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. ° & - ABSTRACT.

| * e g " 3 .
v : C The' .analytical as well as’ experimental

: b - g
vestigations of the temperature and velocity distribution

n fresh water along a vertical ice wall are carried’ out. %

The analytical ‘investigation involvea t.he ‘simuitaneous

'solution of the continuity equation, the Naviar—sto’kes

- equati.ons for fluid mor.i,on in wo-dlmensiona and-the t the('lnal

energy balance equaf.ion, by a finite-difference technigue.

The general form of , these equaticna can ‘then be solved by ¥
the successive-aubatitutlon methcd on a digital computer. o

The experimental 1nveatigatxon involves taking temperatura. o ]
and velocxty menuroments thfug‘h the bcundu'y la.yer along i -

the ice surfaca at varioua Bulk fluid temparatures.

- The analytical and ezperimentul results are

coripared, for both the ;g@ggritg and velocg.thhe

|

i

| 2 2

\ local and average heat transfer coefficients and the Nusselt -
‘ X

numbers.

The analytical-model is then extended to other bulk
fluid temperatures with predictions fof the’temperature and
veloElty profiles, the average heat transfer coefficients and

,the Nusselt nul;\ban; B . S, .
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CHAPTER 1

Aer ;’ INTRODUCTION AND LITERATURE SURVEY

& *

1.1 Introduction 5
. The study of )’:eut transfer around ice surfaces is

quite useful in understanding the melting and freezing of

I{ku, rivers, ponds, etc. The_prccasn/of melting or thawing

is quite complex.as far as the mathematical analysis is

concerned.’ The tomplexity is due to the phase change; ‘the
type of the boundary layer at the ice surface, ‘i.e.—depending
upon the conditions one can have either.a turbulent or
laminar boundary layer: the mass transfer coupled with the
heat transfer in the zone of interest; and the variation of
properties which introduce nonlinearities in the /
corresponding equations. -Even after several assumptions for
simplification, the mathematical model would still be guite
involved. Therefore, it would rgqulra numerical techniques
for the solution and verification of these solutions through
experimen:atien. ] .

_ ‘The problem of the heat transfer aro'unri a
semi-infinite vertical ice wall has b.a_g,;tudin by Lee [1].
He carried.out the theoretical analysis ‘of free convection
melting of a semi-infinite vertical ice wall. .In this

unaly_-h he obtained the velocity profiles, malt'. velocities,



" around 4°C; at this temperature the density of water is = |

streamlines and the Nusselt number as a functi}ﬁ'of
tempera.ture- He also c:nuidutad salinity as one of the
variables., In his work, due to ‘t.ha_»sveml-inflni_te nature of
the ice wall, he did‘ not have the air-water interface in his
m‘;:del w;lieh is actually the cauah;‘uulity. He did not
verify his results experimentallys There have been several
other studies of the heat transfer p:ocess around ice 3

surfaces or hear.ed lurtaces.

In the heat tranafer around verticul ice surfaces|

in' water, there is an interesting phanomencn’ that takus pla
maximumi For a bulk £luid femperature less than 4°C there 1.1
an upflow A'n.d for a bulk fluid temperature greater. than 6"(:/;
there is a .downflow. 1In the range of 4°C to 6°C :tharurh a.
dual flow. It is in this temperature range that there is an
inversion of the direction of flow of the water within the

boundary layer from nantly down.

nantly up to
in éha temperature range where the flow ipverts, there is a
'vglua at which there is a minimum Nusselt number which
correupnncié to a lower heat transfer .rate.- This phénamanon
has also been studied by several researchers.

1.2 Inversion Yemperature Studies
The earliest work by Dumoré et al [2] gave a

minimum Nusselt number af 4.8°C for the casa of,ice sphares



melting in water. Their e,xpe'timents invoivgé studying the

gradual decrease in diameter and change in weight of the

sphere with time. They compared their results with thé )
EhscERElonl findings of Merk [3].. Merk [3] had applied .

boundary layer theory to calculate the effects of both the

melting process, i.e. a moving boundary and the anomalous o

thermal expansion of water at about 4°C ‘ort the heat cransfer
process. His results indi\.:‘ate a minimum Nu_:.smt number at .
5. 3"(!.. However, due to some limitations i‘n his theo.!'etical

m?del r.hesa results differed Ercm t‘he expex:imental results

. given in [2]. Ede [4]1, also compared his expenmental : o

results for a heated plate in_water wj.c.h the thedretical
Ein;iings of Her.k [3], and had good correlation excep‘t-/i.n the
range of low Nusselt number. Schénk andSchenkels [51
carried out experiments on ice spheres and compared their
results with Merk >E3L Their ‘results corresponded quite well
with the théoret;cal 'resultn yielding a minimum Nusselt

number at 5.3°C. Other work on ice spheres was carried out

by Vanier and Tien [€] and it gave an inversion temperatire

range between 5°C ard 6°C. ' They used these results for
comparison with flat-plate theory to pin-point the effect of
the diamete;‘ on the Nusselt number and when appropr}utely
scaled, the ‘data corresponded within $7%.

Work by saitoh [7] involved a theoretical and
exper‘lmentnl anélys.is of melting ice cylinders at various .



‘ whter temperatures. His theoretical and experimental -values

—— i
.corresponded quite well, verifying the findings'of earlier

works. Work by Oborin [8] involved studying the effect.of

the cempera‘gure head on the anersion tcmparature range. His

results indicate a minimum heat transfer at 5.3°C for an ice
surface. * . ‘

Additional work in thxs area Xnvolved a vertical

surface in water at varieus temperatures.v ,schechter and »

Iubin [9] studied the Nusselt number *fn unidirectlonal and

1nverted convsctlgn flow experimentally for a heated ph&s in .

. water at a variety of temperatures.. In doing so, they

examined the temperature distribution in the boupdary layer.

- Bendall and Gebhart [10] carried out experiments on meélting

slabs of ice, by recor\dlng the change in weight measurements
with time. From their data, & Nusselt number was evaluated

and compared with the theoretical _results of Gebhart and

" Mollendorf [11].. They found a minimum uuueu} number at
—

! out in [12- 2!].

5.6°C. Several other similar studies have also been carried

In all ‘these studies .the theoretic: 1 analyuis
failed to give satisfactgry results for the [temperature and
velocity distributions in ‘the range of the flow inversion.
They ‘did however indicate the temperature ‘9f the minimum
Nusselt number within the range of ‘bidiredtional flow. A

representative plot of their findings is /shown in Fig. Vil
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1.3 Boundary Layer Measurement Technigues

As outlined above, the major experimental approach ~ T
in these studies has Deonimensurementu;of Ghesavibils changes
in the ice (size and weight) and little has_been done on the
makeup of the boundary layer itself. 1In the experiuryal
utudxes that have baon carried out by other rasearcher’u’,

\either the temperature or the velocity distribution within

. the boundary layer has been measured with respect to an ice

surface. i " .

i Work by Wilson and Vyas [22] experimentally
exanJu.ned the velocity profiles of an ‘ice surface melting in
frauh water. They used an adaptation of ‘a method developed .
by Baker [23] to create a dye line alcnq the boundary layer.
Their results-indicated a upward velocity for 0°C to-4°Cy P )
upf}m of decreased maximum velocity for 4°C to 4.7°C; an N
area of dual flow from 4.7°C.to 5.62C" with a gradually

inclreasing downflow leading to a downward flow between 5.6°C

to 7.0°C. . :
; Another teg:hn:tque for measuring the velocity w‘ithin

t.l';e boundary layer is through the use of a hot wire

an‘amometet_. ‘Work by Jaluria & Gebhart [24] made use of this
t.e"ch;aique for velocity maat;uremancs within the boundary 1§ynr

of a heated plate in water. They used a Disa hot wire probe W
to obtain measurements of the lengitudir;il and normal.

eomponem-.u of vulncity in.the transition ﬂ.ow ragima of the -

boundary layer adjacent to th- plate.



’
- - 8 e
- Temperature measurements h; en obtairied -through
P the use of thergocouple and thermist s. Work by

Warner [25] involved a chromel-constantan thennocouple probe
r.o measure temperature varianons in air along a vertical

p nat plate. Schechter and Isbin [9] used a-thermistor probe
5 :

-(a 3.8 x 10 °m -(.0015. in. ) diameter glass bead) for the
4 —’:purpose of obr.aining the temperature at vaykous pomts in tha

[
T field of: interest, w;dch was a vertiocal heated flat'plate in

water. - X R
S There have also been some work done involving
simultaneous velocity and temperature measurements. Hishida
and Nagano [26] used a two probe ‘configuration - one a
hot-wire and the other a temperature wire mounted in close

s
proximity to uach other. 'Their application was the

of inst velocity and temperature in
non-isothermal flows. Vliet and Liu [27] also used a dual

purpose probe, consisting of a hot-wire sensor and a S

thermocouple in their study of turbulent natural convection

boundary layers of a vertical heated plate ‘in water.

1.4 The Objectives of the Present Investigation
i " The objectiven'f‘ this work are, thei‘afore, to
study the effect of the variations of the bulk temperature on

the following: . .




— —conditions are verified experimentally

-

1. The teméefm@g of the fluid in the zone of interest

, \taround a vertical ice wall.-in—fresH water).

2. "The
3. The
ice
4. The
éh_e

directions of the fluid flow in
|

local and average heat‘T transfer

surface. . “

. |
variation ch the Nusse‘lt number
N PR [

average .

To accomplish the abb‘ave menti

|this.zone. .

coefficieny at the

both the local and

po
oned objectives, the

mathematical model.of the actual process is ‘first developed.

Since the exact solution of the resulti
differential equations with vax.“'iable pr
appropriate boundaq} conditions is not
these are solved using thé_ finilte-diffe

the solutions of these equations under
of the theoretical model. | f

‘is developed, which is a set §£{parcia1
equaticns\ along with. the apprépx‘-iate bol
Then these equations are transfoimed in
form. The algorithm to solve these equ

“ computer has ‘algo been discussed in thi

as the various piecen of equipment used

Chapter 3

|
In Chapter 2, the mathematica

g set of partial -
perties and

possible to obtain,
ren,r’:e method. - Then, *
certain special

to check—the-validity

1 model of the process
diffaranti‘al [
anda_fy conditiens.‘

to a finite-difference
ations on the digital

s chapter.

The details of ‘the éxparimanﬁal‘« techniques as well

are described in




are discussed in Chapter 5. N

# Chapter 4 consists of dxscussion of the analytical,
as well as the nxpeument_al resulta and a dzscussion on the

validity of the theoretical mcdel.

The conclusions and recommendations for future work

1.5. Conclusions

In _t__h_i_s("chaptel;, thé relevant literature'survey of
the experimental, as well as the theoretical studies on the
heat tranéfer process around various geometrical surfaces has
been outlined. Based on these surveys, the objestives of the
preséht’ wor!'k were arrivedv"at and the methods of meeting ‘these

objectives were stated.
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CHAPTER 2

-
- 2.1 .Introduction - \

T'he modelling of the heat transfer process -‘n‘ound a
3 vertical ice wall in fresh water 1n the laboratory can be

extended to a-similar process that takes place in ponds or

lakes near the melting point of ice: The flow of the ‘fluid
medium is generally J..aminar. This process can also be' N
. mathematicél}y »mc.adeued by a set of simultaneous partial
differential equations. These equations along with the
appropriate i)‘ound‘ary conditions can be solved using various

'numeriGal techniques. One of these techniques-is the

finite-di fference tec‘nnique. -

In this Chapter the physical process_giscussed

above is mathematicarly ‘formulated and then solved using the
.finite-dlfference technlque by using \;uc:t':elssive—xsubst‘.t.t:ut‘.i.oni
on a digital computer. "In the mathematical ‘formulation the
unknowns in the partial differential equations are the
velocitigs“;n f_he‘-x and y directions and the:temparatute.

The solution involves the transformation of these equations
to a new set of equations where the vortiei’ty,’the stream

o ¢

function and the temperature are the unkhowns. Theaé




il !
unknowns are solved using the finite-difference technique and

the velocities are obtained by back substitution.
. # ? .

