be uniform over the cross section. The vane
anemometer which gives a direct reading of velocity has since been calibrated in a
wind tunnel, of cross-section approximately ten times the diameter of the
anemometer, against a pitot static tube giving a reading of kinetic head on a
Chattock gauge. A plot of the radiator air velocity using the results thus
corrected, against engine speed is shown on graph 4.19 and the corrected results
tabulated in appendix A2. The resultant air volume flow rate, at a fan speed equal
to that used when testing the fan volume flow rate/pressure rise characteristic, is
apparently greater than the fan can achieve against a zero pressure head. Two
reasons for this discrepancy are that the close proximity of the radiator has an
influence on the fan characteristics and/or the assumption that the velocity
profile at the entrance to the duct is uniform. The latter reason is the most
credible and invalidates the test except as a method of comparing two systems.

A method which would yield more accurate data on volume air flow rate is
to use a conical inlet duct as recommended by The Fan Manufacturers'
Associatig?\. The advantage of this device is that the flow rate is calculated from
a pressure head on an inclined manometer, the density of air, and an established
coefficient. A disadvantage which remains is that the nozzle produces an
increased head against which the fan has to work. It would be possible to use a rig
similar to that owned by Smiths Industries and used for the fan, radiator, and
condenser tests. Such a rig would, however, be expensive, cumbersome, and only

be usable with the vehicle stationary.
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FIGURE 4.2
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FIGURE 4.3
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GRAPH 4.12

PLOT OF POWER CONSUMPTION BY FAN AND
VISCOUS COUPLING AGAINST ENGINE SPEED
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MASS AND ENERGY TRANSFERS TO AND FROM THE ENGINE OF THE

NON AIR-CONDITIONED CAR

INTRODUCTION

For the purpose of this work the engine is assumed to be a system which
takes in chemical fuel and produces mechanical work, and hot exhaust gas, and
rejects heat to a coolant flowing from the radiator, through the system and back
to the radiator. In considering the energy and mass transfers, their magnitudes
are assumed to be functions of the engine speed and mechanical power only,
except in the case of the coolant flow rate, which is dependent on its temperature
on leaving the system, and also on the coolant side friction factor of the radiator.
Hence it is assumed that the enthalpy increase of the coolant as it passes through
the system is independent of the temperature of the coolant either entering or
leaving the system. This is justified by the large temperature difference between
the cooling water and the combustion gases, in relation to small possible
variations in the mean coolant temperature. Similarly it is assumed that the
enthalpy of the exhaust gases is unaffected by small changes in coolant
temperature. Other energy transfers (i.e. by radiation and convection and also
heat transferred in the oil cooler) are unaccounted.

The energy and mass transfers to and from the system have been quantified
for the purpose of this work as:

Coolant flow rate

f (engine speed, coolant outlet temperature,
and radiator friction)
Exhaust gas enthalpy = f (engine speed, and brake power)

Exhaust gas mass capacity rate

"

f (engine speed, and brake power)
Heat rejected to coolant = f (engine speed, and brake power)

Fuel flow rate

f (engine speed, and brake power)
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For the purpose of quantifying the latter four dependent variables, an engine
was set up on a test bed and instrumented, and a series of tests carried out.

The speed of the engine is dependent on road speed and overall gear ratio.
The mechanical power delivered at the road wheels is dependent on the
aerodynamic and frictional drag, gradient and vehicle acceleration, the
aerodynamic drag being dependent on the shape of the car and its velocity, and
the frictional drag being dependent on the coefficient of rolling friction for the
tyres and the vehicle mass. In driving up a gradient the power requirement is also
a function of the vehicle mass and the gradient. The additional power required to
accelerate the car is directly proportional to its mass and acceleration. The
power delivered at the wheels may be termed the road load. The power produced
by the engine is therefore the sum of the road load, transmission losses, and the
loads produced by the auxilaries, i.e. the engine cooling fan, alternator, power
steering pump, etc. With the exception of the cooling fan the power consumption
of the auxilaries is small (i.e.< 1 kw), the maximum alternator output being
approximately 250W and the power steering pump working against a pressure only
when the steering wheel is being turned, and a spool valve closed to divert the
fluid to the steering rack.

For the calculation of the road load and transmission losses data had
previously been obtained by the spon;gr. Power consumption of the engine cooling
fan and viscous coupling is as given by the function developed in chapter4.

Coolant is pumped from the radiator to the engine by a centrifugal pump
which is an integral part of the front timing cover. The pump rotor is directly
coupled to the pulley, driven from the crankshaft, which drives the cooling fan
viscous coupling. Coolant from the engine flows back to the radiator through a
thermostatic valve. This valve is arranged to divert flow from a bypass hose
(bypassing the radiator) to the radiator, as the coolant temperature increases.
Data on coolant flow rates with the thermostat propped fully open and the bypass

77
hose blanked off were previously obtained by the sponsor. No data is available on
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the influence of thermostat opening on flow rate and hence a linear variation is
assumed. This is justified in examining the limits of the cooling system
performance since the limit is imposed at coolant temperatures such that the

thermostat is fully open.

DETERMINATION OF FUEL FLOW RATE AND ENGINE ENERGY TRANSFERS

IN THE LABORATORY

The Test Rig

A standard 4.2 | Jaguar XJ6 engine was solidly mounted on a test bed in a
laboratory.

The exhaust gases from the engine passed through a large expansion chamber
to reduce resonance effects and then through a 100 mm diameter pipe to a stack.
A fan in the stack provides a small draught to prevent a build up of flammable gas
and also reduce the pressure drop in the system. When running, the maximum
exhaust pressure measured in the engine manifold was found to be less than 150
mm water gauge.

The engine was cooled by water in a pressurised closed circuit, heat being
transferred from a motor car radiator immersed in a water bath. Water from a
reservoir was pumped into the bath and returned via a forced draught cooling
tower. The standard engine thermostat was retained and circulation of water
through the engine and radiator was assisted by the standard engine coolant pump.

Oil from the engine sump was circulated by a mains electric pump through a
shell and tube heat exchanger, and a paper element filter and back to the sump.
The oil flow rate was adjustable by means of a gate valve at the pump outlet. The
coolant side of this heat exchanger was fed by water from the reservoir, and
regulated by a valve.

The dynamometer was fed with water from the same reservoir, regulating

gate valves being installed upstream of the brake and on the brake outlet itself.
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Connection to the brake was via flexible, convoluted, rubber hose. It was found
necessary to install an additional pump to supplement the supply pressure
available to the brake. This was installed upstream of the inlet regulating valve.

Fuel was supplied to the engine from a tank and via a filter. The tank was
mounted above the engine to provide a gravity feed and an S.U. electric fuel pump
fitted in addition to ensure a sufficient delivery when the supply from the tank
was cut off and the engine fed from a measuring cylinder.

The ignition system and starter motor were supplied with current from a 12
volt lead-acid accumulator. No charging system was used whilst tests were in
progress, the accumulator being recharged between tests.

The throttles were connected to a quadrant, bolted to the cylinder head. A
return spring was fitted to the butterfly spindle of each carburettor to prevent
movement through backlash in the linkage. The quadrant was provided with a

thumbscrew such that it could be locked in any position.

The Engine Tested

The engine, prior to testing, was completely dismantled and examined for
defects. On rebuilding, any worn or suspect components were replaced. The
engine specification was as built for the 1973 British market and described in the
manufacturer's workshop mangzd and spares catalogugos for that year.

The only auxiliary driven from the crankshaft was the engine coolant water
pump. In the absence of the power steering pump, which is pivoted to adjust the
tension of the water pump vee belt, a jockey pulley was fitted.

Mechanical power transmission was taken from the engine flywheel to an
adaptor plate and universally joined shaft to the dynamometer.

The induction system was adapted for the inclusion of a viscous air flow
meter by modification of the air filter box. This box was connected via a 63.5 mm
inside diameter rubber pipe, 150 mm long to the air meter, which has, as an
integral component, a felt air filter. The standard air filter elements were

excluded.
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Prior to testing, new spark plugs and contact breaker points were installed
with the gaps set to the manufacturer's recommended figures. The ignition timing
was set statically with the aid of a 12 volt bulb and the accumulator, the setting
being to the manufacturer's recommendati?n. Setting cf the carburettor butterfly
valves was achieved by measurement of the air flow to each carburettor using a
vane anemometer, giving a direct reading of velocity, and a duct tapered to fit
1 mm inside the intakes. With the engine idling at 750 rev/min a velocity reading
for each carburettor was taken and the throttle linkage adjusted until the two
readings were identical. The fuel/air mixture strength was set with the engine
idling at 750 rev/min to give 2.75% carbon monoxide (as a volumetric fraction of
the dry products) measured at the separate exhaust manifolds, receiving exhaust
gas, from the three cylinders supplied by each carburettor. This setting was
recommended by the personngl of the manufacturer's engine development
department.

No choke was fitted to the engine for cold starting purposes, a rich mixture
being produced for this purpose by manually lowering the main jet of one

carburettor against its spring, without adjustment of the mixture strength

adjusting screw.

Instrumentation

The engine was coupled to a hydrodynamic dynamometer (Heenan and
Froude type DPX3) for the measurement of brake power output. The static
balance of this dynamometer was checked prior to use.

A proximity detector registering six steel pegs in an aluminium wheel was
mounted on the front of the crankshaft, the output of the detector being
connected to an electronic digital counter for the measurement of engine speed.
The calibration of this counter was checked against the A.C. mains electric

frequency of 50 hz and found to be accurate over a 10 second period.
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For the purpose of obtaining a continuous reading, found useful when setting
the engine speed, an impulse tachometer was wired into the engine ignition
system.

Fuel flow rates were measured using a graduated cylinder (with graduations
of 100, 200 and 400 ml) and a stop-watch, the accuracy of which was checked
against the G.P.O. 'speaking clock’. No error could be found.

The induction air flow rate was measured using a flowmeter with a viscous
element, the pressure head across the element and vacuum down-stream of the
element being read off a manometer of variable inclination. This equipment was
manufactured by Ricardo and Co. and designated by them, type H and having a
recommended flow rate limit of 165 1/s.

The temperature of the air entering the viscous flow meter was read off a
mercury in glass thermometer.

Coolant temperatures were measured independently at the inlet and outlet
by bare, unsheathed chromel-alumel thermocouples. Coolant flow rates were read
off a variable area flow meter manufactured by GEC Elliot Limited (type number
35K).

Fuel inlet temperatures were measured using chromel-alumel thermocouples
in the carburettor float chambers. Care was taken to ensure that the leads which
passed through the float chamber air vents did not prevent free movement of the
floats.

Exhaust gas temperatures were measured at the cylinder head/manifold
interface by 1 mm diameter, stainless steel sheathed, chromel-alumel
thermocouples. These were installed through drilled holes in the exhaust manifold
in positions such that approximately 50 mm of the sheaths were exposed directly
to the exhaust gas.

Other temperatures monitored throughout the tests but not noted were the
coolant temperature at the thermostat (monitored to prevent overheating) and the

temperature of the lubricating oil in the sump (monitored in order to maintain a
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constant temperature by manual adjustment of the water flow rate through a shell
and tube oil-cooler).

All of the thermocouples were connected via a selector switch to a digital
voltmeter manufactured by Solartron (type A200) and having a resolution of 1 Y%
and range of 1 MWV to 1.2 kV. The maximum error is stated as +0.005% on all
ranges except the lowest where this increases to +0.01%. All of the
thermocouples except those for measurement of exhaust gas temperatures were
connected through independent ice cold junctions.

The percentages by volume of dry gas, of carbon monoxide and carbon
dioxide, were measured using a non-dispersive infra-red meter manufactured by
Horiba (type Mexa 300). This meter was calibrated using prepared gases marketed
by the same company. The meter was connected through a condensing coil
immersed in cold water, and a silica-gell drying bottle, to a three way valve
connecting the meter, in turn, to either of the manifolds receiving gas from the
front or rear three cylinders, or downstream from the point at which the pipes
from each of these manifolds merge.

A vane anemometer in a duct was used to measure the relative air flow to

the two carburettors, in order to balance these.

Method of Testing

Tests were performed both with the dynamometer connected to the engine,
and disconnected to represent idle performance. With the dynamometer
disconnected readings were taken at engine speeds of 500 to 4500 rev/min, in
steps of 500 rev/min. With the dynamometer connected, readings were taken at
the same speeds and with the brake load adjusted in steps up to the maximum.
The maximum power settings were limited by the maximum available from the
engine or by the maximum which the brake could absorb under stable conditions.

At each setting of the brake load and/or engine speed, the engine was run

until the water inlet and outlet, and thermostat temperature appeared to have
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reached constant values. The oil flow rate through the oil cooler was adjusted to
maintain a sump temperature of 90 to 95°C. The readings taken were as listed in
the experimental results tables in appendix A3. The resu1t§ are tabulated
separately at each speed, the zero load readings being the first result in each
table. These results were not obtained during the same test run as the rest of the

results in each table.

Results

Temperatures were calculated from the thermocouple readings using the
calibration equation contained in B.S5.4937 part 7£2l (1973). In the case of the
exhaust temperatures, cold junction compensation was made by adding to the
measured potential the potential relating to ambient temperature. From this sum
the temperature was calculated.

In calculating the air inlet mass flow rate, compensation was made for
changes in temperature and pressure, as they influence density and viscosity, away
from the calibration temperature of 20°C and pressure of 760 mm of mercury.
The variation in viscosity of air with temperature was calculated from a cubic
regression to the data tabulated by Mayhew and Rogg?‘s, over the temperature
range of 0 to 100°C. The manufacturer's calibration equation was used as a basis
and is:

vol/(ft3/min) = 16.0 x head/(inches water gauge)

For the calibration of fuel mass flow rate the relative density of petrol is
taken as 0.744 from the data of Spie?s.

For the calculation of the water flow rate a cubic was fitted to data read
off the calibration chart supplied with the flow meter. This calibration was
subsequently checked by weighing a constant water flow through the instrument
over a time interval measured with the same stop-watch used in the measurement
of fuel flow rate. Water flow rates used were at either end of and in the middle

of the instrument's range. The maximum deviation of the calibration equation was
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found to be at the lowest reading and to be less than 1.5%. Values of the enthalpy
of liquid water were calculated from values of the specific heat taken from
Mayhew and Roge?‘ss. by fitting a quadratic and integrating.

The mass flow rate of the exhaust gas was calculated as the sum of the air
and fuel flow rates. The constituent proportions of the exhaust gas were
calculated by assuming combustion to give products of nitrogen, carbon monoxide,
carbon dioxide, and superheated steam. The enthalpy of the products was
calculated at the arithmetic mean of the gas temperatures measured, above a
datum of ZSUOC, by integration of the equations, for the specific heat of these
gases, given in Hambl7i[l'1. The mass capacity of the exhaust gases at 250°C was
also calculated using these equations. The calculated results are also tabulated in

appendix A3.

Presentation of Results

Each of the four quantities required as functions of mechanical power output
and engine speed may be assumed to vary in a similar manner as the exhaust gas
mass flow rate. The exhaust gas mass flow rate was plotted against engine speed
at idle as shown in graph 5.1. If the energy available per unit mass of combustible
mixture (and hence exhaust gas) were constant then this graph would represent a
measure of friction power against engine speed. Friction losses include coulomb
friction, viscous friction, and pumping losses, suggesting that the total is the sum
of linear, squared and cubed terms. At both high and low engine speeds
combustion efficiency is known to be poor, and results in the need for ignition
advance. This produces higher mass flow rates at both high and low engine speeds
as evidenced by the experimental data. A cubic was found to give a good
representation and is forced through the origin on the assumption that friction
power and hence mass flow rate approaches zero at zero speed.

The exhaust enthalpy, and mass capacity rate are direct functions of exhaust

gas temperature and this quantity has also been plotted against engine speed at
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idle, and is shown on graph 5.2. The form of this curve suggests that the exhaust
mass capacity rate curve will be of a similar form to the exhaust mass flow rate
but with a sharper rise at low engine speeds due to the sharp rise of temperature
and hence specific heat at these speeds. Extrapolation from the exhaust gas
temperature data down to zero speed, suggests that at zero speed the exhaust gas
temperature would be less than the 250°C datum chosen for the exhaust gas
enthalpy calculations, resulting in a negative enthalpy at zero speed.

Each of the four quantities to be expressed as functions of mechanical power
and engine speed are plotted on graphs 5.3, 5.4, 5.5 and 5.6, at idle. A cubic was
fitted to each of these curves on the basis of the above arguments, with the
exception of the exhaust enthalpy which appears to represent a straight line. At
high speed the upturn of the exhaust gas mass flow rate seems to be balanced by
the downturn of the temperature. The plot of heat rejection to the cooling system
follows the same pattern as for the exhaust mass flow rate which suggests that
the heat transfer coefficient between the hot gases and cylinder walls is a strong
function of piston velocity. The sharper gradient at low engine speeds than exists
in the mass flow rate plot may be due to the sharply rising temperature of the
combustion process as its efficiency increases.

Each of the four quantities are plotted against brake power output at each
engine speed on graphs 5.7 to 5.11 inclusive. Each of the quantities are fitted to
an equation of the form:

APx(1+BP)+C 5.1
where A, B, and C are functions of engine speed. The constant (with respect to
mechanical power) C is the function fitted at idle. The constant A, which
represents the gradient at zero speed was fitted next, with B fitted last as a
perturbation from a straight line.

In the case of heat rejection to the cooling system this quantity does not
appear as a strong function of power output. This may be attributed to a fairly

constant combustion temperature with increasing power, but a strong function of
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heat transfer coefficient with increasing piston speed.

The enthalpy and capacity rate of the exhaust gas and fuel flow rate all
increase rapidly with increasing power, as may be expected since the mass flow
rate of combustion products similarly increases.

In the case of a few of the readings, the calculated air fuel ratio was such
that there was too little oxygen present to oxidise all of the carbon in the fuel.
These readings were omitted in the calculation of exhaust enthalpy and mass
capacity rate. Doubts as to the setting and correct metering of the carburettors
called for the colour of the spark plug electrodes to be examined on completion of
the tests. A colour photograph of these is shown on plate 5.1. The chocolate
brown colouring of the electrodes and ceramic insulators is indicative of correct
mixture strengths in each of the six cylinders.

_The expected maximum power output of the engine could not be realised
using this rig. It is believed that this was due to the throttling effect of the
viscous flowmeter and could have been overcome by supercharging the engine to
produce the same vacuum at the carburettor inlets, as could be measured without
the viscous flow meter fitted.

At higher engine speeds (above 3000 rev/min) it was found that the
dynomometer could not be adjusted to stably hold the engine at a constant speed
at full throttle. This may either have been due to a lack of pressure in the water
supply or the furred and corroded condition of the brake which has been in service
for several years.

The maximum power results of tests carried out on an identical engine at
the company's experimental departm;?'at have been adopted for use in this project.
A plot of these results is shown on graph 5.11, against engine speed. A quartic
was found to give an excellent least squares fit to this data. On the graphs of fuel
flow rate, heat rejection to coolant, exhaust enthalpy, and exhaust mass capacity,
the fitted equations are shown extrapolated to this maximum power equation, and

also to an engine speed of 5000 rev/min, the maximum recommended speed of the



95

engine. Tests were not run at this speed in fear of damaging the engine at low

brake loads.

ROAD LOAD

The rolling resistance of the tyres has been calculated using tyre friction
data obtained by the sponsgar from the tyre manufacturer (Dunlop). To this data,
in the form of a graph of resistance per unit vehicle weight, has been fitted an
equation of the form:

n
= A+BUV+CUv 5.2

where A, B, C and n are constants. This gives an excellent fit to the data. Using
this equation and the mid-laden mass of the vehicle quoted by the manufacture?s,
the power required to overcome this resistance is plotted on graph 5.12. The
aerodynamic resistance is added to the rolling resistance and also plotted on this
graph. The power dissipated in overcoming the aerodynamic drag is assumed to
vary as the cube of the road speed, and was calculated from a figure, gained by

76
experience in tests on this model by the sponsor, of the power dissipated at 100

miles/hour.

TRANSMISSION EFFICIENCY

Figures quoted by the manufactu;gr have been used in calculating
transmission efficiencies. These are:

93% for the rear axle

97% for the manual gearbox in direct drive

94% for this gearbox in indirect drive

COOLANT FLOW RATE

77
Tests on the coolant flow rate have been carried out by the sponsar. For
these tests a 4.2 1 XJ6 engine was set up on a test bed and connected, as in the

vehicle, to a radiator, the radiator being immersed in a tank of water instead of
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an air stream. The thermostat was propped fully open and the bypass hose blanked
off. The water flow rate was measured using a turbine flowmeter at increments
of engine speed, for the Marston's Supapack I radiators fitted to both air-
conditioned and non air-conditioned versions of the car. The results of these tests
are plotted on graph 5.13. In the absence of further data, the water flow rate
with a fully open thermostat is assumed to vary linearly with the ratio of tube
length/number. Ideally an additional test could be carried out with the radiator
replaced by two header tanks (cut from a radiator) linked by a straight length of
large diameter tube which could be assumed to exhibit zero pressure drop along its
length. This would set a more realistic upper limit to the water flow rate.

The thermostat fitted to the cooling system of the engine is of the wax
capsule type and set to commence opening at 82°C and be fully open at 100°C.
The opening of the thermostat has been found by the vehicle manufactur?gr to be
approximately linear with temperature. In the absence of further data the water
flow rate is assumed to vary linearly with opening and hence temperature.

On starting the thermostat is known to suff7egr, in the fully closed position,
from the pressure on it which prevents it opening until a temperature somewhat
higher than 82°C. Since this is a dynamic effect, it is neglected in this project,

but borne in mind that pressure balanced thermostats are available.

