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SUMMARY 

TIle invostigation presented attempts to develop a suitable 

mathematical model which may be relied upon to predict the air motion 

within the cylinder of a motored, four stroke direct injection 

Diesel Engine. 

Using a method of hot wire anemornetry, a three wire anemometer 

was developed for measuring the magnitude and direction of the 

three dimensional velocity vector within a variable density flow similar 

to that encountered inside a motored engine cylinder and an exhaustive 

experimental program undertaken to justify the technique. TIle results 

of the experimental pr'ogram showed that the magnitude of, the. 

three dimensional velocity vector may be measured within an accuracy 

of ± 9% whilst the direction may be determined within ± 12%. Applying 

the method to an engine cylinder, measurements of the air motion were 

recorded over a range of engine speeds (500 - 1500 r. p. m.) and the 

effect of a masked inlet valve and supercharging the engine at 10 p; s.I. g. 

were also investigated. In or'der to predict the air motion within the 

engine cylinder, a mathematical model was developed which assumed that 

momentum of the air entering the engine cylinder was conserved and that 

a forced vortex velocity profile existed during the induction and 

compression periods, whilst friction was accounted for between the air 

and the containing surfaces of the cylinder during the compression period. 

Comparison was made between the computed results using the 

m~thematical model and the angular velocity computed from the velocity 

measurements made at differing radial locations.' 'Agreement between 

computed and measured results were found to be good. The largest errors 

enco.ntered were approximately 20% and these were confined to the 



initial stages of the induction period (approximately the first 

100 degrees crank angle) where it was concluded that an orderly 

flow pattern had not developed and the flow was three dimensional. 

However, during the latter part of the induction period and the 

compression period, an orderly flow pattern was developed and, 

during the latter stages of the compression period (after approximately 

300 degrees crank angle) the flow pattern was basically two dimensional 

and a low vertical angle (less than 10 degrees) was measured. 

Substitution of the plain inlet valve for a masked valve 

increased the swirl velocity, but the increase was dependant upon 

the mask location. When the mask was positioned along the direction 

of the inlet port axis, the maximum increase in swirl was measured. 

Supercharging the inlet manifold to a pressure of 10 p.s.i.g. 

also increased the swirl velocity and, at an engine speed of 1000 r.p.m., 

this increase was approximately 100% at the top dead centre position 

during the compression period 

It was concluded that the mathematical model could be relied upon 

to predict a representative value of the angular velocity throughout 

the induction and compression periods providing that the effects of 

friction were accounted for and that the effect of inlet valve masking 

and supercharging at 10 p.s.i.g. increased the angular velocity but 

did not alter the orderly flow pattern devel.oped when the engine was 

operated' under normal conditions. 

During the latter stages of the compression period, a radial 

component of the flow (squish) was measured and this compared well 

with the computed squish using the model proposed ·by Fitzgeorge and 

Allison (9) (which neglects friction). However, when the piston was 
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in the top dead centre position, a component of the swirl was 

measured and it was concluded that the swirl and squish 

(radial component of flow) could not be isolated from each other 

but instead combine together to form a spiral pattern as the air 

is transferred from the outer cylinder into the combustion chamber. 



A C K NOW LED GEM ENT S 

The author wishes to express his thanks to: 

Dr. J. C. Dent for his guidance throughout the project, 

Mr. P. Norton and all other members of the laboratory staff for 

manufacturing hardware, 

Mr. K. Topley for his photographic work, 

Miss M. Tivey for typing the completed thesis, 

Mr. C. J. Morris for his suggestions and help in developing 

the mathematical model. 



PUB L I CAT ION 

The following paper entitled "A Method for Checking the 

Consistency of Velocity Computations from Hot Wire Anemometer 

Measurements in Variable Density Flows" was accepted for 

publication in the Journal of Physics E: Scientific Instruments, 

1972. 

---------------------~ - -- - - - -

(v) 



NOTATION 

A Cross-sectional area of inlet port 

a Radius of the cylinder 

b Radius of the combustion chamber 

Cd Coefficient of discharge 

Skin Friction 

Cp Specific heat of air m constant pressure 

D Diameter of cylinder 

d Diameter of combustion chamber 

I Mass moment of inertia 

k Thermal conductivity 

Mass flow rate 

Induced mass 

N Engine Speed 

p Pressure 

S(6) Distance from piston top to cylinder cover 

T Temperature 

t time 

u Entry velocity of induced air 

v Volume 

w Angular velocity 

Ratio of the specific heats 

Incremental step or finite difference 

e Crank angle and incidence of a velocity vector 

to a single sensing wire 

Temperature coefficient of resistance 

Dynamic viscosity of air 

Density 

(m) 

(m) 

( - ) 

( - ) 

(m) 

(m) 

2 
(kgm ) 

2 0 
(w/m C/m) 

(kg/S) 

(kg) 

(r.p.m.) 

(KN/m2) 

(s) 

(rad/s) 

( - ) 

( - ) 

kg/m s 

3 
(kg/m) 

(vi) 
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Shear Stress 

Entry angle of induced air 

Angle between inlet port axis and line joining 

cylinder axis to inlet port axis. 

SUFFICES 

b refers to the combustion chamber 

c refers to the engine cylinder 

g refers to the instantaneous gas temperature 

IVC refers to inlet valve closing 

n refers to instantaneous value at crank angle e and cylinder contents 

0 refers to normal temperature and pressure conditions (ambient 0 
20 C,14.7ps 

w refers to the anemometer wire temperature 

T.D.C. refers to top dead centre 

B.D.C. refers to bottom dead centre 
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1.0 INTRODUCTION 

1.1 General Comment 

The internal combustion engine has been in use as a 

prime mover for well over fifty years and, despite its extensive 

use, the detailed mechanism of the combustion and heat transfer 

processes occurring inside the engine cylinder have not been 

completely understood. This situation arises due to the complexity of 

the process involved and also because of the empirical nature of 

engine development over the years. The need for engines developing 

higher specific output and in the future, with low exhaust emission 

levels, has led to a more fundamental appraisal of the combustion 

process within the engine cylinder. 

1. 2 Effects of Air Motion on Combustion in a Diesel Engine 

In 1934, Alcock demonstrated that the air motion inside 

the cylinder of a high speed Diesel Engine was necessary for efficient 

combustion because it promoted rapid mixing of the air and fuel 

within the combustion chamber. Over the years, various methods have 

been developed to promote air/fuel mixing in the Diesel Engine and 

these may be summarised as follows:-

(i) Induction swirl 

(ii) Compression swirl and squish 

(iii) Indirect injection 

1. 

Induction swirl is developed through?ut the induction period 

by suitable inlet port design which imparts a tangential component to 

the incoming air. A similar tangential component can also be developed 

by the use of a masked or shrouded inlet valve, which produces an optimum 

direction in which the air can enter the cylinder. 



The swirl is increased throughout the compression period 

by suitable piston design and, as top dead centre is approached, 

the transfer of air from the outer cylinder area to the combustion 

space in the region of the centre of the piston is referred to as 

squish. 

Indirect injection may also be used to promote 

air/fuel mixing by the suitable design of a pre-combustion chamber 

which is connected to the cylinder by a short passage. As the 

piston approaches top dead centre during the compression period, 

the air is transferred to the pre-chamber where the fuel is 

simultaneously injected. 

Each particular engine design will have its own optimum 

conditions of swirl which will provide an efficient combustion 

process. However, to achieve this optimum swirl for a particular 

engine design, extensive engine development and cold flow rig 

testing are required. This procedure is expe.nsive and a more 

fundamental knowledge of the swirl process is a necessary part of 

reducing engine development costs and providing a more detailed 

understanding of the combustion process. 

1.3 Object of the Investigation 

The object of this investigation is to make an accurate 

appraisal of the air motion within the engine cylinder of a four stroke, 

direct injection Diesel Engine and to investigate some of the factors 

influencing this motion. The results of a comprehensive experimental 

study are presented in which extensive use was made of hot wire 

2. 

anemometry in the determination of cylinder airflow magnitude and direction. 

A tlleoretical model for the air motion is developed which includes the 

effects of fluid friction at the air and surface interfaces within 



the cylinder and relates the air motion in the cyl,inder to easily 

measured engine parameters (speed, cylinder geometry and valve timing) 

so as to facilitate its use in design computations. 

3. 



2. 0 LI TERA TURE SURVEY AND THE 

OBJECTIVES OF TIlE INVESTIGATION 



2.0 LITERATURE SURVEY, AND THE OBJECTIVES OF TIlE INVESTIGATION 

2.1 Currently Accepted Definitions of Swirl and Squish 

In order to understand the air motion within the cylinder 

of a Diesel Engine, it is important to define the components of the 

existing air motion, which are generally accepted to be swirl and 

squish. 

Fig. 2.1 illustrates an idealised port and cylinder 

where swirl is initiated during the induction period by admitting 

the air so that it has a tangential component of velocity to the 

cylinder wall. The air in Fig. 2.1 is induced by the downward 

movement of 1he piston, the inlet port being inclined at an angle 0 to 

the horizontal and the air speed denoted by U. l~e values of 

U and 0 will obviously affect the swirl rate within the engine 

cylinder. 

The effect of varying the angle' 0 may be understood 

b . d . th e t I nI = 00 and nI = 900
• Y cons~ er~ng e x reme va ues ~ = ~ _ In the 

latter case, there is no swirl and in the former case there would 

be no axial component of inlet velocity and the tangential component 

U cos 0 would have its maximum value U, with maximum swirl being the 

result. The conception of idealised swirl breaks down for very 

small angles of entry but it is clear that for a maximum swirl 0 

should be as small as possible. With an intermediate value of 0, 

the air motion within the cylinder is a combination of the effects of 

the components U cos 0 and U sin 0, the former produces swirl and 

the latter an axial component of the, type produced when 
o o = 90 , 

the axial component not affecting the swirl but only the number of 

revolutions of the air motion, per cylinder length. 

4. 



The distance of the idealized port from the cylinder axis 

must necessarily influence the sWirh and the diameter of an engine 

port is usually such that only two valves can be accommodated on the 

same diameter. IIowever, in a vast majority of ~ngines, the placing of 

an injector coincident with the cylinder axis necessitates the valve 

centres being approximately equal to half the cylinder radius and thus 

allows little scope for variation. 

During the compression period the swirl developed throughout 

the inlet period is assumed to be increased in accordance with the 

conservation of angular momentum and change of moment of inertia that 

occurs when the mass of air i9 transferred from the outer cylinder into 

the combustion chamber in the piston crown, as the piston approaches 

the top dead centre position. It is possible therefore to extend the 

defini tions of swirl to include both induction swirl and compression 

swirl, the former developed during the induction period and the 

latter continuing throughout the compression period. 

Whilst <!Wirl occurs throughout the induction and 

compression periods of the engine cycle, squish is only developed 

during the latter part of the compression period and is a simple 

process to define. Consideration of Fig. 2.2 illustrates that 

squish consists of a radial movement of the air across the piston crown 

resulting from a transfer of air from the outer cylinder area into the 

piston recess which forms the combustion chamber. This transfer of air 

occurs as the piston approaches the top dead centre position during 

the compression period and consequently squish only occurs during that 

part of thenngine cycle. 

In summarising, it may be said that the air motion within 

the engine cylinder which is most likely to affect the air and fuel 

5. 



mixing, is comprised of an initial induction swirl followed by 

compression swirl. Finally, as the piston approaches top dead centre 

during the latter part of the compression period, a squish 

component develops along with the compression swirl. 

2.2 Summary of the Literature Surveyed 

In 1934, Alcock (1) demonstrated conclusively with the 

aid of a swirl meter that swirl exists within the cylinder of an 

engine. lIe concluded that, with regard to engine output 

performance, an optimum swir~ ratio (number of revolutions of the 

swirl meter per minute/number of revolutions of the engine per minute) 

exists for a particular combustion system and this swirl ratio is 

independent of engine speed, size and load. It is therefore a 

characteristic of the particular combustion system. 

Lee (7) 1938, also demonstrated that air motion exists 

wi thin the cylinder of a four stroke spark ignition engine; using a 

high speed photographic technique and tracers injected with the 

air entering the cylinder. This method permitted measurement to be 

made with reasonable accuracy and the effect of a masked inlet valve 

showed an increase in the measured swirl rate whilst the use of a 

modified inlet port 'produced some vertical motion within the engine 

cylinder, particularly during the induction period. 

Dicksee (8), 1949, postulated a possible pattern of the 

air motion within an open combustion chamber engine and he 

subst'antiated this with a single frame photograph obtained using 

fine drops of paint on the piston crown and motoring the engine at 

speed for several minutes. This technique, whilst justifying 

6. 
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Dicksee's (8) postulation allowed no quantitative measurements of 

the swirl to be made. 

In 1962, Fitzgeorge and Allison (9) presented the first 

theoretical model for the air motion in the engine cylinder which 

could be used in conjunction with the results from a cold blowing 

test rig. The re suI ts of this study supported those of Alcock (l) 

and Dicksee (8) and suggested that, whilst an orderly swirl pattern 

might exist during the induction and initial compression periods, 

a more complicated toroidal pattern occurs within the combustion 

chamber as the piston approaches the top dead centre position during 

the compression period. 

Alcock and Scott (10), 1962, presented a comprehensive 

photographic study of the combustion process within the engine 

cylinder using several different types of direct injection 

combustion chamber geometry. The results justified the hypothesis 

of an orderly flow within the open combustion chamber system. 

However, they also showed a distinct absence of the toroidal motion 

postulated by Alcock(l), Dicksee (8) and Fitzgeorge and Allison (9). 

Instead, Alcock and Scott (10) presumed that the air entered the 

combustion chamber in a spiral manner and then continued to rotate at 

an increased speed. 

Finally, Horvatin and Hussmann (11) successfully installed 

a hot wire anemometer system within an engine cylinder and used this 

method to determine accurately the air motion under motoring conditions. 

The results, whilst suggesting a forced vortex profile existed within 

the engine cylinder,also showed a total absence of toroidal motion 

during the latter part of the compression period, thus supporting the 

7. 



photographic evidence of Alcock and Scott (10). 

In order to 'justify future investigations of the air 

motion within the engine cylinder of a four stroke, direct injection 

Diesel Engine, the above literature was reviewed in considerable 

detail and a critical appraisal made of each publication. TIle 

detailed survey may be found in the following Section 2.3. 

2.3 Detailed Literature Survey 

2.3.1 ALCOCK, J.F. (1), 1934 

Alcock (1) in 1934 stated that air mo,vement 

is required in both petrol and oil engines in order to promote 

satisfactory combustion. However, an important difference exists 

between the two systems and that is, in the ready mixed charge of 

the petrol engine, the duty of the air flow is to disperse the flame 

nuclei, Whilst in the oil engine, the temperature is everywhere 

sufficiently high to effect ignition wherever the air and fuel come 

together and therefore the duty of the air movement is to bring them 

together. For this reason, an orderly movement or swirl is required 

in the oil engine as opposed to the indiscriminate turbulence Which 

suits the petrol engine. Three methods of swirl production were 

postulated by Alcock (1) and these are:-

(i) Induction swirl, produced by oblique air inflow to the 

cylinder during the induction period (or scavenge period 

,in the case of two stroke engines). 

8. 



(ii) Compression swirl, produced during the compression period 

by forcing the air through a restricted passage and into· a 

pre-combustion system and is successfully demonstrated in 

such systems as the Lister, the Ricardo 'Comet' and the 

Thornycroft. 

(iii) Combustion swirl, produced by the combustion and 

subsequent expansion of the air. The Lanova engine 

is the only one using this principle. 

In order to measure the rate of swirl within 

an oil engine, Alcock (1) proposed two measuring devices suitable 

for use within a motored engine. TIle first was a freely rotating 

vane located within the combustion chamber and carried on a 

spindle which passes through a sealing gland to an external 

counting mechanism, refer Fig. 2.3. The vane revoltuions per 

minute were measured whilst the engine was motored at a particular 

speed. It is obvious that the measured speed is not the true 

swirl at the end of the compression period, which is of particular 

importance when considering the combustion process, but instead some 

kind of mean of the swirl throughout tho entire engine cycle. 

9. 

Alcock (1) concluded however that the two values appear to be in some 

roughly constant relationship, since it was found that different engines, 

with similar combustion arrangements, all required much the same swirl 

rate as ·measured by the above method. The second method was to measure 

the force exerted by the air on a fixed vane and this idea is described 

in detail by Sass (2) and illustrated in Fig. 2.4. 

The latter method has two important advantages over 

the first, that it can be used in cases where the swirl axis is occupied 

by a piston rod or other obstruction and secondly it can give some 



la. 

indication of the swirl variation during the engine cycle. However, 

it is difficult to allow for the swirl reducing effects of the 

fixed vane and the inertia of the moving parts would seriously 

affect the indication at high engine speeds. In addition to their 

use on motored engines, both methods can be employed' on cold rig 

tests, air being supplied to the inlet ports from an external source. 

The freedom of experiment is of course far greater in these tests 

than that encountered on a motored engine but Alcock (1) stated 

that, to his knowledge, there was no reliable method for deducing 

motoring swirl rates from experinlents carried out on cold test rigs. 

Having adopted a paddle wheel similar to that illustrated 

in Fig. 2.3, Alcock (1) investigated in detail the development 

of swirl within the cylinder of an oil engine using a single sleeve 

inlet valve principle and a vortex combustion chamber, refer 

Fig. 2.5 and 2.3 respectively. Alcock (1) suggested that, if the 

viscosity and compressibility effects were negligible, the velocity 

inflow at any pOint during the induction period would be proportional 

to the engine speed but its direction unaffected by this. The number 

of swirl revolutions per minute would then be proportional to the 

engine speed and the swirl ratio, defined as 

Swirl ratio Number of revolutions per minute of the swirl meter 
Number of revolutions per minute of the engine 

would remain constant. Similarly, if the linear dimensions of the engine 

were doubled, the inflow velocity would be doubled and also the diameter 

of the swirl would be doubled; hence the number 'of revolutions of the 

air per minute would remain unchanged. 
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Several important factors which could be altered 

within an existing engine and thereby produce a change in the swirl 

ratio were also suggested and the first of these is the inlet valve 

timing. Delaying the inlet timing showed an increase in the inflow 

velocity during the early part of the induction period, when the 

swirl effect is generally highest and this resulted in an increase 

in the measured swirl ratio. Alteration of the combustion chamber 

diameter affects the velocity within the chamber, since the air 

rotating within the cylinder will have a fixed angular momentum and, 

if this mass is transferred to the small diameter combustion chamber, 

neglecting frictional losses, the angular velocity will increase, 

since momentum must be conserved. In engines using a poppet inlet 

valve, it is generally accepted that the valve itself has no ability 

to produce swirl, although this can be achieved when a plain inlet 

valve is used in conjunction with an inlet port located so as to 

direct the air tangentially into the cylinder. Alternatively, 

a masked inlet valve could be used to direct the air in a particular 

direction and Alcock (1) concluded that, whilst he could find no evidence 

of the use of a mas],ed inlet valve in motoring studies, preliminary 

experimental work using a cold test rig showed that increases of 

50-60% could be achieved in the swirl ratio using a masked valve. 

With particular reference to the experimental 

investigation of the 'Vortex' chamber, refer Fig. 2.3, Alcock (1) 

suggested that the air does not rotate as a solid body within the chamber 

• but rather as a free vortex. This was suggested by the increase in 

measured values of swirl when paddle wheels using smaller diameter 

vanes.were used, although this could also be an indication of the 

frictional and inertial effects being reduced by the smaller vanes 

11. 



Further investigation also suggested that the air moves in a spiral 

pattern within the combustion chamber and this may be explained by: 

(i) the piston approaching the top dead centre position 

expels the trapped air in the cylinder, thus 

creating an inflow at the bottom of the combustion 

chamber, 

(ii) the f.riction of the outside walls of the combustion 

chamber reduces locally the swirl ratio and therefore 

the centrifugal pressure gradient and this causes the 

air to move inwards at the ends and outwards in the 

middle. 

The combined effect of these two facts gives the circular path, 

illustrated in Fig. 2.6, the central outflow being displaced 

upwards by the squish inflow at the bottom of the combustion chamber. 

USing a swirl pre-combustion chamber, Alcock (1) 

developed a mathematical model for the swirl developed throughout the 

compression period and this model was based on the assumption of 

conservation of momentum between the cylinder and the pre-combustion 

chamber. The model gave exceptionally high values of swirl ratio 

(55 for a typical 'Comet' design) and experimental wor), performed on a 

similar chamber (theoretical swirl ratio = 42) recorded a measured 

value of 14, approximately 30% of the theoretical. This error is 

likely to arise due to the absence of frictional considerations in the 

mathematical analysis and whilst these may not be particularly high 

12. 

due to the cylinder wall, it is likely to be a serious deficiency regarding 

the mass transfer through the throat, connecting·the cylinder and the 

pre-combustion chamber, and tho friction that will result due to the 

surface of the paddle wheel vanes. 



13. 

Alcock's (1) major conclusions from his 

experimental work carried out primarily on a single sleevo valve engine 

incorporating a vortex chamber combustion system were as follows: 

(i) Swirl is developed during the induction period and 

a secondary pattern of air motion occurs during the 
, 

latter stages of the compression period, 

(ii) An optimum swirl ratio, determined with respect 

to the engine performance, was found to exist and this 

ratio was practically independent of engine size, speed 

and load. It was concluded therefore to be a 

characteristic of that particular combustion system. 

(iii) The most effective way of increasing the swirl ratio was 

to reduce the diameter of the combustion chamber, 

although similar results could be achieved by 

delaying the inlet timing of the engine. 

(iv) For engines incorporating a poppet valve, there was 

evidence from cold rig tests to suggest that the use of 

a masked inlet valve could, with correct adjustment, 

provide considerable improvements to the swirl ratio. 

The discussion of Alcock's (1) paper following 

its presentation at several Institution of Mechanical Engineers' 

meetings raised some interesting questions regarding the development of 

swirl and these are outlined below along with supporting criticism. 

Mr. T. F. Hurley (3) said that he had boen 

responsible for a series of tests carried out to determine the effect 

of various forms of turbulence, including swirl, on petrol engine 

performance. The engine tested was a Ricardo E5 sleeve valve incorporating 



a combustion chamber identical in shape with the vortex head illustrated 

in Fig. 2.3 so that, under certain conditions, the air movements 

should be exactly similar to that described by Alcock (1). 

'H urley (3) criticised both methods of measuring swirl presented 

by Alcock (1) since they disturbed the distribution of air 

velocity; the swirl meter by compelling the whole of the air to 

move with the same angular velocity and the Sass meter by obstructing 

the air flow. '!Iurley (3) used a technique involving a Pi tot tube 

(further detail of this may be found on Page 157 of ALcock's (1) 

paper) and measured the velocity at several radial locations within 

the combustion chamber. Fig. 2.7 illustrates the results obtained 

and, unlike the free vortex profile suggested by Alcock (1), 

observation shows that the velocity decreased as the centre of the 

chamber was approached, that is an approximation to a forced vortex 

was obtained. After a certain position however, the curve departed 

from that of a forced vortex and tended to rise. With a forced 

vortex, the CUrve should descend to a zero value at the centre of 

the combustion chamber. It must be remembered however that the curves 

represent an average of the velocities throughout the engine cycle 

and, whilst there is evidence to suggest a compound vortex (combination 

of free and forced vortex) exists throughout the engine cycle, it is 

possible that a forced vortex may be predominant during the induction 

period and a free vortex during the compression and expansion periods. 

However, this hypothesis could only be justified by detailed analysis 

of the air motion throughout the engine cycle which cannot be achieved 

ulling either the swirl meter or the pitot tube. 

Mr. R. Cooke (4) supported Alcock's (1) 

remarks concerning the probability of inward radial flow caused by 

the friction of the cylinder walls and illustrated in Fig. 2.6. 
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Cooko (4) said concrete evidence of this radial motion had been 

obtained by placing a giass plate over the cylinder head and 

coating the underside with oil. Particles of carbon were put in 

the oil to assist visibility and, when the engine was motored, 

the oil moved in a series of equiangular spirals towards the central 

nucleus. Consequently, it appears that the assumption of a 

secondary motion within the combustion bowl is fully justified. 

Wing. Commr. T.R. Cave-Browne-Cave (5) 

criticisod the measuring techniques adopted by Alcock (1) because 

he considered the presence of the vane would destroy the free 

vortex which he considered would be the natural flow pattern with 

the Vortex combustion chamber. Instead of using a vane, he 

suggested the possible use of a hot wire anemometer which would have 

a far greater response to the flow pattern than a swirl meter and it 

was interesting to note that such a technique was considered feasible 

at this time. 

A further commtm:ication by Mr. P. M. Baker (6) 

suggested that a small paddle wheel which could be located at 

various radii and heights within the combustion chamber might yield 

results which would be of importance in defining the profile of the 

air motion. Baker (6) himself had employed Pitot tubes for the 

measurement of gas velocity but, like Cave-Browne-Cave (5), he 

suggested the possible use of a hot wire anemometer, although he 

considered that serious problems would be encountered regarding the 

calibration of such an instrument for use inside a variable density flow 

likely to be found within a motored engine. 

In summarising the work presented by Alcock (1) 

and the discussions and communications to this work, it is apparent 
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that the majority opinion confirms the development of swirl 

during the induction period, which continues throughout the 

compression period. However, little det;>iled knowledge is 

available concerning the profile of the air motion during the 

individual periods of the engine cycle, for instance Alcock (1) 

suggested a free vortex to exist within the combustion chamber 

whilst ';Hurley (3) presumed a compound vortex was a more 

representative description. Regarding the question of secondary motion 

within the combustion chamber, the evidence appears conclusive that 

the air spirals into the combustion chamber and that there is 

probably a more complicated toroidal motion existing. Unfortunately 

little knowledge is available concerning this motion due t~ the lack 

of response of the swirl meter to a radial component of the flow. 

Throughout the experimental work, Alcock (1) adopted to use a 

single sleeve valve engine for the development of the swirl during 

the induction period and no evidence is presented for a comparison 

between this arrangement and the more conventional poppet valve engine. 

It is considered likely, however, that the comments regarding swirl 
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and secondary motion within the combustion chamber should apply to almost 

any engine, since the swirl, having been developed inside the 

cylinder is affected only by the piston and combustion chamber geometry 

during the compression period. It is also more usual to find the 

combustion chamber located within the piston crown on a poppet valve engine 

instead of the cylinder head as is the case with the single sleeve engine 

used by Alcock (1). However, the transfer of mass from the outer 

cylinder into the combustion chamber should be similar regardless of 

the combustion chamber being located in the cylinder head on the 

piston crown. 



Whilst Alcock (1) has provided a quantity of 

information regarding the swirl and presented a variety of 

suggestions for improving the air and fuel mixing process, it is 

obvious that a considerable amount of work has yet to be 

performed in order to clarify and substantiate his basic ideas. 

Since the swirl meters mentioned in the paper are both unable 

to respond accurately to the air motion, it would seem feasible 

to investigate the suggestions of Cave-Browne-Cave (5) and 

Baker (6) and attempt· to use a hot wire anemometer within the 

engine cylinder. This latter method should be invaluable 

regarding the clarification of the outstanding problems outlined 

above. 

2.3.2 LEE, D.W. (7), 1938 

In 1938, Lee (7) conducted a study of the air 

motion within an engine cylinder of a 4 stroke, spark ignition 

engine. The engine was equipped with a glass cylinder and the 

air movements were studied whilst the engine was motored at a 

particular speed. Movement of the air was made visible by mixing 

white goose feathers with the entering air and high speed motion 

films taken so that the air currents might be studied in detail and 

their velocities measured. A swirl meter was also used to indicate 

the rate of rotation of the air about the cylinder axis. In order 

to produce different types of air motion within lre cylinder, Lee (7) 

constructed several masked valves which had mask angles varying 
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between IBOo and 90
0 

and also a plain inlet valve and a modified 

inlet port, the latter being altered with the use of modelling 

clay. In conjunction with the films of the air motion, the fuel 

spray was recorded on film during the inlet period, so that some 

estimation could be made of the effects of the air motion on the 

fuel spray. 

From the experimental work, Lee (7) concluded 

that the air movement developed during the induction period 

continued throughout the compression period and was a distinct aid 

to the distribution of the fuel spray injected into the cylinder. 

Measurements of the velocities of the induced air showed they were 

approximately proportional to the engine speed and the use of a 

masked inlet valve arranged to direct the incoming air tangentially 

into the cylinder, resulted in the air rotating rapidly about the 

cylinder axis at an increased rate compared to that developed when 

plain inlet valves were used; this maximum rate of rotation occuring 

at approximately 110 degrees crank angle after the commencement of 

the inlet period, refer Fig. 2.B. The results illustrated in 

Fig. 2.8 also suggest that the inlet velocity is higher than the 

velocity of the air movements occuring towards the end of the 

compression period and this may be explained as follows. During the 

latter part of the compression period, the feathers become enclosed in a 

smaller volume and so it becomes impossible to perform a detailed 

analysis of the individual feathers after 320 degrees crank angle. 

Secondly, for the successful investigation of the air motion using 

tracers, it is assumed that the density of the tracer material is 

approximately equal to that of the air under investigation and 

during the compression period the density of the air will change 

appreciably due to its compression within the cylinder. Consequently 

the tracer density material is no longer equal to that of the air 



and this results in serious inaccuracies occuring in the measuring 

technique. 

Using a plain inlet valve and a modified inlet 

port,which directed the incoming air into the cylinder at an angle 

of approximately 45 degrees to the vertical,resul ted in 

rotation of the air about the cylinder axis but this was also 

accompanied by considerable turbulence and some vertical air 

movement, however the turbulence subsided during the compression 

period. The tests carried out using the swirl meter were not 

considered to be as accurate as the results from the high speed 

film and were therefore only used to make an approximate comparison 

with the swirl ratio calculated from the films. 

Summarising Lee' s (7) work, it is clear to see 

that the air and fuel mixing process can be greatly improved by the 

development of induced air motion within the engine cylinder and 

consequently the work is of considerable importance. However, 

several disadvantages exist regarding the experimental techniques 

and improvements would have to be made in a future investigation 

using this method. For instance, using the feathers mixed with the 

induced air, a maximum engine speed of only 1000 r.p.m. could be 

reached since the feathers became blurred traces on the film at 

higher speed. This is a serious disadvantage because the 

representative speed of a spark ignition engine of the size used is 

likely to be in excess of 3000 r.p.m.j however, with the development 

of more sophisticated photographic techniques, it is unlikely that 

this problem could not be overcome. Attempts were made to photograph 

both the motion of the feathers and the fuel spray' together but this 

was not possible because the feathers hid all trace of the fuel spray. 
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Consequently, these photographs had to be made separately which relied 

upon good cycle to cycle repeatability of the air motion. The 

velocities of the air motion derived from the study of individual 

frames from the film are not true velocities for two important reasons:-

(i) all the motion parallel to the camera axis was neglected, 

(ii) in all accelerated movements, the feathers lagged 

behind that of the air because of their greater 

density. 