2.2 The General l‘omxlation of tha Zguations
7 e ) ‘For the -yntem shown in Fiq. 2.1, tha continuity

equation, ‘the complete Navier-stokes squatlons for mouon in

t.wo-dlmensionu and :he themal enatgy balance aquaticn can be ~

L o written as: [l]‘

o ‘ : o . 3 2 T
//\‘pu M- - + 4 ez 3 o ’-'Q’“ w—)]l
'/‘, a + ;—y lu[:—; +A:—;]) + X S (2.2).
nu‘:—,‘(; v :—;':_7.; + '§—y {ul2 :—;’ -%:—'; + ;—;’)])
‘ v e ‘ wg—‘ {!.[:—‘y’; ) f'v. e
‘ o (u a“z,v—)-;—(—"' (2.4)

Using the cont.inuity equuf.ion, and conuidering
vinnout.y a constant, chs momantum equations can be rsduc?
to the ‘following forms:




AIR-WATER INTERFACE [ -

ICE SURFACE

BOUNDARY 2
’

WATER

Ay
{

a

“BOUNDARY 3

/_ BOUNDARY &

INSULATED SURFACE '

0.

12




~

; 528] one ob('.aLns :

—,
. using -the continuity equation and a f:w mathematical steps

e : . 13
- 2
3 Pu ;%
a(u3x+v—)='-“*u(;z—* ) X (2.5)
(u +v—-)="5—l; v,y Ly g A
RN ) 2
/‘

N -, * N P
Elimination of the pressure terms in these

equations is accomplished by differentiation of Eqn..(2.5)

with respect toy and Eqn. (2.6) with respect to x.” Then,;

i
3 duw du., 3 v av.
W[ou—x+ Y 3y = 7% [Pu 3yt oV 5y
| ’ 1
| % |
5 C 2
] 3Tu
= ylaz =
W oy
| 11 (- .
3
(2.7) t
This equation can be further simplified by suitable - .
manipulations, oé parts I and II uaparately. In order to 'do
——
this it is now necessary to i.nt:oduce the expteusionu Eor
stream function and: vortj.city, which are as £ollwsx ‘ “"/»
. ZoPu .T}P,. C i (2.8).
50§ e c
- Stream Function
A 1 ) . (2.9)
v, ‘




14
i
\ 5
6= 33 vortieity (2.10)
* . .

2.2.1 simplification of Part I in Egn. (2.7) . .

Starting ’vi»t.h part I in Eqn. (2.7) and using. °
Eqné. (2.8) to (2.10) one obtains
.3 .2 du_ 3y v a_ 8y du vy
b TRl G TR T 2 R A ,—Ya—

Al awl 3 awy au'wav’
- 'a—y’.(u a—%)-.,a—x(w T;) + T;' T T

2u _ 3y av,
('z",v;ay ax Iy

. \
3 2 N 24 3(eu)
i ¥ (w ?)[’) +' (N —!) pu Oxiy 3y ox
; 2 )
3u ‘(g ) . v _ av 3(ev) o
+ e ey axay *ax )3y PV Ixay axay 3y ox .
=
o "2 : ; . X s
S 37v 3v 3lev o
s YV ey tax oy s : :
& ~
Moo &
A
.



N » - 15 i
' 22y a2y
Cancelling pu X3y and BV W . one can write
] 3 3 3 u o dv, 2w
part 1=-f i s L wih s Py P
3
R T P T VR N
. ax (Yayt oy v ) tax 2 3y ‘
J et o
« ay 2z 3x . .

2.2.2 simplifications of Part IT in Eqn. (2.7)

Combining part II of Eqn. (2.7) and Eqns. (2.8) to

(2.10) one obtains -
o2 . o 2 2.
. 8 v awy 3 lug, ., Py
o ‘ = [U’ g2 axay " ay) " ax laxay * ax * ayz'”

2 2
2 u, v
v gt 2l - ey O3+ ey
—_— x
e (32u . izv)]
% Gy * 2

Neglecting all the terms containing the third derivatives,

one can write

) 2 2 . - )
o parerr=u 22+ 1Y . (2.12)
. ey ad




This is the vcrticity expression in general form.

.2.2.3 The Derivation of the Momentum and Energy
Equations in the General Form

Using X = - pg and Y = 0 Eqn. (2.7) becomes

2 2
-2 3¢, _ 3. 24 _ D, 3w
T y) oy (w3 u( o2 + ayz)
(2.13)
J2 wid) 20, 2 f:v_, ~qle-0
?x 2 ay T oy 9,

i

Now, the scream function expreauion is obtained
using Eqns. (Z 8) to (2 10)Y Subs_titutinq the values of the
u and v from Eqns. (2.9) and (2,9) respectively into
Eqn. (2.10) yields

e ¢
[l
'

2y - 202 A -

g
<5

This can be rewritten as

o'lcv
x
-

13 3 1
'63';3 = —a—f{!J -w=20 (2.14)

$The temperature equation can also be put in .the

,

same general form by the Zollowing formulation:

. 2 2
. ,(uﬂ+,,_)._.(_"'2.+9_'_;)
. ax

Transposing the right-hand side term to the left, one

obtains g o
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AT T k 3T 3T +
pugy v evae - o (T S5) =0
(X3 Yy cp “2 by2
Using Eqns. (2.8)" ana (2.9), this becomes
it 2, 2, E
24 0T _ 3¢ AT _ k_ 3T L 3Ty .
dy ax ax ay‘ cp bxz ayz
Rewriting this equation, one obtains E d 2 .
2 ﬁ 3 34, Lk par . 21 - '
% [T ay] = b_y[ Tl S e [_b;—i + By2] =0 (2.15)_

The velocity values are determined by back.
substitution of the stream function and the vorticity values
in Egns. (2.8) to (2.1D).

The above partiat differential equations, Eqns.
(2.13), (2.14) and (2.15) are for obt;ininq vorticity, ;tr_eam
funccion'm‘:d\ temperature respectively. These equations can

be represented by the following gegeral form:

3 (g2 D (4B 2y, 2
2 lax(e 5 55 (450} - 5l B, oxle, 0}
= 3 o
- oy [b' oy (c‘ ‘)]+a‘ ,o' » (2.16)
- % . e i
where 4 is the general dependent variable and uo, b c, and’

[
e, are outlined in the Table 2.1 | . °
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Table 2.1: Expression of a,, by, ¢, and'e,

[} a’ b° Cy ) e,

: 24ul 2,2 T
o |1 [ e ] -IBr () B8 - HER0e g

<]
:
i >~
-
:
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2.3 The Finite-Difference Form of the Equations

Following the procedure outlined by Gosman, Bun and

Runchal [26]‘, it 15 possible to reduce these partial
di’fferential equations—to-a set of simuuaneous algem;;ic

ki finite-difference equatxons in a form which can be aolved by
>an iterative. successive—suba;itutmn techn).que.

] : The téchnique outlined in [28] involves integration
of the equation over the field, of 1ntereg: _as shown in

.Pig. 2.2, In this ﬂqure one ‘can see a typical node, e, ir\ an
orthogonal grid network, and fout surrounding nodes, N, S, E
. nny:l W.. The, acr.ual xntegx‘ation is carried out avex‘ the

sma_ll‘er rectangle outlined by n, s, e and w around rnode P, as

follows:

d. 23
o 5 (o-*)-;;(e;ﬁ))dxdy—

w .

.
Convection Term, ‘I

c

g ) 3
(co @)} ‘o3 {b‘ oy (c‘ ¢) Jdxdy

Diffusion Terms, T4 |




_NW ot W N NE_
* nwp—=———ne
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q T
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i) ¢ 1
SWL——ﬂrs——-‘SE N
W = s SE
S
. < '
-~

x



5

e, dxdy =0- (2.17)

+

CENC Y

X X
o

¢

W

|—source Term, 1_—|
o,
It, shculd be noted that all terms but the \last ‘can
be Lntegrated onice since a, -is a constanr.. (rgfer to Table

2.1) . Therefore, we can carry out the first integration to

get... - 5 A : G %,
Ty %, o
ap. L7 .(oe(ﬁ)e - aw(ﬁ) }dy - IRCN "'%(?f’ Jax1-
Y - 3 X =
| 1, . I
Y X
n e
5 {,eax(c o) wax ("”}dy"r(%nay(c o))
¥ X
s w
| - Ia -
2 s
s o7 (e, o) }a x+ . o
I 0 -
YL -
S e axdy=0., , (2.18)
Y! xh) e
D b | . ' .
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The terms have been grouped together as
'convection', ‘diffusion' and 'source' for further e

-
‘_manipulatibme, with different assumptions being introduced

|
for each of these terms. 1

2.3.1 The Convection 'rem

In this term there are Em)‘ 1ntegra1: all of LR

similar form, therefore it is necessary to look at only one
of them to @emonstrate the solution procgdure.. The .

.convection term (Ic) can be expressed as |~

Y

n
- f 3¢
Io = 2y { tlayle A
s

rFor ¢ and ¢ well behaved, there exists an average value of b

which can be written as =
.
/ . :,, s #l = .
3¢

3 telape @ ’

h s = c
Y 20 ¥nd = 4ge) ¢ -
s (ﬁ)e S . .
Y Y

@

with ne and se are as indicated in Fig. 2.2.

Therefore, : :
I _ i

I = 24p b (4 _.%ne) -
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‘It is now necessary to make the following T R

assumptions:

1. ¢ is uniform within each rectangle and has the valde at
P. - :

y % o —
takes on the"¢ value possessed by the f£luld upstream, - .

~
o

of the e-face of the rectangle. i.e.” if flow ie from P
to E fhen §, must be squal to 4pe .
With these assumptions Ig bec_omeé:

- 0, =9,

N ) =Tl 4
o mia gL e Yool - 1¢ne sel' .
(bne~ $ge) + l¥pe - 4'52'}]
—he _se  Me se

+0p |

\
If we also assume that the value of the stream function,—¢i~-~
at the ‘interior node is the average of the valueé of the four

neighbouring nodes then

T T R
*se T } . A

and along with similar expressions for ¢ __, ¢ _ and ¢_ ., the
OF Ynet bny baw

total integral for the convection term can be expressed as
Io = Aglep = 6p) -+ A 0, = o) +Agley = o) + Aglop = o) .

where Ag = n“,[,(duse = dpe)t ldge = 4pell /2,

Ay = agpllon, = og,) + lop, = og,17 72, ) e




Ay = apllng = op) + o, = 0,11 72,

Rg = agpllog, = 6g0)* log, = 4ge11/2 .

2.3.2 The Diffusion. Term ® e
Again, because of similiarity of terms only one

integral needs to be examined, which is
1= rob, L (e 0 dy
da vy te dx e
s i
——"
Here we make a substitution of.§, and §,, which are

the physical distances between the coordinates suth that

dSl =dx dS2 = dy
“then
. San 8 t
Iq = é (b°e) a—sI,(c0 4) g ds,
2s . .
If ve assume by, ~ (byp + byp)/2 .
C b= G, b #
(c ‘)- . _$E B\\ _QF P
L " Sip - .

Pee + Pop See ®m ~ Sep %
2 S1e ~ Sip

then !d =

With similar-expressions for the other terms, one obtains
. “
[
% 1



I = Bgloypes = Cyptp) + Byle ey = cpop)

‘-‘ + Bu(cm'ﬂ -S4 op) + Bs(c‘sos - c.pgp)
w}{arc
s et P S~ S3s
) E 4 ., le SlP
no=Paw* Pep San T S2s - =
4 i
" % S1p < Sy R
s PP Sip Siw
N 4 v = S2p
s = les t e 1E ~ 51w
& 20 ~ S2s

2.3.3 The Source Term

The final integral to evaluate is .

