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SUMMARY

This thesis describes an investigation into the general principles 

of unsteady flow in pipe systems, with analysis of specific flow regions 

in the manifolds of a carburetted, four-stroke, automotive engine. The 

unsteady flow calculation is effected by the method of characteristics 

under the assumption of one-dimensional, compressible fluid flow. A 

quasi-steady approach is adopted for the analysis of flow at restrictions 

and boundaries.

A laser anemometer has been used to measure unsteady velocity in 

constant and varying area flow, this information together with the 

pressure-time history then permitting the measured and predicted 

correlation of the individual Riemann variables. Correlation was 

generally good although certain discrepancies were evident in the 

varying area analysis.

With a view to verifying the assumption of quasi-steady conditions, 

a comprehensive study of the steady flow characteristics of a 

carburetter and poppet valves was then followed by unsteady flow tests 

on each component. An adiabatic carburetter model was established 

which gave good unsteady pressure and flow correlation. Good 

correlation was also observed using steady flow poppet valve 

coefficients in unsteady flow.

In a series of firing engine tests, upstream tuning was applied to 

a BL 2.0 litre, 'O'-series engine, to establish the effect upon engine 

breathing under different conditions. Predictions from the existing 

gas dynamics engine model were then correlated with the measured results. 

The performance trends were well-predicted, but part-throttle correlation

was generally poor.
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INTRODUCTION AND LITERATURE SURVEY



1.1 GENERAL

When a new engine is conceived, it is generally based upon a tried 

and proven design of combustion chamber, manifold configurations, valve 

timing, etc. but there still exists a notable degree of uncertainty 

regarding the performance of the finished product. If the subsequent 

prototype does not satisfactorily match the required performance 

specification, the resulting development costs can often be 

considerable. The mathematical modelling of the combustion and gas 

exchange processes is being increasingly accepted as a design tool 

inasmuch as acceptable predictions from such models will permit a 

variety of design permutations to be tried, such that performance trends 

may be established prior to manufacture of a prototype. In this way, 

development costs can be substantially reduced, the cost of computer run 

time being many orders of magnitude lower than the labour costs 

associated with experimental development. This indeed will become more 

pertinent, with computer costs getting cheaper all the time.

Engine simulation models, in the form of computer programs, are 

used extensively by the manufacturers of both small two-stroke, 

spark-ignition engines and larger diesel engines but the manufacturers 

of automobile engines have been somewhat hesitant in their acceptance of 

this approach. In the case of the diesel industry, this may reflect 

the market forces upon the manufacturers to supply efficient engines 

which satisfy the needs of industry. With the oil crisis of 1973 and 

legislation such as CAFE (corporate average fuel economy) in the United 

States, the automobile manufacturers are now being forced into 

re-evaluating their design philosophy. British car manufacturers, and 

more particularly their American counterparts, would appear to be 

re-dressing the balance by showing a greater interest in the engine

modelling approach.
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In any simulation model of an engine, the complexity of the model 

is generally a function of the refinement but there are a number of 

fundamental principles pertaining to any such model. It is accepted 

that the basic performance of any reciprocating internal combustion 

engine is a function of both the air and fuel flowing through it and any 

such engine model may be considered as comprising two main processes, 

namely the breathing characteristics and the fuel burning process. This 

present work is concerned primarily with the gas dynamics involved in the 

breathing process rather than with the combustion process. The flow of 

air and consequently the air/fuel mixture is not a steady flow process 

in an engine, rather it is initiated by the opening and closing of the 

inlet and exhaust valves, or ports in the case of a two-stroke engine. 

Pressure waves initiated at these valves propagate along the engine 

manifolds causing the gas elements in the system to move in a direction 

dependent upon whether the pressure wave is one of compression or 

rarefraction. Factors influencing the propagation of the wave include 

heat transfer as in the inlet and exhaust manifolds, wall friction in 

the system, area change as would generally be the case in the tapered 

exhaust of a two-stroke engine, and in addition the pressure wave will 

undergo various reactions and interactions when it encounters such 

regions in the system as carburetters and pipe branches. Over the 

speed range of the engine, the effects of the pressure wave interaction 

will vary. At certain speeds the wave interaction may be detrimental to 

the breathing of the engine and power will subsequently be reduced 

while for another band of speeds, the wave interaction may improve the 

air flow and subsequently the power output from the engine, the wave 

action giving rise to what is sometimes referred to as a "ram effect". 

Hence for a given engine configuration, the performance characteristics 

of power, torque and delivery ratio will each peak at a certain speed.
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By varying the inlet and exhaust pipe configurations in an engine and in 

addition the valve timing, the designer may effectively move the peaks 

of these aforementioned characteristics to suit the application for 

which the engine is intended. For example, in the interests of 

driveability the engine of a typical family saloon will have a 

relatively smooth torque characteristic peaking at around 3000 rpm. A 

Formula 1 racing engine on the other hand will be designed to give a 

very high power output, but this will only be effective over a narrow 

band of speed. This gives rise to what is often termed a "peaky" 

performance with the associated characteristics of torque etc. each 

exhibiting this sharp peak within the narrow speed range.

It has already been stated that the complexity of a model, and 

generally speaking the validity, is a function of the refinement of the 

engine model. There are, however, certain common areas among engine 

models which it is felt have a greater effect on the validity of the 

predictions than other areas. It is the intention of this present work 

to investigate these areas and to improve existing computer simulation 

models with the knowledge thus gained.

1.2 LITERATURE SURVEY

1.2.1 Wave Analysis in Pipes

Wave action is initiated in a pipe by a change in pressure at the 

pipe boundary, the subsequent pressure wave propagating into the fluid 

within the pipe. The associated wave profile will be governed by the 

rate of change of conditions at the boundary, a rapid change giving rise 

to a relatively steep-fronted profile in the wave. The pressure wave 

may also be one of compression or rarefraction depending on whether the 

pressure change at the boundary increases or decreases respectively in
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relation to the pressure within the pipe.

Pressure waves may be differentiated into two main groups:

1. Acoustic, or sound waves, which have a very low amplitude. All

points on an acoustic wave propagate with equal velocity and there 

is no change in the wave profile.

2. Finite waves, of amplitudes typically greater than ± 6kPa. There 

is a change in wave profile during propagation, the complete 

analysis of finite amplitude waves being complex and requiring the 

solution of a system of non-linear hyperbolic partial differential 

equations. This present work is concerned with finite amplitude 

wave propagation.

Perhaps the first theoretical analysis of finite waves was carried 

out in 1808 by Poisson [1] who related the velocity of wave propagation 

to the local speed of sound and particle velocity. In 1860, Earnshaw 

[2] studied the general properties of finite amplitude waves and around 

the same time, Riemann [3] proposed a mathematical technique which was 

to form the basis for the graphical solution of unsteady wave problems, 

known as the method of characteristics. In this analysis, the partial 

differential equations representing energy, continuity and momentum are 

rearranged such that two dependent variables, X and 3/ themselves 

representing functions of local pressure and particle velocity, may be 

related to the independent variables of distance and time. Considering 

a point on a wave profile, one may graphically plot the propagation and 

induced particle displacement of this wavepoint using these variables 

which are designated the Riemann variables. Strictly speaking, the 

analysis by Riemann utilized constant values of A and g and these 

might be termed more correctly the Riemann invariants. In the real 

situation however, the presence of friction, heat transfer and area
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change in the pipe cause attenuation of the wave and hence ^ and 3 

vary along their respective characteristics.

One of the earliest studies of a practical wave problem would 

appear to have been carried out by Capetti [4] who attempted to analyse 

wave action in Diesel engines, his analysis taking account of both 

variable area and wall friction. In 1940, Mucklow [5] investigated 

wave action in relation to a four-stroke engine exhaust system while 

Kastner [6] considered the wave effect upon induction ramming in an 

engine. It is worth noting that both these studies appear to have been 

carried out using analytical techniques rather than by the method of 

characteristics. Similarly, Bannister and Mucklow [7] investigated 

wave action associated with the sudden release of compressed gas into a 

pipe, using the theoretical relationships derived by Earnshaw [2].

The 1940's saw increased application of the method of 

characteristics with de Haller [8] describing its application to a 

variety of problems. Similarly, Kestin and Glass [9] provided a 

comprehensive explanation of the technique in relation to non-viscous 

adiabatic flow.

In 1950, two important papers were published by Jenny [10], [11], 

the first being the analysis of wave action in the exhaust system of a 

supercharged four-stroke diesel engine and the second being the more 

important general analysis of the method of characteristics 

incorporating friction, heat transfer and area change. This analysis 

formed the basis for much subsequent work, the research carried out by 

Wallace [12] and Wallace and Boxer [13] being notable examples of the 

application of the characteristics approach to engine systems.

The graphical solution of the method of characteristics was a 

laborious task, this being evident in the number of approximate 

solutions which were being proposed as alternatives to the complete
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calculation. In 1953, Hartree [14] introduced a finite difference 

scheme of first-order accuracy for the solution of the characteristic 

equations and it was this approach which, in 1964, Benson et al [15] 

organised in a form suitable for solution by digital computer. This 

numerical technique effectively solved the method of characteristics by 

superimposing a mesh format on to the graphical plot, the values of the 

dependent variables being calculated at the mesh points within the 

computer solution. This new approach was initially applied by Benson 

et al [16] to an exhaust simulator and was also used by Woollatt [17] to 

examine wave action in the exhaust systems of turbo-charged, two-stroke 

engines. Benson, in association with a variety of researchers, then 

embarked on an extensive research program which, over the following 

years, analysed wave action in a variety of engines. Examples of this 

work may be found in Refs. [57, 58, 59 and 60].

Around the mid 1960's, similar work commenced at The Queen's 

University of Belfast into a variety of engine types which included 

four-stroke, two-stroke and Wankel engines, this work being discussed 

elsewhere and noted under Refs. [47 - 56].

Equally important in the consideration of wave action in pipes, is 

the analysis of wave interaction at boundaries or restrictions. If 

such an analysis is incorrect, the error in the reflected wave will give 

rise to further errors in the overall wave action within the pipe.

This present work makes use of a series of boundary solutions originally 

prepared by Gaboon [18] and McConnell [19] , the theory being based on 

the analysis of Wallace and Mitchell [28].

A good mathematical background to the method of characteristics may 

be found in Abbot [20], while Rotty [21] and Rudinger [22] describe the 

application of the method to the analysis of unsteady wave motion.

Benson [23] provides a comprehensive review for both thermodynamic and
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fluid dynamic aspects of internal combustion engines, with individual 

analyses of various engine types and subsequent computer modelling.

1.2.2 Flow Through Poppet Valves

Broadly speaking, the flow analysis of poppet valves may be 

divided into two categories, these being:

1. Aerodynamic aspects which allow qualitative assessment of the 

various flow regimes through the valve.

2. Flow testing to quantitatively assess the performance of the valve, 

this often being the prelude to modelling the valve as a flow 

restriction for subsequent engine calculation.

Many of the papers cited have examined both aspects of the flow and 

it is therefore intended to present a historical review of the overall 

research rather than attempt to examine both aspects separately. The 

majority of the research will have been carried out for steady flow 

conditions but this does not deter the use of the information in the gas 

dynamics context, the assumption of quasi-steady flow being a valid 

concept particularly in the case of longer time base, low amplitude 

pressure waves where the conditions at the valve are not subject to very 

rapid change. In any gas dynamics calculation, correct modelling of a 

valve is important from two considerations. Firstly, the valve must 

flow the correct amount of air for the given conditions and secondly, 

the model must accurately predict wave interaction at the restriction, 

the presence of error subsequently affecting wave action throughout the 

system.

Important early work was carried out by Tanaka [24] , who identified 

different flow regimes at specific valve lifts, these discontinuities

of flow being investigated more recently by Fukutani and Watanabe [36].
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Tanaka also suggested that the most advantageous way of improving air

flow through the valve was to round the sharp corners of the seat and

valve, giving in effect a convergent-divergent nozzle at the crevice.

Around this time. Nutting and Lewis [25] carried out a series of tests

on various valve arrangements, concluding that the coefficient of

discharge decreased with increasing valve lift. This was subsequently

verified by Dennison et al [26] who stated that the coefficient of

discharge was unity at small openings and fell to approximately 0.6 at

maximum valve lift. They also adopted the convention of

non-dimensional valve lift, defined as —--- , thisvalve head diameter
being a method of presentation used by subsequent researchers.

In 1942, Wood et al [27] carried out similar tests which reinforced 

Tanaka's findings of increased flow by virtue of well rounded corners at 

the valve head and seat. A further conclusion in these tests was that, 

within reasonable limits, changes in pressure ratio across the valve did 

not substantially affect the coefficient of discharge. In 1952,

Wallace and Stuart Mitchell [28] investigated the release of air through 

the exhaust port of a two-stroke engine. Although poppet valves were 

not specifically concerned, the theoretical analysis used was of 

considerable importance as a reference work for future researchers. 

Discharge coefficients were described in terms of both pressure ratio 

and port opening. During the same year. Cole and Mills [29] modelled 

the poppet valve as a restriction followed by a sudden enlargement, 

applying the simple theory of incompressible flow to describe the 

compressible flow of a perfect gas.

Benson [30] investigated discharge through the exhaust port of a 

two-stroke engine, as with Wallace and Stuart Mitchell, the theoretical 

analysis being important in that it considered wave action at the port 

by applying the method of characteristics. Benson reported similar
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results to those obtained in Ref. [28], an additional important 

conclusion being that the coefficient of discharge was lower under 

dynamic conditions than under steady flow conditions.

Kastner et al [31] carried out a series of both static and dynamic 

flow tests on valves, the dynamic tests being in two parts, thus:

1. Pressure ratio was kept constant while the valve was reciprocated. 

At low speeds, the flow rate was found to be greater than that 

predicted using steady flow coefficients of discharge while at 

higher speeds, good correlation was obtained.

2. Pressure ratio was allowed to vary using a piston cylinder 

arrangement. By taking cylinder pressure traces, it was shown 

that good correlation could be achieved using steady flow 

coefficients to predict the mass flow rate through the valve.

It is interesting to note that in Kastner's apparatus, the 

reciprocating inlet valve was preceded by a 12" inlet tract. While 

Kastner's tests were carried out in an unsteady flow situation, the 

existence of wave action in the system was not actually considered and 

the flow values were calculated on the basis of constant upstream 

pressure together with the measured cylinder pressure trace. It is 

suggested that wave action in the tract may have had some effect on the 

flow rates calculated, particularly in the lower speed range.

Again, from the viewpoint of unsteady flow. Woods and Khan [32] 

carried out a comprehensive series of steady flow tests with the 

objective of determining boundary conditions for subsequent unsteady 

flow research. The investigation covered a wide range of pressure 

ratios and valve lifts for both normal and reverse flows through the 

valves. The information thus gained was used by Woods and Khan [33] in

a subsequent paper, the poppet valve model being used in the prediction
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of unsteady flow in an exhaust pipe. An interesting conclusion from 

this work was that the dependence upon pressure ratio of the valve 

effective area need not be taken into account. In both these papers, 

the effective areas were based on a constant pressure model, the sudden 

enlargement theory also having been considered. Woods [34] later 

rejected these models in favour of a revised constant pressure model 

with additional pressure losses. He also noted that twin poppet 

valves give slightly higher losses than a single valve.

Regarding the general situation of dynamic discharge coefficients 

as compared with those obtained under steady flow conditions, Iwamoto 

[35] carried out tests using a rotary valve set-up and calculated that 

dynamic coefficients were less than steady flow coefficients, thus 

supporting the previous findings of Benson [30].

McConnell [19] makes use of the equations presented in Ref. [28] to 

prepare a comprehensive boundary solution for subsequent use in 

predicting the breathing of a four-stroke engine. Coefficients of 

discharge were defined as the actual mass flow divided by the isentropic 

mass flow. A more recent general paper by Fukutani and Watanabe [36] 

reinforces many of the previous findings regarding poppet valve 

characteristics. These include the flow regimes at varying valve lift 

as described by Tanaka [24] and the decrease in flow coefficient under 

dynamic conditions as opposed to static flow. In addition, it was 

found that when the angle-area was fixed, the angle-area being the 

integral of the valve flow area over the valve opening period, a valve 

having a lower maximum lift always exhibited a larger flow value under 

both static and dynamic conditions. It is interesting to note that the 

apparatus was specifically designed to avoid tuning effects from either 

an inlet or exhaust system, the inlet valve having a reservoir directly 

upstream while the exhaust valve opened directly to atmosphere.
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Although not considered as a separate section, work has been 

carried out on the effects of heat transfer from valves to the passing 

gas. There would appear to be some disagreement as to the effects of 

heating, with Annand [37] reporting that the effect on volumetric 

efficiency is no more than 1 or 2%. Kapadia and Borman [38] observed a 

decrease in effective flow area of between 10 and 20% at lower valve 

lifts, dependent upon heat transfer rates from the valve. At maximum 

valve lift, however, the effect was negligible giving no change in 

volumetric efficiency. A further point of interest in this study was 

that the effective area was independent of the pressure ratio which did 

not increase above 1.1. From a theoretical standpoint, Benson [39] 

concluded that heat transfer effects did have a significant influence on 

trapping pressure and volumetric efficiency, quoting a decrease of 

between 5 and 6% in volumetric efficiency, the greatest effect of the 

heat being on the enthalpy change which modifies cylinder pressure.

1.2.3 Flow Through Carburetters

It is generally accepted that the pressure wave action in the 

induction system of an engine will have a considerable influence on its 

breathing characteristics. This is, perhaps, more the case in a 

typical four-stroke engine of moderate performance where, unlike its 

two-stroke counterpart whose performance is largely governed by exhaust 

wave action, the breathing will be largely established by the inlet 

system. The presence of a carburetter in spark-ignition engines, and 

similarly a throttle plate if the engine utilizes fuel injection, will 

greatly influence the wave action particularly at low throttle settings 

when the air flow will be severely restricted. Despite this.
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carburetter modelling would appear to have been neglected somewhat in 

the literature pertaining to gas dynamics models for spark ignition 

engines. Much of the reported research tends to describe the basic gas 

dynamics engine model with the refinement of flow characteristics for 

both valves and carburetters tending to be reduced to the insertion of 

arbitrary coefficients which give the correct answers. It is only if 

this basic research is extended to look at these individual areas that a 

more meaningful understanding of the physical processes may be gained.

An example of this is illustrated by Benson et al [40] who, having 

previously described the basic theory [15] , now considers the particular 

aspect of carburetter modelling. This analysis, which is also used as 

the basis for the present model, describes the carburetter as an 

adiabatic pressure loss. Coefficients obtained through steady flow 

tests are subsequently used in the engine model. The only question 

hanging over this particular work is the choice of pressure values used 

to describe the pressure loss for a given flow, Benson using the throat 

pressure rather than that obtained downstream where the flow has fully 

developed into the pipe again, with an associated pressure recovery.

The importance of pressure tapping location is reported by Woods and Goh 

[41], with the conclusion that circumferential location, in addition to 

axial position, is important when considering butterfly valves.

Single and multi-phase flow in a carburetter have been 

investigated by Bajema and Gatecliff [42] , under both steady and 

transient flow conditions. Good flow correlation was reported between 

predicted and measured results obtained from a motored single cylinder, 

four-stroke engine. A finite difference approach was adopted for the 

gas dynamics, as opposed to the method of characteristics.

Fujieda and Oyama [43] have investigated air/fuel mixture flow 

through a carburetter, under transient conditions. A compensation
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method was proposed to avoid the influences of fuel evaporation delay 

during throttle opening.

The present research does not consider the behaviour of liquid fuel 

in the carburetter, although the mixture preparation and subsequent 

evaporation in the inlet manifold does have a significant effect upon 

the performance of the engine. This particular aspect has been 

extensively reported elsewhere, an example of this being described by 

Hughes and Goulburn [44] who utilized the engine coolant to pre-heat the 

fuel mixture downstream of the carburetter using a small tubular heat 

exchanger.

1.2.4 Simulation Models in I.C. Engines

Engine models cover a wide variety of theoretical and empirical 

approaches, the models varying considerably in both complexity and 

accuracy. A number of researchers have looked at dynamic engine 

modelling without specific reference to the wave action within the inlet 

and exhaust systems and indeed, good results have been reported. A 

typical example of this is reported by Ohata and Ishida [45] , the main 

interest in this research being the volumetric efficiency of the engine 

as related to inlet pressure. As the present research is based 

directly upon the unsteady gas dynamics theory, the following review 

will cover this aspect of engine modelling.

Originally, the somewhat tedious graphical solution of the method 

of characteristics tended to limit the extent of the various models and 

it was more usual to consider a specific section of the engine such as 

the gas exchange processes between say the exhaust valve, or port, and 

the exhaust pipe. Examples of this may be found in Refs. [13] and
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[46], the subject of both papers being the exhaust gas discharge and 

subsequent wave action in the exhaust system.

With the implementation of the method of characteristics solution on 

a digital computer, as described by Benson et al [15], the subsequent 

reduction in manual effort permitted the researcher to take a more 

complete view of the unsteady gas exchange processes in the engine.

Following a program of research at The Queen's University of 

Belfast whereby two-stroke gas exchange processes were examined in an 

exhaust system [47] and an induction system [48], a more complete model 

of the engine breathing was prepared by Blair and Gaboon [49]. This 

model was later supplemented by the addition of a heat release model 

[50] to permit the calculation of in-cylinder conditions during the 

closed cycle. Around this time, development of a four-stroke 

simulation model was being carried out in a similar vein at this 

university. Goulburn and Blair [51] predicted the wave action in a 

variety of exhaust systems on a four cylinder engine and this work was 

later extended by McConnell and Blair [52] to include both the induction 

and exhaust systems on a single cylinder, four-stroke engine. This 

model, as in Ref. [49] , incorporated a comprehensive solution of 

boundary flow which gave accurate prediction of wave action at the pipe 

boundaries. Work continued on various two-stroke aspects at this 

university, the effect of reed induction valves [53], scavenging [54], 

and an improved combustion model [55] all helping to further refine the 

existing engine models. In addition to these areas, work had also been 

carried out simultaneously on the noise characteristics of internal 

combustion engines [56].

Following his previous work on exhaust belts [46], Benson then 

considered the complete gas exchange process in a multi-cylinder.
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turbocharged, two-stroke diesel engine [57]. With the subsequent 

inclusion of a combustion model, Benson then presented two computer 

programs which he intended as a design package for compression ignition 

engines [58]. This work was later extended to include the analysis of 

gas exchange processes in a single cylinder, four-stroke engine [59] , 

the previous heat release model being replaced by a more comprehensive 

combustion analysis which also took account of chemical reactions in the 

exhaust system. The natural progression of this work was in the 

development of a multi-cylinder four-stroke model [60] which, in 

addition to performance, also included the facility for prediction of 

exhaust emissions.

In their associated research, both Blair and Benson have used the 

method of characteristics to predict the unsteady wave action in the 

pipes, this also being the method used in this present work. The past 

decade has seen the increased application of finite difference methods 

in preference to the method of characteristics, the stated advantage 

being that the finite difference method is second order accurate as 

opposed to first order accuracy on the part of the method of 

characteristics. The two methods do share many similarities, an 

example of a recent finite difference approach being described by 

Takizawa et al [61]. The engine thus modelled was a carburetted, four 

cylinder, four-stroke engine and good correlation was reported between 

measured and predicted parameters. A finite difference approach was 

also adopted by Chapman et al [62] for the creation and subsequent 

correlation of a four cylinder, four-stroke engine model which utilized 

a simple heat release calculation during the closed cycle. An 

interesting alternative to either the method of characteristics or 

finite difference schemes is described by Chapman et al [63] in a



16.

subsequent paper. The proposed technique makes use of a series of 

Helmholtz resonator models to describe the unsteady flow in the 

induction system, with a simple heat release model again being used 

during the combustion period.

While many researchers would claim that one particular technique is 

superior to another in terms of accuracy, it is the author's belief that 

any such benefits are minor compared with the improvements achieved 

through greater attention to the individual components of the engine 

model. Examples of this are the use of experimentally determined heat 

transfer factors, the correct modelling of flow effects at throttle 

plates and valves, and the use of a superior combustion analysis.

1.2.5 Application of Laser Anemometry to I.C, Engines

The non-invasive properties of laser anemometry, or laser Doppler 

velocimetry as it is often referred to, have made this form of fluid 

velocity measurement attractive to engineers in the field of engine 

research, particularly for in-cylinder gas velocities. In this 

situation, the reciprocating engine parts and very limited access would 

complicate the positioning of a conventional probe such as a hot wire 

anemometer. Laser anemometry simplifies this aspect in that the main 

requirement for access of the laser beam is the provision of an optical 

window in the wall of the flow region, or in this case the wall of the 

combustion chamber. This form of measurement does of course bring its 

own unique set of problems, not least being the problem of window 

fouling by the constituents of the gas flow as is the case in combustion 

analysis. This is one of the reasons why so much work is carried out 

on motored engines, as opposed to firing engines, when dealing with

in-cylinder flow analysis.
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A comparison of hot wire and laser anemometry was carried out by 

Witze [64], using a motored reciprocating engine. The limitations of 

the hot wire method become apparent in his conclusions whereby he states 

that for known flow direction and low turbulence level, the hot wire 

anemometer can provide useful mean results. The hot wire anemometer 

can not differentiate between flow directions whereas the beam of the 

laser may be modulated to establish direction. If the hot wire 

anemometer is used in high turbulence flows, the oscillatory motions can 

often damage the filament. The laser system however takes account of 

the turbulence and will provide a numerical value for both turbulence 

and mean gas velocity. Perhaps the most important point to be taken 

from the conclusions of Witze is that the hot wire anemometer provides 

values of mean gas velocities. As previously stated, however, the flow 

in an engine is of a transient nature, generally repeating each engine 

cycle. Applying a hot wire anemometer to this type of flow will 

provide a mean value of velocity whereas the laser anemometer may be 

strobed to look at the velocity at any point in the cycle. By 

considering a number of points across the engine cycle, a true picture 

of the velocity transients may be assembled.

The emphasis on in-cylinder flow analysis in the literature is 

particularly understandable in the case of diesel engines, where the 

turbulence and swirl velocities in, the cylinder greatly influence the 

burning characteristics of the mixture. An example of this work may be 

found in Matsuoka et al [65] and Hutchinson et al [66] , both analyses 

making use of motored diesel engines with the latter also comparing the 

results from a plexiglass simulation of the engine with those obtained 

from the real engine. Ball et al [67] looked at the in-cylinder 

turbulence in a direct injection diesel engine, the system thus employed 

permitting measurements of velocity histories during individual cycles.
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This approach was supported by his further observations that large 

differences occurred between the velocity histories recorded for 

different engine cycles. This concept of measuring a velocity 

transient during a single cycle, as opposed to strobing the measurement 

over a number of cycles to obtain a value at a specific point, was also 

used by Klick et al [68]. In addition, a multi-beam laser system is 

used which permits simultaneous measurement of two components of 

velocity at a point, as opposed to the conventional laser measurement of 

a single velocity component perpendicular to the beam axis. The 

multi-beam concept is further extended by Schock et al [69] using two 

blue beams and three green beams, this set-up permitting the 

simultaneous measurement of all three orthogonal velocity components at 

a point. Johnston et al [70] used laser anemometry to investigate 

in-cylinder flow in a stratified charge, four-stroke engine. Carbon 

dioxide was used in the injection system instead of petrol.

Considering now the true situation of a firing engine, a number of 

researchers have measured in-cylinder velocities throughout the 

combustion cycle. Rask [71] compared the results obtained from both 

motored and firing tests, and also discusses some of the common problems 

experienced in in-cylinder measurement. Typical problem areas are:

1. Beam access, a waterjacket or fins often complicating the problem. 

Likewise the cylinder head which in the case of four-stroke engines 

has the added problem of valves.

2. Having established a window, flare will usually occur where the 

beam passes through the glass. The polished bore of the cylinder 

will further accentuate this problem by causing multiple 

reflections within the cylinder, particularly if the beam impinges 

on the back wall of the cylinder.

3. The optical set-up often necessitates a backscatter arrangement for
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the laser system. Since the photomultiplier axis now lies close 

to the laser axis, the photomultiplier will see much of the flare 

generated, particularly where the laser enters the window.

Flare will appear as background noise thus degrading the true signal and 

hence making it difficult to obtain results.

Asanuma and Obokata [72] also looked at in-cylinder velocities in a 

firing engine, again comparing the results with those obtained from 

motoring the engine.

Velocity analysis in an I.C. engine is not, however, confined to 

in-cylinder flow. The pressure wave action in the induction and 

exhaust systems has a major effect on the breathing characteristics of 

the engine. The emphasis on in-cylinder flow, while illustrating the 

importance of this aspect of the engine, may also indicate the somewhat 

lesser activity in the field of gas dynamics. Some work has been 

carried out in this area by Sierens et al [73] with the measurement of 

the velocity profile in the inlet system of a motored four-stroke 

engine. An engine model, based upon the method of characteristics, was 

used to predict velocity values which were subsequently correlated with 

the measured values. Coefficients in the model were varied until good 

correlation was obtained although it should be stated that this approach 

does not generally add to the physical understanding of the flow 

characteristics in unsteady flow.

Considering again the problems of optical access in the engine, 

Obokata [74] utilizes fibre optics to observe velocity in the intake of 

a motored two-stroke engine. In this instance, the fibre optics are 

used to transmit the laser beam with the photomultiplier being used in a 

conventional forward scatter mode. The main problem in using fibre

optics would appear to be the transmission losses between the source and
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the outgoing beam from the fibres, with Obokata reporting that the 

intensity was reduced by a factor of about 50.

The foregoing papers describe the current development trends in 

laser anemometry. With the increasing developments in the fibre optics 

industry, it is foreseeable that transmission losses will be further 

reduced thus making fibre optics a more viable proposition. Multi-beam 

lasers will permit the absolute measurement of velocity and direction at 

any point in the flow system, while real time measurement of transient 

velocities should see increased development.

1.3 AIMS OF THE PRESENT INVESTIGATION

This present work is intended as a continuation of the research of 

Bingham [75] into computer modelling of multi-cylinder, four-stroke 

automotive engines. A computer program already existed [76] which had 

been shown to give good correlation with firing tests on a two litre, 

four cylinder, British Leyland 'O'-series engine, but there was 

considerable scope for improvement on a number of areas of the model.

It was therefore the intention to investigate unsteady flow through the 

carburetter and poppet valves and to prepare flow models for use in the 

next phase of the four-stroke research at this Institution, this being 

the creation of an engine model which incorporated entropy analysis.

A laser anemometer system had been purchased for the first time at 

this university and it was intended that the system be applied to the 

measurement of unsteady flow velocities. By comparing measured and 

predicted values for both pressure and velocity, it was hoped to 

establish more fully the correlation of the present unsteady flow

theory.
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On a theoretical basis, calculation errors arising in varying area 

flow were to be investigated and if possible, a mathematical technique 

proposed which would eliminate this error. Specific considerations in 

applying the gas dynamics computation would also be considered.



CHAPTER 2

LASER ANEMOMETRY



2.1 INTRODUCTION

Laser Doppler anemometry, or laser velocimetry as it is often 

referred to, represents the determination of a fluid velocity by 

observation of the light scattered by particles of matter, such as dust 

as these particles are carried through the laser beam by the fluid flow 

Conventional methods of velocity measurement such as the pitot-static 

tube or the hot wire anemometer, require the insertion of the measuring 

probe into the flow thus setting up a disturbance in the flow. Laser 

anemometry provides a non-invasive method of velocity measurement, the 

only intrusion into the flow being the passage of the laser beam itself 

Since the laser is of low power, typically 5-15 mW, the properties of 

the fluid are not affected by heat from the beam. The main limitation 

of laser anemometry is in providing a good quality optical "window" to 

permit the passage of the beam into the flow of interest, one of the 

more difficult examples of this being in say, constructing a quartz 

window in a combustion chamber and thereafter preventing build up of 

combustion deposits on that window.

Several variations of the laser anemometer technique exist, 

including the "reference beam technique" and the "two-spot" (or 

time-of-flight) anemometer, but of these techniques the "differential 

Doppler" technique probably finds the greatest practical application. 

This indeed is the principle of the laser anemometer used throughout 

this research, a full technical specification of the equipment being 

given in Appendix A2.1.

A simple differential Doppler arrangement is illustrated in Fig. 

2.1, the photomultiplier tube collecting scattered light from the 

particles in the flow as they traverse the intersection of the two 

converging beams. The principle of the technique relates to an effect 

known as differential Doppler beating, each particle giving
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rise to a Doppler shift, by virtue of its velocity, in the frequency of 

the light reflected from each beam. Superposition of the scattered 

light from each beam as reflected by the particle, creates a beating 

effect or modulation of scattered light intensity as the particle 

traverses the cross-over region. The frequency of this beat is equal 

to the difference in Doppler shifts, hence the term differential Doppler 

technique. A derivation of the basic equations is given in Appendix 

A2.2 together with a summary of the signal processing technique used to 

reduce the received data and to extract velocity and turbulence values.

Although the principle of the technique has been defined in terms 

of the differential beating of the scattered light, the technique may 

also be explained in terms of the fringe pattern said to exist in the 

cross-over region, this fringe pattern arising from the interference of 

the two monochromatic beams. This explanation provides a good physical 

understanding of the technique, the fringes thus created being 

considered as a series of alternate light and dark planes lying across, 

and extending the length of, the cross-over region. An illustration of 

this region is shown in Fig. 2.2, the fringes thus produced also lying 

perpendicular to the plane of the converging beams.

The spacing of the fringes is given by the equation:

2 sin (^)

where \ = wavelength of the beams

a = angle of convergence of the beams.

For a particle moving with velocity v, at an angle g to the normal of 

the intersecting beams as shown in Fig. 2.3, the particle will 

experience a modulation in light intensity of frequency
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2v cos 6 sin(^) 
f = ------- A-----

and it may be observed that this is the differential Doppler frequency 

as expressed by equation (2.7) in Appendix A2.2. In simple terms, if 

only one particle were to be present in the measuring volume at any one 

time then the photomultiplier would observe a modulation in scattered 

light intensity as shown in Fig. 2.4. The "pedestal" effect apparent 

in the figure, arises from the variation in light intensity across the 

diameters of each beam, the light intensity being a maximum at the beam 

centres. The frequency of the modulation is the Doppler difference

frequency fD, and if this frequency could be measured it would then be 

possible to calculate the velocity component v cos 6, the system 

parameters X and a being known. In the real situation however, 

many particles will be present in the measuring volume at any time, 

giving rise to a superposition of the individual scattered light 

modulations. The photomultiplier will observe this scattered light as 

random modulations and as such, it is then necessary to resort to more 

complex methods of data reduction than the simple measurement of f^ in 

the single particle situation. The method of data reduction used by 

the present correlator is discussed in Appendix A2.3.

2.2 SYSTEM OPERATION

The main steps with regard to data acquisition and subsequent 

analysis are as follows:

1. The laser is positioned such that the beam cross-over zone

lies within the flow region of interest. Particles traversing

this region reflect light from the beams and this light is
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detected through a receiving optical assembly and delivered to 

the cathode of a photomultiplier tube (PMT). A pinhole 

arrangement restricts the view of the PMT cathode so that only 

scattered light from the measurement volume is collected, and 

most of the unwanted flare is rejected.

2. As described in the Introduction, the photomultiplier observes 

a modulation in scattered light intensity as the particle 

traverses the beam cross-over region. Using the pulse output 

of the photomultiplier, a threshold limit is applied to the 

light modulations and the modulation peaks then represented by 

individual pulses. The received analogue signal, as 

illustrated in Fig. 2.4, would thus be converted to a 

digitised pulse train as shown in Fig. 2.5. This signal 

represents the passage of a single particle through the 

cross-over region and as such, is of a well ordered form. As 

previously stated however, many particles will be present in 

the cross-over region at any one time giving rise to a random 

pulse output as shown in Fig. 2.6.

