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SUWIl ARY

The thesis is concernsd vita the study of the sffects
6f squish on the Turbulence structure in the combustion
charber of a sparx ignition angine,

zxisting hot wire anemome.r;y calibration techniques have
been svudied and an impro- ed version develorped.

A data acquisition and processing system has been developad
whereby the raw data is digitised and processsd by a Hewlett
Pacliard computer, thus making possible the analysis of *a large
number of cycles,

The data acquisiéion system fulfills the requironment of
perfect synchronization with the erank, rotation to ensure the
accurate locatlon of every event in the engine cycls.

Ninz combustion chambers have been tested, One was .«
ditum chirber with no squish and the rest fealured increasing
squish areas ranging from 5 to 20%. Two locations of each
of these were studied: all in on¢ place and equally divided
into two areas,

Yhe rzan air velocity, turtulence intensity,rslative tur-
tulence intensity and macro scales of turbulence have tzen cal-
culated for everyones of thess chambzars, The probe position and
engine speed wers alteresd to create a coaplete image of the flow
structure in the cowbustion charker,

It was found that the intake jet creates a strong body swirl
motion in the combustion chamber, This porsists dur{ng the coum-
pression stroke and is only.broken vp if large squish arsac are
present.

It was also found that the effect of squish on the turtulance

level is to increasc the fregquency of rotation of the eddies,

~




The cddy size docs not alter bubt rore eddies are created and

they have faster rotational wotions, )
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NOTATION

probe current at ambient conditions

probe current during engine tests

voltage across wire

bridge voltage

wire operating resistance

wire element operating resistance
resistance in bridge arm in series with probe arm = 50Q
total conductor resistance in the leads and probe body
Qire crossectional area

surface area of wire element

surface area of wire

wire operating temperature

gas temperature

wire element temperature

temperature of the surroundings

film temperature

ambient temperature

prong temperature

heat supplied to the wire

heat loss through conduction

heat loss through convection

heat less through radiation

polythropic index of compressicn

gas specific heat at constant pressure
gas specific heat at constant volume .

Universal gas constant

wire diameter
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wire length

convection heat transfer coefficent
Reynolds Number

Nusselt Number

Instantaneous gas velocity

average gas velocity

instantaneous air velocity fluctuation
turbulence intensity

relative turbulence intensity

non statiot:lary autocorrelation coefficient
éime macro scale of turbulence

length macro scale of turbulence

pressure drop in calibration tunnel
ambient pressure

air thermal conductivity at hot wire temperature
air thermal conductivity at gas temperature
thermal conductivity of wire element at its temperature
thermal conductivity of the wire materidl at the temperature
of the prongs

Stefan BollzZmam's constant 5.693 x 10 J/m sec K

wire emissity = 0.1

thermal coefficent of resistance for wire material

gas density

gas dynamic viscosity

ratio of specific heats = 1.4
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CHAPTER 1

INTRODUCTION
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INTRODUCTIOI

A great deal of work has been done in recent years to
improve the operstion of spark ignition engines.

Legislation limiting the amount of exhaust pollutants has
been adOpfed in miny countries. At the same time the energy
erisis created the advent of an enecrgy cénscious society In
which governments are taking serious steps towards limiting
the fuel consurption of pagsenger veshicles.

Consequently tlhie motor manufactuers and ths researcn
organisatlons focused Taeir attention on the combustion procsas
in internal combustion engines.

Lean wmixture running is an obvious answer to the probdlems
ouslined arove. This would guarantee low fuel consunption
figures and clezan exnaust gases, However most engines are
reluctant tec run smoothly on lean mixturcs and sonmetimes special
coribustion systems have to be developed.

One answar is the str=tifted churge engine which has the
ability to run on lean mixtures at the exponse of increased
mechanicsl cowmplication., High compression ratios in conjunction
with lean mixturss has also been known to give good results,
Another trend of thought is to enhence the turbulence level in
the comtustion charber. Various turbulence prowoters or high
turbulence combustion chambers have been tried with various
degrees of succéss. ¢ne of the best known methods of increasing
the turbulence level is squisn, It is a feature of many pro-
duction engines and in some of these it features the ablllty to
run on lean niXtures,

However the mechanism thrcugh vhich squish generates tur-

bulence is not completely vnderstood., It is not clear which of




tho air flow panameters are affected by a squish configuration.
The turtulence intensity or the tiiie or length scales can be
‘affected scparately or all at the same ftime. lt is also acecptad
that there is an optimum degree of sguish at which a particular
corbustion chinber perforxss best. This is based only on ewpirical
expariznce and no s-~tisfactory theorctical eoxplanation of the
process involved has yet be:n found.

Consequently this study was envisaged with the following

goals: - .

L

~ The measurverent of the average veloclities in conbustion
chambers differing only by the degree of squish bullt in
and the precise location of these vclocities within ths
engline cycle.
- The measurement of the turbulence intensities in the
conbustion chanbers andé taneir locatlon in the eycle.
-~ The calcul-tion of the turbulence scales for every conm-"

bustion chamber and their precise location ir the engine

- To answar these problems the obvious research tool is the hot
wire anemom2ter. A nurber of research reports have been
published, outlining the use of hoT wire anemometry systems to
neasure the turbulence levels of the alr trapped Inside the

corbustion charber of an internal combustion engine.

This report is a continuation of a previous study by Jares(6 )

in which the turbulent flow in the combustion charber ond the

“

effect of the corpression racio have taen studled.
A data ascgulsition and processing system has been developed

and one of s tenefits is that it can ke used wich other uypes

of engine related research work,
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The investigation of the flow in tho cembustion chanber
using A not wire prote in a motored engince is hardly iikely %o
zivo all the answers to thz problems outlined above. Tais hag
to be bacxed by comparative studies in fired engines which will
relate the alr flow pattern to the combustion resporsz. This
worx is currently under way and a report will follow at a later
date.

The thesis contains . a review of the best known flow

rneasurcmand technigues emphasising the prineciple and charac-
teristics of tne hot wirs anemometer, . )

This is preceded by 2 survey of the reports covering the
areas of measurement tachnigues and investig:itlon of turbulence
in general and squish in particular,.

A descriprtion of the test rig and the zssociaied instruuien-w
tation is given in Chaptzr (6 ). A detailed presentation of the
problems related to the use of hot wire anemometry systems in
unsteady flowa follows,

This is followed by a description of the data acquisition
system. The development of this took a large proportion of tae
tims dovotad to the experimental wori,

The m2in part c¢f thz thesis finish.s with the discussion of
tha results and the conclusions :nd ricorrienditionsfor further
TorL, ) .

The  appendices follow <Jealing with the ..pzri-
neatal procedure, the evaluaticon of the polytropic index of
expsnsion, and 2 listing of the comoubsr programs used in the
calibration process and in reducing the data.

A 1list of roferences is glven at the end of tThe thesis,




CHAPTER 2

LITERATURE SURVEY
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riterature Survey

There 1s a sizeable amount of information covering flow
measurement techniques applicatle to the gas rotion in engine
comtustion chambers.

The detectors as well as the techniques vary from water
rmodels to hot wire anemometry systems,

Huetner and icDonald (8 ) used a large scale water model
to arrive at a number of maps of the flow inside the clearance
volume above the piston. Altaough the fluid used wasyigcomu ’
pressible and the speed was low (60-80 rpm), the velocity dis-
tribution trends show a number of interesting features. The
riost important of these is the general decrease in flow velocicy
in the centre of the combustion chawmber.

Daneyshar et al (35) used a water analogy rig to study
the characteristics of the fluid flow in the eylinder of an
engine, He obsefved the development of rolling vortices as
the piston scrapes the crlinder wall, <rtThese Increass in size
as the pisvton approaches ¥,D.C. However, ihe regularity of
their shape is destroyed, as the engine spsed increases, to
such an extent that the vortex motion tecomes insignificant at
nigh engine speeds.

The work of . Ohigashi et al(33,34)1ed to the conclusion
that the combustlon during one ¢ycle had very little effect on
the mixture velocity during the following cyele, 1t thus
follows owaat hot’wire measurements in motored engines arsc good
representaticns of the mixture motion prior to ignition. A
modified form of electric discharge anenometry was used for

Y

thelr tests. ''his was hased on the fact that the path of an
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electric discharge moves in the direction of the flow of a

gas stream. If a probe, then detects the arrival of the dis-,

.charge, the gas velocity would be a function of the time elapsed

- between the tegirning of the discharge and its arrival at the

detectionlpoint. .

One of the earlliest comprehensive studies on pas motion
in engine combustion chambers was done by Semenov (1958) (26).
He placed a hot wire probe in the cortustlion chamber of an
engine to study the effects-of various parameters as :‘engine
speed, tarottling, compression ratioc on the flow velocity,

Also the probe was traversed across the cormbustion chamber.
he conclusion of his worx was that the nature of the alr
motion in the combustion chamber is largely due to the jet -
motion of the flow past the inlet valve. This jet sets up
large velocity gradients which 1eaé to a high and persisting
degree of turbulence, During compression the jet action dis-
appears but 1t leaves behind a turbulent gas motion, 1t was
also found that most of the turbulent energy was limited to
frequencies below 1000 Hz. .

Sewenov concluded that the turbulence levels do not vary
greatly during compression and expansion and that the turbulence
intensities do not vary rmucnh at the locations in the combustioq‘
chari:er where measurements have been taken., nls calibration
technique compensated for the pressure and temperature changes
by reducing the probe current at high temperature and pressure
conditions to a current at amﬁient conditions., 'lhe air velocity

r

wasg then derived from calibrations at ambient conditions. The

relationship used was

Io= K(J’;TS)'I

vhere X (f’T ) 1s the coefficient of reduction which 1s




dependent of the denslty snd temperature of the gas.

rassan {22) used a constant temperature anemometry systen
.to study the heat trarsfer in an internal combustion engine.
- An analytical calibration technique was developed, waich catered
for the changes in pressure and temperature of the cylinder gas.

Horvatin and Hussmann (7 ) studied the charge motion in a
high swirl type of combustion chamber., An analytical calibration
procedure was used. A result of this work was a separate paper
ty norvatin (20) waich looked in ccnsideratle detaill at the
characteristics of hot wires used in flows of varying tempera-
tures and pressures. xe used a heat balance to arrive at a
relationsnip also found by Davies and Fisner (18)

dRwl _y s &°T, 3 u*

gﬂ;""‘*#*“d“'ﬁw (gt ’1@;)]

r is a recovery factor

Cp is the specific heat of the gas

However the melt of the work consists in the detailed ana-
lysis of errors that follows, The effects of the changes in the
cold resistance are examined and the article suggests that a
3% error in the measurenent of R, can lead to an error in excess
of 10% in the calculaticn of velocity. Also it was pointed out
thgt if the prong temperatures are disregarded the errors in the
evaluation of velocities are bebween 5 and 15%5. On the other
hand the measurement of the prong temperatures with only a
10% accuracy reduces the maximum error in the air velocity
down to 1.5%

Winsor and Patterson (28) uced a hot wire anemoneter to
.measure tie turbulence characteristics of the flow iIn an engine
equipped with a shrouded inlet valve. ‘'ihe conclusions outlined

the fact that the turbulence in the combustion chamber was




isotropic and homcgeneous and was not affected by the volumetric
efficiency. ‘ne velocities were found éo increase with the
engine speed and the turtulience levels decreased during the
compression siroke. The report also evaluates the suitability
of ﬁrn and 10)1m wires for engine work, it was fo?nd ??at

their response was practically identical and 1t was outlined
that by using 1%Pm wires one has the advantage of better en-
durance.

salama * (23) used a hot wire to sbudy the cyclic variation
in gas velocity and tﬁe turbulence strueture in spark ;gnition
engines. . digital data acquistlon process was used. 'Two
cormercially available types of combustion chambers wers used
namely wedge and Heron.

It was found that while the general characteristics in gas
velocites are similar for most shapes of combusticn chambers,
the turbulence characteristics are mainly functlon of inlet,
wract and combustion chamber shape. Salama . also carried out
an cvaluation of the turbulence scales from whica it was found
that at high englne speeds, the frequency of eddy rotation
increased along with the turbulence intensity. An analysis of
the effects of shrouded valves was carried out and it was con-

cluded that while The velocities Imparted continued well into
the compression stroke the eddy frequencies did not change much
as a result, By traversing the probe across the combustion
chamber it was found that there is a zone,in the cenire where
tne flow is statistically steady. It was also found that the
squish conponents devalop along the wedge wall of tne com-

bustion chamoer rather than as single jebs perﬁendicular to the

cylinder axls, ‘he calibration procedure was based on the




relaticnship found by Davis and Fisher. (18) The same tech-
rnigque was also ussd by Hassan and Dent (10 ). The rela-
tionsiaip used was based on a corprehensive heat balance for
the hot wire. 'he mass'flow past the wire was related to the

convective heat transfer coefflicient by

h:c m
: £ Ag
where ‘f = alirdeniity at the free stream temperature

cvé specific heat at constant volume

Qf= sxin friction coefficient. This was defined

as follows:
05
¢~ Re when 40<Re <1000

and

¢;=26Re™***  when 0< Re< 50

James (6 ) studied the turbulent flow in the combustion
thamber by comparing a disCtype chawmber with a squish chamber.
1% was found that most of the turbulent energy was contained
below 1000 Hz. U“he data was analysed by passing the anemometer .
voltags siirough a bart of filters, Thus the analysis led to an '
evaluation of the velocity and turbulence components at various
frequencies, L1t was found that the flow fluctuaticns in the
cylindrical combustion chamber were rmch lower than those iIn the
squish chambesr, The calibratlon technique used is discussed in
detaﬂi in Chapter (5 ) because this work is based on the sanms
procedurec.

