
/l2r

Evor4ra 6
Po4 rrTE yop@onE pioa orov xu)tv6po

--o- tllll

H Kivnon rov ospiov p6oo orov KUfuvOpo Tnq pnxqvnq eivot 6voq ono rouq
o4powrxdrepouq nopoYowEq nou eliyyouv rnv Ko0on orov flev(tvoxtvnrnpo, xot rnv
qvoprtn odpo-xouoil.tou orov Kvnrnpo diesel. Eniorlg, 6pt o4yowtx6q entnrtioetq' orq
pero6oorl 0epyor4roq. !r4v ovotruon our4, w6ropdpet rooo n pioq roy0r4ro rov oepiotv,

ooo xor ro XopoKrnptortKo rnq rop8nq yioo orov x0ltv6po. To opytxo poix6 ne6io orov
Ku^tv6po 64ploupyeiror on6 14 Etepyooio erooyurynq. Irrl ouviyeto pnopei vo Fs^rlogsi oe

onpowrKo Boouo orn 6topxeto rqq oupnieoqq. :Tnv evornro our4 0o s{erooro0v ro xopto
yoporcrrlprorrro rnq ponq pSoo orov xUlrv6po, xor ntig ennpeo(owol ouro ono rnv xivnon
Tou eplotrou xor rrq podq Uaoo ono Bolpi66q r1 €upi6eq.

6.1 Pon rou oepiou orov Kutrvdpo Udoo crr6 rn 8ol8i6a 8|oqvoYnq

:rov 4-Xpovo xrvnrnpo, 4 6io6oq ;.rdoo ono rn BolEi6o etooyoynq eivot ourn nou

nopouorii4er rrq y6yroreq royurqreq ponq. ITn ouvdxsto To oipto exro{egerot npoq Tov

r0irv6po ire rri Uopqn iurvrxo0 ni6oxo, pe ofovrxiq Kol oKrlvrKiq royurrlreq Ut-o roEa

peyigouq peyo^0Tep8q ono rr1 pio4 roy0rnro euBdlouj lTo >X. 6.1 goivowol ot o{ovrxdq,

i<oi oxrrvlxdq ouuordoeq rng ponq Kowo ornv i{o6o rrlq Fol8i6oq, perp4pdveg orrl
Eropxero rnC 6repYqoioq erooyoyrlq, oe 6vo puyoulxo0perro netpoyclx-o xtvqrrlpo pe

drogovn rorxll)uoro xol 1.tio ltovo BoIBi60 ronogernpdv4 orov ofovo rou KUIivEpou, p8 Xpno4
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Radial mcan vclocity i. and aoot mcan squarc (rms) vclocily nuctuations u: at thc val:'c cxit planc'

sr|d axist mcan vclocity i, ard rms vclocily fluctuation u: t5 mm bclov' tir..:ylindcr hcad, el36'y'.TC
in modcl cnginc opcratcd at 2m rcv/min. l/rlvc lifi '- 6 r.m. Vcloci'j€3 noni'Lt:'d by r'."r' p:t-'-n

sp.Gd.
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O ni6qKoq onoKotr oTot ono ro Xei^n Kol Tnv a6po rnq Bol8i6oq, nopoYowoq 6tor-pnrtxo

oproxo orpriyoro pe peyotreq Bogpi6eg roXurnioq, nou 6rlproupyouv r0pBn. H onoxoMnon
our4 64proupyei pe rr1 oelpo rnq neproyig o/Aorpoqnq ponq, Kowo oro roiytt;lo rrlq
Ku^rv6poKego^nq xoro ono rn go^Bi6o, xo06q xot or4 yulvio ovoHeoo oro Xlrdvlo Kol rnv

KUhvOpoKegoln.

H Kivnon rol'ni6oxo etoepx6pevou oepiou y6oo orov xutrrv6po, qoiveTqt orrq gurroypoqieq

schlieien rou :X.6.2 (xrvnrnpoq pe 6rogov4 roryirpcno). O xrvqr4poq 6yer x0Atv6po

reTpoyovrKnq Etorounq, pe 6uo roryi;roro on6 yolo(io rot 60o ond 
^opopivo' 

Ylo vo

enrrpinet rn 
-gr,rrovpo,lno4. 

