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) 'computer ana1ysis and downstream boundary cond1 t'ions are apphed at R v

s o

e ‘sheet of pure 1ce. AH fluid propertles, except density 1n the body ’ v-

a d1stance of 1. 731 m fr'om the 1ead1ng edge For S = 5°/oo and "
35°/oo 52 by 52 and 68 by 65 grids are USed respectively and ’down- 1

“stream boundary conditions are appHed at a distance of 1. 021 m. K

: The, results ,of the ana1ys1s are presented for free stream-ve]ocities '

of 0 025 0 .02, 0 015, and 0, 01 m/s and frex stream temperatures

‘ranging from 2°C to 200 Resu1ts obtained w1th the present:analysfs '

- are compared mth the forced convectfon cal Do e

For fresh water, the stream1 ines resulting from the present

c ana]ysis are closer to the ice sheet than is found for forced con- -

sheet for- combmed convection than forfforced convectwn and the 8

: -vect1on but the heat transfer to the ice sheet 1s Yowered For

: convergent for conditions when the- buoyancy terms become 1arge

P k

.sahne water, the streamHnes are shi fted fur’ther away from the 1ce

P

' “"local heat'transfer rates are 1owered The so'lution method is not’ :: S :
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-QWater and through the 1ce is suff1ciently 1arge freez1ng-occurs at

' stream water ve10c1ty is- suff1 c1ent1y h1gh the resu t1ng forced con— E

WYL

'ff'warm fresh or'saline water flows at 1aminar _Reynolds
ﬁ

; numbers be1ow a horlzonta] ice sheet convective cond1t1ons preva11
» ' v

’ for heat, mass and momentum transfer and a change of phase can occur

;Zat the so11d 11qu1d 1nterface If the conduct1on Of heat out of the A

' fthe 1nterface Converse]y, 3f the conduction of heat into the 1ce 1s

[

"-small the heat transfer from the watEr to the 1ce w111 resuTt in
| me1t1ng at the so11d 11quid 1nterface In th1s case, if the free ,?; .

ustream temperature and sa]inlty are’ suff1c1ent}y 1ow and the free

's: vection conditions lend themse?ves to so1ution by boundary layer

/ (

, methods Because the dens1ty of: water depends on Tts temperature and

\

'flw11l be neg11g1b1e 1n comparTSon to- the convect1ve and d1ss1pat1ve terms

lIn these cases boundary 1ayer methods may not be suff1c1ent for ana]ys1s

. of the me1t1ng character1st1cs ) o o

] been 1nvest;gated analyt1ca]1y in the past for forced convect1on

ﬂnn the: equat1on<of-mot1on Increas1ng e1ther the free stream tempera—i‘

ture orfsa]intty,.Wf1] fncrease the_dens1ty gradients, and this may

“result. in sfgnificant buoyancy effects S1m11ar1y, 1ower1ng of the:

-'free stream ve1oc1ty can make the buoyanpy effects ‘more pred0m1nant

' The heat transfer processes near a me1t1ng flat surface has

s

1ammar flow by Yen .and T1en [1], and the mass transfer effects of pure

s
Y

3(sa11n1ty, dens1ty grad1ents w111 exast but the resu]t1ng buoyancy terms . .

» :
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“ice methng into saline water have been included”in studies by-'

* where

¢ e o RN . K B
e L e e - ;. T2
. . . . . [ - .

PozvomZ:v {21 and by Griff1n 13 4 5] Yen and Tfen studied the case

1t1ng and freez1ng are, 1nvolved and that work is of cons1d- '

'”j erable 1nterest from pract1ca1 as we]] as theoret1ca1 v1ewpo1nts.. In
jstudy1ng the . above prob]em the c?assical treatment of convect1ve heat
: transfer between a, sol1d boundary and a f1u1d in re1at1ve mot1on was" D

'fused on]y as 2 approx1mat1on Th1s 1s due to. the fact that the

L

E.melting (or freez1hg) which takes place at the boundary creates -a

' f1n1te 1nterfac1a1 ve]oc1ty It is we]] known from stud1es of

boundary 1ayer control by Sch11ct1ng IBJ and of mass transfer by B1rd

et al. [7] that “the presence of such an, 1nterfac1a1 ve]oc1ty can.

'great1y 1nf1uence the transfer rates. Yen -and” T1en cons1dered the .
case of pure water f10wing over~a me]t1ng 1ce sheet They emp]oyed an |

‘ extens1on of the Leveque soTut1on to ‘the me1t1ng process" The work of
';Pozvonkov et al represents a more ref1ned appﬂjcat1on of the 1ntegra1
‘vmethod as: or1gina11y deve]oped foé§me1t1ng of vert1ca1 ice'sheets by

’ Merk [8] Gr1ff1n I3] determ1ned the ve]oc1ty, temperature and con- ;:"
' Vcentrat1on d1str1but1ons near a hor1zonta1 me1t1ng surface of g]ac1a1 -

" or pure. 1ce 1n sa]ine water for 1am1nar f1ow cond1t1ons usypg integra1

'rtechntques He app11ed an energy ba]ance to the transfer process ’

that occurs dur1ng the me1t1ng of an 1ce sheet in sal1ne water and

._est1mated the rate of me1t1ng and the re]at1Ve th1cknesses ‘of the

1 momentum, temperature and salin1ty boundary layens for forced!convec— '

“'t1on cond1t1ons H1s ana1y515 a]so_accounts for - the subc0011ng of the .t'
so]1d be]ow the me1t1ng temperature ahd the effect of th1s subcoo11ng -

_'on the heat and mass transfer rates. Briffin’ s:so]ut1on assumes that

st
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. .the momentum, temperature and sa11n1ty boundary layer thicknesses are -
ﬂ.f g1ven by re]at1ons der1ved for the pure water case by Pozvonkov et al
It was descr1bed c]ear]y by Long [9] and Turner [10] that when
"cross stream buoyancy exists in a f1u1d f]ow1ng near a horlzonta1 SO]ld
boundary, the’ stream]1nes in:the flu1d can take on. a wave Ijke pattern
Robertson, Se1nfeld and Lea] Il 1nvest1gated the problem of simulta-
| neous forced and free convect1on flow of a Newton1an fluid past a hotf
E or cold horizonta] flat p]ate by means of numer1ca] solut1ons of two e )
‘:danens1onal équatvons of motion and ener SubJECt to the Boussinesq |
k approxamat1on They found that the buoyanqy effects 1nduced by a hot.
or cold body can cause. cons1derab1e devaatlon from the bas1c forced
.conVection f]ow wh1ch?would exast if the body and free stream flﬁ1d
; were at the same temperature Sparrow and M\nkowyz (121 have showd
. .that the cross stream buoyancy 1nduced boqy force acts-effective1y tod
:produce alstreamwise pressure grad1ent in the f1u1d adJacent to the
L p]ateZSUrface Th1s pressure gradaent i$ favourable, 1n the usua]
h boundary layer sense, when the plate is hot and adverse whenrthe f” -
p]ate is cold Leal and Acravos [13] obta1ned numerical so]utions to

!

i the two-d1mens1ona1 Nav1er Stokes and energy equat1ons for flow past

- a flat p]ate | : ~“ ,‘:’f T
Meroney and Yamada [14] 1nvest1gated both experlmentasly and .
'f'numer1cally the perturbat1ons of a hor1zonta1 flow of a1r by a'heated ,;;
boundary which may represent a heated 1sland or an urban region They

- ,used a set of “two- dimens1ona] t1me dependent and non-l1nearlequat1ons]

o to so]ve the above problem .Iheir exper1mental and ana1ytical resu]ts .

. -agreed quantutat1ve1y. Among other th1ngs, thelr results clearly ' o

estab11sh the presence of stable rec1rcu1ating zones and "1ee ’

¢
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. 13 and 14] “In each case stab]e so]ut1ons wére found for f]ows over

T »

"f'waves" in the air f1ow oh- the downstream side of an is]and heated at

AR constant temperature In the1r ana]ysis the region of 1nterest

extends far downstream from the heated 1s]and wh1ch is f1n1te 1n h

'length This permits the app11cat1on of suitab1e c]osure boundary

ucond1t1ons 1n a reg1on where the flow f1e1d 1s no longer apprec1ab]y

‘ *'references I]]] and I13] - ""

From the above review of the ava11ab1e 11terature, the work

C -done in the past can, be summarlzed as fol]ows ' . o ;’"

¢ .

