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ABSTRACT

The present thesís deals wiËh an experlmental and theoretícal study

of local heat transfer Ín the combustíon chamber of a spark ígnitíon engine"

A crítical survey of the previous heat transfer work in recÍpro-

catingenginecombustíonchambersiscarriedout,ThemainconelusÍon

that måy be drawn from this s\rÏvey ís that Lhe most profitable fíe1d of

further ínvesLígation ís

heat Ëransf,er condÍtions"

the direcË measuremenË of loca1 instantaneous

In order to undertake Ëhis work ít tüas necessary to develop suítable

methods of measurement and analysis of certaín varíables which had to be

recorded símulÈaneouslY.

oneoftheímpo¡tantasPecÈswastoobtaínbydirectmeasurementa

representative local instantaneous gas temperature'

varíous methods of gas Èemperature measuremenÈ !üere consídered and

the most suitable technique for this sÈudy was found to be a síngle fine

wÍre Ëhermoeouple electrícally corrected by a passive comPensatíng network"

Amodulatedvol-tagedataacquísÍtionsysÈemwasdesignedandbuilt

and this enabled the dírect simul:Laneous recordíng of all tíme varying data

durÍng e ËesË run with a flaÈ frequency resPonse from D'C' to 15 ke/s'

steady-staEe and cyclic heat Èransfer exPeriments were carried out on

a Ricardo E6/S research engíne' The combustion chamber was ínstrumenLed so

that measurements could be made at Ehree regíons; Inlet, ExhausÈ and Knock-

Zone respectivelY.



T'esÈs rdere carfíed out under moËoring and fÍring conditions for a

range of operating parameÈers and both steady-state and instantaneous

meesurements made" The cyclíc data recorded on magnetÍc tape were

capable of being dÍgítised at rates of up to 12000 samples Per secofrd and

these were analysed on a CDC 6400 digital computer'

The results of these experlmental and theoreËical consíderatíons

led to the followíng conclusíons:

(1) The concept of a quasi-sÈeady gas-wall heat transfer coeffícient

breaks down due to phase dífferences between the heat flux and Ëhe

gas-wall temperature difference and more advanced Ëheoretical

methods are thus required.

Ø The phase relationshíps experimentally observed between the

variables more eccurately conform to the predicÈions of the Heat

Transfer coefficient concePt than to those of the Temperafure

Profíle Method.

(3) The cycle of quasi-steady heaË transfer coefficient was found to

resemble closely Èhe cycle of mass veloeity measured by HorvaÈin'

(4) A rrÈhermal layerrt Èhickness was defined by meesurement and was

found to vary consíderably over the cycle, as well as wíth engine

aPeraÈíng Parameters"

(5) Although the ínductíon and compression strokes showed negaËÍve and

infínÍte heat transfer coefficienÈs due to the breakdown ín the

concepË,ËheexpansionandexhausBstrokesshowedacontínuous

varíation of heat transfer coeffÍcíenË wiÈh a maxímum occurlng

near e"v.o,



(6)

(7)

over thls latter phase, etrfsting empírfcaL formulae were fsund to be

deficfent compared to experfmental observatlons. Although

modifícaËions to these formulae are suggegted, no satisfactory

reletionshlP PresentlY exlsts'

It appears that measurements of locel l-netantancous ges velocitÍes

lnacombustionchamberareofprlmefmportanEeforfurtheradvances

ln this field'
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IMRODUCTION

Engine designers are contÍnual-ly strfvfng to lncrease sPeclfic power

output of reclprocatlng IG EngÍneê commensurate with relfabfllty.

Unfortunately, thfs rfupratlngtr procedure has lately emphasfsed the

undersírabl-e effects due to Ëhermal loading of the components. The most

dfsastrous effects of hfgh local thermel loadfng have been recentl-y observed

fn hlghLy rated turbocharged dfesel engines fn the form of failure of pÍston

crowns, valve seat bridges and thermal strainfng and cracklng of other local

trhot spotsrl.

UnforËunately, ff overall metal temperatures are reduced by removing

more heat to the coolant, then thermal efffcfency suffere. For best

performance, only the mlnfmum coolant flow rate requfred Ëo keep the wal1s

at a eafe operaËing temperature 1s necessary. Alternatively, loca1-fsed

heat extracÈfon should be provided at those ereas subJect to hÍgh thermal

loadfng. Thus it would seem desfrable to study local heaÈ transfer to

verfous regfons of the combustÍon chamber fn order to fmprove the empirical

heat transfer formulae currently used 1n engfne design.

However, sfnce an englne undergoes a cyclic workfng Process it would be

required to predlct the local heat transfer rate gver the cycle as a functÍon

of crank angle or time.

Thus a knowledge of local fnsËantaneous heat transfer would be useful

because:

(1) The large varfatfon ln temperature of the workfng flufd over the cycle

causes cyclic fl.uctuatione 1n wal1 surface temperature which can fnduce

thermal stresses of consfderable magnftude fn the material of Ehe con-

tafnfng wal-ls as mentioned above.
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(2) An Ínterrelationshíp exÍsts between valve timing and the rtdirection" of

heat transfer whích can adversely affect volt¡metric efficiency.

If valve Ëíming ís such that there is a slgnificant flow of heat from

Ëhe chamber walls back ínto Èhe gas during the lnducËíon stroke, Èhen

the specífíc volume of the charge wÍll increase with a consequent

decrease of charge mass and hence voh:metrÍc efflciency will drop'

(3)Thesímulatlonofengineoperationbydfgítalcomputerprogramis

becomÍngapowerfultoolforpreliminaryenginedesign;andinthe

interests of more realÍstic símulatíon, more suitable expressions than

those empfrical expressíons currently used for ínst'antaneous heat

transfer are requíred.

Based on the classj-cal approach to steadyrstate heat transfer; Ít could

be expected that instantaneous heat Èransfer from the worktng fluid to the

combustÍon chamber walls of an engine would possibly be simply expressed by

an instantaneous heat tra4sfer coefficient'

However,recenËexperimentalevidencehastendedtorefuteeventhe

concept of an instantaneous heaÈ transfer coeffícíent under unsteady

conditíons due to negative and even ínfiníte coeffícients being observed at

some times in Èhe cYcle. ( 1 ), ( 2 ) '''

vJhile thÍs breakdown ín Ëhe vali-díty of, Èhe heat Lransfer aoeffieienE

concept can be predicÈed on the basÍs of símple theories Ëhere exisËs also

an uncertainty in much of the literature due to the scanty experimental

evidence available"

:k Numbers in brackeÈs refer Ëo referenccs "
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In most ÍnvestÍgatÍons to date, some of the requlred varíables have

been obtained by calculatíon, on the basls of certain sÍmplifying assumptions;

rather than by direcÈ measurement.

Furthermore, due to the limítatíons of prevíous recording procedures and

methods of anal-ysÍs; the varíous unsteady data requíred have ínvariably noË

been meastrred over the same engine cycle nor even for the same oPerating

condítions "

All recent authors agree that further direct experimental measurement

ís a prerequÍsíte to advances ín thls field'
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(1)

(2)

(3)

(4)

(s)

The afms of the study presented fn thfs thesfs were therefore:

To develop suftable methode of measurement of each of the following

quantftles at a glven reglon at each lnstant ln the cycle:-

(a) I^Ial1 surface TemPerature

(b) Surface Heat Flux

(c) Bulk Gas Temperature

(d) Gas Pressure

For eorrelatlon purposes a knowledge of the propertles of the working

fluid, (fuel/afr/reslduale mlxture) as a functlon of gas temPereture

fs also requlred, 1.e. vlscoslty, thermal eonductfvlty, specLflc heat.

To build a recordfng system capable of collecting alt the required

local heat transfer dat.a =ímultaneousl-y over eny partlcular unique

englne cycle or cycles.

To develop sultable methods of recovery and analysís of thís data.

To use thls system to obtain new exPerfmental evídence on local

lnstantaneous heat transfer coefficlents; and íf possfble to obta{n

correlation with exÍstíng unsteady heaË transfer predictíons'

To lnvestígate the local heat Lransfer at different locations in Èhe

chamber under a range of, engÍne operating condíËions"

The experimental lnvestígatíon was carríed out on a single cylinder 4*

sËroke spark ígnÍtÍon petrol engine in order to ellmínate consideration of the

radiaË1ve mode of heaË transfrer whÍch ls possÍbly more signifícant in ttre ease

of a Dlesel EngÍne"
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DEFINITIONS

The followíng concepts are deflned here for the purposes of this sËudy:

Steady-SËate or Mean Component

fs that part of the toÈal value of a measured varlable whfch ís independ-

ent of tíme in the cycle, but which changes with variation of engine operatÍng

paramefer s .

Unsteady -StaEe or Cycllc Component

is that portfon of a measured variable which changes contínuously wíth

crank angle or tlme fn the cYcle.

The Total Instantaneous Value

of a variable is the sum of the steady-state (mean) component and the

unsÈeady-state (cycl1c) comPonent.

A Transient

is a specÍal case of Èhe unsteady-state whereby the change in the

varíable takes place beÈween two deffnite límfts over a gíven ínÈerval of

tfme.

A Quasí-SËeady Process

ís one ín whÍch laws and defínitions accePted for steady-state

conditions are deemed also to hold good over a short. interval of time in the

unsteady- staËe"

Continuous Recordíng

Ís rhe process of measuring a variable conËinuously in Èime over any one

cycle or over a consecLrtive nunber of cycles.

Point-bv-Point Recordíng

also known as Ëhe Null method whereby the transducer signal is measured

and recorded at only one particular point of time (or crank angle) ín any one
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cyele" A'psuedo-cyclet ís then synthesísed by makíng a number of such

measurements over a large number of cycles, not necessarily consecutive"

The Bulk-eas:k Free Stream or Peak Fluid Temperature

ís the gas temperature in the central regíon of the combustion chamber

where the effect of ËemperaËure gradients at the walls can be neglected

Í"e. the temperature Ín therturbulent gas nucleusr.

The Spa ce-mean Temperature

is the total instanËaneous temperature integrated over a finíte

path length through Ëhe gas in the combustion chamber'

Optícal methods give a rline of sightr space mean temperature, includÍng

the unknown effect of the Èherrnal gradients at Èhe walls.

A resistance Èhermometer gíves a sPace mean temPerature in the

region covered by the finite length of, the sensíng element.

The Mas s-Averaqe Temperature

is that temperature which would exÍst if all Èhe gas Ín the cylínder

volume were adiabatically mixed" An applícation of perfect gas laws to the

cylinder gas at any Ëíme wot¡ld yield this Èemperature'

The Local I nstantaneous Gas Temperattrre

is that Ëemperature measured at a point in the gas volume aË any instanE

of time in the cyele. A po.tnL Ín Ëhe gas volume ís de:fÍned for ÈhÍs sttidy

by a gíven spaËíal distance from the wall aL a given peripheral loeation c'f

the probe wíthin the clearanee volume.

The Thermal Layer Thiekness sfeadv- state)(

is that distanci: from the wall Ínto the gas at any given lpeatíon unden a

gÍven set of operat-ing eondit:iens, at whieh the measured loeal fnêan gas

temperature beeornes identical with the mean Bulk"gas temPerature"

rk Preferred term.
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The Thermal Gra t insEantaneous )

is the dístance rate of change of local Ínst4nteneous gas temperaËure

through the thermal layer aÈ any tlme fn the cycle'

Nqte the difficulty of measpring a truly instpnÇanequs thermal gradient

due Ëo the impossibfllty of çakipg a numbçr of slgrultaneous point temperature

measurements wíÈhout mutual interference.

For thís reason, Ëhermel gradientp fn this stu{y werp eetlmated by

comparing the temperaÈure Çyç1es recorded qt flífferent depths Qf Ínsertíon

ínÈo the gas at any locaEíon, Theçe recordÊngç v,lere made wíEhÍn Èhe space

of a few mínuÇes undep eoqFÈant engíne condftíons''

The Que4ch LeJe!

is the disËanqe from the wall at whfch 1aÊelnal

sources become eYident

There is sor4e evidenq þO) ttat engine Pxhausf

ín 'smog' formation are Prpduced in this reg{oir pear

wall where the flame Ís 'qupnohedr by the relaEively

Heat Flux

or chemfcal energY heat

Applyíng to eítheç the stpady-state or the çycllc component Ëhe heat flux

is the density of heat fransfer Per unit area Pf the wpll per unit time' The

sÍgn conventíon usefl is that positíve heat flux pasçes from the gas inËo the

wall, whíle negative heat flux indícates a flow from the wall back ínto the

gas.

Thermal Load

denotes the straíns imppsed upon an engine structure by thermal ímpinge-

merir or more specífically by the pgtential cool+ng heat flrlx density"

(Thermal impinge¡nent = gP, thermal straining = e,f,feqT)

oontaminant s important

the combustion chamber

çoo1 wa11-.
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The Potential Coolíng HeaË Flux Densíty

has been physically ínterpreted by steiger and Aue, (r1), as the heat

flux which would occur if the gas-side wall temperature !ùas at the absolute

zero point.

t ct
P

T xhg fnean
¡rU/ft2 sea 

"

ABBREVIATIONS

c. T" D. C"

B" C.T" D. C.

A. C" T. D" C"

í. vo o.

lov.c.

êoV¡ O"

9¡V. C.

w. o" T.

M. B" T.

c.R"

r" P"m.

b.m.e"p"

b.s" f "c.

Compressfon Top Dead CeniEre

Bef,ore Compressíon ToP Dead Centre

After Cornpresslon Top Dead Cenürc

InleË valve oPens

InleË valve closes

Exhar¡sË valvc opcns

Exhaust valve closes

VJide Open Throttle

MÍnimum sperk advance for Best Torque

Compressíon RaËio

RevoluLions per mintlÈe

Brake Mean Effective Pressrrre

Brake Specific Fuel ConsrmPtion

e
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1. LTTERATURE SURVEY

The present sectíon surveys briefly the theoretÍcal and experímental

Í.nvestigatíons reported ln the technÍca1 l-ÍteraËure to date.

Nusselt-type formula

Tn L923 Nussel"t ( 3 ) put forward a formula for the comblned convective

and radlative modes of heat Ëransfer based on measurements from a cy1índrical

combustion bomb after combustion of a quiescent air-fuel mÍxture, He also

carried out experlments on forced convection heaÈ transfer from flat plates

at very low (Re); and tested hís formula with time average data of Clerk ({)

from a gas engine.

The convectlve part of Nusseltrs formula is:-

h = 5.24 x I0 (1 + 0.38vpm) ezx¡L /z clu/t-2"è¿oc5 (

or h = 0.99 (r + 1.24vpm) kcal/m2hroc

Annand (5) shows that thís reduces, wÍth certaín simplifications, Ëo Lhe

form

'tnç (l)

(?.)(Nu) .+

where t,he !constantsr have dímensions thus limíting applicatÍon of Ëhe

formula"

The Nusselt. expression forms the background to several modifieatÍons

suurnarísed reeentl.y by Stambuleanu (.6) and used mainly in the USSR.

1ô( )(
E

Bl Ge) ) (P
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Jaklisch (quoÈed (6)) has rewrÍtÈen NusselÈrs formula fn Ëhe more general

f orm:

h = o. 0224(228"3)5\l-*. (r+1.24 Vpm) kcal/m2hroc (3)

InsÈead of usíng the index 2/3 of Nusselt, Jaklísch proposed Ëhat m varies wíÈh

temperature ín Èhe range 0.44 to 0"90"

BríIing (quoted also ín (6)) found that the convective part of NusselÈrs

formula gave heat transfer coeffícíenËs 2 Èo 3 tÍmes hígher than hís own resulËs

from large statíonary dlesel engínes and proposed:

h = 0.99
2PT (l+d+b.Vp*) kcal/m2hroc (4)

i,lhere the coeffícienÈ of mean píston speed b = 0.185 (instead of 1"24 in the

NusselË and Jakltsch formulae) & d = O for a carburetted engÍne, L'45 for a

supercharged diesel- engíne.

Some considerations límítÍng the applícatÍon of üt¡.e above formulae are

as follows:

(1) The multíplying factor (r + b"vr*) in all Èhe above expressíons is a' meafr

factor valíd only for the overall cycle, Thus ít is Ímpossíble to n¡se Èhese

expressions to predict ínstantaneo,us heaË Eransfer raËe' otr even Ëhat over

the dífferent phases of the engíne cycle.

Nusselt hÍmself pointed out (3) that his expnessío-n Ì¡tas en aPProximaLíon and

could not be applíed índíscríminantly to the exhar¡sË and ínleu strokes.

(2) Although the effect of mean piston speed on the gas motion and hence the

time-mean convection term has been accounted foru other importanE facÈors
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such as cylínder head eonf,Íguration, compression ratio, valve tinning,

and spark advance have been neglected. Nusselt recoÍmrended that hi"s

formula shorrl-d noË be applfed tf Èhe mean pfsËon speed vras greater

Ëhan 5 meËre/sec.

(3) The facÈ that these expressions are not dimensÍonally homogeneous

.as shown by Annand ( 5 ), precludes thefr use under condftfons very far

rernoved from those for whfch they were determÍned.

However, Stambuleanu ('6')r 1967 deËermfned ÈLme mean heat transfer \dith

good resuLt from Nusselt-type formtrla applfed Ëo a petrol engine treat 'balanee.

Although Stambuleanu reËained the Nusselt-type formula for lÈs

sfmpllclÈy, he modified 1Ë by determlnfng the form of the multfplyfng factor

separaÈely for dffferenË phases of Èhe cycle as follows:

(1) CLmpression and Combustlon Phase

From experimental data of UnÈaru (quoted ('n ) ) using measurements of

Eurbulence inËensÍËy of Semenov and Sokolík (8 ), 1958; Stambtrleanu

proposed thaË dtrrÍng compressÍon Ëhe absoluËe ÍntensíËy of Lurbulence

ís proporËÍonal Èo mean piston speed up Ëo 2Oo crank angle ATDC. Í.e.

h = 0.08 3r\hT (1 + I .24 vpm) keal/rn2hroc ( 5 )

buü ttrat toward end of eompression and durí"ng eombustion a greater

Èunhulenee level ensues givÍng:

\Fil3 (1 + 1"24 Vpm keat/m2hroc . (6)r"2h = 0.08 )

Expansion ?trase(2)

F"rorn Ser¡lonovrs measurements, Èhís hÍgh degree of ttrrbulene,e contínues



over a falrly l-arge portlon of the expanslon stroke.

(i.e. approxlmately for the first 35'40%):

L2

(7 )

(9)

h = 0.08 (1 + 1,24 v 1.5 kcaL/m2hr
Pm

But for the latteÏ part of Èhe expansfon stroke the turbulenË

oscllLatfons decrease to about L/3 - t/Z of thfs level 1.e. for

the l-atter 50 - 65% of expanslon:

ksal/m2hroc

3@
)

oc

h = 0.08 (a)
2.5

(3) Exhaust Phas

As this phase progresses the gas flow begomes more directed toward

the exhaust port, so for the ínitÍal blowdown portíon of thís exhaust

phase, the same condiÈions exist as durfng Ëhe latter part of expansion

'1.e. for both -:gylinder wall and piston crown:

2"5

llhereas for the combustíon chambef roof (simj-lar to flow over a

fl-at plate)Stambuleanu wríÈes :

3M (1 + I .24 vp') Kcal/m2hroc(a) h = 0.08

(b)

I

h = 34" 5)--0"25 (4r+>o"" afl'zs cú0'7s

d-D
2

lfhere

UÜ = radial mean gas velocíty along roof.

kcal/m2hrac (!0 )



L.= thermal conductl-vity of gas at mean of gas and wa1l temps.

and for Ëhe combustíon chamber wall-s - he proposes a pipe flow

approximatlon.

(c) h = 22.6 L-o'05 d -o''u(G)0'79 ^rt'"(p'J)o'zg

t3

( ll )

I{here [.r""t". with crank angle 1.". I = S/(ø-t\

P = $oS PrGÉssnE

(a) For CombustÍon chamber roof:

h = 3r+.s l-o.rt.((cr)o.rt 7_l-" 0J 
0:7s

Ç, = C,R
)

6t Ut = mean veloclty of gases along cyLfnder wal1;

and for Èhe ExhausÈ Stroke proper Stambuleanu wrítes :

S = dfstance of
plston from

TDC

(r2-)

(r3 )

(b) For cylínder walls:

(c) For the ?iston crown: 
:l

h = L4.5!vo'45 from Jakob (9 )

h = 22.6 /,-o'osd-o' tu çrcn)o'" Àl'tt fd)0'zg

where ç = pist.on
speed relatlve to
gas ín cylinder.

(t+;

(4) Inl-eü ?hase

From experiments on a model cylinder in 1935, Stambuleanu (lO) proposed

an expresston to predÍct the heat transfer coefficient for the inleË

phase - i"e. heaË transferred baek from cylinder wall to gas:-

h = 3600 A* .r" 4 " 
t¡o G.Æc)2 $t^rf)0.75 keal/m2hroc (rs)
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t4¡l^ere ,- C?;= Speaâe heol- ., Y¡.=4^qrì-r,c vrScosr*3 of }qs mry, ct'J-o-

Qg;/) - rnqss f1'w ''qle' , Tc= m€q"^' well {empe's*ote'

and A = a coefflcíent taking into account the location of the
m

fnlet valve and the ratios:

= InsÈant ous Exha ust Valv Lfft
Cyltnder ore

h
ã

I
d

Valve Port Diameter@
!=
d

ntan ton lacement
orecv1

stambuleanu applted the above equatfons for heat transfer coefficíent to

the experfmental results of Untaru ( ê) bv lnËegrating the relevanÈ

coefflclent ovqr the phase perlod for whích lt appltes. usíng the exposed

area of the cylínder head and barrel, together wíÈh approximaËíons of wall

temperature based on eUrpírícal laws of the form T* = .(Vnr)t; he calculated

the separate rates of heat transfer to the coolíng water for head and barrel'

The percentage heat lost to coolant over the dlfferent phases were also

compared with sÍmilar data approxímated by Taylor & Taylor (7) of the form

q a< V o'8.
-pm

Faír agreement, ín both comparisons led sËambuleanu to the conclr*rsÍon

that hís expressíons cAuld be applíed successfully to the dífferent phases

of the operaÈing cycle of a 4'stroke petrol engíne'

NoEe however thaÈ thís expression ís also dimensionally incorrect"

A furËher development of Brilíng's versíon of the Nusselt formula by

Chirkov and Stefanovski- was reviewed by.A'nnand and shown to be íncorrecË;

beíng of Ëhe form (N.r) = constant * o5/12(R.)Il4

The Eichelbers Formula

The expression put forward by Eichelberl (21 ) in 1939 ís still the mosÈ
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widely used; recent examples being ín the PaPers of l^Ialker (t2)' Ileneín

Brown ('iA), Huber & Brown (l-': ) I i,Ihitehouse etal ( i i) ' Smyth and l^Iallace

Borman etel (i E ).

Elchelberg apparently rnodtffed the NusselÈ forrnula equatlon (.{ ) on Ëhe

baefs of hls own experlments (j9) an¿ those of Hug (20) on a large low speed

2-stroke dfeeel englne:-

L/3
(r()

h = 0.0564 (v?m) ?T
g

Hfs modlflcetlon of the Nusselt ?T group by lncreaelng the Po!{er of T and

decreasfng that of P appears to be an arbftrary method of allowing for

radfatlon which would be more predomfnant in a dtesel engfne than in

Nusseltrs bomb.

Eíchelbergrs analysfs for obtaíníng experímental measurernenËs of

instantaneous wall surface heat flux eppear$ to be well proven, however,

His method, used by all subsequent lnvestigators involves dífferentía-

Ëion of the harmoníc series representíng the wal1 surface ÈemperaÈure eycle"

Because Eichelberg used sub-surface thermocouples, he had to apply an

exponential correction to each term of Ëhe recorded temPerature ín order Èo

obtain the Ërue surface temperature. However, thís correctíon Ëeehníque ís

no longer nee/cssary wiËh modern míníature thermocouples,

There fs actr-¡al1y a strong case for Eichelberg's approactr of using

arrmean effectivetrcr t'ûrass averagett gas temperature calculated from the

pressure record" ThÍs faci,lítaÈes comparíson of heat transfer beÈween

(r3 ),

(t7),

L/2 Bru/hrft2ro
)(

differenÈ engines ín an analogous manner Ëo performance cornparísons by b.m"e"p,
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However, for local investígaÈíons of heaÈ transfer in the same engine

even Eichelberg (21 ) recognised that the gas temperature during combustíon

ís not unlform throughout the whole cylinder as he assumed ít Èo be when

calculating a mean value of the ínstantaneous gas temperaÈure for [he toÈal

mass of gas. The real gas temperature, for example near the piston ís

probabLy much higher than the mean for the toÈal mass and much more heat

(than predtcted by Eichelberg) wl11 be transferred to the píston because

the real Èemperature dífference ís greater"

pf.Latjfrn (22) in 1961 proposed a modifled Etchelberg exPresslon, based

on the results of teets on a l-erge supercharged marfne dfesel englne' Hfs

modlflcatlon was arranged to make the heat Lransfer flnlte at zeto plston

speed and asymptotic to some hfgher value at lnflnite plston speed:-

1 12 cuu/fr2secoc (i7 ), h=klk2f(vp) (PT)-'

where f(V ) = 3 + -2.57 [f (r8 )-.* (I"s - 0.127vp)l
P

and kt

kz

= I for líner, 3 for cylínder head and píston'

= effect of induction manífold pressure

The sí,gns are taken + Íf V > Í.8 ftlsec
p

- i.f v 4 tt.8 ftlsec
P.

Horgever, Annand ( 5 ) pofnted out that Ëhere is líkely to be a díseon-

tinuous change of flow regime as speed tends Eo zeTo gíving rise also Ëo a

dísc,ontínuous change in the mode of varlaËion of the heat transfer"
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The use of wholly empÍrícal factors and the limited range of tests upon

whích these were based also renders this method doubtful for wide applÍcatíon"

Henien (\3), símply applied Eíchelbergrs formula to develop expressíons

for combustíon-chamber wall temperature and thermal loadíng in terms of

manlfold pressure, temperaËure, mean piston speed and 1"m.e"P, for a small

turbocharged diesel engíne.

A eomparíson of the Nusselt and EÍchelberg expresslons was made by

Van Tíejen (23). He ínregrared rhe '41-tq of the NusselË expressfon

and also Ëhe 4/m' of the Ef chelberg equatÍon for severat díf f erent eycles

and found that the ratlo of the two lntegrals was constant to withln + 5"L,

tilalker (ZÐ compared the heat Ëransfer raËe for compression and

expansion calculated by the Nusselt, EÍchelberg and Brí1íng formulae for a

hypothetical cycle as a functÍon of r,p"m" He found close agreement of

the former tr^7o methods up to 2O0O r,p"m" but thereafËer Ëhe results diverged

t.he predíctíon of Nusselt, equation (1 ), exc.eeding thet of EÍchelberg,

equaËion (16), by almost a factor of 2,

Bríling's formula, equatíon (".J- ), gave heaË transfer rafes mueh lower

(t/Z to I/3) than Ëhe other two formulae over the entíre speed range" Thís

confir:ms stambuleanurs eritícísm of Brilingrs formula"

Overbyers Expression

Overbye ( | ) 196l repor[ed a most extensive experímental investigation

of loca1 unsteady hreat Ëransfer Ín a C"F,R. spark ignitíon engíne with port

ínjectíon. Advances of his work over Previous ínvesËÍgations íneluded:

(l) The use of a fa-st.-respe)nsë plaËed (Ní-re) thermocouple for measurement

of wall surfaee tempera.ture variatíon.

(Z) More advanced methods of reeordíng ând analysing wall temperature reeords
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i"e. recording of temperature traces from an oscílloscope by drum

camera and subsequent measurement of a large number of ordÍnates from

the fflm record by optlcal comparator.

(3) The use of a digital computer for a much more extensive Fourier

analysis of the recorde than previously obtained.

(4) AttempLs to correlate over a range of engfne varlables under motoring

and firfng conditfons.

Sfnce Overbyets englne !Ías not lnstrumented for gas temperature

meAsurements he used on1-y the COmputed rrmass-averagerr gas temPerature

frrespectlve of positíon of hts wall thermocouple. (Thts meËhod fs

df scussed fn Appendlx A'l ) .

In order t,o rexperimentallyr determihe heaÈ transfer coefficients,

Overbye attempted to use the flame temperature daÈa of Millar (2S), also

from a C.F.R. engine, together with the wall temperature and heat fllx

measurements from his own engíne.

However, he found that this was unworkable because for the same spark

advance, his engíne gave wall temperatures which peaked earlÍer than the gas

temperatures from Mí1larr s engine.

A possible explanatíon of this anomaly fs that the burning behaviour of

two simílar engines can be quíte different even under Ëhe same oPerating

condítÍons 
"

Thus, Overbyers princípal recornrnendatíon for further work was that a

gas temperature measuremenÈ was required simultaneously wíth the walI temper-

ature measurement.

Overbye refraíned from usÍng a correlation lnvolvÍng an instantaneous

heat Eransf,er coeffÍcient due to the observaEion of disconËÍnuous experímenLal
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coefficients and the theoretical evidence, as descríbed laÈer in SecËíon L"2,

that Ëhese díffículties may noË be entirely due to experímental error'

He thus presented an empirícal expressíon based on experíments wÍth

an engÍne motored with aír under maxímum turbulence condlËíons:

NI ,/sooo
o

ìk-/, :k--(o.z6P.- 0.035) + 0.1? 0.02 (te )

where

and

koð

Pr
e

and
J

?

P xl0

Peclet No

t/rP
].

(P where (P
T ) Ir l_

Prandtl No" at
inlet manífold
condítions,

lk
No

qo

gol,o/KgTo (a modffied Nusselt No. )

fnsËantaneous surface heat f lux (BTU/hr 'f:i2>

stroke of engfne (ft)

gas thermal conductívity (BTU' ft/rlr'tt2'ro)

absolute temperature of intake manifold aÍr (on)

L
o

T
o

=ft x )e

cylínder pressure/ (compression ratio x manifold
pressure)

and (R
e)

vPL / f/" i,e. based on meen píston speed and sËroke'

Ilowever, Ít ean be seen that although dimensíonless, equaËion (19) does

not Ínclrrde wal1 temperature and Ëhus cannot be expressed in terms of h'
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He furÈher suggested an empirical method to correct equaËion (19) Èo

fíríng condiÈions by multíplylng No* by the ratio of gas-walI temperature

dífference on the compressíon sÈroke to the corresPonding temperature

dífference at the same crank angle on the expansion st.roke" This appears

to be unwÍeldly and wÍËhout justification as a practical method.

overbye su¡runed up hls most exhaustfve investigation ( | ) ín the

fo1-1-owí¡rg manner: ...tralthough Eichelbergrs equatlon does not agree with

the experimental data of thís study, it is a simple expression and is an

atËempË to account for 3 factors important to heat transfer Ín an engine

Le. Ëurbulence, gas densiËy and gas temperature-vta11 temperaËure dlfference;

The correlatíons attempted (by Overbye) do not presenË a more satísfactory

exprgsslon for heat transfer in a fÍred engine, and our present state of

knowledge in this area musÈ be regarded as unsâtisfáctory,. " ".'t,

Annand's Correlatíon

Ln addÍtion to most of the above formulae, Annand ( $ ) revíewed two

other basic formulae which he has shown to be incorrect. These are the

expressions of, Elser (26) and of Oguri (Zl), They are gíven herein for

eompleteness, but wíl1 noË be used further in this study"

From Eichelberg-type experíments on low speed two and four stroke

díesel engines using sub-surfaee Lhermopíles Elser applíed dímensional

analysÍs to form the expressíon:

(N.r) = 6.s (r + o.s as/cp) " t (Ru) er)f 12 (24)

where AS = íncrease of entr:opy per unit mass from the sËart of compression"

Elser ínÈended the AS/C term to allow for radient heat transfer, but
p

Annand show,ed that Lhís term resulted from a misÈake; and is.in fact finite

after c.ornbustíon"
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Oguri@0)r(7¡¡)r1960, conducred an experimental study using a platéd surface

thermocouple on the píston crown of a small síngle cylínder spark Ígnition

Engíne, but once agaín computed the gas temperature from an índícator diagram'

He accepted Elser's expression and developed from this the more complex

version 8l) ,

(*.r) = 1"75(L + AS/Cp) [Re). (Pr)J r/2 Í,2 + (t- 20")1

where t = "t"ttk angle from TDC'

In re-examining the daËe of Elser, ogurí, and overbye (of which only

Elserrs data appeared to be suiËable), and in the 1-ight of a complete

dímensional analysis, Annand decíded that for any given locatíon in a

particular engine, the Reynoldts |'Iumber based on piston diameter and mean

píston speed was the mosË ímportant parameter for local convectíve heat

transfer. Thus he proposed the poI^7er law relatíonshíp:

(2r)

Qz)b
(N ) a(R )u e

By exËensive statistical analysis of Elserrs data at 300 r"p"m' for the

compressíon and expansion phases, Annand determined the exponentrbr and the

mulËiplying consËant ra' for both Elserrs tt'üo and four-stroke engínes" His

predicted heaË fluxes fitted Elserrs data generally better Èhan díd Elserrs

own formula. There appeared to be close agreement between predicted and

experimental values ín the region of lero gas-wall Lemperature difference

(infinite heat transfer coefficÍent) due Èo the low level of heat flux at

that time.



22

It is also ínterestíng to note that Annandrs resulËs gave the least

scatter when the required gas thermal properties were calculated directly

from the gas Lemperature rathär than from Èhe mean of thís and the wall

temperature as used by Elser. The information Presented in Appendix AZ

on the thermal transport propertíes of a number of fuel/aír/resídual

mixÈures would thus seem to be useful in this regard, over the range of

applícabilfty considered 1.e. for the compressíon phase and up Lo Èhe

dlssociation temperature l1míÈ.

Moreover, Annandrs use of mean piston speed neglects Ëhe effect of

local gas motíon and results ín an overall Reynolds No. Thus hís expression

could be resËrictive when applíed to localísed unsteady investígaÈíons'

Annand also appears to have jrrtified the use of a (Nu) - (Re) exponent

of 0.7 f.or the motored and fíred data of Overbye and for a consÍderable amount

of other time-mean heat Èransfer daÈa.

However, from consíderatíons of the energy equation, overbye ( I )

showed thaË the rate of change of pressure Ëerm probably plays an important

part in heat transfer to Ëhe wal1. Therefore':Ëhecömíssíon of a Pressure

work term in Annandrs equatíon may reduce the generality of hís prediction"

Some recent attempts have been made to approxirnate instantaneous gas

velocitíes especially by Knight (Þ) ar.d Henien (3o) " Early experíments to

degermíne insËantaneous mass flow rates by hoÈ vuire anemometer techniques have

been reported by Semenov (31 ) and Horvatin (3¿) and these are díscussed ín

detaíl later"

Overbye (33) also ínvestigated calculations of rswírlr velocíty component

reporËing that angular swirl ve'locíties could be of the order of 10 times

engíne r"p,m.
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Henien (3o) recennly modifÍed Eiehelbergrs equaËion with apparently good

result by usÍng an approxímate gas velocí'Ey instead of mean piston speed"

The gas velocity used was the resulËanË of crude calculatíons of the squish and

swírl components; the peak velocíty amountÍng to about 9 tímes the mean piston

speed.

Knight (Zg) lnas sËaËed that quíte crude gas velocÍËy assessments could

substantía1ly improve engine heat transfer correlatíons and also widen Ëheir

fÍeld of usefuleness by makíng iË possible Ëo allow for dífferent heat fluxes

to the varfous internal surfaces.

Annand díd realíse the lirnitatíons of his correlatíon, however, as he

stated thaÈ wíth the experimental evidence avaílable lt was ímpossible to

formulate any more than the símplesË of empirical equations,

The evidence referred Ëo íncluded at his t,íme of writíng boÈh true

local i,nstanÈaneous heat transfer measurements and gas velocity data,

The l{ork of Kníght

Knight (Zp) 1964, carrÍed ouË experimenËs on motoring e.nd fíríng engines

using a surface thermocouple to measure wall surface temperature fluctuations"

He also obtained mass-average Ëemperatures from cyclíc pressure.

measuïements. For the motoring case he confírmed these calculaËed tempera-

tures by hot wíre resistance thermometer measurements.

He then applíed Ëhe temperaLure profíle theory (given later) to eheck his

measured wall Eemperatuïe swíng" Fon this purpose he used the Ëurbulenü

boundary layer thickness developed in a pípe having the same flow veloeity as

Ëhe peak gas veloeity" He approximated thÍs gas velocity by energy conserva-

Lí,ons including Lherrsquishtr effect of the trapped mass of gas using simplifíed

v¿;lve timí,ng"
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ÏJhile this step towards a measure of true instanËaneous ges velocity

seems Èo be plausible, the dírect application of steady-state pipe f1-ow

boundary layer thícknesses would need verífícatfon'



2 TINSTEADY HEAT TRANSFER PREDICTIONS

2.1 The Qua íi-SÈeadv Heat Transfer Coeffièíent

Under steady sÈate conditíons, the rate of transfer of heat from

a fluid to a wall by convection is given by NewËonrs Law of coolíng:

2ó

(23 )q,/A hlT -T)'g vl'

2
where I q/¿, heat flux (BTU/hr"ft

Tg = BuLk ges temPerature (oF)

Tw = i,Iall surface Ëemperature (of)

h = fllm coefflcient of heat transfer (BTU/hr.tt2ro)

An unsteady heat Ëransfer process can be thought of as being

comprised of a number of quasí-steady processes taking place over short

intervals of tíme.

Therefore for each interval of time an unsteady heat transfer

coefficient can be obtained according to equation (23).

Elser ( a ) and Overbye ( I ) both noted from experíment that gas-r¡7411

temperature difference and heaÈ flux were ouË of phase" Thus, at certain

points in the cyc1e, negatlve or infínite coefficíents result"

Thís dísconËínuity eaused them Ëo doubt Èhe usefulness of a quasi-'

steady heat transfer coeffícient"

Annand (5) cormnented however that ín the practícal case, the use

of a formula yieldíng continuous finite values of h wí11 only be slÍghtly

in error due to the fact Èhat the quantity of heat tfansferred at the

díscontÍnuitie,s ís only a smal1 fractíon of the total heat transferred

duríng Lhe cyele.

)
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Again, the results of previous ínvestígations with regard to phase

relations between the varíabl-es cannot be relied upon dr:e to the

restríctíve nature of the experlmental data. i

It will now be shown that the two main opposíng theories of

fnstanÈaneous heaÈ transfer, i.e. the Heat Tranefer CoefflcfenÈ Concept

and Èhe TemperaÈure Proflle Method, predíct qulËe different phase

relatlons between the varlables.

ôô
LoL The H e,â- t Transfer Coefficfent Concept

The general energy equatlon for a control volume Located elther fn

the gas or in Ëhe cyltnder wall fs given fn (a4) as follows:

q ^+ #no,tr
Þ'1., (,, cp

t(/Çì =*(v. (ctf) - þ-q,) -G'W)
('tr) + x @A)

rl
T

) logo1-

,Dp
Þt

+ frlp_c"l\Þt z

ñ

aqF_.-

L

where t tíme (hr)

density (ru/rt3)

specífíc heat at constarit Pressure

absoluËq temperature (on)

velocíty (a vector) (ftlhr)

heaË flux (a vector) (BTU/ht.ttz¡

shear stress (a tensor)

(

C
P

T

V

q

'(;

(BTU/ lboF)

)p absoluÈe pressure (1b/ft2
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qt rate of energy converslon (BTU/ft3hr)

D = a subsÈantial- derfvatfve

J = ¡oulers mechanlcal equivelent of heat (fË/lbf/BTU)

or fn words: The tlme rate of change of thermal energy wlthln the

control volume consfsts of:-

(1) Energy varfatlons due to mass fLow ln and out of the control

volume (convectíon).

(2) Heat conductlon lnËo and out of the vol-ume.

(3) Viscous dissipaË1on of flutd energy fnt,o thermal energy as ft

flows fnto the control volume (Frlctfonal effects).

(4) ?ressure work done on Èhe gas in the control volume due to

cyclic pressure variatfon.

(5) Energy changes due to varlatlon 1n speciflc heat of Ëhe gas.

(6) Internal energy generation wlthín the conÈrol volume due to

combustion' 
,,.

Now Íf !üe assume f or the solid /wall only that: -

(1) ConvectÍve heat transfer is zero"

(2) FricËíonal effects are absent.

(3) ?ressure work ís zero.

(4) Density ís independent of temperature and pressure"

(5) Internal energy sources are absent.

(6) Thermal propertíes of the solíd wal1 are independent of temperaÈure"

Then Ëhe heat transfer in one-dimensional form wíl1 be gíven by:

¿- I}]
à+."

Õ<

d x.
(zs;
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í.e. the one-dimensional Fourier heat conduction equation

where < ù./(q)w = diffusivity of the wall material.

speclflc heat of wa11 material

k thernal conducËivlÈy of the wall m¡terial
vt

Co'w

- x = distance from gas-wall lnterface.

Hobson (35) and Kelvin (36) modified equatíon (23) so that it could be

applled to the Unsteady-state; and thls rùas surd¡rrlsed by Overbye ( I )

from Jakob ('9 ) as foll-ows:

It 1s assr.triÉd.,that,: the temperature in the bul.k gas region varies

sinusoidally wlth tirne:

&g -9"= , cÐs,("*¡¿ - f )

Þ"g

(2ê)

¡¿here ís the maximum of the nth harmonic of gas temperaLure bbout

Lhe sÈeady-state mean (Tgm) i"e" %9= Tg'o -lgt
X ás the phase angle of this harmonic

Uf ls the fundamental cyclíc frequency

t is tíme ín the eyele.

c00rAftT &s
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It Ís then assumed that the temperature varíation with time induced

at any depth ín the wall by this harmoníc of gas temPerature can be

expressed as

0,.
Ì

P"u cos(nco't.-rnx 'r-)-rnx
¿è (n)

(æ)

where w is the wa1-l temperature above fts mean value

)( is dfstance into the wall from the gas-wall interface,

\,^Ce 
are constants"to be determined by boundary condltíons.

If Fourlerrs heat conductfon equaËÍon (25) 1s satlsfied the

lr rl1 l,

boundary condfÈfons requfred for a soLutfon of this equatlon are:

(a) at x = o, ,#roo = C#), hence g* q
e

(b) atx=or % q

These two conditíons are saËÍsfíed by:

-k*)& = h" (g.- g-) 
I X*0

where h ís a tíme mean heat transfer coeffícient'
o

IÈ can be shown from Èhese boundary conditíons Ref. (1 ) that:

Ø= Ëan
-1 Glç + b/m)) (t"7)
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(4)

(er )

and if h roo BTU/ht/ft2to

L/ I+2m/b+2

0.00814

ï

where b ho /k*

andm= hul /z<

UsingtypícalvaluesforanS.I.engineforthefundamental

eomponent of gas temperature at 1000 RPM:

n l, w 60, O00firað/hr, o. sz rEz lhr : . * ='ìff,il

o

and k
IV

29"O BTLJ/hr.ft'Fo b=hlkovJ L0O/29.Q -'= .3.45

b/m

q,,

From rhe rabulated variation c¡f )1, & Z wlth b/m gíven in Ref" (9

at b/rn = 0"008, f,. Lies beËween 44o SO' & 45o O0' and furËhermore will

approach more closely to 45o OO' as n íncreases'

DifferentiatingequatÍon(27)!üithrespecEtoX'eval'uatingat

x = o and multiplying by (- Çeives:

tP ku, r Vn, t¡ cæ (nrut - 2 +rr/ò

a,nd, if as shown ? Ís exactly equal to ¡t/4 for eaeh harmonie, tshen the
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surface heat transfer will be exactly in phase wíth the fluctuatíons of

the bulk gas Ëemperature. Thus the imporËant implÍcations of this

theory are:

(1) The gas temperature fluctuaËions are attenuaÈed 1n the gas fílm

adjacenr ro rhe wall'surface. (the factor )f 1n equation (?0))
L

(2> A partlcular harmonlc of the varfatlon in gas temPerature et e

gf eat dfsÈance from the wal1 leads the correspondíng wal1 surface

temperature harmonlc by I/8 of its perfod i"e' 90o crank angle

for the fundamenta comPonenf.

(3) The wall surface heat transfer varlatfon is fn phase wíth Èhe

cycle of gas temperature at a greaE distance from the wall.

In dlscusslng thfs theory fn relatlon to hls own investigatlon

Overbye ( { ) observed that his wall temperature cycle did not lag hís

gas temperature cycle by 90o and that the phase shifts between the gas

temperaturer.yall Ëemperature, and heat transfer vJere not large.

2,3 The Temper eture Profile Method

The previous heat transfer coeffícienË concept makes no allowance

for energy variations in the gas film next to the wa1l. Tt assumed

consËairt thermal resístance gíving a línear temPerature gradient in the

gas film, Thus the layer only enËered into the heat transfer Process

as a purely conducting medium ín Lhat theory "

ïn order to solve the general energy equatíon ("¿4) for a conËrol

volume sír¡.rared in the gas film, ?friem (37) and Elser (Z ) gave

separate developments, The former represenËed the Pressure work term

(Op/lt) as a hatrmonic function, whereas Ëhe latter expressed the ínternal

ene!:gy generation Èerm (er) as a harmonic functÍon"



Both assumed that these energy contributions were uníformly

dÍstríbuted throughout the gas volume.

The energy equation for the ges volume can novù be written:

32

(ag)

e+')

a

/c"4 +c^T>4 = þ. Ð + Jà? + q, (3e),Tàr -p'r¿ - ËIT" rtr vL

BoËh pfríem and Elser made the assumption thaÈ gas densiÈy was

constant, fmplying that pressure or internal heat generation fluctuatlons

are small compared to their absol-ute values and that gas ProPerties

can thus be regarded as lndependent of Pressure and tempereture' Also'

Èhe gas ve1-ocfty component perpendicular to the wall was sssumed to be

neglfgible near the wal-1 surface. Hence convective energy trensport

Ls zero Ín the stagnant gas fil-m and a further simpllfication of (3) is:

l&
)t

Y&u + >Pdrg >rx-2

Elserfs analysis assumed zeto pressure term and hence:

Ð. <g
Ø:+),

+ 9i
>r

where ù, = G -rr)

% lV¿rr),

Af a gneat distance from the wall ín the turbulenÈ bulk gas region

where conduction ís zeto, Ëhe gas temperature variation ís of the form:
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þn = Arnplltude of Bulk gas temperêture.

and Èhe heaË generat,lon term 1s:

X¿ = ñ(#), 9*cos Ld¿

æ

Using the boundary conditions

(a)

9"u s,,n ot

and (b) )9" - ke

33

(3s)

(e¿)

(g¿)

(ae)

(eg)

,,y,0h/= ..AtX=O

atx=ok*
)x >X

EquaËion (34) *ay be solved to give:

&

9g = û"g srn uIt - A." L,n (,^rt+ r x Ð

where f vs /z\ oE= (w)3
A amplítude )

)
phase )

of a gíven harmonic of the
gas temperature at any
locaËion ín the gas volume.v

tx
The exponentÍal t,erm e represents aËtenuatíon as the wal1 ís approached.
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(40)

(41)

c00r4NT

-x

It can be shownrRef. ( 1 ) rthat ff a gas temPereture varl-atfon of the

above form (g9) lnducee a slnueoldal surfece temPerafure 0n Ên

fnffnftely thfck elab, then the temPerature varlatfon fn the wall ls

gfven by:

yn, k^ Jtxs,n(ut-rÍx +É)

where rovoW amplítude of surface temPerature variation'

phase angle between wall eurface temperature and the

gas temperature s¿ 1ç = oo

ryl u) for the waLl material

lfequations(!!)and(40)"reusedwiththeboundaryconditíons(er)

and (30); it can be seen that:

0"u.,",art - \srn(uoL+y)- ûon, s'nt'¡t*F)

F

[srn lnt+Ê) Ilr-l

Icos'(,rr+-.P!
t"* (t

(+?)
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Thus, from equat'ion (42) ít can be seen that:

,. Þo^ (n7cr;= G/cp) tvY=É

and using equation (4¡ ) V-- F = 0 ,
to*
E,

(3)

(44)

A

k
bo

Itu 
+ b,)

where b thermal PenetraËl-on No" F/(q

Equation (37) can now be reqiitten:

gs = 9s þ,not - (b' /(;*rbr) 'äî s'n (t'st*'x! øs)

fromwhlchftcanbeseenthatthenetresultofenergygeneraLlonand

conductlon fnto and out of the gas layer near the wall ís:

(1)ThewallsurfacetemPeratureisinphasewitht'hegastemPerature

aL a gxeat dístance from the wal'l (x 
-> 

e<c) and is a míniature

replica of it, reduced by the ratio of thermal penetration

numbers of gas and wall" Note that rra gxeat distance from the

wal|f, or the gas fi1-m thickness Ëo the adiabatíe or bulk gas

regíon becomes smaLler at higher frequeneies'

(2)Theheaturansferthroughthewallsurfaceleadsthewallsurfaee

üemPereturebyaphaseangleofr/Softheperíodforanyhqrmoníe"

IÈcanËhusbese'enthatthepredictíonsofthistheoryareopposed

t*¡Lhoseofthehcattransfercoefficíentconcept,However,both
,Eheories ere oversÍmplified, the fírst assumíng a constanË heat transfer

eoeffiaientandthesecondassumíngaconstentgasdensityínorderto

obtain a solutíon'



If, however, a variable 'hr is used wíËh the results of the

temperature profile method, then usíng equations (4O) and (4+), the

surface heat flux can be expressed from equatíon (23) as:
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Gb)

(41>

(+81

no = to*ur%{d(b!ü + bs)l sin(wt + 4so)

and slnce & x=Q are in phase and related bY the

the::mal penetration numbers (bB, bw), the H.T. coefficient ís
ts..

\lF srn (wt + 4so)/sin wt

% = h, ,h / ( ùs-- 9r)l*=o

tlæ

û., 
1

h b
g

from whfch Ít cen be-seen that h can be zeto, negatfve and even

inffnfte whlch fs contrary to the concept of a heat transfer coeffícÍent

as used fn steady-state heat transfer.

Pfriem (!l) has tal1en Ëhis concept a sÈeP further by wríting c

equatlon (23) in the Polar form

where h is Ëhe modulus of the HT Csefficient and hØ ís the phase
m

angle between gas-wall temperature difference and the surface heaË

transfer,

From equatíon (47) above hØ 450

band h
m o6

from (48) above.

and thus a continuous heat flux will resulË
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A dÍfferent approach to derÍvdng a coefficíent of heat transfer

than the two meÈhods just flíscussed will now be shown'

2.4 A Heat 1¡srisfeF CoeffÍcíent From Kadrinov 's KineÈ1c TheorY Ref. (38)

The baslc assumptlon$ from the Kinetic theory of MaÈter ate:-

(l) AÈoms of the solid wall perform oscillatory movements near

Çhelr equfliþrium sËates ín the directlOn of the thermal' flux

Í.e. nprmal Ëo the wall 1n the one-dÍ-mensional cage'

(2) Thp gas moleçules are in a contfnuOqs r4ndom motion constantly

collidfng between eaçh other and the osc|llaÈ{ng etpms of the wall'

(3) Colllslons between Èhe geq molecules and also between gas molecules

4nd aËoms of the solld wall are consldered to be elast,lc.

There will be 4n energy exchange between the gas molecules and the

well atons if they have differenp kineÈÍc eneçgíes'

(4) The temperature pf the gas characterfzes Èhe average kinetíc energy

of the moÈion of the moleculeç, Similarly, the wal1 ËemPerature

expresses the avcrage kinetic energy of its oscillating atoms'

Consideríng a vessel contaíníng a gas with a "Lemperatufe higher Èhan

that of the walls.

ml

The above assumptíons can be summarísed

as follows: -

There is a contínuous Process of heat

transfer by which thermal energy is

Ëransnitçed from the higher to the

Lower energy level untiL equilibrium

Ís reached.

V'Þ

TBnX
a
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Nomenc lature for Kadrd,novrs Theory

ds

= distance along X-axfs (normal to wall element ds)

radfallY outwards.

= average velocity of forwerd motfon of gas molecules

et start of a collfsion wlth atoms of the wall'

= velocity of these molecules at the end of a collfsÍon.

= the mass of the gas moLecule.

= the average veiocity of the oscfllaËory motlon of the atoms

on the waLl surface Ëhat are 1n collfsfon wfth the gas

molecules.

= the mass of these atoms'

= the no. of gas molçcules/unít voLume (gas concentration) "

= the representative gas temperature (either Tg or Tp)

= the åulk gas ÈemPeraÈure'

= the wall surface temperature.

= temperature ín the gas-wall boundary layer'

= velocity of gas molecules at the end of a collisíon wíth atoms

ofawallelementdsmovilngÍnthedirectÍonoftheineÉ4ç

normal.

- =. velocity.of gas molecules afËer collÍsion moving ín ther -'"
directíon of the outsíde normal"

- gas pressure n"t **ea ds.

= the amount of energy lost by the gas molecules per unit tíme

to a unit area of the wall' (IIeaË Flux)'

= weight of a sin,gle mole of gas (/(, = gNn)

x

\^7

P

utt

I
T

T
c

u

T

T

P

q

I

/



N

n

U

Cp

v

= number of molecules ín 1 kg-mole.

= number of-degrees of freedom = 2/\'l

= speciflc heat at constant Pressure.

= speclfíc heat at constant voluñe.

= ñ"/u

= Unlversal gas consËant = L544,

= Mechanfcal equivalent of heat.

= gravl-tatíonal constant.

= 2 (cp-R/J)
Cp

39

c

R

ñ.