H reyvrxrl schlieren onorundvel rrq neptoyiq Tnq poRq UE

onUowrxdg 
'ObeUi6Lq 

nurv6rnroq, ocrv ovolKror€psq. n oKorslv6Tepcq oro gitrp' rro
ouyxexprp6uo ne'ipopL, o xrv4r4poq oTpovyo;i4eTot ono rnv neTolo06o ToU en11oXUwn oe

nieorl erooyt ty.q'o.b oar, xoi d ni6ox'oq'iropor4peiror otlq, 35o pero ro ANE, pero rqv

ruopin tou ipOorrouor erooyr,ly4q, xcir ogou npoTo- nopoTnpnonxe ovoorpoqn. pon

nopolleuo*oq'xouooepiou npog irlv nollonM erooyoyflq. To npooglo runpo rou ni6oKo

Unbpii uo nopornpneei xo€riq npor,r0eirot on6 14 BotrBi6o.np-oq rov-K0tuv6fo Ue.olf:wld
ioptnto. M6hq'; ni6oKoq frooer oro roiyr,rpo rou xulivEpou (9 I 41" Pero AND' ro

to'xu,uo ovoxtroro pevol0ripo Tpnpo Tou nidoxo npog ro 6lrBotro. Ynopyer oput-q xot 6vo

onuo*i*o rp4po nou i;e' npbq r4v'ruArv6poxegoln. Evor 6e npogwnq n rup966nq guon

rou ni6oxo.

lzz

Sequcncc ot schlicrcn photographs of intakc jal as it dcvclopi durinS intakc strokc. Numbcrr arc

crank angle dcgrc€s altcr TC.

:XnUo 6.2

H oMnleni6pooq rou ni6oro eloovovnq pe ro roiyt^tpo nopqYel 6ivsq UeY-oInq- KlipqKoq'

nou Qqivowor xotr0repo yro ofovoouppiiprxn pon (pA. gorroypotpio rou Iy'6'3, nou 6xel

lrlqoei pe ovotroyio po4q vepoO oe opoittpo Kuliv6pou, pa i6touq oprgpoug Reynolds xot

Strouhal).

(,) 30' (r) 35"

(,\ 4ro

(c) 36"

a 70"(d) 19"



largc-rcalc .otating flow pattcm
!.1 l|p withi! thc cylindc. by thc
iltrtc jct. Pioto8raph of strcal
lill.g in'wstcr fiow into modcl
ctrdnc aith 8rilymmctric valve.

:XnUo 6.3

BdBoro, orov InQOEi un6vn n npoYucnlKn (6xxewp4) Oion rov BotrBi6tlv erocrYLrvnq, ro
npoKumov poiKo ne6io eivot nt6 notrunloxo (:X.6.4).

)zs

Skctchcs from: (a) strcak Photographs of in_cylindcr intake 
-Scncrated 

nov' in waicr anaiog 1rf intak'

pr".-ll" -rai ".gl.c 
with'ofsct inlct valv., at 90' ATC;! (r) streak photographs of flow in diam-

iiJ oi"i",30.--b"lo* cylindcr hcad, with intakc port and valvc gcomctry shown' with stcady

watcr flow into cylindcr. Valve lift = 4 mm'

:Xnpo 6.4
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62 Maon rolur4ro Kol XopoKrnptorxo rqq r0pBnq

Or 6repvooisq ponq Uaoo orouq xu,\iv6pouq rotv MEKsivol rupF66etq. lrtq rupBtitbelq poaq'

or puOpoi paro6oo4q Oeppor4roq xor ovoprf4q aivot pto roEn peYdeouq UcYotr0repol on6
rouq, puopo0q poprox4q 6roxuonq xot oyoyrlq.

Evo o4powix6 yopoxr4prortxo ;l6Yegoq froq ruppd6ouq ponq Eivor n ruxolornro n ovoyolio
rnq. E6ti yprlor;ronoro0wot oroTlorlKiq y6€o6ol yto rov optol.to rnq r0p9nq. To oyertxo

lrev;gn eivqr n iion roy0rnro, n runlKn qnoxtrron y0pro on6 14 Ydon rtyn' xot 6voq opl6yoq
ono xlipoxeg prlxouq xot YPovou.

