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Abstract: The current work involves development of a non—dimensional integral lump model for freezing and melting of agitated bath material around a
low melting temperature plate additive and associated heating and melting of the additive. The model exhibits these events dependence upon conduction

factor, Cy, Phase—change parameter, the Stefan number, S, of the additive and melt temperature—ratio, © ,, when the frozen layer thickness, & pm is
taken as frozen layer thickness per unit Stefan number, S, of the bath material, & pm = (&bm -C, )/Stb andthe time, T as time per unit property—
fatio, T = 1:/ B . The model yields closed—form solutions for freezing and melting of bath material , ﬁ*bm along with associated heating, a*ai and

melting & am of the additive. Reducing the value of any of the Cy; S, and 0, decreases the & bm , & i and & am . For no formation of frozen layer,

(ot is allowed to decrease the zero value T —> O . To validate the model, it is converted to those of literature giving exactly the same expression as of
literature.
Keywords: freezing and melting, mathematical modelling, additive melt—bath system

1. INTRODUCTION

Due to increasing competition in the global market, steel makers are required to produce steel and cast
iron of various grades at low cost, with enhance productivity and without compromise in their quality and
effecting adversely the surrounding environment. To produce them, their melt is made by adding and
assimilating an alloyant called additive in hot melt bath and then it is treated by different metallurgical
processes before it is cast. Here, freezing and melting of the bath material onto the additive not required
in the melt preparation takes place soon after its addition at the surrounding temperature in the bath. Itis
completed in a certain time and increases the production time and reduces the productivity of such a
production. In view of this, decrease in the frozen layer thickness of the bath material and its time of
melting is essential. It can be achieved once there is a development of high temperature gradient towards
additive side as soon as the additive is ducked in the bath. It requires high conductive heat to be conducted
in the additive. This is much more than the convective heat available from the bath. Deficient amount of
convective heat needs to be compensated by latent heat of fusion evolved due to freezing of the bath
material onto the additive. If the bath is agitated it increases much the availability of the convective heat.
As aresult, only a small amount of latent heat of fusion is required to balance the conductive heat.

It is provided by developing a thin layer of the frozen layer onto the additive. The freezing of this layer with
its subsequent melting takes much less time resulting in diminishing the production time and increasing
the productivity.

Study of such a happening for a low melting temperature plate additive seldom appears in the literature.
However, freezing and melting of the agitated bath material onto the high melting temperature plate [1],
cylinder [2], spherical [3] and low melting temperature cylindrical [4] additive were investigated. Solutions
for such types of freezing and melting onto these additives were obtained in closed form. Closed—form
solutions for the freezing and melting of the bath material onto the temperature dependent heat capacity
plate additive having high melting temperature a negligible thermal resistance with respect to the bath was
also reported [5]. Recently, for highly agitated bath and high melting temperature melt superheat [6]
frozen layer development around DRI spherical particle was obtained. It took 50% of total time of melting
of such a particle. In this situation, there was almost no formation of frozen layer. In case the particle size
or the particle initial temperature was increased, the frozen layer development and the melting time of the
particle were increased. Moreover, increase in heat capacity or decrease in the thermal conductivity of the
particle of the particle increases particle melting time.

2. FORMATION OF PROBLEM

To model mathematically undesirable freezing and melting of a bath material onto an additive just after
dunking it in a hot melt bath, a low melting temperature plate additive of semi thickness, b at an initial
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temperature T less than its melting temperature Tam (Ta < Tam) is considered. It is immersed in a hot melt
bath maintained at a uniform temperature, Ty, greater than the freezing temperature, Tom of the bath
material which is also greater than the melting temperature, Ta of the additive.

