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ABSTRACT

Two proceduxes are described ﬁor so0lving the Wavier-

Stcokes equations for steady, fully three-dlmensicnal flow5“

p“

both are ox*ens;ons of earlier methods devised for three-
f‘ ' - B

dimens¢onal bounﬂary layers, and have: bhe follow;ng common

features.f (1) the main dependent varlables are the VeloCLties

and pressure- (11, the latter are computed on a number of

staggereﬁ, interlacing grids, e;bh of whlch is aasociated with
a pafticuﬂar variable- (111) a hybrid central—upwind differencc
scheme is employed and (iv) the solution ‘algoxithms are
*qufficiently 1mp1101t to obviate the need to approach the
steao, state via the time evolution of the flow, es is
required b} wholly explicit methods. | -

The proceduges dlffEL in the1r manner of solving the .
difference equatlons.\ The SIVA (for SJmultaneous Varicmxe.

Adjustment) procedure, whi*I 5 fully—impLicit, uses a com—

hination cf algebralc EllﬁLnatlDL and p01nt-quccessive uh—‘
stitution where;n s;multaneous adgusnments are. made to a

\: N




peint pressure, and;the six;surrqundiﬂg velocities,‘suéh that
the equations for mass and (lineatiséd) mementum are lécally
safisfied.

The SIMPLE {fcr Seml Implicxthethcd for P*essure—Llnked
Equations) method proceeds in a uccaﬁﬁixg guess-and-correct
fashion. rfach»éycle of itération entails firsi: y the calcula~-
tlon of an an+ermed ate ve10c1cy rleld which satisfies the
linearised momentum equdtxons for a guessed pressure distribu-
- tion: then. the nass cunservsa;on prlnc1ple is 1nvoked to
adjust tha velocities and pressures, such that all of the
equatloq"'are 1n balance.

By way of en lllustratlon of the capabilities of the”_

methods, results are glven of the calculatacn of the flow

of whnd arounr a- bu;lding, and the simultaneous di spersal
§

vof the efflup.m\from a chlmney located upstream.



1. Introduction

1

1.1 Objectives of the present research.

We are’heré concerned with prediction methods for that
class df convective-.£low phenomﬂna which are steady,
rec1rﬂulat1ng, low—speed and three~d1mena10nal' the majorlty
of the prartlcally-important flow smtuatlons eqcountered in
industrzal, env1ronmental, phy51olog1ca1'and uther fields
'hre of this kind. Two Calculathh procedures for such £l OWS
Will be desé*ibed: both proceed bx way of flnitcudlfference
$olutlen of the Bularlan partlal_dl Fexentlailequatlmns torQ

1ha conservat L on of masn, momentum, energy and other propers
.
””PLEb, AnRGT i mnlov the velocmtles and pressure as the main

hydrodynamlﬂ."ariables.

1.2 Relation to previvus work.

Although there ex;st a ‘number of finite-qtfmerence
;érocedLres wh_&b ould, in pr;ncxple, be uaed for the
Zﬁresént class cf proolems, nene . appear : to bu well—suiﬁed“
‘for fhls purpase.ﬂ Thus, for example, néarly dil of:the
;avalﬁable methods’attempt to ollow the time onl of 4
'Jthe flow in arriving at the steady-state sclutaan. ‘When |
however the latter is the onlv ieature of therest this ré

sually needlessly expensive, - esPec1ally whwn an explicit
”fermulatlcn is employed.

~ The procedures to. bevdescrlbed here contaln a number

Lof innovatlons, allow1ng partmcularly economlcal routes to the

.|, ~ ,

:ste@dy staﬁe. they alsa however 1nc0rpora te many known.

fec iu;es 1nc1ud1ng.q tyhfdlsplaced grlde for velcclty and



pressure emploved by Harlow and Welch (1965); the coricept
of é gueaééand—corfect'prdceduréAfor tha velocity field,
used by Amsden and Harlew (1970) and Chorin (1968); and L;
the implicit calculation of velocities, along the l;nes of
the Pracht (1970) version of the Harlow-Welch (1Jb5)
proccdure, Additional guildence in the formu}aulon of "the
ne@ procedures has has been deriveq from earlier work by
the authcrs and their colleagues onnmgthods for two-
diﬁensional flows kPatankar and Spa‘ding,‘lQ?O- G;sman

et al, 1969), aud. three-dlmensional boundary layers

(Patankar and Spaldlng, 19123 Caretto et al, 1972).