These problems could be overcome by selecting 

for the measurement purposes only those feathers which appeared to 

move perpendicular to the camera axis and also by selecting the 

more rapidly moving feathers. Finally, the most serious criticism 

results from the inability to measure any velocities of the air 

motion whilst the piston was within 40 degrees crank angle of the 

top dead centre position,.and such a situation occurred because, in 

this position of the piston, the feathers were no longer visible 

as individual traces. This period of the cycle is of considerable 

importance because it is during the latter part of the compression 

period that ignition will occur and hence the details of the air and 

fuel mixing are of considerable importance. 

It must be concluded therefore that this type 

of photographic technique, like that of the paddle wheel, can only 

give an approximate indication of the air movement within the engine 

cylinder and cannot be relied upon to produce accurate magnitudes 

and directions of the air motion within the engine cylinder. 
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2.3.3 DICKSEE, C. B. (8), 1949 

Dicl{see (8) presents a comprehensive review of 

the effects of the open combustion chamber in relation to the 

performance of the Diesel Engine. Investigating the effects on the 

brake mean effective pressure of an engine, Dicksee (8) concluded 

that the most effective way of promoting increased performance was 

to alter the air motion within the engine cylinder using a masked 

inlet valve. The masked valve having superiority to the modified 

inlet port since the former can be rotated through a variety of 

positions whilst modifications to the latter are more difficult to 

manufacture. 

Having developed a suitable swirling motion 

during the induction period by using a masked inlet valve, 

Dicksee (8) suggested that tbe swirl would continue throughout the 

compression period and with a deep bowled combustion chamber with a 

conical mound, would result in the air travelling into the combustion 

chamber in a spiral pattern. Photographic evidence produced using 

small drops of paint on the piston crown and then motoring the engine 

at speed for several minutes supported this assumption and is 

illustrated in Fig. 2.9. During the compression period, the air is 

transferred from a rotating mass having a diameter equal to that 

of the cylinder into a mass of smaller diameter equal to that of 

the combustion chamber and, theoretically, by the law of 

conservation of momentum, this results in an increase in rotational 

velocity proportional to the squares of the two diameters. 

Dicksee (8) suggests that considerable losses due to friction will 

accompany the transfer and the increase in rotational velocity will 

be considerably less than the theoretical. The actual speed would 
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not be easy to determine but the ratio according to Dicksee (8) is more 

likely to be that of the two diameters. 

In addition to the ·rotary motion of the air 

Dicksee (8) suggests that there is a well defined secondary motion 

similar to that suggested by Alcock (1) which plays an important part 

in the air and fuel mixing process. The movement is complex and is 

caused by the frictional effects of the fluid rotating against the 

combustion chamber walls which results in a centrifugal pressure 

against the wall near the middle of its length. Because this 

centrifugal pressure is higher in the middle than at the two ends 

there is a flow outward from the middle towards the ends. The air 

near the middle endeavours to maintain its correct pressur~ and so 

throws air outward to .the wall, the supply being maintained by a 

flow axially inwards toward the middle from eitller end. This 

movement, combined with the rotary movement, produces a double 

helical movement inwards across the ends and outwards across the 

centre, tile result being a double vortex movement illustrated in 

Fig. 2.10. 

Dicksee (8) concludes from his experimental 

measurement of engine output performance that the secondary motion 

is beneficial to the engine performance and is supported by a marked 

falling off in performance if the conical mound is removed from tile 

floor of the combustion chamber. consequently, it appears that the 

function of the mound seems to assist the air to tUrn at the 

bottom of the combustion chamber and so produce the maximum amount 

of secondary movement. 

Whilst Dicksee (8) presents some excellent 

photographic evidence to support his hypothesis of an orderly 
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swirl and spiral movement within the combustion chamber, no attempt 

is made to measure quantitatively the rotating motion within 

the engine cylinder. Consequently, Dicksee's (8) only estimation 

of the improvements of the air and fuel mixing resulting from the 

developed air motion originates from the performance tests carried 

out on the engine and these tests are obviously laborious and a costly 

procedure. It is not possible therefore to justify the method as 

a suitable approach for future investigations. 
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2.3.4 FITZGEORGE, D. and ALLISON, J.L. (9), 1962/63 

Fitzgeorge and Allison (9) recognised the 

necessity for a satisfactory air motion within the engine cylinder 

and attempted to present a theoretical analysis of the air motion 

occurring within the engine cylinder which could be related to an 

experimental investigation performed on a cold blowing rig. 

The authors developed a test rig consisting of a pipe through which 

air could be blown at a predetermined rate and on onc cnd of which 

a cylinder head assembly could be mounted. Using a swirl meter 

located inside the pipe, an assessment was made of the swirl producing 

ability of the inlet port unchr steady state conditions. It is 

important to mention, however, that this would not necessarily be a 

reliable indication of the swirl generated by the inlet port when 

incorporated on an engine under operating conditions because of 

the frictional and inertial effects of the swirl meter and the fixed 

opening of the inlet valves. During the cold rig test, the momentum 

of the air supplied to the rig will pass continuously down the pipe, 

whilst· in the engine cylinder the momentum produced by the air entering 

the cylinder through the inlet valve, which incidentally will vary 

from one crank angle position to another, remains inside the cylinder. 

Ilence, if two identical cylinder heads were fitted, one to the cold 

test rig and one to an engine, then for a particular flow rate and 

valve op~ning, since the ability to produce angular momentum would 

be the same in each case, the momentum flow past the swirl meter would 

equal the instantaneous rate of acquisition of momentum by the air 

inside the cylinder. In a mathematical form this can bo expressed by: 

w 
r 

d 
dt 

(Iw ) 
c 

2.1 
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where G is the mass per second entering the cold test rig 

b is the radius of the rig pipe 

w is the mean 
r 

angular velocity of the swirl meter 

Iwc is the instantaneous angular momentum of the 

air inside the engine cylinder. 

Integrating both sides of equation 2.1 gives 

b
2 f~ Gw dt t d (Jwc ) 2 = = Iw r c 

0 

--~-:2.2 

Therefore, b
2 /~ w = 2 dt c I r 

(. 

---:2.3 

This gives an expression for the instantaneous 

swirl within the cylinder during the induction period and depends 

upon the results of mean angular velocity (wr ) of the swirl meter 

and the mass flow rate (G) obtained from the cold test rig. 

Assuming the pressure distribution during the 

induction and compression periods to be spatially uniform and that the 

angular velocity is the same for each particle of air, the authors 

show that the angular momentum of the air at any instant is given 

by, (refer Appendix 5A for derivation) 

. 4 . 
( 

IT b s(6) 2 
) w ' In'. + a c t v Iw = --- 2.4 c 2 . 2 

( 
IT b s(6) 

) + 1 v 

where w is the instantaneous angular velocity c 

m
t 

is the mass of air within the cylinder 

b is the radius of the engine cylinder 

a is the radius of the combustion bowl 

see) is the distance between piston and cylInder head 

v is the volume of the combustion chamber. 



Hence, using equation 2.3 the angular velocity can be computed 

at any instant throughout the induction period and the computation 

extended for the compression period using equation 2.4 and noting that 

the integral GWr will be constant throughout this period and equal in 

value to that computed at inlet valve closing. 

In order to complete the ,heoretical analysis 

of the air motion within the cylinder, the authors investigated the 

radial transfer of the air as the piston approaches the top dead 

centre position during the compression period. This motion is referred 

to as squish and by neglecting the presence of spatial pressure 

differences, which were shown to be negligible, ·the squish was 

computed on a mass transfer basis between the outer cylinder and the 

combustion chamber and the geometrical dimensions of the piston. 

The equation derived for squish is given by the following expression 

and its derivation may be found in Appendix 5B. 

where 

U 
r = 

U r 

r 

A 

1 
2r 

ds(e) 
dt 

is 

is 

is 

is 

the 

the 

the 

the 

radial 

v 
s{E» 

ds{e) 
dt 

velocity 

----2.5 

characteristic radius for the velocity 

cross sectional area of the cylinder 

piston velocity 

Using the equations 2.3, 2.4 and 2.5 both the 

swirl and squish were calculated for an engine speed of approximately 

2000 r.p.m. and are illustrated in Figs. 2.11 and 2.12. Fig. 2.12 

shows the swirl calculated for several inlet port configurations and 

Fig. 2.11 illustrates the variation of squish with crank angle 

position before the top dead centre position for different piston crown 

and cylinder head clearances. 
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From the theoretical analysis undertaken, the 

authors conclude that squish will increase with, 

(i) diminishing 'bump clearance' between the cylinder 

head and piston crown, 

(ii) decrease in the combustion bowl diameter. 

The maximum squish value will however be 

limited because, in the case of the tbump clearance', it is 

impractical to reduce this distance below 0.075 cm (.030 in) 

owing to the thermal expansion occurring with increase in engine 

temperature. Reduction of the combustion bowl diameter can only be 

made at the expense of increased piston height, since the compression 

ratio of the.engin~ must be maintained and increase in the piston 

height will obviously lead to an increase in the height of the engine. 

Using the equations 2.3 and 2.4 for the 

calculation of swirl, it may be observed that the swirl speed during 

the induction period may be increased by 

(i) increasing the air inflow capacity of the inlet valve 

or alternatively by supercharging the engine, 

(ii) extending the range of crank angle (or valve lift) 

over which the cylinder head has a swirl producing 

capabili ty. 

The former suggestion has the obvious limitation 

of physical size and normally the largest size of inlet valve that may 

be accommodated in the cylinder head is used. The second suggestion 

indicates the possible advantage of using a masked valve and this 

would definitely improve the computed swirl, provided that the 

volumetric efficiency may still be maintained. 
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Regarding the pattern of air.motion developed 

within the engine cylinder, Fitzgeorge and Allison (9) assume that 

tile swirl developed during the induction period continues throughout 

the compression period and is accompanied by a squish motion as the 

piston approaches the top dead centre position. Ideally, if the 

two different flow patterns could be isolated from each other, the 

swirl would result in a rotary motion within the combustion chamber, 

whilst the squish would produce a double helical movement either 

side of the combustion chamber centre line. However, the authors 

make the assumption that the combination of the two movements 

results in a rotary toroidal movement and, whilst this is a feasible 

argument, it is also possibl~ that with the high swirl rates 

calculated for the particular engine configuration. 

(~20,000 r.p.m. at top dead centre) the swirl would completely 

dominate the air movement within the combustion chamber. 'It is 

unlikely then that the air would perform the theoretical toroidal 

motion suggested but instead rotate inside the combustion chamber at 

a rate governed by the cylinder and piston crown geometry. Conversely, 

if the swirl were particularly low at the top dead centre position, 

the reverse situation could occur and the helical movement would 

become the dominant air motion. However, it is not possible to 

justify either of these arguments without the adoption of a more 

sophisticated measuring technique which can predict accurately the 

direction of the air motion and then it should be possible to clarify 

the movement within the combustion chamber. 
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2.3.5 ALCOCK, J.F. and SCOTT, IV.M.(IO), 1962/63 

Alcock and Scott (10) investigated the sequence 

of the combustion process occurring within a small, high speed 

Diesel Engine using a high speed photographic technique and,having~ 

developed a reliable method, they recorded the combustion process 

that occurred using three different types of combustion system, these 

being, 

(i) Toroidal direct injection chamber 

(ii) 'Meaurer' direct injection chamber 

(tii) Pre-combustion chamber 

From the individual frames of the combustion film 

it is possible to make some estimation of the swirl speed within the 

cylinder although this will be limited to movement occurring at right 

angles to the camera axis. It was concluded from the measurements that 

the swirl in the top dead centre position during the compression period 

on the engine using a vortex chamber was higher than the previous 

experimental values reported by Alcock (1) using a swirl meter and 

this conclusion supports the criticism of the swirl meter mentioned 

previously, emphasising the poor response of the equipment. Analysis 

of the results using the pre-chamber combustion system revealed that 

the maximum swirl occurs before 350 degrees crank angle and this agrees 

closely with the theoretical results computed by Alcock (1) for the 

'Comet' pre-combustion chamber. 

Following the work of Alcock (I), Dicksee (8) 

and Fitzgeorge and Allison (9), it appeared to be generally accepted 

that, during the latter part of the compression pe;iod, the swirl would 

be accompanied by a secondary squish motion and the combination of these 

would cause the air to move in a rotating toroidal manner within the 
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combustion chamber. Detailed analysis of the films made by the authors 

during this period of the engine cycle reveal a distinct lack of any 

toroidal motion and even the inclusion of various air markers (paper 

confetti or atomised silicone fluid) into a motored engine fitted with 

a transparent head, failed to indicate any radial motion of air during 

the squish period, i.e. 330 degrees crank angle to !op dead centre. 

However, there was evidence of a definite outward squish just after the 

top dead centre position but this was considerably less in magnitude 

than the computed squish using a theoretical expression similar to tilat 

developed by Fitzgeorge and Allison (9). Alcock and Scott (10) 

therefore concluded that there is no substantial evidence of the 

presence of inward squish in a normal direct injection combustion 

chamber and this would explain the total absence of toroidal motion in 

the combustion photographs. However, observation of Fig. 2.13, which 

illustrates a piston crown and cylinder head arrangement which have been 

prepared with paint and motored in an engine for several minutes, suggests 

that the air spirals into the combustion chamber and this supports the 

photographic evidence of Dicksee (8). This also supports the argument 

made in Section 2.3.4 that the air motion cannot be defined by either 

swirl or squish but is a combination of the two components and 

consequently the spiral pattern suggested by the photographic evidence 

is perfectly reasonable and justified. 

Whilst the experimental procedure developed by 

Alcock and Scott (10) produced some·spectacular sequences of the 

combustion process within the combustion chamber, it must be concluded 

that the detailed determination of the air pattern is not possiblo. 

The swirl rate can only be measured approximately due to the two 

dimensional recording ability of the .camera and consequently the 

photographic method, whilst supporting the presence of an orderly 
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air motion within the cylinder can only determine approximate mean swirl 

rates and would be of little use in any detailed investigation of the 

air motion_ 

2.3.6 HORVATIN, M. and IlU8SMANN, A. W. (11), 1968 

Horvatin and Hussmann (11) investigated the air 

motion within the cylinder of a motored Diesel Engine usin~ a hot wire 

anemometer and thus made considerable progress in the attempt to gain 

a detailed understanding of the air motion inside the cylinder. The 

hot wire probes were located through the cylinder head at a variety 

of locations and could be adjusted to penetrate into the cylinder to 

a maximum depth of 6.2 cm, refer Fig. 2.14. Using only a single wire 

probe rotated about its axis until it gave a maximum signal, the 

authors concluded that this signal will be composed of a·horizontal and 

vertical velocity component. Therefore, the measured velocity vector 

will form an angle with the plane of measurement which is parallel to 

the cylinder head. However, on the assumption that the measured velocities 

inside the cylinder are always in excess of the piston velocity by a 

factor of at least 3, the authors concluded that the maximum error of 

the velocity in the measuring plane will always be less than 10% and, 

in the majority of cases,only approximately 3% . 

From the experimental results taken at a depth of 

1 cm below the cylinder head and illustrated in Fig. 2.15, it can be 

observed that a distinct orderly swirl is developed during the induction 
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period and this pattern continues throughout the entire compression 

stroke. During the latter part of the compression period when the air 

is transferred from the outer cylinder area into the combustion chamber, 

there OccurS in accordance with the law of conservation of angular 

momentum the expected rise in angular velocity as the moment of inertia 

of the air is decreased. Check calculations according to the theory 

of conservation of angular momentum were performed by the authors at 
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two crank angle positions and these showed good agreement with the 

experimental results, although the authors suggested that losses would 

occur due to friction on the cylinder wall and leakage past the piston 

rings at top dead centre. Whilst the hot wire anemometer appears to be 

an ideal method for predicting the air motion within the engine cylinder, 

the experimental technique of Horvatin and Hussmann (11) could be 

considerably modified to include a piston mounted probe, located close to 

the piston crown surface and this would have two main advantages over 

tho probe located through the cylinder head: 

(i) Traversing the cylinder would reveal a more detailed 

study of the air motion adjacent to the piston at all 

crank angle positions throughout the cycle. This would 

avoid making the assumption of a solid body rotation to 

exist within the cylinder when analysing the experimental 

results. 

(ii) By mounting the probe sufficiently close to the piston 

surface, it would not be necessary to have the probes 

plunging into recesses in the cylinder head and a complete 

study could then be made of the air motion at the top dead 

. centre during the compression strOke. This -latter 

position woul.d be of extreme importance regarding the 

distribution of the air and fuel mixing process and must 

therefore be regarded as an extremely important criterion for 

any future investigation. 



2.4 Conclusions of the Literature Survey 

Having reviewed the relevant publications concerned with 

the measurement of swirl within the cylinder of an internal combustion 

engine, several important conclusions can now be made. It was 

mentioned previously that the swirl meter can only provide an 

estimation of the mean swirl occurring during the engine cycle and 
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will be subjected to both inertial and frictional losses which both 

produce errors in the measured results. The swirl meter cannot therefore 

be used to determine accurately the swirl pattern within the engine 

cylinder. 

The use of tracers injected with the incoming air has the 

disadvantage, due to their density, of not following exactly the air 

motion and tend to be thrown out towards the cylinder wall and there 

is also the disadvantage of the tracer density being constant whilst 

that of the air will change considerably, particularly during the 

compression period. Consequently the tracers cannot be relied upon 

to produce accurate information within the cylinder. The incorporation 

of a transparent cylinder head and sleeve also limits the speed 

capabili ty of the engine and this produces unrepresenta'cive results 

from within the cylinder. 

Photographic evidence of the combustion process within the 

cylinder,is extremely useful in justifying the presence of an orderly 

motion but again, because of the restriction to two dimensional 

photography, the method cannot be relied upon to produce a quantitative 

study of the air motion. 

Unlike the previous methods for measuring the swirl speed, 

the hot wire anemometer has immense flexibility due to its size and 



its ability to respond to frequencies in the order, of 25 kilocycles 

per second suggests that the anemometer would easily respond to the 

changes of velocity occurring throughout the engine cycle. It must be 

concluded therefore that any future investigation into the air motion 

within an engine cylinder must be accomplished with the use of a hot 

wire anemometer system. Furthermoro, experience has been gained in 

the use of hot wire anemometers in the pre-chamber of a single cylinder 

Diesel Engine at Loughborough and this substantiates the decision to 

adopt the hot wire anemometer for future investigations. 
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Detailed analysis of the results presented by the various 

authors with regard to the direct injection open combustion chamber system 

reveals that it is generally accepted that swirl is developed during 

the induction period either with the use of an inlet port arranged to 

admit the air tangentially into the cylinder or with the use of a masked 

inlet valve. A special case of the four stroke engine is that 

mentioned by Alcock (1) where a single sleeve valve arrangement was 

adopted to provide the tangential component of the air. The swirl 

developed during the induction period continues to exist throughout 

the compression period, its magnitude being increased as the air is 

transferred from the outer cylinder area into the combustion chamber. 

This transfer is assumed to be governed by the law of conservation of 

momentum although several authors, notably Dicksee (8), Fitzgeorgc and 

Allison (9) and Horvatin and Hussmann (11) suggest that losses will 

accompany the transfer due to frictional effects on the cylinder wall 

and the possibility of leakage past the piston rings as the piston 

approacheS the top dead centre position during the compression period. 

According to Alcoe!< (1), Dicksee (8) and Fitzgeorge and 

Allison (9), as the top dead centre position is approached during the 

compression period, a squish component will be developed and this 



will combine with the swirl to produce a rotary toroidal motion within 

the combustion chamber. However, the photographic work of 

Alcock and Scott (10) showed a distinct lack of toroidal motion 

and this was supported by Horvatin and Hussmann (11) who 

assumed that as the air was transferred to the combustion chamber, 

it continued to rotate at an increased rate. Alcock and 

Scott (10) suggested that the absence of the toroidal motion 

might be due to the frictional loss, heat transfer or leakage 

past the piston rings as the air was compressed. However, a more 

feasible explanation is that outlined in Section 2.3.4, where it 

was suggested that the swirl might be the dominant motion within 

the combustion chamber and therefore the squish, -

because It is small in comparison to the swirl, would contribute 

little to the final motion. This argument is supported by 

the high swirl rates predicted by Fltzgeorge and Allison (9) 

and would justify the experimental results of Alcock and Scott (10) 

and Horvatin and Hussmann (11), where the toroidal motion 

appears to be negligible. 

Having established that swirl is a distinct aid 

to tho distribution of the air and fuel within the engine cylinder, 

Alcock (1) defined the profile of the swirl within the vortex 

combustion chamber as a free vortex, since the use of smaller 

diameter swirl meters resulted in increased swirl rates. This 

was not supported by '.Hurley (3), refer Section 2.3.1, who 

suggested a compound vortex was a more representative 

dc;scription of the swirl profile within the vortex combustion 

chamber. Whilst doubt oxists therefore as to the swirl profile, 
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it must be remembered that both Alcock' s (l) and 

~Hurley's (3) results are obtained from average measurements 

throughout the engine cycle and do not provide detailed 

information for a'1y particular period of the engine cycle. 

Horvatin and Hussmann (11), however, present a series of 

results, refer Fig. 2.15, which def.initely suggest that a 

forced vortex profile would be a.representative description of the 

swirl profile during the induction and compression periods. 

It must be concluded that the results of Horvatin and 

Hussmann (11), because they apply for both the engine cylinder 

and combustion chamber and are instantaneous measurements 

during the induction and compression periods, are the more 

representative for the type of combustion chamber under 

investigation. 
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2.5 Recommendations for the Investigation 

From a detailed study of the literature, the following 

final conclusions were made regarding the undertaking of a further 

investigation into the air motion within the cylinder of a four 

stroke, direct injection Diesel Engine. 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

A hot wire anemometer system would be developed and 

mounted at various positions on the piston crown in 

order that a complete study of the air motion within 

the entire cylinder might be made throughout the engine 

cycle. 

Having developed a suitable measuring technique, this 

would be used to measure the flow pattern over a range 

of engine speeds. 

Investigations within the combustion bowl would be 

made in order to justify or disprove the 

hypothesis of squish and toroidal motion. 

In order to promote an increased swirl within 

the cylinder, it is proposed that a masked inlet 

valve would be used located in a number of angular 

positions and the effect upon the swirl recorded. 

Investigation into the increase in swirl developed 

using a supercharging system would also be made 

since this method would increase the supply of air 

delivered to the engine cylinder. 
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2.6 Further Li terature Published after Undertaking the 

Present Investigation 

2.6.1 WATTS, R. and SCOTT, W. M. (12), 1970 

Watts and Scott (12) investigated the air motion 

and fuel distribution requirements of a high speed, direct injection 

Diesel Engine. TIleir study is an extension of the work undertaken by 

Alcock and Scott (10) reviewed in Section 2.3.5 and the authors make 

use of the photographic technique developed previously to produce more 

detailed information of the combustion process as the injected fuel 

impinges on the cylinder wall. In order to maIm an estimation of the 

swirl requirements within the engine, the authors used a cold blowing 

test rig, similar in design to that used by Fitzgeorge and Allison (9) 

and measured the swirl producing ability of the cylinder head using 

a swirl meter. The results of this test were plotted against piston 

displacement and are illustrated in Fig. 2.16. Analysis of the 

performance tests carried out on the engine led Watts and Scott (12) to. 

conclude, as suggested by Alcock (1) in 1934, an optimum swirl ratio 

exists for a particular combustion system. This optimum is obviously 

important and over and under swirl of the air both result in equally 

disastrous results in the engine performance. 
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Watts and 8cott (12) also investigated in detail 

the flow developed by a variety of inlet port and valve configurations 

and conclude that sufficient swirl may be obtained from wide combination 

of these. However, little information is presently available to 

predict accurately the swirl developed by anyone particular inlet 

valve and port combination and this information they conclude is vital 

for the economic design of fuel injection systems. Further research is 



obviously n~cessary in the field of swirl measurement and its 

development and this justifies the proposed investigation of the 

air motion within the engine cylinder. 

2.6.2 HEUBNER, K.H. and McDONALD, A.T. (13), 1970 

Heubner and McDonald (13) investigated the 

existence of air motion within the cylinder of a model engine using 

a hot wire anemometer, a variety of paddle wheels each having a 

different radius paddle and high speed photographic evidence of 

tracers injected into the engine cylinder. A model engine was 

designed to avoid large compressive forces and the valve timing of the 

model arranged to produce an intake and exhaust period for.each 

revolution of the crankshaft. Suitable modification could be made 

to the cylinder head so that a masked inlet valve or an alternative 

inlet port could easily be accommodated and the effect upon the swirl 

noted. 
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The authors state that detailed information 

concerning the air motion within the engine cylinder can only be obtained 

when measurements are made at a variety of locations in the cylinder 

and whilst this cannot be disputed, the results from the model presented 

can hardly be representative of a 4 stroke cycle engine, since only 

two cycles were incorporated in the model, these being the 

induction and exhaust periods. 

Heubner and McDonald (13) concluded from their 

experimental work that the hot wire anemometer technique can be applied 

with reasonable accuracy to determine the flow velocities in the 



model cylinder during the induction period, however, Horvatin and 

Hussmann .(11) have previously shown that it is possible to determine 

actual velocity measurements from a motored engine. It must be 

concluded therefore that the model engine, whilst simplifying the 

experimental programme, has little to offer in the way of 

meaningful measurements within the cylinder of an engine. 
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Neither does the model adopted here provide any further understanding 

of the air motion within the combustion chamber during the latter 

stages of the compression period and this appears to be a major 

failing of the work presented, particularly since some differences of 

opinion exist regarding the air motion within the combustion chamber. 

2.6.3 SHIMAMOTO, Y. and AKIYA'IA, K. (14), 1970 

Shimamoto and Akiyama (14) meaBured the squish 

component developed when an open chamber combustion system was used 

and compared this to the theoretical computation of squish which was 

corrected for leakage past the piston rings and heat transfer to the 

cylinder wall. The authors used a modified four stroke Diesel Engine 

which had both the inlet and exhaust valves removed and inlet ports 

machined into the lower part of the cylinder so that the pressure was 

atmospheric when the piston was in the bottom dead centre position. 

Conseque~tly, the modified engine performed only the compression and 

expansion periods of the four stroke cycle and these periods were 

repeated without exchange of the trapped air. Only the amount of air 

equivalent to the leakage through the piston rings was supplied through 

the ports. 
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In order to measure the squish components, the 

authors used a method which relied upon the movement of a thin plate 

which changed the inductance of a solenoid and consequently gave an 

output voltage which could be displayed on an oscilloscope. The 

velocity detector was located through the cylinder head and the thin 

plate of the detector positioned 1.5 mm from the combustion chamber 

wall at a height equal to the piston crown in the top dead centre position. 

Consequently, providing that the plate was perpendicular to a cylinder 

radius, it would respond to the squish component developed by the air 

during its transfer from the outer cylinder into the combustion chamber 

during the compression period. 

The authors computed a theoretical squish in 

a similar manner to that of Fitzgeorge and Allison (9), refer 

Appendix 5B, and corrected for the leakage of air past the piston 

rings and heat transfer to the cylinder wall. The results of the 

experimental and theoretical squish are illustrated in Fig .. 2.17 and 

it may be observed that the error incurred by neglecting the losses is 

a maximum for the combustion chamber having a combustion chamber diameter 

cylinder dia. ratio = 0.45 and cylinder head and piston crown clearance 

of 1 mm. This error is approximately 8% and for other combustion 

chamber configurations, the error is considerably smaller. 

The authors concluded that, whilst the velocity 

decrement due to leakage and heat transfer may appear to be considerable 

during the latter part of the compression period (20 degrees before 

top dead centre), the absolute value of the squish decrement is too 

. 
small to seriously affect the computed, uncorrected component and 

this is justified by the experimental evidence. Consequently, the squish 

developed in an actual engine may not be much different from the 



theoretical squisll predicted using tlle equation 5B3 of 

Fitzgeorge and Allison (9), refer Appendix 5B. This latter statement 

would probably be true if it were possible to isolate the squish 

component as the authors have successfully done in the experimental 

investigation. However, as mentioned in Section 2.3 .. 4, it is more 

likely that the air motion occurring during the compression period of 

a four stroke cycle would consist of a spiral pattern as the air is 

transferred into the combustion chamber and not ideal swirl or squish. 

The evidence presented by the authors therefore can only be relied 

upon to justify the theoretical squish equation and conclude that 

the errors encountered due to leakage and heat transfer will have a 

negligible effect on the computed magnitude of the squish component. 
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2.6.4 OHIGASHI, S.; HAlIIAlIIOTO, Y. and .TANABE, S. (15), 1972 

Noting that all the previous investigations of the 

effects of air swirl were carried out on either cold rig tests, 

simulated models or motored test engines, the authors developed a 

technique for measuring the magnitude and direction of the air motion 

within the cylinder of a fired engine using a method of electrical 

discharge)where a probe located in the engine cylinder measures the 

current flowing due to the ion cloud which is produced by the electrical 

discharge and is free to move with the air motion. 

The swirl velocities over a range of crank angle 

degrees before top dead centre during the compression period were 

measured .in the motored and fired test conditions at various speeds 

and the results illustrated in Fig. 2.18. It was observed that the 



air moved in a tangential direction to the cylinder wall and little 

noticeable differences were found between the measured values in 

both motored and fired conditions during the later stages of the 

compression period. This observation suggests that the velocity 

immediately before ignition in a fired engine can be estimated from 

that obtained in an identical motored run. It should be noted that 

the results illustrated in Fig. 2.18 include a theoretical squish 

velocity computed from equation 2.5 derived by Fitzgeorge and 

Allison (9). However, this theoretical result is only included as 

a reference and not intended to be a theoretical estimate of the 

measured result. This comparison would be impossible since the 

experimental results are for air swirling within the chamber, whilst 

the theoretical results are computed on the assumption of radial motion 

into the combustion chamber from the outer cylinder. 

The swirl velocity and its direction, which was 

varied by rotating a masked valve, were also measured and are 

illustrated in Fig. 2.19. In this series of the tests, a piston 

without a combustion bowl was used to eliminate the possibility of 

any secondary motion being produced, within the combustion chamber. 

Consequently, the engine compression ratio was reduced 1n order to 

prevent the piston crown and measuring instrument coming into contact 

with each other. Observation of Fig. 2.19 shows that a position of the 

mask exists which will produce the maximum swirl possible. 

Whilst the method outlined above appears to be a 

major development in the measurement of swirl, it must be mentioned that 

because of the size of the measuring instrument and its location through 

the cylinder head, it is impossible to make any detailed measurements 

whilst the piston is within 30 degree crank angle of the top dead centre 

position. TIlis latter period can only be measured using a flat topped 
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piston crown which, along with a lowered compression ratio would 

produce unrepresentative results. Consequently, it must be 

concluded that the technique developed by the authors does not 

introduce any revolutionary method for measurement of swirl within 

the engine cylinder. Indeed, with the conclusion of approximately 

identical velocities for both the motored and fired test data during 

the latter part of the compression period, it would appear that it is 

satisfactory to continue investigating the air motion with a motored 

engine using a hot wire anemometer system and subsequently relate this 

to the engine in the fired test condition. 
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3.0 MEASUREMENT OF AIR FLOW USING A HOT WIRE ANEMOMETER 

3.1 The Hot Wire Anemometer 

In th~ reco®nendations of Section 2.5, it was concluded 

that any future investigation of the air motion within the cylinder of 

a motored engine would require the use of a hot wire anemometer in order 

that the air velocity might be measured in magnitude and direction. 