3. The digitised output from the PMT is received by the 

correlator, the function of which is to perform an initial 

reduction upon the incoming data prior to the final analysis 

by the microcomputer. The correlator is comprised of three 

units, the monitor, the correlator store, and the correlator 

itself. A full discussion of the data reduction is included 

in the Appendix, but briefly the correlator creates a 

distribution of data which it displays in graphical form on 

the correlator monitor. This display appears as a decaying 

cosine wave seated on a gaussianly decaying function and is
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known as the correlation function or correlogram, a typical 

example of a correlation function being illustrated in Fig. 

2.7. By displaying the correlation function, as it is 

created by the accumulation of data in the correlator shift 

register, the monitor provides a visual indication that the 

system is collecting "sensible" data. The presence of noise 

through spurious reflections, or misalignment of the optics, 

would at best give rise to a poorly defined function on the 

monitor and hence indicate the the received information was of 

poor quality. The collection of adequate data for processing 

by the microcomputer typically requires a system running time 

of 5 to 10 seconds, although run times of as little as l/100th 

of a second are adequate if the received signal is of 

sufficient strength and quality.

Certain parameters which are themselves functions of the 

velocity being measured, require to be set within the 

correlator software before results may be obtained. A number 

of values must therefore be tried while running the system, 

until a satisfactory correlation function is obtained on the 

monitor.

4. Having established the necessary parameter values for the 

correlator, system control is passed to the microcomputer 

which will then run the correlator for a specified time, 

transfer the data from the correlator and perform the final 

analysis of the received information. Velocity and % rms 

turbulence values will be displayed on the "Results Page" of 

the program, the program having four page options with the 

remaining three relating to system parameters and command

listings.
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The method of analysis used by the present computer program is 

referred to as "The 3-Turning Point Approach", this method 

being discussed in Appendix A2.4.

2.3 LASER ANEMOMETEY IN TRANSIENT VELOCITY FLUID FLOWS

While no specific reference has been made to the operation mode, 

the discussion has so far tended to relate to the normal continuous 

operation of the correlator. Two modes of operation are available with 

the correlator, these being:

1. Continuous mode in which the system is allowed to correlate 

information in consecutive time intervals 6t, these intervals 

extending over the total run time. This mode is applied in 

the measurement of constant velocity flows, the velocity being 

comprised of a mean component with random turbulence 

fluctuations about this mean.

2. Strobing mode in which the correlator counts pulses in 

consecutive time intervals, but correlation is only carried 

out in those intervals lying within the strobe window. The 

strobe window is of small but finite size, a typical value for 

the present work being about 1 to 2% of the strobe period.

The function of the correlator, irrespective of the operation mode, 

is to analyse the random signal arising from a flow which has a well 

defined mean velocity. The correlated data thus prepared and stored in 

the unit relates specifically to this mean velocity and as such, the 

correlator can not follow a transient velocity in real time as, say, a 

piezo transducer would record a pressure trace. In this situation, the 

correlator would view the transients as high turbulence and would 

attempt to correlate a mean velocity.
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It is however possible to measure the velocity at various points on 

the transient profile using the strobing mode of operation, but a 

limitation of this method is that the transient must be of a cyclic 

nature, i.e. repeating with a given period.

Considering the transient velocity profile illustrated in Fig. 2.8, 

the period of this transient has been defined by a start and finish 

point, these points being represented in the real situation by say, the 

opening of a valve each revolution of an engine. If the measurement of 

the velocity were required at some pre-defined point N during the 

cycle, a trigger circuit would be used to initiate the correlation at 

this point in each cycle. Correlation would proceed for a short but 

finite time and the correlator would then return to its background state 

whereby signal pulses are counted, but no correlation takes place. 

Correlation would again be initiated at the same point in the following 

cycle. In this way, the velocity profile observed by the correlator 

would be as shown in Fig. 2.9, this profile being of similar form to 

that for a mean velocity with random fluctuations. It may be observed 

that widening of the time window will generally increase the magnitude 

of the transient across the window and this will appear as increased 

turbulence in the result.

The correlator will process the information as previous, creating a 

correlation function which in turn will permit the calculation of the 

mean velocity by the microcomputer. There are two main differences in 

the collection and correlation of the data, in relation to the 

continuous steady flow operation of the correlator:

1. Correlation is only carried out within the time window

resulting in a total correlation sample time which, depending 

on the size of the time window, is generally of the order of

1% of the overall running time.
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2. During the background period, the signal pulses will be

counted, but not correlated, and stored in the channels of the 

shift register. These uncorrelated counts will alter the 

pedestal in the correlation function, and in certain cases 

where the time window is very small, these counts will notably 

degrade the correlation function.

The problem of reduced correlation sample time may be counteracted 

by increasing the signal strength to the photomultiplier. This may be 

achieved by artificially seeding the flow with additional particles, 

hence increasing the intensity of the scattered light.

A strobing device has been constructed for this present research, 

the complete unit comprising an optical encoder which is fitted to the 

end of the valve shaft, or camshaft in the case of an engine, and a 

control box which permits pre-setting of the strobe window within the 

cycle. The correlator trigger position may be pre-set to a specified 

number of degrees after the start of the cycle and the strobe window may 

also be pre-set in terms of either rotary degrees or real time.

2.4 FLOW SEEDING AND LIGHT SCATTERING

A primary requirement in laser Doppler anemometry is that particles 

are present in the gas flow to reflect the light from the laser beam.

To provide meaningful information, the particles must display certain 

characteristics while suspended in the flow, these being:

1. They must accurately follow the flow, particularly in a 

transient situation where they may be subject to strong 

acceleration and deceleration. To satisfy this requirement.

the particles should have a very low mass.
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2. The particles should have good light scattering capabilities, 

this generally requiring that they be as large as possible.

It may be seen that this is conflict with 1. which tends to 

infer very small particles.

3. Bearing in mind the operator, the particles should be 

non-toxic and non-active chemically.

4. Ideally the seeding should not cause fouling of any windows 

present in the flow system, this often being a consequence of 

using oil-based particles.

If the study is being carried out in a hostile environment such as 

the combustion chamber of an engine, there are several additiona], 

requirements:

5. The particles should have no effect upon combustion, remaining 

passive while in the chamber.

6. The particles should retain their size in the burning gas and 

thus their light scattering ability as described in 2.

It is generally the case that particles will be naturally present 

in any given gas flow but these may not satisfy the above criterion in 

relation to their associated flow. Artificial seeding may therefore be 

required whereby particles of a known size and disposition are 

introduced into the flow via a particle generator. Ref. [77] describes 

typical size requirements for several common flow regimes, a brief 

summary being as follows:

(a) Turbulent flow: if the flow following capability is defined 

as

Uparticle
Ufluid

then for g = 0.99 at velocity fluctuations up to 10 kHz, a



particle diameter of 1 *j.m has been shown to be adequate.

(b) Supersonic flow: particles of 0.5 um diameter or less give an 

acceptable velocity recovery immediately downstream of shocks 

in the system.

(c) Sub-sonic in centrifugal force field: an example of this 

might be the flow between turbine blades, a particle size of 1 

Urn or less generally being adequate.

There are a number of methods of particle generation, atomization 

and fluidization being perhaps the best while chemical methods tend to 

be less effective. A discussion on the various methods of particle 

generation and applicability is also given in [77]. The generator used 

in this present work is a glass atomizer, specifically the Disa Model 

55L17. It uses silicone oil and gives uniform particles of between 1 

and 2 Mm diameter.

A wide variety of substances have been successfully applied to 

produce particles, an example being reported in Ref. [70] whereby 

titanium dioxide particles of 0.2 Mm diameter were introduced during 

in-cylinder measurement in a motored engine. Alternatively, salt 

particles were used during similar tests reported in Ref. [71] , but . 

these were replaced by silica coated alumina particles of 1 Mm diameter 

during firing tests. To disperse the alumina, the particles were mixed 

with water which was subsequently atomized and the droplets dried.

Ref. [72] reports using a mixture comprising the oxides of silicon, 

aluminium, iron, magnesium, titanium and calcium during firing tests.

The overall mean diameter of the mixture was 2 Mm.

With regard to the light scattering ability of the particles and in 

relation to this, the optimum positioning of the photomultiplier, it has 

been proven in Appendix A2.2 that the velocity aspect of the signal is
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independent of the angle of observation. However, the strength of the 

received signal does vary with this angle, it being desirable to 

position the receiving optics at the angle of maximum signal strength.

A review of scattering theory has been carried out by Durst [77] who 

illustrates the variation in scattering ability by stating that the 

intensity of the light in back-scatter is 500 to 1000 times weaker than 

the scattered light received in the optimum set-up of direct forward 

scatter. Therefore, on-axis forward detection should be chosen if 

experimentally possible.

2.5 DIRECTIONAL DISCRIMINATION OF MEASURED VELOCITY

In the measurement of transient velocities, one of the most 

important aspects is the direction of the instantaneous velocity i.e. 

whether forward or reversed flow is occurring. Recalling the 

correlator operation, it will be remembered that the correlation 

function is dependent upon the density of the particles suspended in the 

flow and their velocity amplitudes. Since there is no dependence upon 

velocity direction, the same correlation function will result from a 

positive velocity as would from a negative velocity of the same 

magnitude. To permit directional discrimination of velocity, a phase 

modulator unit has been incorporated in the rotating optical assembly of 

the laser, the modulator being positioned as shown in Fig. 2.10 such 

that the beams pass through an electro-optic crystal within the unit.

By applying a suitable voltage across the crystal, the phase of one 

outgoing beam is advanced whilst the phase of the other beam is 

retarded.

Considering the above effect in terms of the fringes concept, the 

modulation of the phases would effectively move the fringes to a new
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spatial position. This spatial movement is proportional to the applied 

voltage and thus, if a linearly increasing voltage were applied to the 

crystal, the fringes would appear to move with a given velocity, this 

movement being perpendicular to the fringe orientation. It may be seen 

that the application of such a "ramp" voltage in a flow situation would 

increase the apparent velocity in one direction, while decreasing the 

velocity if it were in the opposite direction. An apparent increase in 

velocity would result in an increase in the number of peaks observed in 

the correlation function, and vice-versa. This indeed is the principle 

of operation of the system, that the ramp voltage be applied to induce a 

velocity component in a known direction to the flow, and that the 

velocity direction of the flow be determined by observation of the 

correlation function and the resulting number of peaks relative to the 

original function.

The applied voltage to the crystal cannot, however, be increased 

indefinitely to maintain the induced velocity. To overcome this, the 

voltage is allowed to increase linearly with time until it has caused 

the fringes to move by one complete fringe spacing, whereupon the 

voltage immediately returns to zero and the ramp function begins again. 

If this flyback time can be made short enough, the resulting effect is 

the same as would be obtained by an indefinitely increasing voltage.

In addition to directional discrimination, the modulator may also 

be used in situations of high turbulence to improve the clarity of the 

correlation function. High turbulence causes severe damping of the 

function peaks and subsequently degrades the quality of the turning 

point data, the modulator being used to increase the observed mean 

velocity and thus reduce the relative turbulence.
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2.6 PROBLEM AREAS IN FLOW MEASUREMENT

Assuming the suitability of the laser anemometer system for the 

flow measurement, the initial consideration is usually the provision of 

a window in the flow region, to permit optical access. This may be 

difficult to implement due to the local flow region shape, pressure and 

temperature conditions in the flow or perhaps, general protrusions and 

attachments which may obstruct the passage of the beam. Collectively, 

these problems often necessitate the use of a single small window only 

and it is then necessary to adopt a back-scatter mode of operation.

Using this optical set-up, difficulties may be experienced due to the 

region of flare which surrounds the entry point of the beam into the 

window. It is probable that the flare region will extend into the line 

of sight of the photomultiplier, which will observe the flare as 

increased noise in the signal. As previously stated, the signal 

intensity will already have been substantially reduced in this 

back-scatter mode, thus accentuating the signal to noise ratio problem. 

Under these conditions, plastics such as perspex are to be avoided due 

to the surface imperfections which will further increase the flare. 

Within the flow region itself, flare can occur where the beam strikes 

the back wall of the flow system, the polished surface of an engine 

cylinder bore being a particularly bad example of this phenomenon.

When the flow system permits, the addition of a matt paint at this back 

wall or, indeed, a second window to allow the beam to pass out of the 

system, can reduce the internal flare considerably.

High turbulence will degrade the signal quality although it is only 

in extreme conditions that the system will be unable to resolve a 

velocity. Modulating the laser beam in this instance will improve the

situation.
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Poor signal to noise ratios often necessitate the introduction of 

seeding into the flow, to increase signal strength. Furthermore, if 

the system is used in the strobing mode whereby correlation only occurs 

for a short period each cycle, the seeding concentration must be 

increased to compensate for the relatively slow real-time correlation of 

the signal. In addition to this, the non-correlated data received 

during the remainder of each cycle will tend to further degrade the 

signal quality. Increasing the amount of seeding, however, can lead to 

fouling of the window, particularly if the seeding consists of atomized 

oil as in the present research. The problem may be further compounded 

if, as in a region of combustion, adverse chemical products are being 

formed such as carbon etc. Under these conditions, the window will 

require continual cleaning.

Vibration can be a problem as in the case of a firing engine, it 

only requiring slight movement of the laser unit, or indeed the 

photomultiplier, to cause misalignment of the optics. Generally, the 

test engine will be mounted on an absorbant bedplate and the laser 

support can be stiffened if required.

With due consideration, the aforementioned problems if not 

eliminated, can at least be reduced to acceptable proportions.
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3.1 NOTATION

The following are the general variable names used throughout this

chapter. In the absence of a local definition, this notation applies.

Symbol Units

a Speed of sound m/s

aa Speed of sound following isentropic change of m/s

state to po
ao Reference speed of sound m/s

A Non-dimensional speed of sound —
oa

Aa
aNon-dimensional a , — a ao

c Absolute propagation velocity m/s

c Carburetter flow loss coefficient

CD Discharge coefficient

CP Specific heat at constant pressure J/kg K

cv Specific heat at constant volume J/kg K

D Pipe diameter m

f Friction factor

F 2Pipe cross-sectional area m

h Enthalpy J/kg

IVC Inlet valve closure

K Area ratio

L Reference length m

m Mass kg

m Mass flow rate kg/s

M Mach number

P
2Pressure N/m

Po
2Reference pressure N/m

q Specific heat transfer rate W/kg
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Symbol

R Gas constant

S Entropy

t Time

T Temperature

T^ Reference temperature corresponding to a^

u Particle velocity

U Non-dimensional particle velocity, —
o

x Displacement

X Non-dimensional displacement, —

Units 

J/kg K 

J/kg K 

s

K

K

m/s

m

Non-dimensional time.
a t o

Greek Letter Symbols

X Rightward moving Riemann variable

g Leftward moving Riemann variable
CP

y Ratio of specific heats, —CV

p Density

x Wall shear stress

Operators

d Calculus differential

6 Partial differential

A Increment of

kg/nT
2N/m

3.2 GENFBAL

The present multicylinder, four-stroke engine program [76] is based 

upon the gas dynamics concept of unsteady fluid motion in the induction and 

exhaust systems of the engine. This unsteady flow arises due to the



38.

propagation of pressure waves, initiated by the opening and closing of the 

inlet and exhaust valves, the movement of the piston and the varying 

cylinder pressure.

The program encompasses the relevant thermodynamic and fluid aspects 

of the flow, particularly the solution of the first law of thermodynamics 

for each cylinder during the open and closed cycles. The purity of fresh 

charge, in respect of residual exhaust gas, is monitored in those pipes 

adjacent to the cylinders, the purpose being to determine the amount of 

fresh charge in the cylinder at IVC. Bingham [75] describes these 

particular areas in detail, together with the overall organisation of the 

engine simulation program.

It is the intention in this text to describe the present work which is 

complementary to the existing engine model and, in addition, to document 

certain areas of the basic analysis including entropy and varying area. 

General theoretical analyses such as the entropy change at boundaries will 

be applied in later flow modelling tests. For the purposes of clarity, 

some algebraic manipulations have been carried out in the appendix so that 

the main steps may be more clearly observed in the main text.

3.3 THEORY OF UNSTEADY COMPRESSIBLE FLUID FLOW

The unsteady flow analysis adopted for this present research is known 

as the method of characteristics, the so termed characteristic equations 

being developed from the basic flow equations of,

1. Energy

2. Continuity

3. Momentum.
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The term characteristic is applied in that the equations define both 

the propagation of a point on a pressure wave and the associated fluid 

state at that point, as it traverses the flow. Entropy is a property of 

the fluid particles in the system and similar characteristics will be 

developed to define the entropy variations due to friction and heat 

transfer in the flow.

The description of a flow as being homentropic infers that the entropy 

level is everywhere uniform and does not vary with time. The analysis 

used in this present research is that of non-homentropic flow although 

certain assumptions are made regarding the entropy and these will be 

examined later.

Although the homentropic analysis is not employed in the present work, 

it does provide a clear picture of the characteristic approach due to the 

less complex nature of the equations. As such, the homentropic approach 

will now be described briefly to illustrate the form of the 

characteristics.

Throughout the following analyses, the assumption is made of 

quasi-steady conditions. The flow is considered as being steady at a 

particular instant and the associated steady flow coefficients are applied. 

This encompasses the basic pipe flow calculation and also flow at 

restrictions and boundaries, such as the carburetter and poppet valves.

5. 3.1 Homentropic Flow

Assumptions

1. Viscous friction and frictional forces at the duct wall may be 

neglected.

2. Flow is adiabatic.

3. Flow is one-dimensional.



40.

In keeping with assumption 3, the flow will be considered as being of 

constant area. The control volume for this analysis is then illustrated 

in Pig. 3.1.

1. Continuity (from Appendix 3.2)

3a 3a y - 1 3u Y -1 au 3P
3t + U 3x + 2 a 3x + 2 F 3x 0

From assumption 3, 6f
<5x 0, hence

6a 6a Y - 1 6u
6t 6x 2 a 6x 0 (3.1)

2. Momentum (from Appendix 3.3)

6u 6u 2 6a , 4f u2 u
6t+U6x + Y- la<5x D 2 | u |

From assumption 1, f = 0, hence

6u
6t + u 6u

6x 0 (3.2)

V — 1multiplying (3.2) by -1—-— , subsequent addition and subtraction to

(3.1) gives respectively.

6a 6a6i + {u + a 6xj "H2 • 6u
6t

6u+ (u + a)sj = 0 (3.3

6a 6afit (u ~a)^ y ~ 1
2

6u
6t + (u - Ox = 0 (3.4

Equations (3.3) and (3.4) are said to be their "Normal" form.

Now remembering that for an observer moving with velocity u, the time

derivative of a function <j> is
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d4>
dt

66
6t +

_6^
6x where <$> = f (x,t) .

It may be recognized that (3.3) and (3.4) represent time derivatives 

of a(x,t) and u(x,t) for an observer moving with velocity (u + a) and 

(u - a) respectively.

Equations (3.3) and (3.4) may therefore be written as

d_
dt a u 0, for reference frame moving at vel. (u + a)

and d_
dt a 0, for reference framemoving at vel. (u - a).

The velocities of the reference frames.

dx
dt u ± a

define the propagation path of a point on the pressure wave as it moves into the 

fluid and are therefore termed the "Direction Conditions". Similarly, 

the derivatives

relate a and u along the propagation path and are therefore termed the 

"Compatibility Equations". The complete system of both Compatibility 

and Direction equations are referred to as the "Characteristic Equations". 

The graphical representation of these characteristics will be described in 

section 3.3.3.

In general sub-sonic flow, where a > u, it may be observed that the 

direction conditions represent two oppositely moving wavepoints. In this
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way, the characteristics approach pemits the calculation of wave interaction. 

Returning now to the compatibility equations and integrating w.r.t.

time.

y — Ia + 1—-— u = constant

Y — 1and a - — u = constant.

The characteristic system of equations may be non-dimensionalized 

by introducing the following parameters

A U u
ao

a t
X = f and Z =

Li Li

where L is a chosen length parameter. The direction conditions then 

become

dX
dZ U ± A

and the compatibility equations (by dividing through by a^

A + A

(3.5)

(3.6)

and A X— U - 6 (3.7)

where A and 3 are constants and are referred to as the Riemann variables, 

although strictly speaking they are invariants in this homentropic analysis.
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The characteristic equations may therefore be summarized in that 

A and U may vary along the direction conditions, within the constraints 

of the compatibility equations. The values of X and 3 may be 

determined with reference to the initial conditions.

The characteristic equations are generally designated according 

to their respective Riemann variables,

A characteristic

Direction, dX
dZ U + A

Compatibility, A + U A

3 characteristic

Direction, dX
dZ = U A

Compatibility, A 3

From equations (3.6) and (3.7) it may also be shown that

A A + 3 
2 (3.8)

and - 3
- 1 (3.9)

The relationships permit the calculation of propagation velocity and 

particle velocity at any point in the flow field, by consideration of the 

intersection of the A and 3 characteristics at that point.
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Earnshaws Equation^

By adopting isentropic relationships, the characteristics may be simply 

manipulated to give the pressure-particle velocity equations of Earnshaw [2], 

thus

(from Appendix 3.6) a
ao

Ypl
27 A

Y-l
P_ 2y =
Po 2 (3.10)

Considering now the X characteristic propagating into a stationary

fluid at reference conditions a , p . Since any associated 3o o
characteristic would have originated from this stationary region, a value 

for 3 may be determined by considering the initial conditions, which are

a = a and u = 0 o

ao
ao

0

= 1

Hence, along the X characteristic

from (3.9) = —--- pao Y ' 1

xzi
from (3.10) (£-)2y = .

2

Rearranging both equations in terms of X and equating,
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(Y - 1) T- + 1a.O

Y-l
2(^)2Y
Po

- 1

2a
u =

Y " 1

Y-l
(£L.)2y
Po

- 1 (3.11)

and this is the particle velocity equation as derived by Earnshaw.

Extending this to the propagation velocity (c) of the A character

istic, then

c = u + a

Y-l
Now a = a (—)2Y 

° Po

Substituting for u and a

2a
C =

Y - 1

Y-l
(^)2Y

Y-l
+ a (^) 2Y 

° Po

C ao
Y + 1
Y - 1

Y-l
2Y (3.12)

this being the equation for absolute wave velocity as derived by Earnshaw.

The homentropic analysis provides a good general introduction to the 

theory of characteristics. In the real flow situation, however, friction 

and heat transfer will give rise to entropy variations throughout the flow 

field and it is then necessary to apply a non-homentropic analysis.
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3.3.2 Non-Homentropic Flow

The more general characteristic system of equations will now be 

developed to include friction, heat transfer and varying area. The control 

volume model is illustrated in Fig. (3.2)

3.3.2.1 Energy (from Appendix 3.1)

Assuming a perfect gas, then application of the 1st law to flow 

through a control volume gives,

r 2 2 n
qpF = -§-[PF(C T + ^—)] + ^-[pFu(C T + ^- + £)] (3.13)

ot V ^ ox V 2 p

3. 3.2.2 Continuity (from Appendix 3.2)

6o
6t

I -6_
F ‘ 6x (pFu) (3.14)

3. 3. 2. 3 Momentum (from Appendix 3.3)

6u 6u _1_ 6p 4f u^ u 
6t + U 6x + p 6x + D 2 | u | (3.15)

3. 3.2. 4 Derivation of the characteristic equations

Considering the energy equation (3.13), substitution of the enthalpy 

relationship

h = C T + ^ 
V p

and division by F gives
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qp 6_
<St P (h + —) - p 6 ii+ pU ^ (h + r ^ /, u , 1 6 ,) + (h + —- - (PFu)2 F ox

Substituting the continuity equation (3.14) for — (PFu) and expanding

qp 6 ^ u 6p6t h + 2 6t + pu 6x (h + —) (h +
2 * u 6p

2 ’ 6t

= p 61 (h u
2 -) -

6t
o „ u , PU ^ (h +

= P 6h
6t

6u
6t

6p
6t pu ,6h 6u. u ) 6x

= P (—6t
6hu 6^} 6u

+ pu "6t + u
_6u,
6x‘

6p
6t

From the momentum equation (3.15), substitute for 6
6t

6u
u 6x

qp ,6h + u 6x
pu(- ^ + G) 

p ox
6p
6t (3.16)

where, for simplification of the algebra, G
24f u u

n 2 TuT'
Using the relationships

h C T P
___Y_
Y - 1

P
P

2a
Y - 1

and differentiating h w.r.t. x and t
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6h = Y I,iP _ £
6t Y - 1 p'6t p 6t;

and = Y i (<$P P ^P' 
6x y “ 1 P ox p x.

Substituting in (3.16)

qp ,6p
Y - 1 <5t

(- _ £ iP + u j5p _
- 6t 6x

P Sp U — -r^) 
p OX

6p 5p“ fa ■ « -PUG

1 ,6p . 5p, 1 YP ,5p . 6p,--------r + u ^ )----------- 7 + u x ) " PuGY - 1 ot 6x y “ 1 P 'St 5x

multiplying by (y ~ l)» substituting 2a and rearranging P

^ + u ^ " &2 + u ^ “ (y - Dp(q + uG) (3.17)
o t ox ol ox

Equations (3.14), (3.15) and (3.17) are all quasi-linear partial 

differential equations of hyperbolic form, the linear operator

SL = + $-dt 6t U 6x

being applicable.

As in the homentropic analysis, two additional forms of this system 

of equations are required such that characteristics of the opposed direction

conditions,
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dx dxat ‘ u + a and aJ = u - a

may be formed to define oppositely moving waves in the flow system. 

These equations are obtained thus.

Eqn.(3.17) + a .Eqn.(3.14) + pa.Eqn. (3.15)

and

Eqn.(3.17) + a .Eqn.(3.14) - pa.Eqn.(3.15) 

Upon rearranging, this gives respectively

+ (u + a) -|^) + + (u + a) J-^) - (Y - l)p(q + uG)

a pu dF ^ „+ —— — + paG = 0F dx (3.18)

and

16t"Fz + (u
a> lf> ,6u . , <5u,~ pa{6i + (u ~ a) ^ " (y - Dp (q + uG)

2a pu dF 
F dx paG 0 (3.19)

, _ 4f u uwhere G = — -----^—rD 2 | u |

(3.17), (3.18) and (3.19) may now be normalized by application of the 

following operators

Applying d_
dt

6 6 
6t + U 6x to (3.17) gives the compatibility condition

dp _ 2 dp_
dt 3 dt (y - 1) P (q + uG) 0 (3.20)
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dxwith the direction condition — = udt

Applying + (u + a) , to (3.18) gives the compatibility condition

dp du , ., , a pu dF_ + pa _ _ (y - !) p (q + uG) +-f- ^ + paG = 0 (3.2i:

dxwith the direction condition ——dt = u + a

Applying — 6 6+ (u - a) , to (3.19) gives the compatibility condition

dp1 du . .. . aPudF ^ „_ pa _ _ (Y - Dptq + uG) + — — - pac = 0 (3.22)

with the direction condition — = u - adt

Equations (3.20), (3.21) and (3.22), together with their direction 

conditions, represent the three characteristics for non-homentropic unsteady 

flow.
dxThe characteristic with the direction condition = u was notdt

previously observed in the homentropic analysis but is now required due to 

the inclusion of entropy which, being associated with the gas particles, 

must be evaluated along a characteristic associated with the particle 

velocity.

Z.3.2.5 Representation of entropy

Fig. (3.3) illustrates the temperature - entropy relationships at 

different pressures, the temperature being represented by the speed of sound 

in the gas. It may be recalled that in the homentropic analysis, the speed
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of sound following an isentropic change of state from some pressure p to

the reference pressure p was defined as a and was a constant for theo o
system. If the concept of a constant reference pressure p iso
retained in the non-homentropic analysis, it may be observed from Fig. (3.3)

that the speed of sound a following an isentropic change of state from
3.

p to p^ is dependant upon the entropy level of the gas at that point.

A reference value a^ is still chosen for calculation purposes but this is 

purely a non-dimensionalizing parameter.

The entropy change along a constant pressure line is derived in 

Appendix 2.5 and, with reference to Fig. (3.3), may be expressed by the 

relationship

a
a
a 2
al

exp
S 1

2CP

In the following solution of the characteristic equations, entropy
dxchanges along the direction condition, — = U, will be measured by

the change in a^ along the associated reference pressure line p^.

3.3.2.6 Non-dimensional forms of the characteristic equations

As in the homentropic analysis, the concept of the Riemann variables will 

be introduced to facilitate the solution of the characteristic equations.

In non-homentropic flow, however, the presence of friction, heat transfer 

and varying area will each cause attenuation of the wave during propagation 

and as such, the values of A and 3 will no longer remain constant along 

the characteristic. Therefore, while the previous relationships.
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y - 1and B = A---- -— U

will still be applied, the following relationships will also be adopted 

to describe the variable X and 3 thus

dA = dA + Y ~ 1 du

and dB = dA - —- dU

Recalling the non-dimensional relationships used in section 3.3.1

A U X — and Z L
a t o
L

Further non-dimensional parameters may now be introduced using the 

isentropic relationships derived in Appendix 3.6, it being important to note 

that the non-homentropic analysis is not violated since these parameters 

only relate the gas state, at a specific point in the flow, to the 

reference conditions.

aaLetting A = —
cl clO

then from Appendix 3.6,

P
Po

2y
Y-l

2y
+

2aa
y-l

P.
Po

2Y
(—)Y_1 —

A ' 2 2A
±_i)Y-l 1_

2Aa
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T 2and —— = ATo
( A + B 2 

2

The non-dimensional parameters thus far described may now be 

incorporated in the compatibility equations (3.20), (3.21), (3.22) and 

their associated direction conditions. The algebraic manipulation is 

shown in Appendix 3.7, the equations here being presented according to 

their respective Riemann variable designations.

A characteristic 

from (3.21)

dA = (y - i) qL i2 3 A dZ
ao

,Y - 1, AU dF- (^> F S dZ + A “

- - 11 IT"2 W 11 - (T - 11 S)az

dXwith the direction condition —:dZ U + A

3 characteristic

from (3.22)

ae . <1^
ao

da,y - 1. AU dF , a< 2 1 S az + fl ]T~

+ (Y - 1) J51 u2 TJT (1 + (Y - 1) f)dz

dXwith the direction condition -r—dZ = U - A

(3.23)

(3.24)
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Pathline characteristic

This is the conventional designation given to the characteristic 

associated with the gas particle movement. The compatibility condition 

permits the calculation of entropy change, represented by the change in 

a^, along the characteristic, 

from (3.20)

dAa
Aa
2A

qL 2fL
3 + D 

ao
dZ

with the direction condition dX
dZ U

(3.25)

3.3.2. 7 Computational forms of the Gharacter-istic equations

The compatibility equations (3.23), (3.24) and (3.25) have been 

arranged in a form which permits the attenuation of X and 6 to be 

calculated along their respective characteristics. Since the values of 

the Riemann variables at any point in the flow, together with the entropy level 

a , may be used to completely describe the gas state at that point, it is
cl

therefore desirable to reduce the solution to the calculation of X and 

3 values only. The A and U terms may be replaced using the previously 

defined relationships of equations (3.8) and (3.9), namely

A a
ao

X + B
2

and U u
ao

Substituting for A

X - 3
Y - 1

and U in equations (3.23), (3.24) and (3.25)

together with their respective direction conditions, the following
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representation of the characteristics may be obtained. 

X characteristic

dX = (y - u2
3 U ao

+ 6)
dZ - (X + B) (A - 3)

4F
dF ^ —— dZ dX

,A+J dA

1
Y “ 1

fL (A - B)3 [
d |a - el [

(A - g)'
+ 5 (3.26)

with the direction condition,

dX = A - B + A + g 
dZ y - 1 + 2

Rearranging, dX [ Y + 1 1 A 3 “ Y
dZ 1

OJ A [2(Y - 1), (3.27)

B characteristic

dS = (y -
ao

dZ (A + B) (A - B) dF
4F dZ + (• dX

A + B, dA
A

+
(A - B)3 f1 2(A - B) 

D |A - B| A + B dZ (3.28)

with the direction condition

dX = A - B _ A + B
dZ Y - 1 2

3 - y [ Y + 1
2 (y - 1) A 2(Y “ 1),Rearranging dX

dZ (3.29)
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Pathline characteristic

A
dA = 2 (y 1)

(A + B)
qL 2fL
3 + D 

ao

6,3

Y ~ 1 dz

with the direction condition.

dx = A - B
dZ “ Y - 1

(3.30)

(3.31)

3.3.3 Graphical Solution by the Method of Characteristics

In the present research, the solution of the characteristic equations 

is implemented on a digital computer in a form similar to that described 

by Benson et al [15]. This mesh method, as it is often termed, is basically 

an analytical representation of the graphical solution. Before detailing 

the method in the next section, a brief description of the graphical approach 

may serve to clarify the reasoning behind the mesh method.

A simple pipe model, as shown in Fig. 3.4, will be employed in the follow

ing description. One end of the pipe vents directly to atmosphere while a 

pressure disturbance is applied at the other end. The graphical solution 

is carried out in a distance/time plane, the horizontal axis representing 

the length of the pipe.

\ characteristics will be used to describe the propagation of points 

on a rightward moving wave while B characteristics relate to points on a 

leftward moving wave. A boundary model will be assumed to exist which 

predicts the flow conditions and wave interraction at the pipe ends.

Assuming that the gas state in the pipe is initially at ambient conditions, 

a pressure disturbance applied at the left hand end will cause a pressure



57.

wave to move into the pipe, the profile of the wave being a function of 

the downstream pressure variation and being determined by the boundary 

analysis. Assuming a profile as represented on the vertical axis of the 

graph, several points may be chosen and the associated X characteristics 

constructed as follows.

3.3.3.1 Homentropia flow

The direction condition is.

[dx'
[dZ X

U + A

which may be expressed similarly to the non-homentropic case.

from equation (3.27) dX
dZ

X + i 1 ■\ _ 3 - y
[2(y - 1)J A 2(y - 1)

Although there are no leftward moving waves at present, 3 

characteristics may be assumed to exist with values determined by the 

relationship,

3 = A - U

Initially these (3 characteristics are emanating from a zone of 

no disturbance shown as ABC in Fig. 3.4, in which,

U = 0

and if p^ is chosen as ambient pressure,

111
2yA 1
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Hence 6 1

The 8 characteristics may be initially considered to be of unity

value.

To determine the initial value for point 1,

X + 8 1(—) with 8 = 12

hence

Substituting for X and 8 in the direction condition, the first 

A characteristic may be drawn according to the correct slope on the 

X-Z plane.

In this homentropic analysis, A remains constant along the characteristic 
and hence the direction condition remains constant, giving rise to a straight 

line which may be extended to the right hand boundary of the graph.

Application of the boundary analysis will generate the value of the reflected 

characteristic from point B, the pipe end. It is important to note that 

the reflected characteristic has now changed from a A to a 8.
The second point on the waveform may now be considered with the value 

of A and the associated direction condition being calculated as before, 
using a value of 8= 1• Note that with the larger value of pressure p^, 
the second A characteristic has a more shallow gradient than previous, 

indicating that the associated wavepoint 2 is over-running point 1 and there

by causing the leading edge of the wave to steepen. If the pipe were 

of sufficient length, a shock front would eventually form and the 

calculation would effectively break down at this point.

The second characteristic may be extended, as a straight line,
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until it meets the reflected characteristic at point D whereupon double 

wave flow may be said to be occurring. A new direction condition based 

on the values of A and B at D may be established and the A 
characteristic extended to point E.

The calculation may be continued until a double wave region exists 

throughout the X-Z plane. Fig. 3.4 is generally referred to as the 

position diagram, an additional representation often used being the state 

diagram of Fig. 3.5. The associated particle velocity and speed of sound 

are plotted for specific points on the position diagram, an interesting 

feature being that the slopes of the characteristics are reversed on the 

state diagram. This may be explained by considering the expressions for 

A and B thus.