VARIATION OF ENERGY AND MASS TRANSFERS WITH ROAD SPEED

Using the fitted equations a mathematical model was developed in the form
of computer subroutines. These are shown in appendix AS5. Using these
subroutines the variations of fuel flow rate, heat rejection to engine coolant,
exhaust enthalpy and exhaust mass capacity have been plotted on graphs 5.14 to
.17 inclusive, for the car using the 5 speed manual gearbox with a rear axle ratio
of 3.54:1. The power developed by the engine is the sum of the fan and viscous
coupling consumption, the aerodynamic drag, the tyre rolling resistance, and the

transmission losses.
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GRAPH 5.8

130 ¢

3000
2500

2000
1500

1000
500

FROM EXPERIMENTAL DATA

120 t
10
il .'.. s
1m - v ‘;€. '. I.- .'.
G .
90 = ; ...'. .."
. ..s. - ...
8 O IL : .... '...'.:,'_ ....‘
70 + Q £
= Gl
g . AXIMUM POWER PLO
> s
a 4 .l- Y o L o :
d -.-' o
5 i
]._
< ENGINE SPEEDS
wl
%)) 4500 rev/min
S 4000 -
% 3500
:

e » P AV OQEO

O 10 20 30 40 50 60 70 80 90 100 110 120 130140 150
BRAKE POWER (kW)

PLOT OF ENTHALI;-’Y OF EXHAUST GAS AGAINST BRAKE POWER

NB DATUM TEMPERATURE 250°C



(M) H3IMOd 3MvHa

105

Ovi kL - OZh, OB OOy SO6NA @B /% 06 fi0s" Oy O OF Ol o

" i 4 3 4
+ + + u - 4 -

R NI W ——

005 e 8 Oz
000l v _
oost >
000z @ or g
oose ¥ 4’
000E O 09 Q
T
oose A o
. 000F @ T
og ™
ulw/a24 OOSP (0] m
>
{33dS aNDN3
ool £
wn
|
107 H3mOd WIANAIXYA ozt &
s + ovi
- mo
+ oo
z
-~
g o8l —
L ooz

43IM0d VIE LSNIVOY
SV9 1SNVHAX3 3AL 40 (0,08 IV) 9*W 40 101d  6°C Havad




GRAPH 5.10

106
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ASPECTS OF THE FUEL ECONOMY AND ACCELERATION OF THE

NON AIR-CONDITIONED CAR

THE INFLUENCE OF BRAKE LOADS ON FUEL ECONOMY

Using the model developed in chapter 5 the fractions of the fuel flow
attributable to the rolling resistance of the tyres, the aerodynamic drag, and
power consumption of the engine cooling fan and viscous coupling have been
plotted against road speed, for each of the 5 gear ratios on graphs 6.1, 6.2 and 6.3,
and that due to the fan and coupling at idle against engine speed on graph 6.4.
Since the rolling resistance is directly proportional to the vehicle weight graph 6.1
may also be considered as the fraction of the total fuel flow attributable to the
mass of the vehicle. Since this fraction varies almost linearly with mass the
result of weight reduction on fuel economy may be calculated from this graph. It
is apparent that a considerable weight reduction is required to produce a
significant reduction in fuel flow rate, but this is only for the steady state
condition considered. Mass reduction results in an increase of acceleration at a
given engine power output above the steady state load, and conversely to achieve
a given acceleration a reduction in mass results in a reduction in fuel flow rate.
The overall fuel saving which might be achieved given a reduction in vehicle mass,
will therefore be greater than predicted from this graph.

The influence of a reduction in drag coefficient may similarly be predicted
from graph 6.2. At high speed it is apparent that such savings may be very
significant, the result of a 20% reduction in the drag coefficient resulting in a
12% reduction in fuel consumption at speeds above 100 miles/hour.

The saving of fuel by an increase in cooling fan efficiency is also significant
as may be predicted from graphs 6.3 and 6.4, but only at high engine speeds. The
figure for an idle speed of less than 1300 rev/min is less than 1%. At the present
idle speed of 750 rev/min the fan and coupling increase the fuel consumption by

only 0.15%. The most significant fuel saving to be gained from the cooling fan
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system would result from the use of a constant speed fan - independent of engine
speed. This would need to be sized to take account of low speed driving as well as
idling. An electric or hydraulic system would have the additional advantage of
being easily controlled thermostatically, an on/off system for the former and
proportional control for the latter. The electrical load of an electric cooling fan
needs to be high even given a fan of high efficiency, and a hydraulic system would
probably be expensive. Possibly the cheapest way of providing a constant speed
fan would be to include a centrifugal governor in the present viscous coupling to
move the plates further apart as the fan speed rises. The effect of a c.onstant
speed cooling fan on engine temperature is considered in chapter 7. The fan at
present used has an efficiency of approximately 30%. For the present engine
driven system a 60% efficient fan would give a fuel saving of approximately 2% at
70 miles/hour in fifth gear, given that the viscous coupling was changed to give
the same slip/speed characteristics as at present. Of the three possible economies
considered above the cooling fan is probably the item to yield a return most

readily.

THE EFFICIENCY AND RATIOS REQUIRED OF A STEPLESSLY VARIABLE

TRANSMISSION

Using the model developed in chapter 5, the fuel flow rate at constant
engine brake loads up to the maximum has been plotted on graph 6.5. At low
brake loads it is apparent that for a given brake load there is an engine speed at
which the fuel flow rate reaches a minimum. The locus of these minima has also
been plotted. At very low brake loads this minimum does not exist and at high
loads the minimum is at the engine speed for which the load is the maximum
which the engine can achieve. The spark ignition engine, by virtue of the method
of power output regulation, i.e. intake throttling, may be expected to give
maximum economy at full throttle when the pumping losses are least. At low

engine speeds for this engine, the influence of throttle opening on fuel air mixing
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is probably the reason why maximum economy is achieved at part throttle
openings. The desirability of turbulence in the inlet manifold for improved fuel
economy is well known.

Also plotted on graph 6.5 is the fuel flow in each gear ratio for the riid-
laden car in steady state on a zero gradient. It is immediately obvious that the
gear ratios do not lie anywhere near the optima for fuel economy.

The selection of ratios for a fixed ratio gearbox inevitably results in a
compromise between economy and high acceleration. The high costs of fuel have
recently encouraged interest in steplessly variable transmissions. Use of such a
transmission may allow for the engine to be run at an optimum speed for economy
and acceleration. Steplessly variable transmissions inevitably suffer lower
efficiencies than their fixed ratio counterparts owing to greater complexity and
slip in the mechanism. Whilst a particular steplessly variable transmission has not
been studied, the required ratios and efficiency of such a system to compsete on
the basis of fuel economy and acceleration have been calculated using the model
developed in chapter 5.

Optimised gear ratios against road speed are shown on graph 6.6. For the
engine to give maximum economy the engine is made to run at 750 rev/min at
road speeds up to that for which the engine brake load gives a minimum fuel flow
rate for that engine speed. The engine speed of 750 rev/min was chosen as the
lowest speed at which the engine will run smoothly. At road speeds higher than
this the engine is constrained to run at the speed which produces a minimum fuel
flow rate. This pattern continues until the minimum fuel flow rate which can be
achieved is by running the engine at a speed such that maximum power is being
developed. The maximum speed of the car is achieved with the engine running
such that its speed is that which produces the maximum power available.

Maximum acceleration is obtained by maintaining the engine speed such that

maximum power is being produced.
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The graph of gear ratio against road speed shows the ratio required for
transmission efficiencies of 50 to 100% in steps of 10%. To give the overall
transmission efficiency this figure must be multiplied by the 93% efficiency,
assumed to still exist for the rear axle. The present fixed gear ratios are also
shown for comparison. For this graph the gear ratio has been assumed to be
variable down to a zero ratio. Such a ratio would in theory give an infinitely high
torque at the road wheels and in practice would have to be limited. Depending on
the mechanism chosen, the use of a clutch of some kind may be required for
starting. This would be the case for mechanical steplessly variable transmissions
in which co-mplete velocity reduction is not possible. The minimum gear ratio
required for smooth traction at starting speeds may be taken as that of the
current first gear ratio. Under such conditions and with the exclusion of down hill
running the ratio of maximum to minimum gear ratios would be of the order of
10.5 to 1 for a 100% efficient system and 7 to 1 for a 50% efficient system.

The optimum fuel flow rates for transmission efficiencies of 100% down to
50% have been plotted on graph 6.7. Also on this graph is the present fuel flow
rate for each of the current gear ratios for comparison. To clarify this, the
efficiency required, for an optimised system to compete with the present gearbox,
has been plotted against road speed on graph 6.8. It is apparent that a
transmission with an efficiency as low as 75% may give an improved overall
consumption.

Maximum acceleration has been plotted against road speed for steplessly
variable transmissions of 100% efficiency down to 50% efficiency on graph 6.9. ‘In
calculating vehicle acceleration no account has been taken of the angular
acceleration of the road wheels, transmission or engine components, and the
results should be used for comparison only between the two systems. As for the
fuel flow rate the minimum efficiency required for the steplessly variable
transmission to compete has been plotted on graph 6.10. An efficiency as low as

75% would again be worthy of consideration.
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A further advantage of the steplessly variable unit is that due to the lower
engine speeds, heat rejection from the engine to the cooling system is reduced.
This is shown by graph 6.11 where the heat rejected to the coolant has been
plotted against road sp=ed, for the zero acceleration case.

For both economy and acceleration an overall transmission efficiency of
75% seems to be the minimum worthy of consideration. For both cases lower
efficiencies at low speeds would not deter the use of such a system. At high
speeds and high powers, the level of heat rejection from the transmission and the
problem of providing sufficient heat transfer surface may be difficult to overcome
and is a further indication that the higher efficiency of the transmission, if of
varying efficiency, should be at the top of the speed range.

Given a steplessly variable transmission the requirement of the engine to
operate at all power/speed combinations, and to do so without producing exhaust
pollution, or high noise and vibration levels is an unnecessary constraint on its
design. This may in the future make the diesel engine or the stratified charge
spark ignition engine more favourable than at present. An engine designed for use
with a steplessly variable transmission would doubtless compete with the present
engine/transmission system with lower efficiencies than are suggested to be
needed by this analysis.

Prior to the cessation of production of constant displacement steam engines
for cars, one of their major advantagés was the smoothness of their acceleration.
This must be among the major advantages also of an internal combustion engined

car with a steplessly variable transmission.
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THE CONTROL SYSTEM REQUIRED FOR A STEPLESSLY VARIABLE

TRANSMISSION

The arrangement of a control system for a car with a steplessly variable
transmission should be such that there would be no problem for a driver used to
driving cars with conventional manual or automatic transmissions.

The conventional accelerator pedal effectively calls a power output from
the engine, although the relationship between throttle opening and power is also a
function of engine speed. The suggested control system for a car with a steplessly
variable transmission would be similar. The displacement of the accelerator pedal
would call for a finite power output from the engine. The control system by
either analogue or digital means would calculate the required engine speed and
throttle opening required. The engine speed would be set by comparing the speed
of the road wheels with the required engine speed. On the result of this
comparison a gear ratio would be calculated. The throttle opening and gear ratio
would then be set by servo-mechanisms operated by the control system. Lifting of
the pedal would effectively call a negative power output from the engine, and as
with the present system use the pumping losses in the engine as a braking system.
Particularly if rear wheel traction were retained, the amount of power absorbed
by lifting the pedal fully should be limited. The separate braking system, operated
from a separate pedal should be retained and be completely independent of the
transmission/ engine control system.

Such a control system could be linked to also control the fuel injection
system and the ignition system rather than controlling these from the dual inputs
of engine speed and manifold depression.

The time constant of the control system would need to be short to avoid
making the car both unattractive and possibly dangerous. This requirement may
point in favour of an analogue rather than a digital system, although recent

advances in electronics have made the digital system feasible.
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THE ENGINE COOLING SYSTEM

THE MODEL OF THE ENGINE COOLING SYSTEM

The model of the engine cooling system assumes steady state operation,
obviating the need for data on the thermal capacity of the system components and
calculations involving unsteady state heat transfer. The model in the form of a
computer program is contained in appendix AS.

The heat flux to the coolant is calculated from the model described in
chapter 5. The model thus takes account of engine speed and engine brake power
output, which equals the road load divided by the transmission efficiency, plus the
power consumption of the engine cooling fan and viscous coupling.

The radiator air velocity is calculated from the model described in chapter 4
which takes account of the air velocity components due to ram pressure and to the
fan, the fan volume flow rate/pressure characteristics being described by cubic
spline equations to experimental data. The radiator and condenser piezometric
pressure differences are found from equations 4.27 and 4.33 respectively.

The coolant flow rate is calculated by the method described in chapter 5.

The radiator air off temperature is a function of the air mass flow rate, the
air on temperature, and the specific heat capacity of air. The latter is calculated
from an equation fitted to the data of Mayhew and Roge?*ss, as was used in chapter
4 for the calculation of radiator heat transfer data from the experimental results
of the radiator manufacturer.

The coolant side heat transfer coefficient for the radiator is found from
equations 4.25 and 4.26 with a constant which is a mean of the two given, the
properties of the coolant being calculated by the method described in chapter 4.

The radiator air side coefficient is calculated from equation 4.28, the
properties of air being calculated by the method described in chapter 4. The
radiator fin efficiency is calculated from equation 4.29. The equation due to

63 64
Stevens and given by Rohsenow and Hartnett for a cross flow heat exchanger is
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used, with fluid mixing on the coolant side assumed, as discussed in chapter 4, for
the calculation of coolant temperatures.

At temperatures above 100°C at which the thermostat is assumed to be fully
open the coolant mass flow rate is a function of engine speed only. By assuming
an initial top hose temperature of 100°C a more accurate top hose temperature is
calculated. If this is more than 100°C then the thermostat is fully open and an
iterative procedure is used to calculate the coolant temperatures. This is
necessitated by the variation in coolant properties with temperature.. If the first
result indicates that the top hose temperature is less than 100°C then a Newton-
Raphson iterative procedure is used to calculate the water mass flow-rate and
coolant temperatures. The iteration is of coolant mass flow rate, the top hose

temperature being calculated as a function of this.

RESULTS CALCULATED FROM THE MODEL

To study the cooling system all of the results calculated are for vehicles
without thermostats in an ambient temperature of 4500, taken to be the
maximum design temperature. The effect of the thermostat is to produce a
minimum top hose temperature of g2%c.

Graphs 7.1, 7.2 and 7.3 show the results from the model for the non air-
conditioned car. The fan cowl used on the non air-conditioned car is slightly
different to that of the air-conditioned version, a factor not taken into account in
the model.

Graph 7.1 shows the influence of engine speed on cooling system
temperature with the engine idling, for both water and a 45/55 mixture of water
and antifreeze as a coolant. The reduced coolant side heat transfer coefficient,
due to the properties of the water antifreeze mixtLS::'e in comparison with water,
results in higher coolant temperatures. This is partially compensated for by the

57 )
increased boiling point of the water antifreeze mixture, which as for water is

calculated at the blow off pressure (1.034 bar above atmospheric). Graphs 7.2 and
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7.3 show coolant temperatures for the non air-conditioned car using water and the
same water/antifreeze mixture. The comparison between the coolants is similar.
It is apparent that under no steady state condition does the coolant temperature
reach its boiling point except when using the water/antifreeze mixture and idling
at an engine speed in excess of 4,900 rev/min. This is not a condition in which the
car may be expected to be used.

Graph 7.4 shows the variation in cooling system temperatures for the
air-conditioned car against engine speed. The water antifreeze mixture is used
and the air-conditioning system is not running, resulting in a radiator air on
temperature equal to ambient. Graph 7.5 shows the cooling system temperat'ures
for the same vehicle under similar conditions except with the car moving and is
plotted against road speed in miles/hour. Comparison between the air-conditioned
car and the non air-conditioned car indicates that coolant temperatures of the air-
conditioned car are higher than the non air-conditioned version, even with the air-
conditioning system not running. This suggests over cooling in the non air-
conditioned car, if the cooling system of the air-conditioned car with the air-
conditioning running is effective. This is examined in chapter 8. The body shell of
both cars being the same the radiator face area for both versions is conveniently
the same. The number of radiator tubes and fin pitch are reduced on the non air-
conditioned car. Reduction of fin pitch may not be necessary.

The influence of radiator fin pitch and tube rows for the engine idling at 750
rev/min is shown for the non air-conditioned car on graph 7.6 and for the air-
conditioned car on graph 7.8.

The resultant Reynolds number accompanying these radiator variations are
plotted on graphs 7.7 and 7.9 and indicate the limits above which laminar flow
may be avoided. The optimum radiator design is that which functions adequately
and costs least. It may be assumed that radiator cost is a strong function of the

number of tube rows and a weaker function of the number of fins.
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The influence of radiator face air velocity for the non air-conditioned car
and for the air-conditioned car is shown on graphs 7.10 and 7.11 respectively. In
both cases a considerable increase in velocity is needed to produce a significant
reduction in coolant temperature, and this would be at the expense of increased
fan power and noise.

The influence of coolant mass flow rate on coolant temperature is shown on
graphs 7.12 and 7.13 respectively for the non air-conditioned and air-conditioned
versions at an idle speed of 750 rev/min. In each case the coolant mass flow rate
may be increased to produce a decrease in coolant temperature, and this with
little influence on power consumption and no influence on noise level. Hence a
larger water pump (or running the pump at a higher speed) may make a smaller
radiator possible or a decrease in the number of fins and/or tube rows. An
optimum total cost of pump and radiator may be achieved on this basis.

Graphs 7.14 and 7.15 show the effect of using a constant speed fan having
the same driving torque and producing the same velocity as the current fan at a
750 rev/min idle. The fuel economy advantage and a suggested practical means of
achieving the constant speed are considered in chapter 6. Obviously at the
current idle speed of 750 rev/min the temperatures are as for the current system.
In low gears the temperature of the top hose is increased but driving in these low
gears is unlikely for any length of time. In the higher gears the difference from
the present system is very small.

The effect of a constant speed fan has only been examined for the non air-
conditioned version of the car. This might be extended and found advantageous
for the air-conditioned car also, although the effect on the air-conditioning
system may be a reduced coefficient of performance and an increased compressor
load, which may outweigh the advantage of the reduced fan load. In view of the
small effect of the fan on the cooling system in the higher gears, this is unlikely.

The influence of changes in the condenser geometry on engine cooling

system temperatures is shown on graph 7.16. It is apparent that for the range of
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changes shown the effect is small. The influences of such changes on the
condenser air side Reynolds number and the refrigeration system are considered in
chapter 8.

Graph 7.17 shows the influence of changes in the condenser fin pitch and
tube configuration on the engine cooling system temperatures when the air-
conditioning system is turned off, at an idling engine speed of 750 rev/min and
also when moving at 70 miles/hour in fourth gear. The curve at idle extends to
the maximum brake load which the engine can supply at this engine speed. The

influence of moderate loads, as may be due to auxiliary devices, is small.
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THE REFRIGERATION SYSTEM

THE COMPRESSOR

The compressor, manufactured by General Motors Limited, is a 6 cylinder,
reciprocating, positive displacement unit, driven from a swash plate through an
electromagnetically engaged clutch. The inlet and exhaust valves of each cylinder
are comprised of shim steel strips cantilevered across the ports. Data available
from the compressor manufacturer is included in appendix A4. Compressor
performance may be described by the volumetric, isentropic, and mechanical
efficiencies and by the displacement and volumetric compression ratio. Using
values read off the manufacturer's data sheet, an attempt was made to calculate
the mechanical efficiency. The results were inconclusive, in some cases a
mechanical efficiency greater than one being indicated. A mechanical efficiency
of unity was assumed, in ignorance of contrary data, as for such a mechanism it
may be expected to be high. For the purpose of a mathematical model,
polynomials were fitted to this data for the volumetric and isentropic efficiency,

and these efficiencies assumed to be functions of compressor speed only.

THE EVAPORATOR

This is a conventional, extended surface, counter flow heat exchanger,
manufactured by Sunstrand Limited. The refrigerant enters the unit after being
split into six streams in a header, each stream having ten horizontal passes. The
manufacturer's graphical data relevant to the conductance of the unit is contained
in appendix A5, and gives conductance as a function of the entering air enthalpy
per unit mass of dry air, the refrigerant temperature, the air velocity and the
dimensions of the unit. For the purpose of a mathematical model, functions were
fitted to data read off these graphs and a computer subroutine written to
calculate the refrigerant temperature, given the entering air enthalpy per unit

mass of dry air, the air mass flow rate, and the cooling load. The velocity is based
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on a constant density of the air, being that at 3°C (the nominal controlled air off

temperature). This subroutine is included in appendix A5.

THE CONDENSER

The condenser, manufactured by Marston Radiators Limited, is an extended
surface, cross flow heat exchanger, the present unit having two tubes with fifteen
horizontal passes.

The air side heat transfer coefficient is discussed in chapter 4. The
refrigerant side heat transfer is by three stages; gas cooling, condensing, and
liquid sub cooling. For the purpose of the mathematical model the condenser is
assumed to consist of three separate cross flow heat exchangers whose total face
area and tube length are equal to the actual face area and tube length. The
refrigerant side heat transfer coefficients are calculated for gas cooling and liquid
cooling using the Nusselt number, Reynolds number, Prandtl number relationship
given by McAdarBT?s for circular tubes, and Reynolds numbers greater than 105.
The heat conductances calculated this way are large compared with the air side
conductances and the dependence on overall conductance minimal. The
condensing heat transfer coefficient is expected to be very large and is ignored in
the calculation of overall conductance. The hypothetical heat exchangers for gas
cooling and liquid sub cooling are assumed to behave as cross flow heat exchangers
with fluid mixing on the refrigerant side, the equation due to Steveslslis being used
for the calculation of temperatures, as for the radiator in chapter 4. This
assumption is only completely true for a single tube but considered to be a valid
approximation in this case.

The mean temperature difference between the air and the refrigerant, in the
hypothetical condensing heat exchanger, is calculated as the logarithmic mean.

The final form of the mathematical model of the refrigeration system
involves calculation of the face areas required for gas cooling and condensation.

For liquid sub cooling the final refrigerant temperature is required, given the heat
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exchanger face area. The subroutines for these calculations are included in

appendix AS.

THE CONTROL OF THE REFRIGERATION SYSTEM

The state of the refrigerant entering the compressor is controlled by a
thermostatic expansion valve. The mechanism of this device is as described by
Andersogf The refrigerant temperature and pressure sensed by the valve are both
at the evaporator outlet; the alternative of sensing the pressure at the evaporator
inlet requiring compensation for the refrigerant pressure drop in the evaporator.
The valve maintains a nominal 23K superheat at the compressor inlet.

Icing of the evaporator is prevented by a thermostatic switch, which
switches off the current to the compressor clutch. The switch is activated by a
vapour charged thermal element in the airstream leaving the evaporator and the
current, and hence the system, are switched off at a temperature of 2°C and on
again when the temperature rises to &'

System pressure in excess of 30.3 bar (gauge) is precluded by a safety valve

fitted to the compressor.

THE PRESENT REFRIGERATION CYCLE

The temperature of the evaporating refrigerant is set by the thermostatic
expansion valve which admits refrigerant to the evaporator at a temperature such
that the superheat on entering the compressor is as prescribed. The temperature
which is set, is dependent on the refrigeration load and the evaporator
conductance. The specific enthalpy of the refrigerant entering the compressor,
being a function of temperature and pressure, is hence also set by the expansion
valve.

The mass flow rate of refrigerant is the product of the compressor
displacement per unit time, the density of the refrigerant entering the

compressor, and the volumetric efficiency.
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The pressure difference between the condenser and evaporator is set by the
expansion valve in attaining the required evaporator temperature. The specific
enthalpy of the refrigerant leaving the compressor is a function of the isentropic
efficiency, the specific entropy at inlet, and the inlet and outlet pressures. For a
given condenser pressure, and hence compressor outlet and condensing
temperatures, the temperature of the refrigerant, at the condenser exit, may be
reduced to some level which may approach the ambient air temperature but must
be some finite difference above ambient. From the condenser outlet the
refrigerant is throttled to the evaporator inlet, the throttling process being
isenthalpic.