J

g

conslder the elemental surface erea ds of the wall- and let the

number of molecules strfkfng the element durlng a tlme 1nËerval

dr=\vrds.dE/6,

-If helf these molecules coll1de wlth atoms of the wall element that

are movlng towards the gas-wall Ínterface and the other half collíde with

etoms that are moving away from the gas-wall lnterface then, -bÍ the

theorem of momemt!,lm as applíed to gas molecules collíding wiËh atoms of

the solÍd wall, rüe can write:

Pds,dt, = \ d>/de @r,*, + rn, url + rnr [¿l (r,9)

\z

and the velocítíe" tl' and urrr ean be determined from the following known

formulae of theoretieal mechanícs

lr

)

u + , ({*tr. ):q
rY] ri fY'ìz

,7-, ,({-^t )-{
fn, + rn. I

)
)
)
)
)

I

tl il

(so)



Substituting (50) ín (49) 
' 
-

T
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(st)

pds, dL = \dlds,d¿ +rn tr + rnr IL(r'{ il

I

lz

tz

l2M,YY1z
l'n,+rn"

,' , pdo.dt \qd.àt, 4m fvlz
lz rn¡+m.)

l"n Yyl2
L

P

hr,+rnr)

m,Niz

z

(number of gas molecule'wal1)
( aËom collfslons )

= \r[d5 dË P*,^t*WSru)-
frì,+MZ

m,{

({.ã) - 
'n'^¡ )

P

\

A

The amount of energy lost per unft tlme by the gas molecules to

the eÇoms of Lhe wall per unft elemental area fs gfven by:-

(change ln kinetic energY)
( due to one collísíon )

x

ã

& (50)â

*[!i
z

= U,(m,^Í,'-! (6 .-z z\
? ,\

q

ã

= \rr[ (,n,"Jìt - r..1ttl' - rn Lll' ')
l^\tzz2/

= Y h,{'- E'?#^-(q-tÐ-o,Få (rn*,(r-q)-{))

= Z\M,{, , h. , lld'-ft1/r" \ kcat/sec ror an

?.rr-v [ry,*m"f 
\ä' ' 

ï ) elemental area' (sz)



âtrd subçtitùcfn$ (St) in 152¡

4L

(53)

(s4)

P

2?
1l'

þn, ntr'' 2

a\
a

þf'a- ' h,dr'
¿(rn,+rnr)

å\{mt'-9-o (rn, +rn")

3-8,
\

(
ry)/('n,+m'¡

M,{ z

Aleo from the;kfneFlc Èheory:

õ

T3
-)¿z

z

ñ

-tL
& fiz1z = 3, Q@ ,a

T¿r!

I{heue..N e..ru:nbeu of molecul-es/kg-mole

and: òubstitutfng Éheoe fn (S3)

q

q

=zPT h,*t"¡

? 25,44 (r-r*
(nn t*") N T

2344T2
\ ryì, N

q
P 2s44 rhl

å , B.1s (r_r*)
ZN

& from (54)

(T-T"r)

q

nYìr+fY1z Nl 2E,44T3

P

ft,+mz
(ss)
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The above equation holds for a MoNATOMIC gas havíng 3 degrees of

freedom.

For a pOLyATOMIC gas of n degrees of freedom the RHS sF equarion (55)

ís multíplied by n/3 (from Maxwell-Boltzmann), where n = (2/V't )'

V = cPlcv.

Noring rhar gNm =/ kglmole and that I kg.metre = 427 Kcal,

then Q in ther¡nal units is gíven by:-

P,^lz
q =421(*t'-+4\

\gN 3N ./
IN., N T Lr-r,^,) Kcal/m2sec (s¿)
254+24

(r-t-)

,hP

?,rn,\ 3 Ntr

q

Thus:

yields:

h=

0, o3)4 h P

/ry'14.

0,0ß9+ nl
,4,fl_

]--T^,) Kcal/m2 sec ßz)

tr{here T = the characteristic gas temperature'

For turbulent heat transfer only, the toÈal gas vofume is at bulk

gas temperature, i.e" T = Tg, and combining equations (Za) and (SZ)

/h,1 Kcal/m2 sec (Ëe)



However, considering a boundary layer to be Present at the wall,

the charact,eristic temperature may by wrítten T = (tg * Tr)/2 and

equation (E?) becomes:

43

Kcal/m2 sec (59)

rcat/rl"."oc (.6o)

I and thus in

q

q

Lzh

= 0"0394 nP 
./,7.

= 0.0394 nt-
h,y.

7'1 ( I

f+Tn/

?/À,n
)'T+Tw

and substituting in (23):

= 0"0394 hP
4,)y'tz

h = 0"0394 hP
./afa,

/,3

The constant term has dímensions [ur-rl-r/2 Ù-

Absolute Brítish uníts:

r/2

C=0,0394x2"205 x I
3. 78r

h = 0.0357 x 3600 x 144

h = 5?5 hP lt4

32.2 .z^,/-

x I 0.0357
r.8

y'tt?

l,lhere P ís in Lbal/f.t2 , T in oR

Thus (@) becomes:

_f

-
BTU/hr "ft2lo
with P ín Psia

././z z(Tg+T,v)

r(Te +Tr)

(6t)



For a stoíchíometrÍc octane-air míxture:

/e, = 30.094 (Table 7 APPendix AZ)

and for an íron wall ./, 55. 85

and substitutíng these values ín (61 ):

44

BTU/hr " Í.r2yo @z)h = 147 l\? T3+Tw

Values for n were calculated from

þr = z/u-t) where Y

2 (c

=C p

cv

rì= 2 (c
pE)

J
R

I,t. J
)

c c
p p

and since C and VJ are given for the Fuel/Aír/Residuals mixture ín
p

of freedom n, can be found to be

- 0.066)

p

Appendix A1 , the number of degrees

approxímatelyn= L , (Co*í*
c

pm]-x

Hence the heat Ëransfer coefficient can be found from Kadrinov's

formula up to the dissocíation límit of the Cp*i* data in Appendíx A/- '
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IË aan be seen from the above analysÍs that:

(l) The eoefficient of heat Èransfer from a gas Èo a wall ín all cascs

Ís dÍrectly proportional to Ëhe absolute pressure of the gas"

(2) In the presence of a strongly turbulent gas flow having an idenÈical

Ëemperature Lhroughout fts volume, the heat Ëransfer coefffcÍent ís

lnversely proportlonal to the sguare root of the average ËemPera-

ture T of thÍ.s gas and can be f ound from equati"on (5Ê).

(3) In cases of a non-unfform temperature dfstrlbuËÍon, the heaË

Ëransfer coefffcfent depends on both gas temPerature and wa11

temperature and can be found from equatÍon (59) " For thís íË ís

first neccssary to determÍne the Lemperatgt. tn of the gas

boundary layer whÍch ís always lower than its average Ëemperature"

(4) The heat transfer eoefficient depends on Èhe physícal propertÍes

of Ëhe gas and also on Ëhe molecular weíght of the wall material

adjacenË to iË"

nJ
.\



46

3 THE EXPERIMEI\TIAI APPROACH

3.1 Measurements Requlred

In order to determine experimentally the varfatíon of local

quasí-steady heat. transfer coefficient over the cycle, {t has been

seen that ít ís necessary to measure simultaneously the ínstantaneous

values of:

(l) !ùal1 surface Lemperature

(2) !'1a11 surface heat flux

(3) Bulk gas temperature, and

(4) Pressure (for correlation purposes)

The method used for wall surface temperature measurement in thís

invesËigatíon was to locate a miniature Chromel-Alumel sheathed

thermoceuple (O,OO1'rø wires) with lts junction at the wall surface" It

was found that Èhis gave comparable measurements to those of Overbye

(l ), Bennethum (39) 4nd Ogurí (4a¡.

To deËermine surface heat flux an harmonlc analysis of the recorded

wal1 temperaEure cycle was carríed out as detaí1ed ín Sectíon (5,2)

agaín followíng the methods used by the above authors but with Ëhe

advantage of more advanced samplíng and analysls"

The exËremely díffi"cult measufement of local Ínstantaneous

Bulk gas temperaËure has been avoided by previous authors, as

mentioned earlíer, by the use of the rrmass average" temperature

calculated from the measured pressure-time díagram.

It is realised Èhat the method fi.nally chosen, í.e. elecËrical

compensation of a single fine-wfre thermocouple, ís still only

approxímate and has definiEe lírniËations. But it is relati,vely simple
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and appears to give at least an indicaËíon of the instantaneous

temperaËure variation at any locatíon in the combusÈíon sPacc"

A point measurement Ís necessary because the gas temperature

requíred ín Ëhe definítíon of the quasi-steady heat transfer

coefficient ís the Bulk-gas temperature or thaË measured outsÍde the

gas-wall'rthermal boundary layer" 
"

unfortunately there is scanty knowledge of the extenÈ of this

thefmal layer thÍckness in a firecl or e"ven Ín a motored engÍne"

Due Lo the complex flow patte-rns exísting in the combusËion chamber

at any tíme it ís rather díffieult to calculate a theoretícal boundary

layer thickness although approxímations from pípe flow theory have been

ma-de by Knight (29) 
"

Thus, as a prerequísite to the measurement of local ínsËantaneous

bulk gas temperature, it Ís necessery to determíne the ínstantaneous

boundary layer Ëhickness.

Thís in turn must be estimated from the instanËaneous temperature

gradienL Ín the gas layer near the wall"

The gas pressure cycle was also requíred Èo be measured símultan-

eotrsly with the other measurements for use in the Eíchelberg, Kadrínov

and other formulae"

3 "2 The Test Engine

The tesÈ engíne used in thÍs Ínvestigation was the Ricardo

E6/S variable CR research engíne shown in Figs" (1 ) and (2)"

The msin specificatíons are gÍven in Fig. (3 )'

The engine \^7as run in earburetted petrol engÍne form for al 1

rr-:qËs so thaÈ:



48

Pressure Transducer
' location

InserL Plate Position Spark-Plug side

I

I

e

Fíg, (1) Cross-section of research engine
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Fie. (3) Specifíca tíons of Test Engine

RLCARDO E6/5, Sería1 No.25l48

Sfngle Cyllndern Overhead val've, Flat ehamber

l4eke ¡

TyPe :

Bore x Stroke:

Specd Range:

C.R. Range (std. )

c.R. Range (Mod. )

Spark Advance
Range:

Velve Tfmfng:

3rrx4

500 to 3000 r.p.m.

4"521 to 20: I

to 7:l

2oo to 5oo

Inlet Stroke:

l.v, o. 8o¡toc

L.v, c. 34oABDc

Exhauet Stroke:

¿r4o¡goc

6oAToc

9"I

e. v. o.

e. v. c.

Ancl1-Lary Equf pment:

Swinglng fiel-d electríc dynamometer

Auxíliary motor-driven coolant PtrrnP

il rr rr o11 pump

Oil and coollng water heat exchangers

Aír preheater - not used ln tesÈs

ExhausÈ calorímeter - noË used

No ínl-et afr 
.swlrl. 

was índuced, no supercharge

Fuels: 85 and 95 Octane PumP PeÈrols

Other:
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(l) The radiant. mode of heaÈ Lransfer evidenÈ ín Di.ese.l combusti.on

would be largely elímÍnated" (In lÍne wíth other invesËigaüions

( 1 ), ( 5 ), (3O) a workíng assurnption of negligíble radiant heat

transfer is made in thís sËudy)

(Z) Most experímental work ín the past has been carríed out o¡r large

dÍesel engÍnes. Thus it was eonsídered Ëo be more profitable

,Eo investigaf,e a small spark ignitÍon engíne and to determine

Èhe suiLabiliuy of, the varioLls c.urrenL empírícal formulae to

this type,

The only modification to the Ëest engíne to enable Èhe heat

Èransfer measurements to be made was the addiËÍon of an InserL ?laEe

o.55rr ttriek, Figs.(4xs), be'Eween the eylfnder head and the block"

Thfs required :insÈallatfon of longer cylinder head sÈuds and had

the effect, of:

(1) Inereasing the clearance volume Lo a measured 84.53 ce (5.152in3¡

and hence

(2) Reduein,g the maxim:trm aBtaí.nable c"R. from a standard 20:I Bo 7:1"

The Ínsert p1at.e had íde.ntical waLe.r jacket spaces Ëcr tkrose ín Ëhe

engine bloek, and Lh:r'ee radtal positÍons Fig. (6 ), werte available for

Ehe insLallaEion t,,,f, Lhe Probes"

!,Ihen a prob'e \,üas nc/L i.n use. a[ any parBieular loea{-ion, iU was

removed and Ëhe probe hole blank'ed off by a solid steel plug" This

a-llowed engin,^* \darmup an,d adjusLrnenEs tc, both the engine and the

r,*eord,j-ng apparaËtrs to be rnade príor L.o a rtln withouü exposing t.he

r':',oha- unduly.
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3.3 Probe Desien

The basic tool for the engÍne heat t,ransfer ptudies, both steady-

sËate and ínsÈantaneous, úras a multi-purpose probe as shown Ín Figs"

( 7 ), ( 8 ), ( 9 ), designed Éo incorporate the following funcfíons: -

(1) A sÇeady Flow Calopímeter to provlde a measure qf the mean oú

sÈeady-state heat transfer rate from the gas to a small area

of Ëhe combustion chamber wa11 at any of the probe posiÈíons.

(2) An embedded surface thermocouple on the gas-wall interface of the

probe to give the instanÈaneous wall temperaturecycle" The cyelíc

component of the instantaneous heat flux through the probe surfaee

could be derlved.

(3) ^$ traverçable gas thermocouple which could be moved a known

dlstance into the gas, between 0.000 and 0.500t'from the wall,

in a radial directíon at the probe locatÍon.

Thfs could be used Èo measure, either the steady-state tempera-

ture gradíent in Ëhe gas near the wall; or the ÍnstanÈaneous gas

temperature over the cycle at any poínt ín the gas buÈ particularly

outsíde the rrËhermal boundary layerr'"

(1)

Design detaíls Lo aÇcomplÍsh each of these functions are as follor¿s:-

The Calorimeter:

Each probe is fítted Ínto a radial hole fn the steel inserË plate

Fig" (4), which, since the eylinder head is a plane flat surfaee

Fig" (5 ) serves merely to i-ncrease the clearance sp4ee above the

píston TDC posítion. Thus Ehe probe face is always exposed to

Ëhe gas throughout the cycle and ít is not necessary to consider

piston ríng frícËion or heaÈ transfer by conductÍon Ëo the piston"
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(a)

(b)

(e)

The arrangement avaÍlable between the water jacket spaces for

probe instal-taËion quíte fortuítous1"y gave Ëhe followíng

regÍons Fig. (6):;

The INLET regíon - between the inlet valve and Ëhe spark p1ug"

The KNOCK ZONE - díametrícally opposíte region (a) and ín the

area known Èo susËain knocking undar eertain conditíons

(see Ref " (41), Barden, L956),

The E)GIAUST regíon - alongsíde (b) and ín close proximÍËy Ëo the

exhaust valve,

The calorimeter probe body, Fig" (7 ), cansists of a flanged

hollow steel plug Èhe exposed end of whích butts around iÈs

círcumference onto a Ëapered annular seat in the insert p1aËe

leaving a clrcular area of 5/16" ø exposed Ëo the gas"

The tapered seat forms a pressure seal and also Presents a

minímum paËh area to transverse heaË conductíon into the probe

body.

Thís latter effeet was largely elimínat,ed ín the fínal probe

desígn by moulding a hÍgh Çemperatu're silícone rubber of low

thermal eonduetivity around the probe body.

EarlÍer probe desÍgns, Fig, (lQ) had experÍenced díffÍaulty

Èhrough excess transverse heat rtleakagett due Ëo deterioraËion

of the probe insulatíng material but Ëhe silicone rubber greaEly

reduced this effect"

BenneËhum (3g) recommended Ëhat surface EemPerature probes

should be completely insulated from the surrounding walls

because he had diffÍculËy in obtaining uniform thermal contaet
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with loose fitting metal-metal probes" An insulated probe also

has the effect of approximaÇing one-dimensional heat flow througlr

the probe surface"

coolíng water was introduced ínto the prgbe by means of a long

stalnlesçrsteel tqbç posítioned so that fÈ would, discharge at

the {nner face. The cooling water outlet was at'the outer end

of lhe probq toward fhe top, çnouring a full flow of coolant"

Çoolant temperature cha4ge vras lleasured by a dífferential

thermopíIe whíle flpw pate vJas measured by meaÊs of a'risíng-ba11

flowmeter, Flow raÈe coul{ be adjusted by meaDs of a needle

valve.

Q) The Probe wall ÇhefmocouPle

-

A Chromel.Alqmel Çhernocguple of 0.00lrr wíre diameter was

embedded in the watl at the surface ÊS shown fn Fig. (11). The

jUnctíon was pfoduced bY arc-v¡elding in an Ínert aËmosphere as

described ín Appendix Al and w4s then cpretully sílver-soldereC

ír'rtg a Froove in the Probe face-

the response tíme of the wa11 the'rrnogouple was estímated to be

LOV sec - see Ref, (421.

(3) The Traversí s thermoc 1e

This therr4ocouple, shown in Fig. (12) was designed to minímise

flow disturbance and alteraLíon of the gas temper4ture field near

the wall. The thermocouple wíres, O.O0l" @ were striPped of Lheir

0"OlO" Ø stainless-stee1 sheathing 4nd the.junction w4s formed, agaín

by a4c-welding in an inerË gas, approxímately Ll32rrfron¡ the qnd of

the sheathing. Thfs was Lhen resealed with a hígh temperature
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ceramic cement Èo prevent shorting of the elemenËs '

Approximately I/4tt of the sheathíng was left proÈruding from a

staínless-steel hyperdermíc tube of 15 gauge B & S (0.057" Ø which

was also sealed with the ceramÍc cemepË.

Although Êome investÍgators (+3), G4) * (45) have used f íner

thefmoelements (about 0.0005" ø) spot-welded Ëo largpr gauge

wire than Ëhat presently use{, it ls belleved that the present

method of construction is more robust And atso being more compact

does not presqnt so great a disturbance near Èhe measurÍng point'

(see Fíg. (ll )).

Although the 0.o0lr' Ø wíre was found to have a Èime constant of

apprpxlmately l0 msec, thís was electrically correÇted to give an

equivalenÈ thermocouple wíre díameter of 0.0002rr wlth a resPonse

tíme of 1.0 msec.

The methods used for determínation of the response time and for

correcÈíon of the thermocouple output ere detaíled in Appendíx A 1

The Traversínq Mechanism

The arrangement for traversíng the thermocouple 1s shown in Fígs"

(B) and (t+)"

The spindle of a 0-lrrx O.0OI" mícromeËer rotates insíde a collar

carrying the hyperdBrmic tube whích is constraíned to move in the

axía1 direction only. The hyperdermíc tubíng contaíníng the

l-hermocoax slides ínside another stainless-sÈeel tube silver-

soldered to the probe face. Neoprene glands also províde a

pressure sê41.
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3 -!rlí re probe
I^lires 1. O, 1.5, I .97X0.001"0

(8x;

Ffg. 13

Thermocoax Junctlon
l^iíre 0. 00lrr Ó

(l8x)

Ffc. L2#

Sfngle Wtre probe
lrfie 0. oo1" ø (7X)

Fíg. 1-l-
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This method of Ëraversing !'aS found to be moqt satisfactory,

gíving consistent positíoning of Ëhe junction and also facílitating

easy repair of the thermocouPle.

íments3.4 Sco oft

The engine tesEs carrfed ouE r'lere ag f ollows: -

(r) Engíne Performan ce Calibration

(2)

As a baslq çf reference for the steadyrstate and çyclic heat

transfer qxperiments ít was required to determfrle the optimum

englne settfngs for any given engine speed' C'R" and grade of

fuel 1.e; the Minimum Spark advanee foç best torquc (MBT) and

rhe Alr/Fuel (A/F) ratío for l"laximqn Power vtere requfred" TesË

results were reduced for this purpose by a computer Programne

gfven 1n Appendix A'4 
"

MoÈorfng Tests

(a) Èea - StaÈe averse

The gas thermocouple was traversed out from the wa1l and mc-ar

readíng insÈruments used to detefmine the mean temperature-

disËance profíle ín the gas near the wall under motoring

conditíons" The effect of r'p'm' and Ç'R' on layer thick-

ness vras observed"

Cyclic Traverse

Successlve gas temPerature cycles vJere recorded at different

depths ín the gas ín order to examine the change in ËemperaËure"

profile over the cycle. It should be noted that a truly

ínsËantaneous temPeraËure profile could not be obËained as a

Iarge number of thermocouples in proximity would interfere wiEh

(b)
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each other by dísturbing the temperature field in the regíon.

In this Ínvesfigation, t,raverse cycles 4Ë all depËhs were

recorded within the space of a few minutes under any given

steady engine setting"

Firing Runç

(a) V tion of St -StaÈe data wí ne Ëers

The mean gas and wall temperatures and the steady-state

calorimeter heat flux were ínvestigated over the speed range

500 - 2500 r,p.m. for various spark advance and wíth Èwo fuels

of different octane ratíng"

(b) $teady-qtate Traverse

Under flrfng conditions Èhe mean gas temperature \^tas measured

as a functfon of dÍstance from Ëhe wall as for (2a) above.

At each speed a¡rd compresslon ratfo fnvestlgeted, Ëhe spark

advance and mixtr.rre strength were sBt for maximum porüer as

deËermined in (1) above.

From these temperature measurements the extent of the thermal

layer aË the inlet and knock zcne regíons !üas estímated"

Gas temperaLure Èraverses \nrere not made at the exhaust probe

posÍtion due to persistent failure of the thermocouple ín fhis

location"

(c) Cyclíc Traverse

AË the Ëwo regíons just mentioned gas temperature eycles were

recorded as for the moËored traverse at various fired engine

settings "
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(d) lic Heat Transf Meas nËs

Under 1ow speed f iriirS tüondÍtionþj',ä11 'data were -

collected símul-taneously wíth the bulk gas temperature

measured gt a point outsi{ç the esËlmated boun(ary layer, qo

that instantaneous heat transfer date cpuld be çorrelated and

compa4ed with predictíons.

Data Recordine Imorovements

Since all data belng studied execut,e periodfÊ verfÊtfonq at engíne

cyclÍc frequency (L/2 engLne r.p.m.) ft was declded Ëo express each

varfable by a Fourier Seríes.

In order to obtÊ1n a true comparlson C.n tlme bePween the varlÊbles

they were all referenced Ëo a corunon datum po{nt ln eqch cyclp. The

reference poinÈ chosen fon 0o çrank angle !ùês the oompreesion-strpke

Top Dead Centre paint (CTDC).

Cyclic tempe::ature and pressurp records are sometirnes gbtained by

samplíng at diqtínct points in thE cyçle over a large number of cycles"

These "poínt-by-poínËr' methods are more fully descríbed Í',n $,ppendíx A I

In this investí-gatíon çuch a technigue woul-d mask the cycle-to-cycle

fluctuations ín gas pressure, gag ÈemperaËure and wall Èepperature caused

by combustion irregularítíes. fherEfore an erroneous correlatíon

could result beBween tþese dat4,especíally wíth regard Lo their relative

phasg angles"

For this reason it was necessary to record all the requíre.d clata

simultaneously by direct and continuous recordlng.

Thçs, the design and construction of a high speed multitrack F.M,

rn¿.cetíç tape recprdíng facility was undert,aken whlçh ís discussed ín
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SecËion (4"3) and in deEai'l i"n AppendÍx A3'

since exEensíve faciliÈies \¡tere available for analogue-to-digi-Ëal

conversÍon of Ëhe recorded daÈa tapes and for the processing by computer

of the resulting digítal information; FourÍer coefficíents for any gÍven

eycle and f,or each of the recorded data could be determÍned analyËícally

wj-th reference to the CTDC Poínt"

TheanalyticalFourieranalysistechniqueusedisdetailedin

SecËíon(5"2)"IEvJaSconvenienËtomanipulatetheclatainLermsof

Fouri-er c'llef ticíenËs also f or t'he followíng reasons: -

(1)TherneËhodofdeLerrníningÈhecyclíccomponentofinstantaneours

heaË flux required Lhe dífferentiatíon of the Fourier "eriå"

represenüaËingÈhewallsurfaceËemperaturecycle(SecËi"on5.3).

(2)ForpresentaEionofthecyclÍcinformati-on,iLwasrelatí"vely

simpletosumÈheFourierseríesforthevariableconcernedand

Èo ploË ühe required (resynthesised) cycle agaínst crank angle

beginni"ngfromtheCTDCpcrint"ThisobviatedtheneedforLaking

detaítedmanualmeasutremenËsfromanalogueda.bae"g"oscilloseope

PhoÈographs,andallc¡r,;edaun:lfotrTnmafìnerofpresenEatíonofühe

data.

(3) An i"nsigîrt inLo possíblä num,erícal mechods of eorrecEÍon of Èt"re

gasthermoeouplesigrralscouldresulËf,romaeonsideraeionoft.he

Fotrnier coeff,:icient-s of tkre data (See Appendíx AI)"

Ifn..eessary,t-ÏreFManaloguleEapescouldalsobedemodtrla.ûedf,on

playbaekandmonj-toredc¡nanosaílloscoPefo:rpunposesofclaeckingËhe

reeordspriontodígiÛ:i.siing'Theuniüscornprisi.ngthedatsareeording

system are sho\dn in tl-le Block Diagnam of Fig" (15),



67

The accuracy of the recording system and analogue to digital conversíon(A-o)

was very good" The li.nearíty of the voltage to frequenôy converters(V-F) was

to wlthin 0.5% over,the range" For the standard ínput voltage range to the

.driver amplífíers of the v-F converters (t f.4 volt)r'the renge of the dígiËa1

ínformation after A-D conversion \,Jas apProximately 700 units" At the conversÍon

rate of 4000 samples per second used for all tests, there were at leasË 32

digital samples per cycle of the l5Èh harmonic of the engine thermal cycle at

tO00r"p"m. Thus, Èhe computaËional errors due to aliåsing were small even for

the hi"gher harmonícs "

Further advantages of using such an advanced data recordíng and analysis

system are discussed ín section 5 ín comparison Èo previous methods used in

this field" Detaíls of each uníÈ of Èhe system and íts calibratíon rare given ín

the followíng Section 4"3 and Ín Appendix 43"
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4 INSTRT]MENTATION AND APPLIED MEASUREME}fI

The recording systqm can be divided lnto the following basíc

groups:

(l) Transducers and Sensors

(2) Mean Reading Instruments

(3) Signal Amplifiers and Condttlonlng UníÈs

(4) RecordÍng System - Hlgh Speed Tape-Recorder'

4,1 Transduc ers and Sensors

4.r.I Gas ThermocouPle

All gas thermocouples used were of the thermocaax Ëype *

using Chromel-Alumel elements to the ISA t Kt specíficatlon"

In ËhÍs type of Ëhermocouple Èhe two f,1ne wire elements are

contafned 1n a staÍnless steel sheathlng and are isolated from this

and from each other by a Magneslum oxide fnsul-atfon. The varlous

typesofthermocoaxusedhadwirediametersofl'0'l'5andl"97

thousandths of an inch dfameter'

It was found by experiment that for gas temPeraEure measuremenË

wire gauges greêter than 0"002tr Ø had an inadequate response

(timeconstanty'20msec)whílethermocoupleqwfthwiresoflessthan

0"O01tt Ø would not withstand the rigors of combusÈion"

The thermocoax finally used for a1L cyclíc gas Ëemperature

meesuremenLs was the finest comnercÍal-ly avaíl-able and had elements

of O.OOlt'ø and an uncorrected response tÍme of approxÍmately l0 msee"

tIlres tradenamed ttCeramott U.S.A' and ItSodern

Thermocoaxtt France '
*
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As Ít was obvíous that the sígnals from even thís síze thermocouple

T/¿ere attenuaËed from the true gas temperature,extensive ínvestígations

\Ârere carried out to find a suitable method of correcting the thermo-

eouple sígnals"

Accordingly a 3-wire probe was built, Fig. ( ì3) using all

three gauges of thermocoax prevíously mentíoned" An attempÈ I,Jas

made using Èhe meËhods of Benson and BrundretË (Nr> to determíne

true gas t.emperature by numerlcal calculaËíon from the 3 símultaneous

temperature records. As described ln Appendíx A{ thís method was

unsuccessful by the numerÍcal methods tried and was abandoned ín

favour of an approxlmate buÈ slmple electrfcal method using the

single flne wfre. Thfs lnvolved correcËfon of the Éhermocouple

signal- before FM recordlng by means of a passfve compensatlng network

and required an experímental method of determÍning the thermocouple

response Ëíme under representative flow conditíons" A shock-tube

technique was used for this purPose (Appendix Al )"

The fÍnal correc'ted thermocouple had a measure<i response tíme of

about 1.5 msec; this being equívale,nt Co e wire diameter of approxi-

måte1y 0" 0002rr.

The use of Chromel-Alumel thermocouples also had the advantage

thaE Ehe outpuE wås pracCieally línear over the workÍlrg LemPer-

ature range. (22"9øv /ov)

Gas Side I,üall Thermocouple

Again Chromel-Alumel I Kr calíbration thermocoax of the fínest

ri?Íre dfameter (0"QQlit) was used although early wall temperaÈure

measurements used 0"0081t d wlre wÍËh a similar result" As shown ín

4" r.2
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Fíg" ( î I ) Èhe wall rhermocouple was posítioned in a radíal groove

on Èhe probe face with its junctíon at about t};re L/2 radÍus poínt"

Thís was a diffícult operaËíon performed under Ëhe mícroscope as

care \^ras needed to ensure that Ëhe junction rlras exacËly at the

surface and did noL affect the wall smooÈhness.

The amplitude and form of the variation ín wal1 surface

temperaËure proved Ëo be quite comparable wíËh the results of oÈher

studles ( tr ), (39), @O> .

4 .L.3 lrlater-síde !üall thermocou 1e

I¡r the course of the investlgation, 1t became necessary to

measure the temperature of the probe wall on the water side to

check that the cycllc component of thts temperature hras negliglble.

The 0.001'r ø Èhermocoax 1ùas used again for thfs purpose and silver-

soldered to Èhe wal1"

Gas Pressure Transdu¡er

This was a cAV-Ricardo transducer using the Photoelectrie

príncíple to measurle the defl-ection of a dlaphragm under the gas

pressure fluetuations "

Thís transducer had an estimaËed flat response to 5 kc/ s and since

rapid pressure r:íse effects (knoekíng and detonatÍon) were not studied,

thís was eonsídered adequate. The transducer !üas stetícally

calibratecl before and after a run by applyÍng a known pTessure from

a \iCrogen gas cylínder to Ëhe diaphragm. The nominal- output was

I"2 nnr/psL"

The locatÍon of Lhe presstrre transducer for all Ëests was in the

Knock-Zone region or praetíeally diametfically opposiCe Ehe spark plug

4.1 "4
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posÍtíon and Ëhe üransducer rüas cooled by laboratory air,

4. L"5 Event Marker Transducer

This transducer used a photoelectríc cel1 to gfvç a voltage

spike once per engíne cycle at Èhe reference CTDC datum,

AfËer amplificaËion this volÈage sígnal- triggered a monostable

multívíbrator to generate a square pulse which after volËage-to

frequency conversion vuas recorded fn FM f orm on the taPe recorder '

See Fig" (16) a.nd Appendix A{ for details of Èhe unlÈs comprÍsing

the Event Marker"

In the subsequent fnathem.atical analysls (secllon $ and Appendfx

A4 ) the phase of the Founier coefficients of all cyclfc data were

determíned wíth respect to the onset of Èhe Event Marker signal'

Mean Readíng InstrumenEs

As the data acquisition system recorded only Èhe AC or

fluctuatíqg components, suítable mean recgrdíng instruments ltere

required to measure the DC or stpady StaÈe comPonents. These were

as follows: -

Mean Gas and Vüa1l Temperatures \¡7ere either:-

(a) recorded contínuously on a Philips 12 channel auÈomatic

compensating chart recorder r,¡hích incorporated a constant

temperature cold junctÍon or

(b) 'tSpotr voltage measurements \ntere taken with a ?ye potentíometer

and Èhe readings redueed to temperå.ture using the Cl-rromel-Alumel

ca1íbratíon tables and applying a correction for ambÍent

Èemperature'

4.2
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Mean Heat Flux MeasuremenË

Thís was obtained from the steady*state calorimeter probe whích

acted as an relement of wallt wíth its own waÈer jacket" It will be

shown later that the varyÍng gas-side temperature fluctuations are

damped out before reachíng the water-síde wal1,

The mass flow rate and tempereture ríse of Èhe probe cooling

\,üeter !ìras measured assumíng Èhat the heat pícked up came mainly

through the probe surface, i"e. l-Dimensíonal heat transfer, since

the probe body was insulated from the insert plate.

The coolant flow rate r^ras measured by a Fisbher & Porter rising

ball flowmeter No. 1043135N calibrated from 1-10 gal/hr agalnst

dírect measurement using beaker and stop-watch"

The ríse of coolant temperature \n74s obtaíned by a SÍerra Model

1898 DÍfferential Ëhermopíle, Èhe nominal sensítívity of whÍch was

L"7 mv/oc, This supplied an Ether model chart recorder and was

ealíb¡ated agaínst direct measurement. from 0-1O0oC Mer'cury Ëhermarrnetens

in speeial lagged Ëhermometer pockeËs.

The general layout of the instrumentatíoqr can.be sçen in FÍg" (2)"

4"3 SÍgnal Amplifiers and Condítioníng UnÍts

The sÍgnal amplifiers and eonditÍoning uníts form a daËa

acquisitíon system desÍgnated by the acronym I'YOVADAS'T (Modulated

Voltage Analogue Data Aequisítion System) which was capable of

reeordíng tíme varying data väith a flat frequerìcy response from DC

Èo l5Kc/s. MOVADAS íneorporated the followíng uníEs, see Fíg. (17)

described in Appendix AB : -
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(l) DC Voltage Pre-amPlífiers

(2) Dríver Amplifíers

(3) Voltage-to-frequency Converters

(4) Reference rClockr

(5) Progranuníng SwÍÈch.

The latter t$to devices are herein bríefly dpscribed gince they

control Ëhe whole recording/analysis procedure.

The progrannning swltch utlllses a multibank rotary switch

(unlsel-ector) to: -

(a) BrÍng the Èape Ëransport up to the steady recordlng speed on

1n{tlatlon of the recordlirg Propess.

(b) Ïlhen this 1s qchieved to automatlcally swltch on current to

the tape recordíng heads.

(c) To lmpress on each data channel iuunedlacely Prfor to the

modulated data slgnal a seguer¡ce of binarytcQded pulses

representing the Run number, channel number (or Track No.)

and a series of calibraËíon voltage levels for an instantaneous

calibration of each voltage Ëo freguency converter"

(d) To switch off the recarding head current an+ Èo stop the tape

transport afÈer a gíven recordíng time ín readiness for the

next run,

.; The Ídentiffcatíón ând calíbratÍon sígnals were applied tö all

""ai.r. daÈa channels simultaneously so LhaÇ the resultant digital

lnformatíon could be cross-correl-aËed between channels"

The data signals recorded at 60 ips were frequency modulated ín
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the range 54kclç + 4O% to cooforn to the

ppecif ícatton" ¡ ,-

The analogue-to-digltal conversion Preg'F+s req¡¡Íre$, Ê, eePÊE*üê

reference frequency or 'Clockr channel and thu;s e 50.00 ke/s signal

was generated from a erysÈal oscÍllaÈor and su-bsequently urodulated

and recorded on a seParaËe track. Run and Channel numbers were

not recorded on thls track"

The A-D conversfon process could be carried out at 1500'

4000 or 80oo gamples/sec of actual recording tlme, and lt was found

Ëhat the intermediate rate was adequate for all runs recorded in

thlÊ study.

Ta Trans orf

, An E.psylon Model5BOdata tape recorder r.ras modified;as'descríbed

described in Appendix A3 tor conform to IRIG specificatíons and for

automatic operation

i The designation of traôks on the analog taPe \^lere as follows:-

tk
IRIG' rInËernaÈion¿1

, 
t t ì' ¡

Track 1)
)

2)
)

3)

6)
)

7)

Data Channels

trlal1 surface temperature

Gas temperature

Gas pressure

Voice only - not used

Reference Cloek Frequency 50.00 kc/s

Cyclíc Event Marker
Data Channels

Spare - unused.

The operation of,the MOvADAS complex was intriirsic in the

compuÈíng procedures described ín Appendíx A4 used to earry out the

mathematical analyses .given in Èhe next section'

rk InËer-Range Instrumentation Group'

4

5
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MATHEMATICAL ANALYSIS AND CORRELATION

General

AfËer analogue to digital (A-D) conversion, the recorded

informatiorì rüas identifíed and converted into words compatible

wíth the word sÈructure of the CDC 6400 digiÈaI compuÈer used in

subsequent analyses (see Appendíx A4 for detalls of Programme

'|CONVERTr)"

The lfst of digits constituting a single çxperimental reeording

of any one variable was termed a fl.l.e, and each file contained a

number of engfne cyctes of thg varlable dependíng on the'recordlng

tfme"

It was possibl-e to seleet from any given ffLe the list of binary

numbers correspondfng to any one or more cycles of Èhe recorded data,

because the identification pulses from the programmíng swftch were

recorded simultaneously on all acÉíve channels - including the Event

Marker Channel.

5"2 Eouríetr Analysis

A Fourier analysis of the recorded signafs was performed by

consíderíng the samples from any one cycle as constituting a series

of psuedo square \^taves, Èhe FourÍer coefficíents of whíçh could be

expressed maEhemaÈically. The rigorous derivationr of , thís method

of Fouçíer analysis was given by Clarke Ref" (49) " Briefly it ís as

follows: -

The For¡rier $eries expansion of a coptinuous function f(t)

in the range Q1L<2c Ís

I

zf ct-¡ : oo*
h-.¡

(o^"o,.ry + b^s,^S) (63)
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(6É)

(6ô)

An estímate Ai of Ao for a series of N equally spaced poínts

f(hrK).whefe.,h:is Èhe sampling interval and K'=- 0'l' 'o'"''N-1 is:-

wk welghtíng coeff icient s

and v 2n 1l-

Fi-

Ia
rL -N-l=-,fu>

K=O

(4

Consider now a series defíned bY: -

N-l
tt zo. z WK 'f(r",k), co:-q

' Icos kgl
h

and since

k=O

co3 k&

¡-" <e¡
is maLhematicallY rePresented bY

4f1
t='

(-r)" -cos êt-r) " l<P
(z t-t )

then equation (65) can be expressed as:-

oÕ 
þt þ-l

4
1t

a-"
n

b=l
(rt-, ' a.' (zi-t), n (67)
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A símilar soluËio4 is givçn in Ref . f[)) for bnrr and bo'"

The ratio ¿<f;tsrÙAcÞskÞl tor a fíxed tan¿ varyíng k is obtained

by samplíng the squarerì7ave of frequeficy I 
"a 

time intervals of k"

After çummation of the series ín equatíon (éS) the linear

system equation (67) ís solved by back substitution"

This rnethod of solvÍng for the Fouríer coefficientF ís faster

than normal methods. The programne listíng (Sub-routine FASQI^I) is

given together with a definítlon of symbols used, ín A.ppendix A4 
"

t Flux 1c tfon

The 1-Dimensfonal Fourier heat conduction: equatlon (25) was

derived to be:-

Ér

80

(óg)

ÐIt ìx¿

where the symbols are as previously defined.

If it can be demonsËraËed that the te¡nperature of the wall on

the water síde does not fl-uctuate (See Section (5.6) ) then the

boundary conditions for the solutÍon of equatÍon (25) are :-

ÈË
(í) li, \* *Z

LO** ntDt + Ensn ^,t]
a* \=D

the tíme averaged component of temperature

defined mathematíc4lly as : -

h-l

and (íÍ) -j-w
Ao¿ = constanË at x = L

II
)

where Ao
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(69 )

and Aw Èime averaged wal1 ternperature at gas/wal1 interface

A"j = time averaged wall tenperaÈure at wall/water ínÈerface

= wall Ëhickness

= Fourler Coefficients

and where L

oI = angular frequencY

n = harmonic No.

\d = subscrlpt denotlng walL-

,Thus, Ëhe steady-staËe temperature dletríbuÈion Èbrough the wal1 is

T(x-,t) Ao* - (Aor- \"i) , >c/u (n)

and lt can be see¡r that this satisfles the Fourief heat conduction

eqr,ntion (a5).

As rrras assumed in section 2.3 , equation (40), Lhe temperature

profile wirhin rhe slab wíth the boundary conditions of equation (69)

can be rrritten:-

T(r.,t) PY-
sn (nd L -q.*) (zt)

Ao - af}a..rlu),d(*re)

\,8,.,,

Bne

where'as.showni- p á q \ù /2,*

Thtas; 'oy supêrpoÈttiort for. the' nth-:síne ahd cosind:' terùs óf etiuation f7l )

anO usfnS Èhe boundary condiÈions (6O), Èhe total temPerature at any

depth x and any time t is:



T(rcrt) = Ao,-(A.*-A"¡) I-lr- .>?t=f T 
*" g"JË -o' 

1
h- | t Bn srn (n¿rlt -tÐ i
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Qz)

(rs)

In order to obtain the surface heat flux, ít í€ necessery to

differentÍate equatign (zÐ with respect to x açcording to the

expqessLon:

a/e = -k àT
"ix o?)

by taking 3þs t{r¡f t as x -} o.

HoÛever, term by term differentiation of a Fourier series'ean

only be permltted lf the serles does not diverge. It is forÈunate

thaÈ a convergent serl.es always resultg from ê solution satfpfYing

equatton (28) eince the dampfng exPonential Èerm 1n equation (ZZ) acts

as a convergence fåcter.

Hence we can wriÈe:

èò

%(o,or = Þ*(,\,,-A,i)/r- *k*tp"; {tr-lÌil31 þ+)

where the lst terrn on the RIIS represents the steady-state or time-

mean component of surface heat flux (rneasured by the calorímeter) and

the 2nd term gíves the cyclic or unsteady component i"e.

|,\ut) € h- A.n)
(qt) crtrsg + k -þ

W Zo1_
l't =l +An)

This method of obtaining instantaneous beat flux was'prograrmed

as q.i-ven in Appendix A+ (Sub-routine I{FtUX).

s,'{a,.1è}

c"s(",ÀÐ J
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5.4 tefia for 1í and Re. thesís

The problem of deter¡nÍng a suítable number of samples per cycle

aRd the ngmber of, harnonics fequlred to adequately synthesise a cycle

wíll now be discussed.

Overbye ( I ) defined wall temperature veriatlons by a fintte

Expansion of Èhe form:

Vz
"t-coÐ A*,* *Z An cce(n Q6)

h=l

.Ð *2"%n=,"'(n^t)
h-l

wheÍe N = the number of pqually spaced temperaÈure ordfnat,es used

1n the cycle analysis.

Ar, = thp ampllËude of the nth cosÍne harmonic component

B- = the arnplitude of Èhe nth sfne harqonic compQnent
n

Overbye arblÈraríly psed N = 144 ord{naÈes to yleld /2 harmonics.

Thfs waq 6 times the numbep of samples used by previous investlgators

who were ltmlÈed by manual computatLon 3nd desk calculaLors.

However, in an anal.ysfs of an elemenËafy remP funcÈion tempera-

ture cycle 0verbye found that thís number was lnadequate' His derlved

heat flux cyele eXhibited severe osclllations when the inÍtíal surface

temperatgre ríse occurred in a tÍme inÈerval of L/ L44 of. the cycle

Çime.

He concluded that alÈhpugh a given number of ordlnates may

adequately represent a surface tempprature-time funçtion, they may not

be satiqfactory for heat transfer Pu(PoSes.

Ln decidíng on Èhe number of ordir¡atep, overbye seems to have

been guided by thannon's RuIe, Ref . (+l), whích stetes Lhat the
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sampling frçquency requíred to completely defÍr¡g the trece is tWlqe

the hlghesÈ frequency present in the trace.

In ttrfs investígation, however, instead of using a finite

expansÍon the rÊqorded data fl-uctuations vJere expresped as an lnfinitç

Fourier serieF. i. e.

%,tl
-)

Cycles/min Cycles/ sec
, " P.eriod
msec/ cycle

240

r20

80

60

--w)

Samoles/cvcle...-.'.....i'+

at4kc

960

480

320

240

\=l

E:<períencg in numericAl anålysLs has shown that it is in fact

better to excçed the Shannon's Rule requíremçnt and use at least

sfx times the highest harmgnic as the críterÍon for the minimum

number of samples reqqíred in the series of equatlon (76).

An applicatíon of the concept of numerícal Çransfer functions to

thfq criterign as suggesred by llpmming Ref. (49), will show that

it is Ehç¡t possíbte Ëo determine Èhe highest harmonic component to

within I07. relative accuracy.

Slnce the data reductíon procedure Ín the Present work used a

fixed sampllng rate of 4000 samples per seco¡rd, the number of Famples

per cycle was related to Èhe engine RPM as follows: -

RPM

s00

r 000

r500

2000

2so

500

750

I000

4. 16

8. 33

12.50

16.66

In all cases the number 9f samples per cyale exceeded that used

by Overbye.
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I^líth regard to Ëhe number of Fourier coefficienËs requíred í4

eqçatfon hl\, Ít was observefl Èhat for gas and wall temPerature

cycles recorded 1n this study Fig. (18) the moduli ceasçd to decrçqse

ln a monotope nBnner 4fÈer a given number of telms aod merely

qqç1llated about e mean. thfs Índicated thaË the level of slgnal

nolse had been reached. Further inçrease in thp nr¡nber of terns

would thus only a{d further error to Èhe synthcsÍs. In þractiCally

afl cycles an41ys9d, the nurnber of harrnqnlc terms required to reech

Èhe nofse level wes apProximately 15-

This egreed wÍth the findings of chistyakov' (5o) who recosmended

that qnging temperature data be sampled at ngt less thsn 72 points

per cycle, and ÈhaÈ the number of terms in Ehe serieF shçuld be

between 7 and 15. Thís also confirms the samplíng criteriop

p4opgsed abovç.

Usfng the lnfínite Fourier serÍes method the sÈeepest raBP

function teçted by overbye !üae arlalysed. The resultlng heat flux

cyçle FiB. (19) did not exhÍbít Ëhe viqlent osciltrations notíced by

hÍm,

ecÈed FluctuatÍon in I^Ia fer- ide I'lal-l T a

It was shown in SecÇion 2 (equatíons (27) end (4O), that tþe

tqmperature varíation ín a wall ís given by:

Þ* % e

+, anplitqd€ of attenuated tpmperature wsve at distance

X from Çhe sr¡rface

= amplitude of Lemperature wave at the surface (x = o)

e,

9"

where
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X = distance into Èhe wall from the surface

hI = frequency of temperature flpctuatÍons

o( = Ehermal diffusivity of wall mçteríal

n = harmenlc number.

If we êssume valuep for the probe of Ffg' (7) as follows:-

%= 40Fe (= unity)r x F Q.12",u1-= 8.3 'cps aÇ 1000 RPI"I,

d- = 0.5p and considering Lhe fundaulentpl component only,

6o ooo 11"

then &=
X

J Ol?þ
lêtQ- Zr0'3L

-4,25ê

tf 14.3 x l0-3

L.43% of tlqe gas sÍde fluctuation.

Í.e. the water síde wal1 temPeraËure 1s qonstant' This facÈ was

also e4perimentallY verifíed'

Hlgher harmonícs are damped even more than thís'
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EXPERIMEI{IAI RESI]LTS

I Experimental Proeedtrre

?rior to a traverse recording run the test engine wiËh dunrny

probes installed in the inserL plaÈe, i"* t*=**d trp unËil the waËer

jacket temperaËures had stabilÍsed" This eondítion was maintsaíned

Ëhroughout the run by adjusting the secondary coolant flow raËe to

the heat exchanger. At the same Ëíme the míxEure strengLh and spark

advance were a,d,jubted to the predeËermfned optÍmum values fo:r the

r,p,m,e compression raÈio and fuel- type used" (See Perforflranee

Calíbration next Section).

AdjusËments to the data acqUisition sysLem \i7ere elso made aL

thís Ëime" All uníÈs had been switched on for some hours prÍor to

the test and had thus stabílised.

It was necessary to carry out Ehe following adjustments to the

system:

(1) The coarse and fine driver amplifÍer poËenLiometers were balân:.(=:ed"

(2) 'The cenËre frequencies of the voltage-Ëo-frequentl' eonvetrters

were adjusted to 54Ke/s and the sq'uåre wave mark-to-spa,ce raÉío

cheeked" f.t r,vas ve.rified thaÉ the output frequeney for cpen

círeuit inpuË was the same as thaB for shor:t eÍreuiË ínptiL"

(3) The frequeney s\din,g for ealÍbratÍon vo]Lage levels erf +. 1Vo1t

was eheeked for eaeh ehanncl (3s.57" 69"43 Ke/s respeeË.Ívely).

(4) The 5 calibrati,on volËage levels Ìúere measured"

(5) The ínEerconnecting coaxÍal w,iring between unibs was arranged

, to give the desired Arnplifier/Converter/Channel Number eombina-

tions "
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(6) The EvenL marker photoeell was Ëest,ed to ensure that ÍË

Ëríggered wíÈhouL failure over the engfne speed Tange'

(7) It was verífied that the ínternal reference (clock) freque,ney

was 50"00 Kc/s.

I^fhen all the checks rdere completed satisfactoritry, Ehe engine

was shut down for a short Èime (no more Ëhan 5 mins. ) whí1e Ëhe

dunany plugs were removed, Éhe Èhermocotrple probes were ÍnsËa1led,

and Èhe thermocouple compensatíng leads connected Ëo Lhe pre-

amplÍfiers, At this stage all thermocouples were tested for con-

tÍnuÍty and specÍal earthing preceutÍons were Èaken Ëo ensure that

there t,Iere no signifÍcant earth-loop currenËs whích would Ímp,erse

electrical nolse on Lhe signals.

Also at this t.ime the preamplÍfiers and DC recorders \úere

switehed on to stabí1ise" The following preparations rdere then made

for recording:

(1) The tape transport was swíLched on and tape speed scleetors on

each channel seË to 60 ips 
"

(2) The relevanË Run Number was eneoded on Ëhe binary swÍLehes.

(3) The AC eouplin,g, AEtentraËion and desÍred Dríver Amplífier gaÍn

settings were seLected for e.aeh ehannel'

(.4) The reeording time was selee Led on the tesB panel (0"5 sec

usually).

(5) The ?rograrmníng switeh was aariva'tcd wi:Eh bhe Tape 'Iransporu

swíEehed on and Bhe parnel switeh set to Remote conÈrol"

The engine r¡üas resLarEed and set to the required speed, liri.th the

Lraversing thermoeotrple neErac'Eed into Lhe probe"
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The input SÍgnels to each converteT channel were moniÈored in

turn on an osCilloscope vía the channel selector switch, The

relevant preamplifier and drfver ampllfier .gains were adJueted to

ensure thaÈ no sigrrål exceeded the permfe:sable maxlmum lnput to the

voltage-to-frequency conveïters of 2.8 volt peak-to-peak, I

After 2'rl3 minutes when water Jacket temPeratures had once'agaln

etebllleedr the gas thermocoupLe was trevereed ts the req!¡lred depth

and the recording procese fnfttated by the remote tlani het¿ trfgger.

The thermocouple hTes travèrsed to a nêw poslËfon fnrnedletely the

tape had stopped, tthet nelrt r¡rn numbcr r,tea encodedr and the rÊc@rdirig

pfgceoe egaln fnftfeted. Thfe seqpênce r{es rePcated untfl the

enalogue tape wae full (epproxfmateLy 15 runs or 5 mfnutes). The gas

and wa|1 thbrmocouples wcre then connected to Ëhe,DC recorders and the

ËrÊverse fepeated. Thls replÈfËlon was unf,ortunately nccesaa¡y 'l -

bccause iË was found that cyelfc and mean meesurcments could not be

made slmultaneously sÍnce the PhlllPe multfchannel DC rccorder

radfated a rnoise splker to the therçocouple preampl"iffers whenever it

prlnteê a characÈer; Hswever rhìê wllole ftocadure eould be Cecoaf

plished withín 10 mínuÈes. Durfng thts tfme int'erval the drffE ln

the mean Ëemperature at'any locaüfon under constant engfne condÍtlons

T{as negLlgl"bte.

Before changfng to a dffferent engfne seEË{ng the probe coolant

flow rate and dlfferenLl"al- temperature hTere recorded.
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ne Perfornanee CalibraÈion

The dynamometer load, fuel and air flow rates, engÍne coolanÈ

flow rate and Çernperature dífferential were recorded for dífferent

míxtune strengths at each speed over the renge 500 - 2500 r.p.a.

Spark advance was adjusted ta M"B.T. for each setting.

The daÈa Trere prograr¡rned to giye the perfonna,nce figures at

each setEing. Detaíls of the compuÇíng p¡oçedure are gfven in

Fig. (4) Appendíx 44,

An example of the output of thÍs Progrqrutre is given in

Fig. (20) for the 2500 r.p.Tr case. Fron thiq output tþe mixturç

strength and the M.B,T. çpark advanca fof the uaximr¡m b.m.P.P'

condÍtion r¿as selecÈed-

It wilL also be noticed from Fig. (2Û) that the total heet

traf¡sfÊr r4te to thc engíne eoola;r¡ü (HTRE' Peaks aPProxÉqrately aß tbe

maxi¡nugl po¡*er mixtr¡re sÇrqngth ald drops off narkedly fof richer

gr Leaner mlxfures. ThÍs fact agrees with the experimental findiags

of Kerley and Thurston (sl), L962, for a eíngle cylinder engine of

símilar quíescent combustion chamber deqÍgn to that of the engine

used ín this investigation"

FUel-1oop curves of b"m.e.p. against b.s.f,c. were alsq plotted

from the progranme output fof each test conditiop. Examples of

these are presented dn Fig" (2I).

tori Tnvestí tions

6.3. L Stea - s tate S ature fraverse

Mean temperature-dístance profiles ír1 thç gaF near Èo Ehe wal1

are prepented ín Fig. (22) for the Inlet region and irl Fig, (23)

for the knock-zo4e regíon for the following moËorlng co¡rdíÇÍons;



99

Some

(l)

(2>

(3)

(4)

trlÍde Open Throttle (I^I.O.T. )

Comprgsslon ratios 5:l & 7:I

Eqglqe eppeds 500 r.p.Ín. an{ 2000 rJprrÍr,

observatl.ons from Bhese figures are:-

The thermel leyer 1s th{ekest aÇ the lower speed and lower C.R.

