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A NUMERICAL METHOD TO PREDICT VELOCITY DISTRIBUTION AND
HEAT TRANSFER IN A CYLINDER HEAD OF AN [.C.E, WITH SWIRL
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ABSTRACT- To determine the heat transferred btz the piston and the
cylinder head of an I.C.E. ythe wveloscity distribation in the
csylinder head is required. The work presented in this paper aims at
producing this distributicon by numerical method. Once this dis-—
tribution is determined ,the heat transfer can be evaluated by a
double integration.

The method chosen in this study 15 to assume a (ree wortex
condition with a solid rotating core. This is fonsidered to repre—
sent the conditicons that would prevarl at the end of the induction
stroke. The finite difference method is used teo solve the differen-
tial equations. Faor this analysis it is decided to neplect 2rd or-
der differences and above. lt is also decided to fit paraboclas over
any three adjacent points. '

4 method is also devised to determine the stagnation pressure
at one time interval from the stagnatiaon pressure at past time in-
tervals and (dFstag./dt! for the previous interval. The results ob-
tained showed that the velacity pradfile becomes unstable after 8 or
3 time steps. This is probably due to accumulation error, may be
from the 14 difference allowed. The simplest way bto overcome this
would be tu use more radial steps and smooth the curve over aroup
say €& points instead of 4 points. However, this would increase the
vun time on the computer.

1~INTRODUCT1DN

Calculation aof the heat tramsfer and predictioﬁ 21 the thermal
per formance of combustion systems are of great importance, par-—
tigularly with regard to fuel economv. The resnlts of these cal-
culations can be used either to improve the tharmal agfficiency aof
existing engines or to design new engine. This investigation is an
attempt ta estimate the heat transferred from the gases in an en—
gine cylinder to the zylinder head and piston crown. It 15 knawn
that during the induction stroke the gases in the c¢ylinder are
Swirl due to the tangential veleocity of the incoming gases, the
true values of valocity in the cylinder are not kpown. Measurement
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of gases wvelocities in the fylinder throughout the cycle is very
difficult. The response of any instruments used to measure
velocities must be very rapid as the conditicons are always chang—
ing. The hot wire anemometer rcannot be used directly as temperature
in the cylinder changes with compression and combustion . The most
suitable experimental method would appear to be a photagraphic one.
particles carried by the gases and made visible could he
photogar aphed through a transparent cylinder head. The experimental
difficulties would be great.

Experimental results are available for the heat transfer Trom
a stationary gas to a rotating discCl]. This study assumes that the
gas is rotating with rconstant angular wvelacity throughaout the
zylinder and that this wvelosity is constant foer a given engline
speed throughout the cycle. Experiments on c-yclone separateors{2]
and some direct readings of gas velocities 'during the induction and
compression strokes of a compression ignition enginelZ,4]1 show that
the gas in the «cylinder wvill not rotate vithh constant angular
velocities. These results tend ti suggest that the flow pattern at
the s-art of compression is made up =f tw:> parts, i—- A constant an-
gular wvelocity rotating central core and ii— An cuter apnulus in
whizh the flow ig very close to free vortex.

From the wark done on a riga in which air enters a heated
cylinder tangentially at the outer radius and leaves through a pipe
at a center of the cylinder. ,Yadov[131]1 obtained an empirical ex-—
pression for pressure loss due to friction and for heat transfer
coefficient betwueen the cylinder ends and the swirling gas. The
present wark aims to produce a computer programme to workbout  bhe
instantaneous wvelocity grofile across a radius of the cylinder at
intervals of anoular crank movement and use an available empirical
expression  for  the heat transfer coefficient to workout the heat
transferred to the piston croun and. £t the cylinder head of an
I.C.E.