As the condenser pressure is increased the volumetric efficiency of the
compressor decreases and hence the mass flow rate, owing to the finite clearance
volume which must exist in the compressor.

Equilibrium is reached when the properties at the compressor inlet and
outlet are such that the enthalpies at the condenser outlet and evaporator inlet
are equal.

At low compressor speeds, the refrigerant mass flow rate may be such that
the evaporator air off temperature is above that at which the thermostatic switch
disengages the compressor clutch. Under these conditions the design refrigeration
load is not achieved. At higher compressor speeds the increased refrigerant flow
rate may produce an evaporator load in excess of that required and the
thermostatic switch will then stop the cycle when the evaporator air off
temperature drops to the prescribed level. The air flow over the evaporator then
increases the evaporator temperature and the drive is restored when the air off
temperature has risen sufficiently. The frequency, at which the cycle is started
and stopped, is dependent upon the thermal capacity of the evaporator, and the
temperature and thermal capacity of the refrigerant, which continues to be
throttled from the condenser to the evaporator. If the thermal capacity of the

evaporator is reduced then this frequency is increased and in the limit the
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compressor may be considered a variable speed unit, its maximum speed being
that when the clutch is engaged. In practice a higher frequency of engagement of

the clutch may produce intolerable wear and fatigue.

REFRIGERANT PROPERTIES

Thermodynamic properties of refrigerants 12 and 22, for the purpose of the
mathematical model, are calculated from equations supplied by
Du Pont de Nemours and Compaar?y. Temperatures, as functions of the specific
enthalpies of the saturated liquids, are calculated from polynomials, fitted to data
generated by the subroutines, and are valid approximations between reduced
temperatures of 0.7 and 0.96. These subroutines and functions are included in
appendix A5.

Viscosity and conductivity of the liquid and superheated refrigerants are
calculated in the model as functions of temperature only, using polynomials fitted
to data given by A.S.H.R.A.E.

Specific heat capacities of the liquid refrigerants are calculated from
differentiated polynomials, fitted to temperature/saturated liquid specific
enthalpy data generated from the subroutines, and are assumed to be functions of
temperature only. They are valid for temperatures from 6°C up to reduced
temperatures of 0.96. These functions are included in appendix AS.

The specific heat capacity of the superheated refrigerant is calculated, at
the condenser pressure, as the difference between the specific enthalpies relating
to the compressor inlet entropy and the saturated vapour, divided by the
temperature difference between these states. The error resulting from
extrapolation to the compressor exit temperature is small, since the rate of
change of specific heat capacity with temperature, at a constant pressure in the
superheated region, is small.

The transport properties are used only for calculation of refrigerant side

heat transfer coefficients, which are not controlling.
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CALCULATION OF THE ENTHALPIES OF THE COOLED AIR

A computer subroutine was written for this purpose and gives the enthalpy
per lkg of dry air as a function of temperatureland relative humidity. Equations,
66
fitted to the data of Mayhew and Rogers, over a range of temperature of 0°C to

100°C are used. This subroutine is contained in appendix AS.

THE MATHEMATICAL MODEL OF THE REFRIGERATION SYSTEM

This model is designed for the calculation of properties and the mass flow
rate of the refrigerant, the compressor and refrigeration loads, and the
temperature of the air onto the radiator, at given engine and car speeds and
climatic conditions.

The refrigeration system is assumed to be operating in a steady state, the
effect of the compressor clutch cycling being to reduce the mass flow rate of
refrigerant as if the compressor speed were reduced. Heat transfer coefficients
on the refrigerant side in the condenser are however calculated as time average
coeffients rather than those due to the hypothetical reduced mass flow rate. This
assumption obviates the necessity for computation involving unsteady heat
transfer.

The mathematical model of the refrigeration system is included in
appendix A5 in the form of a comhuter program.

The refrigeration system is assumed to operate in one of three ways,
depending upon the prevailing speéds and climatic conditions. The design cooling
load is taken as producing an evaporator air off temperature of 39C (the nominal
thermostatic switch operating temperature) and relative humidity of 100%.

N.B. Numbers on the diagrams refer to the states of the refrigerant as in
the computer program and the text.

In the text:

m Radiator air mass flow rate

r

m Refrigerant mass flow rate

R
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Le = Compressor load = Mo (h3 - hz)
Le = Evaporator load = Me (h2 - h7)
LE D= Evaporator design load as defined above
]
g Ambient (condenser air on) temperature
N
TS = The condensing temperature assuming an infinite

coefficient of performance (i.e. hy = hZ) and an infinite

condenser air mass capacity rate

PB = The compressor safety valve blow off pressure
A = The condenser face area
A5 = The condenser face area attributable to cooling of the

superheated gas

AG = The condenser area attributable to condensation

Lep/mR

The dotted line represents the change in h in the evaporator necessary to
achieve I‘E,D'
In this case MR is such that LE D cannot be achieved owing to the limitation
’
that refrigerant in the condenser cannot be cooled to a temperature lower than

T
o*
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(ii)
P
6 a/\s 3
T=T°
7 / 2
LED/MR /
- LA
LE,D is achieved.
mR is reduced.
(iii)
=
68 i 3
T"To
7 / 2
h
LE D is achieved.
,

me is reduced such that refrigerant leaves the condenser as saturated liquid,

partial condensation not being possible.



159

Method of calculation

h6 is initially calculated as that of the saturated liquid at To' Tl is

calculated, as is necessary to produce LE D on consideration of the evaporator
’

conductance. Pl, TZ’ T?v and hence h2 and m, are calculated. After

calculation of h7 from LE,D’ mg and hoy hy is compared with hé' If hg is greater
than h7 then LE is iteratively decreased until h 6= h7.

N
T5 is calculated and also an initial T5 assuming that h, is that of the

6

saturated liquid and equal to h7. If \1{5 is greater than T5 then the initial value of

e 17
5 is set to equal T..
F’5 is calculated and compared with PB’ If F'5 is greater than PB then F’5 is
set to equal F‘B and the resulting T5 is calculated. h6 is recalculated as that of
saturated liquid at T5 and Mg is decreased to give LE,D’ with h7 equal to h6'
Sy and h2 are calculated and hence h3 and T3 on consideration of nisan'
AS and Aﬁ are calculated. If LE is equal to LE,D and AS plus AG is less than
A then the system operates as in (iii). If not, or if LE has already been reduced,

the system operates as in (i) or (ii).

Hence if the system is operating as in (iii):

Me is iteratively decreased until A5 plus AG is equal to A.

If the system is operating as in (i) or (ii):
F’5 is iteratively increased until liquid sub cooling takes place. A
minimum, h6 is found as a function of TS‘ If h6 is greater than h7 then
the system operates as in (i), and if not then (ii).

If the system is operating as in (i):

L‘E’ Tl’ h6’ and h? etc., are iteratively calculated until h6 is equal to

h-?-
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If the system is operating as in (ii):

Mg is iteratively decreased until h6 is equal to h.l,.

The radiator air on temperature is calculated iteratively, as the result of a

specific enthalpy increase to the radiator air flow equal to mR(h3 - hs)/mr.

THE LIMITATIONS OF THE MODEL

The assumption of steady state operation is invalidated by the method of
controlling the refrigeration load to prevent evaporator icing and also by the
effect of changing engine speed during normal driving. The former invalidation is
not a limitation in the climatic conditions chosen in which to examine the system
(i.e. an ambient temperature and relative humidity of 45°C and 50%) since the
design cooling load is never achieved.

Calculations involving a reduction in the mass flow rate of refrigerant give
an estimate only of the parameters calculated, with the exception of the
refrigeration load. The accuracy of the estimate increases as the frequency of
cycling of the compressor clutch. The calculation of refrigeration load however,
may be expected to retain a reasonable degree of accuracy at low cycling
frequencies.

The assumption of volumetric efficiency being dependent only on compressor
speed is made on the basis that the manufacturer's data is that of conditions
representative of the use of the device. In practice the volumetric efficiency
must reduce with pressure ratio and also be a function of temperature, a
maximum pressure ratio being reached when the volumetric efficiency reduces to
zero. The volumetric efficiency therefore has an influence on the condensing and
evaporating temperatures, the refrigerant mass flow rate, and the refrigeration
and compressor loads.

The assumption of isentropic efficiency being dependent on compressor

speed only, is similarly only valid if the manufacturer's data is that of conditions
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representative of the use of the device. The isentropic efficiency is decreased by
pressure losses, at the inlet and exhaust valves, and reduces as the mass flow rate
and volumetric efficiency increase. The isentropic efficiency is also therefore a
function of pressure ratio and temperature. The influence of isentropic efficiency
on the cycle produces a negligible effect on the refrigeration load but a
considerable effect on the compressor load.

No account is taken of pressure losses in the heat exchangers or pipe work.
Pressure losses in the heat exchangers during condensation or evaporation make
these modes of heat transfer non isothermal. Pressure losses, in the pipes linking
the heat exchangers and the compressor, effectively reduce the isentropic
efficiency of compression. Pressure losses, in the pipes linking the heat
exchangers and the expansion valve, have no effect on the system and are
compensated for by the thermostatic expansion valve.

On the calculator used (a Hewlett-Packard 9830) the program running time
was long and consequently the tolerances, placed on the results from iterative
procedures, were large. The calculation of condensing temperature, as giving a

minimum specific enthalpy at the exit from the condenser, suffers particularly.

RESULTS FROM THE MODEL OF THE REFRIGERATION SYSTEM

In all cases, the climatic conditions are taken as an ambient temperature

and relative humidity of 45°C and 50% respectively. With an evaporator dry air
2

mass flow rate of 0.15 kg/s, as measured by the car manufacturer, the design

refrigeration load is then 16.89 kW.

The Present System

The refrigeration and compressor loads are plotted against engine speed at
idle on graph 8.1 and against road speed on graph 8.2. The resulting refrigeration
system temperatures and pressures are plotted on graphs 8.3 to 8.6 inclusive. At

idle the compressor safety valve exhausts the system at an engine speed greater
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than 3400 rev/min, in the climatic conditions considered. The exact speed has not
been calculated but is certainly outside the range of normal idling conditions.
Under no driving conditions does the system pressure reach the set pressure of the
safety valve.

In the climatic conditions considered, the design refrigeration load is never
achieved and consequently the compressor clutch is never disengaged. The
refrigeration load is limited by the rate of displacement of the compressor. This
rate of displacement of the compressor may be increased, by increasing the pulley
ratio or the displacement, but would result in an increased compressor load and
engine brake load. The compressor load at idle, as a fraction of the maximum
brake load which the engine can achieve, has been plotted on graph 8.7.
Increasing the rate of displacement of the compressor, at a given idle speed,
would increase this fraction and may result in the engine stalling under extreme
climatic conditions.

The refrigeration load may also be increased by increasing the condenser air
mass capacity rate and/or the condenser conductance and/or the evaporator
conductance. Results from the model, at the present idle speed of 750 rev/min,
indicate that an infinite air mass capacity rate and heat transfer coefficient,
giving a condenser outlet temperature equal to that of the ambient air, would
increase the refrigeration load by only 4%. Further work may show the influence
of condenser air mass capacity rate on the compressor load. The condenser air
mass capacity rate at idle may only be increased at the expense of increased fan
noise and brake power consumption, unless an improved fan were fitted, the
condenser face area increased, or a condenser and/or radiator having lower air
side pressure drops but similar conductances used. From the volume/pressure
characteristics of the fan, plotted on graph 4.13, the maximum improvement in
the condenser air mass capacity rate that might be achieved by reducing pressure
drops, without increasing the fan speed, is 32%. An increase in the condenser face

area may require modifications to the body and aesthetic appearance of the car.
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The influence of condenser fin and tube geometry, at the present idle speed
of 750 rev/min, on the refrigeration and compressor loads, is shown on graph 8.8,
on system pressures on graph 8.9, and on the condenser air side Reynolds number
on graph 8.10. Little improvement can be made to the refrigeration or
compressor loads without reducing the air side Reynolds number to the critical,
unless the air velocity is increased at the expense of increased fan power
consumption and noise. Condenser cost may be assumed to be a strong function of
the number of tubes and a weaker function of the fin pitch. Cost reduction is
limited by an increase in system pressure, and the compressor safety valve
blowing off.

The fuel consumption, attributable to the refrigeration system, has been
plotted against engine speed at idle on graph 8.11 and against road speed on graph
8.12. This may be reduced by reducing the compressor load. As stated above the
isentropic efficiency of the compressor has a strong influence on compressor load
but little influence on the refrigeration load. Compressor load has been plotted on
graph B.13 against isentropic efficiency at the present idle speed of 750 rev/min.
The maximum reduction in compressor load, resulting from isentropic compression
is 36%. A similar reduction in fuel consumption attributable to the refrigeration
system would also result. The isentropic efficiency, being reduced by pressure
losses at the inlet and exhaust valves, would be improved by using a vane
compressor not requiring these valves.

Savings in the fuel consumption are unlikely to result from changes in the
condenser fin and tube geometry for the reasons mentioned above. The influence
of an increased condenser air mass capacity rate on the compressor load and
hence fuel consumption, might be profitably studied using the model, particularly
if an improved fan design is developed. An increase in fan speed will produce an
increase in the air mass capacity rate and a reduced compressor load but at the
expense of an increased fan power consumption. An optimum fan speed may be

found using the model but may result in an intolerable noise level. Furthermore,
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this optimum would depend on the climatic conditions and a thermostatic fan
speed control system be required, to take account of varying ambient
temperature.

Cooling system temperatures have been plotted against engine speed at idle
on graph 8.14 and against road speed on graph 8.15. Boiling of the coolant
apparently does not occur under normal steady state driving conditions, high
engine speeds at idle and in first gear being very unusual. In considering
modifications to the refrigeration system, which may increase the compressor
load or the radiator air on temperature resulting from an increased condenser
load, the effect on the cooling system should be considered.

Comparison of graphs 8.14 and 8.15 with graphs 7.1 and 7.3 indicates that
the cooling system of the non air-conditioned car has a cooling capacity greater
than required. Cost and fuel consumption savings may result from the reduction

of fan size and/or speed and radiator face area and/or geometry.

The Use of Refrigerant R22

In order that R22 may be used in the vapour compression system, resulting in
a reduction in sizes of compressor and connecting pipework owing to the improved
latent enthalpy of evaporation per unit volume, the condensing temperature may
need to be reduced. This temperature may be reduced, without influencing the
refrigeration load, by an increase in the condenser air mass capacity rate and/or
an increase in the isentropic efficiency of compression, as discussed above for the
present system using R12.

The increase in latent enthalpy of evaporation per unit volume of R22 over
R12, results in the need for a reduction of compressor displacement rate of 42%,
calculated on the basis of an infinite condenser air mass capacity rate, an infinite
condenser conductance, and a decrease in the compressor pulley ratio.

The influence of condenser geometry on condensing pressure is shown on

graph 8.16 for the present system using R22. The safety valve blow off pressure
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has been taken at the same reduced pressure (as a fraction of the critical) as for
R12 with the present system. The compressor displacement rate is decreased, by
42% by decreasing the compressor pulley ratio, and increased volumetric and
isentropic efficiencies are implied. Apparently R22 may be used with the present
system with a decreased compressor pulley ratio if the condenser geometry is
changed. The model of the system, with the tolerances placed on iterative
procedures has only a limited accuracy for calculation of condensing pressure.
The use of a larger calculator or a computer and smaller tolerances are

recommended for a further study.

The Absorption System Using Refrigerant R22

The method of producing the pressure difference in the absorption system is
likely to produce higher condenser loads, and hence temperatures and pressures,
than produced in the vapour compression system. The difficulty of using R22 in
the vapour compression system is likely therefore to be worsened in the absorption
system and may prevent its use.

Graphs 8.17 and 8.18 show the refrigeration loads available, using the
absorption system, against engine speed at idle and road speed respectively. The
results are based upon the maximum heat transfer to the generator, at a
temperature of 1770(3, from the exhaust gases, and a coefficient of performance
of 0.59 as found by Sim?s7 et al. Comparison with graphs 8.1 and 8.2 shows that the
enthalpy of the exhaust gas, at the temperature of the generator of 177°C, is
sufficient to provide a competitive refrigeration load at high engine speeds. At
low engine speeds a similar refrigeration load is not available, the reduced load at
the present idle speed of 750 rev/min being a particular disadvantage.

The potential fuel saving, by utilisation of absorption refrigeration, is as

plotted on graphs 8.11 and 8.12.
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CONCLUSIONS AND RECOMMENDATIONS

The advantage of cooling an engine through the medium of fluidised
particles may be that the engine can be run at an optimum temperature, as for an
air cooled engine, but with attenuation of noise by the particles.

A fluidised bed, as either an exhaust thermal reactor or catalyst support,
would have advantages over conventional systems but for the practical problems
of installing such systems in a car. A possibility is to use a bed of particles such
that it is fluidised at idle and fixed at higher engine speeds.

Because of the interrelationships between the engine, the engine cooling
system and the air-conditioning system a study of any one of these topics
necessitates the inclusion of the other two. A mathematical model and the use of
a digital computer have been found essential to this end.

The mass and energy transfers to and from the engine may usefully be
expressed as functions of engine speed and brake power.

To obtain a model for the purpose of predicting air velocities through the
condenser and radiator under any conditions, a hot wire anemometer has been
developed and found suitable, and an improved version suggested for studies of
velocity distribution.

In studying the condenser and radiator, discontinuities in the relationships
between friction factor and air side Reynolds number were observed. These have
the characteristics of laminar flow breakdown.

For the calculation of fluid temperatures at the inlets and outlets of the
condenser and radiator, the assumption of fluid mixing on the coolant and
refrigerant sides simplifies the computation considerably. The condenser may be
considered as three separate cross flow heat exchangers responsible for cooling of
superheated gas, condensation of vapour,and sub cooling of liquid.

The efficiency and ratios, required for a steplessly variable transmission, to

compete with the present manual fixed ratio transmission on the bases of fuel
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consumption and acceleration, have been calculated at varying road speed. An
overall minimum efficiency of 75% is proposed but higher efficiency at high road
speeds is desirable and a lower efficiency at low road speeds acceptable. The use
of such a transmission may result in a smaller radiator being sufficient, but a
transmission cooling system is necessary.

The engine cooling fan has an influence on fuel consumption, the air-
conditioning compressor load (and fuel consumption penalty) and on the cooling
system performance and cost. The present fan, although designed as an axial flow
fan, acts as a paddle bladed centrifugal fan. The development of a more efficient
mixed flow fan would give improvements to the fuel consumption and the
refrigeration system, and enable a cost reduction of the engine cooling system to
be attained. The viscous coupling used in the power transmission to the cooling
fan has a great influence on the power consumption of that fan at high engine
speeds, and is more cost effective than would be an electric or hydraulic
transmission. A fuel consumption reduction would be obtained by the use of a
viscous coupling having a mechanical governor. The effect on coolant
temperatures of the non air-conditioned version of the car would be negligible
under normal driving conditions.

In comparison with the air-conditioned version of the car, the performance
of the cooling system of the non air-conditioned car is greater than necessary and
may be reduced to give a cost reduction.

The overall cost of the radiator and coolant pump may be optimised, a larger
pump capacity resulting in a higher radiator coolant side heat transfer coefficient
to compensate for a reduction in the air side surface area.

The influence of a mixture of water and antifreeze on the performance of
the cooling system is to promote higher coolant temperatures than if water is
used, owing to the reduced coolant side heat transfer coefficient in the radiator.
This is partially compensated for by the higher saturation temperature of the

mixture at the same pressure.




186

The refrigeration load available from the present system is probably limited
by the power consumption of the compressor at idle. This may be reduced by an
increase in the condenser air velocity or an increase in the isentropic efficiency of
the compressor, and potentially either the fuel consumption may be reduced
and/or the refrigeration load increased. To this end, the use of a vane compressor
having a potentially higher isentropic efficiency is recommended.

An increase in cooling fan speed will result in an increase in the power
consumption of the fan but a decrease in the power consumption of the
compressor. Optimisation of the fan speed to reduce the total power consumption
is possible but is dependent on climatic conditions. A thermostatically controlled
fan drive may be advantageous.

The use of refrigerant R22 instead of R12 would provide a cost saving and/or
an increase in the refrigeration load and/or a reduction in fuel consumption and is
considered safe for use in the present system. An increased condenser air flow
rate is necessary for its use but may be provided by modifications, as
recommended above, to the engine cooling fan.

For motor car air-conditioning using an absorption cycle, refrigerant R22
and dimethyl ether of tetraethylene glycol as an absorbent have the highest
potential of known combinations. The condenser air velocity would need to be
increased above that required for R22 in a vapour compression system, owing to
the lower coefficient of performance. There is a potential fuel saving but a
reduced refrigeration load has to be accepted at idle. An optimum generator
temperature may exist, giving the highest refrigeration load at idle, the
coefficient of performance theoretically increasing with generator temperature

but the heat energy transferable from the exhaust gas decreasing.



187

RECOMMENDATIONS FOR FURTHER WORK

Experimental test data under steady state conditions of operation should be
gathered, pertaining to radiator and condenser air velocities, the engine, the
engine cooling system, and the refrigeration system, to examine the authenticity
of the results from the models.

The steady state models of the engine cooling system and vapour
compression refrigeration system may be improved, given more complete data on
the radiator and condenser air side j and f factors, especially at low face
velocities. The dependence of j and f factors on non dimensional ratios other than
the ratio of mean passage diameter to passage length might be considered. The
critical Reynolds numbers should also be examined for a range of condensers and
radiators and their dependence on geometrical ratios considered.

The radiator air velocity should be measured to give more complete data on
the influence of the relative position of the condenser, radiator, and engine
cooling fan.

The influence of thermostat opening on engine coolant flow rate might be
studied.

Experimental data relating the compressor isentropic and volumetric
efficiencies to compressor speed, pressure ratio and temperature should be
gathered with a view to modelling of these parameters, and improving the model
of the refrigeration system.

To extend the models to unsteady state, a first step may be to use a driving
cycle representative of the use of the vehicle and study the resulting fuel
consumption, assuming that the steady state model is applicable. The overall fuel
consumption over this cycle may be optimised, and also the required efficiency of
a steplessly variable transmission, to compete with the present system on the
basis of fuel consumption, calculated. To obtain a true unsteady state model,
transient heat transfer data is required on the engine, the radiator, the condenser,

the evaporator and the compressor. The most important of these are the engine
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and the evaporator.

