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ABSTRACT

EF/Tl{1A/4 7 ~,,'

required b}~<lt/holly eA-plicit methods ..
"", , .

'1"'10 procedt.i.res.,are described forlSolving theiiavie:r-
'i:

Ste~es equa.tivn,:; fc>r steady, fully three-dimenslona,l flOW1;)~
..,." -" , . ':';" ':/.':~;,-

both are e~t!ansions of earlier method~devised forthr~e-
I "

dimenrAona',l bo~tj~ry layers, and have ''=he followif.l9 common,
-",_.' I .. : "c"

features: (i) the, main dependent variablssare the i:';elocities

and presst:irej (i~;'. the latter are computed on a number of
i'i

sta9gere&, interlacing grids, 'e:'tt.5h of which is associatEid with

a particu3~'~r variable; (iii) a hybrid centrC'!.l-upwind d:i;fference
.-t, .

scheme is emplOye'd; and (iv) the solution algorithms are
),

:'~\l_fficiently implicit to obviate the naed to. approach the.

st~aa~',state via the time evolution of.; the flow, :as is
,);<,-;~ :

~:-::'::"

'l'he prot~dti>::'~,~ differ in;'their manner cjf solving the

differ~nce e~uation:i~;><->!he SIVA (for S1rr;ul taneous VarHi.lJie .
..' .... ':::........, .'~ .,:>~

Adjus.t:ment) procedure, Wh3.:~~'\_:i:'s fUlly-implicit t uses a com-
, ,',' ,_:;:-',,~:,,>:~~::.:

bination of algebraic elirr.lnatioti;~andpoint-~.lUccessive sub-
. "':, " ~<::. ....-'.. \\

st:1.tution ll whefein simuitaJ}eous.~dj~~~)ll,~tsare made l~o a
," , ' .. ~,' ..... "~. \"



point pressure, and the six $Ur~oundi~g velocities, such that
,

(

the equations for mass and Oinf!arised) momentum are locally

satisfied.
,

The SIM.PLE (fer Semi-Impl:tcit/ l1ethod for P,,:es5ure-Link:ed
. . . I

Equations) method 'proceeds 5.n a ~IGccessiv~ guess-and-correct

fashiQn.Eachcycle of itC!ratio{~ entails firstlY the calcula­

tion of an int.:erms::ttate VE!loclt~ field which satisfies the
)

I

linearise.d momentum eqW-ttions.for a g\,1essed. pressure distribu-

tion: then;'t:he mass c:oi'H>erv~:t.ion principle i,s invoked to
/ -.,

a.djust thf; velociti,es and pressures, such that all of the

equation!.:' are in balance.

By 'iay of ,C'n ill\1stla a'cion of tlje capabilities of the
J-' ,

methpds, results are given of the calculatj~on Clf the flow., " '_:'-~----.;,;,._::.:...-..,

.~~-~. -;--;- /--~--- \

of w.tnd arotm'f:' a build~ng, and the stmultaf.leous dispersal
., .

of -c:he effllLent. i'from a chimney located upstream.
. . ~ " I _ .,.
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J. Introductio~

'1.1 Objectiv,~of the.Rt'esent research.

WE! are here concerned with prediction methods for 'that

class of 'Convective··:Elow phenolT\;2na which arG steady,

recirculating, low-speed and three-dimensional: tl"!e majority

of the practically-important flow situations encountered in

industrial, en.vironmental, physiological and at-he]: fields

are of this ki.nd. Two calculatioI\<' fICocedm:'esfor such flows

llrlil! be desc,&:'"ibed: both proceed b~( way of finite-difference

:solution of H~e Eulerian partial-differential, equations for
.. : \\

1:he conservs.t:Lon of mass, momentum, energy and ol:her proper-
,

"+-;e'-", ..,'c'-~;'·_-'-"··,.!-1-,omolov t'-ie ':'>,,",elocJ.' t.fes i"nd pr'e-:.,.'sur,',e as t'he' maofn......... ,' ';:;I.H""-"'~~,~:~-"'_';''''''''_ 'F. ...;1. .J..

hydrodynaw~cvariables~

'1':":2 Relation to previous wo.r:k.
','