(1) The pred1ct1on of. heat mass and momentum transfer during the -

~f 1am1nar forced convectwon me]twng of an ice sheet in_saline water has

‘been studred‘before, but~on1y forced convect1on so]ut1ons exist.~

(2) Cross stream buoyancy effects for f]ows over non-me1t1ng sur-

)

N
)

o hor1zonta1»surfaces of f1nite 1ength I -

¥4
The obJect1ves of the present study can now be broad1y defined

steady flow of fresh or sa11ne water be]ow a me]tvng hor1zonta1 1ce 15 ‘k

| 'sheet, and the effects of the buoyancy terms shou1d be 1nvest1gated

a [

. Since the buoyancy forces act .across the d1rect10n of the free stream
S f]ow, boundary 1ayer methods may not be suff1c1ent, therefore a. two-

‘ d1mens1ona1 analys1s, such as that descr1bed in genera] by Gosman

| affected by the presence of the 1s1and Th1s is a1so the case: in the -

.faces have been stud1ed as 1s represented in references [9, 10 11 12 x

';)F1rstly, the: buoyancy terms shouTd be 1ncluded in an anaTysis of the -

et a1 [15], 1s necessary. This analysts shou1d be made’ to descr1be.i

the flow of fresh or sa]ine water below the 1ead1ng port1on of a 1ong

1ce covered r1vers or oceans wh1ch occur in nature

J hor1zonta1 1ce sheet, because of 1ts applicab111ty to the cases of - -
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1The'ha§ic problem of-ice melting‘tnto-saline-water is.

formu]ated by consider1ng the two-dimens1ona1 equat1ons of motion,

' energy and mass d1ffus1
state. the coordinate system is attached 1n the’ manner of Roberts I16]

.to. the 1ce-water 1nterface which 15 assumed to move towards the water

dens1ty are assumed to be cOnstant and are eva]uated at’ the free stream

on. In order to reduce the prob]em to a steadm R

. at the me]t ve]ocity as shown 1n f1ggre 1

conditions .and the f1ow is- cons1dered to be 1ncompress1b1e.

The govern1ng equatlons of momentum, energy and mass for two-

d1mensiona1 1ncompressib1e f]ow. when body- forces are present. are as f

v

foT]ows , '*: L . .
Forﬁvortiqjty,*m 1_' : ;\" & | Y
3"’ D 3‘!’ - Bm AU,
ax DA 'Z?y twgy 4’ax : } ray iy
o . : o '2 2 2 C L
21 (e (U+V) __9_3u+v i S
£ {By ;- I - g5 __g = 0 Ca(1)
s T ~\‘l o [ -
For Stream fUnction,ﬂW,-iif R L
Ty ih el iy :
",‘3‘;{;-5-'2} :58}",{ e _ay} w, =0 ._.(2)“
o R s
',;For Energx,l. ' ; o o . {l.'
S TP T AR TP S TN S\ S S S SN
. BX {T"y} 33'\”3*} ax oe o ax 'ay.{p‘Cp’ay} oi'(?).
. B . .. ) . . : . .
5
- . :\:,;f - “ . \ )

A]] fluid properties except o
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i / v .
, ‘ . N ::5’, [ 3
" For Sa]inity%,$3 o . s 7?
L s—‘P— - s—\"- - 3 3 2] as. 'o e
{ y }- y { 3y } - | {pD } { ay } . (4)' . x
In the above equations u and v represent the veloc1ty vector f: i}
i components in the’ coordinate x and Y- directions respective]y, I repre- . ;g
. sents the locai temperature and s represents the local sa1inity in S Eg
- parts per thousand The f1u1d properties are. densif&, o, dynamic ' ; }
%Jv1sc051ty. Ha: therma] conductivity, Ky spec1f1c heat, Vp,~and.mass : :;
diffusion coefficient D. Lo o ;
: f [ To aid in so]v1ng these equations 1t is noted that vorticity ‘ _ ::J
and stream functions are defined by the fo]]oWing two equations : E‘
. . . : N . '_ . . il .
] o . -a_v.‘ ,v ~-.-a—u- ‘ ' . . . . \ " I PRI l. '.; ‘.. (51) . B R 'E
©T W T oy : EER ‘ ‘J

.pu':_ sy and o‘v"_;’ % ""'.f'f@)'

a

. i e Equations (1) to (4) may be written in the fo]]owing form as i' \ L )
\: o . . - e .

. L 1n Gosman et al. [15] o P

TN T IR W S A
MX{q>} a.¢5y-_{¢3%}‘ = anx(4;)} T 1

v oL e T ‘A ! A TP S

= 3y b3y '-(,:\fd’)}-* d .0,. T e ._;'(7) ,
N o .. / = Cu - -

o where the newly 1ntroduced symbols are identified in table 1

i .
t

' ‘.A An equation must be chosen to describe the density ‘of sea ‘
gl

water 1n terms of saTinity and temperature.- In the present ana]ysis, S
B " . . - .
i Id . / ‘Q

. ¢
. i e fee b e - o



L

L Ty
. density was caiculated as. suggested in references [17] and []8]

Thus, the f0110w1ng sets of equations were used

= 0.093 +.0.8149 § - o.ooehez $2 + 0.0000068's>  (8)

©a -
n

. Tob (47867 < 0.098185 T +°0.0010043 T~ - (9)

=]
'—:l-
n

- - ' . : ; v ’ ) .
| 6 - (18, 03 .. o 8]64 T+ 0. 01557 Tz)b - (0)
10° . o .

Coy

g

3 Therefore, the den51ty, ; oT + 1000 0. kg/m3 - - -‘ ‘, :‘ (12)
‘ ' 'Boundary conditions are chosen to be consistent with f]ow

of a warm salty stream below an ice sheet At the upstream end

E _veloc1ty,-temperature andusaiinity are assumed to be,uniform. .Thus’"
ax=0,. - SRS

SR T

i}
 eomy
=
| B
- 4
..
w
]
w

{ v

At 1arge distances from the water-ice interface, the fluid .

puwy and o' 0

LS

is assumed u:be unaffected by the presence of the 1nterface There1 RS

- fore. for 1arge values of Ys _u =_Um,‘“T %,Té\ and S Sy
ilp_ = = . o . . - T
,Thus, 3y oUw and. o = 0. S L S K
The boundary conditions at the me]t 1nterface are more

,~‘,equ111brium condition at the 1nterface whereby the melting temperature
is depressed by the presence of dissoived species - The reiationship
I “emp]oyed-here.is that,recommended by Neuman and Pierson_i1Z] for salt’

>

. water, 'riame]y/ : A A.-_ e N

- (o +01324) - +BT(0 ~01324)} -r‘T—%‘(TF‘T?;‘(EZ?B eng 3 (\”-)-' :

“involved. in comparison to the above Griffin [5] described an RO
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The no- sllp boundary condxtion 15 assumed with u =0, but
.;the normal component of" veloc1ty, V , 18 not known’a prlor1 It may
. o be determ1ned by cons1der1ng an energy balance at the melt 1nterface
o If conduct1on of heat 1nto the 1ce is assumed to be negltg1ble then ;:

:'the heat transferred from the water at y = 0 results in’ melt1ng of

. e S e 3

: ,the 1ce Thus S T R :
. _:’l."\ S .-‘ .i v (X) = _'_(l_-_ '%-;-. =0 \__‘, .:'4 :“.'. - ) . | ' . (‘]4) o

"where L is the latent heat of fus1on of the jce. . The steady state

wall’ sal1n1ty, S '?t the ice surface can be evaluated by equatlng the o

convect1on of salt away from the ice. by the melt water to’ the molecular

"‘ 2 ( 3 "~‘.
L _d1ffus1on of salt; towards the jce: Thds S
'?W(x),'f 'vw ay“y=0 I o .-..(l5) |
'-‘a - Equations (l3) (l4) ‘and (l5) are 1nterrelated and must be

solved 1terat1vely The melt veloc1ty, Vﬁ, may be util1zed 1n order

K

to evaluate the stream function d1stribut10n, ww,.along the wall, Hente-‘ L

P S S e
- . ¢'w(x.) ) = - pf\: vwdx - ‘ e ) “ . o . A '2__ (-_!6)
i o N . e .

_From this 1t follows that the wall vortic1ty may be evaluated by apply- -

G

I¢t1ng equat1on (2) If the analysis were based. upon boundary layer
. equat1ons the boundary cond1tldns descr1bed SO fan would he suf-
flcient to- descr1be the’ flow near the lead1ng edge of the plate That_c
‘j1s boundary cond1t1ons would then’ need to be specifled only at the
. leading edge. near the lce surface and far removed from the lce sur- }j
‘ -'face However,\if a fully two- dimensiona ‘solution 1s to be found

. - ' . : ,. ' / g
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e boundary conditions\must a]so be spec1f1ed at the downstream end.’

i_ Th1s in turn requ1res‘that the flow geometry be carefu11y spec1f1ed

Obv1ous]y, w 12

" (1) to (16), a so]ut1on»can be expected only for finite va1ues of

the x—coordlnate In
- of a 1ong horizontal 1

that the ice sheet 1sﬁ
a so1ut1on'h111 be fou
of 1nterest of the p]a
gradients of the vario
~or predictable, . Theh

Var1ab1es can be set u

. ‘of the region of 1nter

"‘were run, one\with the-
' gradients of all varia
extrapo]ation of these
obta1ned 1n both cases

B

‘the downstream end of

s

tever method is to befused to 'solve equat:ons

o

the present ana1y51s a f1n1te 1ead1ng port1on

ce sheet has been con51dered LItis assumed

much 1onger than the leading port1on over which

37 t .
nd.- Th1s 1mpx1es that the - length of the reg1on'

Fe may be arb1trar11y Ehosen, provuded the L

us var1ab1es in the X d1rect1on are very smal]
he c]osure boundary cond1tions for these’

ang extrapo]at1on methods from the 1nter1or
est As is descr1bed later, two test programs |
assumpt1on that at the downstream end the ' S
b1es equa]]ed zero and the other with 11near
var1ab1es being assumed The so]ut1ons ‘

Were 1dent1ca1 with on]y m1nor varwations at ks

the reg1op of 1nterest Therefore, for stmp11c:

1ty in the present work the zero grad1ent downstream‘b0undary condi-

tion was.emplqyed Th

us at x =X

a_m.