1.3 Contenfs of the paper,

| Section 2 of tne paoer 15 devoted to the aescriptaon
of the two procedure\s, code«-namnd bIMPLE and SIVA |
.Berause the point of | departuke ba*ween the o methcds Ls?
in the manner of salvﬂng the flnlte d‘i Pnence nquatiﬂus,.

\

the la_ter are deSﬂrxbnp firs t, Lnen detamls are glven of
In Section 3, we pr0v1de a summary QF the eypwriencelf

galned from app41catlon of th» procedhres ta a. variety ofi

Lest cases. Theng by: way of a demonstra?ton, we presenf

the results Df a comp Br gi. tion of- thﬂ flow of wxnd

- past a bulldlng, and t '} ultaneous dispetsal uf the

effluent from a chlmney ]odated upw;nd of the ﬁu*1d1ng.

r

Pinally, in Seﬂ+ion 4 w; prPsent our conc;usxons about the B

relative merzts of the two proc eauxes, and. the prospect
N B

fbr 1urther development.

e
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2. Analysis

2.1 The eguatiors to be solved.
The'matﬁemat ical problem may be compactly expressed,
Wwith:%he aid bf Cartesian tensor notation, in terms of i‘

the following set of dir farenflal equations:

8 __ (pu ; ) 2 e (u Egl) P, s 0 3 | iz)
- . - Sopree v - _-"'"-" = 3
ax; i) ox; Teff 0x; /‘.axj -
- y 8 a¢ . T

which express the laws of conservaf!on of ‘mass, . momentum

and a scalar property'd cespectively. Here the dependent
verldbles are the (tlm —average) values of: the velmc1t1es
‘uj, ‘the prepsure P; and d, Whlch stand for such sc¢1ax quan
‘*ities as, en*halpy, concentrdtion, kinetic enezgv'or dissipa»_
tion rafe of turbulenoc(Launder and. :paidlng, 1971) and
,radlatLOI flux (Spalding, 972) etc. _ The symbolu sj and . sd

;Stwnd for additional source: (or sinks) assoc;ated wmth such R

’phenompnaas natural convfction, chemical reac cion and ncn-

.

\uniformLty af fransport coeffchents,whila'p, g 3 and g
4 coszty and exrhange -

Pd eif are respectlvely the density,

coeffmaiant for d. The subscrlpt 'e s appﬁndEd to ﬁhm‘

S

L +

‘lattex twa indicates that for turbulent flows, they are

f

sometimes a»crlbed 'effectlve/ va;umsg dedu ed from tdrbulencc

quantitiesﬂ



In order fully to agprééiate the extent of the‘mathemau
tical préblem, it is necess%ry to observe that, for many
practically-interesting situations the number of equations
may be ;erywlarge indeed.“Thus, for a power~station-
furnace calculation, the 4 equatidns represented by (1) énd.
{2) wust be supplemvnted by at least 7 others, ‘omprising
2 for turbulence pﬁopertaﬂs, 1 each for energy and gancén— U
tration,,and 3 for: radlatlon fluxes. The need for Sbiution

‘procedures which ate economlrnl of béth computer storage'
and "ompu“_ g time is therefore qbv1ou$. -

Pinite—differehce qguationsc

2.2,

(a} Grid snd notatlon. The

wsfaggered~grid syutem employed
Lfor boh m@thoﬁs is depxcte¢,1n
Fig,_l: this shows only the

Xy blaﬁe;‘but th@ treatment E

'in the bther planes followg

.fidentlual lines.

/ wlg_ 1. Illustrutlon cf Sf@gaetea—qrid
A sxstem.% ‘

ﬁThé intersection of the solld lilies mark’ tha gr;d nodes,

>

where all variables ﬂxcept the velocity ccmponents are stnred.*'

s

Tre latter arg storad at polnts which are denoted by the
,arrows and located mid—way between the grid Lntersettianq,

This arrangement has tWO ESpec1al merltsn"irstly, 1t places'

the VelOCltlés Petween the pressures wnxch driv* them- and -
%

-5a ondly, thesw velocmtles are directly avallable for the



caiculation of the convective fluxes across the boundaries
of the centrol volumes Kﬁashed lines) surroundihg'the qrid
nodes. |

A édngi&ered node and its immediate pgighﬁours are
denoted byfthe subscripts ?,‘x+, Xy j+, y-; 2+ and én:
the signlflcance of these can Le perceived from Flg. 1.
,The aﬁloc1*1es are simllarly referenced with the convention
Lhdt p (anﬁ‘each of the other subscr:pts) now refers to a

cluster of varlables, as indicated in the diagram.