Althoughthere'"eXist a number: of flnite-d;Lff.'erence
. I.'

procedu!"S!S~'!h£.;'h,~o~g.dLJ,nprinciple, be used .for .the
~; c

• I ,,'

present class or prC?olems, none 'appear
, :

to be! well-suited
-::,'

for t,his pUrp{)5e~ / T.hus, f,or eX.ample, nearly ELJj:l of' the
~: ~. "

avaiJ;.wle methodsa'ctempt t:o follow.the time ~~"·.I~l\ltibn of

the flow' in n.r!,ivin~ at the ~teE~dy-state sclut:L()n. When
':

hOowever ~he ;lattgr is the .2B1.v,.feaf.:ure of irit;eJr~'st, thi:s is"

u\~ua~ly 'needlessly'expensive,:~especiallywhl~h an explicit~
I',"~

f~l~ulation is employed.
i.

The procedures to be des~:ribed here ~~ritain i a lvdInbe.c
'.1. ' ' it ' ..

.. of \\~;nnoviations,allowin~.par~iculi.3,rlyeconomical\rout,es to the
"','!'{ : Iii .,' ',/ Ii' ,,',,"" . 'i\',
stei;idy state: they alsohoweyer incorporate many J\~nCiwn

./\ I, • \t . \

fefd:uJ:'~s i~cluding:;; ·'tti~./d:L&plaCed grids £o~ 'velod\ity and
I ,,',", .. ''''. I' .. Ii.
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pressure employeel by Harlo\1 and \'felch (1965) ; the concept

of a gues~!;..and-correct procedure for the velocity field,

used by Am:;.den and Harlc\oJ (1970) and Chorin (1968); and

the implicit calculation of velocities, al(mg the lines of'

the Pracht (1970) version of the Harlow-Welch (1~65)

procc,p.ure. Additional guidcmce in the forilmla:tion of the

ne\~ procedures has has been derived from earlier 'work by

the authc1rs and their colleagues on me!:.hods for two-
"

dim(~nsional flows (Patankar and Spalding" 1970; Gosman

et a1, 1969), a:ldthree-dimensional bounclary layers

(Patankar and Spaldin9 19'12a;Cs:rettoet al, 19'12),

.,' .

, '1.3 £.o~t~~f t:12~~er.

Sect.:ion 2 of t"ne paper, is devoted \~O the description

,of the two proCedUr~\S, code-namedSlt1PLE andSIV:A.
\~ ,

methods ;ts
.. ','\" '

Because the point of \depart\.1re b~~\.jeen·thetwl:l
\ "':" '" ,\', Ii

in the man.i1er of soXvS,llg 'the {inite,-diff'¥lr;en~eequations,

"the individual solut:i9n\'path5~
.' \1

" ,

the la';;;ter arc describ2\dfirst:; then dletails are giv~n, (,)f

\\ ,';'

i::"'::"

relative merits of the t:wo prOI,:eOllres, and the PJ"jospec,~~;O:·
~-'~. '.. \\ ;,'.\ /i /i ,,:

for further development.

In S'e:ci:ion3, we pr~~vid:e a surnma'ry ~)~ the exp\;;Jcience
\ ," C •

gained from application o'f the proced\Ire~!"to a: va~"iety of
, "

test cases.. Then f by "iay ,'of d. demonsf;raf;:t:on,'we:preserit:
\ ; ",', ""?-',

the results or 'f). comp'l.!t:F.!t:" "rc:lmulatiorl of' th:~'floW of wil,jd'
Ill. /

1\11, " , 0/;'" ", ,.,:',:::.....:,_. i " "
past a building, and the ,S;tmultaneo~,s dispefsal of t~,e

• .1,'..,.. I;,' """, ,; . ..",'

effluent fr~~a:' chil1Uley ) OC\ated .up~rd.nd Of:'lt~? ~,?u:n~in9"

,Final1 y, in Section 4' wepr.\~sent o,ur coneiu;ions ;'~bout B'1~e
, -, . ,
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.2. Analysis