Attempts have been made to install an anemometer within an engine 

cylinder and it was suggested by Cave-Browne-Cave (5) and Baker (6) 

refer Section 2.3.1, in a discussion of Alcock's paper (1) as early 

as 1934 that such a technique might be developed. However, Baker (6) 

pointed out that the calibration of such an anemometer would be 

extremely difficult, due to the rapidly varying pressure and temperature 

of the cylinder contents throughout the engine cycle. 

Horvatin and Hussmann (11), 1968, demonstrated that such 

an anemometer system might be developed by mounting the anemometers· through 

the cylinder head and they overcame the problem of pressure and temperature 

variation by calibrating their anemometers in a high temperature. and 

pressure wind tunnel. Hence, they were able to make any necessary 

corrections for the conditions encountered. 

Hassan (16), 1968, developed a reliable method of 

anemometry using the basic principles of Davies and Fisher (17) and 

he corrected' for the varying temperature and pressure using instantaneous 

values of these along with a temperature loading factor, which is 

presented in detail by Hassan and Dent (18). In order to compute the 

gas velocity within the engine, Hassan (16) found that it was necessary 

to measure the instantaneous gas temperature and pressure of the air within 

the engine cylinder and then, using the bridge voltage signal from the 



hot wire anemometer, he was able to predict the instantaneous gas 

velocity. Hassan (16) measured the bridge voltage using a constant 

temperature anemometer system designed by Davies and Fisher (17), 

the gas temperature using a simple resistance thermometer and a 

Wheatstone Bridge and the gas pressure using a C.A.V. strain gauge 

pressure transducer. A more comprehensive description of these 

techniques may be found in Hassan's thesis (16). 

Since the existing equipment of Hassan's (16) was readily 

available for use within the Mechanical Engineering Department, it 

was decided to adopt this equipment and develop the basic principles 

for the measurement of the air motion within the cylinder of a 

four stroke Diesel Engine. 

3.2 Three Dimensional Measuring Technique 

Unlike the pre-chamber of the engine used by Hassan (16) 

where it was known that the air motion would be ideally one dimensional' 

at a p,articular location, it must be assumed that the flow within an 

engine cylinder would be three dimensional. Consequently, a method must 

be developed to measure both magnitude and direction of a three 

dimensional velocity vector. Horvatin and Hussmann (11) overcame this 

problem by mounting their anemometers through the cylinder head and 

rotating them until a maximum signal was obtained, from which they 

concluded the' velocity vector was now perpendicular to the anemometer 

sensing wire. This method is laborious and does not allow the velOCity 

vector direction to be located with any great accuracy as was discussed 

in Section 2.3.6. 
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Lobo (19), 1966, recognised the three dimensional characteristics 



of the air flow within the engine cylinder and attempted to develop a 

suitable method for measuring this using an extremely complicated 5 wire 

theory. A programme of experimental work was undertaken by Lobo (19) 
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to justify the theory and resulted in the same anemometer wire being 

located in 5 different angular positions, from which results were r.ecorded 

and an overall vector determined. Whilst this method avoided any 

ambiguity as to the direction of the vector, it was decided that the 

installation of such a system into the cylinder of an engine would 

be extremely difficult and have little advantage over the previous 

method of Horvatin and lIussmann (11). Assuming that the air motion 

wfthin the cylinder would consist primarily of a swirl in a 

particular direction, it was concluded that a simple three 

dimensional model could be developed using only three individual 

anemometers satisfactorily installed within the engine cylinder. 

Since a good approximation to the flow direction could be made 

from the published literature in Section 2.0, it was also 

concluded that any ambiguity of vector direction could be resolved 

simply by rotating the three anemometers to a different datum 

position and a further set of readings taken in this new position. 

Hence the two sets of readings should produce the same magnitude 

and direction of the velocity vector. 

3.2.1 Response of an Anemometer to a Velocity Vector 

When measuring the direction of air flow uSing 

an anemometer, it is inconvenient to rotate the anemometer wire through 

a variety of pOSitions in order to obtain a maximum signal from the 

wire and hence a pOSition where the flow is perpendicular to the sensing 

wire. Instead an investigation is required into the case where the 

velocity vector is not normal to the anemometer sensing Wire, refer 

Fig. 3.1 and a suitable equation is required to express the vector in 



terms of the angle of incidence a and the maximum velocity vector U. 

The following list presents some of the equations)and their limitation~ 

which have been found reliable by a variety of authors. 

1. 

2. 

3. 

4. 

5. 

Ulsamer (20) 

Hinze (21) 

2 
Ua ~ U (1 - 0.55 cos a) 30

0
<. a" 90

0 

2 . 2 
U (sm a + 

2 
A cos a),valid for 

all angles. However, for practical purposes in the range 

10
0

..( a " 90
0

, Hinze (21) considers only the U sin 0 component. 

Kovasnay (22) ~ U (1 + sin a), valid for all angles. 2 

d (23) ( . )0.914 Newman an Leary U
a 

~ U S1n a , 

Lobo (19) and Pearson (24) U
a 

~ U sin S, 100 <. S " 90
0 

This last equation is the most generally adopted 

and indeed both Lobo (19) and Pearson (24) have demonstrated that the 

equation will still predict accurately the velocity component when the 

angle of incidence is as low as 50. 

In principle, anyone of the above relationships 

could be adopted to deduce the overall velocity. Howeve:', the more 

complicated the relationship used, the more difficult becomes the three 

dimensional analysis. Hence, because of its simplicity and on the basis 

of experimental work carried out in a wind tunnel, the results of which 
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are illustrated in Fig. 3.1, it was decided to adopt the sine relationship, 

U sin a 3.1 



3.2.3 Magnitude of the Velocity Vector 

By means of three mutually perpendicular 

anemometer wires, it is possible to measure the magnitude of the 

three components of the velocity vector along tne wire directions and 

also the overall magnitude of the velocity vector. 

Let Ul , U2 and U
3 

be the velocity readings from 

the wires in the X, Y and Z directions respectively, and Ux' Uy and 

Uz be the components of the velocity vector along these axes, 

refer Fig. 3.2. Each wire will then respond to the velocity. components 

perpendicular to it, i.e. the root of the sum of squares of the 

velocity components along thE two directions normal to it, 

refer Fig. 3.3. 

In Fig. 3.3, the components perpendicular to the 

wire providing the signal will be Ua and Ub ' Uc having no effect since 

it is parallel to the wire. 

Hence, we have, 

U 2 = U 2 + U 2 3.2 1 Y z 

U 2 = U 2 + U 2 3.3 2 x z 

U 2 2· U 2 = U + .3.4 3 x Y 

and we can write, 

2 1 E-U 2 2 2 U = 2 + U2 + U
3 

) 3.5 x 1 

U 2 1 (U 2 U 2 U 2 ) 3.6 = 2 + Y 1 2 3 

U 2 1 (U 2 = 2 z 1 + U2 
2 

U3 
2 

) 3.7 
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bOo 

Therefore, the overall velocity vector U may be written 

U = (U 2 + 
x 

2 
U 

Y 
3.8 

Consequently, by taking the readings from the 

three anemometers mounted mutually at right angles to each other, 

it is possible to determine the magnitude of the velocity vector 

using equation 3.8. 

3.2.4 Direction of the Velocity Vector 

Owing to the complexity of three dimensional 

resolution, it is usual to express the direction of a three dimensional 

velocity vector in terms of its direction cosines 1, m and n. 

Hence if 0(, f3 and ¥ are the angles between the velocity vector U 

and the X, Yand Z axes respectively, refer Fig. 3.4, then the direction 

cosines may be defined as: 

1 = cos Cl( = I Uxl / Iu I 3.9 

m = cos f-> = IU I / IU I 3.10 
Y 

n = cos~ = IU I / Iu I 3.11 
,Z 

Having now defined the direGtion Gosines ot the 

velocity vector by equations 3.9, 3.10 and 3.11, it would be more 

convenient to express the directlon of the vector by two explicit angles, 

A in the horizontal plane and B in the vertical plane, refer Fig. 3.4. 

Simple trigonometry applied to the co-ordinate systems shows that the 

angles A and B may be written in terms of the direction cosines 1, m and n 

and consequently using equations 3.9, 3.10 and 3.11, A and B can be 
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expressed in terms of the overall velocity vector and the resolved 

components of the vector in the X, Y and Z planes. The equations 

for angles A and B are given by, 

Cos A = cos 0(. 

(cos20<. + cos2 ~ ) ~ 3.12 

and 

cos B = (cos~ + cos2 j3 )~ = 
IVI cos A 

3.13 

It is now possible using equations 3.8, 3.12 and 

3.13 to measure the magnitude of the velocity vector and describe its 

direction with reference to the horizontal plane. 

3.3 Experimental Procedure 

Having decided to adopt a method of hot wire anemometer 

similar to that of Hassan (16) and the three wire method for determination 

of the velocity vector presented in Section 3.2, it was concluded that 

a detailed experimental investigation would have to be made to justify 

the use of the methods involved. Because of the size of the anemometer 

probe used by Hassan (l6) 0.63clII. outside diameter pyrotenax body and 

copper probe supports of 1.255 mm diameter), it was decided that another 

type of anemometer probe would have to be developed which differed 

in two important ways from that of Hassan' s (l6): 

(i) 0.16 cm outside diameter pyrotenax body with nickel 

chrome probe supports having a diameter of only 0.300 mm 

could be manufactured. 
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(ii) a spot welding technique would be used for securing the 

IOflm diameter platinum/30% iridium sensing wire to 

the probe supports. 

Consequently, because of its reduced body size, the new 

probe. would provide less interference to the air motion and the 

reduced probe support diameter would also reduce any masking of the 

sensing wire which could occur. The decision to spot weld the 

sensing wire to the probe supports would allow the probe to be built 

with increased accuracy and the measurement of the sensing wire length 

and cold resistance measurement could be made with greater reliability. 

Spot welding" in preference to the soft soldering technique used by 

Hassan (16) would also permit the probe to be used in a much higher 

temperature environment and consequently higher compression ratio' engine. 

3.3.1 Anemometer Probe Calibration 

The most important feature of any successful 

experimental work using a hot wire anemometer is the accurate calibration 

of the probe in a wind tunnel and determination of the hot operating 

temperature of the sensing wire. Without this calibration, serious 

errors may occur in the predicted velocity. Davies and Fisher (17) 

presented a theoretical method for computing the velocity of a hot 

wire anemometer probe and showed that the thermal equilibrium of an 

electrically-heated wire placed in a stream of cooler gas may be 

expressed by the following relationship: 

k A 
r 

2 
d Tw 
-- + 
dx

2 

2. 
( I C':;<>< - ndh ) 

A 
r 

(T 
w 

2 
_ T ) + I e,\ 

.g 
A 

r 

= o 3.14 

- ----------
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where k is the thermal conductivity of the gas 

A r is the cross sectional arGa of the sensing wire 

I is the heating current through the wire 

e is the electrical resistivity of the wire material 

d is the sensing wire diameter 

h is the average heat transfer coefficient 

T is the absolute temp8 rature 

<>( is the temperature coefficient of the wire material 

and the suffices 

g refers to the gas free stream conditions 

w refers to the gas properties at the wire temperature. 

In obtaining equation 3.14, the following 

simplifying assumptions were made by Davies and Fisher (17) 

(i) There are no radiation losses,. 

(ii) The thermal conductivity of the wire 

material is constant, 

(iii) The electrical resistivity of the wire 

and its temperature are related by the 

following expression, 

3.15 

where = 

(iv) The sensing wire supports are at the same 

temperature as the gas stream. 

Equation 3.14 can be reduced to the following: 

= o ----3.16 



2 
12 El! where Kl 

_ I 010- TTdh 
and K2 = --- = A 2 2 k t k

t 
A k

t A r r r 

where k t is the thermal conductivity of the wire material. 

The solution of equation 3.16 gives, with 

the following boundary conditions, 

(i) maximum temperature occurs at the mid wire length 

of the wire so that dT/dx = 0 at that point, 

(ii) .at the wire supports the wire is at the instantaneous 

gas temperature Tg. 

- 1.0 ) 3.17 

which may be integrated along the length of wire and yields the following 

.expression for the mean temperature difference between the wire and gas. 

T = w 

1 
tanh( IK11 2 1) 

IKll£ 1 
1.0) 

where 21 is the length of the sensing wire. 

3.18 

Since Tw is known from the temperature resistivity 

relationship (equation 3.15), equation 3.18 can be solved on a digital 

computer using an iterative procedure to yield the unknown heat 

transfer coefficient h, which is related to the gas velocity by the 

following relationship: 

hd 
k 

w 

DUi3CP 2.6 (_,_g_) ( g}1g 
l$n Ho k 

r-g g. 
) 3.19 
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where kw is the thermal conductivity of the gas at. the wire 

temperature 

~ the ratio of the specific heats 

pg the gas density 

Cp 
g 

the specific heat of the gas at constant pressure 

'pg the viscosity of the gas 

k 1:he thermal conductivity of the gas 
g 

d the wire diameter 

and the Eqn. 3.19 is valid in the range, 

o~ 
D Ud 

(\ g ) 

pg 
~ 50 -----3.20 

Hence a theoretical calibration curve can be 

developed for the anemometer probe. In order to verify the 

calibration, however, the manufactured probe was installed in a Disa 

wind tunnel, refer Fig. 3.5, and an experimental programme undertaken 

to determine the output bridge voltage from the Davies and Fisher (17) 

constant temperature anemometer circuit whilst the tunnel velocity was 

varied. A typical calibration curve is illustrated in Fig. 3.6 and 

it can be seen that agreement between the theory and experiment is 

good and within the experimental error of + 5% quoted for the probe 

and outlined in Appendix 3A. 

3.2.3 Measurements using a Three Wire Probe 

As mentioned previously in Section 3.2 in order 

to measure accurately the velocity vector in a three dimensional flow, 

it is necessary to make three individual 'measurements in planes mutually 

at right angles to each other and to add the results vectorially. Three 

anemometer probes were therefore secured in a holder on a pitch circle 
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diameter of O.63cm with the sensing wires inclined mutually at right 

angles to each other. The assembly was then located inside the 

wind tunnel using the adaptor illustrated in Fig. 3.7. In order to 

simulate the effects of a three dimensional flow and check the 

capabilities of the theoretical method, the probe assembly was rotated 

o 
through 360 and the signals from the three individual wires recorded 

at 100 intervals. Consequently, the results obtained from the 

theoretical method should predict a velocity equal in magnitude to 

the tunnel velocity whilst the vertical angle B will be zero and the 

horizontal angle A will be equal to the rotational displacement of the 

probe assembly from ,the initial datum position. The experimental 

work was performed at a variety of tunnel speeds and produced 

satisfactory results for both the magnitude and horizontal direction 

of the velocity vector. However, errors of approximately 15-20% 

were found in the vertical angle. Whilst this latter error was not 

unreasonable when compared to the error analysis, refer Appendix 3A, 

performed for the three dimensional method resulting in an overall error 

of + 9.0% for the experimentally determined velocity vector, and 

± 12% for the determination of its direction, it was interesting to 

note that the error in the vertical angle B was considerably higher than 

that estimated in the error analysis. Consequently, further investigation 

was made of the three wire probe. 

In order to avoid unnecessary errors in the 

recording of the results, each individual probe was made to exactly 

the same specification and operated at the same wire temperature, 

therefbre the error in each probe was assumed to be the same as the 

two adjacent probes. A special tunnel adaptor was also designed whEh 

o 
enabled the probe assembly to be inclined at an angle of 30 to the 

vertical and this latter modification had a very important contribution 

to the results, since the vector developed by the tunnel was always 



o 
incident at a minimum angle of 30 to each probe sensing wire. 

Consequently, the errors involved by the vector having a very small 

angle of incidence (100 and less) to any probe sensing wire were 

eliminated. The results from the second series of experimental work 

were considerably more accurate than the initial test~ and a typical 

set of results are illustrated in Fig. 3.8 for a tunnel velocity of 

20 m/so 

The experiment al programme undertal<en for the 

justification of the three dimensional model was particularly exhaustive 

and suggested that the three wire method could be successfully applied 

within the engine cylinder. llowever, in order to avoid ambiguity of 

the direction of the measured vector, it would be necessary to rotate 

the three wire assembly about its own axis and take two separate 

sets of readings. From the results of these two sets of readings, it 

should be possible to predict exactly the direction of the measured 

vector. Rotation of the probe assembly about its axis should also 

avoid any errors encountered by the signal from anyone sensing element 

being masked by anyone of the probe supports. It was evident in the 

tunnel tests that with the configuration adopted for the probes 

(location of the individual probe axes on a. 0.63 an diameter pitch circle) 

masking only occurred in certain unfavourable positions of the probe 

assembly. However, since the flow direction within the cylinder could 

be estimated to some extent using the results of previous literature, 

refer Section 2.0, it should be possible to locate the three wire probe 

in such a position that probe support masking would be almost impossible. 

Should masking occur then, the second series of tests would eliminate 

this possible source of error entirely .. 

57. 



3.3.4 Simulation of the Piston Motion 

In anticipation of the three wire probe assembly 

being mounted on the piston crown, it was considered necessary to 

investigate the effect that the piston motion would have upon the 

probe readings. A scotch yoke mechanism was designed and built so 

that it could be installed as part of the Disa wind tunnel and a 

58. 

single hot wire anemometer mounted on the traversing arm of the mechanism, 

refer Fig. 3.10. Consequently, as the mechanism was driven at speed, 

the probe signal was a combination of the tunnel velocity and the 

velocity of traverse mechanism. The results were investigated at a 

variety of tunnel and mechanism velocities up to a maximum of 

1000 r.p.m. and in all cases the results showed that the velocity 

indicated by the probe was a simple addition of the tunnel velocity and 

mechanism velocity. Consequently, it is reasonable to assume that the 

subtraction of a vertical velocity component equal to the piston speed 

would have to be made to each of the horizontal probes located inside 

the engine, the vertical probe not being affected because th:e component 

is parallel to this probe and therefore has no effect, refer 

Section 3.2.3. Inside the engine, the piston speed will vary between 

zero at top and bottom dead centre and maximum value at approximately 

the mid-stroke position of the piston. If the piston speed is 

subtracted vectorially from the overall velocity vector, then it 

should be possible to obtain the computed overall velocity vector 

with respect to the cylinder wall and therefore be independant of the 

piston speed. .This computation was undertaken for the most serious case 

occurring in the cycle when the vertical component due to the piston 

speed was 6.5 m/s and the resolved horizontal component of the measured 

velocity vector was 50 m/so The computed vector relative to the 

cylinder wall is therefore 49.51 m/s and results in an error of 
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approximately 1%, therefore it was concluded that this effect could 

be neglected. 

A second method which could be adopted in order 

to relate the overall velocity vector to the cylinder wall would be 

to investigate the cooling effect caused by the piston speed on each 

individual probe signal and subtract the component due to the piston 

speed. This would result in the three wire computation being 

performed accurately in both magnitude and direction for the vector 

relative to the cylinder wall. Analysis of this method was 

computed for the most serious case, where the piston speed was 6.5 c m/s, 

and required the subtraction of a bridge voltage reading of O.lB volts 

when the probe operating temp'Jrature was BOOoC. This latter method 

is the easier proceduro for determination of the velocity vector 

relative to the cylinder wall but because the effect reduces the 

vector by approximately 1%, it was concluded that it was not necessary 

to perform the analysis for all the results. However, should this 

method be considered necessary in any future measurements, it would be 

a simple procedure to perform. 

3.3.5 Compensation for Increase in Wire Lead Temperature 

Installation of a piston mounted probe would require 

the extraction of the probe leads via the engine sump and this would 

result in a rise in the lead resistance as the oil temperature rose 

due to operation of the engine. Experimental work was therefore carried 

out to simulate the effect of increased lead temperature on the 

calibration of an anemometer probe whilst it was mounted in the Disa 

wind tunnel. The results showed that, for a rise in lead temperature of 

25
0

C, there was negligible change in the calibrated operating temperature 
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of the probe and so it was concluded satisfactory to neglect any 

o 
increase in lead temperatures below 25 C. For increases in lead 

o 
temperature of 60 C and above, however, the calibration curve showed 

a distinct change, refer Fig. 3.10, and correction was therefore necessary 

if errors in sensing wire operating temperature were. to be avoided. 

The lead resistance was compensated for using the following equation 

3.21 

where RLIr = resistance of the leads at temperature TLI! 

RLC = resistance of the leads at temperature TLC 

and 0( - temperature coefficient of resistance for the 

copper lead 

and the results showed that equation 3.14 accurately compensated for 

.any increase in lead temperature. 

3.4 Use of a Hot Wire Anemometer in a Variable Temperature and 

Density Environment 

As mentioned in Section 3.1, the major problem encountered 

with an anemometer system installed within a varying temperature and 

density environment is that of probe calibration. Hassan (16) recognised 

the problem and used the instantaneous gas temperature and pressure in his 

computation of gas velocity using the theory developed by Davies and 

Fisher (17). However, it was concluded that the original theory was 

limited to air at ambient temperature and' pressure and therefore a temperature 

loading factor was postulated by Hassan and Dent (18), which could be 

applied directly to the computed velocity. TIlis correction is 



given by 

where Vc is 

T 0.3 

(...Y!.) VDF x T 
g 

the correcUd velocity 
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3.22 

VDF is the computed velocity using Davies and Fisher (17) theory 

Tw is the probe operating temperature 

T~ is the instantaneous gas temperature. 
b 

Hassan and Dent (18) undertook a programme of experimental 

work in order to justify their correction factor using a high temperature 

and density wind tunnel and they showed the experimental rosults were 

within + 12% of the computed results despite the tunnel velocity 

+ .. 
varying 8%. However, the range of velocities were approximately 

three times lower than those anticipated to exist within the engine 

cylinder at a representative engine speed. A more satisfactory 

experimental programme was undertaken which used the results taken from 

an engine under motoring conditions and this was published by 

Dent and Derham (25), and included in Appendix 3B. 

The result of the latter experimental work presented a 

means of checking correction factors applied to wind tunnel calibration 

tests at ambient conditions to allow for temperature and density variation 

in the flow and, in the particular application of the motored internal 

combustion engine, it was found that the correction (Tw/Tg)O.3 applied 

to the velocity computed from Davies and Fisher (17) was perfectly 

j,:stif ied. 
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3.5 Conclusions of the Experimental Programme 

Having adopted a system of hot wire anemometry similar to that 

developed by Hassan (16) and the theory extended to incorporate a three 

dimensional measuring technique, a comprehensive programme of 

experimental work was performed and the following conclusions made:· 

(i) The hot wire anemometer is an extremely sensitive 

measuring instrument and can be relied upon to reproduce 

accurate results providing that the hot wire operating 

temperature is accurately known. 

(ii) The equation of Ue = U sin e is justified for 
max. 

angles of incidence above 100 when the flow is 

not normal to the probe sensing wire. 

(iii) Three probes mounted with their sensing wires mutually at 

right angles can· be relied upon to predict accurately 

the magnitude and direction of a three dimensional velocity· 

vector. Masking of the sensing wire can occur in specific 

positions but this can be eliminated by careful positioning 

of the probe arrangement. 

(iv) When the probe was oscillated in the direction of the 

flow on a s.Cotch yoke mechanism and therefore had a 

component of velocity, the velocity recorded by the 

probe was the vectorial addition of the flow velocity 

and the probe velocity. 

(v) Providing that the lead temperature increase is below 

o 25 C, the effect on the wire operating temperature is 



(vi) 

negligible. However, for lead temperature increases 

o 
above 60 C, the lead resistance must be increased .. in 

accordance with the equation 

= ) 

In the particular application of a motored internal 

combustion engine, it was found that the correction 

(Tw/Tg)O.3 applied to the velocity computed from 

Davies and Fisher (17) theory was perfectly justified: 

63. 
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FIG. 3.2 THREE DIMENSIONAL CO-ORDINATE SYSTEM 

WITH AXES X, Y AND Z 

Ua Perpendicul,ar to the wire 

• • • .. 
Uc Parallel to the wire 

b Perpendicular to the wire 

FIG. 3.3 RESOLVED COMPONENTS CONTRIBUTING TO A 

VELOCITY SIGNAL 
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FIG. 3 .7 TUNNEL ADAPTOR FOR PROBE MOUNTING 
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FIG. 3.9 DISA WIND TUNNEL WITH THE SCOTCH YOKE 

MECHANISM AND DAVIES AND FI SHER (17) 

ANEMOMETER EQUIPMENT 
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4.0 EXPERIMENTAL WORK PERFORMED INSIDE 

A MOTORED ENGINE 



4.0 EXPERIMENTAL WOIiK PEIiFOIiMED INSIDE A MOTORED ENGINE 

4.1 The Experimental Engine 

4.1.1 Engine Specification 

A Ruston and Hornsby 3YlVA direct injection 

Diesel Engine was available for use within the Mechanical Engineering 

Department and this engine was commissioned for use during the 

investigation. A general arrangement of the engine with the 

motoring facility is illustrated in Fig. 4.1 and the engine 

specification is as follows. 

Four stroke, air cooled, overhead valvo, three 

cylinder direct injection Diesel Engine. 

Bore 102 mm 

Stroke 104.8 mni 

Piston displacement 2547 cc 

Piston speed at 2000 r.p.m. 6.98 m/s 

Inlet valve opening 16° B.T.D.C. 

Inlet valve closing 36° A.B.D.C. 

Exhaust valve opening 45° B.B.D.C. 

Exhaust valve closing 150 
A.T.D.C. 

Injection commences 27° B.T.D.C. 
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4.1.2 Modifications of the Engine for Investigation 

Purposes 

In order to undertake the experimental 

investigation using the engine, it was decided to remove the injection 

equipment from the engine since it was not anticipated that this would 

be required during the motoring operation and this made the cylinder 

head and sleeve more accessible. 

4.1. 3 Engine Motoring Arrangements 

The engine was coupled to a D.e. motor via a 

complex belt driven system and this resulted in a maximum speed of 

the engine of approximately 1750 r.p.m. The belt system was necessary 

due to the poor torque characteristics of the electric motor at low 

r.p.m. and since no' other motor was available the belt drive was the 

simplest way to overcome the torque created by the engine flywheel, 

crankshaft and oil drag. 

4.1.4 Engine Cycle Degree Marker 

A Southern Instruments type M738 Degree Marker 

o was used to record a degree mark every 10 of the crankshaft rotation 

and was connected to the recording equipment to aid analysis of the 

experimental results. 

4.1. 5 Experimental Recording Equipment 

A Southern Instruments twin beam oscilloscope was 

used to display the experimental results and these were recorded using 

an M731 Universal Oscillograph recording camera. The engine traces 



were recorded on RP30 Kodak paper which was approximately 20 inches 

in length and proved adequate for analysis purposes. 

4.2 Gas Velocity Measurement 

As mentioned in Section 3.1, the existing electrical 

equipment for measuring the velocity inside the engine cylinder 

developed by Hassan (16) was available in the Mechanical Engineering 

Department and so this was adopted for the investigation. The hot 

wire anemometer probe was operated using a constant temperature 

amplifier bridge circuit which maintained the probe sensing element 

at fixed operating temperature and allowed a record of the bridge 

output voltage to be displayed on an oscilloscope. In order to 

compute the velocity using the Davies and Fisher analysis (17) 

refer Section 3.3.1, the instantaneous gas temperature and pressure 

were also measured using a simple Wheatstone Bridge and a strain gauge 

pressure transducer respectively. The equipment is illustrated along 

with the Southern Instruments recording equipment in Fig. 4.2 and 

further information regarding the precise mode of operation of 

the equipment may be founu in reference (26) which presents a 

comprehensive report. concerning the measurement of air velocity in 

a variable density environment. 
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4.3 Initial Experimental Work 

4.3.1 Experimental Work using Hassan's Pre-Chamber 

In order to avoid unnecessary destruction of any 

anemometer probes, it was decided to install a probe within the 

pre-chamber engine used by Hassan (16) and develop the basic experience 

required for the measurement of velocity inside the engine cylinder. 

A single probe was installed in the pre-chamber and the engine 

motored at a speed of 1000 r.p.m. whilst the results were recorded. 

Detailed measurements of bridge voltage, gas temperature and gas 

pressure were made and a typical set of results are illustrated in 

Fig. 4.3. 

4.3.2 computer Program for the Computation of the Velocity 

Vector 

Analysis of the results was performed by Hassan (16) 

by measuring individual ordinates at 100 intervals throughout the 

engine cycle. However, this method proved to be laborious and in order 

to automate the process, a D.Mac Pencil follower (27) was used to 

analyse the engine traces. The paper tape output from the D.Mac system 

was fed directly to a computer program and used in the calculation of 

the velocity vector. 

The program presented in detail in Appendix 4A was 

developed for measurement of the velocity vector and uses the 

instantaneous values of voltage, pressure and temperature in order to 

predict the velocity component. Using the theory developed for three 

dimensional measurement in Section 3.2, the three velocity components 

were computed and then added veetorially according to equations 

3.8, 3.12 and 3.13 in order to predict the magnitude and direction 
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of the velocity vector. 

4.3.3 Discussion of Results from the Pre-Chamber 

The particular pre-chamber angine used develops 

ideally a one dimensional flbw at a particular location and for this 

reason only a single anemometer probe, arranged so that its sensing 

wire was perpendicular to the flow direction, was used for the 

measurement of bridge voltage. The measured signal of bridge voltage 

is illustrated by curve c in Fig. 4.3. Curves a and b in 

Fig. 4.3 illustrate the instantaneous gas temperature and pressure 

respectively. The resulting velocity vector computed from these 

instantaneous values of bridge voltage, gas temperature and pressure 

is illustrated in d of Fig. 4.3. and observation shows that the 

velocity is not directly proportional to the bridge voltage trace. 

Instead it is obvious that both the gas temperature and pressure 

contribute significantly to the magnitude of the computed velocity. 

It was concluded therefore that complete analysis of the results would 

have to be performed before any estimation could be made of the velocity 

component from within the engine cylinder and it is not possible to 

take the bridge voltage tra99.~ a representative indication of the 

velocity profile developed during the engine cycle. In order to 

compute the velocity results illustrated in Fig. 4.3.c, the computer 

program, refer Appendix 4A, was used but the three dimensional vector 

subroutine was suppressed and only the subroutine for velocity 

computation used. 
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4.4 Installation of the Measuring Device 

4.4.1 False Piston Crown 

Conclusion (iii) of Section 2.5 stated that a piston 

mounted probe would be required in a variety of radial locations in 

order that velocity measurements could be made throughout the cylinder 

during the engine cycle. Because it would be necessary to strip down 

the engine cylinder assembly in order to transfer the anemometer probes 

to a different location, it was decided to machine a false piston 

crown and secure this to the piston skirt by means of 8, 4BA Socket 

head screws, refer Fig. 4.4. This would reduce the amount of 

labour involved in transferring the measuring probes to a different 

location and avoid having to repeatedly remove the entire piston and 

connecting rod assembly from the ~ngine each time a measurement was 

to be made at a new location. In order to avoid any unnecessary 

interference occurring to air motion within the engine cylinder, it was 

decided to have a three wire probe located at only one particular 

location at any time, and this meant that special plugs had to be 

machined to fit into the probe locations not being used. The five 

radial locations are illustrated in Fig. 4.5 which shows a view of 

the valves located in the cylinder head. 