| Central axis ofplate ” Moving Additive heating front

| Movine Additive melt front

1. Heated region of additive

2. Meltregion of additive

3. Frozenlayer ofbath

| Moving freezing front |

| Interface between melt bath and additive |

Figure 1. Freezing of the bath material

Immediately freezing of the bath material onto the Figure1: Schematic diagram of freezing and melting of
bath material around a solid plate additive immersed in the agitated bath additive and heating and melting
of the additive set in and the interface formed between the freezing of bath material onto the additive and
melting of the additive attains an equilibrium temperature Te that lies between Tam and Tom. Moreover, the
temperature gradient on the additive and the frozen layer sides are developed along with the
establishment of temperature field Ta<Tam<Te<Tom<Ts in the additive-melt bath System, Figure1. Passing of
the time allows the growth of the frozen layer thickness onto the additive, increase in the melt depth and
the heat penetration thickness in the additive and rise in the interface temperature Te. These happenings
continue till the requirement of the conductive heat by the additive due to high temperature gradient on
its side is more than the convective heat supplied by the melt bath. For thermal equilibrium, the excess of
the conductive heat is met by the latent heat of fusion generated due to freezing of the bath material onto
the additive. After this time, the bath convective heat becomes more than the conductive heat needed by
the additive resulting in the melting of the frozen layer completely exposing the additive in melted and
heated state with the additive melt layer gets detached and assimilates in the bath.

This eventis axisymmetric and conduction controlled. The melting of the additive is represented by integral
form of non-dimensional heat conduction equation

d | di1 g, 00 o0
B— Gafiaf —Gaf £, = — 19, o am __ 7 “af — af - (1)
dT &;[‘ af ldT af —Sam dT aaaf af 1 a&af af —Sam
Its related initial and boundary conditions are
0,=0 -1<E,<+1,7=0 (2)
0,=6,>0,&E,=17>0 (3)
eaf :eab7 aaf :E.mm’ T>0 (4)

The heating of the additive is governed by integral form of the non—dimensional heat conduction
equation

d = de de . 00 o0
B— |6, -0 R ¢ _ al — _—ah | _Zah | 5
dr g[ dhE-’dh ah | & =Gy dt ah | & =€y dt aaah Ean=Cam aaah Ean=Cai ( )

Its associated initial and boundary conditions take, respectively, the following form
0,=0-1<g,<1,7=0 (6)
eah :eab’aah:aam’ T>0 (7>
00

6,=0, —2=0,¢,=€,,7>0 8
o 3., Can =6 (8)

The coupling conditions between melting and heating of the additive are
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eah :eaf :eab’ éah :E.:af :E.:am’ T>0 (9)

aeaf +£déam _ aeah , E.!ah — E.mf - aam’ 7>0 (10)
aaaf S ot aE—’ah

As stated in the introduction, the highly agitated bath develops a thin frozen layer of the bath material on
to the immerged plate additive.lts thermal resistance is negligible with respect to that of the additive
leading to establishment of uniform temperature in the entire frozen layer thickness. This temperature is
the freezing temperature, Ty Of the bath material because the advancing frozen layer is at this freezing
temperature, Tom. This permits the interface between the additive and the freezing layer also at this

freezing temperature, Tom. This makes @, =1. Also, these features make the thin layer a lump that does

ta

not liberate or absorb the sensible heat.
Employing an energy balance between the heat conducted to the additive with sum of the heat evolved
due to the freezing of the bath material onto the additive and the bath convective heat leads to

1 1 dﬁb
+—— == ) = 11
e e Qe b B (1)
Its initial condition is
£,;=C. =1, 7=0 (12)

The coupling conditions at the interface between the freezing layer of the bath material and melting layer
of the additive are
100,
—— =—Qpn; and OBar=0Opr=0e=1, éaf =1, abf =C,, 7> 0 (13)
B 08,
3. SOLUTION
Equations (1) to (13) represented a non-dimensional lump integral form of mathematical model of the
current event. The model assumes of thermo-physical properties of the melt layer and the heated portion
of the additive uniform and the same whereas those of the frozen layer and the additive are uniform but
different. The change in the volume of the additive upon heating and melting is taken to be negligible and
the surface of the additive is assumed to be in perfect contact with the surface of the freezing layer due to
the occurrence of negligible interface thermal resistance ranging from 1.9x10™* m?sK/J to 2.1x10™* m’sK/J
[7] between them. In the earlier studies [8—24] this assumption yielded accurate and realistic results. Also,
the low melting temperature additive remains within the frozen layer developed until the frozen layer melts
completely allowing the detachment of the melt layer of the additive that assimilates in the melt bath.
Employing Egs.(3) and (4), Eq.(1) related to melting of the additive reduces to