Lancaster (27) used a triaxial ho? wire probe to resolve
the velocitvies in their cartsgian components, The data was

analysed using a digital data acquistion auad processing system,

A nuzmter of parameters were altered to scudy their effect
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on the charge notion. ‘“These vere: volumetric efficlency,
engine spced, coupression ratio and intake geometry. tThe
pas velocities were found to increase with the engine speed and
volurietric efficizncy. ‘YThe compression ratlio did not have any
effect on the velocity levels. *The analysis of the data ob-
tained shows that only 209 of the flow energy is contained at
frequencies above 1000 Hz and only 20 above 5kﬁ?. 1t was found
that the in cylinder fturbulence at YTLC near conpressicn is
isotroric and is determined by the intake jet flow. YQ reduce
the data Lancaster used a heat balance for the hot wire. e
investigated the suitability and the allowances that have to be
made when calibrating at amtient conditions for flows at high
temperatures and pressures, ‘“hese -are discussed in more detail
in chapter (5).

witze (30) ?sed a hot wire anemometry system o measure
the spatial distribution and engine speed dependence of turéu-
lent air motion in an :.C. engine., 21nis was used in conjunction
with a high speed digital data acquisition and processing sysbteu.
It was observed that both the mecan velocity and the turtulence
intensity vary with the engine speed, :owever the relaclve
turbtulence intensity stavs pr:ctically constant during induction
and compression,

klso tle time and length scales of turbulence are only d
dependent on the charber geomeiry. It was notsd that the
turbulence production by a sauish volume would appear to be
insignificant when compared to the compression stroxe enhance-
rent of intake gencrated turbulence. Witze states that the

turbtulence structure is not horogenszous in the clearance volume

-

tut he adds that it is not certain wvhetier the degree of
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turbulence varlation that exists is large enough to te signi-
ficant to bhe nmixing and flame preparation process;

in interesting point was raiéed bﬁsonmfprivate communica-~
vion with P.0.Titze. Tais refers to some of his earlier work
on not wire measurements in l.C.enginest The alir velocivcies
were obs=rved to peak at TDC of the compression stroke and
again at azout 30 after TDC., It was initially suggested that
this rise was due to the effect of the squish area present in
the combustion chamber. 1ater, hovever 1t was found t?at ine-

perfect sealing of the probe at the cowbustion chamber wall

can lead to this sort of result.

witze used a calibration forrmula based on the relationship

publisined by Collis and Williams. This was
n |

oa [N
-a/b(Tw+Tg) |

U= A
b[(Tw—Tg )/Tg]°"’(Tw-— Tg)

where a, b and n are constants determained from calibration.

The above survey llsts the trends of thought concerning
turbulence measurements in 1.C, engines. It underlines %thatv |
the hot wire anemornicter is an accepted tool in this process and ,
outlines some conclusions waich are generally agreed upon.

Hoxvever taere are a number of phenomena not fully uvnder-

to -
stocd waich led/inconsistent results. Thus there is scope for

further research especially in the investigation of squish
witleh generaved a number of puzzling results and conflicting

theories.
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FILOW MEASUREMENT TECHNIQUES
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Flow measurement techniques.

Throughout the years numerous techniques have been used t&
éetect the characteristics of fluld flows generally.

However, a relatlvely small number of these can be applied
to the investigation of the fluctuating flow which exists in
an engine combustion chamber,

Broadly speaking the various tecnniques fall in one of the
following two categories according to the detector position
relative to the fluid: )

~ The detection is made visible (to the eye or through some
apparatus) by the use of a tracer introdvced in the flow
and which moves with the fluid under investigation. The
detector (eye or apparatus) is situated outside the flow
and does not interfere with it in any way.

- The flow characteristics are detected by a sensor intco-
duced in the fluid and use is made of some change infthe'
mechanical, physical or chemical properties of tne ssnsor,

The following discussion of the available tecaniques will refer
solely to the methods used in the past to detect the flow charac-

teristics in engine combusdon chambers.

Optical liethods

1, Particle track photograrhy

When using this method, tiny particles are supplied to the
incoming charge and thelr paths are recorded cinemato graphically
or using flash photography. In both cases the spsed of the
wovting fluid is found by relating the trace left by the particle

on the film, to the exposure speed.
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Wnen the fluid is air and the particles are solid, in other
words-they have higher specific gravlity one must allow for their
different density.

Although the use of smoke or some coloured gas is generally
favoured in steady state fluid dynamics studies, the mixing of
these tracker flulds with the alr makes any observation very
difficult in engine work.

2. Light refraction by density variations

The vzrilation in density of a fluid affects its refraction
propertlies, These changes are used in techniques such as the
Schlieren and the Shadowgraph methods.

A density gradient in a gas acts as a lshs and it can change
the path and alter the wavelength of a beam of light passing
througa.

Thus the sSchlieren technigue gives a visual image of the
density gradients in the fluid, and this is identical to the
physical vorteces existing in the fluid under study.

'The shadowgraph method detects the gradient of the density
change and nence it 1is used where extremely sharp density varia-
tions cccur, 1t 1s used mostly in the study of shock waves.

Interferonetry methods will give quantitative results
evaluating the refractive index of the gas which is proportional
to its density. This can then be related to the velocity of the

gas,

. Laser aneronetbry

This is based on the principle that a laser beam is scattered
in all directions from particles in a fiuvid fiow, The particle
velocity causes this scavter Yobe frequency shifted. By com-

bining scattered laser rays from two incident beams an inter-
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ferenqe phenomenon occurs, and the resultant beat frequency
!Doppler frequency) is proporticnal to the particle velocity.

There is more than one mode of operation of a laser
anemometry system. However all of these are tased on the pick
up 6f the Doppler frequency. . ’ -

When alming the two convergent laser beams at a volume in
the flow this appears ( on a minlaturised scale) fringed.
where a particle crosses the light and dark fringes it will
emit light pulses at a frequency dependent upon its veiocity.
This is the Doppler frequency which is detected by a photo-
detector.Fig 31

The system requires that the flow 1s seeded with particles
of sufficient size to allow the intensity of the scattered
light to be defected. AL the same time they must be light
enough to represent the instantaneous velocity of the fluid. .

The advantage of using the laser Doppler ancmometer is
that the measurements are not affected by the changes in density,
pressure or temperature of the fluid under consideration and no
calibration 18 required. However the veloclty readings are not
taken at one point because of the finite size of the beamn.

“he use of optical methods yill normally yield qualitative
fesults which will be a very good complement to any auantitative
study.

such methods however, when applied to engine studies suffer
from elther of the two followlng disadvantages.

’ 1. The observations are made through windows which distort
the light passing through them. This is due to the fact

that either the windows are curved to follow the shape

of the cylinder or that thelr material distorts or

absorbs  certain wavelengths.

13
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2: The changes in density of the fluig are not only due to
* the flow but to the motion of the piston as well. ‘this
makes a comparative cycle analysis very difficult,
3. Thelr freguency response can be 1limited.

vetector lethods .

vrhere is a number of conditions that a detector must fﬁlfil
so that it can accurately and reliably measure the flow charac-
teristics of a fluid:

These are: . N

1) The disturbance it causes to the flow must be ninimal.

""hus the detector and its mounting system must be very small

so that it does not induce large veloclty variations in its

vicinity. .

2) Vhen measuring turbulence the detector must be smaller

than the dimensions of the micro scales,

3) It must feature a high frequency response, The Sensor-

.mmust e able fo respond quickly to sudden changes In the

flow conditions. This rfust be matched with high sensitivity

so that even small variations can be detected,

4) The instrument must be dynamically stable and free from

response drift.

5) A highly desiratle property which only a few instruments

posses is a good directionsl sensitivify. llormally thls can

be obtained at the cost of lncreased complexity in the

data acquisition process.

The only instrument that meets these requirements witn any
degree of success is the anemometer., This can be of one of a
nuwber of types whicn are 1isted below:

1. The laser Doppler anemometer,

2. The slectric discharge anemometer.

14




5. The hot film anemometer.
4. YThe hot wire anerometer,

l. The principle of operation of .the laser Coppler
anemometer has already been mentioned in the previous chapter,

2., The electric discharge anemomgter makes use of the fact
_thét air is not a perfect insulator and will allow the fioﬁ of
ninute currents If an electrlc fiecld is created between two very
close electrodes., +This feeble current depends on the shape and
gap of the electrodes, the characteristics of the electric field,
the nature of the gas, the pressure, temperature, humidity and
veloclty. 1f all these chaqacteristics, excluding the velocity,
are kept constant, the characteristics of the discharge between
the electrodes can be related to the velocity of the flow.

However, in an engine cylinder the temperature and pressure
of the gas change wlth the crankshaft rotation and therefore
difficulties are likely to arise if this method was used in
engine studies.

nevertneless the electric dlischarge anemometer is a good
instrument to use in the study of steady state [lows.

The hot wire and hot film anemometers are based essentially
on the same principle, the only difference being the size and
shape of the sensor, These two methods will be discussed under
a cormon heading which refers to hot wire anemomstry since

s was the method used in this study.

the Hot Wire nemometer

The operation of the hot wire anemometer is based on the
heat loss from a very fine heated wire cooled"by the surrounding
fluid., The heat loss rate is proportional to the velocity of

the fluld. The reduction in temperature causes a reduction of

15
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the wire resistance wnich in turn is sensed by a feedback

circuit waich is part of the hot wire anemometry system,

'"here are two modes of operation of a hot wire anemorneter.

-

a) constant current.
b) constant tempefigure.

wach of these modes uses the wire sensor as an arm of a
iaeatstone Bridge.Fig 32

In a constant current operation mode the probe is powered
by a constant current from a power source with high interndl re-
sistance. “hus tue current which passes through it is inde-
pendent of any change in resistance of the probe. However,
when the resistance of the probe changes because of the heat
loss, the resulting tridge Unbalance is detected, amplified
and displayed on the anemometer meter.

Tne DC component of the bridge Unbalance veoltage is a
measure of the mean velocity of the flow. Similarly the Av
component is a measure of the velocity fluctuastions atout the
mean,

HDowever the system suffers from a number of disadvantages.
The inherent thermal inertia of the wire can only be partially
compensated by electrical circuitry. This can lead to the
critical situation where in a flow with large velocity fluc-
tuations the wire could be burned ﬁecause it cannot recover
fo the nominal operating condifion. Also the compensating

network must allow for the thermal inertia of the wire at
all temﬁcratures. However, since these vary with the mean
flow velocity it follows that the network settings must be
ad justed every time the mean §elocity changes, This is be-
cause the network time constant must equal the wire time con-

stant at all times.
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These drawbacks and ivs irherent low frequency response
nakes .the constant current operation unsuitable for studies
of highly turbtulent flows.

The constant temnper.ture mode overcomes the disadvantages
of tnre constant current operation,

‘the technique in this case ls to maintain the sensor at a
constant temperaiture and to defect the current passing tarough
it. "Tnis is then related to the heat loss and hence the flow
velocity. As already mentioned the probe 1s an arm of a
wheatsbons bridge. when the bridge is in balance there is a
voltage across 1ts vertical diagonal. When the balance is
upset by a change In the temperature of the sensor the result
will be a change in its resistance. Following this the voltage
wnich 1is generated across the bridge horizontal diagonal is
amplified by theservo amplifier and supplied to the vertical
diagonal, 'Whus an increase in flow velocity will cause a higher
rate of heat loss and will lead to a decrease in the wire re-
gistance, The amplifier will increase the bridge voltage thus
increasing the prote current winich in turn would heat tiue wire
bringing its resistance bvack to the initial value. The process
will reverse 1f the flow veloclty decreases,

Aléhough termed as constant temperature or constant resist-
ance anerometer it can Be seen that neither of these quantities
remain rigorously constant.Tne small variations are egsential
for the operation of the system, ;

“"his mode of operation offers a high freguency response
and is particularly suitable for high speed flows with high
velocity fluctuations.

the SensOr 1s normally a very fine wire suspended between

tvo prongs, However, the film probes have a higher nechanical
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strenzth and they tend to te used in hostile environments but

the operation is essentlially the same., Their frequency response

is somewhat lowey than that of a hot wire sensor .
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Constant Temperature Ansuoxsiry Svster.s and their
Chsractsriscics
The hot wire anemometerin unsteady flows

Jot ! rz anercugTry sSysteds aave been used for many years

to investigate tine caaracteristics of steady flows., Recently
their characteristis encouraged wrore and riore research workers
to use them iIn the study of unsteady flows,

Jarics (6 ) revieus thie basic operational characteristics
of 2 hot wire aneroreter. e outlined the importance of the
closzd loop feedtack circuitry whlch greatly ezhances the
frequsncy responsz of the instrument. 1t is noted that the
fgéquency response of a circuit containing the hot wirc probe
in an open loop system is limited %o about 1000 HZ . The Tine
constant of the probe in this configuration only depends on the
magnitude of the temperature and resistance changes it undergoes.,

fiovever, by enmploying a feedback Technique, the frequency
response of the system can be incressed by a factor of several
hundreds.

