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C e U RSTRACT T e Y e T e D e
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RARCH A steady state two dimensional finite difference analysis fs. :
- presented for the heat. mass and molnentum transfer resu]ting from the :
- init'lal portion of a semi infinite verticai ice sheet melting into - e N
L e pure or: saline water by naturai tpnvection. ,Fiuid properties are R A

assumed to be constant with the exception of the ﬂuid density in the,f‘ff"-

Sl e body force terms of the momentum equations. . \| e T R
Cel ot .o T .‘ . \‘ . ..-‘4 L. '.~ ’ . :‘ e R * : e .», -"3:_'. ( "L_:\'V "i\. '.'.' ' ~':*k‘,l . "i\ ‘
Rﬁsuits of the anaiysis are presented for free stream R T

, temperatures from 0 °c to 24 °c and sa'li nities from 0 %"to 35 %'. The.Y'l." i

e | inc'lude stream]ines, velocity profi'les. temperature profiles. SUe
o salini ty profi'les, 'Ioca] Nusselt numbers and mean Nusselt numbers for'f' .': J
plate 'Iength of 0.7632 m. For pure water, caicu'lated mean Nusse]t o

N R

o nunbers are favourab‘ly compared wi th existing data and ana‘lyses For

- \
P sa]ine water. previous information not being availab'le in the

: 1 . R ;]
literature. the predicted resuits require verification. - R TUCTER R §

‘.

R OVeraH. the results show three dist‘lnct f'low regimes~ steady \ R % .

"'l' , unidirectiuhal upward ‘fiow, steady unidirectiona'l downward fiow. and
L TN

dual ﬂow. The so‘lution method is convergent for the unidirectioﬁai

regimes, and mostiy non-convergent for dual ﬂows. Since the so]utio’h - o

_:.."' S method is tapabie of accounting for 1ocal circu'lations. his |
S T ;:"’f"suggests that the duai fiow regime may be transitory in nature. ‘,:' ’ ‘-,:‘_':' DR
-"1.' ’ . . s e P . , e T 2
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. o -j"-introductory heat transfeh texts. SURAERE

. \ L extrema. For example. environmentally exposed vertical surfaces may be

SOUUINTRODWGTION: o B T e T

If a vertical isothermal solid boundary is in contact with a

& surrounding real fluid which is at a temperature different,from that
| ,:‘:of the wall it is well knoun that 2 steady state fluid motfon will
.A j‘._':::-f.ioccur near the wall This motion is induced by the existence of. a
‘ .:"';'density distribution within the fluid as a result of the temperature
N ﬁ""-:.‘-_".'Idifferences betueen the wall and the fluid far fron\ the wall Basically
| L f' 1f. the. fluid near the wall is lighter than that further away. anl :
' V’ '."‘E;"upwards flow is induced near the \wall Similarily. if the fluid hear A

: L ‘.".:{-the wall is heaNer than that further away, a dounyards flow is inducedr "

i In either case, if the fluid density either increases or decreases

'.'-“'monotonically with increasing temperature. such free; convective flows

"".jare amenable to boundary layer analyses such as can be found in many

W T

R S .‘ R . N ) '-\A".. \'__-"‘* ‘ .
o . I" many Engineering applications, such free convectiiie heat

transfer phenomena are used with fluids which may exhibit density
SN

in contact with fresh or saline uater. Such uater exhibits density -:A S e
g extrema ( see reference [1] ) for salinities between 0 z-and 25.6 $°- PN
at atmospheric pressunes.- 1 the Wall and fluid temperatures lie on-.
alternate sides of the temperature et which the densi ty: e{trema occurs |
' "7:: v the simple boundary layer analysis is not directly applicable. _'
'Through one portion of the thermal boundary layer the bouyancy fqrces
. .-will be upuards. but through the other portion such forces will be
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_-"_.:.;;'r_-:, ,' \ g ) . dow:wards; and a complicated flow structure may result. Essentially 7 _ ' : ';_:.;‘
L | Vertical ice sjurfaces . contact with water do occur in nature on. the Lo

sides of icebergs. and on the underwater portion of metallic ,;,',. -_".' s o , E
. ; structures in a cold ocean\ environment. In such ”cases analysis is: R A; e
B further compl’icated by the melting or fusion process which occurs at \'13_
the ice-water interface. Hhi 'Ie the melting or fusion proceSs can be B

el \ approximated by appling a blowing or suction boundary condition at ' ‘

B B ' the interface the resulting Salinity distribution necessitates a , Pl i

; further extensi o of' such analyses. .:

CoL R . N A . . . . . N L ,' .
- ~F IR : . . \ .
- ' i .

“'._.. .:;‘,‘ .,;j.:: - . ’ Before [‘further identifying the ob.iecti ves of the present wgrk.

- ‘ review of the relevant literatune is in order. As far as is known the

1

‘ ".':3_?.': . first analytica;l solution concerned with the effect of the density

' 7 .' maximum on natural convection ,was achieved by Merk [9], who consider ': \ S

5‘".:- heat transfér between a melting sphere of ice and adaacent pure water

by using thé integral momentum method He predicted \that in the ,' D \

neighbourhood of T = 5 °c. the Nusselt number has a minimum and' the

direction of. the flow changed from upwards at lower temperatures to

downwards at hi gher temperatures. Further. he found that the effect \ RS o "

[ :
: of the melting is only appreciable for T greater than the inversion
o | temperature and may be neglected for T less than the inversion "“;

temperature. - _' : .
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Dumore. Merk, and Prins [3] demonstrated experimental ly for

melting ice spheres a convective inversion occurred at 4 8 c. The

results indicated that the (low was upward when T < 4 8 'c and e
x v'..-"\t“ :. ". L. 1.":," ) A \ : '_ :. o ::_‘..-“‘ .‘..‘ :‘ ..‘:';\.' . K ,. . A- '-‘! . ‘ ' . L R

EREREN . : AR ‘ S .o B [t . .. ve e : A
S L. e RTINS . K . . R < Gt T Aty
- Lot . Sl . . . \ g e L ’ [
e, . Ce S Wt e ) o .
R . vt . R N . . . .
s e . N RN et : R - . . S ..
[ CE S . IR S - ) [PPSR
ST W S Ve a8 A S S .. IR
, o . A DL . A . "
L. L. R . e ’ et e [
. o N v i
‘ o et . I e A P A S
. . . PRI . P . s ;
oo . P o . . ot ' -
AR B poe D . R TR ..
0 - ory T T—— T T T .
R ' FUOPRE | o cede, LT
el . el ‘




“"'-‘fmelting iceucyiinders.-

was found The effect of melting on the heat transfer rate was found

: .f;j..to be smal'l T e j' ’.;"-:,-_’f..:'-:"‘;-'" : FR
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‘ Ede [4] compared his experimental results for heat transfer from

S heated vert1ca1 1sotherinaaleifﬁﬂf tQtUO]d pure \water wi th the
- . } :
‘predictions made b_y Merk [9] and found them to be in reasonab'le v

A .=~;7"-'_agreement except ‘In the Y‘egion éﬂ]({m Nusselt number. .

Both experiments and ahaiyses On natura] convecti on heat transfer

,in regions of maximum fluid density have been carried out by Schechter

";and Isbin [12] They substantiated{ the findings of Dulnore. Merk. and

C .when heat is transferred from a vertica] isotherma1 f1at p'late to coid

- Lt L T

‘lanier and Tien [16] studied the 1nf'luence of density inversion

\_.;Q‘tand melting on natura1 convection heat transfer from vertical surface

-‘."“"_‘.'-':-'dual fiow exists near the waH and for 4 75 °c <T, % 6 °c no so'lution

RPN
f\\

Schenk and Schenkeis [13] measured natural convection heat

. transfer from an ice sphere in water for T from 0 to 10 'c and

'water in the range of & 'c. R :‘7 L }f"i" lfl:.-. S

S

- .

" Prins [3] that there is a bidirectionai Flow. in the boundary layer vl B

.\.-"

. for various wall and bulk temperature combinations. Their numerical S “

"..'v_v,"-_'..boundary layer ana'lysis indicated that for the case of Tw = 0 'c a K .:f:

found that a dual f'lou exists in the range 4 c < T < 6 'c. In. thisj_'.-';"-’-'.'. ,

R comp]icated region. they observed upward flow near the wan and U
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i '-.j...e@dounward tij'l_iavuz at:-some't_-dis:t‘an'ce awav from -t’hé?han'.;; AR

; .-.'.-,.:;..,;"good agreement with that from\the boundary layer calculations of
WL _Gebhart and Mollendorf [5]. For the - experimental 1nvestigation ‘

, o ‘.‘order boundary layer approximations, the numerical solution in the

Lo o 1
_‘:_for laminar thermal natural convection to or from \a vertical isothermal

. “ . A .‘ \,\_e -
E

Vanier and l’ien [18] also perfor;ped experiments wi th ice Spheres
""--"melting in water from 0 to 20 °c -and. obtained A’ convective inversion j '

S e
. o e .-_ . ) ‘n “ . Tee \ .“ ,.' . '.“. . . ST, i ', . : " o . e B
T .at 5.35 °C T T T T e e Ty - :

. . . : N o .- . I K s ;

The problem of natural convectidn heat transfer to a hori zontal

“'iice cylinder inmersed in water was studied both theoretically and

- ('-experimental ly by Takeo Sai toh [14] A minimum Nusselt numher at above - ;

T : 5 oc vas obta.ined 5 \ 'I r\
Bendell and Gebhart [1] carri ed out experiments wi th vertical

,melti ng ice sheets in jure. water at various va'lues of T . The ‘ 3 ks

.experimental ly determined heat-transfer results were found to be in i E

R minimum Nusse)/t number in- the range 2.2.0 c T, < 2. 2 °c. was f°""d

to occur at T = 5 6 "c..Meanuhile a net upflow and acnet dovmflo«
: | ' .‘were deduced from fl uid temperature measurements when f < 5.6 °¢ and _.'

