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NOMENCLATURE

(The number ko the parcatheses denotes the
equation of first mention.}

2 group of symbols in the convection
term(3.L1);
a coeflicient in the difference equation
B35 =

& group of symbols in the convectian
teem{3.1

& coel in the difference equation
32.3);
& proup of symbols in the diffuion
term(3.1);
mean skis-friction coelficient
a @nnlv\y in the difference eqwmn
32.3);

diameter nuhuu noeze (42.1);

& coeflicient in the &fference equation
for ¥,(324);

dissipation of the turbulent kinetic
energy (2191

Exginsecing Deparomnt,

1 Peeiers addres: Mechacical
Tndian lastiosie of Techoslogr. Kanpur, lada.

ar

welljet

& coeflicient in the teanstormed dif-
ference oquation (337);

# fraction between zoro and unily ;.

a quantity in the transformed if-

LY

" p¥, (214);

specific enibalpy (226);,
stagnation entbalpy (2.1.7);
= coeflicieat @ the tansformed dif-
ference equation (3.3.7)

diffusional flex (34.1):

enean kinetic enecgy of the Auctsting
motion per unit mass (21.7);

the length scakes in direction | and

ference equation (3.3.11);
wsass fraction of & chemsical pecics j
2.18);

by
the symmetey axis (2.14);
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M. a quantity in the wmnsformed dil- 3, the ratio of specific heats;
ference equation (33,11); % 0 comtant la the mixing-length
N, number of strips acros the layer; formula (43.1);
” pn-ne(zw; Zo 8 consiant in the the mixingdengih
P, a coefficient in the transformed dif- Sormula (4.3.1);
feseace cqnnm (3.32); ~ laminar viscosity (2.3.1);
Q. @ quanlity & the diE e ive vischsity in dicection [ (214);
ference equation (3.3.2); Jown, elfective viscosity in direction 8.
r radius, distance from the axis of &,  coordisas in direction I (2.
symmetry (2.1.2); &, coordiname in direction 2 {21,
7g  the radius at which the velocity is g, Mwid density (2.1.
one-half of the centre-tins velocity; o, laminar Pranddl oe Schenidt aumber
R, # cocflicient i the transformed dif- (23.);
forence equation {3.3.5); O cllective Pranditl number (2.1.7);
Re,  Reynolds number, {pougx/iig): Oy elfective Schmidt number for species |
R,  aie of gonceation of the chemical @18
species § (21.8); O clfective Prandil number for the Jif-
8 distanoe along the ¢, ~ ¢y plane fusian of k {2.1.7);
(L3RR Tauiee ™ Hrenlite o (21.6):
S suu»umb«hnuml«o @3 T icar stress as the wall;
St, the Stanton num! & & typicel dependent variable (2.1.10);
T, absolute u-:pmm (410 4% & predesermined value of ¢ used in .
& weloty in longitedinal ~direction the grid-control formula (3.6.3);
“20; . @, a lorm representing generatico of ¢
W', dimensionless veloclty [wi/(vs/p)] = the yplcal equation (2.1 m;
(432); ¥, & steeam function (2.1.5);
. welosity at the walljet slot; -, demenssonless  steam lu tion, ¢co-
Mpay  Maximwen velocity in the walljet ordinate in direction 2 (2.1.11).
prodile; i
Vi velecity in direction 1(21.3); Subscripts
V3 velocity in direction 2 (2.0.3); D, the downstceam point om a poetion
Ve velocity i radial direction (2.1.6); of the grid;
Vo velocity in diroction 6 (2.1.4), D+#,D~, points near to and at the same
x udinal distance (42,1 vale of §, 38 D;
» distance across the layer;— E, the external boundary of the layer;
¥%  dimensionkess distance (\/(5s0¥W) G,  froc-stream bowndary ;
3. G-, & poist within the layer, pear to and
i Badevalue thickness of the wall jt; a1 the same value of &, as G:
Yoo thickness of the wall-jet stot ;. 1, Ihlnumllbm dary of the layer;
Yo charscteristic thickness of the layer S, # wall bos
wsed o calculate the mixing Jength S+, int within l.h:hye!. near 1o and
@3 ot the same value of §, & §;
v, the upstream poimt on & portion of
Groek symbols the g
B the angle made by direction 1 with
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the initial ht. ;I-nuﬂ ‘condition;

ans
g
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radius and (n o plane pormal to the
symmetry axis;

& pertaining to the dependent variable
é

1. INTRODUCTION
L1 The problem corsidersd

Hrat-, mass and momentum-tmnsder in
steadily flowing media are governed by elliptic
differentia equations. Because these are difficult
1 solve, the elliptic equations ase often, and
legitimately, truncated 10 a parabolic form;
these truncated equations are the boundary-
layer equations.

“The present paper provides a pew method of
solvieg these equations. That a new method may
e desirable is shown by the fact that existing
methods are still ot widely used; they are citber
100 expensive (o operate, too difficult to adapt
wurﬁuﬁrpnﬂngummwﬂluu

i s, For lhhmm "
including the presest omes, have put forward
approximase procedures of calculation (1], in
which oaly & few, integral, forms of the partisl
differential equations are solved; but these too
have ther shortcomings.

The solution weeednm which are simplest
in comcept are those of the numerical, finite-
difference type, Many variants have boen sug-
pested and employed wo:uiully,blllnym
open W the above-mentioned objections. The
new method & also of the finitedifference
variety; bul it embodies special devioss for
reducing the computation time, witbout loss
of accaracy, and foc bringing many typss of
problems within the scope of a single computer
Progeamme.