;(bi Differenc1ng practices. Pttention will fifat bea focu55&d ;

on the differentlal conservatlon equatlon (3) for a scalar |

‘ prOperty d. A d;ffexenre equatlon relating d to the surround—
ing d‘s is obtained by 1ntegratlon of' (3) over the control

vo me enc1051nq P,'Wlth the aid of flux expresszons derlved

from one-dlmnnsicnal flow theory. Some detaxls will now be

Sx;

given,

We repressnt the nett

‘x-direction convection and. .

diffusion of ¢ threugh the

control volume (Fig;-z)v

. bys.

8 2 ' ' by , M
9x+(¢x+“dP)ﬁ+‘cx—w(¢x—;f dp) ‘ ;ti‘ XT ; ifv ‘x+[
i v e A S T i

- Fig. 72, Notatxon for the
x-dlrectlon i)ux expre551ons.

r.‘

oA
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where; e.g.:

0, when F > D g

XK X4 Y
¢ . dooF , whenF. < -D.
X+ ' x+! T Tt Ly !
- . : - X ‘ :
Dx+ - g0 AN all other cmrcumstances.
» " vl .
Fee = LW Ax/“ '
D, E Ty AxfEx#;
and ﬁ$ ,_LK and Ty - pectiveiy stand for the mass flux, ﬁ

Cross- ertional area and average exchange coefficment at the '

boundary in question. The other quanﬁitles in (&) are s¢mxlar~
ly defined. | | |

The ‘above expr6551on may be regarded as a' hybrid of
centralnland upw1nd—dlfference scheme”, in’ thab it rcduces

f

{a leral Peclet numbutT

tho the ﬁogmer when theiratlo \F[D
55 less than ynity; aﬁd;it yields tha larga— (¥/D) asymphote
of the latter for }F/Dl“ grea*er than unltynf The. hybrid

~ scheme haa tne adva%tages of belng more accurdte ovar & -
wide range oi F/D (Spa;ﬁlng, 19"0 Runchal, 1970), than'

| either of its companen*s, and of yleldang a dxaqonally—

- dominant ma*rlx of coefflcaents for a;l P/D,

flc) ° "he diiference eguatlons. ‘When the fluxes in thé "and
z dlrcrflons are expressed jn a similar manner, the re ﬁt -

~£initw-d1fference equ&tion ig.

A



PP T e P T T - * y+ y+ Ty— Yy~
+ Cz+ ¢z+ + ?z- éz- + S‘ : (s

where Sd represents the integral of the sduICe sd‘over the

control volume and:

The treatment of the momentum equations (2) differs in
no eésentialéway fréh that above. The gontrol volumes f0r 
the velocities are of course displaced from those for 5;.but.
this presents no new probleés, épart‘frqm‘the minor one of
the necassity samé*ime\ to int éfpoléte in Crder to obtain
'CGnvémtion v lucmtlvs, aensztlps, v15cosit1eu etc. at the

‘*equlred locatiows. Thes are matters of detall to whlch

\\. f

ﬂspabe cannot be glVLﬂ hera‘ howe&er it should hn sta*ed that
‘our uhoxue of 1ntelpol*t10n mractlces is guided by the
‘requirempnt that tﬂu resultlmq dlfferenﬂe equatlon is
 ¢onservative;:

LAf we denote x&e velacit#ew 1n the: x,y and z" co=ordinate
,“Izidir@ctlone by U, ¥ und w KEbOEutlTely, tﬁen the -difference

g@qubtlonq for mompntum may ba“wwltten.u

6y

(8)

w \




Here, the summations are over the six neighbouring‘velocities;
and the coefficients in the equations are defihed in an
gnalogous fashion to.those_in'(S)o