2-MODEL DESCRIPTION

As  a first attempt for obtaining a veleocity prefile it is as—
sumed an idealized model. This model is based én tus assumptions.
In the first assumption, the gases already in the cylinder at the
start of inductign are , a central cylinder with radius egual to
the radial distance of the inlet valve, and an outer annulus as
shoun in-Fig.(l).> As the piston moves down the cylinder there is
very little change in temperature and pressure, . so these values can
be Cansider=d constant during the inductiaon stroke. The gas enter-
ing through the valve then separates the two parts, the inner
cylinder staying as a cylinder elongating with the piston movement
and decreasing in diameter, and the outer annulus staying by the
cylinder wall inpcreasing in length and decreasing in thickness.

The second assumption is that the flow into the cylinder is
from an idealized very thin hollow cylindrical source. It is the
one separating the cylinder and the annulus mentioned in the first
agsumption. The tangential velocity (ram the ideal cylinder is
equal to that of the gases in the inlet port.

Ancther {low pattern may be considered is that in which the
incoming ailr forms layers within the cylinder. Consideration of
this flow pattern is discontinued as the vertical component of the
air would force it to mix in a vertical direction., A truer explana-
tion of the flow uvould somewhere betueen the two patterns, allawing
for some vartation in vertical velaocity distribution, Such a pat-
tern waould be difficult to analysis, so the first model is the one
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used in this inpvestigabtion.

The losses incurred by what we considered “turbulent mizxing”
friction is given in terms &f loss in tetal head or "stagnation®
pressure. It is also allowed for viscous losses due to the velocity
aradients vhich are given in terms of lass «f total head pressure
alsao. Because ol this, a form of the Navier Stokes equation is not
suitable. The density of the gas is assumed to be constant with
respect to the radius at any time instant. This assumption is jus—
tified as the mazimum wvelocity is about 100 m/is, given a wvelocity
head,pu™ , of S#103 N/M® compared wvith atmospheric pressure of 102
MN/M=.  Anaother assumption is tilat the tullk temperature and pressure
are only affected wviscosity, density and conductivity and did nok
have a direct influence on the flow.

3-NUMERICAL, METHDD

The method chosen in this analysis 15 ko assume a free vortey
condition with a “selid" ratating core. This is cConsidered to rep-—
resent the conditicns that veould prevail at the end of the induc-
tion strake. The free vortex condition is based on the mean inlet
velocity although, this will temd to oci1ve an excessively high value
towards the centre. The ageneral assumpticon of this condition is
seems to be reasonable in wview of the results obtained in. the
refrences mentioned. The (inite dilference method is used to solve
the differential equaticns., During this study it is decided ¢t
nealect Z2rd order differences and abaove. This seemed to be a
reasonable compromise hetween the number of poants needed and  the
comelexity of the derived equatians, ITnstead <f working vith dif -
ference tables it is decided ko “fit" parabeolas over any three ad-
Jacent points,  The use of parabalas is justified by comparing the
number of paints required to get the same accuracy from a mid-—
ordinate rule integraticon as from a Simpson's rule intearation, The
first part of the scolution is ta find a method to deduce the
velooity profile, The mathematical development of the flaw pattern
is discussed next. & method is alstc devised to determine the stag-
naticn pressure at one time interval from the stagnation  pressure
‘at  past time 1ntervals and (dFstan./dt? for the previcus interval.
However, the conditiens are naot down (or the first timé intervale.
sn a starting procedure has to he devised as well. The method used
1% basically the clasic iterative procedure of scolvina equations of
the farm ((x1=(}, for %,"+" in this fase being a "surface” and ncot a
sinple wvalue. The equation IS written as x=gVvx} and thus v..,
=gi%a}t where %,.; is a better approximaticon of » than «,. The ap-
plication is a little complex as we are working in terims of
profiles rather than just one discrete value. The problem with this

method is that it can sometimes be unstable, but is the gimplest-
methed.

an alternative would be a method hased on Newton Raphson, ie.
¥ y= X — (X700 X DD
= X = 2R /DTt -]

Where  is &ome suitably chosen small value, Wowever, this would be
more difiicult tao programme than the first method. With repeated
application of a parabolic approximation to the profile it is pos-
sible for acumulative error to build up, sn a smoothing techrigue
is used.
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4-DERIVATION OF EQUATIONS OF MOTION

Hithin the limitations of the physical meodel described, the

governing equation of motion may be obtained as following, refering
to Fig. 2 ' i

et I+ be the distance between the piston and the cylinder head at
T.D.C.