Ttle mathematicaJ. py:oblem may be compactly expres!3ed,

/~iith the aia of Cartesian tensor notation, in t~tms of

the fOllOWi;'1gsst of di.fferential equations:

~Xl(pUi) ",,0 ; ( 1)

() au oJ?
(puiU j )

!:I
(lleff .:.:1.) 0 . (2)

aXi
'oxi

--+ Sj ""ox. ,ax. ,
, 2. J

2....~ (pUi~)
a

(r~,eff
aQS ) s0 0 (3)

a:,;:'· - ax! (Ix + = ;
.1. i

whH::h express)::pe laws of coriservatlon of mass) momentum

and,a scalar. property 0.t'espectiv'ely. Here the dependerd::

vari~bles are the (time-average) va.lu,,~s of~ the velocities

~j ; 'I:he pressure P; and 0, which stan.d~ fo,r such scalaJ: quan.;;

t.ities as. enthalpy, concentration,kin§\":lc!energ~Ofdi~~ipa­

ticm rateofturb111ence (Launder and, Spaldi!n,g, 1971)'0 and

radi~ti61::: flux (Spalding,l'972) etc. Th:' syrnbol~; Sj ands¢

,stc-~.l1dfor 8.dditional sources (or sinks }'~ssocidted with such
. . ,,-' :~', , I)

'~henonlonaas natural c~nvd~t1on, ch~micai reattion anel no:l'1-
.' 't-"'·',:,:',: . :.:f.,:')' .

u..'1~forn{i.ty of ,transrort coefficiien~s,whil:e.{I;' I-+eff ~J)d '
\: • o" ~I

r 9S e££a~e respect:iveir th~ density, ViS~c!sity and eJ'~tjange
t :,__ : :,',) J , ~.__,;-~,~>:~\-/,' :":':'., -', _ "",~'~"_."" "._" ':

'. ,i\,,'.;:· . . ...".... v/ "".">'"., .. ', ",'

coeff~c~~nt for ~. I 'The SUbscript IEifXI apP,Emded t~/th,~

latteJ:"t\o,lO indicates that, fcir turl:rdIent fio\rts ,they ar~,
oJ;.!.) .",",\. 'v

- I' .r ". '( .

sometimes, ascribed I effective,~va,iu(as~ ded.ucedfrom turbulence,
, ..,.' .:& ' "-._-~"-' '.' '",.- j? <'jl \ '}.:.,;:. Y -- -"\ -. ;1 ~ 'il" -
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IXl order fully to apprl~ciate the extent of the ma!~hema-

tical problem, it is neces,..... :9.ry to observe that, for many

pracJcically-interesting situations the number of equat.ions

~ay be very large indeed. Thus t for a power-station­

furnace calculation, the 4 equations represented by <'1> and

€2) i'nust besupplem~mted b~l at leeo.st 7 others, compri:s:lng

2 for turbulence p~bpertiqs, 1 each for energy and concen­

tration, a~ld 3 fo;: ,radiatioh fluxes. The needf~!= s;plution

procedures which d~e economi~~l of both computer storage

and ,=omput~'ng +.:ime is therefore obvious•

.i!) 'Grid and iiotation:.. . The
I •

~t.:a.ggered-gr-ld sy~tem employ€d

'fo'rbo'th nfe.thods is depict~ed itl

.'
Fiq. 1: this shows only' the

xy plane/~ but: the trea,tm\:lnt.

rh the bther.:· planes follows
. I" ..

'identL:al lines.
f-~;~.~1l11ustrationofstaS9~ed-~rid

:: 1!.Xstem•.

,/ The intersecfion~)~f. the sol;j.d lii~'es mar);; the grid-nodes,
/,'

Wh~~e all variables ,dxcept\the velocity components are st\;:?red.

Th;e latter are :stoJ;':3d at po,:l;pts which are;denoted by the
I

,./ . \. . . ,.-~

acrows and locate~mid-waybetween tha grid inters~ctions.. ,

i'his arrangement .,'has twqi'~spec:i;,~l merits: firstly,. it places
~..i .:~.. ,'.' ,.i. " _:.-, .._"'.', ~: ", "

:,::_: .. L,. -" ., \:' •• , • "

the veloc.ities petween the pressufeswhich drive them; and
:. \

secondly, thes~ velocities ,are directly avail&ble.:for the
/,1



cal~ulation of the convective fluxes across the boundaries

of the cc,ntrol v;.Humes (dashed lines) surrounding the grid

nodes.