A = A + U

y - 1then dA = dA + —-— dU = 0, since A is a constant

hence dA = - Y ^ -1 dU

or |dA|
[duj _ .y,i2

It may be similarly shown that

dA
dU

= 3L
B

The aforementioned is intended as a brief introduction to the 

graphical approach, a more complete discussion being given in Benson [23]

and Shapiro [81].
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S.3.3.2 Non-homentropic flow .

The technique is essentially the same as in the homentropic analysis, 

but the entropy considerations now require the inclusion of the pathline 

characteristic. Fig. 3.6 illustrates a position diagram for the non- 

homentropic situation, the pathlines of the gas particles being vertical 

in the zone of no disturbance ABC, indicating that the gas is initially at 

rest.

X and 3 are no longer constant along their respective characteristics 

and the calculation now proceeds in a step-wise manner with the attenuations 

dX and dB being calculated across each time step, for each characteristic, 

using equations (3.26) and (3.28). dX and dB are, however, functions 

of the entropy change and it is therefore necessary to first calculate 

dA along each pathline during the time step. The corresponding entropy
cl

change along a X or 8 characteristic is then determined by interpolation 
of the neighbouring pathline entropies, the value of dX or dB then 
calculated to give the new value of the Riemann variable at the next time 
step.

The direction conditions are applied as before and it may now be 

observed that the characteristics are curved due to the attenuation of 

X and B.

The calculation is an approximation in that X or B are continually 

changing along a characteristic but for the purposes of solution, the slope 

of the characteristic is based upon the values of X and 8 at the previous 

time step. This infers a limitation upon the accuracy of the calculation

and this will be discussed in section 3.3.5.
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3.3.4 Solution of Non-Homentropic Case by Digital Computer

The analysis herein described is often referred to as the mesh 

method of solution and is essentially an analytical representation of the 

position diagram. The previously defined X axis on the X-Z plane is divided 

into a number of equidistant points or meshes, with lines then extended from 

these meshes parallel to the Z axis. The calculation proceeds in a series 

of discrete time steps, the size of which is dependent upon certain parameters 

at the previous time step. Instead of continuous characteristics as in 

the graphical solution, A and 6 values are calculated by interpolation at 

each mesh point in the system for each new time step. Entropy is traced 

through the flow by considering the movement of gas particles in the 

system.

A boundary model, as described in section 3.4, calculates the value 

of the reflected characteristic at the boundary meshes, the value of the 

characteristic being a function of the boundary pressure, the incident 

characteristic and the flow geometry.

Considering the model illustrated in Fig. 3.7, the calculation will 

proceed as follows. Where sub-routines are quoted, listings may be found 

in Appendix 3.8.

3.3.4.1 Commencing the calculation

The following arrays will be created in the calculation, the values 

of each array being updated at each new time step.

A1 (I) , 81 (I)# AAl(I) The values of A, 8 and entropy at mesh I on

the previous time step.

A2(I) , 82(1) , AA2(I) The values of A, 8 and entropy at mesh I on
the new time step.
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API(J)

AP2(J)

1.

, xl(J) The entropy of particle J and its associated

displacement from the pipe end, in terms of mesh 

spacings, on the previous time step.

, X2(J) As above, but on new time step.

The calculation commences as follows:

The pipe is divided into K meshes, this representing K - 1 spaces 

as mesh 1 is situated at the pipe end. The mesh spacing is usually 

15 to 20 mm, but this may be varied according to circumstances and 

will be examined in Chapter 5.

Values of X and 3 are required at every mesh point on the

initial time step. If the reference values p and a are seto o
equal to the initial conditions of the stationary gas in the pipe, then 

from the relationships derived in Appendix 3.6.

Aa
aa
ao

ao
ao

1

2l_ 2X_
A-UbiY-1 = ,Y + BvY-1 

2A 1 K 2 'a

A + 3 = 2

also U u
ao

o = ^4Y " 1

hence X - 3 = 0

Solving for X and 3 then, 

X = 3 = 1
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and for each mesh point on the initial time step,

X1(I) = 3KI) = 1, for I = 1 to K.

This operation is carried out by sub-routine SETS in the computer 

program.

3. Gas particles, initially at rest, are defined at each mesh point and 

half mesh spacing. The particle positions, Xl(J), are specified 

in terms of the number of mesh spacings from the pipe end, the initial 

number of particles in the pipe being,

J = 1 to (2K - 1)

Throughout the calculation, this number will vary slightly as 

particles leave the pipe and new particles are added.

Recalling that a^ = a^ initially, the particle entropies are 

therefore

API (J) = 1, for J = 1 to (2K - 1)

5. 3. 4. 2 Progression of the dalculat'ion

The following calculation steps are applicable to any time increment, 

including the initial time step. For the purpose of this discussion 

however, the calculation will be considered to have progressed to some time 

step n whereupon double wave flow has become fully established in the pipe 

and the values of A1 (I) and 31(1) are no longer unity. The procedure 

for continuing the calculation to the next time step is as follows:

1. A value of time step AZ is chosen which satisfies the stability 

criterion described by Courant et al [82], namely

AZ < 1
AX " A + |u|
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with Az being evaluated at every mesh on the time step n and 

the smallest value used to advance the calculation. The stability 

criterion effectively applies both the X and 6 direction 

conditions independently to each mesh point on the time step, with the 

subsequent characteristics extended from each mesh point to cut the 

adjacent mesh lines, as shown in Fig. 3.8. By taking the smallest 

value of Az, this ensures that the X, 6 interpolation procedure 

described shortly, will be restricted to the immediately adjacent 

meshes, a necessary condition for stability.

The stability criterion is applied in the computer program using 

sub-routine STAB.

2. Before calculating the change in X and 6 values across the time 

step, it is first necessary to evaluate the entropy of the gas 

particles. Considering then a particle J on time step n, as illustrated 

in Fig. 3.9. Having established the particular mesh points I 

and I - 1, between w’hich J lies, the associated values of X and 

8 may be interpolated thus,

At = A1(I - 1) + (Xl (J) - (I - 2)).(Aid) - A1(I - 1))
iJ

and

8J = 81(1 - 1) + (Xl (J) - (I - 2)).(BKD - 8KI - 1))

The displacement (dX) of the particle during the time step may be 

determined from the pathline direction condition of equation (3.31).

The new position of the particle is then

X2 (J) Xl(J) + dX
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The entropy variation dA across the time step may be calculated0.

from equation (3.30), the new particle entropy now being

AP2 (J) = API (J) + dA
0

with both dX and dA^ based on the interpolated values of 

\ and 6.

The corresponding entropy at mesh I may now be found by interpolating 

the entropies of particles J and J + 1, the mesh entropy on the 

new time step n + 1 now being, with reference to Fig. 3.9

AA2(I) AP2(J) + (1-1) - X2(J) 
_X2 (J+l) - X2 (J) . (AP2(J + 1) - AP2(J))

The above procedure is carried out for particles J = 1 to ITOT, 

where ITOT is the number of particles in the pipe at a particular 

time step. Also, mesh entropies are interpolated for 1=1 to K, 

the complete entropy calculation being executed by sub-routine ENTROPY 

in the computer program.

When a particle moves outside of the pipe it is removed from the 

particle array, while a new particle is added to the calculation when 

the first particle in the system moves a specified distance along 

the pipe. The entropy of the new particle is determined by the 

boundary analysis.

3. Having established the entropy values at time step n + 1, the values 

of A2 and (32 may now be evaluated for each mesh. Recalling 

the stability criterion, it is generally the case that only one mesh 

point on time step n has a particular characteristic which will pass 

through the adjacent mesh point on time step n + 1. It is then

necessary to interpolate between successive mesh points to determine
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the values of X and 6 which will satisfy the criterion illustrated 

in Fig. 3.10, namely that the associated characteristic will pass 

through the adjacent mesh point on the new time step.

With reference to Fig. 3.10, the values of (\2(I) and 62(1 - 1) 

are evaluated as follows

A2(I)

From interpolation,

and

Direction Condition

dX
X = XUI) - . Ul(I) - A1(I - D)W AX

dX
6w = 31 (I) -(31(1) - 3Ki - 1))

dX „
w Y+ 1 X - w

3 " Y
AZ [2(Y " Dj [2(Y - D_

Substituting for dX^ in the interpolation equations, the system is

reduced to two simultaneous equations in A and 6 •w w

Letting G1 Y + 1
2(y - 1)

G2 3 ~ Y
2(y " 1)

DT AZ
AX

the simultaneous equations yield the following results,

, = Al(I) + G2.DT. (61(I - l).Al(I) - A1(I - l).gl(I))________
w 1 + DT.(G1.(A1(I) - A1(I - 1)) - G2.(6KI) - 61(1 - 1)))

31 (I) + Gl. DT, (61 (I - l).Al(I) - Aid - 1) . 61 (I) )______
1 + DT. (Gl. (A1 (I) - Aid - 1)) - G2.(61(I) - 31(1 - 1)))w (3.33)
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The attenuation dX may now be calculated along the characteristic 

using equation (3.26). The reason for evaluating entropy first may be 

explained by the entropy term dA in the expression for dX. To
cl

calculate dA^ along the characteristic, the entropy at the point X^,

6 may be interpolated thus, w

dXAAW = AAl(I) - —^ .(AAl(I) - AAl(I - 1)) 
Zu X

whence dA = AA2(I) - AAW a
dX is then evaluated from equation (3.26) based upon the interpolated

values X , B and AAW, the new value at tine step n + 1 being W W

X2(I) = X + dXW

32(1 - 1)

dXR
From interpolation, X = XI(I - 1) + —— .(XI(I) - XI(I - 1))R AX

dXR
and Bd = 31 (I - 1) + —^ . (31 (I) - 31 (I - 1))R AX

Direction Condition, AZ
3

2(Y 1) R
Y + 1

_2(y - 1) R

NOTE: In the 3 direction condition, dXR would normally be a negative

value but for the purposes of interpolation, the value dX must beR

a positive quantity. The negative sign is therefore introduced

into the above equality to ensure this.
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Substituting for dx^ and solving the two simultaneous equations as in 

A2(l), the following results are obtained.

A1(I - 1) - G1. DT. (A1 (I - l).gl(I) + 3KI - l).Al(D)
R 1 + DT. (Gl . (31 (I - 1) - BKD) - G2. (A 1 (I - 1) - A1(I))) (3.34)

6KI - 1) - G2.PT.(A1(I - 1) . 61 (I) ~ 6KI - l).Al(I))
1 + DT. (Gl. (61 (I - 1) - 61 (I)) - G2.(A1(I - 1) - A1 (I))) (3.35)

where the values Gl, G2 and DT are defined as in A2(I).

Interpolating for entropy,

dXR
AAR = AAl (I - 1) + . (AAl (I) - AAl (I - 1) )

whence dA = AA2(I - 1) - AAR
ci

d6 is evaluated from equation (3.28), based upon the interpolated values

A , 6„ and AAR. At time step n + 1,R R

62(1-1) =6 + <36w

In the computer program, sub-routine PIPE evaluates the following 

values at each time step

A2 (I) for 1 = 2 to K

and 62(1) for I = 1 to K - 1

A2(l) and 62(K) represent reflected characteristics from the pipe 

boundaries and are therefore calculated using the boundary analysis described

in section 3.4.
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3. 3. 5 Theoretical Assumptions and Limitations in the Present Analysis

3. 3.5.1 Linear interpolation

In the aforementioned analysis, linear interpolation has been used 

to determine the characteristic values between meshes. Recalling the 

analysis of section 3.3.1 where the single wave pressure, in a double 

wave situation, was linked to its respective characteristic value by 

the relationship

2y
. (A-t-ig-1

Po 2

Considering the profile of the single wave, which will probably 

extend across a number of meshes, it would be reasonable to consider linear 

interpolation of pressure particularly in the case of long time base, low 

amplitude waves. From the above equation, it may be seen that the 

pressure is linked to its respective characteristic by a power law. To 

apply the linear pressure interpolation would then require a more complex 

interpolation for X and 6, with a subsequent increase in computer time. 

In Chapter 5 however, it will be fehown that the error due to linear 

interpolation is negligible.

Bingham [75] discusses interpolation error and its possible effect 

upon steady flow in long exhaust diffusers.

3. 3. 5. 2 Entropy

In the absence of entropy effects at boundaries and junctions, entropy

changes in unsteady pipe flow arise due to heat transfer and friction alone.
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In the present work, heat transfer has not been a factor in the majority 

of tests and has therefore been excluded, the only possible source of entropy 

variation being a relatively low friction factor obtained through steady flow 

tests. Entropy changes have therefore been neglected but the attenuations 

dA and a$ have been retained to account for frictional and varying 

area effects. This implies a non-homentropic analysis with constant 

entropy, but it will be shown in Chapter 5 that the removal of entropy 

in general unsteady pipe flow gives rise to only negligible error.

3. 3. 5. 3 One-dimensional flow

This assumption permits a considerable simplification in the 

theoretical analysis of unsteady flow. In practice, the assumption is 

very valid and will be substantiated by the measured velocity profiles in 

Chapter 5.

3.3.5.4 Method of characteristics

It will be shown in section 3.3.6 that the method of characteristics 

is accurate to first order, as compared with the second order accuracy 

ascribed to other finite difference methods. The truncation error which is 

inherent in the first order method is cumulative and generally manifests 

itself as a mass flow discontinuity between the inlet and the outlet of the 

pipe. The size of this error can be a function of a number of parameters 

in the calculation and the effect of these upon the accuracy will be 

reviewed in Chapter 5. It has already been stated that certain errors 

may arise due to the assumption of constant entropy and also the 

linear interpolation, but it will be shown that the mass flow discrepancy 

arises mainly due to the order of accuracy of the calculation.



3. 3. 6 Method of Higher Order Accuracy

It has been stated in the previous section that the presence 

of error in the calculation is generally observed as a mass flow discontin

uity between pipe inlet and outlet. The main sources of error as described 

in section 3.3.5 may be summarised as follows,

(a) Linear interpolation of A and B.

(b) Assumption of constant entropy.

(c) The basic theoretical assumption of one-dimensional flow in

a varying area situation.

(d) The order of accuracy of the calculation.

The effect of each upon calculation accuracy will be reviewed in 

Chapter 5, using a typical unsteady flow model with empirically determined 

coefficients. In this present discussion, the errors inherent in the first 

order method will be identified and a method of higher order described.

This method will subsequently be used in Chapter 5 to review the relative 

effects of the aforementioned error sources.

3. 3. 6.1 Source of error in the first order method

In the present mesh analysis of section 3.3.4, the calculation 

procedure assumes not only linear variable interpolation between meshes, 

but also a linear variation dA across the time step, thus

NEW
, dA . Ar, + — .AZ W dZ (3.36)

where AZ = time increment and — = f(Ar,. Br,) .dZ W W
This linear variation across the mesh is also applied to the direction
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condition where, although the characteristic is continuously curved due to the 

attenuations dx and dg, it is represented as a linear gradient across 

each time increment, thus

dX
dZ X

= f (Xw' w

Similar relationships exist in X and 3^ for the 3 characteristic.K R
Recalling the analysis of Appendix 3.4, the variable equation (3.36) 

is analagous to the Taylor expansion to first order,

Y = Y + Y‘ (X - X ) o o

hence the description of the analysis as first order accurate, the removal 

of the remaining terms in the expansion being referred to as the truncation 

error. The stepwise calculation is therefore an approximation of the true 

integral solution of the compatibility and direction conditions and errors 

arise accordingly.

With reference to the X characteristic considered in Fig. 3.11, the 
linear representation of the mesh method is illustrated in relation to the 

true characteristic, with the curvature exaggerated to illustrate the source 

of error. For both characteristics to pass through the mesh point on the 

new time step, they will in general require to emanate from different positions 

on the previous time step. Considering the equality.

XNEW X + dX W

a slightly different value of X „ will result in each case in that X„^ NEW W
will be different as will be the evaluation dX along each characteristic.
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3.Z.6.2 Solution by multi-step integration

From the aforementioned assumptions of constant entropy and no heat 

transfer, the characteristic equations reduce to the following:

A characteristic

from equation (3.26)

dA
(A + 6 (A - B) df- _ 1 (A - B)3

4F dX y - 1 D | A - B |
.(A - B)

A + B dZ

with the direction condition,

(3.37)

from equation (3.27) dX y + 1 ' f 3 - Y ]
' dZ [2(Y - 1). A T—

<

1

CN

B characteristic 

from equation (3.28)

dB = - (A + B) (A - B)
4F

dF . _ —— dZ dX
fL
D

(A - 3) 1 + 2-(A ~ g)A + B dZ

(3.38)

with the direction condition.

from equation (3.29), dX 3 " Y A - [ Y + 1 ]
dZ [2(Y 2(Y - 1)

The pathline characteristic is not considered because of the 

assumption of constant entropy.

These equations will now be solved, within the context of the mesh
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method, by applying multi-step integration across the time step AZ.

Linear variable interpolation will be retained as previous, the only

difference in this method being that the values of \ and g on the new

time step will have been calculated by an integral method as opposed to

the linear approximation by the first order analysis. However, to execute

this calculation in real time would increase the computer run time

unacceptably and it is therefore intended to pre-solve the equations and

to supply these in the form of solution matrices. To enable this to be

done, certain parameters must be specified initially, these being:

AZ — is specified as the smallestvalue that will be encountered in
a t

the calculation. Recalling that AZ = --- , the lengthXj

parameter L is generally set equal to the distance between 

meshes AX. The value of AZ does not vary greatly, typically 

lying between 0.8 and 0.9.

f — the friction factor, is specified as the measured value for

the particular pipe.

AX — the mesh length, is set at a typical value of 15 to 20 mm

although it will be shown later that the increased accuracy 

of the analysis permits considerably longer mesh lengths to be 

used.

D — the pipe diameter is specified.

— the diameter variation is specified if a tapered pipe is used.

The solution matrices are now created using a variable order Adams 

routine, incorporated in a NAG sub-routine, this method being chosen 

because of the high accuracy requirements. The analysis, in addition to 

several other integral methods considered, is discussed in Appendix 3.9.

With reference to Fig. 3.12, two solution matrices are created for

each characteristic as follows.
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1. The ranges of A and 3 are chosen such that they will encompass

any values experienced in the calculation. A range of 0.9 to 1.1,

in steps of 0.005, has been chosen for both A and 3 in this 

present analysis. From Fig. 3.12, it may be seen that the solution 

matrices are each of size 41 x 41.

2. Considering the A characteristic first and incorporating the 

previously defined parameters, equation (3.37) together with its 

direction condition equation (3.27) is solved using the Adams routine 

for each A(I) and 3(1). The solution matrices thus formed 

represent the displacement dX and the new variable value A^^. 

Equations (3.38) and (3.29) are then solved, using a similar routine, 

to provide the corresponding values of dX and ^NEW-

Fortran listings of the calculation are shown in Appendix 3.8.5 and 

3.8.6, these relating to A and 3 respectively.

3. 3.6. 3 Determination of characteristics in the mesh calculation

The organisation of the pipe calculation is substantially as in the 

conventional mesh analysis, the main difference being the replacement of 

sub-routine PIPE which, as described in section 3.3.4.2, calculated the 

values of A and 3 at the new time step. In the routine now described, 

the parameter values must match those values used in creating the solution 

matrices. Although &Z is now a constant, the stability criterion is 

still applied to ensure that the necessary value never drops below the 

specified value. If this occurs, the program will stop and a new value 

of AZ must therefore be introduced for subsequent calculations.

Considering a A characteristic. Fig. 3.13 shows the calculation 

flow diagram for determining the variable A2(I) at time step n + 1.
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The correct value of dX is first established from the displacement matrix

with the associated values A, , g then used to cross-reference theW W
variable matrix directly to obtain the value of A2(I). 82(1) is determined

by a similar analysis, interpolation generally being required between the 

matrix values in both solutions.

As in the previous first order analysis, the calculation is performed 

at each mesh on the new time step, the values thus obtained being

A2(J) for J = 2, K

and 82(J) for J = 1, K - 1

A2(l) and 82(K) are again determined using the boundary analysis 

of section 3.4.

3.3.6.4 Organisation of computer sub-routines

The sub-routine for the calculation of A has been named LAMDAPIPE, 

Appendix 3.8.7 giving the Fortran listing of the routine. Sub-routine 

BETAPIPE determines the value of 8 and a listing is also given in Appendix

3.8.8. Much of each sub-routine is devoted to speeding up the convergence 

and setting control limits on the number of calculation loops. If 20 

iterations have been carried out without convergence of the solution, the 

routine determines the value of A2(I) or 82(1) by the conventional first 

order analysis. To do this, two forms of sub-routine PIPE have been prepared 

which calculate the single value A2(I) or 82(1) only. The sub-routines 

are named PIPEA and PIPES respectively and are called from within LAMDAPIPE 

and BETAPIPE, Fortran listings of the two routines being included in Appendix

3.8. 9 and 3.8.10. Additional notes have been included in the listing of
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LAMDAPIPE, these notes being applicable to BETAPIPE.

Results obtained using this higher order method are described in 

Chapter 5, these results being used to evaluate the main sources of 

error in the first order analysis.

Z.4 PIPE/VOLUME BOUNDARY CONDITIONS

3.4.1 Derivation of Boundary Solution Matrix

The boundary solution used in this present work was originally established 

by Gaboon [18] and McConnell [19], based on the flow equations presented by 

Wallace and Stuart Mitchell [28]. The analysis requires lengthy algebraic 

manipulation and to facilitate the solution, dimensionless pressure groups 

are introduced in terms of pressures in the flow, with incident and reflected 

pressures representing the oppositely moving waves.

The present mesh analysis is concerned primarily with the calculation 

of the characteristic values, A and B, and it is felt that although the 
choice of dimensionless pressure groups permits solution of the boundary 

equations, these groups tend to obscure the reasoning behind the choice of 

solution variables. It is therefore intended to present the boundary 

analysis of Cahoon and McConnell in terms of the Riemann variables,

A and B.

The two flow regimes of inflow and outflow will now be considered and 

in each case, equations will be derived for both sub-sonic and sonic flow.

3.4.1.1 Sub-sonic inflow

Fig. 3.14 illustrates the flow regime in this instance,the term inflow



78.

denoting that the fluid is flowing from the pipe into the cylinder. The 

analysis herein described is for non-zero upstream velocity in the pipe, 

the basic theoretical assumptions being as follows:

(a) Flow is isentropic from the pipe to the throat.

(b) No pressure recovery takes place from the throat to the 

volume, i.e. p^ = p^, unless a shock occurs in the exit plane.

The algebraic manipulation has been carried out in Appendix 3.10 and 

only the main equations will be stated here for clarity.

2 2
U1 Ut

Energy hi + ~ = ht + ~

Continuity piFiui = ptFtUt

Combining these equations and introducing the isentropic relationships

pt — Tt 1^1
— = (—) y and — = , yh h h fi1

it may be shown that

P2C T ( (—) Y 
P 1 ?!

- i:

2 Pt Y 
k (—r - ipi

(3.39)

where K (area ratio) = — .
F1

Recalling that
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Ai ~ ei
Y - 1 A.

A1 + 61

where a = reference value chosen for calculation, o
Letting a = the entropy, or true reference value at point 1 then fromcl 1
Appendix 3.6,

+ 3, 2y
, '1 ' "l*Y-l , , alp = (—rr---- ) .p , where A . = -—1 2A . o al aal o

Substituting equation (3.39) for u^ in the continuity equation 

and applying the above relationships, it may be shown that

(Al - 31:

2Aal

Y-l X1 + 2

(Y - 1)
(—) Y - (
P 2A io al

2 . .41 Pt yA1+^1y-1
1 - —(—) '•(—---- -)y2 p J 2A .K o al

(3.40)

with equation (3.40) representing sub-sonic inflow.

3.4.1.2 Sonic inflow

When the flow reaches sonic velocity at the throat 

ut = at . (YMy*

Substituting for ufc in equation (3.39) and introducing the isentropic 

relationship
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T 1

111
Y

The equation for the critical pressure ratio may be derived as

2_ 1-Y
Y - 1 2 ^t Y 2 ^t Y
<vCTT,k + — (^>CR

letting p
X + 3,_i__ LvY-1 ^( 2A . 5 -Po

al

equation (3.41) may be rewritten

(3.41)

K
h + h Y-l 2

r \+ el 2
Y + 1

2A . (—) /Y 
al po CR

T-
(

1

h

ptir
2A . (—) al po CR

Y - 1 (3.42)

the subscript CR denoting that the values within the brackets are the 

associated critical values incorporating the \ and 3 terms.

NOTE: When the flow is choked, a shock wave will exist in the plane of the

throat and the sub-sonic pressure recovery is no longer applicable, 

hence

pt / p2

3. 4.1.3 Solution of inflow equations

It is appropriate to present now the inflow solution in that this may 

serve to clarify the manipulation of the outflow equations in the next

section.



Recalling the sub-sonic equation (3.40), division of the top and

X-1
'L t ybottom lines on the R.H.S. by (—) ' yields
Po

<\ - V

2Aal

1 -
X1 + 2

(Y - 1)

-2P. (--)2Y
al o " o

(Y-D + 3,Pt Y 1 '"1 ' "1 v — 1(F) ---- FT)7
° K Pt ^r

2K,al po

which may be rewritten

2aal 2a . (1 -

al
Y - 1

X + 3
1 - <--------

pt w2A . (—) Y 
al po

X. +
(-

Y-l'
Pt 2y 2a . I—) /Y 

al po

(1 . (- r
t)Y"^

t 2y 2A . ) Y
al po

(3.43)

It may be observed that the term
X

1 + 3

2A . (—) al po

Y-l 
Pt, 2 Y

also occurs in the sonic

flow equation (3.42).

Considering now the boundary analysis in relation to the mesh solution 

of the characteristics, described in section 3.3.4. It may be recalled that 

the calculation provided an incident characteristic to the boundary, the
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volume pressure and the area ratio K being known. It is

therefore necessary for the boundary analysis to provide the value of 

the reflected characteristic, to permit the calculation to continue.

Designating as the input variable and 8^ as the reflected

variable to be determined, two dimensionless variable groups will now be 

defined as

X
A 1
IziPt 2y 

2A . (—) al po

and Y Yzi Pt 2y 
2A . (--) al po

^ hiPt 2y
Dividing both sides of equation (3.43) by (—) and substituting for X

and Y, then

Y = X.(l 1 - (X + Y)

X2 (1 - “(X + Y) 
K

_4_
Y-l

(3.44)

Equation (3.42) may be similarly rewritten as

2, v Y-l 2 
k(x + y)cr +7^T - (X + Y) CR

Y + 1
Y - 1 (3.45)

where (X + Y) is the critical value for sonic flow and may be related CR
to the critical pressure ratio as follows

X1 + B1

P2A r^)^ 
al po

(X + Y)
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Y-l

pt

(Y-l)
2y

hence (X + Y)or, CR

(Y-l)
2Y

Equations (3.44) and (3.45) represent the inflow solution, it being 

noted that the equations have been reduced to three variables, X, Y and K. 

Recalling the assumption of no pressure recovery, the value of p2 may be 

substituted for pfc in X and Y.

Similar variable groups will now be established in the outflow analysis, 

with the complete solution of the boundary equations then being related to 

the variable groups and solution ranges chosen by Gaboon and McConnell.

Z.4.1.4 Sub-sonic outflow

With reference to Fig. 3.15, the term outflow denotes flow from 

the cylinder into the pipe. The assumptions relating to the flow are as 

follows,

(a) Flow from the stagnation volume to the throat is isentropic.

(b) Flow from the throat to the pipe is adiabatic but not isentropic 

due to the "dead" zone between the streamlines at the throat and

the pipe inside wall.
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From volume to throat to pipe

Energy a. 2 Y - 1 2
at + 2 Ut 2 . Y - 1 2ai + 2 U1

From throat to pipe

Continuity PtFtut =

Momentum (p^ - Fipiu? - Ftptut

As for the inflow analysis, the algebraic manipulations are shown 

in Appendix 3.10 and only the main equations will be stated here.

Combining energy, continuity and momentum, it may be shown that

U1 2 2 
- <—T>

1 At 2 A2 Ut
— (—) . --  + y --K A2 Ut YA2 Y + 1 = 0 (3.46)

with the energy equation expressed in non-dimensional form as

{~)2 = 1 - J-y1 (y)2
A2 2 A2 (3.47)

or alternatively

A1 2 

2
= 1 - -y- -1 (—) 2

2 A2 (3.48:

with equations (3.46), (3.47) and (3.48) representing sub-sonic outflow.



85.

3.4.1.5 Sonic outflow

When sonic conditions exist at the throat

Ut = \

Substituting for in equation (3.47), it may be shown that

A
A
t
2

( 2
Y + 1

Further substitution for in equation (3.46) yields,

U1 2(r^) - (
a2

. 3/2 .1 . U1 2
y + 1 •(K + Y)- A2 + Y + 1 = 0 (3.49)

Equation (3.49) is generally termed the sonic boundary and defines 
U1

the value of — at which the flow in the throat becomes sonic. The 
2 A1

corresponding value of — for sonic flow may be determined from equation
A2

(3.48).

3.4.1.6 Solution of outflow equations

Two dimensionless variable groups have already been established 

for solution of the inflow equations, these being

p ^
2a (—)2y 

al po

Y-l

al po

X and Y
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Similar groups will now be introduced in the outflow analysis such 

that a common solution may be established for the two flow regimes. 

Considering then the two groups

X

2Aa 2

Y-l
2y

and Y

2a „(—)a2 po

Y-l
2Y

it may be noted that A „ and p„ have replaced the variables A and
3.Z Z 3.1

Pt, respectively, in the inflow groups. In practice however, the groups 

will be numerically identical for the following reasons.

1. In the inflow analysis, the flow was isentropic from the pipe to the

throat, hence A , = A The assumption was also made of noal at
pressure recovery between the throat and the volume at sub-sonic 

conditions, thus = p^. Introducing these values into the inflow

groups, X and Y become

X = 1
Y-l 

Pt ~2y~2a r—rYat po

and Y Y-l P2 ~2v~2a (—rY
at po

2. In the outflow analysis, the flow is assumed isentropic from the

volume to the throat and therefore A , = A „. The numerical valuesat a2
of the outflow X and Y groups could then be identically 

represented as

p

at po
2aat

Y-l
2y

X and Y
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For the purposes of calculation, therefore, the variable groups are the 

same in both sub-sonic inflow and outflow analyses. In both sonic analyses, 

specific conditions will be applied in any case.

Considering then the solution forms of the outflow equations, it may 

be recalled that the inflow equations were presented in terms of and 3^

with the appropriate substitutions being made for X and Y. As an 

alternative to this presentation, the variable groups will now be described 

in terms of U and A, for substitution into the outflow equations.

(X + Y) =
A1 + B1

p xz1.2A 2(^)2^ 
a2 po

V-l
Now (—)2Y 

Po a2 a2

and
X1 +

= A,

A,
Then (X + Y) = A

Aa 2

A,

Similarly (X - Y)
A1

Y-l
P2 ~2y— 2A „(—) Y 

a2 po

y-l

Substituting for
A1 P1 ^2 2y
------— and (—)Y - 1 PQ then Y - 1 (X - Y) A.



Substituting for and in the outflow equations yields,

from equation
A2 

(3.46)

A
A

1_
2

(X - Y)2 Y ~ 1
Y + 1 K

,V2
A2 .(X - Y)

(Y - l)2
2(Y + 1) 0 (3.50)

with and — being defined by equation (3.47) from equation (3.48) A2

(X + Y) 2 (3.51)

from equation (3.49), the sonic boundary

(X - Y) 'Y + 1 >3/2.(r ----) (—2 ^ * lK (X - Y) + (Y ~ 1)
2(Y + 1) = 0 (3.52)

with the corresponding sonic value of (X + Y) being determined from equation 

(3.51).

Equations (3.47), (3.50), (3.51) and (3.52) then repesent the complete 

outflow solution.

3.4.1. 7 Creation of boundary solution array

In their solution of the boundary equations, Cahoon [18] and 

McConnell [19] have used the following variables

p ^^i 2y2 (—)

P2 Yzi

1
and K (area ratio)
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as inputs to the solution, with the term

P Izi (^)2Y 
Po

P 2y(—) Y 
Po

- 1
as the output variable

„ YziP2 2y (—) Y
Po

where the subscripts i and r refer to the incident and reflected wave 

amplitudes respectively.

In comparing the present analysis with the original work, it may be 

noted that the flow points 1 and 2 are transposed with p2 now replacing Pj 

used originally. These variables may now be related to X and Y as 

follows;

Recalling the analysis of section 3.3.1 and applying the convention 

of Aj and 8^ as incident and reflected values respectively, then

I-1
A2Y
Po

al
+ 1

and
y-1

Po
al

+ 1

the unity value in each expression arising in that for the purposes of 

defining individual amplitudes, the wave is considered as propagating 

into a region at the reference conditions i.e. P=Po» a=aai an<^ u = 0. 

Hence the oppositely moving characteristic which originates in this region 

will have the value
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a
al

aal

u
+ aal

= 1 since u = 0

The solution variables then become

Yzi
2 (-A) 2Y
Po

- 1

P2 2y(—) Y
Po

al
+ 1) - 1

YziP2 2y (—) Y
Po

Similarly

^ Izi P2 2y 
A . (—) al po

= 2 X

Y-lPi 2V" (—) Y
Po

„ XllPr 2y + (—) Y
Po

„ Izi P2 2y (—) Y
Po

X1 31 
(— + 1) + (— + 1)
al__________ al_____

Izip2 2y 2 (—) ^Y
Po

A1 + gl
P9 ^

2A . (—) /Y 
al po

(X + Y)



The current boundary array was created by the original analysis for

the following range of input variables

2X, 0.6 to 1.4 in steps of 0.005

K , 0.0 to 1.0 steps of 0.05.

Values of y = 1.4 for air and y = 1.35 for exhaust gas have been

used to create two individual boundary arrays. The inflow and outflow

equations are solved by Newton-Raphson iterative techniques as described in

McConnell [19]. In the case of sub-sonic outflow, an initial calculation

is carried out to obtain the value of — relating to the chosen valueA2
Ut
— , these values then being substituted into the remaining outflow equations 
A2

Fig. 3.16 illustrates graphically the complete inflow and outflow 

solution. The transition value between the two flow regimes may be 

established by considering the flow as being stationary at this point, hence

u 1U 1 Y - 1 0ao

Also

Hence A 1 1 and thus A
A

‘al

1

The transition therefore occurs at,
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2 (■
>• f11i, 2y

Y-l ^2 2yA . (——) y 
al po

= 2X = Y-
*2 2y (—) Y
Po

1

as may be observed in Fig. 3.16.

A section of the boundary array, as computed, is shown in Fig. 3.17.

3.4.1.8 Determining the reflected variable for the characteristics calculation

As described in section 3.3.4, the mesh analysis supplies an incident 

variable X or 0 at each pipe boundary, the value of the reflected variable 

then being required to permit the calculation to continue.

Assuming an incident variable A, the procedure for obtaining the 
reflected variable 0 is as follows:

1. For the known volume and reference pressures, p^ and p^ respectively, 

calculate the input parameter,

„ 111A tV* 
a Po

(= 2X)

2. Using this value and the area ratio K, locate the corresponding

solution value from the boundary array. Linear interpolation is used 

between the array values, as described in McConnell [19].

3. Recalling the definition of the solution variable (X + Y), the 

value of 0 may thus be determined.

P2
= 2A . (X + Y) . (—) 

a

Y-l
2Y0 A
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In the present computer program, the above calculation is implemented 

using sub-routine PORT, a listing of which is given in Appendix 3.8.11.

3.4.2 Entropy Change Across a Boundary

Any adiabatic process gives rise to an increase in the entropy of a 

system. As already stated, certain areas of the boundary analysis assume 

adiabatic conditions and as such, entropy changes may be expected across the 

boundary. These entropy effects can significantly modify the incident 

Riemann variable in the characteristics calculation and it is therefore 

necessary to re-evaluate the variable for subsequent use in the boundary 

solution. Considering the two flow regimes:

Inflow

Adopting the same notation as before, the gas is now flowing out 

of the pipe. The process is assumed isentropic and A^ may be obtained 

directly from the pathline calculation in the characteristics solution.