AÈ 7:1 c.R. the rnlet Èhermal layer thlçkncgs decreqsee from

apprgxlmately 0r350tt tq 0.300rr wfth speed lnoreese from 500

to 2000 r.prm.

Alqo at 7;l C.R. the Knock-Zone layer lg çhfnner lhan at

Inlet and varfes from approxfmately 0.300tt to 0.275rf wfth

epeed change from 500 to 2000 r.P.qt'

4t 5:t C.R. howqver, the Inlet region showe a n¡uch grPater

change fn thfckness from O,4O0r' to Qr275tt wtth the same spçed

change as above.

Also at 5:1 C.R, 1n Èhe Knock-Zone the thickness thanges only

from 0.350rr to 0.250rr wíth the speed changet

(s)

(6) The Knock-Zone bulk gas temPetrature ls about t69¡' and 3OPf

hfgheç than the Inlet bulk gas temperptiure at 500 and 2000

r.p.m,, respectlvçlY'

It should be borne 1n mÍ4d that thpse gec temperêlures were

measured with a fínite slze thermogouPle (0.003tt f, wires)' Thus

the mean measurements are subJect to a 9taÈic errof upder Ëhis

unsteady heat trensfer sftr-raËloni refep Èo Çordqv apd Kovshev

(5Ð ' 196r.

Thfs error fs due to Èhe lnçreased heating of the thermocouple

ín the flrsÈ half of the cyale and the decreÊsed poglfng over the
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second half of the cycle. Data gíven in (52) indícates Èhat

for thís size wíre, the sËatic error could be as much as 15%,

but this error ís independent of frequency'

DuethereforetothislatterfacË,FÍgs'(22)and(23)

probably gíve a va1Íd comparison between the two regíons at

the different speeds and c.R. even although the absolute

levels ere not correct. It was thus consídered sufficient

Èo ploË the potentÍometer readings above atmospheric tempera-

Lure.

(7) The Knock-Zone wall temperaÈure ís 25oF and 6OoF higher than

the Inlet wall ËemperaLure aÈ 500 and 2000 r.P,m" respecËively.

Rarios of !1a11 Ëemperature to bulk gas remperatut" cr\o")

from Ëhese traverses also agree with motoríng daËa ín (29) 
"

From the above íÈ can be seen that Ín general the rate of

change of layer Ëhickness wíth speed ís more marked at the lower

C.R. and in Ëhe cooler regíon.

ReferríngtoFigs.(22)and(23)itísofinteresttocompare

Ëhe form of the two temperatures profiles. It wÍll be bbserved

that in the InleÈ region e steep gradient extends to a small plateau

Ín the close vÍeínity of the wal1, In the Knock-Zone region

however the temperature profile is a smooth curve extending Ëo the

bulk-gas region.

The rrsub-layer" thickness in the Inlet regíon (from A to x ín

Fig, (22) } for both 500 and 2000 r.p"m. approximaËe to those selected



by Kni"ght (29) tæ use in Ëhe TernperaËure SrofÍle Theory

(Sectíon 2.3), equation (45) )"

Hís selected values for the turbulent boundary layer thfckness

from Goldsteín (53) were O"O47tt and 0.034rt for motoring at 500 r"P.m"

and 2000 r.p.m" respectively.

IË was apparent thaË Lhe quenching effect of the wa1l on Ëhe

gas extended much furËher into Lhe gas Ëhan the above theoretíeally

predícted boundary layer, and for heat transfer measurements the bulk

gas temperature ulas measured outsíde the previously dÍscussed thermal

layer

IÈ shor.rld also be poínËed out Èhat these mean temperature profíles

could be quíÈe consístently repeated over a períod of tÍme at constant

runníng condítÍons by traversing the thermocouple away from and

towards the wall a number of Limes, Fig" (24) 
"

For Ëhe Knock-Zorte, sÈeady-state gas temperature profí1es lIere

plotËed for speeds ranging from 300 - 2500 réP"m", Fig. (25), and the

exÈent of the thermal layer was estimaÈed aÊ each speed (curve A-A) "

The estimated thermal layer thíckness for each speed was then

p1oËËed agai-nst mean piston speed on a log-1og basis, FÍ9. Qe).

This curve approxÍmated Èo a sLraight líne resultíng in an expression

of, the form

x = a (v )-r/4 (?g)'pm

EquaLion (76) Ínters also ËhaÈ the Líme-mean heat transfer

coefficíenL at ttrís locaÈion ís directly proportional to the 4th

root of r.p.m. sínce ühe Lhermal resisËance is directly proportíonal
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to the layer thíckness.

Annand (5) corunented that experímental evídence generally

(54), (55), (5ó) gave varl-atlon of overall tl.me mean heat Ëransfer

wlth powers of r.p.m" between 0.5 and 0.8 and nevetr as low as the

0.33 proposed by Eichelberg (21)"

However, the foregofng obs'ervatíon tends Èo suPPorË the exponent

used by Elchelberg Íf hls formula is applled to a localí.sed region

slnce the investlgatlons ctted by Annand were only for overall-

heat Èransfer to the cylfnder head and barrel"

6.3 ,2 Motored Enelne Cvcllc Traverse

. The gas temperature traverse gÍven in ffg" (ZZ) shows the marked

change of thermal- gradient experíenced over Ëhe cycle withín the gas

layer at the Knock-Zone under condítlons of motoríng at 700 r.P.m'¡

r,J.o.t., 5:1 C.R. PresenÈed in Ëhís figure are gas temperature cycles

recorded for dífferent depËhs of inserÈíon of tshe thermocotrple ::anging

from 0.000" to 0.2OOtt. If we plot the ínstantaneous temperature profíle

at varíous time intervals over the cycle, we will ÍÌot'e consíderable

variatíons in the boundary layerEhíekness (Fj-g"'27 - (a), (b), (c))'-

The results of this FÍgure are only qualitative because they were

obtained with an uncorrected O"O0l"ø Ëherrnocouple (Appendix Al)"

stíll, it does clearly show that the Ëhermal layer is thinnest

toward the end of compression, and that it grows over the expansíon

and exhaust strokes, becoming thíckest duríng the inleÈ phase"

A corrected thermocouple was used for the traversc ín Fig"(2s);

thís shows the InleÈ regíon aE 750 r,P,m., I,rr"o"È., 5:1 C.R" It ean be

seen Èhat all cycles reach their maxima before 20o Acrnc.
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Fíg. (30) gives a traverse underl theser..same,;conilítions for the

next qonseêuttve' series of, cycles to each of those Ín Fig. (29).

Thís ílh¡strates that despite cycle-to-cycle temperature variatíons,

Èhe temperature profiles in the gas are repeatable, beíng quite

similar to those of the first cycle"

These traverses were used Èo determíne the rate of growËh of

the layer as a function of crank angle (tíme) in Èhe cycle. This

was carried out ín the followÍng manner.

(1) From the list of temperatures at each depth aÈ any given crank

angle, Fig. (28), the tempereEure - distance profiles ülere

plotted at lOOo crank angle intervals over the cycle Ín Fig"

(31)"

(2) From thfs figure, the layer Èhickness was estÍmated from Ëhe

slopes of each profile and plotted as a functíon of crank angle

(tfme) over the eycle.

It can be seen from the ensuÍng curve, FÍg. (3z)rthaÈ over the

expansion stroke and for about 5O% of the exhaust stroke, the Ëhermal

Iayer grolrs at Ëhe rate of about 0"oOltr/msec. For the laËËer half

of the exhausË s[roke and over the Ínlet stroke, the layer thickness

increascs aË the raËe of 0.OOOlr'/msec only. For the fírst 70 - 80%

of the compression stroke, the layer Ëhíckness begins to decrease at

the rate of 0.0008r¡/msee"

sÍnce the thickness of thÍs layer ís a measure of, Èhe Ehermal

resÍsËance of the gas neer Ëhe wall, ít could be expected that the

heat transfer coefficient would follow an inverse trend to the

variatío rs shown Í"n Fíg " (32) 
"



tt1,co¡tfål t.p¡ ¡0 . ,

It0 ¡Þå !ol xOf0lltn Prl0 rtr0*to¡t¡Ntrla0r
|N¡LOo t¡a¡ a l¡lrl¡ttt¡L l.tf !0¡
Irlrl ¡u¡ c{.¡!r!

ailtr!
tlfa ffo rtaloot aaltt

I I l!

5r^r¡5tF..2 1, rl2.rF.¡2
l.7l9rsF.02

5t4r25rr.^2 5.tr6cla¡n?
5.^t92^f .n? 5¡.9.a1F.ô2
5ra4Aq^'r^2 5.a¡.<tf .i¿
5.c9Ãaet.ô2 r.Âl52sf .ô¿
5.\aAq!¡.^? 5.6â6c<F.n?
5,src lla.n2 5.ñ59.^F¡i2
5¡\r2c.r.^2 C.65¿.tr'ô?
5i.¡ñr¡r.¡? s.a.ôìiF..?
5rc60Á2r.n2 5,ô{0¿{F.î2
5¡\5rt.r.^? 5ra J5nlt..?
5.\r t.r¡.i2 s.^]0?'f .02
5.5.otat.(¿ 5.a¿5A5Er¡2
5.5rrc2r.ô2 5.^21c2F.02
5rq2¡¡1¡r^2 5.^l tirF¡n2
5rq2rA4r.ô2 5¡Ä12ì.t.02
s¡qtst<r.Â2 5.^07 ltr.nz
5.\t ttsf f 

^? 
\,^o¿2^.. 

^25.\n4q^¡.42 5,\9t7.F.ñ¿
5.qôlt?..â2 5,592^rF.ñ2
S.rcree'.¡2 5.533t2Fr0?
6i.9ì5ar.ñ2 5.ci55lf .i2
5rr91)^F.^7 5.5å¿orf .n2
5.t.4^2t.^Z 5.5¿0r6É.ñ2
5i^3Strr.4? 5.tt3AòE¡ô2
5rr¡34cF.ñ2 5!tlôe2F.¡¿
5t¡¡ñr.'..? 5.5r51 ìarn?
!,tihrnrr¡¡ Þ.511¿4t.n?
!,¡!lilt !ôi E,5l?\¡F¿0È
9,.dE{tr ¡n? 5,5 l¿t4È¡À2
3.ra1ac¡¡À¿ 5,5¡¿i!r.ô¿
5rôa?o2F.À7 5.5t142t.î¿
5¡.¡lta¡.n2 5!tt5qrt.ñ¿
5.¿fór1t.iz 5.5ró<ôF.¡?
5.¡q1ç.¡.i2 5.5tlqrt¡n2
5!.ç5/tr.¡2 9r5r9ìet¡0¿
5¡.99c.r.ô2 t.560t2É.^2
5r\õ2rlr.a2 1.5d¿e1r.02

9reÕ501t tr¿ ô.¡05tlr.ô2
5..0rr.f ..2 5¡caì.2r..7
9.rrô12F'ô2 5,rrr. rr.ô2
5.a51¿rf .02 5¡eañ.tr.i2
5¡at¿.1t.42 5¡q5rd2f .r2
5.Al¡7¡t.n2 5.c.tÁ.F.42
5,r9¡¡>t In2 5r!2¡s1.'^?
5.rar.r¡rn2 5.!lsHrf .ô2
5.llt?51.o2 5.!0r\tt.^?
5. r53.¡F.¡2 9.aqt.rt.ñ2
5.7.5SlLr¡2 5.ÂreÁ rr.^2
5.1 \27¡t.¡?
5.71*a¡f r0¿ 5¡{c6sc.r¡2

h2 6ro^lltl.o¿
il? ô¡nl0ìsl¡02 6rr t12o|.^7
n2 6,ñ019.1r.2 6.ñen{ìr.^2
n¿ 5r973^rÈ.o2
î2 3.e6n¿tt.02
| 2 3.9\\1eÍ.¡? 6.ô.ì ìrr.ô7
42 5.91¿çtF.42
ô¿ 5,et947t.n¿ 6.^trtìf .n2

5.tr6rtF.i2 5¡.^Á</Frô? 5.S203!¡.4¿
5.l5tr7r.^2 5!ìc9r.t.o? 5!5.9.utro2
5.1.Áte..¡2 5.ìe2ñìf .42 9..9tls¿.ô2
5,1.05ts.t^2 5t ìa.1^r.12 5..31¡4¡.n2
5.lr5l^F..2 t,1t^^2f.î2 5..49.qrrn¿
5.110r...^? 5¡!a^c.f.r¿ 5..\.22ttn¿
5,12665r^^7 5.1.4!\f ¡¡2 5t{l!.lt.nZ
5,1?2\t. rr2 5. 1.Á1C..¡2 5..2¿r7F'o¿
5.1ì332F¡r¿ 5.!r5¿4.'r ? 5..0bt2¡ ¡0/
5¡lt.lAr.^2 5.l2rs4Ê.^2 5.191ÌrF.ô2
5¡l¡vl¡..^? 5.rlrn^..¡2 5ilrttrr.Ô¿
5tlô.0 rr.n? 5rl¡.ror../ 5.l45ntt rô¿
5r?c3Bô.'^2 5¡2c54rF..7 5.1511ì1.02
5.¿9.71..r? 5.2at.1r.t2 5.l.2rlf rn2
5i2c0.1..ñ2 5.241..¡ r42 5.ll?ôlL'd?
5.2Br.rF!n? t,r t..et.r2 5rl¿¡e2f .02
5.?¡5Oc.t^Z 5.).ar ¡f . "2 3,ll20sÉrô2
t.2[¿l 

^r. ^? 5. ¿62o\t. ¡? 5.302.]1.i2
5,?rsc9r.¡2 5.2at¡2..¡2 5.?9l2lt'n2
5!r¡6\0F.¡2 a,7al2lî.^¿ 5.?¡.^r¡ t.2
1.?l¿trF.^? 9¡r.tcrt!ô¿ 5!?7Ac5Lrn2
5.2^79{..i7 \.¿ tn22f t d? 5.? | 02^F t i2
5,2^\c.r. ^2 t.a15. 1Í. ^¿ 5.?ôa¡1t.4?
5,¿ñ01?f .ô2 7.211.a.. t7 5.259?lF.n2
5.?5UrqF.12 5.22¡ììF.il/ 3 t255a2¿'n2
5.2tt tcF.^7 5¡2t5!¡rr^2 5.?5¿ÁÁF'nz
\.2\1.¿..r¿ 5,?2.tr.. \? 5'250D61'0?
5.¿c¡n....¿ 5.2?2 l^Í.¡? 5.¿.r¡tE.o¿
5.r<6f 1..^2 9.?21....^? 5.¿.5eì¡¡0?
5.?\...r.^7 5,22îô\..d7 5r?lAlrFrn2
5,?rzl5'.^2 5r2tÂ.1r.^2 t'?¡?1.t.î2
5¡?rgtlrr^2 5.2r^Áa'ttr? 9!2¡nâltrô2
s.2. rr0..^? 5.¡rrsctrñ2 6.Èìlnnf rn¿
r:i¡âChP.¡P 9rll JrÁ1.^¡ å.¿lltñ¡.nr
\iiEhfiÈ. ^2 \,lt?ltt.r¿ S,r16{4t¡ô¿
1.2.^1 2É.^¿ 5.21 ttlÌ¡r7 5r¿l6c.t¡ô¿
5.¿rtl^..^2 6.2llott.n? 5!?1t^1F'0¿
5,2.fîr..^2 5.2t?1trt\2 5,2l9lntrn2
5.2rôl{ç.^2 5.rl.rqt¡^? 5i¿¡lt.Ltn¿
5.¿..r^F.^2 5r2la^.F..¿ 5.¿..?7E.¡2
\.¿.zÃar.^2 5i2lBô0¡ ¡n? 5.2rÚ2¿t.02
5,2.t9.t.^¿ 5r221<cF.^7 5.25?011'n2
t,?a 2.1.. "2 3.2?\.1.. \? S'¿36?1L' O¿

I
¿
t

tl
l2

l7

¿n
?l

2t

?5

¿r

tt
tl

rl
l¿
tl

t0l

I I0
lll
lt2
ltì

tlr
!tÊ
l14
l¿o
t¿l
1¿¿
I Zl

,21

! l0
lrl
r ¡2
I tl

t It

¿

5¡¡{¿rô..^2 5 A¡trrF.'2
!..?lrA..^2 t a1^)P' t^2
5..r12^f .¡2 5 ^).oìr'^?5.. ÁtA r F. 17

\..221... 
^2 

5.c21 òcF..2
5r.ìNCr..^2 5.qt l2ÁF.r2
5..ì.l0rr^2
5..n9ì2f r^¿ 5..eco¡¡.r2
5,.0.sH.r¡2 5..c.¡^F.r2
5..î02..!ô2 5..¡eA2¡.n2
s¡leÁ51F..2 5r.H5^r..n2
5. l9t5.r. ^25¡rcltrlr.¡2 7.1 t6) tr ttra
5.lA¿61..12 5..rl"et.o2
5.1ilô1r..¡2 5¡^Ár(ñr..2
5¡lal.lF.^2 5r.Â1õ\t.ô:
5¡tH0{0..^2 5r.tA^2r.ô¿
a.11 t t?r.à¿ 5..sìÀ1F.ñ7
t.ll{.lttnZ 3.¡^7orFrñ7
5.)rl¡?..^¿ 5.a.lrf F..2
t.tÄ9r0.¡^2 5.1ìsr9F.ô2
5.ì^l¿n. r^2 5..24) tf .^2
5r lA.qlr.r2 3..2 I r¿F. ti¿
5.tal tar¡12 5¡.t lrìFrô¿

.rn5rct.n¿ 5,¡{sslr'i2 r.c¿r.:F.ñ2
2 r.erlrl.riz

¡^¡0ret'o2 5.a2¡r tr..¿
.^6eÂ{t.12 5¡¡l.l1f .i?
.^59r4É..2 5¡{41x...^¿

..2

5.

¿

Data Líst for Fje.Z.V

5r2ô12.t.02 5rs0¡r^F.ô2 5.5ró!tÉ.ô?
5.¿ôl]¿t.¡¿ 5¡\nô.tt¡.2 5t5el.5Frñ¿
5.7r.el¡.n¿ 5¡sicitt!ñ2 1.se3ìr..4ê
5,?3r.lf .ô¿ 5¡11 lleF¡^2 5.6nó¡¡F.n¿
9.295e5¿r0¿ 5,\2¡5t..^? 5!Álôcìl.n?
5¡l1e5qt.4? 5.cllùqf r4? 5.4¿¡orF¡Á?
t.12s?.Í.^2 á.q..1r..ñ? 1.Aita¿F.ñ¿
5.!.29^trO2 5.\S¡.?t.r7 5ra.brtr..?
5.1Ál0o¿.02 5t.l?q2..^2 1.A60i2F.ô?
5.1n6ô2¿.02 9.c¡A\¡F.ô? 5rÁt4¡.F.¡2
5¡.tlì ìt.0? !!4002.t.ô? c!^r¿¿¿F.ô¿
!...5.tt.û? 5!\lcr7¡.^2 5ttl.C2t.ñ?
5.¡3ô¡tt.r? 5!^15t7¡.ñ2 5tt.l2lF.¡I
5.5162.tt0¿ 5!^åtn^F.n2 5rtlc.r..n¿
t.59135t.0¿ 5r?n¡.À¡ ti? 5r4¿¡ñrF.i¿
!.â?la¡t.o¿ 5tt5or.f .^z f !rrr2.[.i¿
r.t!;t.E.o? t,¡tneq..n2 t,e¡4.'ttn¿



I
1?0 -l

I
I
I
I
I
I
I
I
I

óAo - I
I
I
I
I
I
I
I
I.
I

6a0 - l
I
I
I
I
I
t
I
I
I

ó00 -t
I
I
I
I
I
I
¡
I
¡

5á0 -t
I
I
I
I
t
I
¡
¡
I

5?0 -l

rIRE ÍEMP

ItlIItr¡r¡t

CÔNVERT IÂPF ÀIO A

ÂNALOG TÀPE q TÞÂNSM¡IffiL IAPE 503
750 RPM TOl MOfOPIÀIG P.T6 XzrUNcoHpENSÄIEO¡

lo

aoo

s

(a)
NIII¡ÊER OF PoINTS

SÉLECT ¡NITIAL FINAL
Át¡ ¡¡88 I80l

PER]OOS
SFLECT INII¡¡L

¡2

(b)

TOTÂL
2603

I
600

PEF ¡ OO

VAPIAT¡OÑ
613 ôt3

t,,

ô

T.R

(c)

E o.2oorl

D e.l¡c

c 0.,t00

B ¡.050

A 0.000

tno

{oo

Ð

Tr.

IFHÞ NEG R

0¡ lo

Ât

m
0.20t

I-

qtq
c,v.c. .t

¡^vc,

r
0 ?.oo

¡
a00 ß00

I
¡000. CPÂNK aNG

Fig"27 .Knock-Zone;, Q;rglic Traverse(uncorrected)
Motored engine, l{. O. T. ,5:1C. R.

ts
F
t9

1-



I
?20 -I

¡
I
¡
I
¡
I
¡
T

T

óe0 -I
T

I
I
I
I
I
I
I
I

6ô0 -I
I
I
I
¡

.t
I
I
¡
¡

ó00 -l
I
I
¡
I
I

9/ I RE IEMP

I

C ODEE
C O EE
cc DD t¿

CDDEE'E
C DD EEEE
cooEeE
cc 000 EE D

8CC00DEEF
88 CC 0D EIE EE 0C

BB CC DD EEEE EF D

8B CC DOO EEEEEEEE€EE D B
B8B CCC DDù DO C

ÀÀÂ A8F C DOODDOODDDDOD
AAAA 8Ê88 C CB

AÀAÁA 88Â CC A

AAÂAÂAA BB C CBA
AAÂ88 CC CBA

ABBBCC CCBA
BBCCCCcC A a ACCC CÊ8 À

BBsBBCCCS RBB

I

t-

EEEE
FCCCC IC

CE
ODE

ED DO
D OE

C DE
EO

¡-
¡
I
I
I
I
I
t
¡
¡
t-
I
T

I
I
¡
I
I
I
¡
I-

t-
I
I
I
¡
I
I
¡
I
I
I-
I

I€HP NEC R

0. l0

o

ED 88

B

EDB

ocE
DCE

D
0

E
CE

DC
D E

B
I

ÂÂt^a

B

AAA

B

B
B

AA

E

å

OE
OEE
CD EÉ

o0E
c0E

c
B

Ef)

0ß
c

AI

8B

AA

I

ÂÀa

¡
I
I
I

560 -I
I
7

I
I
t
I
I
I
I

520 -I
I

Â
¡

AA
A

I

O ¡O

CPANK ANG

â00{002
I
0

I
00

f
ó00 I 000

0 F
F
q¡¡

Repeatability of FLg.27-,
NexÈ consecutíve cycle



t¡o (Rr.¡ s/r. 'ìl 
-rr jit 

'4lr 
tnd¡t'liht

I t/. t tlr" I'!r lr'(

To (on)
AO B C

Lt 4

Fig.28 Data list for cofrected
wire traverse of FLg.29

i2(Â.rr¡ 2 ,¡\rt¡\l
D

l¡
lt

22

tlt
il?
tt¡

ttt

I tt
| !1

.';

.rì{.!F.12 lt..qr 1,.

.r^..r..r2 t.1r.7ar.
rr2'rr.r7 7r1..t7tri2
rÀ<r{r'¡¡2 t.2q¡ñ.t.¡¿

)

Á.r1.o.r..7 6..ttrlf rñ? a.4s¡q2r.¡¿

^.2>^!... 
¡t 6.r¡7.1f .n¿ ßrA.racF.¡2

ô,2r¡^4.¡ 12 Á.1À7¡.r.ô¿ À.aler.¡¡¡?

^¡1...2f "¿ 4'41r2...^7
Á.2r1¡t..^2 ó.ìì¡icr.ñ7 Á.a2c1lr'ô7

ó.ììlrct'n2
6-ì2colt.02 á,^l t.rF.ñ2
ôr12ÁtlF.[¿ A¡Áì¡at.rn2

6.2tad... 42 ñ.ìllr¡a¡nz 
^t^or.lt.^2ñ,ro¡ôr..^2 6.ln2.tt!n? ÂtseÁ{a...2

Á.t¡¡ ),Fió¿ ó.?rr21f rn¿ A.5c?l^f .^¿
a. tt^(r...2 ô,7^..18'.¿ 4¡sqcrTf ..2
ó.tt.'.ç.¡? 6r25trcf .t? l.(qcÌñt.¡2
ß.rqârtr.r? 6.2.qt7F.ô2 ArS¡e..Ft^2
4r rosú\r.r2 6,7¡Àrì¡.ñZ A¡5aa<r..ñ2

6.¿sts<lt:.n? 
^.54.q1f 

.ô2

^.2t 
a12.. ^? ã.?^ÁrrF.^2 4rcÌ¡r^..¡2

6.2t7"Ât.ô? ñ¡5À^r2.¡^2

^¡t¡a^r..ô7 
Á¡7Ìl1t..nz ar5ql.cr.^2

Á. ì.eoc...? ôr2aaôzf ..? Á¡f .424F.^7
Á. I r9.tÉ.ô2 6.2q<^qfrn? A,(7¡arF.n2
Á.I^.a^Fr^2 ó.2.ñqiF.o2 a.<2^I.F..2
À.^oîn.çt^, 6.¿7ta1f.¡2 6,<l.rCF.ñ2
6.n¡r.c..^? Á.7tGntf ..¿ 

^.(lôrlt.ñ?Á.ño.4rf .¡7 4.2ô¡^cf .n2 
^.5ûqo(F.ó7

ñ.{lr1rf r42 r. 1!rt!rtâ7
Árr'^tr^r..z tt^a<tr..'2
6r7arr^f .ñ2 t..r^{ct'^2

^rtÃrrctr.z 
trrl2¡{F..7

åtr7l<.8.^2 ^..r¡^ct "2
ó.t<r<af .nz Á.a.rla..^2
b.t re.AF. 

^¿ ^ic.Àt¡...2Á¡4rcr.F r 
^7

6.aa^orf .¡? t.Ã1r5ct.ñ2
6.^r¡1rt..? Árq0ìa¡t.^2

l.rltltt'â2
6r12r.ìf r.z A¡tc^l 7t.^2
6..¡5¡rt tn¿ 4.t.2a.Érô7
Á.r<c¡lF'ôt artl..r..42
À¡..âort¡.? 

^rtzeaìF..26...6.tt..7 
^.t2<rrtr^2ó..<1.Âf 'n¿ ^ttr^t 

r..À2
4..Àt<51!ñ2 attl I r5t.n2
á¡^..ì^f rû2 a.t.¡11F.^2
6t.t7¡ct.n2 Ât^¡Á.ìr.ô2
A...^'af .¡2 

^.Ár>¿1F.ñ?

t4saca'¡? 6. l9t17Frn? 6¡.crô^...2
ìt4ô(.!¡2 6.tA5rtf.42

.sr(f.42 A.r.ô<..t¡2

^¡5Á1F.^7 
ô. ttPßat.n¿ a..l l<q..^7

.F7rtF.^2 ß.^elo<f .¡2 4rr¡ô.¡t.^2
¡2rt rFr¡7 *.ô44<lf .1¿ À¡ì.cc2F.ñ?

t.e25a¡r.¡2 stcac(ef.12 ótnrì^l¡.n2 arr2¡o....7
5re22Á<r.^z t.ot5A.ç.42 ¡,Iar^ÂF.îz a.2e.ro..^z
ttel¡l¡..^? 6!ñì¡<tf{¡¿ 4.,t0.¡r.^?
5.91?leF.^? 5rorñ¡â..^2 6.ñrloof.^? 4r2.e2tts.ñ?
t.945^qF.^2 r.o.l^tF.ñ2 6..r6t.r'.2 

^.71ôîet'â?lrncg^a...7 5¡e.t''..¡2 ó.rl24lf '02 a.2l 121..^?
t.¡o5qlf .ñ2 t.4c.!rF.¡¡ fr .¡2tt.F.ñ2 

^.lqe¡ìF'i2\-¡e !qa..â? ira\.^r..^2 6.âl¡¡ar'^2 
^rlrcq\t'n?6r¡o.t7'.^2 5.ceÂ2af.î2 Á.142ì.F.ñ7

5.Êcr\.r.ñ2 5.o¡.1nF..? 
^rltctZFrñ2t.o¡lrn..r2 5tetÁrlt.ñ2 
^!!.n2(r.¡2

t.a^51¡r.^7 9.ot5..f.n7 5.C12.qt.n¿
5re¡t¡ f .r^? r.q7crÙF.¡.2 S.Ct2õ?t.rZ
5,qt¿ozF.ñ¿ 5.o?ll lF.^? 5.et.ttf .02
5¡9t.Fñr.ñ? 5.4Á2Úa.td2 5.9'Á4ll¡0?
t,9t¡c4F.^? î,ot2<rÉ.^2 5.9ttt.t.02
5.c!trtr..7 5.q.2trr.ô? 5,07Árlf .02
5.9tô12f .ñ? 5.oì^r7..ñ7 5.9Ì!ìÁt.nz
5,Ct lcr..n? Srol¡trF.r2 5.q1.t2F.02
5,9^alÁf .^z 5¡c1nrlF.¡2 5.97qÂ1f .n2
5r¡e.1c..^2 5,or1r\..^2 5.a?¡r 4f .02
5.AAlÀ...â¿ 5,ilt^t..^? 5.94.^aFrô7
t.nt¡.tÊ.i? 5.eqlqct'r2



lùlrrt- tr ''''

lì

l\

ï
ï
I
T

.I
ï
I
T

T

-T
ï
I
T

T

*T
ï
.ï

't

T

-I
ï
T

T

ï

rlF. íi
.1

8ì rl -I

7 6Ç,

"t'¿ 0

f.7'i

/."':ì ('

5rìÊ:, * I

StrL I CT
't

COÌ\lVËíl t T'(PË l'!0 ft

Af\lAl.rìrì T/\ÞË- 1 lilAl'ls¡4'lTT'11 lAÈF

D 700 tlPl''ì .cR 5/ì' r,'l OT MOIrlliIr'ir.:ìr lhrl ET

tt
C.

I
T

T

T

T

I
T

I
I
T

I

T

ï
T

T

ï
T

T

ï
I
T

T

T

I
T

r
I

fl
lr

ì Ç¿+Ê

corìrrÊc ÏÉ'{)

Ï(rTAt"^
2i17R

ll
cc

Ttr1'4t)

B T-'D

tì
itc

nDi) c
cc

iì c f'' nl:l

Ëtr.1. (: Dt)
c [)nf )Df) c

Êì c nD r)R
fjt (ìCC D ñ

fr ccc l) i-)

Al\ fr:íìtlrl (:CC i)llfl{)l) il l)rl CA

A Rqrì8nr qlì n c
AÂA¿\A A C TB4

A/\ AÀAAAAAA CCCCC(:ICCCC A

AAA AAA^ i\AA

T ------- ----- T

TTiTÏÏ
R A06 400 hoq rì0() 1000 oCnAtlt<ANcLE

olSymb Insertion
0 " 00211

0" 020'l
0.050"
0" 400'l

{t Jn
A
B

c
D

pËËì T 0ns
II.iiTT¡TL

T

MAX
l:-

rJr.ii',ìÌìb-p 0F
sË"t Fcf ìr.rITIAt

å0fì .ì72

p0Ir\lTs
F I r.tAl

q7(l

PFtlI0n
yaLlTAfJ0¡r
6nh 607

Inlet region Cyclic Traverse(corrected)
l"lotored enginerl{. O. T. - 1st. cycle

F
t-\
c,l

Figa 29



hlll{f- lF-õ41-'

fln

I
Bì rl -I

1

ï
I
ï

765 -I
t.

ï
ï
T.

7?_A - Ï.

ï
T

I
ï

67Ër - Ï
II
i
ï
ï

630 -I
ï
I
I
ï

CrìNVË'l?T 1ôPr. ri0
ANrAI ÖG 1À15l-: 'l

?0n FËrr¡.Ciì 5/J I

¡:ì

Tor¡¡¡si4TTTril. i r\Þt Ifi¿f-
r"ioT þ10Toa 1 i'ri-'r. i \rl f--T cÔRr:l--:c TËf)

T-
ï
T

T

T

T*
T

I
T

T

ï-
I
T

ï
T

ï-
I
I
I
T

ï-
ï
ï
T

T

ï-

t)
c
Cn n

rlcrìnc
rìc Dt)

cn
Éì

Íìcc i) lìiì
c l")

F ÜDN
ÊR t.)Dnn c

A 1\ f l(: nnD llB
cc f")

Fì CCC DC

r\ A FrRllfì ccc I)n t)Dctl A

AAÀA T]IIR C [)NDDNDÍ)I) A

AAAA IìHCCC CCB
AAAAAaA TTBCCCCCCCCFìtìAA

AAAAAIìRRBAf:ìAA

T ------- ---- T

TlIIIT
R ?a0 /,00 Á0rì F00 i000 ocnAurANGLE

Snnb

A
B

C

D

ol Insertion
0.002il
0" 020'r
0" 05Oil
0.400il

TÊMP NËG A

Õ

{} lfì

5HR -T

SFLI'"Cr
ì

PË'RTOI]5
I,NIITI¡.t-.

?

T il'î ,\ 1,.

2Ql6

Pr-a I0f'l
VÂOTATTOr\I
5!16 597

i,1A Y

,u1¡¡,1¡iftì nÊ P()Ï.¡.lTS
SFI fr{-T,fr'lIT'tAl- l' Ï1'l/l.L

c,cl7 130 7?6
l¡
F¡
olInlet regíon Cyclic Traverse(corrected)Fig" 30

MoËored rne r¡I. O. T. - 2nd, 1e



CTDC

oR
T

ùÞ

I

1.1
,IliI
rl¿;i

t"

I

j,Ì
.iì¡

.'l...ì . t
.ì¡il

i,i

I ' i i.,
l. .i ., t, . .i.. " i.i'r
IliIiI'r:il

i

I

I

I

i

ir
ìr
1l

Iiì
lllr

ii
I

I

I

ír

:l
rl

':
ì.i.¿;
t

l

ì

.!

I

i
I

I

I

,

I

.!-
i

I

I

800

704

600

ì.
I.

:r:ii.i,iìr;i

;. r I I i r l. I

lili:;:i.,r1ll

1 000

2 000

3000

4ooo
6000
5000

i

,r ri
.:iii'
jlir,,

rrtill
ll,tlil
iliiÌ,.1::,

',]
tt.i L'rlì
r.l:

I

t,i
ti )

ll

',t
:

L

I

t
l

I

l

.i.

1

I

I
i

I

;,
I 1..t l,¡t. l

rl¡
ir

a

f#'a*

1.

)

t

,

i

'I

I

I

û.'400'rfrom
ì¡iaI I

Fr
Þr
{

0.100 cr.200 0.300

Fig.31 Temperature profiies at lO0ocrank angle inËervals over the
cyc1e, of Fig.29 (Inlet, motoringrld.O.T. )

0.0



o
Ë.r{

úl
(/J
(¡)

Éj¿
o

.F{

+J

t{
o
Þ'
drr
€
0)
Ð
d
É

'r{
¡J
øl
f¡l

0.100

9.0
100 200 300 400 500 600

Crank Angle

Approximate Èhermal layer thickness variation over. the cycle

liio* Fig.3l for InleÈ regÍon,motoring,i{.O.T.,700rpm,5:IC.R.¡

7oo o¡,croc
0

Fie.32 l¡
ts
@

I
i

4-l

l-.1

t

I

I i-f-

ii
I

t-i

I

l

I

tltt

il
llti-LI
il

tl

-Ll-
-r-i-

l

I



6.4

6"4.r

119
Fíred Engíne Restrlts

S teady- state Ileat Transfer Data Reduction

A computer progranune l^7es written to give mean local and

overallheattransferdatafromcalorimeterprobeexPeriments-

usíng probes of type (a) ín Fig' (I0)'

The heat transfer data reductÍon programme is gíven in FÍg" (E)

Appendix 44. A sample of these results is presented in Fig" (33) 
"

ThecomputedlocalmeanheatËransfercoefficientspresentedhere

areincorrectbecausethey\¡teremeasured¡rlithtargediameterun-

corrected thermocouples (o.oo8" Ø wire), wíthin the boundary layer

(x = 0,l00rr) "

Stíllthetrendsofsteady-stateheattransferwithvariation

of engine parameters are of ínËerest'

(1) In Fíg' (34), the mean heaË transfer rates at the Inlet and

Exhaust regions Èogether with the overall rate of heat

transferred to Èhe water jackeËs is plotted as a functíon of

r.p.m. The overall data are elso compared to the findíngs of

Stambuleanu (6), I^lalker (12) and Annand (5)'

ThisingeneralconfirrnsAnnand'spredictíonthatforLhe

overallheatÈransferÈoËheenginecoolant

* tutoverar r
0.5 to 0"8

(an exponenË of 0"6 is evídent Ín Fig' (34) )"

HoweverrforlocalheattransfertothecalorimeËerprobe'

Eíchelberg's predíctíon held approxÍmately trtre í"e'

d 
"" r..5 (N)o'33

(an exponent of 0.2 Ís evídent in Fíg' (34) )'

ThistendstoconfirmtheresulËsdíseussedinSection6"3.l"

(2) The local and overall data from Èhe aforementioned prograflme

were also eompared on the basis of fuel flow rate' Fig' (35)'

q
SS
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with predi-ctÍons of An',nand (5)

agrccment as follows:

(a) ã 
"" 

..r.oallo< (F)l

and Alcock (57) wíÈh f,air

I where F = fuel flow raÈe

(b)

Annand gíves exponents of 0"48 to 0,50 and 0,65 to 0"76,

respectívely,

DaÈa for variaÈion of steady-state heat transfer rate with

spark advance are given in Fig" (36).

The overall heat transfer rate to Èhe engine coolant can

be seen to follow a simílar trend as that shor¡n by Taylor (58),

although the level ís somewhaL lower.

The surmpÈion of Èhe heaÈ transfer rates to probes locaÈed

at the Inlet, Exhaust and Knock-Zone regíons ís compared ín

Fig" (37) wíth the data of Ku (55) for a calorimeËer probe r'

located inside Èhe combustÍon chamber gases.

The trends coincÍde almost exactly uP Ëo 35o spark advancc

br¡t diverged for earlíer spark.

However, this is not surPrísing sínce audíble knockÍng was

ofÈen detected at advanced spark setËíngs during thís series of

tests "

The variation of gas temperature wíth spark advance as

measured by the large therrnocouple within the boundary layer is

shown in Fig. (38) f,or eonditi-ons of w. o. t" aË 7 z I C.R" trsíng

95 oeËane fuel"

Alcock determined exponenËs beÈween 0.75 Ea L,25"

o< (F)0'53 fot Ëhe exhaust region9local e< (!,' ror 
(

& ãto.rt o< (F)0'4I ,o, Èhe ínlet regíon

(3)
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Forallr.P.m.Ëhereiscoincídentalagreeme4twiththe

stetement by Hottel, (59) that the unburned gas temperature near

Èhe end of combustion is approximately IOOoF hígher for each

20o íncrease in sPark advance"

This could not be confirmed for the bulk gas region by

Ëraversingtestsrsíncerasmentíonedearlíerrthefínewire

thermocouple repeatedly faí1ed during treverses in the exhaust

regíon"

(4) During the engíne performance calibraËion (section 5"1), spark

plug típ temperatures \itere also taken using a specially made

spark Plug" These temperatures are shown as a function of

mixture strength in Fig' (39) for various r'P'm" These are

of íncidenËal interest and were not used direcÈly but a marked

decrease of tip temPereture on either síde of maximum power

mixture strength is evident. A similar trend \das reported by

Brewster & KerleYo (60) 
"

(5) The sÈeady-state. knock-zone surface temperature at a gúven c.R.

showed an dependence on fuel octane No" (Fig" (40) )'

For 95 octane fuel at 7:1 C.R. and w"o't. the knock-zoÍLe

surfacc temperature as a functíon of r'P'm" was considerably

lower (ZSof) for all spark advance than for 85 octane fuel"

Furthermore, the 1aÈter nating showed a wíder temperature

variation with spark advance than the former"

Also for the lower octane No. a pronounced increase in wall

Ëemperature rlas evident at Ehe lowest speed for all spark'

ComparingthísËothedependenceofmeanheattransferon

spark advance observed in Fig. (37) in (3) above, a possible
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connectíon could be explaÍned as follows:

AÈ a low r.p"m. Ëhe fuel of lower ocÈane rating is mosË

susceptible to knocking especially ín this end-gas region,

see Barden (4ì ) "

ThereforerwiÈhprogressivelyearlÍersparknormal

combustion gives a decrease in wal1 temperature and a

corresponding increase in heat transfer rate until the onset

of knockÍng is reached. Thereafter, increasíng spark advance

gives boÈh an íncrease in wall temperature and also a greatly

increased rate of heat transfer Èo the wal1'

Steadv-state Gas Temperature Profí1es

Mean gas temperature profiles for the Inlet regíon at 1000

r"p.m., \^r.o,t. are sho\iün Ín Fig. (41) for both 5:l and 7:l C'R'

Mixture strength and spark edvance were set for maximq¡n. Power as

deËermÍned Ín Section 5. 1,

The gas temperature profíle in Ëhe knock-zone at 5:1 C.R.'

IOO0 r"p.m, vr.o,r. is shown ín Fig, (42), whíle an ÍndÍcatl-on of the

variation in the profile with r.P.m. in thís regÍon ís shown in

Fie. (43).

Due to frequent failure of the fine wire (0,001" Ø) thermo-

couples used ín these traverses, the scope of the results is not

as extensíve as those for the motored engine"

In general, however, the same trends were evidenE íú layer

thíckness as were discussed for the motored case in SecÈíon 5'2'I'

Again, a sub-layer effect was evÍdent in the Inlet region.

The surprisíng feature of the fíring engíne temperature profiles

ís that the total layer thickness ís not greatly differenË to that
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Fíg.35 Mean tocal & Overall Heat Transfer Rates v. Fuel Flow RaËe

from sÈeady-state heat transfer data (F/L + constant)
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for the motored case'

6 "4"3 Fired Ensine Cvclic Heat Transfer Results

General

The rnain results presented in Figs. (44) xo (97) are for the

knock-zone locaÈion. It was thought that thís would be a relatívely

qui.escent region (under non-knocking conditions) remote from the

influenceofgasvelocítyfluctuationsinducedbyvalvemotíon.

MosËofthedataareforpartthrottleengÍneoPeraÈíonsince

some early difficulty was experienced at w" o' t" wlth shorL life of

the gas thermocouple" Later Ín the test period it was found that

deÈeríoratÍonoftheceramiccementusedtoeealthethermocoaxín

thehyperdernícËubing,Fig"(11),resulËedlnahighvelocítygas

leakage to atmosPhere along Èhe tubing' This rapidly eroded the

thermocouplewlrescausingfaílureonlyafewfiringcyclesafÈer

ignítíon,

Thus,fnitialdatawastakenatL/.4throttlewithmaxÍmum

power mixture strength and IvIBT ÍgniÈÍon' This proble¡n was

eventuallysolvedbyusíngadifferenttyPeofcement"Thereaftero

a !ü"o"Ë, fíring run eould continue for over an hour wiËhout damage

to the thermocouPle.

AlldaÈaarehereinpresenÈedíntheformofasinglecycle

computerplotforeachvaríableusí'ngtheplotËíngroutinegíven

in Appendi-x l¡4" Thís gave an approximate indication only since

the plotÈing ínterval (abscissa) was usually 2Oo crank angle

(sometimes l0o).

More detailed Ínformatíon for each variable over a given single
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cycle ís presenÈed ín the respeçtíve output llats aç 50 crank

angle fntePvals.

It should be noÇed that the plots for heaÈ transfer coefflclent

were detfbçratellr límited ço +1500 and -500 ømþr,f.t2go aÇ the

dlsconË{nultlqs fn order to obË4in 4 reêsonable scele gver the

cpnÇfnuous porf,{on of Èhe çYcle.

Althçugh a numþer pf conseoutive cycles etere recorded at any

one seÇling, lt was not the purpose of this ptudy to obtafn daÈe

truly rePresentative of a parpicular setÇing over a ra¡ge of

condít1ons. !'o:r sueh '4verager cycles a s4oothing techníque or

afteçnaÊtvely a ptatistical selection method such aÞ that \¡sed

þy Overbye (33) wquld be requirqd'

ItaPpçaredÇpÞemoredepfrableËooþserveaccuraEelythe

phase relatiqns between the reqorded variables ín each unlque cyele

ínqrde4tocpnP4rethesewíththeprqdÍctionsofEheoPposlng

Ëhçorles gfven Ín section (2). Also, copparísons, were sought

between Èþe experlmenÈat heat Çransfer coefficÍenÈs fqr a gÍVen

cyclp, and those calculAted for that identÍCAl cycle by Çhe various

empírical methods described earlier'

Di se íon of Ëa senf

Typical Ínstantaneous heaÈ transfe4 date for thç flred engine

at Ll4 Èh::otË|ç, 5:l C.R., 85 octane fuel are shown fn Figs, (44) to

€o) foç the knock-zoîe,

These deta gomPare seÈs of símultaneous wal1 temperature' heat

flu4, g4F temperature, pressure end experimental heaç çrangfer

coefffclent, Each set fs repeated for each of four inserfions of

rhe gas Çhermocouple i.e. x = 0.200, 0.250, 0.400 and 0.450" respectívPly'
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Thp latter trdo are ppobably outside the thernal laye¡ as

estlm4fed fn the previogs sectfon, Thus the heaÇ transfer

eoefffefenËs at thesp insertlons represent more correcËly the Ërue

quasl-steqdy heat trênsfer coefflcient under these condltíons.

The former trdo gets, Figq. (44) tq (6,l ) are Ínpluded to show

detalls of Èhe disconÇínuous heat f,ransfer coefficfenÇ arlsfng

when the gas temperêture is qeasured qÍthin the thermal layer.

These wf11 be d{scussed later.

It fs evldent from phase comparÍsons of aLl gas an{ wal1

Èeqrperature cycles that the gas tgmpereture invariably peaks at

about 90 - lOOo crank angle before Ehe wall t,emperature. In most

casea algo the heat flux pyple bears a rçrnarkable simílarfty 1n

form Èo the gas temperature cyclq e.g. see Flgs. (56) and (58).

Tþe repeatabfllËy of this evÍdq¡ce tends to dírectly confirm

Èhe theoreËfpal predfctions of the Heat Transfer Coefflcient Concept

in SegtÍon (2) as opposed Èo those of the femperature Profile Method.

Thefe appears to be at least one díscontinulËy in the heat

transfqq coefficie4t cycle, e.g. Fig. (52), whpn the gas'wqll

temperature dlfference becomep very çqal1 while the heat flux ís

stÍ11 fínite.

Of the cpntfnuous pert of the heat transfer coefflcíent cycle,

phe peak occurs at approxÍurately tO0o ACTOC in all cases i.e. just

before e.v.o. Thls wsuld seem to bear gome rqlatÍ,onshíp Ëo the

observaÈípn by Stambulean,r (6 ) mentioned earlfeç that a mofe

directe4 gag flow occurs as the exþaust ph4se progresses.
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Also the expansíon-exhqust (workfng) phase ís approximated

by a modified Eichelberg expressíon fn whlch ttre mean piston

speed is replaced by the insüantaneous piston velocity and the

whole expression ís afbitrarily m91Ëiplfed by a feqtor of 3.

This çupports Fhe techniquç of Pflpum (Z?), equetÍon (17) to some

exEgnt. However, instantaneous pisÇon vçlocíÈy does ngt aPPeêr

to be a suítable parameter oveF the induc(ion çompresslon phase

due tq the facÇ that íË becames zero anð chênges directÍon every

180o cqank engle.

Again, ín Êgreement $r1!h Henien (34) ' the origin4l formula

of Efchelbçrg appears to pÍedict hEat Èransfer goefficients much

lower than the experímençal vaLues of Fig. (52). Nusseltrs

expression as modifled by Stambuleanu (equations 5, 6, 7r B) for

the varlous pheses wap alsp tfíed but Ëhfs appeaped to be even less

successful- than Eíchelbergr ç foFnula.

Fig. (9f) gíves a typiçal spectrul4 of the þBaË Ëransfpr

coefficíent calculated from Ëhe moduli of heat flux and that of

gaS-wa1l temperature difference, showing thgse harmonícs of engine

frequency whích predominate.

A rnodific.atign of Pfríem's method of expressÍng the instantaneous

hear tranqfer coefficíent ín polar form (equatlon (+a¡¡r¡as invesËígated,

d synthesised heqÇ transfer coefflcíent wes çomputed aF followF;

kk
hte-) = hrs "> h(k) o <,éÊ(r.e- É")

K=l

where hss the mean he4t transfer coefficíent

(re)
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-T(r(q/A) 
" "/

)í.e": Ïr- ss

h(k)

k

& crank angle ) phes<. q^9¿ó=/k

gm

(r
s(

k) - Tw(k) ¡2""o"zkT +

the harmonic No. 1, 2

\dlll

A

(r
g

kk

Since Ø"was unknown for each harmonic' the corresponding

phase angle of heat flux for each harmonic was used'

Anexampleoftheresultíngsynthesísedcoeffícíentisshown

in Fig. (82) for Èhe data of x = 0"400"'

IÍhileÈhemagnítudesdonotcorresPondtot'heprevíousquasi-

steady values, Fig" (?O), ít is Ínterestlng to observe that a large

peak ís observed approximately at CTDC and a secondary peak appears

atthee.v"o"posítíones'IüasevídenE'íntheprevíousdírectplot

of heat transfer coeffícient"

ThisobservationcouldíndicaEethatapartfromthediscon-

tinuitynearCTDCwhentheconeepÈofaquasí-steadyheattransfer

coeffícienL breaks down (due to the phase lag between drívíng

temperature difference and heat flux); the most rigorous part of

the cycle from the heat transfer point of víew occurs near e"v"o'

TheheatÈransferat.thÍstimemayÈhusbearadírectrelatÍonship

to píston velocÍty as suggested by Stambuleanu and this wíll be

ínvesEígated further ín Ëhe nexË sectíon'
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It can be seen that negative heat transfer coeffÍcíents

resulË from the experimental data over certaín parts of the cycle"

A víable physical explanatíon for these negative values and for

the variations over the inductíon-comPression phase ís difficult

to províde"

In most data analysed the instanËaneous heat flux passes

through zero and. becomes negaLíve at epproximately 4OOoeCtOC

or soon after the í"v.o. poÍnt" This in iÈself is not unexpected

since Lhe cooler incomíng charge would be expected to absorb heat

from the wal1; í,e. to ïeverse the dírectíon of heat flow"

Theapparentlyperplexingfeatureofallthedatais,theË

Ëhere Ís not an ínrnedíate reversal of gas-wa11 temperature dífference

consequent on thís negatíve heat flux. ThÍs gíves ríse to the

meaníngless negatíve cpeffícients observed'

Due to the aforementíoned theoretical phase lag considerations

'ít seems obvÍous Lhat an ínrnediate and símultaneous change ín the

dfrectlon of heat flux and drfvíng temperature difference cannot

take place" As the drívíng temperature difference becomes smal1er,

so oscíllaËions are inËroduced inËo the exPerimental heat transfer

coefficÍent curve. These become noticeable disconËínuities when

the gas temperature drops below wall ÈemperaLure (e.g. see Fig, (52) )"

Some doubt \^7as Èherefore cast on Ehe mean measurements, especially

Ëhat of heaÈ flux"

consÍdering the data for Fig, (47), íf negative heat fluxes

r^7ere to be avoided, a mean value of 67.0 BTu/ft2sec would be

requÍred insËead of the value of 30.0 used.
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Fíg.(s3)showsacycleofheattransfercoeffícíentwhenthis

artífícially high value of mean heat flux is used'

Heneín (3O) does show a heaÈ transfer coeffícient cycle of

almost expctly this form wíth peaks of practically ídentÍcal

magnitude. However, his computatÍons lüere carríed out by desk

calcul-ator from ordinaËes read from polaroid photographs of the

varíables at only 68 points per cycle' Furthermore he appears

to have ignored the phase dífferences when eomputíng the cycle of

heat transfer coefficíent from hls dat¿'

Sincethegesandwa].1temPeÏaturesusedbyHenefnweremuch

the same as those usçd 1n Èhls lnvestlgation, his mean heaË flux

wouldneedtoessumethehlghvalueaboveinordertoobtain

posltive coefflclents over the cycle' This value seems to be

impossíbly htgh compared to Èhe measured sËeady-sËaËe heat flux

when conservatívely correcçed for heat leakage into the probe

throughËhefasteningend.Also,thevaluesofmeanheaËf1ux

reported herefn are of the order reportgd by overbye (33) and

BenneÇhum (39).

ItísalsologicalËhatpartthroËtleoperationwouldgíve

risetolor¡ermeanvaluesandprobablywiderswingsËhanfor!ü"o,t.

Alargenegativeheatfluxwouldthusseemprobable'butthis

Ís incompatíble with the observatíon that bulk gas temperature is

aLways greai-er than wa11 temPerature'

\{nen the mean wall temper¿ture is artíficially adjusted so

lhaË wall Ëemperature does become greaÈer than the gas temperature

during the negatíve heat flux period Ëhe resulting heat transfpr

coeffícíent is shown ín Fig. (S4)' This can be seen to again
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contain díscontinuíËíes over the inductíon-comPression phase.

The periodfõiËy of the díscontinuíties seems to be quite well

defined at between I2O and l30o crank angle"

It would appear to be more Ëhan a coincidsnss itttát compensaEed

hot wíre anemometer measurements of instanËaneous mAss flow rate

carried out by Horvatin (32), L965, for a motored engíne show an

exactly símilar Pattern"

A cycle of mass flow rate as meesured by Horvatin iS re-

produced in Fig. (85)" It can be seen that the similarity to

Fig. (s4) is pronounced. The firsË half of the cycle shows a

contÍnuous variation whíle the second half exhibÍts violent

oscillatíons of approxímately 1200 period.