Yy Xe 2
e | S ey axay . ) 3
Yo X, . . .

again substitute 51 and S, as before to obtain

© Bay Sige— o
I! - sf‘v é' B‘ dsl dsz
28 1w ; '

If we assume that e, is uniform over the area of integration
(] Pt

and takes on the value at P"then the integral can be
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» =
approximated by: .
— -
Is = % Vp
where  * ) 3 . . R
s s, s ' #
16 ~ 51wy San - 825,
s 3 "

* An expression for (%3)? for' a non-uniform grid can

be written as [28] & ~, E 4 o
= .y -y Y Y

P S B

(og=0p) (T—=52) + (0p=8g5) (=)

(a _ N P Y“ YP P VR Y=Y

. y’p

Xy =~ Ty

The Eqn. (2.16) in the finite-diference form'can
now be written as b

Aglop=0p) + Aylep=e,) + Aylep-8y) +'Ag(ep-0g) -
L4

s
; "o Bgle w0 tple” "w(fow by =

/' . By(

e % - ° Cepte) -
- CQPQP) - Bs(c.s

-
Sy

3 .
o c‘l,' op) + °0P V= ]

(2.19)

In this equation, the convection term has A as Lsn : .
ve * » . J .
cosfficients; the diffusion term has B as its coefficients

and the source term is represented by a single term e

o
ae Vgr i gt
We can now recast 'this equation into the 3
successive-substition form as shown below:
4 ! L e o)
. N5, 8p = Cpép + Cuby + Cy 8o + Cgég™+ D (2.20
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)
; .
where
- —_— vCE'(AE+BEc‘E)/E}\B-
e Cy = (A + By c) /[ A8, o
5 g =
y = (Ag + By CON) ¥V B,
N s
. -vcs'- (Ag+ Bsc‘s) / B
' &
VD= (-e op VF) / TAB , .‘(2.21)
e N A
. IAB = Ap + Ay Ay + Ag coP(BE: + By +.By + Bg), and
Vo =% (s - sm)(sz - S,)s The coefficients in the

i .con .ection.r.erm are: N .. -
'Az = “"st:*\}’ § “NB‘ 4e) + ldggt b by gl

H B
Aw = Tyt oy vy s’ oyt o dgym oslle '
- ) e (2.23)
— A ""L (gt o~ ™ 4’w’ + gt "B' Gy byl 1
. . \,/\/\;“/1

Ag '-ﬁg" [Cogyt 4y 4g= 4 + Jogyr 4 ogg ogl)e
L .-
The coefficients in the diffusion term are: :

p o 2eE ¥ Pep’ Say ~ Sag
£. = .
B S~ Sip ' .. X
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- 8

B = —ow Pep Sw T Srs.
W : 4 * slP - Slw N
(2.23)
g =2t P Sip T Siw : :
N4 “Sow = Sap '
;
. o o Pest By Sip " Suys . .
s 4 * SZ? - st " &% ‘ A 4

2.4 The Equations for the Eoundarx Nodes . NG L

s ' . and. the Boundary Conditions 2 i
‘ We have now developed a general successive- »

substitution' formula from the original partial differential

'equations. It is therefore necessary to specify the boundary. :

conditions for the area under examination and’develope the

associated subs’ti'téticn formula at these boundaries.

. Fig. 2.1 shows deta‘i‘l‘m of the area analyzed. The dimensions

‘speciﬂed Eortespond to the actual.dimensions in the

experiments carried out. '

N ! Boundary : | correspcndl to the Eree-stream

condi\ina where, thé temperature corresponds to the bulk

fluid temperature and the velocity is zero. vMéthemaglcalﬂy

*this can Lv[itten as . '

E Tsz = Tair’

\u=v-0, ¥
P

u-o,and_ -
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N o ¥ .
™~ ot y=o0. ' K (2.24)
-t Boundary 2, is the air-water interface. The
boundary conditions at this surface are
. . T=Tg = Tairr
u=v =0, and

w=y=0 ‘A s (2.25)
There is no heat transfer through this surface, water and air
are at the same temperature, and there is no movement of the
£luid through or at the surface, hence the velocities are
zero.

"Boundary 3 is the actual ice surface with the
following boundary conditions:

T=Tice =0 and

u=v=0

. >

The calculation of w for the boundaries 3 and 4 involves use

& (2.26)

of a separate equation due to the wall. .These calculations
are explained in Step 4, page 38. The stream function, y, at

- the wall is constant. i
5§ Boundary 4 is considered as an 1nuulatad aurface\
Phyucnuy it is a plaxiglau wall. The associated boundary

_ conditions here ar




" -kg—;-ound

u=v=0, (2.21)
Boundary 5 is similar to boundary 1, ie.
. T= TB '
u=v=0 and /
\
bmum0 P T (2.m
e

'> '2.5 The Computer Programme .
i With the governing equations im~“their (
successive-substitution form and ;he associated boundary
sd;uons outlined, it {3 now possible to proceed to the
Q@) conputer programme to solve these” equations for the problem
of.interent. *

As this is an iterative technique, -it is necessary
to lay ou;\r.hc grid network for the domalvn“of interest. 1t
was decided to go wi‘h an uneven grid spacing which wt':\fld

©  allow for more nodes nedk the ice surface and less nodes out
in the vicinity of :‘t‘w other boundaries. Fig. 2.3 shows the
grid arrangement chosen. Tables 2.2a and 2.2b lists the grid
line coordinates for the 2lv x 21 nodn' grid. In Fig. 2.3 CD ‘

; »
represents the ice surface: DE the insulated surface below

i 7
‘ C v
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Fig. 2.3 The Grid Network
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Table 2.2a: Grid Line Coordinates

Grid Line X1°(m)
Number <
= 1 0.000 -

2 0.015
3 0.030
4 0.040
5 0.050
6 , 0.055
7 0.060
8 i0.065 %
9 0.070
10 0.075 )
11 0.080
12 0.082
13 0.084
14 0.086
15 0.088 .
16 02090 _.

317 0,092 7
18 0.094 .
19 0.096
20 0.098 = 3
21 N 0.100




s.

Table 2.2b: Grid Line Coordinates

“®  Grid Line X2 (m)
. Number
1 0.0000
2 0.0200
3 . 0.0400
4 0.0600
g 5 0.0800
° 6 0.1000 *
f. 7 0.1138
8 0.1271 &
- 9 0.1404
z 10 0.1537
11 0.1670
- 12 <0,1803
13 0.1936
. 14 0.2069
‘15 0.2202
2 16 0.2336
g 17 0.2468
18 0.2601
19 0.273%
20 0.2867
21 0.3000
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the ice; AE and AB represent the free stream cc:ndit.ionn and
BC is the airswater interface.

The programme was set up such that when supplied
with the differential equations to be solved, the associated
bour;dary conditions, t.he thermodynamic relationships, and the
grid network, it uolves the assoclated set of algebralc
equatlcna.»_ This consists of K times M. substitutions where K
is the numtg_er of differential equations (3 in this case) and
M is the total ‘'number of grid nodes.

It is first, however, necessary to reca‘ut the —
previous successive-substitution equation, Eqn. (2:20) into a

form more suitable for progrd@mming. Egn. (2.20) can be

rearranged as

foap
s 1y * g5 89) 4l - ep Ve (2.29)
RIS 1Y

T
3=N,S,E,W

where E denotes summation over the nodes N, S, E and
3=N,s,W,W : e :

W and the other terms are as outlined previously.

-

We now divide both numerator and denominator by Vp to get

+(2.30) -

5 ; -
JaN,S,E M ((A +c j(b 1+ b.p)nj )).j l,‘
. g . A+ ey (Dyytbp)nyt )




o whe‘re //;‘/At\u

a; ¢ N
A =gt
3 o R
B B
. = s ¥ %
Vp(Byy bol’) b .

{

As an-example if j refers to the nade‘

' then .

Jog = bt bgp = bepl = (4 = 6 + by = bgg) -
W & N Sa _NE SE N S NE SE° .

w 2(S1g - S1y) (Say - S5)
. \ s 53
- . and B,' = —
nd By N | R

. 1E 1P

. The flow diagram for the programme is shown®in
Fig. 2.4a and 2.4b. A technique of under-relaxafion was used
to speed up the “ccr‘werqence. ‘ '

) THe calculations invalved can be summed up in_the '
following steps: '

1. Assume initial values fg'r. w, ¢,'T, u and v for all the .
-nodes. I'n the present woﬂ;, t_-‘ne density has been assumsd
to vary with the temperature. Therefore, for any givén
node, P, the density was. calculated at the temperature
corresponding to that' node. (refer.to Fig. 2.2). All

JETS. — - other properties were assumed constant over the-field of -

interesty whereas the density was —.r con’atunt—dnlyv

within the area enclosed by the dotted lines. The
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-~
.
Computes soureo term
- of Ean. (2.30)
Computes the convect ion
tersa of Eqn: (2.30)
. - < R =
= Compute the diffusion .
. terns of Eqa. (2.30)
’ ; -
. 2 Calculate g .
. \ = from Sea. (2:30) |
3 ) T
s 2
]
" - L
- L]
Purfarmn onee verut in

boundary

: . Fig. 2.4b The EQN Subcycle .
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calculations can now be started at node P in Fi

Fig. 2.3. 3 L4
Using Table 2.1, obtain a4 Pyr €, and e, for-the

vorticity term. To calculate e,, the finite difference

»
form was used.

Calculate ¢, for v using Eqn. (2.30) where all the

parameters on the right-hand side are kaewn at this

Repeat steps 2 and 3 for all the nodes from P to P' and

then to P'' .and'so on (refer to Fig. 2,3). It should be }

noted here that the nodes at the wall such as P
require a different equation which is

34 ~ b)) wgp

ot = %) e

i,
3 ) z
P "np : P

where fi. is the distance between nodes NP and P. ‘Node P
is the boundary node and node NP is the adjacent interior
node (refer to Fig. 2.3). u 5
The stream function’, ¢, and .the temperature, T, are then
calculated using steps siniliar to thode used for u. The

applicable boundary conditions are applied and the .

‘density vallies are updited for the new temperatures.

R‘peat steps 2 to 5 using the under-relaxation technique

until convergence is achieved.
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A flow chart outlining these steps is shown in
—_— |Figs. 2.4a and 2.4b. | !
N \
/2.6 Conclusions & - . \

In this chapter, the partial |differential equations
which describe the temperature and- the (velocity variations
around the vertical ice wall were obtalfied. These equations
were then transformed into tite- finice-dirfference form.

% .
i Finally, ‘an algorithm to obtain the solu\\r_ion of these
~ . ] E
equations was described. .
i i e Bow .
« ' : ! ’
)
. 7 v )
B
: i
< |
|
# |
P A & B : | -




CHAPTER 3

Cii “THE EXPERIMENTAL INVESTIGATIONS

3.1 Introduction : ;

In the previous chapter, the qnalytic_al fotm\;htion

of the heat transfer process around a vertical ice wall was
carn.ed out. For the given boundary conditioRs, the

-variation of ‘the tempetature and velocity fields could be

obtained using the digital computer. . ®

In this chapter, the expez;n;al/verific‘ation of
the theoret‘ical model under- certain _coné‘itionn will be
discussed. To carry out the experiments-one has to ,consider
various measurement techniques, salection Gritebia of -Che
instruments used, and the det‘aiWanwure needed to 4

accurately obtain the results. In the various sections of

° ‘this ‘chapter these points hdve been discussed.

x 2 Before starting lexperimental work':'arioua
techniqies for fine measurement ‘of temperature and velocity'
were examined. ’me major criteria for any menuuring davicu
were: (a)_high seneitivity; (b) the size i.e. the

' instruments used myst no disturh the flow and (c) the

» linearity over a lpecuiad nnga. Considering theu
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technique.
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" . = .
x #
criteria, it was decided to use a thermistor probe for the
temperature measurements. Similarly, the'velocity

measurements were obtained.using a thymol blue indicator

" solution with a pluf’.inum wire probe using a photographic

\

3.3 The Experimental Equipmeat e
3.3.1, -‘The Tank

g YThie experiments were carrigd out in a specially

designeéd .0127 m (1/2 in.) thick plexiglass tank maasu\ting
0.6l m long, 0.6l m wide :nd 0.92 m high. wil:'h -an extension
out on one uide wich dimﬂnui‘onu 0. 30m 1ong, 0 1.27 m wide and
0.76 m high. A uche.matic of the tank and exf_ension is shown
1n Mg-. 3. 1u and 3.1b. The expnrimentu were carried out.in
this extension fo‘i‘ the/easa- Of the phaéogmphy, with the
large pagt of che tank, baing required\‘\:o maintain the bulk

!l.uid f.amperar.ure. This- extenlion was fitted with vari.q:s

-4 pluxlglau ' spacers' nnd a copper Plate assembly to vary the

experimental set-up. . . :
An angle iron “€rame was builteto support the tank

and extension, and it Awns fitted with a special support for

. the cam-nrfor the cloBe-up photographs. The tank was fitted

with a plywood 1id op which. the varicus measuring !.nutrumepts
and probes could bc\placed !or easy access.