; ax 01 ! n
CapE0
T
o7 _ o
L= 0“' .
ax e Il' . -
L. o po- . .
35 =0

)
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N
-
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fand so1v1ng the. result1ng set of . approx1mate equat1ons. In both tech-

510

: L'For ‘the present‘work the'boundary eonditions discussed'aboue-

'land summar1zed in f1gure 1 prOV1des suff1c1ent 1nformation to solve
ﬁthe equat1ons (1), (2), (3), (4) and (11) Because of the1r com—
o p1ex1ty, direct analyt1ca1 so]ut1on of the equations, 1s hot. possub1e L

“and the app11cat1on of numerlca] methods 1s necessary ln broad terms,

L)

a numer1ca1 solution, can be obta1ned by approx1mat1ng the d1fferent1a1

o equat1ons e1ther by finite djfference or by f1n1te e1ement techniques .

A ‘n1ques the reglon of 1nterest 1s d1scret1zed and the. Fquat1ons are’
1ntegrated by approx1mate methods over sma]l d1screte areas This 3

h7resu1ts, 1n the case of f1n1te e]ement analysis, 1n sets of 51mul- .

taneous 11near equat1ons norma11y in the form of banded matrlces, :

wh1ch can be so1ved on & dlgital computer using apprqpriate matrixrs ’

_— techn1ques Th1s teéhn1que requ1res large amounts of cOmputer storage

-y . S

if. very sma]l finite e1ements are employed In the * case of f1n1te ; '

’ .d1fference techn1ques, 1terat1ve methods have been dev1sed w1th lower -
.f‘storage requ1rements Because of the‘ava11ab111ty of a PDP 11/60

':; computer w1th a 64 K memory but free’ computer time, f1n1te dlfference o

techn1ques were ‘chosen for the present work
o Bas1ca1]y, the f1nite difference scheme developed by Gosman
et'al [151 was emp]oyed w1th the 1ncorporat10n of Spa1d1ng s [19]

mod1ficat1ons as doscusséd by Runcha] 120], In the scheme of Gosman':

. et al., al] terms in equations (1) to (4) are approx1mated by centra]
l'differences w1th the exception of the convect1on terms for wh1ch
r"upwfnd“ d1fferences are used to ach1eve numerlcal stability. Spa]dff

‘ '1ng s, mod1f1cations, which are: descrlbed in deta11 1n Append1x A,

B ]
by

L-‘-‘.f




* - consist of ut11izing central dffferences for‘the convectioh terms if .

| .the1r contr1but1ons are less. ‘than those of. the diffusion terms. \,If"

el the magn1tude of the convect1on terms: exceeds that of the d1ffus1on

"3

i
,te “’the diffusion terms are neg1ected and the convect1on terms

are expressed as "upwlnd" d1fferences Runchal has shown Spa]dlng S

) f1n1te d1fference scheme to be: preferab]e for both accuracy and con- ;f’

R

": vergence 1n simple cases. . 'f .-fi‘ .

The bas1c computer program g1ven in reference [15] cou]d have
': been emp1oyed.1n‘the present work with approprtate modlficatton to o
1n1ncorporate the boundary cond1t1ons HoWever, this program Was
:"wrltten 1n a genera] fonn to perm1t ca]culations for a wide range of

: prob]ems for 1am1nar or turbulent flows us1ng Cartes1an or po]ar
“-ccy1indrical coordinates If appl1ed to the preseht case w1thout
substantia] mod1f1cat1on, the' program wi]] repeatedly calcu]ate many
'parameters durjng each.tteration even*though the va1ues-w111 not change

- from tterationhto iteration “In view’ of th1s the program was mod1f1ed

.substantlally for the present work to feature storage of the bulk of

the 1ntermed1ate parameters and dppendent var1ab1es on a disk w1th a ,:A.

*'m1n1mum number of var1ab1es be1ng stored in the computer memory at any
time. A su1tab1e scheme was 1nc%rporated to transfer 1nformat1on
*between the computer memory and the disk.’ The net result was that a -
)1arge number of gr1d 11nes cou]d be cons1dered w1th a ]1m1t be1ng
'.'1mposed by the capac1ty of the . disk rather than by the size of the r]--
Af computer memory. ,The above approach had been tested aga1nst that of

reference [15] and y1e1ded 1dentical so]utions for f]ow in a c1rCu1ar..

'p1pe.“
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l. the forced convection case’ was run unta1 1t had converged Then

: us1ng the resu]ting data f11e, the program of Append1x D was run,'to -

N spec1fying the va}ues 6f U_, T . and S to create a work1ng ‘data file

. another The so]utwon was cons1dered c0nverged when the ca]cu]ated

oy

. the var1ous fac111t1es ava11ab1e for this work the "hands on" contr01

s

‘ i advantages of large execut1on t1mes.

o

]

An‘dnitiallzation program (see Append1x B) was run first by"f‘ g B

on the disk Us1ng th1s data f1]e, the program (see Append1x C) for .

1nc1ude buoyancy terms unt1l 1t had converged In both the cases a’
convergence cr1ter1on of 0. 001 was used In arr1v1ng at a solut1on
the nodel m,,w, T and S values vary fr6m one cycle of 1terat1on to

»

va1ues of m, w, T and S changed by 1ess than 0 001 of the reference
va]ues | For s%?eam funct1on reference va]ue was that farthest from: ;;’.,'
the p]ate at the upstream end For vort1c1ty, a reference“va]ue was |
chosenoarb1trar11y as -2. and for temperature and sal1n1ty, the free S
stream va1ues are emp1oyed Typ1ca11y, an average run of the com—- |
b1ned convect1on program required about 3 to 10 hours on the -PDP- 11/60
time. shar1ng computer The tota1 number of 1terat1ons and: ‘time’ requ1re- ;
ment ma1n1y depend unon the number of gr1d l1nes used in the program.’ﬁ'
Wh11e this much computer time seems excess1ve by the standards of a
1arge computer fac111ty, 1t should be recogn1zed that the computations

were performed on a m1n1 computer w1thout a high speed processor of ;fr

over the programs and plotting fac111ty more than offset the d1s—

Az : -
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g ﬁi'i f:';' s ; e ﬂ,‘ o RESULTS AND DISCUSSIONS
.{~ ' The successful solution of partial different1a1 equations by }[3;,

finite difference methods depends upon the approximations which are ":;‘”

T IS

‘made in developing the finite difference equations, the choice of & o,

g\f' .o .«suitable grid and the judicious application “of, boundary conditions

. ‘ .'The finite difference scheme employed here, as has been described ' ,':“
:/;' R '~3; previously was chosen for its’ stability, applicabil;;;ktbra non—uniformff'..-i“i’
,f§§“~;,»' .:,' - 4~'grid and economy in storage requirements y' '*j- ""‘;_ DR

. |~’
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~ Were ignored and the melt interface temperature, L W' was set to zero;',
shown in table Z(A) were compared by drawing contour maps. of iso- .; 5
2 streamlines for U__ = 0 04 m/s and T

.00 00 .
. could then be direct]y compared by noting the respective postiOns of the .

20°C The resulting contour miss
;streamlines Grid 1 and grid 2 of table 2(A) both describe a portion
'of the flow field for 0 < y < 0933m.with grid 2 consisting of a finer : .;
grid spacing. Since the resulting streamlines for grid 1- wére indis- _*q;L
. tinguishable from those for grid 2, it was concluded that: the grid

g‘distribution of grid l is sufficiently fine. " Grid 3 of table Z(A)

iidentical to grid 2 for ¥y <,0. Q933 but it extends to y'= 0 270m Since
o iifor y< 0 093m the streamline distributions for grid 3 were indisting-'
"'“uishable from those for grid 2 it was established that the free streamn
L ) boundary conditions can be applied at y 0. 0933m without effecting the
“rsolution for y < 0. 0933m Therefore, the 21 node Y-direction grid was
:chosen for the fresh water case, and use for all other runs. described

' A{‘;‘, AR below for: S 0°/oo ,f"- ~4§:i

i
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: For the fresh water case. all salinity equations in the analysisr - ,:;.“1

Eary vuns of the compute Prosram with the different Y-direction grids S
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"?apphcatwn and type of downstream boundary cond1t1ons. The 1ocation'
— of apphcatwn of the downstream boundary cond1t1on was changed 1n o
runmﬁe program for the 51 node and the 36 node X- d1rect1on grids ‘

_of tab]e 2(B) These ‘two gr1ds are 1dent1ca1 up to x 1 1723 m, ‘and -

g

L 1dent1ca1 so1ut1ons were obtam? for va1ues of X in the range
"0-< $xsl. 1723 Thus the so]utwn was shown- to be mdependent of the :
:"1ocat1on of the downstream boundary cond1t1ons The program was then

‘ run for. the 76 node gr1d a]so shown 1n tab1e 2(B) and the so]utwn

S0~ obtamed was in. qu agreement wi th that from the 51 node grid

o ., ;Tms procedure thus, v1nd1cated the spacing used in the 51 non gr1 d.- 5

._F1nal1y, the program was mod1f1ed to 1ncorporate a hnear extrapolatwn

‘a

Cfor wiv, T, Sand.g at the downstream end for the 51 by 21 node gr1d. S

- The resu'lts so obtained were 1nd1st1ngu1shab'le from the prev1ous

results m wh1ch ‘the zero grad1ent boundary cond1t1on ‘had been-used'
A

In~ the above calculatwns, two methods were used to arrWe at

Lt

'-?.'_'so1ut1ons.~ In the ﬁrst method the program was run untﬂ it had con— '