Volume of air enclosed within radius v, at TDC=wr =1,

Radius =f this volume of air when diatance between piston  and
cylinder head is I, r=r JZ+/1

Yolume of air enclosed within ro—-r- when the pisten is at TDC is,

Tir=® — r =iir

Hence, radius of this volume =f air when the distance between the
cylinder head and the piston is 2,

r=d ro® — (ra=® — ro=v7I4/1
Fer r7 r., llow across at radius r, Q.= Mr>i-

ve=—q,/s2url =—r/2 {ZI-770

Far r.irir,, fleow across element =9.= wir= -~ v 7
e =0 (v o= — r 3V Zr I FI0
Consider an  elemental hallow  csylinder, part in which shown in

Fig.2. The of element x[Idr.ri0
Considering the balance of pressure force and inertia forces ,the
net inward pressure lorce;

= I0Cr + Sr/2)8ACF+&F /Sradr /20 —tr—8r /2080 P—3P/8redr/2}]
~ZZFsr Sindnk/2

11 §& is small, Sind&/Z = §4/2
Z2?FSr Sindas2 x IF Sowdr
and net inuvard pressure force;

=ZSACrPrr §F /St %8y fZ+FEY /2+8r =/ HSF /7 Sr 1—(rF-v $F/Sr#Sr/2—F8r /2
+4r=/10EF/8r 1 —Fdr 1=186r SF/ 5 #85r

Acceleratiion of element towards centre =ve=/r — §v,./8t
Frém Newton's second law, force=mass % acceleration

SF/Sr = riv.zfr — Sv./&t) ‘11

Hhere, ve and v, are the tangential and radial velccities respec—
tively. Fartial derivatives are used berauuse all variables are
time and gpace dependent.

From Bernculli's epguation, the stagnaticon pressure; Peoeag.=F+4fv?
where v=Jvy® + v, = is the absolute velacity of the =lement.

The losses which are considered to reduce the stagnation pres—
aure, as far as the flovw pattern is concerned, are assumed to come
only from two sOurces, these being viscosity and friction drag
respecktively.
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4~) The Loaseg Due To Viscosity

Copsider an elemental hollow cylinder, part of wiich shown in
Fig.ds
Mass of elementx [ZnrdrZ and moment of inertia, Ix£2nr33r2
Targue on glement=2n(r+8r /2Z)SIIT+ET/5r#Sr /2D =20 (r—5r /22T (v+ &5/ &y
wEy /2y

=ZRZ0{r2 + r&r+Sr@/ 4 rItrSr-Sr3 /S /SrasSr /20 r=
FrEr ST /Gy TorSr+dr 27401

=onIlSrTSr+A v/ Sr G S Sy T Er Z /40 ]
=2wIST[2ry+87/Sr (r=+8r X200 ]
But, torque =swHl=ve/r=]
Ifr*JVeKSt*Erwr?Zﬁr = ZoZSrI2rT+8T/8r {ir2+5r=/4) ]
r/riﬁvﬁfét =ZT/r +51 /8¢
By definition r=p#dve/Sr
SHFEr=pEIvy S Sr
Substituting in abaove equation, o0iwves;
Sve /St = u/[r(ﬂévvfdr - r RS T S Er T
F'-B-c- “Fupacys - + "il‘v"
SFapma/dt=8tvelority head? /St+8F tcmus = /5L
=S [(ve T+, B /0] +8Fnpuna=/St

=mtv,ﬂ+v,?1sr/st+r;zrzv,svt15t+2vf5v,/5t
+8F maavsn /5t

But, JSv,/4t =P/ riddve /8F 4+ rdFv, Sir®

AP et mg, F 5L =Htvtﬂ+v_=JJI/5t+r[v,2/rr{25v.15r+rézvhf$r=3
e Sv S FE I+ F pnany = 8L

l.e the rate of less in staagnation pressure due to-viscosity isi

SFmvan. /&t =acvhﬁ+v,2J5[/Jt+tvtp/rtzav,/5r+r5=v.{5r=>+
[vedVe /5t +8F anan e /#t