The large part of the tank was insulated wi&
0.0127 m (1/2 :4m) thick !tyrotoum sheets, held in place by a

.
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‘% - .

L COPPER PIATE ASSROBLY :
* 2 PLEXIGLASS SUPPORT , *
: 3 CONSTANT TEPERATURE BATH FOR BULK FLUID TEMPERATURE
4 CONSTANT TEMPERATURE BATH FOR THE COPPER PLATE

g -

AIR-WATER INTERFAC)%

Fig. 3.1 a The Schematic of the Experimental Set-?p s
(Side View)
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s O
] 4
R
L v
p— ” 1 COPPER PLATE ASSEMBLY
. |
3 CONSTANT TEMPERATURE BATH FOR BULK FLUSD  TEMPERATURE
é . 4 CONSTANT TEMPERATURE BATH FOR THE COPPER PLATE
. % A
_—
.
w g . -
Fig. 3.1 b The Schematic of the Experimentnl Set-Up
¥ (Top View)
~ Al




44

0.0127 m (1/2 in) plywood frame.

A coil of 0.0127 m (1/2 in.) copper tubing was"®
placed in the tank and connected via clear tubing to a
constar;c cemp‘nraturo bath for control of the water
temperature. A circulating pump wds also connected to the
tank by 0.0508 m (2 in.) PVC pipé. This was used for mixing
up the water in the tank. Figure 3.2 shows the actual
equipmental act-up. ' -

3.3.2 "The Copper Plate.Assembly | .
To euminate-f.he problem of forming uniform {ce”
sheets for each experiment, it :las decided to use a copper .,
plate assembly instead of an actual ice surface. This
assembly consisted of a 0.0254 m (I in.) thick plexiglass
frame (0.10 m wide x 0.127 m on top and 0.254 m {bng) with a
channel cut along its front,:top and bottom. The copper
plate was screwed to the plexiglass frame, ‘with.a n;'a!ket for
sealing, to cover this channel. This channel allows for
circulgtion of the constant temperature £luid (anti-freeze)

from a constant temperature bath (Lauda,Kryoma&) via

appropriate fittings and clear tubing (refer to .Fiﬁr. 3.3).

To go along with the copper plate asseémbly there
were two plexiglass spacers, 0.127 m deep. The spacers Anf &

copper plate assembly had notches cut in both sides:of the



Fig. 3.2 A Pictorial View of the Experimental Set-Up
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Fig. 3.3 The Copper Plate Assembly



back of their frames which fit over guides in the tank
extension. This secured their position during the

experiments.

3.3.3 The Temperature Probe

. For the temperature siassiPenents sevaril options

tebdnaxanined. audi"as ihermocouptes; Eierniskarsy Fibie; ete.

of the/choicg_a available, it was dec_ided to go with the '

thermistor. for the following reasons: °

1. It has a linear temperature-voltage characteristics
over the temperature range of interest.

2. It is available in very small sizes 1.27 x 10 'm
.(0.005 in.).

3. It is easily calibrated = nc'ice bath required.

4. It has a stable output. ‘

5. It has been used in similar applications with success.

The thermistor selected was~a ‘Thermometrics Model
BR14PALO3N-L,” bead diameter 3\6 x,,m"‘m (0.014 in.) with

platinum alloy leads 2.54 x 10-5m (0.001 in.) in diameter.

It was y to make an < iate probe to hold this

tho;miht;r. This consisted of a 0.0127 m (1/2 in.) stainless
#tiesl tubs, 0.610 m ofg, set-inga’s twosplace plediglass
block for ad‘justment of the probe. Two 22-gauge hypodermlc‘
ne‘adle:—wera mounted in thie end of this blo::k. The ---

thermistor was mounted across ﬁhe tips of these needles, by,
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' soldering. Copper wire leads were connected to Lhé back of
t)‘ae needles and carried \Af\srough the stainless Vs::;el tube
% (Ehe TieEsHELRG) THECEUMSAES (KN BATUNLRERE aBEew. on e
plexiglass block assured tightness of the thermistor across
the needles.’ The needlea being 0.0381 m (1-1/2 in.) long
allo;;d the bulk of the probe to be outside ‘the boundary

' layer and therefore not affect the flow. g

THe thermistor was calibrated using a calibrated

thermometer. The calibration curve is shown in Fig. 3.4.

3.3.4 The Velocity Probe

For thd velocity measurements there were two
possibilities ‘examined: (1) a hot-wire anemometer probe, or
(2) the thymol blue indicator solution with a platinum wirke
probe. .The hot-wire anemometer was cons‘i_deted because it had
previously been used successfully for low velocity
measurements and some of the equipment was already availnbla

at the university. After gome experimennuon with the

equipment on hand, it was decided to go with the other method

due to the costs involved in-purchasing other ‘necessary
pieces of equipments . X <
The technique for the use of .fhe thymol blue
indicator ‘solution with platinum wire probe, has heen
developed by Bul;gr £2] and had been used in'a similiar
otk
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application by Wilson & Vyas [22]. i .
The: thymol blue solution is 0.01% by weight of
thymol blue powder to distilled water. Approximately 30

grams of pwder were used for the Qlume of |water ‘in the

tank. The somtipn was prepared as followsi the thymol blue

powder .was added to the water. turning it a deep red; it was

then titrated to its endpoint (pH B) by adding IN-NaOH* until

P it turns ‘the solutif)n deep blue; it was then brought past its '

end point by adding IN-HC1*, "turning the solution orange.

The circulating pump on the tank was used to mix the

solution. The solution in the tank was now ready such that

the pulsing of a voltage across the platinum probe would turn

ENGUESTHELSR BIHe WE/tha PEObE e 6% prokon, ERAREEAE ReaT.

the wire. : .
The platlnum‘ probe itself was made at the

glass-shop at. the university and consisted of a, 0.008.m

diameter glass tube 0.610 m long with a 0.076 m end piece

bent at right angle to the main tube. The 3.2 x 10™%m (.005 *

in.) diameter platinum wire was Qoldenzd to|a length of
R . .
] \
o e

* 1N Solution = No.of GEW solute

N No. of litres of solution
1GEW (Gram Equivalent Weight) HCL = 36.5g HCl

-1GEW NaOH = 40g NaOH




copper wirs and run thiough t;xe glass tube. Approximately
0.050 m of the piatir‘mm wire was left extending out the end
of the short piece of tube and this end was heat-sealed
closed to securely hold the wire. The top of the glass tube
was. left open and the'copper wire extended out of it-to-be

connected to a voltage source.

3.3.5 The Positioning Device
To. position the probes. for' an e_xperime;mt a ;

specially designed positioner was assembled. For the -

vertical mgve\y(ént"an assembly from the Unislide company,

model }\4015—K2M with a travel of 0.276 .m, was used with' one

end madified so as to be fitted y.th three levz(li.ng legs for

positioning in bmss holes in the tank- 1id. The travelling

part of, the pcsitwner was also modified to hold the actual

probe by means of a plat® at right anglé to the slide. . Sy

‘Horizontal. movement of the'probe was provided by a i

Defron—Precisioh Slide (500 series). sprir;g loaded x-y

positioner, that the company itself modified to hold the

micrometer. The micrometer used was a Mitutoya micrometer -

head - Model 297.101, with a travel of 0.95/}!\)1:\ graduations

of 5 x 10°%n. It is also equipped with u'/zegoing scale that

allows readings to 1 x 107> m with a diqic‘;l read-out. The

actual clamp for the probes was attached to one end of the

—
»— ¥
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x-y positioner with-the micrometer head being its means of —
Travel. .
. When assembled this device allowed for accurate
positioning of the probe along,the length of the ice surface.
After th® probe was positioned at the ice surface, it could
be moved horizontally out through the. boundary layer for

temperature measuregent purposes. Fig. 3.5 shows-the
: d A

posiéior%z;jevica used. o R

3.3.6 The Measuring Instruments _

3.3.6.1 Temperature Measurement - } ”

As temperature measurements were taken using from ¥
the thermistor probe and thermocouples (bulk” fluid . J
temperature), it was necessary to have a measuring 'device to
handle both. The electronics shop in Technical Services at
Memorial University built a wheaéstone-.sridqg_.ampl’ifie: (to
amplify the micro-volt output of the probes) that could be
connected. to a digital voltmeter (DVM). Fig. 3.6 shows the
wiring diagrams. The DVM used was a Fluke model 8610A

Digital Multimeter set in a range of 0-2V. The amplifier

device allowed for, reading of up t’o 8 thermocouples .
(Probe-Amp sw‘itch in the AMP posifgion and the 2-9V batteries

on) or the thermistor probe (Probe-Amp switch in PROBE

position and the 1.5 'V battery on). All wire connections
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#  were made through the back off the device to minimize the
| _tamyle on the tank lid where the equipment was situated
(réfer to Figs. 3.7a and 3.7b).

i . L . H

\ - 3.3%.2 Velocity Me: surement . ® , = ’ .;
i A'HR 33108 Functfon Generator was: used in
.. conjunction wn.h e.ha plue.i.num wireyqbe.‘ ‘This particular
instrument gave fhe appropriar.e pulser(aquare waves) when
set to 0.01 Hz. The voum_;e ccul}also be varied (usually t*
a maxlmum. of 5V so as not 3 Aproduca too many hydrogen
. bubbles at t.hc pmbe itself which would affect the flow) .
. ‘; The voltage. vuriutlcn increases che h‘n‘\nsity of the blue‘e
' produced. Actual secung; of the function generator wWere i
determined by observation, bdepending on the type of flow.
s : Connections from the generator_to -the probe were as
follows: oné side from a BNC to two ull‘&or.c‘ugs to be

connected; one to the copper wire at the probe and the‘other L
’ 5

%4 ¥# one in the water to complete the cifcuit. The other side of
. the BNC \;ant to a digital multicounter (Fluke Mode1 1850n). '
This device was used to d ine the exact f es and
p-r‘iod of*Fhe pﬁl-as. ganontad. Hg/ 3.7a shows the
¢ = connJQtl\u ba:wo‘n the various davtceu and Fig. 3.7b shows i
Y . the measuzément_ devices. ' ; o o
- E . T e T
. e L * '
’ [ . -
. ' o . . B T

-
e

4,
il
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3.3.6.3

profiles consisted of the following items:

1. The

-~

The Photographic Equipment
N 1 5
The camera equipment used to recoyd the velocity
Py G

Hasselblad camera (Model 500C) with 12 exposire
i

back. ' { i .

2. The
-3. The
4. The
5. The
6. :I‘he

the

allowed

L

80 mm-lens.
extension tube.
0.5 mm-proxar lens.

cable release.
v

tw6 quartz lamps for illumimation ( pouuoned behind

tank extens iun) .

The camera was £itted onto a special stand which

movement in three directions (suppdrt frame of a

NIKON Autocollimator Model 6D) which was supported on a part

of the tank_frame.

The camera setting was f 2.8 for 1/60 second using

TRI-X 120 black and white filn. The film was developed ind

the usual method except that HC-110 (dilution B) high

contrast developsr_ as " Color slidan using—=-35 mm

NIKOMAT

3 .
camera were' also ‘taken for presentation purposes.
1
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-suudfnq). The room controls and two constant temperature .
baths were used to adjust and -maintain the bulk temperature,
of the water and the copper plate temperature. The {
circulafing pump on the tank also aided in adjusting the
water ¢ e from one to the next, by mixing .

up the water. .