4.4.2 Swinging Link Mechanism 

Mounting the probes on the piston crown also 

involves the extraction of the leads via the connecting rod and out 

through the sump to the engine casing. This presents a further problem 

since an engine operating at a speed of 1500 r.p.m. would quickly 

destroy any wiring bridging the gap between the big end bearing and 

the engine casing. Consequently a swinging link was designed wllich 
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could be attached between the big end bearing and the crank case wall 

ard would allow the wires to undergo an extremely fast but predictable 

path whilst the engine was operating at speed. The connecting rod 

assembly, false piston crown and swinging link are illustrated in 

Fig. 4.6 and it may be observed that 6 leads terminate on the bearing 

of the connecting rod. Fig. 4.7 shows the swinging link and lower 

bearing shell wired and ready for installation on the engine. Again 

6 individual leads are bound together on the link mechanism and when 

suitable connections are made with the probes, the mechanism will 

allow the signals from three separate probes to be taken from the 

engine. 

4.4.3 Choice of Lead Material 

lfuen the engine is operated at speeds of 1500 r.p.m. 

the swinging link is subjected to high velocity and acceleration forces. 

Simple calculations performed for the mechanism revealed that a link 

machined from solid duraluminum bar would have adequate strength to 

stand up to the inertia forces developed but doubt existed with regard 

to the durability of 'the lead material. Investigations were made into 

various types of copper lead material and a special copper/tinsel wire (28) 

was found which could withstand excessive movement and still transmit 

a noise-free signal. Consequently, the copper tinsel wire (28) was 

adopted for all the swinging link leads. 

4.4.4 Initial Experimental Tests using the Swinging Link 

In order to justify the system developed for piston 

mounted probes, a single anemometer rrobe was mounted inside the combustion 

bowl and the necessary connections completed using the connecting rod 



and link mechanism. The results for both gas temp,erature and bridge 

V91tage were recorded using the same probe but different measuring 

equipment, refer (26), and a low engine speed of 500 r.p.m. was used 

for the initial tests. Excellent results were recorded for both 

bridge voltage and gas temperature and further tests were carried out 

which resulted eventually in an engin'e speed of 1750 r.p.m. being 

reached with no apparent noise imposed to the recorded signals by the 

rapid movement of the probe leads. Consequently, it was decided that 

the method of mounting probes on the piston crown and extracting the 

leads via the connecting rod and swinging link was feasible and 

yielded excellent results of the traces throughout the engine cycle. 

4.4.5 Three Dimensional Velocity Measurements 

Having justified the experimental apparatus and 

the feasibility of mounting a probe on the piston crown, consideration 

was given to the measurement of the three dimensional velocity vector. 

According to the conclusions of the literature survey, Section 2.5, 

it was anticipated that the air motion within the engine cylinder 

would be an orderly swirl in an anticlockwise direction (when viewed 

from above the cylinder head). Hence the probes were loeated mutually 

at right angles and in such a manner that the velocity vector formed 

an angle of incidence with each probe, refer Fig. 4.8 which illustrates 

three probes mounted within the combustion chamber of the engine. 

Experimental werk was then undertaken at an engine speed of 500 r.p.m. 

to obtain both magnitude and direction of the overall velocity vector, 

at the various locations of the piston crown as illustrated in Fig. 4.5 

and discussed in further detail in Section 4.5. 
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4.4.6 Bridge Voltage Measurement 

Using each of the three probes in turn, a record 

was made of each bridge vOltage signal from the three wire probe assembly 

and a typical trace is illustrated in Fig. 4.9. Curve a in Fig. 4.9 

illustrates two complete cycles of the bridge voltage trace and 

reveals good cycle to cycle repeatability of the results. Curve b 

illustrates only one cycle of the trace but has included with it, 

the calibration lines necessary for the complete analysis of the results. 

After completion of the three traces, the probe assembly was rotated 

to a second predetermined location and a further series of 

experimental results recorded. It is important to point out that the 

method of recording the traces outlined above was necessary since the 

recording facilities available in the Mechanical Engineering Department 

were comparatively poor. Ideally, it was hoped that the signals could 

have been recorded directly on to magnetic tape and processed by the 

computer. This would have been advantageous since several cycles could 

have been statistically analysed for each measuring location. However, 

since the only facility available was the Southern Instruments 

Oscilloscope and Recording Camera,this had to be adopted for all 

the signal processing and analysis of the engine traces. 

4.4.7 Gas Temperature Measurement 

Theoretically, anyone of the three wires could be 

used as a resistance thermometer to measure the gas temperature 

throughout the cycle, however, for the experimental work described here, 

the same probe was used at each of the five radial locations. This 

reduced the possibility of introducing any error into the gas temperature 

measurement and, by measuring the gas temperature at each location, 

helped justify the presence of a spatially uniform temperature distribution 



within the section of the cylinder under investigation. Fig. 4.1Oa 

illustrates two gas temperature cycles and shows cycle to cycle 

repeatability is excellent for this measurement, The curve b 

shows a typical gas temperature trace used for analysis purposes. 

4.4.8 Gas Pressure Measurement 

The gas pressure measurement was made by 

mounting the Bell and Howel strain gauge pressure transducer into 

a specially constructed dummy injector and the measurement made at 

only one location within the engine. The sensing diaphragm of the 

transducer was located some distance from the actual cylinder area and 

connected via a 0.32 cm diameter passage. Initially, it was suspected 

that a 'passage effect' similar to that reported by Lyn (29) might 

be encountered due to this arrangement. However, observation of 

Fig. 4.11 illustrates that no such passage effect occurred since the 

trace is free from noise and comparison between the experimental trace 

and that computed using the polytropic expression pyh = constant, 

where h = 1.35 for the compression and expansion periods showed 

excellent agreement. It was therefore concluded that the method of 

location for the pressure transducer was perfectly satisfactory. 

Again, Fig. 4.11a shows good repeatability of the pressure trace and 

b illustrates a typical pressure traced used in the analysis procedure. 

4.5 Discussion of the Experimental Results 

A series of results is illustrated in Figs. 4.12 to 4.17 

which show the velocity vectors at a variety of radial locations and 

differing crank angle positions throughout the engine cycle. The vector 

represents the magnitude (refer particular scale on each Figure) and 
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is resolved into the horizontal plane. The vertical angle B, 

refer Fig. 3.5, associated with each vector is written at the side 

of that vector. The results illustrated here were computed from the 

signals obtained whilst the probe assembly was located at a height 

of 0.65 cm. above the piston crown, and, in order to avoid collision 

between the probe assembly and the cylinder head, small pockets were 

made in. the latter. Thus, as the piston approached the top dead 

centre position, the probes plunged into the recesses formed in the 

cylinder head. Obviously, accurate records could not be made from 

the signals in the top dead centre positions but detailed analysis of 

the results revealed that the air motion in the later stages of the 

compression period (after 40 degrees before top dead centre) was 

basically two dimensional and a very low vertical angle B was recorded. 

Consequently, in order·to complete the measurements in the top dead 

centre position, two probes were located within the clearance volume 

at a height of approximately . 038 cm. above the piston crown . 

These two probes could then be used to measure the magnitude and 

direction of the air motion in the confined space between the cylinder 

head and piston crown. 
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Investigation was made as to the possibili ty of wall proximity 

errors resulting from the probes being mounted so close to the piston crown 

and reference was made to the work of Wills (30) which showed that a 

probe could be mounted within 0.025 cm. -bf a wall surface, the result 

being negligable heat loss to that surface, refer Appendix 4B. It 

was therefore decided that the mounting of the probes at a height of 

.038 cm. was perfectly acceptable and no correction was necessary 

for the signals obtained~' 

The results show that an orderly flow exists within the 

cylinder, except for the early part of the induction period when it 



appears that the flow js particularly random as it enters through the 

inlet valve. Howevc; .:uring the latter stages of the induction period 

and compression perie,::, the flow may be described as orderly and 

several conclusions can be made regarding the air motion, 

(i) 

(H) 

(Hi) 

(iv) 

(v) 

an orderly swirl is developed during the induction 

period after approximately 90 degree crank angle, 

the developed swirl exists throughout the 

compression period but \Vi th an increase in speed, 

as the piston approaches within 40 degrees of the 

top dead centre position, the flow pattern reduces 

to a two dimensional system since a low vertical 

angle B (always less than 10 degrees) exists, 

the air appears· to spiral into the combustion chamber 

as the top dead centre position is approached and an 

ideal radial movement of the air was not found, 

the angular velocity is approximately constant along 

a cylinder radius and suggests the presence of a forced 

vortex velocity profile. 

The successful demonstration of the orderly air motion and 

existence of a forced vortex velocity profile is supported by the work 

of Horvatin and Hussmann (11), Horvatin (31) and Stock (32), whose 

results are illustrated in Figs. 2.15, 4.18 and 4.19 respectively. 

However, in order to justify the assumption of a uniform pressure 

distribution to exist·within the engine cylinder, a mathematical analysis 

was undertaken where the forces existing on a fluid element were 

investigated in detail. The analysis is presented in Appendix 4C 
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and concludes that a forced vortex profile existing within the engine 

cylinder will be accompanied by a negligable radial pressure gradient, 

thus justifying the assumption of uniform pressu're distribution within 

the engine cylinder. 

Consequently, in order to predict the air motion within the 

engine cylinder, the demonstration of an orderly air motion, forced 

vortex velocity profile and uniform pressure distribution were extremely 

important contributions and formed the basis of the mathematical model 

detailed in Section 5.0. 

4.6 Conclusions of the Experimental Work Performed within 

a Motored Diesel Engine 

Having undertaken an initial programme of experimental work 

·using a hot wire anemometer system located on the piston crown within 

the cylinder of a motored Diesel Engine, the following important 

conclusions were made. 

(i) 

(ii) 

Initial experimental work performed on the pre-chamber 

engine used by Hassan (16) provided valuable experience 

for the future cylinder investigation. 

Three probes mounted mutually at right angles to each 

other and located at anyone of five radial positions, 

refer Fig. 4.5, could be manufactured and fitted to a 

false piston crown. The probe leads were then 

extracted via the connecting'rod and a ,specially 

designed swinging link mechanism. 
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(iii) 

(iv) 

(v) 

(vi) 

The swinging link mechanism was used to record noise 

free signals up to a maximum engine speed of 1750 r.p.m. 

An orderly air flow exists throughout the major part of 

the induction, compression and expar .. lion periods and is 

accompanied by a rapid release of air from the 

engine cylinder as the exhaust valve opens. 

After 90 degrees crank angle during the induction 

period, the air motion may be represented by a forced 

vortex velocity profile and this is supported by the 

work of Horvatin and Hussmann (11), Horvatin (31) and 

Stock (32) whose results are illustrated in 

Figs. 2.15, 4.18 and 4.19 respectively. 

Using the evidence of an orderly flow, forced vortex 

velocity profile and uniform pressure distribution 

existing during the majority of the induction and 

compression periods, it was concluded that a 

mathematical model could be developed in order to 

predict theoretically the air motion occurring within 

the engine cylinder during this part of the engine 

cycle. 
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FIG. 4.4 TYPI CAL ' FALSE PISTON CROWN' 
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FIG. 4.7 Co,ilPLETE SW I NGING LINK UNIT 



FIG. 4 . 8 THREE WIRE PROBE LOCATED INSIDE THE 
COMB US T ION CHAJ\lBER 
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5.0 A MATHEMATICAL MODEL FOR TIlE PREDICTION OF AIR MOTION 
WITHIN AN ENGINE CYLINDER 

5.1 Introduction to the Mathematical Model-

Following from conclusion (vi), Section 4.6, it was 

proposed that a mathematical model could be developed which would 

predict the air motion within the engine cylinder. The initial 

results, refer Figs_ 4.12 - 4.17, suggest that after approximately 

90 degrees crank angle during the induction period, an orderly swirl 

is developed and this continues to exist throughout the compression 

period. Similar results were found by Horvatin and Hussm&-m (ll), 

Horvatin (31) and Stock (32) whose experimental results are illustrated 

in Figs. 2.15, 4.18 and 4.19 respectively. In order to predict the 

velocity at any particular location within the cylinder, it was 

anticipated that a forced vortex velocity profile would be a 

representative description of the air motion within the cylinder and 

this was supported by the initial experimental evidence of the 

present investigation, refer Figs. 4.12 to 4.17. Both Horvatin and 

Hussmann (11) and Horvatin (31) using a similar combustion chamber 

geometry, refer Fig. 2.14, support this assumption and the experimental 

work of Stock (32), which was performed on an engine having a combustion 
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chamber similar to that used by Alcock (1) illustrated in Fig. 2.3, also 

suggests that the forced vortex profile is a good representation for the 

air motion within the engine cylinder. In order to develop the model 

using the basic information regarding the cylinder and engine geometry, 

it was concluded that the basic assumption proposed by Fitzgeorge and 

Allison (9) would be adopted; that is, the incoming momentum through 

the inlet port would be equal to the momentum conserved within the 

engine cylinder. During the compression period, the assumption of 



\ 

conservation of angular momentum could be used, although it would be 

necessary to account for the friction loss occurring between the air 

and the cylinder surfaces, particularly when the surface to volume ratio 

for the cylinder increases during the latter part of the compression 

period. Dicksee (8), Alcock and Scott (10) and Horvatin and 

Hussmann (11) have all suggested that frictional forces might be 

considerable during the latter part of the compression period. Hence 

a mathematical model is proposed in Section 5.2 which computes the 

angular velocity throughout the induction period assuming momentum to 

be conserved, whilst Section 5.3 considers the entire compression period 

and the angular velocity is computed assuming that the angular momentum 

is conserved, whilst the effects due to friction caused by the 

cylinder wall, the piston crown and cylinder .head are accounted for. 

A method of solution of the relevant equations for the angular velocity 

throughout the induction and compression periods is given in tabular 

form in Section 5.4. Section 5.5 outlines the necessary experimental 

work undertaken to support them&hematical model. A thorough discussion 

is made of the mathematical model in Section 5.6 and comparison is made 

between the angular velocity computed using the model and those 

measured experimentally using the hot wire anemometers at an engine 

speed of 1000 r.p.m .. Finally, in Section 5.7, an analysis is made of 

the theoretical squish equation proposed by Fitzgeorge and Allison (9) 

and comparison is made between this computation and experimental work 

performed at the edge of the combustion chamber again at an engine 

speed of 1000 r.p.m. 
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5.2 Analysis of the Swirl during the Induction Period 

The induction period may be regarded as the charging of 

a container from a reservoir where the conditions inside the cylinder 

are assumed uniform at any time and the reservoir and cylinder are 

filled with the same gas. The instantaneous mass flow, pressure and 

induced mass of air into the cylinder during the induction period 

may be computed on an energy transfer basis with the assumption of 

a reversible adiabatic process. The basic relationship is that the 

rate of entry of energy into the cylinder with the ingoing air is 

equal to the rate of increase of internal energy, plus the rate at 

which work is done on the pipton (assuming work done on the system 

to be positive). 

Therefore, 

Energy inflow/second 
= through inlet port 

Work done/second 
on piston + 

Increase in internal 
energy in cylinder 

5.1 

At any time, the internal energy in the cylinder is 
PV 

k - 1 ' 

assuming a zero datum for the internal energy at the temperature 

80. 

= l' [Pd' dtV + Vd' d
t 

P ] T = OOK and the rate of increase of internal energy is :-k-=--:-

P dV The rate· of work done on the piston is 
dt 

of energy (enthalpy) inflow is 

dm epT 
dt 

P dV 1 
dt + (k-l) 

dm 
dt 

dV 
dt + 

v dP] 
dt 

and finally the rate 

Hence 

5.2 



Equation 5.2 may be solved by expressing it in finite difference form 

wi th a sufficiently small time step A t over which the pressure and 

volume maintain some representative value, i.e. 

Am 
At 

CpT 
= 

P D,V 
At + (k-l) 

1 YAP] 
At 

Rearranging equation 5.3 gives 

P 
n+l = P + 

n 

(k:: 1) ID Cp TAt 

V 
n 

k Pn(Vn+l - Vn ) 
+ --'"-"'::'V:"::"_-=':'­

n 

where n refers to the step under consideration and m is the mass 

. d t Am flow rate into the cy11n er and is equal 0 At 

The mass flow rate into the cylinder may be computed by 

treating the inlet port as an orifice and applying the reversible 

5.3 

5.4 

isentropic compressible flow equation, refer Houghton and Brock (38), 

whilst a suitable correction is made for friction through the inlet 

port, refer Section 5.6.2 for justification, i.e. 

1 k-l ! 

[P rG 2k fo ~ - (::)] k 

] .... " .... 
m = A* 

P: (k~~) P 5.5 0 

* where 0 refers to atmospheric conditions and A is the effective 

area of the inlet port when friction is accounted for. 

5.2.1 Momentum Considerations for the Induction Period 

During the induction period of an engine, the mass 

flow, valve opening and consequently the swirl velocity vary from 

instant to instant. Assuming that momentum is conserved in the engine 
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cylinder, then the rate of change in angular momentum in the cylinder 

may be equated to the moment of momentum entering through the inlet 

port, i.e. 

b,(Iw) 

·Co t 
= m r Ucos 11 cos }1 5.6 

where r is the distance of the inlet valve centre from the cylinder 

axis and U is the velocity of the air associated with the 

instantaneous mass flow rate m through the inlet port. 11 is the 

angle between the cylinder head and the inlet port axis, refer 

Section 2.1 and Fig. 2.1 where the component Ucos 11 is discussed 

in detail (the angle 11 equals 30 degrees) and }1 is the angle 

formed between the inlet port axis and the line joining the cylinder 

axis to the inlet valve axis (the angle}1 equals 90 degrees for the 

cylinder head considered). 

Now conSidering the mass flow rate to be a dependant 

variable as outlined in Section 5.2, then 

= * e'n U A 

and substitution for U into equation 5.6 gives 

A (Iw) 
~t 

expressed by 

f>n 

= 

= 

.2 
m r cos 11 cos }1 

~n A* 

Now the density inside the cylinder may be 

1 

p k 
n 

\0 (p) 0 

5.7 

5.8 

5.9 
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where nand 0 refer to the cylinder and atmospheric conditions 

respectively. 

Hence, the total angular momentum at time t 

may be found by integrating both sides of equation 5.8 and 

substituting for fn i.e. 

[ 
1 

.2 
cos ~ cos 11 k m r P 

I w (t) = 
A* eo (~) dt 

P 
n 

0 

5.10 

where the upper limit t in equation 5.10 refers to the 

instantaneous time or crank angle position during the induction 

period (noting that dt = de/6N where N is the engine r.p.m.). 

If now the air in the cylinder is regarded as 

two coaxial cylinders attached but located one above the other, 

the lower one of diameter. d and volume Vb being the combustion 

chamber and the upper one of diameter D representing the cylinder, it 

will be noted that at the top dead centre position, the lower cylinder 

contains practically all the charge and the upper one having 

almost negligible capacity. At the bottom dead centre position 

however, the upper cylinder has its maximum capacity and the lower 

cylinder a small capacity by comparison. The effective diameter of 

the induced mass therefore varies with piston displacement. 

For the assumption of a forced vortex velocity 

profile,' wr = constant, where w is the angular velocity and r 

is the radius at a particular location. Hence, it may be shown, 

refer Appendix 5A, that the angular momentum of the total induced 

mass at any instant is given by 

I = 5.11 



Hence, using equations 5.10 and 5.11 and 

noting that the trapped mass m
t 

will vary throughout the induction 

period, the angular velocity may be computed at 'any instant of 

time throughout the induction period and details of this computation 

are given in Section 5.4. 

5.3 Analysis of Swirl during the Compression Period 

Having determined the angular velocity throughout the 

induction period using the assumption of conservation of angular 

momentum outlined in Section 5.2, it is reasonable to assume that the 

angular velocity throughout the compression period may be determined 

using the same assumption. However, it was mentioned in Section 5.1 

that, in order to develop a more representative equation for the 

compression period, during-which the surface to volume ratio increases 

as top dead centre is approached, the effects of friction between the 

air and the containing surfaces would have to be considered. Hence 

an investigation was made of the effects due to friction caused by 

(i) the cylinder wall 

(ii) the cylinder head and piston crown 

(i) and (ii) were isolated from each other and investigated in detail 

in Section 5.3.1 and 5.3.2 and Section 5.3.3 then investigates the 

combined effect due to (i) and (ii) where a representative equation for 

the angular velocity throughout the compression' period is derived . 

. Finally, Section 5.3.4 considers the case where friction is neglected 

and a simplified equation is derived for the angular velocity throughout 

the compression period. 
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5.3.1 Frictional Effects caused by the Cylinder Wall 

In order to compute the frictional effects due 

to the cylinder wall, it is necessary to consider the forces exerted 

on the cylinder wall and equate these to the change of angular momentum 

of the rotating mass inside the cylinder, i.e 

Momentum Change of 
the rotating fluid ~ of the restraining torque present 

5.15 

Assuming that a forced vortex flow pattern exists and that the viscosity 

effects in the fluid bulk are negligible, then it may be shown that the 

shear torque exerted at the wall, on the rotating fluid at any crank 

angle position 0 is given by, 

D IT D 8(0) 't: 
2 

where D is the cylinder diameter, 

8(0) is the displacement of the piston crown from the top 

dead centre position at crank angle 0 

t. is the frictional force per unit area acting on the 

cylinder wall. 

It may also be shown that, by substituting 

U = WD/2, where U is the tangential velocity and w is the 

angular velocity, 

t = 8 

where Cf the skin friction factor may be approximated to that of a 

5.16 

5.17 
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flat plate where the characteristic length in the Reynolds Number is 

equal to the circumference of the cylinder ITD, 

i.e. = 
-0 2 

0.067 Re . 

2 
where Re = ('WD 1)1 and e and J1 are the density and 

viscosity of the air respectively. 

Substitution for '[ into equation 5.16 gives, 

5.18 

- 0.067 n D3 . 6 (' 0.8 )10 2 S(8) 1.8 
w 5.19 

16 

5.3.2 Frictional Effects caused by the Piston Crown 

and Cylinder Head 

In order to compute the frictional effects caused 

by the cylinder head 'and piston crown, suppose the cylinder head and 

piston crown are approximated by two flat discs of diameter D 

and consider the torque force acting at the mean cylinder radius D/4, 

which may be equated to the incremental angular momentum change of the 

rotating mass inside the engine cylinder, refer equation 5.15, 

Section 5.3.1. Assuming that a forced vortex flow pattern exists, 

it may be shown that, for the two surfaces considered, the restraining 

torque due to the shear stress is 

86. 

D • 2 t' Area 
it 

5.20 

Substitution for l: and noting that the expression for C
f 

for a 

flat disc with mean radius D/4 results in the expression 

= 0.088 Re-0 . 2 
5.21 



I 

I 

I 

where 2 
Re = eWD Ip and the characteristic length is TI D/2. 

Hence, the following equation may be derived 

from equations 5.20 and 5.21 
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- 0.OS8 TI 
256 

l.S w 
5.22 

5.3.3 Computation of the Angular Velocity throughout 

the Compression Period assuming Friction is Present 

Following from Sections 5.3.1 and 5.3.2 where 

the frictional effects due to the cylinder wall and cylinder head 

and piston croWn were considered separately, it is now possible to 

combine 5.19 and 5.22 and derive a representative equation for the 

angular velocity throughout the compression period which accounts for 

friction caused by both the cylinder wall and the cylinder head and 

piston crown, and noting that the rate of change of angular momentum 

of the rotating fluid mass is . 
L\ (lw) 
6t then, 

Ll Ow) 
.6t 

-"TI..;:....;D:;,.3_._6_<'-'-0_. S::-:f-}1,,-0_._2_W.::..l_. 8_ r O. 067 S (e) + 
16 L 

which may be expressed as, 

I .6.w 
At + 

W .61 
~t 16 

1.S 
W ~'067 s(e) + O. 08S'0 ] . 

16 

• 

5.23 

5.24 
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Equation 5.24 may now be solved by expressing it in finite difference form 

and noting that the suffix n refers to the next step in the engine cycle 

and suffix p refers to the previous step in the engine cycl~ whilst 

the mean value of I and ware computed for the step under 

consideration. Hence we have, 

1.8 
Up + In),wn - wp ) + (wp + wn)(In - IP) -A wp + wn) 

2 \ At 2 = ( 
At 2 

A 
n D3 . 6 e 0.8 )10.2 

[0.067 S(8) + 0.088 
DJ where = 16 16 

Simple algebra reduces equation 5.25 to the following 

In wn - Ip wp 
1.8 

= _ A (wp + wn) 6. t 
2 

and this may be solved for each crank angle position throughout the 

5.25 

5.26 

compression period and hence the angular velocity may be computed throughout 

the compression period with the frictional effects of the containing 

surfaces accounted for. Actual computational details are discussed 

in Section 5.4 

5.3.4 Computation of the Angular Velocity throughout 

the Compression Period Neglecting the Effects of Friction 

Suppose, however, that fricti~n were neglected from 

the analysis of the angular velocity throughout the compression period, 

then the forces present acting at all surfaces, refer equation 5.23, 



would be zero and hence the rate of change in angular momentum of the 

Gylinder contents would be zero, i.e . 

Therefore, 

Hence 

.6. (Iw) 
6t = 0 

I w = constant 

1. w. = la wa 1VC 1VC 

where the subscripts ivc and a refer to the position of inlet 

5.27 

5.28 

valve closure and any crank angle a throughout the compression period 

respectively. Hence, we may derive the simplified expression, 

= W
ivc 5.29 

which may be used to obtain the angular velocity throughout the 

compression period, neglecting the effects of friction. 

5.4 Solution of the Mathematical Model 

In order to compute the angular velocity throughout the 

induction and compression periods, two computer programs were written 

in Fortran IV. The program listings are included in Appendix 5C along 

with a description of the input and output data parameters whilst a 

89. 

comprehensive flow chart may be found in Table 1 at the end of Section 5.0. 

5.4.1 Induction Period 

The first program N250 computes the angular velocity 

throughout the induction period and a tabular solution is outlined below. 
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1. Read in the engine data parameters associated with the effective 

* inlet valve area A which are 

COEFl The coefficients obtained from a least squares fit 

COEF2 performed on the curve of (·ffective inlet valve area 

COEF3 plotted against the ratio vlave lift/valve diameter 

and illustrated in Fig. 5.3. 

DTH Inlet valve rise and fall period (0) 

z Maximum inlet valve lift (m) 

2. Read in the engine'data parameters which are, 

3. 

s 

G 

DC 

DB 

T 

BVOL 

VRAD 

AREAPORT 

Engine stroke (m) 

Connecting rod length (m) 

Cylinder diameter (m) 

Combustion chamber diameter (m) 

Ratio of the specific heats (-) 

Volume of the combustion chamber (m3) 

Inlet valve radius (m) 

Area of the in£t port (m
2

) 

Read in the constants associated with the air in the inLet manifold 

which are, 

CP 

TO' 

PO 

RHO 

VCL 

ERl 

VA 

DV 

o Specific heat of air at ambient temperature (J/kg C) 

Ambient temperature of the air (oC) 

Ambient pressure of the air (N/m2) 

3 Density of the air at ambient temperature & pressure (kg/m 

Clearance volume, comprising the combustion chamber 

3 and bump cloarance volume (m ) 

Percentage error allowed in the Wegstein Iteration Procedur 
(-) 

Angle between the inlet port axis and the cylinder head (0 

Diameter of the inJe t valve (m) 
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4. Read in the final induction parameters which are 

RPM Engine' speed (r.p.m.) 

PCYl Initial cylinder pressure assumed to be 

1 0l0CON/m
2 

FLOTO Initial trapped mass inside the cylinder and 

computed to be .000053 kg from the clearance 

volume and initial density assuming atmospheric 

conditions. 

5. Compute the cylinder parameters for the crank angle position 

6. 

7~ 

considered, i.e. piston displacement from the top dead centre 

position, cylinder volume, inlet valve lift and effe0tive inlet 

valve area. It is important to mention that in order to simulate 

the inlet valve timing, measurements were made of the actual timing 

(which was found to be 15 BTDC to 25 ATDC) and the inlet valve opening 

approximated by a sine wave beginning at top dead centre and 

extending over a period of 95 degrees crank angle. The inlet 

valve closure was simulated by a cosine wave, however the period 

of closure extended over 110 degrees crank angle. 

Solution of equation 5.5, 

[
Pn] iS2k - (-) 
p k -1 

o 
= 

using the data computed from step 5 at the particular crank angle 

considered, (h d / 2 b" were P was assume to be 101000 N m at the eglnnJ.ng . n 

of the computation). 

Solution of equation 5.4, i.e. 

(k-l) ID Cp T 6. t 
Pn+l = Pn + V 

n 

k Pn (V - V ) 
n+1 n + -....!!-..!!.:!V~-...!!..-

n 
assuming a step length of one degree crank angle and noting that 

At = 6. e/6N , where N is the engine r.p.m. 



It should be mentioned that, during the initial stages of the 

induction period (approximately the first 10 degrees), the solution of 

equations 5.4 and 5.5 become unstable and therefore, even with a 

small step length of one degree crank angle, it was found necessary to 

introduce the Wegstein (39) Iteration procedure. This iteration permitted 

a computation to be made of the mass flow rate m using equation 5.5 

and then the pressure was computed at step n + 1 using equation 5.4. 

A second estimation of the mass flow rate was then made at the same 

crank angle position using the latest value of cylinder pressure (P 1) n+ . 

computed from equation 5.4 and substituting this value for the cylinder 

pressure (p ) 
n 

in equation 5.5. Hence a further computation of the 

cylinder pressure (p 1) was made from equation 5.4 using the latest 
n+ 

computation for the mass flow rate. Providing that the difference between 

these pressure computations was less than 0.0001, the computation of mass 

flow rate and pressure was assumed successful and the procedure 

continued to the next crank angle position. If, however, the difference 

between the computed pressures was greater than 0.0001, then the 

iteration procedure continued until such time that the specified condition 

was satisfied. The program then continued to the next crank angle position. 

8. Having computed the instantaneous mass flow rate and pressure at 

each individual crank angle position throughout the induction 

period, the rate of change of angular momentum of the entering air 

was computed using equation 5.8, i.e. 

!:J. (Iw) .2 
I') cos J1 m r cos 

L\t = A* 
fn 

and finally the angular velocity at each 

throughout the induction period computed 
1 

.2 nI " m r cos )U cos " 
k 

crank angle position 

using equation 5.10, 

dt 

The angular velocity may thorefore be computed throughout the 

induction period. 

i.e. 