A cons:.i.dered node and its immediate. M~ighl:)ours are

denoted by:the subscripts P,X+'1 x-, Y+, y-, z+ and z-:

the significance of these can be perceived from Pig~ 1.

The "teloc{t:ies are similarly referenced, with the convention

that P (em,l:l each of the other subscr:i.pts) now refers to a

CIU~!:£. of variables, as indicated in the diagram.

Jb) "',pifferencing practices. Attention will fir3t be focussed

on th~ differential cans er'Vation equation (3) for a scalar '
, .

.,:.;,: \,

property l'0. A difference equation relat1ng ~p tb the. su,rround-

ing ~ lsis obtained by 'integration of ( 3) oyer the c01"'d:rol

vol~<~le enc1\'Jsing p~. with the aid of :flux expr~',$SiOns cieri",ed

from one-dimensional flow theory. Some d,etails \'Iill now be

given.

We reptes~nt the nett

x-direction convectIon and

diffusion of .~ thrC1-1gh the

.control volume (Fig;~' 2)

Ex- .

r/ P~){
/1 ~-o-

, I,

.~ J .~ ·x+ i
X.. /.: \\:"'. '.\' i'

!'
I

// I
Fi9.~2. NI.)tation\ for tihe
x:--diiectietn ffux expre~sions.
~._. /1' [I



cr/J
Xi'

F,x+

D :.
X+

[

0, when F > D ~X+ X+

-2F ,when F ,-< ~ D....
T
• t

X+ :f.+ "'"

LD - F in alJl other circumstances.x+, X<+'

mil A /2­
'r x

"

and m; , h~ and r~+ respectively stand for the mass flux,

cross--sectional area and average exchange coefficient at the'
I •

~ 1

boundllry in question. The other ql1an'\.:ities i,n (4) are simi.la:r:~

ly de:EinE~d.,

~~he :above expression',. may be regarded, as a'hybrid of

central-:"and up,,'ind-difference sdlemes, in"that, it rodq~es

to the ,former when the .ratio \F/of (a local pkclet numbti'JJ:lii:\

is less than ::.mit::r·;apl",.~t yields thp, large- (F/D),asympt;C)t~l

of the latter for i'F/~~r greater than unity~~, The-hyprid
'I

scheme has the advantages of being more accurate over a

'wide range o:i: F/D (Spa.ldi,n9, 1~70; Runt:hal, 1970)"than

e';.ther 1,)£ i tscomponents, and of yieldi.ng a dia~~c.,nallY-

"

dominant matrix of coef£ic1.ents for Call Fin'•...

.(c) When ,the fluxes in the y and

z dir~c:tl.ons are expressed .in a similar m?l1ner, the reS;-t.iltaI)t
I

. fini t,~,-difference equat; ion:Ls:
, \

'.,y,
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~~ ." Crt>
~X"" + d~ 0

X
_ +

;.d
r/Jy+ ol- erl> ¢y-'-p ~ t~.."'p X-} x- Y+ Y-

+ Cui
¢i2,i- + c" rl>z_ ... S0 . (S)

Z+ z- .. ,

where $0 represents the integral of the source s¢ over t~e

control volume and:

The treatment of the momentum equations (2) differs in

no essential way f.rom that above .. ',The '<Control volumes for

the velocities are of cours·e displnc::ed from those for ri, but

this presents no new problems, ~p~rt fro~ the minor one of

the nec:esfoiiity somet,imes to infe;:rpolate in ,order to obtain

convection v\~16c:iti{'$,densj:ti;=s, viscositie,;; etc. at the
, " -

-seq1.lired locat.ii:m.~.. These are matters of detail to which
0~. -':',

{space ca~not be gi~i:.,-g he;:~: hb~.;ever· it should J.\~ stated that
'.~ . \ ",

Ol;l.r choice ofinb"~rp')l'ktion ,:;:cactices is guided by the

:t:'equirem\~nt•that theresuiting<l1ffer,enCe equation is
',',' '.,. \ ,",

co'n5l~rvati ve.