At least 12 to 14 hours prior to gme.'ing an
experiment, Lj vas necesaby to set £his. gom temperature and
connect The largex (Lauda Kryomat TK-30D) constant
t-mpﬁrature bath to the copper coil in the’tank, set to the.
uh" temperature as thf room.  On the morning of any given
-xp’arinunt, the circulating pump was turned on briefly (at
J.tut two hm;n befa’u. starting) to ensure even mixing of .t'he
water in the tank. - The temperature measurements were taken
at various positions in t‘h; tank, .to check the uniformity,
~and the bulk fluid temperature was rac‘ex_-dad.’ The Kryomat was
then connected to the ::opp,a; Pplate assembly, and the Laufn
Model BE, RC-3, constant ‘temperature bath, was connected to
the copper coil in the tamk. This was done because of the

greater circulating capacity of the Kryomat making it more '

useful in setting the :.mp'-racuu\{‘cho copper plate .

assembly, This was carried out at least an hour p;l.or to the:
"

exppriment.-- Thedcopper plate assembly and approfSriate




ST T

nng everyt‘h}ﬁq was left for about 1 hour to allow the water
to settle. =
Once tI® vater temperature and ice surface were in
equilibrium then i experiment could start. 'The thermistor
probe wis positioned in thé tafat the ice surface. It
vertical position-vas recorded and the \i.crt;meter uadlnq?wa-
ze:oed.’_ The probe was t{en moved out from the ice surface in
’ increments of 0.1 x'10~3m and the corresponding voltages were
'record@. Readings were taken out to a di-ta;u:e of 2.0 x
#1072m from the ice surface. This ‘was repeated at two dther
‘recorded vertical positions along thegice surface.. When all
talnpera;ure readings were taken, the platinum wire probe was
F moved"im:o pcﬂtién. The voltage output frequency was e
adjusted until a well defineq pulse was formed. Photographs
Were tiken with a scaled object in each and the frequency and

period of the pulse were fecorded. Photographs were taken

midway along the ice Surface. -
Any time a probe was posl;\oned in or out of the
‘bounéary layer, the water was allowed to settle before

i

s recording any measurements so that the flow would be
undi sturbed. P @ s N =
” Expegiments were carried out at various’

tomp'brut‘ru in the range d£ 0.952C to 8.4°'C.

v
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s 3.5 Conclusions % _~
- In this chapter, the deta‘.ll_ot the experimental
set—up and the procedures were discussed. In these * <y
. diacussions, the sensitivity, the linearity and the size, =
which are thp selection criteria for the measurement devices, &
were tak\e‘n into account.
= ’ ) : S
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THE EXPERIMENTAL AND THEORETICAL RESULTS

& ¥ 4.1 Introduction ,A = . .
- . The prpblem of heat transfer around a vertical ice,
wall'in fresh water was defined in the first chapter. ",
Previous work in this area, bo’\:h theoretical and experimental
\ was discussed in some detailrin this chapter so, that it was
clear that there was a need for further work.on this topié.
In Chapter 2, it vas discussed that the modelling of the
physical problem could be approached by using“a
£inite-difference technique. In this chapter P
mathenatical transformation of t—.r;'e governing partial
aifferential fquations to ‘a general finite-difference.form
was ;).io disc'ua ed; The experimental technique and the
various pieces of equi{vnnant used for the temperature and

velocity profiles were described in Chapter 3. .
X ] N g
§

In this_chapter, -the theoretical and experimental
¥ results will be presented and discussed, The verification'of
the theoretical model will be done by ‘comparing these with

the experimental results. These theoretical or experimental

results include the cemke{:ture and th(vel.ocif.y profile, the
PO local as vwell as the averagqheat transfer coefficients and. .

! the Nhsselt number. » -




4.2 The Verification of the Theoretical Model
In Chapter 2, th‘e\QntinuLf_y equation, the
Navier-Stokes dquation for :wo-dimensi‘dns ‘and the energy
biﬁr?ce\equacion defining the physical problem were
re;resentad by Eqns. (2.1) to (2.4). These equations were
then transformed usir';q the finite-difference technique to a
ageneral form represneted by Eqn. (2.30). This equation ~ «
requires the use of the Table 2.1. ) ) %
' The pr'ogt\amme developed for the solution &f the
equation was called CU.FOR and is included.in the Appendix A.
The grid spacing in the field of interest is.shown in the

Fig. 2.3 and Tables 2.2a and 2.2b, . .
- )

4.2.1 The Temperature Profiles e .
X . Figs..4.1 to 4.3 show the' variat;on of the
_tempe“rature in the zone of interest at bulk fluid_
cemperatu:eé’of- 0,95°C, 5.6°C and 7.7°C respectively.,
Rgfe:ring to Fig. i'l “and Figs. 4.1 = 4.3 it can be
seen that there is a good agreement between the 'eg(pejimentnl
AHA! LHEGESELERY VALOSE. -~ THE WAJGE diucrepaiicy aplase At
5.6;5 wﬁich is mainly due to the nature of the flow at this
tem‘perutu;e, ‘i.e: a bi-girectighal flow was obseryed. 'From
both thav‘axperlinentax and theoretical results; the local heat

transfer coefficients (h,), were calculated using.[29]:

E .-

D
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h, E ) B2 %Y
. / where . '
T, = temperature at r_he‘illl (0.0%c) °
TB = bulk fluid temperature .
E . . = thermal conductxvicy & &
=g : %
\b;)w ‘slope of the curve fat the wall
oo The, hy ‘values for various temperatures are &aown in Table
. 41, .t . . % . o
- -
. From these values QN . the correspond:.ng Nusselt .
numbers were calculated using: . . L
- ' h X
% .
Nu = . (4.2) o
2 . .
- where | . pe 1
«X(m) ‘= the vertical position along the ice surface.
These results are also shown in Table ‘.1'. These
- vesults 1ndicate a minimum Nusselt number around 5.6°C which

is consistent with ﬂndingn of other resaarchers [1l.
4,2.2 The Velocity Profiles(30]
~—  .:The theoretical and theuzpetimental veTocity

results "are shown il:i the Fig. 4.4. In this .élgurée the
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velocity profiles look gimilar, there is a shift in the peaks
X the maq‘nitudus of the peaks are close. Fig.. 4:5 shows
* the exparimental velocity proﬁle at 4. 7°C where one can very
' cleurly see the dual nature of the £1ow. Thetn is an upward
velocity near the wall angﬂownward veloclty away from the
wall. The velocity is zero at the wall as well as at a
distance far away from the wau where the natural convecﬂon
effects are l:ot present, i.e. the buik conditions prevail. .-
It should be n\anti‘onad here that this figure does not show
-any: theoretical results because the solutions did not
converge in this dual £low temperat_ure‘/range. Lee [1] in%fee
thesis has also reported ncﬁonve[‘gen:e of the solution.in
the duul @low tempurat_ura rang‘a. ’ . i " )
, Fig. 4.6 is ‘a schematic of the ‘obserdan valocity

profiles in the dual=wflow range. For a bulk fluid

temperature. of 1.1°C there is a full upward vaxocﬁy profile”

\-lpich goes to zaro at eome dlltance from the ice surface.. As.

r.he bulk temperatura increases tu 4.0°C the peak of the
velocity profile has decreased and there is the ntan. of a
small downflow out from‘ the ice surface. With another
‘increase in tempééutura to 4.7°C the upward velocity profile
Has dgain decreased and the 'dwnward pmﬂ.h.hun increased.
The point where-tha velocity goes to zero butwb;n the upwnrﬁ
. flow and the downward flow has shifted to the laft, closer to

the ,Luc surface. As the water temperature is again {increased
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t0'5.6°C the peak of the upward velocity profile has .
s q,crq‘n-ad almost to zero, ahd the downward profile has again
- increased. The point of zero veloc;.cy has agaip -hil‘tad
'1 clos he ice surface. At a bulk fluid t.emperu'tura of
i ' 7.7°C $here is a full downward velocity profile with a‘peul:
valie greater than that observed.at the lower temperatures. = . __
There is actually a bulk fluid temperature at which there #

‘ — -
’ would be an area of zero velocity near the ice surface before

the downward velocity profile. This would correspond to‘ the *

. temperature at which there .is a minimum Nusselt number.

" = —_— - L
4.3 The Extension of the Theoretical Model -

4.3, 1 The Temperature Field D* i
# Fig. 4.7 shows the tampeucure profilb at Mou- o

. . values at 1.0°C. It can be clearly seen-in this ﬂgura phat
as X increases the u_lop[ of the temperature proﬂ.le at the * X

wall decreases. This implies that the hx’ the local heat

- tran-tor‘"ébcuichnt, decreases as X increases. ¥ s
bceuu-a in Eqn. (4.1), h is directly pruporeional t0 the -4
, slope. s}muar roAlts can be seen in Pid’ 4.8 which is at”
temperaturef3.0°C. Nq. 4.9 shows the tompentu:- profile -
. sat S. 0 C which is in the dual tlo“;‘;lnge-‘ Tnbl.n 4.2 l;:w{v s
< the vnrintlon of h, as'a ‘function of‘ X at 5.0°C. _From this

LR figure and the table one can clearly see that h, at first

[ b




. O

|

L
*

¢ . i & X =0.1060m 74
w - ‘ —
c? b ' R
= ’
(o .
< - ! & -
L | —
it .
%00 €00 8. 00 12000 16.00 _ 20.00
3 i & B
o
o + % . .
ow] -
o . - ‘K O.W\ﬂn
- /’ . .
w
= -
=
3 s
[ .~
i '
o .
EQ & T T 2 T -
=%, 00 4.00 8.00s  12.00  16.00  20.00
o "
e -
ov ' X = 0.0f3am
w - i
ch v -
Sd ) ¥ 4 \
£ | R R
%g T~ .
=%, 00 Afug E}'A‘nn 12.00 = 16,00  20.00
OISTHNF‘E‘:‘ ROW ICE SURFRACE (M, X.001)

Fig. 4.7

(Tha Temparature Profiles at 1.0?C
A ‘ :

=



bl > . o
- o. ’ b s
8
. ow X = 0.1069m
— o,
" .
<l .
=
= .
<=4 —
<
& - <
. 3| .
W - . . . —
“b. 00 4.00 8.00 12,00 16,09 20. 00
@
8
o~ '
‘;.WW X = 0.0670
= N -
Lw —
54| '
k= .
a
CoE |-
@
22V
5. 00" 4.00 8.00 12.00 16.00 20.00
“ i
.- x_"' =4 N
B o o B
o . X = 0.0138m
v )
o~ e N . s
- w \ -
< q
L Sl e
b= P \
« E '
CC ;
w 4 ‘
* o
L, E8 .
. v}"‘"“h. 16.00 . 20.00

00 4. 00 8.00 12,00 .
ISTANCE FROM ICE SURFACE - (M, X.001).

/VI}\ 4.8 The Temperature Profiles at 3.0°C




\ 5
- . i
R 8 .
b : Lo : - 76
.4?‘ ' g ~
v 4 [
*}&Jn ¢ . Y .
. =
(=] 'S
P X =0.1069m .
5 |- ; 4 4 \
. E ; \
u}:Jc P H N .
~ = 0. 00 400 . .00 - 12,00 16.00 - 20.00°
\' s \ : ‘ ? - 3
A S g o e
L d _/gyu\ ' 3
oW
o
w
o
¢ 5o
—= 4 ; 5
" « X=0.067m
& )
uw 7 .
o .
” zQ . -
- oo/ -~
o L MY 4.00 8.00_ 12. 00 16. 00 20..00 .
. » “
.
g8 . o\
o ; _
<.
w ey
EO
§ =
pif N}
e \
&
i : , .
bE=) ” € . 7
. > =83 /\ s | »
i . 00 - " 12,00 20.00
2 DISTAN CE FHUH IGE SURFACE (M X 001) 4
\ : : / . .
.. : .‘ - ' - ' -
Fig. 4.9 The Temperature Profiles at 5.0°C
q ) §
. » :
. . e




Table 4.2: Local Heat Transfer Coefficiengs at 5.0°C

X(m) - hy, )
- X! (Ill °c
a.0000 ¥ 147.5
0.0137 123.5
0.0271 110.8
“ 2 + 0.0404 . 102.5
' . : 0.0537 N 96.4
- i 0.0670 Ve 92.2
. 0.0803 90.4
. 0.0936 93.1
= 0.1069 97.6
0.1202 , *100.1
0.1467 100.1
L 0.1601 {+98.2
S 041734 7. 91.3
" 0.1867 71.8
i 5 02000 71.8
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decreases vith_'x and then increases and again it decreas‘eu.