1
Bi J’eafd&af +eab déam = aeaf - aeaf . (14)
drg, It Bl Burle,e,
whereas Eq.(5) associated with heating of the additive changes to
d =" d 00
R (5)
T Cai T éah Enr=Cam
once Egs. (7) and (8) are applied. Addition of Egs. (14) and (15) gives a globalized equation
Ean 1
i 00 00 00
B 0,4z, + [0,8, =2 Dl D (16)
de|:, Eam Barle,er Burleyoe,,  Banle, e,
Employing Eq.(10), Eq.(16) is further reduced to
| 1 00 B dt
B— eahdaah + ea déa = “ T . (17)
dt |:g'[ é:[n o O £y=1 S, dt

To find the solution of the globalized Eq.(17), the temperature distributions both in the melt region and the
heated region of the additive need to be prescribed.
A linear temperature profile in the melt region that satisfies Egs. (3) and (4) is assumed as
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eaf = ee - (ee - eab {ﬂJ (18)

I_Qam
whereas in the heated layer of the additive a cubic temperature distribution is taken
3
e = eﬂb£ﬁj (19)
E.»am _E-wll

It fulfils Egs. (7) and (8).

Note that in the previous studies choice of a linear temperature profile, Eq.(19) in the melting [27-30] and
freezing [8,24,25] problems yielded accurate results whereas a cubic temperature distribution in Eq.(19) in
the heating problems [31,32] provided results close to exact solutions [33].

Employing Egs. (18) and (19), Eq.(17) gives
B[i {eab (& - &ai)} co(1og, ) Oe=0u) g )} _0.-0,) B,

dr | 4 2 (1-¢,) s, dt
Itis re-—arranged as
d eab _ (ee + eab) _ i — ee — eab)
{E{T (‘taam Ca )} + 2 (1 éam)+ s, éam:| = B(l ~ &am)' (21)

whereas Eq.(10) takes the form
e _eab +£ dEJam _ Seab

< = . (22)
1- aam Sta dt éam - éai
The conjugating condition, Eq.(13) at the interface between the freezing layer of the bath material and the
melt layer of the additive becomes

ee — eab _
m =—Qun (23)

once Eq.(18) applied to it. Substitution of Eq.(23), Eq.(11) becomes
1 1dg,  0,-0,

i - 2
Bcof Stb dt B(l_&;am) ( 4)
Equating Eq.(21) with Eq.(24) gives
d (0, ©,+0,) & 11 dé
—— & )p+——==(1— + 2 | = +——2 2
[ df{ 2 (G a,)} y gy 3C, S, dr (25)
Its re—arranged form becomes
d [6,, (0. +6,) Gan B | _ 1
L) 2 & )p+——T21-§ |)y22m 2o = . 26
R T R o
Satisfying the conditions &, =C,,& =&, =1at 7 =0 Eq.(26) leads to a closed—form solution
T 0, 0 Ga 1-¢, 1-&,.
e, g ) Ol ) Il 16 @)

BC; 4 S St

ta
Assuming Son =€ _ & b, Tog

tb B
Eq.(27) tranforms to

e = -f—{{e—w(@m SN —iju—am ﬂ 08

C, 4 2 S

ta

As explained earlier, the interface temperature 8, between the frozen layer of the bath material and the

melt of the additive that appears in Egs. (22) to (28) is, the freezing temperature of bath material (6, =1).
Its application makes Egs. (22), (24) and (28), respectively, as
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1- eab E dgam Seab (29)
1- aam Sta dr adm - E.mu
1 +id§bm _ 1_eab (30>
Bcof Stb dt B(I - &am)

o = —T—+He*’ (€ —aai)}{”eﬁb —iJ(l—am)} (31)