4-2 Friction | osses

Yadov's [1] has cbtained an empirical relationship on vortex
flow transfer asj

SFavao. =—Prv2fﬁi31/d

In this case d=Z, # i= a factor, Sl is the lenath travelled=vit

SFusma. /§E==F [v3/27
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Hovever, § =k/Fa" =k(p/rI)"v““

Where R. being a Reyncld's aumber which foy this calculation shouwld

e based on v=Jv,T+v. T, k¥n are constants given in refrencelll.
6P.u-,.35t=~k(p/rZ)"rXZZ(vt=+v.=J‘3-"”2
Therefore, wviscosity and friztion losses together oives,

P pvmg. 7= (v g T B F /S v p A r (28w ASr+r 2wy A Sr ®0 + v
*JVrthJ—k(pfrZ)"r/?ltvh=+V,=3"*"”=+SF_,fSt

[Sch]
But from equakion(l) 5P/ér=[(v,=fr—§v,15t}

r
Thus, FP = _[ [[¢ve®/y = &v./85t1 Tdr
rao r
and  §P/5b=8/8t [ [CvaT/r - sv./8tadr
r@
Substituting in the differential form equaticn(3) gives the follow-
ing differential equation of motiong

SP mtmg A= T IV P S E Cw  p/r (20 v FEr+rd v /SrTd+ v Sv,. /8L ) -k
l(p/rZJ"rKE (Ve T4w, 2} FA=PI r24 4 /8L r(vtzfr—évp/5t)dr 43

If only compression and expansion strales are considered, equatian

L4 vaduces o

SP_.-u_/5t=Hv,26r/5t+v“p1r(25v115r+r5?vb!£r=]—hr!ZI(pfrll"vt"'"”’
+5/48¢E r(v,I/rJdr (¢~

With the necessary boundary conditions the equation should be
solved for wve. Thus with knowledoe that the instatanecus rate of
heat transfer, DQ is;

t
DO=2n 4[ h(Tg = Toir.dr
8]

Where h is the localized heat transfer ceoefficient.

Using Yadov's
expressionlill;

hd (Ra/BQ0NO0Y-Se[ (1€, 29—4r /D)) 2+F,.62(r /d) =]

NS — == —— e e e #[18ir/r,., —
K 7 Al (L - 1475Cr /d D+, OB7 43ty /1 F+ . OOOSGE(y 7d ) 3

MR+ AT, 24BN S o~ LB T i A 22

Once to integrate these instantanecus values to the heat
transferraed during the exppansicocn sktrake -an be abtained as:

180
Q = R aa]>]
o)
B-RESULTS AND_D1§CSSIONS

Essentially the need for this analysis arises from the fact
that the engine heat loss needs to be predicted for the various
cycle strokes. Tag do thiis we need to be able to predict for
various inatants throughout the cycle the localized heat transfer