Since, .as reported ear}ier, the velo.clty values did not .

converge in this tgmperature.range, this my’nct be the

accual,v}ariacion- of h .with X. . i . ¢ s . .
’1‘35 temperature profiles at 7.0°C and 9.0°C are

shown in Figs. 4.10 and 4.11 raspectively. Bot‘h ‘the ¢ | o

emperatures are above' tj€ dual flow region. In both these

ﬂ.qures the slope at the‘wall 1ncreaseu with f.he 1ncrease of

.X. This behaviour is opposite to what was observed at

temperatures below the dual flow region. This behavior can
Y

be explained by the fact that the flow is’ downwards now.at ¥ a
7.0°C and 9.0°c. 4

{
4.3.2 The Velocity Field
The velocity proﬂxa; at different locations at

1.0°C and 3.0°C are shown. in Figs. 4.12 and 4.13." In

Fig. 4.12 the,peak velocities increase with an 1ne?aun of X. -
- B . .

All the velocities shown are upward throuqﬁout ﬂ‘»\e field of %
{nterest: e velocity profile at the lowbr edge of ‘the
pllte is flattar as mmpa:ed to. the protilel where X has
‘ni.ghér values. 'mis is bec the natgral con\'rucf_.ion !crcu .
1n=teage wlth th. cr;ane in X. This ‘ninc‘iaxplains‘ i:_he'
incrsaue in r.'ha peak va.l.usu. Xn addiclon, in’ Fig. 4.13, the e
valocltiu nppruuch zero far uwny £rom the vertical wall.

Comparing Pigl.,l.ﬂ and 4.13 onn_cnm see that the bo_ungary




*

[=3
o
d,
L . 79
DL
Lo y
w
cg £ M
= . g
% = X = 0.1069m
& .
o 3
=3 .
wsy : —\ : ,
“b.’00 4.00 . 8,00 12,00 16. 00 20. 00"
. - ; oo , .
o
o
1 - .
5 Rl )
: 5
w
£8) ;
= .
g { . X =0.067m - .
E Bk . , )
=3 %
bt . . T , )
™. 00 Loo 8. 00 12.00 16.00 «20.00 .

10. 00
-

g :
=u B
_% x=0ﬂpm
i .
z8l/ 2
- %00 16,00 . 20.00
DISTRNCE FHUM ICE SUHFRCE (M, X 0011
Fig 4.i0' Tl‘ie Tel\?ﬂaqure i’ro'ﬂﬁl at 7.0°C" \
» i . B - 4 )
T 5, L Ve o w ;
€ ¢ l‘ N




o ®
o
oo . ’ 80
o
L -
i
2] i -
2 y S vl A
-5 X = 0,1069m
w
o
=8 . .
= T y ; T —
“b.oo:  -4.00 8.00 12,00 16.00 20,00
o
=]
R
uj :
h
- .
CO
52 - .
- - .
T N\
E e X =.0.067m
..
=3
] . i S .
Rl T 400 8.00 1®oo 1600  20.00
- R B h
&
.8
2 .
~ 0. C
52 ~
.
wl
<8 .
S %4 st
— 0
@ -
o« . X 0.0}SM
oy :
=9
119, i
=0 3

~ .’) . T - = /
Fig. 4.11 . The Temperafure Profiles &t 9.0°c L ..
3 , ] :

AN



%
9 g - -
g o 3 9 -
N w X = 0.1060m 2 e 7
. LI I8
- b
. ‘?c e i
; ' ¥ oe ' — !
¥ i ;,';‘E-,‘ T T T T - — s
V' ~22% 00 12,00 . 24,00 ~ °36.00  48.00°  60.00.
2o : & e « &
> '
o -
{ S A 5
wd / X%
; . ¢ 3
=] 3 f - ’
58 .
E u’.- ” v 7
) 3 R X = 0.067m . - f
: 9.2 - ; b ;
A 12=8 . . =
aéq, ? - T T ! ,
2 =%l o0 12.00 24.00 36. 00 48.00  60.00
— Ew . . .
- > _ - a
. S “ ; .
3 . /.
— - ! -y
¥ Al
LN g . . L}
i 3 ;
4 - X =,0.0138n
RIS s
'Ql—a |
258
%g% : T — r T P
: £3%foo | 200 « 2000  36.00 48.00° . 60.00
N TR bistance From Ice Surface (M, X .001) -
; sl - a « s
‘ . . i y
| : : !
. X i . [ ) X
Fig. 4.12 The Veloeity Protiles at 1.0°C Sl
. - g
. N § . Nt 8 !




5.0
> : '1 .
7

e,
|

00" -/ 12,00 - 24:00  36.00 . 48.00 ;. - 60,08~

(u}_é)*m‘a
VELOGCITY
0. 00

5. 00
|
|

5.00

5. 00 -

“(M/s)*1072
VELOCITY

-5. 00

5.00

CITY

#1073

- - T B e = T g
00 .12.00; 24.80.  d6.0y . .46.08
Dlls\tnppe Froif, Ice Surface (M, X .001)

(uy
VE»I.:%
.00

-

sl # PR A
i
/!

Aoy ~ 7
Pl A\
rig. 433 {‘yé
o




f‘luea’ are ne:;ativg because of Jthe downward flow. Since the

‘layer effects due. to the natural convection increase as the

»temyern.‘ure increases, i.e. the velocity profiles become

sharéer. =
The velocity profile in the dual flow temperature

range, i.e. between 4.0°C, and 6.0°C are not reported here

because the solutions did not converge in ‘this temperature

range. The velocity profiles at 7.0°C and 9.0°C are shown in"

Figs. 4.147and 4.15.. In both of these figrues, the velocity

emperatures for these figures are l'iigher than. those in
Nga. 4.12 and 4.13 the magnitude of the péaks are much
higher and ptbﬂ.leu are much sharper. One can also qu in
these figures that there 13 wyariad flow far awax from the
vertical ice surface. .

\

4.4 The Heat Transfer Coefficients and the Nusselt Numbers

The local values of "_che heat transfer ‘coefficient,
h X we’ze calculated by u-hig the slopes of the temperature
profile af .the wall ‘as given in Egn. (4. l). Then thc'u\'nrug-

value of h was calculatad uuing the equation [29]1

—

!h‘dx
o x

h = (4.3)

where L il- the hngth of the verticul ice surface. The local

value of the Nu:

a1t numb{ was obtained uling Eqn. (“'2).'
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The average value of the Nusselt number was calculated using

this equation

! x (4.4)

1 Ao
—_

Tablés 4.3 to 4.6 shows the variation of h with X at various
tamparature‘l. in Tables 4.3 and 4.4 which ;;E at 1.0°C and-
3.0°C the h, decreases with inczeas;e in X whereas at higher
temperatures, ile. at 7.0°C and 9.0°C, (Tables 4.5 and 4.6)

h,increases with an Yqcrease in X. _This is because the

"tamép:acuta profile nlopa: (reger *to, fig-- 4.7 :and 4.8) .

decreases with incréases in X and since from Eqn. (4.1); h

is_directly proportional to the slope, h_must also-decrease

x
—— with an increase in X. "In the case of h, variation with X at
higher temperatures (refer to Figs. 4.9 and 4.10), the slopes
( increase with increase in X and therefore, h alse increases
€ with the increase in X. = = .

‘ Figs. 4.16 and 4.17 show the variations of.h and Nu
with temperatufe respectively. Both ofvthese figures ax:u
similar. The results obtain’ed bylo:.i;er researchers is shown
i Fig. 1.1 which is also similar. All these figures show

. thiﬁu or B ut‘ﬂ‘ti\ with the i in the”

theny s to a minimum value in .trga dual

£flow éimparatura range and ‘th\én increases again with the 4 '

The dec: 'ofﬁ_oi)ﬁu\ea,n be understood. by
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Table 4.3: Local Heat Transfer Coefficients at 1.0°C
2\ .
X(,M) hy' (mg. °c ! \
: = 7 .
0.0000 186.3 e . B
0.0137 . 153.9
©0.0271 136.9 .
y 0.0404 126.1
§ 0.0537 118.3
0.0670 112.3
| 0.0803 107.3 *
0.0936 103.0, .
0.1069 s 98.9 N
0.1202 | 95.3
0.1467. 92.1
0.1601 88.3,
0.1734 80+ 7
' 0.1867 -~ - 64.6
0.2000 ., 64.6
. \\\
. -
s
A .
; B
/
. I
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Table 4.4: Local Heat Transfer Coefficients .at-3.0°C

LI m, . .
¥ X{m) ny, (45553) L
0.0000 i 205.4
.+ - 0.0137 ©174,2
0.0271 156.535
0.0404 144.9
0.0537 — = 136:4
© 0:0670 129.8
0.0803 _124.3
0.0936 712044 -
0,1069 115.6
0.1202 111.8°
- 0.1467 0816
e e £ 00,160 S, 05.4.
*0.1734 97.2
0.1867 77.6
0.2000 77.6
/
—
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Tabje 4.5: Local Heat Transfer, Coefficients at 7.0°C !

LA | |
e (m) - o (UgERa) |
:_ b x(m) o hx,(m 5 )(\—\ .
: B : T .
o 0.0000 e & « 117.0 \ : o
. . 0.0137 . o
0.0271, - 115.5 - v
0.0404 118.6 —
0.0537 . 1231 .
0.0670 128.6°
. .+ 0.0803° % . 1352 . .
.0.0936 . 143.3 - B
0.1069 . 153.2
© 0.1202 165.4
- 0.1467% ; 180.2 8
01601 . 197.7
K 0.1734 214.9
= 3 ' 0.1867 ; 229.4 -
0.2000 229.4 °,
e ’ —n .
- e ) '
LS \'\\\
- "
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\ Table 4,6: Local Heat Transfer Coefficients at 9.0°C
I /
! X(m) hy, (ng.(t:.s) : ¥
. Y o
. ' 0.0000 ° 147.1 -
“ol.. v 0.0137 152.1 :
{ 0.0271 - : 155.6 . n
0.0404 459.4 s
0.0537 3 163.9
d . 0.0670 169.1
y 0.0803 175.4
¢ s 0.0936 182.9
“ 0.1069 : 191.9--- R
= B 0.1202 i 202.7 -
. . 0.1467 215.2
0.1601 228.0
0.1734 4 240.4
: . 0.1867 287.9
0.2000 287.9
" /
i //
. // ' .
- ; "
' g
/
— . . .
-
-
A " .
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referring :c} lFig. 4.6. In this figure the peak upward
velocity decreases with the increase in the temperature. The
‘slope of the velc}xcy curve at the wall is also decreaged.
Therefore, the convective heat transfer pn—::ss which depends
upth the variations of u with y. also decreases. This leads
to the decrease in the slope of the temperatureprofile, and
thus the ‘heat transfer coefficient. This trend continun‘zs
_with the increase in the température until the pesk upward
velocity decreases to zero as given in the Fig. 4.6. When

— A
the-temperature-is increased further, the flow at the wall:

' reverses and the absolute valie of the slope of the velocity

profile statts increasing. It should be pointed out here

that when the slope of the velocity profile is zero, the heat

transfer can be only due to.-the conducnon process; there‘ "

‘would be no ctive p at this erature. A8 the
temperature 1ncreases above the reverse flw temperature at
the wall., the slope of the velocicy profile increases, l:hua‘
the slope of the temperature profile also increases.  Thus,
the minimum value of h or Nu can be undex:st_obd in terms of
the variation of the absolute valué of the slope of the
velcﬁity' profile, s . "

Table 4.7 s);ws the variation of hx and Nux, at “
X = 0.067m with increase in the r.amper‘ature. One can clearly

see that the Behaviour of h in this case is similar to hoor




Table 4.7:
£

Temperature

°c

VRNV NS D WN

ocococowowmoooo

iy

Local Heat Transfer Coefficients and Nusselt

Nunber (% = 0.0067 m)




. are eabular.eu for a plate 1engﬂ| of 0. 303 m. FQr
N

- It is ‘worth menttoning‘har’g 7that at very low bul.k
ten\pentureu such as around 1 C, the meltirg raté of ice wul
be,very,amau. Therefore, the values cc \'p:ed tor h, x* h and
Nu will be very close to the values obtained if £he melting
of the ice is also included whiu:h wauld anolve inélusion of
u‘n ndditional term in—tire energy equation. &

L . The results shown in Fig: 4.17, canpare favouru;ly
s Obtained by Bendall dnd Gebhart [10] and Gebhart

o s 0 %
and Mollundori [11]. In these two references, the results °

% - - T (4as)

where (Wu) , is the corrected Nussklt number. It is worth

(Fa), = lsTu(0 25

hentioning here that ghe results shown in Fig. 1.1 are for’

L =.0,7632 m. ' s .