In practical terms the successful operation of the feedback
system depends on the damping factor of the system. Auf the gain
is exoremely nignh and the dauping factor approaches zero, the
systam becomes unstable waen subjected to velocitr charges.

Thus, when rmeasuring high velocities and using high
arplifier gains for nigh frequency response there is 2 danger
of .transition--ta.—,  unstable oscillations. To avold this
the ansmoweter used ( D.I.S.:. 55D01) was equipped witlh an
sdjustable inductor in series with the probe. ‘hen properly

adjusted this ensured that the damping factor of the systen

is set above bthe threshold value whiech could make the system

unstable,

21
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During the esrly sutagzs of Lhe worxz the damping factor
setting otherwise lnown as Sthe L. and Q. coupensafion, was
§ét at auwbient conditions for maxiusum frequency response., UThis
was done oy feeding square wave eclectrical disturbances into
the anplificzr wiich caused the wire resistance to vary, ‘'the
aneromever response was monitored on an oscilloscope and the
L and 3. controls were set so that the output Aid not feature
any trace of inherent instsability. In ambiznt conditions tails
procedure led to a galn setting of 8. However when introduced
in the engine c¢ylinder the wires soon broke for no appgrent
regaon, ‘“This was explained by the fact that in the engine
cylinder the wire is subjected to nuch more severe disburbing
factors than in arbient conditions., This would make the
circuitry unit-ble although the response was adequate at an-
tient conditions. A new L and @ compensation procedure was
tried vhere the amplifier gain was seb for ths maximun frequsncy
response nseded vwhiclh vas 6500 HZ . This allowed the gain %o be
turned down to 4. ¥Following .-this the wire 1life was extended
appreciatly, which proves that no instability occured when the
proba was inserted in the cylinder.Fig 41

The anemometer voltage was observed to drift during the
first hour of operstion. Following this the test i1runs were
perfermed only after an initial warm up period of at least one

hour.

Hot Wire Probe. .

"he hot wire probe was especially manufactured by
DISA ELECTRONIX and it can accommodate two wires at an angle of

90° to each obher. However only one of thess was used during

the tvests,

22
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The wire materisl was a Pt -~ 10 Rh alloy which is

ct
Tde

suitable for op2ration at nigh temp.ratures., This is an
4
imporsart factor since it 1s esssntial to operate at wire
Teoapsr. tures at least 100°C above thiz terperature of Thae
surrounding gas. rormal working tesuperatures ucre in tae
nzz0,, '
region of 83571,
The vire dizmeter was 1O}Lm and its length was approxi-

ki

mately 2 113, The length was measured every tine it was re-
newed by using a calibrated enlarger.When reoplacing = broken
wire, the n2w one was always welded on so that it was ;lightly
glack, This wses done to improve its endurance to wmecninical
vibrations transuitted tirough the prongs. After fiteving, the

nev wire had vo be anncaled, This was necessury to avoid

.

the increase in its cold resistancd alter every run. To

achicve tais che wirse was gracdually heated up by altering tae
Secades on the front panel of tihe anenometer. Tals procedurs
tooXk atout 5 ninutes after walch the wire was grodually coded

down., rollowing this no resist.nce increase was obszrvad.




Oscillations caused by Oscillations caused by
bridge unbadlance inadequate amplifier bandwidth

b

-t

Oscillations obtained at
optmum adjustment

.FIG 441
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HOT WIRE PROBE CALIBRATION
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Hot wire probe c¢alibration

Heat balance of hot wire .

¥hz calibraéion procedures necessary for the successful

use of hot wire anemometers are norr:ally quits complex., This
1s becauss a largs number of faclors have to be taken into
account.

when applied to air flow rmeasurerents in engine cylindsrs
the process 1is further complicated by the fact that the gas
temperature and pressure undergo large varlations which in-
fluence the response of the hot wire. Thus normal callbration
procedurss wheres a known ailr velocity is related to the anerwo-
meter bridge output voltage would gzive erronecus results.

Consaquently vhe present work was based on an analytical

heat balance of the hot wire waich takes inte account the

variacion of the gas characteristics with the temperature and

rressurs, “hne procedure is largely based on the work of James(6 )
which proizad it to be suitable for flow measurements in engine
combustion c¢harkers,

In grriving at the final correlation Jamas made a number
of assumptions when setting up the heat balance of a wire ele-
m2nt dx, 1t was assumsd that the wire elsment loses heat oy
the following processes:

a) by convective heat transfer to the norral ailr flow ge

b) by conduction along the wire fQc

¢) by radiation to the surroundings Qr

It was also asgsumed that: )

a) The radial temperatﬁre variation in the wire is small

b) The wire element surface temperature is constant

¢) The element resistance and henée its tewmperacure is

constant along 1ts length.




The heat balance would then bhsa:
3 supplied = (e + Qc + yr
. or i

I'R=ANT- g)+A——( ) Al T )T

vhere
I = bridge current
Ax = Trddx - surface aresa of element
h = heat convection constant
Tg = gas tenmperature
A = 6% = wire crossectional area (d= 0.00001 m)
O

>

thermal conductivity of wire material
at temperature Ty

Stefan Poltzmann constant =

= 5,695 x 1070 J/m.sedK*

C}
n

surface emissivity of the wire which was evaluated

M
]

by James and found to be 0.1
Eg = tenmperature oi surroundings
The above equabtion was then integrated over the conmglete
wirs length and in doing this a number of further assumptions
h&d to be made., James listed these as follows:
1. The average wire Operating resistdnce X, , and
temperature T, are constant along the wire length.
2. Ths thermal conductivity of the wire material is
constant along its length.
3. feat conduction losses to the two prongs cccur at

both ends of the wire and are of equal magnitude.

Yhe heat bhalance for the entire hot wire is then

Ry=A(T, ) A TR AETETH)e

26
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Tr&l, 1 = wire length.

-
»

therral conductivity of tae wire material atv the

temperature of the prong tip T,. After complling
data quotinglwat various temperatures the following
relationship esnesrged,
M= 3.02x10%+ 4,819 x 107% (T, -200) Watts/mfK
Ew = wire operating temperature.
The above equation has to be related to a cciVective
heat transfer relationship to link up the two phenomnsna waich
are related Ey a hot wire anemometry systen.
1. Zeat convection— to the air stream
2. Coapensaiion of the heat loss by inersasing the voltage
across the wire.
Tae carrclation that was used, following James! work was
an cupirical relationship found by Collis and Willizms (1)
where tae russelt number and the Reynolds number are relsated,
Tois relaticnsalp also takes into account the temperature

loading of the wirs as sihown below

Nu= (a+bRgn ](%—Tﬂ

The constants a, b and m depend on the Reynolds number

rangz and Collis and Willlams quote the following figures

0.024Re< ¢4 44<Re< 140
n ' 0.45 0.51
a 0.24 0.0
b 0.56 0.48

Thus from the anewmometsr voltage data for a certain air

velocity the corresponding Iusselt nunher can be established
y Py (=]
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a8 follows:

where
2
Mz 2.41 x 10 (1+0.00317t - 0.0000021t ) J/mseCK =
= tae alr thermal conductivity at the film termperature

and
t = i% - 273

. L = IwtiYy = rilm temperaturs

¢ 12}
r -

From the relationship that defines tne llusselt nuriber

h= Nulg
- d

This can be replaced in the heat balance of the wire,

resulting in
W _, NuA dk 4 4
A A - -
R AT, T+ 2MA o +AL (T 1)
"hus the rnusselt number can be isolated
Vo dTy
o dlw _ 4_
R 2MASY A e G (T, 13)

ASAg‘(Tw—'Tg)

Going back TO the Tormula quoted by Collis and williams

(%) -0.17
Nt

Nu=

g

or

Za + tRe R

and using the formula of definition of the Reynolds number

le =f%¥i

where

f:: air density at the f£ilm temperature
}L: air dynamic viscosity at the film temperature

the air velocity can be obtained by straightforward

substicution.
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Heat supplied to the wirs

The current passing tnrough the wire will create a certain
arount of heat which is then dissipated by convectbn, conduction
-

and radiabtion. 'lhus

Q supp = o

whers
Viy is the voltage across the wire,
AoweverVM, is gifficult to esatablish and a more useful
expression would be in terms of the current through the wire
VW= I'RW

This current would be the same in the half of the bridge

which contains the wire and would cause the bridge imbiance

voltage.
Thus
I - e
RW+RI+RC
where
Voo = Bridge voltage
R, = 5084 = resisuance In bridge arm in series with
probe arm
R, = total conductor resistance in the leads and probe
body = 1.5Q.
Hence

2
2 V.R
) osupp = I-R bW

(Ry+ R, + Re)
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Ths opsrating resistance was assumed %o vary linearly with

the difference in temperature between the wire and :"T%,.; —_——t_rx

r s —~- e

'« - Tixis 1is nouv a universally accepted practice.

S~
Thus:
) Bw = R, (1% o(-('i‘w - To'))
vhere
Ry, = wireowld resistance
& = Ltempesrature coefficient of resistence for wire

naterial. ‘
T, = temperature at which R, S determined.

The manufacturer quotes approximate figures foro, buv the

vary greatly from one wire batch to another, For the Pt -~10¢Rh

wire used for this worx this values was found experirmcntally.

\
experience of many research workers shows that its value can ‘
\
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svaluation of

the thermal coefflcient of resistance for the

3

Pt - Bh wirse

M., (O Ty
T {~C) Ryl 02) Ty - , %_1
20 4.85 2 0.004
30 4,93 12 0.018
40 5,02 22 0.037
50 5.07 32 0,047~
60 5,15 a2 0.06
70 5,21 52 0.076
80 5.27 62 0.088
90 5,34 72 0.103
100 5.41 82 0.117
110 5.48 02 0.132
120 -~ 5.54 102 0,144
130 5.62 112 0.161
140 5.7 122 0.177
150 5.78 132 0.194
160 5.85 142 0.208
170 5.92 152 0.223
180 6.0 162 0.239
190 6.07 172 0.254
200 6.16 182 0.272

Hstimated (s

=  0.00l4686,




™

Pest run lo. 2

Tw (°Q) Rw () ™ - R _
10
30 4,93 8 0.c12
40 4,99 18 0.024
50 5.07 28 0.041
80 5,14 38 0.055
70 5.21 48 0.0698
80 5.28 58 0.084‘
Q0 5.35 €8 0.088
100 5.42 78 0.113
110 5.5 88 0.129
120 S5.57 98 0.143
130 5.63 108 0.156
140 5.7 118 0.170
150 5,77 i2s8 0.1848
160 5.85 138 0.201
170 5.962 148 0.215
180 6.0 158 0.232
150 .08 1s8 0.248
200 .15 178 0.262
210 8.22 188 0.277
Fo = 4,87Q } To = 22°C
Zstimated ¢ = 0,.001455

Temperature

Resistance measured on anemometer decades,

reasured on Comarkx electronic tlizrmometor.
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Yhe probe was heated in an oven froii the anbient tempera-
ture up to”EODOC ené the resistance of the wire was measured -
at intervels of 100C, %ne Test was then repeavted To cneck tne

e - - Rw e . i .
figures obtained, By plotting — - 1 againstify- Tgfa straight
line was obrtalined. une slope of this line gave tas value of &

waich in this case vas found to te 0.001474Fig 51,

Heat loss through Conductlion

In many ceses the end conduction lossesinto the prébe prongs
have been ignored on the basis that they are extrerely-~small, /-
However, whileth’s 1s certainly true for high air velocities,
the error due to the end conduction losses at low zir velocities
is significant. In the present worlk where flow reversals and low
velocities are often encountered it was considered important to
allow for these losses, particularly since they are a function
of velocity.

7o evaluate the end conduction losses one needs te know the
temperature gradlent in the wire in the vicilnity of the prongs.

Provided this is known then:

dT,
Qc = 2‘)\H‘A . ?)"(N

this allows for the two prongs.

The determination of the temperature gradient factor can
be done through a complicated iteration process, which was used
by James (6 ). However a different method was used in this work,
where the heat loss bto The prongs is measursd and related to the
temperature gradient in the wire,

7o achieve this, the probe equipped with a thermocouple
on one of the prongs was introducad into a vacuum seal:d {lasXk
and the air was svacuated., Thus the provte functioned in an
environment of high vacuur.Fig 5.2.,5.4

Assuming that the radiation from the wire is negligible
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and that convection does not eoxist if there is no fluid then

the bridge unbalance would only bte caused by the heat loss into

the probe pronzs. During the test run the overheat ratio of

ths probe invroduced in vacuun was varied from 1 to 1.9 and
the bridge —oltage and prong temperatures werse recorde?. in
the end a correlation was drawn betwesn the heat supplied to
the wire, equal to the heat lost through the prongs, and the
temperature difference befween the wire and the prongs.