. ' ,',\

, dire!ctions ,by U'"T and",t i~€lspecti\~ely. t\:1en the difference

equ&~ions for momr~nfum. may,::be,'~:,ri·tt\en~ ,
I ~ '. ' ' ;, ' , . ", :' ,

...,U up __ \")'\CU i,..... , U', +1\ (P ..,'P'
if", ;...0 Po n 'x x-,,'P

n ' "(I:,
'.,

., ,

(6)

(7)

(8)
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Here J the summations are over the six neig~bo1.!ring velocitii~s;

and the coefficients in the equatiol"\s are defined in an

analogous fashion to thosein'(5)~

Finally, we complete the transformation to difference form

by expressing the ~ontinuity relation (l) a:s:

~.3 The solution procedure5~

(a) 1'.Rpreciu.tioh of the task. 'l'he 'most obvious., and perhaps

most important, obstacle to be overcom(~ in the solutioP.9~~

the °hydr.odynkmic equat:~ons is the pree;ence of the unknown

pressures on t;he right-hand sides of~quation:::; (6) to (8):
I' r'j.

for if these ~appened to be knowh, the e~uation5 f?r u, v

and w would have the same fo~m as that for. ~; and many satis­

factory techniqlles are avail~le for the solution of the latter.

There are, it i:s true, other obstacl~!s,such as the non-
",

linearities and interlinkages introd~ced by way of the

coefficients and s.ource te~s; but these can be usually

overcome "Ii tho'Ut too much di:fficulty~ \'leshall ther,~fore

focus attention, in the paragrapry:sT;1J- follow, -on ways of

overcoming the problem of the velocity-pressure i.nterlinkage.
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(b) The SIMPLE procedure. This 'Serni-Iffiplicit Method for

Pressure-Linked Equations' solves the set (5) to (9) by a

cyclic series of guess-and-correct operation5~ wherein the

velocities are first calculated by way of the momentum

equations for a guessed pressure field, and then the lo.tter,

and later the velocities, are adjusted so as to satisfy

cor!tinui ty•

The first step in the- c)'cle is strai'~htfcdward; tb}.ls

the guessed pressures (whi.c.h 'nay be initial gu,~,\Sf;eS, or

values from a previous cyc.le)', denoted by P Co l a.r,e subs~ituted

into lir.earisedK versions of (6) ., (8). ThesE.! a.re then

solved to yield a field I;)f intermediate veloci tie!:; u·, v·

and w' which will not, unless the solution has been reached,

satisfy-cbntinuity.

It is h€;re that the maii:1. !1.ovelties o:~ th(~ procedure
i,.,

enter, in th~ manner of~;a·t:isfying the contii1lIityrequi:ce~
, .')' "', . ",',

ment. The approach is to 5ubstitut'l~ for: '::he velocitiles i~:~

eqn. ( 9) relations of the form:
".

Up up + Apu(P ,-_ pi'= pJx-

v ... v. ~ + A Y( fie p' )
p P. . p. ' y-- p

,"-j .
~>:.;,

Wp ""w. + A-
W (p'. p .-p z-

::;' .
J

(10)

" ~

'~11)

(12)

wher;e.p' is a pressure~orrection, and theA's bear the

fclloWi:ag relation to coe:fficients in the momentum equations:

_________~-~.. ---------~-Lli-...-'-------_;....

*The coefficier.}:s and 'source,; ti~rms are evalu9ted from the
previous cycle, and heldcons1::hnt.

" , ..:~:,\, "':>::.,1., ".
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The result is the finite-difference equivalent of a Poisson

equation for P', vi,z:

cP
1"P P

HS1:':1 the summation sign has the usual meaning, and the

coefficients are given by:

+ [C PW"°) Z.l- - (pw.)p] Az

r-P - I c~-p ::

n

_P
AxAp

u ;
\- )I~_E. Px-

;'.'i th similar def:Lnitions fer the other terms o sP, it should
.. ;;:.:--:.:=.-

be noted, is nothing more than the lociil mass imbalance of

the intermediate velocity field: so, when continuity i~ every~

where satiDfied:, ',.:;he pr:'e5~ure correction goes t:o zero, as

would be expecb~d.

