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SUMMARY 

The. energy requirement for dispatchl.ng an instruiT).ent package 
through ice by thermal heating wa·s estimated, and the feasibility of 
such an undertaking was determin~d. Heat fluxes were supplied through 
the bottom surface ofthe package as well as through the circumferen
tial surfaces. The ice in contact with the package melts after sufficient 
heating, and as a consequence the package moves downward. Wirh ·· 
given assumptions, the energy requirement was estimated first by 
expressing the rate of melting (downward velocity of the package) in 
terms of the heat supplied through the bottom surface. With this 
information, the heat loss through the cylindrical surface was calcu
lated. The sum of these .two energy terms give's the total heat required. 



PRELIMINARY CALCULATION OF THE ENERGY REQUIREMENT 

FOR PLACING AN INSTRUMENT PACKAGE pNbER ICE 

by 

Chi Tien 

INTRODUCTION 

The objects of this investigation were to estimate the energy requirement for 
dispatching an instrument package through ice by therrnal heating, and to deter
mine the feasibility of such an undertaking. Heat fluxes are suppiied through the 
bottom surface of the package as well as through the circlimferenti'al surfaces. 
The ice which comes in contact with the package will begin to melt after sufficient 
heating, and as a consequence the package will move downward. For simplifi
cation, the following assumptions were made: 

( l) The package is of cylindrica1 shape with radius of Ri and a height of~· 

(2) The heat is conducted to the ice only through .. the bottom surface and. 
the cylindrical surface. The top surface is perfectly insulated. 

(3) A prescribed heat flux can be suppli-ed through the different surface's. 

(4) Only one-dimensioned heat conduction will be considered-the vertical 
direction for ice~ beneath the package and the radial direction for. ice surrounding 
the package. · · 

With these assumptions, the energy requirement was estirliated first- by ex
pressing the rate of melting (downward .veloc.ity of the P?-Ckage) in terms of the 
heat ·supplied through the bottom surface .. With this information known; the heat 
loss through the cylindrical surface ~was calculated. The sum of these two energy 
terms gives the total heat required. This wiil be discussed in detail in the 
following sections. 

DOWNWARD VELOCITY OF THE PACKAGE 

To simplify the analysis, the movement of the package is to be approximated 
by a melting problem in which a prescribed amount of heat is added at the surface 

·of a semi-infinite body of ice with an initial uniform ter;nperature below the melting 
point. As heat is added to the body; its temperature begins to ihcreas'e until the 
surface temperature reaches the melting point. After that, melting will take 
place, and it is assumed that. the liquid resulting from this melting is completely 
removed .. This would correspond to a perfect contact between the package and the 
ice ,in. our problem, with the packa,ge rnovih'g downward as its own weight displaces 
the water (this point will be discussed in more detail later)~ The r'q.te of melting 
is identical with the velocity of the package·; and the melting front coincides with 
the package location. The solution of this ideal problem was obtained through the 
use of the approximate method of heat balance integral (Goodman, 1958) and is· 
given in Appendix A. The rate of melting and the rnelting front are given as: 

. ( + +) - y - y 
. c (1) 
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·; 

s+ dS+ c aT· 
{1 - ~ )' _p __ -

dt+ L . +. 
y 

';::; -~ ,-"!;.,::.. ... ~ 
. ['"::'i?· ,:··;;:.::-

at 

t+ t+ ~ 

c 3 

+ + ·s+ 2. y yc = c 

Figure 1 gives the relationship between S+ and t+ fo~ vari~us valu~s of. 
L/Cp_a T':\ where L is the 1'7tent heat of fusion, ~P.' ,he'7t capacity of ice and aT 
the· olfference between meltmg temperature and 1n1t1al 1ce temperature. By· · 
numerical integration, one can find s+ as a function of t+. With the assumption 
stated above, this also gives the .location of the package at various times (Fig_.- 1 
and 2). 

. I . . . . . . . 

(2) 

(3 ). 