The average heat trannfa{ coefficient values are -

quite useful in"studyinq' the ovérall hnat'tian-fo‘r“procl

around the vertical ice wall. Tha princip}.es u.cd 1n this

i\ive off can be egsily extended to the ur.udy of :he_hoac

water. & : ‘e

other. pl‘at..e g

.1engths one- should ‘use the equaﬁion [10] B »

\

! the Uqui temperaturel are close to the free:ing point of "‘
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- 4.5 Thel!conclusions
In thia\ apter, the tamperature\and velocity
profiles were caiculated using the analyti¢al model 3dd the
validity.of this. model was establi‘hed using the experimental
— results. Then this mode). was used to predict these profxle\a
t " at various locations alnng the vertical ice wall and at .
- vu:ious temperatures. The heat transfer coéefficients, ‘hx and
.‘\ - h and the correspondipg Nusselt ‘numbers were’ calculated using
' “the alopes of the eemﬁeracum profile. ‘Based on these
' - atudi.as, the fc’lluwing conclusions can be drawn: E
= 1. The analytical modgl developed in Chapter 2 predicts the
- L temperature and velocity profiles reasonably well in the
- , lower as well as th higher temperature ranges.
u_ 2. 1In the lower temperaeure range hy decreases with the
{ increue in X. /
¢ 3. 1In ‘the highet temperature range h, increases with the
3 increase in X
% .In the lower temperature range there is an upward fluid
flow near the ice wall.
5. In the higher temperature range there is a dwnward £luid
¢ flow near the ice wall.
6. There is a dual flow between 4.0°C to 6. 0°c. Around -
. ‘o 4.0°%, -the flow is upwards near the wall and downwards
I away from the wall. These directions reverse around , -
% ks 5. u'c. The dual flow disappears above 6.0°C.
« , * 7, Thé average values of Nu and ki at first increase wien’
4 L» the temperature, then dearease to a minimum value in the
- = dual flow range andMthen increase again with the 1ncrense
"‘ in the temperature. e ¥

The increase or decrease in the values of K, Ru or hy is

hirocgly, related to. the-absolute value of the slope of
the velocity profile’ )
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i ’ . * CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 A Brief Discussion of This Investigation = -

The main objecti‘ve of this investigation has been
to develope a theoretical model- of the heat transfer process >
ulnng a-vertical ice wa].l in' fresh water at various
temperatux;es. o '\_ \ / ) . « .
) A finite differenge technique was .used to trans form
the, governing steady-state equations to'a form suitable for ;
programming on the digital computar. The theoretically
obtained results for the temperatux:e and velocity profiles
along the ice surface were compared to the experimental ___.

values. The local and average heat transfer coefficients and

‘Nusselt nuribers were also calculated from the extended . -

model.

"5.2 coficlusions " ) ‘
= " ! ] ' : W
Based on this investigation the followi‘ng\) LW
conclusions can be drawn: : B
1. - The-theoretical modél .developed in Chupter 2 predicts the
température profiles with reasohable’ abcurucy in both the’ .

lower and upper temperature ranqss.




3.

4.

"5,

6.

s¢ wEEEHe 6.0°C. From there a full downflow de

98

The model also predicts the velocfiy ptofiles reasonably
well. In both the lower (<4.0°C) and upper (>6.0°C)
temperature ranges the directions of flow reNEGEEREETY
predicted, i.e. an upflbw for T <4.0°C and a Sownflow for
TB »6.0°C. The results did not converge in the dual flow

range. .

There is a dual flow betweén 4.0°C and 6.0°C. Around

'4.0°C there is am predominant upflow near the ice surface

and a small downflow away from the ice surface. Yhis
gradually developes as the temperature increases £o a
full dual flow whxch then reverses to a small ypflow near
the ice surface and a predominant downflow fariher out,
Xﬁ}op’es as
the temperature is increased.
At temperatures below 4.0°C, hx decreases with an .
increase in X. o
At temperatures above 6.0°C hx increases with an Increase
in-X. o '
The average heat transfer coefficients and correspohding
Nusselt numbers at first increase as,a function o ’

[ .
temperature; -then'decrease to a minimum in the dual flow

range; and then increase again with temperature.
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7. This behaviour of F, Nu and h, as ¥efunction of
temperature’is directly related to the absolute value of
the slope of the velocity profile.

5.3 Limitations of the Present Work N

<. &he experimental and :he'c;reticag work has the following

'm;taizgﬁs: .,

i fhe velocity measurement tecﬁn}que, although useful in

recording zh]g type and direction of the flow is not veiy

)
accurate in measuring instantaneous velocities.

__The theoretical and experimental work was Tarried out for
the. steady-state condition of ice in fresh water at ’
SVEFLGHS BULK CeRperatutes. ey do not cover the case of
ic;e melting i.e., the model does not include the phase
changes. 1' ! .
3. The Lengin of ice used was relatively small compared to.
the possibie thickness of ice sheets in lakes or rivers
in nature.

5.4 Recommendations for Future Work

The model used has been verified with a certain,
degree of accuracy for the domain of interest selected. It
should now be possible to extend this model in the following

ways:




g

‘Introduce an additional term tp the energy equation so

that the actual melting rate of the ice can be
X determined.

2. Im:roduce salmity as one of the governmg equations so
that the problem of xcebe:g melting can be examined.

3. Experiment with lasers to develope a bettervphotographic
technique for the velogity measuréments, so that an
instantaneousﬂ velocity at .\(arieus points along the ice

' surface can be measured for comparison with the.
5 . thenretical £findings. | s . 2
4. ‘Vary the expetimental set-up such that the gedmetry of
the problem changes to include a lower ice surface, 'so
that edge effects.and melting from the bottom, can be

o . taken into account. .
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The density relationship used is 2.

The programme used for the solution of the

ﬂ.nite-dxffetence form of the governing equatmns is cu. POR.
The proqramme is writtan/ in the F&:trun language and was run,
on f.ha DEC VAX 11/785 computer at Memorial Um.versn:y.

"Fig!. 2.42 and 2.4b show the flow diagrams for this

_programmé. This programme .c'ériaists of several subrdutineq.'

the main one being EQN which carries out up to 1500
iterations each for the solution of .the vorticity, stream
function and temperature equations.

ALl the properties, except density, are constant

for'any bulk fluid temperature and are evaluated at

Ts=Tice s
2

DENS = 1000.+ AO + T * (AL+ T * (A2 + T * (A3 + T * A4)))

where
’X‘-'K‘ - 4.0.

I\o - .6526359415 5

Ap = -.19559673E-3 J
A, = -+79633407E-4

Ay'= .78565026E-4

A

4 = =-70273330E-6
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with similar. expressions for the other properties. The

density value was updated for each new temperature value.
o
The convergence criteria used was 0.001. The

residual was calculated as

= OLD Value
RS = 1. - N Ew value 4 N

for each node .and the maximum value was saved to determine
convergence. ) Convergence wks obtained with aa low at 700 to
800 itertiona at the 'hfgher tempernturea. # . f’/

_This programme can be edsily modified to fnclude |

additional terms such .as salinity,’ as it is written in.a
- 2 3 -

general form.

— . b
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DIMENSION A(21,21,8), BE;ZI&EBNSZI} EN(21) il
1 .Bs(21 12), 12)
P o
1 /gﬁ‘nﬁl.lm JN, Jm IMIN}SFRENTM(ZI) Xlé)ll&yxé(zl) nin) . NCORR,

et IP,CC,PR(
4 LNAM
4 EG.HA(T %AJ. -

EILNAM
READ(S, s!
EN (UNIT=7, NAME=F TLNAM, DISPOSE="SAVE ', ACCESS="SEQUENTIAL' ,
1 ms—'NEu

ao

oo

nmnp/g-x o/
- DATA NMAX,NERIN, [P, CC/1500, 50,2, .001/
DATA ROREF ,NCORD, I 1000.,1, 21,21/
DATA IMIN, IMAX/21*2,21*20/
DATA NW,NE,NT, mumuvzuvsqx: vy, 12,3,4,5,6, 64785412/
s,ao,aosos ,6.0,6.5,7.0,7.5,8.0,8.2,8. a8,
19.619.8.16.0/
74.0,6.0,8.0;10.0,11.38,12.71,14.04,15.37,16.70,
0.69,22.02,23.36, 24.68,26 01, 27.34,28.67,30.0/

-x1 il 'EAC!OR
5 I)=X2(I)*FACTOR

STARTING PROGRAM . i
DATA N1,N2.N3/21,21,8/ g ; \
INM=IN-1 ;
INM=IN-1

B
.‘".°~

anaw

c -
é ‘CONTINUE

CALL GRID(N1,N2,N3,BE, BW,EN,BS)
O\LL INIT .N2,N3,A, TB)

< CAI.L DEISIT(NI N2,N3,A,I,J.NRO)
“NITER=NITER+1
CALL EON(N1,N2,N3,A,BE, BW; BN, BS)
IEMNI +NPRINT-IP) /NPRINT.. NE NITDR/NPRINT) GO TO 10

I (szzsqu)coma

DO 7 K=1,1
gﬁss (RES& (LT ABS (RSDU(K) ) ) RES=RSDU (K)

ég(AéS(RES) GT.CC.OR. NITERTE.5) \eQ_T0.1
WRITE (7, 600) NITER
CovTiE

CALL VELDIS (N1,N2,N3,A)
CALL

RANGE (A,N1,N2,N3,GETW
% < Fm§u,1zss.z 1X, 12F 57

8
9

; ECRMAT (IS, 3F10. 5!
600 . ECRMAT(IS) .
DO 22 J=1,JN
22 WRITE(7,550) (A(1.9.3),



34

35

30

00w

aaa.

«
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DO 33 K=5 7
VRITE (7.5 K). T rr’N)
50 (A(I.J, =1

MISUE ) A )

OSE (N1T=7) s
E%W (X, 7!:'14 6/1X, 7F14 E/IY 7514 6)
S
END

END OF OPERATING PROGRAM. START OF BLOCK DATA

o8

END/OF . BLOCK DATA. START OF INITIALIZING SU'BROUTIN’E

B

SUBRQUTINE .INIT (N1,N2,N3,A,TB)

DIMENSION A(N1,N2,N3 §3)

COMHON -/ CNUMER /W NE T NR NVL,NV2, stq
1 /CGEO/IN N, JNM, 1M N(21} IMAX(Zl) x1521&2xz(21) R 21) NCORD -~
1 JCGEN/ROREF , ZMUREE , KMAX mmxpccm( (3) .RSDU (9!