The associated input parameter may then be evaluated for the boundary 

solution.

Outflow

With the gas now flowing into the pipe, the assumption of adiabatic 

flow from the throat to the pipe infers an entropy increase across the 

boundary. A^ will then be a function both of the upstream entropy A^ 

and the flow across the boundary. The flow is however determined by the 

boundary analysis which itself requires the correct value of A^ and as 

such, the solution of A^ is inherent in the boundary solution. An 

iterative technique is therefore required and this will now be described.

The calculation flow diagram is shown in Fig. 3.18 for an incident 

X, the variables being illustrated in their mesh context in Fig. 3.19.
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With reference to the calculation, certain areas will here be expanded 

upon.

1. In the boundary mesh of Fig. 3.19

A. = A + dA 1 w

dFwith dA = cj>(f, q, — , dA ) , where dA = A - A . AssumingU.X ci 9. 3.1 clW

a new mesh entropy a' , the calculated value of dA and hence X
cl 1 1

will also change.

Equation (3.26) describes the attenuation dX while equation (3.28) 

gives the equivalent dg.

Separating the terms, equation (3.26) may be represented as

+ ^wn Aaw,
dA = <()(f, q, —) + --- g---).(--- ------ )

aw

while for A1.al

A + g A - A, . .. dF, , w w, , al aw,dA' = <j)(f, q, —) + (----j---).(--------- )Aaw

The new incident value of A then becomes

A! = A + dA' 1 w

= A.+ (dA’ - dA)

= A1 + (
A + A A'. - A . w____w al___ al,2 ’ ' ~A }

aw2
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2. Using A' and A' , the solution inputs are determined and the value
1 ci 1

3^ found from the boundary array. The values of and are

then calculated,

+ s; xj - ej
ai ° ------2------ and D1 = y - 1

Applying the energy equation between the volume and the pipe.

2 2 y - 1 2A2 = Ai + -y- U1

The variance ^2 - (A^ + ^ 2 ^ is checked and if within the

tolerance, A_^ is accepted together with the associated and 8^.

From equations (3.26) and (3.28), it may be noted that the entropy 

terms are the same in both A and 8 and as such, the above procedure is 

equally applicable to either variable being incident on the boundary. 

Sub-routine ENTROPORT implements the above calculation in the overall program, 

a Fortram listing being found in Appendix 3.8.12.

3.5 ADIABATIC CARBURETTER MODEL

The calculation model herein described follows generally the reasoning 

of Benson et al [40]. An important departure from that analysis is the 

iterative procedure now proposed which modifies the incident downstream 

variable for each new calculated entropy value. This procedure was described 

in section 3.4.2 and while Benson also applies a form of modification to the 

downstream characteristic, it is felt that this could be more correctly

situtated in the calculation.



With reference to Fig. 3.20, the carburetter is modelled as a flow

restriction with a pressure loss defined by a modified form of the momentum 

equation, thus

P1 P2 KlP2U2

where K = <}> (Downstream Mach No., Throttle position).
Li

The calculation flow diagram of Fig. 3.21 assumes the existance of an 

array of loss coefficients versus downstream Mach number, for a range of 

throttle settings. As will be shown in the calculation, however, the 

loss coefficients in the array will be presented in terms of the parameter 

C where

c = V
Values for C are obtained by steady flow tests described in Chapter 

4, with particular attention being given to the pressure locations upon 

which p^ and p^ are based.

The variable notation is shown in Fig. 3.20 with subscripts 1 and 2

denoting upstream and downstream conditions, respectively. The incident

variables are represented by A. while the reflected variables are A ,in out
the velocity convention of positive towards the boundary being applied in 

the calculation procedure. Before describing this, however, the governing 

flow relationships will be derived.

Energy

Continuity
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Momentum

Using the form described above

U - P2 = V2U2

Rearranging the energy equation and letting the Mach number M = — , then
cl

A)2
a2

2 2
----T +Y - 1____ 2

2 2----r + M.Y - 1 1
(3.53)

Substituting for a 

shown

YP 
2̂ into the continuity equation, it may be

F1 M1 a2

F2 M2 ai
(3.54)

Letting C = / t^e momentum equation may be rewritten

C =
P1 " P2
P2U2

multiplying by , then

C =
P1 " P2

P2U2

Y RT
P1 " P2 P2 2

P2U2
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P1 ~ P2 1_ 

P2 ' H22

1 2or — = 1 + CMP2 2

Equation (3.54) may be written

F M p 1 1 P1
F M p 2 2 f2

^1Substituting for — from equation (3.55)P2

(3.55)

a
a 2

F1 M1 2 
-(1 + cm2)

Substituting for — in equation (3.53)
a2

(
M

M,
. (1 + CM ^)

2
Y - 1

2
Y " 1

+ M,

+ M.
(3.56)

With equation (3.56) combining energy, continuity and momentum. 

Considering the velocity convention in Fig. 3.20, the following 

relationships may be stated,

UB
X. - X rn____ out

Y - 1

AB
aB
ao

X. + X in out
2
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aB
aB a

y — 1 Y — 1X . = + ~ r- -  U , X ^ = A - r--in B 2 B out B 2 bB B

Considering X. , rearranging and dividing both sides by A , in aBB

A,B mB
SaB AaB(1 + ^Hr-V

UB
with M_ = — (M, = + ive, M_B a 1 /B

ive)

From the entropy diagram of Fig. 3.20,

Y-l
^
a i Pal o

y-li P —--2 •
3 T Pa2 o

Hence
al

Y-lp v— aA-)21,. 4-
a2

or Aal a2

(3.57)

(3.58)
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3.5.1 Solution Procedure

Considering the characteristic mesh analysis of section 3.3.4, the 

variables of interest are

incident upstream variable supplied by mesh analysis 

calculated upstream entropy, also from the analysis 

with both quantities remaining fixed throughout the calculation.

^in2 incident downstream variable, supplied by mesh analysis but based

on initial value of A 0 and therefore requiring re-calculrtion for 

the correct value.

A „ initial value of downstream entropy, usually set equal to the value
cl

of the previous time step.

For each new value of A X. „ will be re-calculated as describeda2 m2
in section 3.4.2. In addition to the above corrections, the following 

values are also required to permit the mesh analysis to continue.

X „/ X „ The reflected upstream and downtream characteristics,outl out2
respectively.

Note: The terms X. „ and X. „ are used only to generalise the incident---- ml m2
variable. In a normal calculation, an incident X characteristic 

will exist on one side of the boundary with an incident B on the 

other. For a given flow direction, the velocity convention together 

with the variable definition

X. „ = A+ -L-^;— UmB B 2B

will account for this by defining different characteristics on

each side of the boundary due to the opposite signs for U .B
Fig. 3.21 illustrates the calculation flow diagram, with a Fortran list

ing of the associated sub-routine CARB being supplied in Appendix 3.8-13.
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The procedure may be described as the calculation of ^n] based upon an

assumed value of M„, the calculated and known values of X, . then compared2 ml
and the procedure re-iterated until satisfactory convergence is obtained.

For clarity, certain steps in the flow diagram will now be expanded upon.

1 Establishing flow direction

From section 3.3.1 and letting p^ = incident pressure,

P,
Y-l

i 2y(F}1
o

ini.
^al

+ 1 Y-l
^i 2y 

and (—)Po 2

X. 0m2
A + 1
a2

Xinl Xin2
Hence, if ----  > ---- then (p.), > (n,)„ and normal flow occurs.A, A „ ilal a2

Aini Xin2
If ---- < ----  , then (p.)^ > (p.)- and reverse flow occurs. It isA i2 rlal a2
then necessary to re-designate the input variables in relation to the 

calculation parameters / ^in2 etc‘

2. Calculate M,

Rearranging equation (3.56)

2 2 2 2 2 MT. (MT + --=—) = (----- + M0) .1 '1 Y-l' Y-l 2

Y2

2 F1 
d + cm2) -

letting A = R.H.S. and x = then

2 2 _x + ---- r x - A = 0Y - 1
Solving for x

Y-l Y " 2X
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Considering the positive root only,

M 1 + A)

3. Calculate
A
A
a2
al

(3.59)

Rearranging equation (3.58),

A
A
a2
al

Y-l
2y

substituting for from equation (3.55)

A
A
a 2
al

(1
Y-l

+ CM22)2y
A
A
2
1

(3.60)

3.6 CALCULATION OF DISCHARGE COEFFICIENTS

When defining a discharge coefficient 

generally applicable.

C^, two definitions are

^ CD

2. CD

mact m =
m.rsen

rsen

geom

mass flow rate

= throat area

the latter definition using the isentropic throat area F^_ , which would
isen

isentropically flow the same mass rate m in the former definition.clCC
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Depending upon the flow regime, the definitions may or may not be the same 

in which case only the area ratio is correct for inclusion in the boundary 

analysis. To illustrate this, the two main flow regimes will be considered 

briefly with the flow equations having been derived in section 3.4.

3.6.1 Zero Upstream Velocity

This situation arises for a relatively large upstream volume, with 

outflow from the cylinder to the pipe being considered in this category.

The following analysis therefore covers exhaust valve normal flow or 

inlet valve reverse flow.

For a relatively large upstream area, the area ratio K s 0 and 

hence from equation (3.39), the throat velocity reduces to

ut
P. Til

[2CPT1(1 - (iv Y )] (3.61)

where the subscript 1 here defines the upstream conditions.

The mass flow rate is

m

Substituting for u^ from equation (3.61) and letting

1
P t

then

2
m (—) ' )] P1

(3.62)

Applying the same mass flow definitions as stated previously,
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mact

2 y+1
Pt Y Pt y i = p F [2C T ((—) - (—) Y )]5

1 tisen P 1 ?! Pi

while

m.isen P F M1 t

2 y+1Pt - Pt — ^ [2C T. ((-^)Y-(—) T )]5pip, P, geom ^1 ^1

In which case

m
'D

act
m.xsen

t.isen

geom

and the two definitions are identical in this instance.

3.6.2 Non-Zero Upstream Velocity

The previously defined inflow regime may be considered in this 

category, with flow from the inlet tract into the cylinder. In the engine 

situation, this applies to inlet valve normal flow or exhaust valve 

reverse flow. The upstream velocity is no longer zero and equation (3.39) 

applies directly, the notation now being as per Fig. 3.14 of the boundary 

analysis.

From equation (3.39)

f-1
Y2C T, ( (—) Y

P 1 P, - 1)

2 Pt YK (—)Y - 1
Pi
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Substituting as before for u^ and in the mass flow equation, then

m = plFt

Y+l
Y2C T ((—) ' - (—) ')

2

'p 1 p 1
? pt ~ K2 (^)Y

(3.63)

where K = —F1

Considering K geom
F1

and K.is
isen

From the mass flow definitions.

mact P1 Ft.
isen

Y+l 2
Pt^2C T. ( (—) Y - (—) ' ) 

P 1 P1 P1

2 Ft Y(—)Y - 1 
is Pl

and m.isen P1 Ft

y + l 2Pt — Pt 7 |2C T. ( (~~) Y " (-1)Y) 
P 1 pi P1

geom 2 Pt yK (—)Y - 1
g Pl

It may then be seen that

mact t.isen
m.isen geom

because of the K. and K, terms in the equations.is g
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In the boundary analysis, each flow regime assumes isentropic flow from 

some region to the throat and as such, the value of denotes the isentropic

area at the throat. Since the area ratio K requires this value 

of in the solution of the boundary equations, the discharge

coefficient used to correct the geometric throat area, must be specified as

CD

F

F
t.rsen
tgeom

NOTE: Although responsible for the creation of the boundary solution

array, McConnell's measurement of the poppet valve values [19]

is incorrect in that, although the equation for non-zero upstream 

velocity was adopted, the discharge coefficient was expressed as

m.rsen

3.6.3 Calculation of Values

The experimental procedure will be described in Chapter 4, the 

subscripts here relating to the previous flow regimes of Figs. 3.14 and 

3.15. The following quantities will be measured during the flow tests,

Pl, p2, Tlf m, F1

with the reference pressure p^ generally set equal to the atmospheric 

pressure. Considering the mass flow rate,

m
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Substituting for p 1
YPi

and u 1
'S

(----- :—) .a , thenY - 1 o

m Y - 1 F1P1(X1 2
al

a 1 a 1 
Multiplying by --- and letting

al al a

m
• X - 6 aF (_i___1, al

X - 1 1 v A ' 2al a^

Now
al

Izl
P1 2y

(—) , therefore substituting and rearranging
Po

Y-lll " 31 Y - 1 * ai P1 2Y
--- L = (y ) ---— (—) Y
al Y F1 P1 Po (3

Considering pressure.

X1 - B1

\l

^ Hi 
P1 2y 2(-)
^o

(3

Adding and subtracting equations (3.64) and (3.65) gives, respectively,

*1

al

r, HiP1 2y(—) T . (1 + ( 
Po

, m aI--L) --i_)
2Y F1 V (3

Aah

Y-l&21' .u-o
Po 2Y F1 Pl

.64)

.65)

.66)

and (3.67)
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Hence A and A^ may be calculated directly. The boundary array may

now be used as follows to obtain the correct c value.
S1

1. Assuming an incident 8 in this instance, the value of ——, p^,

and F.
al

are input to the boundary routine via sub-routine PORT.
geom

The separate input value A^ will now be specified as 1.0 in that the
^1

input variable is already in the form --- .
al

2. An initial value of C is assumed and a value for —D A
the analysis.

obtained from
al

3. This calculated value for ---  is then conpared with the known valueA ial
obtained from equation (3.66), CD then being incremented and the 

calculation repeated until satisfactory convergence is achieved.

It is often the approach in subsequent unsteady flow modelling to 

present the geometric area and associated CD value as functions of valve or 

crankangle, each quantity being calculated and supplied individually to the 

boundary solution via sub-routine PORT. Generally, however, the geometric area 

calculation may be somewhat complex while the CD algorithm is usually 

presented as a power series. In this present research, the measured 

isentropic areas are presented in array form together with their associated 

crankangle positions. In subsequent flow calculations, the isentropic 

area is obtained by interpolation of the crankangle position, this value 

then being input to sub-routine PORT together with a value of = 1.0.

3. 7 CALCULATION OF GEOMETRIC POPPET VALVE AREAS

Although the isentropic areas will be used directly in the unsteady

flow analysis, it is of interest to note the variation in with valve

With reference to Fig. 3.22, a transition value H determines
Li

lift.
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which of two equations is used to calculate valve area, K being defined byL

H,
R - RO V

L cos 0 sin 0 (3.68)

For H < H , the valve area F is given by L V

F = HD H COS 0 v i (3.69)

where D = (2R + H cos 0 sin 0)I v
For H > H , F is defined by L v

F =n(R + R ).[(R -R)2.(l+ tan20)+ H2(R - R )tan 0]^ 
v o v o v o v (3.70)

An upper limit does however exist for F^, this being

2 h
fl “ "‘h - T"'

where D is the diameter of the valve stem, s
Hence for F > Ft, then F = F .v L v L

Z.8 ENGINE MODEL

References [75] and [76] give a comprehensive description of the 

engine model, the salient points here being presented for the purposes 

of clarity.

The pipe and junction numbering system, together with the associated 

pipe dimensions, are presented in Figs. 3.23 and 3.24, respectively.
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Pipe number 22 varies in length depending upon the extent of upstream 

tuning, as described in Chapter 4. Of the thermodynamic aspects of the 

model, the combustion analysis is, perhaps, the most important of these. 

Depending on the engine speed, the calculated air flowing into the cylinder 

is assumed to transport fuel according to the air/fuel ratio measured at 

that speed, during the engine tests. A combustion efficiency term defines 

the proportion of the colorific energy of the fuel released during 

combustion, values for this combustion efficiency being presented in 

Chapter 5. During the combustion cycle, this energy is released on the 

basis of a percentage heat release - crankangle diagram, derived from 

unpublished figures supplied by the National Engineering Laboratory. The 

heat release diagram is illustrated in Fig. 3.25.

Heat transfer between the gas in the cylinder and its surroundings is 

calculated according to the function proposed by Annand [85], The present 

model does not incorporate heat transfer between the gas flow and the 

intake or exhaust systems, this aspect of the flow being examined in the 

next phase of the four-stroke research at this university.

Gas purity is monitored in the inlet and exhaust pipe sections 

adjacent to the cylinders. Two boundary arrays are used throughout the 

calculation, that used for the inlet valves having been solved for y = 1.4 

while the exhaust array has been solved for y = 1.35.

The present model also incorporates a junction analysis, derived by 

Bingham [75] following a comprehensive series of tests on different 

junction configurations. The simple carburetter analysis used in the 

present engine model is based upon the pipe/volume boundary solution, with 

isentropic areas determined by an iterative approach described by Bingham

[75] .



Ill.

3. 9 DEFINITION OF ENGINE PERFORMANCE PARAMETERS

In the following definitions, the term brake refers to the measured 

output as opposed to the indicated output which can be calculated from the 

known cylinder conditions.

RPM = engine speed in rev/min

Power (kW) Torque (Nm) x RPM
60 x 2tt

Volumetric Efficiency mass of air induced per cylinder, per cycle 
cylidner swept volume x reference density

bmep = brake mean effective pressure

Power = bmep x swept volume x 2

Air/fuel ratio = Air mass flow rate 
Fuel mass flow rate

bsfc = brake specific fuel consumption

bsfc(kg/kW.hr) = Fuel consumption per hour 
Power
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Pipe number Length
mm

Diameter
mm

Exhaust
1 355 33
2 322 33
3 259 33
4 280 33
5 356 35
6 356 35
7 361 35
8 361 35
9 300 42

10 300 42
11 300 42
12 300 42

Inlet
13 145 30
14 145 30
15 145 30
16 145 30
17 88 42
18 45 42
19 54 42
20 87 42
21 123 44.5
22 59 44.5

NOTES: 1. Pipe numbering refers to Fig. 3.23

2. For all pipes, mean diameters are used (or equivalent diameters

if section not circular)

3. Pipe friction factor = 0.015 m throughout system

FIG. 3.24 PIPE DIMENSIONS
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CHAPTER 4

EXPERIMENTAL APPARATUS AND PROCEDURE
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4. 1 GENERAL

The objectives of the experimental work herein described, were as 

follows:

1. To apply the laser anemometer to the measurement of unsteady 

velocities in pipe systems and hence establish the correlation 

of the flow theory, using both pressure and velocity 

measurement. Constant and varying area flow were to be 

analysed and in addition, the laser anemometer would be used to 

gain qualitative knowledge about unsteady flow profiles in such 

regions as junctions and bends.

2. To correlate the use of experimentally determined steady flow 

coefficients in unsteady flow and to validate the prepared 

carburetter and poppet valve models. Each component was to be 

investigated individually using a flow simulation rig.

3. To investigate the effects of upstream tuning upon the standard 

'O'-series engine. The existing four-stroke engine model [76] 

was to be used to compare the measured and predicted 

correlation.

4. A theoretical investigation to quantify the effects of certain 

parameters in the flow calculation, with particular attention to 

the effects of varying area and the order of accuracy of the 

calculation.

In the flow investigations now described, the associated pressure 

loss coefficients and effective areas described in Chapter 3, were first 

established through steady flow tests on the various flow rigs. These 

values were then used directly in the unsteady flow correlation.
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4. 2 MEASUREMENT

4.2.1 Velocity Measurement

Flow velocities were measured using a laser anemometry system 

supplied by Malvern Instruments Ltd., the specification of the system 

being given in Appendix A2.1. The laser unit was mounted on the table of 

a milling machine bed, so chosen because of its stability and also for the 

three-way table traverse which permitted easy positioning of the laser.

The bed was itself supported by a cradle mounted on castors, to allow the 

unit to be transported. The complete unit is shown in Fig. 4.1, the two 

horizontal axes of the table being driven by remotely controlled, variable 

speed D.C. motors which permitted the laser to be accurately positioned 

while the operator remained at the flow rig. Throughout this research, 

the laser has been operated in a forward-scatter or side-scatter mode to 

improve the signal intensity, the photomultiplier and its adjustable stand 

being shown in Fig. 4.2. A back-scatter facility does exist whereby the 

photomultiplier may be mounted on top of the laser, and this is also 

shown in Fig. 4.2.

Prior to using the laser anemometer in any pipe flow analysis, the 

velocity measurement was' initially compared with the results obtained from 

a Prandtl-type Pitot tube. The laser anemometer does not require 

velocity calibration in that, if the system parameters are correctly 

specified to the system processor, the laser anemometer will provide 

absolute measurements of flow velocity. A flow tube and nozzle were 

constructed as shown in Fig. 4.3, this apparatus subsequently being used 

to calibrate hot wire anemometers, using the laser system. With 

reference to Fig. 4.3, laser measurements 12 mm downstream of the nozzle
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exit plane showed a flat velocity profile of less than 0.5% variance to 

within 4 mm of each side of the nozzle. The Pitot tube and the laser 

measurement point were then positioned as shown in Fig. 4.3 and a 

comparison obtained for a flow velocity range of 0 to 30 m/s.

4.2.2 Pressure Measurement

4.2.2.1 Steady flow

Steady flow pressures were recorded using either water or mercury 

U-tube manometers.

4.2.2.2 Unsteady flow

Transducers

Pressure-time histories were recorded using quartz crystal, 

piezo-electric pressure transducers, supplied by Vibro-Meter and Kistler. 

Location was via a 14 mm fine screw thread and each transducer 

incorporated a water cooling facility which was used during the firing 

engine tests.

An important feature of the piezo-electric transducer is that it 

records the pressure transient about a mean value of zero. It is then 

necessary to measure the mean static pressure independently such that the 

recorded transient may later be compensated to give the correct absolute 

values of pressure. Strain gauge transducers, of sufficiently rapid 

response, can overcome this problem in that the previously defined mean 

pressure is inherent within the signal. Two strain gauge transducers 

were purchased for evaluation, the specification of these and the above

piezo-electric transducers, being as follows:
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Manufacturer Type and Model No. Range (atm) Diaphragm

Vibro-Meter piezo, 12QP 300 cvk 0-200 Flush

Kistler piezo, 7061 0-200 Flush

Shape s/guage, 111-1-1 0-14 Flush

Shape s/guage, SP91 0-7 Remote

Despite their high range, the piezo-electric transducers proved 

suitable for measuring pressure transients in the ±1 atmosphere range 

associated with the pipe flow in this present work. This was 

particularly true for the Vibro-Meter transducers which were 

acceleration-compensated for low pressure measurement in a high vibration 

environment.

The term "Flush" indicates that the transducer diaphragm is situated 

level with the bottom of the threads while the term "Remote" denotes that 

the diaphragm is situated at the top of a tract which passes through the 

threaded portion of the transducer. The remote diaphragm can give rise 

to certain spurious effects in a transient flow and a comparison between 

the piezo-electric and the strain guage transducers is reported in 

Chapter 5. This comparison was carried out during one of the unsteady 

flow simulations, a pressure trace first being recorded using a 

piezo-electric transducer which was then replaced by a strain guage 

transducer, and the test repeated.

Transducer Amplifiers

1. For the piezo-electric transducers, Vibro-Meter TA-3/C charge
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amplifiers were used, the electro-static charge from the 

transducers being transmitted via high impedance cables. The 

maximum output from the amplifiers was 10 volts.

2. Following problems with electrical interference while using 

existing mains powered amplifiers, a compact 12 volt D.C. 

battery was used as a power source for new strain guage 

amplifiers, which were built "in-house".

Data-Logging

The previous system of data-logging the pressure information was to 

record the voltage outputs from the transducer amplifiers on a multi-track 

tape recorder, the analogue signals later being digitised by a separate 

process. The subsequent digitised information would then be loaded, in 

magnetic tape form, on to the mainframe computer for the subsequent 

correlation of measured and predicted pressure-time histories. As a 

result of the time scales involved, a new system was devised in which a 

four channel, Nicolet 2090 IIIA digital storage oscilloscope was adapted 

for communication with an Apple microcomputer, by the addition of a serial 

interface. The voltage inputs from the transducer amplifiers were now 

digitised directly in the 4K storage of the oscilloscope, this information 

then being transferred to the Apple disc. The microcomputer may then be 

used as a terminal to transmit the contents of the disc to the mainframe 

computer, the software for this operation and the above data transfer 

having been created by the Queen's University Computer Centre.

Transducer/Amplifier Calibration

Each transducer, its connecting cable and associated charge amplifier 

were calibrated as a unit. A calibration range of -1 to +1 atmospheres
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(guage) proved adequate for any pressure transient encountered in the 

present unsteady pipe flow, including the inlet and exhaust pipes during 

the firing engine tests. Calibration across this pressure range was 

effected by screwing the transducer into a cylinder to which either 

compressed air or vacuum could be admitted. A mercury manometer measured 

the pressure in the cylinder, with the corresponding voltage output from 

the amplifier displayed on the Nicolet oscilloscope. The gain of the 

amplifier was adjusted until its maximum output of 10 volts was achieved 

from the highest value of pressure, the amplifier being switched to its 

'static' mode such that the long time constant would permit sufficient 

time for the output voltage to be noted. The strain guage transducers 

were similarly calibrated with their own amplifiers.

For the in-cylinder measurement on the firing engine, the transducer 

was calibrated to 24 atmospheres (guage) using a Budenberg dead weight 

tester. During all subsequent recording of pressure-time histories, the 

piezo-electric charge amplifiers were switched to dynamic mode.

4.2.3 Temperature Measurement

Nickel Chrome/Nickel Alumel thermocouples were used to measure mean 

temperature in the flow. These thermocouples were supplied by Lab 

Facility Ltd. and consisted of thermocouple wires, insulated by magnesium 

oxide and enclosed within a stainless steel sheath. A Comark 

multi-channel unit displayed the measured temperatures.

4.2.4 Mass Flow Measurement

Flow measurement was to BS 1042, using a range of square edged

orifice plates in two specific modes.
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4. 2.4.1 Orifice plate with comer tappings

Two different arrangements were used during the tests, as follows:

1. The orifice plate was mounted in a wall of an air box and thus, 

by the definitions of BS 1042, constituted volume to volume 

flow. Baffles were fitted to the inside of the air box which 

helped to reduce pressure fluctuations during unsteady flow 

measurement.

2. During the steady flow poppet valve tests, the orifice plate was 

mounted on the end of an inlet pipe, thereby constituting volume 

to pipe flow.

4. 2. 4. 2 Orifice plate with D and D/2 tappings

Here, the orifice plate was situated in a pipe and located between 

two pipe flanges. Upstream and downstream pressure tappings were 

incorporated as per BS 1042.

Flow coefficients were defined in BS 1042 for each of the above 

configurations, it being important to note that the Standard applies 

certain limitations to the values of parameters used in the flow 

calculation.

4.2.5 Shaft Speed Measurement

The optical shaft encoder, originally constructed to trigger the 

laser anemometer, was adapted for use with the recording of the pressure 

transients. The unit already incorporated a shaft speed readout in rpm 

and an additional output was included which allowed the unit to trigger

the Nicolet oscilloscope.



119.

4.Z UNSTEADY FLOW SIMULATION RIGS

Throughout the following flow simulations, a common datum has been 

chosen which represents the start of each pressure or velocity-time 

history. This datum has been chosen as the point at which the rotary 

valve is just about to open. The working fluid, throughout the tests, 

was air at ambient temperature.

4.3.1 Constant Area Flew

The general arrangement of this apparatus is shown in Fig. 4.4, the 

pipe model being formed by 32 mm thick perspex sections sandwiched between 

two sheets of 6 mm thick glass, as illustrated in Fig. 4.5. The glass 

sheets are located top and bottom by bonded aluminium flanges, which 

locate on studs at each end of the flow sections. By establishing a 

pressure difference across the rotary valve while it is driven by the 

0.2 kW, variable speed Kopp motor, an unsteady flow regime may be set up 

in the pipe. The flow rig was designed for branched pipe simulation and 

as such, the rotary valve comprises two separate ports, phased at 90° to 

each other as shown in Fig. 4.6. The ports consist of plain slots 

machined through the brass rotor which itself runs on bearings, within a 

machined housing. A speed range of 500 to 4000 rpm is available from the 

Kopp motor, with the optical encoder linked to the end of the valve shaft 

via a flexible coupling.

In the following series of tests, a vacuum source was applied to the 

rotary valve, this source consisting of a large pressure vessel served by 

a high capacity vacuum pump. Air mass flow rate was measured using an 

air box and orifice plate to BS 1042, the air box connected to the flow 

rig via 175 mm diameter flexible trunking. Only one of the valve ports 

was required during these tests, the other port being blanked off.
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4.3.1.1 Steady flow tests

Recalling the assumption of quasi-steady conditions, the following 

parameters were established by steady flow tests on the apparatus.

1. Isentropic flow areas for the trunking/pipe and pipe/valve 

boundaries.

2. Mean value of friction for the pipe.

Having first measured the ambient pressure and temperature, static 

pressures were recorded at points 1, 2, 3 and 4 in Fig. 4.5, with 

temperature also recorded at point 2 for a range of flow values at each 

increment of valve position, namely 2°. Applying the analysis of section 

3.6,3, isentropic areas were calculated for both pipe boundaries at each 

valve position. The value of friction factor was also calculated at each 

flow rate by the expression,

f = A£F _i_
rDL •, 2ipu

where D, F and L are the pipe diameter, cross-sectional area and 

length respectively. Ap is the associated pressure difference along 

length L.

4.3.1.2 Unsteady flow tests

Ambient pressure and temperature were recorded prior to each of the 

following sets of tests.

Pressure

Unsteady flow measurements were carried out for a range of valve 

speeds from 1000 to 4000 rpm in steps of 1000 rpm. The flow rate was
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recorded at each speed, together with the mean pressure at points 1, 2, 3 

and 4, as shown in Fig. 4.5. A transducer had previously been inserted 

at position 4 to check for pressure transients, but the pressure was 

observed to remain relatively constant and hence only the mean pressure 

was recorded. The mean temperature was also recorded at point 2. 

Transducers were subsequently inserted at positions 2 and 3 and the tests 

repeated to establish the pressure-time histories.

It was noted that the presence of the trunking did have a slight 

modifying effect upon the pressure wave profiles, it being assumed that 

the lower boundary pressure in the trunking was responsible. Flow rates 

were not noticeably changed and all pressure-time histories were taken 

with the trunking in place.

Velocity

Velocity-time histories were established at position 2 for speeds of 

500, 2000, and 4000 rpm, the velocities being measured parallel to the 

axis of the flow tube. The forward-scatter optical set-up is shown in 

Fig. 4.7, with all velocities measured at the centre of the flow section. 

A strobe window of 2° was adopted and measurements were recorded at 5° 

intervals throughout the cycle. A 400 |im pinhole aperture was used in 

the photomultiplier and particle seeding was applied to the flow at 

position 1. The mean pressure at position 4 was adjusted to match that 

value recorded in the previous pressure tests, and flow direction at any 

instant was established by modulating the laser.

With the addition of seeding, this led to fouling of the glass after 

several minutes run time. The most effective cleaning agents were found 

to be acetone followed by methylated spirit to remove any smears.
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4.S.1.3 Velocity profiles in unsteady flow

From the results of the velocity-time histories, specific points were 

chosen in each cycle for the measurement of the velocity profiles, these 

being:

25° after valve opening, at 500 rpm, and at position 2 

95° after valve opening, at 4000 rpm, and at position 2.

These positions corresponded to relatively high measured velocities 

and were considered appropriate positions at which to examine any 

multi-dimensional velocity effects. The measurement points in the flow 

section are shown in Fig. 4.8, the same optical arrangement used as in the 

velocity-time histories. The proximity of the outer measuring points to 

the flow tube walls was limited by flare from the walls.

4.3.1.4 Comparison of measured and predicted A and B

The measured pressure and velocity-time histories now permitted the 

measured \ and g-time histories to be derived. Due to the operating 

time required to establish the velocity information, atmospheric 

conditions changed considerably during this period. However, by 

repeating measurements, it was observed that the effect of this upon flow 

velocity was almost negligible. Velocity measurements were therefore 

incorporated with the previously established pressure-time histories, and 

the measured values of \ and g correlated with the predicted values 

for speeds of 2000 and 4000 rpm.

4.3.1.5 Modified rotary valve

With the existing port shape illustrated in Fig. 4.6, it was noted 

that the resulting profiles in the pressure-time histories were
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particularly steep. With the slight phase difference in correlation, it 

was felt that this might have been associated with the sudden opening 

profile of the valve, the resulting steep wavefront being more 

representative of a shock front than a finite, non-steep wave. The port 

profile was subsequently modified as illustrated in Fig. 4.9, to give a 

profile which more closely modelled the progressive opening and closing of 

a typical poppet valve. This valve was subsequently used in the varying 

area analysis but prior to this, pressure-time histories and mass flow 

measurements were repeated in the single pipe rig of Fig. 4.5 for speeds of 

2000 and 3000 rpm. Isentropic flow areas were established, as previous, 

for this modified valve.

4.3.2 Varying Area Flow

During unsteady flow tests on the constant area rig, flexing of the 

glass gave rise to sealing problems. With the probability of increased 

flexing in varying area flow, where the pressure would be acting across a 

wider flow section, a new flow rig was constructed. The apparatus is 

shown in Fig. 4.10, 10 mm thick glass being used to reduce flexing and a 

rubber seal located in a groove adjacent to the flow tube, between the 

perspex and the glass. In addition to the two main locating flanges, 

additional flanges have been bonded to the top and bottom of each glass 

plate, spigots on these flanges locating on rubber seals situated within 

grooves in the upper and lower support plates. With reference to 

dimension W in Fig. 4.10, two tapered flow sections were prepared giving 

A~~iength rat;'-os 0.05 and 0.15. Transducer tappings were provided at 

the positions shown.

It had been the intention to generally model the blow-down in a 

two-stroke engine exhaust, by applying a positive pressure at position 5
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in Fig. 4.10. Problems were experienced in obtaining an adequate flow 

due to choking in the compressor supply line and as such, the vacuum 

system used in the constant area analysis, was once again adopted. The

same overall flow system was used as in Fig. 4.4, except that the varying 

area flow rig of Fig. 4.10 replaced the previously used constant area rig 

of Fig. 4.5. The modified valve of Fig. 4.9 was used throughout the 

varying area tests.

4.3.2.1 Steady flow tests

Having already determined the isentropic flow areas for the new 

rotary valve, steady flow tests were carried out to establish the 

trunking/pipe flow areas, for each of the tapered profiles. Static 

pressures were recorded at points 1 and 2 in Fig. 4.10, together with the 

temperature at 2, for a range of flow values. Isentropic areas were 

calculated by the analysis of section 3.6.3, and a mean value established. 

Since the constant and varying area flow rigs were of similar composition, 

the friction factor was adopted from the previous tests.

4.3.2.2 Unsteady flew tests

Ambient pressure and temperature were recorded prior to each of the 

following sets of tests.

Pressure

Flow rates were recorded at speeds of 1000, 2000, 3000 and 4000 rpm, 

together with the mean pressures at positions 1 to 5, in Fig. 4.10. The 

mean temperature at position 2 was also recorded during each test. A
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transducer, previously inserted at position 5, had indicated that pressure 

transients were negligible downstream of the rotary valve and only the 

mean pressure was recorded at this point.

Piezo-electric transducers were inserted at positions 2, 3 and 4 and 

the tests repeated to establish the pressure-time histories. The 

flexible trunking remained in position throughout the tests.

Velocity

The same forward-scatter mode was used as in the previous constant 

area measurements, with velocity values measured along the centre-line of 

the flow section, as shown in Fig. 4.11. For each taper, the values 

recorded were: (positions as per Fig. 4.10)

0.05 taper - 1000 rpm at position 3

0.15 taper - 2000 rpm at position 3

A strobe window of 3° was applied and velocities were measured at 5° 

intervals throughout the cycle. Additional flow seeding was required and 

this was again supplied at position 1, in Fig. 4.10.