Cy 4 2 S
To obtain closed-form solutions for the melt depth &, and the heat penetration depth &, in the additive
Eq.(29) needs to be solved but it does not provide closed—form solution due to the presence of d&,, /dt
in it. To overcome this difficulty d&,, /dt is required to be transformed to an algebraic expression. To
obtain its total differential of the temperature0,, =0, [&ah (T), ‘E], attheinterface§,, =&, betweenthe

melt layer and heating layer of the additive is zero due to 0,, =0,, at £, =&,
Deah — aez;lh aE.>z;1h + aeem

~0 .
Dt ot dr ot (32)
giving
00,
d5a, Ot leyt
dr | T FeeTem 33
dv i, O S =6 (33)

8&3}1 Eah=&am
In the heated region of the additive, the differential form of heat conduction equation in place of in place
aeah _ l azeah

of integral form Eq. (5) becomes

T - B aahz
Its application to Eq.(33) leads to
892ah
de,, 1 0%
=—= 4
d’t Ean=Cum B % (3 )
agah Ean=Cam
Using Eq.(19), it gets converted to
60,
déam — _l (aam — E.:ai )2 — _ 2 . (35)
d’c B 36%’-]9 B(aam - éai)
(aam - gai)
Combination of Eq. (29) and Eq. (35) gives
1-0,, +i 2 _ 30,, . (36)
I- aam Sta E.iam - aai E.)am - E.!ai
It leads to
(36,8, +2) (36,8, +2)
gam_gai:%(l_gam)zsm(l_éam)’here’ ab$:Sm (37)
(1 - eab ﬁta t (1_eab ﬁta t
Substitution of Eq.(37) in Eq.(31) makes it
. T 10,8, 1+0, 1
m =———+| -+ L —-— 1= 8
EJ ’ Cof |: 4 ( 2 Sta ( &am) (3 )

Eq.(38)is reduced to
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: T 0,5 1+0, 1
m=——"+S (1— ,where §, ~=|-&b—im 4 b _
E.> b Cof tmn( gam) tmn |: 4 ( 2 Sta J:| <39>
Using Eq.(37), Eq.(21) is transformed to
d g (1_eb) 0.8, a-e,
— IS, ,1=&,. )= “~<where §, =—""+ & 40
dr{tp( ) SJ B(1-¢,,) g 2 (40)
It is further transformed to
d 1 1 (1-0,)
- S _|__ 1— Ee— z—ab 41
d’t |:( " Sta j( iam) Sta:| B(l_aam) ( )
On application of S, +Si =S, and 1-&,, =&, Eq.(47) takes the form
ta
dl .. 1] (1-e,)
— S am ——— | = P ab . 42
d.r{ta Stj BE um (42)

It readily gives a closed-form solution for the melt depth E" am in the additive

&"am=(1—§am)=\/2(1_—w1=\/2(1_—,%r*,r*=1, (43)

S, B S, B
For heated depth of additive Eq.(37) is rearranged as
1-g,)-1-g,)=s,(1-¢&,) (44)
It becomes
(l_éai):(l—i_stm)(l_éam) (45)
Using Eq.(43), Eq.(45) takes the form
. 2(1-6,,) -
(1-g,)=gu=(1+s,) %v , (46)
t
whereas £q.(39) becomes
: T 2(1-90,,) -
Eom =——+8,, [, (47)
Cof t St

It may be noted that Eq.(47), Eq.(46) and Eq.(45) give closed form solutions respectively for frozen layer
thickness, f*bm , the melt depth, §*am and the heat penetration depth f*ai in the additive.
Maximum frozen layer thickness development and its time of growth:

d d*
To obtain the growth the maximum frozen layer thickness, % =0 and ilz’m <0.
T T
Using Eq.(47)
d 1 1-0 1
E.)bm:___'_smm 2 *ab) *:O,
dT Cof St 2\/1:_
giving
* 1 2 2 1_eb
T =—C, Sim - 48
5 Cor S ( s (48)
Applying this condition satisfies the condition for the growth of the maximum frozen layer thickness
dZ
% < 0. As aresult, Eq.(48) denotes the time for the growth of the maximum frozen layer thickness
T
represented by 7" max and Eq.(48) can be written as
* 1 2 2 1— 9 b
Tmax:_co Smn *a. 49
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Substituting it in Eq.(47) gives the expression for the maximum frozen layer thickness