T > 5 5 l’c respectively.‘ _For the thgoretical analysis by using first : ':.‘:_' N

- ,range. 4 'c < T < 6 8 'c. was not, obtainable. N X
_ l Similar analyses based on [1] uere made by Qureshi and Gebhart
:=' »."-2:"__..:.[11] for a vertical ice plate with a uniform flux condition in water._ 4-

Carey. Gebhart, and Mollendorf [2] reported a numerical resul,t : |

R R
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surface in co]d water vrherein a density extremum arises. In pure water o

at atmospheric pressn}re, they found the ﬂow is bidirectionai for T
between 4 75 °c and 5 98 °c and that convecti ve inversion occurs at
some T between 4.75 ’c and 5 81 c. Soiutions couid not be ob\tained

for this range of temperatures.._‘ . A

l

Rl

In response to Griffin [7] R G Hatts (1974) performed an

experiment on flow patterns around a co]ored {ce- cuUE 1n sa'line water. o

For some ambient fluid temperature, he found the flow to be strong'ly
upwards, except possibly very near the wan where there might have

been a slight downward motion. N

Hilson and Vyas [18] conducted experimerrts on the. velocity

profﬂes near a vertica] ice surface me1t1ng 'hnto fresh water for

1 .‘\'{
' 2 °c < T 2 7 c. . Their results 1nd1cated steady sta\te motion upwards RN ryf
when the water temperature 1s be]ow 4. 7 1'c and downwards when the water . ;
o temperatur(e is above 7 °c For intermediate temperatures oscillatory - R i' ‘
, o bidirectionai flow were observed o U s R g o ‘
L - -.~The p,revi_ous' wprk ‘can“be sunni_arized as fonows: : ST
S 1. Ai'l existing quantitative information pertains to the heat SO N
DR v transfer from a non-nelting 1sothermal surface to or fron pure or - S l .
} k } - saline water. or to a me'l ting 1ce surface from pure water.,In either ) //J/
. N . ’.':/.“; ,
S . : case. djzsipative or convective transport of sa'lt has ,not been SR :
Sl Do . , o S N |
e consider d. - T .l S T T PR U
:"<_' T . ' -_2. -For,fi'ce'mei'ting 1nto hire water, a_rralvses_,baseti'upon boundary S e
\ o ORI ) ; o L ”-v.,;‘-»g— T L
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layer approximations adequately describe the flow patterns for U o

a3 temperatures yielding uﬁ‘idirectional upflow or unidirectional downflow. K
For 1ntermedi te water temperatures where bidi rectional flows J,may ".- S
o exist, the boundary analyses have failed to yield satisfactory e B
¥ solutions. AP ‘, - f'j'?_' L L #(
- 3 In the bidirectional flow regime. the inadequacy of the steady ', » ] -
" Afstate boundary layer analyses may be attributed to their inability in ‘. | ". | "
: B . accounting for opposing flow directions within the boundary layerS. or ’ ‘ ‘ .: . :.‘
- , : “to a possid)le transient and oscillating nature of the fiow. or. to a K ; 5
»fcombination of these effects. - ,:_i; ',_Q PR «
: ;‘a:'l ‘I. -"‘ - | In view of the above sunlnary, the scope of the present work can’ :
. o ‘be defined ‘Because of the occurrence of ice in. contact with either :' . f'
. pure or saline \;vater in"sone circumstances, an, analysis should be A
| ." :capable of- accounting for- the mass transfer of salt through the water. “ 4
“ ;The analysis should be capab‘re of yielding results fdr uni di rectional :
‘ upflow. unidirectional downflow, or bidirectional flow. Since steady 4 (
e bidirectional flow would imply that steadyp recirculation ‘exists within ‘e :.
I > the fluid adjacent to the dce. sheet. the analytical model shioid be DU . \
- - . 1 'v'capable of readily accounting for sucli recirculations in such steady ) '»':.:,'y_f‘
o '}state flows Then if solutions are still unobtainable. further work - ‘, Q |
,» '_ N would be suggested in developing [ transient analysis. - E
Voo Col R
o I : B | R
o Wl y
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ANALYSIS o \

. _'/' T For constant fhrld properties with the except'lon of. density in the
C ‘ body force terms. ‘the steady state laminar two dimensional continuity,

, manentum, and heat and mass transfer .equatfons can be wr'l tten as
v : . .‘ Do . ‘ /ali+ aV'a 0 I’-' « N ,' , 5 ’ ) .(1).
. g . V- . . . .
: T ox. - By . L . . :

.'” . . . -" - -/. ‘.A. ‘ . . \ ‘(f‘ . " I. "..' ° 2 . 2 I3 o .. o '. ‘ e L
R SR - E 3 R )
SO D NP SO S o gy o L S

e e w By My g By (B AN T g)
s ‘. A,' r".'_ - :. - ox R oy . . ay A axg ayz - | ’\ . ro
A e p(u-ﬂ+v9-_1)=_k_-.(?_!‘_+ii). : )

. ) . S} D1 Cp  ox?* ay* :
I /." o [ Y N ' - O .
~ () R * . 2 .n2 i . . . .
R BroyBjopp(B3485) SRR )
“ P B ay‘~'. . ax T BRI
- | “-9 -.“ Inwriting the above equation§ Cartesian co-ardinate systems have -
.= ' . > been 1mp'lied as sh&wn in F'lgures l(a) and (b) Thus, . for dom'lnant
[ upward flow the gravitat'lona] force on Iuid element: wou‘ld be 1n the

~negat1ve X d1rection ‘and the “pg. term expressed in equation (2) \‘ou1d
-""-_;:_; e i apply. If the dominant f1ow direct1on were downuard, the co-ordinate
system of Figure l(b) would be employe a1ong with the +pg term 1n

‘“ LT ;equation. ({) o S l o
-.-"'.:' & .. . '- .‘ o - - % . - ) \‘ o ‘& .\l T ' ’
'A'i’ . ) » . .‘t-

Gosman at al [6] describe a procedure of el 1m‘lnat1ng the pressure

v
T

- A . P, from equat'lons (2) and (3) b,y differentinn with respect to Y, and

o . . . o

[
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3 respective]y and subtraction. As is described in Appendix A, their

formulation when appiied to equations (1) to (5)*Yesults in

3 i)--(ml) (——*f-—--)-—("-’-llwap
. a % - ax®  ay?  ax 2 ay
LR UitV WLy (6)

. _ay A S\ - -
(_1+_1)+m-_.“" Rt

p~ ax? . ay

Tl)?i(rl)‘k(aT Ty io -
',,ax a_. , ay \\ax " Cp a:\;?_.‘ay?. T o
(sl) a(sl) w(asa“) S qe)
S ay o w act aE L
where the stréam function, y, is defined by '.
.f,qa.aj’..and t‘pv_=-ﬂ '
oy S
oo Vortfcity; w, 1s defined as* - 7 R
Cox vy T ' '
. ‘ 4% . ' b

Inspection of equations (6), (7). (8). and (9) and the definitions
.',of vortici ty and. stream function shows that a solution requires

"determination of the dependent variab‘IeS. Ys io. T. Si and. P over the -

(x.y) co-ordinate system in the region of interest. This necessitates

- the specification of an appropriate equation of state. expressing the

.o

"-(8-).»v.\




density. £, in terms of T and S. The approach of Lafond [8] was

empioyed in the. present analysis Name‘ly, the density-is expressed as

_follows: -
p = g, + 1000 T S (10)
where ' ) -
.. f . ‘ . :. - .
'.qt'=,z.’.'-+ t_& -4;,0'.11324. ];[ 1-A,+8; (o, -0.1324) ] S
T w U-398)2 T+283 '

- 503 57 r + 67, 25 L |
A = T ( 4. 7867 - 0. 098185 T +0, 0010843 T’ ) x 07 \
"lt=T(1803-08164T+p/o1ss712),xm‘ e
}:c;,_=_,-1 0.093 $.0,8149 S 0.000482 52 + 0,0000068 5°

 This density 're'iai:ionshj?p._is sunlnariied 1in i-'igures 2 and 3." . /"

In order to conc1ude the specification of the analysis, the

k associated boundary condi tions shou]d pe considered. At the 1eading

‘edge .of the ice sheet, that is at the bottom pf. the plate 'For upf'low o )

: or the top of the p'late ﬂ)r downﬂou. the f'luid is assumed to have no '4

velocitx in the direction along the plate. Hovlever. the ﬂuid couid be R
’ ﬂowing in a direction normal to and- towards the ice surface. If this

is the case. the fluid would be flowing uith zero shear stress and :' -

with -a temperature and sa]ini ty equal to thé Vaiues far removed from

:'A the uai'i Thus, at’ x = O (except fory & 0 )

et e o ey
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) ‘ ,
. /' '
W 8'0 \ \ . B 7
AL ‘
] w = ()
T. = Too / ‘
Ses | ~ G
Far removed from the nall the fluid is.at T and So» and possesses a
zero v component of ve]ocity. In addition, 5—-is assumed to be zero
and 3-15 assumed to be smali enough to be negiigibie. Thus for 1arge y .
. T =ith L .
$=5, :
;Along the ice surface, for y\- 0 the melting phenomena must be ' ,j L i
-Qaccounted for in the boundary conditions. The u component of velocity - |

L s zero. but because_of melting, the v-component is non-zero. Heat ‘.
d'conduction into the ice is neg]ected for simpiicity ( This corresponds :f P
'J'to assuming thdt the ice is at its fusion temperature throughout ) f.,'i;:i'
’_Therefore, the heat transferred to the ite by conduction through the - \ )

~ fluid immediately adjacent to the. ice can be equated in the steadbp ég}:' -

‘state,’ to the heat required to melt the ice. Thus, the’ iocai v-component{’fz, ;'ﬁii:“

of velocity can be expressed as\ l ‘ ,_-'.:;; "~‘ﬂ?-, f-v },“i-,':'h‘g f.),jﬁﬂ;n
) ; , - t . B L - B . 0 HE - . .‘ ..:.‘ -..‘ )

: o\
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Hence, i.f:the temp’erature profile were.known, the';fst_r_eam function

cou'ld:b‘e evaluated along the ice"shee_t'.‘from ' ’.

. x : !
Y= - I pv dx ('12') .

0 \

The- steady state local salini ty at. the ice surface can be evaluated by

:equating the convection :of salt away from the ice by the meltwater to

. ;:tlie molecular diffusion of.salt towards the ice. Thus

SR _
s _n_ gg ; Skel L (13)

A

.'-".‘-Once the wall salinity, is; kno«n. the 10“‘ f“51°" temperature can be

4“~'evaluated using the relation from Neumann and Pierson [10]

,'.)

T - - '0.003 - o’.oSz7 s.'-'o~.00004’s=."'. e » (1.4-)_"‘3

, ".7
Obviously. equations (11), (13). and (14) are_ linked and must be

‘solved iteratively. Nhen this is done. the wall vorticity values ma_y be : R
ipwlgibu applying equation (7) oo .