During the engine tests the prong temperature was wvecorded
so that the heat loss through conduction at any point in the
engine cycle could be evaluated,

The calibration in vacuum was repeated with two different
wiresand the results were found to be within 5% of each other.
A third order polynomlal was fitfed to the data relaving the
heat loss to the temperature difference between the wire and the

prong. This was found to be: (Fjg53)
-2 -5 72 -0, .3
Q.= 01426410+ 0:32763-10-AT+ 07251 10 {AT}+05107810 AT}

where AT = Tw - Ty

Hdeat losgs through radiation

Tormally the radiation losses are small enough to be
negliglible but since the velocities measured were expected to
be fairly low it was decided to allow for them. Again tae r
evaluation of the radiation losses is bassd entirely on the
worx of James (6 ). He underlines that the only type of
radiation worth taking into acccunt is the radiavion loss be-
tween the hot wire and the surrounding solld surfaces., Also

in his work it was estimatcd thal the value for the emissivity

of the wire material - s on averags equal to 0.1,



lleasurerant of z2nd conduetion losses.,

\c

w ( Q )

B5.33
5.5
5.7
5.9
6.1
Gad
GO
6,7
6.9
7.1
7.3
7.5
7.7

20,59C

Bridge Voltage (V)

0.288
0.488
0. 648
0.798
0.200
1.034
1,136
1,201
1.298
1.396
1.487
1.538
1,596
1,666
1,730
1,794
1.864
1.898
1.896
2,034
2,008
2,162
2.187
2.268
2,299

2.368
2.409

Frong ‘emperacure (°C)

24,2
24,3
24.8
25,0
25.2
25,9
26,0
26.3
26,8
27.0
27.5
28,0
28.2
28.8
29.1
£9.8
30.0
305
31.0
31.3
3L.7
32,1
32.6
33,0

53,5
34,0

34.5
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Ileasurerant of end conduction losses

Kun 2,

Te <=

Rv (Q)

40805‘

4,975
5,175
5,375
5.575
5,775
5.975
6,175
64375
6.575
6,775
6,975
7.175
7,375
7,575
7.775
, 7.975
8.175
8.375
8.575
8,775

8,975

25,00

Re =

Eridge Vcltage (V)
0.234
0.464
0,684
0.862
0,983
1.098
1.23%7
1.340
1.432
1.532
1,598
1.688
1,764
1.835
1.888
1,974
2.063
2,132
2.188
2.284
2.3
2,345

4.8

Prong Temperature (°c)
24,05
24,2
24,4
24,6
24,75
25.10
26.35

. 25,64
26,96
26.25
27,67
e7.07 - -
27.50
27,95
28,35
28,75
29.15
29.53
29,92
30.30
30.70
31.15
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Thus the neat loss through radiation will be

o = Age T (T4- T )

jusselt - Reynolds number correlations.

The relationsanlp published bty Collis and ¥illiams
0.17

T = {a + bRe™ ) -(Ji-
Tg

vas first used in the form shown atove but the calibration
results were found to be ratihcr poor, with the estimated velo-
cities Teing approximately 30% in excess of the real vslocities,

It was also noted that a number of research workors cri-
ticisod the above relationship on the grounds that it was
arrived at by using wires with a very high aspect ratio, ranging‘v
from 2000 to 8600 which would minimise the end conduction losses.
The wires used in the present work had aspect ratios of about 200,

Thus 1t was decided to run an iteration procedure wahere a
best fit could be found to a set of calibration results, This ié
a procedure similar to that quoted by Lancaster (27) and it was
arplied to two arrays containing the Nu(;?—a'o‘l7 and Re ©
terns respectively. The results were the gappropriate constants
a and b.

Initially m was set up at 0.4 and a first order polynomial
was fitted to the data, using a least squares routine., Conse-
quently the coefficients a and b were calculated and the
corresponding velocities would result fron the formula (1).
These were corpared with the real velocities and the error was
evaluated in the process, TFollowing this m was lncreriented by
0.01 and the procedure was repeated. It was thus possible to
choose a combination of coefficients waich gave a ninimum error,

Incidentally, these coefficients were found to vary in a rather

narrow range but certain combinations could lead to large errors.
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Once a, b andm wcre found the calibration process was corpleted,

Experimental calibration procedure,.

The actual calibration technique was co insert tac probe

nte a calloration wind Ttunnel and to record the air velocitvies

P,

]

néd tae bridge voltages. The calibration tunnel was in fact a
Yenturi tube with a throatv diamzter of 1 inch. Tae air velocity

in the measuring section was given by: (Fig 5.5)

/- )T

[+}

where

v

R = gos constant

l.4 v

To ampisnt temperasure
Po = ambient pressure
AP = pressure drop in the Venturi throat.

The pressure drop in the throat of the tunnel was measursd
using a Furness riCro manometer waich is atle to measure extrerely
low pressure drops (0.1 mm watef). This provided fcr accurate
calibration at extreriely low air velocities wnich did not
require the use of special equipment built just for that purpose,

Having overcorie the problems of the correlation between the
experlimental calibration and the theoretical one and having
found the appropriate calibration constants one more factor
rexained unaccounted for, The calibration was perforusd at
ambient pressures and temperatures but thsre was no guarantoe
that this would hold at the temperatures and pressures encountered
in the eylincder, However a survey of the literature showed that
experirents performed in high termperaturs and/or high pressure
rigs proved that the values of the calibravion constants are

not affected by these changes provided that the calibration

embraced a wide range of the Nu - Re numbers. One way of doing
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this would be To build a rig with a measuring scction that can
allow a temperature and/or pressure increase. The alr velocities
«nd rridge voltages would be noved and included in the calibra-
tion iteravion alongside with the ambiznt data,

Another metlhod would be to calibrate the wire at a number

of overiheat ratios varying the senscr tempersture as suggested

-

<)

by Lancaster (27). %his would lead to an increase in the range
of I'u - Ee nuwbers that are included in the calibration data.Fig56
Calibration runs were performed at overheat ratios\ranging
from 1,5 o 1,95 and the data was prepared for iteration. Tnis
procadure was followed every time a wire was calibratsd although,’
it was found that genarally the data from calabration runs at
different overheat ratios on the same wire tend to overlap. This
is in agreemsnt with the conclusions of other research workers
who found that no correction of the ambient conditions calibra-

tion runs 1s necessary to cater {or the increased temperaturs

and pressure within the cylirder, provided the calibration 1s

based on a heat balance of the wire,
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FIG 54 HOT WIRE PROBE

FIG 55 HOT WIRE PROBE CALIBRATION RIG

43



i Lot ! ! O
' i b i | } ! « ] N AR
T i T 1 [ i ! e
: T ; | Ll N S
1 1 [ T ' ] T 1 T ! T =
' — Tt ; 1t ) i ar —
! . ! Nl I t | S
] 1 i I [ . L —
1= T | T i RS .
T i i \ 1 [ 1 i ! y .
1 | v Lyt | j N . | LI i T vy ! | Nl
i 1 | [ i )b R i ' i i | | RN ~, : 1
1 i ! *“_W_FO.... N S i ] 1 ! I : : _ i
I ; ! Pt w SN JNREER BN Y o . l ! I IR 1 ! RN RN
T T [ N T .r.5678>9 L b i T SR RS
T Tt IEBEREEE R " = o | e— i | v 4
—— m.m I PR N < SO U JUUS IO N | : T —T m w
L E L1t | _ ] v y L[ e ' 1
AH AT I S B AN ) BN 5 4 i i SRR B A
IR T 0 ¥ , L T i N .
' i Lo t e .W_ L | v + [Te)
[N | 1 ] s 1 'y -~
T v t T Ml Mﬁu ¥ ml 5 f ) 1 7
1 T T ] ' [ N ' 1 1 1 | H ]
I L 1] T B T i T | ; * a
| | Ty @ T } T 7 i i I | i ! ! 1
i [ | _m.__ | | i } 1 X § 1 | |
L T T ‘ C 1] ] ; -
+ i H | gy 1 1 t 1 .".» R ‘
} | . 'R RN ,
, 1 + N T
L ! i ; . N, pofii T
! { t i 1 5
—0 1 : : _ 1 S AT M
) 1 "_Wi - T 1 1 T [ i T, i
T T T oy i ) T T 17 T L
M ] ' | [ i R N A |
T w IR m L I A AT O
Vi RN ! 1l 1]l
R A 1 S ] 1 R I A |
' L L LT ! ! b o " AA
P ' © o v_. ' I.iltll.-icerw —_—
™11 T i T : R
: _ i m T ! N Alr.,.%llhl.? .
_k V t —” “ i -.n....rfnl..lrl.ld.l
: _ & i R —
_ R i S
] i m. I _E
it N 11 i — e - A e
i T TT 1 o B
] T ol e ﬂo..v —— b
T ; e [ Ly M [ .
LI ! i ! L i
| T o) | ! :m.._ [ -
1 ! [N 1 1 ) Pt
i - s “ bt ag—d—
T aaj.m. [ T —
: . [ o TU_ —
i i i Nt I I S
1 i e — :
Vo i V LR | 8 T
T ! mvﬂ - M\J-E-,r..w-,lif1
3 _ Rl BV R A
i H i 1 LS S
T ; 1 T ! L=
t il | {1 1 ) | L N - '
N vm Lppt b I RS
{ L f i JPUTIUR i iy SRR -
Pl Y W:H; ! ! | ..._.w L
Ll i [IREREREE 08! i .0}[., n. 1
L T [ & ' [ SR S S R
T N i | WO I T &) Fa
T ] _ ._ _w | H x M 4 IA-II .
1 P 1 | + ] ] [ f { .l“il.ﬂlein_i !k!l.i,
: T T 1 I T ] T SN B T
: I B L R i ! ,_w i b
1 [ } V) A i ' i F
[ [ : [ [ ; : L L T .
| c 1 s 1 [ j ' I Pyl R
s 1 ] I3 i | I T H ¢ [ ,& § K N I
- . d - | ; “ X - : .
i . ; ! ! ! 4 ! [} | !
_ A I T _ nV..T _ T !
_ . T i i oA N
[ 0 i I - -, _ !
! H ] MR ] | i : : :
[ DY RN A S SEANT N S SN i R A
LA SRSERN A 55 A U0 SRR T | N
|_r_i, O ST DA T N AR www “:_ 1 N RN N
+ ) T | | T 1 [ [ | | g
i [ Ml Lt 1 ' g I3 o 3 ’
T L1 | 1 i R ' v ! R
i L' A R i i T i1
H IR N R ' | [ DN ISR
[ R T T , ™ ' 90 A I A
m“ { 1m__ _ﬁ‘__ | { ! .w\ 1 1 _“ T i T )
: P 3 by j i TN ,
! -t K} 1 T 4 { H { 170 1 ' ' ;,
1 = v : : i ! , ' L T T 1 |
i _ > il R A B I S
+ e LN [ — N |} | i
i C I = D [l ] L TP : -
[ T €, ! L 1 ] | | .
| | 1 L ] N ] q J H !
[ ¥ 1 s 1 i 1l 1 |
i ! i N ] _"
ERum EEEE e
! “ ! ] R BN AT R
T ) i T 1717 -1
- } 1 1 _t wdot TP R S,
{1+ .H[ k " .l_.j ;n = .....htu,
ll._“l. — !m|L -t 1U.1 -1-l . h{__“




N

CHAPTER 6

ENGINE RIG_AND INSTRUMENTATXION
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Ingine Rig and Instruvmentation

Engine’ . ‘ »

The tests deseribed in tiils report were perforuned on a

retter sinzgle cylinder engine sultably converted from diesel
to spark ignition confjguration. This involved the reduction
of. the compression ratio and the blanking off of the orifice
of the precombustion chnamber in the cylinder head that this
engine features.Fig 61
The top of the piston was ralsed so that it was level with
the top surface of the engire block. The combustion chamber
was situated In a place sandwiched between The block and the
¢vlinder head. Figb3 ‘ﬁA
Iiine combustion chamber configurations vere investigated
ranging from zero squish wnich was essentially a pancake typeHWQES)
charber to 205 squish (55, 10%, 15%, 20%). For every squish
percentage the squish area was located in two alternative positions .
1) 2ll in one place on one side of the combustion

chamber Fig 6.7.

2) equally divided between two adjoining quadrants

S, s

of the combustion chamber forming a V shape.Fig 66
The thickness of the squisn plates varied with the degree of
squisir so tnat the compression ratio could be kept constant,
Cylindier head gaskets were used on botn sides of the squish

plates., Thclr tuickness was taken into account winen calculating

the volume of the combustion chambsr,
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The engine specification was:

rors 80.112 rm

Stroke 110.0 mm

Cubic capacity 555 cc. .
Comnecting rod length 232 mn,

Compression ratio 85:1

TV A, 4,5° BTDC

L.V.C. 35.5° ARDC .
E,V.0. 35.5° pRDC

5.7.C. 4.5° ,10C

maximun recommended speed 2000 rpm,

The combustion chamber heights vere as follows:

0% squish 13,12 mn,
5% 4 13.81 mn,
10% - 14,58 mm.
155 - 15.44 mn.
20, - 16.40 mm,

Ine engine was fitted with a new low clearance set of rings
before testing cormenced. Consequently it was run in (by
mobtoring it) after waich it was dismantled and the piston,
piston rings and liners vers scrupulously clsaned, The oll was
then £lushed out so that the tests were performed on a 4ry
engine. This was so that no oil contaminafion of the probve

would occur, ‘




N

47

out of all tne auxiliary sysvems, the fuel, cooling and
exhaus%systems ere removed and only the oil pump wlth its
éeed to the crankshaft and camshaft journals was kept. 4his
was necessury in oréer to provide for easy cylinder head removal
which had to be performed every time a new squish plate was
tested,

The intake manifold consisted ofa short length of pipe
with a micronic filter at the end.