\ verged to a’ so]utwn for the forced convectwn case, and this so]utlon
: L ';was then used as a startmg point for the comb1ned convection case « -
wh1ch was run untﬂ 1t had converged In the second method, the forced
] convectwn program was run for on]y 5 1terat1ons and these 1ntermed1 ate :
‘ results were used as & starttng point for the combmed convectmn y
program Th1s was then run untﬂ 1t had converged to a so]utwn For L

o both methods the resu]ts were found to be 1dentica1 to three sigmﬁ—, ‘

cant f1gures. The on]y d1fference was . that 1n the f1rst method ao0. OOO'I

o

“val ue was necessary for the convergence cr1ter1a in. order to prevent

| " _"the program from stoppmg abnormally ear]y bh th the se{ontl method,

.,’

- LAY e



a O 00] value was

__‘g _4,“
suff1c1ent

6

~

so]utions obtained from "the numericai approximations were c]early

mdependent of the path taken to arrive at the so]utions

Numericai resuits were then obtained usmg the 51 by 21 node

grid for free stream ve]ocit\es rangmg from 0. 025 to 0 01 m/s over a,

free stream was varied between 2°C and 20 C.-

piate 'lengthlof 1. 731 m for fresh water, whﬂe the temperature of the

The property values used

*m the above caicu]ations were those corresponding to the free stream

COI’ld'It'lOnS with vaiues of v1scosxty, therma] concfuctWity and coef—-
fic1ent of mass diffuswn taken from reference [22] '
| To per'mit an assessment of the accuracy of

have a bas1s for eva'luatmg the effect of buoyancy, so]utions were o

}

e soiution and to

1n1t1a11y obtamed for the case of forced c‘onvection mth me]ting,

which mvo] ved a repet1 t]Ol’I of the work described in reference [21]

At a free stream ve]oc1 ty: of 0 025 m/s combined convection

2°c < T' s 20°c.

1“~ = 2 C are identicai to the corresponding forced convectionnsolution A

of figure 3(a) up to x 0. 02 m

1

“s01 utions were obtained at different free stream temperatures

FJgure 3(b) shows that the stream hne patterns for

-

o, .
b s L

Th'lS prOcedure established that the PR

Further downstream, the stream hnes :

for the combined convection case he closer to the 1ce surface than

the corresponding stream hnes for the forced convection case. .

Figure 4(a) shows that for U f

’

0 025 m/s and T 20 C, the stream

'Iines fol'low a reguiar pattern for the forced convection w1th me]tmg

case bhth the strean function

the melting surface, negative stream function vaiues cOriginate at C

' 1ncreasmg distances a]ong the ice surface.

set at zero at the 1eading edge of

For equai increments in

Vo
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L the forced convectwn case S R "1 :

. " w .
_near the ice sheet for 2 combmed convect1on case ‘are lower than those--,'z_" s

' 1ce 1s g1ven by

P .
'.‘.

‘ 'stream funct1on, the long1 tud1na1 d1stance between ‘the successwe

>

' 1ncrements 1s ever 1ncreas1ng Th1s corresponds to a h1gh meltmg Lo
'rate near the 1ead1 ng edge and a reduct1on 'in me1t1ng rate further '
‘. ';‘_.along the plate When the buoyancy terms are mc]uded for the same ;

"\free stream cond1t1ons the stream hnes shown in f1gure 4(b) have

-~

shapes srmﬂar to the prekus case only at the upstream end Near '

the 1ce sheet the strearh Tinds are much more c1ose1y spaced than 1n -

s IS

v v
i o

The u components of ve]oc1 ty. were determ1ned b_y us1ng u= }]," -% -

'-»:'for various values of x a'long the SheEt In ost: cases ve'Iocity

L profﬂes near the 'leadmg edge were 1dent1 ca] w1th a lam1nar forced
' convectwn solution Further downstream, the ]ong1tud1na1 ve10c1t1es

3 near the 1ce sheet were substantwﬂy greater for combmed convectwn

H

. than for forced convect1on A typ1ca1 case 15 shown 1n ﬁgures 5(a)
'_and 5(b) for T, 20°C, U.,; = Q. 025 m/s. Slnce the veloc1t_y near the
o waH is’ h1gher, the waH shear stress 1s also higher for combmed

convectmn than for forced convect1on s1nce the waﬂ shear stress, -

- ,obtamed for a correspondmg forced convectmn so]utwn shown m :

_Af1gure 6(b) S1nce the' rate of heat. transferf from the- fFluid to. the -

_kaT

3y |y= 0 the decreased near waH temperature

o -grad1ents for the combmed convectwn case 1nd1cates a\reductwn 1n‘ E
) -:the heat transfer rates when compared to the forced convectwn case,"
e Th1s 1s sunmamzed in. ﬂgure 7 in which t'he local Nusse1t numbers are ST

:;shown as’ functmns of ;the 10ca1 Re_yno]ds numbers for the two cases. L RS

-

3
N
-’ o A.‘ "r. ".

. s equa] to "ay |~Y -0’ Figure G(a) shows that the temperatures

S
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s convech on.

dOWnstream densi ty gradwnts,

" E ve10c1ty gradJents near the 1ce surface The resu]tmg 1ncreased

< el e e el s e

i :j"i’ N

' Dver most of the Reyno]ds number range the ’Iocal Nusse]t number for

‘ comblned convect'lon is approx1mate1y, 25% 1ower than that for forced

[

S1nce the solutwns d1 scussed S0 far have d1ffered on1y by

w:

the 1nc1uswn of the\dens1ty grad1ent terms in the vort1c1 ty equatwn, ‘

. '..‘\4 the effect of these ‘terins s | c]ear]y ev1deht Nhen the dens1ty gradIent R

Ve
terms are mc]uded th’e 1oca1 waH shear stresses are mcreased and

the 1oca1 heat transfer rates are decreased * The Reyno]ds ana]ogy,

~;however, wou]d indicate that 1f the loca1 wa'l] shear stresses 1ncrease ;

‘ then the 1oca1 heat transfer rates shou]d mcrease proport1 onate]y

' "The contrad1ct1on of the present resu]ts w1th the Reynolds analogy

S is understandab]e upon con51derat10n of the mechamsm by wh1 ch- the
, P

L . '_ dens1ty grad1ent affect the so1ution of the vort1c11)f,y equatwn

; i/_ ~In the regwn near the me]t lnterface the’ no shp boundary

cond1t1on at the’ wa]l results general]y 1n v1scous generatmn of : \ o

clockmse or'negatwe vort1c1ty m the f1u7"ﬂ Just downstream from
; -the ]eadmg edge, the ﬂow f1e1d therefore, assumes & 51mu1taneous

h :_growth of . momentum and thennal boundary layers charactervstwc of a

.'~f‘orced convect1on f]ow. As a resu]t negatwe va1ues emst for the L

—g—%, near the wal] as. can be seen 1?1»
'ﬁgures 8(a) and 8(b) Ih1s resu]ts in a"’clockvnse rotat10na1
: tendency w1th1n the fluid wh1ch remforces th negatwe vort1c1ty

: 'or1g1nat1ng w1th the vi Scous shear stress, and resu'lts 1n steeper

'convect'lon para'l'le] and perpend1cu1ar to the wa;] produces lower )

temperature grad1ents X wh1ch lowers the rate of heat transfer from e,

- - [ e e e st i o
B | <
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. _"..bmed convectwn, as. the Reynolds number 1ncreases alOng the plate, '

in- the local Nusselt number at varmus temperatures B

g

2 :thﬁ,fluld to the 1ce surface.‘ S'lnce the rate of heat transfer 1s '
'lower, then the meltmg rate w1ll also be’ lower, and the conflict wlth
. the Reynolds analogy whlch was, mentwned before is resolved Further

awa_y from the wall; posi tive values ex1st for the dens1ty grad1ents as'*

shown in f1gure B(a) Th1s pos1twe dens1ty grad1ents results 1n an

"'ant'l clockmse rotatmnal tendency wh1ch tendsf to offset the weakened
' v1scous vort1c1ty productwn Th1s results 1n flatter veloclty pro- o

SO les away from the 1ce sheet than are produced if the dens1ty gradlent

terms are neglected“ ' IR ‘ S F‘ ‘

.

Flgures 9(a) and 9(b) show that- for forced convectmn or’ com-

\

‘the Nusselt number also 1ncreases In both the cases at a part1cular '
fvalue of Reynolds number, 1f the free stream temperature 1ncreases,
the Nusselt. number decreases.r’v For the combmed convectwn case, it,.