5.4.2 Compression Period 

The second program N260 computes the angular 

velocity throughout the compression period and assumes that the 

angular momentum is conserved whilst friction ~s accounted for 

between the air and t,he containing surfaces. In tabular form, the 

solution is as follows:-

1. Read in the pressure and temperature data at every 10 degrees 

crank angle throughout the compression period. 

2. Read in the engine data parameters which are: 

B Connecting rod length (m) 

S Engine stroke (m) 

VIS Viscosity of air at ambient temperature ' gm/cm s ) 

DC Cylinder diameter (m) 

DB 

BVOL 

, RPM 

ASST 

Combustion chamber diameter (m) 

Volume of combustion chamber (m
3

) 

Engine speed (r.p.m.) 

Mass trapped at the end of the induction period (kg) 

WP Angular velocity at the end of the induction period (r.p.m.) 

3. Compute the pressure and temperature data at each individual crank 

angle position throughout the compression period assuming that the 

pressure and temperature vary linearly over the ten degree crank 

angle step. This latter assumption was justified since both the 

temperature and pressure traces (typical results illustrated in 

Figs. 4.10 and 4.11 respectively) were exceptionally clear and free 

from any electrical noise. Consequently, the ordinates could be 

accurately measured at ten degree intervals without difficulty. 



4. Compute the moment of inertia at the point of inlet valve closure 

using equation 5.11, i.e. 

tIT D' ,'" d2 
+ 4 

I 16 Vb = mt 
- 2 <:. IT D sce) 

+ 1 4 V 
and call this II" b 

5. Compute the moment of inertia at the next crank angle position 

using equation 5.11, but noting that sce) will have changed as the 

piston travels up the cylinder, and call this ~ 

6. The angular velocity wn may now be computed at the particular 

crank angle position considered using equation 5.26, i.e. 

where 

1.8 
In wn - Ip wp = _ A (wp + wn) 6.1;. 

2 

A= 
IT D3.6pO.8)l0.2 f, :\ 

lEi ~O.067 sce) + O.08~6D~ 
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It should be mentioned that equation 5.26 may be solved using an IBM 

itoration subroutine (41) which may be obtained from the ICL computing 

facilities at Loughborough University of Technology. 

7. Transfer to the next crank angle position so that Ip = III and 

Wp "WO and the computation continues from step 5 above for the 

next crank angle position during the compression period. 

8. In order to compute the angular velocity neglecting friction, the 

modified form of equation 5.26 may be used, i.e. 

In wn - Ip wp = ° 
and hence the angular velocity computed throughout the compression 

period assuming friction is neglected. 



5.4.3 Solution of the Angular Velocity throughout the 

Induction and Compression Periods 

From the tabular solution outlined above, it may 

be observed how the relevant equations are adopted for the computation 

of angular velocity during both the induction and compression periods. 

However, further information regarding the computation of the 

angular velocity is provided in Table I in the form of a flow diagram 

and the program listings are included in Appendix 5e. 

5.5 Experimental Justification of the Mathematical Model 

5.5.1 Inlet Port Velocity Measurement 

During the development of the mathematical model, 

it was considered necessary to measure the instantaneous air velocity 

in the inlet port at the junction between the inlet manifold and the 

cylinder head and compare this with the value at that same section 

obtained from the theoretical mass flow rate through the inlet port 

using equation 5.5. A hot wire anemometer system was adopted similar to 

that outlined in section 4.0, but here a one dimensional flow was 

anticipated and consequently only a single wire probe was used. A 

representative value of the inlet velocity was determined by measuring 

the velocity at several locations in the measuring section and the mean 

of the results computed and illustrated in Fig. 5.4 where comparison is 

made between the theoretical and experimental velocities through the 

inlet port and further discussion is' presented in section 5.6.1. A 

typical example of the bridge voltage signal is illustrated in Fig. 5.1, 

where trace a illustrates good repeatability of the signal obtained when 

95. 
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the probe was rotated about its own axis and a maximum signal obtained 

with the probe senSing wire perpendicular to the flow. Measurements 

of the temperature and pressure of the air were also recorded at the 

measuring section of the inlet port but these measurements were found 

to be very similar to that of ambient temperature and pressure and 

therefore further measurements of temperature and pressure were 

neglected. 

5.5.2 Cylinder Head and Inlet Port Suction Tests 

In order to make an accurate estimation of the 

* effective inlet port area A which is a major parameter in the solution 

of equations 5.5 and 5.10, a series of suction tests were performed 

using the Disa Wind Tunnel, refer Fig. 3.5. The tunnel had to be 

modified in order to accommodate the cylinder head, however the inlet 

diameter of the tunnel was approximately 7.5 cm. in diameter whilst the 

engine cylinder diameter was 10 cm. diameter and consequently it was 

considered more acceptable to modify the existing equipment rather 

than build a complete piece of new test equipment. 

The inlet valve was located in the cylinder head and, 

whilst the latter was secured to the tunnel and sealed using plasticine 

to prevent any leakage, the inlet valve lift was adjusted using a 

specially designed dial gauge. The tunnel was then operated at a 

range of'speeds so that the mass flow rate through the tunnel could be 

varied at each particular valve lift. From measurements made of the 

suction pressure at approximately 1.5 tunnel diameters downstream from 

the tunnel entrance,noting the pressure drop across th~ measuring section and 

assuming that the coefficient of discharge Cd for the tunnel to be unity, 

the mass flow rate through the tunnel was computed using equation 5.5. 

In order to justify the use of the tunnel with the cylinder head mounted 
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at the tunnel entrance, a measurement was made of the velocity at the 

measuring section of the tunnel using an anemometer and this agreed 

(within 5 to 10% error) with the theoretical velocity computed from 

the mass flow rate, thus justifying the use of the tunnel and 

confirming that the cylinder head did not have a detrimental effect 

to the tunnel performance. 

Having computed the mass flow rate through the 

tunnel, it is reasonable to suppose that this is equal to the mass 

flow rate through the inlet port of the cylinder head during too suctioo test. HenCE, 

by measuring the pressure difference across the inlet port, it is 

possible, using equation 5.5, to compute a value of * . A , the effechve 

area of the inlet port at a particular valve lift assuming that 

* friction is present. A typical family of values of A are plotted 

against the pressure ratio across the inlet port and these are 

illustrated in Fig. 5.2 for a variety of valve lift positions. 

Analysis of Fig. 5.2 reveals that, providing that the pressure ratio 

across the inlet port is less than 0.997, then the value of A* is 

approximately constant for each value of valve lift, hence the curve 

illustrated in Fig. 5.3 was drawn and this provides a valid estimation 

of the effective area of the inlet port plotted against the ratio of 

inlet valve lift/inlet valve diameter. This data was therefore used 

in the computation of the angular velocity throughout the induction period. 

5.5.3 Experimental Swirl Measurement 

From the experimental program outlined in Section 4.0, 

the velocity vector was measured at several radial, locations on the piston 

crown, refer Fig. 4.5, and typical results are illustrated in 

Figs. 4.12 to 4.17. TIle experimental velocity vectors were resolved 

into the horizontal plane parallel to the piston crown and then the 



angular velocity computed at each radial location. Hence, by 

taking the mean of the five individual angular velocities, a mean 

representative value of the angular velocity was computed for 

particular crank angle positions throughout the induction and 

compressions periods. Fig. 5.5 illustrates a comparison between the 

theoretical model and the experimental results for an engine o~erating 

speed of 1000 r.p.m. and a comprehensive discussion of the results 

may be found in Section 5.6. 

5.6 Discussion of the Mathematical Model 

5.6.1 Inlet Port Velocity Measurement 

As mentioned in Section 5.5.1, during the 

development of the mathematical model, it was considered necessary to 

check the velocity of the air computed from the theoretical mass flow 

rate at the junction of the cylinder head and inlet manifold and 

compare this with the measured velocity at that same section of the 

inlet port. Fig. 5.4 illustrates the comparison between the two sets 

of results for an engine speed of 1000 r.p.m. and it may be observed 

that the comparison is good throughout the entire induction period. 

Hence,the mass flow rate computed by the mathematical model was assumed 

to be correct and could be relied upon to compute the angular velocity 

within the engine cylinder. 

5.6.2 Mean Angular Veocity 

Fig. 5.5 illustrates the comparison made at an 

engine speed of 1000 r.p.m. between the computed velocity using the 

mathematical model outlined in Sections 5.2 and 5.3 and that measured 
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using the hot wire anemometers in a similar manner, to that outlined in 

Section 5.5.3. Consideration of Fig. 5.5 reveals that the comparison 

between the computed and measured angular velocity is good throughout 

the majority of the induction and compression periods and the curve 

reaches a peak during the induction period at approximately 

100 - 120 degrees crank angle and then decreases until the point of 

inlet valve closure. The curve then increases throughout the 

compression period and two curves are illustrated here, the upper 

one being the velocity profile assuming friction was neglected, 

whilst the lower curve is the profile derived from equation 5.26, 

when friction caused by the containing surfaces was accounted for. 

It may be observed that, dur;.'lg the compression period, the maximum 

frictional effect occurs at 360 degrees crank angle when the difference 

between the frictional and non-frictional curve is approximately 24% 

and the experimental results at this point in the engine cycle agree 

closely (within 6%) with the curve computed assuming friction to be 

present. Comparison of the results with the experimental work of 

Lee (7) and Horvatin and Hussmann (11), refer Figs. 2.8 and 2.15 
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confirm the general profile of the angular velocity throughout the 

induction and compression periods and provide additional experimental 

evidence in support of the mathematical model. However, it was impossible 

to make direct comparison of these latter experimental results with the 

proposed model owing to the lack of detailed information regarding the 

engine g~ometry on which the authors performed their experimentation. 

Two important modifications to the original theory 

outlined in Section 5.2 were included in the computed results illustrated 

in Fig. 5.5 and these will be discussed in further detail. 

(i) Throughout the induction period, the moment of 

inertia of the trapped mass of air inside the cylinder was approximated 



by the expression 
2 

mt D /8, where is the instantaneous trapped 

mass and D the cylinder diameter, instead of the more complicated 

expression given by equation 5.11, refer Section 5.2. Fig. 5.6 

illustrates a comparison between this modified expression and that 

given by equation 5.11 and it may be observed that, during the 

first 20 degrees crank angle of the" induction period, the difference 

between the two expressions is approximately 250%, whilst at 70 degrees 

crank angle, the difference has reduced to only 6%. In order to 

further justify the use of the expression mt D2/8 (which gives 

reasonable agreement wi th the experiment al resul ts) investigation 

was made of the velocity profile measured during the initial stages 

of the induction period. Fig. 5.7 illustrates the outward radial 

velocity component plotted at three different radial positions and 

for engine speeds of 500 r.p.m. and 1500 r.p.m. It may be observed 

that, during the first 40 degrees crank angle, there is a definite 

concentration of the trapped mass in the vicinity of the cylinder wall. 

Hence, it was considered acceptable to adopt the simplified expression 

2 
m

t 
D /8 for the moment of inertia of the trapped mass, since this 

appeared to be a more representative.expression than that given by 

equation 5.11, refer Section 5.2. 

(ii) Also, during the induction period, it was found 

d f f · * necessary to mo i y the e fect~ve area of the inlet port A by an 

increased factor of 10% in order to achieve good agreement with the 

experimental results and this modification was justified on the 

following basis. When the experimental work was performed to 

* estimate the value of the effective inlet port area A , the suction 

pressure of the tunnel was measured ~t a location of only 1.5 diameters 

downstream from the tunnel entrance and therefore it was suspected that 

this pressure measurement was too low, since it was made in the 
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transition period before the streamline of the flow expands to 

the tunnel diameter. H~nceJ because the suction pressure was too low, 

* the computation of A from equation 5.5.was consistently too low. 

In order to substantiate this argument, reference was made to 

Rouse (40) who considers in detail the effect of an abrupt enlargement 

in a conduit and for only a diameter ratio of 2, Rouse (40) shows 

that under prediction of the pressure may occur if the measuring 

section is not located sufficiently far downstream. Estimations 

of the ideal pressure location was made from Rouse's (40) work 

and it would appear that for the abrupt enlargement illustrated in 

Fig. 5.9, the measuring section should be located approximately 

5 diameters downstream from the point of enlargement, where the 

diameter referred to is that of the enlarged section. Hence the value 

* of the effective inlet port area A used in the computation of angular 

velocity was increased by a factor of 10% and this computation is 

illustrated in Fig. 5.5. Fig. 5.10 illustrates a comparison between 

* the angular velocity computed using the original value of A , that 

* computed using the modified value of A and the experimental results 

at an engine speed of 1000 r.p.m. It may be observed that, when the 

* modified value of A was used, the agreement between the computed and 

experimental results were considerably improved. 

During the initial stages of the induction period, 
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the greatest errors occur between the computed and experimental results, 

these being approximately 20% and may be due to two important contributing 

factors: 

(i) The model assumes ideally that the engine cycle 

is only just commencing at the top dead centre position during the 

induction period and hence the computed velocity is zero at this 

position. In reality, however, this is not the case and the experimental 



- - --- - --------------------- 102.-

measurements were made' when the piston had attained a pre-determined 

operating speed, hence it is not unreasonable to suppose that the effect 

of the exhaust valve closure would contribute to the experimental results 

and no attempt was made to account for this in the mathematical model. 

Cii) From the conclusions of Section 4.0, it was 

stated that the initial experimental results suggest that a uniform 

swirl pattern is only developed after approximately 90 degrees crank 

angle and hence the errors encountered before 90 degrees crank angle 

may be due to the poor development of the swirl pattern during this 

part of the engine cycle. 

Investigation was also made using the model, of the 

effects of operating the engine at 4000 r.p.m. and, whilst this was 

physically impossible for the particular engine considered, since the 

engine was designed for an optimum operating speed of approximately 

2000 r.p.m., it was interesting to note the effect of friction at this 

high speed. Fig. 5. 8 illustrates the computed angular velocity 

throughout the induction and compression periods for an engine speed of' 

4000 r.p.m. Observation of the two curves drawn for the compression 

period, the upper one neglecting friction and the lower one accounting 

for the friction effects caused by the containing surfaces, suggests that 

friction results in a decrement of the swirl velocity of approximately 

21%. Hence, it was concluded that no drastic change occurs due to 

the effect of friction as the engine speed was considerably increased. 

Indeed, for the two cases presented here, the effect friction has on 

the swirl velocity is reduced from approximately 24% at 1000 r.p.m. to 

approximately 21% at 4000 r.p.m. and this suggests the assumption of 

an approximately constant percentage decrement in swirl velocity due 

to friction as the engine speed varies. 

--- - -----------
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In order to investigate further the effects of the 

'* modification to the effective inlet port area A , the mathematical 

model was used to compute the angular velocity during the induction 

period at an engine speed of 1500 r.p.m. (this was the highest engine 

speed anticipated for any of the experimental work) and the effective inlet 

* port area A was increased by 25%. Observation of the results revealed that 

the maximum mass flow rate through the inlet port, which occurs at 

approximately 80 degrees crank angle, was qnly increased by approximately 

2.5% and this suggests that, whilst alteration of the inlet port will have 

little effect upon the volumetric efficiency of the engine, it will 

contribute significantly to the angular velocity developed within the· 

engine cylinder, refer Fig. c.lO. Hence it must be concluded that the 

angular velocity developed within the engine cylinder is particularly 

dependent upon the effective inlet port area and immediate increase in 

the angular velocity within the cylinder may be achieved by a 

reduction of the inlet port area. However, it must be stressed that 

continual reduction of the inlet port area is not possible since a 

critical position must be reached when the volumetric efficiency will 

be reduced considerably and thereby create a detrimental effect to 

the engine performance. 

In conclusion, the initial comparison between the 

computed and measured angular velocity suggests that, for an engine 

operating speed of 1.000 r.p.m., it is possible to compute the 

angular velocity using the mathematical model presented in 

Sections 5.2 and 5.3 where the induction and compression periods are 

considered in detail and friction was accounted for throughout the 

compression period.. However, further discussion is presented in 

Section 6.0 where a range of engine speeds, inlet valve masking and 

supercharging are investigated. 
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5.7 Analysis of the Squish During the Compression Period 

5.7.1 Fitzgeorge and A1lison (9) Theoretical Analysis 

Assuming that the air within the cylinder has 

a negligible swirl velocity and viscosity, Fi tzgeorge and Allison (9) 

developed a theory for the prediction of the squish velocity assuming 

that the contents of the outer cylinder are transferred to the 

combustion chamber during the latter part of the compression period, 

refer Appendix 5B. The analysis neglects the effect of friction 

and assumes that the spatial pressure distribution is negligible within 

the cylinder whilst the radial transfer of the air occurs. This latter 

assumption was analysed in detail by Fitzgeorge and Allison (9) 

and the authors showed that, if the pressure increase p' is small 

compared with the pressure inside the combustion chamber, then the 

non-uniformity of pressure may be neglected and the compressibility 

effects omitted from the Bernoulli equation Which reduces to: 

p' = ----- 5.30 

where E' is the density and U the velocity. Using typical values 

of U from the squish computation p' was computed by the authors 

for a clearance volume of 0.075 cm. and the maximum error involved 

found to be approximately 0.5%. Hence the presence of a pressure 

distribution was ignored and the equation derived for squish is 

given by 

I 
2 2 

(b - r·) dS(e) 
U = r 2r (AS(e) + vJ ·dt 5.31 
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where Ur is the radial velocity at radius r 

A is the cross-sectional area of the cylinder 

Vb is the volume of the com~ustion chamber 

S(6) is the displacement of the piston crown from the 

top dead centre position at cranlt angle 6 

b is the cylinder radius 

dS(6) 
is the piston speed. 

dt 

5.7.2 Frictional Effects due to the Cylinder Head and 

Piston Crown 

In order to consider the effects of friction caused 

by the cylinder head and piston crown on the squish velocity, a simple 

analysis was performed which equates the momentum change of the mass 

which is transferred from the outer cylinder into the combustion chamber, 

to the shear force due to friction acting on the piston crown and 

cylinder head. 

i.e. m A U = shear force ------- 5.32 

where m is the mass flow rate from the outer cylinder into the 

combustion chamber and 6u is the decrease in velocity associated with 

m due to the shear force. Consideration of the cylinder geometry reveals 

that equation 5.32 may be written in the form, 

= 5.33 



where 

Now 

is the density 

d the diameter of the combustion chamber 

U(2 is the arithmetric mean velocity of the mass flow 

into the combustion chamber (because the velocity 

at the cylinder wall is zero whilst that at the edge 

of the combustion chamber is a maximum) 

A U is the change in velocity due to the shear force 

~ is the frictional force per unit area 

D is the cylinder diameter. 

= 
1 
2 5.34 

Again, considering U(2 to be the representative velocity of the mass 
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flow and ef may be approximated to a flat plate where the characteristic 

length in the Reynolds Number is (D - d)(2, the distance between the 

cylinder wall and the combustion chamber, hence, 

where Re = 

ef = 0.072 Re-0 . 2 

(>U(D - d) 
4p 

and p is the viscosity. 

5.35 

Substi tution for ~ and ef into equation 5.33 

gives 

which reduces to 

= 

= 
0.072 <." U2.n (D2 _ d2 ) Re -0.2 

16 

0.072 U (D2 - d 2 ) Re- 0 . 2 

8 see) d 

5.36 

5.37 
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Equation' 5.37 was solved for the worst 

possible condition assuming that, at an engine speed of 1000 r.p.m., 

the squish velocity was equal to 18 M!S as computed from 

Fitzgeorge and Allison (9), equation 5.31, and that the piston was 

in the top dead centre position (resulting in the smallest flow 

passage), whilst the Reynolds Number was computed using the actual 

pressure and temperature data at 350 degrees crank angle. 

For an engine speed of 1000 r.p.m., it may be shown 

that the maximum errOr possible in the velocity is approximately 

12%. The computation was repeated for an engine speed of 4000 r.p.m. 

and here the maximum error was approximately 10%. Thus, in ~ 

similar manner to the swirl, refer Section 5.6, it is apparent that the 

percentage decrease in velocity due to friction remains approximately 

constant with engine speed. Because the percentage change in velocity 

due to friction is of the same order of magnitude as the error in the 

anemometry system developed for detecting velocity magnitude and 

direction, it was decided that the squish computation could neglect 

the effect of friction. 

5.7.3 Experimental Squish Measurement ** 

During the latter part of the compression period, 

it was anticipated that squish would be developed as the piston 

approached the top dead centre position and the mass of air was 

transferred from the outer cylinder into the combustion chamber. In 

order to measure the squish component, two anemometers were located 

at the edge of the combustion chamber at the same.level as the piston 

crown. 'The probes were located so that the squish component would form 

an angle of incidence with each probe and the resultant magnitude could 

** Experimontal squish in this context refers to the 
radial component of the flow. 
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be computed using the relationship Us = U . sin 8 
max~mum 

where 8 is the angle between the anemometer sensing wire and any 

cylinder radius and was equal to 45 degrees. Using two probes 

instead of one permitted a check to be made on the computation. 

5.7.4 Discussion of the Squish Velocity 

Using the theoretical squish equation 5.31 developed 

by Fitzgeorge and Allison (9) and presented in detail in Appendix 5B, 

the squish velocity was computed for a radial location equal to 

2.70 cm. (equal to the combustion chamber radius) and is illustrated 

in Fig. 5.11 for an engine speed of 1000 r.p.m. Observation of 

Fig. 5.11 reveals that for the engine geometry under consideration, 

the squish has a maximum computed value of approximately 18 M/S 

at 354 degrees crank angle. However, for the air being transferred 

from the outer cylinder area into the combustion chamber, it was 

suggested in Section 2.3.4 that the swirl and squish cannot be 

isolated from each other and that a spiral pattern is the more probable 

motion for the air as it enters the combustion chamber. Hence, the 

comparison between the experimental and theoretical squish is only 

included to illustrate that the air motion has a radial component 

during the latter stage of the compression period and the measured 

component agrees approximately with the theoretical squish computed 

using the equation presented by Fitzgeorge and Allison (9), refer 

Section 5.7.1, which neglects the effect of friction. From the simple 

analysis outlined in Section 5.7.2, where the momentum change of the 

mass transferred from the outer cylinder into the combustion chamber· 

was equated to the shear force due to friction! it was shown that 

for an engine speed of 1000 r.p.m., the percentage deCrement in the 

velocity was approximately 12%. This was computed for the worst 

possible case when the piston was in the top dead centre position and 



hence for all crank angle positions before top dead centre, the 

frictional effect will be considerably reduced, since the surface 

to volume ratio of the cylinder and the squish v'elocities will be 

o less than that at 354 crank angle. When the piston is in the top 

dead centre position according to the theoretical computation, the 

squish velocity is zero, since the mass contents of the cylinder have 

now been transferred completely to the combustion chamber and this 

10 . 

is not supported by the experimental evidence. It is possible, however, 

that the anemometer is responding to a component of the swirl velocity 

when the piston is in the top dead centre position and this would 

account for the discrepancy between the computed and experimental 

results in this position and thus justify the argument made previously 

that swirl and squish cannot be, isolated from each other but 

obviously combine together and probably form a spiral pattern as 

the air is transferred into the combustion chamber during the latter 

stages of the compression period. 

5.8 Conclusions of the Mathematical Model 

In conclusion, the highest error encountered between the 

theoretical model and the experimental measurements is approximately 

+ - 20%, however, observation of the results reveals that the majority of 

the comparisons are well within this error. The results do, however, 

show that the model predicts the general pattern of the air flow inside 

the engine cylinder with reasonable accuracy and justifies the assumption 

of a solid body rotation and a forced vortex velocity profile. 



During the induction period, there are particularly high 

three dimensional components of the flow and these are illustrated in 

Figs. 4.12 and 4.13. Consequently, even with the assumption of only 

a horizontal component of the inlet momentum, refer Section 2.1 and 

Fig. 2.1 and the computation of the horizontal compo.nent (parallel 

to the piston crown) of the experimental measurements, it is impossible 

to predict exactly the theoretical pattern of the flow during the 

induction period. 

The greatest error in the results appears during the 

initial stages of the induction period and this may be due to the 

effect of exhaust valve closure and the relatively poor flow 

development during the first 90 degrees crank angle of the engine 

cycle. Alternatively, this could also be due to a consequence of only 

one height above the piston crown being used for each radial location 

of the anemometers. Had the anemometers been located at different 

heights at each radial location and a mean value of the velocity 

determined from these results, a more satisfactory comparison might 

have been achieved. However, it was considered unnecessary to perform 

additional experimental work when a reasonable comparison had already 

been made throughout the compression period which was considered the 

most important part of the engine cycle. 

Consideration of the compression period and in particular 

the region 330-360 degrees crank angle, reveals that the comparison 

between computed and experimental results is good providing that the 

frictional effects of the cylinder surfaces are accounted for, and 

here the error between the computed and experin:ental results is 

approximately 6%. This latter period is of particular importance 

regarding any future work investigating the fuel injection process 

for a Diesel Engine where an accurate knowledge of the air velocity 

.1..1.u. 



and its distribution would be required and using the mathematical model 

developed here, this information could be successfully obtained. 

Considering the latter stages of the compression period, 

it was concluded that squish was present during this period and agreed 

approximately with the squish computed using Fitzgeorge and Allison (9) 

theory (which neglects the effect of friction). But when the piston 

is in the top dead centre position, a component of the swirl velocity 

was measured and this suggests that the swirl and squish velocities 

cannot be isolated from each other but, in fact, combine together 

to create a spiral flow as the air is transferred from the outer 

cylinder into the combustion chamber. 
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TAB L E 1 

N250 INDUCTION PERIOD PROGRAM 

I Start I 
t 

Read input data associated with effective inlet port * area A , 

COEF1, COEF2, COEF3, DTH, Z 

refer Section 5.4.1 for further details 

Read input data associated with engine geometry, 

S, G, DC, DB, T, BVOL, VRAD, AREAPORT 
, 

refer Section 5.4.1 for further details 

Read input data associated with inlet manifold air conditions, 

CP, TO, PO, RHO, VCL, ER1, VA, DV 

refer Section 5.4.1 for further details 

Read final induction period data 

RPM, PCYL, FLOTO 

refer Section 5.4.1 for further details 

t 
DO M = 1,205 

Compute cylinder volume for engine geometry and 

using piston displacement equation 

H = G -
2 

(G -
S2 2 2 4" sin 8) + ~(r 

2 
- cos8) 

t 
Sot I = 2 



---

Let pc(I - 1) = PCYl (initial cylinder pressure) 

t 
PCY2 pcCI - 1) = I 

t 
PPCY2 = (PCYl + PCYl)/2 

Check for choked flow through inl et port . 

Compute pressure ratio PRA across inlet port 

i.e. PM = PPCY2/PO 

• 
If PM < 1 NO SET Y - 1 

. YES 

Compute choked flow component PCH 

PCH 
1 

= k 
(1 + (k-l»!l: I 

t 
If PM > PCH NO PRA = PCH 

YES 

A 

I 

* equation, Compute effective inlet port area A using following 

AREA = COEFl *(VH/DV) + COEF2 *(VH/DV)2 + COEF3 *<VH/DV)3 

I 



compute instantaneous mass flow rate through inlet port 

using equation 5.5 

'1' 
k-l ! 

* (~ (k-T) [1 - '::lr] m ~ A Po fo 

Compute instantaneous pressure inside the cylinder using 

equation 5.4 

(k-l)m Cp T .6t k P (V - V ) 
P 

n n+l n P ~ + + n+l n Vn Vn 

Check for reversed flow 
m ~ - m 

IF Y ~ 1 YES 

NO 

Let PX(I) ~ New cylinder pressure P 
n+l 

I ~ I + 1 

PC(2) ~ PX(2) 
~ 

YES IF I ~ 2 

NO 

Compute new estimate of cylinder pressure 

according to Wegstein iteration (39) 

(PX(3) - PX(2»*«PX(3) - PC(2) ) 
PC(3) ~ PX(3) -

PX(3) - PX(2) - PC(2) + pcO) 



i 
- - - - - - - _._- --

I 
M = M + 1 PCO) = PC(2) 

. PC(2) = PC(3) 

~ 
PX(2) = PX(3) 

IF \1 - PC(3) <- error NO 
PX(3) 

YES 

Compute total mass trapped inside cylinder FLOTO 

FLOTO = FLOTO + ill 
6N 

YES IF M < 205 
-

NO 

DO M = 1, 205 

Compute angular velocity through induction period 

using equation 5.10 
1 

f 
.2 k 
m r cosfj cos)J P 

I W (t) " * 
(-2.) dt 

A ~o 
p 

n 
0 

M" M + 1 Write output data 

ANG Crank Angle 

ANGRPM Angular Velocity 
, 

t 
YES IF M <. 205 

. 

NO 



- ------- --------------

DO M = 205, 360 

Compute piston speed by differentiating the 

piston displacement equation 

6N n [2 . S sin~ i.e. PSP S SlnS cosS 
'" --- +-2 2 . 2 _180 4(G - 8 /4 Sln e)~ 2 

Compute squish velocity using Fitzgeorge and Allison (9) 

theo,y given by equation 5.3.1 

M '" M + 1 

D2 d2 
dS(e) .- 1 (- - -) Vb .. " - 4 4 Ur = .....;...... 

8(S) ---2r (A8(S) + Vb) dt 

t 

YES IF M < 360 

-

NO 

END 



- - - -

N260 COMPRESSION PERIOD PROGIlAM 

Start I 
Read instantaneous temperature and pressure at 
10 degree intervals throughout the compression period 

TG(I) = Instantaneous temperature 
PG(I) = Instantaneous pressure 

refer Section 5.4.2 for further details 

Read input data associated with engine geometry 

B, S, VIS, DC, DB, BVOL, RPM, ASST, WP 

refer Section 5.4.2 for further details 

I 

I 
DO I 1, 150 = 

I 

I 

Compute instantaneous temperature and pressure at every 

I l 
crank angle position throughout the compression period 

I = 1+1 assuming linear increase of the input step considered 

I TG(I + 1) = TG(I) + (TG(M) + TG(N)!lO 

PG (I + 1) = PG(I) + (PG (M) + PG(N)!10 

! 

I 
YES IF I < 150 

I NO 

DO I = 1, 150 
I 

Compute moment of inertia at first crank angle position 
-

I = 1 using equation 5.11 

-n D4S(e) d 2-
+ -

16 Vb 4 

Ip = 
mt 
2 

IT D
2
S(e) 

4 Vb 
+ 1 

'- -
-~- -- --



- - -- - - --~-- --

Compute moment of inertia at next crank angle 
position I = I + 1 using equation 5.11 

[IT ,'e,,, d
2 

] 16 Vb 
+ 4 m

t 
In = 2 

IT D
2
S(6) 

4 Vb 
+ 1 

Compute frictional torque due to friction acting on 
the cylinder surfaces using equation 5.25 where 

IT D3 . e ~0.8 0.2 ~.067 8(6) 0.088 DJ A ~ + 
= 16 16 

I = I +1 Call subroutine DRTMI (41) 

Compute angular velocity at crank angle position 

I = I + 1 using equation 5.26 
1.8 

66 wp + wn 
) 0 In wn - Ip wp + A ( 

2 eN = 

Return to main segment 

Write output data 
. 