The intake filter, together witn the dry running of the
engline and disconnsction of tae o0ll feeds to the rocker shaft
was a probe protection neasure wanicn proved well worthwnile.

+

The engine was motored by a variable speed 10 EP., dec.

electric motor powered by a Ward ueonard generating set,

Frohe “raverse

‘The probe traverse was mounted on one side of eacn squish
plate.Fig 68.

Since the cylinder head removal was made extrerely easy,
the deslizn of the traverse did not incorporate an advance
meéhanism. Instead, all the attention was concentrated on tae
sealing or thne probe at tne combustion chamber wall,

“nen running a test the probe wés Inserted and pogitioned
in the combustion charber wlta the cylinder head removed and
then this was placed in position. Vhen a cnange in probe posi-
tion was required the cylinder head was rerioved. This proved
to be simple and convenient avoiding complicated prote ad-
vance systems, ‘

The design used enabled the probe to be located at any

point along the axis of the combustion chamber while It could be

rotated aboubt its own axils.

3
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The prote locsation with the cylinder head resmoved has the
added bonus of provicding for the accurate radial and directional
location of tae probve.Fig 69

Signal Necording.

The siznals were recorded on a Samagamo 3500, 16 track,
. tape rccorder, Tﬁe recording speed was 60 lps with four chan-
nels teing used at any one time.Fig6i0,62
1, Top dead centre narker
2, Crank Angle marker,
3. Anerometer output signal,
4. Pressure signal,
The anemomeber and pressure signals had to be abtenmated
by a factor of 8 and 3 respectively in order to e accomnodated

within the inout voltage band required by the tape recorder(li,5V)

Pressure lleasurement

The cylinder pressures were measured using a Southern )
Instruments “ype G301 inductance type pressure transducer.

This was used in conjunction with vhae Southern rnstruments

B7A T pisystem, The pressure caang.s were used by thne systen

ct

o vary the inductance of the transducer. This, in turn con-
Erois an oécillator ard its frequency will change aéﬁordingly.
The cscillator is coupled to an arplificr whose output 1s
proportional to the oscillator frequency. Thus the outpur
voltage is proportlonal to the pressure applied %o the trans-
ducer Fig6.11

“he calibration of tze transducér was performed using nigh

rressure nitrogen from a gas bottle., The line pressure was
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monitored on aBarhet test gauge and the output voltage was
read off a digital volitmeter. As a check tThe calibration vas.
repeated and tns secondaset of reudings matenszd closely tae
first as snown in the table.Fig612

“he prezsure transducer was placed whoere the precharber
orirlce was originally located.

As already mentioned the output had to be attenuated vy
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a factor of 3 to match the volta_ge bandwidth of tae tape recorder,

o

Gas Tewperature leasurement

~

The msasurement of tne gas terperatuvre in engine cyliﬁders
poses a requirement vaich is difficult to mecet by any sort of
temperature measuring instrument,

The gas tenperature varies fast and witihin a wide range.
This leads to the requlrement for an instrument wlth a very
smiall time constant and an extremely low thermal mass, A
nurmbexr oif systéms have been curied. .

A chromel alumel junction has been manufactured from a
0.0076 1in diameter thiermocouple wire but this proved to te far
too slow in response to be of any use. WFext a BLH fast response
thermocouple was tried. This wvas made of the same material but
the diameter of the boad was only 0.001 in. While the response
of tinis was consideratly faster it still did not follow success-
fully the temp-rature changes in the cylinder,

T'ext the standard hot wire probe was used in conjunction
with the anenmometer operating in constant current mode. IZssen-
tially this was a resistance thermometer waich proved to have
an extremely fast response and cculd easily follow the tempcra-

tur changes of the gas.

The constant current mode was chosen since it is suilbable
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Pressure transducer callbration-data. '

pressure (p.s.1l.) cutput volts run 1. Cutput wolte run 2

o . 0.02 0.01
20 0.356 0.385
- 10 . 0.836 0.835,
~ €0 1.29 1,253
80 1.725 1.72
100 2,164 2,18
120 2,5 2,63
140 3.04 53.07
130 ) 3.5 3,50
180 3.94 4.0
200 4,37 4,37
220 4,83 4,85

D) 240 - 5.31 5.28
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for the wide band of temperature variavions taat ocecur in the

case under study. while the constant temperature operation
pffers a higaer Irequency resp&nse {f is only suitable for
suall teriperature changes,

The only calibkration inveolved is concerned with the deter-
mination of the tempserature coefficient of resistance and which
is covered in chapter 5 of this report.

Some errors might occur wnen the air velocities are very
low but these tecome negligible as the air velocity increases,
One imporvant factor is tne probe current whnich has to be low
enough not to heat the wire to any significant degree, Such
self heating effects would result in air velocity induced re-
sistance changes belng superimposed on the temperature induced
resistance changes, thus leading toerronscus measurements. To
avold this the current was kept low and in fact two runs were
performed using different probe currents. Cne run was perforxed
using the probe current recommended by the manufacturer (DISA).
This was 3.5 mA. A second run was then carried out using a probe
current of 1.5 maA.Both these gave sinilar resulus,

Althouzh the probe cannot follow the. temperature changes on
the advanced stages of the compression stroke, its performance
during the intake stroke was considered adequate. This enabtled
a reading of the Temperature at IVC to be taken from which the
gas temperatures were calculated using tine polybropic law (see
appendix 1 )Fig 613

As the anemoneter outpuv varied betweenl-1lQV this had to be
attenuated by a factor of 8 in the same fashion as the air
velocity measurerents,

The pressure and temperature datva are used to estimate

51
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other gas properties as well,
The air dynamic viscosity and the air conductlvity were

evaluéted by ‘James and were found to be given by:
}A:(043868+513195y—-‘[-31065y"— 0668597y:0922798y *-

-0342237y*%0042674y*)10° Ns/m"

where

-8

-2 -
and A3= 2,41 x 10 +7.6397x10 ST‘ - 5.0381x10 Te

F
llote that all the gas properties are evaluated at the film
temperature,

Prong Temperature,

The prong teriperaturss had to be measured so that the
end conduction losses could be calculated,

A chromel alumel thermocouple was attached to one of the
proke prongs being separated from the metal by a very small
tlob of araldite., This proved successful and the prong teﬁpsra;
tures were recorded during the calibration runs and during the
actual experimental runs. 1t was found that there was practi-
cally no change in the temperature readings from run to run,
during vhe engine tests so the prong temperatures were not
recorded in the later stages of tuls work,

The therniocouple output velvage was amplified using a
thermocouple amplifier. The gain of this was set during the
calibration runs at 10 mv/degree. Thus (°C corresponded to OV
and 100°C to 1V. The therrocouple was calibrated in an oven
which had a precision glass and mercury thermometver. The

amplifier outputs were monitorzsd on a digltal voltmeter.

it was found that the prong tempercnture:éuL vary only slightly

- . -

\ -
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due, no <oubt, to the relatively hign thermal nass of the probe

prongs-(llao- 120°¢).

s

Too Dead Centre ard Crarix nngle larkers

Since the znalysis of the anenometer output was going to
" be based on the average of the air velocities of a large number
of cycles it was necessary to add the velocities at exactly the
same points every cycle. Also since quantities such as the
turbulence scales require readings taken at small time intervals
- apart it was necessery to take a large number of readings svery
cycle.

Tnis, in practice, meant that readings of the anemomeber
output voltage had to be taken at every degree of crank rotation
and that these were accurately located within the engine cycle.

To achieve thils, a large diameter disc with 360 slots
arcund 1ts circumference lhad to be manufactured and bolted on to
the engine flywheel.Figbi4. ;

A saddle type mounting was manufactured to house the actual

pick ups. These irvolved a light source on one side of the

slotted disc and a phototransistor on the other side.

Jnenever the light fell on the phototrensistor this would
glve an elecuric pulse which was then amplified and shaped by a
separate circuit, Tae final result was a sharp, cléan signal of
1V amplitude for every degree of crank rotation wnich was re-
corded synchronously with the anemometer output.

A similar technlique was used to record the positlon of the
top dead centre., A small disc with only one slot iIn it was(ﬁg 6,15)
attached to the end of the camshaft and positioned so that the

pulse it gave coincided with the top dead centre of the intake

stroke. An identical channel to the one already deseribed, of




A
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e¢lectronic circuitry served tnis pirpose, This gave a signal

at the teglinning of every cycle which again was recorded syn-

.chronously with ths crank angle marker arnd the anemomater output

voltage.

Engine 3peed leasurement

Thlis system relied on the clrcuitry developed for the
marers described above. It consisted of an identiecal pnoto-
electric pick up waich was triggered by &0 holes drilled con-
centrically with the 1%slots, at equal intervals around the
disc. The resulting pulses were fed into a frequency counter

which gave a direct reading of the engine speed,

o4




FIG 61 EXPERMENTAL RIG

FIG 6.2 INSTRUMENTATION
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FIG

6.4 SQUISH COMBUSTION CHAMBER
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FIG 65 DATUM

COMBUSTION CHAMBER
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FIG 67 10+ SQUISH IN ONE AREA
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FIG 6.8 PROBE MOUNTING SYSTEM
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PROBE POSITIONs/
All plates 7\
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All plates

FiG 69 LOCATIONS OF SHUSH AREAS
AND PROBE POSITIONS
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_CHAPTER 7

DATA ACQUISTITION AND PROCESSING SYSTEM




Data acquisition system,

The motion of tne air inside the combustion charber of an
engine is not a steady state paenomenon, “he piston and valve
positions alter all the tire énd tnls makes every point in the
¢ycle s singular envity. Apart from this the engine cycles
differ considerably from each other.

his situation leads to the requirement that the data
acquisition srstem must be srncnronous with the piston motion.
1n practical terns this means that it must be ensured that the
aneronmeter output readings are taken at precisely the same
points in every cycle iniestigated. without this any comparison
between c&cles or any aveiragling of results would lead to doubtful
results,

‘Tne experimental rig was equipped with a set of marzers,
one for the angle of crank rotation giving 360 equally spaced
pulses per revolubion|, and'ong for the top dead centre position
that gave a pulse at WDC of the intale stroke., These pulses
were recordsd simultaneously with the anemometer output signal

; and enatled the accurate location of every event during the
engine cycle. Yhe actual analysis of the recorded voltages was

performed in two steps, each time using a digital computer.

In analcgue form the recorded signal is difficult to analyse
go it was Jesirable to digitise it. However the digitising rate
had to be controlled to keep the synchronisdiion of the signal
with the crarl rotation.

This led to the use of a Hewlett Packard 2600 Digital
Compubter{TFourisr analyser equipped with the rewlett Packard
54514 Analogue to Digitg} tonverter and two newlett rackard
magnetic tape units.Fig 71

flormally the data 1s read in by the ADC at a rate set by
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t2e user., Ths data is then stored on the magnetic tapz in
blocks that can be of varlous sizes, again set by the user, .
¥or this work a block size of BI12 was used which nezant taat
every blocik convained the data taksn from 512 readings. ‘“he
Gigirtlising process is initiated by a trigger wihich sceis tne
beginning of every bleck of data,

The ADC waich was used featured an exlernal trigger facllity

on both the bloclis of duta converted and the digltlising rave.

o

Thus the top dead centre signal was fed into the data Elcck
srigger to ensure that the data was read in starting at TDC
intake., Jzecondly the crani angle marker (10 cpaced) signals
were fed into the external clock taat concrolled the digitising
rate so taat it gave one resading at precisely cvery degree of
rotation.