Thís coincídence emphasises the need for ínsÈantaneous gas

velocíÈy measurements over the fired engine cycle símultaneously

wiÈh Èhe informatlon recorded in thls sbudy.

A rather conJecÈural phystcal explanatfon for the variatlons

of heaÈ Èransfer near Èhe wa1l observed in Fig" (84) Ís as fol-lows:

(t) soon after í.v"o" the new charge is inducÈed and begíns to

rapídly cool the gas in Ëhe maín core" The new charge

also acts as a vasE ebsorber of heat from the walls and neË

heat f lux becomes rrnegatÍverr.

(2) Compressíon begíns to reduce the flow of heaÈ from the wa1ls

Ëo the gas soon after i.v.e.

The discontinuíties in thís part of the cycle may very well

be a result of velocíty flr.rctr:ations penetrating the boundary layer"

Alternatívely the rapid rate of decrease ín layer Èhíckness ítself

at rhis rime (see Fíg. GZ) ) may be a contríbuËÍng facLoÌ.
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(3) Lt seems an anomaly that the heat transferred to the wal1

should rapidly decreêse agaín during the compression sËroke

(2) - (3) buË as rhe pisÈon crown approaches cTDc ÍÈ comes in

close proximíÈy to Èhe measuri4g point and an alternaÈive path

becomes evalLable for heat transfer from tþe regiont

(4) Igrlítlon arrests heat transfer from the walls and eombustÍon

reverses the flow of heat untll spon after CTDC.

(5) Aç the písÈop begi¡¡s on the expansion stroke tþe burnl-ng

gases 4re expospd Ëo a progressívely greeËer wall area dnd

9o Ëhe.rspgcÍfíc amount of heat transferred Êt the measuring

point at first {roPs raPidlY.

(6) flowgver, thís Ërend 1s again quickly feversed as çombuÞtion

proguesses (or perhaps due to afterburnlng) and the heaÈ

Çransfer to Èhe wa1ls reaches a peak fínite valUe at approxi'

mately Çhe e.v.g. pgsition when a steady çontinuous drop ín

gas-wall heat traqsfer occurs due to mesq efflpx end the cycle

retuTns to (1) above.

IË should be stfessed that this explanation ís purely arbitrary

and a more rigorous study should þe made of the inter-re1atíOnship

between Ëhe variables over the various phases.

Several mÍscellaneous heat transfer coefficíe4t cycles are shorr¿n

ín Figs. (86) to (97) for w,o.t. knock-zone condítíons at 7':1 ç.R.

FÍgs. (96) and (97) illuotrate the pronou4ced delay and reductlon in

heat transfer caused by retardíng the ígniÈion from thg MBT poínt.

It can also be seen thaÈ the w.o.t. data both for the experi-

mental heat transfer coeffícient cycle and for thaË synthqslsed by
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pfriem's method, (Figs " (g4) and (95) ) do not display the pronounced

peak at e.v.o" as did tlne L/'4 w"o.t. data"

6,4.4 Fíred ne Cyclic Traverse

Further líght was Ëhrown onto the occurence of negatÍve heaË

flux over the inductÍon-compression phase when a cyclíc gas temPera-

ture traverse \^7as performed near the knock-zone wal1 in the firing

engine" The results of this traverse are presented in Fig' (98)

From thÍs figure Ít wÍ1l be notÍced Ahat at 4O0o ACTDC or very soon

after i"v.o,, Èhe gas temPerature near the wal1 becomes greater than

that further away and remains so over the whole ínlet phase, Thus,

during thís phase for the layer from 0"o00rr to o,075rtit appears that

heat ís transferred away from the wall in the gas layer"

The observation that the gas temperature at the wall ís greaËer

than the wall temperaËure appears to be due to experímental error

since a stagnant gas pocket may be formed when the thermocouple is

wíthdrawn to the wall"

Also,thewa11-Èhermocoupreradiationerrorislikelyto

increase ín thÍs PosÍËion,

However, the notíon of 'thoË gas pocketstr has been proposed by

previous r^iorkers to justífy Lhe peculiarities of their heat flux

measuremenÈs e.g, (29)" (33)' (39)'

Knight(zp)wtroalsoobservednegativeheatfluxesfromhis

experíments on a díesel engifiee suggesËed that these may be caused

_J
-I t)d
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by a mass of gas being compressed and expanded againsË the wal1

surface thermocouple wíth a loss of heaË greater than Èhat experienced

by the main body of the gas.

Overbye (gg) and Bennethum (99) o¡served simílar effects which

they attrÍbuted to either two-dÍmensional heat transfer to the probe

oï to the exístance of a sÈagnant hot gas layer aÈ the probe position"

sÍnce a cyclic gas Ëemperature Ëreverse for the InleÈ region,

Fig. (99), exhíbíted no such reversal of gradÍent near í.v"o", the

phenomenon observed Ís probably characterístíc of the knock-zone or

stagnant' end-gas' region"

AnoÈher possÍble physical explanatíon whích could be put forward

concerns the possíble catalytic action of deposits on the adjacent

gas layer,

Bennethum (39) reported that the Ígnítíon temperaËure of

deposits noË containing phosphorus could be as 1ow as 750otr'. The

deposÍÈs observed on the knock-zone probe !üere certainly quÍte

different to those at the Inlet posítíon opposite" The latter TreTe

usually blaek, soft and thÍck, wiïíle the former urere greyísh-whÍËe,

hard and much thinner.

Thus tshere Ís the possÍbil.íÈy of a hot gas layer due to deposit

glowíng" How,ever, sÍnce an effort was made to keep the probes

deposi"L-free Ín c¡rder not üo affeeE the steady-state heat transfer

to the calorimeBer, Ëhís possíbiliEy was noË investigaËed i"n detail"

CorrelaEions

Due to the disa.ontÍnuiÈies observed in the experírnenÈal heat

transfer coefficíent oyer Ehe índucÈÍon and compression strokesu

correlaËions l^iere only attempted for Lhe conÈínuous portíon of the

6"5
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!üorking Phase'

These v¡eÍe as follows:

(r)AcorrelatíonbetweenexPerÍmentaldataandthatpredícÈedby

Annand'sequaËionrequation(22)'TheNusseLtNo'wasdefined

for thís PurPose as:

r.¡here pisËon díameter (ft. )

instantaneous exPerímental heat transfer

coeffícíent (BTU/hr. tt2¡'o)

and (Re) v
Pm 4'.ru

(Nu)

h.I

(hiD 136
p

ooKs)

Dp

D
P

where V mean piston sPeed (ft/sec)
Pm

o.7 3

4 gas densi-ÈY = 0' 00169 (PlL4'7) (lbl fÈ )

gas míxture dynamic viscosity (AppendÍx A2)'4g
(lb/ ft. sec) '

Nole: the above mixture properLies are noË sÈrictly applicable

to this part of the cycle but are used in the absence of suitable

data íncluding the products of combustion and probable dÍsso-

cíation effects.
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(3)
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This correlaËion is plotted in 1og-1og form in Fig' (100)"

For the daËa of Fig. (19) an exPonent of 0'5 resulted for

thÍs phase compàred to Annandl s 'value of O'7 '

When the insËantaneous piston velocity vras used instead of the

mean piston speed ín Reynold's No', the resulting exponent

Fíg. (100), \^tas 0.33 which agreed with Èhat given by Eichelberg'

Kadrinovrs theory (equatíon (62) ) was used at 10o intervals

over Ëhe expansíon stroke" The number of degrees of freedom'

n, was calcurated from the specifíc heat data (Appendix A2) at

the corresponding ÈemPerature and pressuÏe for each point'

It was thought that since Kadrinovts formula represenËed

conductive heat transfer only, a better correlatíon for

convecËÍon might resul-t if this value for h were subtracted

from the exPerimental value'

i'e' h.oot. = (h"*pt' - hKtdti"ot')

However,

(Nu¡ = t

Thus

the effect of velocity was still of the form

(n.)0"33 .

convectÍon is probably Lhe domínant mode over thís

(4)

part of the cYcle'

In order to examíne further the effect of h on conducÈion through

the gas, the following model was consídered'

hr= fcr)
(drz¿x)*
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(e/e¡ = ke (dr/dx)
g

and from experlmental measurement

h.
t_

= ( q/l
Tg-Ew)Í

thus, we can wríte:

h.
1

If we llot h,
]-

then the s1-ope of Èhe curve over Èhe various phases should

equal the value of the relevant gas thermâl conductívíty.

Thls does fn fact egree falrly well- duríng the compressÍon

phasewlththemixtureconductfvltydataapp,l.icableÈothis

phaee (Appendfx A2) '

Thus for thf s phaee the measured insta.nLaneousl: temPerâ'ture

gradfents ln the gas are verffled"

versus ,dT/dx.(r--rÇ/
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CONCLUSIONS

From Ëhe theoretical and exPerimental work presenLed in thü,s

thesís the followíng conclusíons may be drawn:

(1) In general, the steady-staËe overall and local heat transfer

measurements agree wiËh Èhose of prevíous workers for varÍation

in míxture sËrength, spark advance and fuel flow rate.

Local steady-state heat transfer rate \das found to be

proporÈÍonal Ëo (r.p.*,)0'2. This agrees more closely with

the formula of Eíchelberg who used an exponent of 0"33 than

wíth that of Annand who proposed an exponenÈ of 0.8.

(2) The experímentally determined quasí-steady heaÈ trânsfer co-

effícient breaks down during the'inductíon-compression phase of

the cycle by givíng negative and ínfinite coeffícients"

(3) These discontinuítíes !üere found to be the result of phase

differences between heat fl-ux and driving'temperaÈure dífference

The experímental evidence indÍcates that Èhe phase relaÈíonshíps

between the varÍables are more accuraÈely predicÈed by the Heat

Transfer CoefficienË ConcepÈ than by the Temperature ProfÍle

MeÈhod desplte the fact thaË the former theory assumes e constanü

heat transfer eoeffícícnt in its derivaÈíon" It was found that:

(a) A parÈícular harmoníc of the bulk gas temperaturc variatíon

leads the corresponding wal1 surface te.mperature variaEíon

by 1/8th of its period or 90o crank angle ior the fundamental

component 
"

(b) The wall surfaee heat flux variation ís ín phase with, and is

also a repliea of, the bulk gas temperature,
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(4) The trthermal layerrr thÍckness was found to very consíderably

over the cycle, being thíckest duríng ínductíon and thínnest

duríng compression, Increasíng speed and C.R. was found to

further reduce Ëhe layer thickness.

Good agreement was obtaÍned between the experímental

Ínstantaneous gas temperature gradíents and those predicÈed

by using gas míxÈure thermal conductívíty data.

(5) Thís trthermal layer thicknesstt appears not Èo be the true

turbulent boundary layer thickness but most likely rePresents

that of the rrquench layert' extendíng Èo between 0.200 and

0.400" from the wall. The díscontinuíties in the heaË

Èransfer coefficíenÈ \^tere less predomínant when the bulk gas

Ëemperature \^res measured outside the quench layer"

A sub-layer was detected withln Èhe I'thermal layertt under

moÈoring condítions at Ëhe Inlet regíon.

The thickness of thís sub-layer corresponds to the

equívalent aerodynamíc boundary layer Ëhíckness ín turbulent

pípe f low used by Kníght-'

(6) The cycle of heat transfer coefficÍent vJas found to resemble

closely the cycle of mass velocity measured by Horvatin ín a

motored engine" In bc¡tir cases large ampliËude oscillations

occur in Ëhe second half of Ëhe cycle havíng a period of L20o

erank angle.
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(i) The expanslon-exhaust sLrokes of the cycle showed a contlnuous

varÍatÍon of heat transfer coefficient wlth a maximum occuring

near e.v.o.

(8) Using Annandrs correlatlon ((Nu¡="(ne)*) over this phase, a

value for the expone4t of 0.5 is obtaíned.

lJhen instantaneous piston velocity ls used rather than

mean pfston speed in Ëhe above expression, the resultíng

exponent Ís 0.33.

(9) The values for lnstantaneous heat transfer coefficíent predicted

by Efehelberg's formulê are conFídeiably lower th4n those

measured experfmentally. Bettef agreement wfth experÍmental

velues 1s obtql.ned when Elchelbergrs formula ís arbitraríly

multlplled by a factor of 3 and the mean pfston speed is replaced

by the instantaneous pisLon'veloclty..
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RECOMMENDATIONS

(2>

The most imporËant dírectíon for further research ís thaË of

instantaneous velocity measuremenË símultaneously with the other

varíables recorded in thís investígatÍon.

Sínce velocíËy is a vector quantity this will be extremely

dífficult but local gas velocíËy measurement appears to be a

necessíty for further understanding of the insËantaneous heat

Ëransfer process. Semenov (3f) and Horvatín (32), report on early-

attempts at velocity measurement by compensated hot wire anemometers"

The method used herein for elecËrícal compensation of the gas thermo-

couple could be simulated numerically by writíng the appropriate

inverse transfer functíon ínto the compuËer progranme. This would

allow a greaËer degree of accuracy sínce Èhe thermocouple time constant

could be íncluded as a Ëime-varying function of velocity over the cycle"

Reliable loca1 gas velocity data would thus also greatly improve the

certaÍnty of knowledge of loca1 instantaneous gas temperaËures,

Regarding the apparent deficiencíes of classíca1 steady-st,at"e concepts,

it is of Ínterest to note recent advances in an allied fíeld.

Biot (61), (62) found that spatial distribution of heat flux ín

both laminar and Ër.¡rbulent boundary layers ryÍth streamwise EemperaÈure

varíat,ions hTas generally out of phase with the wal1 temperacure"

He also obse.rved Lhat the coneept of a surface heat transfer

coeffieient gave negatíve and infíníte values in this siËuatÍon"

ßú-ot physically explained this behavíour as beÍng a distorËion

of the tempereture fÍeld by fluÍd motion,

(3)
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Using variational príncíp1-es, he successfully extended the

Lagrangian thermodynamic equations of irreversible processes Èo

describe the transient convective heaÈ transfer"

This approach would also appear to poínt the way for further

advances ln the field of unsteady heat Ëransfer Ín engines.

Numerous applÍcaËlons of the 'MOVADAST data aequfsítlon system

re¡nein ln areas of study whÍeh were barely menËÍoned in ÈhÍs Èhesls"

Some of the more fmportant possibllítÍes s,eem to be;-

(a) Instrumentatfon of aIl three probe-locatLons' sfmultaneously

to record on the present three data channels el,ther gas Eemperatures

or wall tcmpereturee. This would provfóe, va,lusÞ-le''fnformatfon on

burnfng retes, flame velocftfes end regfonal" ,differences' The complet-

lon of a multfplex Bystem orfglneted by thle euthor would cnable

complete heet trensfer lnformêtfon to be obtafned from aL1 l"ocatfons

s fmulËaneous ly.

(b) A detafled study of fnstaÀ'Eêneous temperature gnadÍ,enEs fn Ëhe

quench layer may yíe1-d knowledge on the mrechanfsm of formatíon of

the exhaust contaminants thoughË Èo conEribute to aír polluÈíon orrsmogr.

Daníel (63) reported that both orígínal fuel hydrocarbons which fail Èo

burn and non-fuel hydroearbons produ,ced by cracking are formed ín the

quench layer,

(c) Unsteady heat transfer under rknockíngt combustíon would seem to

be a fruítful area for further work and the sensiLíve pressure

transducers deve,loped by Barden (41) eould be adapted Èo Ehe system

for this purpose.
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THERMOCOUPLE PROBES FOR ENGINE

GAS TEMPERATURE \ÍEA,BIJREWNT

I " INTRODUCTION

This report describes the construction, calibratlon and correctíon

of fine wire thermocouples used ín varÍous probes deeigned to study the

Phenomenon of Instantaneous Heat Transfer to the combuetlon chamber walls

of a spark ignllion engíne.

A brief resume of the study area Ís followed by a crÍ,tical survey

of alternative methods of temperature measurement leadÍng to justifí-

cation of a suitable method for this applfcatton.

The errors Ínvolved in gas temperaÈure meaeureßent ere explained

and those pertinent to this study are detaíled fn a sectfon dealíng

with Ëhe theory of çlement response to a step ehange fn gas tempera-

ture" A rnethod of thermocouple calfbration using a shock tube is

described.

This leads to a díscussion of methods used for obteÍning true

gas temperature from recorded wÍre temperatures. The lfmitations

of each method are brÍefly descríbed and examples of correcÈed

têmperatures are compared to those from Ëhermodynamic cycle oalculations,

froblems assocÍaLed with the choice of thermoelements includi¡1g the

juncËion and íts formation are described, together wiËh the d'eolgn of a

special welder for producíng frnpurtty. free mlnlature JuncÊl,ons.
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2

2.1

GAS TEMPERATURE MEASI]REME}üT

Methods of measurement of gas temperature cen be classified

as follows:

(t) Indirect meÈhods:

(a) by celculatlon

(b) fndlrect experfmental methods

and (2) Dfrect methods:

(a) Resfstance thermometers

(b) thermocouples

In thts section the advantages and dfsadvanteges of these meÈhods

wíll be discussed,

Lndirect Methods

2.L,L. By calculaËion:

In the engíne heat transfer líteraturer the perfect gas

equation (pv = mRT) has often been used to calculate cyclíc

"måss averagett gas temperatures from discrete tíme sampllnþ of

cyllnder pressure records. Thís method has the following

disadvantages:

(I) The effect of charge blow-by Past the piston rings can

íntroduce a signíficant error ín estimatíons of charge

mess aË TDC from that at BDC'

(2) The use of perfect gas laws may hold approxímately on the

compressíon stroke and late in expanslon buË durlng

combusÈion this ís obvíously unrealistíc.

(3) Pressure and temperature are boËh variables requíring

independent study ín unsteady heat transfer work, and

especially duríng conditions conduclve to rknockíngr combustíon
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(4) Pressure Índícator díagrams are often obtaíned by 'rpoint-

by-pointtt samplíng, which method provÍdes a psuedo-Pressure

cycle, thus maskíng cycle-to-cycle variations.

Different regions of Èhe combustíon chamber gas exPerience

dífferent temperature cycles as a result of local varíations ín

flow velocítíes, density gradients, and wal1 temperaÊures'

The use of a "mass everagert temperature calculated ín thís

menner, fs hardly ldeal especíally when use ís made of thís in

correlatlons with measured local fngËantaneous wall temPerature

and heaÈ-flux data

Indlrect exDerimentel methods

A comprehensíve examínaÈion of methods of gas temPerature

measurement Ín engínes rles rePorËed by the Co-ordinating

Research Councll (8), I960, viz Sonlc velocity measurement,

Iodlne Absorptíon method, Infrared Null and Sodium lÍne reversal

methods.

The latter three are all basícal-ly similar ín principle'

usuaLly requíring exÈensive engíne modífícatfons e.g" quartz

wlndows and special combustíon chamber rrpocketsrr, Calculations

of gas temperature are based on Èhe absorption of light or a

radíatfon source by the gas at various wavelengths correspondÍng

to the absorption bands of iodfnen water vaPour and sodíum

(flame temperatures) respectívely"

These all requÍre a lÍne of slght optícal path through the

g&s, giving rise to an averege gas temperature whích, due to the

unknown effects of thermal gradlents in Èhe gas near to the walls,

2.1.2
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fs found to depend on the devíce being used. The Infrared

monochromator method tends to gfve an average temperature

weighted toward the peak value.

The report mentioned above stãtes that the free stream or

peak flufd temperature can be estimated if some information about

the thermal boundary Layer thickness Ís avallable. A more

accurate appraísa1 of the effects-of gradients will probably

require at least a crude attempt to measure the temperature profile -

under very míld motoring condítions - with fast response thermo-

couples or resistance probes,

Another índfrect method of obtaíning gas temPeraËure is by

measurement of the sonfc veloclty between two probes in the gas,

(8).
A1-chough thls meËhod gíves a more localísed measurement, a

serfous drawback is brought about by the necessity Lo water-cool

the probe típs. Thís imposes an tartífícialr temperature

gradient across the acoustícal path thus ínfluencing the ges temPer-

ature.

A further disadvantage ís that due to límiÈations Ín data

acquisltíon techniques, all the above methods have used rpoínt-by-

poinË' or null-point sampling whereby only one gas temperature ís

sampled per cycle et a particular crank-angle, and a 'psuedo-cycle

is buílt up by sampling at dífferent crank angles over e large

number of cycles" Significant cycle-to-cyc1e varíations show the

desírabílity of recording all pertlnent experimental data simul-

taneous ly .
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Dírect MeÈhods

Resí stance Thermometers

As described in a Survey by Benson and Brundrett (10)' L962,

a greaË deal of pioneering work wíth fine wíres for engine gas

temperaËure measurement was done toward the end of the last

century(e.g.seeDonkin(tl),1893,Coker&Scoble(12)1913)'

Ëhe approach beíng Ëo reduce wíre size and thus Èhermal inertia'

However, íË was soon realísed that even very fíne wire thermo-

couples and resisËance thermometers had a finite tíme-lag,

Petersen (13), 1913"

InteresÈínfine-wireÈransíenÈtemperaturemeasuremenË

has renewed in recent years with application to compressors'

jetengines,pulse-jets,re-entryheatingandcombustíonstudíes.

Thís has lead to Lhe availability of extremely fíne wíres -

partícularly by the lüollaston process, Ha11 (14)' I96t - down to

0"000015'r Ø for use as resi-stance thermometers'

These have the advantage over thermocouples that a welded

joínt does not have to be made" Thus a resistance thermometer

can have a shorter tíme lag than a thermocouple of the same

diameter wire"

SËí11'resístancethermomeËersdohaveseveraldrawbacks

whenappliedtolocalÍnstantaneousenginemeasurements:

(I) The resÍstance \,0ire sensíng element needs to be longer Lhan the

eg,uÍvalent thermocouple in order to reduce end conducËíon temPera-

Lure losses to its supporËs" This effectively measures the

temperaËure over a longer fínite volume of gas than does a Lhermo-

couple, whích Lends to gíve a point measurement"
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(2) Also due to this ínherenLly greater length, resístance thermo'

meters cannot be made as mechanically strong as thermocouples.

(3) The wire materials commonly used for resistance thermometry are

platÍnum or Platinum-Rhodium, and Tongsten. Neíther of these are

entirely suítable for use in combusËíon chambers:

(a) platinum alloys and other noble metals encounter surface

catalytic effects in oxidÍsíng aËmospheres above 1800oF and

Ëhus suffer surface self-heatíng and changes ín calibration.

(b) TungsËen, although robust, has the dÍsadvantage of a very low

oxídÍsing Èemperature (830F); and a non-uniformÍty between

samples due to its complex method of manufacture. Thís makes

comparison between dífferent sensors uncertain"

(4) A more general objectÍon Ëo resisËance thermometry for the present

r^rork concerns the difficulËy of monitoring and recordÍng an

instantaneous bridge balance cu:frent and applyíng the ËemperaËure-

resísËance calibration for the particular length of wire being used.

To carry ouË thís process automatically is far more díffícult than

the simple voltage recordíng required for thermocouples"

These consideratíons have elimínated the use of the above

devÍces for the present appllcation, and the remaíníng possibí1ity,

the fine wire thermocouple, will now be díscussed.

.J¡r rl
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Tosumup;theforgoi-ngsophístícatedmethodsallsuffenfrom

the disadvantages thaÈ:

(t)TheyaveregetemPeraturesoverafÍnÍËe(sometfmeslarge)path

length, thus obscurlng:

(a) Gas boundary layer Èhermal gradfents due to conductlve

heattransferbeÈweenthemaÍngaslcore'andthe

contafning wa1-1s.

(b) Local temperature dlfferences due to gas veloclty

veriatlons and reglonal rhot-spotsr'

(2) In the optfcal methods, dfrty windows and non-equflfbrfum of

the radfaË1ng atoms wfth the gas can fntroduce errorg.

(3) point-by-polnt recordlng methods can mlsrepresent cornparfsons

of cyclic data.

Thermocouples

It ís known that wíres less Ëhan about O'00l5tr Ø wí1-1 respond

to englne gas tempereture variations:- Meyer & De Carolís, (15)

1962, and rhat wires less than about O.OOO5" Ø will probably be

- destroyed by combustion.

l.líthin these limítso therefore, Ehe problem is to f Índ a method

of correcting Èhe thermocouple signal for the errors inhcrent due to

Èhe finít,e size of the element, and Ëhe dynamic nature of the Process

beÍng measured.

some of the advanLages of the fine-wire thermocouple can now

be listed:

(l)ItcanprovídealocalisedpointÈemperattrremeasurement

suiÈable for an Ínvestígatíon of gas ËemperaEure gradients.
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A linear thermoelemenÈ (such as Chromel-Alumel) gíves a

self-generated output voltage Éírectly proportíonal to

temperature. This can be very easily displayed or contin-

uously recorded thus obviating the need for energised bridge

elemenÈs.

A high speed multichannel data-acquisítíon system ( 9 )

can be used to obtaln a comparison between simultaneously

recorded cycles from a number of thermocouples.

In thls fnvestigaÈfon, chromel-Alume1 was used excluslvely

for all thermocoupl.r*lb""t.tr" of lts llnear output and good

hfgh temperature stabllltY.

It w111 be ehown that 1f Ëhe junctlon fs made small enough, all

measurement errors become sma11, the most predomínant beíng due

to thermal inertia of the element, for which correctíons may

be applíed.

It ís not possíble, for mechanical reasons, for layers of

soot to form on fine wire thermocouple beads (Ref. (tO) ).

This was borne out by the present work.

rk Those used in this investígation are tradenamed:

ttThermocoaxt' måde by SocíeËe Anonyme drEtudes et
RealisatÍons Nucleaíres, France; and rrCeramotr made
by Thermo-Electric Co. , Inc. , U. S. A.
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3. ERRORS INVOLVED

A thermocouple jr-lnctíon may not attaÍn the Èrue temperature of

the surrounding gas for the following reasons:

(1) 'Tncomplete reeovery of the KíneÈíc energy of the gas stream:

(2)

.t

Total gas temperature = Statíc gas temp. + RV'/2gJCp

where R = recovery factor

V = gas velocíty

I - gravitaËíonal constanÈ

C - specific heat of gasp'
J = meehanieal equivalenË of heat

i.e. this error varies wíËh the square of the velocity and

inversely wiËh temperature, since CO increases wíth temperature.

However, even for an expected gas velocíty of 4OOft/sec,

assuming R = 1, and say T, = l2OOoF thís error is only:

(40Ð2/a+.4 x 778 x 0.28 = 11.4oF i.e. about 1%.

ConducËíon heat transfer t,o and from the probersupport.

Hunt (17), 1959 states that with fine wíres supported

by heavy leads this error can be reduced to less than 17.

by making the disËance from the supporÈ to the junctíon ,at

least 5 tímes wíre díameter.

End conduction error is not a problem with thermocouple

juncËíons of the type beíng used. (See Fig. 25).

(3) Líkewise, Radial temperature gradients in the wire have been

shown by Benson & BrundretË to be negligíble providing

thaÈ the wire diameter is of the order of 0.001" ø.
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(4) RadÍatíon to and f the surro

It has been shown in many previous studies (1)' (2), (f5)

thaÈ the radiatÍve mode of heat transfer from the combustion

gases of a peÈrol engine is negligíble compared Ëo the

convection mode and Ëhis is a working assumption of this

thesís 
"

Both (10) and (15) repo

chamber walls gíves an error of only 2-5og for a 0.0015" ø

wire for typical gas and wall temperatures of 932oF and

572og respectívely.

Thermal capacíty or Ëhermal inertía of the junction - Ëhis

Ëogether with rate of temperature change and heaË transfer

coeffícient to the wíre-determÍnes the thermoeouple

response or lag time,

This is by far Ëhe mosË signifícanË error and it wíll be

shown ËhaË this can be approximately corrected for.

rt that radiatíon from combustion

(s)
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4" THEORY OF ELEMENT RESPONSE

Consider a strà'ight fine wire element ,v'., ,cr

L
Consider an energy balance between the convective heat Èransfer

to an elemenÈ of length of wíre and the rate of accumulation of heaÈ ín

that element over Èhe time ínterval 59. N.gfect conduction temperature

gradienÈs withín the wire and also neglect radíatíve heat transfer,

then: Heat input .,_ -
from gas '1ní lt]-re

where h

1e hA(Tl - rw) = MC dTw .tgg \d dv
convective heat transfer coefficíent, gas-wire

surface area of element

total gas t.emperature

Static gas tempereture

wire temperature

mass of element

specifíc heat of elemenÈ

time rate of change of wire temperature.

A

T

T

oð

E

rJ_

m=

T!', =

c-
Ii7

dTw/ag =

hrDL(Ts+vz /zetcn) "Se

Thus,

or

(r+v2 lzelcp - T!ü) =

and iÈ was shown in SectÍon 3

neglígibl e,

=(,n ozrcls. (dr!ü/dY )" 8g

* ,tlr," (dr!ü/ ds )

that the recovery of kÍnetÍc energy is also
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í"e. T - T + -/cn"I^7 ' 
4h

dr ldv
\^t'g

or T- -T +^ú" dT./dVg \^7 - \^7

where t =4CO. is defined as Ëhe thermoelement time constant" The
4h

dependence of Í on the gas-wire heat transfer coeffícient, infers a

dependence on gas velocity whÍch is not accuraÈely known over the cycle 
"

This ís discussed later ín Sectíon 7.1.

The thermocouple tíme constant ís thus defined as the ratio of the

heat capacÍÈy per degree temperature rise to the rate of heat ínput per

degree temperature difference between Èhe gas and the wÍre, This can be

determÍned experimentally by a number of methods, one of whích, by shock

Ëube tests, ís detailed ín Section 8"

The above reasoning may be applied fc¡r a beaded thermocouple junetion,

but the constant resultíng in the expressíon for ! above will be different.
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5.1

z3 4

CORRECTION METHODS

To calculate Ëhe true gas temPerature from the recorded wire

temperature variation, the followlng methods are avaílable:

I. The Single l^lire lterative Method.

2, Two-wíre Methods.

3. The three-wire Method.

4. Network CompensatÍon.

Single wire íterative method

Thls method Ís usually only successful in flow condÍtíons where

the heat transfer coeffícient to Ëhe wire is known. It requÍres

that the gas velocity 1s known throughout the cycle, or can be

calculated from recorded gas pressure and ËemPeraËure' (e"g" by the

method of characterlstícs) '

Alternatívely, an estimate of heaË transfer coefficient can be

made from steady-state data for flow over small cylinders.

(Spangenberg (tB) ).

However, KudryavsËev (19), 1961, \^7arns that this approaeh is

unreliable as the steady-sËaÈe heat transfer coeffícíents are not

the same as those obtaíned from sÈeady-state experimenËs.

velocíty measurement in the combusÈion chamber ís exÈremely

díffícult, the compensated hot wíre method of semonov (21), 1956,

coming closest Ëo direct local measurement, however thís is not a

workíng laboratory instrument at present.

Even prediction of instantaneous gas velocíty ís fraught wíth

difficulty, the use of PísËon Velocity as an approximaÈion beíng

unrealistíc due Ëo unknown gas swirl and valve moLíon effects"
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Thís also precludes the use of the method of characterístics

which would give planes of constent velocíty at any dísÈance fnom

Èhe plsÈon Í.e. rrslugrr flow. Hence thts method was not ettempted.

Two l{ire Methods

I{lres of different dfameter

Thfs method follows that of Aftelton (16) (thermocoupl-es)

and Benson & Brundrett (1o) (Resfstance thermometers). The

derivatfon ls the same for elther conffguration, the method making

use of two elements of dffferent dfameter, but same thermål

propertfes (thermal capacíÈa"". ( C"., )"

From equation (1 )

TS=Tw " *, lw) .d-r*
ãõ I (5)

1c-JE, = -l-w? dTwzl

--I
deJ

+ (()

These equations show the fallacy of merely attempting to

extrapolate Ëo zero wi-te diameter, as do Fishenden & Saunders (ZZ),

because thís neglects the imporËant raÈe of change of temperature

ferm,

As we have only 2 equations with 3 unknowns (two unknown heat

transfer coefficients and one unkno\^7n temperature); a further

expression is requíred"

Aftalion ( i{¡) assumed that the gas-wire heaË transfer coeffÍcíenÈ

could be expressed símply as a funcÈíon of Reynolds No, í"e" for a

cytínder exposed to contínuum f low: (N'^) ** h- [R;y' (P")- <?)

),
D

4
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AfËalion further assumed that for engine exhausË

gases (Re) fluctuates between 30 and 600 and that

: (ru*) = 0,Ò68 (R"f 
*: (P,.)o"o (s)

But Benson (20) poínted oht¡thåtirwthh :üheewíre

síze commonly used for thÍs method, the wíre diameter

is of the same order as the gas molecular free paÈh

and Itslíp flowrr occurs"

Thus strictly the Reynoldrs No" (Re) should be

replaced by Ëhe Knudson No. in eguations (7) 6, (B),

However, Benson aetually used the expression

(N.) = A (RJ-' (e)

where A & m are constants.

Thus the heat Ëransfer coefficient to the wire

n le /vp\h
-\-t
D \\/h

anrl for two wíres, the ratio of heat Ëransfer

coef f ícien'Ls ís:

(1 0)

(11 )

(r2)

h,
E, (B) l-rn

substítutíng, (11) in (6)/(5) gives:

-T-g 
=Tw, +^T

where

o':[Bit:{(?l=.Fu" /e),#J] - r

Aftalion gives an example of a two wire calculation

usíng (12) and wires of 0"002rr and 0.004rt díameter.
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It wíll be shown later that this meËhod has no advantage over

MeÈhod 2.4 due to the assumptíon of the constant exPonent rm?"

Further, Benson & BrundretË poinÈ out that this method gíves

scattered results and propose smoothing out the measurement errors

by means of the 3-wÍre techníque.

The scatter ínherent ín Ëhe two wire meËhod ís a direct result

of the methods used to evaluate the derívaÈíves 4T%e,

I. Estimatfon of the tengent aÈ a point by graphlcal means for

whlch great accuracy 1s requfred.

2. Calculating the chordal slope between adJacent points on efther

sfde of the polnt requlred (Secant method).

Chístyakov (2?) críticíses both these methods as being fncapable

of satisfectory results, and reconunends differentiating the

functÍons for the temperature cycle of each wire expressed ín

Èhe form of a Fourier seríes (The functíon T(01 always satisfies

the Dírichlet condítÍons). This method ís used in the

present ínvestigation and allows Ëhe derivatíves to be deter-

mined \,rith a high degree of accuracy"

tr{ires of different diffusivíÈy

The method of Kobayashi (7 ) L937, appears Ëo be fundamenLally

more attraetive than the method of Aftalíon.

Kobayashí recognised the need for thermal lag (atËenuatíon &

phase) correctíon even for wires of 0"0005rt and, probably following

Ëhe suggestion of Pfríem (24) 1936, carried out exPeríments usíng two

wires of the same diameter but wíth different thermal diffusivitíes -

("," =W).



238

This method has the distínct advantage that íf the wíres have

the same surface smoothness and emissivíty, then the heat transfer

coeffícÍent to each wíre ís the same. i.e. only two unknov¡ns

h & T_ remåin and thus only two equations are needed for a solution.
g

Note thet thls method enables the gas-wire heat Èransfer

coefficlent to be determined whereas by method 5,2, I any attempt to

do thfs results ín consíderable error.

Kobayashi gave the derivation both for an infinítely long wire

and for a resistance element of flnlÈe length, gíving also

correctfons for radiant heat transfer.

In his experiments he used resfstance elements of pure platlnum

(4= 0.0865 cgs uníts) and of 90% Platínum, l0% Rhodíum '

(o(= 0.O96 cgg uníts) wíth apparenËly good results.

5.3 The Three-l¡Iíre method

ResËatÍng equaËion (t ) Section 4.

Benson & Brundrett contínue as follows:

i-r *-y1 -T I = | f/. CD\ ^ dT*
Lrs 

*ffi, - '*J = T \ *ã 
)*' Te

( ñ' \, -=

bÞ
tÞ-

r^ ï\
T<;

a. (Nò= A(R=)-Sínce

then



I

tr
D

tb A
.as
4-vzo)

(
P3s

(r3 )

or

in(r)+fE -#".0-r*l- { rrg\ . d-1-- I
D) L\ 4 )* dÞ j

D

R=A v39

and under a given set of condítions they assume that

-v , --( tÁ, C*, Cf -, [a g-A

are constant and at any instant, neglectíng the recovery term:

\ = -Tt* + B. Dt-T ,B = copsrxxlr (\4)

Benson & BrundretÈ thus maíntaín that by plotÈíngTW as a functíon

- ¡3'm dT*of D " ft at each poínt in time for Èhe 3 wires, a straight líne

should result with an íntercept at Tg (See Fig. 1 )'

However, ettractive as thís method míght seem, it contains a

very seríous difficulÈy: namely thaË Èhe exPqnenÈ 'mt is unknown,

varying over the temperature cyc1e. Benson & BrundreÈt recogníse

thís and state that the exponent 'm' strictly varies wiËh (Re) &

(Kn), but D2-m ís not sensitíve to small changes in 'm' as m11.2,

I¡ their example they used a constant value of rn but did not

give lts magnitude.

It wílI be shown ín Ëhe nexÈ section that Èhis ís a major

discrepancy the effect of whíeh is to render the 3-wire method

redundant,

dtwfs



6. DIFFICIILTIES IN THE 3-!,IIRE SOLUTION

6"L The 3-wíre TemperaËure Function

240

c

D.= D
Dn

Tc= C

rrom (ta) I

ig':T*+KD"-*
whe; 

:/\\- /*c*\ \vie"4n$

df*
de (N,ra r.n r.lnKnown)

D¡ =d
Þq.

A = a constant; and for a beaded

thermogouple (not butt welded),

the facÈor in the denominator

ís not necessarilY = 4.0).

Now, following the simplifying notation of C.H.J. Daft (25)' 1965

íf the 3 wires are designated

d

of diameter

& of rates of change X

Ëhen substitutíng in equatíon (14) gives:
T = A+KX

È=l

of temperatures f,=A Tr-B

dl;
ile

dr¡
de Y

b

t-dtc-z
de

T =Bì_kd"-Ty
T._C+KD"-TZ

('.Þ d'-*: ïyL + (z-,n¡ lq_d =/€tç+l
('/> f'= ïÉ -+ (z-r"¡/sD =q[(r:sl]n= ]
(2*iþ : øntÉl' /€d Eltl
(Ð* K=+ r^Qo):-

f.c \
T-A J

('s)

(.)

(')

(e)

(,

Go)

t(
(

lqD
@-

: ,ln

#l'+J



2 41,'ffi.b|î(P*)l ={qt'= t-¡

The following ís the authorrs continuatíon:

Now if Iog D/ log ís written = n

.n* 
&[oy(P-^l^ = %lL'(rn-J

(")

(22)r-B
T.A)l=[i(

(#)1 (å)

h

& the RHS of (22) can be written as

n

(23)

Now ignoring the trívial solutíon T = A, & cross multíplyíng (22)

lÊq \
\r-n/

O-n)n-'

(T-A l^-'

i"e.. ï*, =lÃ-

[i F-BT i i'(+l
thus, the 3-wire Èemperature functíon is'defined according to

to the above terminology as

ç24)

The numerical solution of this functíon was attempted by varíous

methods as follows:

6"2 NewËonrs lEeraÈion

F(Ð = (+)'-'- (#)"' (É*)= o

& rrom,'o,Ft 
)-F,*, (r+f-t_i"H .þ-{p-)Ì
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for t,he first íterat.íon say To = A, as the fínest wire wíll be

clôsest to Ëhe true gas temperature

t . .. F(rù

& n'ft)
& since

lÁ*,

then -¡ = (ñ(n-z¡ +Ac(r-n) +2AB -w)/("(o-)-(A-B)

G_ FC)
Fr(Ð

..r(T)=
e F'(rl=

etc,

This procedure üras programmed and an íterative solutíon fotT

attempÈed on the CDC6400 computer of the University.

This was unsuccessful, however, due probably to the

fundamental ill-conditioned naÈure of the 3-wÍre Ëemperature

functÍon.

This ill-conditioning can be demonstrated by considerÍng

Ëhe following example:

From (22)xh=el 
= {fr*,î}.Z \l-a

ín particular, if n = 2 (varíous actual values used for n I¡Iere

1.58, r,67,2.25 & 3.30).

rhen: læl -- x (r-g)'
\ z / l(r-Al

, 
'. (-.Xt-o)y'- xu (r-el = þ

'(vexz)r'-(n+c)vr zxzfli *L¡.y'-xza'] - o
(Lbc

& 7 - (-bf -44c )/"o

In generalrterms (a),(b) and (c) wíl-l be very small leadÍng to
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6,3 The Bolzano BísecÈíon MeËhod

It was suspecËed that Newton's iteraÈíon method.could be un-

reliable with the temperature functíon being used, so a method

which would always converge to the roots of the equation was sought"

In order to choose suitable'begínrandrend'poínts for this

Íterative routíne, an understandíng of the relatíonship between true

gas tempereture over the cycle and the corresPonding temperaËures

and rates of change of temperature of al-1 three wires \"as req;1red.

The seÈting of, these lim1Ès is shown 1n a decision charp"

(Fig. 2 ¡ "

These decÍslons are undersÈood lf 1t ls borne 1n mínd that

true gas tempefature must always be greaÈer ín mågnltude (+) than

the temperature of the finest !üíre' and must lead thfs wfre Èempera-

ture ín phase angle. Símilarlyr the other wire temperatures must

show an aËtenuaËion and phase lag wíth resPect to the finest wire'

The computer subroutine for thís method is shown in Fig. caq) )

Appendix A{ . Unfortunately Ëhis method was also still unworkable

over the whole cycle probably due to a data inconsistency discussed

in Section 6,4,

Meanwhile, a further method was devel-oped to solve the 3-wire

problem tdirectr from the Fourier coeffícíents representing each

wire temperature cYcle.

Thís method, gave a useful Ínsight ínto the shortcomíngs of the

3-wíre method as applied to the particular set of data beíng examined,
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6.4 Calculatí on Dírect from Fourier Coefficients

slnce a computer Fourier analysis was performed on all recorded

data (Ref. (9 ) ); it was possíble to exPress the 3-wlre equatíons in

terms of the modul-us and phase of each term of the Fourier seríes '

The true gas temperature was then found by Èhe least squares solution

of two símultaneous equatíons.

From6.1 T=A+KX (15)

T=B+r¿2-\ (r6)

T=C +llo2-mz

Now by definition:

T=Aatwt=o(

T=Betvtt €
=) - (25)

T=CatwÈ=K

Let T = P cos'sËr+ Q Èin wt

4=lcosd+Qsin(

(17)

where A, B & C areraodulí

"¿,ç,õare phase angles of
a given component of the
Fouríer series for each
wire in order of ascending
diameter.

(2b)

r,shere T = true gas teîPera-

ture at any time Ín the eYcle"

)
)
)
)
)
)
)

then )
)
)
)
)
)
)

s=pcosÊ+QsinF

c=Pcosl+Qsin[

("^t)
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lçen.l let I

(Por^ * + Qsrn<-A)'

(P..=F tQs^P-B)"

(Pc'sY + Qsr.'Y -t)'

2
RA

R.t

7
RB lza)

(2e)

(30)

(31)

The conditíons for ä leaF

squares solution are:,
G>¿1R71òP- o

k þ)ò:¿R?âQ=oI
I
J

and this requires Èhat both

Pccs"< +Qsns(,(b5'. - Aç6c<
* P.*"P +Qs^Fccs Ê - I ç€sÊ
+Pcca=U +Qs,",Uc¿sX ;C cøsX

&

P.os*s.r'r + fti.,? - As,no(
* P"nspsrn F i Qsrri F -8.,", F

+ PcaeYs,,,^Y +Qsr"3f - cs"^ð

)
)
)=o
)
)

)
)
)=0
)
)

í"e" (30) and (31) have two unknowns, ? & Q, for whích they

can be solved and then the true gas temperature is gÍven by:

T=P<ps!'tt + Qsinwt

From thís derivation ít transpíres that the only criteríon for a

aolution ís that A, B & C and c(, F * X should be in the

logical order according Ëo the respective wire diameÈers 
"

For corresponding harmonic comPonents of the temperature cycles,

when progressing from the fínest Ëo the thickest wire, the

(32) AÈ any
crank angle
0/= wt in
the cycle.

-(
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ModuliandphaseanglesshouldbedecreasíngandíncreasÍng

respectively wfth resPect to those of the finest wire'

This procedure vtas Progranrned ln the sub-routlne gíven ln Fig'

(3b)AppendixA4.UsingthisíËwasobservedfromthetempereÈure

recordsofthe3-wiresundermoËoringconditlons(Fies.4)thatthls

criÈeriawasnoËalwayssatisfiedforallharmonícs'However'tt

wíllnowbeshownthatthe3.wiremethodassolvedbyprevious

investígators (2o), (lo), (26),' is not advantag'eous over Lhe network

compensatÍon method'

"{
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7 TITE NETIíORK COMPENSAT ION METI1OD

7 "r General-

If in equatlon (l ) a constant exponent is used' then we have

Tg = Tw + ¡1. drw/dÞ (33)

where ¡l i, a constant for each wire' and it can be shown that

B1 =T = (t%a >*

and (33) becomes identical to ( 2 ) in Section l '

1.e Tg = Tw +T .d¡wldy

In this case' if Y ís known' the necessary correction to

recorded wire temperature can be convenienËly províded by an

electrícal network,

In general, a thermocouple junction has a transfer funcÈíon

corresPonding Ëo thet of a símple time-lag network' i'e' the

voltage outPuE of the thermocouple is ettenueted from and lags

behínd the gas temperature input' Thís can also be seen from

thefrequencyresponsecurve(magnítuderatioMR)ofathermocouple

(Tig. 5 ) which shows that above the cut off frequency of the thermo-

couple (fc = Il2Í1ry), higher frequeney comPonents are attenuated"

A phase plot wíl1 similarly show increased phase lag of componenLs

above this frequency"

-(
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If,however,thevoltageoutPut'ofthethermocoupleísrnodifiedbyan

electrical network having exactly the inverse'transfer function of the

thermocouple, then the resulting combined response is constant to a

much higher frequencYr' (Ffg'5 )'

This ímproved response is gained at the exPense of an overall

attenuatíon and the ouËput sígnal level is reduced by the same

factor (rj which extends Ëhe cut-off frequency'

Thisístheonlylimlttotheextentofcompensatíonrequiring

high gain-Iow noíse preamplífiers in thís applicatíon'

Thus Ëhe comPensator can be thought of as a low frequency

attenuator achíeving an improvement in the response bandwidth by

electrically solving equatíon (2O) ' It provides a signal output

proporËíonal to the gas temperature by addíng a correctíng signal

proportíonal to the rate of change of wire temperature to an input

sígnal which is proporËional to wire temperature (27)'

CompletenessofcomPensationofdynamíctemperaturemeasurements

bythismethoddependsontheassumptionthatthermocoupletime

constant is knor'un and constant over the cycle'

Itisdoubtfulwhetherthisissointhisinvestigationdueto

varÍationinheattransfercoefficientfromthegastothewíre,as

the velocíty varíes over the cycle"

Thusthesameproblemariseswhichrestríctedthe3-wiremethod

(Section 6 ).

However,inareeentreference,SÍmbirskiy(zB)1965'reports

thatr-['eanbeassumedconstantoverthecyclesinceíLbecomes

independentofËheheattransfercoefficientwhenthegasvelocityís
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high.AccordingtohisexPeríments,thísconditíonÍsfulfilled

over an engíne cYcle'

i rtris latËer observation is also verífied by the cyclíc

velocíty calculations of Kníght (2>) 1965' for the maín chamber

of a modern hígh-speed diesel engine'

Al-thoughanenergybalanceforapetrolengínewouldnotinclude

theinjectÍonvelocityterm,asimílargasvelocítyhístorytothat

shown by Kníght could be expected' Thís has been reproduced ín

Frg. 6, from which ít can be seen that gas velocities remain hígh

(typically 4OO ft/sec) for the majority of the cycle'

Followingthísobservatíon,experimentalvaluesof't'aSa

functíonofgasvelocity(aír)fotao.o0ll'@thermocouplearegiven

byCarbonrg!-e|(Qo)1950.Thísshowsthat-fdoesínfactremain'

sensíbly consËant for velocitíes in excess of approxímately 100 ft/sec

for wires of this síze.

Hence,basedonKníghtrscalculations'thepossíbilityofmis-

match between the corrector and thermocouple ís líkely only for some

loo crank angle quite early in the expansion stroke" since fínal

graphícal results for all measured data were to be plotted at äioo

íntervals, the error effecËs of mísmaËch were considered to be

insignifÍcant.

ItísthussubmítËedherethattheerrorinvolvedinusing

electrical compensation with constant ís no greater than that of

the 3-wíre method with constant m' Further' it is a símple

techníqueto.useandtheprocessingandanalysingofthegastempera-

ture cycles Ís convenient as they are already in correcËed form'



250

This gíves the method a definite advanLage over the complex numerícal

correctlon requíred for the 3-wire method'

The network approach was pursued in the followíng stePs'

7,2 Ana SímulaLion

UsingtheDepartmentalAnalogComputer(HeathkítES200)'a

network!üessetuptosl'mulateathermocouplerespondingtoa

simulated ''true gas temperaturerr ínput sígnal. (Fig.7 )'

The freqtrency of this ramp function ÍnpuÈ coul-d be varied

to coveL the workf.ng range of the fundamental engine thermal cycle

<4-20 cPs)"

FollowfngthesfmulaËedthermoeouple,acorrecÈornetwork

wfth a transfer funcÈion approximately lnverse to Lhat of the

thermocouple was Patched in"

The resulting corrected output signal was then compared on a

dual beam oscilloscope with the simulated gas and simulated thermo-

eouple sígnals over the frequcncy range" It was observed thaL with

a thermoeouple ti-me eonstanË of lo msec, a correetíon to I msec r¿as

suffíaienË Ëo get yery elose ågreement wíth the input (Fig"7 )'

7.3 AetÍve CorreeËor Network

AtthísscageadísareLeelecËrícaleompensationnetworkwas

bui-lt and Eested on the analog compn¡Ler' Ttrís was buílË as an

e¡aeuive0rnetwork í"e. rnaking use of an operatÍonal amplifier as did

Èhe eornpuÈer. Howcver for eeonomy and for L2 volt operaËion, an

OperaËionallÐ:[ff,en,=nLíal etrip amplifier was used (see Fig'B )"

T.triseiratlritwasalsodesignedf,oraneffecLíveËírnecoTrstant

of, I msea assuunning a l0 msee thermoeouplen see time consËant

deËenuninaEion, Seetion 8.
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This network compared ve.ry well (to L/2 msec) with Ëhe analog

computer correctíon uslng the sarne ínpnrt. Howe,ver, the otrtput

sfgnal was consÍderably affected by 50 cps pickup frorn the eompuËer

power supply, Thls susceptlbtllty to noÍse was furÈher noticed

dtrring ttre shoek-tube sËep-response tests (Fig.13 ), end ne,cessita&ed

extenefve modlflaaEfon to the basie corrector elrcurfË (Ffg" ß ) "

A speclal low-nofse sfregle ended thermoeouple pre-arnplff,fer was

thus developed fo, Lhe shock Ëube and engfne tests end Ëh:f"s ís shown

d"n Ff.g,

As the same poltTer supply was used for boËh Ëhe pre-amplÍffer

and the corrector, furÈher fsolatlon was provlded for Ëhe corrector

by means of an FET fnpuË stage (see ffg,9 ¡.

MoËoríng and f,ÍrÍng t:tms were conducted on the engíne using a

0.001tt díarneter thermocol¡ple of approximately 10 msec tíme consËant

wÍËh a 10:l correetíon f,actor.

The oscÍ1loscope traces (Figs , 19*Zl ) show consíderable

Ímprovement in response f,or boÈh rnotorred and fired runs, Howteven,

this system r¡/as not entirely saËísf,aeEory for the followíng reåsons:

1. Ttre ovrerall gai"n erf the Pre-amplíf,íer/Compensator neËwork was

not aceurately known under engine eondiËíons, The i"'n,åividual

gains trad becn approximately detrermíned f,or the Shoek Tr"lbe ease

by separate tcsts, Since Ëh,e gain of thís type of, acti"ve treË-

work is level-dependent d,ule Èo f,,eedback, an absoluEe calibraLion

c.olll-d .'nerrE be made for the eorreeted engíne temperaËure r,ecords.

2, Th.e oucpllt signal f,rour ütre corree Uor network was nrct eonrpaüible

wiBh the inpuË reqnaíreme.nt of Ëhe data acgtlisition systern (9)
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due Ëo earÈh loopÍng, and no saËísfactory soluÈion to this

problem was found.

3. Despfte exÈensfve addÍtions to the basíc cfrcuÍt to prevent

fnterference, Lhe correcÈor clrcuÍË remafned highly susceptíble

to external el-eetrlcal nofse, especfally that generated by Èhe

engfne auxlllary DC motor drive and the temporary DC rectified

power supply being used at that Èime'

4, The thermocouple pre-ampltffer remained stabl¿:on1-y for shorË

perlods of tlme under engine flrlng conditlons, and frequenË

adJustment of ihe balanclng potentiometers (Fig' 9 ) *"t

requlred"

Passive Corrector NeÈwork

The actfve neÈwork was discarded for the foregoíng reasons

when ít was realised that a símp1-e passíve network could be desígned

to perform the same correctfve function"

Consíder the circuÍt
R.

lxP{.J1"

H(s) [¿
a

Rl
oUTfuT
Ë¿(s)

This eÍreuiË has a transfer funeLíon of the

f,ormK 5+100ohlíthK=I\ s+1000'

R.

= R lt+e-c-s\

1.e

R,(r*,qs)+R,



E'(=) R, (l * P,c"s)
(R,*R)* R,R.p,s

n, (s *ì.- )

à63

xr/t, = 9

=1000 = 111 KJL

E,

S + R¡R.