Finally, we cgmplete.the transformation to difference form
by expressing the'&ohtinuity'relatian (1) ass:

[(pu)x+ w‘(pu)P? A +.:(pV)Y - (pv) J Ay

+ Dpw), - ()1 A, = 0. (9)

2.3 The solution procedures.

(a) Pppreéiatioﬂ of Ehe”task. The most DbVlOUS, and perhans

most 1mport¢nt, obstacle to be overcomm in the solution of

the hydrodynamlc equations is the preaance of the unknown
pressures on the right-hand sides of equatlonb (6) to (8):

for if these happened to be kncwn, the equdtlons for u, v

-and w would have the same fomm as that for d; and many satzs—

v factory teLHnlqﬁes are available for' the salution of the latter.
 -There are, it is true, other Gbstacles,'=uch as the non-
linearities and interlinkages 1ntrodqcedlby wéy of the |
coefficients and source terms; but‘tﬂeSe can be usually
overcome without teo much difficultyi We shall thehpfore

focus attention,; in the paragraphs ro ra-;ow “an ways of

overconing the problem of the veloc1ty~pressure interlinkage..



(b The SIMPLE procedura. This{‘Semi~Implicit Method for
Pressure-Linked Equations' solves the set (6) to {g)yby a
cyclic series.cf guess-and-correct operations, whe:ein the
velocities are first calculated by way Qf the momentum
equations for a quessed pressure field,. and than the latuer,
and later the velocities, are adjusted so as to satisfy
continuity.

The first step in the cycle is straightfafﬁardi thgq
the guessed pressures (which may be initial guesses, or .
values from a previous cycle), denoted by P*, aré subsﬁitﬂﬁed
into linearised™ versions of (6) = (8). Thesé are then
‘solved to ymeld a field of intermediate veloc1t1ee u+, v*
and w* which will not, unless the solublmn has been ceached
satls;y contlnulty.

It is here that the maia- nove;tles oE Lho prohedure

enter, in the manner of hatlsfy;ng the cont1nu1ty raqu*re—
l *

ment. The approach is to suostltute for ;he VElOCLtlES lm‘

eqn. {9) relations of the fom:

up = uf + Ag (Pr. = PS) ' (10}

vp = vg A (BT - By) ; ey
= We Yip PL) | |

Wy = W o+ Ay ( - Pgi H (12)

wherd P' is a pressure.corraction, and the A's bear the

 following relation to coefficlents in the momenium equations:

W, el Vo Vo W

*The copffLC1er 4 and souzcd tarms are eva;uated from the

pravlohs Lycxe, anﬁ heldj"‘ns*ant.
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The result is the finite-difference equivalent of a Poisson

eguation for P', viz:

_C P . oF )
P! = ) ;n P'n S N {13
L e

Hens the summation sign has $he usual meaning, and the

coefficients are given by:

sPz [(pued,, - (Pu*);] A+ [Cov®dy, = love)pd Ay

+_[§pw°)z% - (pw'?P] Az:’ 3

P 1P
[l .
\_Pz Cn y

n
~P . u
Vyes Pxe AAAP

with similar definitions for the other terms, s¥, it should
be notgd;uisvéétﬂing more £haﬁ the local mass imbalahce.of -
‘the intermediate velocity field: so, when centinuity'ig every-
- where satisfied, %he pressure correction gqoes to gero, as
would be expected:

Once the P' field has been obtained from ﬁlS); it ié a
straightforward matter to update the pressures?and'veiociﬁies
(frow eqns. lﬂulg}: théa, if Ne2Cessary, they méy bé used as
guesses for & new cycle; If th¢re are @g's to be caiculataﬁ,
they may be fitte& in at a coﬁve;ient stage in thejcycle:

often the choice Is arbitrz-y.
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In view of the central role vwhich ﬁhe P' eguation playé
in the calculation; some further details about its derivation
and application will now be given. It is based in part on
equations (10) - (12}, which are in turn derived from tha
momentum equations on the assumption that the velocities are
influenced fore by pressure changes than by any other causa.
The point to note is that this asswption is without‘influence
on the final solution; fortas this is épp;oached, P' goes to
ZeyroQa. | | | |

A particular merit of working with PY is the ease with
which pressure boundary conditions may be srpecifiéd: thus,
for example, at prescfibedmpressure boundarieé, P' is simply
set to zero; while at impermeable?wails the appropriate con-
dition is cone of zero n;rmal gradient, as refe:eﬁée to egns.
(10)_(12)_wi11 confirm.