-is. seen from flgure 9(b) that when Re 2 2500 there is little change s

At free stream veloc1t1es of 0 02 and 0. 015 m/s and f}:ee Coal

P °stream temperatures 2°C < T =y 20 C, s1m1lar solutwns were success— o

fully obtamed l’he r\esults wer:e simﬂar to the’ above,and,a_re '

-sumr_nanzed 1n,f1gure"s'l‘0.and 11 for- comb ined convection,. The free .

stream veloci’ty was then' further lowered‘to 0.01 m/s and .the 'program :

> was run at d1fferent free stream temperatures varymg from 2°C to l5°C
- Up to T = lO Cy the sol utions were as stable as those mentloned above
requmng typ1cally 405 1terations At T = l3 45°C a combmed

s convectwn solutlon was obtamed after ll52 1terat1ons but there

was no, converged solutwn at T = ,l3.5 C. ,Varwus degrees of L

.’. -~
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,runmng the program unt1 %ﬂ had converged to a so'lut1on for forced

'convectwn Usmg th1s as a startmg po1nt, the program was then run '

| '3000 1terat1ons It was found tha_t at any value of X "3p changes '

P

reTaxat1 on parameters were employed to get a converged soT ut1on at

th1s temperature but aJ1’ were unsuccessfuT Forced convectwn solu-

't1ons were stabTe up to T ="20°C.. The combmed convection resuTts

were stud1ed carefuﬂy at T = 15° F1gure 12(a) was. produced by

‘for 600 1terat1ons resuTtmg in f1gure 12(b) ATh1s soTutmn was then

used as a startmg pmnt for a tota] of 3000 1teratlons and stream

'hnes were observed at every TOO 1terat1ons' Typ1ca1 stream,T]ne”.-l

patterns are presedted in 12(c) (’ ), 12(e) and 12(f) Th‘ese :
, )

“ patterns 1nd1cate that the ﬂow is abrupt]y downward at the Teadmg

]

edge of the ice. sheet and down's tream from here: the f]ow turns towards

‘the, 1ce sheet once agam Enc'losed w1th1n th1s regmn 1s a remrcu-e
Tatmg eddy Fur@er downstream, the f]ow 1s more cToseT_y.,,paraHeT
.-.'to the ice’ sheet w1th reT/tweTy smaT'l wave- hke d1sturbances Inspec—.

" . tion of these f1gures show that the streamhne patterns change from
. 1terat1on to 1terat1on, but the rec1rcu'lat1ng eddy formed near the '

‘MTeadmg edge after- 700 1terat10ns was - repeated agam after 1525 1tera-

- i

< t1ons thh an extra reci rcu]atmn ceTT further downstream

The above tendency could be attr1buted to a numerlcaT 1nstab1hty

i ’- *

in the f1n1te difference method. or to the app'l1cat1on of a. sd:eady
"state so]ut1on to a transient prob]em The exact cause cou]d not be
'c'leaﬂy estabhshed but the effect of —P- on the oscﬂ]atmg so]utwns

. coqu be exammed

th

. The effect df —9- Was stud1ed at every “!00 iteration up to

C . 3X B
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' abruptiy 1ts rotationai tendency and amphtude from within 100 1tera- o

ice surface at x.= 0. 2054 m the negative density gradient produces E

'ciockmse rotatwna] tendency which resu'lts in a steeper ve]oc1 ty gradi- =
its rotational tendency to anticiocigvnse whi ch results in a iower

' rotationai tendency to c]ockwise ‘which rei nforce steeper veiocit_y gradi-
. ents once again. It 1s seen that positive density\gradient is stronger
‘;than e1ther of the negatwe den51ty gradients Th1s abrupt behav1our of o e
"X
e horizontai ve10c1ty, or simply to a numer1 ca] instabiht_y 1n the finite
'difference approximationS/ Further work is ciear'ly ne ded for qu X

.'mvestigation.‘ ) :

|

4

3

- 1 Cases. Thus the salinity equations were taken mto con51derat10n and A i
'x

i

J

|

' . W'lth “the. 52 by 52, node gr1d And downstream boundary cond1 tions were

’ apphed at x=1 021 m. The resu'lts thus obtained were 1dentical with )

: i, .
o ‘the 52 by 52 node gni d was chosen and downstream boundary conditions Ty

» .} b
Cee

4 ' o o

tions. For exampie/ figure 13 shows that after 700 1terations, near the '

ent than for pureiy V'ISCOUS f]ow. Further away- from the wai] -~ changes:- .

ve]oc1 ty gradi ent: V\t far distances from the waﬂ —p- again changes Nts

s

i couid be attributed to the format1on of buoyancy ceHs at the iower o .

. The resdlts presented so far for the fresh wa case are

satisfactory to permit extension. of the ana1y51s to the saline water

the"meit'interface’temperature was . caiculated by usmg equation (13).

o _For a free stream sahmty of 5°/oo X and Y-direction gr1ds were

estabhshed in the sarne manner ‘as’ for the fresh water case by using

s different grids with - the nodai values given in tabies 3(A) and 3(8)
'-The resuits obtained with 44, 52 and 56 Y- d'l rection grid and 51 .and 76
,4.-X-d1 nection gri ds were 1dent1 cai In these cases the downstream

'boundary condi tions were apphed at x = ‘l 731 M. One program was ru'n

’,_,"

the previous case, So for simplici ty and to reduce execution time .
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21 .
" were applied at x=1.021'm for the analysis .of saline water case":

whenS 50700 ' o S _ ceoms T "

So]utwns vere then obtamed successfuny at different free
) -".strea'm veloc1t1es and at different free stream temperatures In a'l]
cases ‘the stream]ines for the forced convection case lie closer to ~
‘the 1ce surface than the correspon'amg streamhnes for combmed con-.

' vectwn ~ A typi ca] streamhne pattern is- shown An. f1gUre 14 at U 0 025‘-

‘m/s and T _‘-*- 20°C Th1s trend is opp051te to that found for the fresh

r case, because the negatwe dens1 ty, grad1ent near the waH 1s |

. stronger -than. that in the fresh water case, as can be seen in f1gure

15, This h1gher negativ produces strong c]ockmse rotation wi thm v |

.o

' the fluid wh1ch results 1n the flow being deﬂected away from the ice

] surface in’the case of conbined convectwnfd‘

/ F1gures 16 ]7 and 18 show that Nusse]t number as a funct'lon ( |
" of Reyno'lds number Were - obtdined from so]ut'ions at free stream ' |
-veloc1t1e&of 0.025, 0. 02 and 0, 015 m/s and at free stream temperatures
2°C sT,-< 20° C, were s1m11ar to the fresh water case. . ‘
e For a free stream velocfty of 0. 01 m/s, solutwns were obtamed '
" 'suc’cessquy up. to-/Tm‘__.lZ.Bs c. Att T = 17.9° C a converged so]utwn v
| could not-'be obtained'r 'For"the fresh Water case, sd]utio‘n’s were stable
:':,‘on1y up. to T < 13 45°C. This 1ncrease in the temperature at. which . = |
| 'solutmns became unstable cou!d be attr1buted to the sahm ty boundary - '
'layer and vthe resu'ltmg h'igh negatwe dens1ty grad1ent near the 1ce
surface The unstable combined convectlon results were stud‘led care-

fuﬂy at T -’18°C in a simﬂar manner to that used for fresh water .. :

' when u = 0 01 m/s gnd T, = 15°c It was observed that it had a

¥
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| convectmn than for combmed onvectwn -For f,' sh water the ve]oc’:ity

T U_=0.025 /s and T =2°%.

N 'b1ned convectwn 1ower temperature reduces

profﬂes for comb1ned convect1

4 »

are steeper than for forced convectwn

-"Th1s opposne trend resu]ts fro the stronger clockmse rotatwn&
o produced by —-‘i within the fl uid or saHne water A typ1ca1 ve1oc1ty

'profﬂe for both the cases are sho n_ in figures 19(a) and 19(b) at ‘_

The temperature profﬂes for . = 5°/oo had patterns s1mﬂar '

. - to those for fresh water. T_yp1ca] temlerature profﬂes are shown 1n

"'f1gures 20(a) and 20(b) for u, = 0. .025

'sandT “20C

Sahmt_y profﬂes for S = /oo re steeper near. the u:e

surface for combmed convectmn than for f rced convectwn. For com-

e rel ting rate. Since

P the me1t1ng rate s 1ower. then the sahmty concentratmn will be

| h1gher near the 1ce surface ’ Typ1ca1 sahmt profﬂes are shown in

,figures 21(a) and 2](b) It can be observed b comparing ﬂgure)z’l(a) ‘

. th1nner ‘than the momentum and therma] boundary 1ayers The sal'i'n:i ty

"‘profﬂe on 1oca'l Reyno'lds numbers For he sa'l1n1ty case, the Schm1dt




is’ much more strong1y inf]uenced by streammse and cross stream

E convection than e1ther the ve?oc1ty or the temperature profﬂe. :

. o Therefore me]t'ing at the 1nterface 1nf1uences the sahnity profﬂe

' 'much more than it affects the ve]oc1ty and temperature prof1 Tes

If the free stream ve]oc1ty 15 kept c0nstant as T is 1ncreased

, the wall. saHn1ty decreases A tymca‘l examp]e is shown m figures -

" .,22(a),and 22(b) -for both combmed and forced'convectwn cases respec--""

'-//A'

t‘ﬂe]y
' ,tmbut1ons portray a forced convect‘lon characterlstm For combined
‘convectlon at the ]eadmg edge the loca] wa]l sahmty 1s zero cor-' "
.. respondmg to a large me]ting' rate S then rises ‘abruptly’ toa 1oca1'-;‘.
'max1mum and then. fal]s off further downstream and 1ncreases again w1 th.f
' 1ncreasing distance along’ the ice surface. R . oo