Rl

Ê rf R.Ç o,olo

S+ loo

Sr too É

where F r + (R./R,)

F ls the factor by whích Ëhe cut-off frequency of the thermocouple

1s cffectively lncreased and the effecÈíve (corrected) tíme constant

ts equal- ø T/l

E¿

lf R2lRr 9,

then E, S+100
-s+lo-m

ê"8* A possÍble circuit is

F 10

E

Rz = lt*'t¡¿

.E= RZ CZ = 0.010-sec

&íf

r=R2
R

99

(z--0,\t^^F R¡ll\Þl
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This circuit ean be magnitude scaled to gfve reasonable values for

R&C.

The final form of the passfve correcËor used was

Pr=36.lxra

Cz= 0'A?lr R=¿'Ottt'¿

Note that R, shou.ld be adJusted to fnclude the parallel

input lmpedance of the device lnto whlch the corrector feeds its

output slgnal e,g' C.R"O", Pre-amplffferr etc.
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8" THERMOCOUPLE RESPONSE CALIBRATION

8.1 General

InordertocorrecttherecordedwiretemPerature

varíatíons, a measurement of the Èhermocouple time constant

under representative flow condítÍo4s musË be made"

The síng1e-shot shock Tube facility aváirable in this

DepartmenË proved Ëo be quite sultable for this purPose

although other methods are given in (28), (30) & (31)"

In the shock tube, (shown in Fíg'tO), sti1l air at qoom

temperature is suddenly heaËed by Ëhe Passage of a shock wave

caused by bursÈing a diaphragm undeq pressure"

A píezoelectríc pressure ÈransduceJt "." inser¡ed in the

wall of the test section adjacenÈ to and upstream of the

thermocouple unden test " (fig. 10). The rapid

pressure ríse due to the passage of the shock-fronË was used

to trígger a dual-beam oscí11oscope; the thermocouple response

to the step temperature ríse beíng recorded on the becond beam"

(See Fígs "1,| 
*17 ' ) '

The time difference beËween the ÍniËial poi4ts of the

t\,ù0 Ëraces gave a measure of Èhe shock velocity between the

t\,Jo transducers "

It was found during early exPerimentation thaË the

thermocouple had ínsufficient tíme Ëo rea.ch equilibríum due

tr: temperature disturbances caused by reflected rarefaction

hTaves from the open and closed ends of the Ëube,

>'( S. L. M. miniature ceramic-capacítive tyPe.

I

I
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These effects rdere successfully poslponéd uhËi1 áf,ter

the thermocouple had reached equilibrium by Ëhe addiÈion of

new tube sections to both ends. (See Figt0).

From the reiorded response of the thermoeouple, the

time const.ant could be determíned by the following methods:

1. From the temperature trace (fig.ll ), the ínitial

rate of rise of wíre temperaËure could be measured,

Then, by definitíon t= At(af/at)

where AT = step change in temperature due passage of shock,

dT/dt = rate of rise of temp. (Fo/msec)"

AT was calculat.ed from shock-tube data ab.;shown ín

Section 8" 1 
"

ie, T ,can be estimaËed by thê Èíme t,aken for the wire to

reach 63"2"/" of iÈs final sÈeady. value,

2, t catr be found from the empirical formulae of Moffat

(32),19s8.

(^ = 3s*to3 ,on"À"" . ott'/{¡*0 (94)

& for Chromel-Alumel using average values from Ref" (33)

?,w
tu

L9

r,,lhere Í

G

T

d

= s4D lE/ût , Cw = 0,1t6 Bru/b.F

z.r?*los d"=s , G-E'è¡IT
T

see.

mass velo c (Lb/"""/f.t2¡

total temperature ("n)

wire díameter (ft,)

(ss)
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and correcËíng for bead-size effects

D o.375

The tíme constant thus determined was then used to desígn

the Corrector Network as described,in Section 7.4,

(gt) = , )
d
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8. 1.1 O.ríeinan Shock-Tube conf iguration

From Fig. (11) for the original shock tube, it can be seen

that at only 4 msec after arrÍval of the shock front, a pressure

drop occurs due Ëo the reflected rarefactlon I^rave f,rom Ëhe

open end of the tube"

Thís ín turn causes a temperature drop long before the

Ëhermocouple reaehes equilibrÍum" A furËher pressure drop occurs

aE 12 mscc due to the reflected wave from the closed end.

At 10 msee a large scale dísturbance to t.he temperaËure record

is apparent, Although this effect was not studied in detail, Ít

was quit.e repeatable and ís thougtat, to be a eharacterÍstic of the

shock-tube rather than of the wire]k An explanation could be

condensatÍon of waËer vapour folloruing the re-expansion and the

subsequent impínging of dropleÈs on the wire"

FÍg" (12) shows the iniÈíal response of a 0.001't wíre Ø

thermocouple in Ëhe orígínal shoek tube wi.th a 30 psíg burst"

Fíg. (13) shows the sarne thermocouple under the same

eondítions but eonrecEed by Ëhe Active correetor network, (Fig" (8)

usíng the speeial preamplifier in Fig. (9)"

The overall systern gai"n, experímentally deÈermined by

. separate Ëests for both the preamplÍfier and the corrector \nras

approxinnately 2250,

The suseeptíbílíty of the aetive sysEem to noise can

be seen in FÍg. ' 13 and this ínfluenced the deeision to use Èhe

passive neËwork.
:t In Fits, (tB), Schlíeren phot.ographs taken dr.rrÍng a laËer tesË eonfirm that

rapíd flow densíty ctranges oeeur at this tÍme.



zös

8" r. "2 Modífíed Shock Tube.

It was desirable to have a quantitative check on the

effectíveness of correction, and hence the shock tube r,¡as lengthened

to gíve the thermocouple a longer time at equilíbríum conditions'

I,lith nevs Èube sections added Èo both ends (Fíg. 10) about 12

msec !,ras avaílable post-shock during whích condítions at the

thermocoupl_e were almos:t constant in time" There was a slow

pressure drop duríng Èhís períod of about 0. I psia/msec (Fie. 14)

but this gave a calculated temperature drop of only lFo/msec'

ApproximaÈelygmsecafterthe.shockwavepassedthethermo-

couple, the gas temperalure began' to decrease" It was suspected

that this due to the arrival of the rrcontact surfacerr moving aË a

much lower velocíËy" This was eonfirmed by the followíng calcu*

latÍons 
"

Sample calculatí ons for 30 psie bursÈ Þressure

Tamb 62oF, Pamb = 30" r" ,,

Shock velocítY C, = Il 0"7 = I 0fr sec

Local sonic velocitY ao

(Èhermocouple 6" from
pressure transducer)

^[R-11I oo = 1110 ft/see

Local Maeh No; M = C,la^ = 1430/1110 =
IO

L "29

(ctl

(P/?

This is( 2, so assume isentropíe - Banníster & l"Iucklow, Ref " (33)

(r/To) = (P/Po) 0'"286 + G.77) 
0'286 = 1' 18

T = 1,18 x 522 = 616oR ar = 6L6 ' 522 = 94Eo

^o)'
r.66

1) L.77) I/6(7çcr/a.)2
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Method 1

Inítial rate of temperature rise from FÍg' (14)

dr/ds = 8.38 Fo/'msec

,', Time constant t= Ar/ (dr/dg) = 9418.38 11.2 msec

Method 2 - Moffat Ref. 32

Mass flow rate G = (c & { = t.325 PlT

& P = l.V7 x 14.7 Psía

= 26 x 2.036 rrllg

= 53 rrHg

& T = 61608

Now partícle velocitY

7(P/ro + 1)

2

c 5"o (?/Po - L) /

5 x 1110 x O.77 x

474 f.t/sec

2

7 x IL.62

l. G =4CZ = 0'LI4 x 474 =

zl,g. @)-- 
15'8/ {6?

54 Lb/ seclf.t2

ftv- = 7.95 msec

sþ2 6L6

Now allowing for bead size effect íf d = 0.001rr Ø and D=O'OO2/tt Ø

bead (measured) then
0.375

(D/d) 0.375 (2.7) x 7.95 = 11.5 msec

The uncorrected wire i-n Fig. (14) can be dlrecËly compared wiÈh

Fig. (15) to the same scales .for the same wíre but corrected wíth

a passive compensaËíng círcuit assuming 10 msec tíme constant.

(dr/d9 ) corrected = 7L.5 msec

, '. tcorrected = 94/7t.5 = 1.32 msec



26L

Thís corresponds to the tíme constant of a wíre of approxímaÈely

0.0002,,diameÈer.InbothFigs.14&15thetlmeofarrivalofthe
reContact Surfacerr can be found as follows:

Particle velocitY C, = 474 ft/sec

and the thermocouple station is 6r from the díaphragm'

,'. ?articles arrive 6/474

Shock front arrives 6/L43O

12.7 msec after burst.

4,2 msec after burst.

Thus parËieles arrive aË the thermocouple at approximately 8.5 msee

after the shock fronË passes the thermocouple. Thís is confírmed

by rhe remperaLure drop noriced ar rhís time Ín both Eigs. (t+)¡,Gs)'

Sample calculatíons for 1 5os io burst Dressure

Shock velociÈy measurement C, = 1/0.8 = I25O ftl sec

M=C a 1250/1110 = r.L26I

= I.27

/ o

<cr/ a)z
2

. 

" 
(P/Po) = I/6 (7(ctlao)

(T/To) = (P/Po)o'286 --

,'.T= 1.08x522= 564on

v AT = 564 - 522 = 42Fo

1) = I.32 ( 2)

1. 08

Method 1:

From Ëhe uncorrected trace Fíg. (16):

(dr/dd ) = 3.19Fo/msec

," f = Ll/(dr/d v) = 42/3.19 = 13.2 mse.c=
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MeËhod 2:

Partícle velocíty C, = 5ao (P/Po ' f)/ 7(6(P/Po) + 1)

= 224 ft/sec

& density (= t.325P/T

& ? = I.32 x I4.7 = 19"4 psia

= 19.4 x 2.036

= 39,4rr Hg

& T = 564on

/1 = 1"325 x 39,4/ 564 = 0.0926 Lb/f.t 3

2
,'rO = 6 c = 0"0926 x 224 = 20.85 Lb/sec/ft

2

& From Moffat þ ztg (c)-15"8/ 4fil = 9.14 msec
5.62 T

& Allowing for bead sÍze effect:

A = 9"I4 (2.7)0"375 = 13.25 msec

Agaín usíng the 10 msec passÍve compensetor, the correcÈed

thermocouple Fi_g" (17) ean be compared directLy with Ëhe un-

corrected Lnace Fig. (16),

(dT/dV) corrected =22"4Fo/msec

X conúected 1.88 msec42
ñ

NoLe that in Ëhis case,, for a 15 psig burst, the indícated

thermocouple temperature begins to drop soon afËer the pressure

transducer índícates that a rarefacËion:,.r¡lave has passed, i.e. at

abouË 12 msee ín Fig. (17), and not before thís event as Ín the

30 psig ease" This is due to the fact that wíth the much slower

parËícle velocíty, the contact surface arrives at the thermocouple
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at:

í.e. much later than the reflected ltave'

Thus equilíbrium of the thermocoupl-e is agaln terminated by

e limftatÍon of the shock tube. Thermocouples much larger ln

dfameter than those presentLy used would therefore not reach

equfllbrfum.

Thetlmeconstantsoflargethermocouplescouldstlllbe

determfned uslng this facllity, slnce from the above calcul-atlons

ft can be seen that it fs only necessary to meesure the inftfal

rate of rfse.

(_L
224

6)
12s0

22 msec after Èhe shock front Passes:
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a time constant of 10" 0 msec and to use Ëhis ín both the moËored

and fired engíne exPerlments"

Motored EngÍne

The effectiveness of correcËion ín the motored engine case

Ís Í1lusËrated by Lhe oseilloscope photograph Fíg" (19) whieh shows

(lower trace) an uRcorrected thermocouple lagging the cTDc mark

by 6 msec or 43o crank angle" f{hen usíng the preamplifier and

actíve correetor (upper trace) the síghal is in phase wíth Ëhe

CTDC nnark.

The high noise conÈent charaet,eristÍc of the active network

ís agaÍn evídenÈ from FÍg. (19) " Also, the gain factor ís

unknown"

The passive eorreeËor gave a simÍlar correctionr buË without

the extraneous noise, A resynthesis of a moËored engine cycle

from Fouríer coefficíenEs of such ¿r eorrecËed thermoeouple is shoron

in Fíg. (23).

Fíred Ensine

Fíg" (20) shows a typieal oscÍlloscoPe reeording of Ëhe un-

correeted gas üemperaÈure from a fired engine compared with the

adjacenË wall temperature. IÈ can be seen thaË the peak $as

temperature lags even the wall temperature thus índicatíng the

ÍnadeqtraËe response of the gas Ëhermocouple"

Fig. (21) shows the same comparíson but wÍth Èhe gas thermo-

couple eorreeËed by the actfve network" The marked improvemenË ín

response ís evÍdent. Again however, the gaÍn factor for this

sysËem is unknown"

9.2

9"3
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Fig" (ZZ¡ shows a comparison between gas and wall temperatures,

but thís time usíng the passíve network for gas thermocouple

correction 
"

The sÍmilaríÈy in form of this gas Ëemperat,ure cycle and

that from the actíve network is apparent. In this case, however,

the gain is known, and the trace can be calibrated.

í.e. AT peak-peak 2.20 x 1000/22.4 øV'Ws
r 7goFo

Fig" (Z¿> shows a resynthesised cycle plot from a Fouríer

analysis of passively correcËed gas temperature data.

The direct influence of valve timing on the gas tempereture

cycle is also epparent from Fig. (Z+), and a comparíson with values

calculated at several state"poÍnts from a thermodynamíc (Hottel

chart) analysis gíves further confidence that the corrected thermo-

couple at least gives a faír approxímaËíon to instanËaneous gas

temperatures over the cycle.
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10. JUNCTION I¡IELDING

The most satisfacÈory type of thermocouple wire for use in the

combustion chamber was found to be of the rthermocoaxrt type.

The two fine thermoelements (0.001'r ø wires of chromel and

of Alumel) are insulated by magnesíum oxíde from their staínless-

steel sheathing which irsetf is only 0.010', ø, (fg25) ,

In earlier work with much larger gauge thermocoax (0.OOg" ø wÍre),

juncËions were simply flame welded. However, with the use of the

finer wíres, this method was discontinued due to Ëhe likelihood of

ímpuríty inclusion and a desire for the smallest possible junctíon.

Thus an arc-welding technique using an ínert gas atmosphere

was devísed followíng the principles of stover (36) and of Gelb eral

Figures (26 &?7 ) show the thermocouple welder. A hard

carbon electrode Ís enclosed ín a T-shaped glass working section and

the stripped thermocoax is entered opposíte this and moved slqwly

toward the electrode where a spark díscharge forms the bead.

The thermocouple leads are maintaíned at a posítive potential

wíth respect to the electrode by means of a rectified Ac power supply,

Ëhe output voltage of which can be varied by means of a voltage

dividing potentiometer.

The energy of Ëhe spark discharge ís controlled by selecting

any combination of capacitance from a bank of capacitors of varying síze,

optimum voltage and capacitor settíngs were found for various

materíal and wire-gauge combínations and impurity-free junctions of

mínimum sÍze could be consistenËly .produced.

(37).
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Prior to weldíng, the wíres were cleaned in a solution of

16partsNltricacidr16partsr^taterand3partsHydrofluorlcacid;

thfs left Èhe chromel wlre brfght and the alumel wlre sllghtly dull'

(Hunt (17) ).

To prevent oxldatfon of the Junctfon, an l-nert gas (Argon) was

introduced lnÈo one arm of the gl-ass worklng section of the welder'
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CONCLUSIONS

Thís report has dealË wíth a number of alternatíve means of

gas temperature measurement and correctíon techniques. The main

conclusíons can be summarised as follows: -

1. Instantaneous temperature at a poi.nt i-n a combustíon

chamber is apparently best measured dÍrecÈly by a

very fine, fast response thermocouple.

2, The príncÍpal error involved is that due to the Ëhermal

inertÍa of the element iËself.

3. The tíme consËant of the element can be repeaËedly and

convenÍenÈly determined by Shock-Tube tests.

4. Most multiwire correction methods are unsatisfactory,

requiring eíther cornplex numerÍcal methods of solutÍon

or tedious graphícal techniques.

The 3-wire method in particular seems Ëo have been solved

only by makÍng a basic assumptÍon whích renders the result

no better than ÈhaË from a símple passive compensating

neËwork.

5. Thís símple elecËrícal method can effèctívely reduce the

time constant of a gÍven thermocouple by an¡z requíred

factor - wi-ËhÍn the limÍts of satisfactory amplÍfÍcation -

giving a response tíme equívalent to that of a much finer wire.

6. The aceuracy of thÍs method depends on how closely the tíme

constant of the thermocouple at any instant rfmatchesrr that for

which the compensating neËwork has been desÍgned.

a
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7, The effecÈ of rrmísmatchtr between the thermocouple and

corrector ís found to depend princípally on gas-wire heat

transfer whích Ís some functfon of gas veloclty. If veloeity

fs hlgh (above 2oo ft/sec) then the gas-wlre heat transfer

coefflclent approaches a constant value and the time constant

tends to become fndependent of gas velocity'

8. From the technlcal llteraturercombustion chamber gas

veloclEles fn an engine' are lfkely Ëo be predomlnantly hÍgh

over the cycle (> 2oo ft/sec) " Thus, it may be expected that

any mlsmatch effects wfll be slfght.

g. By applying compensatlon to Ëhe output of a comparatively

robust Èhermocouple, it is possíb1e to slmulate the behavíour

of an extremely fine wlre withouË the use of such a fragí1-e

element ltself.

10. The correcÈion technique is Ëhought to be a useful approxí-

matíon in experimenËally measuring loca1 instantaneous gas

temperetures et a point in the combustion chamber of an I.c.

Engine.
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(1) & (2)

Bode PloËs for
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Response of Chrouìel-Atr:nel Thermocouple (0'001ttø wires)

lttr9¡lgina,L Shock-Tube wlth 3Opsig burst' Pressure'

FÍg.11

Uncorrected ThermocouPle
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Scales:

Fig.12

Uncorrected thermocouPle

Time=2.Qnsec/cm
Temp=1.00Æ/cm
p¡.ss=1fQÍrv/cm

Time=0. 5msec/ cm

Temp=100/a¡/cm
Press=100mv/cm
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Fíg.13

ThermocouPle corrected bY

ACTM Gorrector:
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Response of Chromel-Alrnel Thermocouple (0.001!tø wfres)

fn Modifled Shock-Tube with 30pslg burst pressure.

Fig.14

Uncorrected

Fig.15

Therurocoup le corrected
wtth PASSIVE NeËwork

Time=2.0 msec/cm
Temp=1.0 rrv/cm
Press=l00 mv/cm
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Response of Chromel-Al-r¡r¡el Ttrermocouple (0. 001ttÓ wires)

in ModifÍed Shock-Tube with l5psig burst Pressure.
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To

Time=2.Qmsec/cm
TemP=f . Ou'u'/cm
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Uncorrected ThermocouPle

Fig. I 7
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with PASSIVE Network
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294Thermocouple & Pressure Transducer at same
locatíon in Originql Shock-Tuber20psíg burst,,
with Schlieren phoÈographs taken símultaneously.

T
0

P
0

Fíg.13.1 Unccrrected îhermc coupl e

Scal es : Tíme= l.Omsec,/cm
Temp= 200 v/ cm
Press= 1O0mv/cm

***\l++*iÈy..vl'\4

T \"-0

P t
I

B See Fíg.18.30

Fig.1B.2 Corrected Thermocouple

îíme= 1.0 msec/cm
Temp= 1,0 rrv/cm
Press=1Oomv/ cm

r
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Reflection of shock wave bY

wall discontínuiËíes causes
sharp densíty gradients and
hence temperature oscillatíons
in Fig . IB.2

Period of constant temperature
in Fig.I8.2.Note that vortex
generated by tubing does not
extend to ÈhermocouPle junction

V

Contact surface arrives and
turbulence causes temPerature
fluctuations.

Fig.l8.3 Schlieren Photographs showing flow
conditions at thermocouple in Fig.L8'2

P9ã

(0.4 msec)

B - (4.0 msec)

C - (7.0 msec)
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A DIGITAL COMPUTER PROGRAMME (F FOR CALCULATING

PRO?ERTIE S DURING AN OTTO CYCLE COMPRES STON
T}lERMAL TRANSPORT

ABSTRACT

Aprograrmneisgivenforcalculationofthethermalpropertiesof

an Otto cycle compression mixture as functíon of Ëemperature'

ViscosiËy, conductívíty' specific heat and Prandtl No' are

calculated for a 7 component fuel/ai-rl residuals mixture up to the

díssocíatíon temPerature limit'

Constituent viscosity calculations are based on the Chapman-

Enskogmoleculartheory;conductivitybeingobtainedbytheEucken

approximation.

Mixtureviscosityiscalculatedbythesemi-emp{rícalmeltrod

of liilke and mixture conductivity by an anal0gous method.

Using this programme' property predictions !üere made for the

fuels OcËane, Benzene, Ethanol' and NiËro-Methane over the

temperature range 2OO-2OOOoF' All except the oxy-nitrogen

derivatívehadbothviscosityandconductivitywíthin4%oft.he

corresponding values for air over the temperature range'

HoweverrthePrandtlnumberofallfuelswassigníficantly

(5-10%) greater than that of aír over the temPerature range and

showed a marked <leviatlitrr ( L()-?-07" from Annand's assumptíon of

) 0 7(P
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NOMENCLATURE

Specific heat at constant Pressure

Molecular diameËer

Typtcal dimension

Forceofinteractionbetweenapairofmolecules

Fuel/Air ratío (sometímes wrítten F/A)

Stoichiometríc Fuel/Air ratio

Local gas-wall heat transfer coefficient

Thermal conductivitY

Boltzmannts constant = 3'29 x LO
-4

l"lolecular mas s

lvlolecular weight

Number of consÈituents in mixture

Critical Pressure of gas

Potentíal energy beÈween a pair of molecules

pecler No. = lvDq/R

prandrl No. = Cvra4\

Relznoldr s No . = VD'//.,rt

The Universal Gas ConstanÈ = L545

Molecul4r seParation
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(ca1/rno1. 
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e
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Gas TemPerature
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T

VJall temPerature

Critical temPerature of Gas

Boiling temPerature of liquid

Molecular volume of gas aÈ critical point

Molecular volume of liquid at boiling poínt

Local gas velocítY

Molar fractíon of constituent ín mixture

Thermal díf fusivi tY =ÞrftCp

Lennard-Jones force constant representing

maximum energy of attraction between a pair

of gas molecules.

Dynamíc viscosíËY of gas

Kinematic viscositY of gas =fuft

Gas DensitY

Lennard-Jones parameter - characteristic molecular

diamêter or rrcollision diameterrr (R)
Lennard- Jones f ce constant (or,

Boltzmann s constant
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Lennard-Jones ParameÈer = ratio

cotlisíon integral = ,(*k)
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INTRODUCTION

currenË heat transfer ínvestigations require an approxímate

knowledge of the thermal transport properties of the working fluid

in the combustion chamber of a petrol engine at any stage ín the

cycle.

This preliminary progranìme is a procedure for calculatíng

víscosity, thermal conductivíty' specífic heat and Prandtl Number'

atanyËemperatureovertheinductionandcompressíonphasesofthe

engine cYcle.

Chemícaldissocíatíonoftheconstituentgasesatapproximately

z2}Oop imposes an upPer temperature limít on thís prograÍme'

The prime aims of thís investígatíon are : -

(I) To determine the míxture transPorË properties as functions

of temperature, type of fuel and mixture strength'

(2>TodeËerminethePrandtlNo.varíatíonwithtemperatureofa

real fuel/air míxture and to compare thís with the assumptíon

of Annand (l)'t't ¡6"t (?r) = O' 7 is suf f icient'

Althoughexperimentalvaluesofconstituêntpropertiesare

obtainable from handbooks (4)' (13)' (15)' (i7)' over a fairly wide

temperature range; the use of these for computation of míxture

properties requires the fitting of polynominal approximatíons to

these data.

Thismethodisunwíeldlyformanipulationandconsumesvaluable

sËorage sPace in the comPuter'



Thus it seems more logical to resort to the fundamental

equatíonsderiveddírectlyfrommoleculartheoryforËhepredictíon

of these ProPerties '

'¡k:k Numbers ín brackets refer to references given in Section 7'

308

-q



309

2 THEORY

2,7 Transport Pro pertíes and Dimension1es s Parameters

Díffusion5VíscosílyandTherma'lConductiviuyarereferred

toas,,TransportPhenomena||andareexPressedbytheírrespective

"Transport Coeffícientsrt i'e'

Di ffusi on ie the Èransport of mass; and the Coefficient

of Self Diffusion, D, in a gas in which the num"ber of molecules

3per cm,n, varles with the coordinate Z is defined by the

statemenË thaË the Number flux = -D'' ðn/dz'

ViscositY is Ëhe tranc po rt of momentum; and the Co-

efficient of Viscosíty,r/L, in a gas ín whích Ëhe y component of

the velocity, ty, varies with z, ic defined by the assertion

that the Momentum flux ín the y direction = -//Ldvrl ðz'

ConducÈivit y is the Ëransp ort of energy; and the Co-

efficient of thermal Conductivíty' k' in a gas in which the

temperature, T, varies wíth z is defined by the requírement

that the EnergY flux = - k dT/ ðz'

One of the applicatj-ons of the kinetic theory of gases

is the determinatíon of D,y'L and þ ín Ëerms of the properties

of the gas molecules'

Mass Diffusíon does not concern us in this heat Ëransfer

ínvestigation but Specífic Heat, Cp' although not strictly a

Transport Property, will be required'

A study of some of the dimensionless parameters often used

inheattransferinvesËigationswilldemonstratethesignificance

ofC
p1 Tetanð kz'

'{
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sranron No" (st).

NusselE No" (Nu) 
"

In which the denomína

and is proPortional to the

Ëhrough the flow bY molecul

(s*):ku

CN') =€ =þ#"
tor is a measure of conductíve heaË transport

h^iT
@ ôtr)v

The denominator ís a measure of convective heat transPort and is

proportional to the rate at whi ch thermal energy ís borne a the

f lor,q i.e" if heat transfer is predominanËly by convecËion' (St)àconstant'

raËe at which E,herma 1 energY is transferred

ar motíon. i.e' if heat transfer ís exclusívely

tends Lo become constant'
V)Vby conducËion, (Nu)

ReYnolds No. G*) = //r4- v D(Re)

InwhichthedenomínatorrepresentstheraËeatwhíchmgmenlumis

transported by molecular moÈic¡n and Èhe numerator rePresents the rate aË

which momentum is transported by fluid motíon or, more simply, (ne¡=

Inertíal forces/Viscotls forces'

Peclet No. (Pe).

ilitude can be maintained- in

volved in dYnamic simílítude'

(Pe) can be thought of as a t

Prandtl No. (Pr).

t'@ Uq AT)v
R RM/o(P.) :

In which Èhe denominator rePresents the raËe at !Ùhich thermal enelgy

1S transported molectrlar moEion and the numerator rePresents the raËe
by

at which thermal energy ís transported bvf luid motion, Í. e-Thermal' sim-

a flow, if, ín addÍtion to the numbers in'

the (Pe) is maír'rËained the same' i'e' the

hermal (Re).

¡o\ = 
tÉ

\r^ / R
fcpvD/R
fvD/4

Thus (Pr) is a measure of the tendency of momentum to diffus" W)

compared wiËh hermal energy

i.e' (er¡ = l-o¿

)

=.4/ I
{/rco

<Þ'/r

-t
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Kinematic ViscositY (or Momentum

D iffusivitY)
orr (Pr)

Thermal DiffusivitY

Of the above parameters (Pr) is attractive ín that it ís

merelY a fluid pr op erty. dependenË on temPerature.

2.2 Consti tuent ViscositY

The viscosity expressíon gíven by Annand (l) is:

/2t = ...4to T- b/Çl'=et (1)

where:

T = Absolute TemPerature (of)

m = 0.645

,2" tabulated for varíous gases for T)zsOo r

ThisformíssimílartothatderivedfromLhesímplified

molecular theory of gases at 1ow density (2) and assumes a pure

gas composed of rigíd nonattracting spherical molecules '

The exPression given in (2) is:-

, . nt='", à'', (,.n< r) 7" Q)

where:

m = mass of molecules (rígíd' nonattracting' spheríca1)

d = diameter of molecules

K = Bolt zmann constant

T = Absolute TemPerature

Bírd, Stewart and Lightfoot (2) infer that this equatíon

gíves a qualiËatively correct picture of momentum transfer ín

a low density gas and the absence of any pressure dependent

term agrees wíth experímental daËa up to about lO atmospheres'

P!.

'.r[
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However, the predicted temperaÈure variation is less

satisfactory; experimental data for various gases indicatíng

trra:/l/Lvaries more rapidly than 1 Ll2 and is noÈ accurately

represented by any power function of T'

First Ërials of this Programme did make use of Annand's

viscosity expression but results gave poor agreement with

experimenËal data from (4)' See Fíg' 3' SubsequenËly a

correction to thís expression ín Ëhe form of a multiplying

5th order polynomíalwas applied but this was of limíted

success due to its cumbersome nature' This method was

thus discontÍnued in favour of the more direct fundamental

approach given here'

THE CHA?I4AN -ENSKOG THEORY

To predict Èhe ËemPeraËure dependence oftzùLmote

accuraËely, resort mtlsË be made Ëo a more rigorous molecular

theory, replacing the rigid sphere model by a more realistíc

molecular force field'

such a theory was developed by chapman of England and

independently by Enskog of Sweden' before Ëhe first tr'lorld tr{ar'

This theory is very cqmplícated mathematically' giving

expressions for Ëhe ËransporË propertíes in terms of the

potential energy of interactíon between a paLt of molecules

in the gas.

It is applicable for low density gases (where íntermolecular

colrisions are considered unímportanË) but not for densities so

lowthatthedimensionsofthevesselarelargecomparedwiththe
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mean free paËh of the morecures (i.e. Knudsen gases). For a

discussion on the effect of pressure' See Appendix "Crr'

The final expressíon of the Chapman-Enskog Theory using the

Lennard-Jones potenÈial funcËion for the Víscosity of a pure

monaËomic gas of molecular weight 'M' at absolute temperature

tTt ís:

5
(3)

.,2/¿ 
* 2,GG\'-;xlo qrvt/crn,ae'<;.

Jþi" a slowly varying function otRl/â tairulated in (2)

and shown in Fig. 2 where:,

K = Boltzmann's Constant

e = Maximum energy of attraction beËween a paír of

molecules

and S = A characterístic molecular diameter (NOTE: See

APPendix 'A' and Fig' f)'

The function +r represents the deviation from rigid theory

behavious i.e. if the gas were composed of rígid spheres of

diameter ç instead of real molecules with aËtractive and

repulsive forces, then$t'woufa be unity'

Note that equatíon (3) predicts a viscosíty íncrease

roughly as the 0.6 to l'O power of absolute, temperature and there

is no Pressure dependence in the low density regíon'

Stríctly, the theory ís applicable to monatomic gases only'

?racËicallyhowever,itisfoundthatínternalmol-ecularmotions

are relatively unimportant in mass and momentum transfer' Hence

Ëhe theory may be,applied to calculation of mass díffusíon and
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viscosity coefficients of polyatomíc molecules'

However, for thermal conductíviËy the same is not true'

as internal modes of vibration make a substantial contribution

to energy transport' Thís effecL can be approxímately

compensated for by the Eucken approximation'

2.3 Consti tuen t ConductívitY

Bírd, Stewart and Lightfoot (2) again illustrate the

transporL mechanisms by a símplified derívation from rígíd

sphere theory; and then compare the resulËing expression with

thatofthemorerigorousChapman-Enskogtheory.

Their final expressions for ConductíviËy are:

(l) Simp1e Theory:

l¡> -l\*

where:

1- _
K

d=

m=

a,t\

h.1. -

ConductivítY

Díameter of rígíd nonattracting molecules

Mass of xirgi-d monattracting molecules

BolÈzmannrs constant

Absolute ÈemPerature

(4) (monatomíc)

(monatomic)

This equation shows no Pressure dependence; and this is in

agreement with experímental data for monatomic gases up to about

IO atmospheres. However, as for viscosity, the temperature

dependence predicted by this simple theory is inadequate'

Chapman-Ens koe Theory(2)

k r,e8er *ro-4,[zùlSf,. (s)

-a
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\^7here:

ConductivitY (call.*' sec' 
oK)

k=

T=

M=

s=

Absolute temPerature

Molecular \,leight

"Collision diameterrr

(or)

(8)

Qh= Ð*=f('%)
Thís equation affords an accurate predictíon of monatomic

gas thermal conductivity, and uses the same Lennard-Jones

intermolecular force parameteÏs, N and Ê¡ ' as used for the

viscositY calculaËion'

Howeverr an aPP

is required in order

gases.

roximate generalísatíon of Ëhe above theory

to comPute the conductivitY of polvatomíc

THE EUCKEN EQUATION

Polyatomic gas molecules have rotational and víbrational

energy in addition to their kineÈic energy of translatíon;

and all these forms of energy may be exchanged during a

co1 1í sion.

A simple semi-empirical method of handling this energy

exchange beËween polyatomíc gas molecules was developed by

Eucken (lf) and results in Èhe following equation:

&
Ì4

(â +5'p 
4

)
)

k
(6) (PolYatomíc)

-'t
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where:

k = ConductívitY

â = Specific Heat at constant Pressure (per unit mass)
p

R = The Universal gas constant

M = Molecular weight

y'L = gas viscosiËY

Thís equaËion gives conductivities withín a few per cerit

of experímental values for all but the most complex gas molecules

(See Fíg, 4)

2.4 Constítuent Spe cífic Heat

The constituent specifíc heats were carculated by means of a

fífth order polynomíal expressíon usíng the coefficíents of

M.H. Edson (12) as listed ín Table l'

These polynomials had been fitted by Edson to experimental

data of API Proj ecE 44 (13) and were also found in this

invesËígation to agree completely wíth the data given in (4) '

(See Fig. 5).

Thís5thorderdatawasalsoconsideredtobeanimprove-

ment over the símple second-order approxímaËion used in (1) '

-'t
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MIXTURE PRO PERTIES

3.1 Mixture Viscosity calculaËion

The Chapman-Enskog theory has been extended to include

multi-component gas míxtures at low densíty by Curtíss and

Hírschfelder (8) but for engineering calculatíons' the

semí-empírícal formula of l^Iilke (14) is quite adequaËe: -

h
'L4L

(7)_s/-,l'(
./ llltx z),-iØr*.ì-= |

where

M

Ø.¡ 
:.-b ( .#J nl 

"WÍ( HJ^ 
I' (8)

number of chemícal species in míxture

Molecular weíghts of species i & j at mixture temperaÈure

& Pressure.

llolar fractions of sPecies i & j at míxture temPerature

& Pressure.

Constituent viscosíties specíes i & j at mixture

temperature & Pressure'

is dimensionless and when i = j' Øfi - L

n=

I,l
I

x, x.
1l J

J

,4-,y'|¡

ø 1J

The seven constituents of the Otto cycle míxture under

consideration are

oz, N2 , co , coz , Hzo ' H-c FUEL ' and H'

These consËituents are listed in Table 2 together with their

relevant molecular weights and molar fractions fot a chemically

correct mixture' Their Lennard-Jones intermolecul-ar force

-{



Par4meters (\ arLd 2/k are also tabulated in Table 2'

3.2 l"líxture Conduc tivíty Calculation

The method of calculation of míxture conductivlty' kmÍx' ís

an approximatÍon by Mason (16) to the more accurate method of

Hirschfelder (7) and is exactly analogous to that previously

given for mixture viscositY'

k
mlX

:c¡þ¡ (e)

'*t Zi=,riQiI
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where

as for viscositY.

Ø,i=,r-, (' .#) n 
[, 

- (ft)'"( 
H)4]'

-<



4 PROGRAMME

4,L Calculatíon Procedure
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(ls)

(r6)

From the preceding sections the following equations were

used to calculate the properties of each constítuent of the

mixture (the jth 
"o*ponent):-

Specific Heat:

cp, = a+bT+cT2+dr3+"T4+fr5 (10)

Viscosity:

y'(i = (constant) x mr019.r, (11)

ConductívitY:

k; = lti(Cr¡¡ (constant)/!ü. ) (12)

Prandtl No.:

(Pù= %/'/n* (,3)

These constituenE propertíes were then combined to gíve

the overall mixture properties by the following:

MixËure Molecular l,treight

W** =4; (xiw*) (r4)

Mixture Specifíc Heat:

cr,,,, -Z;, (x;uçcr) /*-*
Mixture Viscosíty:

y'(^r-Z:
þ=

Y¡ /'i
xi-,x'.Ørn

where

ónn =,.'b ( *H)' l -þ,,J"(HJ^1' lrz)
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Mixture ConductivitY:

k
m].X

Mixture PrandË1 No.:

z
t̂=

h=l
xnØej.

ø4 <rs obove, (fS)xiþt
n

-amrt -Pilrf(P.) ',1'^nf R,u,X
(re)

All constants in the above equations hTere adjusted Lo give

properËíes in sËandard Brítísh uníËs'

These basic equations were written in the FORTRAN 'AFITI

languageforanlBM1620automaticdígiËalcomputer,of20K

storage caPacitY.

The sequence of calculaËion is shown by means of the

following Flow Chart (Section 4"3)'

AlistíngoftheactualsourceProgramusedisshownin

Table 3 while examples of the output results are gíven in

Appendíx 'Dr .

4"2 Input Instructíons

(l) Prínt Headíng, Prínt Run No., read Run Comment and Print'

Read number of temperatures for which properties are

required, read number of constituents allowed for (7) ;k

Read constituent MI,trrs ín order: O2rN2rCOrCO2zH2o¡ (FUEL),H2.

Read, (ín arove order) the molar fractions of each

constituent in Ëhe mixture beíng consídered'

Read the Lennard-Jones íntermolecular force parameters Ç

in order.
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Read the Lennard-Jones intermolecular f orce parameter "/,ç

in order.

Read Viscosity correction factors.

Read fifth order specifíc-HeaÈ polynomial coefficients

for the constituents in order. Repeat for fourth down

to zeroth order.

:k If one or more constituents are absent, it is only

necessary to puË X(J)=0'0 for Èhose constituents'
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5 INVESTIGATIONS

5.1 Proving the Programme

5. 1. 1. Terna rv MixËure

As a firsÈ check on the prograÛmed compuËations' a thermal

conductivíty prediction was made for a ternary gas mixture

(CO2-02-N2) from data gíven in ref' (2): see Appendix rrDrr'

The programme ouËput for this problem is given ín

Appendix 'rDrr, and a comParíson with Èhe manual solution of

equaËíons (7) and (9) using constituent conductivity data

given in ref. (2) page 259 is also shown'

}lhereas compuÈed mixture viscosity agrees very well (0.1%);

míxture conductivity ís abouË B% low possibly due to Ëhe

approximaLe naÈure of the Eucken equaËíon"

5 .r "2. Comparison wi th Handbook DaÈa

Anothercheckontheaccuracyofthecomputationsr/''as

afforded by plotËing constituent properties as a function of

temperaÈure at 20Oo¡' intervals and comparing Èhese wíth data

from ref. (4) See Figs. 3, 4, 5.

TheSpeeificHeaËscalculatedfromthe5thorderpolynomial

coeffieíenËs of Edson, ref. (12) were found Ëo be in very close

agreement wiLh Èhose from ref. (4); it is possíble, however'

tha¡ these r¡rere boÈh from the same source (NBS C461 , 1947) as

Edson did not dísclose the source of his Èable of coefficients"

The viscosity Ëemperature relationshíps (Fig" 3) for Ëhe

majoriËy of consLituents were also found to be in close agree-

mentl,fithdatafromref.(4).TheonlyconstiÈuentshowing
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appreciabledeviationfromÈheHandbookdatawasLhepolar

type gas HrO.

However, the computed viscosity-temperature curve for HrO

was adjusted bY the use of:

(1) Intermolecular force parameters of the modÍfied stockmayer

?oÈential as given by Joshí and Saxena, ref' (10); see

Appendix tBt " These parameters gave beËter agreemenÈ ín

slope of the curve than Lennard-Jones parameters'

(2) An arbiËrary magnitude correctíon factor of. I/ 1.4 (AK(J(=1'4)

was introduced to reduce the computed viscositíes to

approximately Èhe same values over the range as ref' (4) data.
_m

Viscosities ca.lculated from Annand's eguaxio2Qol were

alsoplottedinfig.3andareaLlsomewhatlowerËhanboth

ËheilandbookandtheComputedvalues.Coefficíentsfor

Annand's equation T¡7eïe not avaílable for O, or Hr'

similarly, computed conductivities for each constituent vrere

compared with the data of ref. (4) and wíth those calculated

fromLheEuckenequatíonusíngAnnandIsvíscosítyexpression

(Fig. 4).

Because of the good agreement of consËituent gas proper-

tieswithdataofref"(4);itcanbeexpectedthaÈmíxËure

properLies and Prandtl Nos. wí11 be sufficienÈ1y accurate

forËhepresent'purPoseofcomparisonofvariousfuelsand

mixture sÈrengths
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5,2,0. The eff,ect of Mixture Strensth on the Thermal Properties of an

Octane-Air*Resíduals MíxÈure over the Temperature Ra nee 2OO-2000or.

5,2,L. Chemícal Reactíon Equations

In order to determine the molar fractions of each constit-

uent present at the various fuel-aír raËios, the chemíca1 reac-

tíon equatíons are first wrít.Ëen for Èhe combinaÈíon of the fuel

(Iso-octane; í-CgH1g) with 75, 90, 100, 110, 125 and L50% of

theoretical air.

The first three mixture sËrengths (RICH) require a different

approach to the last three (LEAN) because of the excess O,

present Ín the latter case"

Consider the rieh míxtures fírst

RÍch Mixtures

If Èhe air supplíed is insufficient for complete combust,íon,

the residual gas mixíng wíth Èhe íncoming charge must conËaín

CO and H, but no excess O, 
"

To approximaËe the composÍLion of the residual gas, Lhe

following procedure from ref" (tB) is adopted:

Assume Ëhe resídual gas to have the composÍtion:

coz t1*

Co 11 (1-x)

HzO nzY

hz n, (1-v)

tZ rì

The reacÊíon equatíon provídes the values of nr, n,

and nrr and one relation between x and y.
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For example, consider the combination of tBHl' with ral

moles of O, where I a'(L2,5. The reacLion equation is:

ag"rg + ao, + 3. 78aNr->8xCO, + 8(1-x)CO + 9vII2O + 9(l-y)H2 * 3" 78aN,

Comparing the number of atoms of O, on each síde of the

equatíon:

2a = L6x + 8(1-x) + 9Y

or a=4(1-x) +4,5Y

To obtain a second x/y equation, we make use of the fact

thatthegasisequílibriumduringtheexpansionandisthere-

fore at staËe-point 4 (Fig. 18) at the end of expansíon'

IIere the relationshíp for water-gas equílíbríum ís valíd:

K(r-g) = Y(1-x)/x(1-Y) = c

A probable Ëemperature at end of expansíon TO' is assumed

and the constant c above ís Ëhus fixed'

Solution of the two equaÈions gives x and y and hence the

composition of Ëhe residual gas i.e. the RHS of the reactíon

equaËion,

For Ëhis prograflme, t,he involved iterative cal-culatÍon of

the equilíbríum constant ís noË aËtempted; as Èhe consÈítuenÈ

molarfracËionsareconsíderedasdaLa-inputtoËheprografilme.

However, Goodenough an<l Baker, ref' (18), give resulÈs of

this calculaLion for the staLe points of an otÈo cycle using

Octanefuel;forvaríous7.Èheoreticalaír,andaËvarious

compressi-on raËios. Theír results are reproduced in Table 3

f.or a Cft of 6. 5:1 .
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Taking as an example 75% theoretical air:

T4= 2ggsoF , x4 = 0.4875 , !4= 0.7620

(hr- g )

= 0.7620(1-0. 4875) / 0.4875(1-0. 7620)

= 3.3660

anda = 4(1+x) +4.5y

= 4xI.4875 + 4.5x0.762O

= 9.38

Thus the reactíon equatíon f.or 75% theoretícal air ís:

8 * 9.3802 + 35.46N2+ 3,9CO2 + 4.10e0 + 6'86H2O + 2.L4H' + 35.46N'

i.e. 45,84 moles charge form 52.46 moles products

and F/A rario is LI4/ (9.38x32 + 35.46x28) = 0.0882

This procedure ís repeated for 90% and 1007. theoreÈícal aír;

the resulting reaction equatíons being listed ín Table 3.

Lean Míxtures

tr{íth sufficienË aÍr, the producËs at the end of expansíon

contaín relatively lítËle CO and H, (assumíng a homogeneous

míxture with complete combusËíon). Thus, the resÍdual gas

that is mixed wiËh the íncoming charge may be consídered as

beíng composed of COr, 
"2O, 

N, and excess Or.

For 1007" Ëheoretícal (no excess) air, the chemical reaction

equation is:

Cg"tg + 12.50, + 47.25Nr-> 8CO, + 9H2O + 47.25N2

But Íf there ís n% excess air, and air conËaÍns 2I%O, and

79"/N2 by volume, Èhen:



329

Excess 0 present=nxl2.5+100=n/g

present = ( (100+n)/100 x L2'5) x 79/2L

= ( 100+x)/8 x 79/2L bY volume

L25% T]neor, Ai,t ot 25% excess aír (n=25)

2

and Nz

For example,

2

Excess O, Present = 25/8 = 3.L25 moles

present before combustíon = 12.5 + 3'L25 = 15'ç25
moles

o

and N, present -- I25/8 x 79/ 2L = 58.78 Moles

Thus, the modÍfíed reaction equation is:

cg"ta + 15.62502+ 58.78Nr+8CO, + gH2o + 58'78N, + 3'12502

í.e. 75"4I moles charge form 78'91 moles producÈs

and F/A ratÍo is 7I4/I5'625x32 + 58'78x28 = 0'0531

SÍmÍlarly for other rích mixtures, the resulting equations

are listed in Table 3,

5.2.2. Calcula tion of ConsËituent Mo lar FracËions

at Various Mixture SËrengËhs

The procedure followed ís thaË of Obert, ref' (19) secËíon

7 .1.

ca"te

e. g.

+ l-]-25O

f.ar 90% Theoretíc aL ait ,

2
+ 42.529Nr-=\ 6,II5COz

Èhe Reaction equation ís:

+ 1.885CO + 8.385H2O + 0.6L51t2

+ 42,529N2

and multiplying through by molecular weights vre have:

114lb.mol.fuel+1551.lb.mol.Air+L665lb.mol.

Burned Prods.

Thus, E/A = 114+1551 = 0.0735
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Consídering 1 lb Air, this gives 1.0736 lb. MíxËure; but

Ëhe íncoming charge ís diluted in the cylinder by the weíght

fracÈton 'fr of residual gases trapped ín the clearance sPace.

If this residual fraction is 0.1, saYr then the total weight

of mixture in the cYlinder will be:

0.9 lb Air + (0.9 x 0.0735 = 0.06615) lb Fuel + 0.10735 lb

Burned Prods. which, from Ëhe reaction equation is equivalent Ëo:

1 x (0.9/L55L) = 0.000580 moles cg"tg

11" 25x( I' r' ) = 0.006525 moles 0, (New charge)

42.52x( tt tt ) = 0'024667 moles N,

and 0.10735 lb Burned Products is equivalent to:

6.115 x (O'L0735/1665) = 0'000394 Moles Co,

1.88s x (0.10735/ I66s)

8.38s x (0"Lo735/L665)

= 0.000L22

= 0.000541

Moles CO

Moles HrO (residual
- gases)

0.615 x (0"ro735/L665) z

42.529 x (0.10735 /t665) - 0.002742 Moles N,

The moles of each constituent are then divided by the total

No. of moles in the míxÈure Ëo give Ëhe molar fracËíon of each

consËituent. These are lísted in Table 4 fox each mixture

strengËh consÍdered.

Computed Results

The molar fractions gíven in Table 4, together with constit-

uent molecular weÍghÈs, Lennard-Jones parameters and other inpuË

daËa, were submítÈed r¡íth the Progranune to the IBì'l 1620 CompuLer

s.2.3.
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of the University. Thermal transport properties r¡rere computed

from this data aË 20OFo intervals over the range, 2OO to 20OOo¡'

as shown by the OutpuË ListÍngs in Appendix rD'.

PrandËl Numbers from these resulÈs have been plotted in

Fig. 6 over thÍs ËemperaËure range, and show from 2 xo 5% xo

varíation wíËh mÍxture strength.

Rich míxtures can be seen to have the híghest (pr) over the

temperature range, whilsË only extremely lean míxtures approach

Ëhe characteristic of air,:k.

For comparíson, Annand's assumpËion of (lr; = 0.7 for the

míxture is shown ín Fig. 6, and can be seen t.o be inadequate

boËh Ín it.s magnitude and in its temperaËure índependance.

:k NOTE: This curve for (Pr) AJR r,üas computed in an earlier

StoÍchiomeËric Octane calculatíon, using the same

basic Source Progranrne, but, however, using only 6

constÍt.uenÈs in the mixËure, i, e. t,he constituent

molar fractions for O, and N, were combíned and called
rrAIRrr in the new charge calculatíons of 5,2.2.

This Progranrme became superseded by Ëhe present 7 component

progranìme when it was decided Ëo study the effect. of mixture

st,rengÈh on the transport, properties, i.e. o, had to be inËroduced

in the lean míxture calculations.

Comparison with OLher Míxture Data

Data of Taylor and Toonq

Taylor and Toong (ref. 18) give graphs of gas temperature

as a function of mixture strengt.h wÍth víscosity and conductÍvíty

plotËed from standard tabl"" ior a:rr at Ëhese temperatures.
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By usíng theír gas temperatures, and by calculatíng the

molar fractions of the various constíËuents (ocËane fuel, see

Table 4) at the mixËure strengths corresponding Ëo Èhese

temperatures; it was possible to use the Progranrne to calculate

specific heatrviscosityrconductíviËy, and ?randtl No. of the

true Fuel/Air míxture at each temperature.

A comparison of Ëhese results wíth Fíg. 14, P.l7 of

Ref. 20, is given ín Figs. 7 and 8, and shows that over the

range of mÍxture strengths, míxËure víscosiËy ís only about

57. lower than Èhat of air; while mixture conductivity is

some 107. lower than that for air over the same range. This

last fígure could be slíghtly in error due to the Eucken

approximation (see section 5.1.1.) and true mixture conduc-

Lívíty therefore, ís probably only 5% lower than that of air'

The símplifying assumptíon of air for the working fluÍd in

Ref. 20 thus seems to be quite valid for viscosity, and eonduc-

tívíty calculations. ., Ilowêver;':it ôs récommènded that the

procedure of thís ?rogrannne should stil1 be adopted as mixÈure

specifíc heats are quíËe dífferent to those for aír (Fíg. t4)

and give ríse Ëo Prandtl Numbers bearing litËle resemblence Èo

(Pr) AIR over the range of Èemperatures and mixture strengËhs

being consídered (Fíg. 17>.

Data of PÍnkel and Zipkin and Sanders

A sirililar comparison to thaË in the preceding sectíon was

made to compare the thermal propertÍes at two locations of

different temperature in an engine

5 .3 .2.
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This was possible Ëhrough data presented by Taylor Fig. 2

Ref. 2I ftom Pinkel (Ref " 22) for I'cylinder headrt gas t,empera-

ture; and from Zípkin and Sanders (Ref. 23) for rrexhaust-valve

temperaËurerr of an aircraft engine as a functíon of Fuel/Air

raËío.

These tvJo sets of temperatures \^7ere sampled at various

míxËure strengths as in 5.3.1.; and used as input temperatures

to the ?rogramne (see Fígs. 9 to 13). The results show that

for 1OO% difference in temperature over Ëhe mixture ranget

specífic heaËs are dífferenË at Ëhe two rrlocationsrt by only

about 10%; viscosities by abouË 40% conductivities by about

50% and Prandtl Nos. consequently by about 4%,

Thus specífic heat and ?randtl No. do not vary greaÈly

but víscosity and conductivíty do show a signifícant spatial

variatíon, due to large temperature dífferences withín the

combustion chamber.

s"4 Comparison of Therma 1 Prooerties of Stoíchiometric

MixËures of Various Tvpes of Fuel over the Temperature

Ranse 200 to 200OoF.

The fuels selecLed for comparíson togeLher with their chemical

symbols and peËroleum famílÍes are:

(1) OCTANE - ag"tg ' a Paraffín

(2) BENZENE or BENZOL ' 
"ørø 

- An Aromatic

(3) ETHYL ALCOHOL or ETHANOL - C2H5(QH) - an Alcohol

(4) NTTROMETHANE - CH3NO 2 an Aliphatic oxy-Nitrogen

derívative.
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SÍnce the SpecÍfíc-Heat, polynomía1 coefficienËs for all

these fuels were lísËed in Ref. 12 (see Table 1 thís paper)

the only other ínpuË data required was : -

(i) The molecular weíghts and Lennard:Jones Parameters

(2> The molar fractions of the various constituents in a

stoichíomèËúic fuel-aír-residuals mixture of each fuel.

The only difficulty ín (1) above was in determining the

Lennard-Jones parameters for NÍtromethane. These could

not. be found in an¡r reference data. However, they were

eventually estÍmated by Ëhe meÈhod shown in AppendÍx 'A'.
The Lennard-Jones parameters for all the above fuels are

listed in Table 2,

Const,ituenË molar fracÈíons as required ín (2) above, r^rere

found by writing the chemical reactíon equatíons (sËoichiomeËric)

as previously for Octane. These equations are lísted ín

Table 6, and the resultíng molar fractíons are shown ín Table 7.