The final point to be made about the SIMPLE':}'prcy:‘edui‘e
is that, .because it coﬁputes the variable fields successively,
father “han simultaneously, it is highly flexibie;in,respect
of the methods of solution which it will éqmit_for the ﬁifference_
equations. For tha present calculatipns; we have emploved 3
i@ne—iteraticn methed, wherein the unknown variablesNélbng‘
eaéﬁ‘grid line are calcﬁiated by applicaticn of the tri-
dizagonal matrix aigor;éhm,on the assumption that values on
neighbouring linés are known. This operation is performed
in turmn on the setgféf iines lying in the x, vy and z
directions: it usﬁally suffices to perform One such 'Lriple

sweep' on the velocities and g's, and three sweeps on PY,

per cycle of calculation. This methqd is substantially faster



than point iteration; however it must be stressed that vhen
even more cconcwical methods become available, they may

readily be incorporated into the procedure.

(c) The SIVA procedurel. This pfodedu:e derives its name
from the novél way in which it combines point iferation with
SImultaneous Varlable Adjusument. With this cbm'pinatidn,
it is possible to satisfy:simultaneously; on & lecal basis,
the equations for momentum wad continuity: although this
balance‘is‘iéter dest}oyeé when nelghbouring nodes:a;e visited,
the nett effect is to‘:educe-the rasidual sources, and
SO procure convergence. %

The procedure involves the adjﬁstment; as éach node_is
visited, of 7‘variables‘(excludiné the ¢'s), nameiy the |
pressurei’,»and the 6 surrounding veiocities, Wps W, s

A . formul i
Jy¢, wp and W, The formulae for the variable

Vo,
 adjustments are obtained by slgebraic solution of:. the

contiﬁuity equation {9)s and iinearised'veﬁsions_of the
momentum equationsg for tﬁe six Qelocitiési epresseékin

the following form:

' u u . u
Up = Op u  + BP PP * Yp 1 Kls)
v v v . | -~
Vp = 0 Vy+ + BP P5 + yp 3 ‘{lo}
: W SRTE W
Yp = %p wz-i- * ﬁP PP * Yp i i.”)
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with similar expressions for u v,  and W The

xt+? v+ +

quantities @, B and y in these equations are readily
deducible from the parent equaticns (6)-(9), vhose terms
involving variables outside'of the 'SIVA cluster' have been
,:swept into the y's;, and_reqarded (temﬁorarily) as krowns, It
is a straightforward natter to manipulate this set into
equations whiéh contain only the known coefficients oh the
right-hand sides: details will not be given here,

SIVA proceeds in all other respécts in the manner of a
normal point—iteraﬁioﬁ proceduré}bthus the grid is-répeatedly
swept, until tihe residual sources of the difference egquations
are reduced to acceptably small values. :As with the SIMPLE

method, the calculation of dis is f@fted in where appropriate.
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3e Appiications.

3.1 Test calculations,.

‘The STMPLE and STVA procedures were initially tested
‘hy appl1catlon to a class of problems 1nvolv1ng the 1am1nar
mot*on ¢f a fluid in an enclosure of 51de H, which has one
WallJmDVlng at a steady velocity V in its own plane.
. Calculations were first made on the two-.dimensionai
TVepEion of this problem, for comparison with eérlier work.
Thé present methods.wereﬂfound to compare favourably: thus,

J

f¢r a coarse nesh of 10 equally-spaced intervals, convergent

gélutions were obtained for Reynolds numbers {(based on V and
ﬁ) in excess af 105; and the results fnr a Reynolds number

:gf 100 agreed to withia a feﬁ percent with Burégraf‘ﬁ (1966)
fine-mesh calculations. The SINPLE procedure did exhibit some
’{sigﬂs of instability in the initial stages of fﬁé”cﬁi&ﬁiﬁ%ibﬁﬁ"”
at the higher Reynolus numberS' this hcwaver could easily be
_cured by stra:ohtlorWard under—relaxatlon of P (with a

' factor of about 0.2}, often in the lnltnal stages only.