coefficient at each point on the piston crown. These values czan
then be integrated to give an overall heat tranefer coefficient,
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and this in turn gives an instantanesus rate of heat ktransfer. 17
this process is repeated for several instants during the cycle then
all the instantaneous rates of heat transfer can themselves be in-
tegrated to give the total heat transferred for that part of the
cycle, - i
As a first stage of this model development the results are ob-
tained cnly for heat tranaferred to the piston grown during the ex-
pansion stroke as this wvas czonsidered to be the most interesting as
far as heat transfer is cconsidered. The Simpson integraticn proce-
dure which is used a total of eleven times in the pragram, i.e. 10
times to integrate the localized heat transfer ~cefficients ta give
the instantanecus rate of heat transfer and once tao integrate these
instantaneous values to give the tctal heat transferred during the
expansion stroke. A 20 degree interwvals of crankangle from O to 180
are adopted and the varicus sngine variables are calrulated. The
gas temperature at the particular part of the cycle is  taken irom
ideal Diesel cycle program  output and the viscasity and thermal
tonductivity are calculated. The working fluid is  assumegd to  be
air.
A5  the program stands it assumes that the velocity profile
within the cylinder remains constant. The profile is induced on the
induction strolie and assuming that the tangential components of
velocity are conserved withh vespect to the change in cylinder
volume. As can be seen from the results presented in Fig. (51, the
vaelooity profile becomes unstable alfter 8 or 3 time intervals, this
is probably due to accumulation errer, may be from the 1% dif-
ference alloved, The simplest way to overcome this would be bo use
more radial steps and smooth the curve ovaer group of, say & points
instead af 4 paints. Houwever, this would increase the run time on
the computer. The stagnatiaon pressure and OF wgag. /0t behavicurs
during the intake stroke at different crankanales positions are
shown  in Figs.16&7). These results show immediately that even on
the i1ntake stroke, @ffects are to be of greater significance
Fig.?8Y, show the localiced value of heat transfer coefficient
at various radii on the piston crown.  The number of points are
determined by the bore radius. The value of b determined is foung
depends on two factors: E
1)The Feynold's number fartor (Fe) which 1s depends on the velocity
at each radius and the velacity prafile assumed. The farm  of the
profile assumed is shawn in Fig. (9). "The curved part of the agraph
represents a free vortewv.

2)The combusticn  turbulence term which is not  applicable until
combustion has started. The time at uhich this term is applied is
in compression igniticn engines, the time of maximum . temperature
expressed as a <cranFanole. As already mentiened this term decays
with time for times greater than .005 gsec. Below this time the
value =f h as regards <ombusticon turbulenze is neot  accurately
known and thus the value at 005 sec. is taken.

The timing is decided by the farmula, t = (GO¥{CA—MT)}/(RFM*3ZE0"
Where ©A is the <ranicangle and HT is the angle of maximum
temperature.

Fig. (103} shows the calculated heat losses by integratinog the
instantanesus rate =f heat transfer. It can be seen from the figure
that the calculated results are lower than the available experimen-—
tal data [(5]. This rmould be due to a number of reasons. As we know
the rcorrect temperature prafile weould alter the results and the
shape =f the graph. Alsz flame velocity has been estimated but this
occurs in the combusticon turbulence term which has a small <con-
tribution to the overall heat transfer coefficient.



M. 106  Abdel-Raof , A. A. Desoky

&-CDNCLUSIONS

This paper has presented the first attempt calculations aof
velocity distribution apd heat transfer in a cylinder head of an
internal combustien engine with @ swirl. The results and the
methodalogy are of importance to the application of computaticonal
heat losses from the internal combusticn engines preblem. Among the
resul ts obtained; .
1)The iterative method used in these calculations was unstable for

the application. In fact the complex Newton REaphson methed should
have been used. ’ ’

23 The assumption =f a free wortex at the end of the induction
stroke was unstable. The losses would have prevented such | high
vaelocities near the centre.

21Velocity profile predicted becomes  wistable after B8 or 3 time
steps., This is probably due to accumulative errar, may be from
the 1% difference allowed.

43The calculated heat- losses fram the piston crown during the exp-
ansion process are lower than the available experimental data.
Hovever, the correct temperature profile would alter the results

SiAlthough strictly inapplicable because of phase lag between gqas
temper ature change and heat flux vari1aticn, the concept of insta-
ntaneous heat transfer coefficients -canm be used csuccessfully in
the analysis of heat transi{er in reciprocatinag engines.

NOMENCLATURE

Convective heat transfer coefficient cod J/'mT hr o
Thermal conductivity Cal1/m.hr. ¥
Pressure

Heat transfer rate

Musselt number

Feynold number

r adius

Gas temperature 1%

Sur face temperature [
velocity

Dynamic viscosity

Density

Anoular timing tcrankanglen

C

[ aq

P—T £ A4 B ZBTRT
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