This meant that after the digitising process, the data
vas storzd on megretic taps in individual tlocks, each containing
the part of one engine cycls stretehing from 6°-512°, .very
nuxber in the data block corresponded to a prescise position in

e.z, the 60Th point corresponds to the output at 60°

-

the cycle
after TDC intake),
. For every probe location or engine speed examined 100 engine
cycles were read in and stored.
After digitising the data this had tvo be processed to lead
to air velocities, turbulence intensities, scalss,etc, How-
ever the anemomster output does not vary linearly with the air

velocity so a straight forward average of the data tlocis ob-

tained was not a sultakle proposition. Cn the ochsr land the

-

cowputer used for the digitising process can only handls a
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limitsd nurber of arithmetic operavions and raising nunbsrs

to a real power 1s not one of these, I? was therofore necessary
to transfer the data to a ldfger digital computer whica could

meet these ;equirements. Tals was the ICL 19C4S of tihe Univorsicy
Computar Centre., However che mucaine codes were not identical

so tae original tape had to be "translated” from Hewlett Packard
code inte 1CL code. Tals process yieldsd a tape containing
exactly tThe same information wihtich would be read in by the tape

units associated with the 1CL 1904S comupter,

rrocessing of dat

£

The data tape in ICL code was read into the computer so
the air velocities were caleulated (accoriing to the calibration)
at every poeint i1 in che cycle under investigation. whis process
involved the reading in of 512 anemomater output éoltages ney
engine eycls (the exhaust stroke was excluded), the calculation
of the corresponding air velocities and the sgorage of the
results on a temporary data file, This process was repeated
for a number of 100 engine cycles and the result was an equiva-
lent copy of ths data tape containing air velocities (rather
than ancumorieter output volrages)

¥ollowing this the file was reWwound and the first 512
instantansous velocities U were read in. Consequently the
second block of 512 velocities were read in and the valuss it
contained were added to the corresponding values of the block
previously read in, ‘''he procedure was repeated 100 times and

the resulting block was dividsd by 100 value by value to yield

tho average air velocity U at every point 1 in the cycle,
=, 5.0)
Ui=2 "N~

where M is the total number of c¢ycles averaged,
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the next stzp was the calculation of the turbulence
Inteneity values and for this the file containing the instan-,
.tancous velocity values wus rewound and again resd in
bloeckz by locx. 1he air velocity iluctuvation about the aveorage

was calculsted by using the following formula.

uin=y/ [uiy =TT

these instantaneous varlations of the alr velocity were

calculated at evary point of every cycle under investigation,
Thesse fluetuaticps vere aversged pciit by point correspondingly
to yield the turtulence intensity,
- uli)
ui =) N
n=l
The ratio of the Turbulence intensity to the average
velocity was calculated to find the relative turbulence
intensaity,
ST ()|
Riy=="—>
Ui
The next step in vthe procedure was to calculate the
turtulencs nacro scales, Yo nmske tals possible the auto-
correlation coefficient had to be estarlished for every point
in the cycle under investigation. ‘he non stationary auto-
corrzlavion cozfficient was defined as follows:
N
Rﬁ)“-LZ uli)- ull)
I'" N ufi) -ulI)
n=1
where (i) is the angle at which the autocorrelation is evaluabzd
and (I) is theangle about which it is calculated. Having found

the value of the autocorrelation coefficient, the values of the

turiulence scales can te then calculated, +whe time macro scale

of turbulence is given 'b'y'o

T‘“=1WS R di
i1
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where ¥ is the engine speed in rad/s and 1-T is the maximun
1eg , angle involved in the ealculatlon of Ry (1). The length.
‘macko scalas resuld then simply by .ultiplying the tine macro
scales by their corresponding air mean velocity

' L) =T(i)- UG

The calculation of the autocorrelavion coefficient and
time secales can take a large amount of corpuber Time il the
calculations involved take place at évery degree of crank
rotation or if the maxirmun lag angle is toc large. )

rence a compromise had to be struck here between accuracy
ard efficiency. Reasonably éood resulis were obtained by
evaluating the autocorrelation coefficicnt at every 15 degress
of rotation with a maximum lag angle of 40,

To achieve this the computer program read the file con-
taining the instantaneous velocitles in and for every engine
cycle it evaluated the velocity fluctuations about the mean at
the reslevant points. A numerical integration was then carried
out to 7ind the time scales at svery 15 degrzes for every one
of the 100 cycles involveé. the maclo scales corresponding to
the same points in the cycle were then averaged to obtain the
average time macro scales, Tnis wvas then followed by the
evalvation of the length scales wanich was a straignt forward
point by point multiplication of the time scaies by the corrzs-

v

sponding mean air velocities.



FM
Tape

Recorder

]

———— -

| TTL

HP 7970E
Digital tape wunit

HP
2100 A

Computer

External

MR

trigger

* External

TDC
__M_a_rker
o8V |\
Crank angle
markerg Pulse
P n n ” ﬂ H shaper
SIGNAL

clock

Channel A

FIG 7.1 DATA REDUCTION SYSTEM

’

QOO0

Data stored on
tape in HP code .

Data stored on
tape in ICL code

> |CL 1904
Computer

HP 5465

Analogue to digital
converter

1L



N

CHAPTER 8

' RESULTS AND DISCUSSICN
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Zraults =nd Discucsion

Gas velocities /
The mean air velocity was observed to inersase with the

engine spzed at all the probe posibtions in the comtustion

chattber ind vith all the chamber configurations. ‘lhis proves

72

that there is a velocity couwponent rcolatsd to th: piston spocedfigdl

The profile of the inta%e jet 1s dependent on the pesition

in the combustion czarber, MNext to the squisn arex one finds

high air velocities until the piston ronches BDC, In this area
strong and long lasting j:ts of alr are devecvad., On t23 opposite
aide of tac cowbustion chanmber the peak alr velocities are as
aigh but they only last till approximately 1009 arbe.lh the centre
the intake jot lasts till approximataly 150°ATDC. However

the avaerage alr velocrncies are lower wien compirzd to the values
found at tae éxtremities of the cnamber., This proves that the
intake iwmra ts a swirling wovion ©vo ths air, The charge is
dirccted at the squish side of the combustion chsuber on a path
viaich follows- an irnaginary extension of tne inlet tract. It
then turns to follow the c¢ylinder wall and sets the air in a
rotation2l motion about the axis of the cylinder., Tnis fact

is proved by the low velocities found in the ccntre of the

cortustion enarber.Fig 82

41}

. The influence of squish at low sngine spseds is quit
marked, ~Sith srall squish arcas (up vo 15 in 2 areas) the
offoct is high. _23 combusiion chambsrs festure a region of high

LY

activisy at the edge . Eowever, increasing t.ae amount of squish

ck

hag the effcct of increasing

he 1iean air veloeities in the
centre of the corbustion chamter., fLhsse are then corparatle with
tho alr velocities found at the extremities of the chamber,
Sguish arzas bigger thaﬁ 10% in one area creabte 2 local incresse

In air vélocity in their vieinity btut do not alffeect the rest of




the chamber., st 750 rpm the only region affected by the squish

2 4 . du ) - g . k) =
valocites is the centre of thc coubustion charber and tae

o

regiéﬁ situated opposite the squish drea. o
As tae speed of tae engine incre.ses thessz transitions occeur

when sizller arounts of squish arc present. At 1000 rpm the

region of relacive svagnation in the centre of tae combustvion

chamber disappzars after adding 157 squish in two arecas. at

1500 rpm the casrge fmtion is practically uniform after adding

)

20% squish in two arcas, Large squish arcas are of any conse-
quence only at low engine spoeds (750 rpm).Fig83—-88 °

As alrcady rentionazd in the centre of the combustion charber
the volocitics are initialy low but theyincrease rapidly when
largo squish aress are presert,

In the rcgion next to the squish area bthe air velocities
_are relativoly high bub do not varyas much-ith the anount of
squish ot any congine spsed.

The situation is differesnt at the opposite slde of Tae

comcustion caarmber., YThe alr velocities iIncrease initially and
taen decrease suddenly to very low values. The velocities
inercass yet again with increasing awounts of squish. This is
thought to be duc To the interaction between the intake induced
suirl and the squish velocivy., With low squish areas the
charge 21s a tody swirl motion carrying with it the squish
vzlocity components. Houever with increasing s-uish tnis bedy
notion is broxen up and the resultant veslocifty is seen to drop
significantly. Increasing the squisa arc.s even furtaer the

- squish rotion becomes dominant but the veioeities are always
lower than those imparted by the body swirl mobion.The effect

is to create a more uniform velocity dis tribution,
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. s “

It is vorth menvioning th (t any change that trlkzos place in

i

L4

velocicy profiles it the edge of the chnrber is prﬂc :ded by

a similar chsnge in the centre of the combustion churber . but ih
é chalkber wiva a lower squisa area, Unus it follows taat the
spavinl propagition of tne squish vilocities is enhanced by tae
mignitude of c¢hoe squish area,

The tsst runs wsre carried out with the wire in a horizontal
position. Fowsver a few tests weore performed with both a vertical
and a horizontal wire, -This wss done to put in evidence the
vortices Tthat vas Lhought that exist in the vicinity of the
cylinder wall, Tals reglon of transition from the cylinder
wall btoundary lay:r So th: body of the chrrge is Sthought to
have som:z significance in tho gencral motion of the alir in the
conbus tion Ch.’.:h’ib er.F1g 89.

These vars tests performed in the datum chamber (disc) at
5 rma and 10 rm off tTthe c¢cylinder wall, Very high velocities
vere raeordzd at compression, Also extremcely large eddics ware

cteebzd by oxwaining the nacro length sc:les of vurbulsnce.fFigdlo-81

ja]]

It is thought that these are due to a series of vortices

-

nat formt acv the cylinder wull right on top of the piston., As

d.

the picton moves down the Tore small vortices are formed in

itg wake and bthose grow as the time lapses reaching the size of
nmaxinum : of the bore size vhea the piston reaches BDC.Fig812. The
swirling motion of the chapge scis the vorbices situatad on the
crosn of the piston in 2 rotetional wotion so that the result

is a loe-l swirling motion around an axis formed by the cir-
curference of the piston. This chain of events always takes
place and is only broken up in the vieinity of TDC if large

squish areas are present. OSalawa (23) recorded high velocitiles




L

when using & vercical wire but as tocught taac thnsse are due
to the squish components present dus to the Heron chamber in-
restigated, Howsver in che presentrcase'tha ;ame’phen;menoé
Ttook place in a disec chaiker with no squish arcas which lzads
to <he conclusions listed above.

Regarding the magnitude of the squish area it was “ound
that when it was all concentraztaed in one place the resulting
alr velocibiss w:re mare everly disiriuted acress the chamber, -

The air velocities were found to increase sharply in the
vicinity of the top dead centre of the compression stroke,

This applies to all the cases examined no matter what chamber
shape or prcbe location was used at the time. It is thought
that the ring vortex located on top of the piston travels up

the bore with the piston. As this reaches TDC the vertical
space above it becomes small and the air has a tendency to
increasé its velocity in the horizontal plane to conserve

its momentum. ° This would enhance the swirl velocity of the
ring vortex. These velocities would be picked up by a vertical

wire, and if they are high enough, a horizontal wire would

register them too,.

Turtulence

It was found that the turbulence intensity profiles followﬂﬁgBjj)

closely tnz velocity profiles, It was found wore useful to
discuss the patceon followed by t.ue relative turbulence inten-

sity and the turtulence nacro scales,

75




J

76

It was Tound that the elrsct of squish was to reduce

slightiy tae level of the relative turbulence intensity.
) ]

This occurs vasn thes squlish areas are s1all and no othsar

cha.ge oceurs if the squish arsas are incrsassd.Fig 814

“ypical tronds show that in the vicinity of the squish
area and in the centre of the corbustion choxber the level
of the relacive turbulence intersity doss not vary at all with
che auwount of squisa presenﬁ in ¥ae combustion chawber., At
the sid: of the conmbustion chamber opposite the squish area
there is a slight decrcase of the relative turbulcnce inven-
sity with small amounts of squish (155 in two areas). ILarger
squish areas do not affect tizis level at all,

By conparing the relative turbulence intensity lecvels
at the edge, centre and squish side of the comwbustion chanker
a ;niforn turbulence ‘structure was revealed., 1n the vicinlty
of the squlsn area the levels wers very slightly lower than
ir the rest of the chamber, However the difference 1s not
thought to be significant,

These facts prove that the squish areas o not ailect the
magnituds of the velocity fluctuitions atout the ucan value
of tha alr volociuy.

Ixarining the turbulence macro length scales agaln ths
effect of sgulish was not obvious. The eddy sizes wvere found
not to vary wanen low or moderate amounts of squish were
present. However large squish areas were found to create large
eddies. This incresse in eddy size vhen large squish areas

are present (157 in ons area) is thought to be due to the tody

motion that is iwparted to the change in tais situation.Fig8BH
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Waen conparing the results found by traversing the probe
across the combustion chawber it was found that the eddies

.

vere largest in the centre of the chauwber. This relatves well
with the previous mention of low air velocitiss in the centre
ol the combustion chaiber., Also it was observed that the

h)

¢ddies are smallest in the vicinlty of the squish arsa,

So far the turtulenc: structure created in a squish conm-
bustion cha.ber seems hard to explain. The turbulent veloci-
tics 2re not affected and the spatial structure (eddizs) of
the turbulent flow does not ssem to change uith squish.

However trnls image changes wnen tie macro time scales of
turbulence ares examined. 1n this case the effect of the squis:h
areas is atrong and easy to follow,

It was found That the macro time scales of Turbulence
decreass saarply with increasing squish. A minimun value is
reacined.at all engine speeds when 1l0% -~ 15 squish in onec area
exists in the corbustion chamber. A further increase of £
squish area brings the time scales up again. This trend was
maintained at all engine speeds and in all the positions
exariined in the combustion chauberiFig 816-818

Talking these facts into account, an explanation for the
action of =squish can be given. Bmall or moderase amounts of
cquish enbance the turbulence level in the combustion charnker
by croating rmore and faster revolving eddies. The eddy size
does not‘change whan the squish areas are altersd but thelr
riotion does. The higher frequency of rotation of these vortaces
has two advantages: .