If the absorption system is considered worthy of further study, in view of the
reduced refrigeration load at idle, then the cycle should be modelled and the
influence of generator temperature on refrigeration load studied. An optimum
generator temperature may exist but may be above the range of temperatures for
which stability data is available on the fluids considered. Hence experimental

data on the stability may be required.
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THE HOT WIRE ANEMOMETER USED FOR THE MEASUREMENT

OF THE RADIATOR/CONDENSER AIR VELOCITY (IN SITU)

THE SELECTION OF A SUITABLE METHOD

The device used for the measurement of this air velocity must fulfil the
following requirements:

a) It must fit into the very limited space either in front of the condenser
or behind the radiator.

b) It must be capable of operating in the environment of a moving car
(i.e. it must be insensitive to vibration and changes in level).

c)  The pressure drop due to the instrument should be insignificant.

d)  The reading should be either the mean effective velocity over the area
of flow, or a matrix of point velocities over this area.

A hot wire anemometer was designed and developed in an attempt to fulfil

these requirements.

DESIGN AND CONSTRUCTION OF THE HOT WIRE ANEMOMETER

A circuit diagram and pictorial drawing of the anemometer are shown on
figures Al.l and Al.2 and a photograph on plate Al.l.

The active element consists of a 3.386m length of 30 s.w.g. nickel wire, the
purity of this wire conforming to Henry Wiggin and Company's specification NZO%.
The wire is silver soldered to 6.3mm diameter copper terminals at each end, and
passes through lmm diameter drilled holes in similar copper studs at the turning
points. The result is that 3.328m of the wire is exposed to the air flow. The
balancing resistance consists of a 0.818m length of 0.9mm diameter constantan
wire manufactured by Tempco Limited. This wire is also silver soldered to 6.3mm
diameter copper studs. Both of the wires are tensioned by coil springs acting on
the bottom row of studs, the tension being just sufficient to keep the wires taut.

The wire lengths were measured against a steel tape and the diameters measured
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at 15cm intervals using a travelling microscope. Both the R.M.S. and arithmetic
mean diameters were calculated for subsequent use.

The wires complete with studs and connectors were removed from the
condenser and mounted into a framework to fit into a temperature calibration
bath produced by N. H. Irving and Son to a design of the National Physical
Laboratory. Each wire in turn was connected to a wheatstone bridge
manufactured by Pye Instruments which was used with an external galvanometer
of the same make. The temperature of the silicone oil used in the bath was read
from thermometers calibrated by the National Physical Laboratory.

No change in the resistance of the constantan wire was noted over a
temperature range of 20 to 180°C.

The resistance of the nickel wire was plotted against temperature and a
quadratic found to give an excellent least squares fit. Using this function the
resistances at 20°C and 100°C were calculated for subsequent use. Kncwing the
resistances Rl and R2 in fig. Al.2, the resistances F{3 and Ra were calculated by

the relationship:

A
A

1 3 Al.l

M~

A precision 10 turn potentiometer provides the resistances F{3 and R&‘ The
resistance of this potentiometer was chosen to be high (20 k2 ) relative to the
nickel and constantan wires, to minimise errors due to the connecting wires but
low in relation to the impedance of the digital voltmeter (10 MQ ). The
potentiometer has a temperature coeficient of 2 x IU-S/K and was marketed by
R.S. Components. |

The setting of this potentiometer was achieved using the 'Pye' wheatstone
bridge.

The digital voltmeter used with the device was manufactured by the

Solartron Electronic group (model number A200). The tolerance of this instrument

is stated as +0.005% on all ranges, except the lowest (10 mV) where this figure is
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increased to +0.01%. The rangeis 1 WV to 1.2 kV.

The thermocouple, mounted on the condenser for the measurement of air
temperature, is of chromel-alumel, with an ice cold junction.

To ensure a pure d.c. power supply, 1Z volt lead-acid accumulators were

used, the potential being adjusted via a series potentiometer.

ANALYSIS OF ERRORS ARISING FROM NON-UNIFORM VELOCITY

DISTRIBUTIONS

Accuracy of the anemometer is reliant on its ability to read a mean
effective velocity in a non-uniform velocity distribution. For the purpose of this
analysis, the effective mean velocity is taken to be that velocity which produces
an identical heat transfer coefficient over a surface for which the heat transfer
coefficient varies as velocity to the power of 0.6.

For this analysis the rate of heat transfer from the wire was calculated from

82
an equation, developed by L.V. King which reduces to:

¢ = B[k+@T Qe k dl] Al.2
Noting that q' = IZR' and using non-dimensional terms:
s A~ z=1+x¢i _ Al.3
' ——— e ——
Rm )
where:
200
B RS Al.4
-
= Al.5
X=f2%X QchUm
k
and ¢ = U Al.6
U
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A linear variation of wire resistance with wire temperature is used, the
resistances at 20°C and 100°C (the ambient and mean wire temperatures

respectively) being as calculated from the fitted quadratic.

Hence:
B s afilTeD Al.7
Rm
where B = « 8 & Al.8
and T = 8/g Al.9
m

Combining Al.3 and Al.7:

T = z (1-f3) Al.10
1-8z + X ¢ §
By definition of mean \{vire temperature:
where 7] is the displacement as a fraction of the semi length.
Hence: 1
RGeS Al.12
1-fBz+ X ¢i
(@)
%
1=22(1-f3) 1- 1-f3z (dn)dtb* Al.13
X 1-0z+ X¢ $ dg
%,

Since the actual velocity distribution is not known, a linear distribution is

assumed and described as:

¢ = 2 x N + 1) Al.l4
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The factor x describes the non-uniformity of the velocity distribution such that:

X = maximum velocity 1

Al.15
minimum velocity
Bx3x = q&,* -qbo* -(-B2n| 1-Bz+x ¢} Al.16
z (1-B)x + 2) l-/32+>(¢0i
where:
@, =_2_ whenn= O Al.17
X+ 2
and:
¢1=2(x+l) when N = 1 Al.18
X+ 2

This equation may be solved numerically to give X as a function of z.
In a uniform velocity distribution @ =1land T =1 and equation Al.3
reduces to:
X=z-1 Al.19
which was used to calculate the apparent velocity measured by the device in such
a non-uniform velocity distribution and hence to calculate the error defined as:

% error = U apparent - U effective x 100 Al.20
U effective

A plot of % error against the ratio of maximum to minimum velocity under
these conditions is shown on graph Al.l.

Clearly in a non-uniform velocity distribution the wire temperature varies
along the wire and there is a danger of the wire oxidising or melting at local hot
spots. To study this possibility the temperature distribution along the wire was
plotted at varying velocity ratios and varying velocity on graphs Al.2 and Al.3
using equation Al.10. Similarly the maximum wire temperature has been plotted

against velocity ratio at various velocities and is shown on graph Al.4. Under the
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expected conditions of operation the maximum wire temperature may not be

expected to reach damagingly high levels.

CALIBRATION

Calibration of such an anemometer should be under conditions of uniform
velocity. The provision of a uniform velocity over an area as large as the
condenser is difficult and hence a small anemometer, using wire from the same
spool was constructed. This anemometer is illustrated on figure Al.4 and the
circuit diagram, basically similar to that of the larger anemometer is shown on
figure Al.3. Photographs of the calibration anemometer and equipment are on
plates Al.2 and Al.3. Construction and temperature calibration methods were
identical to those used for the condenser anemometer.

&
Kings equation, used in the error analysis above, reduces to:

Nu = 1 + 2 Re Pr Al.21
T ny

Relationships for the heat transfer by forced convection from a heated
cylinder are usually quoted in the form
Nu = f (Re, Pr) Al.22
For air, over the temperature range under consideration, the Prandtl number is
very nearly constant and the relationship reduces to:
Nu = f (Re) Al.23
Both Hilpegat, and Collis and Wi.lliar:;, suggest that the ratio between the absolute
temperatures of the wire and free steam forms a further relevent parameter, but
this is omitted here since the temperatures may be expected to remain fairly
constant.
The effect of upstream turbulence is a further factor which has been
discussed in several publications but this is generally in the context of heat

85
transfer to boiler tubes. Kestin suggests that the Nusselt number is a function of
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the turbulence defined as the ratio:
ORI
Tu = (W2 AL.24

Uss
i.e. the ratio of the time R.M.S. velocity perpendicular to the direction of flow, to
the mean velocity in the direction of flow. He also suggests that some parameter
should be included to take into account the scale of the turbulence, this being
large in the case of a hot wire anemometer.

As an alternative to a measure of the scale of turbulence the flow may be
more fully described by quoting the percentage turbulence as defined above, and
also the Strouhal number, defined by Schlichtif":sg as:

S=nd Al.25
u
where n is the frequency of the turbulence, d is a representative length (in this
case the wire diameter) and U is the free stream velocity. This parameter is used
in studies of vortex shedding, but in this case it is suggested that n should be the
time average frequency of the upstream turbulence.

Heat transfer from the wire may then be more fully described by the

relationship:
Nu = f (Re, Tu, S) Al.26
No work has been carried out to substantiate this but the work of Comilj:?gs
illustrates the effect of increasing turbulence on the Nusselt number. In this work
the intensity of turbulence was calculated from the apparent change of
conductivity of the airstream, after the method used by Schauba%r and described
by Drydear?\. It was shown that at low levels of turbulence the rate of change of
Nusselt number was high compared with higher levels of turbulence where the
Nusselt number appears to be asymptotic to a finite value. The results from

87
Comings work have been plotted on graph Al.5. Unfortunately the diameter of

the body used was large compared with the hot wire anemometer, resulting in a
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Reynolds number of 5800. At lower values of Reynolds number (down to 410)
Comin;' work showed that the influence of turbulence was less.

The location of the hot wire anémometer in the car is such that turbulent
flow is produced upstream by the radiator grill. In view of this and the evidence
of Comings, calibration of the anemometer was carried out in turbulent flow
conditions. The anemometer was placed 25mm inside the open end of a 100mm
diameter pipe. Air was blown out of this pipe by two d.c. electric centrifugal fans
3m upstream. The velocity of the airflow was adjusted by varying the voltage
applied to the fans, the voltage being infinitely variable over the range of
operation. The range of air velocities used was from 0.836 to 20.2 m/s resuiting in
Reynolds numbers, based on the pipe diameter of 5,500 to 127,000 respectively.

The standard used for measurement of the air velocity in the region of the
wire was a pitot-static tube, made to B.S. 1042 (Pal?g 2) by Airflow Developments.
The kinetic head from the pitot static tube was measured using a Chattock
manometer, manufactured by Cassela, at low velocities and an inclined
manometer, manufactured by Airflow Developments, at high velocities. The
results noted in the laboratory are shown on table Al.l. The pitot-static tube was
also used to measure the distribution across the diameter of the pipe. It was
found that the velocity was uniform to within 15mm of the pipe walls.

Calculation of Reynolds and Nusselt numbers for the wire requires values of
the properties of air. The effective mean temperature at which these properties
should be calculated must lie between the upstream air temperature and the wire
temperature. The arithmetic mean temperature was used as did Hilpesgt, and
Collis and Williar?uas.

The heat dissipated from the wire may be calculated from the measured
potential across the wire and the known resistance, but this includes heat radiated
to the surroundings and conducted to the end connections. Heat transferred by
radiation was estimated to constitute less than 1% of the total dissipated, and

would be of the same order for both the calibration and large anemometers. Heat
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transferred by natural convection would also be of the same order for both

anemometers since the angle of inclination for each was the same, and from the

84
work of Collis and Williams, would be negligible at Reynolds numbers considered

here. The proportion of the heat dissipated by conduction to the end supports is

not common to both devices but was taken into account as follows. The

assumptions made are:

a)

b)

c)

d)

The variation of resistance of the wire with temperature is linear, the
coefficient of resistance at the mean temperature of the wire (which
is the same for both anemometers) being such that the resistance of
the wires is as predicted at 20°C and 100°C.

The end connections are at the same temperature as the air stream.
This assumption is made on the basis that they are of copper with no
internal generation and having a surface area per unit length, and cross
section much larger than those of the wire.

The convective heat transfer coefficient does not vary with
temperature. From the relationships published by Collis and Williar?fs
for heat transfer from a wire, the effect of a wire temperature change
from 20°C to 120°C results in a change in heat transfer coefficient of
less than 2%.

The conductivity of the nickel wire does not vary with temperature.
The variation is in fact small over the temperature range in question
and the value used was at ZDOC, i.e. approximately the lowest
temperature and hence the temperature at which the temperature

81
gradient is greatest. This data was from Henry Wiggin & Co.
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L
nil
U
Wire temperature = 8
relative to ambient
Mean Wire temperature = em
g" = I’R' - 2h8 Al.27
T[I‘Z r
2 T 2
= IR (1-a8) - - R 8 Krios
‘J'l.'r2 r Tfrz
2
d8 +q" = 0 Al.29
a? o«
w
oadtr gl ¥ e g AL.30
2
dn K 8 o
dr & PRLE. a-p) -] ae? - PR _AL? |7 =0 AL3L
2 2 2
dn Tk, 8 o e  Nr kwgm
dr - M*T + N =0 Al.32
dn 2
given the boundary conditions when n =0 , T=20 Al.33
andwhen n =1 ,dT =0 Al.34
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the solution becomes T = N l-coshM(1-1) Al.35
V4 M

Integrating the latter equation: |

I
f’t’dn % 1 = M. [l-coshM(l-n) dn Al.36

° M2 cosh M
=]

o‘a 1 = N l i tanh M Al.:a?
MZ

M

This equation was solved numerically to give h and hence Nu using the
experimental data from the calibration anemometer, and subsequently for the

condenser anemometer.

ME = L8 [2711!3'1-/32] Al.38
‘l'fr2

and N = L% z(1-f3) A1.39
Tr

For an infinitely long wire (i.e. at uniform temperature equal to 8 m)

T=1 Al.40
and M2 = N Al.41
hence Bi = =z Al.42

27T

Values of Bi are shown on table Al.2 against z for various ratios of length to
diameter for a nickel wire as used. This table shows the influence of this aspect
ratio on calibration. This is also shown by the graphs of wire distribution for the
calibration anemometer and each span of the larger anemometer, plotted from
equation Al.35 and shown on graphs Al.6 and Al.7.

Using equation Al.47 values of Nusselt number and Reynolds number for
each velocity reading were calculated and unconventionally plotted as Reynolds
number against Nusselt number to give the former explicitly as a function of the

latter. A cubic was found to give an excellent least squares fit. This plot is
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shown on graph Al.8 and tabulated values of Reynolds number, Nusselt number,

velocity, and heat transfer coeficient are given on table Al.3.

COMPARISON OF NUSSELT NUMBER REYNOLDS NUMBER DATA WITH

PREVIOUSLY PUBLISHED WORK

Plots of Nusselt number against Reynolds number for comparison with the
equations given by Kinagz, McAdans'nss, Hilpe;.'at,, and Collis and Williar?':'s are shown on
graphs Al.9, Al.10 and Al.11l. Comparison on the same graph is made difficult by
the different authors' choice of representative tempt.arature for calculation of
fluid properties. i'(inag2 used the upstream air temperature, McAdamsi used the
arithmetic mean temperature for all properties except density which is at the
upstream air temperature, and Hilpe:?., and Collis and Willian:; used the arithmetic
mean temperature as used here. For the purpose of this comparison Nusselt
numbers and Reynolds numbers have been recalculated, and an equation of the
form:

Nu=A +BRe" Al.43
fitted to the data by the method of least squares.

The resulting values of the constants are given with the results of these
other workers, and the deviations of their equations from the fitted equations at
either end of the range of Reynolds number on table Al.4.

The major difference between the methods used by these other workers and
here is that this anemometer was purposely calibrated in turbulent flow, while the
others used equipment designed to produce laminar flow. The result is an
increased Nusselt number at a given Reynolds number, as predicted from the work
of Coming. It is suggested that the discrepancies between the results of these
workers is due to the very low levels of turbulence attained and that at these
levels the rate of change of Nusselt number with turbulence is high.

The effect of upstream turbulence on the Nusselt number Reynolds number

relationship is not clear, probably because of the difficulty, in experimental work,
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of producing and measuring the required levels of turbulence. More data is needed

in order to develop a better understanding in this field of heat transfer.

SUGCESTIONS FOR A MORE ACCURATE DEVICE GIVING A MATRIX OF

POINT VELOCITIES OVER THE AREA OF FLOW

The device used was designed to give a mean velocity over the area of flow,
but a similar device ‘might be used for measurement of velocity distribution,
giving a matrix of velocities over the area of flow. A sketch of such a device and
a circuit diagram are shown on figures Al.5 and Al.6. This instrument would
replace a matrix of separate hot wire anemometers over the area of flow and have
the advantage of needing only one power supply and balancing system. The power
supply in the diagram is a stabilised unit, the output being controlled by feedback
from the wheatstone bridge. By setting the total resistance of the elements in
series and measuring the total potential across them the current may be
calculated. Measurement of the potential across each individual element enables
the resistance of, and power dissipation from, each element to be calculated. By
using the equation developed for compensation of end losses by conduction, and a
calibration equation relating Nusselt number and Reynolds number the velocity
over each element may be computed. An added refinement to enable readings to
be made quickly and easily is the use of an automatic scanning switch and data
logging device, which outputs the voltage readings onto punched tape for input to
a digital computer. Such a system would enable readings to be taken quickly,
reducing errors due to time variations in the velocity.

In computing velocity using this device the output could give the velocity
distribution over the area and calculate accurately the mean effective heat
transfer velocity. A suggested application is for use in developing motor car

cooling fans and cowls, and studying the influence of grill design on air flow.
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FIGURE Al1.2
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FIGURE Al1.3
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FIGURE Al.4

CONSTRUCTION OF THE CALIBRATION ANEMOMETER HEAD
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FIGURE Al.6
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EXPERIMENTAL DATA FOR CALIBRATION

PT TEMP (C) VOLTAGE (v) HEAD (mmH20) PATTMOS (mmHg)
1 20.8 0.1840 0.0424 750.50
2 20.3 0.1922 0.0787 724.30
3 20.1 0.1967 0.1130 724.30
4 20.6 0.2100 0.2530 750.50
5 20.8 0.2305 0.6220 750.50
6 20.8 0.2430 1.0800 750.50
7 20.8 0.2518 1.5500 750.50
8 19.8 0.2575 1.7970 724.30
9 19.6 0.2682 2.4110 750.50

10 19.8 0.2690 2.4700 724.30

11 19.6 0.2735 2.9190 750.50

12 19.8 0.2760 3.2790- 724,30

13 19.8 0.2790 3.9100 750.50

14 19.6 0.2880 5.0190 724.30

15 19.6 0.2940 5.9400 724,30

16 19.6 0.2993 o T a1 590 724.30

17 19.8 0.3063 8.6000 724,30

18 19.8 0.3120 10.0500 724.30

19 20.1 0.3173 11.9100 - 724.30

20 20.6 0.3216 13.7000 724.30

21 20.6 0.3243 15.3000 724.30

22 20.6 0.3284 17.3800 724,30

23 2hs L 0.3317 19.4500 724.30

24 20.8 0.3356 21.8500 724,30

25 21.3 0.3285 23.9000 724, 30

TABLE Al.1
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CALCULATION OF REYNOLDS NO & NUSSELT NO:-FOR CALIBRATION

REYNOLDS NO
10.0787
13.4949
16.1730
24.6237
38.6027
50.85668
60.9381
64.5106
76.0750
75.6320
83.7068
87.1421
96.8638

107.3291
117.3061
128.7815
141.1258
152, 5598
166.0381
178.0069
188.1145
200.4941
212.0127
224.7670
234.9303

TABLE Al1.3

NUSSELT NO
2.3723
2.6158
2.7560
3.2323
4,0116
4,5192
4,8937
5.0811
5.5478
55973
5.7927
5.9243
6.0668
6.4888
6.7879
7.0576
7.4393
7.7429
8.0593
8.3470
8.4990
8.7324
8.9762
9.1716
9.3991

U(m/s)
0.8367
1.1593
1.3887
2.0431
3.2047
4,2228
5.0589
5.5349
6.2960
6.4891
6.9276
7.4767
8.0207
9,2468
10.0595
11.0436
12.1084
13.0894
14,2569

. 15.3044

16.1734
17.2377
18,2516
19.3346
20,2393

H(W/m"2K)
296.6606
326.8948
344, 3264
404.1025
501.6565
565.1395
511.9711
634.5822
92,6815
699.1267
723.2620
739.8798
757.6852
810.1693
847.5217
881.1941
929,0923
967.0153
1006.9203

1043.5416 .

1062.5442
1091.7201
1122,.9296
1146.9300
1176. 1406
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EXPERIMENTAL AND CALCULATED DATA

RELATING TO THE HEAT REJECTION SYSTEM
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TABLE A2.1

CATA FOR CALCULATION OF VELOCITY

PT CEAR VOLTAGE TEMPERATURE ICNITION PATTMOS

deg.C CCUNT mm(Hg)
i 0 20.67 21.5 286 758.18
2 0 22.26 21.8 377 758.18
3 0 23.85 225 514 758.18
4 0 25.14 22,3 636 758.18
5 0 26.18 22,3 741 158.18
6 0 w1 21.8 876 758.18
7 0 20.67 22.8 303 758.18
8 0 22.14 22.3 390 758.18
9 0 23.80 2258 518 758.18
10 0 25.13 22,8 690 758.18
3 4 0 27.08 23.3 8§71 758.18
12 0 20. 82 21.6 310 758.18
13 0 22.40 20.3 407 758.18
14 0 23.48 2143 502 758.18
15 0 24.97 S 633 758.18
16 0 26.16 20.8 750 758.18
i7 0 Ay 1N 1 20.6 879 758.18
‘N.B Car Stationary

Viscous Coupling Locked
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TABLE A2.2

DATA FCR CALCULATION OF VELCCITY

PT GEAR VOLTAGE TEMPERATURE IGNITION PATTMOS

deg.C CCUNT mm(Hg)

1 3 24,08 9.0 611 754,35
2 z 25.88 8.0 1136 754.35
3 3 26.26 8.2 901 7154, 35
4 3 27.81 8.7 1073 154,35
5 3 29.44 8.2 1222 194.35
6 3 29,682 9.0 1363 754, 35
7 4 30.01 B 1095 754,35
8 4 05T 2 9.5 1164 754.35
9 4 32.20 B2 1289 754. 35
10 4 32.48 90 1408 754. 35
11 4 33.10 Bl 1502 754,35
12 4 33.46 8.7 1602 754,35
13 “ 33.95 8.7 1728 754,35
14 5 35.07 Baid 1533 154,35
15 5 45.38 8.7 1609 754. 35
16 2 25,33 T 912 194535
17 2 26.62 1«7 1120 754. 35
18 2 217.30 8.2 1362 754.35
19 2 28 35 Twid 1591 754, 35
20 3 28.84 8.2 1202 754,35
3 3 29,172 8.2 1370 754.35
22 3 30,33 0.3 1512 754.35
23 B 31,45 Ted 1206 754,35
24 4 32.16 8.2 1293 754,35
25 4 32.80 8.2 1409 754, 35
26 4 32.41 8.0 1512 754, 35
27 4 34.47 8.2 1706 754.35
28 4 34.01 842 1881 754,35
29 & 35,09 B.5 2200 154.35
30 5 35.55 5.0 1616 754,35
31 2 24,75 82 940 754.35
32 2 24,97 7.4 1132 754, 35
33 2 26.35 8.0 13777 154, 35
34 2 28.05 8.2 1615 754,35
35 2 28.48 8.0 1796 794435
36 3 29.57 8.0 1360 754. 35
37 o 30.12 8.0 1515 754835
38 3 3091 FiT) 1672 754,35
3¢ 4 31.45 y = 1294 754,35

N.B. Fan Removed

Cont.