SET VALUES IN STORE TO ZERO '

—

]

zzEEw
&8
5

\

END OF INITIAL‘IZING SUBROUTINE . START OF ITERATION SUEROUTINE

SU‘BROUTI‘INEEN N1,N2,N3,A,BE; BW, BN, BS)
DIMENSION A (N1,N2,N3),BE (Nl)lmﬂ,w Nl) BN(NZ) BS NZ

1 /CGEO/{N INM, J/#WJNM IMIN (21 IM.AX(ZI) Xi 21 XZ(Z].) R(21) NC®
1 /CGEN/ROREE, ISPR} NT, IP,CC, P'R( Y. &P(S) RSDUE 9)" .
DXISQ=§XI (J_:&-Xl (INM) y**2

-

M.L SORCE N1,N2,N3,A, SOURCE I, J'NW}
Ni,N2,N3,A,AE, AW, AN, AS J,NW)

xs *BW 2
BEN=(R (Jq.) 'R (J+1) +RSQ) *BN(J)



16
12

W

aaar
o

BB*@)J;@'&,@ ko
13

1 3.4 (A(INM, J (IN.J,NE)) /RSG/DXLSQ/ (A (I, J.NRO) )
smsumgxu gmu) BE)
Q,SI‘I (J.NW) =
ANUM= (AE+A (I+1,J, NMU *BBE 'A(I+1 J W)
+ (AW+A(I-1,J, NMU} *BBI ¢
+(AS+A(T,J-1,NMU} *BBS) *. N
iy I, J+1 NWU) +BEN) * 1 Ju ) +SoURCE
w M+B+A T J mu; (BBE+ aw+sau+sas)+rmnz

}u ANUM /ADNM
Rs=1.-Z/A(I, Nzl
PR
Eorinee

) .GT.ABS (néﬁé (NH)I)“)" Rsﬂu(W) =RS

SECTION FOR STREAM FUNETION

T=1 . :
SORCE ( m NZ N3,A, SOURCE, I, J.NF) 7 .
SRt A
BBE-4 /j irq J, Naornop; 'RIS 'BE I;
-BEN=16 I. J»1 NRO) +ROP; / Ju R(I))**2 J
BBS=16. / A I J 1 NRO 4R0P J -1) +R(J) ) #*2 -as
ANUM=BE| I+1,J )*BEN'A(I J+1,NE)
+BBS*. AéLJ-l.NE *so
AD s
IF(ADNM.E .o‘o) Go To 21
.J. ' 7

Rs=1 'Zé N‘z‘ .
Hlage "ZZ?}F PN I(Ngﬁ'f Y s ’ .
COIS'!;NE oS :

~

A(IN NT) -A(1,1,NT)) /2.
ER(3)=( cp(r I C(T))/COND(T)
u.-mm Ji . : i
IH=IMAX(J) *
DO 31.I=I
CALL CONVEC (N1,N2,N3,A,AE, AW, AN,AS, I,J,K)
BBES (K(131, 3o30M0) +2PP) /R i
= +1 3 +BPP K)-*BE
) K) *Bi

:I[ -
*BN(J 3
K J. .

BBS=(A(I,J-1,NMU +BPP /PR *BS

g f
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€0 ANUM= (AE +BBE| -A(:u J3.K) + (AW+BBW) *A(I-1,, K) (AN+BBN) TA(LLI41K)
¢ 1 *OASYEES)'A(LI-LK),
; .
NIEAE Al AN+ AS+BBE BB+ DEN+BBS
- IF, (ADWMEQ.0.) GO TO 31
. Z=ALIK)
: A(T,7,K)= /ADNM
/RS=1.-Z/A(IJ,NT
s A(1;3,K)= +m=(x<) (A(1.3.0)-2)
IF (ABS (RS) .GT .ABS (RSDU(NT))) RSDU (NT)=RS o B
o3 CO!STIN!S%, « . )”. 5 {
T4 CONTINUE :
. CALL BOUND(N1,N2,N3,A) e
~  RETURN - .
c ' - 0 =
:
SUBROUTINE .CONVEC (NL,N2, 3 A RE AULAN, AS. 4.1 k) '
COMMON, /NW,NE ,NT, KRO, NMU, NV
1 /CGEO/IN, INM,JN, JNM, mm 21} IMAX(Zl x1(21&2x2( LDU 21) ,NCORD
. 1 /CGEN, | ZMUREE , RINT, 12, CCIER(5)
- DIMENSION A(N1,N2,K3)
¢ CALCULATION OF CONVECTION TERMS |
SRLI-1))* (X2 I+ X2 (- : .
! 1) 2 S A1 /DV
: ;L',NE +A I .m., AMI-LI-LNE) /DY
J-14NE} ) 7DV
NE) AL 3 NE) AlL- -1, T A J+1INE} ) 7DV
@ ) .
AE=0.5*APP* (ABS (G1PE) -G1PE
\ AW=O.5*APP* (ABS (GIPW) +G1EW
\ AN=O.5*APP* (ABS (G2PN) -G2PN -
(,‘: ‘ AS=O.S*APP* (ABS (G2PS) +G2PS) . =¥
(') RETURN . . 4 & -
Lo e : . = ,
) . SUEROUTINE FOR CALCULATION OF BE,BW,BN,BS )
UTINE GRID (N1,N2;N3,BE,BW,EN,BS) , ° |
STMENSTON BE (N1) , w(m) au(m BS(NZ
COUMON/CNUMER /W,
1 /CGEO/IN, INM,JN mm}g;.} IMAX(Zl) x1(21 xun) R 21) NCORD
. 1 /CoEN/ROREE.ZMUR RINT, IP,CC,ER (5) . K#\(3) , RSDU (9)
€ . N a
[> 3
DO 11 J=1,JN . .
11 R(J)=1 ) .
c e i
) / x1 1*1 x1(1 1) ! . TN
B¢ I =DX1, ) e -
g B . BE(I -Dx1/ i I+1)-X1(I

2 J=2 %
DX2=0 5/(: XZ Tl -XZ}J g(
BS(J)= (1 +R(J-1) /R(J)) /(. 2(J)~X2(J 1))'BX2

- e By . ¥ . PN
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nooo
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22 J 1. ‘x(.m) RO/ (9+1) X2(9)) D2
c &1 o
¢ g ! § H 1=1,T L
o1 - s 1 IRECTION-1/1X. TE10.5
102 1x JSHDISTANGES IN DIREGTION-2/1X,7E10.5
C
¢ 2 i
c - ~ N
¢ . .
c SUBROUTINE TO DETERMINE VALUES AT BOUNDARIES
c
__ SUBROUTINE .EOUND (N1,N2,N3,)
DIMENSION A(NI:NZ,N3)
' DIENSION DX (33) DXz (6
ooy AN, TN N M, TIN (1) TVAX (1) X0 (3] %2 (¥1) R (21) . NCORD
1 , ,
1 / a/  ZMUREE , KMAX »&r&m IP,GC, BR (9) , RE (9) R sn'f(f
w YN, YP)=L. /1.<(YP/1N) **2 e ’
o=l Wil -Fy/m;nz'
szs imz/z(%.'(x 1) -X1(1-1) o
; +
0, R @ x1(1)() ) '
BT A
BB=YY (2. -mué:)\ g X1(1N- ))
. _eéx, , NT) =Bl NT) (BB-1 'A(I JN-2, NT)
2 NTINUE
. D0 20 J: .
DXz 1)=r 2 (01) -x2{3-1))
20 CON .
"D )=1 /K2 x2 )
BB=X z-oxza X2 (6) -X2(5))
- AlN sé i(m-(1)J,N'f )(sa 1.)*A(IN=2,J.NT)
)
.C N\ - niR
¢
¢ .
SUBROUTINE nznsn-(m N2,N3.,A,1,J, x) N
DIMENSTON A(NL N2 N
COMMON / /50, KE NVSQ, T
1 /CGEO/IN, INM, N, INM, IMIN}SPZI% X (32) 40 (325 X3 (32) R (21) ,NCORD
1 7CGEN)ROREE , ZWUREF , Ki4AX, NFRINT, TP, CC. £R (9) K6 (3) » R0 ()
' DO 20 I=1,IN ! w0 e T B 8
v D0 =L 3 . B .
ALL 3 NRO) LoENS (T . : . .
0 cém ojkoms( LS -
m ¢ . 1
- P oy 8 3 ' ¢
.OUTPUT SUEROUTINE ) i . i

N'E PRINT{NI .N2, N3 A,IN,JN, N'BEGIN N”J.OTAL)
DIMWSION A(N1,N: o

IF (X.LT.1) Jx=1 3 L

* P y
. . . .
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8

onooon

1 /CGEOéw JN, JN‘M IMIN&R}N%%(ZIIV 2 &pxz (21

1
X

1

\

T Dn E
i éPP ng‘ gisaxn;z/ X1P é

IF IX,LT ) IX=:
-1 1
K—!S'BEGIN

EQ 1) §, WRITE (5, 50}
(RSH B 3))\&?75 (ésvo)

uan'z(s 30) (A(1.3.K).1=1,

u:gxss 40)1“1 I=1,IN)

mw).J

Voatiet mu}mxmxm')

BUTION')

1X
"J.'EMPEBAIURE’ I
E(EMAT 1X 11F10.5/1X, 10!:'10 5,5X.12)
DlD»
=

IN'E VELDIS (N1,N2,N3, A) \

DIMENSION A;Nl ,N2,N3

HZ- (XZ J) XZ i‘”l; )4£X2 (J#l) -X2 (J) )

)‘(XZ
xmx J

m—(x{s: 1;(?1(1;)/(11(1*)

CC PR

\

1) x1(x))

(9) ;RSDU,

111

¥ a_g)n NCORD

+(A(1.J.NF) -A(I-1,3.NE) ) L1

AIJ. AIJo]. AL INE)) B2 (A (LI, NE) -A(L, I-1NE
AIJNVI-\( A(I HZ(( )-A(L.J-1.NF) ) /62
- MELTAV) = (K(E lJ. —}

i %_Af( £y )--zf(n(x Z, ng))--z))/z

CONTINUE B

RETURN -

'8

SUEROUTINE _SORC] N2,N3,
DIMENSION A(NL N2 N3
-couton/ /NW, \E,
/CGEQ/IN, TN, N Nt M
/ EN/ROREE, IMUREE

PP‘H 1P, X,

S, X2N, X2P
(BP- PS) +(X2N-X2P) / (X2B~

GO TO (1.,2,3,3,3,3,3,3)
5 r

ASOURCEXJK)

NT, IP, CC,PR (

1548

.

2 %‘IHAX(H.) x:.é)n&yxz(n

(9) ,RSDU (3]

\,

\

N

Pslppg( ‘s‘(m x1w)/(x1z xm)‘
1! PP& é 2P xzs)/(xzn %2p)+
\

—

521) NOORD
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VORTICITY

S1=DIF1(A(I+1,J,NVSQ) ,A(I,J, 1-1,3,NVSQ) X1 (I+1),Xb
x 1}(( ;'Z(A(X 3 0) L A(T. S’mé, A(L.J- 1%«0) (xz(.)y 1), 3
Xz(J)

S2=DIF2(A(I,J+1,NVSQ) LA(I,J-1,NVSQ) X2 (J+1) , X2 (J]
XZEJ 1)‘: rsxnfl«(:u mfo) AT 3’»«15) A(I-1, .v%w) (xi& 0
SOURCE= (S1-52) -c-nm&A(xq J.NRO) ,A(I,J,NRO) ,A(I-1,J,NRO) ,

X1(1+1), x:.(x) X1(1-1)

STREAM FUNCTION

SOURCE=A (I, J,NW)

SOURCE=0-0

RETURN

END

EUNCTION CP (X)

DATA AO,A1,AZ,A3/8. 95866E3, +4.05340E1, 1.12431E-1, -1.01379E-4/

T=X+273.15
CP=AGHTY (ALST* (AZ+T*A3) )
RETURN'

ol
o o . =aa
e e

w ~no0o

a

) : ‘nmcnou COND ( A}‘ . A
’ A0,A1 Aq/-o 92247,2.8395,-1.8007,0.52577,-0.07344/
g—m@zva 15 /273 v
AQ+T* (A1+T* (Azor- (A3+T*A%)))
* RETURN
END #

nmcncu VISC (X) N
DATA AO,Al1/2.414E-5,247.8/ 5 .

WSG#D”OJ'
10.4+ (A1/T)

1

E

EUNCTION DENS S0
DATA AO,AL A4/.65263594E-5, - .19559673E-3, -.79633407E-2,
e 525026E-4,- .70273330E-6/

 DEiS=i000. +A0ST* (AI+T* (A2+T* (A3+T*A4) ) )

BD . -

-
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