* 1 Sztmn
EJ brnx :E S * (l_eab)cof (50)

t

otal time, 7", of Freezing and Melting;
When freezing and melting, & »» becomes zero (§*bm = 0), the time 7~ required for this is the total time

", . Substituting it makes £q.(47)

. ’ 201-0,) -
ébm:oz_‘tt—l—stmn —*dbt’
Cof St
It gives
. 1-6
Tt = Zczofsztmn % (51)
t

Time of Melting, 7 e :
Subtracting Eq.(49) from Eq.(51) provides the melting time of the frozen layer developed. It becomes

.3 ., Jf1-0,
T mel =_Co Smn *a 52
5 Cor e ( s, (52)

Using Eq.(49), EQ.(52) becomes T mel = 3T max . It states that frozen layer time 7 max takes three times of
melting time 7 e

g 1ime for Heat Penetration Reaching the Central Axis of the Additive:

Here, & . reaches the central axis (fai = 0). In this situation, the melt depth in the additive and the frozen

layer thickness can be obtained. Employing Eq.(46) gives time for £, =0.

v =8, /l(-0,M1+s,) (53)
The melt depth in the additive in this situation takes the form
& =1/(1+8, ) (53a)

Once Eq.(44) is applied to Eq.(53),
Whereas the frozen layer thickness becomes
= S, . S tm
T, (-0, 1, (1S’
when Eq.(53) is substituted to Eq.(47),

(53b)

At the time, 7", for the complete melting of the frozen layer, the melt depth of the additive, Eq.(44)
becomes

. 1- 1-
g amt = \/% Czofsztmn (S—*?ab) = S_z*t(l - eab )cofstmn (54)
t
And the heat penetration depth in the additive, Eq.(46) becomes
gait = (1 + Stm )\/2(1_—*6”) ZCZOfsztm“ (I_S—*?ab) = SZ_*’[(I + Stmn XI - eab )Cofstmn (55)
t

4.VALIDITY
In case the plate additive melting temperature is higher than the bath material freezing temperature, no
melting of the additive takes place and there is no melt layer of the additive.

This results in vanishing Eq.(1) coupling condition Eq.(8) and (9) and making &, =1 Employing them
reduces Eq.(5) to

d 1
Bag[eahgah - eah

dl

dée. 00
Eah=1 dr 9., éal =

Ean=Cai dt - aaah

B 00,
Ean=Cam 0 E_, "

£ah=I (56)
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whereas associated initial and boundary conditions remains same as Eq.(6) to Eq.(8) except Eq.(7) | which
0, =1
Eq.(56)is reduced to

d 00
B—| 60,8, =" 57
ok BB == e (57)
Once Egs.(7) and (8) are applied to it. To solve Eq.(57) the temperature distribution in the heated region
Eq.(20) needs to be taken with &, =1.
3
Cap ~ Sai
e — ab ai . 58
ah [ 1_ &,ai ( )

Employing Eq.(58) in Eq.(57) readily gives a close form solution for heat penetration dept &,

/24r
(1—<§m)=§h = ? (59)

It satisfies the initial condition &, =1 at 7=0 ¢, denotes the heat penetration depth in the additive.

Note that Eq.(59) is exactly the same as obtained previously [26] for the plate additive thus validating the
current problem.

5. RESULT AND DISCUSSIONS

The current study relates the freezing and melting of an agitated bath material onto a low melting
temperature plate additive. Its non-dimensional lump—-integral model is devised showing this event
dependence upon non-dimensional independent parameters; the phase change—-parameters, the Stefan
number of the bath material, Sty and that of the additive, St,, the bath condition denoted by the conduction
factor, Cof , the property-ratio, B, the capacity— ratio, C; and the melting temperature-ratio, Oab of the

additive bath system. This model also
Table—1: Based on thermo physical properties of the Steel bath [19]
Tp=1873K(1600°C) , Ty = 1804K(1531°C), C,=0.69K)/KgK, Lew = 277000 J/Kg,
Ken= 29.3W/mK, ppn=7820Kg/m?, S =3.757
Thermo—physical properties of low melting temperature cylindrical solid additive [34]