DATA FOR CALCULATION OF VELCCITY

PT

40
41
42
43
44
45
46
47
48
49
50
51
52
.. 53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

GEAR VOLTAGE

U s B B B B W W WD NDUTE R E B BB R WL WM NN N WL B BB

32.30
32.75
33.22
33+75
34.79
35.10
25,04
25.57
27.06
2795
28.49
29, 86
30.44

32.36
32.74
33.34
33.40
34.28
34.53
34.98
25.42
26.41
27.33
28.22
29.16
29.51
30.35
31.54
32.10
32.25
32.66
33.16
34.56
35.01
35.24

230

TEMPERATURE
deqg.C
y

- L] . L] - L] - L] L] L] L] .

L] - L] - L] - °

L] L] - L] - - ™

COULCWYWWOCOOHMHFFHFAMMUOUWOONAMOOOOBRBBMHODRARAMNOOOO

(Cont.)

IGNITICN
COUNT
1413
1499
1651
1726
1842
1604
962
1132
1362
1590
1210
1361
1522
- 1200
1304
1399
1517
1610
1806
1930
1597
916
1125
1372
1596
1230
1371
1531
1210
1315
1417
1538
1634
1835
1835
1612

PATTMOS
mm(Hg)
754. 35
754,35
754.35
754,35

754,35

754. 35
754. 35
754. 35
754.35
754.35
754.35
754.35
754,35

. 754,35

754.35
754,35
754.35
754,35
754, 35
754.35
754.35
754,35
754.35
754.35
754.35
754.35
754.35
754, 35
754. 35
754,35
754, 35
754,35
754,35
754,35
754,35
754.35
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TABLE A2.3

CATA FCR CALCULATION OF VELOCITY

PT GEAR VOLTAGE TEMPERATURE ICGNITION PATTMOS
deg.C CCUNT mm(Hqg)
3 0 23.26 13:% 368 760. 85
2 0 24, 44 3.4 . 485 760. 85
3 0 25. 81 14.1 675 760. 85
4 0 26.14 15.8 774 760. 05
5 0 27.08 16.1 1050 760.85
6 0 27.26 18.3 1154 760. 85
7 0 27.58 19.8 1372 760.85
8 0 2«21 19.6 1547 760.85
9 0 27.18 20.8 1756 760. 85
10 0 27.20 22.1 1953 7606. 65
11 0 27.03 223 2053 760. 85
12 0 26.55 22.1 2260 760.85
13 0 22.28 16.1 419 76C. 85
14 0 23.15 16.1 506 760.05
15 1 OSSR 7 M NSRRI (W (SRS L. (SERGEy § ¢ L
16 0 25.21 21.1 790 760. 85
17 0 26.23 21.8 1003 760. 85
18 0 26.53 20.6 1104 760. 85
19 0 26.94 23.3 1375 760.85
20 0 26.87 24.6 1564 760. 85
2 0 26.70 23.8 1669 760. 85
22 0 26.71 24.3 1936 760. 85
23 0 26.37 24.6 2060 760. 85
24 0 25.97 253 2257 760. 85
25 0 21.70 14.3 390 760. &5
26 0 22.86 1543 474 760.85
257 0 24,41 19.1 674 760. 85
28 0 4520 20.6 850 760. 85
29 0 25%.93 22.3 1007 760. 85
30 0 26.25 23 )i o8 b 760. 85
31 0 26.59 23.8 1340 760. 85
32 0 26.79 24.3 1533 760. 865
33 0 26.58 24.6 1694 760.85
34 0 26.68 24.6 1933 760.85
35 0 26.56 24.8 2078 760.85
36 0 26.26 2943 2206 760.85
N.B. Car Stationary
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TABLE A2.4

CATA FOR CALCULATION OF VELOCITY

PT GEAR VCLTAGE TEMPERATURE IGNITION PATIMCS
deg.C COUNT mm(Ha)
1 1 24,74 6.9 491 739.55
2 1 26451 6.6 666 739. 95
3 1 27.99 el 814 739.95
4 B i 28.80 6.6 950 739,95
5 k 28521 6.9 1099 739.95
6 1 29.55 6.6 1290 739.95
7 1 29.77 6.4 1518 739.95
8 1 29.90 6.4 lel7 739. 95
9 1 30.46 7.4 1867 739.95
10 1 30.54 Tod 2027 739. 95
1 1 30551 Ted 2321 739.95
12 1 30.64 7 2041 739.95
13 L 22, B6 9.3 370 123.:95
14 1 24,17 9.5 505 723.95
15 i 25.91 7 S 675 12395
TG R 27.28 T 900> v-323:.95
17 n 2852 6.4 1053 712395
18 1 29,28 6.6 1273 2339
19 1 29.77 6.6 14384 123495
20 1 29.94 5e 2 1659 723.95
N.B First Gear
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TABLE A2.5

DATA FOR CALCULATION OF VELOCITY

GEAR VCOLTAGE TEMPERATURE ICNITICON PATTMOS

PT
deg.C CCUNT mm(Hg)
b ! 2 24,73 8.0 461 739.95
2 2 26,63 8.0 666 739,95
3 2 28.10 7.4 787 739. 95
4 2 29.28 7.4 1037 739. 95
5 2 29,861 Tk 1093 739.95
(3 2 30. 83 T.4 1292 739,95
7 2 31.20 Toll 1546 7395 95
8 2 o AN 1! L) 1667 739. 95
9 2 31.49 Tie L 1952 739.895
10 2 3237 6.9 2052 739.585
33 2 25.40 6.6 508 739.85
12 2 26.70 6.6 665 739.85
3 2 28 .34 6.6 780 739,95
14 2 29. 46 6.6 1006 739,95
il 1L 2 2991 6.6 1131 v+ w3995 .
16 2 30.50 6.6 1382 739,95
17 2 30.83 6.1 1537 739.95
18 2 31531 (S 1695 739.95
19 2 3152 6.4 1959 739,55
20 2 31.90 6.l 2026 739. 95
21 2 32.08 6.4 2212 739.95
22 2 32.07 2.9 1871 12335
23 2 31573 3ol 1637 12335
24 2 30.55 2ub 1343 723.35
25 2 30, 28 2.6 1116 T235:35
26 2 29.64 2.6 956 723.35
N.B Second Gear
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TABLE A2.6

DATA FOR CALCULATICN OF VELOCITY

PT GEAR VOLTAGE TEMPERATURE IGNITION PATIMOS

deg.C CCUNT mm(Hg)

i 3 34.70 4.6 2101 12335
2 3 34,55 4.6 1986 723535
3 3 34.50 4.4 1823 123+35
4 3 33.21 4.4 1702 J e R
S 3 32.49 del 1536 123,35
6 3 31.92 J.1 1387 123.35
7 3 31.14 3.4 1230 123: 35
8 3 30.60 3.1 1078 123,35
9 3 29.58 3ol 923 723,35
10 3 28.28 Fed 761 123,35
3 ¢ 3 28.24 259 648 T235:35
12 3 26.76 4.4 487 753.00
13 3 28.99 4.1 647 753. 00
14 3 29.40 4.1 776 753500
15 x B 30.48 4.4 1027 753..00
16 3 32.06 ol 1162 753.00
L7 3 32.99 4.1 1279 753.00
18 3 33574 4.6 1563 753.00
19 3 33655 S5e.0 1657 753.00
20 3 33597 4.6 2028 753.00
21 3 34.72 4.9 2121 753.00
22 3 2701 4.6 462 753.00
23 3 28.70 4.4 675 153,00
24 3 30.12 4.4 8§11 753.00
25 3 30.43 4.6 1013 753. 00
26 3 31.12 Sed Likd2 753.00
27 3 32.95 4.9 1406 753.00
28 3 3343 4.9 1710 753.00
29 3 3332 Sl 1671 753.00
30 3 33.78 5:l 2089 753.00
31 3 34,54 4.9 2071 753.00
32 3 25,60 5.1 466 139. 95
33 3 28.09 5.4 652 789,95
34 3 28.48 5.6 802 139,95
35 3 30.66 5.6 962 739.95
36 3 3115 bel 1128 739.95
37 3 32.00 6.4 1324 739,95

N.B. Third Gear
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TABLE A2.7

DATA FOR CALCULATION OF VELCCITY

PT GEAR VOLTAGE TEMPERATURE IGNITION PATTMOS

deg.C CCUNT mm(HQ) ,
5 4 e 27.95 4.6 473 753.00
2 o 30.19 4.6 679 753.00
3 4 30.32 5.1 814 753.00
« 4 32.50 4.6 1025 753.00
2 4 32.19 4.6 1163 753.00
6 4 33.69 4.6 1374 753.00
7 - 34.75 4.6 1692 753.00
8 4 35.43 4.6 1679 753.00
9 4 36.46 4.6 2100 753.00
10 + 32.95 2.0 1196 753.00
11 8 35.25 2.9 1709 753.00
12 B 26.87 4.9 46l 753.00
13 N 29.17 4.9 634 753. 00
14 4 30.91 4.6 800 753.00
15 4 32,38 4.9 961 753.00

W el ik oy e S © 1160~ .. 753+00. -
17 “ 33.95 4.6 1334 753.00
18 4 34.56 4.1 1537 753.00
15 4 35.02 4.6 1804 753.CC
20 B 33.58 4.9 2030 753.00
21 4 36.36 4.6 2110 753.00
22 4 33.43 5.6 a1t 723.90
23 4 35.71 6.4 1668 723.90
24 - 36. 80 6.4 1911 723. 80
25 = 36.32 6.4 2164 723.9C
26 B 33.82 5.1 1289 723.35
27 “ 34.50 5.1 1497 723,35
28 - 31.36 4.4 886 723.35
29 4 30.56 4.4 668 723,35
30 4 30.27 4.4 773 723,35
31 4 31.36 4.1 952 123+.35
32 4 31.88 4.4 1090 7123.35
33 4 32.03 4.6 1210 723.35
34 B 34.60 4.6 1435 723.35

N.B. Fourth Gear
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TABLE A2.8

DATA FCR CALCULATION OF VELOCITY

PT GEAR VOLTAGE TEMPERATURE ICGNITION PATTNMOS
cdeqg.C CCUNT mm(Hg)
1 5 34.70 4.9 1268 123435
2 5 34,33 4.6 1196 723.55
3 5 33.05 4,4 1068 12355
4 5 322 4.4 1005 J23.55
5 5 31.40 4.1 927 123555
6 5 31.06 4. ) 824 12385
7 5 30. 46 4.1 732 T23:.55
8 5 30.28 4.4 644 123.55
9 5 35.50 ik 1729 723.90
10 5 36.47 6.6 1902 723.90
11 5 28. 80 4.6 478 753.00
12 5 29.61 4.9 661 753.00
13 5 31.94 4.4 740 753.00
o Ll e oD% 00 3 e F: S 74 _
15 5 33505 4.6 1127  753.00
16 5 35,04 4.4 1485 753.00
17 ) 36.08 4.4 1532 753,00
18 5 R AT 4.6 457 753. 00
19 & 30.01 4.9 654 153400
20 5 31.62 4.9 760 753.00
Z1 5 33.04 3.9 1026 753.00
22 5 33.76 4.1 1131 753,00

Fifth Gear

=
t

T S S



TABLE A2.9

CALCULATION OF AIR VELOCITY

e}
= |

Co~Jo U b W=

e el el
--JO\U-tthl—'c:-

N.B.

GEAR

cCOCCoCcococoCCoooooccocoo
%

CAR SPEED
mile/hour

CoccoOoOCCcCOCcOO0OCcCOOOO

237

ENGINE SPEED

rev/min
572.00
754,00
1028.00
b B P 91
1432.00
1752.00
606,00
780,00
1036.00
13806.00
1742.00
620.00
814.G0
1004.00
1266.00

~1500:00

1758.00

Viscous Coupling Locked

AIR VELCCITY
m/s
1.3016
1.8728
2.5568
3.2056
3.7874
4.3969
1.3527
1.8537
2.5687
3.2431
4,40647
1.3507
1.8467
2.3269
3.1002
* 336312
4.1867
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TABLE A2.10

CALCULATION OF AIR VELOCITY

PT GEAR CAR SPEED ENGINE SPEED AIR VELCCITY
mile/hour rev/min m/s
3 3 19 1222.00 1.91%7
2 2 A 2272.00 2.5633
3 3 28 1802.00 2.7381
4 3 33 2146.00 3.5114
5 3 37 2444.00 4,3836
6 3 42 2726.00 4,7021
7 4 47 2190.00 4,7937
8 4 51 2368.00 5371l
9 4 55 . 2578500 6.3353
10 4 60 2816.00 6.6872
1L 4 64 3004.00 7.1886
12 4 69 3204.00 7.5233
13 4 74 3456.00 8.0003
14 5 79 3066.00 9, 1906
e L5 5 - 83 AR e g U L U e Py gk
16 2 19 1824.00 2.3228
1.7 2 23 2240.00 2.8662
18 2 28 2724,00 3.2+79
19 2 33 3182.00 3.7162
20 3 37 2404,.00 4,0300
21 3 42 2740.00 4,.5564
22 3 46 3024.00 4,1909
23 4 52 2412.00 5.4633
24 4 55 2586.00 6.3027
25 4 60 2818.00 6.8418
26 4 65 3024.00 6.4798
27 4 73 3412.00 8.4374
28 4 81 3762.00 7.9687
29 4 94 4400.00 9.1705
30 5 83 3232.00 9.8155
a1 2 19 1880.00 2.1251
32 2 23 2264,00 2.1681
33 2 28 2754.00 e 7652
34 2 33 3230.00 35972
35 2 37 3592.00 3.8115
36 3 42 2720,00 4.4435
37 3 46 3030.00 4,7912
38 3 5 3344.00 5.2924
39 4 55 2588.00 5.6832

N.B. Fan Removed

Cont,



CALCULATION OF AIR VELOCITY (Cont.)

PT

40
41
42
43
44
45
46
47
43
49
50
51
52
53

34

35
56
57
58

9
60
6l
62
63
04
65
66
67
08
69
70
71
72
i3
74
75

GEAR

U s o B b wWW WO UE E B S BE R WWWR RN NG S B R R

CAR SPEED
mile/hour
60
64
71
74
79
82
20
23
28
33
37
42
47
51
56,
60
65
69
77
83
82
19
23
28
33
38
42
47
B2
56
6l
66
70
79
79
83

239

ENGINE SPEED

rev/min
2826.00
2998.00
3302.00
3452.00
3684.00
3208.00
1924.00
2264.00
2724.00
3180.00
2420.00
2722.00
3044.00
2400.00
2608.00

1 2798.00

3034.00
3220.00
3612.00
3860.00
3194.00
1832.00
2250.00
2744.00
3192.00
2460.00
2742.00
3062.00
2420.00

2630.00 -

2834.00
3076.00
3268.00
3670.00
3670.00
3224.00

AIR VELOCITY
m/s
6.3462
6.7678
7.1839
7.6790
87371
9.1182
2.1448
2.3484
2.9946
3.4601
3.7670
4,5638
4,9374
5.7814
6.4383

GLnee T

7.1158
7.2503
8.1475
8.4614
8.9436
2.3158
2.7238
3.1204
3.6230
4,1153
4,3208
4,8460
5.5985
6.0363
6.1947
6.5286
6.9562
8.2830
8.7537
9.0032
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TABLE A2.11

CALCULATION OF AIR VELOCITY

eT GEAR CAR SPEED ENGINE SPEED AIR VELCCITY

mile/hour rev/min m/s

i 0 0 736.00 1.8003
2 0 0 970.00 2.2435
3 0 0 1350.00 2.8975
4 0 0 1548.00 3.1860
5 0 0 2100.00 3.7073
6 0 0 2308.00 4,0205
7 0 0 2744.00 4,3786
3 0 0 3094.00 4,1227
9 0 0 3512.00 4,2315
10 0 0 3906.00 4,3894
g i 0 0 4106.00 4,3008
12 U 0 4520.00 3.9763
13 0 0 838.00 1.5960
14 0 0 1012.00 1.9076
15 0 0 1302500 2.6007
16 0 0 1580.00 3.1620
17 0 0 2006.00 3.7543
18 G 0 2208.00 4.0538
19 0 0 2750.00 4,3558
20 0 U 3128.00 4,.4622
23 0 0 3338.00 4,2557
22 0 0 3872.00 4,3197
23 0 0 4120,00 4,1326
24 0 0 4514.00 3.9567
25 0 0 780.00 1.2329
26 0 0 948,00 17613
27 0 0 1348.00 2.5969
28 0 0 1700.00 3.0854
29 0 0 2014.00 3.0285
30 0 0 2226.00 3.8968
31 0 0 2680.00 4,1845
32 7} 0 3066.00 4.3727
33 0 0 3388.00 4,2687
34 0 0 3866.00 4,3347
35 0] 0 4156.00 4,2787
36 0 0 4412.00 4,1405

N.B. Car Stationary



CALCULATION OF AIR VELOCITY

P CEAR
1 i
2 1
3 1
4 1
3 1
6 1
7 4
8 1
9 1

10 i

11 1

12 2

X3 4

14 il

15 1

16 1

17 1

18 l

19 1

20 1

TABLE A2.12

CAR SPEED
mile/hour
6
9
10
12
14
L
20
21
24
26
30
26
5
7
9
12
14
16
19
21

NQB-
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ENGINE SPEED

rev/min

982.00
1332.00
1628.00
15900.00
2188.00
2580.00
3036.00
3234.00
3734.00
4054.00
4642,.00
4082.00

740,00
1010.00
1350.00
1800.00
2186.00
2546.00
2968.00
3318.00

First Gear

AIR VELOCITY
m/s
2.0979
2.8024
3.5482
3.9447
4.2065
4,.3815
4.4967
4.5775
5.0471
5.1353
5.1147
5.2046
1.5811
2,0566
2.6300
3.3060
3.8572
4,3136
4,6161
4,.6538



TABLE A2.13

CALCULATION OF AIR VELOCITY

Ly v]
CO~NOUBWNH S

[
o

T el ol S S S S STy
WO~ O U W

NN NN
(=206 I~ PUT S Y o el

N.Bl

GEAR CAR SPEED
mile/hour
9
14
16
21
22
26
32
35
40
42
10
14
16
21
23
28
32
35
40
42
45
38
34
28
23
20

NMPONPODOOOONNNNMODNNNODODROODERNROONDNONNDRN DD

Second Gear

242

ENGINE SPEED

rev/min

922.00
1332.00
1574.00
2074.00
2186.00
2584.00
3092.00
3374.00
3904.00
4104.00
1016.00
1330.00
1560.00
2012.00
2262.00
2764.00
3074.00
3390.00
3918.00
4052.00
4424.00
3742.00
3274.00
2686.00
2232098
1912.00

AIR VELOCITY
m/s
2.1487
2.9463
3.6295
4,2944
4,5907
5.3032
5.5695
5.4821
5. 7477
6.4134
2.3369
2.8874
3.6932
4.3273
4,6037
4.9865
5. 1551
5.4925
5.6826
5.9316
6.1111
57923
R 2
4.711)
4,5491
4,.1690



TABLE A2.14

CALCULATION OF AIR VELOCITY

PT

(Tl oBE I N B R PO S

GEAR CAR SPEED
mile/hour
64
6l
56
52
47
43
38
33
28
23
20
15
20
24
il
36
39
48
53
62
65
14
21
25
31
34
43
952
51
64
63
14
20
25
209.
35
41

WWwwwwbwWwwwwivwwwwwuwuwwwwwwwwwwuwuwwwwwwwwww

Third Gear

243

ENGINE SPEED

rev/min
4202.00
3972.00
3646.00
3404.00
3072.00
2774.00
2460.00
2156.00
1846.00
1522.00
1296.00

974.00
1294.00
1552.00
2054.00
2324,00
2558.00
3126.00
3314.00
4056.00
4242.00

924.00
1350.00
1622.00
2026.00
2224.00
2812.00
3420.00
3342.00
4178.00
4142.00

932.00
1304.00
1604.00
1924.00
2256.00
2648.00

AIR VELOCITY
m/s
8.3492
8.1972
8.1114
6.9113
6.1376
5.7055
5.1870
4.7984
4.1779
3.4756
3.4410
2.7296
3.7746
3.9976
4.6617
5.6998
6.4164
7.1247
7.0187
T+3310
8.0933
2.8501
3.6455
4.4408
4,6502
5.:1519
6.4950
6.6442
6.8344
7238
7.9167
2.3369
3.4702
3.6880
4,9856
5.3781
6.0483
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TABLE A2.15

CALCULATION OF AIR VELOCITY

PT GEAR CAR SPEED ENGINE SPEED AIR VELOCITY
mile/hour rev/min m/s
1 4 20 946.00 3.2840
2 4 29 1358.00 4.5022
3 4 35 1628.00 4,6309
4 4 44 2050.00 6.0949
5 4 50 2326.00 5.8580
6 4 59 2748.00 7.0805
7 4 72 3384.00 8.0697
8 4 72 3358.00 8.7655
9 4 90 4200.00 9.9201
10 4 51 2392,00 6.1066
11 4 73 3418.00 8.2636
12 4 20 922.00 2.8071
13 4 27 1268.00 3.9375
14 4 34 1600.00 4,9578
15 4 41 1922.00 6.0411
16 4 50 2320.00 6.2918
17 4 57 2668.00 13129
18 4 66 3074.00 7.7984
19 4 77 3608.00 8.3400
20 4 87 4060,00 7.3883
21 4 90 4220.00 9,8024
22 4 65 3022.00 7.2870
23 4 71 3336.00 9.8209
24 4 82 3822.00 11.1949
25 4 93 4328.00 10.5701
26 4 55 2578.00 7.5730
27 4 64 2994,00 8.2370
28 4 38 1772.00 5.4529
29 4 29 1336.00 4,9051
30 4 33 1546.00 4,7176
31 4 42 1984.00 5.4183
32 4 47 2180.00 5.8344
33 4 52 2420.00 5.9739
34 4 6l 2870.00 8.2476

N.B. Fourth Gear
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TABLE A2.16