(4)· 

As can be seen from these figures, the physical problem based on this idealized 
model rea.ches a quasi..:.stationary state very rapidly~ T~he··steady-state expressions 
for the melting rate and melting f•ront' expressed in terrris 'of dimensionless 
variables are given as: 

for 

(L/(C aT] + 1). p 
(5) 

( 6) 

K 1 and Kz are constants whl.ch dep~nd ~:m the value of L/~pa T. · T_hese values 
are giveri in Table I. The detailed der1vatrons of these equations are m Appendi~ 
A. The total energy ·input p'er unit ti111e is given ~s. 1rRf Hb. 

. . . ·: . ·. . 

ESTIMATIONOF HEAT LOSS THROUGH CYLINDRICAL SURFACES 

A rigorous approach in estimating the heat loss from the cylind~ical surface 
would involve· solution of the heat conduction equation of an infinite body internally 
bounded by a moving finite cylinder with melting taking place at the surface. Such 
a· proqlem presents tremendous difficulty and is probably not amenable to exacl . 
analysis. Even a numerical solution ,would be extr·emely tim-e-consuming and_ would 
not be practical. For a preliminary calculation, the heat loss ,will be computed 
from the following consideration: the heat is required to melt a certain amount 

".<Meanings of all symbols are listed under "Nomenclature,-" p. 21. 
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Figure l. Melting rate vs time. 
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Table I. Value of K 1 and K 2 

L 
Kl Kz c ~T p . 

4 0.33 5 
6 0.476 15 
8 0.37 30 

1 0 0.606 50 
12 0.9 100 

of ice around the cylinder, c reatirig an annular space for the flow of water displaced 
by the downward movement of the package, and heat is being conducted through the 
outer surface of the ring to the ice, with the surface temperature kept at melting 
point. The latter problem can be approximated by the one-dimensional problem of 
an infinite body bounded internally by an infinite cylinder, which has. been· solved 
(Carslaw and Jaeger, 1955). The amounJ of melting around the package will be 
determined first. Assuming this to be a one-dime11sional problem, and the extent 
of melting around the cylinder being uniform, the cross -sectional area of the 
annu~ar space will.be that of a concentric ring with inner radius R 1 (radius of the 
package cylinder) and outer radius R 2 • If the flow is assunH~~d laminar and steady, 
the volumetric flow rate. is given as (Bird~ al., 1960): 

Q 

. . 2 

l&__:R· Rf) .]· 
1. ~n Rl 

{7) 

The tota'l amount of water flow can be related to the melting rate, and is given. 
as: 

dS 
Q = (1r Rf) crt · 

The press~re gradient dp/dZ is essentially due to the weight of the package. 
Let W be the weight; dp/dZ is given as 

dp 
dZ 

-w 
1r Ry . h 

where h is the height of the pack4ge. Substituting eq 8 and 9 into eq 7, we have 

' 

~rl s dS w [(~J- 1-
[(~)· 

cit- 81TJ..I.h 
ln 

·&._ 
Rl 

Let 

y B:z.. 
Rl 

~y R~ - Rl 
y - 1 Rl 

(8) 

(9) 

( 1 0) 

(12) 
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w .. [( l + ·. 1 )2 ( l 
8f.LhiT 

w (' 2 . . 2 2D..y + D..l): -- ( 2 ~y + D..l)_. 2 . + D. y + D..y - . - - • 
8fJ.hiT · . ln y. 

For small D..y (or R2 very cl?s e to R 1), ln y can be written as. 

.·Substituting this expression into eq 13, one has 

dS s -
dt l2:hiT (~yp. 

The minimum clearance is found to be . 

The order of magnitude. o{ these variables is: 

fJ. 1 cp 
h 1m 
w "' 100'"'-'200 kg 

.aT l5,.,.,40C 
p 0.8 g/cm3 
cp 0. 5 cal/g - c 

( l 3) 

( 14) 

( l 5) 

( l 6) 

Hb O. 3"' 3 kw/m2
• 

Figure 3 gives values of (D..y )min as a function of L/CpD..T with specified value of 
(12 rr f.Lh/W) (a.Hb/kD.. T). It can be seen that for most cases the or:der of magnitude 
of D..y is around 10- 1 • For safety, .let fj,y = 0.1; then the e~ergy requ:ired'per unit 
time becomes , ' 

. iT Rj [t~J -1 J dS 
dt p L 

_ ( ) 2 dS · . . 
_ 0.21 iT R~ dt _pL._ ( l 7a) 

·Equation 5 gives the expression {or dS/dt. Substitute eq 5 into ·eq 1 7a; we have 

H 
m 

(0.21) iT R} 
L 

(c D. T) --~ 
p 

aHb 
-- pL 
.k LiT 
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12J.Lh7r aHb 
W k~T 

Figure 3. ~ Ymin vs (12 ~ h 1T /W) (a Hb /k ~t). 