Non—dimensional parameters

[T5=298K(25°C), 1,=0.025m]

y Ton G a L K, * h
TS [KCO) ko Kgsm3 KiKg | Wimk | wimX . O G
Tin 50492319 | 026 | 7300 | 6071 6047 | 2000° | 560 0.137 0.288
psmuth [ E 9780 | 519 80 20400 | 351 0.16 0.034
Selenium  [EZI0EA] 0352 | 4816 | 6862 052 | 050" | I 0.13 0.181
SUPIE  3832(115.) | 071 000 | 156 | 0205 | 1240° | 925 0.059 0.071

o DataforKa are taken from Ref [34] and [35].
gives close-form solutions in terms of these independent parameters for the freezing of the bath material

&, and related melting & and heating &, of the additive, but when the frozen layer &, is taken as per
unit Stefan number Sy of the bath material, as a*bm = (ibm - Cr)/Stb and the time per unit property-ratio,

B as 1 =1/B,it becomes in terms of only Co, Sz and 0, . The values of these parameters for various

additive—bath systems often employed in industries are tabulated in Table—1. From physical point of views,
the conduction factor, Cof, represents the ratio of heat conducted to the additive due to the difference of
freezing temperature of the bath material and the initial temperature of the additive and convective heat
provided by the bath. It lies between zero and infinity (0 < C < ).C_ — O is indicative of no heat
conducted to the additive owing to which freezing does not take place. In turn, the freezing and melting
event is absent. Such an event is achieved once the additive is heated to the freezing temperature of the
bath material by its dunking inthe bath. C_; — 0O isalso attainedin case of the bathis made highly agitated

giving heat transfer co—efficient, (h — o ).C_, — o denotes the absence of convective heat. Itis a result

of the bath material maintained at its freezing temperature. In this situation, the conductive heat to the
additive is balanced by only the latent heat of fusion of the bath material generated owing to the freezing
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of the bath material onto the additive. The freezing continues till it gives latent heat of fusion to balance

the conductive heat. The property-ratio, B is the ratio of effusivity, KyCy of the bath material and the
effusivity, KiCs of the additive.It signifies the thermal force. Its high value is indicative of developing small
thermal force due to which a large thickness of the frozen layer onto the additive is formed. The melting

temperature-ratio, 0, <1 of the additive bath

system represents the additive melting
temperature is less than the bath material
freezing temperature. Here, both melting and
heating of the additive take place. The heat
capacity—-ratio, C; is defined as the ratio of heat
capacity C, of the bath material and that of the
additive, G, (C, =C, /C, ). C<1is indicative of
storing large heat in the additive than that in the
bath. The phase—change parameters, the Stefan
number of the bath material, Swis the ratio of the
sensible heat and the latent heat of fusion of the
bath material. When its value is small, it yields
large latent heat of fusion due to which a smaller
frozen layer thickness is developed onto the
additive or a smaller thickness of the additive
melts.

Exhibited in Figure2 is time dependent frozen

layer, §*bm development onto the additive, melt
layer thickness & an  and heat penetration
depth &4 inthe additive for various Cor with @,
and St are assumed to be parameters, whereas in
Figure3 these are plotted for different Sw with 6,
and Cof taken as parameter. Figure4 exhibits these
plots for various @, . Here, Cof and St are taken

as parameters. All these figures show a parabolic
behaviour for freezing and melting. The apex of
the parabola represents the growth of frozen
layer to a maximum extent. The distance
between the foot of the apex and the beginning
of the frozen layer development denotes the time
of the development of the maximum frozen layer
thickness whereas feet of the parabola provides
the total time of freezing and melting. Also, the
frozen layer growth is faster than its melting and
takes 33.3% of the time of freezing and melting.
The melting of frozen layer is completed in 66.7%
of the time of freezing and melting. The ratio of
these two times is 3:4 as against 1:4 in case of
freezing and melting time of the bath material
onto a high melting temperature cylindrical
additive [2]. Note thatin earlier studies of freezing
and melting onto high melting temperature plate
and cylindrical additive, similar results were
reported

8,,-0.2,5, -8

Famb's
Ehm

L L L L L L L r L o
0 0006 001 QM5 002 0025 003 0035 004 0045 005
=

Figure 2: Time variant freezing and melting of the bath material onto the

additive and the corresponding melt depth and heat penetration depth in

the additive for different conduction factors, Cy. 825 and Sq, of the additive
are taken as parameters.