0o
If the analysis were based upon boundary layer equations. the
' ’ boundary condi tions described so far would be sufficient to describe
,7‘-} ,the flou near the leading portion of the plate. That is boundary
conditions would then need to be specified onl_y at the leading edge. at

the dge, surface and far, removed in the- direction normal to the plate.;‘ "“

Q

‘ -»Houever, _if a fully two dimensional solution is to .be found boundary

".,conditions must be specified at the dovmstream end This requires that

L '=';the flow geometry be carefully specified. T

e , . o S DL :
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‘ length imersed in water with all: other solid boundaries or air-water

t ."interfaces far removed from the ice sheet. Another possibility would s
be to @_n/s'(der a vertical ice sheet inmersed to a finite depth below a
T :.:‘"'.;horizontal air-water interface in water of infinite depth Hhile“" >
‘éﬁzf‘&‘"downstream or closure boundary conditions could be written for either

,;:I_ '.of these cases the solutions so obtained wou‘id presumably depend upon

' ;generality. Each of the above cases very well might- warrant '

‘ investigation on its own merits, but the present work is more concerned
C with generalit_y. To achieve this, a finite leading portion of a long

‘ verti cal ice’ sheet has been considered It is assumed that the 1 ce 1 .
"sheet is inmersed in water with all other boundaries far rembved fr0m o |
the ice surfi\ce,]and that the ice sheet is much longer than the leading
' portiOn over uhich a solution will be found This implies that the’ '
e ,f'length of the region of interest of the plate may be ari:itrarily chosen

too appreciab‘ly at that point. Then the closure boundary values for
these variables can be found b.v extrapolation from the interior fof the
.'5;1_1 ;region of interest The implications and validation of this procedure

_':;is found later in the report.. S TR ; Lot \

=

R T IELES ' '}» '
W to (14), a solution can be expected only for- finite values of the x , J’
R

co-ordinate. A number of . choi.ces for the flow geometry, therefore, S o

exist. One could consider the flow near a vertical ice sheet of fini te ' -

>

the length of the inlnersed ice sheet, and hence may be lacking i n

\ \ “uAL:r

SR

provided the x-direction gradients of m, p, T, S and p are not varying

- . R . - .

""For'. thépresent, the boundaryconditionsdiscussedahove and : g
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sumnarized in:“‘Figures 4(a) and 4(b) provide sufficient information to ‘ e

w permit the simultaneous solution of equations (6) to (10) ifr an . \ L
L , appropriate solution method can be found Equation (10) is algebraic L
whereas equations (6) to (9) can be classified as elliptic partial ‘

\ :“m differential expressibns. Becaué o their complexity. direct

: \ o application of numerical methods 'Is n cessary. l’n broad terms, G e

i

4

i
1 analytical solution of- the equations is not possible. and the T ‘}

3;

':. numerical solution can be obtained by approximating the differential
'equation? and the boundary conditions by either finite element or
fini te, difference techniques and solving the resulting set of -

.‘jﬁfapproximaqe equations. SUCh techniques are described in detail in the

D oL i.‘literature ahd their characteristics can be sunmari zed briefly..ln both‘,
T ;‘_i“cases the region of interest is discreti zed and the equations are

L - integrated by approximate methods oVer smal‘r discrete areas. This ', "j"s: " q 'f;l“'
?.results 'in the case of the finite element method in sets of o
v Y e

, ’.;'(simultaneous linear equations normally in the form bf banded matrices

., o ;::Nhich can be solved on a digital computer 051"9 appropriate mﬁt”" RN I
B -‘ ‘:techniques. A characteristic feature. therefore. is that large amounts 5
L af computer storage ma.y be necessary with relatively small expcution " “\ i ’
R .;. j:';:':-"_f:'."f’._tines for a part,icular problem. In the case of finite differences, L o
SRR : \::,-l'iterative methods haye been devised which result in lower computer W
\ )storage requi rements with longer execution times. Because of the _ TR SO S
L favailability of : PDP 11/60 computer with modest swraga facilities but R R0
':i. 3 free time within the Faculty of Engineering and Applied Science. fini te f"'? RS b

. ‘.. difference methods were chosen for the Present work. o L ‘:—:.. ;
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Sl Basi Ca"Y. ’the Scheme developed by Gosman ‘et al [6] was empioyed-

".as is out'lined in Appendix B. This consisted of approximatjng aH
, ':7{',; . ';‘:' 'terms in equations (6) to (9), with exception of the convection terms..
‘ 'i '.'as identified in Appendix B. by centraT differences with the upwind
di fferences w discussed by Gosman et a1 being emp'loyed for the |

‘ ::",'convection terms. The basic computer programne given in reference [6] S
T \' K i '

could have been employed in the present work with appropriate

' modification to incorporate the boundary conditions. HoweVer. this

rogramne .'w s' written in a genera1 fonn to permit calcu'lation for a

:'poiar cylindrical co-ordinates. If appiied to the present case without PRI \

’l‘..\'

isubstantial modifi cation, the prograrune wouid caicuiate many parameters.:,

,f~':'. during each iteration even though the va'lues would not change from'

o "'.f_f;iteration to iteration. In view of this, an abbreviated version of the e
:-'progranme had been written by Hi]son [19] for the simpie case of

=

".'_'A»‘:-,‘laminar fiow over a fiat plate.,This version was Hmited to considering'r-ig-'
S ) .‘:.:;'_,..u and \p on'ly with constant f'luid properties for a variabr]e grid in .
; :..‘ICartesian co-ordinates. It featured storage of the bulk of the A
: R disk with aﬂ

e .;fminimum number of variables being stored in the computer memory at any S

.'",'.;: f;':.;‘;"' ’l‘;:“f.'.‘_f:intermediate parameters and dependent variabies on'

A ;ijone time. A suitable scheme was incorporated to transfer information

PR

‘between the computer memory and the mass storage device. The net resuit}‘;“}-i:” S L

was that a. large number of grid Hnes cou'ld be considered with a 1imit

: i being impbsed by the capacity of the disk rather than that of the

‘ I

| 1;;-: computer memory. The execution time uas minimized by caicu]ating a]i | e
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haﬂjtemperature and salinity. the free stream values were employed. Results :T

';f; without a‘high speed processon. Of the various facilities available for

constants on a once-and-for all basis in a seperate programme which

was run to. supply initial values to: the data file on the disk As part
_;of development of the coursework material”éﬁ@ﬁéference 119] the ";ﬂ :
programme had’ been tested against that of Gosman et al and yielded |

identical results for idehtical conditions.

‘ l , f [N z, .ul ‘~‘,. O ~‘\ . o ,»,.’

-

The pair of programmes from reference [19] were modified to

incorporate equations for temperature, salinity. and density and tou

include the bdundary conditions for the present case. This resulted in

, ?A typical run was conducted by first specifying the T Py and S

values to the initialization programme fh order'to create a working nffvgff* f. RS

data file on the‘disk The main programme was then run until it had : W;V{};H
conVerged that is until each of the m. ¢. T. and S*VBlues changed by ‘

less than 0 0001 of the reference values. For vortiqity and stream

functions reference values were arbitrarily chosen as! 10., and for f,f;- .

were then plotted using various programmes. and transferred‘vo'another 3-',fzj}1A

disk for storage. Typically. a run would require about.800 iterations

- \

excessive by the standards of a large’combuter facility, it should be

recognized that the computations were performed on a minicomputer q'};“ f}z‘i'

this work, the hands on control over the programmes and the plotting

facility more than offset the disadvantage of long execution times. 1h:§'iuﬁiﬂ-Jl“
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‘@ RESULTS AND DISCUSSION ~ =i
. Before presenting the numerical results in- detail, the validi ty
-_'of the finite difference approximation must be established. Two main
‘_ \"aSpects of this analysis require attention - namely. the appropriate-
; ‘ness of - the grid utilized and the boundary condi tions applied at the A

downstream end ps is described below. Sui table pmcedures C°“1d b‘?

\

i' . " ST
Lo N
: \

t.,’f-"';same spacing in t e y-direction but the plate lehgth increased to ]
| o 731 m, the same spacing in the y-direction but half Spacing in the
-}x-directioﬂ. and ihe original spacing in the x-direction but half |
= "“spacing in the y-direction. respectively. The programnes were run‘ for

‘ ",V,condi tions for each case. The streamline patterns obtained are as,&shownl

) that the 25 by 41 node grid gives the same streamlines as the 51 by 41
o '5node grid Since the y-direction spacings and the first 25 x-direction
'j.;shown to be insensitive to the location at which the downstream

.':f"boundary condition is applied Furthermore. if these extrapo‘lative

R

o ":.;fboundary condi tions were erroneous, shifting the location of their ﬁ:-'{,_-." S

. I )
! ) . e .
SERETEEN

e application would signi ficantly alter the results obtained over the

o

,'V_l,‘l:f,;.devised to examine each of these aspects and thereby to validate the

o :'fresh water at T 4 "c with the previously deSCribed boundary A

in Figures 6(a) “to 6(d) Inspection of Figures S(a) and 6(b) ShOWS

"f Spacings are’ identical in both of these cases, the solution has been B "

, ;
‘. .
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ieading portion of. the p'late. Since this has not occurred it is

.conc]uded that the downstream boundary conditions are acceptabie for

eithergrid . .j ' s L s

In Figure 6(c) the x-direction grid‘spacing is ice s fine \as '
K .the stream function solutions are identiCai, it can He. &on
.the xadirection Spacing of Tabie lfa) is sufficient

. L flow. phenomena. Simiiariiy, the y-direction spacing

'-;.h,'xtwice as fine as that ‘of Figure G(a) nhiie the x-dir:_ snacings

""""

t'l
'A _:are identicai The good agreement between the resu'l ting‘&reamiine o

patterns vindi cates the use of the y-direction spacing of Tabie l(a). ’_\ P
" . . I 2 Ll - . \, . N B y

A _'”+ From the above tests it is conciuded that the 25 by 41 node grid
o can be ut\iiized for the analysis and‘ that the downstream boundary p

e conditions are appropriate. The various impiications of the resuits "’."‘

AT . .can now be examined in detaii ,3\:‘_ S AR T A LI

. Yo KRN

' \ ( R Fon,the fresh water case, the saiinity was set equai to zero x

RN TR 5 NFRARE
B ;.‘v:_throughout the fier and the meit interface temperature was set to L
R "‘f:-;‘:,zero The resuiting streamiine patterns i‘or representative fl_' ;-j;'. SRR S S

TR ,'-' -;jtemperatures are presented in, Figures 7(a) to 7(f) for a portion of’ w0 ETRCE D
@; :, :the fibw fier from ’the ice waii. which is aiong the x-axis to \ .::-'l'f . «
PR ) y =,0*020 m. Inspection of Figure 7(a), for exampie. shows that forvi'i‘-‘; ;
. T 1 °c fiuid is: entrained far from the waii most strongiy at the : o

L v',\-\iower end of the piate. That is 32 s greater for smaii vaiues of xf':: L
IR than for iarge vaiues if y = 0 020 m. Sinceuv 3, - l# the f'Iuid at ;
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ﬂ?’fbe readily examined except for the near wall regions=

::vfthe free stream temperature can be determined for temperatures well

71}streamlines are more closely crowded together over the whole of the
i}jfflow field. This corresponds to a more vigorous entrainmentland

f}}pumping action. This trend was found by running the programme fOr
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large distances from the plate flows essentially nonzal to and towards

velocity decreases for decreasing.values of y and u component of
I

.“Velocity increases. ThUS in this case, fluid is drawn towards the ice

;;.‘;.The behaviour of the streamlines immedjately adJacent to the ice

S

B ﬂjsurface could be examined in detail to yield information concerning ,
N :\ .