4.3.2.3 Velocity profiles in unsteady flow

Velocity profiles were measured at position 3 in both the 0.05 and 

0.15 tapers, the specific positions in the cycle being,

0.05 taper - 60° after valve opening, at 1000 rpm 

0.15 taper - 90° after valve opening, at 2000 rpm.

As previous, these positions were chosen because of the moderately 

high velocity established in the velocity-time histories. The 

measurement points in each flow section are shown in Fig. 4.12, the same 

optical set-up used as in the velocity-time histories.
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4.3.3 Unsteady Velocity Profiles at a Junction and Bend

The branched pipe arrangement of Fig. 4.13 was used in the following 

tests, both ports of the rotary valve now being used, in conjunction with 

the vacuum source, to establish unsteady flow in the system. The rotary 

valve ports were phased at 90° to each other and the port profile of Fig. 

4.9 was adopted.

Flow rates and pressure-time histories were not recorded in these 

tests, it being the intention to present qualitative information on 

unsteady flow profiles at typical flow regions. Velocity profiles were 

mapped in the vicinity of junction A and bend B, with all velocities 

measured on a plane lying mid-way between the glass plates. Velocities 

were initially measured at several points across junction A to determine 

the cyclic position at which each mode of dividing flow occurred. The 

subsequent positions chosen were 60°, 120° and 140° after left hand valve 

opening, for a valve speed of 1000 rpm. The measurement points at the 

junction and bend are shown in Fig. 4.14, two velocity components being 

measured at each point to establish the absolute value and direction of 

the velocity. As for previous tests, the laser was used in a 

forward-scatter mode and flow-seeding was applied at the pipe inlet. A 

pulse width of 5° was generally used although this was reduced when 

possible.

4.4 POPPET VALVE TESTS

The test engine used in this research was a British Leyland, 2.0 

litre, 'O'-series unit. A spare cylinder head assembly was available and 

this was used throughout the following tests. As in the previous flow 

simulation, the working fluid was air at ambient temperature.
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4.4.1 Steady Flow Tests

Isentropic flow areas were calculated for the inlet and exhaust 

valves, in both normal and reverse flows, for a range of pressure ratios 

likely to be encountered in the firing engine. Using the apparatus shown 

in Fig. 4.15, valve lift was incremented in steps of 1 mm up to the 

maximum lift of 9.525 mm, this being the same for both inlet and exhaust. 

At each value of lift, the air flow rate was adjusted to give the desired 

pressure ratio across the valve, the pressure ratio being defined in the 

following descriptions of each flow mode.

With reference to Fig. 4.15, the valve lifting device comprised a 

location plate which attached to the camshaft cover face, tapped holes in 

this plate permitting the screwed rod to act upon either the inlet or 

exhaust valve tappets. Valve lift was then measured using a clock guage 

on the head of the screwed rod. A flow adaptor was bolted to the lower 

face of the cylinder head, the bore of this adapter being identical to 

that of the engine cylinder, with a rubber O-ring forming a gas tight seal 

between the flange and cylinder head. Using an epoxy adhesive, small 

bore pressure tappings were inserted into the inlet and exhaust tracts in 

the cylinder head, approximately 90 mm from the respective valves. A 

complete specification of the poppet valves is given in Chapter 5, the 

following now describing the tests on each of the aforementioned modes of 

flow.

Inlet Valve Normal Flow

The arrangement of the apparatus is shown in Fig. 4.16, the inlet 

pipe being of the same diameter and angle of entry as the inlet tract in 

the cylinder head. The pipe therefore provided a well ordered flow into 

the inlet tract and in addition, pipe friction values and inlet flow
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coefficients were established for subsequent unsteady flow simulation.
With reference to Fig. 4.16, the pressure ratio across the valve was 

defined as p^/p^* Previous firing engine tests had indicated a maximum 
pressure ratio of approximately 1.2 and as such, pressure ratios of 1.05, 
1.1, 1.15 and 1.2 were applied in these tests. At each increment of 

valve lift, flow rate was adjusted to give the desired pressure ratio and 
static pressures were recorded at positions 1, 2, 3 and 4. The mean 
temperature was also recorded at position 2, while ambient pressure and 
temperature had been recorded prior to the tests. Applying the analysis 
of section 3.6.3, isentropic areas were calculated for the poppet valve 
and pipe inlet, with values of friction factor also determined for the 
pipe. For the purposes of presentation, geometric valve areas were 
calculated from section 3.7 and the C^-valve lift curves plotted for each 
of the above pressure ratios.

Exhaust Valve Normal Flow and Inlet Valve Reverse Flow
Two flow arrangements were used in these tests, to examine the effect 

of Reynold's number upon the isentropic flow areas. As illustrated in 
Fig. 4.17, the first arrangement utilized a vacuum source to initiate flow 
while in the second, air was supplied by a compressor. Pressure ratios, 

defined as P1/P2' were a9a;*-n chosen from previous engine results, with 
values of 1.2, 1.5, 2.0 and 3.0 applied during the tests. At each 
increment of valve lift, the air flow rate was again adjusted to give the 

desired pressure ratio. The mass flow rate was noted and static 
pressures were recorded at positions 1 and 2 in Fig. 4.17, in addition to 
the mean temperature at 2. In the case of the compressor supply, the 
3.0 pressure ratio could not be achieved due to the very high flow rates 

required. Isentropic areas and values were presented as for the

inlet valve normal flow.
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4.4.2 Unsteady Flow Tests

The flow rig is shown in Fig. 4.18, a 4 kW Kopp variator motor with 

a speed range of 500 to 4000 rpm, driving the camshaft via a toothed belt. 

The inlet and exhaust valves were assembled for one cylinder only to 

reduce the frictional effects, number three cylinder being chosen for 

reasons of access. The manifold simulation pipe was attached to the 

cylinder head and aligned with number three inlet tract, the exhaust port 

blanked off with an additional plate. Before attaching the flow adaptor, 

a graduated angular scale was attached to the camshaft pulley and values 

of camshaft angle recorded against inlet and exhaust valve lifts, using a 

dial guage on the head of each valve. These valve lift-angle 

relationships were then translated into isentropic area-angle relation

ship for subsequent use in the unsteady flow program. Consideration was 

given to the reduction in valve clearance on a "hot" engine, the 

clearances on the flow rig being reduced such that the area arrays could 

be used directly in later engine modelling.

The optical encoder was linked to the rear of the camshaft via a 

flexible coupling and the datum position set to coincide with the point of 

valve opening. Two series of unsteady flow tests were carried out, as 

follows:

1. A vacuum source was applied, as shown in Fig. 4.18, to simulate 

inlet valve normal flow. Camshaft speeds of 1000, 1500, 2000 

and 2500 rpm were investigated, with flow rates adjusted to give 

values representative of an 80-90% volumetric efficiency in the 

firing engine.

2. A compressor source was applied to simulate blowdown through a 

poppet valve. Although the inlet valve was used for what is 

more correctly an exhaust situation, it was the intention to
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establish general principles for this type of flow. The same 

camshaft speeds were applied as in 1., but flow rates were 

limited by choking in the supply line.

The air flow rate was measured at each speed and flow configuration, 

together with the mean pressures at positions 1 and 4, in Fig. 4.18. 

Piezo-electric transducers were used to record pressure-time histories at 

positions 2 and 3, the mean pressures at these positions having been 

determined during an initial run. In addition, a piezo-electric 

transducer also recorded a pressure transient which existed at position 4, 

it being the intention to supply this as a record of boundary pressure to 

be used by the flow model in subsequent correlation.

Note, air flowed into or out of the air box, via the orifice, 

depending on the flow configuration used. Therefore, it was necessary to 

re-position the orifice in each case such that the conical taper faced 

downstream, this being a specification of BS 1042.

4.5 CARBURETTER TESTS

The following tests were carried out on the standard, variable jet, 

SU-HIF6 carburetter from the test engine, a longitudinal section of the 

carburetter being illustrated in Fig. 4.19. With reference to Fig. 4.19, 

as air flows over the bridge, the associated drop in static pressure is 

transmitted, via tappings in the lower face of the piston, to the chamber 

above. The space A below the piston flange B is vented to atmosphere, 

the resulting pressure difference across the flange face then causing the 

piston to rise until an equilibrium position is reached with the return 

spring. As the air flow rate increases, the tapered needle is drawn 

further out of the jet by the increased piston travel, the associated
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increase in fuel flow rate from the larger jet annulus helping to maintain 

the desired air/fuel ratio.

A modified form of the poppet valve flow rig was used for the 

following tests, the working fluid being air at ambient temperature.

4.5.1 Steady Flow Tests

The layout of the flow rig is shown in fig. 4.20 and is basically an 

extended form of the poppet valve rig. The 32 mm and 44.5 mm inside 

diameters of the pipe and carburetter, respectively, are linked via the 

tapered transition piece, the additional upstream pipe being attached such 

that the flow coefficients obtained, would relate directly to subsequent 

upstream tuning tests on the firing engine. For the standard engine 

tests, whereby the carburetter was bounded immediately upstream by a 

volume, it was intended to calculate the inlet flow area for the 

additional upstream pipe and to apply this to the carburetter inlet, since 

the bores and flow configurations were the same.

For the steady flow tests, the camshaft was again replaced by the

valve lifting apparatus and the appropriate inlet valve opened to its

maximum lift. To retain the convention used by Bingham [75], the

throttle setting was defined in terms of the angular position of the

throttle plate, as illustrated in Fig. 4.20. Small bore pressure

tappings were located in the body of the carburetter at the positions

shown in Fig. 4.19, the pressure at position 3 being recorded by measuring

the suction chamber pressure. In measuring pressures downstream of the

throttle valve, consideration was given to the findings of Woods

and Goh [41] on the positioning of tappings at such valves. Five

throttle positions were investigated during the tests, namely

13 13
4 ' 8 ' 2 ' 4 and WOT (wide open throttle). Flow was initiated



132.

by the vacuum source and the flow rate varied at each throttle setting to 

give a range of values representative of those encountered in a firing 

engine. Pressure values were recorded at points 1 and 2 in Fig. 4.20 and 

at points 1 to 7 in Fig. 4.19, the mean temperature also recorded at 

position 7. Flow loss coefficients were presented for each throttle 

setting in terms of downstream Mach number, the coefficients calculated 

according to section 3.5. The pressure difference, from which these 

coefficients were calculated, was based upon the downstream position at 

which the flow had fully recovered.

In establishing the above flow coefficients, it was appreciated that 

for a given flow rate, a different mean pressure would exist at the piston 

in an unsteady flow situation than in steady flow. As such, piston lift 

would be different and hence the size of the restriction. However, it 

was evident from initial tests that the pressure variation across the 

piston was small by comparison with that across the throttle plate, 

particularly at low throttle settings, and that a small change in piston 

height would not notably affect the calculated loss coefficient.

4.5.2 Unsteady Flow Tests

Replacing the valve lifting apparatus by the camshaft and variable 

speed motor drive used in the poppet valve tests, unsteady flow was 

investigated in the flow rig of Fig. 4.20, for camshaft speeds of 1000, 

1500, 2000 and 2500 rpm. Flow was again initiated by the vacuum source 

and two throttle settings, and WOT, were analysed at each speed.

It had been the intention at each speed and throttle setting, to apply the 

associated flow rates recorded during previous engine tests. However,
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the higher flow rates could not be achieved, at the higher speeds, due to 

the onset of choked flow through the single inlet valve. The flow rate 

available was still considered adequate for the general unsteady modelling 

of the carburetter. With reference to Fig. 4.20, the mean pressures were 

recorded at positions 1 and 5 during the tests, in addition to the mean 

temperature at position 3. Air flow rate was measured via the air box 

and orifice to BS 1042. Pressure-time histories were recorded at 

positions 2, 3,4 and 5, the latter again measured due to the pressure 

transient observed at this position. As in previous analyses, the 

pressure-time history at position 5 was subsequently used as a record of 

boundary pressure, by the flow model. Piezo-electric transducers were 

used throughout, the mean pressures at positions 2, 3 and 4 having been 

established during an initial series of tests, these mean values required 

for subsequent correction of the recorded pressure-time histories.

4,6 ENGINE TESTS

A British Leyland, 2.0 litre, 'O'-series engine was used throughout 

the testing, this being a four cylinder, single overhead camshaft engine 

incorporating a Heron type combustion chamber with dished piston crowns. 

The inlet and exhaust manifolds are an integral casting, heat conduction 

and an exhaust gas hot spot helping to vapourize fuel in the inlet 

manifold. Ignition is provided by a conventional contact breaker 

assembly with vacuum advance, and the engine breathes through a single SU 

Model HIF6 carburetter. In the present tests, the exhaust system from 

the B.L. Princess car was used.

Applying DIN ratings, a maximum torque of 152 Nm at 3400 rpm and

maximum power of 70 kW at 4900 rpm, are quoted for the engine. The main
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technical specifications of the engine are listed in Chapter 5, while a 

more complete discussion of the engine may be found in Refs. [86] and 

[87] .

4.6.1 Test Arrangement

The physical arrangement of the equipment is illustrated in Fig. 

4.21, the engine being supported on a bed-plate, using universal supports 

and the standard vehicle flexible mountings. The engine was coupled 

directly to the Heenan and Froude dynamometer via a splined shaft with 

universal joints at each end. In the absence of a radiator, the engine 

cooling water was circulated through a small tubular heat exchanger and 

cooled by the laboratory water supply, which also served the dynamometer. 

The standard water pump and thermostat were retained and the engine 

cooling water was circulated via a header tank, which maintained the water 

level in the system. The temperature of the coolant was measured by a 

thermocouple at position 8, in Fig. 4.22.

A 12 volt D.C. supply for the ignition system was provided by the 

dynamometer control unit, with the engine speed, torque and oil pressure 

displayed on the control cabinet. 97 RON octane fuel, equivalent to the 

current four-star commercial rating, was supplied from a wall-mounted 

tank. A three-way valve in the test cabinet permitted fuel to be drawn 

from a graduated flask of known volume and by measuring flow times, fuel 

flow rates were determined.

As with the poppet valve flow simulation, the encoder was again 

mounted on the end of the camshaft, the datum position being adjusted to 

correspond to top-dead-centre (TDC) on number 1 cylinder. In previous 

tests, Bingham [75] had removed the two silencer boxes and replaced these
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with a single large expansion volume, of dimensions 450 mm diameter 

X 600 mm long. This volume, which exhausted into the laboratory 

extraction system, allowed simplification of the gas dynamics model in 

that the boundary was now representative of the pipe/volume analysis, used 

in the boundary solution of section 3.4. This arrangement was retained 

in these present tests, the exhaust outlet from the volume being 

controlled by a valve to give the same backpressure just upstream of the 

volume, as had been measured at this position during previous engine tests 

with the standard exhaust system. Similarly, the intake box and its air 

filter were replaced by a volume of dimensions 280 mm diameter x 350 mm 

long, this volume then mounted either directly on the carburetter, or at 

the end of the upstream tuning pipe. The intake volume was linked, via 

175 mm diameter flexible trunking, to an air box and orifice to BS 1042. 

Throughout the tests, the orifice diameter was chosen to give 

approximately the same vacuum upstream of the carburetter, as had 

previously been measured in the standard air box and filter.

4.6.2 Dynamometer

The dynamometer used throughout these tests was a Heenan and Froude, 

Dynamatic Mark III, eddy current unit, coupled directly to the crankshaft 

of the test engine. The description of the unit derives from the eddy 

currents which are generated in the dynamometer rotor, as it interacts 

with the magnetic field produced by two circumferentially wound field 

coils, these eddy currents also opposing the motion of the rotor. The 

dynamometer housing is itself mounted on bearings and thus transmits this 

torque, via a lever arm, to a pneumatic load cell. A Wallace and Tiernan 

guage then indicates the measured torque.
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The dynamometer is water-cooled, with "oil-mist" lubrication 

supplied to the bearings by compressed air. An overspeed limiter and 

fuel isolator switch are incorporated in the control unit.

4.6.S Pressure Measurement

In both the inlet and exhaust systems, bosses had been attached at 

specific positions, to provide location for the pressure transducers.

Mean pressures could also be recorded at these positions by replacing the 

transducers with plugs which incorporated small bore tubing.

4.6.S.1 Mean pressures

With reference to Fig. 4.22, the mean pressure was measured at 

positions 1 and 7 during each test and at positions 2, 4 and 6 during 

those tests in which pressure-time histories were being recorded. Water 

or mercury manometers were used, depending on the pressure. Positions 1 

and 7 represented the inlet and exhaust plenum pressures, respectively, 

the pressure transients at these positions being negligible.

4.6.Z.2 Pressure-time histories

The following piezo-electric transducers were used at the locations 

stated:

Make Model Location (Fig. 4.22)

Vibro-Meter 12QP 300 cvk 2 and 5

Kistler 7061 4 and 6
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The mean pressures recorded at positions 2, 4 and 6, then permitted 

subsequent correction of the piezo-electric, pressure-time histories.

This form of correction could not be carried out for the cylinder 

pressure-time history and it was therefore necessary to make certain 

assumptions about the cylinder pressure at a specific point in the cycle. 

Bottom dead centre (BDC) on the intake stroke was chosen with the 

assumption that at this position, the pressure in the cylinder was 

generally defined by the volumetric efficiency, i.e. for a volumetric 

efficiency of 0.7, the pressure at this position would be approximately 

0.7 atmospheres (absolute).

4.6.4 Temperature Measurement

Mean temperature values were recorded at positions 3 and 4, using 

the thermocouples described in section 4.2.3. Separate tappings were 

provided for the thermocouple location, adjacent to the transducer bosses. 

The temperature valties were assumed to be approximations, the effect of 

heat transfer from the hot pipes, together with unsteady flow effects, 

being an unknown quantity.

4.6.5 Upstream Tuning

In the standard engine arrangement, the air intake and filter are 

situated directly upstream of the carburetter, providing little or no 

beneficial wave action in this region. The effect of additional pipe 

lengths, inserted between the carburetter and the inlet plenum, was 

investigated during the tests to establish any benefits to engine 

performance. This form of tuning was preferable to additional downstream
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tuning in that it avoided the problem of additional wetted surface for the 

fuel droplets to accumulate on. The upstream tuning also provided an 

opportunity to incorporate small glass windows such that the laser 

anemometer might be applied, the cast inlet manifold not lending itself to 

such an investigation because of the complex shape and the associated 

access problem. In addition, the "wet" walls downstream of the 

carburetter would cause fouling of any windows in this region, due to 

petrol flowing along the walls. The tuning lengths, being upstream, did 

not suffer from these problems.

Two upstream tuning lengths were constructed, as shown in Fig. 4.23, 

each pipe having a pressure transducer boss and two opposed windows, to 

permit entry and exit of the laser beam. Fig. 4.24 shows the shorter 

tuning length in position on the carburetter.

4. 6. 6 Test Parameters and Presentation of Results

The following tests were carried out from two main standpoints. 

Primarily, results were required to check the correlation of the engine 

model, but it was also desired to compare the effect of upstream tuning 

upon the engine performance. The range of parameters applied during the 

tests, were as follows:

1. Upstream Tuning

Three permutations were investigated:

- No upstream tuning, with intake plenum mounted directly on 

carburetter flange.

- 230 mm extension mounted between carburetter and intake plenum.

- 460 mm extension mounted between carburetter and intake plenum.

For each of these arrangements, two throttle plate settings were

investigated.
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2. Throttle Settings

With reference to the positions indicated in Fig. 4.20, throttle 

settings of ~ and WOT were investigated.

3. Speed Range

For each upstream tuning/throttle permutation, the following engine 

speeds were applied:

2000, 3000, 3400, 4000, 4900 and 5500 rpm

3400 and 4900 rpm representing maximum torque and power,

respectively, in the standard car installation.

4.6.6.1 Recorded measurements

For each of the above tuning/throttle/speed permutations, the results 

recorded were:

Air flow rate 

Fuel flow rate 

Engine torque

Mean pressures, as per section 4.6.3 

Mean temperatures, as per section 4.6.4

Pressure-time histories, as per section 4.6.3, at engine speeds 

of 2000 and 4900 rpm.

Before recording the above values, the engine was allowed to fully 

warm up at each speed. Ambient pressure and temperature were recorded 

between tests, the temperature of the laboratory increasing by 5° to 6°C 

during the tests.

To permit correct positioning of the combustion calculation within 

each cycle of the engine model, it was necessary to establish the ignition 

timing at each speed and throttle setting, the distributor incorporating
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both centrifugal and vacuum advance. Bingham [75] had previously 

measured this timing on the 'O'-series engine, using a stroboscopic timing 

light connected to number 1 cylinder, with a graduated disc located on the 

crankshaft pulley. The results have been reproduced in this present work 

and have been applied directly to the upstream tuning analysis, the 

manifold vacuum and hence distributor advance being virtually the same as 

in the standard set-up.

4. 6. 6. 2 Presentation of results

From the test measurements, performance parameters were calculated 

according to section 3.9. For each upstream tuning/throttle settings, 

the following quantities were then plotted against engine speed,

Power

Torque

Volumetric efficiency 

Bsfc

with correction to standard reference conditions, using DIN 70020.

Upon insertion of the test parameters, predicted values of power, 

torque and volumetric efficiency were obtained from the engine gas 

dynamics model. These values were then correlated with the measured 

engine results, the predicted and measured pressure-time histories at the 

previously specified locations, also being correlated.

Prior to running the engine model, it was necessary to define the 

values of the flow coefficients at the various boundaries. The values

used throughout the calculation were as follows.



141 .

4.6.7 Flow Coefficients

The integral inlet/exhaust manifold did not lend itself to flow 

testing and as such, a friction factor of 0.015 was adopted from previous 

results on the various flow rigs.

4. 6. 7.1 Poppet valve isentropic areas

The isentropic area-crankangle arrays, created in the poppet valve 

tests, were now applied to the engine simulation program. In the case of 

the exhaust valve normal flow, an initial consideration had been to define 

isentropic area or value in terms of the valve lift, the pressure 

ratio and the Reynolds number, recalling the investigation of section 

4.4.1. However, McConnell [19] had previously shown that such a 

relationship resulted in only marginal changes in the predicted flow, 

while the calculation time increased due to the solution of the various 

parameters. Consequently the area arrays created from the results of the 

"blowdown" tests with the compressor, were applied to exhaust valve 

normal flow.

4. 6. 7. 2 Carburetter and upstream tuning inlet coefficients

Inlet isentropic areas had been established for the upstream 

tuning pipes and these values were applied to the carburetter inlet during 

non-tuning tests, the diameter of the carburetter and pipe inlets being 

the same.

4. 6. 7. 3 Junction coefficients

The junction model and flow coefficients created by Bingham [75],
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were incorporated within the engine program. The analysis was applied to 

junctions in both the inlet and exhaust systems.

4.6.8 Velocity Measurement in Upstream Tuning

As previously stated, the upstream tuning provided a suitable region 

in which to measure flow velocities in the firing engine. While forward- 

scatter was the more desirable optical set-up, particularly for unsteady 

velocity measurement, the limited access within the test cell made this 

difficult to arrange. However, the arrangement of Fig. 4.25 overcame 

this problem, a surface-silvered mirror being used to direct the laser 

beams back through the entry and exit windows of the flow tube. The 

surface-silvered mirror prevented spurious reflections as would occur due 

to beam passage through the glass in a conventional mirror, the exit 

window helping to reduce internal flare arising from beam impingement on 

the wall of the flow tube.

Primarily, it was the intention to use on-axis forward-scatter, and 

to observe the cross-over region through the exit window. However, it was 

soon apparent that the flare surrounding the beam exit point from the 

window would not permit this, so the side scatter arrangement of Fig.

4.25 was adopted. This necessitated the removal of the intake volume 

such that the photomultiplier could observe the cross-over region, down 

the pipe, the subsequent change in the inlet boundary condition being 

noted.

Because of the limited access, together with the close proximity of 

the engine exhaust, the conditions did not lend themselves to extended 

tests in view of the time scale required to obtain the velocity 

information. As a result of this, only one complete velocity-time
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history was recorded for the 230 min extension, at a throttle setting of 

~ and speed of 2000 rpm. All velocities were measured at the centre of 

the flow section and seeding was applied throughout. These measured 

values were then correlated with the predicted values from the engine 

simulation program.

4. 7 ANALYTICAL INVESTIGATION

In Chapter 3, the theoretical analysis dealt with entropy aspects of 

the flow, together with the order of accuracy of the method of 

characteristics solution. The main assumptions in the analysis were 

stated in section 3.3.5 and it is intended in the following investigation, 

to quantify the effects of the various sources of error. The constant 

area pipe model of section 4.3.1 and the varying area model of section 

4.3.2 have been used to demonstrate these various effects, with typical 

values of measured boundary pressure etc., used in the calculation. The 

mass flow discontinuity between pipe inlet and outlet has been used as a 

measure of the errors in the calculation, the flow discontinuity defined 

as,

Flow out - Flow in 
Flow in x 100%

4. 7.1 Entropy

An entropy calculation was incorporated in the constant area flow 

model of section 4.3.1, the predicted flow values then compared with the 

results obtained from the constant entropy calculation, used in the 

previous flow correlation. A friction factor of 0.005 was applied

throughout, the mesh length being 15 mm in each case.
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In an alternative calculation, the constant entropy model was used to 

predict flow for a friction factor of zero, this in itself implying 

constant entropy along the pipe.

4.7.2 Order of Aoauracy and Interpolation Error

These two areas have been considered together inasmuch as they are 

inherently linked. Recalling the analysis of section 3.3.6, solution 

matrices were prepared for the constant area pipe model, a friction factor 

of 0.005 and mesh length of 15 mm again being used. Subsequent flow 

predictions from the higher order method were then compared with the 

results obtained from the conventional, constant entropy model. As 

described in section 3.3.6, linear interpolation was retained in the 

higher order method.

The mesh length was then increased to 50 mm and the higher order 

method re-run, to illustrate the stability of the calculation.

4.7.3 One-Dimensional Assumption in Varying Area Flow

The 0.15 diffuser flow model of section 4.3.2, was used in the 

following analysis. In view of the previous results, which had indicated 

that frictional effects upon the flow calculation were relatively minor, a 

friction value of zero was adopted such that discrepancies due to the 

varying area calculation alone might be quantified. Applying a mesh 

length of 15 mm, flow values were calculated by the constant entropy model 

used in the previous flow correlation. Solution matrices were created 

for the higher order method and predictions subsequently obtained for the

flow.



145.

Note that the tapered pipe model incorporated the valve port shape of 

Fig. 4.9, whereas the constant area model retained the original port shape 

of Fig. 4.6.

4.7.4 Effect of Valve Profile Upon Flow Discontinuity

To demonstrate the effect of valve profile upon the previously 

defined flow discontinuity, flow predictions were obtained from the 

constant area model using both rotary valve profiles of Figs. 4.6 and 4.9. 

To illustrate that the boundary calculation provided a source of error 

when using the first order method of characteristics, the calculation time 

steps were reduced during the period when the valve was open. The 

results thus obtained were compared with the values predicted by the 

normal variable time step analysis.
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Unless otherwise stated, the following definitions and units are 

applied throughout the results.

Mass flow rates - kg/h

Rotational speeds - rpm

a. T7 • predicted - measured% Variance - ^----------- -------- x 100%measured

For the graphical correlation of measured and predicted values,

------- Measured

------  Predicted

The respective transducer positions are denoted by P-

The results in this chapter are presented under the following 

headings:

SECTION

5.1 Laser anemometer - Pitot tube comparison

5.2 Constant area flow simulation

5.3 Varying area flow simulation

5.4 Unsteady velocity profiles at a junction and bend

5.5 Poppet valve investigation

5.6 Carburetter simulation

5.7 'O'-series engine results.

5.8 Analytical investigation.
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5. 1 LASER ANEMOMETER - PITOT TUBE COMPARISON 

Velocities in m/s

Pitot
Tube

Laser
Anemometer

%
Variation

3.39 3.2 5.6
8.88 8.7 2.0

12.22 12.1 1.0
14.95 14.8 1.0
17.48 17.4 0.5
19.73 19.7 0.2
21.22 21.1 0.6

TABLE 5.1

5.2 CONSTANT AREA FLOW SIMULATION

5.2.1 Steady Flow Tests

The flow values applied at each rotary valve position ensured that 
sonic conditions were not attained at the valve throat. The measured 
inlet Cp and pipe friction factor remained essentially constant across 

the range of flows, the values being
Measured inlet CD (trunking to pipe) = 0.65

Measured friction factor = 0.005
The rotary valve isentropic area-angle relationship is illustrated in 

Fig. 5.10, for comparison with that of the modified rotary valve.
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5.2.2 Unsteady Flow Tests

Measurement positions relate to Fig. 4.5, the mean temperature at 

position 2 remaining effectively at ambient throughout the tests.

5. 2. 2.1 Flow correlation

Speed Measured
Flow

Predicted
Flow

% Variance

1000 19.9 20.3 + 2.0

2000 18.7 19.7 + 5.3

3000 19.0 19.8 + 4.2

4000 18.0 19.4 + 7.8

TABLE 5.2

5.2. 2. 2 Pressure-time histories

Measured and predicted correlation - Figs. 5.1 to 5.4

5.2.2.3 Velocity-time histories

Measured and predicted correlation - Figs. 5.5 to 5.7.

Note that the velocity-time histories have been presented for a 

single valve cycle, represented by 180° rotation. The previous 

pressure-time histories were presented for two valve cycles (360°) to

demonstrate the repeatability of the transients.
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5. 2. 2. 4 Velocity profiles

Measurement positions as per Fig. 4.8, velocities in m/s.

Position 25° @ 500 rpm 95° @ 4000 rpm

1 85 34

2 103 34

3 104 34

4 105 33

5 102 32

6 104 33

7 102 31

8 99 33

9 103 35

TABLE 5.3

6.2.2.5 Correlation of measured and predicted A and 8
Measured A and 6 values calculated from;

velocity

pressure

a - e

A + 8

(Y 1) u
ao

2 (-
111

where u and p are the measured velocity and pressure respectively.
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The following graphs relate to position 2 in Fig. 4.5. 
2000 rpm - Fig. 5.8 
4000 rpm - Fig. 5.9

5.2.2.6 Modified votary valve

The isentropic area-angle relationship for the modified valve is 
shown in Fig. 5.10, with that of the original valve included for 
comparison.

Flow and pressure correlation were as follows;

Speed Measured Predicted % Variance
Flov? Flow

2000 68.3 70.4 + 3.1
3000 60.5 61.8 + 2.2

TABLE 5.4

Measured and predicted pressure correlation - Figs. 5.11 and 5.12

5. 2. 2. 7 Comparison of piezo-electric and strain guage transducevs 

The following traces represent arbitrary portions of the 
pressure-time histories recorded during the previous constant area 
tests. Each trace includes at least one complete valve cycle, the 

valve speeds used being as follows,
Fig. 5.13 - Valve speed = 640 rpm
Fig. 5.14 - Valve speed = 2000 rpm
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5.3 VARYING AREA FLOW SIMULATION

5.3.1 Steady Flow Tests

For a range of flow values, the trunking to pipe inlet 

remained relatively constant, the following values then applied in the 

unsteady flow calculation.

Measured inlet (trunking to pipe) = 0.7

Friction factor (from previous tests) = 0.005

5.3.2 Unsteady Flow Tests

Measurement positions relate to Fig. 4.10, the mean temperature at 

position 2 again remaining effectively at ambient throughout the tests.

In addition to the conventional characteristics analysis, the 

higher order method of section 3.3.6 was also applied to compare the 

correlation.

5.3.2.1 Flow correlation 

VAR = % Variance

0.05 Taper

Speed Measured
Flow

Predicted
(Conventional) VAR

Predicted
(Higher-Order) VAR

1000 87.1 86.6 -0.6 87.5 +0.5

2000 90.5 86.5 -4.4 87.4 -3.4

3000 77.2 69.9 -9.5 69.5 -9.9

4000 85.6 81.9 -4.3 82.8 -3.3
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0.15 Taper

Speed Measured
Flow

Predicted
(Conventional) VAR

Predicted
(Higher-order) VAR

1000 90.9 89.0 - 2.1 89.1 -2.0

2000 91.4 87.9 - 3.8 88.3 -3.4

3000 90.7 85.8 - 5.4 85.5 -5.7

4000 87.4 77.4 -11.4 77.8 -11.0

TABLE 5.5

5.3.2.2 Pressure-time histories

The pressure-time histories for each taper are;

0.05 taper - Figs. 5.15 to 5.18

0.15 taper - Figs. 5.19 to 5.22.

The individual traces are identified by;

------------  Measured

-----------  Predicted (conventional method)

------------ Predicted (higher-order method)

5.3.2.3 Velocity-time histories

As in the pressure-time histories, the velocity values predicted by 

the conventional method and the higher-order analysis were virtually 

identical. For clarity, predicted values from the higher-order method 

only have been correlated with the measured values,

0.05 taper - Fig. 5.23

0.15 taper - Fig. 5.24
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5. 3.2. 4 Velocity profiles

Measurement positions as per Fig. 4.12, velocities in m/s

0.05 taper 0.15 taper

Position Velocity % RMS Position Velocity % RMS
Turbulence Turbulence

1 39.3 11.0 1 20.0 7.9

2 39.2 10.0 2 18.2 12.4

3 Flare - 3 20.2 5.5

4 40.5 5.5 4 20.2 5.5

5 40.5 6.5 5 20.2 7.3

6 Flare - 6 20.3 5.2

7 41.5 3.8 7 20.2 7.9

8 40.5 4.4 8 20.2 5.9

9 Flare -

10 41.2 4.9

11 40.2 4.5

12 Flare -

TABLE 5■6

0.05 taper - 60° after valve opening, at 1000 rpm 

0.15 taper - 90° after valve opening, at 2000 rpm

For the 0.05 taper, laser flare prevented measurement at those 

positions along the beam exit face. Consequently, measurements were 

not taken at the corresponding positions in the 0.15 taper.
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5. 3. 2. 5 Correlation of measured and predicted A. and 3
The following graphs relate to position 3 in Fig. 4.10.

0.05 taper at 1000 rpm - Fig. 5.25

0.15 taper at 2000 rpm - Fig. 5.26.

5.4 UNSTEADY VELOCITY PROFILES AT A JUNCTION AND BEND

The following graphs relate to Fig. 4.14, the shaded areas denoting 

regions of high turbulence.

Junction - Figs. 5.27 to 5.29

Bend - Fig. 5.30.

5.5 POPPET VALVE INVESTIGATION

Valve dimensions and timing for the 'O' series engine are given in 

section 5.7.

5.5.1 Steady Flow Results

5.5.1.1 Inlet valve normal flow

CD - valve lift curve, Fig. 5.31 

Measured pipe inlet = 0.7

Measured pipe friction factor = 0.01

5.5.1.2 Exhaust valve normal and inlet valve reverse flow

In the following results, the Reynolds number has been defined as

r. . £H!5.
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where
d = valve head diameter

and p, u and 4 are calculated at the isentropic throat area.

The Reynolds number remained relatively constant for each pressure 

ratio, irrespective of valve lift and flow rate. Consequently, the 

range of Re has been quoted on the following graphs for each pressure 

ratio.

Inlet valve (vacuum source) - Fig. 5.32 

Inlet valve (compressor source) - Fig. 5.33 

Exhaust valve (vacuum source) - Fig. 5.34'

Exhaust valve (compressor source) - Fig, 5.35

5.5.2 Unsteady Flow Results

Inlet valve lift - angle. Fig. 5.36 

Exhaust valve lift - angle. Fig. 5.37.

Specified valve to tappet clearance (cold) = 0.28 to 0.33 mm.

Actual clearances used in obtaining lift-angle relationships.