. . . 0.05
6,4=02,C, =030

‘E:hm

L L L L L L L L o
0 0005 001 0015 002 0025 003 0035 004 0045 005
T*

Figure 3: Behaviour of freezing and melting of the bath material onto the
additive and the corresponding melt depth and heat penetration depth in
the additive for different S, conduction factor, Gy and melting
temperature—ratios, 8, are assumed to be parameters.

1

E:‘alu 'h.al
=1
in

o i L 1 : 1 L 1 L I L o
0 0005 001 0015 002 0025 003 0035 004 0045 005

-

Figure 4: Time dependent freezing and melting of the bath material onto
the additive and the corresponding melt depth and heat penetration depth
in the additive for different Stefan number, S, Cor.  and 85, are taken as
parameters.
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nfluence of Conduction Factor, Cet:
Figure(2) relates to time dependent freezing and melting of bath material, &"»» and associated heating,

& siand melting & an of the additive. For various values of Cor. The Stefan number, S, of the additive and

melt temperature ratio, @, are taken as

parameters. It is observed that freezing and oo
melting is parabolic whereas additive heating
and melting grow faster in the initial time of
development of the frozen layer which
subsequently take linear behavior. Decreasing
Cot from 0.03 to 0.005 reduces the size of
parabola and time of freezing and melting. Such
a trait seems to be true since decreasing Cof
increases the bath convective heat and
diminishes the requirement of latent heat of TR BT B YR R T
fusion of freezing layer to balance the =

conductive heat needed by the additive. It Figure 5: Conduction factor, C,sdependent maximum frozen layer thickness,
results in formation of smaller frozen layer
thickness.

In Figure(s) conduction factor, Cor dependent

Ea: =0.16.5=8

Ebme T Cne

f*bmx , its growth time Ts, and the total time of the freezing and melting of
the bath material T, for prescribed 0, and Se.

maximum frozen layer built-up & pm, its time 0.05—————
B2,=0.15.C,,=0.2

. * . . . * 045 o 4
of formation, 7 ma and its melting time, 7" e e
. . . * 0.04 i
and total time of freezing and melting 7, are r,

5 ook .
plotted for prescribed @, and Se. It is observed 5 5_53//
that all these increase as Cof increases. Such & n.nz.ﬁ
trends appears to be correct since increasing Cor £ ol .
reduces the bath convective heat due to which sos| 1
latent heat of fusion increases. It, in turn, 0.0t} Tmax -
increases the frozen layer grown onto the ooosl———

additive in order to balance the conductive heat
needed by the additive. Consequently time

taken 7 mwx to grow the frozen layer to its

Figure 6:— Sy, variant maximum frozen layer thickness, & Cpe 1t growth

time T s and the total time of the freezing and melting of the bath material

. . . . *
maximum extent, its melting tim n
aximum extent, its melting time 7 s and 1. Cand B,are employed as parameters.

total time of freezing and meltingz ", increases.
il Effect of Stefan number of the additive, S :

Shown in Figure(3) time variant freezing and melting of the bath material &4 onto the plate additive and

melting and heating of the additive for different Stefan number S of the additive. The Cor and 8, are

considered as parameters. The behavior of these are similar to those appeared in the Figure(2). However,
the size of the parabola decreases with increasing Se.. It is against decreasing Cor. This features seems to be
correct since increasing St increases the sensible heat requirement as well as total heat requirement which
can be compensated by bath convective heat due to which larger frozen layer thickness developed.Stefan

number S, of the additive variant maximum frozen layer f*bm developed, its time of formation, T max , its
melting time, 7 me and total time z°, of freezing and melting are drawn for prescribed @, and Co. It is
found increasing St increases all these. Physically, it is true because raising the value of St decreases the
value of initial temperature @, of the additive due to which the sensible heat requirement increases