. ithe melt velocity. v, at y = 0. This is examined in detail later. For

1\ .

“'f:;the present. the effect of varying T on the streamline patterns can

n-‘ifbelow 4 °c which is approximately the temperature of the density

[N

o ,maximum in fresh water..aenerally, for the increased temperature.‘the

¢

.}f,numerous cases. to be valid for temperatures in the range o < T < 2 50
-:ﬁ°c. If T is increased beyond 2 50 °c. the streamlﬂnes become :
S fprogressively further spcead apart indicating overall lower fluid

“/;&ji”exist in the outer portdon of the thermal boundary layer for values of

"'.ffT approaching or surpassing 4 °c. Figure 7(c) demonstates this. and

K ny{coul

Jialso&;epresents the maximum value of T fbr which stable solutions

be obtained for upflow with fresh water, ’_rj,.;ﬁ,

: -'surface and then essentially pumped upwards by the buoyancy forces. ?}-”'*

cedte s

Tfj”velocities. Thisrresults from the relatively 10" buoyancy forces which |

. - . AR MEESRRE
. . T T A
o N it e e R a0 T R
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, the dCe surface. For any constant values of x. the v oomponent of : ‘iﬁ1-" )

\. u o
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For 4, 50 < T < 5 73 °c, converged solutions could not be obtained
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. E -ffor either upflow or dowhflow. The programne was run for up to 1200

‘ B 'l;iterations, and it/was observed to.yield results which oscillated B
- Various grideeonffgurations and degrees of-under-relaxation were .:f:f{f'eﬁ“;f? .i*fe

ST "employed to obviate this difficulty but all attempts were unsucceszul ;l; H;t |

-‘In general, two dimensional finite difference schemes Such as ‘the ':' DU U N ,‘

~,,,'p"95?"t work can osci]late for steady state. flow C°ﬂd1ti°"5 lf the 9"1d o

. .:""";'j 5 :or the boundary conditions are insufficient to- describe the phenomena.
o or if the flow field itself is truly oscillatory. The present analysis
. , :'-,_is cappble of describing steady state recirculations as is discussed‘,\ s

= -:.below pertaining to Figure 7(d) The temperature range through which \ 7':'” .:.'. ;

: L
. ‘the present soluti on was non-convergent corresponds approximately to

: _l that in’ which the analysis of Bendell and Gebhart fai ls to obtain

' ;:"solutions. It also correSpondsxto the range in whith the experimental

. temperature. the fluid fan from the ice wall is significantly lighter

' ““.'than that near the wall Theﬂfore, the fluid nearer the wall flows
z generally downwards. In the region very close to the wall o y < 0 003 m ). -,.:; »
, .‘-."the fluid density increases with increasing y resultfng in a localized \ "f A

‘:'“Aregion of upflow. Hence the = '--0 002 stream‘line shows upflo\'l "e*"' .' v‘
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R T S the wall. and 2 turning ~point followed by downflow further from the " Lo

“-\‘_7-_ _,'_._,4/

:."‘ .‘ (RS ."_ ':;‘ wall The sharpness of the turning point in this streamline is N .\;'

,"' f i oL partially attributable to. the algorithm used \for producing the X "

E ,’_streamline contours from the stream function data available at the ‘ \ :
| v t'* nodes. ( Linear interpolations were used ovelr a rectangle ehclosed by ,\
- ‘\ g ‘four adgacent nqdes Jo. In order. to more adequately describe this TR §
;__j L = . turning point an excessively fine grid wou‘ld be required R SRR A

Lo \k ! In Figures 7(e) and 7(f), the streamline patterns ~for T :,,"14 0 °c‘ g
o ;~j~‘and 24 0 °c are presented In these cases the near wall upflowing =

‘.'region has disappeared because of the/increas.ed shear forces resulting N \ . i

- Sl from the more vigorous ownflow. TR AR R
- Tt - T el PR . ) * VAA "_...‘ ’

- The velocity profiles at a distance af X = 0 5029 m along the g -
plate are sumarized for\selected free temperatures in Figure 8(a) A
| ’ /where positive velocities indicate upflow. For T = 2 5 °c the maximum "}
LatRL T s ‘velocity is igreater than at 1 S and the maximum velocity occurs nearer:

i | “'."?“the wall At 4 Sd °c the peak velocity is 4decreased due to the . s _
.decreased net buoyancy forces. and the maximum has shifted towards: th -

,wall. For T = 5 73 °c. a slight ,giy,andseveloc 1s indicated near

*""'-f\the wall wi;th a wide downflowing region away from the wall A§ T 15

-.';;,fj’,further increased the downwards flow increases substantially with the I"C_""f- U

""position of the maximum velocity shifting toHards the wall EPNE ,f.'_* E
IRERA _ ae e f':. ‘-',";‘-...j*.‘."_isl A AT
The melt velocity distributions ( v a@y = 0 ) uong the ice ' .
o v - ; . ',i surfaces are sumnari zed in Figure B(b) Generally. for each of the : ’ : s
ST el rahges 0 < T < 4 50 and T > 5 73 'c the melt velocity is highest at BRI




-near wall buoyancy effects are.no 'Ionger visibie. '

the leading edge of the plate and decreases with increasing x. Also

for each range, the melt velocity increases with increasing T . At ——

T_ = 5.73 %c when recircuiation is present, the melt velocity is

higher at .the leading edge than at T_= 4,50 °c, For increasing x it

then falls beio\v that ot the lower temperature because of the lower

near wall upwards f’lowing portion of the longi tudinal f'low. The u
1

' component of vei ocity can be determined for any va'lue of xby u = "%- .

P
Typica'l veloci ty pofi les at selected positions along the ice surface

are shown for selected temperatures ‘in Figures B(a) to 9(d) For.

T = 4,50 °c the velocity profiles are whoiiy upward. flowing with botb,
- .
the maximum ]ongitudina] vel ocity\ and the boundary iayer thickness
Y
increasing for 1ncreasing distances along the plate. This same trend

was observed for all profiles, for 0 < T, < 4.50 °c. For T,=5.73 %

: AW
" the dominant flow direction 1is dounwards with a smal1 region near the

.b

wall possessing upwards velocities. Both of the local ve'locity maxima
and the recircu'lating boundary layer thickness increase with increasing
X As the ‘value of T, is {ncreased beyond 5 73 %c the upwards i-“lowing

portion of the boundary layer progressivei y ‘decreases. in magni tude and
thickness until it disappears at T, = 6.00 °c as is shown in Figure;
9(c). At this value of T, the viscous forces exerted by the outer

-

pﬁrtion of the flow are just sufficient‘to overcome the upwards bubyancy

forces in the fluid near the wali. For” higher free stream- teinperatures

the viscous forces Qecome progress%.yeiy more dominant and the velocity . )

profi les ta’ke on shapes such as those of Figure 9(d) i Wi dthiethawpwards

-22-
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Typical temperature profiles are summarized for x = 0.5029 m in
~ Figure 10. The trends in thermal boundary layer thickness can be
degﬁribgd as follow;: For T, < 2.5 ¢ the thickness progressively
'decreasﬂﬁ'and tﬁen;increases for 2.5 < T_ < 4.50 0c yith increasing
temperatdre. For.5.73 < T_ < 24.0 %c the thermal boundary layer
thickness.progressimely decreases for increas1;g<temperature. The
growth of the tﬁﬁrmé] b0undany layers is showﬁ for T = 4;54‘°c:an&. )
. 5,87 ¢ iﬁ Figures ll(i) and_;l(b) respectively, \

The local Nusseit number, Nu,, can.be defined as

aT
oy |y=0

7. the Nusselt number variation along the plate can be determined for

is evaluated numerically by a second order approximation,

- yarious free stream Qater temperatures as is shown in Figure 12, In

many applications the mean heat transfer coefficient, h, overia length

.+ &, of a plate is of {nterest. It is. deterwined from " s

1 l ‘ >
] , ﬁ = —[ h dx. ) .
’" 0 o € \

/ : For the#preéent analijé the above integration was pgrformed'numéyica11y
_to permit the calculation of the meahﬂNusselt number .values presented
in Figure 13. The ﬁreseﬁt.anaiysis.is in rgasonaBTe agreement withjthe
experimental data, S
o ' i : "The findings: so far 1hdjcate.that”ﬂﬁfiialysié 1§‘basically-valid

¢
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A

for fresh water for temperatures in the ranges 4.50 > T_ > 5.73 °c.

Improvements could passibly be made to improve the agreement with

experimental data in this range, and further work is indicated to

investigate the non-convergence of the programme for 4.50 < T < 5.73
°c..Howe¥er,'the~resu1ts presented so far are satisfactory to vindicate

extension' of the analysts to the saiine’water case for which no

, 1nformation'{s presently'availebIe-in the-]iterature.

- : : . _ ..
For S = 5 D the streamline patterns for se1ected teMperatures

- are presented in. Figures 14(a) to 14(e) F1gure l4(a) shows that as was
~the case for fresh water for. T 1 °q,f1u1d 1s entrained horizontal]y -
' ffar from ‘the wall most strongly ‘at the 1ower edge of,the plate. Because

of the low free stream temperature, which 1s far below the- temperature :

of . the density maximum, 2. 93 °c, the’ f1u1d far from the ice wa11 is

significantly heavier than that near the wall, Therefore. the fluid

near the wall flows upwards. Comparison with Flgure 7(a) ‘shows that-

. the.intreasedfsa11nity resu]ts,in'more closely'spaced'streamlines which

o

- ’ . . * ' .

indicates a more‘vigourous entrainment and pumping action..Upflow-was
found to exist for 0°<'T_ < 3.87 °c as. is shown in Figures 14(a),
14(b) and 14(c) As the temperature was increased from 1 ‘c to 3.%¢

the stream11nes become more close]y crowded as is seen by compar1ng

‘Figures l4(a) and 14(b). If the temperature is increased beyond 3%

.the streamlines become less closely spaced due to the decline in the

buoyancy forces 1n the outer portion of the boundary 1ayer. This trend
continued up to T = 3.87 °c for. nhich the stream]ine pattern 1s shown

in Figure 14(c) o .. .
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As was the case for 'fresh.water, a range of temperatures was found

for which converged solutions could not be 'obtai‘ne,d_..For S.= 5 ¥, the

same oscillatory behaviour was found in rurning the computer programme .

for temperatures in the range of 3.87 < T, < 20.85 %. It is \noted that

the range of fnstability has widened as a result of the increased

salini ty.

L
.