:e pro KoTooToon povlpnq rpeB66ouq pong, n orryproio ronlKn Toxurnro oe Ulo
ouyxexprpivrl 6te0guvon VpagsTol:

u0=0 + u(tl (6.1)

Fro povry4 pon, n pdon roy0r4ro opi(eror oq, n XpovlKo U6on rlpn

rj : rim 1 l', 'r1,y o, (6.2)
r,@ , Jro

H Erorupworl rnq royurqroq opi(eror pe Boon rnv 6woon Top9nq

u' : ri^ (! f"-',' d,)"' (6'3a)
r-@ \r Jto /

n

,'= ,,' fl l"-'rr' - s1 ar1''' (6.3b)
,-- Lr J,. J

otpou 4 p6or1 rtpn rou (uU) eivot Un66v.

:Ttq eu9ologdpeq y4yov6q,, n egopuovn lulv noponovoj ;reropA4r6v Euoxspoiverol ono ro

vrv'ou5i oil n bon or.laceionuowixa or4 Eropxero evoq Kot povo x0xlou. Eniorl_g, evo ro

6f6xfn6orrrxa iopoKTnpnlKo Koee KUKIou enovolopgovowot, 6sv oupFoivst ro i6to rot pe

rrq leniopiperiq, o,poO nopor4pairot onpowlKn Ueropotrn oupneptgopoq ono KUKIo oE

KUKIo.

Mro npoo6yyrorl yro r4v nopoxol,lvn rnq noponovo 6uoxotrioq eivot ro ensemble-averaging

n pnase_aveiaginb. Euvngoq or ueipnoeiq roxurlroq yivowor or4 6ropxero peyotrou opropo0

K0Kk)v, Kot oe pro neproyfl yttvioq orpogotrou'

H orvproio royur4ro otn ouYKeKplpdvq l-I 0, oe 6vo ouyxaxplpEvo KUKIo i, pnopei vo

Vpoqrei oq eEnq:

u(0, it : 0G. i) + lt(o, 
') (6.4)

Onoro Unopoupe vo opiooupe pro pdorl ToXUTnro ono 6vo UEVoIo qplepo x0rtrt'lv or4

ouyxexprpdv4 f: (ensemble or phase'averaged velocity):
_tr.
uv,tot = 4 .1,u0. it (6.5)

onou N^ eivor o opr€p6q ruJV KoKAov oTouq onoiouq tro;'tpovowor Herpnoelq rrlq royurrlroq
(:x.6.5i
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(b) hgc cFlc_ro-ctclc Ylri|tion

6.2 EeopUoYR oe npqYpcnlKo 6e6o1rdvo xlnrnpov

:ro :XnpoTo 6.6-6.7 nopouoto4owql nopo6eiyporo 6roxu;'tovo4g rrlq orortortxo pt6oqq

royur4rog oe npoyportxo0q xtv4rqpeq.

Schcmatic of vclocity variauon with caank atlSl' at a fircd locltion in thc cylindcr du'ing two con_

i-uti"" 
"y"fo 

of 
"n-"nginc' 

Dots ifldicatc fi'asurrmcnts of insiantancou! vclocity at thc samc clank

anglc. Enscdblc- o. pn"".-""log"d vctocity obtaincd by av'Bging ovcr a larg' nurnbcr of such

mc-asurcmcnts 3hown as rotid o.ttr linc. iop graph: los cyclc-to{yclc ffov vadatio$. Htrc lh'

iiai"iaunt*y"t" mcan vclocity and cnscrnblc-arcratcd vcloclty arc closaly comparablc' Boitom

' gtaph: largc cyclc-to-cyctc variations Hcic thc indiviJual'cyclc rncan v'locity (dottcd linc) is difrcr'nt

faom lhc cnsc'rnbla'avcaetcd mcalr by 0 Thc turbulcnt ffuctuation |r i! thcn dcfurcd in rchtion to thc

individual-cyclc mcdn.

:XnUo 6.5

Eror,nUionroXUTnTqnouuno^oYi4arolU'ouTorovTponosivolovstoprnrnTou
ouyKEKptuavou xuitrou, Kol ouvoprnon 1l6vo rqq YLJVioq orpogolou (swoeiTol orl ourn n
6ro-6rxooio eivot egop!t6otpn Uovo oE Uovrpo onpsio IslroupYioq).
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Int*. Compr.ssiotr ErFnsion E uurr
C.anl an8lc, d.g