Specific-HeatrVíscosity, Conductivity and Prandtl No" for

Stoíchiometric mixtures of the above 4 fuels are plotted ín

Figs. 14 to 17 respectively over the Ëemperature range 2OO

to 2OOOoF.
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6. CONCI.JUSION

When compared with the viscosity of air, stoichíometríc mixture

viscositíes predícted by this PrograÍune for all fuels buË Nitromethane,

showed agreement within 4% over the temperatuïe range 2OO '200OoF.

The viscosity of NÍtromethane was 15 - 25"/" lower than the

viscosíty of aír over the same temperature range,

Similarly, comparing mixture thermal conducËivítíes with Ëhose

of aír, all fuels but NíËromethane agree within 4% btt the conductíviÈy

of Nítromethane was between 7 and 28% Lower than that of air over the

temperature range.

Míxture specifíc heats were beËween 3 and 25% hígher than those for

aír over Ëhe tempereture range, depending on the fuel.

Thís resulËs ín míxture Prandtl Nos. being between 5 ' I0%

greater than those for air. Variatíon of FueUAir ratío (for

Octane) from rich to lean gave a further 2 - 5% difference ín addítíon

to this over the ÈernperaËure range.

It was thus found that Annandrs assumption of Prandtl Number

consËant at 0" 70 was beÈween 107. and 20% Lowet over Ëhe temperature

range 2OO-2O00oF Ëhan the Prandt,l Nos, predicted by thÍs Programme

for the stoichíometric Fuel/Air mixtures of four different fuels.

AlÈhough Annandrs simple power-law víscosíty equatíon may fit

experÍmental viscosity-temperature curves with engÍneering accuracyt

it is preferable Ëo predicË viscositÍes on a more fundamental basÍs.

The compuÈations Ínvolved may be more complex but the use of an

automatíc dígital computer ouLweighs this objection, at the same Ëíme

gívíng a quick accurate solution in a convenienË format.
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Thís approach Ís especíally valuable when, for example, the

effect of a new fuel on the thermal properties of the mixture ís

being studÍed" The calculatÍon procedure is based on inter-

molecular force parameters which have been exËensívely tabulaËed

for most gases. However, if Ëhese parameters are not available,

they are quíËe readily estimated from Ëhe relevant gas critical

propertÍes,

The procedure described ís quíte flexíble ín applicatíon,

being neither limited by the number of constituents in the

míxÈure, nor by the partícular chemical species ínvolved,

In fact, the only reason that thís Programme was límited to

undissociated constiËuenËs rtas that the Èíme period allotted for

thís investígatíon precluded programmíng of the Ëedíous equílibrium-

constanÈ calculatíon necessary f.or molar fraction determination of

of the dissociat.ed constituents.

It is anÈicipated thaË an additíon to Èhís initíal programme

to enable dissociated componenÈs to be handled will,.allow Transport

Property calculaÈíon over the entire engine cycle; thus giving

insLantaneous propertíes from a recorded temperature cycle.

IË is envisaged that this computational procedure will províde

thermal property daËa for a quasi-steady heat-Ëransfer model to

aid ín the understanding of instanËaneous gas-to-wall heat-transfer.
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APPENDIX IAI

THE POTENT]AL FUNCTTON

Only a brief ouÈline as in (2) wÍlf be gíven here, but for

Ëhe full theoretical development the reader should see (5), (7),

(8), (e),

If the Potential Energy of ínteractíon beËween any pair of

molecules, distancerrrapart, is'Qr; and the force of interactíon

between them is 'F'; then the ensuing relatíon is;

F - dQ/¿r

The exact form of the funcÈion Q(r) ís noË known; buÈ a

satísfactory funcËion for elastíc collisíons between rigid, smooÈh,

spherícalrnonpolar molecules is the Lennard-Jones (6-L2) PotenÈía1:

Q(r) = orKÐ'-(Ð'J (ro) see rig. 1

where

S = " characteristic molecular dÍameter (the ttcollisionrr diam)

E = a characterist.ic energy of ínteraction between a paír

of molecules (the rnaximum energy of atÈTaction)

r = Ëhe molecular separatíon

r = the molecular separation for maximum aËtraction
m

Values of St arrð,/gare known and tabulated, (2), (5) for

many gases and when unknown can be estimated from the fluid properËÍes at:

(1) The critícal poÍnt for gases:

'¿/ -().77T, ñ=0.s41VJ/3 or \-=2.44(+)L/3,/k- L.,, -c r .. JroT¡VC v! -'..-P..,

(2) The boíling poinË for líquids:
t/k= 1.1s rb, S -- L.r66î,"h
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\^lhere

K

¡ålK

N

f.s Boltzmann' s Constant

and T "re, in oK

in AngsËrom units (18 -10
10 metre)

N1

V in cm-/gm.mole

Pc in ATMOS

INTERMOLECULAR FORCE PARAMETERS AND COLLTSION INTEGRAL

In the constituent viscosity calculat.ion, the Lennard-Jones

parameters, S anð€/gwere read in as data for each constituent.

These were obËained from tabulations in refs. (2), (5) and (7)'

I,rlhen these parameters T¡7ere not available from reference tables,

they were estimated from critical propertíes'

ñ

and. 
('? = 0"77 T G2)-Kc

some difficulry \^7as experíenced in fÍnding critícal temperature

and pressure for Nitromethane and in this case critical propertíes

were esËimated by the method of Eduljee (15) p '3'2L4:

T / (Ë,^r/1oo) )

4 2
ATMOSand P 10 NT / (E^P)

o
K=Tb

e

c

where Tb = Nor*al boíling point (or)

M = Molecular weight

and AT, Ap represenÈ conËributions from the various types of

atoms and bonds in the molecular sËructure beíng considered.
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These estímaLed crítÍcal propertfes Ìüere then used ín equations

(11") and (12) t.o give approximaüe values of Èhe Lennard-Jones force

paramêfers.

The Collision Integat" LVt, T/tas tabulated ín (2) as a funcËion

of kf/e This was plotËed j-n the form of a log-tog graph and was

approxímated (Fig. 2) by 3 sÊraíght line equations of besÈ fit for

the purposes of Ëhe program. Curve fittíng was carried out by

usÍng a standard ?olynomial Regression program, (IBM Ltbrary Programme

7" 0.002).
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APPENDIX I BI

POLAR MOLECULES

EquatÍons (3), (10) are not strÍctly applíeable to polar type

or highly elongate<l rnoleeules e,g. H2O, M3, CH3OH, NOC1; besause of

the highly angle-depende,nt f,oree fíelds that, cxist between sueh

molecules.

A Potent,Íal FuneÉion for simple polar molecules is Ëhe

I Sbockmayer Potentialrl :

a(",s, ,q ,n; Ø¡=4áL(Ð''-$ l-H 'f (e; , .? ,rì-É)
ln r¿hieh E.tre r-3 terrn represent.s Ëhe, long range attrac.Lion between Ëwo

poínE dipoles, ühe mut,ual orientaüíon of whíeh is deseribed by tÏre

functÍon:

f(q, q,Çó,-ø) = [e..sQ . &Éq -Ëtn Q's,,.' 9* ccs(d; {-l)

YJis tte dípo1e,. mornent of a single mr:lecule.\
Thus, t-he rnore aomplicar:ed Lheclry t¡ased on the St.ockrnø.yer

?eltential sh¡¡ul.d bre ernployed fo:: Polar gases, HirsehfeJ-d.ero CtrrËiss

and Bird (5) strm¡narise ßhis theory anctr give values of, Jl.r^u a f,unetion

of; kÏli¡:" and a dÍmensíonless group L .,k ínvoJ-ving Lhe di-pole momenü"

However, thi"s extension of übe moleeulat' t,heory a.ppears not Ëo

have been <levelopeeX anel eonf,ínmed for eonvenient use ín the estírnatíon

of, gas viseosiËies.

T,n the absenee of Èhe necessary Ëheory at this Èirne, and in view

of the f,aet that Hr0(the.only strongly:k:k pola'Jî constituent Ín the

rnixüure being eonsÍdered.) eorasËiÈt¡Èes only about 1,.5% of Ëhe rnixture

by weigTrt; Ít seems reåsonable to r¡se the modífied St-oekurayer Force
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consÈants f,or Ï1ro as gíven b-rr (7)' These eonsËants were found to

gíve good agreemenË ín form of, the víscosíËy-temperat'utre curve (Fig' 3)

for Ïir0; buÈ a eornsüant sealing f,aetor was required to reduce tstre

eutrve to Ètre sarne oraler r:f magníËu<tre as daüa f,rorn Ref" (4)"

The eonsLíttrenË C0 is slightly polar for kTþ <

t ( S:f of . A modÍfíed Stoeknaayer ?oÈenËial st"rould gíve beÈter

resuLLs than Èhe Lennard-Jones Poflentíal. However, Fíg. (3)

shows good agreenìenL bet-ween expenírnental data of, (4) and

viseosity and- eonduetiviüy predíeted by tlsing the LeDnard-Jones

Poüent--íal "
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APPENDTX ICI

PRESST]RE CORRECTION

Tü ís necessary Èo deËermine wheËher o:: noË Ëhe ayli"nder

pressure våriaÈion (freim approximately 1""0 uo 50 aÈrnos) has a

signifieanË effecË on víscosiËY.

Two mcthods trave been proposed f,or doing thÍs:

(1) A me.t",trod proposed by R.eíd and sherwood base,d <¡n thaÈ of, ca:cr,

?arenË and ?eek.

Thís makes usc of reducect viscosÍE'Y /,¿('

=Y_ )g.".. P.;
À=l

-1"r.', I

Ë''.-\ I-¿rL: )c",./Çi

# ,¿¿fu.

reelueed pressuree u, = ?/P" curves for varj-ous redue ed uenrper-

aÈurese To ='T/T*; wtrere the subserÍpf c elenoÈes ülie cÊL'Çþg!

gas. eondÍÈion,

The abÖve eorrecüíoÌi eurvcs are given i"n (2) anrl are applied

r.lsing Psetrclo-crj.üiaal be;unperaturres atrd pressures obtained by

Kay! s Rule:

rt
Then

, ver,q\rs

e
e

P

T

? __ PIPr
T =T/T

1:

i,e, this ru.Le weighËs Ëhe eonsÉituenü e::ÍÈieal propertíes

acaording to their rnolar fracLíon in the míxËure'

The eonsùiü:enË vi-scosities aC ühe sysLem üemperaüuue

and presstnre åre Lhen fournd by using ühe re<lueed víseosity/redtrced

pressure aha::t; ancl Ëhese values (whíeh trave been weigtrrted by

Kayos Rul.e) are used in the nl¡-neqa'qq€ of equaeÍ'on (7) '
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(2) 'Itie nettrod reconurended Try B{rcl, Steward & LíghEfoot (2) is

t-o calculaÈe. Llte, loro Pre rlsure nrixür¿re viscosíÈy by the se'rní-

exrpíríeal forrntlla of I'lilke:

/(ovnn >-
-iL''-o"/'L,-¡L

^--t +,ÊtrØ*¡
anrl Èherr, i:.sing Kayru Rule for pseuclc-'-er:itieal propertíes,

eornpuüe reclircetl pt:es¡jiures, i-eapel:âl-ures and vj'scosi.ËÍes ín

EermÍi,of P"' , Tel anúy'*t pncl tlse the ehart in exaeüly Ëhe

riârne bTay as for. a pur:e f,ltai.cl, 'L.-./f --/Oþr:. ol¡Èained from

tTre chart: arrcl ÈhÍs <1uantr;iuy nnrlr-iplíed by .ztf?ni* 
to give z4 *¡"*

al- S'y,st.e-ln5 eemllei:A*uUr:e and pre5lSure" HOWeVer, COt'lSi<1eríng engine

Ècmperaf-ures and pt:essuî:es uei{:trrer ,lf Ètlese meËhods of, pressure

c:¡r-rre¡:ii.e¡îl Tdetre r',lar:narr1-eel owÍrrg Èo î-tre small Fressure anri Èeunp-

e'¡;a.ttl::e renËlc¿Ë eottilidered "

Iî- eRrr be seer.l trowe*"teî, ttiaü íf rleee$sErÏJ¡ a pressuire eoftree-

.Lion can l're quitcj e¿rsíh, ínse::terl'-ll-nüo Èhe prÕgr,allÌme once Ëtle

csítj.eal ec¡nditír:n,s an:e k"nown arrd 1-he rertruce<l viseosi"üy-press¡.rre-

Le;n,peratr-u::e chart-r; ål:e éÌppïoxirsraLed hy equaËÍons nf, l¡est f,ic"
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CgHfg + l2.5lz * t+7.25N2+ 8C0, + 9'0H20 + 47,,25N2

ce\e + lL)l5O z + 5:.726N2+8C0, + !'25O2 + !'0Hr0 + 5r',726Ñ2

ce\a + 15.6250, + 58.78N2+ 8,OCO2 + 1'i12fl2+ 9'0Hr0 + !B'78Nz

cg\g + r8.75oz+ 70.54N2+8'0c02 + 6'250, + 9'0Hr0 + 70'51+I[t
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TABI,E 8.

G.A.MoRcrAN/FOl^JLERMECHENGDEPTUOF'\TirL-41¡I
OTTO CYCL.E COMPRESSION MIXTURÊ: TRANSPORT PROPERTIES

PROGRAMMI NO l:I5 / 1ó 2 0

DIMENSION\,J ( 7 ) rX ( 7 ) rS( 7 ) rËK( 7 ) rAK 11 I ¡F ( 7 ) r[ ( 7 ) rD( 7 ) rc (7 ) rB( 7) rA( 7 )

DIMENSIONDK( 7 ) rPfì( 7)'cP( 7 ) tu(7 )

FORMAÏ(lHlr9X tt¡4t1Tl1ERþ1At-. TRAl.lsPoRT PROP":iRTIEi; OF CONSTITUEIìl'5)

FoRMAT ( lHOr l3Xçz+1HAND MtxTURE Di-ltìil'lG cTTo cYCLE Ct)þìPR[5SIOi'l ]

FORMAT ( IHOrBHRUN NO.=ç I3 )

FORMAT ( 49H )

FORMAT ( 1H0 r 5HTE14P= r f:8.2 )

FORtlAT ( lÌ-lO r l3X I 2lJcÊ' r I 5X I lHU r 15X r2t'lsKr15X r2HPR )

FORMAT ( lHO ¡2HO2 ç B X r E I O ' 3 ró X r E 1O '3 r6X r [- ] 0 ¡ 3 r6X r FI0 ' 3 )

FORMAT I 1fl0 r 2Hf{2 rBX r F- lO' 3 r6X r F 1 O' 3 :óX I f I0' 3'6X r EiO' 3 )

FORMA l' ( IHO ¡ \HÇ-Or I X r E 1O' 3 r6X : E I O' 3 r6X r Ë I Ü' 3 r óX I EI 0' 3 )

FORMAT ( ll-10 r 3llco 2 t-7Xr t.1o .3 s6X I E 1Ü.3 r 6X'Í-l Ù ' 3 ç6Xtl'L o ' 3 )

FOFìí,IAl ( Il.lO ¡3HH2o l7X, [- i 0.3 r 6X r ã 10.3 r f¡X r ü 10. j ró X r 81o.3 )

FORMAT ( Il-lO r 5Hú8lll.B r 5X r E 10.3 r 6X r E lO.3 róX r f 10 ' 3 róX r [10 ' 1)

FoRMAT ( lllo ;2HFl2 r flX r E 1O "3 r6X r E 1o ' 3 r6x I Elo ' 3;óX r r10 ' 3 )

FORMAT ( lH0 I 3HM I X r'7X I Ê. I 0 .3 s 6X I É I O. -3 : 6'\ r E i o' 3 r6X I E 1 0' 3 )

PUNCHO 1 O

PU NCHO 2 O

R EAD I NRUN
PITJNICHO3O ' 

NIRUN

READO4O
PU NCHOA O

IIEADTNT rNCON
ÍìEADrld( I ) rW( 2l ) r\¡l( 3 ) rW( 4) rl'V ( 5 ) rld(6 ) r\rJ ( 

-/ 
)

RLAD;X( I ) ¡XI2) IX(''i) çX(4 ) cX(l¡) tX(6) IX(7 )

RIADrS( t ) rS ( 2] )r5'r 3 ) 'S( 4) çir( 5) çli(6' lrS(7 )

f<[ADr[K( l- ) Ii:K(2] )'L(( 3 ) rl l.( 4 ) rtr-i':' ( i;\ çE F (('' ) rt K(l i

fìi:ADIAK(]) çA.l,l.(.]) l¡\Kf :J) l/il.(lr) r¡\t.'(,-l¡cÀr.'(i,}lAlii./)
Ri'rADrf ( I ) ¡F t?-) rF'( i) çl' (¿r )

Ri-/rfirt ( 5l rË (,-- i tl ('l I

o10
020
030
O¿r0

110
120
r 30
l-¿r0
150
160
r-/ 0
180
185
190
?oo

ql
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READ'E( t) )El2
READIE(5)IE(6
READID(1);DI2
READTD(5) rD(6
READTC(1) ;Cl2
READTC(5)rc(ó
READTg(11s3(2
READIB(5)IB(6

lçE(?)rE(4)
) rE(7)
)rD(3)rD(4)
)rD(7)
l¡Cl?)tC(41
lrC(7)
)¡B(3)rB(4)
) rB(7)

2ro

208

209

2lr

READTA(l) çÊr(2) rA('3) rA(4)
READTA(5) rA(6) rA(7)
NTEMP=0
READIT
N T EMP= NT EMP+1
þJMIX=0.0
CPMIX=0.0
DO220J= 1 I NCON

IF(X(J) )250ç208r209
CP(J)=0.0
U(Jt=0.0
DK(J)=0.o
PR(J)=0.0
GOTO2 19
TT= ( T-3 2.o ) /1.8*273.o
cp(J)=( ( ( (F(Jlxrr+E(J) )*TT+D(J) )*TT+C(J) )*TT+B(JI)*TT+A(J)
CP(J)=cP(J)/\^l(J)
EX=TTlEK ( J )

I F ( E X-2.0 ) 2 I L t2II ç2I2
y=4.7-l2x ¡ 1¡.ÙxEX )r'ì' l-o -4141428 )

GOTO2I5
I F ( EX-5.0 ) 2 l-3 ¡2I3 ç214
y =2.471,ï ( 1 o.or.EX ) xx ( -0. 2 529 I8I t

GoTo2l5
Y=1. 6t+8)?( I o.Lìx É:x ) rÉ'x ( -0. I4950ol )

l.J (.J ) =LJ.936895¿-07*.5(ìlìTF (W (-l 1+:TI ) / t ( s ( J lx 
'.,.20 

0 )xY )

U(J)=LJ(J)/ÂK(J) I

i)t( ( J ) =U (.J ) ;( (CP ( J ) + ?''1t8072 /V'l ( J\ )

?12
2r3

214
?- r'¡

gt
c,l
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PR ( J ) =CP( J )''(U ( J ) /DK( J)
ZIg W¡li i=w¡lI X+X ( J ) ìtW ( J )

;)', ¿ËMiX=cPMl x+x ( J )*b/ I ¡ ¡ xcP ( J )

CPMIX=CPMIX/V'/MIX
UMIX=0'0
DKMIX=0'C
DO 240 J= I I NCON

SXPHI=0'0
ÖO23OK= 1 r NCON

. R=w(Jlzwtrl
IF(u(Kll2cso¡23o¡225

zz5 PHI= t r-o+ééáir tu( J)/u( K) ) /R**o.-25)**2
pH t=0. 3 n;,3*PH I /soRTF ( 1'o+R )

SXPHI=SXPHI+X(K)XPHI
?.3O CONT I NUE

ùMtx=u¡¡Ix+X ( J ) *u ( J ) /SXPHI
DKMI X=DKMI i+X (.J )*DK( J ) /SXPHt

240 PRMI X=CPMI XìtUMl X/DKMI X

PUNCHIl0rT
PUNCHl2O
PUNCHl3OICP( 1) :U( 1 ) IDK( 1 ) TPR(1 )

PUNCHl40;èP tã t çrt2l'?f ( 2 i rPR ( 2 )

PuNcHrlo,èp (3 ) ru( 3 ) rDK !3 ) rPR l? I

þUÑ¿HiOO,èp (lr) rU(4) rDK(+) rPn(¿r)

PUNCHT-ro,èp (5 ) rU( 5)'D( (5) rPR (5 )

PUNcHlao'èP iãi'u( 6) rDK(6) :PR(6 )

' PUNCH1 el',¿P(71 ru(7) tDK'(7) ;PR(7 )

PUNCHTç0, èPIqi X, U¡I I X IDKMl X I PRMI X

I F ( NTEMP-NT I 2IO ;2OO ç25O

25o sToP
END

q,
çn
qn
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APPENDIX 'D' SA}'IPLE OÜTPUT LISTINGS

For detaired ristings corresponding to results plotted

ín texE see origlnal RePort R65/l
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ABSTRACT

A modulated Voltage Analogue Data Acquisition System

(MOVADAS) built to IRIG* Specífications is descríbed'

Basic units are D.C' Voltage ?reamplífíers' Iligh-Pass

Fílters, Driver Amplífiers, Voltage-to-Frequency Converters'

Programming Swítch and l{igh-speed Tape TransporÈ'

Irnnedíately prior to recording of transducer sígnals'

bínary coded identífication pulses representing Run' Channel

and calibration sígna1s are símultaneously impressed on all

data channels. This provides a time datum for subsequent

computer analysis enablíng data to be correlated between

channel s .

A reference frequency is recorded on one channel to

facílitateaccurateanaloguetodigitalconversioníndependent

of Èape sPeed fluctuations'

The computing procedure also íncluded' describes how the

digitaldaËafilesarerecognísed'relatedtoacyclícrrEventrl

sígnal and reduced to numerical values of the recorded

phenomena.

Thís enables a Fouríer analysis Ëo be performed on all

recorded data between any predetermined cycles of the event'

J Inter-Range InsÈrumentation Group
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II.TIRODUCTION

The development of a hígh speed daËa acquisition sysËem vras

commenced in mld-1g64 when lt became apparenÈ that the avaflable

recordlnginsÈruÏnentswíthintheDeparÈmentofl"lechanlcalEngin.

eeríngseverelyllmltedcurrentandproposedresearchprojects"

Theresearchprojectsconcernedrequfredmeasurementofdynami.c

and cycLícal1-y fluctuatlng data from varlous trensducers and

sensors, e.B.; straín guages, thermocouples and pressure trens-

ducers" In each investlgation, ínstantaneous data from Èwo or

more transducers was requlred to be recorded simultaneouslyt

thus enablfng a Fourler analysfs and other computatfons to be

conducted on a digital comPuter'

The exlsËfng techniques avallable ln the departmeht for

recordlng and analysfng fluctuatlng data were as follows: -

(I) Dfeplays on dual-beam oecllloeeopea were reeorded by

efther drum or 35 rnm camera; and analysed by manual measurement of

ordfnates.

Disadvantages of thfs method were:

(i) Excessfve handllng and fflm processlng tlme

(fí) Llmiüed sampllng due to restricted Length of traee

(i.fi) RequÍred an optical comparator for the acctrrate

nùeasurement of ordfnates; or
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(ív) Relíence on manual measurement and human error'

(2) Multichannel pen recording and analysis by autonÉÈíc

digital curve reader (Referelrce 2)

(í) Limitations due to the capabilíty of the curve

reader to analyse , only ín polar co-ordinates '

(ii) Limited frequency resPonse of pen Tecorders'

(iii)Necessityformanualconversionofcurvereader

printed output to punched cards for subsequenÈ

computer analYsís

(iv) Slow reading Process'

It was decided at a DeparÈmental meeting in September, L964'

Ëhat a versatile hígh speed dat'a acquisition system, compatible

wiËh the data processing facilities of the Department of

Computing Science, should be purchased or built' It vras also

resolved that Ëhis system should incorporate a high speed,

multichannel magnetíc tape recorder usíng If2" wide tapè'

!,I.R.E. Scientifíc personnel generously of fered advice on

thedesignofsuchad,ataacquísitíonsystembasedontheír

l,I.R.E. Mk. II Recorder. Arrangements !üere also made to

purchase from !,I.R.E. an rrEpsyloî Lf 2't tape transport which was

subsequently modifíed to IRIG tape speed and lrack specíficatíons'

In Decemb er L964 the fírst rrbreadboardrr mockup of a voltage

tofrequencyconverterl,Jasbuiltandtestedsuccessfullyand

plans vtere made for the construction of three such modulaËor

channelstogetherwithpowersupplíes,preamplifíersanddriver

amplífiers for an FM Analogue recordíng system to be known as

II MOVADAS'' -- MODULATED VOLTAGE ANALOGUE DATA ACQUTSITION SYSTEM'
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APPENDIX A 3

A 3.0 r,fovADAS DATA ACQUISITION SYSTEM

MOVADAS - (Ùfodulated Voltage Anal-ogue Da'ta Acqulsltlon

System) is a Frequency l"Íodul-ated Recordlng SysEem based

ontheStandardBandwfdthlRlGEpeeiflcatlon¡aEfollows:

Tape speed

Carrfer frequencY

Modulatlon range

fPs

re/ I
%of
carrier

60

54

+4o

30

27

+40

MOVADAS conEiets of the following baslc unlts:

(1) Sfgnal Amplffíere and conditloning unLts"

(f) D.G" Voltsge Pre-amP'liffers'

(ff) Driver ArnPlffler '

(fff) Voltage-fr@quency (V-f) Converters'

(1v) Programming cwitch"

(v) Event Dfarkêr "

(vi) Reference frequencY'

(2)' Iltgh sPeed taPe recorder'

A sinpllfl-ed Layout of ÛÍ0VADAS ls given 1n Fíg' 1"



389

A3"I STGNAL AMPLIFIERS AND CONDITIONING UNITS

(l) D.C. Voltage Pre-amplifíers

(2)

The circuit for the D.C. Pre-amplifíer was based on a

Texas SN724 integraËed circuit rchfpr amplifier. The

circuit diagram is shown ín Fíg. 2.0,

Gains seÈtings of 10.0, 20.O, 40.0 and 60,0 were

provided by swiËching feedback resistors, At each gain

setting a ro11-off compensaËíng capacítor lrras automaËícally

coupled to prevent self-oscÍllation or phase shtft.

To provide the same sensítívity for each settíng a

push-pul1, síngle-ended voltage díviding network with

frequency compensation was coupled to the invertíng

ínpuË of the chíp amplífier"

D"C. balance control was provided by an offset voltage

from a voltage dívíder,

A brief specífícation of the ?re-amplifíers follows:-

Input Impedance 0.5M5¿

Input noíse 1evel 4yn broadband

Supply voltage + L2V D.C.

Output Impedance 1Kt2

Dríver Amplifier

Thís provided eiÈher D,C, or A"C, coupled inputs

through two Nuvistor Triodes in push-pul1 cathode

follower configuration,

-a
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The triodes gave a hígh input ímpedance and a low output

lmpedance to connect directly to two push-pul1 transistor

amplifíer stages (Reference 1) The gaín control was obtained by

feedback" The output voltage from an emitter follower to the

V-Fconverter!,IaslimítedbytheforwardconductionofsílÍcon

diodes.

The,círcuit dÍagram is shown in Figs' 2'1"aç¡d:2'2'

(3) Voltage-Fr equ ency Converter

The IRIG specífícation as follows was adopted'

Carrier frequency 54 Kcl s at 6or'/s

Ìfodulation range !4O% of carríer frequency

Input voltage t1'4 volts f'or f ' s ' d"

Each V-F converter consisted of:

(i) InPut stage

(íí) Modulator

(iíi) Schmitt Trigger

(iv) Binary divider/fLíp-flop plus output stage"

The circuit diagrams are given in Flgs" 3;l'to 3'6" '""'l'

(i) Input Stage

Provided approximately 10'OOOJL ínput impedance

through an OC 14O emÍtter follower" This was telnperature

compensaËed by another OC l4O in the emitter cÍrcuit"

(ii) Þfodulator

Thís was a free-ru"T"t voltage controlled R-L

multivibrator adjusted to 54 Kcls at zeto input' The

allowable linear deviatlon from this centre frequency

was +4O%. The ínput signal was fed in through two IOmII

(
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ínductances, each one coupled to an emitter follower' A

further emitter follower supplied a low outpuË impedance

to the Schmitt ttÍ-gget,

(ííÍ ) Schmitt Trisser

This unit converted the Modulator outPut vol-tage to a

rrsquarert wave form.

(iv) Bínary divíder/F1ío-flop

At a recording speed of 30 ips both inpuËs A & B at

this sËage were connected to output B of the Schmitt Trigger

to províde a binary dívÍsion prior to the flip-flop'

AË 60 íps both outputs A 6, B of the schmÍtt Idere connected

to inputs A 6c B respectively of the Flip-flop which acted as

a signal clean-uP stage,

A low ímpedance output stage followed to match that

of the Record/Reproduce tape head'

Programminq Swítch(4)

Thls unit controlled the recordíng sequence and inserted pulses

of known amplitudes to idenËify the recorded informatíon, i.e. run

and channel identíficatíon. An instantaneous calibratÍon of the

v-F converter r¡7as also provided, írwnediately prior to Ëhe recording

of real daÈa.

Format details of the recorded information can be found ln a

following Section A3'4,

A block diagram of the progranuning switch ís gíven ín Fig. 6'L

and the cÍrcuit of the basíc monostable multivíbrator used is gíven

ín Fíg. 6..2 .



392

The progranming switch inserted the ldentificatíon marks

simultaneousry on all active chennels, except that channel which

recorded rhe reference frequency Isee (6) forlowingl.

(5) Even t Marker

An FM sígnal changing from a sÈatlc level of 54 Kc/s to a

transíent value of 70 Kc/s uPon occurÏence of a cyclicriEventrl

rüas recorded on a separaLe data channel duríng each recording

sequencer

The event was sígnified by the ínterruption of a light

beam imPinging on a Photo-cell'

An Oc 71 transistor, whích had the paint removed from íts

cover' was used as the Photocell'

The voltage sígnal was fed inËo an AC coupled' t\^lo-stage

pulse amplífier whích provided a heavy positíve pulse to the

monostable multivibrator'

A varíable pulse lengËh was provided by the switching of a

(Refer FÍg.s" 5¡"lu and' 5'2)

followíng were identical to those of the V-F
capacitor C3.

The stages

converter. An ímproved evenü marker usíng ínEegrated cÍrcuíts

ís shown Ín:Fíg. 5'3'

(6) Ref erence F requency

Thís was requíred for the analogue-to-digital conversíon and

was a 50 Kc/s, F-M signal recorded on a separate track of the

magnetic taPe.

The unit was controlled by a Venner Crystal Oscillator

Type TS 25.

'{
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The basic layout for this unit is given in Fíg"

HIGH S?EED TA?E RECORDER

An Epsylon Multítrack hígh speed taPe recorder was modifíed

ro take 0.500 0f an inch rape widÈh at speeds of 60 and 30 ips'

The magnetic heads were replaced wíËh DRTCO Series 50' Record/

Reproduce heads to IRIG 7 track specifications '

ANALOGUE - DIGITAL CONVERS ION

The recorded F"M" information r¡Ias converËed into binary

information aL the raÈe of 4OOO samples per second at an analogue

tape speed of 60 ips ' The recording mode of the dígital

information \¡ras compatible with rBM 7o9o digital computer

i.e, Packíng density 2OO bits per ínch

MOVADAS Dara word 10 reading bÍts plus
2 ParítY bits

comPuter word 
i!r:t;:r:: 

three MovADAS

Record length 324 words

Because the A-D Converter used for the conversion was

programmed to accept multíplexed tel-emetery data' the resultíng

structure of each computer record was as follows:

Each recorded traçk was cofverÈed separately and the digítal

ínformationwadrecordedend'forend.onthedi$iÈäl,tapeo'rllÈians.

miÊtal tâPe, rr

The list of numbers whích rePresented a complete single

recorded run vtas termed a file' After each file an end of file

4

^3.2

A3 .3

..(
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A3" 4

¡natk was reçorded on the dlgital tape"

' In the ffrst record of a ffle, between the first (l) and the

trüenty-fourth (24) MOVADAS word, a tfme stord of three (3) MOVADAS

words 1n length tras autometfcally fnsertad. The tlme word had

the following strucÈure, in octrl notation.

40oog, ffig, YYYYg

where ffig \ilas greater than 4Og

YYYYg was greaÈer than 4OOO'

Äfter every üwenty-fourËh MOVADAS worË Ëhe Ëínne:word was

rêpèated,unËí-l-- Lhe end of file"

This informaËion ïdas a reatr time'countl ándÌwas redundant ín

f,he'-sub sequenL anal-ysí's "

FORMAT OF RECORDED IMORMATION" ANALOGUE AND DIGITAL

The form of Ëhe ínput voltage to the V-F converter in

MOVADAS, on automatÍc record mode, is sketched in Fig. 9lì..

The correspondÍng F"M. sÍgnal and digÍtal output is also

given in Flg. 9""

It was found necessary to cortrnence eaCh recording by a period

of consÈant voltage, l.e" constant frequency on the F.M. signal,

because the A-D Converter had to be manually operated.

The identification pulses prior to the recorded data

represented the run number and channel (or track) number in binary

f orm,
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TherunnumberconsisËedoffivebitsofinformationgivíng

run numbers from o to 3l and the channel identlflcation consisted

ofthreebits.AfterthislnformationaseriesofcalÍbration

voltages followed, enabling an ínstantaneous calibratlon to be made of

the V-F converter"

The identÍfication pulses and calibration voltages were applíed

to all active channels simulËaneously" This \Àlas necessary

because the recorded data from several tracks had Eo be phase

compared ín subsequenË analYsis'

The information recorded on the digital tape is as sketched

ínFig.9."..Thelistofdígítswhlchconstitutesasingle

experímental reading rnras termed a file and was terminated wíth an

end of file mark" It should be noted that due to the programmlng

switch in MOVADAS.,the actual digítal pulses !'lere not ideally 'square

cornered"r The inítíal disconÈínuity and leading edge was as

desired, but oscillations did exist on the pulse top and trailíng

edge. These írregularaÈies presented diffículties, when developing

a technique for detecting the identifícation pulses duríng comPuter

analysís of the data.

The bit structure of the recorded digital data is quoted in section

3.3 and detaíls of the analysis of the data are given in Appendix 44"

.'(
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GENERAL

COMPUTING PROCEDURE

PROGRAMME INPUT INSTRUCTIONS

TABLES LISTING PROGRAMMES & SUBROUTIMS:

Table (i) Programme CONVERT

Table (2) Programme COMROL

Fig.3(a) Subroutine !üIRE3 (Bolzano)

Fig"3(b) Subroutine I^IIRE3 (Dírect Fouríer Coeffs. )

Table (4) Engíne Performance DaÈa Reduction Programme

Table (5) çEngine HeaÈ Transfer Data Reduction

Refer to AppendÍx Al
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COMPUTING PROCEDURE

AP?ENDIX A 4

PROGRAMMES & SUBROUTINES

A4.O GENERAI

In the course of the work many computer Programnes were wrítËen for the

dígítal computers of the Uníversíty" Those listed ín Èhis Appendix are:-

cDc 3200

cDc 6400

These rouÈin,es
replace S/n l{ine3
ín Table 2 when
signals recorded
on 3 channels are
from dífferent síze
ttrrermocouples 

"

IBM 1620

IBM 1620

Tables I and 2 only will be detailed under rComputÍng Proced'urrer sínce

these prograÍmes are concerned wi"Èh the proeessfng, analysts and resynthesis

of the ínsÈantaneous heat transfen daca"

^4.L
COMPITIING PROCEDIIRE

The ínformatíon reaorded on magnetíc tape by MOVADAS (Appi"-ndíx A3) was in

Frequeney Modt¡lated (Fll) forrn. Before this could be proeessed by a digítal

eomp\¡terethis informatÍon had to be converted to an array of digíts íra Birnary

Coded Decimal (BCD) format wtríah represented the recorded sígnal sampled at

equal intervals of tíme. The FM A.nalogue to DÍgital (A-D) Conversíon !ìtas earried

out aÈ Lhe MaÈhematícal Servíees DívisÍon of Lhe lleapons Researeh EsËablishment

South Australía. Sr-rbsequenÈ analysÍs of the data was conducted on the dígiüal

3 (b)

4

5

I

2

3 (a)

Prograrnme COIIVERT

Programme CONIROL

Subrorutine for 3-Ïfire IteratÍon by
Bolzano Bísectíon Method

Engine Performance Data ReducËlon

Engine Heat Transfer Data Reductf

Subroutíne for
of True Gas Temp.
coef f ícÍ.ents 

"

dí,rect calculaËÍon,
f rom 3-I{ire,Fourler

5. t

6,4"3

^L/6.3

^r/6"4

l
1

l
l
l
1

I

6"2

6,4. L

TABLE TITLE REF. TEXT COMPUTER
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compuËers aË the Universíty

The analysís of the data was divided into the followíng stages.

(1) PRoGRAI0@ CqNVERT (rable l)

The dígítal information in the form discussed ín 43.3 and 43"4 of Appendix,A3

was firstly decoded into a format compatÍb1e with theinternal word sËructure of

Ëtre Universíty computers, and then data files !üere recognísed from the identífíc-

ation pulses" This conversÍon vras necessary because the digiLal (binary) output

from the A-D Converter \nres to IBM 7090 format whích was íncompatíble with the

requirement of the CDC computers at the University"

As mentioned ín Sectíon 43.4 of Appendix 43, the analogue ínformetion \nras

simultaneously applied to all active channels of MOVADAS and recorded on separaËe

Ëracks of the magnetíc tape" Included ín thís analogue informatÍon were the

ídentífícatíon pulses, Í.e", run and channel numbers, and ínstanËaneous V-F

Converter calíbrations" The analogue information !ües converted separately for

each track to digital ÍnformatÍon at the same sampling frequency of 4000 samples

per second" After A-D conversíon, digÍtal fíles were then wrítten consecutiv'ely

rend-to-endr on the dígítal(or 'Transmíttalr)tape" The oca,urrence of the lasË

calibratÍon yoltage pulse was taken as the ÈÍme zero orígin, and was Ëhtrs accruraËe

to l/4000 of a second" Hence a digítal sample from one channel cournted from Èhe

Èíme orígín had a eorresponding sample at the sarne Ínstant of tirne on all c¡Ètrer

ehannels.

The digital samples after tíme zero origin were selected and reeorded,

toge.ther wíth varíous identification numberse on to another magnetie Ëape(the

rConvert'tape) for subsequent analysis by programme COMROL"
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(2) PROGRAMME COMROL (Table 2)

ThÍs acËs principally as the controlling and output progremme for all the

following subroutines.Usíng the recorded data from CONVERT and wíth input

instructíons from punched data cards, the analysís was as follows:-

SubrouËínes SYNC1 & SYNC2

These routines selected from the digítal fíles of each experimental data

ehannel in turn an arrey of numbers whích corresponded to a gíven number of

recorded cycles"

As previously mentioned, the dígital informatíon from CONVERT contained all

samples from Ëime zero orígin, From the dígítal event file, the particular

locatíons of the everit pulses from the time origin were determíned' The corres-

ponding points on the data files were also located. ThusriÈ was possíble to

select from the complete dígítal file an arTay of numbers between any t!üo

event pulses"

Subroutines CONV & REDFA

The data \^rere converted ínÈo real values of the measured variables (ternp-

erature and pressure)since the sensitivities of each unít Ín Ehe recordíng

system were known" The V-F converter sensiEivíty was obtaíned from the known

instantaneous calíbration 1evels which preceded the recorded data. (Sectíon A3'4

Appendíx A3) 
"

Subroutines FASQ!ù & CALC

A Fourier analysis of the data over the selected cycle was performed by

Ëhe square-vrave infiníte series method of clarke(Ref,49)" Output was in Ëhe

form of the Modulus, Cosine and Síne eomponents of the variable for each

harmoníe of engine cyclic freqtrencyg and their phase angles with respecË 'Eo the

CTDC (Event) point.
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Subroutíne HFLUX

Thís synthesises the wal1 temperature fluctuatíons from the Fouríer

coefficients, adds Èhe mean wal1 temperature and plots the values over the

selected cycle. The Fourier coefficíents of the corresponding heat flux cycle

are determíned by dífferenËíating the series representing Èhe wal1 temperaËure"

The eyclíc componenÈ of heat flux ís then synthesised, the measured mean value

added and the total insÈantaneous heat flux cycle plotted.

Subro'utíne I.IIRE3

From Èhe FourÍer coefficienËs for corrected insËantaneous gas temperature

the cyclíc component ís synthesised, the recorded mean value added and the cycle

plotted. The same procedure ís repeated for gas pressure"

Eichelberg's heaÈ transfer coeffícient is calculated at each crank angle

sample and so 1s the modifíed value uslng instantaneous píston speed.

These values are returned to Programme COMROL where they are plotted

together with the experímental quasl-steady coefflcient. Also Ín COI{IROL' the

modulf of heat f1-ux, gas temperature and wall- temperature for each harmonic Ís

used to plot the spectrum of heat transfer coefficíenË; anil a synthesÍsed

coeffícient is also ploÈted over the eyele.

Subroutine MEKPLT

ThÍs Ís an automaÈie plotËing routine developed to enable a line prÍnEer

to plot Ëhe values stored in a double subscrípted erray. This routine provides

automatic scalÍng and choíce of orígin for up to l0 separaËe functions ploÈted

on the one sheet" The coordinate axes ere anotated and the titles may be

specífied for eaeh axis" The input ÍnsËructions are gíven at Ëhe beginníng of

subrouSiae MEKPLT Ín Table 2.



a, 4, 2 .?ROGRAMME IN?IN INSTRUCTIONS

The programmes are listed ín the tables fol-lowing" The definitions of the

ínput variables ere as follows: -

(1) PROGRAMME CONVERT
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Transmittal or digítal tape number

The nr¡nber of the CO\TVERT output tape

Series run number

o.utput formaÈ control: -ve lists the data points only

O lisLs the data Points and writes

also on to megnetíc taPe.

+ve wrlËes on mågneËic taPe onlY

File numbers to be listedr skíppedr l-lstedr ' " . " ' eËc

The number of Èímes requíred to(listrskip)

F. M.Anal-ogue taPe nurnber

TransmÍtËal or Digital Èape number

ConverL (BCD) taPe number

Extïa fíle ídentification íf requíred

Number of the cycle of the Event at I¡thich analysis is to begín

The number of cycles over whích the analysis ís performed

-ve or 0 lists the data poínts over one cycle and the Fourier

eoeffícíents of the NP cYcles

+ve does not l-ísÈ the above

No. of the data ehannel to be ínvestigated

IdentÍfícation for the type of data

Number of Fouríer coeffícients required per engine eycle

ITAPTRN

ITAPCON

NNSER

LIST

LLEST (N,M)

LSKFLD

(2) PROGRAMME COI.IIROL

ITAPA

ITAPT

ITAPCON

ITAPSYN

NPI

NP

LIST

ICÏIN

lflYPH

KKD
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VOLTC(t),I=1r5 Values of the 5 calíbraËfon voltage levels whích were supplied

automatically Ëo the FM Converters when recordíng e run

ALPHA(I),I=1r8 A headíng card characterísíng the experímenËal run

NSER Serial number of experimental grouP .

IRUN Run number for the particular experimenÈal recordÍng and also

the fíle number on the digital taPe

NOCHN(I),I=lr7 The channel number corïespondíng to the recorded data to be

investÍgated.The Event Marker channel number precedes all others

REV

IRAM

ALFA

coN

IFMC

r-Gz,rG3,rG4

Rotatíonal speed of the engíne (r"p"m.)

Number of samples synthesised per cycle (usually I44=5ocrankangle

Thermal díffusívity of probe wal

Thermal conductívíty of probe wall

FM Converter (or Channel No' ) for requíred data

Gaín swíÈch positions of Preamplífiers,AËtenuatíon swíËch and

Driver amplífiers"The gain fÍgures are gÍven in Èhe Progranìrne

as GG2(I,J),GG3(I,J),GG4(I,J) for each channel (I) and each

seEting (J)

Thermocouple and Pressure transducer sensitíviËies

Gain values consequent on swítch settings above

Mean or steady-staËe value of recorded wal1 surface ËemPerature

Mean or st,eady-stete heaË flux from the calorimeter probe

Mean or sÈeady-state value of gas Ëemperature

Atmospheric pressure

G1

G2 rG3,G4

TT,TM

QM

TM

PM
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TABLE 1

PROGRAM CONVERT
COI\VEl-(TS l'14G. TAPE FROr'1 A-D CCNVERTER li'lFORl,iATIOl\¡ lìECORtTED

I NlT T I ALLY ON 14OVADAS I N I'i"ì ANALOG FCRi\i
CCi\VEIìTS TlrE LIST Ot- NLri'1tìEl-ìS IN El\CH FILE l{Ai4[D FlìOl"t ]B¡"1 7O9O

FURi'iAT TO CI.,C 32UO OIì 64\JO FOR14AT
THi: TIi'lh. biüRDS Al{E f(t-h4OVLDr FILES TIIAT Alìt NOT DATA FILES ARE
Íì[JËCTLUT IDi::NTIí"ICATiON I\NiJ CATTiJRATION PULSES AIìE LOCATEI)
AliD Dt-CODilr' Tl-¡f Tf{Utr D¡\TA IS PLACED ON MAG. TAPE ì¡,ITI1 THE
N tCI.SSi\RY I DEI{T I F I CAT ] ON

DATA CUTPUT II\ bLOCKS Of= 864 i.IU¡'IFJERS ìdITII IJUI"iI,,ìY IOI- AFTER EACH
ULOCK (-lr100r-10)

AF TËR
TI.Ii S I
INTEGE
I f\ITÉGE
t I I'iËNS

Tri t

RS
i{v
I Ot''l

LAST iì LOCi( A DUi\'ìÈ'1Y EOf= I S (-2 ¡-2A0 ¡-2o )

OLLOr.JEi..r iìY A TlìlJt- ËN, OF FILË
IIIFT
ÁrL r/¡l!D
I i'lP I ( 486 ) rVAL ( luljó ) r I F I LE( 8 ) r ICAL( 5 )

D I i'1Ël'lS I ONL LE ST I 6tt '2¡
D I ¡'iEhlsIO¡ll V ( 3 ) r I l^J ( 3 )

5 FORt"iÂT (55X.10llEOF SLNSf D )

ó f:OR14AT(1OX¡22rIEOF IIRI TTÊN ON OI.,JTTAPE )

l0 .FORl.1AT(l0X ¡33ttPr\fìlTY ËRl{Olì Dt-TtCTLD AND IGNORED)
75 FORi'lAf (20X ' I9rlCC)liVEllTÊ Lì RtCOf-(l) NO r I5 )

20 FOllNl¡. T ( I X,20 I ITOT/\L i'lt-Jlt'iiiE R lì[COlìDS r I 6 )

25 FORI'1AT ( LH- r llf'lF I LE i\Ur\'l.3Lr,ì r I ó )

30 FOlll/ìAT(1X'2CI5I
?'5 FORI"IAT(2¿rl3)
40 FORMAT(5OXc22t1t->ATtr FiLE NOT D[TECTED)
45 FOIIiqAT( 5XrglltìECORD NOr l5)
50 F-ORiqAr (t l5 )

55 FOIìf"iAT(2Ol-i TiiANSlvilTTAL TAI)8, l\Orl6¡'3Xr15l-lCOl\VElìT TAPE NOrI6)
6O F'ORi\iAT(LX'9I5)
65' F ORI'iAT ( 50X t25 rlEOf- DE TTCTEU ijtF ORt I Dt NT )

7 O FOlil'iAT ( 7X ' l4rlGOOU D¡tTA F I LL )

J5 FCtìÞìAT( 15XrlrJr'ILOOKING FOIì IDIf"lTS)
tJ0 FOIìi"iAT(IuX'l-011f-ILI lDINf ,I5¡3¡1 =¡I2r4X.].IHi\O OF STEPSTI3)
ó5 F'C[(lvlAT(3X' ].2liSKlP l-ILL ll0rI5) È

C¡)

F
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90
95
96
97

NOFILf=NOFILE+l
þIRITE(61¡85)NOFILE

]OB CALL SK.I P ( 1O )

Go TO:1" 06
i09 l\L=LL[:ST(NrI]

t)0990LT=I 
'¡.,lL

i'iOREC=0

FORNiAT ( 5QX ç29FrCAL ISRATION SIGfIÉ\LS INCORRECT )

FORMAT(9I5)
FORMAT(20I5)
FORþ]AT (3I5 )

IV(1)*-1
IV(2)=-I0ü
IV(3)=-10
I t{ ( I ) =-2
I \i'/ (2 ) =-20O
I\¡i(3)=-2O
RLADS TRAi!SiliITTAL AI"ID CO¡IVERT T/\PE NOS, SERIAL NO. OF DATA
LIST +VC I[: i'iAG. TAPE ONLY IS IìËQIJIRhI)
L.IST ZERO ['OR MAG. TAPL AND LIST OI- POINTS
LIST -VE FOR LTST Of: POINTS ONLY
tìt.AD ( 60,50 ) I TÉ\PTl(N r I f /rF)CQr\, r l,lNSi:ll , L i ST . LSt<ÈtU
l¡JR I TE ( ól- . 5, ) | TAPTRf\.I, I T/\PCON
I F ( LI ST ) L U'j r l-(t2 ¡ LvZ
Ril/"Il,lD11
CALL DtÀlS ( l0r I rFìi:J )

RtADS NO. OF l--lLIS T() tJh. LISTr:l)r SKIPPLT-rr LISTEDT SKIPPfDT
RLAD( 60r 35 ) ( ( LLLST ( N,Ni ) rNt=lr 2 ) rt,,l=l rLSKI=Ll) )

NOF t LE =0
tj O L 0 ó Àl = 1 I L S K F L t)
I F ( LLEST ( l\ r I ) . EQ. ll.i\NL). LLLST ( l.i r 2 ) . [Q. û ) 1U00,104
iF ( LLEST ( f!r I ) ) 1',J0r I(i5'109
IF ( LLEST ( Nr 2 ) ) Lü0U' 10(.0,IL'l
COi\lT I NUE
LL=LLEST(N¡2)
DOl.08LT=L r LL

c

ta2
L03

10 ¿r

l0 5

r_tJb

107

.. ¡ETC.

tÞ
C¡)

r\9
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100

110
I20
I?:6

140

150

I60

170

NOD I S=0
I DE:NT=0
I P=0
JJ_U
KFILË=1

'JT LST= I
JDTEST=6
I YD='15
I IYD=30

'NOFILE=NOFILË+1
WRITi(6Ir25)NCFILE
BUFFERIN( ]U'1 ) ( II\IPT( ] ) I INPT(486 ) )

CALL UNITST(1OIK}
GOTO( 100 ç136 ç 1lr" r 120 ) ,6
I F ( I P ) 1 000 ¡ 9t,5 sc)E-t

IJRITf(61rlu)
NOREC=N0REC+l
wR I Tt ( ó1 r45 ) NORËC
IJY l'lASKll'lG llllt-AKS TllI WORD iNTO Th'O \^/OlìDS
DO140l =I rrr86
J=2r, I-l+JS
VAL ( J) =SHl FT ( ÌNPT ( I ) '-12)
VAL ( J+I ) =A¡\'lD( INPT ( I ) r 7'717?,,
TJUFFËRII\ ( 1û r I ) ( INPT( I ) r INPT(486 ) )

NUtr.i=912+JS
CHLCKING FOR TII'1r- r¡IORDS AND RLpiCVING THË.M

IF (Al,jt)(vAt(Js+91I) ¡4C0f 8).f Q.4UU0ts.ANir.AND(VAL(JS+9121¡408).EQ.408
I .AllD.iil\D ( VAL ( JS-f l ) rlri,v0l.i ) .tQ.l+UUUtl ) I5v. 17J

II=1+JS
.ill=969+JS
DO160l=l I ' I I IVAL(I)=VAL(l+1)
NiJlvi=NUlul-3
GoTO20 0
I F (Al',tD ( V/rL (JS+9 i 2) t4Ll(ìOll ) ¡ 8Q.4000ts.4l.'lD. Ar\D (VAL ( JS+l ) r4rJB ) . ËQ.40B.A

I ND. AND ( VAL ( JS+2 ) r ¿¡(l i) 0U ) . ËQ.4(-)Ùo U ) I B O r 2L) 0

c

È
gJ
go



c

IBO

190

)(t(\

2ro

220

./_ tu
235

237

236

250

400
445

I I=1+JS
I I I =9ó9+JS
DO190I=I I r I I I
VA.L(I)=VAL(I+2)
li U l"l = ltl l.J l"l - 3

¡ = 1+JS
I F ( Ai\tD ( VAL ( I ) r ¿+00 0[j ) . EQ. 4U0Otj. /\ND. AND ( VAL ( I +] ) I 40Él ) . EQ.40B. ANU. ANt)

1 (VAL ( I+2 ) ' /r000ts ) . EG.4C00tJ ) 22O t2)5
flUl'i=l.lUl'1-3
DO230J=l 'i\.lUi4
VAL(J)=VAL(J+.JI
T - T !11-I I t

I F ( I -NUi''i+2 I 2L(), 2IO r231
r/lR I T[ ( 6]. ' I5 )NOP.EC
IF(JS)1000t236t25
JS=86¿r
GOTO 1O O

GOTO(400 ç455t 70C )rt(FILE
CHTCKING F'OR A D¡\Tl\ FILE. Ifr Ii\ITIAL POINTS
I F il,loREC-3 ) ¿¡e5 ¡4t.)D r4j0
D0\201=36 r Í164 r 18
IF ( IAiiS( VAL( I )-VlrL ( I-18 ) )-IYDI 4?e t420.410
JTLST=JTIST+I
COI.IT I NUI:
GOTO ( f O00' 9C0 t4)O I rl{OtìEC
I F ( Jl-EST-JDTËST ) 445 t 44Cr r 440
I,JRITE(óL r4Cr)
CALL SKI P ( 1O )

GOTO990
l'JRITE(6I'7U)
KFILr_-/-
L=?9
V,TRITL(61r75)
l-=L+1
IF ( L-9A3)ç¡20 r52ò ¡5I0
L=39

ARE CONSTANT

4t 0
42O

AP PROX .