12 Some remarks on earlior finite-difference
methads

Finitediffe

-ndmnmn-hmmqm “explicit™

arithmetic; but the time intorval must not
exceed a fixed propoction of the square of the
space Interval divided by the thermal diffusivity.
Implicit methods involve much more anchmetic
por time interval, bocause simultancous equa-

sicn or seccessive-substitution techniques; on
e other hasd, they are free from any limitation
on the size of the time fnterval,

Whether explich oc implicit methods are
pecferable foc heat-conduction problems ro-
maizs 2 matter of opinion. Foe the problems
which arise i boundary-layer theary, on

metbod bere has 2 upper limit on the distance
interval in the stream direction; and this
lienit is direcily proportional to the fiuid velocity.
Since this velocity may become very small near
2 wall vory small distance steps must be taken ;
Ihm#nlﬂﬂuuhltlhfmlhl
restriction, therefore requires much less com-
puting time than the explicit one.

Although the implicit method necessitates.
matris inversion, the matrix is & simple one; 0
m--vnmyhachhﬂbymdnm
relaticns. The proceduro of Pashkonor (4] is
|)pnl it enwduo'uk—Nidnbnn form
formulae, and

has been
uvdopd for pnﬂﬂiu the flow in laminar
boundary layers.
Choice of coondinate system. Figure 1 ilbus-
m-.nypumndm._-mnd
observed.

be clearly
m:~,pu-nanpm and coincides
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Resndury of dutebedNav rogion

.
Fou. L. The grow of & wall et ietn & seroundieg srewn
The skench tuows bow the regem of dinturtd fow widens

Iayer and unity at the other. The peocedure
combines the advantages of steeam-lize co-
ordinates with those of restricting the boundary
Jayes 10 & finite domain,

Real boundasy ayers seldom have observable
“edges”, %0 1hose which are used to normalize

of choosing them, during the courss of the
integraticn procedure, which ensures computa-
tional efficiency.

Altsough the method is a general ose for
pmho& equations, u '- here (Bustratod by

at one edge with the wall which bounds the

lownsirean
£ a rectangulir grid b likely 10 be inefcient;

expensive.

Although severn] means have been propased
for solving this difficulty, nons is both neat
and generally applicable. There & therefore
nexd for & geeral coordinate aystem which
allows the requitements of accuracy to be
reconciled with those of elegance and of com-
putational efliciency.

1.3, Outline of the present contribution
Tix calculation peocedure that is desribed
le i of the “implicit" vaciety, ‘Ih scheme

mﬁhummnmmmw-m
in the maln-steeam be freely chosen.

A greater inovation hadnoueolmn-
stream yarisble; for this we adopt the mon-
Wmﬁunion.‘u“w»nnl

physical
significance, L. to um: e.wmuu 1he laws of
coaservatian of momentum, material, and eneegy
fof wirices kinds) These equations arc
assembled, and expressed in the sppropriste
coordinate system, in Section 2; there we also
introduce certals suxitiary relations which are
appecpriate o turbulent flow; and the main
features of 1be grid-conirol technique are des-
cribod @ sub-section 2.4 The procedurs of
numerical solution is described In Secticn 3;
its wse s illustrated i Section 4, by calculations
of thres phrnoniena: & Iaminw boundary
layer, & free twrbulent flow, and o tusbulent
wall jet

L THE EQUATIONS OF THE BOUNDARY LAVER
21 The pardial differsmtial equations for axi-
5

yuetrical
The coordinate system Figure 2 illustrates the
coordinae system which will be adopted for
he axi-symmetrical flow to which atieation
will be confined t The coordinate direstions |
and 2 are orthogonal, or nearly 30; the values
of the coordinaies ate £, and &3, vo Jefined that
the clement of distance ds in & plae through
the axis of symmetry i given by:
ds = S 960 + 0,487 2Ly
The lengih seakes [, and I, remain 10 be
defined.

1 Pl Tows aee. of coerse, members of he ax-epmimest-
< by
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The directica of the constani{y lines i

0. 2. Coontaae sywam for axiaymrectrical Dom

ne constant-; lnes make the angle § with

ry axis; the angle is of course,
hm-hl‘mmdc.wc,mwnmﬂ
& lines are. correspondingly, everywhere almost

# part of the boundary-layer approximation,
that the beat-conduction, diffusion and viscous-
nnn vectors have significant composents only
|n

‘he equations. We start from the following
run of the differential cquations expressing
the main conservation liws of steady flow. The
symbals employed are defined in the Nomencla-
ture.

Mass consecvation:
a [
= - - 1
O+ GG =0 212
or, altermatively :
1o
V=G = 8
-1y
mG=Tiah @1y
Momesitum conservation i direction 1:
G2V, | ¥,
7J 'a @,

l){
.:.:.ae, (':'.' 2 "ac.) /.3

+ V.o.aél+ﬁ' £ @4

Momentum conservation in direction 2:

Sl S 2 Hreos
T A 2
Maomentuen conservation in directica 0:

G Gty 3.8

Wy b L

¥ (,,' AV _ VG,
Logw o )1

Equatian far stagmation cathalpy, k:

Gy dh Goh 1 3

L LR T AR

‘{‘l tﬁ+ ___L)ak

18

L C O

ANy (L

‘(I LN h(?)* Faar

Sy L
% et

* ,%V}m}}] @L)

Canservation of chemical species ¢

Gutmy | Gy
L L ®,

by 1 e )
7 e A AU
Coaservation of kinetic energy of turbulence, k:
G, & G, & 1 @
e e o e
R AR,

(ol ey, ar 3K {(1%'
!('alnm'{ e,

Al o these equations, except (2124 (21.3)
--m.u)an be regarded as posscssing the