X Cranl, Angle Position 
OMEGA Angular Velocity 

ZZZ Ratio lp/In 
i 

Set Ip = In 

wp = wn 

YES IF I < 360 
A. 

NO 

END 
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6.0 DISCUSSION OF mE INVESTIGATION 

6.1 Introduction 

Having outlined a system of hot wire anemometry and a 

technique for measuring a three dimensional velocity vector in both 

magnitude and direction, refer Sections 3.0 and 4.0, a mathematical 

model was proposed, refer Section 5.0, which assumed that momentum was 

conserved within the engine cylinder throughout the induction and 

compression periods whilst frictional effects caused by the containing 

surfaces-of the cylinder were accounted for during the compression 

period. An initial comparison was made between the computed angular 

velocity using the mathematical model and that measured experimentally 

using the hot wire anemometer technique and this comparison,which was 

illustrated in Fig. 5.5, showed good agreement between the computed 

and experimental results, particularly during the latter stages of 

the compression period, where the difference between the results was 

approximately 6%. In order to justify the model and its usefulness 

to a design engineer wishing to investigate a variety of engine parameters, 

a programme of experimental work was undertaken to investigate the 

following parameters and the effect they have upon the air motion. 

(i) Engine Speed 

(ii) Inlet Valve Masking 

(iii) Supercharging. 

6.2 Variation of Engine R.P.M. 

The engine was capable of a maximum operating speed of 

2000 r.p.m. However, because of the restrictions imposed by the belt 



drive, motoring facilities and the swinging link mechanism adopted 

for the extraction of the signals from the engine cylinder, a speed 

range of 500 - 1500 r.p.m. was investigated. 

6.2.1 Velocity of the Induced Air in the Inlet Port 

The inlet port velocities were measured at the 

junction of the cylinder head and inlet manifold in a similar manner 

to that outlined in Section 5.5.1 and three different engine speeds 

investigated, these being 500, 1000 and 1500 r.p.m. The three curves 

are illustrated in Fig. 6.1 and the experimental results compare well 

with the compressible flow theory developed for the mathematical model, 

thus showing that the theory may be relied upon to predict accurately 

the mass flow rate ID into the engine cylinder through the inlet port. 

However, as mentioned in the discussion of Section 5.0,.refer 

Section 5.6.2, whilst a good comparison may be made between the computed 

and measured inlet port velocity at a particular section of the inlet 

port, this could not be relied upon to justify the representative value 

* derived for the effective inlet port area A. In section 5.6.2,. it 

was mentioned that theoretical computations were performed using the 

mathematical model and, at an engine speed of 1500 r.p.m., the mass flow 

rate ID into the cylinder was computed using (i) the representative 

value derived for the effective inlet port area A* refer Section 5.5.2 

* and (ii) a value of A increased by 25%. The results of the computation 

showed an increase in the mass flow rate at 90 degrees crank angle 

(approximately the position of maximum mass flow rate) of approximately 

2.5% and therefore it was concluded that an increase in the effective 

inlet port area of 25% had little effect upon the mass flow rate into 

the engine cylinder. Instead an increase in * A , the effective inlet 

port area, obviously leads to an increase in cylinder pressure 

(Le. the cylinder pressure is greater than that computed using the 

II3. 
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* original A ) and this would account for the mass flow rate only 

increasing by approximately 2.5% for the particular valve lift. 

considered. 

6.2.2 Forced Vortex Velocity Profile 

From the analysis of the results taken at 

various locations on the piston crown, refer Section 4.4, the 

velocity vectors were resolved into a horizontal plane parallel to 

the piston crown and the results plotted at several different crank 

angle positions throughout the induction and compression periods. It 

should be mentioned here that, whilst large vertical angles were 

measured for the air motion during the induction period, these 

vertical angles were found to be considerably smaller (less than 

10 degrees) for the latter stages of the compression period and 

indeed it was concluded that the air motion was basically two dimensional 

particularly after 300 degrees crank angle. The results are illustrated 

in Fig. 6.2 and 6.3 for three different engine speeds, 

500, 1000 and 1500 r.p.m., and justify the existence of a forced 

vortex velocity profile after approximately 90 degrees crank angle 

during the induction period and throughout the entire compression period. 

The errors encountered before 90 degrees crank angle may be due to a 

variety of contributory factors, two of which were outlined in 

considerable detail in Section 5.6.2 and may be summarised as: 

(i) Effect of exhaust valve closure, 

(ii) Non-uniformity of flow development. 

Another factor which has not been mentioned so far may be observed in 

Fig. 6.2 and concerns the velocity vector measured for the location 

R = 2.54 .cm., particularly between 60 and 150 degrees crank angle. 

Reference to Fig. 4.5 reveals that this l~cation is positioned directly 



adjacent to the inlet port and therefore it is not unreasonable to 

s.uppose that the high magni tudes of velocity may be associated. wi th 

this location since it is almost directly in line with the inlet port 

axis. However, these are the only ambiguous points in Fig. 6.2 and the 

assumption of a forced vortex is supported by the experimental results 

generally. Figs. 6.2 and 6.3 also compare well with the results 

of Horvatin and Hussmann (ll), Horvatin (31) and Stock (32) whose. 

experimental results are illustrated in Figs. 2.15, 4.18 and 4.19 

respectively. Hence, it may be concluded that, for the open combustion 

chamber similar to that under investigation, the assumption of a forced 

vortex velocity profile is justified by the experimental evidence. 

6.2.3 Mean Swirl Results 

115. 

In order to investigate the effect of the mean 

angular velocities of the air motion with engine speed, the experimental 

results were analysed, refer Section 5.5.3, and a mean angular velocity 

of the air motion in the cylinder computed assuming that a forced 

vortex velocity profile existed. These results are illustrated in 

Figs. 6.4 to 6.6 for engine speeds of 500, 1000 and 1500 r.p.m. and 

it may be observed that the comparison is good over the majority of 

the induction and compression periods. The most serious errors occur 

during the early stages of the induction period and these discrepancies 

were discussed in detail in Section 5.6.2 when it was found necessary 

to increase the effective area of the inlet port A* by 10% for all 

three engine speeds considered. However, it may be observed that, 

for each engine speed, the experimental results are consistently below 

those of the model at the top dead centre position during the compression 

period and hence this discrepancy was investigated in further detail. 

It was suggested in the literature survey, refer 

Section 2.0, by Alcock and Scott (10), 1I0rvatin and lIussmann (11) and 



Shimamoto and Akiyama (14) that considerable blowby of the air past 

the piston rings may occur whilst the piston approached the top dead 

centre position and this was a possible ~xplanation for the 

discrepancy in the results mentioned above. The engiw manufacturers 

supplIed some data for blowby measurements made on a similar engine 

under normal running conditions at an engine speed of 1500 r.p.m. 

-2· 
which was approximately 5 x 10 kg/so When computed over a 

5 degree crank angle step (i.e. the time during which blowby past 

the piston rings might occur with the piston approaching the top 

dead centre position) gives a total mass loss of 0.39 x 10-4 kg. 

Now the total mass trapped within the cylinder at top dead centre 

. 8.2 x 10-4 kg and therefore h b 18 t e percentage mass lost du~ to blow y 

is approximately 5%. However, because the engine in the present study 

was only motored for short periods of time and would not therefore 

attain a typical hot operating temperature, it was considered necessary 

to justify the quoted figure for blowby past the piston rings. 

A single wire anemometer was located in a small diameter breather pipe 

attached to the crank case inspection cover and the mass flow rate 

measured from the crank case whilst the engine was motored under 

test conditions. From the results recorded from the.anemometer, it was 

possible to make an estimation of the blowby loss and this was computed 

at crank angle positions of 355 and 360 degrees, from which it was 

concluded that the loss due to blowby was approximately 8.1% and 12.4% 

respecth'ely. Hence, the mean blowby loss over the last 5 degrees 

crank angle of the compression period was computed and found to be 

approximately 10%. This value appeared high compared to that derived 

from the manufacturer's figures, which resulted in a blowby loss of 

only 5%. However, considering that under motoring conditions the 

engine would not attain a normal operating temperature, it was concluded 

that a figure of 10% blowby loss was not unjustified. In order to 

116. 



estimate the effect of the blowby loss upon the angular swirl velocity, 

a further computation was performed adopting the mean blowby loss over 

the last 30 degrees crank angle of the compression period and this 

resulted in a maximum decrement in angular velocity of approximately 

5% when the piston was in the top dead centre position. Hence the 

117. 

chain curve in Figs. 6.4 to 6.6, which was drawn accounting for friction 

between the air and the containing surfaces of the cylinder, could 

be reduced by approximately 5%. However, no attempt was made to 

include this reduction on Figs. 6.4. to 6.6 in order to avoid 

confusion, but having computed a total decrement in angular velocity 

of approximately 5% due to blowby, it may be observed that the computed 

and experimental results would agree very closely, particularly during 

the latter part of the compression period. lVhilst the angular velocity 

may be adjusted to account for blowby using the technique outlined 

above, it must be emphasised that this was only an estimation of the 

engine blowby losses and hence was only relied upon to give a first 

approximation of the decrement of angular velocity due to blowby. 

6.2.4 Conclusions of the Effect of Engine Speed 

Consideration of the various results presented 

in Figs. 6.1 to 6.6 illustrate that, 

(i) The induced velocity through the inlet port, 

(ii) The velocities measured at variOUS radial locations, 

(iii) The mean angular swirl velocity. 

aJl increase approximately linearly with engine speed. Fig. 6.1 

illustrates that the. curves of induced velocity through the inlet port 

follow similar profiles but with an increased magnitude as the engine 

speed increased. For the velocity inside the engine cylinder, it would 

appear that for the range of engine speeds considered (500 - 1500 r.p.m.) 
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a forced vortex velocity profile is a representative description of the 

air motion after approximately 90 degrees crank angle during the 

induction period and throughout the compression period, whilst the 

magnitude of the velocity increases almost linearly with engine speed. 

This is supported by Fig. 6.7, where the experimental mean angular 

velocities (computed as outlined in Section 5.5.3) are plotted against 

engine speed for several crank angle positions throughout the induction 

and compression periods and this is further supported by the comments 

of Alcock (1), refer Section 2.3.1 and also the experimental results 

of Lee (7), Fig. 2.B; Horvatin and Hussmann (11), Fig. 2.15; 

Ohigashi et. al. (15), Fig. 2.1B; and Horvatin (31), Fig. 4.1B. Hence 

it is reasonable to conclude that the air motion may be represented 

by a forced vortex velocity profile for the cylinder and combustion 

chamber system under consideration and the magnitude of the swirl 

increases approximately linearly with engine speed. 

6.3 Effect of a Masked Inlet Valve 

In order to estimate the effect of a masked inlet valve on 

the angular velocity of the air within the engine cylinder, the inlet 

valve was modified to incorporate a 90 degree included angle mask which 

could be positioned so that the mask centre formed a range of angles 

from + 45 degrees to - 30 degrees with the inlet port axis, refer 

Fig. 6.B. IVhilst the engine was motored under test conditions, the 

masked inlet valve was secured in order to prevent it from rotating on 

the valve seat and a summary of the results using the mask at several 

locations is illustrated in Fig. 6.8~ Observation of Fig. 6.8 reveals 

that rotation of the mask centre about the inlet port axis llas a definite 

effect upon the angular velocity and that the angular velocity has a 



maximum value when the mask centre is positioned in line with the 

inlet port axis. Figs.·6.9 to 6.11 illustrate the comparison made 

between the experimental results for op~imum mask position and those 

computed using the mathematical model. It may be observed that the 

comparison is good and the inclusion of a 90 degree mask did not 

cause the experimental results to depart from the assumption made for 

the model and illustrated to hold true for the plain inlet valve 

in Figs. 6.4 to 6.6. Incidentally, it should be made clear that the 

inclusion of the masked inlet valve also required the estimation of 

* an effective inlet port area A for the valve and this representative 

value was obtained in an identical manner to that outlined in Section 

5.5.2. Consequently, it was not surprising to find that f. similar 

* correction had to be made to the value of A according to the argument 

presented in Section 5.6.2 which corrected for the error encountered 

due to measuring the suction pressure at a location only approximately 

1.5 diameters downstream from the tunnel entrance. However, having 

* increased the value of A by 10% (as was the case for the plain 

inlet valve), the comparison between the computed and experimental 

results was good over the speed range 500 - 1500 r.p.m. Fig. 6.12 

also illustrates a comparison between the plain and masked inlet valve 

results (experimental results for masked inlet valve only) for an 

engine speed of 1000 r.p.m. and it may be observed that the masked 

inlet valve results in an increase of the angular velocity by a 

factor of approximately 1.25. 

6.3.1 Conclusions on the Use of the Masked Inlet Valve 

It may be concluded that the masked inlet valve 
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increases the angular velocity of the air depending upon the position of 

the mask centre and that an optimum position exists for the mask centre 

when the angular velocity will be a maximum. This optimum position 



occurs when the mask centre is positioned in line .with the inlet port 

axis and in this position the direction of the air motion is unaffected 

by the mask and follows a pattern similar to that created by the 

plain inlet valve. Comparison may be made between Fig. 6.8 and the 

work of Ohigashi et. al. (15) whose work is presented in Section 2.6.4 

and illustrated in Fig. 2.19 and it may be observed that similar 

conclusions can be made from this work when considering the effect 

of the masked inlet valve upon the magnitude and direction of the 

air motion. 

6.4 Effect of Engine Supercharging at 10 p.s.i.g. 

Recommendation (v) of Section 2.5 suggested that the air 

swirl within the engine cylinder might be increased if the quantity of 

air induced into the cylinder were increased and this suggestion led 

to the possibility of supercharging the engine. A supercharge system 

was developed which utilised a high pressure air supply to charge 

the reservoir illustrated in Fig. 6.13 to a pressure of 10 p.s.i.g. 

The reservoir was then connected to the inlet port of the cylinder under 

investigation and the assembly used to supply air at a pressure of 

10 p.s.i.g. to the inlet port. During the preliminary tests with the 

engine, it was found that a suitable operating range for the engine 

was 750 r.p.m. - 1250 r.p.m. since below 750 r.p.m. unnecessary 

oscillation of the air within the inlet port occurred, whilst above 

1250 r.p.m., the reservoir pressure could not be maintained sufficiently 

accurately at 10 p.s.i.g. by the high pressure supply. This latter 

problem could have been overcome had larger diame·ter supply piping 

been available but, under the circumstances, it was concluded that the 

speed range of 750 - 1250 r.p.m. was adequate to check the validity 

of the mathematical model under supercharge conditions. 



As a preliminary check of the capabilities of the model, 

the velocity of the ind~ced air in the inlet port was measured whilst 

the engine was operated using the supercharge system and the results 

are illustrated in Fig. 6.14. It may be observed that the curve 

profiles are very similar to those illustrated in Fig. 6.1 and the 

agreement between the experimental and theoretical points of 

Fig. 6.14 is good throughout the induction period, thus justifying 

that the mathematical model will predict accurately the mass flow rate 

into the engine cylinder under supercharge conditions. The mean 

angular velocities were also computed for the induction and 

compression periods in a similar manner to that outlined in 

Section 6.2.3 and observa tionof Figs. 6.15 to 6.17 illustrates that 

the agreement between the experimental and theoretical results is 

good during the induction and compression periods. In Fig. 6.18 

a comparison is made between the results for the supercharge and 

non-supercharge (plain inlet valve used) at an engine speed of 

1000 r.p.m. and it may be observed that supercharging at 10 p.s.i.g. 

results in an increase in the angular velocity of the air by a factor 

of approximately 2.0. 
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6.4.1 Conclusion on the Inle t Manifold Supercharge System 

From the results illustrated in Figs. 6.15 to 6.17 

it may be concluded that the mathematical model may be used to predict the 

air motion within the engine cylinder when the engine is supercharged at 

10 p.s.i.g. The magnitude of the angular velocity is increased by a 

factor of approximately 2 and the assumption of conservation of momentum 

and a forced vortex velocity profile are shown to be reliable assumptions 

for the supercharge condition. 



6.5 Squish velocity 

Referring to Section 5.7, a comparison was made between the 

theoretical squish velocity computed using the model developed by 

Fitzgeorge and Allison (9) (which neglects friction) and that 

measured experimentally at the edge of the combustion chamber using 

the hot wire anemometer. Fig. 5.11 shows that the agreement. between 

the experimental and computed results at an engine speed of 1000 r.p.m. 

is good and suggests that, whilst the air motion may be described by 
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a forced vortex velocity profile, during the latter 40 degrees of the 

compression period a definite radial component of velocity exists as the 

air is transferred from the outer cylinder into the combustion chamber. 

In order to investigate the squish velocity (inward radial component 

of flow) in further detail, the velocity components at the radial 

locations n = 3.18 cm, 3.49 cm. and 3.81 cm., refer Fig. 4.5, were 

resolved into (a) the horizontal plane (parallel to the piston crown) and 

(b) into the radial direction. These were then compared to the computed 

squish velocity using the Fitzgeorge and Allison (9) model at the 

particular locations concerned. Figs. 6.19 to 6.21 illustrate these 

comparisons and it may be observed that the comparisons illustrated 

in Figs. 6.19 and 6.20 at R = 3.18 cm. and 3.49 cm. is reasonable and 

again justify the adoption of a simple model such as that of 

Fitzgeorge and Allison (9) to obtain the radial inward component of the 

flow. However, the comparison illustrated in Fig. 6.21 is poor, 

particularly for the engine speeds of 1000 and 1500 r.p.m. when the 

experimental results are approximately 400% greater in magnitude than 

the computed results at 350 degrees crank angle. This error may be 

attributed to several factors. 



(i) According to the theory developed for the squish velocity, 

the velocity would be zero at the cylinder wall. However, due. to 

the effect of blowby past the piston ri~gs, there is a strong 

possibility that there is a velocity component in the radial direction 

towards the cylinder wall, which may be described as a reversed squish 

velocity during the compression period. This phenomena was not 

recorded by Shimamoto and Akiyama(14) in their experimental squish 

investigation, refer Section 2.6.3, . and Fig. 2.17 as the authors 

only measured the squish at the inside edge of the combustion chamber 

and would therefore not encounter this phenomena. Hence, one 

explanation of the high experimental results may be attributed to 

the proposed reversed squish during the compression perioc. 

(ii) A more plausible explanation for the poor comparison between 

computed and experimental results at R = 3.81 cm. may be due to the 

possibility of the spiral flow pattern into the combustion chamb8r 

postulated in Section 2.3.4. If the air spiralled into the combustion 

chamber during the latter stage of the compression period, obviousl~ 

there is a position where the air will actually enter the chamber. 

Observation of the actual velocity profiles illustrated in Figs. 6.24 

and 6.25 and the colour photograph of the piston crown subjected to 

1.4,). 

a paint test, Fig. 6.26, suggests that the air does spiral into the 

combustion chamber and that the pOint of entry is in the vicinity of the 

location. R = 3.81 cm., refer Fig. 4.5. Hence, this could be a further 

explanation of the high experimental results obtained when this swirl 

velocity was resolved into the radial direction. 

As mentioned previously, however, the results illustrated 

that the air certainly has a radial component of velocity and when 

the mean of the resolved swirl results was compared to the mean of the 

computed results, refer Fig. 6.22, then a reasonable comparison is 
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obtained. Fig. 6.23 also illustrates the comparison made between the 

experimental results measured at the edge of the combustion chamber, 

refer Section 5.7, and these computed at this position. Again, the 

agreement between the computed and experimental results is good and 

justified the use of the simple model for computing the radial flow 

component. It must be emphasised, however, that due to the extremely 

simple assumptions of the model (assumes a purely radial transfer of 

the cylinder contents from the outer cylinder area into the combustion 

chamber) it is not possible to predict the precise radial velocity 

component at all radial locations on the piston crown as Fig. 6.21 

illustrates. There is evidence, however, refer Fig. 6.23, that 

at the edge of the combustion chamber, the radial velocity component 

may be computed with reasonable accuracy (greatest error between 

computed and experimental results is approximately 20%, neglecting 

the 360 degree position which was discuSS8d in considerable detail 

in Section 5.7). 

In conclusion, it would appear reasonable to compute 

the swirl velocity assuming momentum to be conserved throughout the 

induction and compression periods whilst a forced vortex velocity 

profile exists and fricti~n is accounted for particularly when the 

surface to volume ratio increases. The squish may be computed using 

the Fitzgeorge and Allison (9) model, neglecting friction since the 

comparisons illustrated in Figs. 6.22 and 6.23 are reasonable, and 

it should then be possible to compute both the radial and tangential 

velocities at any crank angle position. The tangential and radial 

velocities may then be combined by simple vector addition (assuming 

a two dimensional flow since the vertical angle was shown to be less than 

ten degrees during the latter part of the compression period) to obtain 

both the magnitude and direction of the air motion at the edge of 
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the combustion chamber. This vector may then be taken as a representative 

value of the air velocity and direction and be used in subsequent 

computation of heat transfer and/or fuel spray investigations. 

6.6 Air Motion During the Induction and Compression Periods 

Summarising the discussion for the air motion during the 

induction period, it was concluded that, before 90 degrees crank angle, 

the air motion was three dimensional in nature and a forced vortex 

velocity profile had not developed, refer Figs. 4.12 and 4.13. Several 

arguments were postulated for the poor development of a forced 

vortex velocity profile during the early part of the induction period 

and these may be summarised by, 

(i) Effect of exhaust valve closure, 

(ii) Poor development of an orderlY flow 

(Hi) 

about the cylinder axis, 

Location of one measuring position 

adjacent to and directly in line with 

the inlet port axis. 

However, during the latter part of the induction period and 

throughout the compression period, the air motion may be described by 

a forced vortex velocity profile and this was justified by the 

experimental results illustrated in Figs. 6.2, and 6.3. Referring to 

the criticism of the work of Fitzgeorge'and Allison (9), Section 2,3.4, 

where the authors postulated the presence of a rotary toroidal 

motion of the air within the combustion chamber as the piston approached 
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the top dead centre position, it was suggested that this pattern of 

air motion might not occur if the swirl were of greater magnitude 

than the squish (radial inward component of the flow). This 

hypothesis (already outlined in c'onsiderable detail in Section 2.3.4) 

was supported by Alcock and Scott (10), refer Sectioh 2.3.5, who 

found little evidence of any toroidal motion in their combustion films 

but instead suggested that the air spirals into the combustion chamber 

as the top dead centre position was approached and photographic 

evidence was presented by the authors which supported this conclusion, 

refer Fig. 2.1u. Observation of the present investigation at 

1000 r.p.m. illustrates that the maximum angular swirl velocities 

are high and of the order of 60 m/s (20000 r.p,m.) at the combustion 

chamber radius whilst the squish velocity (radial component of the 

velocity vector) at the same combustion chamber radius is approximately 

16 M/S when the piston is at 353 degrees crank angle. Consequently, 

it is reasonable to presume that the swirl, being greater in magnitude 

than the squish by a factor of approximately 4.0, would result in the 

air spiralling into the combustion chamber and continuing to rotate within 

the chamber in accordance with the conservation of angular momentum 

(friction being accounted for). This hypothesis certainly supports that 

of Alcock and Scott (10) and is also justified by the experimental 

evidence illustrated in Figs. 6.24 and 6.25 where the individual velocity 

vectors of the air motion are drawn accurately in the horizontal plane 

and it may be observed that, as top dead centre is approached during 

the compression period, the air does spiral into the combustion chamber. 

This spiral motion is also illustrated by the photograph of the 

piston crown, refer Fig. 6.26, which was subjected to a paint and motoring 

test similar to that adopted by Dicksee (8), refer Section 2.33, and 

Alcock and Scott (10), refer Section 2.3.5, Indeed, the comparison 

between Figs. 6.24 and 6.25 and Fig. 6.26 are good and justify the 
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hypothesis presented for the spiral motion of the air into the 

combustion chamber as the piston approaches the top dead centre position. 

Further consideration was given to the air motion during 

the compression period and the swirl ratio, defined by Alcock (l) 

as the air motion r.p.m./engine r.p.m., was computed'for several 

crank angle positions during the compression period. The results are 

illustrated in Fig. 6.27 and it may be observed that the swirl ratio 

is approximately constant (within a tolerance of 25%) as the 

engine speed is varied in the range 500 - 1500 r.p.m. This is in 

accordance with the experimental results recorded by Alcock (1) in 

1934 and summarised in conclusion (ii), refer Section 2.3.1. From 

the experimental results of the present investigation, the magnitude 

of the swirl ratio is approximately 20 at the top dead centre position 

and this value compares well with the experimental results of 

Horvatin (31) and Stock (32) whose experimental results are illustrated 

,in Figs. 4.18 and 4.19 and result in swirl ratios at the top dead 

centre position of approximately 18 and 20 respectively. It was 

concluded, therefore, that the swirl ratios of the present investigation 

were not exceptionally high but compared favourably with the results 

of other investigations 'performed on engines of similar design and size; 

Finally, investigation was made of the increase in magnitude 

of the angular velocity throughout the compression period. Ideally, 

assuming that the inlet valve closes at 180 degrees crank angle and 

angular momentum is conserved throughout the compression period, then 

the increase in angular velocity would be equal to the ratio D2/d2 , 

where D is the cylinder diameter and d the combustion chamber diameter. 

Dicksee (8) suggested that, because of the effect of friction between the 

air and the containing surfaces of the cylinder and the possibility of 

blowby past the piston rings, the increase in angular velocity would 

not be equal to D2/d2 but a more realistic estimate would be the ratio Did. 
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For the engine considered in the present investigation, the ratio 

D2/d
2 = 3.5 and Did = 1.86 whilst investigation of Figs. 6.4 to 6.6 reveals 

that, for the compression period, the experimental angular velocity 

increases by a factor of approximately 2.5 (taking the mean of the 

3 curves considered). Hence, it may be concluded that, for the 

particular engine under investigation, the increase in angular 

velocity throughout the compression period is not equal to either the 

ratio 
2 2 

D Id or Did, but instead a representative value is the mean of 

these two ratios, i.e. 

compression period = 

increase in swirl ratio during the 

1 D2 ~ 
2 
(~ + ~) . 

d d 
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7. ° CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 

7.1 Conclusions 

From the experimental work undertaken and presented in the 

preceeding sections, the following major conclusions may be made 

regarding the adoption of hot wire anemometry and its use in 

justifying the mathematical model presented in Section 5.0, which 

attempts to predict the air motion throughout the induction and 

compression periods of a motored, four stroke, direct injection 

Diesel Engine. 

(i) A three probe anemometer, with sensing wire, mounted 

mutually at right angles to each other may be satisfactorily installed 

within a motored engine cylinder and relied upon to give measurements 

which result in the accurate determination of the magnitude and 

direction of the overall velocity vector within the engine cylinder., 

(ii) From the experimental programme undertaken in a wind 
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tunnel and the error analysis outlined in Appendix 3A, it was concluded 

that the three dimensional velocity vector may be determined in 

magnitude with an accuracy of ± 9.0%, whilst its direction may be 

determined with an accuracy of ± 12.0%. 

(iii) The hot wire anemometer system adopted may be relied upon 

to predict the velocity in a variable density flow using a theoretical 

analysis similar to Davies and }'isher (17), providing that the 

temperature correction' factor (Tw/Tg )0.3, refer Appendix 3B, is 

included in the computation of the velocity. 
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(iv) The mathematical model developed assuming that momentum 

is conserved throughout.the induction and compression period and 

a forced vortex velocity profile existi~g within the engine cylinder 

resulted in a good estimation (maximum error approximately 20%) 

of the air motion. It was concluded, therefore, that a for~ed vortex 

velocity profile is a representative description for the air motion 

within the cylinder and that providing frictionai losses are accounted 

for between the air and the containing surfaces of the cylinder, 

then the assumption of conservation of momentum to exist throughout 

the induction and compression period is justified. 

(v) The use of a masked inlet valve had little eff8ct upon 

the general air motion within the engine cylinder but an optimum 

position of the mask exists (when the mask centre was located along 

the axis of the inlet port) when the swirl was increased by a 

factor of approximately 1.25 times that of the unmasked valve 

condition. 

(vi) Supercharging the engine to a pressure of 10 p.s.i.g. had 

little effect upon the air motion within the cylinder but, in a similar 

manner to conclusion (v), the swirl was increased by a factor of 

approximately twice that of the non-supercharged condition. 

(vii) Because the angular swirl velocity was considerably 

greater than the squish velocity (radial inward component of flow) 

the resultant motion of the air as the piston approached the top dead 

centre position on the compression stroke was a spiral pattern as the 

air entered the combustion chamber from the outer 'cylinder area. The 

air then continued to rotate inside the combustion chamber in accordance 

with the conservation of angular momcntum and little evidence of the 



theoretical toroidal motion postulated by Alcock (1), Dicksee (8) 

and Fitzgeorge and Allison (9) could be found. Instead the results 

supported those previously reported by ~lcock and Scott (10), 

Horvatin and Hussmann (11) and Horvatin (31) which are illustrated in 

Figs. 2.13, 2.15 and 4.18 respectively. 

7.2 Recommendations for Future Work 

Having established that a forced vortex velocity profile 

is a representative description of the air motion inside the engine 

cylinder and that the basic assumption of conservation of ~ngular 

momentum throughout the induction and compression periods exists, then 

the mathematical model presented in Section 5.0 may be adopted to 

predict the magnitude of the air motion throughout the induction and 

compression periods. However, should further experimental work be 

required to justify the assumptions presented in Section 5.0, then 

it is recommended that a single hot wire anemometer should be used, 
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the probe being inserted through the cylinder head and located at 

various radial positions and depths inside the cylinder whilst facility 

would have to be made for the probe to plunge into the piston as the 

latter approached the top dead centre position. This latter technique, 

which is almost identical to that adopted by Horvatin and lIussmann (11) 

and Horvatin (31) may be justified since, 

(i) The use of a three wire probe, whilst giving satisfactory 

results (maximum error of ± 9.0% for the magnitude and ± 12.0% for 

its direction) is very difficult an~ complicated to install on the 

piston crown and cannot be used for engine speeds in excess of 

1500 r.p.m. due to the lead wires becoming damaged. 
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(ii) Interpretation of the results is difficult and requires 

not only the extremely accurate calibration of individual probes but 

also the matching of the three individual probes used for the determination 

of the velocity vector. 

(iii) Installation of a piston mounted probe requires the 

continual stripping down of the cylinder head assembly and,whilst 

this is feasible for a single cylinder head, it would become extremely 

laborious should the technique of hot wire anemometry be applied to 

a multi-cylinder engine. 

(iv) For the engire considered in the present inves cigation, 

it has been conclusive.ly shown that the air motion is basically two 

dimensional during the latter part of the compression period (after 

300 degrees crank angle) and therefore, regarding the magnitude of 

the air motion in this period (which must be the most important part 

of the engine cycle from a design engineer's point of view) a single 

anemometer would give the magnitude of the air motion. Rotation of 

the probe assembly about its own axis and observing the position of the 

probe which results in a maximum output signal would give the direction 

of the air motion, since by its very nature the anemometer will have 

a maximum output signal when its sensing wire is located perpendicular 

to the air flow. 