- It will improve mixing of the charge

4

£ is likely to quicken the propagation of the flame
front because of the quicker energy transfer between

€

ad jacent eddies. ‘
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The existance of an optirum degres of squish is obvious, be-
cause tine tims scales are ssen to increase alter 1597 squish

In one areca. 1T 1s Thought that at this point ths squish
%otion involves suchh a large proportion of the availaitle mass
of air that the charge receives a body motion., This crcates
largsr and slower eddies.

Tne centre of the corbustion chasber offers agaln a mixed
pleture, Thz transition bebween the turbtulszsnt motion and the
body motion oceurs earlicr (less squlsh) than at the extremities
of the chamber., also the eddy frequency is compiratively lover
than at the extremities of the chauber., This again underlines ’
the existance of a low activity area in the centre of the
conbustion chanber. The slow eddies will join early to form
large eddies which have lower frequencies of rotation, Also
the-engine spzed seoms to affect the transition frowm turbtulent
to body motion in this area, The higher the erngine speed the
2igher the squish needed for Uhias transition to occur,

me region near the squish area shows the highest eddy
freguency at all engine speeds and in all the chanbers lnvesti-
gatved,

“When perferming tests in vhe vielnity of the cylinder wall
extronsely largs coddles were picked up. ‘'nese saowed a very low
frquency of rotation., As already explained these are eddies
ereated during the intake stroke when they grow vo larges sizes,
The compression stroxs darps out thelr motion due To the increase

in viscozity of the air and the time lapsod from their formaticn.

Al figures refer to hormzontal wires unless otherwise stated.
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CHAPTER 9

CONCLUSIONS
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COYCLUSICTS

-

The mean air velocity incrzases with the engine speed.,

The centvre and vire side of the comtustion chawber opposite
vo the squish arca are the areas influenced rost by the
squisi velocizvies,

-

rhe propagation of the squish cowponents depsnds on the
magnritude of the squish area,
Then no squish is present the alir motion is a body swirl

1:0tion crcated by the intake jet. A local motion exists

on th2 piston croun where a nelical vortexis thought to form around
the piston circunference.

Wor a given nagnivude of squisi area the effect on ths air
riotion is more wmarized if tvhe area 1s all in ons place.

The turbulence . uﬁﬁmaiy levels are not affected by the size

of the squish arez, PFrom tais point of view the turbulence
gbruciture is uniform vhrcugh the cowmbusiion charber,

The ed3y size 1s only affected by largs sguish arcas., In
this case cho eldies are largs and arz created as a resuld

of ¢n2 body novion imparted to the charge. rpafore tals
transition occurs cheir size does not vary witn the aiount .
of squlsn,

iMe ¢ddy Ifrequency INcreasss with squish, more and fastver

cddies are crested, 4Yhals enhances the gemeral level of

turtulsnce.

Tu2 transivion I'rom Lurhuln T isotropic motion to

-,

dirsctional tody mobion occurs whon more than 16 - 155

squish is present.

Sddiss are largest and slowest in the centre of the o .-




corbustion

squish area,

.

ot haer and smallzst and fastest near ths

Thle iIs valld at all engine speeds,

g8
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RECOMMENDATIONS

-Fﬁture work should try to expand the scope of tﬁe work
described here.

Squish chambers should be designed using the information
already gained and with commercial production in mind. These
should be studied in both motored and fired configurations.
Valve timings and engine speeds closer to normal engine
operations should be used. t
There will be greater gains if the direction of the flow
could be predicted. A multichannel anemometry system in
conjunction with a multiwire probe could give the answer

to these questions,

Also an investigation of the turbulence microscales could
lead to higher accuracy in the prediction of the flow trends.
FPuture work should investigate the relationship between the
effects of Squish on the flame propagation and the ability
of an engine to run on lean mixtures.

A combustion model should be developed taking into account

the specific effects of Squish on the flame propagatiocn,
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EVALUATION OF THE POLYTROPIC INDEX

OF COMPRESSION
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peratures wviich wvere nmeasured as explained

v
1

An Chapter viere not used dirscvly 1in the teomperature

compznsition relationships., This was so because the vire
rzcponse vo vag changes in teaperature at around TDC of the
conpression stroke was observed to lag.

The alternzative was to obtain the tenperatures by using

the polvtropic razlations

or

pl-n o0 Ko

waere &y and X, are conscants and P, V and T avre

»

respectively the gas pressure, volume and temperature; n is

the polytreple Index of compression,

In the abtove relationsaip there 1s cne variabls wihich is

not precisely known: the polytropic index n.

The litsraturs survey revealed that the values of n uszd

for sinilar purposes vary between 1.35 and 1.4. Some research

workers sllowed for the.hest Transfer,setting . lcw n, while

others assuuizd or found that the heat transfer that takss place

is nov high enougn to lover Ttae value of Y‘below 1.4, It was

e

b

catle specafically to The L:st in question, The polytropic
lag is Tascd on the assumpbion That no mass transfer occurs
and thus it is only applicables in this case wnen ths valves
are-closed. 1t was Therefors applied T. The portion of the
corpression stroke that followed tne closure of the irntake

valve, -

le To find the ralevant value of che index oppli-
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v

y Looking at the polytropic law

gnd Taxing ths logs of both sicdez of ta2 equation the

If2is reprosents thne equation of 2 straighv lins, of slope
n and 1% provided the solution to the problem of finding the
rolytroplic index applliecable to tne engine vests.

Trom the crank radius znd connecuive rod geonctry the
voluma of gos trupped akove the piston can be caleculated ab

b

ny point in the engine cycle. This is given by:

2
V:Hl-}—)a (n- l+h-r- cosu——\/ 12—- r sinzo( )

[£¥]

vnere . .
D = Lore
o 3 -
R = ecrank radius = Sbroke

) 2

[
0

connecting rod length

[}

conbustion chamber heignt (applicable to disc
charber only)

oo = angle of crank rdntion (origin at TDC intake)

“ne above formula is likely to give erroneous resulte
when used for pisvon positions very near the top d2~3 centre,
This i1s becauselthe volume of air trapped betwsen the plston
and lincr and sifuaved above the top plston ring is not taken
into account, This is negligible compared fe the chamter
volums when the piston is far frown WDC. Howasver near IDC,
the neglectzd volumne becomes higner compared to Ths couwbustion
chamor volume and the induced srror increases,

Following tnis consideration the last 30° of the conpression

stroke were not included in the analysis,

107
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2

Consequantly the pressures mecasured in the experimental
runs ang &he corresponding gas voluuts were tabulatad at avery
10° starting at 220° ABDC i1l 30° ETDC. The lozs were taxen'
of tioss :nd log v wos plovted against leg P, 1The plot was &
straiznt lins of slope - 1.4 and this value was usad to cal-
culate the gos temperature from the prassures datafigLi

A rvoference point was necessary and this was the point at
yaich the inta'te valve closes. During the exhaust stroke and
the following intake strolzz the gas tempesrature in a motored
engine stays practically constant ind 2 valus for tnis‘can e
confidently tclken frorm the tomparature readings. Tils was
found to be 315%(. This value, coupled wvith the corresponding
pressu;c at 1VC provided ths reference point. The gas Tempera-~
tures in the rest of the cycle were found using thesc values
and theturrent gas pressure valus for walch the tenperaturs
was calculated,

The value of n =‘r= 1.4, proves that the heat transfer

sts in the engine is not high crnough to create non

L

that ox

ISenRtropic conditions.
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Prassurs - "olure doba uszd to deterwine the

polytropic index of coi.pression "n,

o (47DC) V{ce ) P(1l/em ©) Log V Log P
220 578,57 9.1513 2,762 0.960
230 549,98 ©.9605 2,740 0.998
240 515,87 10.8819 2,712 1.0368
250 . 476,55 12,0797 2,678 1.082
260 432,80 13,8303 2,636 1,141
270 385,58 16,5181, 2,586 1,212
280 536,52 19.€193 2,527 1,297
230 286,91 24,979 2.457 1,37
300 238,63 32,3501 2,377 1.509
310 195,58 43,1302 2.286 1,634
320 153, 62 58,8859 2,186 1.77

330 120.49 80.99¢ 2.81 - 1,208
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APPENDTX 2

EXPERIMENTAIL PROCEDURE




‘Prior to evony test the anerometer was allowed to wari up

for at 1le2st one hour. “hs probe was insesrted in the
corbustion chaiber vwith  the cylinder head reroved, 1%
vras ensured that the wire wss psrfectly aligned, xnd that

ths probe vas accurately locszted in the axial direction, The

1 replacad and the rig

]

cylinder head and roeier box ware the

v

¥

At the saxe position in the combustion chanmber neasure-
wents were taken 2t three engine spceds: 750, 1000 and
15¢0 rpm. TFollowing this th- prébe wag braversed across tne
corbustion chanber to its new position and the procedurc wes
rapeated.

1he positions in the combustion chamber where recordings

ware made are shoun in the diagram,

M



APPENDIX 3

COMPUTER PROGRAM FOR HOT WIRE PRCBE CALIBRATION




>
100
101
200
201

203
204
204

12

MASTER NURE

DINENSION TCNUC30)Y,REC30),REPCS0) ,YCALC(30),ERROR(30) A(2)

DIMENSION BRV(30),TPR(30),DP(302

READC1 /100) TANB ,ALPHA/RCOLD,RCOMP,RLEADYROP,WR, wL.PGAs

TOP=TAIB+(ROP/RCOLD=1.0)/ALPHA

WRITE(2,201) TANB, RCOLD:ROP:HL:TDPcPﬁAS

TFILH=(TOP+TAMB)IZ,O

TeTFILN=273,0

Y=0,001«TFILN

CONDG=2,4V1E=2+7 ,6397E=~S*Tn5;001E~B% (Tww2,0)

VISC=(0,A5868+5,13105%Y=9,310065%(Ywen2, 0)=0,668597%(Y*%3,0)+
10,922798%(Yuwh 0)=07362237W{Y*¥5,0)+0,042674%(Y**6,0)3/100000,0

RHORPGAS/ (287 s0%TFILM) -

DO 1 I=‘|,20

READC1,10%2BRVCI) ,TPRCI),OP(])

CONTINUE

pe 2 J=1,20

TGRAD=TDP-TPR(J)

BRI=ORV(J)/ (ROP+RLEAD+*RCOMP)

QSUP=NRI*%2,0%ROP

ACOND=Q,14264E=2-0,32763EnSwWTGRAD+0,7251E"Tw(TGRAD»w2,0)+0,5107%
TE=10%#(TGRAD*%3,0)

QRAD=T , 7BBESB*WD* W% (TOP*%h,0=TAMBw#4 Q)

RNU=0,31837w{QSUPRQCOND=QRAD)/ (WLACONDG* (TOP=TAIR))

TCNUCJ)sRNUWLTANB/ TRILM) ##Qy 17

V=445, 8298%SART((1,0=¢1,0=DP () /PGAS) »w(, 2857 )« TAMB)

RECJ)=RHO*VwUD/VISE

CONTINUE

P=20,4

WRITE(2,202)p

DO 3 Kut,20

REP(K)=RE(K)wwp

CONTIHUE

CALL EO2ACF(REP,TCNU,20,A,27REF)

WRITE(2,203)

P06 Jz"'au

YCALCCU)=A(13+A(2)%REP(J)

ERROR(UII=T 00, 0% (TCNUCJI)=YCALGCYI X /TCRNULY)

WRITE(2,200)REP(J) + TCNUCJ) s YCALCCI) JERRORCY)

CONTINUE

WRITE(2,204)A¢1),4(2)

pP=p+0,01

IF(P=0,55)4,4)5

CONTINUE

FORNATCF642,F917+F5,3:F5,2¢Fb6,4:F6,3¢(F9,/7¢F8,6,F10,3)

FORNAT(F?+4,F6,2,59.4)

FORNAT(R2X e F77 40100 ¢F6:4,10X)F0,4¢10X4F6,2)

FORMATC/ /77777304 AMBIENT. TENPERATURE(DES K)= ,F6,2/7130H COLD &t
1SISTANCECOHNS) = rF5,3/¢30H OPERATING RESISTANCECOHNS)= ok~
23/:300 HOT WIRE LENGTH(M)= +F8,6/,304 QPERATING TENPErAT
3URECDEG K)=,F6,2/,30H GAS PRESSURE(N/SAN)= TF10,3)

FORNAT(3X s SHRE*#P , 12X i 4HTCNU (31X ¢ SHYCALCT 12X SHERRQR)

FORNATC// /112X 2HP= FA 2,/1)

FORNATC/ 1 @X/5HACI Y=, F10,5,5X5HAC2)87F10,5)

STOP

END




APPENDTX 4

COMPUTER PROGRAM FOR FLOW CHARACTERISTICS EVALUATION




+ [ N i P oo [ [ S RN R 113

8 FLOWYBYRA2889 ‘
)BCORE 40K T I 7T
.ERK $TT T D T i ) :
REATE FRED,LIMSIZE=200K L T T E L - T -
=T CRY1+/ARPRESS . ’ . i ’

=T CR2+/ARTENP e = B =

IFORTRAN s S
{ TROCNQN=STANDARD) JONLINE = . ~ =227 . A
SE MTO.FRED ~ S o ) o
IN CROCDATAIYY1700 B - L )
A - —
MPILATION BY #XFAT MK 6A __DATE__j 2/?7 T:ME 19/42120 o

LIST
.=~ _ SEND TO (ED,SENICOMPUSER,AXXX) - . - - . =7 =
. . DUltP ON (ED,PROGRAM USER) L o B

+ T TEIE WORK (ED.HURKFILEUSER) = = iz =T
. __.____ RUNW el .