CALCULATION OF AIR VELOCITY

PT GEAR CAR SPEED ENGINE SPEED AIR VELCCITY
mile/hour rev/min m/s
1 5 65 2536.00 8.4045
2 L3 61 2392.00 7.9763
3 5 55 2136.00 6.7717
4 5 52 2010.00 6.1330
5 5 48 1854.00 5.4452
6 5 42 1648.00 5.2074
7 5 38 1464.00 4,.8079
8 5 33 1288.00 4,7227
9 5 89 3458.00 9.8631
10 5 98 3804.00 10.8115
11 5 25 956.00 3.7135
12 ] 34 1322.00 4.1853
13 2 38 1480.00 5.6483
14 5 50 1958.00 6.0408
15 5 58 2254.00 T.1335
16 5 76 2970.00 8.2932
17 5 79 3064.00 9.4372
18 5 23 914.00 3.19477
19 5 34 1308.00 4.4216.
20 5 39 1520.00 S« 4TT)
21 5 53 2052.00 6.4293
22 5 58 2262.00 7.0130

=
5]

Fifth Gear



TABLE A2.17

CAR STATIONARY;
DATA TC FUNCTION, DEVIATION CALCULATION

PT

WCEwNoU e W

N e e
CcCoeadoukekwoEO

[ 9]
-

MNP
O oCdoyU = o

w
<

DATA w
rev/min
1350
1548
2100
2308
2744
3094
3512
335006
4106
4520
1302
1580
2006
2208
2750
3123
3338
3872
4120
4514
1348
1700
2014
2226
2680
3066
3388
35806
4156
4412

DATA U
m/s
2.8975
3.1860
3. 7073
4.0205
4,3786
4,1227
4,2315
4,3894
4,3008
3.9763
2.6007
3.1620
3.7543
4.0538
4,3558
4.4622
4.2557
4,3197
4.1326
3.9567
2.5969
3.0854
3.6285
3.6968
4,1845
4,3727
4,2687
4,3347
4.2787
4,.1405

246

EDITTED DATA

FN(w)
m/s
2.7651
3.0663
Sl be’
39513
4.2581
4,3953
4,4293
4.3299
4,2301
3.9162
2.6878
3.1123
3.6520
3.8600
4.2613
4,4034
4,.4325
4.3436
4,2218
3.9218
2,7619
3. 2781
3.0609
3.8770
4,2224
4,3879
4.4341
4,3459
4.1998
4.,0121

ABS DEV.
m/s
0.1324
0.1197
-0.0454
0.0692
0.1205
-0.,2726
-0.1979
0.0594
0.0707
0.0601
-0.0871
0.0497
0.1023
0.1939
0.0945
0.0539
-0.17638
-0.0240
-0,0892
0.0348
-0.1651
-0.1927
-0.0324
0.0195
-0.0379
-0.0152
-0.1654
-0,0112
0.0789
0.1284

RMS ABSOLUTE DEVIATION= 0.1167m/s

RMS FRACTIONAL DEVIATION=

0.03177

FRAC DEV

0.04569 -
0.03756
-0.01226
0.01722
0.02752
-0.06613
-0.04676
0.01354
0.01645
0.01511
-0.03348
0.01570
0.02724
0.04782
0.02170
0.01319
-0.04154
-0.00555
-0.02158
0.00880
-0.06356
-0.06244
-0.00892
0.0051¢0
-0.0080e6
-0.00348
-0.03874
-0.00258
0.01843
0.03100



TABLE A2.18

247

CAR STATIONARY; COMPLETE DATA
DATA TO FUWNCTION, DEVIATION CALCULATION

PT DATA w DATA U FN (W)
rev/min m/s m/s
1 736 1.8003 1.6542
2 970 . 2.2435 2.1084
3 1350 2.8975 2.7651
4 1548 3.1860 3.0663
5 2100 3.7073 33,7527
o 2308 4.0205 3.9513
7 2744 4.3786  4.2581
8 3094 4.1227 4.3953
9 3512 4.2315 4.4293
10 3906 4.3894 4.3299
11 4106  4.3008 4.2301
12 4520 3.9763 3.9162
13 838 1.5960 1.8567
14 1012 - "1.9076 0 2.1859
15 1302 2.6007 2.6878
16 1580 - ~3.1620 3.1123
17 2006 3.7543  3.6520
18 2208 4.0538 3.8600
19 2750 4.3558 4.2613
20 3128 4.4622 4.4034
21 3338 4.2557  4.4325
22 3872 4.3197 4.3436
23 4120 4.1326 4.2218
24 4514  3.9567 3.9218
25 780 - 11,3329  “1.7a24
26 948 1.7613 2.0673
27 1348  2.5969 2.7619
28 1700  3.0854  3.2781
29 2014 3.6285 3.6609
30 2226 3.8968 3.8770
31 2680 4.1845 4,.2224
32 3066  4.3727  4.3879
33 3388 4.2687  4.4341
34 3866  4.3347  4.3459
35 4156  4.2787  4.1998
36 4412 4.1405 4.0121
RMS ABSOLUTE DEVIATION= 0.1542m/s
RMS FRACTIONAL DEVIATION= 0.07692

* Points Omitted for Curve Fit

ABS DEV.
m/s
0.1l461
J.1351
0..1324
0..3197
-0.0454
0.0692
041205
-0.2726
-0.1979
0.0594
0.0707
0.0601
-0.2608
-0.2784
-0.0871
0.0497
0.1023
0.1939
0.0945
0.0589
-0.1768
-0.0240
-0.0892
0.0343
-0.4095
-0.3060
-0.1651
-0.1927
-0.0324
0.0199
-0.0379
-0.0152
-0.lob54
-0.0112
0.0789
0.1284

FRAC DEV

0.08114 *
0.06022 *
0.04569
0.03756
-0.01226
0.01722
0.02752
-0.06613
-0.04676
0.01354
0.01645
0.01511
-0.16339 *
-0.14593 *
-0.03348
0.01570
0.02724
0.04782
0.02170
0.01319
-0.04154
-0.00555
-0.02158
0.00880
-0.30723 *
-0.17374 *
-0.06356
-0.06244
-0.00892
0.00510
-0.00506
-0.00348
-0.03874
-0.00258
0.01843
0.03100



TABLE A2.19

CAR MOVING; FIRST GEAR
DATA TO FUNCTION, DEVIATION CALCULATION

2

C o~ oUW N

DS el el ol el S ol ol S S
ocwmuOU & WNRHO

RMS ABSCOLUTE DEVIATION=

RMS FRACTIONAL DEVIATION=

DATA w
rev/min
982
1332
1628
1900
2198
2580
3030
3234
3734
4054
4642
4082
740
1010
1350
1800
2186
2546
2968
3318

DATA U
m/s

2.0979
2.8024
3.5482
3.9447
4,2065
4,3815
4.4967
4,5775
550471
51353
5.1147
5.2046
5 a1
2.0566
2.6300
3.3060
3.8572
4,3136
4.6l0l
4,6538

248

FN(w) ABS DEV.
m/s m/s
2.2368 =-0.1389
2.8879 =-0.0855
33745 8. 1739
3.7682 0.1765
4,1410 0.0656
4.5284 =-0.1469
4,8589 =-0.3622
4,.9584 =0,3809
5.0957 =0.0486
5.1030 0.0323
4,9766  0.1381
5.1008 0.1037
1.7397 =0.1585
2.2919 =0.2352
2.9192 =0.2892
3.6293 =0.3233
4.1272 =0.,2700
4,.4981 =0.1845
4,.8186 =-0.2026
4.9927 =0.3389
0.2187m/s

0.06498

FRAC DEV

-0.06621
-0.03052

0.04902

0.04474

0.01559
-0.03354
-0.08054
-0.08321
-0.00963

0.00630

0.02700

0.01993
-0.10026
-0.11439
-0.10995
-0.09779
-0.06999
-0.04277
-0.04388
-0.07282



TABLE A2.20

249

CAR MOVING; SECCND GEAR

DATA TO FUNCTION,

DEVIATION CALCULATION

PT DATA w DATA U FN(w) ABS DEV.
rev/min m/s m/s m/s
1 922 2.1487 2.2601 =-0.1114
2 1332 2.9463 3.1059 =0.1597
3 1574 3,6295 3.5565 0.0730
4 2074 4,2944 4.3720 =-0.0776
5 2186 4,5907 4,5335 0.0572
6 2584 5.3032 5.0454 0.2578
7 3092 5.5695 5.5633 0.0063
8 3374 5,482 5.7891 =0.3070
9 3904 5.7477 6.1078 =0.3601
10 4104 6.4134 6.1969 0.2164
Py 1016 2.3369 2.4631 -0.1262
12 1330 2.8874 3.1020 =-0.2147
13 1560 3.6932 3.5314 0.1618
14 2012 4.3273 4.2793 0.0479
15 2262 4.6037 4.6387 =0.0350
16 2764 4.9865 5.2458 =0.2594
17 3074 5.1551 5.5474 =0.3924
18 33950 5.4925 5.8007 =-0.3082
19 3918 5.6826 6.1145 =-0.4319
20 4052 5.9316 6.1752 =0.2436
21 4424 6.1111 6.3116 =-0.2005
29 3742 5.7923 6.0239 =0.231%6
23 3274 5.5671 5.7138 =0.1467
24 2686 Wy 03 o s | 5.1613 =0.4442
25 2232 4,5491 4.5976 =-0.0485
26 1912 4.1690 4.1248 0.0442
RMS ABSOLUTE DEVIATION= 0.2290m/s
RMS FRACTIONAL DEVIATION= 0.04773

FRAC DEV

-0.05185
-0.05419
0.02012
-0.01808
0.01246
0.04861
0.00112
-0.05601
-0.08265
6.03374
-0.05399
~-0.07435
0.04380
0.01107
-0.00760
-0.05201
-0.07611
-0.05611
-0.07601
-0.04106
-0.03281
-0.03998
-0.0263%
-0.09417
~0.01066
0.01061



TABLE A2.21
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CAR MOVING; THIRD GEAR

DATA TO FUNCTION, DEVIATION CALCULATION

PI

Lo~ uU b wh -

RMS ABSOLUTE

RMS FRACTIONAL DEVIATION=

DATA w
rev/min
4202
3972
3646
3404
ST 2
2774
2460
2156
1846
1522
1296
974
1294
1552
2054
2324
2558
3126
3314
4056
4242
1350
1622
2026
2224
2812
3420
3342
4178
4142
932
1304
1604
1924
2256
2648

DATA U
n/s
8.3492
8.1972
8.1114
6.9113
6.1376
5,4 0855
5.1870
4.7964
4,.1779
3.4756
3.4410
2.7296
3.7746
3.9976
4.6617
5.6998
6.4164
71247
7.0187
1+3310
8§.0933
3.6455
4.4408
4,6502
5.1519
6.4950
6.6442
6.8344
T.2387
7.9167
2¢+3369
3.4702
3.6880
4,.9856
5.3781
6.0483

DEVIATION=

FN(w) ABS DEV.
m/ s m/s
8.0884 0.2608
7.8367 0.3605
1:.4572 0.6543
7.1542 -0.2429
6.7037 =0.5661
6.2608 =0.5553
5.7506 =0.5636
5.2112 -0.4128
4.6128 -0.4349
3.9335 =-0.4579
3.4265 0.0145
2.6566 050730
3.4219 0.3527
3.9988 -0.0012
5.0198 =0.3581
5.5149 0.1848
5.9148 0.501l6
6.7800 0.3447
7.0363 =0.0176
7.9299 -0.5989
8.1311 =0.0377
3.5501 0.0954
4,1462 0.2916
4,9663 =-0.3161
5.3358 -=0.1839
6.31594 0.1756
7.1749 =-0.5307
7.0733 =-0.2389
8.0626 =-0.8240
§.02368 =0.1071
2.5520 =0.2151
3.4449 0.0253
4,1107 -0.4228
4,7681 0.2175
5,3937 =0.0156
6.061l6 =-0.0133
0.3648m/s

0.06738

FRAC DEV

0.03124
0.04398
0.08066
-0.03514
-0.09224
-0.09733
-0.10866
-0.08602
-0.10410
-0.,13175
0.00421
0.02676
0.09344
-0.00031
-0.076381
0.03243
0.07817
0.04838
-0.00250
-0.08170
-0.00466
0.02616
0.06567
-0.06798
-0.03570
0.02703
-0.07988
-0.03496
-0.,11383
-0.01353
-0.09205
0.00729
-0.11464
0.04363
-0.00290
-0.00220



TABLE A2.22

CAR MOVING;

PT

Coo~Jouwd& o

RMS ABSOLUTE DEVIATION=

RMS FRACTIONAL DEVIATION=

DATA w
rev/min
1358
1628
2050
2326
2748
3384
3358
4200
2392
3418
922
1268
1600
1922
2320
2068
3074
3608
4060
4220
3022
3336
3822
4328
2578
2994
1772
1546
1984
2180
2420
2870

251

FOURTH GEAR
DATA TO FUNCTIONW, DEVIATION CALCULATION

DATA U
m/s
4.5022
4,6309
6.0949
5.8580
7.0805
3.0697
8.7655
9.9201
6.1066
8.2636
2.8071
3.9375
4,9573
6.0411
6.2918
7.3129
7.7984
8.3400
7.3883
9.8024
7.2870
9.8209
11.1948
10.5700
75130
8.2370
5.4529
4,7176
5.4183
5.8344
5.9739
8.2476

FN(w) ABS DEV.
m/s m/s
4,1824 0.3198
4,9154 -0.2845
5. 9973 0.0977
6.6645 =-0.8065
7.6276 =0.5471
8.9646 =-0.89550
8.9123 =-0.1468
10.5314 -0.6113
6.8196 =0.7130
9.0328 =-0.7692
2.9291 -0.1220
3.9307 0.0003
4,.8409 0.1le8
5.0772 0.3639
6.0503 =0.35806
7.4500 =0.1372
8.3285 =0.5302
9,4083 =1.0683
10,2710 =2,8827
10.5684 =0.7660
8.2190 =-0.9320
8.8679 0.9530
9.8215 1.3733
10.7676 =0.1976
7.2476 0.3254
8. 1597 0.0773
52932 0.1597
4.6962 0.0214
5.8331 =-0.4148
6.3154 =0,4810
6.8848 -0.3109
7.8340 0.3535
0.7761m/s

0.10358

FRAC DEV

0.07103
~0.06145
0.01602
-0.13768
-0.07727
-0.11091
-0.01675
-0.06163
-0.11676
-0.09308
-0.04345
0.00172
0.02357
0.06024
-0.05699
-0.01876
-0.06798
-0.39017
-0.07815
-0.,12791
0.09703
0.12267
-0.01869
0.04297
0.00938
0.02928
0.00453
-0.07656
-0.08244
-0.15248
0.04287



TABLE A2.23

CAR MOVING;

PT

O oo~oh U o~

Tl W ol T S S
WO W -=OoO

RMS ABSOLUTE

FIFTH GEAR
DATA TO FUNCTION, DEVIATION CALCULATION
DATA U FN (w) ABS DEV.
m/s m/s m/s
3.4045 8.1358 0.2687
1.9163 7.7386 0.2377
6.7717 7.0153 =0.2436
6.1330 6.6508 =0.5179
5.4452 6.1915 =-0.7463
5.2074 5.5710 =0.3636
4,8079 5.0029 -=0.1950
4,7227 4,4469 0.2357
g.8631 10.5357 =0.6726
10.8114 11.3853 =0.5739%
4,.1858 4.5553 -0.3695
6.0408 6.4987 =0.4580
7+1335 7.3515 =0.2180
8.2932 9,.2940 -1.0007
9,4372 9.5377 =0.1X005
3.1977 3.2240 -=0.0263
4.4216 4,5107 -=-0.0892
5.4771 51772 0.2999
6.4293 6.7730 -0.3436
7.0130 7.3741 -0.3612
DEVIATION= 0.4356m/s
0.06507

RMS FRACTIONAL DEVIATION=

DATA w
rev/min
2536
2392
2136
2010
1854
1648
l464
1288
3458
3804
1322
1958
2254
2970
"3064

914
1308
1520
2052
2262

252

FRAC DEV

0.03197

0.02980
-0.03597
-0.08444
-0.13707
-0.06983
-0.04056

0.05839
-0.06820
-0.05308
-0.08827
-0,07581
-0.03056
-0.12067
-0,01065
-0.00823
-0.02016

0.05475
-0.05345
-0.05150
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TABLE A2.24

RADIATOR AIR VELUCITY CALCULATED FROM TESTS CARRIED OUT AT JAGUAR
USING VANE ANEMUMETER

(ANEMOMETER RESULL'S CORRECTED BY CALIBRATION)

el ENGINE AIR
SPEED VELOCITY
1 D1 1.234606
- 54 1.54718
3 1028 2.76658
4 1272 3.55033
3 l4s2 4.26280
) 1752 5.06445
7 203v 6.04418
3 2200 6.329148
9 2490 7.2911
10 660 1.48404
11 730 2.12531
12 1036 2.83733
33 1742 5.18515
14 1950 5.11541
15 2212 6.54294
1o 2456 7.01172
17 620 1.44p41
18 814 2.05406
15 1004 2.6597
20 1260 3.35033
21 1500 4.47062
22 1756 5.15352
23 2014 €.003850
24 2146 0.40043
25 2470 7.04735

N.B. Viscous Coupling Locked
Engine Speed in rev/min
Air Velocity in m/s
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TABLE A2.25

JAGUAR XJb6 RADIATOR (MARS1Us RADIAIGR S SUPAPACK I)
AIRSIDE PIBLUMETRIC PRESSURE DROP/VELOCITY DATA

fin pitch 3.588mm atmospheric pressure 75V0.50mm(H9g)
fin gauge 0.05c4mm air temperature 24deg.C

NO. Of tuves rows 3

test area length 0.36Um

test area width U.336m

core thickness 49.53mm

face area U.1l212m 2

flcocw area 0.0975m 2

eguivalent diameter 3.584mm

L/De ratio 13.482

volume flow delta P face ke f
rate velocity

m~3/s mmd 20 n/s

0.0453 U.229 U.374 106 0.3228
U.uUs1l0 U.229 Deddl 1:3:9 02550
0.05006 U.254 Je.4d067 133 052295
U.0obud 0.279 0.498 142 0.2219
0.0665 0305 U.544 156 .2001
u.0706 J. 33U 0.582 los U.1922
0.0748 0.330 0.617 175 0.1712
U.U%59 U.432 Gal91 225 0.1361
01173 U. 584 J0.%08 275 0.1231
U.ld1lo U.0l3 1.168 332 0.1175
U.lbol 1.010 1,371 389 0.1u67
U.1888 1.270 1.558 442 0.1033
0.2152 1 .575 Yed76 504 U.u985
U. 236U l.803 1.947 553 0.09%39
J.2600 2.210 2.146 6U9 0.0947
0.2832 2.692 2337 664 0.0973
Ue2997 2.0 90 2473 702 0.u534
0.3223 3.200 2.000 755 0.0883
U.3188 3.200 2+0:29 746 U. 0914
Y3356 3.454 2.7869 166 0.0889
0.3577 3.861 2.952 338 0.0874
0.3734 4.216 3. 131 389 0.0849
U.3997 4.574 3.248 Y37 0.0843
0.4262 5.182 3517 999 0.0827
0.4493 S5«013 30T 1053 JV.0800
O.47067 6.147 3.933 ) 88 B U.07864
GaS1713 Y lo3 4,263 12102 U.0776
Ue. 340U 7.874 4.5U0 1279 0.0765
U.5715 d.087 4,716 1339 80771
0.0211 9.900 5.125 1455 0.0744
0.0603 11.1786 5.448 1547 0.0743
1 7 12827 53.873 1663 0.0734
0.7513 13.843 6.200 1760 g.0711
U.7882 15.240 b.2U3 1847 0.0711
U.7890 15.24y 6.Dl%5 13850 J.0709
U.7929 15.875 6.542 1558 0.0732
U.8259 16.764 6.315 1335 00712
J.3455 17.526 7.010 1991 0.u704
0.8873 19,054 T 1 2079 0.0701
Je.JuUl4d 19.812 7.438 22 0.0707
Ue3392 21.844 l1.750 2201 U0 7 ER
J.94460 21.590 71.828 2223 0.0085
Q,972%2 22006 B.022 2278 J. U093
l.0076 24.130 3.314 200l Jo.Ub8B9
10430 25.440 d.0ouUd 2444 s 0077
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TABLE A2.26

JAGUAR XJ6 CONDENSER(MARSTOW RADIATOR 3 SHIPLEY FINCOIL)
AIRSIDE PIEZOMETRIC PRES5URE DROP/VELOCITY DATA

fin pitch 2.303mm atmocsphreric pressure 750.55mm(Hdg)
fin gauge 0.152mm air temperature 23.5deg.C

NO. Of tupes rows 2

test area length 0.35%m

test area width U.284m

core thickness 44mm

face area 0.1020m"2

flow area 0.0952m"2

eguivalent diamecter 4.6ldnm

L/ue ratio .53

volume flcw delta P face ke £
rate velocity :

m~3/s mmd 20 n/s

U. U743 J.3503 0733 233 0.3611
U.0971 J.006 0.9353 302 0.2888
0.1416 o200 1,389 441 D251
0.1911 2,159 1.875 595 s 2'34 1
0.2338 IR 2e 302 743 0.2282
U. 2636 G521 2o 182 383 0.2232
U. 2869 4,572 2e8 1D 893 0.2200
8. 3327 Bie 72 3.2064 1036 0.2215
U.3794 7.6506 3o lid2 18n Uimalda
U.4281 y.652 4,199 1333 0.2092
Vv.471L8 11.430 4,629 14569 U0.2038

- 0.5206 13.843 5e 106 lo2l 0.2029
0.50659 16.510 5.550 1762 0.2043
U.0126 18.745 6.009 13907 U.1984
U.06584 21.844 0.454 2050 0.2002
L By 24.892 6.981 2216 Dl 952
O. 7532 290432 7.3383 2345 0.1921
Ue.ouls 3U.988 1.865 2496 0.1915
J.3023 3u,480 7.3740 2458 0.13381
U. 8589 34,036 8.425 2074 0.1833
J.9038 38.100 3.305 2314 <1853
e 3557 42.4108 Y.374 2975 O.1l545
1.0052 46.482 S.06U 3123 0.1827
1.03823 49,022 10.1l64 3232 U.185086
1.0855 54.102 lu.647 3379 v.1824
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EXPERIMENTAL AND CALCULATED DATA

RELATING TO THE ENGINE TESTS
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REFRIGERATION SYSTEM COMPONENTS

MANUF ACTURERS' DATA
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GRAPH A4.1
AXIAL -6 COMPRESSOR PERFORMANCE
12,6 CUBIC INCH (207 cc) DISPLACEMENT
1w m.m
(14,650) i
ASHRAE CONDITIONS
| 354 BP (241 kPa)
8 40,000 et | 235# HP (1620 kPa)
(11,720) e 75° SUCT. TEMP. (24 °C)
@ oo §° LIQ. SUB COOL
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T 60 30,000 e 30
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8 o @ 20000 s LT 20 =

i ( 5,860) f (15.0)

w : @
3 f £
Nkl

10,000 0 @
20 @
( 2.930) / (75)
/ FOWER g
0 0
] 1,000 2,000 3,000 4,000 5,000
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THE DATA OF THE COMPRESSOR MANUF ACTURER

RELATING TO COMPRESSOR EFFICIENCIES




24,000

BTU/MA/SQFT. FACE AREA
a 8

{FOR 2 ROW COIL @ 500 FPM FACE VELOCITY
~

§

4,000

318

GRAPH A4.2

VELOCITY & ROW CORRECTION FACTOR

1 750 850 STAGGERED PATTERN
" | EVAPORATOR COIL CAPACITY (WET SURFACE
i b FOR A-22 v d
* | ALUMINUM FINS - 12 FPI - FLAT SURFACE |
! STRAIGHT OR RIPPLED EDGE

LSO T R

ENTERING AIR ENTHALPY - BTU/LB. OF DRY AIR

THE DATA OF THE EVAPORATOR MANUFACTURER

RELATING TO THE EVAPORATOR CONDUCTANCE

[T 0% SS0STAGGEREDPATTERN.1MOO.TUSE | . |

FIN CORRECTION FACTOR N
FACTOR ! o ezt
2 :
100

FACE VELOCITY = FPu
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THE COMPUTER PROGRAM OF THE MATHEMATICAL MODEL OF THE

REFRIGERATION SYSTEM, THE ENGINE, THE ENGINE COOLING SYSTEM,

AND THE ROAD AND AUXILIARY BRAKE LOADS

The program is listed as for the present vehicle at 750 rev/min engine speed
in third gear. Refrigerant R12 is used and a 45/55 water antifreeze mixture as
the engine coolant.