Hence, a single probe anemometer is proposed for any future 

investigation and, by locating the anemometer so that a variety of radial 

locations and depths into the cylinder may be achieved, it is proposed 

that it would be a simple procedure to estimate the magnitude and 

direction of air motion within the engine cylinder. 



Regarding the question of the air motion during the 

induction period, it is apparent from the experimental re suI ts 

illustrated in Figs. 4.12 and 4.13 that the air motion is three 

dimensional and to obviate all doubt as to this motion, two 

suggestions are proposed. 

(i) A perspex suction and/or blowing rig could be developed 

which would incorporate the actual cylinder head and false engine 

cyl inder with smol<e introduced throughout the inlet port. Hence, 
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by using high speed photography, it is anticipated that the air motion 

could be recorded on film for the induction period, depending upon 

.the position of the inlet valve. Alternatively, the rig could be 

developed in order to accommodate a dynamic inlet valve lift and 

hence the inducti<\n cycle could be simulated on the rig. 

(ii) The flow rig proposed by Fitzgeorge and Allison (9) 

must be investigated in far greater detail since this is an obviously 

simple rig to operate and because of its simplicity is favoured in 

industrial practice. certainly, the flow rig may be used far more 

quickly and easily than the hot wire anemometer and when investigations 

are required into the development of inlet port systems incorporating 

one or even two inlet ports per cylinder, it must be concluded that 

a flow rig would ultimately be the most versatile tool for swirl 

investigations. 

In conclusion, it is. anticipated that the comments outlined 

above will be useful and an aid to further investigation regarding the 

problem of air motion established inside the engine cylinder. The 

proposals for easy visualisation of the air motion using injected smoke 

through·the inlet port and the adoption of a paddle wheel to determine the 

magnitude of the air motion during the induction period are definitely the 

most simple and obvious techniques for future investigations. 
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A P PEN D I X 3 A 

3. A.l ERROR ANALYSIS FOR THE VELOCITY COMPUTATIONS 

Using'the theoretical computation of Davies and Fisher (17) 

outlined in Section 3.3.1, a theoretical calibration may be obtained 

for an anemometer probe operated at a particular hot wire temperature 

and the sensing wire having exact pre-determined dimensions. Assuming 

that the theoretical computations are correct, refer Davies and Fisher (17), 

the error encountered in the velocity measurement depends upon the ability 

to operate the probe at the theoretical conditions and in particular the 

hot wire operating temperature. The errors encountered in this latter 
• 

requirement are those 'pertaining to accurate measurement of the 

resistance values of the probe and these are investigated in further 

detail. 

In order to operate the bridge voltage circuit designed by 

Davies and Fisher (17), a Sullivan and Griffiths non-reactive decade 

resistance box was used which had an accuracy in the 0 - 20 ohms 

+ measuring range of - 0.1%. 

The probe cold lead resistance was measured using a Kelvin bridge 

+ which had an accuracy of 0.1 to 0.5% in the measuring range 

1 to 10 ohms. 

Having manufactured a probe using 10 pm platinum/30% iridium wire 

and spot welded this to the probe supports, analysis was made regarding 

the errors involved in the measurement of the sensing wire dimensions. 

The wire diameter was obtained from ,Johnson Mathey and the diameter 

quoted to he correct within ± 0.1 pm or ± 1% of the nominal diameter. 
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Measurement of the wire length was not so easy to determine since 

some deformation occurs at the points where the sensing wire is spot 

welded to the supports. However, using a vernier microscope, the 

sensing wire length was determined to within ± 0.05 mm and this 

+ results in an error of - 2.5% when considered for a total wire length 

o:f 2 mm. 

In order to nake an assessment of the overall error involved in the 

velocity measurement, an error analysis was computed in a similar manner 

to the case outlined below. 

Consider the case of a result R which is some function of three 

measured variables X, Y and Z, then 

R = f(X,Y,Z) 3.A.l 

If, X, Y and Z are the errors in the determination of the variables, then 

X = X + x 
c 

Y = Y c + Y 

Z = Z + z 
c 

where X • Y and Z are the correct values of the variables. c c c 

The error in the derived result is r, therefore 

and from equation 3.A.l, we have 

= f(X + x, Y + y, Z + z) 
C c c 

R = R + r c 

3.A.2 

3.A.3 

. If the function f is continuously differeritiable, it may be 

expanded in a Taylor's Series and using the first two terms of the 



expansion, the following equation is obtained for R + r. c 

(~~ ) 
X + x - X 

R f(Xc ' Yc' Z ) 
c c + r " + , c c 1 

c 

( () f 
Y + y - Y 

) 
c c 

+ + ~ 1 c 

" R + (Cl R ) X + ( ~ 
c 6i( ~ c 

Therefore r " X + 

(~) 
Z + z -c 

~ Z 1 
, 

R ) 
Y c 

y + 

c 

Y + (E...B....) 
~ Z 

("I> R ) 
~ z 

c 

c 
z 

Z 
c 

3.A.4 

----:3.A.5 

Since errors x, y and z can be positive or negative, equation 

3.A.5 is squared and the sum of the terms containing cross products 

will tend to zero since any particular cross product is as likely to 

be positive as negative. 

Therefore 
2 

r " 

2 
(~ R ) 
OX 

c 

2 
X + i + (t ~ ) 

c 

2 
2 

z ---3.A.6 

The percentage error in the final results will then be obtained 

from 

T 
X 100 " R 

100 ( 
R 

-\R 2 2 
~) x + 

c 

2 

i + ~~ ) 
2 ! 

z ) ---3.A.7 
c 
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3.A.2 SINGLE HOT WIRE ANEMOMETER 

Davies and Fisher (17) employed a modified form of the 

Reynolds analogy to relate the convective heat transfer coefficient 

at the wire surface to the flow velocity, refer Section 3.3.1 and 

their results may be shown as 

hd 
k w 

= 
8 Ud 1'3 Cp t! 2.6 (_g __ ) ( g g) 

vrr" k 
-----3.A.B 

where 

....... g g 

h is the heat transfer coefficient from the wire, 

d is the wire diameter, 

k is the thermal conductivity of the gas at the wire temperature w 

kg is the thermal conductivity of the gas, 

Cp is the .g specific heat of the gas at constant pressure, 

Pg is the viscosity of the gas, 

'11 is the ratio of the specific heats 

eJ is the density of the gas 

U is the gas velocity. 

Equation 3.A.B may be arranged so that 

U = B 
3 

h
3 

d
2 

3.A.9 

k I{ n 3 
1 

2 
1 g 

(-) where B = (2.6k Cp ) 
f'g w g Pg 

and substitution for h, where h = 12 
RH RcO::: I RH - R~ 

and I is the heating currents RH and H the hot and cold probe resistance 
c 

values and CC the temperature coefficient of resistance of the wire 

material gives, 

u = 3.A.10 



Equation 3.A.IO may be easily differentiated with respect to 

d, the sensing wire diameter, ~ the hot wire operating resistance 

and Rc the probe cold resistance. Hence the partial differentials 

may be obtained and substituted into equation 3.A.7 which will permit 

the computation of the overall error for a single hot wire anemometer. 

. Substitution of the following values into equati'on 3. A. 7 was made 

in order that the error could be computed. 

( clU )2 
dct = 0.136 d = .1 pm 

(~ u) 
2 

= 0.537 r. = .3 .IL dR c c 

~U2 
0.031 .01 Jl. ('cl!L) = rH = 

If 

For a low velocity of 10 m/s, where the error is likely to be highest, 

the percentage error is given by, 

is + 

3.A.3 

error = 
100 
10 

( .136 x .1 + .537 x .3 + .031 x .01 ) ! 

Therefore, the percentage error for a single hot wire anemometer 

4.30%. 

ERROR ENCOUNTERED IN THE DETERMINATION OF THE VELOCITY VECTOR 

MAGNITUDE 

In order to compute the error incurred using the three wire 

method, refer Section 3.2.3, for the determination of the magnitude of 

the velocity vector, equation 3.A.7 can be used. Basically, the error 

will be comprised of three simultaneous errors from three individual 

probes and also the error resulting from the spatial location of the 
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three probe sensing wire. The three wires should ideally be mutually 

at right angles to each other, and using a rotary engineers table and 

a travelling microscope I this configur'ation was 'aligned within 

+ 2 degrees. According to equation 3.1, Section 3.2.1, the signal 

from a probe wire will respond to the expression U = e· U . sin e maXlmum 

where e is the angle of incidence of the velocity vector to the 

probe sensing wire, therefore the following expressions were substituted 

into equation 3.A.7. 

( ~ Uv 

~1lsingle wire 

2 

) 

2 
(error single wire) 

from the analysis in Section 3. A. 2. 

and 

= 1. 00 e = 2.0 

= 3 x .185 

For a low velocity vector of 25 m/s, the percentage error is, 

error = 
100 
25 

( 3 x .185 + 1.0 x 4 ) ~ 
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Therefore, the percentage error encountered in the determination of 

the three dimensional velocity vector was + 8.56%. 

3. A. 4 ERROR ENCOUNTERED IN THE DETERMINATION OF THE VELOCITY DIRECTION 

Estimation of the errors in measuring the horiztonal and vertical 

angles A and B respectively in Fig. 3.5 requires consideration of the 

following equations: 
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U 
A 

x 
Cos = 2 U 2) ~ (U + x y 

Cos B 
(U 2 + U 2 )~ 

= x y 
U v 

where x and y refer to individual sensing wires in the x and y 

co-ordinate system and v refers to the overall velocity vector. 

Obviously, the expression for Cos B will contain the greater error 

since this expression is dependent upon the overall vector magnitude 

and this is not the case with the expression for Cos A. 

Using equation 3.A.7, the following estimated errors were 

substituted in order to comppter the error. 

( d cos 
clU 

B 2 
) (error single wire)2 2 x )185 from the single wire 

x 

(~ cos 
cl U 

v 

2 
B ) 

analysis. 

(error veloCity vector)2 
4.55 from the three wire 

analysis. 

For an angle of 20 degrees, the percentage error ;s, 

error = 
100 (4.55 + 2 x .185) i 

20 

Therefore the percentage error in the determination of the 

direction of the veloCity vector is + - 11.1%. 
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3.A.5 CONCLUSIONS OF TI1E ERROR ANALYSIS 

It may be observed from the analysis computed above that the 

following errors are likely to be encountered when using the hot wire 

anemometer system outlined in this investigation: 

(i) for a single wire anemometer, the velocity perpendicular 

to the probe sensing wire will have an error of 

approximately + 5.0%. 

(ii) using the three wire method, detailed in Section 3.2.3, 

the determination of the overall vector magnitude is 

likely to have an error of approximately + 9.0%. 

(iii) the direction .of the velocity vector may be computed 

accurately with a maximum error in the vertical plane, 

perpendicular to the piston surface, of approximately 

+ - 12.0%. 

Observation of the calibration curve, refer Fig. 3.6, 

illustrates that the error involved in measuring a velocity which 

is perpendicular to the probe sensing wire is within the computed error 

of ± 5%. Further analysis of Fig. 3.8 also illustrates that the 

magnitude of three dimensional velocity vector and the angles A and B 

can also be measured within the computed errors which are approximately 

± 9.0% for the magnitude and ± 12.0% for the direction. 
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Abstract A method is presented for checking the 
consistency of air velocity calculation from hot wire 
anemometer measurements in an air flow which undergoes a 
continuous variation of density with time. The method gives 
a means of checking correction factors applied to ambient 
wind tunnel calibration tests to allow for variaqle density 

, conditions. A particular application of the method to air 
I velocity measurement in a motored internal combustion 
I engine is discussed. 

!-----------------~ 

1

1 Introduction 
The use of the hot wire anemometer for the measurement of 

! velocity in variable density flows is of importance generally. 
A particular application in this field has been the study of air 
motion in motored internal combustion engines (Horvatin 

I and Hussmann 1969, Hassan and Dent 1970.) 
r The use of the hot wire anemometer for engine applications 
necessitates knowledge of the local gas temperature and 
pressure in the vicinity of the anemometer probe throughout 
the engine cycle. Therefore, it is necessary to calibrate the hot 

I wire anemometer at conditions of pressure and temperature 
prevailing in the engine. An alternative would be calibration 
of the anemometer in a wind tunnel under steady ambient 
conditions, with the correction of the results for continuous 
variation of gas pressure and temperature which occur 

I throughout the engine cycle. . 
, The first method, whilst being preferable, is expensive. The 
second method has been partially proven (Has san and Dent 
1969) by showing that correction factors cculd be applied 

I to steady state wind tunnel tests at ambient conditions to 
I predict velocity in a steady flow of air at elevated pressure 
and temperature. However, the range of velocities covered in 
the high pressure and temperature tests were narrow (67-75 
ft S-l), and are approximately three times lower than the peak 

; velocities encountered in the engine study of Hassan and 
Dent (1970). 

In this paper, it is proposed to show how the variation of 
output voltage of the constant temperature hot wire anemo· 
meter bridge, with choice of wire operating temperature, can 
be used in a variable density flow to check the efficacy of a 
correction factor applied to steady state wind tunnel tests at 
ambient conditions. 

The approach adopted here differs from that of Horvatin 

and Hussmann (1969) in two important ways. Firstly, the 
variation of temperature along the hot wire element is 
considered in a more exact way, through a detailed differential 
analysis as discussed by Davies and Fisher (1964), rather than 
by use of a mean wire temperature deduced from an integral 
analysis with an assumed parabolic temperature distribution. 
The boundary conditions in both cases are the same. The 
second major difference in approach in this paper is the use 
of a correction factor to allow for the effects of elevated gas 
and wire temperatures on the computed gas velocity. 

2 Constant temperature hot wire anemometer operation 
2.1 Steady state ambient conditions 
The constant temperature hot wire anemometer operates in 
the following manner. The wire probe, of known resistance 
at ambient temperature, forms the unknown resistance arm 
of a Wheatstone bridge. The balancing resistance arm of the 

"bridge is then set at a value to give the required operating 
temperature of the wire probe, since the remaining two 
resistance arms of the bridge are of constant and equal value. 

When the anemometer probe is inserted into a steady air 
flow at constant temperature and pressure, and the anemo· 
meter circuit energized, the out of balance in the Wheatstone 
bridge is detected and fed back to a power circuit which 
drives the bridge back to balance, by passing a heating current 
through the probe wire, so increasing its resistance to that of 
the balancing arm. Analysis of the heat transfer processes at 
the wire and their relation with the air motion over the wire, 
yields the air velocity. 

2.2 Variable density conditions 
When the anemometer pro"be is operating in a flow with 
continuously varying pressure and temperature - as in the 
engine study - the cooling effect of the air flow over the wire 
is reduced as the air temperature increases. In the case where 
the wire operating temperature is of the same order of 

7·0 

6·0 

5·0 

x Experimental points 
- Computed results 

817 

691 
--"'---><---'~ 

o 80 160 240 320 400 480 560 640 720 
Crank angle (degrees) 

Figure 1 The effect of wire operating temperature on the 
variation of anemometer bridge output voltage with crank 
angle on a motored internal combustion engine 
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magnitude as the peak air temperature at Toe of the compres~ 
sion stroke, the heating current through the wire is reduced, 
and so also is the voltage drop across the wire. The effects of 
operating the hot wire at various temperatures in a variable 
pressure and temperature flow are shown in figure 1. These 
results were obtained with a 10/LID platinum-30% iridium 
wire of 2 mm length. The wire probe was inserted perpendi~ 
cular to the air flow in the prechamber of a motored internal 
combustion engine operating at 800 rev min-I • The anemo-· 
meter output voltage over the engine cycle and engine crank 
angle were displayed on a twin beam oscilloscope~ and 
permanent records obtained with a drum camera. 

The prechamber used in this study was of the cylindrical 
disc type of 2 in diameter and i in thickness. (The chamber 
was mounted on the top of the cylinder head with its axis 
perpendicular to that of the engine cylinder. Connection 
between the prechamber and engine cyHnder was through a 
i in diameter port, tangential to the prechamber and inclined 
at 135° to the engine cylinder axis. The gas motion produced 
in this type of chamber has the characteristics of a forced 
vortex.) The anemometer wire was perpendicular to the 
horizontal radius of the prechamber and was positioned 0·1 in 
from the chamber wall. 

The gas pressure in the prechamber was determined over the 
engine cycle with the aid of a Bell & Howell type 4-361 strain 
gauge pressure transducer, an oscilloscope and the drum 
camera. Because the cycle to cycle variation of gas tempera­
ture in the prechamber was negligible (Hassan and Dent 
1970), the hot wire element was used as a resistance thermo­
meter. With the aid of a simple Wheatstone brjdge circuit, 
and the recording equipment mentioned, the gas temperature 
during the engine cycle was obtained. 

The peak gas temperature in the engine cycle was constant 
at 580 K. The wire temperatures at which the data shown in 
figure 1 were obtained, were decreased from 1047 to 639 K. 

2.3 Response of the constant temperature hot wire anemometer 
used 
Davies and Fisher (1964) showed that an anemometer circuit 
identical to that used in this study, but operating with a 
5 /Lm diameter 2 mm long tungsten wire, had a frequency 
response of about 50 kHz. 

In the study mentioned here, the same bridge cirClllt was 
used in conjunction with a ]O,um diameter 2 mm long 
platinum-30% iridium wire, the circuit having a trans­
conductance of 60 A V-1. From Davis (1970), the frequency 
response for the constant temperature hot wire anemometer 
(bridge and element together) can be computed from 

Wc=wn[I-~2F!2 (1) 

where Wn is the natural frequency of the system, ~ is the 
damping and Wc is the damped frequency. Wn and ~ were 
evaluated for the system discussed above using the procedure 
of Davis (1970). From this. it was found that Wo is of the 
order of 25 kHz. 

The engine operating speed in this study was 800 rev min-1 

(13-3 Hz). The cyclic gas velocity variation follows the engine 
operating frequency. with higher harmonics up to about 
100 superimposed, due to the effects of turbulence. The 
anemometer system used would therefore be quite capable of 
this order of response. Because of this, the heat transfer 
analysis of the wire at any engine crank angle position can 
be considered on a steady state basis, using measured values 
of instantaneous gas pressure and temperature to compute 
fluid properties. Therefore, the analysis of wire heat transfer 
and its relation to flow velocity follows the method discussed 
by Davies and Fisher (1964), with correction of the velocity 

272 

for gas density and wire operating temperature as indicated 
by Hassan and Dent (1969) where it was shown that 

(2) 

where Uuow is the gas velocity, UDF the velocity according to 
Davies and Fisher, Tw the mean wire temperature and Tg 
the gas temperature. 

3 Analysis of Davies and Fisher 
The Davies and Fisher (1964) method of computing flow 
velocity is based on the steady state, one dimensional analysis 
of the hot wire as an extended surface with heat generation, 
and convection to the surroundings at the instantaneous gas 
temperature T go The boundary conditions placed on the 
analysis are: (i) maximum temperature occurs at the half 
length of the wire so that dTw!dx=O at that point, (iil at the 
wire supports, the wire is at the instantaneous gas temperature 
T g. Calculations have shown that the effect of wire support 
response to gas temperature fluctuations has a negligible effect 
on the mean wire temperature. 

From the analysis of Davies and Fisher (1964), the mean 
wire temperature Tw is obtained in terms of properties of the 
gas, the wire, and the heat transfer coefficient hDF. This 
expression is 

r, = K2 [tanh (I K11'/21) 
w K1 (I K, 1'/2 I) (3) 

where 

and 
f" A, 

Kz= ktAr20 

I is the heating current in the wire, Ag the electrical resistivity 
of the wire at gas temperature, 0: the temperature coefficient of 
resistance of probe wire, kt the thermal conductivity of the 
wire, Ar the croSs sectional area of the probe, d the probe 
diameter and 21 the probe wire length. 

Davies and Fisher (1964) employed a modified form of the 
Reynolds analogy to relate the convective heat transfer, 
coefficient at the wire surface to the flow velocity. Their results 
can be shown in rearranged form as 

hDFd = 2'6 [pgUDFdJ 1/3 [CP'!"'] (4) 
kw y7T ftg kg 

which is valid in the range 

0,. [pg~:Fd] ,.50 

where kw is the thermal conductivity of the gas at the wire 
temperature, y the ratio of the specific heats, pg the density of 
the gas, Cpg the specific heat of the gas at constant pressure,' 
1-'. the viscosity of the gas and kg the thermal conductivity' 
of the gas. I 

In setting the balance arm of the anemometer brjdge, the, 
mean wire temperature Tw is fixed. Hence, for a given probe,: 
wire temperature T wand heating current 1, obtained from the' 
solution of the Wheatstone bridge circuit at balance, equation I 
(3) can be solved by iteration to yield hDF for given conditions1 

of gas density and temperature. Finally, hDI<' may be related I 
to UDF through equation (4). 

, 

4 Scheme for consistency check-engine study 
The scheme for the consistency- check is based on the voltage I 
characteristics of the hot wire shown in figure 1. I 

A wire operating temperature is chosen through setting I 
the balance arm of the Wheatstone bridge - say this results! 



Hot wire anemometer measurement consistency check 

in a value of Twl.= 1047 K. The anemometer output voltage 
Vis obtained over the engine cycle figure 1 plot for Tw= 1047 K. 
Measurements of instantaneous gas temperature Tg and pres­
sure Pg are also made over the engine cycle. Hence UDF and 
thence Unow can be computed (at the particular probe location 
in the prechamber) for the whole engine cycle. 

Now if the wire is operated at some other mean temperature 
Tw2 - say 691 K, and measurements of anemometer output 
voltage V are obtained as before, then, since the mean flow 
velocity of gas over the wire at any instant during the engine 
cycle is essentially the same as that measured at T wl (because 
cycle to cycle variation has been shown to be negligib1e), 
Uflow obtained with the 1047 K wire temperature computation 
is used through equations (3) and (2) to compute the wire 
heating current and hence the bridge voltage for a wire 
temperature of 691 K. The computed bridge voltages at 
691 K are then checked against the measured values with the 
probe operating at Twz= 691 K. The accuracy of the correc­
tion term (Tw/Tg)O.3 can now be assessed more effectively 
than in the tests of Hassan and Dent (1969). A comparison 
between measured and computed values of bridge voltage are 
shown in figure 1 for a range of wire operating temperatures. 
The flow velocity Unow was evaluated with the wire tempera­
ture of 1047 K and used in the subsequent calculations. 

It will be seen from figure 1 that agreement between 
computed and measured voltages are generally very good. 
The fluctuating signal of much lower output voltage when 
operating the wire at a temperature of 639 K also shows good 
agreement. though there is a tendency to more scatter in the 
results as would be expected . . 

The effect of neglecting the correction term (Tw/Tg )O.3 is 
shown in figure 2. 

7·5 Computation 'Hith correction and alsCl experimental results 
- Computation without correction 

7·0 -

6·5 

5·0 

4·5 

4·0 
• • e _ • _ 

Wire temperature 1047·7 K 

Cl • _ • • _ 

• 

3·5!.--~\o---"~~Cc--=c!~-.-!o~-.!o~"""'~-'+' __ ~,,," o 80 160 240 320 400 480 560. 640 720 
Crank angle (degrees) 

Figure 2 The effect of neglecting correction term (T w/Tg)o'3 
on computed anemometer bridge output voltage 

5 Conclusion 
A method has been presented for checking the consistency of 
air velocity calculation from hot wire anemometer measure­
ments in a variable density flow. The method gives a means 
of checking correction factors applied to wind tunnel calibra­
tion tests at ambient conditions. to allow for density varia~ 
tionsJn the flow. In the particular application of the method 
to measurements in the precombustion chamber of a motored 
internal combustion engine, it was found that the correction 
(TwITg)o., applied to the velocity computed by the method of 
Davies and Fisher (1964) was quite justified. 
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4.A.l THREE DIMENSIONAL VELOCITY VECTOR PROGRAM 

In order to compute the three dimensional velocity vector, 

the following computer program was written in Fortran IV and, considering 

that execution time must be kept to a minimum, the program was 

subdivided into a main segment and two subroutines which are listed 

below. 

(i) MAIN SEGMENT, which computes the overall velocity vector 

magnitude and direction from the three individual velocity 

readings, 

(ii) Subroutine VELOCITYCALCULATION, which computes the 

individual velocity vectors using the instantaneous 

bridge voltage, pressure and temperature, 

(iii) Subroutine COORDS, which is used to translate the paper 

tape output from the D Mac Pencil Follower (27) into 

numerical values of bridge voltage, pressure and temperature. 

A listing of the program is included and the input and output 

data explained in detail. 

INPUT DATA 

D Wire diameter (pm) 

ELP o 
,Temperature coefficient for the wire material (I C) 

VIS Viscosity of air at OOC (gm/cm s) 

TGMIN Minimum gas' temperature within the cylinder (oK) 

SCP Pressure Scale (psi/cm) 



SCT 

SCVl 

SCV2 

SCV3 

OUTPUT DATA 

N 

Ul(K) 

U2(K) 

U3(K) 

uv 

UHORZ 

WERT 

BVT 

AH 

TG(K) 

POCK) 

o Temperature Scale ( C/cm) 

Voltage Scale 1 (volts/cm) 

Voltage Scale 2 (volts/cm) 

Vol tage Scale 3 (vol ts/cm) 

Crank angle position (deg.) 

Velocity 1 (m/s) 

Velocity 2 (m/s) 

Veloci ty 3 (m/s) 

Overall velocity vector (m/s) 

Overall velocity vector resolved 

Overall velocity vector resolved 

Vertical Angle B (Deg. ) 

Horizontal Angle A (Deg.) 

o Gas temperature ( K) 

2 Gas Pressure (KN!m ) 
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horizontally (m/s) 

vertically (m/s) 
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"'_STER 11207 
O'~EN~ION U1(100),U2(100),U](100),A1(100),AZ(100),A3(100),"OR(100) 

',ICHNQ(100),TQ(100),PO(100),UVT(ZOO,2),"G(100) 
COMMOh D,flP,VIS,PO,TG,TGMIN 
R~AO(1,1U)O,ElP,VIS,TGMIN,SCP,SCT,SCV1,SCVZ,SCV3 

10 FnRMAT(9FO.O) < 

LP::;> 
NTR-3 
"1=1 
CALL CnORDS(NTR.LP,M,TX,TY,NSCAN) 
"1=7 
00 " K.'.3 
call cnORDS(N1R,lP,M,TX,TY,NSCAN) 
PO(K)=TY*SCP 

11 C'llfT! ",liE 
,~= 1 
CAll COORDS(NTR,lP,M,TX,TY,NSCAN) 
~=2 

DO 12 K.',3 
CAll cnOPDS(~TR,LP,M,TX,Ty,NSCAN) 
Tr,(KlETY*SCT 
T(,(Kl=lr,(K)+TGMIN 

1;> cnlllTINllF 
NfOIJlH=() 

13 NrnUNT=NCOUNT+1 
1'1=1 
CALL COnRDS(NTR.LP,M,TX,TY,NSCAH) 
"1=2 
DO 14 K=1.3 
C~ll COO~DS(NTR,LP,M,TX,TY,NSCAN) 

A' (K).TY*SCV1 
14 CONTlNIJE 

"1=1 
C~ll ~nORDS(NTR,lP,M,TX,Ty,NSCAN) 

1'1=2 
DO 15 ~=',3 
CAI L r.nO~DS(I'lTR,LP,M,H,TY,NSC"'O 
A?(Kl.ry*SCI/£ 

1S cr.NTII~l.IE 

M=1 
t~LL CnOROS(NTR,LP,M,TK,TV,NSCAN) 
101=2 
1)0 16 K-1r3 
CALL COORDS(NTR,LP,M,TX,TY,NSCAN) 
A H K)::TY*SCV3 

1 6 C 11 N T I III 11 E 
CllL vflOCI1VCALCUlATION(A1,U1) 
CALL VELOr.11YCAlCULATION(~2,U2) 
CALL VElOCITyCAlCUL~TION(A3,U3) 
WRITEI?,17> 

17 F0R~AT(10X,5HANGLE,5~,2HU1,5X,2HU2,5X,2HU3,5X,2HUV,5X,6HUMORZ.,2X, 
16HUVEQT.,4X,~HVERT.ANG.,3X,9HHORZ,~NG.,2X,9HGAS TEMP.,4X,10HGAS PR 
'E~S./l 
001QK=1,3 
4·(-U1IK)··Z+U2(K)··2+U3(K)··Z)/2 
8:(U1IK)*.2-U~(K)··2+U3(K)··2)/2 
CE(U1(K)··2+U2(K)·*2-U~(K)*·2)/2 
UV=S(~RT (A+8+C) 
UhSQIlT< A8S (~» 
U"·SQQT(ABS(S» 
UJ.SUH(ABS(C» 
X=UX/uV 



C 

Y·LJY/UV 
Z1"lJl11tV 
~I ~A"HOS ()O 
BFTA"ACOSC,() 
G~M"'A"ACOS(Z1 , 
AI,FA=ALFA*180/3.1415 
RFTA=BFTA*180/3.1415 
G~MMA"GAM"'A*'60/3.'415 
COSA=CIIX/UV)/(SQIIT«UX/UV'**2+(UY/UV)**2» 
A"=ACOSCCOSA) 
",w=AIi*180/3.141S 
C f) S B" C" X /lJ V ) / COS A 
BVT"Ar.OS(COSI\) 
BVTaBVT*180/3.141S 

• 
'151.) 

WQITECl. 18)N.U1CK).U2(K),U3C~),UV,UHORZ,UVERT,BVT,A",T.(K),PO(K) 
18 FOR"'ATC1,X,13,lX,4F7.2,2X,F7.2,1)(,F7.2,6)(,F6.2,6X,'6.Z,4)(,,7.2,6)(, 

1F7.2) 
19 CONT/NIIE 

SHIP 
END 

<;IIRR()UTI~F VELOCITVCALCUlATIOIICA,IJ) 
DJ~ENS10N PO(100),TGC100),A(100),U(100) 
COMMON D,ELP.VIS,PO,TG,TGMIN 
IHADCI,10)Z.RH,RS 

10 FI1?,.AT(3fO.() 
AREA"3.141S.CO·*2)/4. 
RIIWO a 36.441/10'*6 
Rr:"rWt./O*Z/ APEA 
T():2<.1 3 
Z=7/2. 
T~:C~H-RC)/(~C'fLP)+TO 

C.~=(2.56+(7.3*CTW-~4.)/1000.»/10.**4. 
ROWT=~f)WO.(I.+FLP*(TW-TO)l 

T(WT=(7.(3*TW)/CROWT*10.**8l 
Or! 27 r a l,J 
TC;"TGCr) 
R()WSaR()WO*C1+ElP·(TS-293» 
TCWS·(~.25*TS)/'ROWS*C10.**8.» 
DEN·(2.31*PO(K»/C96.5*TG(k» 
Rr."Rr,*CI+ElP*(TGCK)-TO» 
DT-TW-TG C K) 

CAr,-('-.56+C7.S*CTG(Kl-54)/'OOO)l/10.**4 
V5yaCVIS*390*CTGCKl/Z7])**1.5l/(TGCK)+117) 
CV=C.1715+.02788*DE~l*4.1813 
CIJR-A(Kl/(Z*RS) 
CONSTaCRH-RG)*CUR·*Z/(2*3.141S*Z*CAW*DTl 
H!JP-b. 
HWIj-O. 