increasing the total heat i.e. the sum of sensible heat and latent heat of fusion of the additive. For thermal
equilibrium, this heat needs to be supplied by the bath. Since bath convective heat is un-altered, more
latent heat of fusion of the bath material is needed. It is compensated by growing large thickness of frozen

layer that takes more time to grow, 7 max , its melting time, 7"« and total time 7*, of freezing and melting
also rises , Figure(6).
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nfluence of melt temperature ratio, 6, :
Figure(4) exhibits freezing and melting of bath material & s onto the plate additive and melting and
heating of the additive for various melt temperature ratio, 8, . Stefan number St of the additive and
conduction factor, Cor are taken as parameters. The features of the graphs are similar to those appeared in
the Figure(2). When@,,, is allowed to decrease the parabola denoting freezing and melting of bath
material gets smaller.

Figure(7) relates melt temperature ratio, 6,
dependent maximum frozen layer grown é:*bmx, its

. . * . . . *
formation time, 7 max its meltmg time, 7 merand

total time ¢ .of freezing and melting for
prescribed Corand Sw. The Figure(7) indicates that

all of them have increasing trend once @, is
allowedto increases. These behaviour seems to be
true as increasing @, is caused by decrease in

initial temperature, @, of the additive. It results in

providing more sensible heat which, in turn,
increases the total heat i.e. the sum of sensible
heat and latent heat of fusion of the additive. To
balance it, a larger thickness of frozen layeris to be

Figure 7: Variation of maximum frozen layer thickness, & e s growth

time T and total time of freezing and melting of the bath material T, s
and Sy, are assumed as parameters.

developed that takes larger frozen layer time 7 max ,its melting time T me Consequently, the total time

of freezing and meltingz”, also increases.

6. CONCLUSIONS

In the present study, non—-dimensional lump integral model devised for freezing and melting of an agitated
bath material onto a low melting temperature plate additive gives close-form solutions for freezing and

melting of bath material, & s , associated heating, & aand melting & an of the plate additive in terms of
conduction factor, Cor, phase—change parameter, the Stefan number, Si, of the additive and melt
temperature-ratio, @

a

,- ITis also observed that freezing time of the bath material is three times of the
melting time of the frozen bath material. Decreasing any one of Cof, Staand 6, diminishes all these & o,

§*ai and f*am . Solutions are validated by converting them to those of literature.

Nomencdlature: Ty bulk temperature of the bath material, K

B property ratio, (KuCo/K,Cy) Te  Equilibrium temperature at the interface between the additive and the
B Biot number, hl; /K, frozen layer, K

B Modified Biot number, (h Is /Ks)* (KaCa/KsCo) v volume of the additive, m?

C  heatcapacity (pG,), JIm=K™ X Frozen layer thickness, m

G specificheat, (JKg 'K™) Greek Letters

(. heat capacity ratio, Cu/C, a  thermal diffusivity, m?s”"

h heat transfer coefficient, Wm = K™’ 0 density, (Kgm3)

K thermal conductivity, Wm™" K™ 6 non—dimensional temperature, (T—Ta/Ton— Ts)

L latent heat of fusion, JKg ! T non—dimensional time, (KyCo/G; )t

ls Significant length of the additive, (v/A,) Subscripts

b Semi thickness of plate, m a plate additive,

En  non—dimensional heat penetration depth in the additive, (xan/1;) & initial condition of additive,

& non—dimensional heat penetration front in the additive at any time, (x/ Is) a  within melting or freezing region of additive,

&y non—dimensional thickness within the frozen layer region, (Co¥i/C, | a  within heating region of additive,

&n  non—dimensional thickness of the frozen layer front at anytime, (Coxpn/C, 1)~ n Melting or freezing of additive,

S Stefen number of the additive, Cy(Ton—To)/Ls s b frozen bath material or bulk condition of bath material,
S Stefen number of the bath material, Co(Ton—T,)/Ls 0o b within melting or freezing region of bath material,

t time, s b melting or freezing condition of bath material,

T temperature, K
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