The language used is Basic as adapted by Hewlett-Packard for use on their
9830 calculator. Although listed here as one program, the capacity of the above
machine is insufficient, having only 8k words of storage capacity, and the program

must be split into two or more sections.



320

G6PD°0=£T b9

SSANMIOIHIL TV0D MOLVYTAVN=£T WAY 79

L8=67 09

SAANT YOIVIAYY J0 ¥AGWNN =627 WIN 86

£=¥ 99

SMOd JgNJ, ¥YOLVIAYM J0 YAGWNN =3 WIN $G
ISV 0=2T 2Z6C

HLAIa aJ0D ¥OLVIavy =Z7T WIN 06

T169°0=T7 8%

AONVISTO ¥AAVIH VOIVIAVYY =TT WA OF
€0-ALTT"2=3 ¥¥

HOLId NIJ ¥OLVTIaWN=J WAY ZF

GO°T=€9 N

OTLVY XATINd YOSSAUAWOD =€9 WAN 8¢

G 'I=19 9¢

OILVY X4T7INd dWNd INYVTO0D ® NVJI =715 WAY ¥¢€
9€L0°*T=0¥ Z¢

ALISNIQ ILNYTOOD =0 WAN 0fF

G Z06T=6W 82

SSYW JATDINAA =6W WIY 97

P0-AFGZS°F=09 ¥2

INVISNOD ONTITAN0D SNOISTA =08 WaAN 22
ZOTST0=8W 02

JLVY MOTJ SSYW ¥TV X¥0 ¥OLVNOdVAT =8W WIN 8T
G0-998Z°€=00 9T

NYIAVY/INAWIDYTIASTIA JOSSTIIN0D =00 WA 1
S°0=00 ZT

ALIAIWNH JAILYTAY LNIITWY =00 WAY 0T

£=60 8

JANLVIAdWAL JOLVYOdYAT QATTOVLNOD =60 WY 9
000G 9NS0O ¢
009€ €NS0D ¢



321

00FE aNSOD

00DEE 9NsS0H

00Zf 9NSOH

00SH T1NS0O

00TE 9NSOD

000€ TNSOD

0088 fANSOD

PLT NTHT 0G4+TT=LW AT

009Z 9NS0D

006€ €INSOD

008E FNSOD

00LE €SINSOD

GEPT"T=07

XONAIDTAJIT NOISSIWSNYMI/T =00 WAN
Z0-A€PPG 0=29

AVIAO a¥ THL WIY

NYIAYY/SANTIW NI OILVYY ¥VID NOISSIWSNYNIL =79 WA

PG 8L=M

ONODIS/SNYIAVY NI a33d4dS INTIDNT =M WIY
SvP=01

ANLYIIAAWNTL LNIFTTIWY =00 WIY

c=THd

SMOY 39N5L YISNAANOD J0 ¥AGUWNN =T¥ WIY
: 0€=87
STINIL MISNIANOD J0 HITWON =87 WIY
PP0°0=91

SSHNMOIHL Jd0D ¥MASNIANOD =97 WIY
I18E€°0=617T

HILAAA AH90D HIASNAGNOD =G'T WIY

F8G0=FT

HLONIT TH0D HASNIANOD =§T WA
£O0-JT€°2=T4

HOLId NTIJA MISNIANOD=TJ WII

0€T
821
921
PZT
<71
0CT1
BTT
91T
PTT
CET
0TT
8nT
90T
vOT
0T
00T
86
96
v6
Z6
06
88
98
e
8
08
L
9L
L
¢l
0L
89
99



322

ang

doJg.s

wAANSSAYT TYIILINDXZ 9L “0<TINSSIAVA HNISNAANND, JTNTNA

8LT 010D

w (D *b3p 062 IV) ' ZF,=ALIOVAVD SSVYW SVO ISNVHXT, ININJ

w(D *b3p 0 WNILVA) o’ TFW=D °*DB3P 06Z IV AJTVHLNI ISNVYHXT, ININA
Du=0LYd MOTd SSVYW Tandg, JTNI¥d

ZLw=JA0LVITAWIL JJ0 VIV MOLVIAVY, JLNIMNd

TLw=FANLYNIAINTT NO ¥MIV ¥OILVIAYYH, JINI¥d

OW/LW,=ONTNNMT JOSSANAWOD FAWITL IO NOTILOVIJA, INTHd
ST/%7/6V,=NOTLYSNIANOD ¥OJd aasSnN HASNIANOD J0 NOTLOVMJI, ILNIMNA
ST/%T/9¥,=ONITO0D S¥D ¥0J aIsSn YIASNAANOD J0 NOILOVMA, LNINd
NU.-“mmammﬂ—mm Mv?.—HmZﬂQZOU: JNTH A

GO.=TINIVIAIWAL DNISNAANOD, TNIN¥A

€O0L=LIXA ¥OSSTAMANOD I¥ TINIVIIJWIAL INYHIDIYATAT, TIMNI¥d
(ZH-EH) xLW,=AY0T YOSSTIAWOD, TINI¥d

I2.=TJ9NSSTAId ¥OLVIOAVAA, INI¥d

10, =FANIYITANTT MOLVIOdVAT, TNINA

OHyBW,=AY0T MOLVNOAVAA, ININA

ZN,=ALIDOTIA YTV ¥OIVIAVY, LNI¥J

TW,.=AL¥Y MOTJ SSYW TNVIO00D, LNINd

w.,.—._-“"uvmjpﬂ‘xﬂ&.zﬂg- dSOH EO_H:H_OQ-. JTINTHA

€I w=TANILYNTINATL ISOH 405, ILNT¥d

0.=LNY¥T00D OL 03ILJ3rdy IvaH, ININd

8LT
OLT
PLT
CLl
0LT
89T
991
PoT
Z9t
09T
RGT
96T
PGl
ZST
0ST
8¥%T
9% T
A
v
EA
BET
S9ET
PET
cE1




323

Fz9z OI0D

C=27

n =1
RW/(Z/ (L B+9H) =7 H) x/ li=01

0L92 NIHNL OHxBUC(9P-ZH) x/ 1 AT

RG9Z COLOD

9992 NIHL ZO0-FT>(T-((0Hx8W) /(9H-ZH) /W) STV)SAY AT

*»xxxxSALYY MOTI SSVW OGNV SATINIAONd ATIXD *J3y

9697 NAHJ. Z477 AT
LW/ QW OP=-2 V=L H
LWW=0W
(EOxM)TINIAXOA/ N ED00=LU
GAxE6AxN=21

p0esg TNnENsH
HAxA=DA

009G ans0d

ST €LZ-6TxT=20
61/G Z+T=1T
6ded=TD

00TS 0209

AL/(ST ELZ4+TO)=1T,
00TR fINSND

n=n0

MH-P=nW

N0LO fsnenn

NI= Cd=d.

00=0

H=NH

00L9 €NSOO

60=1.

=0

0=£Z=27

NLINI=9W

*OTVD = ANTINOIINSyx vy xWIY

vo9cz¢
&R IC
099¢
RG92
969¢
FGsoz
259¢
069¢
/¥ 9T
9Iv9z
vroc
ch oz
0¥ 9z
8€92
9E9C
vE9e
c£9¢
0§92
829z
9797
vzac
c797
necaz
8192
919¢
vT192¢
cIae
0T19¢
8097
9092
v09C
c09z
0noe



324

(9H-GH) / (LH-GH) x£9=€49
SY/(9V-GTxbT) xLW/ED-GH=9H
0782 NIHUL LWCOW MO 9V+GVUY<GTxbT JT
8ZLZ NAWUT T=27 JaT1
98¢ TaNS0OD

9€LZ NAWJ OT#ZI AT
61/6Ax6dxS=CS

NOLS €NSOD

64/(ST €LZ+20)=1

6A/0 A=A

fdxd=20D

(LH-21) /8Wx0 H=L W
AAxhAxH=-GCH=/TH

0N¥S FINEND

NOES 9NEND

6Ax6dxP=GH

fded=7D

NO/S FNSOO

nND9G SNENH

GT ELZ-6Tx1=G0

NO0SS TNSOD

Z9L°0=d

0TLZ NAHL ZO9L*0>4 a1
0TLZ NAWUTL zJ#0d JT
00TS 9NSNOD
6L/(STE€LZ4+S0)=1T

T=272

0I4+P1=60

089Z NIWUIL HI<0JI~-GO JIT

(TA/TU%L69G 0, NxZ9GTL “TxSTxbT) /L Wx (LB-ZH)=FT

ST €LZ-61x(6A/6d/LH)ANI=GO
0897 NAWT ZJI#0T AT
9H=LH

UELC
8elLe
9T LE
veee
ctLe
GLE
BTLZ
B LLG
PTLZ
ZTLe
01L?Z
80L%T
90LZ
voLZ
coLe
00nLz
8697
9A97
POz
ch9T
0RQZ
8R9Z
9R97
¥RoZ
¢89¢
089¢
RLO9TZ
QLI E
¥L9TC
Loz
0L92
899¢
999¢



325

Edxd=70D

00TS TNEOD

0L8Z NAWT 96°0<T JT

6I/(ST ELZT4S0) =T
(v'z1a/(v'Tla-9/(CIT ' TIO+[2'T)SxZ+[ET]F)=6GO
(z/Clt'1la=-[e’TIM)) /(ls’‘TlOo-Is‘z]la)=Ip'2]O
g/tls‘zla+ls’TIo)=[¥p'T]"
(lz’tle-le’1]la)/(lz'zla-lg‘zla)=[c‘Z]a
(ft’tla-1z'tla)/(l1'zla-lz‘zig)=(c’1]9
21 JI¥XanN

9H=[zT1'Z]9®

so=[z1'1]"

00Ge aNSEO

Z9R7 TNSOH

Adxd=20D

00TS SINSO9

0L8Z NANT 96°0<T JI

6L/(ST ELZ4SO) =T,

(GO-T)/(G0xTT-01) =60

(/7 (01-TL))AXA=60O

(9N-GH)/ (LPW-GH) xEfI=£ ¢

£ O Z2=21 304

oH=[T‘Z] @

so=[T1'1]9

00G8 TNSND

QZLZ NIAHL (9V+GVY)> (GTxPT) JT

Z98Z €INS0O

6Axd=270D

00TS oNSOD

0L8Z NABTL 96°0<T JT

6L/(ST°E€LZ4G0) =T

(SO-T)/(SOxTT-01) =50

Amwﬂ_\ﬁo..._.hl._..._..u vlvﬂ.ﬂ.—"mg

96L7
¥6LT
7hLT
06L?
RBLT
9RLT
vRLZ
c8L?
08L7
aLLe
9LLZC
bLLZ
CLLC
0LLZ
89LZ
99L¢
voLz
Z9L¢T
09Le
RGLZ
95LT
vGLe
cSLzZ
0sL?
8% LT
arLe
veL?
ZvLZ
0vLe
8¢€Le
9¢LC
PeELZ
ZfLT



326

0088 INSNO

N¥ NI AN

SO=90

LH=8H=0W

8T8Z NAHUT €£0-ATxSTxPT< (9V-GV-GTxbT) STV AT
GIFR8 aN<NO

0078 9nes

0NFR 9NS0D
LHUx6Ax6dxH=ED
(LU-ZH) /0P« BW=L1

6 Ax6dxH-GH=/1

00¥S NSNO

0DES TNEND
6Ax6EdxT=GCN

0NRG 9nNsND

009G ansnn

6dxA=7D

NOTIS 9nsnn

0LRZ NIHI 96°0<T J7
61/(GT FLZ4G0) =T
(SO=-T)/ (SOxTT-01) =G0
(£9/(01~-17) )Ax¥a=60
(9V-GTxbT) /Gy ET=FT
2692 0109

90=21T,

9€LZ OI0D

1=€7
(OH-ZH) /0Py QUI=( 1"
P18Z NARIL OT#ZTI VO LHUKI9H JIT
BORZ MNAHTL T=f% AT
098Z NAHT Z0+7S> (LH-9H) €Oy 4T
0NGR fINS0D

Z982Z £NSND

298¢
098¢
RGBT
96 8¢
G 8T
298¢
068¢
AFeZ
9v8e
vrec
A 414
nyee
/€8T
9¢ 87
¥f 87
CERZ
0€ 8¢
RZ 87
9Z T
bcle
cC 8T
0Z8e
RT8C
918¢
v182
71827
0182
2087
ap ez
¥ 087
AR 4
00RZ
P6LZ



327

N OLLEM

DG+FT=TI=¢0=T0=9V=0V=8"=0N=CH=C H=CH=00=60=C0=T0=0H=LW
MM O

00ER €NSOD

00zZe 9NsS0D

cLec
0L8z
8982
998¢
voez




328

N¥N.L AN

EO+IZEBLE "Z-MxTO+ATETLE "G+ A=T1

(T0-T989ZG " Z+Mx b 0-T80ET°E) » (T+9x90-T€°9) x1=77
xxxxx (D B30 06Z IV) AJdTYHINT LSOVHX Txy vy yWAN

N¥NTLIY

Mx (90-32Z60€ "6+Mx(80-T98L9€ *Z-MxTT-T£2298°€) ) +D=D
(B0-A€0ZES " T-Mx (0T-TLLBBE "C+MyET-T968BLZ "b=) ) xAx9D=D
OxTLGT9°E _M/CO0+APTLS Z+T=D

xx xx xd LYY MOTA SSYWH TANTx vy xxWAN

N NT 3

Mx (ZO+38622G " T+Mx (TO-TFTZOTT " €-Mxb0-766GZ28°€) ) +0=0
(T+9x90-79°£=) x0=0D

(TO-3S088% *8+MxZ0-FSTARST"T) /=0

x xx xx:LNYTO0D O JIVIH ANTONTx xx xxWIAY

NN NL 3N
2, (BET T, (T9xM) x09-T) x€_ (TOxM) xS0-7Z298G6 " 8+0 Ty g=9

Asﬁm.m(ﬁmu«:_«mﬁummﬁmao.v+m0¢g*mormmmmem.H+Nouumhohm.auamw*z*oom.m*mz+num

€. (TOxM) xT0-T22L9E"G=4
¥ xx xxAMOd ANVIT INIONTxy yxxWIAY

90EE
POEE
C0EE
0DEE

80Z¢
902¢
roze
z07¢€
00Z¢E

80TE
90 TE
POTE
¢0TE
00TE€

800€
900¢€
POOE
¢00€
000€




329

3*ANo+mmemm.N+3¢Aﬁo!Mvmmmo.NtzaAMOIMQmmmo.N+3¢wolmvamm.mluvuuazvmzm A90
»xyyx »dHMN0Od INVHT ANTONT WNWIXYW ey xx x WA

NYNTAY

My (TO-TF86EEZ " T+Mx (PO-TPZ0LT "Z-MxL0-TZLBER"E) ) +2a=27
P0-379°8x (T+9x90-3F) v A=217

xxxxx (D *B3D 0GZ IV¥) ATV ALTOVAYD SVO LSNUHX T xy xx xWAN

c0S¢E
00S¢g

90F€E
POV E
cove
00%E



330

NaNLAY

9259°0‘0‘0‘0‘0

£EG6S°0’'VL VT ‘6ELB0C G9E-"E6TLBAE "TCZL'EL6TTZ9L20T
GAGG 0'T8 LT 'GYPOZL6 " BEE-“6LZLI9Z " "SSPT-"EL6TZ9LZ0Z
£ZZS°0'€6°8E'ELP0996°ZLZ-"6G8PLR0 *6TE-'2G62Z8 "0BTOT~
TEGP "0°Z9° GG RZLIE0L 66T-'6LVELTO 6EL-"60LELI"SZ0T
PR8E "0‘¥L°99°690F9G0 " V9T-'G696FG9 "8BT ' GLIEVF Z8BLY~
ZZGE 0 TE€E°2L’Z980099°9ZT1~-'T0S2Z0L " TZZT-"P0LTL" 98621
€99Z °0'CV° €8’ TLLBIGL 9PZ~'TPOL0D9 EG9Z 69THG 9REGT—
ISTZ 0’ T 00T 'GSP6TLZ "SO0E-"629TGh "PGST-'6E£28Z °99€92
TOLT0‘Z TTIT' TEEPO0P "66T-‘6E0ESGTT " R6L-"G6ZT6V " 209G~
0‘9°6bT*ZVPZZSH6T " PIP-'P009E8 "0902' S62T6F 2095~

viva
< -ﬁwﬁ 3
¢ _ﬁein
vIva
vIva
vIva
vIva
vIva
ZIva
vIva
vILva

W avay IvW
; [G/TTIW WIA
¥ ¥x xx SINVLSNOD *NOT NVJ ASTTIVILINI = :ANTINONANSy xx vy WIN

879¢
9Z9¢
PZo€
cZ9¢
0Z9E
RT9¢€
919%
y19€
C19¢
0T9€
809¢
909¢
P09¢E
¢09E
009€




331

NN AN

9.6TL " VOT/N=V

PELE NIHT $0-AT< (Z4/T4d)Sav ar

8ZLE NIHL [S'T+T1WD YO [G'TIw>D AT
9G60ZSST "I/ NxZTxT7=D

zZ4a/1d-n=n

69G60ZSST " T/CTxT T ([E' TIW+TOx ([Z'TIWxZ+TOx [T’ T1WxE) ) TEP86°0-2d=24d
LEL O NxLEL T+9 "0, NxTNx9*T=Z4

(I TIW+TOx ([E' TIW+TOx ([Z* TIW+TO% [T  I1W)) )% TE¥B6°0-TA=T4A
[G' T]W-0=10

LEL T, NxZN4+9°T_ NxTN=Td

I IXAN

PELE NIHL [S' T+I]1wW>D anv [’ T]kD AT

IT Oof T=T1 ¥0d

96G60ZSST T/NeZTxTT=0

8TLE NIHL 20-31<(Zd/Td)Sav JT

Z4d/Td-n=n

CTxTT«V6TLBE "GOTHLEL O Nl EL"T*ZN49°0_ Nx9 " TxIN=Z4d
ELPT-CTT+TTxNxP6TLBE "SATHLEL “T_ NxZN+9 *T_NxTN=Td
(ZTxTT)/S°0=n

TA/THxE0-A6678Z *Q=ZN

9 T . IV/L0° T _A/L9°0_ETxZN-TETOHE "6=TN

TMxd/TTx (T+¥/67) xETxZ =29

Z0-A226°Zx1Tx62=T1S
2T/(3/S0-3Zv8 "SxTMx (T+¥/6Z) —-€0-APS " ZM/67%2-2T) =TV

(TM+3) /Zx20-T6197 *T xJ=0

(P0-TT0ZL666G *T+AxA)MDS=TM

»x xx ¥SNOTSNAWIA ¥OLVIAYY %8 LNVLSNOD XLIDOTIA ¥IV NUJyxy xx WIN

RalE
COLE
NGLE
AvLE
9vLE
PPLE
ZhLE
OV LE
8ELE
GELE
PELE
CELE
DELE
BZLE
9CLE
VZLE
CCLE
0CLE
8LLE
SiLGE
PILE
clie
0TLE
ROLE
90LE
F0LE
c0LE
00LE



332

NN AN
ZTxTTx0 LANIZ N=2W

69G60ZGST T/N=ZN

(Z. (MxZ9%D) +2_ ((8ET "T, (TOxM) x0T=T ) xTDxMx V) ) HOS=N

yyrxxxTIYY MOTJ SSVW NIV YOIVIAYY ONY SATLIDOTIA MIVUxyxxrxWNA

NY N AN
808f NIAHJT ¥0-AT<(D/Z24/£d)S9V AT

Zd/€d-0=D

2ax ((T+Td) x (T+Td)) /T¥+20-390968°2/D=24d

€9Z°T.D/€92°0, (MxZ9) /ZNxE€9Z *0+% "T_O/7 "0, (MxZD) /TNxb "0=C4d
(T4Td) /T¥-Z0-ATTIZ6L "G /DOxD=€4d

€9Z°0, (MxZ9xD) /ZN+F 0, (MxZ 9% D) /TN=Td

(7°0-)_ (Z9%M) x€L6LI"ZT+(E9Z°0~)_ (ZOxM) »xLLIET "OTH+T=TH
0ZRE NIHTL N=Z9xM AT

GZ°0=D

vxxxx LNVLESNOD MIV WYY sxyxeWIY

R0A€E
906€
PORE
c0ht
006€

0Z 8¢t
8T8¢€E
9T8E
ARSED
I8¢
0T8E
ROBE
908¢
P08E
z08¢t
008E



333

N NI AN
POEY NIHIL $0-31<(Z2d/Td)SaV AT

24/ 1d-vl=p1,

THx (PL)MNI-=Z4

O-TWy (P THANI-ELHNJI) =T4d
(TWE0+TZ2 %) /O-E1=pT,

vy xDMOTLVITIWITL JTSOH WOLLOH xxxxx AN

N N AN

v0Zy NIHIL p0-AT< (Zd/Td)savy Jar

Z2d/14d-23=21,

ZWxZ I9NJI=Zd

0-ZWx (TIONI-ZTONI) =Td

(ZWxBDOT) /O+TT=21

» xxxxJINIVITANIL JJ0 VIV HOLVYIAVH xxx xx WIN

NMNT 3N
Z8+((6Z2/TIxT0-3VPOT " T-€0-TJEGCTIS L) xTOxMx0¥) /TWxB=C T
¥ ¥xx x¥ ( LYLSOWMAHL HLIM) JIL¥Y MOTI SSYW LNYVTOODxy xx xWIM

NAOTLIM

0dx(67/TT«T0-Tp 9T "T-€0-FEGZTS L) xTOxM=TW
¥xxxx (IYLSOWITHT, TNOHLIM) FIVY MOTI SSYW TNVTOOD xx xx xWIAN

A R
DTIEY
R0EP
90Ed
POEY
coEw
00€ED

(A RA 4
01ZVv
80CF
90C 1
A 0A 4
[AVA 4
002V

vOTV
coTv
00TY

P00¥
c00¥
000¥%




334

¥ xxx ¢ JAOTVIT ANAT

NI NL 3™
m 7,—\ AW.._..I.M‘. L._V +.—...H~“m..u..