The results Obtdlned for the tnree-dlmensional caSﬁ

" were equally cncouraglnq. Thus, no detericration zq numerlcal

; x

. stability was cbserved to result from the 1ntroduction of the
third dimension; and, although no other solutions were
available for comparison, the predictions were enti#ély
plausible. | o : i 1{

Althcugh the Jﬂitial studles cot rmed that' the two
methods gave equal’ accuracy and numoriCui stabllgLy,\thet

SIM L& method proved to be app:ec;ably mnre econonmcal of -
l

computing tlme than SIVA. It 13 bhmrefare the forme \whlchﬂ‘

L
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we currently favmur in our work.

In subsequent. stvdles, SIMPLE has been success%ully
applied to several problomu of wractlcal interest, including
tha prediction of f{low, heat tronsfer and chemical reaction
in é three~dimensional furnace (Patankar and Spalding, 1972b)
and the calculation of the steady-state and transient behavisur
of a ‘shell-and-tube héé% éxchanger'(?aﬁankar‘and Spalding, 1872c).
Flows with strong effect of compressibility, and'with 418=
tributed internal resistances, have also been prhdicted by
the SIMPLE rethod.

i

3.2 The bUIldan pxonlen.

As a furfher example of the type of prchiem for which
the SIMPLE method 1s weéllesuited, we here pzesent calculations
- of the simulated (laminar) flow of wind past the slab-sided
"buildingt, depicted in Fig. 3. Toa oncoming w*od %aries in
strength in = parahol;c fashion with distance from tho gxound,J
and is d;:ec*ed normal to the face-of the bulldlng.7 An : :
additional feature is a chlmney located upwind of the bulldlnq.

N

© the path of the e”fluent from t his is also followed numeri”Ally»

‘I\

Theé grid employed for the calculations had 10 nodes in
each direction: non-unlform spaczng wa.3 employed so ‘as to |
cause the nodes; to be concentzated neac the bu;ldlng, and
more WLdely-spaced elsewhere, The domain of solutlon, .
measured in building heights H, extended appfoximatefy 4;5H
“in the mainst;eam (z) direction, and 8H in both the vortloal
(y) and }ateral (x) direction.s° The plane xuo was pee@cribed*~

\

as a plane of symmetry, while at all other rree houndanies

\
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the flow was presumed o be undisturbed by the presenpe of
the building. The Reynolds ndmber, based on H and the"
undisturbed velocity Vg at y=H, was approxzmately 100, in
this purely illustrative example.

The vesults are displayed in Fig. 4, in the form of
plots, at a number of censtant-z planes, of: contours: of -
constant mainstream Velocity; vectors representing thé
direction and nagnLtudp of the Jesultant veloc;tles in the
xy planes; Lsobars- anc. cnntours of th effluent concentra-
tion.

'I‘aken together, *'he vel: -..D.ty 20d pressure plots reveal
a consistent and plausible puttern of bﬂhavicure thus the '
build~up of pressure in front of the bulldlng provokes
reverse flow {indicated by the negative-w contour) in the
low~velocity reglon near the ground and cdeflects the wind
away from the building. Downstraam, Lhe low—prebsure,ﬂcn“¥
" behind the bu;ld;ng alsa glves rlee to reversp and. ;a+exa1
flowg:‘now hcwevar the fLUld is drdwn inwards.

" Mhe concentration contours . show that the effluen+
plﬁm$ iﬁitiall; spreads downwards, thereby causmng rslat1ve1y
high boncantracions at the upW;nd face of the bullnlng. The
fiow around tHe latter then daf]ects the plume upwards, 80 ‘
that the concentratlon on tha downwind fare is lower, althaugh
still appreciable. '

Although it canﬁot be ”laimed that a laminaz—flow
calculatlon on a relatlvely spaLse grLd i‘ quanﬁltatlvelv

1

‘representative oi thv real_situatlon, the abova requts are

/

Iprobably at 1east qualitatively correct° wareover,»th@y were

obt alned at a quite modeDt cost (approxlmatply 100 semonds mq

"a CDC 6600 machine).



- 18 -

"
}se —~i -~ 3
__f ] i
m% - P
“.r w e
]

us
-—Q
oo

o)
o

114

WE W e GRS W L

*SouUL A Weod

U
™~
(e}

“WST05d DUTpTIng o4y %03 SUGTIoTrada v “BTd .