0 180 360 5,lO 72o
Intlkl Comprc$ion Erhrust Erp€tBirxl

Cr|nt .nglc, d.8

Ens€mblc-avc..gcd vclocities thtouShout thc cnginc cycle in motorct four_slrokc L_hcad cnginc:3m

rcv/min. mcan piston spccd 0.76 m/s. (o) EnSinc schcmatic sho*ing mcasurcmcnl locations a'rd vcloc-

ity dircclions; (6) vclocity at b in intakc now path; (.) vclocity al c on cylindcr ads'

:XnUo 6.6

lot.lk comprcssion ErpsosionExh.usl
Cr.nt rn8lc, d!8

Ens€mble-averaScd ams vclocily flucluation and ens€mble_avcraSed individual-cyclc turbulcncr intcn-
sity as a tunction ofcmnk anglci (a) at location b in Fig. 8-8d; (r) at locatio[ c in Fig 8-8d.

:XRUq 6.7

6.3 Merpnon rou orpoprlopou oE KUnrRpeq

H guo4 rrlq ponq Uc orpoprtrro;'ro oe npovuorlKaq ouveRKsq lelroupYioq oe dvo Klvnrnpo

eivor e{orperixo 6uoxolo vo npoodroptorei. ETot, ou}Vo yivowot netpoporo p6vty4q po4q

yro to yopo*r4prouo Tou orpoFllropot o'avo KrvnrRpo. A4proupyeiror p6vpq poq oipo Ue

,irontnpo gioo onO ro xovotrt Kol rn 9otrBi6o eloqvu,Vnq (npoyporrx4 xutrrvbpoxegotr4 rou

ouyxexprpdvou xrvnrnpo), npoq 6vo oUoiorpo t<uliv6pou (:y.6.8).

- 
srnooth.d enlctnblc

--- Cyclc by cFlc , - 
Snroodr.d .n cmblc

--- Cyclc by clclc c
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H nio ontrn re;grxrl yro Tn UiTpnon rou orpo9t^|opou eivol n rono€drno4 praq elogploq
grepurr4q pe ioto meguyto, nou edpo<erol orov oEovo rou KUIivOpou pe 66povo KulioEoq
nolo yop4kirv rprB6v, oe ondoroon 1-1.5 Elouerpo on6 Tnv xegoln. Enetbrl 4 royjrqro
neprorpognq rnq grepoTnq p'ourn rnv re)Orxn ennpeo(erot on6 )amopipeteq rou
orrvKeKplpdvou netpoUoroq, retreuroio egoppo(erot evol oKTlKo 11 reyvlxrl Tou :X.6.8 Ue
yp4or1 xuryetrr.rrou xepoprxo0 (onurq ro unoorpti;loro rov KorolurlKov uerorponaov) Ylq
orpt,rorl.ro nq ponq, onor8 viverot piTpnon rnq ponnq nou ooKtiTol orov 6Eovo rou (nou

eivor p6rpo rnq orpogoppnq rnq pond.

:To :X. 6.9 eoivowor 6rogopeq relytKdq ropoYoYnq orpogllrotro0 Ue xorollnln 6ropopgoon
rov xovotrttiv xot rov 9o,\9i6t,tv etooYolvnq.

R.strdning lorquc

:Xnpo 6.8

Sbroudcd

Shrouded inlet valvc and maskcd cylinder
momcnturn-

:XnUo 6.9

Schcmatic ol 6tcady-ffow impulsc torquc switl
mclcr.

Maskcd

head approachcs fcr producing nel in-cylinder anguiar

(b)



:Touq Krvnrnpsq diesel Ue
Kcrroltr4ln 6topopgoorl rou

lzE

on'eueeioq 6yxuon,
epBolou (:y.6.10)

o orpoprtrropoq rou oipo evloxlerol UE

f,o
0

20

E- ro

vclocity mcasurcmcnt! a! a function of radius across thc combustio[ chambca or a frin& bowr-in-
pisron, di.cct-injcction dicser cnSinc. schcmatic shows thc chambcr Scomctry. solid lincs arc carcu-
lations bascd ou thc a3sumption of constant angular lnomcntum J* f,uia 

"l"r"ns 
a3 ticy move

radially inward.

:Xnpo 6.10

40

Rrdi.|,3, mm

Schcmatics of how piston motion gcncaatcs squish: (d) wcdgc-shaFd SI cnginc combusdon chambcr;
(b) bowl-in-piston dircct-injection dicscl combustion chamb.r.

(bl

ll0mm

66 mm

nrdiu.r, orb
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