SOLVING FOR "'. 

foIAJN ITERATION. 

C~Y1=C4.*CAW)/CTC~T*D**Z) 
11 C~VpaHWp*D/tAW-COIIST 

CAYNaHWN*O/CAW-CONST 
C'VP]-ABSCCAYI*CAVP) 
CAYIj]sA8SCCAY1*CAYNl 
CAVP4z(SQRT(CAYP3l)*Z 
CAVN4-C$URTCCAYN3)l*l 



Olf1 a CUR**?'*RH/(O*3.1415*Z*l*DT) 
IF(CAVP4.GT.50) GO TO 12 
EPs(EXPC2.*CAVP4)-1.)/(EXP(Z.*CAVP4).,.) 
GO TO n 

12 E,,-1 
" IF(CAVN4.GT.~Ol GO TO 14 • 

E~-(E.PCZ.*CAYN4)-1.)/(EXP(2.*CAVN4)+1.) 
G f) T I) 1 5 

14 e'l=1 
15 DIFPl.'.-CRG*TCWS*EP)/(R"~TCWT*CAYP4) 

DIFN2,.,.-CRG*TCWS*ENl/CRH*TCWT*CAYN4) 
FUPaHWP-DIF1*DIFPZ 
IFCFUP-.0000001)Z5,Z5,16 

16 C,.,,,TlNIIE 
FIINaHWN-DIF1*OIFN2 
IFCABSCFUN)-.0000001)17,17,18 

17 H-HWN 
GO TO 2f> 

18 C ONT l'WE 
HWM-CHWN*FUP-HWP*FUN)/CFUP-FUN) 
C_YM=H~M*OfCAW-CONST 

CAYM3=A~SCC~v1*CAVM) 

CAYM4 a CSQRTCCAYMl»*Z 
IF(C~YM4;GT.~O) GO TO 19 
EM~CEXPC2.*CAYM4l-'.)/CEKPCZ.*CAY~4).'.l 
/i'" TO 20 

19 E'I'" 
200IFMl=1.-CQG*TCWS*EMl/CRH*TCWT*CAYM4l 

FIJMaHWM-DIF1*OIFM2 
I F ( fIlM) 21 , l5 ,/2 

21 iiWlojaHWM 
Ijf) TO ?3 

,2 HwpzHW,", 
23 IF(ARSCHWP-HWN)-.001)Z5,Z,,24 
24 Gfl TO 11 
25 H"HWP 
26 CONTINUE 

UC~)=C(H*~.141S*CAG)/(2.6*CV*CAW»*.3*(O/VSY)**Z/COEN) 
iJ(K)=U(lOf100 
Ij(K)=UCK)*(TW/TGCKl)**.3 

27 CONTlPjUE 
IIFTURO/ 
END 

SIJBROUTINE COORDS (NTR,LP,M,TX,TY,NSCAN) 
10 FI)RMATCFO.O) 
11 FORMATC3IOl 

I~ C~.NE.1) GO TO 13 
RF_DC3.10lA 
RFADeJ,10lB 
Ri=AO(3,10IA1 
REAO(3.10)S1 
II F:A D (3 • , I) ) A 2 
IlI'ADO.10lAZ 
REAO<l,11 lN1 ,NZ,N3 
)( = N1 
Y = N2 
RF'D(~,11)N1,NZ,N3 
X 1 • 1111 
V1 • 1112 
REAOC3,11)N1,NZ,Nl 
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X? ,. H1 
V? • NI' 
~Ans ,. 57.296 
X~Nr, ~ ATANZ «V1-V),(X1-X» 
SlANG = XANG.~ADS 
VANG : ATA~2 «~-X2),(V2-V» 

OYA~r, ~ YANG*R'DS 
DIFANG = XANG-YANG 
~'FRA~ = DrFA~G.RADS+90.0 
IF (DIFANG.GT.O.OZ) WRITE (2,12)DIFRAD 

, 153. ' 

12 f~qMAT ('~.4~~ERRO~ IN READING StALE fACTORS - AXES ARE AT ,F7.), 
, ,\~ r)Fr.~EfS) 

A~r, ~ (~ANG.YANG)/2 

V~CALF : (S2-B)/SQRT«X-xl)**2+(V2-Y)**2) 
'~CALF ,. (A'-A)/SQRT«~1-X)**2+(Y1-Y).*2) 

N~rAN = 11.3 
R~TIJ~N 

13 RFADr'.11>111.'12,N5 
'j~CAI;" N3 
'I = /j 1 
V = N2 
TV=«(V-Y)*COS(ANG)-("-X)·SI~(ANG»·YSCALE+8 
TX=«"-x)·COS(ANG)+(V-V)*SI~(ANG»·XSCALE+A 

RFTUi'N 
E'H) 
FIIIIIS» 
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4.B.l WALL PROXIMITY ESTIMATIONS 

When using a hot wire anemometer for velocity measurements close 

to a solid boundary, errors may be introduced if the effect of the 

boundary on the rate of heat loss from the wire is ignored. The 

proximity of an infinite, flat, solid boundary having a much higher 

thermal conductivity than the fluid affects the heat loss from a wire 

by modification of the temperature and velocity fields. The boundary 

is effectively at ambient temperature and so additional heat is 

extracted from the fluid that is heated by the wire. This effect will 

increase rapidly as the wire approaches the boundary. 
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Pieray and Rich""dson, 1928, (33) measured the heat loss from a 

hot wire attached to a whirling arm rotating uniformly in still air. 

The whirling arm was co-axial with a fixed metal cylinder and supported 

the hot wire close to the surface of the cylinder and parallel to its 

axis. 

Van der Hegge Zijnel" 1924, (34) obtained a form of correction by 

assuming that the effect of the wall could be represented by an 

additional heat loss independent of the stream velocity and dependent 

only on the distance of the wire from the wall. The correction was 

obtained'by measuring the total heat loss from the wire at a large distance 

from the wall and then continuing to make measurements as the wire 

approaches the wall surface, all the measurements being taken in still 

air. The extra heat loss so obtained was then used to correct the 

experimental velocity measurements. The same method was used by 

Dryden, ,1936, (35) to correct hot wire readings in a boundary layer. 
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He found by experiment that the extra heat loss to the wall in still 

air was given by: 

H = constant x 1 (cs - a )2 I b 'w a 4.B.l 

wher'e e and a are wire and ambient temperatures respectively, w a 

1 is the wire length 

b is the distance of the wire from the wall. 

The success of this method of correction depends on the assumption 

that the wire loses heat to the wall only by conduction, which is true 

only for very small Reynolds numbers based on the wire diameter. 

A more accurate method was that used by Reichardt, 1940 (36) 

who calibrated his wires close to the wall in a laminar flow channel 

and used the calibration in a channel with a turbulent flow having the same 

,value of wall shear stress. Wills' (30) results are illustrated in 

Fig. 4.B.l, and it must be mentioned that the experimental work performed, 

was limited to a maximum Reynolds number of 1.0. However, when 

Nu(a la )-0.17 was plotted again HO. 45, Wills obtained a series of 
w a w 

parallel lines (depending upon the bla value) which had the equation, 

where 

Nu(a la )-0.17 
w a = A + 0.56 R 0.45 

w 

A = 0.26 as bla _"'" • 

-----4.B.2 

Equation 4.B.2 was obtained by Collis and Williams (37) (for 

Reynolds number in the range 0 - 44) from an extensive series of measurements 

of two dimensional convection from hot wires far from a solid boundary 

and as mentioned above, fitted Wills' results very accurately. Consequently, 

it was assumed that the curves illustrated in Fig. 4.B.l remained parallel 

up to a Reynolds Number of 44.0. 



Using a 10pm diameter wire in the engine studies, a maximum 

Reynolds number of approximately 35.0 was encountered and assuming 
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that the b/a curve equal to 50 is adopted and assumed to be sufficiently 

close to the case of negligible heat loss dueio a solid boundary, 

then we have 

b 
a = 50, 2a = 

i.e. b = 0.025 cm. 

0.00101 cm. 

Therefore, a 10,um diameter wire may be located within 0.025 cm. 

of a solid boundary and does not require correction for wall proximity. 

Consequently, it was concluded that the mounting of the anemometer 

probes within the cylinder head and piston crown space at approximately 

0.038 cm. from either surface was perfectly justified and the measured 

results would not require correction. 



o o-s 1-0 

FIG. 4Bl WILLS' . (30) RESULTS 
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APPENDIX 4 C 

4.C.l FORCED VORTEX THEORY 

Vortex theory is based on the fact that radial pressure forces 

are required to act on the air elements in order to provide the 

necessary centripetal accelerations associated with the swirl 

velocity U. The basic equation for radial equilibrium may be 

derived from consideration of the pressure forces acting on a fluid 

element as illustrated in Fig. 4.C.l. As the acceleration in the 

radial direction is high and may amount to several thousand times 

the acceleration due to gravity, gravitational forces may be 

neglected and hence resolving in the radial direction we have, 

(p + dP)(r + dr)de - Prde - PdrZ ~ 
2 = 

2 
de Q.. 

r 
____ 4.C.l 

where P, f' ' U, and r are the pressure, density, swirl velocity and 

radius respectively. 

From equa tion 4.C •. 1 we have, 

dP = 
_____________ 4.C.2 

In curved flow, the pressure increases with the radius and there 
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is a fall in pressure per unit radial distance towards the centre of curvature 

by an amount eu2/r.· The pressure gradient dP/dr = E' U2/r. 

Imagine now a vertical cylindrical vessel with fluid rotating 

about a central vertical axis. The streamlines will be concentric 

circles and if the fluid rotates. as a solid body,· such a flow is 
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called a forced vortex, where the linear velocity U at any radius 

is given by U = wr (where w is the angular velocity). 

substituting the relation U ~ wr into equation 4.C.2 and integrating 

between the limits 1 and 2, where 1 refers to ~ the cylinder axis and 2 

refers to the outer cylinder radius, gives, 

= 4.C.3 

Substitution into equation 4.C.3 for some typical value~ for an 

engine speed of approximately 1500 RPM, where P l ~ 2510 kN/m2 , 

3 (2= 12.0 kg/m, U2 = 100 m/s, and U1 ~ = 0 m/s, gives, 

P2 = (251 + 6) x 104 N/m2 

The percentage error between the pressures PI and P2 is 

therefore given by, 

(257 - 251) xl06 
Percentage error = 251 x 104 

Le. Percentage error = 2.4% 

Hence, it may be concluded that pressure distribution 1s 

spatially uniform within the cylinder when the developed flow 

pa ttern is characterised by a forced vortex velocity profile. 



.' 

FIG.4.C.1. 

P + dP 

PRESSURE FORCES ACTING 
ON A FLUID ELEMENT 

159. 
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S.A.l MOMENTUM ANALYSIS FOR THE INDUCED AIR IN THE CYLINDER 

Conservation of angular momentum about an axis occurs if the sum 

of the moments of the external forces about that axis is zero. This 

follows because there is then no angular impulse about that axis and 

hence no change in angular momentum can occur. 

Consider the piston and cylinder configuration outlined in 

Fig. SA.I. The outer chamber has diameter D and at B.D.C. contains 

practically all the induced mdss, whilst the smaller chamber has 

diameter d and volume Vb and contains practically all the induced 

mass at T.D.C. 

From Fig. SA.I, it may be observed that the mass moment of inertia 

of the contents of the outer chamber, assuming solid body rotation of 

the gas is given by, 

= ----S.A.I 

where me is the instantaneous mass trapped inside the outer chamber, 

The mass moment of inertia for the smaller chamber, assumed here to be 

cylindrical, (and to obey the solid body rotation assumption above), 

is given by, 

S.A.2 

where mt is the total mass induced into the cylinder at any crank 

angle, after inlet valve opening. 



, 

r , 
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Therefore, the total mass moment of inertia is given by the 

sum of equations 5.A.l and 5.A.2, i.e. 

I = + 1- ----S.A.3 

Assuming that the pressure and temperature are spatially uniform 

throughout the induction and compression periods and the angular velocity 

is the same for each particle of charge, then the angular momentum at 

any instant can be derived from equation S.A.3 providIng that the ratio 

mt/mc can be derived at any instant. 

Because the volume of the smaller chamber is negligible in' 

comparison to the cylinder swept volume, the ratio mt/mc may be" 

written in terms of the volumes, i.e. 

= = 

or 
= 1 

1 

+ 

+ 

IT D2 S(8) 
4 

----5.A.4 

----5.A.5 

where S(8) is the piston displacement from T.D.C. at any crank angle 8. 

Substitution for mt/mc in to equation 5.A.3 gives 

= 
+ ] -----5.A.6 
+ 

The idea may be extended for the compression period, since it is necessary 

to determine the ratio whe,re is the mass moment 

of inertia at the closure of the inle t valve. 
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APPENDIX 5D 

5.B.l DETERMINATION OF SQUISll VELOCITY WHEN CYLINDER PRESSURE IS UNIFORMLY 

DISTRIBUTED 

This appendix relates to a gas which has negligible inertia and 

""'iscosity and is not subject to surface friction effects. The 

instantaneous pressure during the compression stroke may then be 

assumed to be uniformly distributed throughout the gas volume. 

Referring to Fig. 2.2 consider a small upward movement of the 

piston, reducing the distance between the annular face and the cylinder 

head from x to x - dx. Now let the area of that part of the annular 

face between the general radius r and the outer radius b be 

represented by Ar such that 

( 

(b
2 2 5.B.l A = - r ) 

r 

The volume swept by this annular area during the displacement dx is 

Ardx, while the change in total volume of the cylinder is A dx. 

Since the pressure is spatially uniform, the density is. also uniform, 

provided that temperature variation due to heat transfer is negligible; 

the high speed of rotation of the gas should prevent any appreciable 

temperat~re variation. Representing the total mass of gas in the cylinder 

by rn, the mass in the outer annular space is 

initially, and 

Ax + v 

'mAr(x'-'dx) 

A(x - dx) + v 
finally. 

(where v is the volume of the combustion chamber),' 



. ' f'.-J' The flow dm from the outer annular space across the . .. 
cylindrical surface represented by R R is the difference of these 

two expressions, that is, 

x x - dx 
dm = mAr (Ax + v A(x - dx) + v ) 

The instantaneous density is m/(Ax + v) and the volume flow across ... 
R R may be written 

x dV = mA (Ax + A(x r v 

A v dx 
r 

= Ax - A dx + v 

Omitting the term A dx, we have 

dV 

dx = 
A v 

r 
Ax + v 

x - dx )(Ax + v ) 
- dx) + v m 

To obtain the rate of volume flow with respect to time, dV/dx 

must be multiplied by the piston velocity dx/dt. To obtain the 

5.B.2 

linear velocity of the air, the flow rate dV/dt must be divided by 

the area of flow, that is, by the cylindrical area2lIrxat radius r. 

The mean air velocity is then given by 

1 A v dx 
U 

r 
5.B.3 r -2nr x(Ax + v) dt 

(b
2 2 

U 
1 r )v dx = 2r (Ax v)x dt or r + 

164 . 
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A P PEN D I X 5 C 

5. C.l MATHEMATICAL MODEL PROGRAM 

In order to compute the instantaneous angular velocity for the 

mathematical model outlined in Section 5.0, two computer programs were 

written in Fortran IV. TIle two programs, N250 for the induction period 

and N260 for the compression period were presented in tabular solution 

form in Section 5.4 and the flow charts are included in Table I at 

the end of Section 5.0. Included below is a listing of the major 

input and output statements used in the program along with a complete 

listing of the two programs. 

N250 Induction Period 

( 

Input Data 

COEFI First polynomial coefficient from the suction test (-) 

COEF2 Second polynomial coefficient from the suction test (-) 

COEF3 TI1ird polynomial coefficient from the suction test (-) 

DTH Inlet Valve rise and fall time (0) 

z Inlet valve lift (m) 

S Piston Stroke (m) 

G Connecting Rod length (m) 

DC Cylinder diameter (m) 

·DB Combustion chamber diameter (m) 

T Polytropic exponent (-) 

BVOL Volume of the combustion chamber (m3) 

VMD Distance of inlet valve centre from the cylinder axis (m) 



AREAPORT 

CP 

TO 

PO 

RHO 

VCL 

ERl 

VA 

DV 

RPM 

PCYl 

FLOTO 

Output Data 

FLOl 

PCY! 

FLOTO 

Area of the inlet port at the velocity measuring 

section (m
2

) 

166 . 

o 
Specific heat of air at constant pressure (kJ/kg C) 

Ambient air temperature (oK) 

Ambient air pressure (N/m
2

) 

Air density in the inlet port 3 
(kg/m ) 

Clearance volume between cylinder head and piston 

crown (including the combustion chamber) (m3
) 

% error in Wegstein iteration procedure (-) 

Inlet valve seat angle (0) 

Inlet valve diameter (m) 

Engine speed (r.p.m.) 

2 
Pressure inside the cylinder at top dead centre (N/m ) 

Mass of air trapped inside the cylinder at beginning 

of the computation. 

Instantaneous mass flow rate (kg/s) 

Instantaneous cylinder pressure 
2 

(N/m ) 

Total mass contained inside the cylinder (kg) 

ANGRPM(M) Instantaneous angular velocity (r.p.m.) 

PSP(M) 

USQ(M) 

ANS 

Instantaneous piston speed (m/s) 

Instantaneous squish velocity (m/s) 

(,0) Instantaneous crank angle 



N260 Compression Period 

Input Data 

B Connecting rod length (m) 

S Piston Stroke (m) 

VIS Viscosity of air at ambient temperature gm/cm s 

DC Diameter of cylinder (m) 

DB Diameter of combustion chamber (m) 

BVOL Volume of combustion chamber (m3) 

RPM Engine Speed (r.p.m.) 

ASST Total trapped mass inside the cylinder (kg) 

167. 

WP Angular velocity at the end of the induction period (~p. 

TG(I) Instantaneous gas temperature (oK) 

PG(I) Instantaneous gas pressure (p.s.i.) 

Output Data 

X Crank angle position (0) 

OMEGA Instantaneous angular velocity (r.p.m.) 



M~STER N250 
uIMEN~ION PRES(450),.lOM(450),FlOMT(450),DEN(4S0).VEL(450) 
DtMEN~ION ENTLM(SOO)'ANGV(SOO),ANGRPM(500).Vel1(SOO),VEL2(SOO) 
DtMENQION VEL3(SOO),VEL4(SOO),VELS(SOO),ERTIACSOO)'Psp(500) 
OTMF.N~ION USQ(500),AT1(500),PX(10),PC(1D}.DENTLM(500),X(500) 
\}TMENo,ION X1 (500) ,X2(SOO) ,X3(500) 
RFAD(1,10)COEF1,COEF2,COEF3,DTH,Z 

10 FrlRMA1"(SFO.O) 
READ(1"')S.G.DC,OB,T,BVOL,VRAD,ARE~PORT 

1, FORMAT(IlFO,O) 
RF.AO(1,12)CP,TO,PO,RHO,VCL,ER1,VA.OV 

12 FrlRMAiC8FO.0) 
J=O 

13 J=J+' 
'I~ I TE ( 2 .1 4) 

14 F!'IRMA"(1H1) 
R~AO(1.1S)RPM,PCY1,FLOTO 

15 FORI~AT(3Fn.o) 

C C~LCUIATI0N OF CONSTANTS 

A,,1 tr 
U::(T-1)/T 
C=1 I B 
1',,0 
~A=5H'(P) 

s?A=suSA 
C~=CUo(P) 

H=G-(r,*r,-~*S/4*S2A)**.5+S/2*(1-CA) 
VOL1=3.141S*DC*DC*H/4+VCL 

..... 
m 
co 



DO 26 M:;1.20S 
K:;K+1 

--~-------:---------------------------

P"M*3. 1415/180 
P~=M*OO~3.141S/(95*180) 
P~=(H-9S)*90.3.1415/(110*180) 
SA = S I ~j ( P) 
S?A=ShSA 
CA=CO~(P) 

H=G-(~*G-S.S/4*S2A)**.5.S/2*(1-CA) 
VOL2=3.1415*DC*OC.H/4+VCL 
VM=(VnL1+vOL2)/2 
VA=VA.3.1415/180 

C WEGST~IN ITERATION PROCEDURE 

'=2 
Pr.(!-1 )=pr,V1 

16 pCV2=pC CI-1> 
PPCV2=(Pcv2+PCY1)/2 
pRA=?PCV2/PO 

C TEST ~OR CHOKED FLOW 

IQPRA.I,T.1>GO TO 17 
v=1 
pRA=1/PRA 

17 Z3=(1+(T-1)/2)**C 
pr.H=1/Z3 
IF(pRA.GE.PCH)GO TO 18 

PRA=PCH 



-------------~-- ~~~~~~~~-----------------------------

18 1~(M.r,E,95) GO TO 19 
VH=Z*~IN(P2) 

GO TO 20 
19 VJ.l=Z*r.OS(p3) 

r 

20 A~EA=rOEF1.(VH/DV)-COEF2*(VH/DV)*.2+COEF3*(VH/DV).*3 
APEA=~REA/'OOOO 

C MASS ~LOW CALCULATION FOR COMPRES~IeLE FLOW 

A1=ARFA 
A2=PR~ 
A3=A2uA 
A4=2.'rl (T~1) 
A~=PlhRHO 
A6=1-pRA ... S 
A7=SQPT(A4.A5*A6) 
Ail=A1*A3.~7 
H02=,\8 

C CHECH FOR REVERSED FLOW 

1~(V.~Q.1)GO TO 21 
GO TO 22 

21 F t02=·FL02 
v=2 

C ENERGv CALCULATION FOR CYLINDER PRESSURE 

?2 B1=PCv1 
TFMP=TO/(PO/PCY1)**B 



a2=(T-1)*A8*TEMP*Cp*1/(6*RPM*VM) 
B3=pprY2*(VOL2-VOL1)/VM 
84=91+B2-R3 
PX(J)=64 
IFCI.>Q.2)GO TO 23 
GO TO 24 

23 pC(2)::PXC2) 
1=1+1 
un TO 16 

24 pr.(3)=PXC3)-(PX(3l-pX(2ll*(PX(3)-pC(2l)/(PX(3)-pX(2)-PC(2)+PC(1» 
RA=PC(3)/P)«3) 
ER=A8Q(1-'<A) 
H(ER.LT.FR1)GO TO 25 
pcn )"PC(l) 
Pr. (2) ",PC C'i) 
Plf(2)=PX(;) 
GO TO 16 

25 PCY2::pC (3) 

pr.y1=PCy2 
F 1.01 =!'L02 
VOL1=IIOL2 
A~G=M 
FIOTU=FLOTO.FL01*1/(6*RPM) 

C VELOC1TY CALCULATION 

PRES OO=pr.Y1 
F ,-OMCM)=F 1.01 
DENCHI=RHn.(PRESCMl/PO'**A 
VF.LCM\=AB~(FLOMCM»/(AREA.DEN(M» 



-------------------------------------------------------

DENTLMCM)=FL01*VELCM)*VRAD 
Fr.O ~1T ( M )-= ~ LOT 0 
VF.lIN=FlOM(MI/CRHO*AREAPORT) 

26 CONTI'!UE 
ENTLI~(1)=O. 
1)0 27 M=1, 215 
ENTLM(M+,)=ENTlMCM)+OENTLMCM) 
ENTL~(M)=fNTLMCM)/C6*RPM) 

27 CONTINUE 
00 28 M=1' 205 

r 

ERnA=Dc.I)C 18 
ANGV(M)=ENTlMCMJ/CERTAA*FLOMT(M» 
ANGRPMCM'=ANGVCM)*60/(2*3.141S,*COS(VA) 
VEL1CMI=ANGVCM) •• 0127*COS(VAI 
VEl2CM)=ANGV(M)·.0254*COS(VA) 
VEl3(M)=A~GV(M)·.0349.COSCVA) 
VEL4(M)=ANGVCM) •• 0318*COS(VA) 
VELS(M)=ANGVCM)·.0381*COSCVAI 

28 CONTINUE 
K=O 
DO 31 M=1. ZOO 
K=K+1 
ANG:M 
I~CK.FQ.10) GO TO 29 
GO TO 31 

~9 WRITE/2.30)ANG.ANGRPMCM) 
30 F()RMAT(2E~0.8) 

K=O 
31 CflNTINUE 

, 
, 

1-', 

;;J : 
. I 



--- ---------------------------------------------------------------

( 

C CALCUI.ATION OF PISTON SPEED AND SQUISH VELOCITY 

DO 32 M=205,360,1 
P1 =M*3 .1415/180 
SA=,IN(P1) 
s2A=SU,A 
r.A=CO~ (P1 ) 

H=G-(r,*r,-~*S/4*S2A)**.5+S/2*(1-CA' 
s1=DC*DC/4 
52=OB .. OB/I. 
53=3.1415*DC*DC*H/4 
S4=3.1415*DB*DB*Da/(8*H) 
SS=4*(B*8-S*S/4*S2A)* •. 5 
s6=S*S*SA*CA/S5+S*SA/2 
p~P(Hl=6*RPM.3.141~/'80*S6 
USQ(Ml=(S1-S2)/(S3+BVOL)*BVOL*PSP(M)/CH*DB) 
P~P(J.f)=AASCPSP{M» 
\J <; Q ( J .f ) = A FI S ( US Q ( M ) ) 

32 CONTI~UE 
H(J.LT.4) GO TO 13 
STOP 
E"lD 
FINISH 



~----~-----~-------------------------------------------~ 

M4STE~ N260 
~lMEN~ION TG(200),PGC200) 
F.XTER'JAL FN 
COMMON/FUN/WP,ERN,ERP,STV 
K=O 

9 K=K+1 

( 

R F. A 0 ( 1 , , 0) er G (I ) , 1=1 , 1 51 , , 0) , ( pG ( t ) , I:: 1 ,1 51 , 1 0) 
10 FORMAT(8FO.O) 

RF.AO(1,11)B,S,VIS,DC,DB,BVOL,RPM,4SST,WP 
" FORMAT(9FO.O) 

WP:::WP*2*3.141S/60 
N =1 
M=11 
DO 12 1=1.150 
IF(I.eQ.M) N=N+10 
M=N+10 
T(,(i+ 1 '=Tr,(I)+(TG(M)-Tr,(N»/10 
Pr,(1+1):::Pr,(I)+(PG(Ml-PGCN»/10 

12 t. ONT PJUE 
A=209.3.141S/180 
~~=SU)(A) 

S2A=S~*SA 
C4=CO~(A) 

A1=B-IB*B-S*S/4*S2A}**.5+S/2*('·C~) 
VOLR=1+4*RVO~/COC+DC*A1l 
E,P=DC*DC/(8*VOlR)+(1.1/VOlRl*DB*D8/8 
FRP=EJ1P*ASST 
17=~Rp 

J=O 
DO 16 1=1.151 



----~----------------~---------------------------------------------------------------------

r 

IF(K.GT.8) PGO)::PGCl)*1.8 
J=J+1 -
X=I.209 
A=X*3.1415/180 
SA=Sl'J(A) 
S2A::$A*SA 
C~=CO~(A) 

A1=S-(B*B-S*S/4*S2A)·*.S+S/2*(1-CA) 
A2=Vls*390*(TG(I)/273)··1.5/CTGCI,+117.0>/10 
A~=2.~1*pr,(I)/C96.5.TG(I»*'000 
VOLR=1+4*~VOL/(DC*DC.A1) 
ERN=Dr,*DC/C8*VOLR)+(1-1/VOLR)*DB*OB/8 
F.RN=EoN·A~ST 

17.1 =E~N 
17Z=U/ZZ1 
A7=3.1415*A3 •• 0.8*A2**O.2.0C**3.6/16 
AfI=A7*O.067*A1 
AQ=A7.0.0A8*DC/16 
A10=AQ/(6*RPM) 
A11=AR/(6*RPM) 
SrV=A10 
WP1=WD 
CALL nRTM,cWN,F,FN,O.O,55000.0,.0001,100,IER) 
OMEGA=WN*AO/C2*3.141S) 
H(J.!'Q_11> GO TO 13 
GO TO 15 

13 WQITEr2.14)X,OMEG4,ZZZ 
14 FORMAT(25X,3E14.6) 

J =1 
15 F.RP=E~N 



WP=WN 
16 CONTINUE 

WRITEI2 ,1 7) 
17 FORMAT(HI1) 

IF(K.I,T.11l GO TO 9 
STOP 
END 

) 

FUNCPON FN(WN) 
COMMON/FIJN/WP,ERN,ERP,STV 
FN=WN-ERN-WP*ERP+STV*«(WN+WP)/2>**1.8) 
RnURN 
END / 

l;UaROIITIN" DRTMl(X,F,FN,XL!,XRl,EPS,IENP,IER) 
IF.R=O 
XI,=XLl 
XR=XRT 
X=XL 
TOL:: X 
F=FN(TOL) 
IF(F) 1.16" 

1 F l= F 
X=XR 
TOl: )( 
F= FN (T0l) 
IF(F) 2,16,2 

2 FR=F 



I·(SICHI(1.00,FL)+SIGNC1.00,FR» 
3. 1=0 

TOLF= 100.0*EPS 
4 r::I+' 

DO 13 K=1,zEND 
X= O.S*CXI.+XR) 
TOL=X 
F=FN(TOL) 
IF(F) 5.16,5 

5 IF(SIr.N(1.00,F)+SIGN(1.00,FR» 
6 TOL= XL 

XI.=XR 
XR= TOL 
rOL: Fl 
F I.=FR 
FR= TOL 

7 TOL:: F·FL 
A= F*TOL 
A=A+A 
IF(A-FR*CFR-FL» 8,9,9 

B IF(I-rEND) 17,17,9 
9 XR=X 

FR=F 
TOlc: "PS 
A= AB~(XR) 

IF(A-1.0Q) 11,11,10 
10 TOL: TOL*A 
11 JF(AB~(XR-XL)·TOL) 12,12,13 
12 IF(AB~(FR-FL)-TOLF) 14,14,13 
13 CONTINUE 

25,3,25 

) 

7,,,,7 



-~----~~-~~----~~~~~~---------------------------------------

14 1~(AB~(FR)-ABS(FL» '6,1~,'5 

15 X=XL 
F=FL 

16 RETURN 
17 A"FR-F 

DX=(X-XL)*Fl*(,.OO+F*(A·TOl)/(A*(~R·FL»)/TOL 
X'l=X 
F M= F 
X=Xl-oX 
-(OL=X 
F=FN (,rOt) 
HCF) ,8,16,,8 

18 rol.= FPS 
A=ABSIX) 
1~(A-1.00) 20,20,19 

'9 TOl: 1'Ol.A 
.20 IF(AB<:(DX)-TOL) 2',2',22 
2, IF(AB~(F)-TOLF) 16,16,22 
7.2 IF(Sl(.N(,.00,F)+SIGN(1.00,FL') 24,23,24 
23 )(~::x 

FR=F 
GOTO 4 

?4 XI.::X 
FI."F 
XR::Xf1 
FR=FM 
G0TO t. 

Z5 IF.R= ? 
RFTUfH! 
END 