Inlet - 0.23 mm 

Exhaust - 0.18 mm.

5. 5.2.1 Flow correlation

Speed Measured
Flow

Predicted
Flow

% Variance

1000 40.4 40.7 + 0.7

1500 48.6 47.3 - 2.7

2000 58.0 56.5 - 2.6

2500 65.6 66.3 + 1.1

TABLE 5.7 VACUUM SOURCE FOR INLET VALVE NORMAL FLOW
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Speed Measured
Flow

Predicted
Flow

% Variance

1000 87.8 96.4 + 9.8

1500 95.9 105.0 + 9.5

2000 99.6 104.0 + 4.4

2500 91.0 88.1 - 3.2

TABLE 5.8 COMPRESSOR SOURCE TO SIMULATE BLOWDOWN

5. 5. 2. 2 Pressure--time histories

Measurement positions relate to Fig. 4.18.

Inlet valve normal flow (vacuum source) - Figs. 5.38 to 5.41

Blowdown (compressor source) - Figs. 5.42 to 5.45.

5.6 CARBURETTER SIMULATION

5.6.1 Steady Flow Results

Measured pipe inlet CD = 0.6

Measured pipe friction factor = 0.01

Pressure profile across carburetter (measurement positions as per Fig. 

4.19) .

i throttle - Fig. 5.46 

throttle - Fig. 5.47

WOT - Fig. 5.48
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Fig. 5.49 - Carburetter loss coefficients vs downstream Mach number 

(based on positions 1 and 7 above).

Fig. 5.50 - Pressure drop across carburetter vs mass flow rate (based on 

positions 1 and 7 above).

5. 6. 2 Unsteady Flow Results

For the purposes of calculation, the flow model was considered as 

comprising two pipes separated by a flow restriction having the above 

loss coefficients. From the above pressure profiles, the flow throat 

at each throttle setting was adopted as the position of the boundary 

between the pipes and this is quoted in the following tables.

5.6.2.1 Flow correlation

Speed Measured
Flow

Predicted
Flow

% Variance

1000 46.5 49.2 + 5.8

1500 50.4 54.6 + 8.3

2000 61.3 60.6 - 1.1

2500 51.9 57.9 +11.6

Calculation boundary - 30 mm downstream of throttle plate.

TABLE 5.9 \ THROTTLE---------- 4



158.

Speed Measured
Flow

Predicted
Flow

% Variance

1000 92.6 90.4 - 2.4

1500 95.1 91.7 - 3.6

2000 95.1 89.9 - 5.5

2500 94.8 91.5 - 3.5

Calculation boundary - 30 mm upstream of throttle plate.

TABLE 5.10 WOT

5.6.2.2 Pressure-time histories

Measurement positions relate to Fig. 4.20. 

throttle - Figs. 5.51 to 5.54

WOT - Figs. 5.55 to 5.58

5. 7 '0'-SERIES ENGINE RESULTS

In establishing the following correlation, the reference 

temperature in the inlet manifold has been corrected according to the 

findings of Bingham [75] , to compensate for the absence of entropy 

calculation downstream of the carburetter. Similar reference values 

are applied in this present analysis as follows, T being the ambient 

temperature.

-7 throttle - T + 60°K4
WOT - T + 40°K

The correlation of measured and predicted pressures in the complete 

inlet/cylinder/exhaust system is presented for the standard intake
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system only, the cylinder and exhaust pressure correlation being 

virtually identical for the upstream tuning tests. The pressure 

correlation in the upstream tuning is presented separately. 

Results corrected to DIN 70020 Pt. 6, ref. [88]

Engine specification - Fig. 5.59

Ignition timing and combustion data - Fig. 5.60

Measured inlet gas temperatures - Fig. 5.61

Measured bsfc - Fig. 5.62

Measured and predicted correlation;

Volumetric efficiency - Fig. 5.63 

Torque - Fig. 5.64 

Power - Fig. 5.65.

Pressure,

Standard intake - Figs. 5.66 to 5.69 

Upstream tuning - Figs. 5.70 to 5.73 

Velocity in upstream tuning - Fig. 5.74.

5.8 ANALYTICAL INVESTIGATION

The previous constant area and varying area results have been used 

as a basis for the following investigation. The mass flow 

discontinuity (DISC) which exists in the calculation, has been defined 

as,

DISC Flow out - Flow in 
Flow in x 100%

Note that DISC refers to the internal error in the calculation as 

compared with % Variance which previously defined the measured and

predicted flow correlation.
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5. 8.1 General

The following table illustrates the increase in DISC with 

increasing valve speed and mesh length (EE).

Constant area model - friction factor = 0.005

- valve profile of Fig. 4.6

- constant entropy calculation

Speed EE = 15 mm EE = 30 mm

1000 1.5 2.5

4000 10.9 12.1

TABLE 5.11

At each speed, the calculation was allowed to stabilize for a 

number of valve cycles prior to the actual calculation cycle. Higher 

speeds required a larger number of cycles to stabilize, the cycle 

numbers used in this present analysis being as follows,

Calculation
Speed Cycle No.

1000 4

2000 5

3000 6

4000 7

TABLE 5.12

5. 8. 2 Entropy

An entropy calculation was incorporated in the unsteady flow model 

according to the theory of section 3.3.4. The results are here
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compared with the above constant entropy values of DISC. 

Constant area model - friction factor (f) = 0.005

- valve profile of Fig. 4.6

- mesh length = 15 mm

Speed Entropy Constant Entropy
Model f = 0.005 f = 0.0

1000 1.0 1.5 0.5

4000 10.1 10.9 12.0

TABLE 5.13

The values for f = 0.0 have been included as a control.

5. 8. 3 Order of Accuracy and Interpolation Error

The higher order analysis of section 3.3.6 was incorporated in the 

constant entropy model and the values of DISC compared with the results 

obtained by the 1st order analysis in section 5.8.1.

Constant area model - friction factor = 0.005

- valve profile of Fig. 4.6

- mesh length = 15 mm and 50 mm

Higher Order Analysis 1st Order

Speed EE = 15 mm EE = 50 mm EE = 15 mm

1000 0.3 0.4 1.5

4000 1.6 2.5 10.9

TABLE 5.14

The values for EE = 50 mm are included to illustrate the

calculation stability.
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5.8.4 Varying Area Flow

The conventional 1st order method and the higher order analysis 

are here compared in varying area calculation. Note that the modified 

rotary valve has been used.

0.15 Taper model - friction factor = 0.0

- mesh length = 15 mm

- valve profile of Fig. 4.9

1st Order Higher Order
Speed Analysis Method

1000 1.8 1.5

4000 8.7 8.1

TABLE 5.15

These values of DISC may be compared with the constant area values, 

obtained with this value, as quoted in the next section.

5. 8. 5 Valve Profile Effects

The effects of valve profile upon DISC are here illustrated, using 

the constant entropy calculation. In addition, for the valve profile 

of Fig. 4.6, the time step (DT) was reduced during that period when the 

valve was open. The associated values of DISC are also presented.

Constant area model - friction factor = 0.005

- mesh length = 15 mm

- valve profiles of Figs. 4.6 and 4.9

DT- DT = — when Fig. 4.6 valve is open
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Speed

Valve Profiles

Fig. 4.6 Fig. 4.9 DTDT = —, Fig. 4.6

1000 1.5 1.2 1.3

4000 10.9 4.1 6.8

TABLE 5.16
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The unsteady flow analysis has generally exhibited good correlation 

between the measured and predicted results of the various tests. While 

this would tend to support the theoretical assumption of quasi-steady 

flow, certain trends have been observed which would suggest that there are 

limitations as to the use of these steady flow values. The results of 

each series of tests will now be discussed but prior to this, the various 

measurement techniques employed will be reviewed.

6.1 MEASUREMENT METHODS

It was evident during the recording of the pressure-time histories 

that the vibration-compensated, piezo-electric transducers gave a much 

improved signal by comparison with the non-compensated transducers. Any 

vibration which appeared in the transducer signal could not be filtered 

satisfactorily, either by the charge amplifier filters or on the storage 

oscilloscope. A high degree of linearity was demonstrated by all the 

piezo-electric transducers, despite their application to the very low end 

of their dynamic pressure range.

The laser anemometer gave velocity values of generally less than 1% 

variance from the Pitot tube values (Table 5.1), and was therefore 

considered to be calibrated correctly. Considerable seeding was required 

throughout the unsteady flow tests, the subsequent fouling of the glass, 

by the oil particles, then requiring intermittent cleaning. As 

previously described, the velocity processing by the microcomputer is a 

relatively simple analysis due to speed requirements for on-line 

calculation. The turbulence estimates by this method tend to be somewhat 

inaccurate and further to this, it is not known to what extent the 

turbulence calculation incorporates the velocity transient which exists
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during the strobe time window. As such, turbulence values have only 

been considered generally in the velocity profile measurement, to 

illustrate relative degrees of turbulence.

Mean temperature measurement by the thermocouples would tend to be a 

somewhat unknown quantity and the temperature measurement in the engine 

results would support this. As will be described, temperature values 

were notably higher than expected and this then leads to the question of 

heat transfer from the hot manifold. This is an area worthy of 

particular attention for future research.

Mass flow measurement, using the air box and orifice to BS 1042, 

would appear to give reliable results. The main disadvantage with this 

method is in sealing the flow and in addition, the flexible trunking does 

have a slight modifying effect upon the pressure wave reflection at the 

pipe end. The arrangement used in the engine tests is more suitable, an 

inlet plenum being situated between the trunking and the pipe inlet to 

give a situation more representative of the boundary analysis.

6.2 CONSTANT AREA FLOW

From the results of the flow correlation with the two rotary valves 

(Tables 5.2 and 5.4), it may be observed that the variance between 

measured and predicted flow rates is smaller for the modified valve. In 

both cases, however, the variance increases with increasing valve speed, 

which suggests that the variance is a function of the valve area-time 

profile. The more gradual the area/time profile, then the flow tends 

towards the steady state situation and the quasi-steady assumption becomes 

increasingly valid. If the valve opens sharply, it is felt that the 

initiated pressure wave and flow are now diverging from the theoretical
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assumption of a non-steep finite wave. In this situation, the 

application of quasi-steady theory and the associated steady flow 

coefficients may be open to question but in practice, this situation will 

probably only arise in high speed engines, such as two-stroke engines, 

which often have fast opening valves in the form of rectangular ports.

It may also be noted that the predicted flow is higher than the measured 

values, a trend which will generally be observed throughout the results 

and which has been reported by a number of previous researchers. This 

suggests that the dynamic flow coefficients in a motored valve are less 

than the associated steady flow values.

Measured and predicted pressure correlation was generally good, a 

slight phase error being evident in the results. This phase error might 

be explained by leakage at the rotary valve, which made the setting of the 

datum position i.e. the point when the valve was just about to open, 

difficult to establish accurately. Comparing the pressure-time histories 

of the two rotary valves, the measured traces of the modified valve (Figs. 

5.11 and 5.12) exhibited a more gradual wave action than the steep fronted 
waves of the original valve (Figs. 5.1 to 5.4). Amplitude correlation 

was also slightly improved for the modified valve.

Considering the velocity correlation (Figs. 5.5 to 5.7), phase 
differences were apparent at 500 and 4000 rpm, the measured traces leading 
the predicted values in both instances. Amplitude correlation was 

generally good at all speeds. To explain the phase effects, it is 

necessary to analyse the A - 3 correlation (Figs. 5.8 and 5.9) where it 
is apparent that the predicted values are again leading the measured 

values. Comparing the A - 3 and the velocity correlation at 4000 rpm, 
the measured peak at 65° valve angle may be explained by the 
A peak and the 3 trough at this position, recalling the definition of
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X - 6velocity, u = - ---jj"3,-,* While the £ correlation is good at this

position, the X value is under-predicted and hence predicted velocity is 

low. However, a predicted peak would still have been expected at about 

60o-65° and it is surprising that this peak does not occur until 70°.

Aside from the question of leakage at the rotary valve, the phase error 

may have arisen due to incorrect modelling of the valve. The pipe/valve 

boundary was assumed to be the end of the pipe while for the purposes of 

calculation, the valve was considered to be of zero length. However, the 

diameter of the rotary valve and hence the length of the valve slot was 

approximately 88 mm, a possible effect being that when the port was open, 

the valve slot may have acted as an extension of the pipe giving a longer 

effective length. When the port opened, the induced wave would require a 

finite time to traverse the valve slot while the calculation would predict 

the wave as entering the pipe immediately. This could explain the phase 

shift in both the pressure and the A - 8 correlation, it being noted 

that the phase shift does not increase with time as would be the case if 

the pipe length were incorrectly stated. Wave propagation time across 

the valve, for a typical propagation speed of 340 m/s, would correspond to 

6° valve rotation at 4000 rpm, the approximate value of the phase error in 

the pressure and A - 8 correlation. The velocity phase shift could 

also be explained by this, but is not so directly apparent. A variety of 

models were tried in an attempt to predict this somewhat complex situation 

but several problems were encountered. Firstly, in establishing the 

valve CD values the valve was considered as a single restriction whereas 

in reality, there will be restrictions at either end of the valve slot as 

it coincides either end with the ports in the valve housing. There is 

also a notable area change between the valve slot and the pipe, the effect 

of this together with the aforementioned restrictions at either end of the 

slot, having previously been combined when establishing the value.
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The various models which were applied did not improve the situation to any 

degree but it may be stated that later flow tests with the poppet valves 

did not exhibit these phase effects, this being due perhaps to the better 

defined boundary at the poppet valve.

Considering the velocity profiles(Table 5.3), the measurements 

indicate that the flow is essentially one-dimensional, thus supporting 

this basic theoretical assumption. The slight decrease due to wall 

friction at the edges is to be expected.

With regard to the comparison of the strain-guage and piezo-electric 

transducers carried out during these tests(Figs. 5.13 and 5.14), similar 

responses to the pressure transients were observed for the different types 

of transducer. Any variance is due mainly to slight inaccuracies in the 

calibration values for the transducers. The most important point to be 

made from the comparison is the higher frequency transient which is 

inherent in the signal from the remote diaphragm, strain-guage transducer, 

at the higher valve speed. It is believed that this is due to an 

additional transient which is established in the small tract leading to 

the diaphragm, effectively behaving like a miniature unsteady flow 

situation. By careful selection of filters, this high frequency 

transient could be removed.

6.3 VABYING AREA FLOW

Comparing the variance between measured and predicted flows in this 

instance (Table 5.5) with the results of the constant area rig, it should 

be noted that the modified rotary valve was used for the varying area 

flow. For both tapers, the variance had now increased over the constant 

area rig, the larger 0.15 taper exhibiting the higher variance. As in
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previous tests, the variance also increased with increasing valve speed 

generally, the application of the higher order analysis not improving the 

correlation to any great degree. Considering the theoretical analysis, 

the previous constant area tests had required the inclusion of a friction 

factor only in the characteristic equations while an area change term has 

now been added, the value of this area term in the equations being many 

orders of magnitude greater than the friction term. As such, any errors 

in calculating the wave propagation along the pipes are likely to be 

magnified considerably. Interestingly, the program is now 

under-predicting the flow despite the previous comments about the general 

trend towards over-prediction. It is felt however that the internal 

errors in the calculation have resulted in considerable under-prediction, 

thereby negating this general trend which was apparent for the constant 

area flow, using this same valve.

Pressure correlation in the 0.05 taper (Figs. 5.15 to 5.18) is good 

at 1000 and 2000 rpm, but there is considerable over-prediction of the 

pressure at 3000 rpm, this discrepancy serving to explain the poor flow 

correlation at this speed. Correlation improved at 4000 rpm although the 

program is still over-predicting the pressure. In the 0.15 taper (Figs. 

5.19 to 5.22), pressure correlation is poor at 1000 rpm with 

over-prediction occurring at 2000 rpm and particularly at 4000 rpm, which 

may serve to explain the poor flow correlation.

Velocity correlation was generally good, particularly for the 0.05 

taper at 1000 rpm (Fig. 5.23). For the 0.15 taper at 2000 rpm (Fig. 

5.24), while the velocity values are over-predicted, the transient and 

notably the zero-crossing points are being predicted accurately.

Once again, the velocity profiles (Table 5.6) were relatively flat in 

both tapers, the higher turbulence values tending to exist close to the

edge of the flow.



170.

To a greater degree than in the constant area analysis, it was hoped 

to establish the source of the above poor correlation by analysing the X 

^-3 correlation (Figs. 5.25 and 5.26). As would be expected from the 

good pressure and velocity correlation, the A - 3 correlation for the 

0.05 taper at 1000 rpm was very good both in amplitude and phasing. 

Considering then the 0.15 taper and recalling that X and 3 effectively 

represent oppositely moving pressure waves, 3 represents waves moving away 

from the valve towards the pipe inlet while the X values represent waves 

propagating from the pipe inlet towards the rotary valve. Values of X or 

3 less than 1.0 represent rarefraction waves while values greater than 

1.0 denote compression waves. Recalling the particular position in the 

pipe and applying a general propagation speed of 340 m/sec., the X value 

will reflect at the rotary valve and reappear on the 3 trace 35° later, 

for the 2000 rpm valve speed. Similarly, the 3 value will reflect from 

the open pipe inlet, reappearing on the X trace approximately 30° later. 

Using the predicted values to illustrate this, the 3 compression wave at 

125° reflects from the open end and reappears as a X rarefraction wave 

at 155°. Similarly, the X compression wave at 90° reflects from the 

rotary valve just after it has closed, and reappears as a 3 compression 

wave at 125°. Looking at this 3 compression wave at 125°, the measured 

and predicted amplitudes are relatively similar and it is reasonable to 

assume that this wave would subsequently give rise to reverse flow, out of 

the pipe, at the open end. A CD value of 1.0 would then be employed by 

the calculation in place of the normal inflow CD value. However, the 

measured reflected X value which appears at 160° is of smaller amplitude 

than predicted, suggesting that the reflection at the open end is not 

behaving according to the boundary analysis. This effect was not 

observed in the constant area analysis and may have resulted from the
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different form of the pipe end now, being of a narrow rectangular nature 

in the varying area rig. While this should be considered, it is believed 

that the main source of error arises due to incorrect calculation of the 

wave attenuations, represented by dX and df3. The measured velocity 

trace would suggest that, during the first half of the cycle, the flow is 

predominantly towards the rotary valve. In the calculation, the area 

change (dF/dX) has been defined as negative in the direction of the 

rotary valve and this would mean that dX and dg would be positive 

during this period. Consequently, X and g will tend to increase 

during this period. Observing the correlation, the measured X and g 

are increasing at a greater rate than the predicted values during the 

first 100°, inferring that the calculated dX and dg may be too small.

A variety of algorithms were incorporated within the calculation in an 

attempt to improve the correlation. These included the above increase in 

the predicted dX and dg values and in addition, the transition from 

the taper to the parallel flow at the lower end of the rig, was modelled 

as a restriction to account for any throat effects at this point. 

Correlation did not improve to any degree, perhaps the best explanation of 

the source of the error being supplied by the analytical investigation 

discussed later. However, the velocity measurement has permitted this 

^ ~ P correlation which can be seen to be a valuable tool in analysing 

unsteady flow situations. This work may, therefore, form the basis for 

any such future analysis.

6.4 UNSTEADY VELOCITY PROFILES AT A JUNCTION AND BEND

The velocity profiles were generally well-ordered for each of the 

profiles shown (Figs. 5.27 to 5.30), the turbulence occurring in areas 

where the flows would suggest that this might occur. Considering the
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junction 60° AVO (after valve opening), the right hand valve port is now 

closed and the velocity is very low. The velocity profiles are 

essentially still one-dimensional, notably after the bend where there 

would not appear to be any distinct separation from the upper wall of the 

pipe. There is some turbulence in this area and a slight decrease in 

velocity, probably due to the momentum of the flow carrying the fluid 

towards the lower wall. There is also a slight convergence of the flow 

towards the inner wall of the bend and, as might be expected, turbulence 

occurs on the lower corner of the junction where the flow is impinging. 

There is some turbulence on the right hand wall of the junction due to 

separation of the flow at these positions.

At 120° AVO, complete flow reversal is now occurring due to pressure 

wave reflections in the left hand tract causing flow reversal while the 

right hand port is now open. Again, the flow is essentially 

one-dimensional with no notable separation from the left hand wall just 

below the junction. As previous, flow converges towards the inside wall 

of the bend while the impingement on the right hand wall of the junction 

has given rise to some turbulence. There is also some turbulence at the 

junction itself, probably due to the joining flows.

By 140° AVO, separating flow is now occurring due to both ports being 

open simultaneously. Flow is again one-dimensional, but it would now 

appear that the momentum of the flow through the right hand tract is 

causing a slight flow separation at the upper wall of the left hand tract, 

just after the junction. Beyond this point, the flow is returning to its 

previous one-dimensional profile. Turbulence again occurs on the lower 

side of the junction due to flow impingement on the pipe wall.

Considering the flow around the bend, at 60° AVO, the flow exhibits

little sign of separation on the inside wall, despite the high velocities.
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Again, there is a convergence of the flow towards the inner wall of the 

bend and the momentum has carried the flow towards the left hand wall just 

after the bend.

Generally then, the unsteady profiles would appear to be 

well-ordered, the momentum of the flow serving to explain the variation 

around the junction and bend.

6.5 POPPET VALVE INVESTIGATION

Considering the steady flow tests first, general trends were evident 

in the discharge coefficients and these will now be examined. From the 

inlet valve normal flow tests (Fig. 5.31), it is evident that the 

remains effectively constant, at each valve lift, for pressure ratios up 

to 1.2. The variation in with valve lift is generally considered as

comprising three separate flow modes, these being:

(Denoting valve (^c—~—) ratio as Vf) diameter

1. V£ < 0.05

C is decreased due to viscous effects through the small flow D
area.

2. 0.05 < V£ < 0.15

Flow is relatively isentropic through the valve, with little 

flow separation, giving an increased Cp.

3. 0.15 < V£

Flow separation around the valve seat tends to cause a decrease 

in at these higher valve lifts.

The maximum value was approximately 0.9 and this value could

have been increased by attention to the flow section just upstream of the 

valve. In a relatively high production unit such as the 'O'-series
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engine, casting discontinuities in the tracts together with valve seats 

which may not be fully blended into the tract, result in a maximum 

value of slightly less than 1.0.

For the inlet valve reverse flow (Figs. 5.32 and 5.33) and exhaust 

valve normal flow (Figs. 5.34 and 5.35), it should be stated that it was 

not the intention to investigate these specific modes of flow in these 

particular valves. Rather, it was the intention to analyse blowdown 

effects in two poppet valves of different sizes. From the results, it is 

immediately apparent that the CD values are notably less at the higher 

valve lifts than for inlet valve normal flow. The peak in which was

previously observed does not appear in these results, although it may be 

noted that values have not been calculated at very low valve lifts.

Geometric flow areas are difficult to calculate accurately at these valve 

lifts and any inaccuracy is subsequently transferred to the Cp, giving a 

misleading value. It is probable that a peak may occur at lower valve

lifts, but the trends would suggest that these peak values are not

notably greater than those values at the smallest measured lift.

Comparing the results of the compressor and vacuum source for each 

valve separately, the profiles for a specific pressure ratio were

very similar despite the variation in Reynolds number. This tends to 

suggest that, within reasonable limits, the Reynolds number does not have 

a great effect upon C^. Pressure ratio does have a considerable effect 

upon Cp and the trends are very similar in each case. The 1.2 pressure 

ratio gave the lowest value while the 2.0 pressure ratio gave the

highest, except at very low valve lifts where the trends were reversed.

The literature would tend to suggest that at higher valve lifts, 

compressibility effects due to the higher pressure ratios give rise to 

increased C values. With regard to the lower valve lifts, it is felt
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that the lower pressure ratios give reduced flow separation at the valve, 

and hence a higher value.

Comparing now the general inlet and exhaust results, the values

for a specific pressure ratio are similar at low valve lifts while at the 

higher lifts, the exhaust values are higher than the corresponding

inlet values. This may arise because of the size difference in the 

valves, the smaller geometric flow area of the exhaust valve giving rise 

to less separation, recalling the previous three regions in the CD 

profile. Interestingly, the values were less for the maximum

pressure ratio of 3.0, the flow having generally become choked at values 

of 1.9 to 2.0. While it would have been expected that the values

would have been identical to those for the 2.0 pressure ratio, it is 

suggested that there may have been other multi-dimensional effects which 

caused this. Generally speaking, valve flow from a pipe to a cylinder 

may be considered essentially 2-dimensional while flow from a cylinder to 

a pipe would tend to involve 3-dimensional effects.

In the subsequent unsteady flow investigation, good measured and 

predicted correlation of both flow and pressure was observed in the inlet 

valve normal flow analysis(Table 5.7 and Figs. 5.38 to 5.41). Good 

pressure correlation was similarly observed in the blowdown analysis 

(Figs. 5.42 to 5.45), but flow rates were now over-predicted (Table 5.8) 

despite the application of a full entropy calculation. The pressure 

correlation during the 0o-120° valve open period was checked but the 

predicted pressure during this period was not sufficiently higher than the 

measured values to suggest any over-prediction of flow. This variance is 

therefore, attributed to the previously stated multi-dimensional effects 

and it is considered that this mode of unsteady flow will require further

investigation in the future.
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6.6 CARBURETTER SIMULATION

Considering the steady flow results first (Figs. 5.46 to 5.50) , the 

pressure profile across the carburetter may be compared for each throttle 

setting. Positions 2 to 4 represent flow under the carburetter piston, 

it being noted that there is little associated pressure drop in any of the 

profiles. Virtually all the pressure drop takes place across the 

throttle plate and as such, the analysis is applicable to many other 

carburetters or indeed, throttle plates by themselves. The importance of 

the downstream tapping location is illustrated by the slight pressure 
recovery between positions 6 and 7, this being most evident at ^ 

throttle.

In establishing the flow loss coefficients, it was necessary to 

choose which pressure values upon which to base the calculation. Benson 

[40] had previously chosen the flow throat, denoted by the minimum 

pressure, and the upstream pressure as the basis for his calculations.

This was not considered correct in that the basic flow analysis, while 

taking account of flow at the throat, is based upon the fully developed 

flows upstream and downstream of the carburetter. As such, positions 1 

and 7 were used to determine the loss coefficients in this present work. 

Benson had also created an algorithm for the calculation of entropy 

variation across the carburetter, but this appeared incorrect in the 

context of the calculation. The algorithm was tried, but the calculation 

did not proceed correctly. The method now applied is, like Benson's, an 

iterative approach but is based upon the basic principle of the calculation 

of dx and dg across those meshes immediately bounding the carburetter, 

in the characteristics calculation. In this way, the incident variables 

at the carburetter are correctly calculated for each new value of entropy

in the iteration.
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Translating the pressure information into the pressure loss-Mach 

number relationships, similar trends may be observed at each throttle 

setting. A slight discontinuity appears in each throttle profile just 

prior to the horizontal section of the profile. The reason for this is 

not immediately apparent but may result from the lift characteristics of 

the piston. The pressure drop-mass flow relationships exhibit a notable 

linearity particularly at the lower throttle settings, the mass flow rate 

increasing with increasing pressure drop.

Incorporating these results within the unsteady flow model, the 
program tended to over-predict the flow values at ^ throttle (Table 

5.9). Analysing the associated pressure correlation (Pigs. 5.51 to 

5.54) , the predicted pressure values were generally lower than the 

measured values, downstream of the throttle plate. This might suggest 

that the pressure-time history recorded by the piezo-electric transducers 

had not been properly compensated by superposition of the mean pressure 

value. The mean pressure was, however, recorded accurately and the 

pressure-time history compensated accordingly. Since there is very 

little wave action due to the damping effect of the " throttle opening, 

there would not appear to be any reverse flow through the carburetter and 

hence the established loss coefficients are correct. The previous poppet 

valve tests had indicated that the unsteady flow was accurately modelled 

through the valve and this was not considered a source of error. 

Considering then the period when the valve is open, the lower predicted 

pressure downstream of the carburetter would cause a higher predicted flow 

rate across the carburetter, thus explaining the over-prediction.

However, for this lower pressure to occur during the valve open period 

infers too high a flow rate across the poppet valve which had previously 

been shown to give good flow correlation. It is suggested that the very
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much lower pressure upstream of the valve may have altered the 

characteristics of the valve, despite the previous findings in the 

Reynolds number investigation. The carburetter would appear to have 

correctly predicted the higher flow rate for the higher pressure drop 

across the carburetter.

In the unsteady flow tests at WOT, it was initially believed that the 

flow system would act as a single straight pipe with a relatively minor 

flow restriction due to the carburetter. However, while flow correlation 

was relatively good (Table 5.10) with only slight under-prediction, the 

pressure correlation (Figs. 5.55 to 5.58) tended to deteriorate towards 

the end of each cycle. The correlation does improve with increasing 

valve speed and it is felt that the various protrusions within the 

carburetter may have given rise to some spurious pressure wave 

reflections.

It is perhaps an appropriate time to state that it is not the 

geometry of the flow section which gives rise to wave interference, but 

the variation in pressure which arises from the flow through the section. 

As such, irrespective of any geometric constrictions in a flow section, if 

these do not give rise to any pressure variation in the flow then they are 

effectively "unseen" by the pressure waves.

In the WOT pressure correlation, the calculation accurately predicts 

the wave action during the valve open period and this is sufficient to 

give good flow correlation. However, if a compound system were being 

analysed, the deterioration in the correlation towards the end of the 

cycle might cause incorrect prediction of wave interaction in any 

adjoining pipes. As such, this area of the flow requires further 

investigation.

To check the entropy calculation in the analysis, variations in the 

reference temperature across the carburetter were examined. While there 

was only a marginal change at WOT, the reference temperature varied by up
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to 50° to 60°K at throttle. In the present simple carburetter 

analysis used in the engine model, a constant increased reference 

temperature is assumed downstream of the carburetter. The results of the 

above entropy investigation with the simulation rig indicate that there is 

a large variation in the entropy values along the pipe. It is therefore 

questionable as to the accuracy of applying a constant reference value in 

an isentropic model, to compensate for entropy changes in the system.

6. 7 ENGINE TESTS

Considering the results in the general order of presentation, a 

higher mean gas temperature is exhibited at throttle than at WOT 

(Fig. 5.61). This is attributed to the lower mass flow rate which 

permits a higher specific heat transfer to the gas, from the walls of the 

manifold. The inlet and exhaust manifold are integral in the 'O'-series 

engine, an exhaust gas hot spot helping to vapourize the fuel. As such, 

the inlet manifold will tend to run relatively hot, but the extent of the 

temperature increase in the gas is larger than expected. Heat transfer to 

the thermocouple by conduction from the manifold or indeed, by convection 

from the walls, is an unknown quantity. This particular problem may be 

considered in the next phase of the four-stroke research at this 

university, this being the study of entropy effects in hot gas flow.

To analyse the bsfc measurements (Fig. 5.62), it is necessary to 

consider both the measured power (Fig. 5.65) and volumetric efficiency 

(Fig. 5.63). The measured power curves are very similar for each inlet 

system but there is a notable difference between the measured volumetric 

efficiency of the standard inlet by comparison with either of the upstream 

tuning set-ups. From the combustion data of Fig. 5.60, the air/fuel
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ratios were generally similar at each speed, the standard inlet tending to 

run slightly leaner. Consequently for these air fuel ratios, the higher 

volumetric efficiency and hence air mass flow rate of the standard system 

infers a higher fuel consumption than in the upstream tuning. With 

similar power curves for each inlet system, the bsfc will naturally be 

greater for the standard set-up.

As may be observed in the results, the general WOT correlation is 
better than at ^ throttle, suggesting that the lower entropy variation at 

WOT permits more accurate prediction by the program. The standard intake 

exhibits good correlation of volumetric efficiency at WOT while there is 

considerable over-prediction in the upstream tuning. It is possible 

that, upon insertion of the tuning pipes between the carburetter and the 

intake plenum, the flow system was not correctly sealed. As such, 

measured flow rates and hence volumetric efficiency would appear low but 

this does not explain why the power curves are similar. It would have 

been expected that the power and torque would have increased accordingly 

in the measured standard inlet tests. It is unlikely that the upstream 

tuning would have modified the carburetter characteristics to any degree 

although it should be stated that pressure in the SU float chamber is 

modified by linking the chamber to the intake box, in the standard car 

installation. With the modified intake system used in these tests, the 

float chamber was now vented to atmosphere although it is not considered 

that this would greatly vary the carburetter characteristics either. As 

such, no complete explanation can be given for these variations in 

volumetric efficiency.

Looking then at the correlation of measured and predicted volumetric 

efficiency, there is a general over-prediction particularly at 

throttle. The degree of upstream tuning has only a marginal effect upon
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the predicted values, perhaps the most notable feature being the movement 

of the WOT peaks towards lower speeds, with increasing upstream tuning 

length. With regard to the ~ throttle correlation, it is considered 

that the poor correlation stems from the lack of an entropy calculation to 

compensate for variations across the throttle plate and also heat transfer 

to the flow. The application of a constant, increased downstream 

reference temperature does not compensate for entropy variation along the 

pipes, this having been demonstrated in the previous carburetter tests. 

However, despite the variance in the correlation, the volumetric 

efficiency trends at each throttle setting are closely modelled.

The similarity of the measured power curves is provisional upon the 

previous remarks, but perhaps more notable is the prediction of only a 

slight change across the various inlet systems. It had been expected 

that the program would probably predict an increase in the volumetric 

efficiency and consequently the power for the longer upstream tuning, at 

the lower speeds. The combustion efficiency terms were originally- 

derived by Bingham [75] and, together with Annand's heat transfer model, 

account for energy losses in the engine. As such they are purely 

empirical terms but their incorporation in the calculation permits the 

trends of the various inlet arrangements to be analysed. Power at 

throttle is again over-predicted although the trends are reasonably 

described. However, part-throttle performance is generally of greater 

interest to an engine designer than WOT performance and thus, while the 

trends may be well-modelled, the lack of correlation at part-throttle is 

particularly undesirable.

The trends which were previously stated in the WOT volumetric 

efficiency are evident in the measured WOT torque curves (Pig. 5.64).

The peak for the 460 mm tuning length has now moved completely
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across to 2000 rpm. Measured and predicted correlation is good at WOT, 

as would be expected from the WOT power correlation.

In the pressure correlation for the standard inlet arrangement,

(Figs. 5.66 to 5.59), the inlet manifold depression is well predicted at
i throttle but the correlation in traces P2 and P4 is not distinct.
4
Some wave action does exist in the manifold although it is interesting

that at 2000 rpm, throttle, the measured P2 trace demonstrates the

existence of wave action while P4, which is situated close to P2, does not

exhibit any clear wave action. However, there would appear to be some 

engine vibration inherent in the signal of P4 and it should be stated that 

it was not desirable to increase scaling in the graphs in that the 

vibration might then appear to be a pressure transient. Cylinder pressure 
correlation is relatively good at ^ throttle, for both engine speeds, 

while the exhaust correlation at 2000 rpm is better than at 4900 rpm.

The trends are, however, well demonstrated in the latter. At WOT, the 

higher peak cylinder pressures are immediately apparent and there is less 
manifold depresion in P2 and P4, than at ^ throttle. The wave action 

in these inlet traces has also increased, the correlation being generally 

improved at the lower speed. Exhaust correlation is very satisfactory at 

both 2000 and 4900 rpm, for the WOT case.

Looking then at the upstream tuning correlation and considering the 
230 mm extension, little wave action is apparent at ^ throttle (Fig. 

5.70) which suggests that the carburetter acts to damp out waves in the 

system. Vibration would again appear to be present in the 4900 rpm

signal. At WOT (Fig. 5.71), wave action has increased considerably and

correlation has also improved. While the vibration at 4900 rpm tends to 

confuse the correlation, the predicted pressure generally follows the
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trends of the measured wave action.