Y Slnce the. sahm ty of most oceans he around, 35 /oo. 1t is

,' necessary to study the case of . S = 35°/oo ' When the saHmty was N

‘ .'changed the X and Y- d1rect1on gr1ds were re estabhshed m the same - S

-'manner as for the prevmus ‘cases when S 0°/oo*and 5°/oo b_y using .'f i

) the different gr1ds of tab]es 4(A) and 4(B) . The results thus

ob'tained with 65, 68, 70 Y-direction and 68, 77 X- direct1on node grids

were 1dent1ca'l In these cases the downstream boundary cond1tions

..were apphed at x 1 021 m. The locatwp of apphcat'lon of ‘dowri-

h stream boundary cond1t1on was v1nd1cated by running a program 1n wh1ch the

downstream boundary cond1 t1ons were appHed at X = 0 662 m. 'The _

-

resu]ts obtamed in both cases were 1dent1ca1 Therefore for the .

ana]ysis of 5= 35 /oo, the 68 by. 65 node gr1d Was used and down-

"?\ stream boundary cond1t1ons were apphed at x = 1 021 m. -

s

'

Very c]ose to the leadmg edge the 1oca1 wa‘l] sahmt_y d1s- o

- .G -
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Solutions were then obtained succesztu at U, -= ‘0'025;'m/s )

" and at- various free stream temperatures rangmg from 2°C to 20°C As

l

.case lie closer to the. Tce surface than the correspondmg streamees ‘

for combined donvectmn A typicaT streamhne pattern is shown 1n

- -flgur‘e 23 at U, = 0 025 ws and T, = 20°C. The Nussel_t, nuriber is.”
 shwn, as a functwn of. Reyno'lds number for u, .0.0”25" m/s _and. ‘

2% s T < 20°C m ﬁgure 24.. These.“results .are.:s]'mi],ar to"th,ose Tor" '
e S = 0 /oo and 50/00 o PREN —

The free stream veToc1 ty was then . Towered to 0.02 m/s and the

a c6nverged soTutmn coqu not be obtained The unstab]e combmed ;

' 'convection resu'lt were stud'led carefuﬂy at T ‘- 4 9°C in the same
_ manner to that used for cases when S - 00/00 and 5°/oo and s1m1Tar :

o /conc'lusions can be drawn

R : ’ ‘ -

VeToc1ty, temperature and saHmty profﬂes at varwus con-

d1t1ons had a pattern s1m11ar to the case when S, = 5°/oo. Typ1caT

‘ ;profﬂes are. shown in f1gures 2S(a) 25(b) 26(a) 26(b) 27(a) and.
'27(b) at U_ = 0.025 /s and T, - - 20%.

7

F1gures 28(a) and 28(b) show that the. waTT sahm ty for con- -

a ,.bined convection has the same pattern as in the case when S, = 5 /oo,

- 7

1 ~_namely as the free stream temperature 1ncreases, S decreases.

F1na1 1y, for the condttlons where a converged sol ut1on coqu
» :

. not: }be obtamed,;fur_ther -,mAvestigat'lons are requi red.

. ..,'. ‘ . ‘.‘:x.‘ l‘.. ':’- : ‘24 .l

o was the case f-'or S 5 /oo the streamhnes for the forced convect1on'

:’_ soTutions were: obtamed successfuTT_y up .to T 4 85°C. At T 4 9°C,¢ ‘

B
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(1) A two- dnnenswnal fmfrte di fference techmque has been e

deve]oped for pred1ct1ng the ]am1narjsteady state combtned convect'lon
”heat mass and momentum transfer to a flow of fresh or. sahne water
:.'belowa a horizonta1 pure 1ce ‘shieet. ’ | ' '
:‘ ' (2)_ For d1fferent values of free stream salini. t1es, di fferent
'Inumber"s rbf gr1d 11nes were needed for so]utwn As the saHnity -
1ncreases, the number of grid hnes also 1ncreases. The grid: used for
‘.the ana]ys1s' of S = 35°/oo wou]d be appropr1ate for the analysis when

- S, 35°/oo but would reqmre 1onger calcu'lation t1mes.

(3) A converged so]ution coutd not be obtained for the: foHowing

< cases: ‘ , . /
. For s, = /00, - when U, = 0.01 w/s, 1> 13 8
- ' Fé;r-‘Sm.,? 5',°/o'o.. .‘wh'en U, o 01 WS, T > 17 ss°c .
, For §_ = ;35"’/oo_' when u, = . 02 ws, T > 8, 85°C.

: ”(.4)‘.' In }the case "of frESh water, the near ‘wall ve]oc1t_y profﬂes
were steeper for cdmbtned conyection than‘for forced conye_ction. _Vf‘The‘
_ onposa' te trend ‘was obeeryed in saline water Ea;es . V”
' (5) " The temnerature nrof'iles had eimﬂar patterns-in all cases,/_

'1 e., the temperature n‘ear the 1ce surface were lower for comb'lned

-convecﬁ on than for forced convect1on

t

(6) Inall cases ,. the local. Nusse]t number 1s 1ower for combmed -
. B /
/ .-convect'lon than for forced convect1 on for the sane: va]ue of Reyno]ds

number. . LT T o o
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1w o PR (7) At -any part1 cu]ar vel ocity, as the free stream temperature is

b o o " dncreased, the Tocal wa]l sahmty is decreased :..

b 3 (8) The density grad1ent “tem becomes stronger w1th1n the ﬂuxd
g - . as the free streay sa‘hnity 1s mcreased ) : 5 ‘
= " 9) | Further work s needed in the case; where ConvergeHCe COu]d s s
'otbeommed 25 -
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S %INITE’uikfsnsnca APPROXTMATIONS

, E . . , . .
> . o LT . - - -

Equation (7) is . E o T G

"a,‘ka’{%}‘ s ay {%J)%} - 3% UBy gy (cg0)} TR

'

¢3.V AR R

’ where o 1s the dependent variab‘le of the general el]iptical equatwn,.

. “and Gosman et al. [15] as is summari zed- 1n this Appendlx. For the

. symbols a

¢, b¢, c¢ and d¢ are 1dent'if1ed in table 1 Integratwn of

'the above equat1 on was done by usmg the techmques of Spald'mg [19]

,pur'pose of the der1vat10n of the f1n1te d1fference equatlon, the

fi e]d of 1ntenest has been covered by - a rectangular gnd and the nodes

‘ of the f'm'lte d1 fference gmd corr?spond w1th the 1ntersect1ons of the- .

gr1d hnes. In f1gure 2, a typl ca] node P-is shown w1th surroundmg

nodes N S, E and w The f1n1te difference equatwn will eventuaHy -

.- be expressed pmmarﬂy m terms of the va]ues of the vamab]es at’

v

these nodes and to a lesser extent 1n terms of the values on the

. /

3 4 A e

nodes labeﬂed NE NW 5 SE and sw The double mtegral of equahon '
(A-]) wh1ch is .to be evaluated is -

—

. .

3
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(c¢¢)} sd, =0 0 Ay
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AT TR ey .

P S

f'whére the
.'rectangle

‘the terms’
' cons t'a_h't,

~gives .

s
R

[P

d

=

o e o

.@..
9%

KT (b¢ < '(_c m 4 -—' (

;

dx dy";A~

24

By"

|

[y

y(«p;,%)},c_iqu' o

¢ 3y

. : - 85: ‘

(c¢4>)) } dx dy -

1ntegrat1on 11m1ts are the, coordinates of‘the sides of the '

1n figure 2.

but the last could be forma]]y 1ntegrated once 1f a,

SIncg ?4

{¢(

:ys

)

s cpnstant,.

Inspect1on of equat1on~(A-2) revea1s that al]

' 'A ."ﬁx
( )}dy.-)‘i‘

e i3S .
{4’ (ax n. ¢s, (x)s 4

¢

1ntegrat1ng equat1on (A 2)’ once,,

were a -

—Convection terms

Yot oo

- yl 'f p¢ ( (c¢¢))

Vo

-

r .

Diffusidn terms

ey,

. e

S et b
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S'ince there are convection terms 1n ®y T and S equat1ons,

“ equatmn (A 3) can. be 1ntegrgted b_y Spa1 ding s I'|9] f1n1te d1fference ' ‘
techniques following-the methods of Runcha] [20] S '
. T/e complexmes in solwng equation (A 3) resé]ts pr1mar1]y
from the poss1b1e variatmn of ﬂuid properties. In order to simpry' |
the equatwn (A 3), aﬂ f'luid properties can be assumed “c0nstant ‘ ‘:' S

\ ) .
except for the - dens1ty variation 1n body forces during the processes .

pf ca]cu1at1on Therefore the f1na1 genera1 f'inite d'lfference equat1on
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For stream funct1on ca1cu1ations, s1nce there are no: convect1on :

terms equqt1on (A-3) can be 1ntegrated fo110w1ng the methodé qf Gosman
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e Method for Soiving Grad1ents of Various Variab]es
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' Cons1der a grad1ent of ¢ at the po1nt p 1n‘%{dfrection as
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" ,Cérrying'but the e]im1nat10n of C from equat1ons £5-7) (A-8)
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Substituting the va]ues of a and b from equations (A-lO) and (A 11)

.. 1nto the equat1on (A-12) results to L R | | DT B
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E vergence nodes should be cioseiy spaced in the region where variab'ies o

- 1mproved ini tiai values and return to. step (iii) This process is to

: ‘_'»m‘ - In order to reduce the execution time for convergence, re'laxa-
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Solution Procedure

‘ In order to solve the f'l mte difference equations the fo'How-
ing steps are to be fo]]owed " ’ -
(i) Se'lection of grids in X and Y d1 rections For adequate con-—

change rapidiy r' - T SR o

(H) Provide imtiai vaiues of various variabies. S o - f)
(iii) Soive the finite difference equations with associated boundary ; |
conditions '

(1v) Calcu]ated new va'iues of the variables are then used as the /
be repeated unti'l convergence is reached , S ,.i S R

tion techmque is used The reiationship between a new va'iue and an
oid value of .the variabie is given by " ;:' e - 4 =
BN ¢ 4R (¢ ), (A-.'M) o

. .?-new Po 1d_ ". Pnew Poid e

' where ¢p 15 the dependent variabie and RP is ca'i'led the re'laxation '
parameter which hes betweenOand] T e R I
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FILE NAHE < GRIBE; FIN.