' Soiutions couid be obtained for T > 20.85 O¢ and. stream]ine

. _patterns are shown in. Figures 14(d) .and 14(e) Since the fiuid density

s, significantly greater hear the wall than the density far away. o

e vigourous downf]ow results with the greatest entrainment at the upper -

-end of the p]ate. ‘

Y

" The veiocity profiles at x = 0, 5029 m are sumnarized for selected

free stream temperatures in Figure 15 For T, = 3 % the maximum

. veiocity is greater than at'l °c and the maximum veloci ty occurs nearer o

the waii. At 3, 87 c the peak veiocity is decreased s1ightly -and it has

-shifted towards the wai’lf As T increases to 20.85 'c, the cri tical

temperature of dominant downflow where converged so]ution could be

found it shows that the f‘low is purely downward The magnitude of the :

do«nward Ve'locities is seen to increase with increasing temperature

and the posi tion of the velocity maximun shifts towards the wall

. _Typicai__._temperatlire prof-iies at x‘é ('l',5029fm are sun_miari‘ze'd,, in

Figure’ 16, S'ince the ltgcal temperature of the pl-a-te is given’ by .
equation (14) in which the saiinity of the ice surface can vary a'long

the plate. negative va'lues of Tw are seen. For T < 3 °c. the thenna]

o ‘-25‘-.- ,
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botindary layer thickness progressively decreases and then increases for -
3 < T, < 3.87 % with increasing temperature. For 20.85 < T_ < 24 °c,

the'thickne'ss progﬁssively decreases ‘for,increasing temperature. .

The salinity pro‘fﬂes at x = 0.5029 m for selected temperatures.
are sumnar'lzed 1n Figure 17(a). It iS‘clear that the' concentratinn

.boundary 1ayer is thinner ‘than the therma’l boundary la_yer and the

‘ f'-',hydrodynamc boundary layer. This can be observed‘by comparing Figure ‘. SR .

v _"17(a) to F'lgures 16 and 15. Figure 17(b),/shows the Variation of the

. 'f'wa]l salinity. Sw, a]ong the p]ate for various free stream temperatures, R

U ,‘lt 'lS seen that for va'lues of T 1n which upf'low is dominant the waﬂ

_ "salinity increases very sharply near the leading edge and then more

"slomy with 1ncreasing distance - a1ong the plate. In this range, .

R increaSes 1n the free stream temperature 1ead to overan decreases 1n

g the wal] saHnity. For T, values 1n the higher range which produces '
‘.donnflow. the wall saHh'Ity va]ues are very much reduced by the higher

tonvective action. 1In add1t10n, near the 1eading edge. the wall . -
B saHni ties r1se rapidly td a maximum value and then decrease slovny

with 1ncreas'|ng x. :

- vep o
.\\

In° Figure 18 the 'local Nusselt nunber variations a'long the p'late
: are presented for various free stream temperatures. For T < 3 9 the .
: local heat transfer rates increase with 1ncreas1ng temperature. and

' ,}then decrease in. the range 3 3 T < 3 87 c. For the downf'low region
the local heat transfer rates increase w‘l th increasing temperatur&e.
N K ’ '\ : sl

' For r;,xa 2+%, se]ect_‘e'd s;;‘;’.a;ml:i'ue pétterns;~are presente'd fo; o

26~ Lo
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VIR~ et

- 2‘2 In’ the region very close to the wall { y < 0 001 m ). the gradient

" differing salinities in Figures 19(a), 19(b). and 19(¢). If these -

figures are compared the effect of increasing the salini ty can be
established. The streamlines are more closely crowded together. This
implies that as. salinity increases. the fluid velocity along the plate

v, . . M
v . .

is increased

, The velocit_y profiles at X, : 0 5029 m arefsunlnarized for selected o

‘ "free stream salinities in Figure 20\. For high salinity the maximum

: velocity is greater than at low salinity and the maximum veldcity

"'-in Figure 21 As the salinity is increased the thermal boundary la_yer

o ‘f_ becomes thinner, the fusion temperature at i:he ice wall dedreases and
‘ol
) 3y

\
increases at y= 0. Hence, the. he’?l”t transfer or melying rate S

)

increases‘

‘<r ~
.1‘-

| ‘of salinity in y direction at high salinity is greater than at low
salinity. This phenomenon is the dominant factor which affects the '

. % ." . l‘ ' ,“.
P N o,

ln Figure 23, the variations for Nu a'long the plate for selected

-

o especially at a large distance from the leading edge. the Nu at high

Typi cal salinity profiles at X = -0, 5029 m are sunmarized in Figure

—

,'density gradients ahd produces increased buo_yancy forces. _:-.{ T

.4'.»'

o ',"free stream sali nities are presented For a given value of x. "'3 :

“ L salinity is greater than at low salinity. \ ST S C
: L . o SO oo :
' For T (e 22 'o, solutions could be obtained only for S ‘ 5 Z‘.
. Py RN PO S Lo

A .
by Jovisnn .

L fvoccurs nearer the wall The variation of the temperature profiles R

L evaluated at x = 0 5029 m is shown for different free stream salinities ;-" i

. }.‘1 . ‘_;:~ '

/



; - . . / | ) ) ,_
. - :
: ,Typiga] streamHne patterns are presented in ngres 24(a), 24(b) and . v .
} ‘ 24(c). “The streamHnes are spread apart successive]y more widely o o
- ot spaced towards, the downstream end for the: 'Increased free stream .
V_salimty 1nd1cat1ng a decreased f1u1d ve'locity a‘long the p'late. Figure R _\4"

) 25 demonstrates th‘ls and a]so that the peak velocity is nghtIy R - "

i Fy

'Varemoved from the 1ce surface for 1ncreasing sa11n1 ties. The variation

o i of temperature profﬂes eva'luated at x 0 5029 m for selected free .

.;;stream sa11n1t1es 'Is not appreciab]e as shown 1n Figure 26 ¢

' \ The sa'linity profﬂes at ".-" 0 5029 m are sumn&ri zed for se]ected

\ v;‘f"f-' 7:"..";.'free stream saHnities in F‘Igure 27 for ;y = 0 01 m. In the region very

SESm e i:.:{:,dose to the wa'H ( y < 0 0007 m ). the gradient of saHn'lty 1" &

',“\":". ;"",.'.: .v..'.direction at 5 #15 nearly the same as at 3 o For 0 0007 < y 3 0 002* m- “ : “
o thé slbpe 1s 1ncreased for the highel‘ f““d 53“““’" Hg"h 28 shows

fg?the Nu d1stribﬂtions for se'lected free stream saHnities. The 10631

"‘;‘Nusse1t number 1s decreased succes$1ve1y with 1ncrea51ng saHni ty

- ~espec1a11y at higher va]ues of x. ;'_l;v. :_ff‘,_.'{ R
. Finaﬂy. the overaH heat transfer results are sumnari zed 1n
o ok

S \"l{‘"‘, Figure 29 for selected salinities An; the range 0¢ S < 35 %‘ For
- upflow the overal] heat transfer 1ncreases markedly With 1"‘27'&351"9

saHn1ty. The temperature range for stab'le solutions 1s broadEned to

the extent that for S > 5 ?staMe somtions could not be found for

o
‘\




CONCLUSIONS . .

N

ALCAF n1te-d1 fference technique 1s deve]oped for pnedicti ng the \\

steady state natura'l convection heat and mass transfer ta 3 Vertical

. ice ﬂat p]ate 1mnersed 1n fresh or. saHne water. S e e -

- "A\\ ', :-_ 2 The results show three distinct f]ow regimes- dominant upward

Ly _"-:" fresh water for 5. 73 < T < 6 00 ° ci ' e "‘;'
SEI . K . i . " ‘.,‘ o ._“‘\::' : PR .“.. :, :.i,.'. b

B ée'

: o R 4 The buoyancy caused by dens'!ty differences resu‘lt‘lng from the R
e ) j saHni ty gradient is stronger than that from the temperature gradient.
5 As Q. result of the tempe;ature and saHn'Ity exchange, 'lt 1s S

t noted that 1,. dominant upward f]ow the Nusselt number at h}gh sa]inity
15 hi gher thaﬂ at low salinjty. whﬂe 1n dominaht downward flow the

R N '{Nusselt number at high saanty 1s lower than at 'Iow saHnity. j AT
i 6 For fresh water, the resu'lts 1ndicate that the cal culated
e - values of owerall heat transfer 'Ih dominant upf'low reg10n are s‘thtly .

L \:..' . :-,Q;_higher than the experimentﬂ data of Bende'l] and Gebhart. . f‘ L

f'-;‘_:j‘f. where the steady state solution wouM not converge for fresh or saHne

dm
s

3 The c}lculated streamfunct'lon shows that near the waH there L

exists ,a noted upward flow 1n the dominant downward flow region for Lo

' 7. In orden to 1mprove the resu]ts and overcome the difffculties =

-' f]ow, dominant downward flow and a dua] flow reg'ion. The analysis does ; .
not yield stable results for an conbinat'lons of sa11n1t_y and ‘
P terrperature. and further work 1s suggested to 1nvestigate this problern. . RS
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NOMENCLATURE

1

Constant pressure specific heat, J/(kg °c)

D : -Diffusion ‘cbefficient.-m“/s |
, Acceleration of ~gra~vity, m/s? o E
' :. ‘Grid number in X direction

- 'Grid nurber 'ln y direction

.;‘Thenna'l conductivi tY. "/(m c) '
L 3 ASpecific internai energy ﬂey- unit mass, J /kg
N"x ;‘;j,"'Loca'I Nusse‘lt number PR
| NE ,‘_'f:":Mean Nus,seii: number -’.;.