Once the P' fi'eld has been optained from (3); it is a

straightforward ma.tter to update the pressures and velocities

(from eqns. 10-12): then, if nec8ssary, they may be used as

guesses for. a new cyclee Xf there are ~'s·tobe calC\J.:l.ated,

they ,may be fitted in at a convenient stage in the cycle:

often the choi(;e i~; arbi tr2 '-y.
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In vjcw of the central role which the P' equation p:ays

in the calculation, some further details. about its deriva.tion
.

aild application will nO\'I be given.' It is based in part on

equations (10) - (12), which are in turn derived frOITltne

momentum equations on the assumption that the veloc;Ltie~; arf~

influenced ~ore by pressure changes than by any other cause.

The point to note is that this assumption is without influence

on the final solution; for as this is approached, P' goes to

zero.

A particulal: merit of working with P ~ 1s the ease: \'lith

which pressure boundary conditions may be specified: thus j

for. example, at prescribed-pressu:ce boundaries, P' is simp1:;

set to ze:co ~
., I , • .t...

While at impermeable \:lallE the appropr~a...e con-

dition is one of zero normal gradient, as refe~ence to eqns~

(lO)-(12) will confirm.

The final point to be made about the SIMPLE procedure

is ths.t t . because i1< computes the variable fields successively,

rather than simultaneously, it is highly flexible-i.nrespect

of the methods of solution which it will admit. for the ...diffel:ence

equations. For the present calculations, we have employed a

line-H:ecration method, v:h.erein the unknown var-iables along

each grid line are calculated by application of the tJ:"i..·

diagonal matrix alg,ori.thm, on the assumption that values .on

ne3.ghbouring lines a"e known. This operation is perfor;ned

in turn on the sets of lines lying in the x, y and z

directions: it uG};mlly suffices to perform one such 'triple

sW8ep' on lhe velocities and ~ts, and three sweeps on

p~~r ~y(;le or cfaculation. This method is sl,tbstantially fast.er
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than point' iteration; however it m\lst be stressed that "Jhen

eVen more economical methods become available, they may

readily be incorporated into the procedure.

(c) The SIVA procedure. This procedure derives its name

fr9m the novel ""ray in which it combines point iteration with

SImultaneous Variable Adju:;t:m~nt. With thi.s combination,

it is possible to satisfy simultaneously, on a local basis,

the equations for momentum <~ld continuity: although thi.s

balance is later destfoyed ~en neighbouring nodes are visited,

the nett effect is to recuce the residual sources, and

so procure convergence.

The procedure involves the ndjustment, as each node is

visit~d, of 7 variables (excluding the 0' s) ,namely thl~

pressure P, and the 6 surroundifl:g velocities, up , UZ~~,

"T'y.' The t'orm1jlae £or the va:riable

adjustments are obtained by algebraic solution of:, the
rJ' --

continuity equation (9); and linearised versions. of ~he

momeni:um equations for the sixvelccities, expressed, i.n

the following fo~:

Up aU f3~ p u
P UX+ + P

1- Vp

V V V Vvp = o:.p of" f3p Pp ~ VpY+

\..r w w· W"1p O:p + f3 p Pp .;- YpZ+

.
t

05)

{16)

(17)
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with similar expressions for u ,v a~d w • The
X+ Y+ Z+

quantities tx., ~ and y in these equations are readily

deducible from the parent equations (6)-(9), vlhose tel.'1Tls

involving variaoles outside of the 'SIVA c~uster.' have been

swept into the y'Si and regarded (terrporarily) as k110w:1.S. It

is a straightforward Ti'latter to manipulate thi,s set into

equations which contain only the knO\ffi coefficients on the

dght"-hand sides: details \-lill not be given hece.