. !“"H"ON‘ON"""‘”ﬁ"“ﬂl”“””“lﬂ"ﬂﬂﬂ"ﬂﬂt“l“Iﬂ”‘lﬂ."“”"lﬂﬂb“lﬂ“ﬁ“'N“Nlﬂﬂ"ﬂ.ﬂ

O INITIALISATION PROGRAM ~ -~ . L
L ‘ ”“““““N”H “ﬁ “*“”l’”ﬂ.“””lﬂl“”“ﬂlﬂt*ﬂDHDlﬂﬂﬂ»ﬂ“"ﬂ"””Nﬂﬂ“""ﬂ““””ﬁ*"
INELUDE. “COMMON.FTN/- -~~~ .© =7 o T

- DIMENSION ¥c68> . ~;‘: - *‘7.'”.;‘,~
BYTE ALPHACBBY -~ - .. - Sy

.

. COMMON/VORTIC/H!CM) W2¢MD, WBCH) RPW RSDUN

,;COMMON/STRF’N/F!CM) LF'Z(l“l) F3M, RPF RSDUF'

| COMMON/TEM/T1CHD, T2CMD, T3CM), RPT RSDUT -
. COMMON/SAL/S] CM>, 52CMD, S3CMD, RPS, RSDUS
. COMMON/VSG/VST1 CHY, VSG2CHD, VSa3Md, V2 .
" .COMMON/SOR/$OR1 (M, SOR2(M) , SOR3CH), RPSOR R
‘3,c0MM0N/coNVE/AEcM> AUCHS, ANCMY, AS<M> ATCM) e
| LCOMMON/DEN/RDICMD ROZCM) ;ROBCH): s S
COMMON/Bu/BwE BWH, BwEﬁ BUNCM) ; BHSCMD, BMNSCM)] L
* COMMON/BF /BFE, BFW, BFEM, BFNCM), BFSCM) , BENSCM | y
. commol/BT/BTE, BTH, BTEW, BTNCM), BTSCMY,BTNSCM)
. 'COMMON/BS/BSE, BSW, BSEW, BSNCH) , BSSCHMD, BSNSCM)f'A _
COMMON/XY/Y CM; DDYCMD, Y32, Y22, DY.DYY,X1,X2,%8 . © -
COMMON/PROP/THECON, FUSION, DIFCL: - .- S
COMMON/VAR/JJ, JNM, JN, TINF, SALINF, VELINF -
- DATA Wi Fi. T1,§1,V501,S0R1, R01/455»a /. |
| DATA' X/9., :B023, 2007, .0013, .0022, . 8037, aas aass 3147 6224

/

- %/ .0341, 0508, ,0773, 094, . !1!,.128,.!45 162, .179, . 196, .213,.23

- "-REAocs 1B@SIALPHA

_fu .247, .264, .281, 298 315 .332, 349 .366,.383,.4, 4(7 434, 451

, 1488, . 485, .502, .519, .536, .553, 57. 587, . 604, 821, .638.7.655, .672

o a, /689 . 728, 723/ 74 757, 774 791, 838 825 .842, 859 .878,.883 -
T, 91, 927 9445, 962 .88,1.9,1.0214 ’

/.

_DATA PR,SC; ZMUREF/7.8,813.2, .801075/ S
_ TYPEw, ’ ENTER NAME OF FILE TO BE CREATED’ Y

" FORMATC8AY) - .
" ALPHA(B2)=8 : . : : )
-0PENCUNIT=1 TYPEﬂ‘NEH' Acczss-'DIRECT' INITIALSEZE—?G
RECORDSIZE=489 ASSOCIATEVARIABLEaIII NAME?ALPHA) R
"'-_.' A SR o
) A

R TTL O P IR




I L

- FORHAT(’ 'VELINF, TiNF. SALINF, ccf>

D DeRL Y Ce3-YC-12)
e arsca>-w<vcu>-—vcd~|>>

o R . . ) . ) Y
e T . T, [ v a ' ‘ L T
- '

’ Lo . '1 S - .
’
f

s -

TYPE § . ‘

i FORMATC/ TT, m'a

. ACCEPT #,II IN
WE'S - .

w -

 AGCEPT w,VELINF, TINF, SALINF,CC
D05 Je2,UNM o

_'arucu:-nfcvcu¢1>—vcu>> o P
" BFNSCUDmBFSCUMBFNCY) = +- - 1 I RS
. BWSCU=ZMUREFWBFSCJS - . . s .0 il

. BUNCUIWZMUREFWBENCSY. o o

BUNSCUD=BUNCU+BWS C) - o

BISCU=BUSCUS/PR

" BINCUO=BUNCI/PR S

BINSCU=BISCAMBINGD |+ & o

 BSSCUSRBHECU>/SC L IR R

'BSNCJD-BHNCJD/SC o - SRR
.BSNS(d)=BSS(d)+BSN(d) A

5 DDYCU=YC¥|I=YC-13 A

- :Y32=Y(3>uu2
Y22mY C2)nn2
' -DY-Y(2)»Y3}T‘Y(3>»Y22 - I S
" DYY=YCUND-YCUNM) N L
'/,'K"ar .. . ) ) : .
C IITet
INM=IN~1 :
. wmacvnﬂn INM INf PR SC,ZMUREF \IELINF  TINF, SALINF.
" #Jd, UNM, UN, THECON, FUSTON, DIFCL, BWN, BWS, BUNS, BFN, BFS, BFNS, Y -
NRITECVIII)lDDY BTN,BTS, BTNS, BSN BSS BSNS Y32 Y22 DY DYY
u RPH RPF,RPT,RPS RPSDR,CC : ’
. III=3 - ! -
 CALL DENSIT _?ALINF’ TINF ROINF’)
©X1=0. :
DO m I-l e8|’
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PEETIN

iz
J4

L IFCT.EQ.1.0R, 1.EQ.88 60 TO.M1 . . i
Y2 /CXCT#1DIKCT~193, R

-FIC13=0, I T S
.+ IFCT.NE. mnm-—z L e
S TICd=0, | | -

| ,Fxcunumcu-n»fmmpuu <Y(d)-Y(d-DJ i
',IFCI NE. 1OW 1 Cdd=—CU-U )/(Y(J)-Y(J-D) ,

ﬁwnoxxcxcn—xcx—-t »

| BFE=DX/CXCI+I-XCIDY - = 1Yy |
| BFEM=BFWBFE - ° . \-d) B
| BWW=ZMUREFWBFW
- BWE=ZMUREFWBFE ~ . = = - | .
CBMEWSBWESBWW .. [ T S
. BTEWBME/PR . e
CBTWeBWW/PR' o
. BTEW=BTE4BTW = -
.. BSW=BWW/SC
. . BSE=BME/SC
|BSEM=BSW+BSE I
CXI=XCI) S e N
IF(X1.EQ,8.360 TO12 : T
. DEL=4, 64*)(1/SQRTCROINF*VELINF»XVZMUREF) S

G0 TO 14
DEL=@.

SI;D-@ ) . C ' .
CALL DENSITC(®. a..Rom)) - o

U@, ,

'9013..:-2.»:."«' e
" URVELINF . . L e F
. IFCYCU> 8T DELIGO. Tms e N
. YBD=YCJ/DEL - T Lol
| USVELINFWCY . SHYBD~. s-gapusa o

ncuaawvau:urwrmp o
S (d)-U/VELINFnSALINF

ysat. CJr=3,

SORl (-J)-B

: - ..-.,\.hr.\f‘::;} v
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'CALL Dr-:Nsrrcsacu) Tl(d) ROICJ)) i
'CONTINUE S - g
WRITEC! #ITIIW1,F1,T1, $1,VS01, SOR1,RO1, Bm-?suw-swzw S PR
wBFE, BFW, BFEW,BTE, BTH, BTEH, BSE, BSH, Bssw RSDUH RSDUF | L e i
" »,RSDUT,RSDUS, X1, K~~~ T
. CLOSECUNIT=1> - C o ‘ . /
stop - -
CLGEND T T 4
CBLOCK DATA o L
" INCLUDE /COMMON.FTN‘ .. -~ . | O
© COMMON/VORTIC/W1 (MY, wzcm Waa; RPN Rsouw L
COMMDN/STRFN/FKMJ F2CM>, F3CH>,RPF, RSDUF L