. PreSSure. kg/(m 5 ) ST LI T B

B .
Pr— 'g Prandti number o

Loca’l salinity of fiuid %vor g/kg

: Schmidt number

)

.' Buik salinity of fluid %'or g/kg

)
Saiinity of p'late. #or g/kg S

. Local temperature of ﬂuid 'c ‘
S Bulk. temperature of f'iuid R

Tw H -'uTemperature of plate, s

3 :'Vortic:lty, s” RO -.. “

-;'Cartesian co-ordinates Lo _' i '_ z

'_.Veloc1ties in X and y directions. m/s

X-Y A dey forces 1n X and vy directions. kg/(m ;‘:’:z;
X ¥:A~"'Local density °f ﬂ‘”d' kglm’ L

e 'D_ynamic viscosii;v.-,,_g/(m S) A l R
RE A'Streamf function, kg/(m S) o |

Bk gl
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. ~ - Table'1(a) . Hesh Sizes' of Grid for 25-by: %1 'Node Grid: ~ . . ..~ "'~ |.
j ‘ "_ g = e ST S ‘fl.'-" e
B o Tl )'-_'(_m) LSRR [
g ;. o ooooo e T U 00000 ARSI |
E : ..“_ SR Ry _- o 00050 A
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5. ";0.05260 ' IR © 0, 00220 ' :
T 70507380 2l w6 - 0.00292 "; } A
a7: 10..09950 AR '0.00364 .-
8 -+ 013100, . 8 .0,00450-~ -
9 L. 0516900 "9 0. 00536, '-' -' ;

.,,».o 20540 - £0.00640 ", .
o 28260 0 S T ;.~ .0.00748 "5
027980 - UL qg s TolopBeg L
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©i0,61440 T ©70,02600 .
* 0.65160. F ©0.02910 1+ -
5 0 68880“ .;,--.‘,."-23,-1- y 10,03220.
0.72600° [ vt ooan LT 003530\
¢ -'076320 i -.0.03950
ERR- A e 260 "' oy '-‘ 0.04400.-.
ST e '. 0,04840
; :0.05380
N "'0,05920"
.,=".;f -~ 0,06560:
'. 0.07200.
o 0.07970.
L ‘ L 008740
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0,13750
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=0, 1szso-~.-::.
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Table 1(b) Mesh Sizes of Grid for Testing

x (m)

.
0.00000
0.00953
0.02120
0.03530
0.05260
0.07380
0.09950
0.13100
0.16900
0.20540
0.24260
0.27980.
0.31690

+0.35410

0.39130

¢ 0,42850
0.46570 T

0.506290
0.54010
0.57720
0.61440
0.65160
0.68880
0.72600 .

. 047632g .

0,80040
0.83760 -

0.87480:

0.91200
0.94920"

'0.98630
°1.02350 ¢

1.06070 *
1.09790. °

1.13510

1.17230°

v +."1.21020

1.24740 * -
1.28460 .
1.32180

1

o 4 '

v

* %ith 51 by 41 Node Grid

x (m)

1.35900
1.39600
1.43300
1.47000
1.50800
1.54500
1.58200
1161900
1165700
“ 1.69400
1.73100

\

& .

i bt s g0
N =

S

—
oW

15

[N '
OLVLONDUI W

qu)

0.00000
0.06050
0.00100
0.00160
0,00220
0.00292 .
0.00364
. 0.00450
0.0053 ~— ~
0.00640
0.00744
0.00868
0.00992
- 0.01142
- 0301292
. 0,01471
. " 0.01650
- 0.01865
0.02080
N_-0.02340
~"0.02600
. 0.02910
0.03220
0.03590
0.03960
- 0.04400
0.04840
' 0.05380 -
©0.05920 -
0.06560
0.07200

- 'p.07970

0.08740‘ " )
" 0.09670
0.10600
-0,11550 -

K 0.12500

0.13750

. 0,15000 - .
+ -0,16250
. 0.17500 -
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Table 1(c) Mesh Sizes of Grid for. Iestiﬁg

)

'\’

I x (y) I x (m)
1 0.00000 41 0.61440
2 © 0.00476 42..  0.63300
3 0.00953 43 © " 0.65160
4 0.01536 44 0.67020~
5 0.02120- 45 . 0.68880*
6 0.02825 46 . 0.70740:.
7 -0.03530 ¢, 47 0.72600
8 0.04395 . - 48 . 0.74460
-9 10.05260 .89 .y 0.76320 -
10 " 0.06320 S
1 ( 0.07380 o
.12 '\ ¢+ . 0.08665
13 - 0.09950 K
14 - 0,11525 .
15 . 0.13100 o :
- 16 °  .0.15000° .
17 *0.16900
18 0.18720
19 0.20540
20 < 0.22400 ;
21 0.24260 .
22 ~0.26120 N
23, 0.27980 '
24’ . 0.29835 ,
25 ' .0,31690 -
26 10.33550 .
27- 0.35410:;
28 0.37270
£29. 0.39130
30 0.40990
31 0.42850
32 0.44710 "
33 - 0,46570 .
34 ! 0,48430 -
35 0.50290 -
36 '0,52150 ° o
3z 0.54010 « . 2
38+ .0.55865 . ‘
39, - 0.57720 -
- 40} - 0,59580 - ;
1 B} 'r ‘ :\_" . ;‘-‘ . .
SR ° G LN
R ' RS
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with 49 By 41 Node Gr'ld
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0.0
0.01865

y (m)

'0.00000
.. 0.00050
' 0.00100

0.00160

- 0.00220

0.00292
0.00364

.~ 0.00450
* 0.00536
© 0.00640
> 0,00744
. 0.,00868 .. -
- .0.00992°

0.01142 ..
0,01292
0.0{471

650

0.02080

© 0.02340.
© 002600
- 0.02910
. 0.03220
0.63590

0,03960
0504400
0.04840

. 0.,05380 o
. 0,05920 - -+

. 0.06560 '
‘. 0.07200:

0.07970
0.08740

~ -0.09670
.-0,10600 ) «
0 0.11550
**0,12500 -
10.13750

" .0.15000 ¢

) 0;16250"
. 0,17500

-
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Table 1(d) ‘Mesh Sizes of Grid for Tasting

x (m)

0.00000
* 0.00953
0.02120
0.03530
0.05260

0.07380

0.09950
0,13100
0.16900

0.20540.
. 0.24260 -

' 0,27980
0.31690

0.35410 ..

0.39130

" 0.42850
f(?0;465?0'

0.50290
0.54010
0.57720
0.61440
0.65160
0.68880
0.72600
0.76320

with 25 by 81 Node Grid

J

toa;,\nmm-h'w'm.-

-

p

T

-38. -

y (m)

.0.00000
0.00025
0.00050
0.00075
0.00100

0.00130 .

. 0.00160

10.00190 -

*0.00220

. 0,00256
.0.00292.

0.0032
-~ 0.00364
. 0,00407
‘0,00450

' 0,00493

.+ 0.00536
10.00588
0.00640

© 9,00692

0.00744 . .

0.00806
0.00868

. 0.00930

0.00992
0.01067
0.01142
0.01217
0.01292

10.01382

- 70.01471
- 0.01561

0.01650

“0.01758
0.01865:
0.01973

-0.02080
-<0,02210

0.02340 "

0.02470-

?“;\\ 11

J

y (m)

0.02600
0.02755
0.02910
0.03065
0.03220
0.03405
0.03590
0.03775

- 0,03960

0.04180

0.04400 -

0.04620 -

0.04840. '
.0.05110

. 0,05380 .
-0.05650 °

0305920 -

0.06240 -

0,06560
0.06880
0.07200
0.07585
0.07970
0.08355
0.08740
0.09205
0.09670
0.10135
0.10600 _
0,11075
0.11550
0.12025
0.12500
0.13125
0.13750

-0.14375
0.15000

0.15625

0.16250 - -
0.16875

0.17500 -
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Table 2 N of Different S, as a Functjon of T_ for a < P
| Length, 0.5029 m, of a Vertical Plate

S,=0% S, =5 % 'S, =10 %
T, W T W T, Ru
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Ba51 c different1a1 equati ons.
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The complete Navier-stokes equat'lons.of' motion are
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The differential equations (6) (7). (8) arid (9) can be cast nto:
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the expressions for a ¢. f
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" .“.:: grad'lents of p, u, v and T— 1n equation (B-4) when appl'led to w

are given as- fo'l'lows. ,
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c,' ’ . . N
- ¢;=_'_'axi+bx,+c

DR - | 2% ax§ + bx, + - (B-7)
' - . &
\ - gy =axd 4 bxy ¥ e (8-8)

.- -TQ'_Iffédr(:eht. ing equation (B~5) with respect to x gives
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Carry'lng out the e]'lminat‘iop of c*from equatidns (B-6), {B- 7) and (8-8)
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, that( the velqcity, temperature and salinity distributions can reach

usding. the mesh si zes as shown it -Table 1(a) Since we, have formed
'finite-difference equations *for. all the nodes in the calculation
-domain, the next task we have\to. do is to solve this set of equations.

‘ ‘A calculationvprocedure is‘.s

" variables - including}fluid properties u. v and -sourc‘e ( R, )

~ _.'t" (iii) Solve the finite-difference equat’i”“\(B-ﬂ for all ) o
depende@t variables. wy Yo T and S @ associated boundary conditiohs*’ .

‘and return to step (i1). Repeat the prochS/u/r i1° convergence.

. underrelaxation must be used - step” (iii) to speed up convergence. o

.variable ¢p is given by ' = R " L . \ .

~ where RP-is called"the relaxation parameter \vhiciif .li'es' ‘between 0 and o / "

» \ N ‘
, In order to obtain adequate convergence, nodes should be closely

spaced in regions of rapid change of variables. The rectangular

enclosure employed for calculation should have a large enough area so

their final shapes Al results presented in this report were obtained

u ) A o
arized as the following steps. : . -

w: . N . . P N

' (i) Provide initial estimates of the values of ajl the

(i'i) Calculate the density p’from equation (10). ' |

L4 ®
*

(iv) Regard the new values of the" variables‘\s improved estimates
. @

. /_’J
In ordér to minimize ‘the computTig time, a technique called \/
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1, and ¢, is given by equation (B-4). The source term in equétion
(B-4) ‘can also be underrelaked separately .in.the cyclic repetion of :
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" APPENDIX C . - \ .
. 4 e
COMPUTER PROGRAMMES -

6069603606 6 6 6 0 6 1 B 0 06 3 0 90 90 P06 6B 006 6 14 06 16 36 4 - D0 400 D0 00 4 160 00 06 B0 06 4 6 0
* ‘ BLOCK * 41BL.FTN ‘-——: DATA »

H’M’NH“NDN“N*NNNN“N’*“”**NNNN”NNNN“H“H‘NINN*NN”NH“HH*NIN“

" .BLOCK DATA

COMMON/VORTIC/NIC41) W2 a1, w3<41> RPW,RSDUN :

_COMMON/STRFN/F|C41),F2¢41),F3C41), RPF, RSDUF Lo
COMMON/TEM/T1C41),T2C41>,T3C41), QPT RSDUT’ :

- COMMON/SAL/S1(41,:52¢41, S3¢41) /RPS,RSDUS | |
COMMON/VSQ/VSQI G415, VS02¢41 >, VSQ3¢41),v2 "
COMMON/SOR//SOR{-C41 >, SOR2(41 ) : SOR3C41> ,RPSOR -
"COMMON/CONVE/AEC41D, AWCA1 ) ANC41) , ASC 41D, AT<41>*1

"NCOHMON/DEN/ROIC41> R02<41> RO3CAIY '\ -,

- ;x ¥ -t':

. BTEM, BSE BSW, BSEW/IZ“B / , g
CEND T T

COMMON/BWBWE, BWW, BWEW, BWNC41 D% BHSC41), BWNSC41)
COMMON/BF /BFE, BFW. BFEW, BFNC41, BFSC41>, BFNSC41)
COMMON/BT /BTE, BTW, BTEW, BTNC4 1Y BTSC41 5, BTNSC41)
comMoN/Bs)Esa BSW, BSEW, BSNC41), BSSC41),BSNSC41)
COMMON/XY/Y 41>, DDYC413, Y32, Y22, DY, DYY, X1, X2,X3
" COMMON/PROP/THECON, FUSION, DIFCL , ‘5 -
COMMON/VAR/JJ, JNM, UN, TINF, SALINF

COMMON/VEL/U1C4Y >, u2¢41 >, I3 ¢41) .
“DATA RPW,RPF,RPT,RPS,RPSOR/ .5, .8, .8, .8,.2/.