In the 460 mm tuning at throttle (Fig. 5.72), there is notable 

measured wave action at 2000 rpm yet the program has predicted virtually 

no wave action. This is similarly the case at 4900 rpm which, despite 

the vibration, exhibits a definite wave transient. At WOT (Fig. 5.73), 

the wave action has increased considerably and correlation is generally 

good. The program is tending to under-predict the wave action and this 

is also notable in the other upstream tuning results. As in the previous 
i throttle correlation, it would again appear that the lack of a complete 

entropy analysis impedes the accurate prediction of flow at part-throttle.

The velocity correlation in the 230 mm extension (Fig. 5.74) is well 

predicted, the four distinct predicted peaks defining the opening of the 

four inlet valves.

6.8 ANALYTICAL INVESTIGATION

It was previously observed that the variance between measured and 

predicted flows increased with increasing valve speed. Similarly, the 

flow discontinuity increases with increasing valve speed and also with 

increasing mesh length (Table 5.11), or more specifically increasing DT as 

will be shown shortly. It may also be noted that at higher valve speeds, 

the flow required a larger number of cycles to stabilize (Table 5.12).

This may be explained in that the pressure waves will initially require to 

traverse the flow system several times before the flow stabilizes. For 

the higher valve speeds, this will require a larger number of cycles to 

permit this propagation to occur.

The application of a complete entropy calculation (Table 5.13) has 

not reduced the discontinuity to any degree, by comparison with the
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constant entropy model, for a friction factor of 0.005. More 

importantly, the discontinuity still exists to the same extent for a 

friction factor of zero, this in itself inferring constant entropy. As 

such, entropy effects may generally be ignored in the case of unsteady 

flow with friction. This would not, however, be the case for flow with 

heat transfer or indeed, adiabatic flow through restrictions in the 

system.

The discontinuity at zero friction illustrates the inherent error in 

the calculation which, as will be shown, originates from the 1st order 

analysis. This assertion is verified upon application of the higher 

order method to the analysis (Table 5.14), the discontinuity being 

considerably decreased over the 1st order method. The low 

discontinuities for the 50 mm mesh length demonstrate the stability of the 

calculation.

Applying the higher order method to the varying area analysis (Table 

5.15) , it may be observed that a considerable discontinuity exists at 

higher valve speeds, despite the absence of friction. It was previously

concluded in the varying area flow tests that the order of the calculation 

method was not the source of error in this analysis, and these results are 

confirmed by the present findings of flow discontinuity. It is therefore 

concluded that the analysis of varying area flow can not adequately be 

dealt with by the higher order method because the problem is not one of 

calculation order. Rather, the problem stems from the basic theoretical 

assumption of one-dimensional flow and hence, any other analyses such as 

finite difference methods, if based upon these flow equations, will suffer 

from this inherent error.

The source of discrepancy in the present 1st order method may be 

illustrated in the results of the valve profile effects (Table 5.16).

For a larger mesh length, the larger associated time step DT will mean
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that the conditions at the valve will change to a greater degree across 

the time step. As such, successive reflected variables at the valve will 

also vary by a greater degree. The 1st order calculation gives rise to 

an error, not because of linear interpolation, but by way of the interpolated 

values which satisfy the 1st order calculation. As was previously shown, 

the true interpolated values of A and g which satisfy the higher order 

analysis will lie at a slightly different position between the meshes. 

Consequently, the greater the variation between the successive variable 

values at the mesh points, then the greater will be the difference between 

the interpolated variable values just described. Hence, flow 

discontinuity increases with increasingly rapid opening, valve area-time 

profiles or indeed, larger mesh lengths. To illustrate this, it may be

observed that the discontinuity is notably less if the time step DT is 

reduced during that period when the valve is open.

6.9 FUTURE WORK

The main proposal for future work is the insertion of a complete 

entropy analysis within both the inlet and exhaust systems of the engine. 

This will require a study of the effects of heat transfer in unsteady flow 

together with the determination of entropy effects at bends and junctions, 

the carburetter model together with the entropy calculation having been 

presented in this work. While the computer run time for such a 

calculation would have been unacceptably long several years ago, the 

present computers are sufficiently powerful for this to be feasible.

The analysis of hot gas blow-down at the exhaust valve will require 

investigation, this together with the aforementioned study of heat 

transfer helping to eliminate the empirical correction reference
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temperatures currently applied in these situations. Inlet valve 

values should be investigated at very low Reynolds number, the results of 

the present work suggesting that the generally assumed values may

change at part throttle operation.

As a result of the poorer unsteady flow prediction for poppet valve 

blow-down, the application of the laser anemometer to measure velocity 

immediately downstream of the valve might reveal some interesting facts 

about the flow profiles in this multi-dimensional flow situation.

6.10 CONCLUSIONS

1. Unsteady flow is generally well predicted by the analysis, as 

demonstrated by the measured and predicted correlation of individual 

X and 8 values. Velocity measurements would indicate that the 

unsteady flow profiles are essentially one-dimensional, verifying 

this theoretical assumption. The inherent error in the calculation 

arises from the order of accuracy of the method employed, not the 

linear interpolation as is sometimes suggested.

2. In the varying area analysis, inaccuracies in the pressure and flow 

correlation appear to stem from the incorrect calculation of the X 

and 8 attenuation as a function of the area change. The 

fundamental error in the calculation, however, arises due to the 

assumption of one-dimensional flow. Despite the measurement of a 

uniform velocity profile across the flow section, it is a necessary 

condition that varying area flow be at least two-dimensional.

3. Steady flow coefficients give good correlation in unsteady flow but 

prediction deteriorates, with increasing valve speed, as a function 

of the valve area-time profile. The steady flow values, established 

for the poppet valves and carburetter, demonstrate good correlation
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across the range of speeds to which a typical automotive engine would 

be subjected. Poppet valve discharge coefficients vary as a 

function of the applied pressure ratio across the valve, but not as a 

function of Reynolds number.

4. The engine model predicts the trends of the various parameters with 

reasonable accuracy, but part-throttle predictions demonstrate the 

error resulting from the lack of an entropy analysis. Pressure wave 

action, particularly in the exhaust, is predicted with a reasonable 

degree of accuracy. Upstream tuning does not improve the unsteady 

breathing in the present simple manifold, but may aid the breathing 

in a more "tuned" manifold.
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A.2.1 EQUIPMENT TECHNICAL SPECIFICATION

Laser: 35 mW Helium-Neon. Manufactured by Spectra-

Physics, Model 124. Safety Standard Class

111 b.

Modulator and Optics: Malvern RF318 Rotating Beamsplitter Unit

containing K9023 Phase Modulator Head.

Phase Modulator: Malvern K9023 Modulator Head and Drive Unit.

Switched frequencies: 20 kHz, 50 kHz, 100 kHz,

200 kHz, 500 kHz, 1 MHz.

Continuously variable frequency 50 kHz to 1

MHz.

Photomultiplier: Malvern Model No. RF320, with Vivitar 75-205,

f3.8 zoom lens.

Pulse Output: -1.0 V amplitude into 50 ohms

Pulse width 7 nanoseconds

Pulse pair resolution 12 nanoseconds

Operating Voltage: 1850 volts

Pinhole Apertures: 200 or 400 (im.

Correlator: Malvern Type K7026, 20 ns Processor. 64 monitor

channels with console live display of

correlation function. Resolution Range: 20 ns

to 20 s in multiples of 20 ns.

Memory Access: 8 bits available for transfer

every 0.75 (is. Facilities include Autocorrelation,

Cross Correlation, Clipping and Scaling.

Microcomputer: Commodore Model 4032, 32K RAM.

Ancillaries: Epson MX-80F/T Dot Matrix Printer. Commodore

Single Disk Drive.
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A.2.2 DEHIVATION OF DOPPLER SHIFT AND DIFFERENCE FREQUENCY

In Fig. A2.1, light from a stationary source S is reflected by a 

particle P moving with velocity V at an angle 0^ to the source.

The reflected light is received by a stationary observer at A, the 

light being reflected at an angle 6^ relative to the direction of the 

velocity V.

Let n = number of wavelengths along the light path SPA 

In an infinitesimal time interval 6t, the particle moves from P 

to P'. The reduction in the number of wavelengths in the optical path 

is

-6n PN PIT X + A' (A2.1)

where P'N and P'N' are drawn perpendicular to SP and PA 

respectively and it is remembered that PP' is infinitesimally small. 

X and X' are the wavelengths before and after scattering.

Now PP' = V6t, substitution into equation (A2.1) giving

- 6n
V6t cos 0^ 

X +
Vfit COS 02

X7 (A2.2)

and since f.X = f'.X' = C (velocity of light), equation (A2.2) may

be re-written as

6n
6t

V f cos 0^ 
C +

V f cos @2 
C (A2.3)

Now 6n
fit represents the change in frequency of the scattered light

due to the particle velocity, thus
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Substituting into equation (A2.3)

V f cos V f cos
f - f = -----5---- + -----5------ (A2.4)

Equation (A2.4) representing the Doppler shift in the light frequency, 

due to scattering by the moving particle P.

Equation (A2.4) may be rearranged to give

f 1 + (5} C°S 61
f V1 - (-) cos e2

If V << C, as is almost always the case, this equation may be
Vexpanded to first order m — to give

f' V V— = t1 + £ cos 61). (1 + - cos e2)

2V V V= 1 + — cos 0^ + — cos 02 ignoring the (—) term

thus f - f = (cos 0^ + cos 0^) (A2.5)

Considering now the particle receiving light from two independent 

stationary sources, as would be achieved by the particle passing through 

the cross-over region where two converging beams intersect. This is 

the basis of the differential Doppler technique, a typical arrangement 

being illustrated in Fig. A2.2.

Let frequency of beam 1 = frequency of beam 2 = f 

then applying equation (A2.5) to each beam separately and denoting the 

respective Doppler shifts by df^ and df2,

df1 = —(cos 0^^ + cos 02)
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and df. V.f
C (cos ©-[ + cos 02)

Recalling that the incident frequencies are the same, then since 

the Doppler shifts are not equal there will be a different scattered 

frequency for each beam.

Superposition of these two frequencies will give rise to a 

modulation in the scattered light intensity, this modulation having a 

frequency equal to the difference of the two scattering frequencies, 

thus

f - f 1 2

= (f^ - f) - (f^ - f)

= d fl - d f2

V.f ,—(cos ei - COS op (A2.6)

Now = a and (01-3) + (0-[-6) =tt

or
B = i (61 + 0j - tt)

Applying the trigonometrical transformation to equation (A2.6) and 

substituting for 0^ and 0j ,

£ 2.V.f . ,a, .fD = —-— - sin (p cos B

and substituting ^ = f

fD = ^ . sin (^) . cos B (A2.7)

Equation (A2.7) being referred to as the Doppler difference frequency 

and representing the frequency of the scattered light modulation.

It should also be observed that the term 02 has disappeared from 

the equation, demonstrating that the received signal is independent of



199.

the angle of observation. This is an important aspect of laser Doppler 

anemometry in that it gives complete freedom to the positioning of the 

receiving optics, aside from other practical constraints.

A2.3 CORRELATION OF THE SCATTERED LIGHT SIGNAL

Considering initially the light scattered from a single particle 

traversing the cross-over region. The light modulation will be in the 

form of a continuous analogue signal as received by the photomultiplier, 

this signal being of the form shown in Fig. A2.3. The pedestal (shown 

dotted) present in the signal arises from the variation in beam intensity 

across the diameter of either beam, each beam being of maximum intensity 

at its centre.

Using the pulse output of the photomultiplier, this analogue signal 

is digitised such that modulations above a certain intensity are 

represented by discrete output pulses.

Applying this to the analogue signal illustrated in Fig. A2.3, the 

corresponding digital output would be as shown in Fig. A2.4, 

where may be referred to as the Doppler difference period, and

If it was possible to ensure that only one particle would be 

present in the cross-over region at any time, then the "Doppler bursts" 

as shown in Figs. A2.3 and A2.4 could be observed on an oscilloscope and 

the difference period measured directly. In practice however a

number of particles will be present in the region at any one time, and 

the digitised output from the photomultiplier will take on the form of a 

random signal as shown in Fig. A2.5.
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If it is assumed however that the majority of particles in the 

cross-over region give rise to individually "ordered" signals, as shown 

in Fig. A2.4, then the random signal of Fig. A2.5 may be said to be 

comprised of a number of ordered signals which are randomly out-of-phase 

with one another, as illustrated in Fig. A2.6.

The parameter of interest is Tp, the Doppler difference period of 

the individual signals which go to make up the received signal. If 

this value of xD may be determined then, since td relates directly 

to the difference frequency the velocity component V.cos 6 may be

calculated.

To obtain a value for td, a statistical analysis is performed on 

the time intervals occurring between a specific photon event and every 

other photon event in the signal. This analysis is performed for each 

photon event in turn and a probability distribution created which gives 

the likelihood of any two photon events being separated by a specific 

time interval t. To understand the relevance of this analysis, 

consider the individual ordered signals which go to make up the received 

signal. The photon events in these signals are separated by the time 

interval td and when these signals are superposed to form the overall 

signal, then every photon event will have at least one other event at a 

separation of from it. Thus in the probability distribution, this

time period td will have the highest probability of any time interval. 

The multiples of td (2td, 3td etc) will have similar probabilities and 

as such, will appear with the primary value of iD as peaks on the 

probability distribution.

This proability distribution is referred to as the correlation 

function, and a value for rD may be obtained by curve-fitting the 

function to clearly define the peaks of the distribution and hence the 

correct value of t .



201.

The statistical analysis used and the method of implementing the 

analysis on the correlator, are as follows:

1. The correlation function G(x), which describes the probability 

of two events being separated by a time t, is defined thus

G (t) = n (t) .n (t+x)

where n(t) is the number of photon events occurring within 

an interval of time fit at time t.

2. To implement the technique on the correlator, the overall 

signal is divided into successive small intervals of time fit 

(typically 1 (.is) . Photon events are counted in each of these 

intervals and the function computed is:

G(pfit)

where p is an integer and n^ and n ,. . are the numbers of photon(i+p)
events counted respectively in the ith interval and at the time pfit 

later in the (i+p) interval, each interval being of duration fit with 

the intervals following consecutively. The value of G thus 

calculated relates to the probability of a time pfit occurring between 

photon events in the overall signal, a number of values of p being 

used to obtain the probability distribution. The range of values of p 

which may be used is set by the correlator hardware, or more 

specifically the number of channels in the shift register which is the 

mechanism for performing the above function on the incoming signal.

The technique is shown diagrammatically in Fig. A2.7.

The control oscillator divides time into equal intervals of fit by 

supplying timing pulses to the counter and shift register. The signal

pulses from the photomultiplier are counted during each interval and
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stored in binary form in a register, the numbers being shifted one place 

along the register at the end of each interval. While signal pulses 

are being counted in the next interval, the numbers in each register are 

multiplied by the most recent count number and the products accumulated 

in the p storage channels. To understand this in the context of the 

computed function, consider the second and fourth storage channels (i.e. 

p = 2 and p = 4).

Let the present time interval = i, then the number of pulses 

presently being counted = n^.

Two time intervals later, this value of n^ will have been shifted 

to the second register (p=2) and the present time interval will then be 

(i+2). The number of pulses then counted will be n and it will be

this result which is multiplied with the existing value (n^) in 

channel 2.

The value thus computed will be n^n,, „, and this result will be^ i (i+2)
accumulated in channel 2.

Looking forward another two time intervals, the original value n^

will have been shifted to channel 4 and the current number of pulses

being counted will be n ,. ... The value thus calculated and stored in(i+4)
the fourth channel will be n..n.. ...i (i+4)

Remembering the computed function.

G (p<5t)
i=N
I

i=l
n,. ni (i+p)

the system will be allowed to run for N time intervals, this 

constituting a total sample time of N.<$t seconds. P values of G 

will thus have been calculated, this spread of values across the p 

channels constituting the correlation function.

In the present correlator there are 64 storage channels and, if the
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sample time 6t has been chosen correctly in relation to the received 

signal, then a number of peaks will be observed in the distribution at 

values of p.6t equal to td and its multiples. A typical form of 

the correlation function is illustrated in Fig. A2.8

The correlation function, or correlogram as it is often referred 

to, takes on the form of a decaying cosine wave seated on a Gaussianly 

decaying function, shown dotted. The Gaussian pedestal arises from two 

sources, these being:

1. The light intensity profile across each beam, this profile 

itself being Gaussian.

2. Background counts from uncorrelated data, this occurring when 

the correlator is being "strobed" as would be required in the 

measurement of unsteady flow velocities. In such situations, 

the signal pulses would be counted by the correlator during 

the pauses between strobing, but the data would not be 

correlated during this period.

The decay of the cosine wave is caused by turbulence in the flow, 

the analysis used to calculate this turbulence being described in the 

following section.

In simplistic terms, if the value of may be estimated from the

correlation function then, since

and knowing the system parameters X (light wavelength) and a (angle 

of converging beams), the velocity component V.cos 3 may be 

determined. A more exact analysis may be performed on the correlation 

function which will yield fD directly and this method is now discussed

in the next section.
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A2.4 ANALYSIS OF THE CORRELATION FUNCTION BY THE MICROCOMPUTER

A number of mathematical techniques have been formulated for the 

processing of correlated data in laser anemometry. These techniques 

vary in complexity but the primary purpose of each is still the 

calculation of the velocity and turbulence in the flow. Refs.

[78],[79] and [80] give a comprehensive state-of-the-art review of the 

techniques currently employed, including the method used in this present 

research which is referred to as the "3-turning point approach". This 

section is intended as a guide to the assumptions and processing method 

used in the 3-point analysis, a more complete derivation being given in 

Ref. [78].

The correlation function is in effect a probability distribution of 

particle transit times within the measurement volume and since these 

transit times may be related to velocities, the function may be said to 

contain information relating to the distribution of velocities occurring 

within the region. Any algorithm which is intended to model the 

correlation function will contain a number of unknown variables and an 

important starting point in any analysis is, therefore, the assumptions 

upon which the results are based. Two of the main assumptions made in 

this analysis are as follows:

1. The probability distribution of velocities occurring within 

the measurement volume has a Gaussian profile, as shown in 

Fig. A2.9.

The standard deviation a gives an indication of turbulence, 

the percentage answer form used in the algorithm being defined as

T% = — where u is the mean velocity, 
u
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2. The intensity profile of the beams is Gaussian as measured

across the beam diameter. This profile is characterised by a

radius at the measurement plane, defined as the distance from

the beam centre to the point where the intensity has decreased 
2to 1/e of the maximum intensity.

Noting the main equations derived in Ref. [78], the correlation 

function for Gaussian turbulence may be written as

2.
r*t-\ / ^2. r. , m r „,Trrirt. 2, 2irrt1G(t) = a exp(-t ) [1 + - . exp{-2 (—1—) }.cos ----] + ai 2. s s c

where a^ 

m

n

r

s

and a are values taken from the correlated data o
is the ratio of correlated data to background counts and is 

referred to as the fringe visibility 

is the RMS turbulence
2is the radius of the 1/e intensity point 

is the fringe spacing

and

t U.T
r where u is the mean velocity

The first exponential term arises from the intensity profile of the 

beams while the second term arises from the turbulence spectrum.

The analysis proceeds by the algorithm fitting parabolas to each of 

the first three turning points (hence the title), this exercise 

permitting more accurate location of each of the turning points.

Having established the amplitudes and delay times of each point, the 

algorithm will then calculate velocity and turbulence as follows:

(a) By averaging across the three delay times, the period of the

cosine may be found. Remembering that this is the Doppler



206.

difference period, the difference frequency fD may be 

calculated and hence the mean velocity by equation (A2.7).

(b) Relating the exponential terms in the equation to the measured 

decay of the correlated data, a value for the RMS turbulence 

g may be calculated.

The above is a very brief description of the analysis, the full 

calculation requiring initial estimates of velocity and turbulence 

followed by several iterations to establish certain unknown parameters. 

The basic principles of the technique have been highlighted, the main 

point of note being that only the first three turning points are 

required in this analysis.

There are a number of other analytical methods which are more 

complex, and these methods would tend to be more accurate in addition to 

being more noise tolerant than the 3-turning point method. The present 

method, however, provides quick estimates "on-line" (3-4 seconds) and 

thus finds practical application in an interactive type experiment.
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A3.1 ENERGY EQUATION

Considering the first law of thermodynamics for the control volume 

in Fig. 3.2.

Net heat transfer in = Net work energy out + Time rate of change 

of internal energy + net efflux of stagnation enthalpy.

Net heat transfer into control volume 

= qpFdx

Net work energy out = 0

Time rate of change of internal energy

= fj [PFax(cvT + S_),

With reference now to Taylor's series (Appendix 3.4), the flux of 

enthalpy will be defined as

2
cj)(x) = pFu (C T + -q— + —) v 2 p

and Net efflux = <f> (x + dx) - cfi (x)

applying Taylor's expansion and ignoring higher powers of dx 

Net efflux = <J>(x) + <f>' (x) .dx - (j> (x)

= <)>' (x) .dx

^ 2
= -r- [ p Fu (C T + —)]dxox v 2 p

since <j> is a function of x and t both, the partial derivative is being

applied to denote the differentiation w.r.t. x.



208.

Equating the terms

qpFdx 5_
6t

2
[pFu (C T + ^- + ] dx

v 2 p

dividing by dx

qpF [pF(C T + [pFu(C T + +£)]
6t v 2 6x v2 p

this being the energy equation for a closed volume.

A3.2 CONTINUITY EQUATION

Rate of mass accumulation in the control volume = net inflow rate 

into the volume.

With reference to the control volume in Fig. 3.2, Taylor's series 

(Appendix 3.4) may be applied, the analytic function now being

pFu

then net inflow rate = cj) (x) - <j> (x + dx)

(j> (x) - (<j) (x) + cj}' (x) .dx)

-<j>' (x) .dx

— (pFu)dxnet inflow rate

the partial derivative being applied in that the function <f> is a function

of t also, but only the variation w.r.t. x is being considered here.



Rate of mass accumulation -r— (control volume mass) ot

8__
6t

F + F +
(P(-

6f
6x dx

) dx)

6_
St (pFdx) neglecting higher powers of dx

Equating mass accumulation and net inflow

6t (pFdx) S_
6x (pFu)dx

Since F and dx are not functions of t, then dividing by F.dx

SP 1 6 , „ .V— = - — T~ PFu)ot F OX

which is the form used in the Non-Homentropic analysis. 

Expanding the equation and rearranging

6p 6u pu 6F Sp .TT+PT- + + uTtl = °-6t 6x F Ox Ox

Incorporating the isentropic relationship

vp = Ap , where A is a constant

Substituting for p in

2 ypa = and rearranging
P

a = YApY-lthen
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P
2

B ay-1 where B
1

(yA3 Y-1

differentiating w.r.t. x and t
2

6p _ 2B aY ^ 6a 
6t Y-1 a 6t

2
_ 6p 2B aY ^ 6a

and ~r — ~ ~zox y-1 a 6x

re-substituting for p,

6p _ 2 p_ 6a_
6t y - 1 a 6t

and 6p _ 2 p_ _6a
6x Y “ 1 a 6x

Substituting into the continuity equation

2
Y ~ 1

p 6a 6u pu 6F 2
— TZ + P“I— + 'P,— T— + --- ra 6t 6x F 6x y - 1

pu 6a 
a 6x 0

multiplying by a
P and rearranging

6a 6a y ~ 1 6u Y ~ 1 au 6f 6t + U 6x + 2 S 6x + 2 F 6x 0

and this is the form of the continuity equation used in the Homentropic

analysis.
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A3. 3 MOMENTUM EQUATION

Net force on fluid in control volume = Time rate of change of momentum 

in the control volume + net outgoing momentum flux.

With reference to the control volume in Fig. 3.2, Taylor's series 

(Appendix 3.4) may be applied to describe the net force, the analytic function 

now being

cf>(x) = pF

net force = net end pressure + wall pressure + frictional force

TTTDdX

where t is the wall shear stress defined by the relationship

f x , where f is the friction factor
ipu2

Substituting for t and also F = —, in the friction term and

neglecting higher powers of dx.

net force .-Fu u- <Mx).dx + p ^ dx - 4f - — 1^- pdx

2
pdx

W pax
hence,

2
net force
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the -t—r term being introduced to ensure that the wall friction acts inM
opposition to the flow.

Rate of change of momentum in the control volume

6_
6t (mu)

6_
6t (pFudx)

Applying Taylor's series to the momentum flux, the function now 

becomes
24>(x) = pFu

Net outgoing momentum flux

= <j> (x + dx) - (}> (x)

= (J)' (x) .dx

6_
6x

2(pFu dx

Equating the terms

„ 6p . . _ F u u- F cp- dx - 4f — — -i—r pdx6x D 2 u
6 , n , 6 , 2, . — (pFudx) + — (pFu )dx ot ox

Expanding the derivatives and dividing by F.dx

6u6p pu 6F 6u 2 6p , pu 6F „U + ^ + P 6l + U 67 + -T 67 + 2pU 6x

6p 4f u u _+ -t: + --- — -r—r p = o6x D 2 I u j
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Rearranging, noting that 6F
6t 0

, 6p 6u pu 
6x + F

6f
6x

<5p.
u T~ ox

5u
6t pu 5u

6x

5p 4f u2
6x D 2 0

It may be observed that the terms in the brackets represent the continuity 

equation and are therefore equal to zero, hence

P 6p 4f - — + — 6x D
2u

2~ 0

dividing by P

6u
6t

6u 11 _6p
6x p 6x D 0

which is the form of the momentum equation used in the Non-Homentropic 

analysis.

A slight variation is used in the Homentropic analysis by introducing 

the isentropic relationship

P Ap where A is a constant

Combining this with the equation of state

p = pRT

It may be shown
2y
Y- 1p = B a where B is also a constant
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Differentiating w.r.t. x.

2y
5p = 2 a"* 1 5a
6x y - 1 a 6x

re-substituting,

but

6p _ 2y p _6a 
6x Y - 1 a 6x

J2 _ IPd — P

hence 5p _ 2 6a
6x y - 1 ,:,a 6x

and 1. - 2 6ap 6x y _ 1 a

which upon substitution into the momentum equation, gives

6u 6u 2
6t + U 6x + y ~ 1

6a 4f u u
3. —— +   *rr—  6x D 2 |u 0

this being the form used in the Homentropic analysis.

A3. 4 TAYLOR'S SERIES

Considering a function (x) , then at a distance h from x 

which cj) (x) is analytic, the function may be expanded as follows

h2 hn<{> (x + h) = <f>(x) + h<{>1 (x) + — !j)"(x) + ... — <i)n(x)
/! n!

within

In this present analysis, h is generally replaced by the increment dx,
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where it is appropriate to calculate the change in cf> (x) across this 

increment. Since higher powers of dx may be neglected, the expansion 

is generally truncated to

<j) (x + dx) = <j) (x) + <j)'(x).dx

A3.5 ENTROPY CALCULATION

From a corollary of the second law of thermodynamics, the entropy 

change in a reversible process may be defined by,

<3 s rev

du dv= — + p —

Assuming a perfect gas, pv = RT 

Then differentiating,

pdv + vdp = RdT

or pdv = RdT - vdp

Substituting for pdv,

du dTds = — + R — T T

v RFrom the equation of state, — = —

and for the internal energy.

du = C dT v

vdp
T
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Substituting,

dS C dT „ dT--  + R ---V T T

Now for a perfect gas, C = R + C P v

hence

dS R dp
P

If the entropy change is being calculated for a constant pressure 

process, then dp = 0, and

dS C dT 
P T

Considering a change of state between states 1 and 2, integration 

then yields,

exp
- S

1
CP

Now a = /yRT , whereupon substitution gives

a
a
2
1

exp
- s 1

2CP

which relates the change in the speed of sound, at constant pressure, 

to the entropy variation in the process.

A3.6 NON-DIMENSIONAL ISENTROPIC RELATIONSHIPS

The relationships now derived will be applied extensively in the 

non-homentropic analysis. The relationships, while they are isentropic.
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do not detract from the non-homentropic calculation in that they are 

only applicable to specific points in the flow and are used to relate the 

gas state at that point to a constant reference pressure.

Considering the isentropic relationship,

p = ApY, where A is a constant, 

and the equation of state, p = pRT

Then raising both sides of the equation of state to the power y, and 

dividing by the isentropic relationship gives

p^~ * = BTY , where B is a constant

For a change of state from reference conditions p and To o

Now 2a

P
Po

Y
Y-l

yRT, hence substituting for a

2y
y-l

In the non-homentropic analysis, the reference speed of sound a^ is 

retained as a non-dimensional parameter but while the reference pressure p^ 

remains constant, the associated speed of sound varies according to the 

entropy level and is denoted by the term a^

Hence e- = (—)
2Y
Y-l

a_ _ A + 3
ao

letting A 2 as shown in section 3.3.1
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then
2Y

- a
^ 1 , where A = —

2a a aa o

Further relationships may be derived as follows,

2 ci ? TSince a = yRT, then (—) = —a To o

hence (^-)2 = A2
clo

(——i—^-)2 
1 2 ;

Now, from the equation of state.

P_ _ P_ _o
P p ' To o

therefore
2y

lA ; '2a A

2y
+ B y-l X + e -2( 2A } -( 2 5
a

Rearranging,
2y

(—)Y_1 —lA ^ 2a A
+ B.y-11 2a 1 a A

A3. 7 REDUCTION OF NORMAL FORMS OF CHARACTERISTIC EQUATIONS TO COMPUTATIONAL 

FORMS

P_
P„

2y
y-i

From Appendix 3.6
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and — = (—)A ,y-l 1

differentiating w.r.t.- time, it may be shown that

dA
P (i ^ - 1- __ 5.)dp =

dt Y - 1 * 'A dt A dt
cl

and dP_
dt

2 .1 dAP (-Y - 1 A dt
dA

I-----i)
A dt a

Considering now the normal forms of the characteristic equations derived in 

section 3.3.2.

Pathline Characteristic

Substituting for and in equation (3.20)dt dt

2y ,1 dA 1 dA 2a ,1 dA P (t
Y dA_

Y-l Adt Adt y - 1 Adt A dt

- (y - l)p(q + uG) = 0

where G = ——4f u_ 
D 2

u

Substituting for p =
2a p and rearranging

dA _£
dt H"1 "I + UG)a

Introducing non-dimensional time, Z
a t o



then
dA
__ c
dZ

Y - 1 a L
2 a (q + uG)

o a

or
dA

dZ
,Y ~ 1' rqL 2fL | 3|

2 1 3 D 1 1A ao

where U = —ao

A characteristic
v - 1As previously defined, A = A + —-— U

, Y - 1or a A = a + —-— u

differentiating w.r.t. time and rearranging

du _ 2 dA da
dt Y - 1 ao dt dt

Substitutina for and in equation (3.21)dt dt

2 . dA y - 1 a dp--- (a----------— —
dA a a.dp

dt + P a Y - 1 dt 2y p dt A dt
a

- (Y - Dp (q + uG) + -aFP-U ^ + paG = 0

, „ 2 . 2 dAdp 2 dA _ pa dp 2 pa __a
dt + y _ 1 Paao dt YP Y - 1 A dt

a

a pu dF(Y - 1) P (q + UG) + —— — + paG = 0

but pa = 1, hence goes out and upon rearranging



221.

dX = (y - 1) 
dt 2

(3.Aq _ y - 1 au 1_ dF + A____a
a.a 2 aFdx Adto o a

^--- G (1 - (Y - 1) -)2a ao

a t
Introducing non-dimensional time, Z = —— and also letting X =

Xj

it may be shown that

dX
dZ

qL J_
3 A ao

(Y ~ 1) AU dF 
2 F dX

dA_a
dZ

(Y - 1) fL
D

Uful (1 - (Y - 1)

g characteristic

The compatibility equations for dX and dg are very similar as 

is the algebraic manipulation. The substitutions and rearrangements are 

carried out for the X characteristic except that now.

du _ 2 da _ dgdt Y - 1 dt ao dt

It may then be shown that,

2 dAdg = (Y ~ 1) St 1 _ (Y ~ 1) AU ^F + A____ a
dZ 2 3A 2 F dX A dZa a

+ ^ ” 5iu2 W 11 + (Y - 1> f>

fi
x
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AS. 8 LISTINGS OF COMPUTER SUBROUTINES

AS. 8.1

SUBROUT I ME . SETS (A1 B1 , K > 
DIMENSION A1<K),B1(K)
DO 1 J =1,K 
A 1 (J ) = 1.0 

1 B1. < J ) = 1 „ 0
RETURN 
END

AS.8.2

SUBROUT INE STAB (DT, A1 , B1 , KB , G , SOUND , RPM „ DROT , DEI. T , EE)
DIMENS ION A1 (KB> ,B1(KB)
DO 1 J=1,KB
5=2.0/ ( (A1 (J ) +B1 (J ) ) +ABS ( (2.0/ (G-1.0) ) •* < A1 (J) -B1 (J ) ) ) ) 
IF(S.LE.DT)DT=S 

1 CONTINUE
DELT=DT*EE/SOUND 
DR0T=6.*RPM*DELT 
RETURN 
END
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A3. 8. 3

SLIBROIJTINE ENTROPY (A1 , B1 , KA, AA1 , AA2 , G , QT , DAMP , EE , BOUND , F ,
1AAB,AAE,XST,ITOT,X1,API)
DIMENSION A1(KA),B1(KA),AA1(KA),AA2(KA),F(KA)
DIMENSION XI(120),X2(120),AP1(120),AP2(120>
COMMON/GPC/DT 
DO 1 1=1,ITOT 
DO 2 J=1,KA 
IW=I 
JW=J
IF((J-l)-Xl(I))2,3,4

2 CONTINUE
3 AI=A1 (J >

BI=B1(J)
GO TO 5

4 AI=A1< J-1) + (X1 (I)-(J-2) )*(A1 (J)-Al (J —1) >
BI=B1(J—1) + (X1 (I)-(J-2) )*(B1(J)-B1 (J-l) )

5 CONTINUE
C FINDING PARTICLE VELOCITY

UI=(AI-BI)/(G~l.0)
C POSITION OF PARTICLE AFTER DT

X 2(I)= X1 (I)+UI*DT 
C CHANGE OF ENTROPY OVER DT

DAP1=((G-l . )/2. )*4. *AP1(I)/((AI+BI)**2)*(QT*EE/(S0UND**3) + 
1(2.*DAMP*EE*0.8862/SQRT(F(J ))*(ABS(AI-BI)/(G-l.))**3))*DT 

C NEW ENTROPY VALUE
AP2(I)=AP1(I)+DAPI

I CONTINUE 
C
C MESH 1

IF(A1(1)-B1(1))6,6,40
40 AA2(1)=AAB
C INFLOW

IF(X2(1)-XST)7,7,41
41 DO 8 I=1,ITOT

X2(IT0T+2-I)=X2(ITOT+1—I)
8 AP2 (I TOT+2-1) =AP2 (ITOT+ .1 -1)

X2(1)=0„0 
AP2(1)=AAB 
ITOT=ITOT+1 
GO TO 7 

C OUTFLOW
6 N=0

IF(X2(1))42,9,9
42 DO 10 1 = 1,I TOT

IF(X 2(I) )43,11,13
43 N=N+1
.1.0 CONTINUE
II AA2(1)=AP2(I)

GO TO 12
13 AA2(1)=AP2(I)—(X2(I)/(X2(I)-X2(1-1>))*(AP2(I)-AP2(1-1))
C REORGANISE ARRAY
12 ITOT =I TOT—N

DO 14 I = 1,1 TOT



AP2(I)=AP2(I+N)
14 X2(I)=X2(I+N)

GO TO 7
9 AA2 ( 1 ) =AP2 (.1)
7 CONTINUE
C
C MESH KA

IF(A1(KA)-Bl(KA)>44,15,15 
C INFLOW
44 AA2(KA)=AAE

IF ( ( (KA—1) --X2 (I TOT) )-XST) 16,16,45
45 I TOT =ITOT +1 

X2(ITOT)=KA-1 
AP2(ITOT)=AAE 
GO TO 16

C OUTFLOW
15 N=0

IF((KA-l)-X2(ITOT))17,46,46
46 AA2(KA)=AP2(ITOT)