,COMMON/TEM/'H(M),TZCH) T3CMD,RPTLRSDUT -~ . . T L
. COMMON/SAL/S1CMY, S2CMD ;S3CMD, RPS, RSDUS RS
COMMON/VSQ/VSQICHY, VSQ2IMD, VSO8CMD, Y2 = 7, - - - - T
_ COMMON/SOR/SOR1 (1), SOR2CMY, SORBCMY,RPSOR - - =+ . J
" COMHON/CONVE/AE M, AW CM, ANCHD, ASCID, ATCM) EEE I i
. COMMON/DEN/RO1 (M), ROZCMD,ROSAN SRR
COMMON/BW/BWE ., BN, BHEW,, BANCM), BUSCHM), BHNSCM) R &
- COMMON/BF /BFE , BFW,BFEW, BFNCM), BFSCM3,BFNSCMY . ...~ - .~ "7 1.
-COMMON/BT/BTE, BTW, BTEW, BTNCMY,BTSCMY, BTNSCi>: - " 47
COMMON/BS/BSE, BSH, BSEW, BSNCMD,BSSCMY,BSNSCY . - -~ .= . .« 4
counowxwvcm DDYCMD, Y32,Y22,DY,DYY, X1, X2, X8 ! . S £

COMMON/PROP/THECON FUSION pEFCL . .o . . g
COMMON’/VAR/JJ dNM dN VELINF TINF SALINF' ' ’ 3
'DATA RPW,RPF,RPT,RPS, RPSOR/ .5, .8..8, .6, .2/ 1

DATA RSDUW, RSDUF RSDUT:, RSDUS/-I»B / S ' )

DATA Y/B.. 00925, 0905 00075,.001 05 90135 30165 302.. Baé]SS g :' ‘ -
n, 8927, 2081,.3835, .8839, 20435, 0048 0%525 .ROS7S, 09625,.90675 o 1
L 9973 .00785, 0084 "009 0096 .0192, 01085 BHS 0i215. 01285 ' oo

eomy, 91355 81425, 015 8!575, 0165, 8173 8181 0189 21975 BZBG -

, 82145 , 82235, 02325, 02415 .2251,". 02605 82705,.02805, 82955

», 03185, 83305, . B3S0S, . BITSS, . B400S; . 24305, . 04605, . B495E; 25305 - 1, |
», 05705, . 08105, . 08555, . 07005, 107505, , 0831, “0881, . D838/
DATA THECON, Fuszon,orrcu 595 334944.; 12, sc-m/

d . ; .
¥ 4l ‘ ' . . e ' e e
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L PARAMETER H-BS i

DATA dd N, N2, 64 ge/ -

* DATA' BME, BNW, BHEW, BFE, BFU, BFEu BTE, B'm N
" wBTEW,BSE. BSW, BSEW/12w8./ -~ | - S

. DATA' BWN, BYS, BHNS, BFN,BFS BFNS BTN BTS, BTNS. '

o “BSN Bss sst DDY/B45~01 / -

SUBROUTINE DENSIT(S T DJ . Co
SIGHAO=(~0 8934-0 8!‘49“8—0 0804820'8"24'0 0000068“8"3)
SIGT-—-CCT-S 98)%2)/503 S7all(T+288 )/CT+67 28)
- ATnT/ 1909, »(4 7867-0 BQB!BSNT-m BB 1084300'!'*“2)
, BT"T/ 10%000 n(is 930-0 8!84&T+B 91667001"0»2) .
‘SIGMAT-SIGT-!-CSIGHAO-O-Q 1324)0!(! -AT-'-BTNCSIGMAU—B l324))
( D-SIGMATHGBB ' ' '

" RETURN " SRR U o

" END

. FILE NAME( comon FTN

.
- - .- - .
"i o o .- T
a (:-‘}' - ; ‘- .
A
T -
§ f
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. KN ke 3 PRV
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S RERRE
.96
. "‘_..: '~.‘ .

'FILE. NAHE! F'ORSOO F'TN

B \

:wcwps 'comou FTN’ : _k,_;_f,__;_" v

BYTE ALPHACGBRY —i. v T

CONHON/VORTIC/H!(M) W2MD, U3(H) RPU.

. CONMON/STRFN/F 1 CHD, F2CM), F3(M), RPF, RSDUF R
. ROMMONZTEN/TI'CH, T2CH), T3CH) RPT, RSDUT *

COHMON/SAL/SI cm &cu) 53m> RPS Rsous

- COMMON/VSO/VSQ 1 CH), vsoecm VSQSCHY, V2 |

COHHON/SOR/SOR!CN) SO”R?(M) SOR3CH) RPSOR

- CONMON/CONVE/AECH), AWCH), AN(H),AS(M) ATCH) L
. COMMONZDEN/RO1 CM),RO2C), ROSCH) - BRI .-' SRS
. . COMNON/BW/BNE, BWW, BHEW, BUNCID, auscm BUNSGD
- CONMON/BF /BFE., BFW, BFEM, BFNCI), BFSCH) BFNS(H) -

A COHMONIBT/BTE BTH,BTEH BTN(H) BTS(H) BTNS(H) -

COMHON/BS/BSE. BSH, BSEW, BSNTD, BSSUD,BSNSCHY - 1

: .COMON/XY/YCPD DDYCMD, YSZ.YZZ,DY..DYY,Xl XZ.XS

-"COHHON/ PROP/THECON, FUSION, DIFCL
e CONMON/VARIJJ JNM, N, TINF, SALINF VELINF

DATA RSH RSF.RST RSS/M 7

< DATAVIZO. - - ’ e

N

ZpATA,i_m.;\X”/SBO{ IR T

RSDU=B

.g’ ; SRR N 3 I (D

RSDUF-B

- RSDYT=8 . - ; S o ‘

1 RSDUS=B . e R Co e
UKKkswC20M8 . Lo

" TYPEW, /. ENTER NAME or-‘ DATA FILE’ a‘-'""':"

READ(S 857)ALPHA

Fom'rcaam .
. 'mcss:-a

. _'. s e ST o ‘e
o oo LT

w .|  PROGRAM FOR FORCED CONVECTION SOLUTION ' . SRS
o 1_ mwm»mnmmumnuu-”mmnn»nm T

nmunmuhmnmmnwmnnnnummmnuumnunm

. ‘,i OPENCUNITlil TYPE.’m_DI‘AccEss-IDIREm'I NAHE-ALP"'A' ‘ _ e '_':. s . )
ASSOCTATEVARTABLE-ITT, F‘ORH-'UNF'ORHATTED’ e '




A . READCS, 281)NHAX ﬁ Toll g
—%4 Irns o T f SRR RS ¥
i " READCI“ITINY,FT,TI, 1, Vs1, SoREROT, BUE; B, BHEW e
S b v, BFE, BFW, BFEW.BIE, BTH BTEW, BSE. BSW. BSEW, Ru RF, RT R$
i';?.{f“. XK "'a:,“ o Do ALY
A WHAX=—2 . ”“'ffﬁ' Co '
Y CEMAXSFSCUNY s T e : -
READ(t’mwz,Fz 12, sz vsoz *50R2. ROZ Bw:-;,aw Busw.;
' 'w, BFE, Fu,@rs:‘u BTE, BTH sreu ‘BSE, BSW; BSEW, RW, RF,RT RS o i |
R R /(u %2, K o R ST P .
R z FDRMATC‘ ENTER NHAX') ce e & -

R ‘z“as‘

oo 102
! . N .
/. P
.o K
o e
-d Ce Y ; {
- PRED
B -Q‘ . LN
R L A 4
-.‘ . . . LS -
‘o e .',‘n' .
. 3 + 7
4 T ﬂs -
. < »

uRSDUN3 RSDUFS RSDUTS RSDU$3 XS K

: ‘.3‘?:""' I N S v Yo
S “E.Ei':} -J;;*;;x S P T
S R - RN R | |
CE L | READC! 'III)II INN IN,PR SC, ZMUREF‘ VELINF TINF SALINF
S "E udd M DN, THECON, FUSTON; BTFCL: BN, BUS, BUNS. BFN, BF'S, BFNS. N

READCI'IIIDDDY BTN*BTS.BTNS BSN BSS BSNS Y32 Y22 DY DYY

| "'.. RPu RPF, RPT, RPS, RPSOR,CC DR R

WRITECS, 202, . T

L FORMATCISY T i
CIWIT UL '
.. - .

IITWIS . T I

READcl'mws,Fs 13 353 vsoé’ sons RO3, Bues BHWS, BHEN3

»,BFES] BFW3;BFEWS, BTES, BTW3, BTEW3, BSES, BSHS, aseus
Kefortn m L e

} DX=(X3~X15*2 R v,u‘rﬁ-g

iy e e E e

- ¥
. ‘DV-DX*DDYCJJ R
' vSTNNuFi Py

STHME=F1<d>~F3(d> T T T e

| STSWEF1 CIMD L e

/ ”(smns-rzcgps—rzcam. o il e

STSE-FSCJM)

: STNE=F‘3(dP> SO T T e e

Soest o :

Dot Boat b o a0

Vs

-."67 "". ."

..‘/: "

B T
N - .e LN

ety




‘ ~aéf““;iirfﬁ;fgiﬁf.. s1PwucsTNMs+sTNu~srsuo/bvf*;i';{ﬂ;;%,:"‘}If»ffﬁzﬂ?;ff‘-”"}¢;~ s
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