430
4/¡O

445
/¡50

455
500

È
C!
È

:r10



c IDTNTIFYING TTIE IDINTIFICATION PULSES
GOT0900
lF ( IALiS (VAL ( L )-VAL ( L-I ) ) -I I Yt-) )5UU ¡5OÜ '525
IF ( IAi]S (VAL(L )-V/\L(L-]O ) )-I IYD )'OOI5OOI53U
IF( IAtjS (VAL (L)-VAL ( L-20) )-I IYD)500r5Oot535
lF ( IAL')S ( VAL ( L-t ) -VAL( L+l ) )-l yrr ) 54U r5 4J ¡545
I F ( i AijS ( VAL ( L-l )-V¡tL ( Lr-2 ) )- I YD ) 5 (lu r 5au.545
LTEST=]
CHTCKING THAT IT IS A PULSE
OOfl5M=20 ç 4 O

¡1ll = L +ù1

IF ( IA¿S ( VAL ( l'lN ) -VAL(i'iN-L ) )-IYl-l ) 555 c555t55tt
LTEST=2
COÀ]T I NIUt.
GOTO 1515 t560;10utr ) TLTtST
I\NOTIIER CItËCK FOil TIII PULSI:
DO570lt'1=40r6C
M¡l=L+14 :

I F ( I AiiS ( VAt ( l'1N ) -VAL ( i"iN-1 ) ) - I YIJ ) 51O t5 7Ù ' 5ó5
LTt-ST=3
COI\T I NUE
GOTO (1000 ,b-|5 ¡ 5L)Ü ) ,LTf:ST
K[[PS IìUI'INIII\iG COTJf\IT OF TIIt NC. OF DISCO¡ITINUITIIS AND SOUARE PULSES
lF ( NODIS-16 ) 590' 640.640
NODIS=NODtSr-t
lF ( l{OlJ I5/ 2-( l\ODIS+l } / 2) 6uu'63u r liiO0
I DLNT= II)E,NT+I
It- (vAL(L)-V/rL(L-l ) )620 rIOU0r6l0
IFILT(IDtNIT)=O
GOTOó30
IFILT( IDLI\TI=].
L=L+100
l'JRI Ti- (6I rBu ) TDENT r IF ILL( IU[l\T ) rí\ODIS
GOTO 50 0
IDLNTT=IDiil',ll+l
ISUI¡r =0

9¿O
'¡2')
530
5?5
ç> L¡O

't 45

550
555

560

565
ç.¡10

515
590

ó00

ó10

620
630

640

c

c

È
(¡¡
eJr



c

670

67 çs

6A4
685

690

695

lUO

DETERI,lININC. TIIE CALITJRI\TIOf.,I LEVILS
DO67OI=20 r BO
IAL=I+L
I'SUtui= I SUtvì+VAL ( I AL )

sulvl= i sui'4
I CAL ( IDENT-8 I =SUI"î/6 I. U

IF ( IDENT-I3l 615' 6Bt) r 1()0u
L=L+100
GO TO50 0
DECODES RUN AND CI-1/\NNIL NOS.
I I tìuN= I F I Lt: ( I ) x 1 ó+ I F I LEI 2 I )!,ii+ I r- I LE ( 3 ) *4+I F I LE ( 4 ) x2+ I F I LE ( 5 )

I ICHN= IF ILr ( 6 )r,.4+It_ I LL ( 7 ) r(2+Lt ILE ( I )

ì//R I TE ( l¡l r6. ) i\llSElì ¡ I I RUN. I ICIlN r ( I Ci\L ( i ), I = I ¡5 I ¡ITAPCON
I,JRITÉ(ôI '97) ttV(l ) eI='I..3t
CHLCK Or.I VI\LULS I'I-I¡¡ C/\LIIJRÂTIOAI
Il- ( ICAL (1 ) .GT.I CAL (3 J .l\l"lLr.l e AL (5 ) .LT.ICAL ( 3 ) ) ó84t984
VAfIIOUS OUTPUT I-OIìIVlATS IJEt'JtI'IDII\G ON THË VALUT OF LIST
IF(LIST)ó94¡685.685
'¡r[ì I TE ( t I '9ii ) l\l,,lSEÍ( r I I RI-IN r I lCFiN. ( I CAL ( I,) . I = 1 r 5 ) r I TAPCON
llRITE( 11,97 ) (lV( I ), I=I t3l
KFILË=3
LLL=L+250
IP=0
DO69!iJ=LLL r 1-/28
i P= lP+l
VAt-(IP)=VAL(J)
IF ( B 64-IP ) 7 2A' I Uu' 100
DO710J=865tI-l2B
IP=lP+I
VAL(IP)=VAL(J)
IF ( L i 5T ) 7'30,735 c1 t+u

VJRI Tt (6L ¡?ü) (VAL ( I ) r I=1'864)
ViRITE(61 t97r l IV(I )¡I=I23)
GOTOTSO
lj/RI TË(6f t'lt\ IVAL( I ) r I= j '86rr)
\,JRI Tt ( 61 t9-7't ( lV ( I ) rI=I ¡3)

ó80

C

C

lio
720
73A

a1È
¡Þ
90
o)



740

154

164

9C0
910

950
955
960

965

970

91.)

9b0

984

91. cr

990

1000

100l-

to02

WRITT( l1'96) (VAL( I ) r I=1r864)
,dRI TE ( 11r97 ) ( IV ( I ) r l=I r3 )

IP=IP-86¿t
DO760J=1 r I P

VAL(J)=VAL(J+8ó4)
GOTO100
DO9lUI=j-rE6¿t
VAL(1¡=YA,L(l+¿J64)
GOTOlOO
IF ( IDEi'lT-13r985 ¡951 r 1Ú00
IF ( LI 5T ) 96u r9b5,i)-l¿
'rllìi TL l6L3U) (VAL ( I )' I=f ' IP)
lllìI Tt (6I '97', I I\^r ( i ) r I=l r3 )

GOTO(-)80
liiìI T[( 6t r3r, ) (V¡\L ( I )' I=I. IP)
ï\'fìITE(6I .97 ) ( th/( I ) ¡I=I t3)
LLL= I P+ 1
DO975I=LLLr864
VAL (I ) =0
llRiTE( Ii r96) (VAL( I ) r I=Lr864)
VfRI Tf:( II ¡9'l I I Ir¡/ ( I ) r I=l- r3)
irR I Ti l6I cZU I NOREC
V/R I Tt- ( 6l- r 5 )

GOIO990
ViRITE(61'9Ü)
CALL SKIP(10)
GOT0990
'rJRiTE(6lró5)
l{RITI-(6}r2C)NORLC
CONT i NUÊ
GOTOI- Ù i
CALL DE:liS ( IO t2 ' 

11['-J )

IF ( LI ST ) 1Ov2 r 10'Jl I I00I
ENID FILt. ]I
r',jRITE(6lró)
ST OP
END

È
C!
aI





1LL
It2
II3

1200
I 3u0

140
150

2 001

FoRi'1AT ( l3 t

FORMAT ( I 4¡2X¡F5.ö ¡8( 2X rElrJ.3 ) )

f-ORþ1AT(l-HITxCYCLE C[ìA¡lK PRESSURE GAS TEMP. hrALL TEMp. HEA1T PISToN*.I2X'rÉ11EAT TRAI\Sl-ËR Cotl-F.*-r / ¡IX'xëOU¡¡T ANG*rafXr]ìTFLUX vELOc. tXpT. Elcl-t vp. b.lc¡t. vp¡,ti)
l-oRr\iAT(lHlr4oilFouRiErì coEFr-IcIEr'rrs of- cotvipLËTE DAT/\ ANALysED)
FORþIAT ( ].HU r 9X I5I.iI NDLX r 8X , T ]I_1HTc MoDULUS )

F ORl.iAT ( 11X r I 4 ¡ 4X ¡E-'It¡.-l )

Fofìi'tAT ( I t-i0 r 9X r 1 I rtcycLt_ couNl r ¿iX r gHSyf\Tl-t H TC )

F Ofli'l4,T ( X r I ¡+ r 5X ¡ 2l_IZ . t_¡ 
)

CALIRIÌ/TTION VALUfS FOli l-t"i CONViRTER NO. I
PRI.Ai"iPLIF I I-R GAIf\IS
GG2llrI)=L(/.f)
GGz(L¡2)=2.O.o
6G211'3¡=4U.0
GGz(1r4)=60.0
ATTEI\tJATIOl,l SvJI TCFi POS ITION
GG:l(1r])=1.00
GG3(I'21=O.lo
DIìI VT-R AI'IPLIFIFR GAIi\.IS
GG4(1'l)=l-U.lO
GG4 ( I i 2 ) = I¿ç.5
GG4(lr3)=?.'J.5
GG¿r(Ìrrr)=3I.2
GG4(1.5)=4L5
G64(lr6)=6O.fl
GG¿r(lr7)=t)(t.7
GGtt(l-r8)=l16.O
CALIF)IìATIOI'I VALU[.9 FOIì Fþ1 CONVERTEIì NO. 2
PRi:Ai\iPLI F I Ê.R GA INS
GGZl?tl)=10.0
GGz(2¡21=2r.()
6G2(2,3l.=40¡.0
GG2(2r4)=60.C)
A] fENtJ,\T IOf\I f,VJ I TCI-I POS I T I OI.I

GG3(2tIl=1.üCr

c
c

c

c

c
c

c

Þ
t¡J
(o



c
GG3(2.?l=0.10
DRIVER Ai,iPLIf: IER GAINS
GG4( 2tL)=10.10
GG4( 2.¡21= I4'.5C)
GG4(2¡3)=2u.c)
GG4(2t4)=32..?
GG4 ( 2,51=4V .'J
GG¿r(2r6l=65.0
GGzr ( 2 r1l = 9¿r.1)
GG4(2'8)=129.0
CALItslìAT IO¡l VALUES FOll Fl"'Ì CONVËRTER NO. 3

GGz13rl)=10.0
CGZI?¡21=2U.0
GG2 ( ?.31=40,o
GG2 ( 3,41 =60. O

ATTTNL]/\T ION 51,{ITCH PO.SITION
GG3(3rl)=1.u0
GG3(3¡21=0.10
DIìIVER AJ'IPI-II. IEfì GAINS
G64(3.1)=1I.70
(;G4(7,?-l=L(r.60
GG4(3r3)=2'J.6t-)
GG4 ( ) :41 =3 e' .15
C,G¿r(" ¡5)=49.51)
GG¿+(3¡6)=E4.(.)0
GG4(?,-ll=lOii.0
GG¿r(3rB)-1.50.()
|:<eAD( 60 rU95 ) I TAP/\ r ITi\P]' r I TAI)COI'Jr ITAPSYN
RtAD( 60 rU98 ) f\PI .l'lP'LIST' i CllNri''lTYPteKilDi (VOLTC ( I )

RIAD( 6C' I(.i(i ) (É\LPl'iA( I ) r i=L ru )

I F ( ENDt'l L[ C]0 ) Iü0Cr,2Or)
RLAD( 60'til0 ) i\S[:Fì r IRUi'lr ( l'loCtlN( i ) ¡ L=L ¡7 )

fìEAD(ó0r120)litV
Rt:AD ( 60' I 3() ) I [<Ai'4 r ALI- A r COl.l
ll.R I TE ( €¡1 ' 096 ) I TAPCOI'I
l/rltI Tt. ( 6l r 097 ) I TAPA' i Tr\PT

c

c

c

rI=1r5)
205

20Q

È
È
o



2]-r

213

215

2I ê'

2r1
?.L8

270
2¿I
222
230

2?l

ì^lRI TE( ó1'O1l )I{SERr IRIJNT ( trlOCHN( I )' I=1r7) rNPI TNPTLIST'
NTEST=1
NCI'!N=1
CALL .SYNCl
NCHN=NCHN+1
IF ( NOCIIN ( NCHN ) ) 2 l3 t2O5 s2I5
IERR=OO6
WR I TE( ó1 r 050 ) IFRR rNCHN rNCHN
GoTO I O 00
READ( 60r 195 ) IFMC I IG2' I GV, lG4
IF ( IFMC.I--O .71216t211
G1=l.l2E-03
GoT02 I 8
GL=22.48-o6
G2=GGZ(IFMCTIG2ì
G2=GGZ ( IFMC ¡lG2l
G3=GG3(IFMCTIG3)
G4=GG4(lFMCrIG4)
CALL SYNC2 ( NCHN )

GOTO (22I,2221 rNÏEST
CALL CONV
GOTOI?-3O¡205 ) TNTEST
CALL REDFA
h,R I TE ( ól- . 096 ) I TAPCON
l¡JRI TF( ór r100 ) (ALPIJA( I ) r I-1 r8 )

t^JRI TE( 61 I 097 ) ITAPA I I TAPT
WRITF(ó1r180)
WRI TE( 61' 190 )NSER r IRUN r ICHNTNTYPE ¡NPD.KKDoNPTSTNPI TNPERD

CALL FASOW
CAI.-L CALC
J= NPt)
KK = KKD* NP T)

I F ( NCHN-3 ) 2?l ¡2?2 ;23?
D02?4K=J rKK.J
FOIJRIER COIFFS OF WALL TEMP IìETURNED FROM S/R CALC
YllC(K)=YC(Kr1)
Yt,S(K)=YC(Kr2)
FOUR I ER COEF FS OF Hh:AT FLUX
Yl-C (K ) =YC( K r2 ) +YC (K I I I

c

È
È
Ê



c

23t+

232

2?5
233
240

242.

238

239

24L

244

245
24V
236

YFS ( K ) =YC ( K r Z) -Y C ( K ' I )

GOIO233
DO23 5K-J r l'iK r J
f:OURI EI-{ COLf'FS OI- GAS Ttf'1P RLTUf{J''ITD FROI,I S/I{ CALC
YGC(L)=YC(Lrl)
YGS(K)=YC(l(r2)
GO TO 124 O ,'¿3fr t24I I I F f,'ìC

READ(60ç120)Ti^jM
READ(60rL2U)(r¡i
CALL ilt- LUX ( I tì/\i"1 r /\LF A ¡ COj\,I' I'L rOl", I Ti¡Jf"1 )

DO242I =1 r I Rl'lui
T1¡,(I)=At1'(I)
Q\¡i(I)=DlJ(l)
GoT O243
READ(60rL2t)Ti'l
TGÞi=Tf"l
CALL b/I R[3 ( I tìAM rNCl-11-',1. KK. Tl'1 )

DO239I=1rIRAl"l
TG(I)=Ci',r(I)
GOl O2t+3
RE^D ( 6O r l2t.¡) Pt"i

T14 = Pi'i
CALL i.llRt3 ( IilAf'l rNClllJ' Kl''' Tl'i )

¡\ - l.J

l( = lz.+ f
DO24¿¡I=lrlRAi"i
i"lODIFit-D LlCl',ÊLi.:,1.-R(-; ll.T.COi.FF. RETURNTD FROI'ì S/R l^,IRE3
l-1( I rK)=EV,J( I )

K=K+j
.DA2t¡5I=IrlRAiul
F.ICltÊLilItìG ll.T.coil-l-. fìETIJRNIËD FROl.1 S/lì WIRE3
H(lrK)=Fl'J(I)
(¡OTO ( l-000, ZL'I ¡2ll ¡236 ) NCI-l¡l
K= l(+ l-

.LOCAL (ìUASI-STEA)Y II.T.COL-FF. IJRO¡Uì DIRTCT TXPERIMLNTAL DATA

iJO'iU0l=l rlRAl'l

c

c

c
È
rÞ
N'



3U0 ll( I rK) =(36uU.0)tQil (Il ) ¡ (TG(I )-Tl/( I ) )

Pl=3.1415921
PIA=2.OJSPt /Itì41,,1
ìdRITh-(6Irll-3)
DO424l"l=IrllìAi'1
AN=N-l
Al.l=A¡tr+P I A
Alrl=At'lx360.A/Pl

424 tJlìI TL ( 6I r L 12 )NrAN rDt,Jil"l ) rC\,V(N) rA!4 (N ) rl3il/( N) rG\,/(N ) rH (Nr3 ) rl-l (NrI ) rH(Nr
12l

C LIFIITlNG EXPEIìIl"ÌENTAL l-'l.T.COEFf--. TO FINITE VALUTS FOR PLOTTING
DA420N=lrlRAi'1
I F ( t-l ( N,3 ) .CT. I5U0.0 ) 41Or4u5

4'j5 IF ( ll (N r3 ) .LT. (-5U0.0 ) )4LZt42t)
410 H(Nr3)=l-5vÜ.0

GOT042O
4I? l-r(l'l'3)=-500.0
420 COÍ\IT I f.,lUE

cALL i'itNPLT(FtrIlv\t'lrL3rlrlOIrlT.COEl-l-. iL0l.1c.RAl,lK AN(] rlOl-lH-u/HFTSQF
It5.OrI11 xrl.H.tlH+l

'!^JRITE(61-'l2L¡O)
\'JRITt(ólrI3O0)
J=l.lPD
Rt V =tìË vJÊ6 fi . o {.P I
trO5OCtK=JrKKrJ

C I\lODULU5 OF H[/\T FLI.JX COIIVT-RTF_U TO PIIYSICAL IJNITS
(ì ( K ) =SGRTF ( YFC( K ) )r-x2+YF S ( K ) +x2 )

Q ( K ) =Q ( K ) )(s(ìt1T ( t-LO/\T ( K/.j ) )

G ( l( ) =Q (K ) rÊ('Ol\l*'( I.iÊ:v / (2. O+ÉALFI\ ) ) x-*0 r 5
tJTC (K ) =YGc ( f. )-Y\¡JC ( K )

t,,TS ( K ) =YGS ( K ) -YlJS ( K )

C i'lot)ULUS 0F' GAS-l,VALL TLl"lP IJIFF
t T ( K ) =SQtìTF ( DTC( K )-)tì',; ¿1-trTS (K ) *-rr2 )

C l''loljULt.lS Ol' tXPEIìll:i[-.l"iTl\L ll.T.(-OtËF.
iit-r il( ) =(,¡ ( l( ) /t)T ( K )

5U0 l'lR I Tt ( 6 I r Irr0 ) K r trll ( K ) ¡b
tÞ
gt



cALL fvlEKpLT(iJtlrKKrtrlrfrtuhH sPËcTRuf'lr.L0HHARMONIcNo¡l0l-l H MODULUSe
Il.0rlllJ()

PI=3. 1415921
PIA=2.0*PIltRAM
UHirr=Qi"ix36 UU . Õ/ ( TGl"1-T \^/M )

\¡i.RlTE(61r150)
DO700N=1 r I RAl"l
AN= N- ]
/*f¡l= /1t\+iP | [
ti["ll(l"i)=E]Hi',i
SDT(Kl=Ql'i

C SYNTIIESIStiJ CYCLE OF I,JEIGi-iTb.D II.T.COEFF.
.DO600Ñ=JrKKrJ
F I =AT/rNF ( YFS (K ) /YFC( K ) I

óOO lrj3¡ (I,l)=ßßlt ( fi )+Br-i ( K) T*COSF (i1Nx-K / J-FI I

700 l¡JRI TE ( 61 r 140 lN'bUit( t'l)
CALL NItKPLT(ùri11rlf1¡¡;u¡,IrlrIrl0ll HT.COËl-l-¡rLUHCRAf\K ANG rIOHH-B/HFTS

lQFr5.orll-l+)
GOTO20 5

1 000 sToP
ENf.t

tÞ
rÞ
Þ



c

- SUBROUT I NE SYNC T

SELECTS INITIAL/I.'II',IAL POIi.iT NOS FRO,\l EVENT TRACK FOR RI.AD CYCLES
D I i'ltt'ls I oNl'lP T ( 5o )

D I r4ElrS I O¡i I X ( :-J )

COí'rrvrONIY( 432L) ¡Y 143?I) ) ITAPCOT\r¡\ìStRr IRUí,lrNOClll!(81r ICAL(5 )

COi'iI'iONVOLTC ( 5 ) I iTIP I I i'iP I I'IPD I I\P TS I L i ST I I STOP
COI'ii"iON NTLSJ ¡ C/iL ( 5 ) I i'ltrElìD rr'1 I :i'iF r (Kl-)

COi'';piON T¡'rOL.,l25aI rTPllI (25O ) 
'RL:.V

COI'il'lOí\l YS( 2bo12 ) rYC( 25O,2)
CClNll'1ON Gl ¡ C2 ¡'r3 tC4
C Olvli'lOl'.1 f'lC O
COþiirrON AvJ ( f 44) , [iW ( I 4L¡ | ¡C'yl ( I44 ) r DbJ ( 144 ) . sW ( L44l ¡ t--Ul ( .1441 tGW ( 144 )

4 FORÍ.14T ( 7H STOP 4I
6 FORi'iAT(l0Xr44lItrl-NTIl--lal\TION iii:Tl^/ttN DATA TJLOCKS 1l',tCO¡(iìHCT)

1O FOIiI\1AT(1H I35IIC(JI'IVEIìT TAPt IS f\IOT THE TAPË CALLI-D/IOIl TAPE READII5
I/I2t1 TAPi CALLEDTIS)

3 5 FORI'iAT ( lH O r BX r TrlPEl'l l ODS . l 5X r Ì 6rll\l.JI"iUER OF PO I NTS T I 2X. t 6FIPER IO D )

36 FOIìÌ.4AT(67II SELTCT II\JITI/\L I"lAX SELTCT INITIAL FlNAL TOTAL
I'vARIr\TlOi!)

¿rO FOIìi4AT( Ll't ' l5r I8r I7r I lu,218; l7r ItirIó )

5 O FOIì¡1AT ( Il'lÜ , 1(ì¡iE¡tl<Oll TYP[ .',il2X r I5 ) )

95 FOlrillAT(9l5)
<)6 FORt'i Af 120I5 )

97 FO[il"14T ( 3I5 )

NIOCI-IN(B)=0
NT=5
IYD=5
I I YD=50
flPTDlr=5

1OO RË\1INDO2
D'OII5N=1 t4?2I

I15 IY(N)=0
l-([:i\DS t'14c. TAPE Ahlt) Sti,LLCT.c, i-ILF. REQUIRTD FOf.Ì EVEI',lT i,lARKËR

lLu RI_AD l02¡9 5 ) f.tNSElì r I IRIJI{ r I I C|N r ( ICAL( I I . I =I r 5 ) r I TAPCO
IF ( El'.tDt- I LL 02) 1O(10' r17

1I7 lF ( ITAPCOI'l-IT'¿rPC0 )6vur I19 r60t.r

c

È
È
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c

I19
120
150

I60

105

170

IF ( IRUN-i IRUN ) I5U,T2O' I5O
I F ( NOClli\ ( I ) - I I CliN ) 150 r 160 r I50
CALL SKI P ( 02 )

GOTOT 1B
NPF =NP+ j"lP I
NPL..R[)=0
A]TOTE=O
KTLST=1
DOIO5I=Lr5Ü
NPT (I l=0
itl= -8 6 3
itlí"1 = t)

Rt:/,DS DATA POINTS t'ROÞl EVLNT I'iì/\Ri(ER FILt
f,i=ir'l*$$l¡
l.li'l=l'4li+u64
Rf /\D(OZt97) ( lX( I ) ,I=I¡3)
I F ( IX ( i ) . [Q.-]".1',lJD. I X (2I ,i:O.-IUJ.AND.I X ( 3 ) .8,Q.-10 ) Ló2 r 1ó1
IF(IX(1).L0.-'2.l,NL.iXl2).L("ì.-2U*.¡.¡\l'jD.IX(3J.t0.-2,t'l17+r9ç0
READ (02.c)6 ) ( lY( I ) r I=i'lrl"il'i )

I F ( t.tlDF I Lt AZI I-l1r 'I7 L

I F ( i.ìl'i- 3 ¿+',> (:, ) I 70' J.-7 A, 11 Z

CALL SI(I P (U2 )

li = 
(-)

l',.1 = lt.l+ I
IF (N-l'l|ti+3t., ) IltJr2.4J 124\
DETÊ.Ri'ttt,itnc 1itI fvi"itT pULSLS
I F ( IY ( N )-l O0O I 24;.; ¡240 r ltJrl
IF ( IABS ( lY ( N )-I Y ( l.,i-l ) ) -iYD) 17: r 175 r lfJl-
ll-' ( I Aiìli ( IY ( l'! )-l Y ( [i-4 ) )-]YD \ I-l'-> r175 r tB2
IF ( I AllS( l\', ( I'J )-l Y(ht-9 ) l-lyD) 17! ¡ I15 ¡ 183
If: (lAIì5( IY (l\-l )-lY( t\i+1) )-lYD lL'l J,!-l3t169
It' ( 1i\i:is( IY ( I't-l ) -l Y( i!+2t )-lru) I /5' 175 r ld9
LTi ST=I
ClL-Ct. TO i'l/\KÈ S;Uiil- Til/\T l'f ll) /\l'l í:VEÍ',lT PULST:

DOlSlii't=1+¡1.4
ill il-l\i +i,i

lf,1
I52

c

L7L
I-t 2
1-l tt
I1'

i7f3
IöI,,
181
IB?-
It, j
'r1?

Ì89
c

tÈ
tÞ
q)



tB4
185

If- ( IAHS( lY (¡'ifrl)-i Y ( l4N-1) )-lYtJ) 1tìb ' 185 r I8¿r
LTL.5T=2
COi,tTINtJt.
GQTO (2O().I86 r lOuU ) 'LTLST
D0 I 8 tii'i = i c-.¡ ¡ 2'¡
r¡¡¡=\+i,l
IF ( I¿'riìÍ,( IY (i.lN )-IY (l'lN:l ) )-lYD) 1U6 ' l88 r liJ7
LT[ {,T= 3
COI.JT I NLJ'
G0TO ( 1 0 0O ç Z(tr) s?-t+(t ) r LT L.ST

IF ( IY ( N )-l Y ( N-l ) -lYD) 22tt, /.2i) ¡2a5
I F ( lY (ll )-l Y (N-I )- I iYlJ )I15 ¡l-l;.t t2Iu
¡,lOTt-S Pf-i{iOD ,\O. ,\lrll.) t'OI¡iT N(i. iJllEl([ b.VLNT OCCl.Jl<Et)

l,lP i Rll= l{F' I ti l)+' ]
l',lPT(l.iPÉ.RD)=l'i
N=l.l{-15
GOTO 1.7 5

l',lTOTt.=1,,1-l-
RÉ. t/ I I'it)0 2
Clli.Cl( TItAT Pi:l'llOiiS i,li; OC(Lili irrl l-VLNT SIGNAL
I F (¡lPIRD ) 2i¡ü;254 ¡?-5'.>
'IIiìR=CiJ(13

NT['.ST=2
','/RI Tt:. ( ô1.050 ) I F-lìR rl'IPLRD'NTOTh-
GOrO1001
Cl-lt.CK TIiAT V¡.ltl/\TIui{ l¡j NO. oF i)OlfiTS PLIì PEIìIOD IS
Nl'l IN=NPT ( 2 )-l\lPT ( I )

t\11 AX =Nl'1 I fl
¡li'l=i,iPl-:RD-1
DO2gQ\=l ¡frltrl
NPTD=f,lPT ( f'l+I )-NPT ( f'l )

I F ( iti.lA.X-liP T D I 2$" t 7--l Ò .'¿,1 A

Nl.'lAX=¡,lPTt)
GOT0290
I f- ( Nl.i I ¡l-i,lP TD ) 29 v ¡ I )O, 2 ó'L

l{i,i I l,l=NPTi;

186

187
18rl

2AO
,.)/ì C¿v -)

ACCËP lr\0LË

c

c

2ro

220

?40
1t. eL'A,)

2to

25 ç-¡

264

210
280

c

tÞ
È
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c

?90

,e0

30t
310

320
330

33r

332

600

900

t0o0

1001

CONT ] I'ITJE

I F ( Ni'iAX-NNII N-^lPTDDr 3O't s305 ':i0OI tRR=004
l',riì I TI- ( ó1 .0r0 ) I Ef.'f{ rl'li"ì I N rf'.li'lAX
i\.iT t-ST= 2
GoT0100L
clri.cK TriAT L)Ë.sltìi-D I'tt-J. oF PËtìioDS is oúTAlf.lAtiLE
I F ( NPEi-ìD-NPF I 3I ii r 3 2'.t t?2Ç
I IRR=005
r¡rR I Tt- ( (ri . C50 ) I F:lìli rllPf Rt-¡ r NPI'
llPP=¡lPtRL)
GOT033O
ILPP=i\lPF
l'!Pl)=¡lPP-llP I
IF(¡lPD)331r33Ir'J32
I'lTIST=2
GOTOI_001
Htl'lcl- l)LTtRi,lll'lË. I1'.llTIAL Al'l¡ Flf'lAL POINT NOS¡
.(TOTAL IJO. OF POINTS)
Ì"1I=NPT(flPl )

i,]F=NlF'jT (¡lPP )

,NpTS=f"1f--í''ìI+l
t'lRI Tt ( 6l- rU35 )

\l/RITË(ól-'(136)
I¡JR I Tt ( 6i r (,I40 )NPI-I I¡IP I 'NÊ'tTìDINPTSIi'1I TMI- INTOTL INf/ìI N IN¡lAX
GoToI00 1

t,rR I Tt ( 61- r 10 ) l TAPCO' I Tl\PCO¡l
GoTOI_000
þlR I TË ( 6l r 6 )

GOTO i0Ol
PRiNT 4
SÏ Oi'
RF t./I ND02
Iì F: T I.JR II
E ¡IIT

c
c
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SUNROUT I NE SYNC2 ( AICIIN )

C SELTCTS D/\TA POIIITS CUt<lìESPONUIT''lG TO RLOD CYCLh-S Ol- ËVËNT
C FROÍ.i Pi\iìTICULAR Di\TI\ I-ILE DËSlRLt)

COl"il\1Ol',1 I Y ( 4'321 ) ¡Y ( 432I ) t I TAPCO¡rl r NS[-R r I RUi\ r NOCI ll'j ( B ) r I CÉ\L ( 5 )

CO¡,ii,IONVOLTC ( 5 ) rI"lP I :i'lP rl.lPDrNPTS r Ll ST r I STOP
cor/ì1"îoll llTtisT rC¡\L ( 5 ) r iit,L:lìtJ rt'1I rr.iF r l(Kt)
COi.i¡'ìOl'l Ti'lOt) 1250 ) rT[.'lìI l25Ol ¡RIV
CCi'i¡'iol"l YS ( 250 ¡2) rYC I 250, 2')
COiii'lOl'l GL G2 ¡G3 rGt¡
CO;"iiliOr\ NCO
COì.ll'lOi{ Al{( l44l ¡l,l'l(144) ¡C'//( 144) ¡DVj(I44), Hì¡J( 144) rl--W lI44 ) rGW( 144)
D I I{EI'IS I ON I X ( 3 }

95 FOR¡.14T ( 9I 
' 

)

cr6 FOIìl'il,T (2ûl t )

17 FORiv;AT (3I ir )

5 FORi,iAT(7t.l STOP 5l
6 FOIìi'1AI(1L,Xr44liIDINITIF ICATION ß[.TWËtN DATA BLOCKS iNCOI<RECT)

20 FOIìI,iAT(]-II r27¡ItJATA POIf\T APPtAIIS Ii''¡ T.RRORIIS' I3XI5HPOINT/15rr ORIGiN
1I\L POIi\TIIôIfXrl2IICOiìIiICTTIJ TC¡II6/2311 5UiìROUNDIN(J POif!TS ¿\RLr5I8)

7 O l-O¡tl'lAT ( 1tl0' l0I 5 )

80 FOiì¡ìAT(1Xr2ùi5)
I NTPOL=6OO
REI,JI¡IL)02
DO3 6 0l',1= 1 ,4 i2I

3óC IY(N)=0
390 R[:/rD I 02 ç 95 ) llNst-l( r I I RUI'{, I I (l.iN r ( I C/rL ( I ) r I = I r 5 ) | I T¡\PCO

I F (ENDI: I LL u2 )iuçrt'rr 39l
39I I tl ( I RUNI-I I tìUN t 43'] s4 jA r430
1r uLr i F ( Noct iii ( l.'jLl ltrr )- I I C¡ il't J 4')v ¡435 ¡43v
430 CALL Si" I P ( O2 )

ooTrJ390
4?5 KTIST=l

i'4=-863
I'li'1 = O

C RiAD DATA FROI"1 I'iI\G. TI,F'L
1+t+o [1 =1,+g¿r4 tÈ

È
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c

44r
442

¿+50

¿r60

500
lI0

51I

,I2
t IE
)L)

520

rs3 0

9 CìO

1UU0

I o0l

Fti.,l=l.iti+[j6l+
RtADloZtgl ) ( lX( I) tI=I¡3)
I F ( I x ( I ) . LQ,-1. l\l.lD. I X ( 2 ) .LQ. -100./\ND. I X ( 3 J . UG. -I C ) 442 t44L
I F ( I X ( I ) . L0 . -2. Af'lD. I X ( 2 ) . LQ . -2OÜ . A¡\D . I X ( 3 ) . li(l'. -2O ) 50O r 90 O

RtAD l02¡c)6 ) ( IY( I ) ' I=iri'l;i:'ì)
I F ( ENDt'I Lt 02-l Sati ,4Jç1
I F ( i"ìl'i-34t6 ) ¿r4o r 44O ¡ 46lt
cALL sl(IP(()2)
COTO ( 5iU' lUrJL ) r i"iTt-ST
t'ilìI Th- ( 61 r u7L ) N.SrR r I IRIJI'I. I lCl1N I ( IC/\L I I ) I I = I r 5 ) rNPTS rNPl)
CIlL:CIiS I-OI( [IifIOI-ìS I¡i TJATA AND II{TERPOLATES FOR TilE POII,¡T
t)Ot12l=þ\l ri"lF
IF ( IAtjS (2*l Y ( i-t )-tY ( l-2)- I Y ( I ) ) -INTPOL ) 9I2t 5I1I þI I
IYY=lY(I)
lY( I )= ( IY( l-l)+lY ( 11 I't ) /2
r¡|ìITL.( bL c.:2J) I,IYYr IY( i). iY( I-Z ) ' lY (I-l ) r IY( I ) r IY( l+I I r lY ( 1+2 )

CO¡IT I ¡IUE
IF ( Ll :)T ) t 15 ¡515 I -Lu.)I
I F ( I'il' -i'¡l -7 9l'¿ilO ¡ tSit c 53A
!'ltil TL ( 6I ' 0UO ) ( I \'( l''ì) 'i'l=l''iI ri'il')
coTo L0o l
I'ri,i - i,i | +7 9
llJI1I T[. ( 6l r0i]! ) ( lY ( Þi)'l''i=l'lI ri'11'l)

i41.1=1.1t-79r
'v'iRI T[ ( ó1 rt,80 ) ( I Y ( Il) ri'i=iii4'l'il- )

GOTO1001
t(RlTt-(61r6)
PIìINT 5

ST OP

lìfl/II'iD02
RETUIiN
INt)

rÞ
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c
SURROUTI NE COI\V
CONVtIITS SAI,iPLED I-rliT¡ PCI¡lTS IÀlTO FLOATINC POINT l'iUþiBElìS
COi'li'iONIY(zr32Il tYl432II t ITAPCOf{rl'lSERrIlìtjr"lrNOCf1l{(8) rICAL(5)
COi'li'lO¡IVOLTC ( 5 ) rIJP i ri.,P r frlPDIl\PTSr LIST r I STOP
COÍ'ii"jOi,l I'ITLST rCAL (5 ) 'i"lPt-lìDrfvlI ri'iF rIKL)
COi'il.ìOl'l Tr-rO! (250 ) rTPl.l I (2rJ) rREV
COf,ll,iOfi YS ( 2)O ;2) r YC I 210 i 2)
COlll'iOl',1 GLG2 rG3 'b4
coi.ìr'tot{ ilcc)
COi.'ìi.ìON htf (14¿¡)¡i-.¡i'l(l4t¡l>C!i (1¿¡4ltDlll(144),tl^j(1441¡l-W(144)rGW(144)
I I =0
DO100I=iulI 'l"ìFII=II+]
Y(ll)=lY(l)
DO30üI=]r5
CAL(l)=IClrL(I)
RE TURN
E ¡,1 r)

1u0

300

È
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SLJTJROUT I I"IL' RTDI- iI.

C FRCl"i CALlirRÅTION VALl.Ji:S DtTË[(i,ll¡\LS iiEST FIT STRAIGI-iT LINES ANU
C CCNVERTS SAi\]PLËS TO P¡IYSICAL tJi,IITS OF THI MEI\SURÈD VARIAIJLT

COi,il'iON I Y ( 4 32'I) tY ( 432I ) ¡ I TAPCOi'] r NSLR : I RU¡\ r NOC| ll,l ( u ¡ i I CAL ( 5 )

Coi.ii,'lohivutTC ( 5 ) rlrP I rliP rl'lPl.r r¡.lPTS r L ì ST r I SToP
COi.ri'iOl',I NTTST rLAL ( i J . i,jl-,Llit, rl\ii ri,iF I Kr(r-)

COl.'ll.iON Tii0lJl25Ol rTi)lll 1250 ) 'llLrVCOiiNiON Y5(2r()rZ ) rYCl25tt¡2)
COl'ilr¡ON GI ' G2 t('3,tl4
cot"ii,10¡t Nco
COl,ìl'iON Al'J(144],¡ti\V(1441 ¡Cl"J(144lt)i^/(144)'Ll,J(144)rFl^,(I44ltGþ/(144)
PI=3.141r',\21
XP=CÂL (-1 ) +CAL. ( 2 ) +C/rL ( 3 )

)(I{=CAL (3 )+CA.L (¿r )*C/it- (9 )

YP=VOL.TC ( 1 )+VOLTC ( 2 )+VOL.|.C( 3 )

Yl"t=voLTC (3 )+VOLTC (¿r )+VOLÌ'C ( 5 )

7-P=CA,L ( I ) n--x 2+CAL ( 2 Ì*ltZr-C¡\L (? ))("x 2
Zll=CAL ( 3 ) rrri 2+CAL ( 4 )',îxz+C.AL (b ) )trr2
!,Jp=cAL ( i )r.volTc (1J+C 1".L(2 ) +VOLlCl2 )+.CAL (',j ).xVOLTC (3 )

þil,t=cAL ( 3 ) *VOLTC ( :l )+C¡,L ( rr ) r(VOLTC ( 4 ¡ r-ÇAL ( 3 ) itVOLTC ( 5 )

AP = ( ZP-)tYP-l,lP*XP ) / t, ?.0i 7_P-X[rJ{ XP )

l\i\t= ( ZNI-xYf.t-ì^lll-)f XN ) / ( 3. Ur Z¡l-Xf\ j( Xt,t )

tr P = ( 3 . 0 * \J P - X P L Y P I / I 3 . l) -;+ 7-l¡ - X Ír'x X P )

f ,lr! = ( 3. Urt\,1 ¡i -Xl'l -)rYfl ) / (3. (l?1'ZN-XN-)tXl\l )

.c-,8 N= I . O / ( t¡ 1 -:t¡, 2x ú3-)E(ì4 J

CAL- l llT= (AP-l Nl ) ¡/ ( I.jll-l',f) )

DA290I=l,i\lpTS
IF (Y ( I )-(-iiL-l t\l )2-lr t'2l|t) ¡28¿

2l Ct yy= ( y ( I ),x Fiij{-rit! ) {-.S[i.l

Y( I )=YY
GOTO2'?O

2BC YY=(v( I )')flP*AP)?tSl_.fl
Y ( I ) =YY

?.90 Ctr¡¡TIt\l\Ji:
¡:t f T tJ Iì i'!

e ¡ll) È
çn
l9



c
SUß ROUT I I\If: FAS(Ii.J
TJETERI'lII.II:S JriI- FOI-I¡1¡ g¡1 COLI-FICIINTS Of= TIlr VARI¡I.JLL
COlii.lol'l I Y ( ¿r 32I L l' ( 43 ZL I ¡ I T/TPCON r I'lSi.lfì ' I ilul'l r NOCrlf'l ( ti ) r I CAL ( b )

CO.l'lt'io¡lvCt-TC ( , ) ' llP I r l"ll r I'lPD rl^'lF''lS r L I ST r I STOP
CO'ìi.1ONl ¡lTt, ST r CAL- ( 5 ) ç l:t'i:.1(D r l,i I r i"lF r KKf.r

COl1l.1a,¡l ll1Ol) (25O't rTí'll1 ( 250 ) rlltV
COI'it.iON YS ( 25it t2) rYC I 2'tO ¡2)
ccl'¡40¡l Gl'G2 ;G3 ¡()tt
COi'1t'1O¡l rlCO
Col,lf"lOl.l Ar,^/( t 4t+l ¡ijld(:14 /+) tC'.l( l1rzr )rt)\i(1t+41,i\,/(14t+l ¡Ft'J(1t¡/al tG\,J(r144)
FORI'lAT ( 1tlï ¡2-ltt COUi{TIliG TRROR i-XlT CirLL¡:i-r)
N=IIIPTS
KK=ltPllrv.KKt)
P I =3 ,I4|Ç"tc) 21
THL.T A=2.0*PI /l-LOAT (¡l-1)
Y(l)=O.5r+Y(1.)
DO50K-l rKl'.
ALPt'tA=P l. / (FI-OAT ( K ) ;t 1¡1|'i TA )

ili TA=1.0
YS(Kr1l=O.0
Y.S(K.?)=0.0
Dô50J=1 r 2
L=1.
8F TA=[ìt"TA+AL PllA / 2 .
GAI',ll,lA=ßF TA
DO I CT J = l r f'l
IF ( Ft OAT ( I )-(;r\f"11'14 ) 20' 20 I 1 l.

Dit T t:,?.=FLO AT ( i ) -(._,A¡4i{A
(i A i'll,l A= GA ¡11\'l A+/\ Lt)t I A

lf:(L-l )96ti?.¡I?
L=?
YS ( f., J ) =yS ( t,r r _r ) +.5*y ( I -l ) -l)i..LT/\2x ( y ( I )+y ( I -l ) l-0.5*y ( I )

I F ( I _ll ) ,.,0 . Ìl+, !ì6
r -lL-I

YS-,(K,J )=Y:;(l( rJ )-.5-xY ( I-1 )+D[-LÏ!',?.ï, (Y ( I )+Y ( I -1) )+Ù.5)tY ( I )

iF(I-N)iOrI4s96

150

t1

T?.

L)

È
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20

)4

)'-)

4rt

A=yS ( i:., J ) -u. f"i)l-y ( I )

''5 ( i( . J ) =1 .'-,-/ O-l') (, :iil tt ;:,, i-LOAT ( lt- I )

(ìoTr)10
.i= L

] it ( 'l- i ) 3 ''i 1't¡| ,/1i)
YS( s. r J ) =Y5 ( ¡.,J I +y t I I

lF ( I -i'1 ) i¡r) r i9 rljr)
l\=Yi ( r. r J ) -J.9)r \' ( i. )

l5(¡.rJ)=ì.'',t\ -f 
')t;-t,'-*¡\/t'L-()/'\,j (i',1 -i )

(;oTr)5.1
Yl¡(K, J) =Yi( r.rJ )-Y ( I )

I F: ( I_l,l ) 50 r,r !r elrft
ir=Y5( i., J ) +1, "5)( Y ( i )

y5 (f. r J )=I .'.., 1(t (.trs ),'.):,/\,/i l. tr,:lT (r'l _Ì )

COI:TÌ lrl lll.
JJ= ( l)ii.,¡, I / :- l
YC ( rri r i. )',\'i:;( i.l,: I )

l(.- ( f..i'. t L ) =Y:) ( 1..I. r ¿ )

JX=J
L)C)')rL=lrJX
'f t- ( J. j ) =Y:, ( J, I )

YC (..J , )') =Y.1, (J r¿l )

I ij ( L-.iJ ) ',''; +'l ,) ¡ i'l
tr(",;lLL=j rt-
i l:: J1.L L
(i''.=i\ / J
i"i1=i'i
Il- (i'r, -J, !'I tB' ;-l,:

iL() T(-'r i -L

I ¡./ì-ì /\
I F ( l:l .il- 2- ) (./u r../ ! I -t /t

(ra, l-i,, i .)

yftJri)=\'(.(-j rl-)-Y(-(r.i '-l)/(fL(ii\l(i-,r,r (-.ll;rr((¡.;./¿)+2r))

l¡ ()

tt0

-la

.tr

12

uri
't'.:

'i 
/ ¡

t\/ È
ut
È



trI

lt'.) l)

)\lL,

tr'l 0
u+ li ()

YC( i : I) =YL (.,, ; l) -Yr- (i'r . ¿ ) / (rLL)t\T ( i.A) )

c (li'! I I i\ì i.. L--

_lt.tt,t'l l.-1 tN

(.-.,(;i.r ll: (\ t ( r.. r,l ))',i ¿'i- Y(- (1. 
'Z) 

,\)\ ¿ )

irlll=/,i',^.;,1 i (\'a(r..r.) i/\,(..(1. r_L i )-:, )ð,,.1'/Pl
i-rl r j =,/,,r1,,i ( ¡'l i I )

Ir-- (Yt (r. t,:. ) \lt l.t )l¡l'..e-2 1.,t

Il:r (\í( (i..rl ))¿+t;i.))u¡ (7r,e!O.,

l-)t i J = 1 l-ì(). (l-1-l'l I I

(r /.) 1. (ì' , tJ

l-ritl=?/,.).,,
(r(i I U'r¿J

Pl i I ='.)Li..). \) -['l i.l.

(; (_) i I ),,, tJ

I l- ( Yr- ( i. r .l- ) I 5/-',) ¡5 Jr.r : i,; i.'
!)rli=lrl0.t)
i.,i\\()'tit,

rill-!,.\,
0O l o .,i,l
lii ( YL( t.r l- ) \:'>)',; )()'. r',/tj
f)l-l i - _l l.ì U..r -l)l I 1

(',i."rT(lc)ij

F l'l I ='.'0 . i)
ìi,l(.)D (ii ) =C
'f 

t)t I I ( i. ) =;'t ì I
COilTIfltJt:
(1(.)-[(),r"

\ri( I TL- ( (, J. r .i- 1u o )

lì T L.5J.= Z
li'¡. lUl(l'ì
b i'll i

¿-Ì0

'-t : [)

!rt U

:.rb-

56(J
!i ¡i

':) 
-l

)(

(t (,1
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C

C

Sl.JllROlJT I I'lE. Ci\t-C
LISTS COi"iPUTL:t) FOIIFìlIR COtf-F ICItNTS (Sii,lF-r COSII'lËr FIODULUS ANtJ

PilASt ) FOR t:ACil Di\T¡. r-llAl\Ni-L (\/i¡\t-t- TËiu¡P r C:AS TEi"ìP r Prì[:SS, )

COl,il,ìON I Y ( 4': ? I l ¡ Y l 4'j2I l ¡ I TAPCO|,] r NSlE lì' l ilui,l r l,lOCHl{ ( 6 )' r l CAL ( 5 )

CO',ìi,l(ll"lV(.)LTL I 5 I ¡l''lP I r l':P' t'lPD r f{PTS r L I 5T r I STOP
COiil"iON ¡ITEST r CAt- ( ! ) ' lll't:iìt-).liI l"lF r llKi)
coi,ìùloNl Ti"'lot) l25o) rT['llI l?.50) rR[:v
COi.il.ioll yS ( 25A çZ) I yC ( ?_"t(j,21
COi'i¡.1Ol.l G1' GZ gG3, l,Lç

cof il',10N t\lco
col.li'ìô¡l /1[,i(144l'¡Í,t,/(l111r )rcr,rl)44l rt)1'](Jt,4l ¡1l.J(1¿+4:|>t-ld(1t¡Q) 1G!/(14¿t)
FORi'iAT(1ll.l,r1+6llFOtJiìli-i:l ( (ll.l-f"lCiF.i'lTS C)F COill)LITi- Dl\T/\. Al!i\LYSEDI
FClli'1AT(LllurIi,Xr3elrForrtilrR COEFTICIT:f\TS AT CYLLtl f',lìtuuIltCY)
Fo¡:ìi'lAT ( 111 v r 9X I 5li I l"tDL: X r f:X r 6ltCOlì I lrlt I I llX .4lls I llË r I 2x ¡-7t iFìct)ul-us r 9X r 5l-lPH

IASi:/ /l
FOi-ìi,iAT (1H0 r+5tl (.YCl.t lrirl-ìi,1Ofir.lC TL.i4Pt-l<ATUI{L Pllr\5f At\GLE )

FORI.lAT(lHr 2l XrTl'l( trt (r.f')r6X r.l.'-il'l CllAl'!K i\l\G.i;,)Eçl / /'l
FOiìi l/\T ( l 7 X ç 1 /'¡ t 3 ( 4X r t 1 tr .-( I rrr X r F: 6 . L )

FC)rrl 1"1 ¡T (1l.10 rl,X¡I4 r 1(rX r [ ¡i ..ì ' gXri-'l .?-'t
llRITr (61.,I2i,1
VllìlTE(61.135)
i',iR I 1r¿ ( ó1 .1 ?6¡ )
Ki(=K.i.{-)*t,!Pi)
rr'l = 0

J= i'J P[;
l)Ol';70K=JrñKrJ
i'4=l.l+l
\'¡RI Tl_ (6i r L¿r1)¡'l'Jl"iOL)(K ) rTPril (K)
f,lc{ì=1..ñ/lJP[)
IF(LIST)1üur58(i'e9

'þlfìIT[ ((:]-rl-2Û)
Ì'itìlT[(ó1rI3t.r)
DO59uri=1ri.K
þiR I TL ( 61. I¿+0 ) rí. rY(- ( K. ' I ) rYC ll'.¡21 r Tl"irJlJ ( K ) rTPl ll ( ii )

l?[Tr]lli\l
E ¡tLr

120
r2"-,
130

L) _.1

136
140
ì /, tr-L.+ )

,-t o

iu0

,r)o
99

È
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c

SUBROUTI l"lE l.lFLUX ( I RAI'i 'ALFA rCON r KL rCl''l r T!{i1 )

By DIFF[:RE¡lTIATICt,t OF FOr_rj1a* St:RIf:S OF \,JALL Sl,JtìFACE Tti,lpER.\TURL I
DTTTRI'II¡ITLS FOLjIì]I.R CCITFFICIEI\IT5 FCR IiEAT FLUX Af',ID PLOTS
SYI.iTIIESISTD CYCLT

DI¡tENSION T ILL¡t+ ) rQ(144 )

COIiIiOli I Y ( 4 ??I I ¡ Y I 432I | ¡ I TAPCON t llSf R : I RUll r l.lOCl ll,l ( I l' I CAL ( 5 I

COfit'lO¡IVOLTC ( 5 ) r f\IP l, f'lP ; ilPD rl'i!)TS ¡ L I ST r I STOp
COM¡1C¡I NTIST 

'CÂt- 
( 5 ) ' t\lPt-RD r l'1I :i'"lF r KKt)

CO¡il'lol'l Tl'"lOD l25C) :TPllI I 250 ) rl?fV
COÌ11¡O¡l YS ( 2 ç-,Õ t2 ) r YC I ?50 ,2 )

COfi¡.'lLrN (ìl r G2¡G3 ¡G¿i
co¡1t'40N r\tco
cotll',ic¡i Al,j ( 1 !+41 ; ll1,l( I 4t¡l ¡cl,' ( I t¡t¡l ç D\\l( I 4ttl , E1,J( 1 44! )Fr/t( 14/+ ) rGl^t( l4¿+ )

FOP.1.1AT(lFllrl6Xr1+61-lFOtlRIEl'' CO[!:FICII-:NTS OF COl\,lf-'LËTF, L)ATA ANAI-YSED)
FOf-ìMAT ( 1HU.9X r 5lll tlDIX r 8X . (,t ICCrS 1Nt r ].3X ' 

/+llS I ¡!E . I :.lX r 7l'1MODt.,LU.S r 9X r þFlPH
IASE//t

FORIVIAT ( 1 1X. I ¿+'31 lt X: F, I 4 .1 | tt+Y,tl 6. l- )

J=[tPD
PI=3.It+I5921
Pr 1l=RE Vn6 O.0+P I
PIA=2.OrtPI /IRAM
SET-q CRANK ANGLF_ PLOTT I I\!G I NTF:RNAL
Dc)370N=1 r I RAM
Al'l =N-1
Alrl=ANrÉP I A
T(N)=0.0
DO500K=J rKK r J
FOTJRIER SERIËS FOR 'TJALL TIl'4P. CYCLË
T( N )=T (N ) +YC(Kr1 )ÌÊCOSF (AN{.K / Jl+YC(Kr2 ).)fsINF (AN*K/J)
COI'!T I NTJE

DO38CI=lrIRAM
AI)D I ¡]G I'4EAI\I( RECOI<DE.I) ) WI\LL TI-,IVlP.

A\,1(I )=T( I )+Tt,l¡4
SYNTI'lE.S I SÉ l) r/JALL TIMP. PLOT
CAf-L |4EKPLT(A"rJrIlìAlr¡'l.r1.lrl0H iriA.LL TEI4PTI0HCRANK ANG TI0HTEMP DEG

lF'5.0.11-1.)