DATA RSDUW, RSDUF ,RSDUT, RSDUS/4#@./7 = | :

DATA Y/0.,.0005, 001, .0016; .0022, 00292, . 08364, 0045,
.B0536, 0064, ‘@0744, . 00868, .00992, .01 142, . 1202, .B1471, 9165,
:81865, .8298, .8234. 826, 0291, .0322, ,0359, .0396, .044, . 0484,
.8538, asez,.aess .872,.@797, .0874, .0867,.. 106, . 1155, . 125;
.1375, .15, .1625,,176/.. .. .

DATA THECGN FUSTON, DIFCL/. 598, 334944 2. 95—10/

'DATA JU,UNM,JN/2;48,41/7 .

DATA BE: BWW. BNEW, BFE, BFW, BFEH BTE, BTH
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" COMMON/VELZUT ¢413, U2¢a1>, usca1d o o T
. DATA W1, F1,T1,S1,VSUT,SOR1,R0Y, U1 73268m@. /0 * =

»,
»,
) “
B,
",

18"

’HﬂﬂtNlﬂﬂﬂﬂﬂ"ﬂbhNhl”lﬂﬂ“ﬂtlﬂﬂ‘ﬂ***Cﬂﬂﬂﬂﬂﬂﬂthlﬂﬂﬂﬂﬂ‘Nlﬂﬂt*“ﬁ***

% ) PROGRAM . 41GR.FTN “———: INITIAL VALUES - .
’}uuunnnnnnu»**unnnnuununnn*nnnunnnn»*»nnn»n»ﬁunkn&**nnnn

DIMENSION X¢S51> . - Sy
BYTE ANAMECB®) =~ .
COMMON/VORTIC/H1 C41, 241, H3C413, RPU, RSDUM
COMMON/STRFN/F1C41>,F2¢41,F3C41), RPF,RSDUF °
COMMONYTEN/T1C41, T2C41>, T3¢41>,RPT,RSDUT
'COMMON/SAL/S1C41), S2¢41), $3¢41), RPS, REDYS
COMMON/VSO/V801(4ID .VSQR2¢41),VSQ3¢41),V2
COMMON/SOR/SOR1C41 3, S0R2C41), SOR3¢41 >, RPSOR, o
COMHON/CONVE/AE(4!) AHC41) AN(#!) AS(41) A“F4l) T

- . -COMMON/DEN/RO1.C41>, RORCAT Y, RO3C41 ) et
"~ COMMON/BW/BWE, BWW, BWEW, BUNCA1>, BHSC4 D, BUNSC41>.. . e
' .COMMON/BF/BFE, BFW, BFEW, BENC41), BFSC41), BFNSC415. .~ | 1
i "COMMON/BT/BTE,BTW, BTEW, BTNC41), BTSC41>, BTNSG41). Fo7
'COMMON/BS/BSE, BSW, BSEW. BSN(41Y, BSSC41D, BSNSC41> + .5
. COMMON/XY/Y241>,DDYC41Y; Y32, Y22, oY, DYY, Xt:; x2 X3 o

.-COHMON/PROP/THECON FUSION DIFCL .
" COMMON/VAR/JdJ, UNM, UN; TINF SALINF - .

DATA X/a aegss,.azta .@353, asze .B738; . agss 18t
. 169, . 2854, ., 2428, . 2798, . 3169, .3541,.3913, , 4285, .'4657
5029, .5401, . 5772, . 6144, .6518, . 6888, .726, . 7632, .8004 ,
8376 8748 .9120;.9492, .9863, 1 .0235, (.. 0697, 1 . 0979
J1351,1.1723, 1-.2102. 1.2474,1..2846, 1..3218,1 .359, 1396 -
1 433,1. 47ub1 5p8,1.545,1.582,1.618,1,.657,1. 694, . 731/f
DATA PR, SC, ZMUREF/7.8,813.2, .801075/ o o
TYPE », ENTER NAME OF FILE’ I ,‘-“- 3
READCS, 18)ANAME R S ‘

FORMATRB@ALY -~ . .7 . . . . . --,”\ ST e

- a0 N - - .. T

ANAMEC88)%8 . -
OPENCUNIT=1 TYPE=’NEH' ACCESS-’DIRECT' INITIALSIZE—SB .
RECORDSIZE=346,ASSOCIATEVKRIABLE-III NAME-ANAME) -
TYPE ®, ¢ IL,IN: ' e , R
READCE, ze)II I
FORMATCIS) - L R

CTYPE w, ¢ TINESSALINE CCY L o o e e

" READCS., 38D TINF,; SALINF,CC
. FORMATCF10.2) o

mMMMJVT.thWYJf%f”

DR A CY 1D -YCU-1.3D

CUBFSCUIMDICYCISYCUSTIY 7 T
T BENCUDSD/CYCIHD=YCINS T R
o UBFNSCUIEBFSCUD+BFNCYY . & s e s e e Ty
"'BHS(d)=ZHUREFnBFSCd> | S T e

BNNCJ)-ZMUREF*BFNCJ) o
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17;;‘.5 vsach:-a

o YB2aY(3oun2

L DY=RYC2IMY32-Y (3D%Y22
"“a INMnINJl

W RPULREF, RPT, RPS, RPSOR, CC i
J‘ACALL DENSITCSALINF TINF ROINF) I ?iéfr'f""

- TBTEWABTEBTH T T T T e T
.. BSH=BUW/SC ;;*‘ -pF: Gl e e ey

UURImREIY T e o -J:._~:ﬁ‘“w”;: R S
Do TIC e, aas— a527usscx>—.aoae4u81c1>~~2 L e e e
R r-:SlCl)-B S e AT - f"'—';‘- . PR A SRS BTN
i UF1C10=@, R ‘ -'.;_"~ Tl e T Ty
- CALL DENSITca ai,R01<i>>

-
e ' . .
‘\ ‘ . AN . « . R L

o JBVNSCd)~BHNCd)+BNS<J) ‘ L e e
BTSCURBWSCIO/PR " - . - ‘ - L
BTNCUY=BWNCGJII/PR. = . S Cl ST
- BTNSCUI=BTSCUI+BTNCID. n T e o I
. BSSCWy=BWSCUI/SC -t - L
‘”Bswcu>-achu>/sc IR ' ' co. s :
BSNSCJD-BSSCJJ+BSN<JD Ce e .
DDYCd)-Y<d+I)-Y(d~1> R SRR

| Y22sY(2)RN2. ﬁr-'"""“’~5(f"ﬂll SN

'fD%NhYCdN)—Y(dNM) a},‘#ﬁﬁ~ef5}’J‘vi“f;*7j'ﬂﬁ;¢f7begL~ L
+Ke@. e e T e e

CATTTEL ; g ~w:-ﬂ'f4w_ﬁ' Lo el

. WRITE(!. ’III)II INM IN PR, SC ZMUREF"TINF’ SALINF‘ o ST
u. J-J oJNM, JN; THECON, ,FUSTION, DIFCL, QNN BWS,BUNS, BFN, BFS BFNS Y
o NRITEU’III)DDY BTN, BTS, BTNS BSN BSS BSNS Y32 Y22 DY DYY

“TIIw3" - -‘~'"'f'5i#iﬂif

Xl =3 et k C

-, -'DO:7@ 1-1 N PR P~€" leé,_i’j;,f( RSN |
~- o« IFCT:EQ. R T.EQ! IN)GOTOSB B T R A .
UDXRZLZXGH XTI T e e ‘

- BFW=DX/C{CTI)-XCI~1)) -

" BFEW=BFW+BFE. -
"BNH-ZHUREFNBFH :

. ‘BWE=ZMUREFWBEE "f?'r7f'f:«ﬁ;§ R S SR P LIS F AR
COBMEMSBHEWBWN - - TeU Tl T e

SR BTEBME/PR .%o Lo n G T L e
_BTWBHW/PR. - e b T TG e

.Asseu-asu+ase .

" DO, 60 J=2; dN
UTICUDTINF 4 o ;‘_ B IR IR
Si(d)-SALINF R ,
CF1¢dd=0,; o ;

WiCUd>=0:

b'.

"BFE-DX/CX(I+!)~XCI)) o T TR RS R R
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oW s .- PROGRAM. 4 41MALFTN.‘==-: MAIN PROGRAM. | . % .~ .

N““““N“N”*“N“ﬁ“hh“*““ﬂ”“**l”*““ﬁ“”N““Hﬁ“lﬁ““““ﬂ““*“b“ﬂ“

© BYTE  ANAMECSQ) - -, Co
- COMMON/VORTIC./M{ C41 ), W2c41), H3(4I) RPH RSDUH '

' COMMON/STRFN/F1C412;F2C41)F3C41), RPF, RSDUF - f AT

‘jCOMMDN/TEH/TlC41> T2C41>,T3¢41),RPT, RSDUT -~
COMMON/SAL/S1C41),52¢41>,53(41),RPS, RSDUS

: :‘gCOMMON/VSQ/VSQIC4I) VSQ2<41), V803(41) Ve
- COMMON/SOR/SOR1¢41>,S0R2C41), SOR3(413, RPSOR e
"] »: COMMON/CONVE/AEC41)D, LAWCA1),ANC41), ASC41), AT(41):_‘(f

... COMMON/DEN/ROT1C41D, §02C4l> R03C41) -
' COMMON/BW/BWE, BWW, BWEW, BWNC41), BHSC41) BNNSC4JJ7'

= COMMON/BF/BFE, BFW, BFEW, BFNG41Y, BFSC41>, BFNSC41): 7 & 1
- COMMON/BT/BTE, BTH, BTEW, BTNC41 > BTSC41D, BINSC41> " ™

‘1COMMON/BS/BSE BSW, BSEW, BSNC41),BS8¢41), BSNSC410..,

’fL‘COMHON/XY/Y<41> DDYC41>, Y32, Y22 DY.DYY. x1 xz xajf;Jg~;~ x
17 'COMMON/PROP/THECON, FUSTON,DIFCL & . .° i~ S

=" CQMMON/VAR/JJ;UNM, UN, TINF, SALINF:, _’L_,.,:;:, S A S
- "GOMMON/VEL/UYC415, U2C41D,U3CA1Y- ., | oo - s o e

DATA RSW,RSF,RST, RSS/4*B / ‘”j’