= - LIBRARY(ED,SUBGROUPGING) ~ I s S

_ PROGRAM(FLOWSY T
- INPUT 1 = CRO I - =
) A‘m“mn_INPUT 2 = MT1/FORMATTED(GUSTAV9)I1284 o
- INPUT 3 = CR1 D el e o .
A_MWHINPUT b = CRZ —
“_.----CREATE 5 = IITO/UNFORMATTED (FRED (174095))/1030_ - -
OUTPUT 6 B LpO

COUTTIEND . D - L TEEEEREE ¥R

- MASTER FLOW = - -
INTEGER E¢BC .
- A-DIHENSION IDAT(512).U(512)
AS(512);TPR(512),TGAS(512).CONDG<512).RH0(512)
D(512)% QRAD<512) UMEAN(512)oTURB(5125.RTURB(512)

= CALL LU1934

T CALL WINDOW(2) \ "_WW;;“ _ f _ _Z._ i
READ(1,107)HCYC SImTon ot o S

WRITE(6,2035)NCYCL

CTANGYCLENGYCL 1 T s oo TR TE T

.. READ(1,108)SPEED e ]
.. MWRITE(&,204)SPEED . = =-"-=. - _ . oL T
.. Fl(1¥=0,0 S
T DO 16 K=2+310 C =T o L= s E
FICKI=FI(K=1)#1,0 e . . . .
16 CONTINUE P e e
PHIC1)=45,0 i L e
DO 17 K=2,28 T R R
puux)=puuxq1>*15 0 i S
17 CONTINUE L L

¢ . .-
C GENERAL DATA REFERING TO ANEMOMETER OPERATION . . . -

s L T T I S . - -, v . - e e e --w—-pa-r’--—---
“




| e
. 14
. READ(1,102)TANB,ALPHA,RCOLD, RCHMP; RLEAD, 29P, WD WL
TOP=TANG+{ROP/RECOLD=1,0) /ALPHA
© WRITE(6,201)TANR,RCOLD,ROP¢WL, TOP :
READ(1,103)A%0,p ) o
WRITE(6,202)A.B,pP ] ) e kT

C
C COMPUTATION OF GAS CHARACTERISTICS DURING CYCLE -E
¢ g .

" READ¢1,104)TBDC,PBDC -
READ(3,1053) (PGASC(I),I=17512)
TT READCAL,109)(TPR(I) 121,512
“po 3 J4=1,510 T
T2 TGAS(J)=THDCXC(PGASCJ) /PBDC)w»0,2857) LT -
o TFILNCY)=(Top+TGAS(d)2 /2,0
T=TFILHCGI)=273,0
Y=0,001*«TFILNC)
~ = CONDG(J)me  H1E=2+7 ,6397E=S54Twd  061E=~Bw(Twn2, 0)
VISC(J)I=(0,43B68+5,13195%Y=1,31005%(Y*%2 0)=0,668597w(Y*e3,0)+
T T10,922798% (Ywwh 010, 342237%(Y**5,0)+0,042674w(Y*w6,0))/100000,0
RHO(J ) =PGASCUY/ (287 .0«TFILNCI))
TGRADPSTOP=TPR{Y)
QCOND(Y)=0,1 4264 =2m0,32763En5*TGRAD*O, 7251F~?*(TGRAD**2 0)
© 1=0,51073E"10={TGRAD**3,0) =
QRAD(J) =%, 78RE" 3wup*uL*(TOP*wk 0=TGAS(Jdwwih, Q)
3 CONTINUE - _ = e

C o
C INPUT OF BRIDGE VOLTAGE DATA ON MAGNETIC TAPE STORE - - .-
¢ , o o
T READ(2,100)E,BC - T FT- PRI
CE=E/64
CONST=B,0*BC*(10,0%*E)/(32767.0%%2,0)
~_ _NSKIP=800 ) L L
- - DO 19 K=1/,NSKIP = R R
~ READ(2,101) (1DATCJ) ,J5=1,512) o o
19 CONTINUE S s = - R
o DO 1 N=1,NCYCL o o _ o .
- _READ(2,101) (IPATCIY J51,512) - ST - =
T p0 2 K=1,510 ~ i o o
= BRV=IDAT(K)«CONST -
. . BRI=BRY/(ROP+RLEAD+RCOMP) .
" QSUPSRRIw*Z%ROP
RNU=0,31831»(QSUP= QCOND(K)HQRAD(K))/(UL*CONDG(K)*(TOPHTGASGK)))
T UFACT=(RNU*((TGASCKY /TFILM(KII*#*0,17)=-A)/B -
. U(K)=(ABS(UFACT))**(1.0IP)*VISC(K)I(RHO(K)*UD)
~ “2 CONTINUE
U2 au)+u3dy /2.0 o
WE258)=(UC257)+U(R59)3/2.0 _
WRITE(S) (UCn3on=1,5100. o |
1 CONTINUE SETL T s ST |
C ) o - I
T . |
|

C COMPUTATION OF GAS HEAN VELOCITIES
¢ s

REWIND 5 ; L :

DO 4 H=d,NCYEL T
READ(S) (UC1);1m1,510) =
DO 4 K=q,510 -
1FCN=1)5,5/6 : - -
5 UMEAN(K)BUCK)/ANCYCL
GO TO & L
6 UHEAN(K)FUMEAN(K)*U(K)IANCYCL D _
4 CONTINUE I

- e e —— ot g s mn ek n = x . - - R — - — -
; I
i




————‘7 -
wRiTe(6,240) (UtEan(T),T= LiSho) 15
CALL AXISGACY,17,040,510.0,4) _
CALL AXISCA(1+10,0,0,100. o.zn

- CALL GRIDCO,1,1) e S
. CALL GRAP°L(FI¢UHEAN:510)

c - CALL PICCLE . e
= g“cpMEUTATION oF TURBULENCETINIENSITY_ T e TR
T TREWIND 5 e
po 7 H=9,NCYCL . e

= READ!S)(U(I)"I=1-510)_-“17'{ LT T iE T

o _Db0 7 K=1,510 o R
S AR 1)8,8,9 TR ETREET L -
8 rungtki =SART (CU(K) UMEAN(K))**d)/ANCYCL T o
GO TQ 7 - - - -
o __m_v TURR(K) = Tuascx)+sanrc<u<x>~um5a~<x>)**2>/AchcL T
.. - == 7-CONTINUE EE N T2 L
- ___ _WRITE(é6, 212)(TURB(I) a1, 510)“_M e
T TR T CALL AXISCAC1,17,040,510.0,1) T o - - CIE I ZTT
_.._CALL AX15CA(1,15,0,0, 30 0,2y . -
T— CALL GRID‘O 1:1) E “::_'3 *‘*_',: - . ﬁ_:*:}:_;:;:,v:._ :Ar'_:.'-z_iir__: ,
. GALL GRAPOL(FI.TURB, 510) o L
T " CALL PICCLE - -IT LD, m seemesT TTE T

C i TISo Tt LI I ZIIAEl

¢ COMPUTATION OF RELATIVE TURBULENCE INTENSITY == = 2.2 ~

G

- D0 10 1=1,510 S e
RTURB(I)=7URB(I)/UHEAN(I) e
’7*10 CONTINUE - _." ) i“_ﬁ.:"?..:";:: E‘__‘*i:‘{‘_

. WRITE(H,213)(RTURB(I) ¢]=

- CALL AXISCAC1417,0,0,51
__CALL AXISCA¢1+410,0.0,1,

L “_; CALL GR1DCO,1,1) E—- L TRaroEs L i
. . CALL GRAPUL(FI;RTURBc51 ) - _
- CALL PICCLE L TIoc CEe I

c L L
) ¢ COMPUTATION OF AUTOCORRELATION COEFFICIENTS:*ii LT
B

. 7 = REWIND 5 Coileilr R Dm0
__ . _.bOo M H=1rNCYCL e e il i
~READ(5)(U(I) IF1r510)wm~— L lem T
__¢=0 e L
. = DO 14 K=d5,450,15 - T - D - LEoT- ST
N J=J+1 e e
- - - _ ACOR=0 ST [
. FLREF=U(K)~ UHEAN(K) _ . e e

~ DO 12 N=1/40 LI IET

C ELPAST=UCK~N) ~UNEAN (K=N) - .
ACORﬂACOR*(FLREF*FLPAST)I(TURBCKJ*TURB(K-N)) E

12 CONTINUE L e
£ : : IR

G QOHPUTATIDN OF TURRULENCE NACRO SCALES

i TF(Ne1)13,13514 T
-. 13 T8CA(II=0,16666ACOR/ CANCYCLWSPEEDY =~ =it
ae e 60 TD 11. -

= 44 TSCACII=TSCACGII#O, 16666*ACQRI‘ANCVCL*SPEED) B
11 CONTINUE RN R
E po 18 K=1128 - "“_—'..-_:;’ 4, - Z l::*’ij .. T o7
. mmwnmmnwmm>ﬂmw_moﬂ,.,,_T“,ﬁ:
18 CONTINUE. TEIEEE ST

I L s i gt & OO D Py Rdat et B ey ey T A = e e -




WRITE (6,214) (TecA(s) ,T=4,28) 116
CALL AXISCA(1¢9,65.,0,450,0.9) .

T CALL AXISCA(1010.040,0, 0080 2) o L
ZCALL GRID(Q,1/1) s R
T CALL GRAPUL(PHI,TSCAY 28) :l;__ ) S
- CALL Pl CCLE ) _i__‘:‘“_ L ;_: e 7,3—_ :_ sl “;;_:7
© T K=4S ) o e
00 15 121,28 e LLls TE mlEnTeI
ALSCA(I}nTSCA(I)*UMEAN(K) L ‘
ST T T K=K+15 T L e
N _t'_1§ CONTINUE i
-~ WRITE(G,215) (ALSCA(I),I=1.,28) -. - T Dal m e AT

CALL AXISPA<1.9 45, 0"450.0,1)_;_ o

T CALL AXISCAC115,0,0,0,0150,2) T TR LT -
) _CALL GRIDCO,1./M) o N

) =7 CALL GRAPUL(PHIIALSCAOZS);___ T _—:'.j"—_-._ ‘_‘{:—-_:':_;‘E_ e

CALL PICCLE

. CALL DEVEND LTS - R SLTT L TR
100 FORNATC10X,2110,22XY )
101 FORNAT(256110) -
8 Is THIS LARGE A REPEAT coumr INTENDED AT ABOUT COLUHN 15, LINE 0181
T 102 FORNATC(F6.2,F9,7,F5, 3.55 2 F6 a F6,3Y F9'7:F8 6)
“ 103 FORNAT(3F6, 4) o TEZESEom Rl TESLT R INIITE
] 104 FORNAT(F6.2,F9.2) T
- 105 FORHAT(8(1X.F9.1)) STITTEIL T L L TEREL -
~ 107 FORMAT(I®) T ) - T
2108 FORNAT(F6.1) S L A

109 FORDAT(S(IX,F?9,3)) e
S 201 FORNMATCIX,27HAMBIENT TENPERATURECDEG K)I='YF6,2/ - .-
 4,1Xe22HCOLD RESISTANCE(OMMS)=,F%,3/ R
C - 231X, 27HOPERATING RESISTANCE(OHMS)=,F6,3/ - ~ . .
3,1% 0 19HBOT 1IRE LENGTH(M)=,F8,6/
) A 1X:29HOPERATING TEHPERATURE(DEG K)=yF6,2)
202 FORHAT(1X¢28HCALIBRATION CONSTANTS _A=¢Fb, al.27x"2H8="F6 4/
d 127X 2HN=,F6,4)
203 FORUATC/ /177717 1%)30HNUMBER OF CYCLES INVESTIGATED=713)
7- 2046 FORNAT(1Xs18HENGINE SPEED(RPMI=/,F6,%) -
217 FORDATC///s51%¢18HMEAN VELOCITY(M/8)//,10C1X,F11,33)
T 212 FORDAT(/// ¢ 47X 25HTURBULENCE INTENSITY(1/S)/7/¢10(1XTF11,.3))
213 FORUATC/// 145X, 29HRELATIVE TURBULENCE INTENSITY//,10CIX7F11,4))
214 FORNATC/ /142X 36HTIME MACRO~SCALES OF TURBULENCE(SEC)//V
TACI5XF11.8))
-7215 FORMATC/// 142X 36HLENGTH. MACRO=SCALES OF TURBULENCE(MY}//Y
CTACI5XF1109))

- §TOP ) T A |
END ) L ) -
MENT, LENGTH 1022, NAME FLOW -~ GOMMENTS = LT
.- FINISH : ;-§$;§§;h - L ) i
PILATION w _NO ERRORS 1 COMMENT ~ == = ° oo
Es 27 BUCKETS USED e

T R R e Sh T e R r " ——— - et |1 —— s