21 0
130

I/+Q

5U0
310

380

c

c

c
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c

r+7 A
480

49A

505

51al
520

530

540
550

560
9B

6's 0

tIRITE(61'120)
bIRITE(61r130)
DCl650K=J rKK rJ
YFC=YC(Kr2)+YC(K¡11
YFS=YC(Kr2)-YC(Krl)
c=SQRTF ( YFC x{,2+YFS*tÊ2 )

PH I =ATAttlF ( YFS/YFC ) r+1 80 .þ lP I
PHI=ABSF(PHI)
IF(YFS)47Ô,51O¡54
IF(YFC)¿+80r1+9Or505
PHI=180.0+PHI
GOTO9I ./

PHI=?10.O
r¡CT09 3

Pt"{ I =360.0-Pt-t I
GOTO' B

IF(YFCl52t¿ç52A¡53
PFll=180.0
GoTO9 I
PllI=C.0
GOTOe I
IF (YFC)55Cr560r98
PIJI=180.0-P!1I
GOT09 B

Pl-lI=90.0
Il"iOD(l()=C
TPIJ I (K ) =PlJ I
L I5T OF FOUR I ER COEFI'.5 OF IIEAT FLUX CYCLE
'ilJRI TE ( 61 r14.0 )KTYFCTYFSrTþ1OD( L) rTPIII (K )

DO70CN=lrIRAF1
Âltl= I'l- 1

All=Al'lx-P I A
A(N)=0.0
DO600ì/=J r KK rJ
FOURIER SERITS f:CR I.IIAT I=LUX CYCLÉ
QQ= ( YC ( l( r 2 ) -YC ( li r I ) ) )!S I Í'l[: ( AN Y'Y, / J ) + ( yC ( K r 2 ) +YC ( K r 1 )

c
) xC0SF (ANxK/J)

tÞ
tx
@



C

600 C (il)=C (ll )+O-J)rSQlìT (t'LOi'T (ií./ ¡ ) )

C ( l',j ) =î ( i'l ) )rCafl,". ( :ìi._V/ ( 2. O.)i/ill'l\ ) ) )í*v. 5

/\Dt)Ii.i G i'ì I.^'iJ(,'ll ,l'Sl,' Rí-i') i;L,riT i-LUX
O ( i'i ) = ( (ì ( i'l \ /36()().., )-t-i¡¡;

7CC COl.lTiir'rJt
.5Yl'lTliËSI5fiì iii:AT ¡L-iiX CYCLi: PLC)T

CirLL iìfi(PL_T ( íìr I t.ìtrril, l, I r..l_, lÍ;ii¡ ii_i\i F:LI.JX

Ls5.CrÌll.)
DOTBCI=lrlRAl'1

780 tii^J(I)-!(i)
iir V=lilV / 161,-r. UxP i )

f:<E TUí-.i'i
E i'l t)

, l0l ICRAi\K i\lrlr¡ rL\,1 l[i/t'TSQ.SLL
C

È
ÊJr

EO



(-
SUtIROI.JT i f'l8: l,/I RE3 ( I Rl\l',i'¡lCl ¡tr r ;.r.' Ttl )

FROi4 FOURiIR CCItF-FICiEt'lT5r Sy{,!TrrL.Stí;i:5 CyCLi::i ot- Gt\s Tt].í,lpt¡.tATUI{t:
Ai,iD PR[5.5Ulit. ,^,ll'r Ci\LCUt_l\Tt-.S r..i"iPIRIC/,1- i-i.T.COt_Ff-..(i_lCrlb.LLit-t{b)

CO.il¡1ONIY(1r)ZI)¡YltviZiltlT;\PCr-ri{ri'iSLlì'IRUi.ieNOCIll'l (8);lCÀL(5)
COi,ii.ìOI'¡Vt)t-T (. ( 5 ) r l',1[) i r i,li' r I,l[)l) . i'JP TS ø L.I S T ' I SiTOP
CCillliC,N i'.!Tt.Sf ¡t-/rL ( 5 ) ' I:f t'riìD ri'i I ri'i[:r iil:.')
COI'1i4Of\l Tl'ìOl, (25O1 rTi)lll l?rJ ) 'fìt V

cllll"io\ Ys ( 25t¡ s?_) : YC ( 25t\, 2l
C Oil¡1O¡l (.:tL Çt2 r G 3 r l, 1r

C Or"rl.1Ol'.1 ¡l CO

Cor'll''1Otl A1'l(1t+4ltLìÌ'l(14/+)rCl"(l¿rrr)rD\','(144)r[\'llIt+41rFl,/(]44)tG'/J(144)
t)Ii,,E¡li;Ioi'l T ( lrrl+ ) I DT I J.t¡t¡l, Alll,/ ( l,/i.fr ) rVp ( I1rlr)
FoR;,1¡,T (7t"r STOP 1'
FcRU,AT(7il .ST()P 8)
FOfìT1AT (7H STOP T )

FoRl',,iAT ( ]t I i.)' ¡ 5 ¡ ?-t, It . 2l't

FOIìi.ÌAT ( lt10 r I 5 ¡38 10.2 )

F ofil'4/1,T ( 1l-lû ! I5; FL i.).2)
Folli'1AT ( l_Fl (r r 3 t:..r"0 .2 )

l=oÍìlrl l"Í (2x , I5 r 2)( , I f)t I í).2 )

f-Otìi4¡'T ( lll0 r 2It1l ljTIRPoL.A Tf TllI S TÊ ¡1Þ )

J=l',!Pl,r
n r - t 1 /, 1 I 

^ 
11f L --.J a )-'l ! -¡ L I

R=2 . I iJTfi
F.L=9.5
O=tì/l [-
ñ-t't t1a nt\ - t\ / I /_ . v

P i /i=2.0)+P I / I fì41,1

1.ri,ì - R[.v -Y.P | / ? 0 . 0
S,["TS CI-ìiIiIii AI{GLF. PI (,\TTI I\IG I ¡ITLIìVAL
DO37O ll=1' lRiil''i
AI\-lti-1
AII=A¡I'tP I A
T(ll )=0.()
ttT(l\l)=0.0
I ¡IS)Ti\I''ITAI.II.OU5 P I ST(JN Vi L0CI TY

7
(1

I
10
)o
30
50
¡J0

10 l_

C

1tJ0

È
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c

c

vp ( l',1 ) = þtf l rt R.* ( s I N F ( 2 . () -x- A f'l ) +ç-r. 5 I I,j F ( ¿r . 0 JlA N ) / 2 . c )

G\,'j(N)=VP(Nl )

DO 1901:=J r KL r J
T ( i'l ) =T ill ) +YC ( K r 1 ) JÍCOSf: ( /r\r\lt l( / J ) +Yc ( K r 2 ) rçS I f.lF ( p,l{à'K7J )

DT (N )=DT (li )-Yc (K r l- ) )t (K / Jl,t 5l NF ( ANr¡i(/J )

190 DT( l\) =DT ( |ll )+YC( l(¡2 ) r( K./J))rCOsÊ (^Àr-)rK//J)
31O CO¡ITI NI..JE

GOTO ( l- 0 0 L ' L 0 AL,21.)O ¡3 0 0 ) I'lcl'lÍ\l
200 DO20 lll=l r I iìAl4

ADt) I ¡lG i'1[Al! ( Ri:COllt,rt-D ] GiiS TEi'iP.
2OI C.'/( N )=T ( ll )+T¡'.1

SYITTIIESISED GAS Tfí\1I.). CYCLi- PLOT
CALL i'lLf'IPLT(Cl'J'lt{i\þl'j"rl-rÌr1C)il G¡\S TEI4P rlUl"lCRANK ltit,lG

1Rr5.0rill.)
GOTOlOOO
/\DI) I I,IG CYCL I C P[ifSSUP,[- AI)UVI- ATI'iOS.

300 Pl'lIN=T(l)
Do3C2N=lrlRAl'1
lF ( T ( Nl ) .LT.Pi\1 IN ) 3oL ¡3a?

30 I Pi'i I ll=T ( il )

302 COI.IT I NUt
LrO303N=I r I RA¡'JI

3O3 t)il ( ¡\,1 ) =T ( ru ) -Pi'i I N+Tt'l
SYI''lTIIESISLLI GI\S PIì85S. CYCLE PLOT
CALL i.lEl(PL-T(D'!^/r ifiANir I r1. 1 rl-()H GAS PRESSTIUI-ICRANK ANG

1/rr5.Orlll.)
R= t+ .37 5

i\1[At,l P I STOI't SF',Eft-)
VP¡i=[ìEV-rli/360.0

.DO900K=1rllìAI"l
/\B\,J ( l( ) =Cll ( K ) xDl,J ( K )

VP (K )=ALJS (VP ( K ) )

f,ioUIF IttJ L: I Cl lIL[,[-RC, ll'T.COIFF.
ll T C = 0 . I 6 g ;t ¡ ( ! P ( K ) ) ;t ti' () . 'il3 'l tl' ( A tli',l ( K ) ) -x'x 0 . þ

l-1TC1=llTC
E\'J(K)=l.lTCl-

c

c

r IullTUlilP Di:G

I ]UHPRESS PS I

c

c

È
o)
Þ



c Oll I Gl Nll\L L I Cl¡L-Li.,rlii', li. T. -[)L-i'i' .
I lJç-=U.056ì( ( ( VPI'] ) ii?ît1.3 J ) ) :r ( /:\,JVi ( i( ) ) ¿t)( 0.5
il'l-(-2=ilTC
f:-'r (l:. )=llTC2l
GOT(;l0CU
PRINT7

P iì I i'l T,ii
l,T()f)
f 'tl TL I)\l/\ L ¡ \/i\t¡

tllt)

1001-

1 (\(\'.)

1000

Þ
o
19



C

srJB[ìoUTI j'lt- SÌ1. II) ( Ll.] )

fì¡t.rTIfiI TO :ìr.lP /', t lLi
f.r I t,l[:¡¡.5 ] orl !y. t3)
FOI'Ìii/iT ( iill STOÍr ,i:2 )

[]ôi{i'i,r.I(Jll.,)
lì[ riD ( t)'l ¡l)i \ ( i)i ( I ) > I=i ¡ -")
I i ( ¡ri.jlri: i Ll.- 1.,2 ) IO'-'., : 2.; U

If;(l)1 (L).i (ì.-l-.¡,, ]'j1,.!x(? ).r(ì.-li.' -.¡ii'.] [).lX(i).L(,).-]-i)¿tuJr3v,-r
Itj(Ix(i).:u.-2. l:, I,l L,.l)l(2r.1'-r.ì.-,?(l(i.Ai'l D.lX(.").L(".-2Oì',)(,,-IIvUli
Dtljr00l-Ir/fir
f..i,"'1, ( iL.',-l ) ( I ;<( I ) ; i=1, -ì )

G(,T()l(il)
rt-t I rlr ')
i.I\II\L J:

!¡TtlP
f.l i,. T t.r ;l il
F \lt.)

2
() -/

I ri L)

2t-, I.)

i00
L¡J CI

'-¡O(')

i0i)0

olrr)

È
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c
c

c
c
c
C

c
c
c
c

SUIjRoUT I Ni I/IEKPLT ( YPT I I i"iAX I I iIlN I JI'IAX I JM IN I GT I TLL T XT 1 TLL I YT I TLË, I
rÈÃc1ótl,GPU r GP I ¡GP2 ¡GP3 ¡GP t¡ ¡GP5 r GPó r GP7 ' GP I r GP9 )

GLNERAL PUIìPCSE PLOTTII'lG llOUTIl'lË, AUToi\iATlC SCALINOT PLOTS UP TO

I O AIIR¡ YS
ypT= NAf4i: OF AÍìlìAY TO PLOT t^/lTll DIl"lEl.lSIONS ( Il.{AX; Ji'l/\X )

pLoTS poINTS FROt.f T|[ It4IN VALTJE OF TllE ARRAY TO TllË I14AX Vt\LUE
PLOTS OIILY TllE J14lN TO JMAX /tI:ìRAY OF POII''lTS IN YPÏ.
cTITLE = t\lAiqE OF cRAPI-l
XTITLE = I'IAI,'iË OF X /\XIS
YTITL.E = NAiIiE OT: Y ¡\XI!,
FACTOII = SCAI_I- f- ACTOR TO CI"I¡\NGL VALUE.S OF SUIJSCR I PT I OF

YPT(I'J) TO PHYSICI\L UNIT.S
GPO ... GP9 CI-IAIìi\CTLfì TC DESIGIIATI PÉ\RTlCULA[{ PLOT J OF YPT(IIJ)
tiIf..iËNSIO¡i YPT(Ii"iAXrIO)rAPT(Ilrr;r1u)rALPllA(IL,t,)rBITA(10)rItsh.Tl\(ó)
FORI'iAT ( 1H I r C-'5X r A I 0 )

FORIIA,T ( 1H cZQX,,2t1 I r l0Al-C )

FOIìI'I¡,T ( 1H I 2(,)X r2HI- I IOltL0 r.l.11i )

FORþ1AT(lH 'IlBr4ll -I rlu0Alrlllll- )

FORt4AT ( 1t-1 t2OXt2l1I .It,C;AI r ltll )

FOtìi'iAT(iH ri^ri-UriUXrZlll' Iu0/\I rIFll )

FORI{AT(lt-l r/tXrl 4tI2Xr2lll ¡l00AIr1HI )

FOIìl'ìAT ( lH ,2X;t+11):, l0 r l4X r ZllI r lUUAl r IH I )

FORI4AT (11-1 r lr-ìXr I4rl6Xr I4 r l6X¡ Irr r l6Xr I4tI6Xr I4¡ 16Xr l4 )

FORI"IAT ( l-l-1 r 73X r I4 )

FOp.'AT(lt-t rTtXr¿rHx l0)
FORIviAT ( 1l-t t6ç¿Xs AtU )

FORMAT (111 )

t-ORillAT ( lH, SilYDlV= rU!6.9,5Xr SllXlJIV= rLI6.J )

FORi'4AT ( l-H r l0X r E 9.1 r ¿tX rf 9.1 )

CALCULATi IìANÜE Ot'V,\LUËS Ot- VARI/i13LE Y

A¡iAX=YPT(Il'iINrL)
Al"i l t{=YPT ( I l"ìI N r L )

DO9 4li = Ji.1 I l"l r Jl'iAX
DOg4i=Il"'lINr Ii'4ÀX
lF ( YPT ( I'K ) .GT. l1,i'1/:iX I r)I r92
A¡l/\X=YPT(lrl()

10
20
30
40
50
60
ÞL
62
70
1L
a-t¿
80
90

100
101
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È
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c

92
() â

94

95

96

97

9t]

lr0
120
130

GO T094
IF ( YPT ( I rK ) .LT. Al'1IN ) 93 ¡94
AI'1IN=YPT( I IK}
CONT I NUE
PR I NT ]O 1' AI,TAX' Ai,i I I,J

RY=AI'1AX-AI'ìI N

CALCUL/\TL F irCTO[< TO IXPAND R/\l'{GE TO .GT. 50
lF(fìY.Cl.5Ü)915r9b
RF=1.0
ll{t-=l
GOT097
RF=5(-rlRY
I tìF =ALOGl C,( RF ) + I .
lìl-=10¿r.xIRF
/\t/ì I ll = Aivi I l( lt'R F

Ai,i A X = /i fv¡/¡ N rt ll f
DOgBI=IIlIllr Il'4AX
DCì9 8K=J¡vìl l,l I J¡lAX
YPT ( I'l( ) =YPT ( I rK )xRl-
PRI t',lTi.0 rGT I TLt:
PR I I.IT9O
CALCIJLATI lìr\NGF- OF VALl.JLS OF VAfìIAtiLE X

IRX=II'1AX-I¡.1IN+1
IF ( IRX.LT. L0O ) 1I0'180
FOR .LT. L0O trOIf'.iTS' CALCULAT[ 'tsEST FIT' X-lìANGET
IRXS=( IRX+tt't /5
IF ( Ilix5.EC,). ( lÛx ( IRX5/ 10) ) ) I4Or I3L'
IRXS=IRX5+l
GOTO120
IRX=5jtIRX5
IC=I00/l RX

RC=IRX/1OO.O
I Xþ1I trt= IRX5J(' ( I l,1l N/ I RX5 I

DO 170K=Ji"ll t'l r Jl"1AX

DO170I=1r l-00r IC
I XGRAD=IXI,1 I N+ ( I -I ) / I C

c

c ANU NO. SPACES/PO I NT

I lrO

È
o¡
q,l



c

c

c

t_50

160
170

1 Ll0
L90
20O

2ro

22.0

230
24O
250

260
210

280

284
286

IF ( IXGRAD. LT. IMI nl ) l7t.) r 15.r
IF ( IXGfìAD.GT. iMAX ) 170 I 160
DISTRItsUTT POINTS OVLII TIIL FIËLIJ OF IOU SPACES
APT (I rK )=YPT ( IXCìIìAD rK )

CONT I I.IUF-

GOTO250
FOll .GT. lüO POIlrlTSr CÉ\LCULT\Tl.-rtsfST l'ITr X-RANGI AND NO. POINITS/SPACE
IRX5=(IRX+4) /LS

IF ( IRX5.EQ . 120)t( IlìX9 / 20I ) ) 210 r20U
iRX5=IRX5+1
GCTOI9O
I RX=í¡+ IRX5
IC=IRX5/20
RC=IC
IXþi i N= IRX5ìt ( I i',1I N/ I RX5 )

DO240K= Jiul I l,l r JiulAX
DO24OI=1r100
IXGRAD=I i'li ll+ ( l-1 ) * IC
IF ( IXGIìAD. LT. TMIN I 2¿¡O C22O
I F ( IXGRAD. GT. ll"1AX ) 24O t 230
D I STfì I I-]UTT PO I NTS OVtfì TIIE F I tLD OF Il.i U SPACES
APT ( I'K ) =YPT ( IXGIìAD'K)
CONT i I.IUE
RB=Al,iAX-Al"ì I N

CALCULATE I L]I--ST FITI Y_IìAf\GT:
IRY=lìB
IF ( IRy.F:Q. ( 5Ox( I tìy/50 ) ) ) ZBC t270
I RY=I RY+1
GoT02ó 0
C=IRY/5O
CI-iOOSE ¡,1IN Y VALUE
I Yi',ìI N=Ai',i I N

I RY5= IR'f / 5

IF ( IYr'ilÍ\.LQ. ( lRY5#( I YMIN/ lRY5 ) ) ) 285 ¡286
IYt4Il'l=IYlyìlN-1
GO TO2 rJ 4

c

c
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c

c

287
290

285

300

310

320

330

340

?41
-') Ll ¿

345
350
500

501

502

Yl4I N= I Y1'1I N

Yþi AX =Yl'i I l.l+ 5 0 . O',êC

I F ( YþiAX. LT .l\lvlAX l27Q t 231
PR I NT GRAIJUAT ION M/r.liKS ACROSS TOP
DO29OK=1r Iti
bËTA(i()=l-OH I
PRI NT20 t ( tJtT¡\(l( ) rK=1' lO )

PR I i!T L I IìE ACIìOÍ;S TUI)
DO300l(=1r10
ßETA(K)=lOH------
PRi t\T30 r ( 3ËTii (K ) rl(=1 ' I0 )

DC4lOJ=I ' 5 I
DO'i1CK=l r 10O
5iT IiIIOLi FIELD I.JLANK
ALPIlA(K)=llt
Y GR AL,,=YiiAX - ( J- 1 ) ì{'C
YGRAD2=YGRAD-C
IF ( IRX.LT. 100 ) 3ZrJ ¡33O
IXDIV=1OO/IRX
GOTO:J4 O

IXDIV=]
lF Y-V/\LUL LltS tiET\r/ttN VALUES OF 2 LINESI SËT A POINT ON LOt\'EST
DO3 ó 5ñ = J¡i I I'l r Ji'iAX
DO?65I=1r100:IXDIV
Ix=lr(Rc+.¡xi"1lN
IF ( I X.LT. I i"l IN ) 365 ¡?4I
If- ( IX.GT . I P]AX ) 361¡ ¡?42
I F ( APT ( I rK ) .Lf. YGti/\D ) 341>,765
IF( APT ( I'K )..CT. YûlìnD2 ) 35U r3ó5
GOI'o (500 t5ttI15O2 ¡i'Ji t5o/+ ¡5t)D t'¡lt 6 ' 501 ¡5o8 r 509 ) K

ALPFì4,( I )=GPù
coTO3ó5
ALPI-lA(l )=GP1
GO TO?ó 5

ALPHA( i ) =QP2
GOT0365

c

c LIirË

È
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503

504

505

506

507

508

509

?6'

361
11C.)t)

?16
371

31L

312

?66

313

?14
368
) tv

380

ALPHA(l)=CrP3
GOTO3 6 5
/\LPl-lA ( I )=GP4
GOTO365
ALPIIA( I ) =GP5
GOTO3 65
ALPHA( I ) =CP6
GOTO36 5

ALPI-lA( i ) =ûP7
GoTO3ó5
ALPIiA( I ) =LìPB
GoT0365
ALPI-I¡,(l )=GP9
60TO365
CONT I NUE
lF ( fìY.GT.5C¡ ) 361 ¡366
I F ( Yf'lÂX.LT .0 )'J75 ¡31 6
IPY]O=ALOGlO(-Yù1AX)
GOr0311
IP\,]O=ALOGlO(YMAX)
YGRAD=YGRAD/ ( 1O,,r ì.IPY]O )

IPYlO=IPYIO.2
I F ( YGRAD. LT.(). 0 ) 31 I'?-l 2

I yGRAD= l 0 tJ-x yGlìAtJ- 1 . i)[ -0 I
GoT 03 ó ¡l

I YGRAD = 1 0 0*YC¡RAl-r+ l- . ûË-0 I
GOT03óB
IPYl0=-IRF
I F ( YGliAD. LT.0.0 ) 373 ¡3-l 4
I YGRAD=YGlì At)-1 . 0 t:-0 I
GOT03ó B

I YGRAD=YGIìAD+1. Ú[-O I
IF(J.fQ.2r:)31ùr38
PR I NT60rYT Il'Li: ' (ALPf iA ( I ) ' I =1r 1J..,¡ )

GOT0410
IF(J.ËQ,26)TtiIr:jj't\2

È
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3BL PRINT6l r IPYIOr (ALPHA( I )' I=1r100 )

GoT0410
IF (J.EG.2113e3r385
PR I NT 62 ¡ I ALPTIA ( I ) r I = 1 r 1v0 )

GOTC4 1 O
IF ( ( J-10r. ( J / IA I -l ) .L(ì. 0 ) 391)r 4Ù0
PRI NT4O I IYGRAI.)r ( ¡ILPI_IA ( I ) ' I =I: IOO )

GOTO410
PRINT5OT (ALPIlA(I )r I=1:110)
COI.IT I I\UT
PRINT LI¡,IT ACROSS IJOTTOI'I
PRINTS0' ( SETA(K ) rK=l ' l0 )

PRINT GRADUATION I'4ARI(S ACROSS BOTTOM
DO43IJK= 1 I I0
I-]ETA(K)=IOH I
PRINI20 t ( TJETA(K ) rl(=I r 10 )

PR I Í\!T X_GITADUAT I OhIS

Xi'lAX=Ii"lAX
IPX]O=ALOGlO(XI'4AX)
IX10=lPXlO
PFAC=ALOGI0 (FACTOtì )

I F ( PFAC. Ll- .0.0 ) óltO ¡654
I pFAC= I .0-pFAC+l . Crt_-01
FAKTOiì=f:liC TOi-:ì )t ( I r) ;r ;' I PFAC )

IPFAC=-IPFAC
GO TO700
I PFltC=Pi:AC+L.0E-0I
FAK TOR=F ACTOi:( / I IÙ'F-x I P F AC )

DO440I=1rí¡
titTA( I ) = ( I Xi'lIi\+( I-I )ril l:(X5 )rrF/\KTOll
tltTA(I )=iiLI¡\(II / (I0iìÊ1X10)
ItiLTA( I ) =1 ÜO.}litrTi\ ( i )'r1.0F--01
I PX ] U= I PX ]. C-2+.I PFÁ'C
Pl-ìl NTTO r ( I li[ l-l\( i ) ' l=l r6)
PtìINlTTl- I IPXl0
PRINTT2

382
383

c

38'
390

400
410

430

600

ó50

700

440

c

È
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c

PIìINTCjO
PllIlriTÛ0rXTITLb-
Pliil'lT VAttji.-S OF LIf,!L_
X D I V= I R X 5 / ?.A)çl' AC TCR
YDIV=C/Rl-
Plì I I'lT 1 00 rYD IV r XD I V
f)Oiì00I = I i''1 I il r i l'1AX

DCBCCI(=Jii I l'l r Jr'lAX
8C0 YPT ( I'K ) =l'i'-T ( I'i'. ) /Rf:

RI- TUI-ìNt

E¡]I)

Al.iI) ST-'ACf-

È
nl
o



c
c
c
c
D

7F
8F
9F

10 F
20F
30F
50 F
70F
75F
80F

101 F
J
P

Fie. 3(a) Subroutí.rre for the 3-Ì{ire lteration by the Bolzaro bisect
rnethod "

SUBROUI I NE l{I RE3 ( I RA}'l rflCHN r KK I
COMMONlYl4S2Tl tY 14321 ) ' ITAPCONTNSERTIRUNTNOCHN(8 I rICAL(5 I
COMMONVOLTC ( 5 I r NP I rNÞ ¡ NPD rNPTS ¡ LI ST r I SÎOP
COMMON NTEST tCAL ( 5 I TNPERDTMI rMF rKKD
COMMON Tf4ODl2SOl TTPHII?5O ) 

'REV
OMMON YS ( 250 ¡2 I ¡ YC ( 250,21
OMMON G1.G2rG3.G4
OMÞ1ON NCO
oMMoN At{t l50 I rBr.t( 150 ) rCW( 15C } rXþr( l50l rYtr( 1501 ¡Z}r( 1501
IMENSION T( 1501 rDT( l5C)
ORMAT f 7H STOP 7 }

ORMATITH STOP 8I
ORMATITH STOP 9)
ORMAT l1H0 ¡ I5 rZE 10.21
ORMAT { 1H0. I 5 r3ElO'.2 }

ORMATILH0TI5¡E10.2)
ORMAT ( IHO t 3E 10.2 )

ORMAT(IHOTI2HSAMPLE COUNT 'l9HTRUE GAS TEMP-DEG F¡
ORMAT ( 5X. I 4 ¡5X qEl?.5 I
ORMAT I 2X ' I 5 ¡2X r 10Ei' 0.2 I

ORMAT ( lH0r21l-itNTERPOLATE THIS TEMP I
=NPD
l=3.1411927

REV=REV*60.0*P I
PIA=2"0*Pl IIRAM

l80 DO37O N=1.lRAM
AN=N-I
AN=AN*P I A
TfNl=0r0
DTINI=0.0
DOI 90K=J r KK o J
T ( N I =T I N I +YC ( K r I ) TCOSF ( AN*K / Jl +YC lK t2 l*SI NF ( AN*K/J t
DTI Nl =DT ( N l-YCl K r I l *( K./J ! *SI NF ( AN*K/Jl

190 DT( Nt=DT ( N l+YC lK t2lrÉ I K,/Jl *COSF (AN*K/J)
?7O CONTINUE

È
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2OO DO20lN=l r IRAM
AWIN)=TlN)

201 Xt^J(Nl=DT(Nl
CALL MEKPLT(AW' lRAMrlrI r1¡t0HFlNE WIRE TIOHCRA.NK ANG

LF t5.0rlHA )

GoTo I 00 0
300 DO30lN=l ¡ IRAM

BW(Nl=T(N)
301 YWIN)=DTlNl

CALL MEKPLT(BhlrIRAM.l¡1.1rl0HMID hJIRE rl0HCRA¡¡K ANG
lFr5.0"lHBl

GOTO I 0 00
400 DO40lN=l r IRAM

Cl.rlNl=TlNl
401 zw(N,iDT(Nt

CALL MEKPLT ( CUJ I I RAM. I r I ¡ I . t OHLARGE W t RE r lOHCRANK ANG
lFo5.0rlHCl

DA= I .9
D8=2.2
DC=3 " I
DAB=DBlDA
DCB=DC/DB
DO800K=1 r I RAM
lFtXhrf Kl )420r410 t42O

410 T=Al'll K )
Go10740

42O lF IYW( K t l44O ¡430 r440
43O T=Bt¡t( K I

GoroT4o
44O IF ( Ztr( K t ,4ó0 ¡45O t46O
45O T=Clrl(Kl

Go10740
IF { Xì+t( K I *YW( K I I 470 ¡480 r490
Go To 100 3
lF ( Al^,1 K l-Bt{l K ) I 500r 510 ¡52O
Tl-Atd¡¡çf+0o01

I lOHTEMP DEG

r I0HTEMP DEG

r I0HTEMP DEG
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520

5lo

515
516

1

515
516

490
540
5?O
560

T2=Bw(K)-0.C1
GOT0620
T1=BW(Kl+0.01
T2=Aw(Kl-C.01
GoToó20
l^rRITElólrl0ll
WRI TE( ól r010 lKrAld( K I oBW( K I
ABE=Xt{lK}/YW(Kl
IFIABE.LE.OIGOTOSl5
PMI=ALOG( AN5 ¡ /ALOG ( DAB,
GoTO5 I 6
PMI=0.0
WRITE(6lr030lK'ABE
hrRITEló1c030)KrPMl
T=0 .0
GOTO740
¡ F f Yl,r( K I *Zt¡, ( K l, 530 ¡54A t55O
GoTO t 003
tF I BW(K l-CW(K I I 560 r 570 r580
11=Btvl K l+0.0I
12=CW( K l-0.01
GOT0620
T1=CW(Kl+0.01
T2ÈBt¡rfK)-0¡01
GoT0620
l.tRITE(6lr10ll
htRI TE( 6l rOl0lKrBtt(K ) rCW( K I
BCE=YWIKI / ZWIKI
lF(BCE.LE.0lGOTO575
PM2=ALOG ( BCE ) /ALOG ( DCB )

GoTO576
PM 2=0.0
h,RITE(61r030!KTBCE
hTRITE(61r030)KrPM2
1=Oo0
GoTo740

580

05

È
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550
590

ó10

612

600

620

615
640

ó80
670

690

690

700

IF ( AW( Kl-CullK I I 590 ¡60o r610
Tl=Aw(K )-200.0
f2=Àv(Kl-o.ol
GoT o62 0
I F ( Xh,tf K I o AND. Yhl I K l . AND. Zþl I K I . LT. 0 ¡ GOTO6 I 2
Tl=AhllK,+o.ol
l2=AhrfK)+200.0
GoT0620
T1=CWlKl-0.01
T2=ClrJlK,-100.0
GoTOl520
h,RtTEl6lrl0ll
¡úRI TE{ 6l r 0101K¡ Aht(K I rCW(K I
T=0.0
Go10740
J= 10
GoT0640
Tl=T1+10.0
FT2=FTN(KrTZl
Fll=FTN(KrT1l
IF f FT2*FTl ! 650 r 670r680
GOT06 I 5
f=f2
GoTo?40
FT3=FTl
T3ÉTl
FT I =F12
T l=12
T2=(Tl+T3l*0.5
DO720I=1 rJ
FT2=FTNlK.T2l
lF tFT?*F T I I 700 r 690 r 7lO
T =T2
Got0740
FT?=FTl
T?=Tl
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730

7?O

740
800

ÊTI=FT2
I L=TZ
72=lTI+T?r*O,5
Y =12
T(Kl=T
crì¡! T I NUE
DO9OON=1 r I RAM
TT=O; O

AN=N- I
AN=AN*P I A
I=0
DO790K=J rKK r J
I= I+l

790 TT=TT+(PP ( I )*COSF(AN*K/Jl )+(OO( I lxSINr(ANnK /Jl I
9O0 Tf Nl=TT
' brRITEf61.070)

þJRtlEló1 r075 t I ( K rT (K ! ) rK=l' IRAM )

CALL MEKPLT(TTIRAM¡1. I r t TlOHTRUE GAS T. lOHCRANK
lr5.0rtH*l
60Tol 0 00

1001 PRINT 1' sloP
TOO2 PRTNT 8' STOP
IOO3 PRINTg. STOP
IOOO RETURN

END

ANG r l0HTEttlP DEG F

È
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FUNCT f ONBOLZANO ( BECI N I F I N rSTEP ¡ K )

A=BEG I N
FA=FTN(KrAl
ASSIGNlOTOL
IF ( FT N.LT.BEGI N I ASSI GN2OTOL
GOTOL

l0 tF(A.GT.FIN)GOTO50
B=A+STEP
GoT030

20 IF(A.LToFINIGOTO50
B= A-s TE p

30 FB=FTN(KrBl
IFIFA*FBl80r70r40

40 A=B
FA: FB
GOlOL

50 BOLZANO=0.0
PR INT60 r BEGI N ¡F I N rSTEP rK

60 FORMAT ( 5X r 12H****BOLZANO I r3 ( E10. 2 ¡2Hxxl r I 4r 20H ) ERROR**ZERO
it

RETURN
7O BOLZANO=B

RE ÌURN
80 N=ALOG tSIEP*100.0 I /O.693t+1.0

ôoiroI=1 rñ
C= I A+8, /2.O
FC=FTN (K rC I
¡F(FB*FCl90rl20r1OO

90 A=B
FA=FB

ioo B=c
110 FB=FC
l2O BOLZANO=C

RETURN
END

R ElURN

È
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FUNCT ION F TN I K, T )

COMMON IY (432L1 ¡Y I 4321 )' IIAPCOòirllSERr I RUNTNOCHN ( 8 ) r ICAL (5 I
COMMONVOLTC I 5 ) rNP I rNÞ TNPDTIJPTSTLIST r I STCP
COMMON NTEST rCAL ( 5 I TNPERDTMI rMF rKKD
COMMON TMOD (25O, rTPH I l25O ) rREV
COMMON YS ( 25O t2 I t YC I 25O,21
COMMON Gl r G2 rG3 rG4
COMMON NCO
COMMON AW( 150 ) rBW( 150 l rCWf 150 l r XW( 150 ) rYW( 150 I rZW( 150 l

40 FORMAT ( 1H0 ¡ I5 r 8E I0.2 t
REAL NN
NN=2.5445
FTN= f t I T-AW(K ) t /XhJ( K ) !*+ ( NN-l ) l* ( ( Î-Cr,' lKl I ¡7vt tK I )- I ( T-BW (K I I /y'¡, (K )

I I **NN
¡rR I TE ( 6l r 040 ) K r Att ( K I r 8rÀ' ( K I,Cr¡, ( K ) . XtJ ( K ) ryW ( K ) rZ!{( K ) r T r FTN
RETURN
END

È
^I
^I



c

3 Sub roucine-. fo r - dire ót ca lculatíba.. of True ,Gás ature

from '?ourier: C S.

SUEROUTI NE WIRE3 ( IRAMTNCHNIKK)
FROM D¡RECT FOURIER COEFFICIENTS OF 3-b/IRE DATA
COMMONIYI4S2I) rY 14321 ) TITAPCONTNSERTIRUNTNOCHN(8) rICAL(5 )

COMMONVOLTC ( 5 I r NP I r NP r NPD.NPTST L I ST' I STOP
COMMON NTESTTCAL( 5) TNPERDTMI TMFTKKD
COMMON TMOD l25ol rTPH I l25O l rREV
COMMON YSf 25Ot2l rYC(25O,21
COMI"ION Gl r G2 ¡G3 ¡G4
COMMON NCO
COMMON Ar¡l( 1501 rBW( l50l rCI^r( 1501 rXtr( l5C I iYlr( 150 ) rZtl( I50 )

DIMENSIONT I 150 ) . DT ( 150 I r AAl250 ) rBB ( 250! rCC( 250 )

DIMENSIONALP A1250 I rBETA( 250 ) rGAMA l25O ) ,OQ l25O I rpp ( 25Ol|
7F
8F
9F

lo F
2AF
30F
50F
70F
75F
80F

101 F

ORMAT(7H STOP 7I
ORMAT(7H STOP 8}
ORMAT ( 7H STOP 9 I
ORMAT ( 1H0,' l5|2E10. 2 I

ORMAT ( lH0 .15 ¡?E I 0.2 I

ORMAT ( 1H0 r I5 r El0.2l
ORMAT ( 1H0 ¡3ELO.Z| ' .,

ORMAT ( lH0 r I2HSAMPLE COUNT ' l9HTRUE'GAS
ORMAT( 5X ' I4:5XIEIZ.5l
ORMAT (2X. I 5 ¡ZXr 10E10.2 )'
ORMATIIH0r2lHINTERPOLATE THIS TEMP l

TEMP-DEG F}

180

J=NPD
Pl=3. l4l 1921
RE V=RE V*ó 0 . 0*P I
PIA=2¡0*PIlIRAM
DO370 N=1.IRAM
AN=N-l
AN=AN*P I A
TfNl=0¡0
DT(Nl=0.0
DOI 90K=J r KK r J
T ( N I =T ( N ) +yC ( K r I l rCOSF I AN*K/J l+yC ( K r2 )*SI NF t AN*K/J ¡

ÐT ( N) =DT ( N }-YC( K r I I * ( K/J I *SINF ( AN*K/J)
DT ( Nl =DT I N l+yç lKt2) *( K,/Jt *COSF (A¡l*K/J I

È
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?7O CONTINUE
GOTO ( 1001 r 200 r 300 r40O ) rNCHN

200 DO201N=1¡ IRAt"l
Ah,(N)=TlN)

201 XW(N)=DT(Nl
CALL MEKPLT(Ah'r IRAM. 1r1.1 TlOHFINE VJIRE

lF r 5.0.1HA )

DO202I=lrKK
AA(II=TMOD(II

2O2 ALPA(II=TPHIII}
GoTo I 0 00

300 DO30 lN=l r I RAM
w(Nt=T(Nl
l¡t(N¡=DT(Nl
AtL MEKPLT(Bt,Ú'IRAM'1r1'1r1OHMID hrIRE TIOHCRANK ANG TI0HTEMp DEG
t5.O.1HB l
O303I=lrKK
B(Il=TMOD(I)
ETAIII=lPHIfI)
oro1000
O40tN=1 r I RAM
W(N,=T(N)

401 ZW(N)=DT(N)
CALL MEKPLl(CWr IRAÞ1r1rl't TI0HLARGE l'TIRETl0HCRANK ANG TlOHTEMP DEG

lFr5.0rlHC)
DO404I=1 rKK
CC(Il=TMoD(ll

4O4 GAMAI I l=TPHI ( I I

DO80OI=1 rKK
F I l=0. 5* ( CoSF ( 2.0+ALPA ( I ) ) +coSF ( 2.o*gElA ( I ) I +cosr ( z. 0*GAÌ'1A ( I ) ) I
Fl=1.5+Fl I
F2=t SINF ( ALPAt I I ) ¡*(CCSF( ALPA t I ) ) )+ (SINF( BErA ( t ) I )*(CosF I BElA ( I ) ) )

1+ ( S tNF ( GAMA ( I ) l ¡* ( COSF ( GAI*IA ( I I ) )

F3=AA( I l*CosF I ALPA ( I ) )+BB ( I t +ç95¡ ( SETA( I ) I +6ç ( I )*CoSF (GAMA( I ) )

F4=FZ
F5=1.5-Fll

r l0HCRANK ANG r l0HTEMP DEG

B
301 Y

c
IF

D

B
?t3 B

G

400 D
c

È
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F6=AA( I }*SINF (ALPA ( I } I+BB t I I *S INF ( BETAf I ) )+çç ( I }*sTNF (GAMA( I )'
Fl{=- lFl/F4l ' '.

QA( I I =lF?+(FM*F 6l | / ( I FM*F5t +F2l
PP( I l=(F3-tFz*OQ( I I I ) 7¡1

8OO CONTINUE
DO9OON=lrIRAM
TT=O . O
AN=N-l
AN=AN*P I A
I=O' -

DO790K=JrKKrJ
[=l+1

790 TT=TT+(PP( I l*COSFIAN*K /Jl r+(oO( I t*SINF(AN*K /Jt I
900 TfNl=TT

ldRITEl6lrO?01
lì,Rt TEl6l r075) ( (K¡T(Kl I rK=l TIRAMI
CALL.MEKPLTITTIRAMTITITI.lOHTRUE GAS TTI0HCRANK ANG rl0HTEMP DEG Fl¡5.0rlH*l
GoTO1000

lo01 PRINT 1. 
STOP

IOO2 PRTNT 8
STOP

lo93 PRINT9
STOP

lOOO RETURN
END
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c

TABLE 4

G.A.MORGAN/FOWLER MECH ENG DEPT U OF A TEL 461
ENG I NE PERFORf'lANCE DATA REDUCT I ON
PROGRAMI"IE NO OT3 / T620
DIMENSIONMX (9 )rMS( 9)rFC(9) rAC(9) rW( 9) rH(9) f T1(9) rTZig ) rFA(9 ) rF(9 )

DIMENSIOT\AF(9) 'FD(9)'rHP(9) rBC(9),BP(9) rEV(9) rEC(9) rHT(9) rA( 9)
FORMAT ( lH r 49H )

FORMAT ( IH .6I1NTEST= r T3 ¡3X I5HNRUN = ¡I3I
FoRMAT ( IH ,3tlcR = ¡F4. I I 6H NOCT= ¡ I3 ¡1H TIIROT= .F 6.3 I
FORMAT( IHOr6HNRPM = r l9 )

FORMAT(LH r6Ht4IX =,iXrI2r8l7)
FORMAT(1H I6HI{I]J ='1XrI3¡8I7I4X,7HDËGBTDC)
FORMAT(]H IóH f =C9F1.2¡TXI5HLB/I-IR)
FORT"IAT(1H r6H A =:9F1.2rlXr5HLR/HR,
FORMAT(1H .6fl AF =rl-X¡9F1.31
FORMAT(1H r6H FA = t?-X,¡F6.3tBF1.3l
FORMAT ( IH I6HFA /FC.= ¡9F1 .21
FORMAT(1H r6llt3HP =¡9F7.21
FoRMAT ( l_H .6r-tF]:;FC = ç lX ,9F7.3 ¡9HLB/BHp.HR )

FoRMAI ( 1H r 6t-tf3MEP = r F6. L gF7. I r 2x¡3t-tp5I I

FORMAT(l-H T6HEVOL =q9F1.Zl
FORMAT ( 1H I6IIECFLO=,F6.1.8F7.I I2X I6HGAL/HR )

FORMAT( ]H I6IIHTRE =,9F1.2IIXI7HKBTU/I-IR)
FORMAT(2I6)
FORMAT(F6.1rI6r16.3)
FORMAT ( 2F6. I ç2F 6. 2 ¡F 6. 4l
FORI.4AT(I6)
FORMAT(9Ió)
FORMAT(9F6.21
READOlO
PTJNCHO l O

READ220'NTESTTNRtJN

10
20
?0
40
50
60
70
80
90

100
110
120
130
140
150
L60
170
220
230
240
250
260
280
200
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760

PUi'.1CH020 ' NTEST rNRUN
READ230 r CR r NOCT o THROT
PUNCI-J030 rCtì rNOCT TTHROT
READ240' DB. bl[] rHG r S' Plr,,V

READ250 r NRPM
PtJNCH040 r flRP14
READ260'¡'lX( I ) rMX(2 ) rMX (3) rMX(4) rMX( 5 ) rMX(ó ) .MX(7) rþ1X(8 )

READ260TMS( 1 ) :MS( 2) .M5¡l ) rPlS(4) rMS( 5 ) .MS( 6) .MS(7) rl'4Sl 8)
READ280rl-C( L ) ,FC(2 ) rFC(3) cF C(¿+) rFC( 5 ) rFC( 6) rFC(7) ¡FC(B )

READ2B0ri\C( I ) rAC( 2) rAC(3) ¡¡\C(/+ ) rAC(5 )'ACl ó) rAC(7) rAC(5 )

READ280.W(I ) ¡Vll2 )rld(3 ) r!v(4)rl'J(5 ) rtV( 6 ) rt'J(7 )rþJ(B )rV'l(9)
READ280.T1(1) rTI(2- ) 'T1(3) 'T1(/r) rTl.(5) 'T1(6) 'I1(7) rTl(B)
READ280.T2( 1) çT2l?- ) .T2(3)rT?-l4l çf 2(5',,T216) 'T2l-ll tl?.1A,
READ2B0rH ( I ) rll (2) ¡H ( 3 ) ,rJ( 4),H( 5 ) rH( 6 ) ri.t(7 ) rt-t (I ) rtt( 9 )

DO36OI =1. '9
RPM=NRPM
F( I )=0.79BnFC( I )+0.299
C= I .0-0.0 0I5* ( Dt3-68.0 )

B=46.08*Crf AC( I )

A( I )=R/S
AF(I)=A(11/fll.\
FA(I)=1.0/AF(l)
FD(I )=FA( l',) /().0665
TT=DB+460.0
HP ( I )=W( I ) xRPl.'ì /35C().O
BC(I)=F(I)/tiP(I)
P=H G

HP(I )=HP( I lxl29.9?-/ I P-PÌ./V) )*56pTF(TT /520.0)
Bp{I't=1 .S Lxrrr( I )

BP ( I )=BP ( I )-F ( 29.92l ( P-PhrV) !*SQRTF( TT / 52O.Ol
EV(I )=111.7li*ß/RPM
DËT=T2lll-T1(I)
EC( I )=ó.0r*(8.006+28.09.|r-H( I )-2.9b1+(H( I )*ìÊ2.0) l
HT (I )= ( 18.O*EC( I )æDET I /IOOî.0
P|JNCHO5Orl"1X(1):l''ìX(2)'MX(3)'1'1X(4)r1"1X(5).i{X(6)'¡4X(7)'¡q¡¡g
PUNCH06CrN45(I ) rM.S (2 ) ,i\'15( 3 ) 

'¡.1S(¿+ 
) rl4S (5 ) rMS(6 ) .MS(7 ) rMS (B

rMX(9)
rl¿1S (91 

.

rFC(9)
rAC(9)

'T1(9)rT2(9)

),MX(9)
)rMS(9)
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PU NCt-t0 7 0
PU NCHO 8 O
PUNCHO9O
PUNCHIOO
PUNCH I T O

PUNCHl2O
PUNCHl3O
PUNCHl4O
PUNCH 1 5 O

rF(1)
rA(l )

rAF(I
iFA( I
r FL) ( L

,HP ( L

|,FA(2',¡
)rFD(2)
)rHP(2)

.aF(6)
,FA(ó)
r FD ( É, )

rl-lP(61
rBC(6)
rBP(6)
,[v(6)
,t.c(ó)
rl-1T(ó)

.AF(7)
,FA(7)
.FD(7)
rllP(7)
,uc(7)
'UP(7)
'EV(7)rEC(7)
rHT(7)

rAF(B)
rFA(tl)
,FD(8)
rl'1P ( I )

rBC(B)
rBP(8)
,EV(8)
. EC ( B )

rl-lÏ ( B )

rAF(9)
rFA(9)
rFD(9)
.HP(9)
rBC(9)
rBP(9)
'EV(9)
rEC(9)
rllT ( 9 )

tF l2l tF 13 ) rF (4) rF ( 5 ) rF (6) rF( 7) rF (B ) rF(9)
çAl2l 'A(3).4(4) rA(5) rA(6) 'A(7).A(BlrA(9)
) rAF (2) rAF( 3 ) rAF(4) ./iF

'ßC(L)rLìC(2).BP(t)rBP(2)
rEV(l)rtV(2)

'frA(3)rFA(4)rFD(3)rFLì(4)
,HP(3)rllP(4)
.tlc(3)rßC(4)
,BP(3)rElP(4)
.fV(3)rLV(4)

,FA
' Fl)
rHP
rBC
rBP

'EV

(5)
(5)
(5)
l5t
(5)
(5)
(5)
(5)
(5)

PUNCHI60rEC( I) rEC(?) 'EC(3) rEC(4).fC
PUNCHITOTHT( 1),HT (2 ) .tiT( 3 ) rllT(4 ) 'HT
GOTO20 0
END

È
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TABLE 5

G.A.|'4ORGAN MECH ÎNG DEPT U OF A TEL 461
ENGINE HEAT TRANSFER DATA REDUCTION
PROGRAMME i\!O OOl / 7620
DI MENSIONNRPM ( 5 ) ¡lt (5) rFCM ( 5 )'ACM ( 5 ) rH ( 5 ) r TEt ( 5 ) r IEZ15 ) rTIME ( 5 )

DIÞ1ENSIONT IN ( 5 )'TOl.lT ( 5 ) . TG( 5 I . TW ( 5 )'BHP ( 5 ) r F ( 5 ) rA ( 5 ) rFA( 5 ) rAF ( 5 )

DI MENSIONEC ( 5 ) ,l-lTRt: ( 5 ) rCFLO( 5 ) rHTlì ( 5 ) THFLUX ( 5 ) ,uTC ( 5 )

FORMAT ( lH r 49H )

FoRMAT ( 1H ,3HCR= r F4.I r 7H TtIROT = sF 6.3 r 6l-l NOCT = ¡I? ¡

FORMAT( LH r5l-'lNSPK=r I3 r9H DfG.BTDC )

FORMAT ( lH0.5l1NRPrvl= ¡4X r I9 r 4I 10 )

FORMAT ( 1H r4llLìl-1P= rIJX çl-5.2r4F10.2 )

FOR¡4AT ( 1H 'ZllF=.11X , F5.3 '/rF 10.3 r 811 LBlN1I ¡'l)
FORMAT(1H I2IJA='IIXIF'.?I4F1O'3rIJH LBlMIN)
FORMAT ( LH ¡411F / A= r 4X.5F10.3 )

FORMAT ( 1l-l t 4l'l{/F = ¡4X.,5Fl0. ? )

FORMAT(1tJ .6l-1F-CFLO=.i¡FlU.lrl0H LBlMIN)
FORMAT(tH r5UllTRE=,F12.Lr/+F10.1rI H BTU/HR)
FORMAT ( 1H r 5l'ICFLO= r 2X ¡5 F1O. ? ¡1H [-Brl.1l N t

FORMAT(1ll r4ill-lTR=r2X'5F10.1 rBH BTU/HR)
FORM/\T ( llJ .6t-IHFLUX= . 5F l- Lr. I r l.1H RTU/HFTSO )

FORMAT(1H r4llllTC=t2Xr5F10.Ir12H BTlr/HFTSOF)
READOlO
PtJl'lCt-l0l 0
READ. CR . TIIROT r NOCT rK
PUNCH020 r CR . THROT r NOCT
READ I NSPK
RIAD.NRPl"1 ( ] ) 'NRPl4l2 ) .NRPM (3 ) rNRPM ( 4 ] . NRPM ( 5l
READ'W( I )'ll( 2 ) rW( 3 ) rVJ( 4),1,/( 5 )

READTFCM ( l. ) rFCM l2l ¡FClv1 ( 3 ) rFCl",l( ¿r ) rFCl",l ( 5l
READTAC¡{ ( 1) rACM (2 ) 

'A,Cl'"4 
( 3 ) rACM(4 ) 'ACM 

( 5 )

READoDB.S
RFAD.H( 1),H(2 ) ¡Hl3 ) rH(4) .H(5 )

READrTEL ( I ) rTEL ( 2 ) rTE I ( 3 ) rTË1 (4 ) rTEt ( 5 ) rTEZ(L I tTE2( Z ) rTE 213 I

10
20
30
40
50
60
10
80
90

100
tr0
120
130
140
l.50
200

220
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230

240

250
255
260

READ.TE2(4) rTE2l5)
READ.TiME ( 1) ITIME( 2 ) ITIME ( 3 ) ITIME ( 4) rTIME ( 5 )

RIAD.TIN ( I ) rTIN ( 2 ) rTIN 1 ] ) rTI N( 4 )'TIN ( 5) rTOUT I I ) rTOUT ( 2 I rTOUT ( 3)
READ' TOU'l ( 4l ¡TOUT ( 5 )

READ.TG(t)rTG(2)rTG(3)rTG{4)rTG(5)rTtrl(I)rTl,J(2)'Tl,,,(3)rTW(4)rTW(5)
DOz6OI=1 c5
RPM=NRPf4 ( I )

RHP ( I ) =1,,t( I ) *fìPM /35OO.O
F( I )=FCMlll/16.9
C= 1 .0-0.OO 15+ ( DB-68.6 ¡

A( I )=0.768*C+ACtvt (t )/S
FA(Il=F(I)/A(I)
AF(I)=1.0/FAll.)
EC( I )=6.45rrH( I l+2j.O3
DET=TE2( I )-TE1( I )

HTRE ( I ) =108.QJt8C ( I )+DET
CFLO( I )=33.0/1ll,{¡E( I t

DT=TOUT( I )_TIN( I )

HTR ( I ) =CFLO( I )*DT*60.0
D=C.483
DD=DxD
AR=0. 78 539 816*DD/ 14/+. 0
HFLUX(l)=0.0
HFLUX.( I ) =I1TR ( I ) /AR
lF(Kl24Ot24O;250
HFLUX( I )=I-IFL(JX( I }-5.0F4
GoTo255
HFLUX ( I ) =llFLtJX ( I ) -7 .5Ë4
DTEl"lP=TG( I )-Th'( I )

HTC ( I ) =IJFLUX ( I' /DTF.MP
PI.JNCHO3O rNSPK
PUNCH040rNRPl,i( l" ) rl.lRPM ( 2 )'NRPM( 3 ) rNRPM(4) ¡NRPl4 ( 5 )

PUNCllO50rllHF ( 1 )'BHP ( 2 ) rtsHP( 3 ) rBHP(4) rBllP{ 5 )

PUNCH060'F( L ) rF l2l rF ( 3 )'F l4l tF l5 )

PUNCHOTO'A(1) ¡Al2 )rA(3 )'A(4)rA( 5 )

PUNCHOB0'FA( 1 I rFA(21 .Fl\l?) rf:A( 4)'FA( 5 )
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PUNCHO9OTAF( 1) rAF l2l ¡AF( 3l rAF(41 .AF( 5)
PUNCHI00.EC(I) rEC(2) rËClSr rEC(4) 'ECt5)
PUNCHll O rHTRE ( 1 ) r HTRE ( 2 ) rHTRE ( 3 ) . HTRE (4 ) rHTRE ( 5 !
READOl.O
PUNCHO 1 O

READOl O

PUNCHOIO
puNcHLZa tcFLO( I ) rCFLO( 2),CFLO( 3 ) .CFLO (4) rCFLO( 5 )

PUNCHI30 THTR ( I ) .HTR ( 2 ) rHTR( 3 ) ¡HTR ( 4 ) rHTR ( 5l
PUNCHI40cHFLIJX( 1 ) THFLIJX{ 2 ) rhFLUX ( 3 I THFLUX ( 4 ) THFLUX( 5 I
PUNCHT 50 'IJTC 

( 1 ) . HT C( 2, ¡HTC ( 3 ) I HTC ( 4 ) ¡HTC( 5 )

GoTO20 0
END
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