((SLx (TAMNIxTW) /ZIYNILZW-) dXI-T) =€N
((ZGYNIxZW) /ST=) dXI-T=GL

((TW) INJ/T+ST/T) /T=S L
(xZS+T1S) xSI=G1L
6X/(3+1)/(3-1)=3
(6XxC-) dX3=13

(Z0O-99€L9 7 /ST) HDOSxTM=6¥X
(€/2)_ (ZMINI/ZFAANIZAYNI) /GL=CT

(TYxZTxTT) /ZWxZEYNIxLY "0, (O/E€T) /ST=GT.

9Ly 0_(Z9ANI/AxTY/ZNeZTdNI) /ZEORLY "T=GT.

ASOH WOLLOY ® YAJISNVIL

z/(Z1+10) =29
N\ AW..._._.TM.._,._._VH.Hﬂ
TYAH MOIVIOT % xx xx WIYH

8ZVY
9Zv¥
vevy
A4 4
0Zr ¥
BTV ¥
91FV
AR A
ZIvh
0TPP
80FF
90%¥
vovy
covy
00%¥




335

8°0_(6Z/TW)xTTx6Zx20+3L08L " v=(TW)ILNI 330
AZITIA-TINY/HTTIYM WIAN
x¥ ¥y x ALIATLONAONQD FAIS TNVTOOD vy vy AN

N NI, AN
PZSH OLOD

((ENE0+TZ P TWeTW) /O+EW/8T)/ (SI~ET) =TW=TW

9€GYy NIHL Z0-aT> (SI-£1)SAv JT

00FF NS0

00EF FINSOD

00THP TNS0D

(€EW/9€)/ (((EN/E0+FZ°7/0) x (EW/8T ) xb+2_ (TI-28)) MDS+28~-T1)=TW
0TGF OLOD

GL=€1,

9€Gy NAHIL 90-3T> (EJ-G1)Savy JT

Z2ZSh NAHL 00T>GT AT

00 €GNS0

00€EpF ANSOD

TW=EW

N00F €NSOD

00T=€J,

00Z% 9NS09

v09p
c09%
009%

9ES P
FESY
CESY
DESH
8CZsy
9ZS ¥
AAh
AA]
0CSP
8TGY
91G¥
PISY
CISh
0TSSP
BOS Y
906G ¥
FOSY
c0Sy

yxxxxJIVY MOTA SSVW 3 STYNLVIAAWITL ILNVTIO0D ANIONTxxx xxWIN 00SH




336

NYNLIY

(Tx [F]T4+T00T [E]1I+T/[Z] T4+ [T]) 1) AXT=4
¥ x¢xxx (1) I=IVSd -:ANTINOIENS ZTY xx xx xWTY

N NLIY
SGT'G8E=6RI
6LTO00=6A
SO+3T+ST " TP=6d

PEPOGD " 0-‘TOTES T'PB60E9° 0’ BI9F9EG 0 VIV

Z avay JVW

LV8368°F EGB89E "GZ~-"PLLZV 0G' TBTCZLL T VIvA

X aviy JIvw
SL¥°G-'TL8LOZZ 0D VIva
X avay JIVW

PTIZZLVLBT"C-‘'0'60£06006°Z6°LT696ST "STT-‘0 VIva

M avay IV

9ETL6TBI0C°0'0'9LSV6SZEZ6°0~"TBLOBLPZ "Z ' LSOZLLOGRS € VIVA

A A7HY IV

0‘€ZV88YVPSE "T-'SESIERLIZ "V 6CSLLEFER"9-'0 VIVA

n avig LYW

ELTBIBLYPS "L ELTEIVPIV "ZT-"6050C0T ¥ "TT-"2Z69€E£Z98 "€ VIVA

d avay Lvm

(v12° [w]1X‘ (21X [SIM [SIA‘[S]In‘[p]a’[ela’ [9]n![S]D* [S]a’[e)a’[g]a’ [€]D WIC

¥ xx ¥ SLNVISNOD JISITVILINI

=:ANIINOYEINS TTH xxx xx WA

P0TS
¢0TS
00TS

8€0G
9ENS
PE0S
ZE0S
0£06G
8Z0S
9206
P20S
c20s
nzos
BT0NS
9T0S
PT0S
ZT10S
0TO0S
80065
9009
v00S
¢00§
000S



337

NN T

Hx (SA=A) xT=H

(o) I+3/([€1T+1/[2]1T=)) yd=H

xxxxx (AA'DA ‘A IVST) d=0dH =INTLNOTINS ZTHwx xx «WIN

NMNTAY

SA/T=GA

GAxSAx [F]12+(E/T) _GAx[E€]1Z+(SA)UDSx [Z] Z+4GAx[T] Z+T=GA
H.I.H.Hm>

¥xxxx (L) I=JA =:ANTINONANS ZTHxxxy xWAY

N¥ NLAY

I LXAN

LA/ ((Lx(Z]1R)AXTx[TIM+Tx [TIA+[T]N) +d=4
8 Ax LA=LA

S O Z=T ¥04

BA/Tx[T] A=d

QA=LA

[TIX=-A=8A

xxxxx (L'A) A= =:ANTINONANS ZT xxx xx WA

a0 ¥s
PO¥S
c0Pbs
00%S

ROES
90€ES
PO€S
Z0ES
00ES

91EZS
v1zs
c1es
01ZS
R0ZS
90zZS
AU
c0zZs
00ZS



338

N NT AN
gd=d

906G 0509

h.L.\ A m d- m: I.H.“.H.
([p]I+1/([€)T+7/12]17-)) xd=Ld

915G NAHIL 90-136> (8d4/d4-T1)SavV JT

00TS TNSOD

d=8d

=1

vxxxx (d)I=LVSL =:ANTIOONEANS ZTUxxxxxWIT

8166
9TSS
PISS
c16S
0TSS
80S6S
90SS
¥0SS
0SS
00GS



339

?Z9S OJ09

87196 NIHL 90-35> (A/ZA-T) SOV AT
X/T+[T1%X=A

60/ X-X=X

I ILXAN

[T]Hx [T]D+60=60

[T+T1v [T] A+X=X

S OF T=T ¥nJ

I ILX3aN

Xx[T-TlH=[T11H

9 O zZ=1 ¥0J

I=[TIH

N=60

d-=X

X/T+[T]%=2A

[T1 3/ (XxXx (X (Xx (Xx [G]A+[W]A)+[E) )+ (2] ) -ad)=X
[T] 8/a=x

NY N TAN

(I-T)»ZL°9€+ (1-T)M0OSxZEB "ZT+T=A
0Z9S NIHTL SL86°0>d JT

0Z9S NIHI T00°*0<(666°0-1)Sav AT
1 ILXaN

[T)1AxTI=[T19

6ax [TIM+Ix[TIA+[TIN=[T]a

G O6L TI=1 ¥0J

(LelZ]X)axa=6a

xxxxx (1'd) d=A =:INTINOYANS ZTHxxx »x WIAY

2995
0699
a7 99
9% 96
A& R
Zk9S
0¥ 9S
BE9G
9€£96
F€9S
cE96
D€9S
BZ9S
929
$c9s
(A4 L]
029s
BT9S
919§
P196S
¢T19¢§
0T9S
809S
9096
F096G
¢09S
0099



340

NYMNLEN

Ay d+[ A+H+6H=H

00ZS €9NS09

Ty (Tx (Lx (TxGZ 0x [P)X+€/TE1X)4S°0x[2]1X)+([T]X)=H
I IX3IN

(LAx(T-1))/(6ax [TIM=[T]N)+LA=Ld
BAxLA=LA

G O 2=T1 ¥04

0=La

T=LA

: [T]1X-A=8A

M aXAx (T-6M)=64

Tx [Z]X=6)

GTOZIBPLE *ZT=6H

sxxxy (I'A) d3=H =ANTINOHEINS ZTH yxxxxWTY

NN NTTN
Rd+S+6S=5

T (L (Ix€/ [0 X4S0x [E1X)+[Z1X)+1D0T« [T]1X=S
T IXAaN

(LA (T-T))/(6ax[TIM+[T]A)-84=84
BAxLA=LA

S 0L Z=1 ¥04

(8A)90Tx[T] A=84

T=LA

[TIX-A=8A

A..._._*. *N ._x._ mx.ﬂ.i —N,- am.hm_.n—

9/6EGHRL "P—=6S

xxxxx (LA) =8 = ANTILNOYANS ZT¥xxxxxWIH

8789
9Z86
PZ86G
(A4
NZKYg
818G
918S
P1I8S
Z18S
018S
8086
9086
F08S
z086S
008S

PZLS
CCLS
02LS
BTLS
91 LS
PTLS
¢TLS
0TLS
80LS
90LS
POLS
c0LS
00LS



341

NMNTAY
9d=4d

L S=S

PTII9 OJ09

LTx9d=1,

((85-S)/(8S-LS) x94907)dXA=943
D0LS TNS0D

S=88§

009G €9NS09

_H.*@rn—uu.u..

I=L1T

94/1=94

8ZT9 NJIHJTJ S<LS 41

94/T=94

PZT9 NAHJ T<9J AT

PPT9 NIHIL P0-3S> (LS/S-T) SOV AT
N0LS £NS0D

009G £NSO9

T°T1=94

9d=d

00GS fNS0O

9d=d

S=LS

d=94d

¥xxxx(S'd)d=1'A -:ANIINOIANS ZTHxxxxx WA

RPT9
9%T9
PPIO
¢v19
U AR
BEES
9€T19
PETO
CETL9
DETHY
RZT19
SE LY
FZT9
AAL
0zir9
8119
9119
PITO
Z119
0119
BOT9
9019
?0T9
¢0T19
00T9




342

Ix (E0+T86G90 "€ +Lx (9T 0LZ "Z+LxP0-38L2€9°2) )= (1) HNI J3q
XdTYHLNT WAy

£0+386G90 " €+Ix (ZEOVS P +IxP0-AGE868°L )= (L) MNI J30

ALTIOVAVYD JIVIH DTJATDAAS WAN

sxxxx (GP/GG) TUNIXIW FZAANI-TINY HALYM JO STTINTAONAyy xxy WY

(I+GT °€L2) /20+3p 862G €= (1) dNd J3a

ALISNAQ WAy

Z0-9Z8ZTV " Z+Ix(S0-678L6° L+Lx80-TL69L E-)=(T)MNI a7a
KLIATIONANOD WAN

S0-99Z9TL T+ (80-UGGS6 " v+Ix (IT-F6LOLE "P-LxPT-JLG9G69°G))=(1) ANI J30
ALISODSIA WaY

Iy (EO+JLE00 "T+Ix (Z0-3GZ96 "T+ILxG0-FLTSTIS6))=(T)ONI J30
XATYHILNT WIN

EO0+TLEOD T+1x (Z0O-366726 *€+LxP0-35658°Z)= (1) ¥YNI JA30

ALIDVAYD TVAH DTJTDAAS WA

xxxxx ((BH)wuQ9L ‘D°63p0ZT O 00T=) ¥IV JO SATINIAIOTAxxx xx WAN

N¥ O AN

E0+3Tx (Lx(B0T969€00° T+I % (G0-TGZ96 "T+Ix80-ALTIGTIS"6))+H)=H

(8+Tx (6G8 T+ x (S0-T6+TxL0-TF) ) ) x«H=H

G60GZE"GLIZ+8dx (9L£9GOT6 " Pb+8dx (GGLGETZLY "Z+8dxESPOPSHLO"0) )=84d
8d490T=84d

9129 0% (8d-SZET0°T) /8d=H

£0-3968FT " "9«0+8d=84d

(Le (PO~TBTLO "F+Lx (GO-ATTLLE T+Ix (0T-39860€ "8+ Lx60-JEBTLG L)) )) x0=84
xxxxx-("WNH"TIY'L) d=H ‘IANILNOYNANS XNILAWONHOXSd xxx vx WIY

800L
900L
AU
cooL
nooL

0z89
8189
9189
F189
2189
0T89
8089
9089
7089
Z089
0089

9TL9
P1L9
e 040
0TL9
80L9
90L9
v0L9
c0L9
00Lo




343

I NEMNOLAaY
TO-39TSLSO " 9+HxI=T

(ZO-A8FPTZ0ST ' Z+Hx (S0-F6TTOLZE *P-Hx(90-TG8L92599 " p~HxB80-TGG0GT0G°8=)) ) =1
(4) ANJ J3a

ZTd Wiy
yxxxxy (JH) I=TVST xxx 2 WAY

0t1ZL
802L
90Z L
¥02ZL
cozL
00ZL



344

N NIIN

9018 NINT £0-31<(T0/Z2d/T1d) SV a7

Zd/14-10=T0

T-(H/€d) » (BT "BEC~CZAx (9€° €0ST+2dxLR CZTT-) ) =24
TO-G " ZhT+2dx (BT *8€G-2Zdx (89 TS L+Zdx6C " ¥LE-)) =14
H/(TOxEd+(6 "0xP8L0 " TxSZT90°0xbd) /0Nx8W) =24

b R8E0T=F4

Z4/T4-10=T10

9TTR OJO0OD

LT°F6G=€4

PTIT8 NART 0O>TO AT

G-=T10

£L°0_8Hx/8F0 R=bd

¥ xx ¥ xJUNIVI AAWAT, ONTIVIOAVAT TINVIAD TN AT x x % x xWAN

BEEL 0+My (PO-TZTSL " 6-MxL0~TLLEF9 9)=(M)UNI JT0
IDTAOMINAST WM

Mxb0-F8L°9-9€GL 0=(M)TNI aaq

QTITLAWNTOA WY

»xxxxSTTONTIDTAAT HOSSTAIAWODx » x x xWIY

az1®
P18
cecae
018
8T1I8
9TTS8
PIT18
¢T18
DTIT8
80T8
9018
FOTI8
Z018
ootTe

8008
9008
?008
c008
0008




345

NE N TaM

8278 MANL ZOo-AT< (T-6N/EN)Say AT

(SN/€0-T) x0LANA/D/ ((DI-£0) /(GO-E0)=T) OO TIx ZIYNI/E D5 LHN-0VxGCN/EN=0VY
(Sn/T+¥Nn/1)/T=6N

OW/LWx®°0_ (TTINI/EDxTTONI) xGN=GN

8°0, (TFONA/PO+TFE0F "TxTH/0W) xE0-TGZG " 6/TTANIXCZ0 " 0xGN=GN
Tdx€0-TGZG "6xPTxRZx (STx¥T) /OV=CN

N. D#Q/*H?D

(T+((0T=€0) /(SO=€0) =T)O0Tx (9 ZTYNI) /LW ED) OO T4 Ol Iy ZAVN J==€ N
Z2/ (GO+£0) =19

z/ (DT4T1) =29

NEZR/ NIHT Z0-AT1<(2a/Td)Sa9y arv

A/ TA=-TT=TJT

Ol TLYMI=7 A

Z0-9Wy (NIONI-TTONA)=T4

DILANI OV ¢ N=01

01dNI/0/ ((0T~€0) /(GO-€0)=T) D0 TxZTYNI/CDOx MxC-=9V

CichR X605

LV=90V

9Z78 NIHT ZO-AT1>(/Vv-9V) S0V J71

(Z9-T19)/Ln/ZD=LV

z/ (01+4T0) =29

(0WsP0OOT) /20+01=TT

0L AN Ax0Y yN= 09U

TA/THY%L69G "0, NxZAGTL " T=LN

z/ (Go+E0) =19

CTx P TxT "0=9V

LWy (GH-EP) =70

CTx b T "0=9V

»xxxx VRNV DONITOOD SYD DTVY =ANTLAONTNCy yx x x WA

67 a
9cz A
PC7R
TASA
neen
arzZe
9aF7R
Pr7a
ckeer
0FZ R
REZN
ofF 7o
rF7Q
cfCR
NE7Q
0¢78
9zzR
kzze
CCChR
0278
8128
917R
PTZR
7178
oTze
078
a0ze
ALY
2079
0onz8



346

9TER 0OI0OD

(SY/Ta~T) x (Nx0LANIL(Z/€T+0T) VNI (01-G0) ) /€D+Td=GY
MM NI AN

1d=GV¥

BEEB NAHL £0-ATK(TA/(SVY-T4d))Sav a1
(TA/T¥UxL69G "0, NxZ9STL "Tx£T) /£ 0=T4d
((11-60)/(01~-S0))90T/(07~TX)=€9
0Z€8 NAHL Z0-IT<(Zd/Td)sSav a1
2d/1d-TI=T11

CHxT ILVNAI=ZAd

£0-GWx (DTLONI-TIONI)=T4d

(SWxH00T) /ED+0L=T T,

O5LdNAx NxGV=GW
(Nx0LdNIx 0 LYNIx (0I-G0) ) /€ DxZ =GV
LWx6Ax6dxH=E€0

00FS TNS0D

009G fINS0D

00ES €NS0D

6J/ (ST €LZ+S0O)=1

6d/20=4d

¥ xxxNOTLYSNIANOD ¥OJ VANVx xx xx WIA

OvER
8€€n8
9¢€8
FEESB
[ARR
0EES
RZES
9Z¢8
pzes
(AAR:]
0Z€E8
81EB
9TEB
r1ES
ARN:]
0TES
80€E8
90€8
rogs
CNEB
00€8



347

NY NI, AN

€2/ (SH-EH) +S0=€0
(G0-v0)/ (GH-FH)=€D
AfAx6dxH=GH

008G €9NS09

009G 9NS0D

61/ (ST ELZ+S0) =T
(EOxM)WNI/ (ZH-PH) +ZH=€H
6Ax6dxH=FH

008G 9NS09

m.ﬂ ) M\i N|m.”_.h*.._.."¢3

00T9 TNS0H

6d/Z0=d

xx xx xLIXT YOSSTYAWOD IV SATIMIJONdx xx xx WIANT

9Z%8
bev8
ZCh8
0Zr8
8T%8
91%8
ARA]
AR4:]
0TF8
80%8
90k 8
A4
cov8
0oov8



348

NI $GGR

OOINA=0H 7660

0TC8 CI0D 0GCER

¢/ (294+0T) =29 obce

0PG8 NORT €0-AT<(Z24/T4)Sav AT 9pGe

23/Td-79=2¢ phcQ

Pl YMNI=7A ZHCO

FO=-pWx (010N I-7299M3)=Td NPGR

(P77 700T1) /P0+0T=79 9gca

LU (Q11-9Q1) =™ afca

Qu=T7 pECA

ZGER ONOD 7EGH

PECR MANT €£0-3T< (9W/ (aP-T 7)) SOv¥ AT NEGA

; OCIMI=qr Q760

z/(ar+Ccn)=Ta o7ge

(0T-G0) x090=-GO=90 £76Q

((TEINARL W) /ZO9NIx b0 (((ZTVMALH11) /GN=)AYT=T)= ) AXT-T=00 7760
((TA/TUxL69C 0, NxZOGTL TP ¥) /T+GN/T)/T=6N N7GP

0l/LWad *0_ (TAANA/TOTNA) 4G N=6N TGN

B 0, (T99NI/P0+TC0F° TxTH/0W) »£0-3GZG "6 /TTONILEZ0 " Nxf N=GN 0TGP
TAxF0-TG2GC "Gt TxR 2 (STxbT) /EV=EN B1CH

0=T7 ZIGR

0I=29 NIGA

SO=TT ROCR

OTdPIxNeF¥=F11 QDGO

LV/Eh-Cn=a1 $NGo

QYV-CV-Cly b=tV ZOGR

*¥xxxDNITOCODENS ATNOIT ALV IUNTIVITINATL 8 XdTHYHIMNTxxxxx™W N 0068




349

X NAOLANY

No+mwwcm.m+54ahmmmm.ﬂt9*HﬂolmNmmmm.H+B«Amclmmehm.Nlanmolmnwmwm.auUunx

(1) ang Jaa

arndI1 40 WAy

X N¥NLAY

8°1/(Zc-1)=a

€CO-Ah8PY  L+Tx (S0O-T6888L " Z+Ix60-T6780°G)=X

ZE+R Tl =1

(1) aNng Jaaa

ALIATIONANOD SYD WA

X NUNLAN

8°1/(Z2€-1)=1
Naumﬂﬂmom.m+9*chlmeMA.Nue«Amoiumwmﬁ.hrxyuﬂx
9«nmo|mmmoaw.a+9uAmﬂlmmmvwm.w+&«vA|mmomhw.m|vVux
ZEHR "TxI=0

(1)ana Jaa

ALIATIDNANOD ATNOIT WIAN

X N¥NTAM

g 1/(Zg-1)=T
mormmwmuc.a+a«Am0|mmwmmm.N+9nm~|ammhmw.m|vux
NM.—.@ -,_.-k..,—.uu.ﬁ

(1) DN Jda

ALISODSIA SVD WAW

X N¥NIAY

m 4.—..\HNM,|__Hv"_H.
vo|Mﬁaava.m+9sAoolmwommﬁ.ﬁlanﬂmolmMHmo.m+xvaux
Ix (TT-3L9ZL6 7—Tx (ET-876G9 "Z+Ix9T-T¥6L06°9-) )=X
Nm‘.—.w -H *...._.__".._..

(1) gNg a3a

ALISODSIA AINOIT WA

xxxx xSTATIYAIONd TYDIISAH ZTHxxxxxWIN

7966
0966
9666
7G66
£S66
0566
RV 66
9¥66
Pv66
ch66
0v66
REGH
9€66
PEGR
ZE6B
NEGH
BZ66
9266
7766
2766
0Z66
3166
9166
P166
Z166
0166
8066
9066
v066
Z066
0066




350

H NMNOLIY

ST ELZ-6TxI=1

6 Ax6 dxH-TH=H
00FS 9NsS0D

00ES dNS0D
6AxhdxH=TH

008G dNS09D

009G 9gNS09

00TS 9NS09

61/ (I4+4GT €LZ) =T
(1) INJ aaa

x xx xx INVIAOTHITY TINOTT HyxyyxWIH

8866
9866
7366
2866
0866
BL66
9/L66
PL66
cL66
0L66
8966
9966




351

The following functions are alternatives to represent

water as the engine coolant.
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The following subroutines and functions are alternatives for a

vapour compression system using refrigerant R22.

In addition, the reducing factor of 0.9 in line 8112 relating to the evaporator

conductance should be omitted for R22.
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