‘ 1
- - N2
m.dn = ., &
- - e
[ o
md; - N
.
” Ly
Tr - v ow

Dt UMMV s G S en—

e 14

-

S g M. G e

» ;‘.!... . i A

- <& o P

w == & P4 s
]

1S-56075 UT A3TO0{0A US3INssy GY)

O G — (i Scardiem

N

o ~— [
EISgWeY =¥
= T —— b ] = v
. : | : Lo
€0 _ _nll.m 0 ——— ﬁin ¢0
. | ' o
osto ——— sl———] st
o Sueld mm [uvig
%

« (*%¥m/M) sanojuon A3TooTSA MOTI-utey (®)

¥ 9urig

-




- 19 -

r-»—-—-——-—a—.——-

|
_ 1’0 0 08

| !
I

“n_wm

"(P.3UOD) ¥ *b13

i _ G 7
1¢ 4 ! Y Ao, O O 5 ae
— .r.O ut \I|* FQ - 10 Z St

| 7 A I L,\\Y. _ 1
_ m\ _ ! \ \c Z _ AN
_ 90 _ [ 0 ~—
| o i

| se0 -] seeo i sue0
_ // Vo _ B ﬂ ) m '
ﬁl R —— ﬁu.lunwwunuJquHp ﬁl.l.ns.li.leunL

JeuTLg g suelg v suet
(i

mlmumu‘mmuounmu sanssaxd or3vys (D)



- 20 -

4. Discussion and conclusions.

1

4.1 Assessment of the procedures.

Exéerienca with the SIVA and SIMPLZ algorithms, which
have now been applied to a large number of flow situations
of varied type, has demonstrated the great flexibility and
stabiiity that résults from using implicit finite-difference
formulations, with the hyhrié difference scheme, I& hés also
shown that the 1iné—by—lina nature of the STMPLE adjustment
procedure‘makesgfar:greater-économy of computer time than the
pointabympoint éiVA adjustment. The siightly-reduced stability
of STMPLE can be rectified by an inexpensive under-relaxation.
The authors therefore intend to concentrate on SIMPLE in

their future work,

4.2 Prospacts {or future development.

The example of Fig. 3 shows that the calculatbn procedure-
\can be employed for predicting pragtlﬂallymlmportant

phenomena vwhich; at present, can be predicted only,by‘way of
rather expensive and t;ﬁe—consuming experiments. However, a
-consideration of the shortcomings of{thét example shows also
micih developnent sfill éo ke done; First of ali,'the calcula-
tion was performed for 2 low-Reynolds-number 1am1nar filow; butk
.flcws over real buildings are of hlgh Reynolds number, and
turbulent. It is therefote necesssry to anorporate into

the calculatlon prucedure "turbulence models®, of the kind
recently surveyed by Launder and Spald;qg (1971,.

Secondly, it will have been observed that. the calcg;aﬁioﬁ
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task was made especially easy by tﬁe fact that four of the
poundiaries of the domain of integrétion were treated as’
1mpér§ious to matter, while the inlet boundary was aﬁ orie
at which the wvelocity distribution was known,  In réality,
"the elliptic nature of the flew ensures that the péesence
of tﬁe building modifies £he velocity distribution at these
boundaries : some econémical means of calculating this modifi-
cation needs to befbuilt intS the célcuiation procedure,
' Finally, buildings are not simply rcgtangular habcks;x
sometimes the departures from siﬁplicity of form hay have
: significanr'aerodynamic effects. It 1s therefore necessary
to arrange that significant minor ¢étails of the surface, |
for gxample its distyxibution of rﬁﬁghness, can be allowé@
ﬁith‘the calcﬁlafion‘séheme,‘witﬁbut necessivating excessive
refinoment of the grid.. o

If these prohlems.can be speedily surmounted, thére
is every reason to expect that numerical‘computatioﬁé will
replace model expeximénts for civi1-engineering aerodynanics,
furnace design, and méﬁy areas:of hydrauli& and aeronautical |
enginea:ing. Ne aifficultiés of principle appear to stand
in the way of these daveldpmemts;,énd none of the difficu;ties
of detail is of a'kinﬁ which has ndt been surmounted ’

' elsewhere.
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