SIVA proceeds in all other respects in the manner of a

normal point-iteration procedur~ thus the grid is repeatedly

swept, until Ule residual S01Jl:ces of the difference equations

are reduced to acc,::ptably small values. As '.-1ith the SIMP?..:E

method, the calculation of~:s j.sf5.tted in where appropriate.
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3.1 T~~t calculat~

The SIMPLE and SIVA procedures were initially tested

by application to a class of problems involving the lami~a,r

motior. of a fluid in an enclosure of side H, •...hich has one

wall/moving at a steady velocity V in its o~m plane.

Calculations were first made on the two-dimensional

version of this problem, for comparison with earlier 1llork.

Th~ present methods were found to compare favourably: thus,

for a coarse mesh of 10 equally-spaced intervals, convergent

~olutions were obtained for Reynolds numbers (based on V and
, 6

11) in excess of 10 ; and the results fDr a Rej~olds number.
of 100 agreed to ·N~thi.l;l a :few percent with Burggraf':5 0.966)

fine-mesh calculations. The SIMPLE procedure did exhibit some

signs of instability in the initial stages of l;hecalcUla'-cfons

at the higher R7ynoldsIlumbers: this however could €:asily be
, ,

. cure6, by stra5.ght forwa.rd unde:r:'-relaxation o~ ~' (wi t:h a

factor of about 0.2), often in the initj.al stages oIlly.

The results obtained for the three-dimensional cas~

were \:i!quall y encouraging. Thus, no deterioration ijr) numerical

stability was obser~,ed to result from the introduction of the

third dimen sion; and, although no other solutions w:ere

available for compadson, the predictions were enti;r:ely

plausible.

Although the j:;::l.itial studie,s confirt1led that'l the,! two

methods gav(;: aqual al,:curac)( and iluml~rical stabilj;l:y,1 the

,
computing tiriwt than S,'rVA.

',1

app;eciably m~re economiC~t of
'," '. '\:

It o;{s 'chf1'refore the formE;i:~IWhich
\~ \
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we currently favour in our 1l1ork.

In subsequent. st\.~dies, SIMPLE has been successf,ully·

applied to several problem~; of pract:Lcal interest, including

thE1 prediction of flow f he/it transfer and chemical reaction

in a three-dimensional furnace (Patankar and Spaldin9, 1972b)

and the ::alculation. of the st~ady-stab:! and transient behavi~::;u=

of· a 'shell-and-tube heat Elxchanger(Patanka"" and Spalding, 1972c).

J:'lO\<1S with strong effect of compressibility, arid with 61,s­

tributed internal resistances, have ahiO been pr-'r;:dicted by

the SIHPLE method.

3.2 The bUild.~roblem.

J.~s a flJ,r'f;her e~tampJ.e of the t:~e of proble\'I\for which

the Sn1PLE mE::thod 1:; lyeU••suited, we here pl'esent ca;:!.culations

of the simulated (lamJ.nad flow of ...,ind past the slab-sided

'bu1L1ding', depic'l:ed in Fig. 3. The oncomin9 wind varies in

stJ:'ength in parc~bcllic fashion with distance from th~~gr,7ound,

aJ1d is dit·ected normal t:o the facc::"t>f i:he :building.:, Ail

additional feature, is a chimney located up\oJind of ~he buildin9:
",';\

the path of the ef,fluent from this is also follo\...ed. nu~eri?;1f,J.ly,.
".r,'

The grid etnployed for the calculations had 10 nodes in,
" • .'."j

each direction: ,'noo-uni form spacing wa.S employed so as to

cause the nodes; tp be concent:cated nea:c the btnlding" and

more \'/idely-spcLced e!sewhere. The domain of solution,

measured in building heights H, extended approximatelU !. SH

in the mainstream (z) cUr-ection, and 8H in bet'tll the vc:~rtical

(y) and l.ateral (x) directions. The plane x"O was p:ce,'3cribed
. \'

asa plane ,of symmetry,. while at all other, fieee bcundar:ies
\'
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the flow was presumed to be undisturbed by the pres~nce of

the btdJ.ding. The Reynolds nti~~ber, based on H and the

undisturbed veloci t),r \ol
B

at ydl, was approxirnatel y 100, in

this purely illustrative example.