" -DATA RSDUW; RSDUF, RSDUT, Rsousx4na\/ SRR S

DATA.VI/B./ . | .
TYPE %, ©* ENTER' NAME OF DATA FILE’

" FORMATC8OA1Y" . - v z 1"a; e
" ANAMEC8@)=@. " . 7. DEo T T e T
' OPENCUNIT={, TYPE=0LD", ACCEss-'DIRECT'

u_-ﬁunl,'ASSOCIATEVARIABLE-III,FORM-'UNFDRHATTED’ NAME-ANAME)
RO s TR -

.uEigiza#;j

© . TLEEmS, 3+SALINF

READ(!'III)II INM IN, PR SC ZHUREF TINF SALINF

- wJdJ, JNM, JN, THECON, FUSTON, DIFCL, BWN, BNS, BWNS; BFN,BFS, B%Ns o
. READ(I'III)DDY(BTN.BTS,BTNS.BSN BSS BSNS,YSZ Y22 DY DYY L

‘»_RPW,RPF,RPT,RPS;RPSOR,CC ~ . =" - ..~ .
TYPE »,* ENTER NMAX" R '»sa'* Ty “1

‘{;%READ(S AEINMAX * ~ L T T N
¢ .. FORMATCIS) - .. b e e L

. FREF-lG
‘SREF-SALINF s

;. IFCTINF.EQ.B.>TREFa].. '*Fﬂf???ﬁVS*ftﬂﬂ?}fﬂfﬂf“'y.“
'-ZIFCSALINF Eo a )SREF- ;,~<=,, e TR N T ey e

PO

- IFCTINF.GE. TLEE)POM:—g_ ftgwf,.{f_njgpn“~ o
: J1J=3 - .

" 'READCS, 189 ANAME - B R ST

TREF =TINF - *uf'fﬁyﬂ*; ‘.ﬁq{ff§~ BT e T N

:‘READcl'III)ut F1, TI s: vso: 30R1 ROI, BuE Bﬁh Buew "jm;'-ﬂi"“ﬂ' :
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et e e T L e e gt
[ . . .

.';‘iQBq-

\;f;.‘:GlPE=CSTNHS+STNE—STSE>/DV:' .

Afﬁ:?ﬁq:'l

" 'se

A

;v IFCO;EA:JNMIGOTO 52

"7;F“ﬁanTINUE

(USSR e,

S T .,‘;f:'”' N S

RERRERRS “f,”A" L ' i ¥ 3~" :
|, BFE,BFW, BFEH BTE BTH, BTEH ese asu BSEW, RH RF, RT RS
OMSXILK UL ‘ ‘
T READCY TTIoW2,F2, T2,/52, VSUZ, SOR2, ROZ, BUE, WU BHEW
., BFE, BFW, BFEW, BTE.BTH, BTEW'@E@PBsy BSEW, R, RF. RT,RS "
RXEIKUR 0 e o

B T LT SR
e e | _
TTT-T+3 o g 1
| .»,/BFES, BFW3,BFEW3,BTES, BTHS, BTEWS, BSE3)BSW3, BSEWS, | ..
‘;yRSDuua RSDUF3, RSDUTS, RSDUS3, X3, KUs "l e

1

‘DX-CXS-X!J»Z :.,t;p.;‘;<~jfriq R

DV=DX»DDY<U>

.'_jf “ Y STSEmF3CUM) S T e

\

.. STNE=F3CJP). fgv'~ SRRV AR POL Y AR

*‘nﬂGlPN-(STNN§+STNH~STSH)/DV' s e T

L RN ]
‘G2PS=CSTUME+STSW=STSED/DV- .- . N -

\g,%GZPN-CSTHHE+STNN—STNE)/DV:Q:n~f“5-»"'”'”
o CAECDI=ABSCBYPEI-GIPE. T o,

L AWCUO=ABSCGIPWI+BIPW - .. s

| ASCUI=ABSCEZPSI+B2PS 1

:f:,7£f ANCUI=ABSCEZPNI-GZPN - . 'f“"-jT'*jA f”f‘;LHF T

{AN'AT(J)=AE(J)*AHCd)+AN(d)+ASCd>
© 0 IFC. Eu JNMOBQTO" 40 o
R N ] R . ,‘.- A
i {.U-To 35. fT:r'f;':,_V,-Lfﬁ,T

:l" ANUM”CAE(JJ*BNE)*HS(J)+(AHCJ)*BHH)NHl(d)
o +SOR2(d) R T

" ADNM&AT CUD+BWEWHBUNSCUD.

~ ;?;;“IFCADNM EQ.B.)6QTG-51 -~ \ ¢ il
1AL RESTDCH2CJ), ANUM; ADNM,HREF Rpu RSDUH)

50T 56 T

"34 READCI’IIIbU3 F3NT3 53 VSQ3 SOR3 R03 BHES BUHB BUEU3

K-K+l . - . — : t‘ .. 'A'..‘\ .' ‘“ :A"A";;..

D e :v.=.~--h"wAf:f.-'i B s WAL
.}jg; dP-d+l B I LU SRS
. /’ « a JM-.J—-

* +CANCJ>+Bchu))nu2cu+1>+CAscu>+Bwscu>>uNZCJ—1) ;-ﬁ;.j;;m;;““f

43 STNW=F1.CIPY -

sy \STHMEnFlCdJ—F3Cd) I e e e
T STSHREICIMY s ~;: o e A T T
BRI sTuMsJcmdP>-F2<uM> R P
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:ﬁﬁiliiﬁi“‘f'f”ﬂ”oo 100" J=2,; UNM. -, ‘afif “3;%‘:15;;f2't':

, "ENUMnBFEqucu>+BquF1cub o g
| +BFN<d>nF2cu+1>+BFscq>uF2<d—1>+w2<u>nR02cu>‘
.~ ADNM~BFEW+BFNSCJY =, . . :
IFCADNM.EQ.®.260T0 81
. CALL RESIDCF2CuUd, ANUM, ADNM FREF RPF RSDUF)
IFCJ.EQ, JNM)GdTO 62 -
Jedrt - : ’ .
. GOTO 60° - - - B ST
" CONTINUE . . - L+ . . L S
Codmdd s ’ ' e
ANUH—CAE(J)+BTE>*T3CJ>+CAUCJ)+BTH)*Tl(d) Hj.‘ -
+CAN(J)+BTNCJ))NT2CJ+|)*(AS(J)+BTSCJ))~T2CJ—1) b
ADNM-ATCJJ+BTEN+BTNSCJ) S A .
| IF CADNM.EQ:@.960T0. 71 R ““'g’ i -‘a?-‘~x
CALL' RESIDCT2¢JD, ANUM; ADNM TREF RPT RSDUT)

et
CONTINUE. auigﬂc~‘1‘f9«;*‘*'~,’”1fff;.,\
mdd v e T e L e
ANUMe CAE CUD+BSESNS3EUD+CANCUI +BSHINS 1 €S -

"\

TIFCADNM.EQ,R:560TO 81 .- ‘ ‘

TR CALL'RESIDCSZ(JS, ANUM; ADNM, SREF RPS, RSDUS)
-8t ‘ijch EQ, JNH)GOTO g2 "o e

o e N O S
. eoto sl ,.";'~ e e T

82 i CONTINUE @ N e R L
S DXexeex) . e L
Nt DTDY= <Yazac72cz>—72c1>>—722»c72c3>~72<|>pq(DY
T "+ V2=THECON/RO2( 1 )/FUSIONWDTDY

\ ADNM=AT CJ)+BSEW+BSNSCU)

: f'52([)-DIFCL*SZCZ)/CVZ*Y(Z)+DIFCLJ ,~_«":»?;:-='“
S IFCS2C1).LT.8,82C10=0; “'-.%'" T

C T 2¢8 )= 083, B527%52(15-. aaaa4uszc1>..g
o .f;g#2C|>-F|c1>-<R01C|>uv1+R02c|>uvza/z *DX - L
e T T UR2€2)=DIFFCF263), F2¢2), F2¢1), Yc3> vc2> YCI))/R02(2)
Ciene xiu2<|>=cv2—V1>/Dx—uzcz>/vc2> L :

caRTL {ﬂFJ‘FZCJNM)-FZCJN-Z) ‘a 2
T T PN =F2CUNMDT - :
Lol DO 9@ Je ' IN. -:;. R o,

el CALLS oensxrcszcd> T2Cd) Rozcu>> "
VY VSD2CE SmVann2/2 : ;

St P T w.n_‘:,'Tﬁ“;*ﬂ.»5;£tti‘;'- R
UL IMEIL ' SRR

?’*i?,uacu>=olrrcr2<up> F2CJ>, FCUMY; YEUBY; Y3, YCUM))/ROZCJ) S0 ST

“Ljfg;:,‘v-—oxrrcrscua F20U3,F1¢02,X3, x2,X1)/Rozcu>

IR, EQ.JNM>GOTO 72 s e ‘i;ff”,f"4' ,
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"l;‘ ﬂBHEN BFE, BF'H,BFEN BTE, BTW, BTEN BSE BSH BSEH

~ . \ 1.

, VSO2Cd)-(UZ(d)nUZCd)+VuV)/2.

CONTINUE o S

N

JP=J#1 S

M=

‘YimY QUMD S .
SY2=mYQdd o o o I ,-‘ S

Y3=YCIP) N

SRI=DIFF CROZCIPY, RO2 CJY, RO2CUMD, Y3 Y2, Y1)
: SR2=DIFFCRO3C uo,Rozcun RO1C JY;X3,%2,X1)>°

: .SSIBDIFF(VSQI)’C J),vsQ2duy; VSQl( J2,X3,X2. X1OWSRY™ -
SSZFDIFFCVSQZCJP) VSQZ(JD VSQZCJM) Y3 Yz, Yl)*SRZ'ﬁ'.

-"SOROLD=SOR2¢U)

s0cha>~50RoLD+RPsoancss1~ssz+Ponn9 81»SR1—80R0LD)'“ﬁgﬁjhff"“”‘14

- AFCY, EQ: dNM)GOTO 118 L L . ‘
] et 4.,~_31,4:qag?.hf ;uij}'j";“*‘:

- BOTO 41@ :g{tgﬁ: T T

115 { ,ﬁCONTINUE J‘W;ffgﬂ;§~:f;’gfi_rﬁ{f-5»f«ffi'755 e

S ITIWI+27 . L
WRITECI,’ III)NZ F2 T2 82 VSQZ SORZ ROZ BHE BW

*RSDUN RSDUF RSDUT RSDUS X2 K U2 L maat e

;I TFCTIEQ. INM)GOTO 139° U Y -_; Tz'gfy}uf'-
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