GO TO 16
17 DO 18 I.R-1 , ITOT

I = ITOT +1-1R
IF((KA-1>-X2(I))47,19,20

47 N=N+1
15 CONTINUE
19 AA2(KA)=AP2(I)

GO TO 21
20 AA2(KA)=AP2(!) + (((KA-l)-X2(I))/(X 2(1 + 1)-X2(I)))*

1(AP2(I+1)-AP2(I))
21 CONTINUE
C REORGANISE ARRAY

ITOT=ITOT—N
16 CONTINUE 
C
C INTERPOLATING PARTICLE ARRAY

DO 22 J=2,KA-1 
DO 23 I = 1,1 TOT 
IF (X2 (I) - (,7-l ) ) 23,48,24

48 AA2(J)=AP2(I)
GO TO 22

24 AA2(J)=AP2(!-!) + (((J-l)-X2(1-1))/(X 2(I)-X2(1-1)))* 
1 (AP2(I)-AP2(1-1> >
GO TO 22 

23 CONTINUE
22 CONTINUE

DO 25 I=1,1TOT 
XI (I)= X 2(I)

25 API (I)=AP2 (I)
RETURN
END
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SUBROUTINE PIPE(KA,KB,A1,A2,B1,B2,DF,F,DAMP,EE , G ,
:i. AA1 , AA2 , DT , SOUND , RA 1 , RB1 , AAR 1 , WA1 , WB1 , A AW 1 )
DI MENS ION A1 (KB) ,A2(KB) ,B1 (KB) ,B2(KB) ,DF(KB> ,F(KB)
DIMENS ION AA1 (KB) ,AA2(KB)
COMMON/GPC/DT 
01^(0-11.0) / <2. 0* (G-l. 0) )
02=(3. 0-0)/(2.0*(G-l.0))
DO 1 J---KA , KB -1 
A=DT*A1(J+l)*B1(J)
B=DT*A1(J>*B1(J+l)
Y= (1.0+DT* (Gl* (A 1 (J+l) - A .1 (J) ) -02* (B1 (J + l) -B1 (J > ) ) )
2=(1„0+DT*(G1 *(B1(J)-Bl(J + l))-G2*(A1(J)-Al(J + l) )))
WA=(A1(J+l)+G2*A-G2*B)/Y
RA= (A 1 (J) -Gl*B+G.l*A) /Z
WB=(B1(J+l)+G1*A-G1*B>/Y
RB=(B1(J)+G2+A-G2+B)/Z
A=WA-WB
B=RA-RB
C=WA+WB
D=RA+RB
DXW=DT*(G1*WA—G2*WB)
AAW=AA1(J+l)-DXW*(AA1(J+l)-AA1(J))
DXR=DT*(G1*RB-G2*RA)
AAR=AA1(J)+DXR*(AA1(J+l)-AA1(J))
IF(A.EQ.0.0)GO TO 2
QA=-DT*C*A*DF(J)/(4.0*F(J))-DAMP*EE*0.8862+DT*
1(A**3)*(1.0-2.0*(A/C))/((G-l.0)*ABS(A)*SQRT(F(J)))
2+C* <AA2 (J + l > - AAW) / (2.0*AAW) + (G-l . 0) **2-*(3T*EE*DT/ (S0LJND+ + 3 + C) 
GO TO 3

2 OA=0.0
3 CONTINUE

IF(B.EO.0.0)GO TO 4
QB=~DT*B*D*DF(J)/(4.0+F (J) )+DAMP+EE + 0.BS62+DT*
1(B**3)*(1.0+2.0*(B/D))/((0-1.0)*ABS(B)*SORT(F(J)))
2+D*(AA2(J)-AAR)/(2.*AAR)+(0-1.0)**2*QT*EE*DT/(S0UND**3*D)
GO TO 5

4 QB=0„0
5 CONTINUE 

IF(J-l)10,10,15
10 RA.l=RA

RBI=RB 
AAR 1=AAR 

15 CONTINUE
IF(J-(KB-1))20,25,25 

25 WA 1 ••••-W A
WB1=WB 
AAW1=AAW 

20 CONTINUE
A2(J+l)=WA+OA 

1 B2(J)=RB+QB
RETURN 
END
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IMPLICIT REALMS (A-H, Q~Z>
INTEGER IM,I.FAIL 
DIMENSION W(2,7),Y(2)
DIMENS ION A1 (41) ,B1 (41) ,A2(41v 41) ,DX(41,41) 
COMMON/AJB/G1,G2,BINIT,CON 
EXTERNAL FCN 
READ(1,30)M 

30 FORMAT(IX,12)
r
C PROG. FOR LAMBDA ATTENUATION l: INTERP.
C FRICTION ONLY.
C
C SETTING VALUES OF LAMBDA $ BETA FROM 0.9 TO 1.1
C IN STEPS OF 0.005

A1 (1)-0.9 
B 1 ( 1)=0.9 
DO 5 1=1,40 
A1 ( I +1) --A 1(1) +0005 

5 Bi(H-l)=A 1(1 + 1)
C
C SETTING CONSTANTS

G= 1 „ 4
Gl=(G+l.)/(2.*(G-l.))
G2=<3.-G)/(2.*(G-l.))
DAMP=0.004 
EE=0.. 04 
D=0.0361
COM=DAMP*EE/((G-l.)*D)

C SETTING INITIAL VALUES
C X REPRESENTS TIME

XINIT=0.0 
X = XINIT

C XEMD EQUIV. TO DT
XEMD=0.7 
TOL1 = 10. +•* (-M)
TOL --TOL1 
IFAIL=0 
NI = 1 

C
C NOTE;- 1 REPRESENTS LAMBDA
C 2 REPRESENTS DISTANCE

DO 55 J=1,41 
BINIT=B1(J)
DO 50 1=1,41 
Yd) =A 1(1)
Y(2)=0.0
CALL D02BAF(X,XEND,N,Y,TOL,FCN,W,IFA IL) 
A 2 ( I , J ) --Y ( 1)
DX(I„J)=Y(2)
IF(X.ME.XEND)GO TO 20 
X = X INIT
IF (IF AIL. NE0) WRITE (2,40) I FA IL , I , J 
IF(TOL.LT.0.)NI=NI+1
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I FA IL=0 
TDL=T0L1 

50 CONTINUE
55 CONTINUE
C
C WRITING TO FILE, ALL Al'S FOR EACH B1

DO 10 J=1,41
WRITE(3,15)(A2(I,J),1=1,41)

10 WRITE(4,15) <DX <I,J) ,1 = 1,41)
WRITE(2,75)NI

75 FORMAT (/IX,' NI = ' ,15.,/)
25 FORMAT(IX,'RANGE TOO SHORT')
40 FORMAT<IX,'IFAIL=',12,’ AT ',12,',',12)
15 FORMAT(IX,8F9.7)
20 CONTINUE

PAUSE 
END
SUBROUTINE FCN(T,V,F)
IMPLICIT REAL*8 (A-H, O-Z)
DIMENSION Y(2),F(2)
COMMON/AJB/G1,G2,BI,CON 

C FOR FRICTION ONLY
CF= 1.
IF (BI. GT. Y (1) ) CF=--1.
F (1 ) =-CF*CON* (Y C1) -BI) **2* (1-2. * (Y (1) -BI) / (Y (1) +BI) )
F(2)=G1*Y(1)-G2*BI
RETURN
END

43. 8. 6

IMPLICIT REAL*S (A-H, O-Z)
INTEGER N,IFAIL 
DIMENSION W(2,7),Y(2)
DIMENSION A1 (41) ,B1 (41) ,B2(41,41) ,DX(41,41) 
COMMON/AJ B/G1,G2,AINIT,CON 
EXTERNAL FCN 
READ(1,30)M 

30 FORMAT(IX,12)
C
C PROG. FOR BETA ATTENUATION h. INTERP.
G FRICTION ONLY.
C
C SETTING VALUES OF LAMBDA t- BETA FROM 0.9 TO 1.1
C IN STEPS OF 0.005

A1 (1)=0.9 
BI ( 1)=0.9 
DO 5 1=1,40 
A1(1+1)=A1(I)+0.005 

5 B1 (I +1) = A1 (I +1)
C
C SETTING CONSTANTS

G=1.4
Gl = (G+l , ) / (2.. *- (G-l „ ) )
G2= (3. -6) / (2. (6-1 » ) )
DAMP=0.004
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EE:-0., 04 
D=0.0361
CON=DAMP*EE/((G-l.)*D)
N--2

C
C SETTING INITIAL VALUES
C X REPRESENTS TINE

XINIT^0„0 
X = X INIT

C XEMD EQUIV. TO DT
XEND=0-7 
TOL1=10.(-N)
TOL =TOLl 
IFAIL=0 
NI = 1 

C
C NOTE:- 1 REPRESENTS BETA
C 2 REPRESENTS DISTANCE

DO 50 J=1,41 
A INIT-A1<J>
DO 50 1=1,41 
Y(1)=B1(I)
Y(2)=0.0
CALL D02BAF(X,XEND,N,Y,TOL,FCN,W,IFAIL)
B2(I,J)=Y(1>
DX(I,J)=Y(2)
IF(X » NE.XEND)GO TO 20 
X = X INIT
IF(IFAIL.NE.0 > WRITE < 2,40 > IFA IL,I,J 
IF(TOL.LT.0.)NI=N1+1 
IFAIL=0 
TOL=TOL1 

50 CONTINUE
55 CONTINUE
C
C WRITING TO FILE, ALL B2' S FOR EACH A.l
C BUT NOTE THAT NOW THE DATA WRITTEN TO FILE IS
C REVERSED IN ORDER.

DO 10 1=1,41
WRITE(3,15) (B2(I,J > ,J = 1,41)

10 WRITE(4,15)(DX(I,J),J=1,41)
WRITE(2,75)NI

75 FORMAT(/IX,' MI=',I5,/)
25 FORMAT(IX, 'RANGE TOO SHORT ' )
40 FORMAT(IX,'IFAIL=',12,' AT ',12,',',12)
15 FORMAT(IX,SF9.7)
20 CONTINUE

PAUSE 
END
SUBROUTINE FCN(T,Y,F)
IMPLICIT REAL*8 (A--H, 0-Z)
DIMENSION Y(2),F(2)
COMMON/AJB/G1,G2,AI,CON 

C FOR FRICTION ONLY
CF= 1.
IF(AI.LT.Y(1))CF=-1.
F ( 1 ) =CF*CON* (AI--Y (1) ) **2* ( 1. +2. * (AI -Y ( 1) ) / (AI + Y ( 1 ) ) )
F(2)=G1*Y(1)—G2*AI
RETURN
END
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C

1 10 

1 1.5

1.20

105

10

15
20

30
35

40

45
50

95
90

BUBROUTINE LAMDAPIPE(K,TOL,DB) 
IMPLICIT REAL.*8 <A-H,Q~Z>
COMMON/AJF/A3(61),B3(61),LI 
COMMON/AJB/AX(61,61),ARR(61,61) 
CQMMON/AJH/A 1 (4(0) ,B1 (40) ,A2(40) ,B2(40)

K - no. of meshes 
TOL - solution tolerance 
D8 - DX increment, used 

to tune convergence 
(typically 0.01)

SETTING INITIAL VALUE OF X, ITERATION STEP VARIABLE STEP
X(3=0.5 -"——------------------------------ Initial value for DX
DDX-0. 2. _____ _ step size in the soln. axesSTEP--0.005 --------------------- -
DO 200 IM-2,K
SETT ING COUNTER(NI)
SO-0.0 
NI=--1 
KN= 1 
NK= 1
CONTINUE ___
IF(KN-2)105,110,110 
IF(SO. EO.SN)GO TO 115 
IF(KN„GT„2)GO TO 120 
DDX-2. *-DDX 
S0=SN 
GO TO 105
k:n= i
NK=0
CONTINUE
AW—A1 (IM) -XG* (A1 (IM) -A.1 (IM-1) ) 
BW--B1 (IM) —XG* (B1 (IM) -B1 (IM-1) ) 
J-INT((BW-B3(1))/STEP+1.)
IF(XG-AX(1,J))10,15,15 
SN-1.O 
GO TO 90

Counters and routines 
to speed convergence

Linear interpolation for 
assumed value of DX

IF ( XG-AX (61 „ JH-1) ) 20,20 , B5 
CONTINUE 
DO 30 1=1,61
IF(AX(I,J).GT.XG)G0 TO 35 
CONTINUE 
I = I -1
IF(AW-A3(I) )35,40,40 
I 1 = 1
DO 45 1=11,61
IF(AX(I,J+l).GE„XG)GO TO 50 
CONTINUE 
CONTINUE 
SN= 1.. 0
IF(AW-A3(I))55,55,90 
SN=—1„0 
CONTINUE 
DDX=DDX/2„
XG=XG+SN-x-DDX 
KN=KN+MK 
GO TO 5

Using 3W and DX to 
find the corresponding 
X value from the 
DX array.
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60

100
200

1 WAY TD INTERPOLATE
-AX (11 , J > )/(AX(11 + 1,J)

12" I 
THIS IS 
X A== (XG
XB-- (XG-AX (12-1 ,,3 + 1) ) / (AX ( 12, J + l) 
A A-A3 (ID +XA*STEP+ (BW-B3 (J ) > * (A3 
1+STEP*(XB-XA))/STEP 
VAR-ABS(AW-AA)
IF(VAR.LE.TOL)GO TO 60 
IF (NIGT„ 20) GO TO 6 
NI =IM I +1
IF(AW.LE.AA>SN=
GO TO 90 
L. I—L_ I + 1
CALL PIPEA(IN)
GO TO 100
INTERPOLATE FOR A2 
A8=ARR(11,J)+XA*(ARR(11 + 1

THERE ARE 2 WAYS. 
AX(11 , J ) )

-AX ( 12 
(12-1)

-1 , J+l) ) 
-A3 (ID

Calls PIPEA if more 
than 20 iterations

, J)
B3 (J) ) * (B3-

B8-ARR (12-1 ,, J +1 ) +XB■* (ARR (12, 
A2 ( Hi) -A9+ (BW- 
CONTINUE 
DDX=DS 
CONTINUE 
RETURN 
END

ARR(I 1,J) ) 
J+D - ARR (12 

AS)/STEP
■ 1 J +1) )

Calculating \2 at 
the corresponding 
point on the X2 array

A3.8. 8

SUBROUT IME BETAPIPE(K,TOL,D8)
IMPLICIT REAL.*8 (A-H,, 0- Z )
COMMON / A J F / A3 (61) ,,93(61) , LI 
COMMON/AJE/BX(61,61),BRR(61,61)
COMMON/AJH/A1(40),B1(40),A2C40),B2(40)

C
C SETTING INITIAL VALUE OF X, ITERATION STEP & VARIABLE STEP

XG—0 „ 5 
DDX=0.2 
STEP“0„005 
DO 200 IM -1 , K--1 

C
C SETT I IMG COUNTER (MI)

SO-0.0 
MI = 1 
KIM - 1 
NK-1

5 CONTINUE
IF (KN--2) 105,11.0,1.10 

110 IF (SO,. EQ „ SN) GO TO 1 15
IF(KM,GT.2)GO TO 120 

115 DDX=2.*DDX 
SO—SN
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GO TO 105 
120 KN--1

NK-0
105 CONTINUE

AR=A 1 ( IM) + X G * (A1 (I i'1+1) -A 1 ( I li) >
BR=B1 ( Hi) +XGi-r (Bl. (Ili+1 ) -B1 (Hi) )
J = I NT ( (BR--B3 ( 1) ) /STEP+1 . >
IF (XG-BX (1. , J) ) 15, 15,10 

10 SN=—1.0
GO TO 90

15 IF ( XG--BX (61 , J+1) > 85,20,20
20 CONTINUE

DO 30 1=1,61
IF(BX(I,J)„LT.XG> GO TO 35 

30 CONTINUE
35 1=1-1

IF(AR-A3<I))85,40,40 
40 11=1

DO 45 1=11,61
IF(BX(I,J+1).LE»XG)GO TO 50 

45 CONTINUE
50 CONTINLJE

SN=—1.0
IF(AR-A3(I))55,55,90 

85 SN=1.0
90 CONTINUE

DDX=DDX/2.
XG=XG+SN*DDX 
KlvNKM+NK 
GO TO 5 

55 12= I
C THIS IS 1 WAY TO INTERPOLATE, THERE ARE 2 WAYS.

XA=(XG-BX(I 1,J))/(BX(I 1 +1,J)-BX(I 1,J) )
XB=(XG-BX(12-1,J+1))/(BX(I2,J+1)-BX(12-1,J+1)) 
AA=A3 (ID +XA+STEP+ (BR-B3 (J ) ) * (A3 (I2~l ) - A3 (ID 
1+STEP*(XB-XA>)/STEP 
VAR=ABS(AR-AA)
IF (VAR.. LE. TOD GO TO 60 
IF (NI .. GT„ 20) GO TO 65 
NI=NI+1
IF (AR,. LE „ AA) 3N= 1 .
GO TO 90 

65 LI=LI+1
CALL PI.PEB (Hi)
GO TO 100

C INTERPOLATE FOR A2
60 A8=BRR(I 1,J)+XA*(BRRCI 1 +1,J)-BRR(11,J) )

B8=BRR (12-1 , J + 1) +XB* (BRR (1.2, J+1) -BRR (12-1 , J + 1) ) 
B2(IN)=AB+ < BR—B3(J) )*(BS-A8)/STEP 

100 CONTINUE 
DDX=D8

200 CONTINUE 
RETURN 
END
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SUBROUT IME PIPEA(IM)
IMPLICIT REAL*B CA-H,0-Z>
COMMON/AJG/DF(40) ,F < 40) ,FM(40) ,DAMP,EE,G 
COMMON/AJH/A1(40),B1(40),A2(40),82(40)
COMMON/GPC/DT
Gl=(G+l. 0)/(2.0*(G—1.0) )
G2= (3,. 0--G) / (2. 0* (G-l. 0) )
A=DT*A1(IM)*B1(IM-1)
B=DT*A1(IM-1)*B1(IM)
Y=(1.0+DT*(G1 *(A1(IM)-A1 (IM-1) )-G2*(B1 (IM)-B1 (IM- 1) )))
WA=(A1(IM)+G2*A-G2*B)/Y
WB=(B1(IM)+G1*A-G1)/Y
A----WA-WB
C=WA+WB
IF(A.EQ.0.0)GO TO 2
QA--DT *C*A*DF(IM-1)/(4.0*F(IM-1))-DAMP*EE*0.8862*07*

1 (A**3) * (.1.0-2.0* (A/C) ) / ( (G-1.0) *ABS (A) *SQRT (F (IM-1) ) ) 
GO TO 3 
QA—0.0 
COMTINLJE 
A2 (IM)-WA+QA 
RETURN 
END

A3.8.10

SUBROUTINE PIPEB(IM)
IMPLICIT REAL*8 (A-H,0-Z)
COMMON/AJG/DF(40),F(40),FM(40),DAMP,EE,G 
COMMON/AJH/A1(40),B1(40),A2(40),B2(40)
COMMON/GPC/DT
Gl=(G+l.0)/(2.0*(G —1.0) )
G2= (3„ 0—G > / (2.. 0* (G-1.0))
A-DT*A1(IM+1)*B1(IM)
B -DT*A 1 ( I.M) *B 1 ( IM+1)
Z=(1.0+DT*(G1*(B1(IM)-B1(IM+1))-G2*(A1(IM)-A1(IM+1))))
RA=(A1(IM)-G1*B+G1*A)/Z
RB=(B1(IM)+G2*A—G2*B)/Z
B-ra-RB
D=RA+RB
IF(B.EQ.0.0)GO TO 4
QB-"-DT*B*D*DF (IM) / (4.0*F < IM) ) +DAMP*EE*0„ S862*DT*
1(B**3)*(1.0+2.0*(B/D))/((G-1.0)*ABS(B)*SQRT(F(IM)))
GO TO 5 

4 QB=0„0
!5 CONTINUE

B2(IM)=RB+OB
RETURN
END
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SLIE<ROUT INE PORT (A2 , B2 , PB1 , FP , FT , G , CD , AA2)
COMMON/GPD/BX1(161),AK1(21)
COMMOM/GPE/ABXI(21,161)
COMMON/GPT/PA 
G5=2*G/(G-l.0)
G6-- (G— 1.0) / (2. *G)
B-B2/AA2 
AK=CD*FT/FP 
IF(AK.GT.0.95)AK=0.95 
X1=(PB1/PA)**G6 
BX 1-B/Y. 1
IF (BX.1-0,, 6) 2,4,4 

2 BX1=0.6
4 CONTINUE

IF (BXi-l.395)5,5,7 
7 BX1 = 1.,395
5 CONTINUE

I=INT(AK/0.05)+1
J=INT((BX1-0.6)/0.005)+1
RAT .10A= (AK-AK1 (I) ) / (AK 1 (I +1) -AK 1(D)
ABX1J=RAT10A*(ABXI(1+1,J+l)-ABXI(I,J+l))+ABXI(I,J+l 
ABX2J=RAT10A*(ABXI (1 + 1,J)-ABXI(I,J) )+ABXI (I,J)
RAT 10B= (BX 1 -BX I (J) ) / (BXI (J + D-BX.I (J) )
ABXIEVAL=RAT10B*(ABX1J-ABX2J)+ABX2J
ABX1=ABXIEVAL
A=(2.0*X1*ABX1)-B
A2=A-*AA2
RETURN
END
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SUBROUTINE ENTROPORT(AOUT,AIN,RA,RB,AAR,AAB,AAMESH, 
1P2,FM,VAR,G,G5,SOUNDS , CD)
COMMON/GPT/PA
DETERMINING WHETHER OR NOT INFLOW OCCURS.

C IF SO, THE ENTROPY CALC. IS BYPASSED.
PRATIO=(P2/PA)**G5
IF (AIN.GT.PRAT10)GO TO 30
AO1=AAB
DAO1---0. 02
C8=0.0

5 CONTINUE
ADASH=AIN+((RA+RB)/2.0)*(AO1-AAMESH)/AAR 
CALL ENPORT(AOUT,ADASH,P2,FM,VAR,G,CD,AO1)
AC1=(AOUT+ADASH)/2. 0 
EC 1=(AOUT-ADASH)/(G-l.0)
FN1=SQRT (AC 1**2. + ( (G-.1.. 0) /2. 0) *BC1**2. )
VAR5=ABS(S0UND2-FN1)
IF(VAR5-0.001)10,10,15

15 IF(SOUNDS—FN1)20,10,25
20 IF <C8.NE.-1.0)DA01=DA01/2.0

C8--1.0 
GO TO 40

25 IF (C8. NE. 1.0) DAO 1-DAO.1 / 2. 0 
C8— 1.0

40 AO 1 - AO 1 h-C8*DA01
GO TO 5

10 CONTINUE
AI. N=ADASH 
AAB=AD1 
AAMESH-AO1 
GO TO 35

30 CALL PORT(AOUT,AIN,P2,FM,VAR,G,CD,AAMESH)
35 CONTINUE

RETURN 
END



235.

A3.8.13

SUBROUTINE GARB (AIN1 , AT.N2 , AOl , A02 , AOUT1 , A0UT2 , TSET , F1 ,F2,M2, 
1TOL10,WA,WB n AAW,RA,RB,AAR)
REAL Ml,M2,MN2,M2MIN,M2MAX,KLOS1,KL0S2,KLOS,M2CHECK 
COMMON/AJM/MN2(20),TP<5>,CK(5,20),SPACE,DM2INIT

C
C SETTING CONSTANTS

G=1.4
G1=2.0/(G—1.0)
G2=(G-l.0)/(2.0*G>
M2MIN=MN2(1)
M2MAX=MN2(20)
DM2=DM2INIT

C
A1STAR=AIN1/A01
A2STAR=AIN2/A02

C
C ESTABLISHING REVERSE OR NORMAL FLOW ('CHECK' IS TO ESTABLISH
C IF RESET IS NECESSARY
C AT END)

CHECK=1.0
IF(A1 STAR-A2STAR>30,35,40 

C REVERSE STORES.
30 ARV=AI.N2

AIN2=AIN1 
AINI=ARV 
A0RV=AQ2 
A02=A01 
AO 1 “-AORV 
FRV=F2 
F2--F1 
F1=FRV 
RARV=RA 
RA--WA 
WA=RARV 
RBRV=RB 
RB=WB 
WB=RBRV 
AARV=AAR 
AAR=AAW 
AAW=AARV 
CHECI<=-1.0 

40 CONTINUE
C
C AREA RATIO

AK=F1/F2
C
C INITIAL VALUES

AIN21N I. T=A IN2 
A02INIT=A02 
C1=0.0

70 CONTINUE
C 
C FINDING LOSS COEFF.(KLOS) FOR GIVEN M2 AND TSET (THROT. POSN.)
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C M2 IS CARRIED OVER FROM PREVIOUS CALCULATION.
C

DO 45 1=1,5
45 IF (TP < I ) . GE.. TSET) GO TO 50 
50 CONTINUE

CM2=M2
IF(M2.LT.M2MIN)CM2=M2MIN 
IF(M2.GT.M2MAX)CM2=M2MAX 
DO 55 J=1,20

55 IF (MN2 (J ) . GE. CM2) GO TO 612
60 CONTINUE

KLOS1=CK(I,J)-(MN2(J)-CM2)*(CK(I ,J >-CK(I,J-1))/SPACE 
KL0S2=CI< (I -1 , ,7 ) - (MM2 (J ) -CM2) * (CK (I -1 , J ) -CK (I -1 , J -1) ) / SPACE 
!<LOS=KLOS 1 - (KLOS 1-KLOS2) ^ (TP (I) -TSET) / (TP (I) -TP ( I -1) )

C
C MAIN CALCULATION

CQN1=(Gl+M2**2.)*(M2/(AK*(1.0+KLOS*M2**2.))>**2.
M1=SQRT((SORT <G1**2.+4.0*CON1)-G1)/2.0)
AR=SQRT((G1+M1**2.)/(Gl+M2**2.))
AQR=AR*((1.0+KLOS*M2**2.)**G2)
A02=A0R*A01

C
C ADJUSTING A IN2. FOR NEW ENTROPY LEVEL AQ2.

AIN2=AIIM2INIT+ (RA+RB) * (A02-AQ21NIT) / (2. 0*AAR)
A2ST AR=AIN2/A02
A2RAT=A2STAR/(1.0-M2/G1)
A1RAT=A2RAT*AOR/AR 
U1RAT=M1*A1RAT 
U2RAT=M2*A2RAT 
AIN1EST=AO1 *(A1RAT+U1RA T/G1 >
VAR=-ABS (AIN1EST-AIN1)

C
C LIMITING THE ITERATIONS BY TOLERANCE, OR BY THE SIZE OF DM2
C WHICH UPON REACHING 0.0000001 SIGNIFIES REASONABLE
C CONVERGENCE.

IF(VAR.LE.TOL10.OR.DM2.LE.0.0000001)GO TO 80 
IF(AIN1EST—AIN1)5,80,10 

5 IF C C1.NE. 1„0)DM2=DM2/2.0
Cl=l.0 
GO TO 15

10 IF (C1.. NE „ -1 „ 0) DM2=DM2/2.0
01=-—1.0

15 CONTINUE
C
C M2 CAN NOT FALL BELOW ZERO (REMEMBER, STORES HAVE ALREADY
C BEEN REVERSED ACCORDINGLY).

M2CHECK=M2+C1*DM2 
IF(M2CHECK)200,210,210 

200 C1=1.0
GO TO 10 

210 CONTINUE
M2-M2CHECK 
GO TO 70 

80 CONTINUE
C



(REMEMBER SIGN CONVENT I DM FOR FOLLOWING AOLIT VALUES) 
AOUT1=AQ1 *(A1RAT-U1RAT/G1)
A0UT2=A02*(A2RAT+U2RAT/G1)
IF(CHECK)85,85,90
REVERTING STORES TO ORIGINAL VALUES.
ADUTRV=A0UT2
A0UT2=ADUT1
AOUT1=AOUTRV
ARV=AIN2
AIN2--A IN 1
AIN1—ARV
A0RV=A02
A02=A01
AO 1=AORV
FRV=:F2
F2=F1
F1=FRV
RARV-RA
RA==WA
WA=RARV
RBRV=RB
RB~WB
WB=RBRV
AARV-AAR
AAR=AAW
AAW=AARV
GO TO 90
CONTINUE
NO FLOW, I.E. VELS. ARE ZERO.
AOUT1=AINI
AQUT2=AIN2
CONTINUE
RETURN
END
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A3.9 MULTI-STEP INTEGRAL METHODS

In general, the following integral methods solve the characteristic 

equations by progressing the calculation in small time or distance increments. 

The analyses do however differ from the 1st order calculation by virtue of 

their method of evaluating the functions across each increment. The various 

methods considered will be discussed briefly, a moe comprehensive description 

being given in McCracken and Dorn [83], and Hall and Watt [84].

A3. 9.1 Taylor's Series (see Appendix 3.4)

While of limited practical value, this method provides an important 

comparison for evaluating the accuracy of various methods.

A3.9. 2 Runge-Kutta Methods

This is the general name given to methods with the following distinguish

ing properties,

(a) One-step methods.

(b) Agreement with Taylor's series through terms in h^, where p is the
order of the method.

(c) Do not require evaluation of derivatives, only of the function f 

itself.

Several of the most common Runge-Kutta methods are as follows:

A3.9.2.1 Eulers ' Method

Ym+1 

Xm+1

= Y + h. f (X , Y ) m mm

- Xmwhere h
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By definition, since this agrees with Taylor's terms through h, it is 

a 1st order method. Euler's method is often unstable with the round-off 

error increasing with X.

A3. 9. 2.2 Improved Eulev Method

Ym+1 Y + h.<MX , Y , h) m mm

where cj> (X , Y , h) = i [f (X , Y ) + f (X + h, Y + h.f(X , Y ))] mm mm m m mm

This method effectively averages slopes and agrees with Taylor's 
2series through h . As such, it is 2nd order accurate.

A3.9.2. 3 Modified Euler Method

m+1 m + h. <f> (X , Y , h) m m

where <j>(X , Y , h) = f (X + 4, Y + ^ --f(x ^ Y )) 
mm m2m2 mm

This method averages points and is also 2nd order accurate.

A3.9. 2.4 Multi-Stage Methods

This is an extension of the Runge-Kutta methods, the 4th order formula 

being stated here as it is perhaps the most widelyv.used.

m+1 Y + - (K. + 2K„ + 2K^ + K.) m 6 1 2 3 4

h ^l
where K. = f (X , Y ) , K_ = f(X + -r , Y + —-) 1 mm2 m2m2

h ^2
K_ = f (X + -r , Y + -r-) , K. = f (X + h, Y + hK^) 3 m2m2 4 m m32



240.

A3.9.3 Multi-Step Formulae

The general form of a particular sub-class, known as the Adams- 

Bashforth, is as follows

Ym+1
K

Y + h E b..Y' . .m „ i m-i+1

Depending upon the required accuracy, this equation would be expanded and 

compared with the Taylor series.

The problem with multi-step methods is that they are not self-starting. 

For example.

if K = 3, Y^, Y9 and Y^ are initially required.

A3.9.4 Predictor-Correetor Methods

Considering the commonly used Adams-Moulton equations,

K
Predictor; Y . = Y +h Zb..Y ..m+1 m .i m-i+1

K
Corrector; Y . = Y +hEb..Y . .m+1 m x m-i+1o

The sequence of use is,

1. Estimate a value for Y . using the Predictor formula, itselfm+1 ^
a multi-step formula.

2. Correct Y using the second equation and check for convergence m+1
within the tolerance.

3. If not within tolerance, re-correct with the Corector formula.
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A3.9.5 Choice of Methods

If evaluations of a function require more than 25 arthmetical 

operations, the Adams Methods are superior in that they require fewer 

evaluations.

If evaluations are not expensive, the Runge-Kutta formulae are more 

efficient in terms of total time. A 4th order Runge-Kutta method has 

the advantage of simplicity and is efficient for routine low accuracy 

calculations.

A3.10 DERIVATION OF BOUNDARY EQUATIONS

A3.10.1 Inflow

The flow regime is illustrated in Fig. 3.14, the following equations 

being applicable.

2 2
U1 Ut

Energy + y- = ht + T-

Continuity P1F1U1 = PtFtut

From energy, 2 2
U1 Ut

CpTl + 2" = CpTt + 2“

dividing by CpT^

u T u+ 1 = _t + t+ 2C T. T, + 2C T.
pi 1 pi

From continuity,
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P F
u. = KU where K = —^

1 pi 1 Fi

Substituting for u^ in the energy equation

2 2
1 ,Pt' 2 K Ut 

+ P. 2C T
1 p 1

T u^t t+T. 2C T1 p 1

Introducing the isentropic relationships

P. P. 1 T p y-1
(-) = (—) y and - = (—) Y

1

then
2 2 2 — K a..1 + ^ ^ lp ^ + 2C TP1 p1!

o P^VT <K VY - 11
Y-1pt ~r

pi

hence u.

P 1:1 
2C T ( (—) Y 
P 1 P1

- 1)

2 Pt Y K (—) Y
P1

For sonic conditions at the throat

ufc = at = (yRTt)

Substituting for u^ in the previous equation

„ Y-1

(YP-Tt)

Y2C T. ( (~) Y - 1) P 1 P1

2 Pt Y K (—)Y - 1
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squaring both sides and rearanging

^ (K2(^)Y - 1)
cp pl

2T1 p.- ((—) Y - 1)
Tt "pl

As previously derived, —T1
(^) Y
P1

and also YR _= y - 1

2 Pt yr*- /_^ Ihence (y - D K“ (—) ' - Y + 1 = 2(1 - (—) Y )

2 pt 7 Pt ^(Y " DK (—) Y + 2 (——) Y = Y + 1 
P1 P1

or (Xj_l)K2(fV .2. (!t, Y _ ,
Y + 1 P1 Y + 1 P1

A3.10.2 Outflow

With reference to Fig. 3.15, the following equations are applied.

From volume to throat to pipe

2 2 Y - 1 2 Energy a2 = at + —^ ut

From throat to pipe

Continuity PtFtut = PiFiui



Momentum <Pt - P^Fi F1P1U1 ‘

Letting a YP tand K = — , the continuity equation becomes.

pt ui at

Similarly substituting into the momentum equation gives

U1 Ut 2(Pt - Pl) = YP^-) - YKPt(-)

rearranging

Ut 2
i + yk(—r
_______at

U1 2 1 + Y (~) Z 
1

Substituting for — in the continuity expression

u a t 1 2 K — (—r
U1 at

1 + yK(—)2 

ai

rearranging

Y(^)2 K Ylat;
Ut ,ai.2 U1 Ut
— (—) + Y—• . —U1 at at at

From the energy equation,

al 2 a2 2 y - 1 U1 2(—) = (—) - (—)at at 2 at2
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Substituting into the previous equation,

1 ,Ut%2 Ut,,a2N2 y - 1 ,U1,2, U1 UtK + Y(s-> * S7(<—> -^1— 'j-' > +YT- • —
t 1 t t t t

2 at 2 U1Multiplying by —-—- (—) . — and simplifying
Y 1 a2 Ut

U1 2 
2

{7TT) * (V. ^
K a2 ut + y Y + 1 = 0

Letting U 1
U1 a2 at Ut
J- ' S2 “ \ ^ a"d “t = ^
o o o o

then

U1 2 2 
(^> -

I \
K * Ut + Y A2

U1 , 2 
a2 + Y + 1 = 0

The energy equation may be similarly expressed as

«r)2 = 1 (r>2
A2 2 A2

or alternatively

A1 2 y - 1 U1 2(-1) = 1 - (t1)A2 2 A21 2