The !:esults a.re displayed in Fig. 4, in the form of

plots, at a number of ccnstant-z planes, of: con't:oursot:

constant mainstream velocity; vectors representing the

direction and magnitudEl of the resultant .velocities in the

xy planes; isobars; anc contourS of the effluent concentra-

tion.

Taken together, the velo,;;ltyand pressure plots reveal
. \.

a consistent and plausible patte,rn 'of behaviour: thus the

build-up of pressure. in front of the building provokes

reverse: f1.ow (im,n:i.cated by the n.l'lgative-Vi (~ontour) in the

low-velocity region near the ground, and deflects the wind

away from the building~ Downstrealf:, the low-pre5sur~:~o~E(

behind Jthe building also 9ives d~~ to rev~l.~se and :Laf;eral

flclW13: now h.owever the fluid is d',rawn imlards~

'l'hEl concentration contours. Show. that the 'effluent
:, I

plun~l initially spreads downwards, thereby causing ;relatively

high cO!;lccnt:rations at theu?'1ind face of the: bUil(ling. The

/i " , : . iI, _'

l'roba.bly at least qualit~:tivelY cor;ect: rn'?reClvet.'Jt11(~y>were
.f

1

/ i': . " ;,' j:, \'!

obtained at a quite mod~"st cost (ap~roXimat:,,:~~y 100 selPonds .on

a CDC 6600 roa~hin~}.
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4. Discu.§.sion and cone}usion~

4.1 Assessment of the procedures.

Experience with the SIVA and SIMPLE algorithms, which

have now been applied to a large number of flow situations

of varied type, has demonstrated the great flexibility and

stability that results from using implicit finite-diffe~ence

fc.rmulatic:m:::., with the hybrid difference sc~eme4 It has also

shown that the line-bY-line nature of the SIMPLE adju~tment

proc.~edure makes for greater' econcmy of computel:' time than the

point•.by-,po:!.nt SIVA adjustment. 'i'he slightly•.reduced stability

of SIMPLE can be rectified by an inexpensive under-relaxation.

The authors therefore intend to concentrate on SIfJIPLE in

their future 'trork •

.1:.L.f!:Q1;pect~ for ·future development •.

The example of Fig. 3 shows that the calcula~n procedu~e'

can be employed for predict~ng practically-importaryt

phenomena which~ at pJ:esent, c:an be predicted only byway of

rather expensive and time-consuming experiments. Howevez, a

consideration of the shortcomings of that example shows also

much development still to be done..First of all, the calcula­

tion was performed for a low-Reynolds-number lami.nar f1PWj but·

flow~over real buildings are of high~eynolds number, and

turbulent. It is therefore necesshry toincoL~orate into

the cal'culaticn procedure "turbUlence mc>dels ll , ()f the kind

recently surveyed by Launder and Spalding (1971).

Secondly, it will have been observed that the calculaHon
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ti~sk Vias ma,ie' ~~·speciallY' easy by tl\e fact that four of the

bounaaries of the dorncLin of integrc:.tion were treated as

imp~!rvious to matter, while the inlet boundary was "!,S one

at which the velocity distribution was kno1iJn. In r~~ality,

, the elliptic natur.e of the flow ensures that the pfesence

of the building modifies the velocity distribution at these

boundaries: some economical means of calculating this roodifi-

cation needs to betmilt into the calculation procedure~

Finally, buildings are not simplY roctangular blocks;

sometimes the departures from simplicity of fo;an may have

significant aerodynamic effects. It is therefore necessary

to arrange that significant minor o.etaj.ls of the surface,

for ~xample its distribution or roughness~ can be allowed

w;.th the calculation scheme, without necessitating excessive

refine.rn~nt of the grid.

If these problems can be speedilY surmounted, there

is every reason to expect that numerical computations will.

replace model e:>..-per.ime1'lts for civil-engineering aerodynamics,

furn.ace design, and many areas of hydraulie ahd aeronautical

,engineering. NQ iUfficulties of principle appear to stand

in the way of these development s, .c.\nd none of fhe di£:ficulties

of detail is of ". :l:ind which has nct been surmounted C

elsewhere.·
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