0.21 1T RI 
L 

(c ~ T + 1) 
p 

L 
0. 21 C ~T 

L 
C -~T 

p 
+ 

pL 

( l 7b) 

I 
The second part of heat loss·, i.e.,, that due to conduction to the ic_e surrounding 

the package, will now be estimated. pts stated before, the solution given by 
Car-slaw and Jaeger for the case of an }nfinite solid initially at uniform temperature 
and internally bounded by a cylinder wpose surface is kept at a different but constant 
temperature will be used. The expres:sion for the surface flux f is given as 

I 
k(T . - T.) 

[(w~~y7 +. ,·.] f 
m 1 1 

Rz 
+ 2 ( 18) 

for small value o~ at/R~ . 

For ice, a= 0. 01 (c. g. s. units), and the contact time between the package and 

. . SS dX 
its surrounding ice varies from zero to · 

. · S-h S 
Assuming that the average 

velocity is 0. 1 em/sec and the height and radius of the package are 60 em and 30 em 
respectively, at!Ri is of the magnitude of (0. 01 /302

) (60/0. 1) = 6/900 < 0. 1, so 

eq 18 is valid in this case. 
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The total heat loss from the cylinder (Btu/unit ti91e) is given as 

s· 

~Y J ,dx. 
s. ·: s s S-h f 

( 1 9) 

The independent variable in eq 18 is now replaced by a new variable r dy IS J S-h . 

where, for the general case,: S is to be expn~~ssed as a· functl.on of position. This 
can be done as follows: since S = s·( t), the in verse function gives t = t(S) and also 

s = S(t). Combining these .. two.gi~es s = s[ t(S)]. It should be remembered that the 
expression given by eq 19 is a function of the position of the package;. namely, that 
the heat loss per unit time varies as the package n10ves downward. 

In actual com.Putation, no explicit expression of. S = in terms of S is available. 
Numerical integrations would have to be applied. Fortunately, as indicated before, 
the package n10ves at approximately a constant velocity except at the very . 
beginning. If one can ignore this early pa:rt and assume a constant velocity, eq 19 
would. be reduced to:· 

Let 

heat loss by conduction 

s 
y 

dy 

.,. X 

S· 

dX 

s 
Equation 20 becomes: 

heat loss at steady state 

s 
= : 2rrR2 s· . . f(~~ d X. 

·. S-h S 
(2 0) 

2rr R 2 S 
(' h/s 
J f(y) dy. (21) 

0 

The upper limit, h/S, represents the contact time ~f the .. ·ice with the s.tirface for 
the case of constant velocity~ Generally speaking this value can be obtained by 
taking the difference of the two values of t+ corresponding to x = x 0 and x = x 0 + h. 
Figure 4 gives the relationship of the contact time. as a· function of depth with . 
various values of h. 'It can be seen that with. the exception of points immediately 
below the surface: the contact time is essentially constant. Equation 21 can be used 
for the purpose of estimation without introducing too much error. 

Combining eq 21 and 18 we have: 

H 
'C 

2rr R 2 S 
('h Is / ( f ... R "7 '\ 

J \k~T) GT) 
0 

a t) .
R~ 
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2 1T S kD. T R~ 
a. 

Sha/SRf'f .. _.! 1 Y. [(1TYJ 2 +z + ... ] dy 

0 

~ (1rk L1. T) [ 
4
1- (h 5 ~ i / + h l 

'It 2 

S~bstituting the. expression of S into Jq 22, one has: 

H 
c 

L 1 

(c D.T + 1)
2 

p 

1 

( 1r Rj Hb h k D. T) 2 + .1r h k D. T. 

(22) 

(23) 

The total amount of heat loss from the cylindrical surface (thermal energy per unit 
time) becomes: 
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L 
C aT + 1 

p 

4 y 1 
(ir Ri Hb) + L r (ir Ri Hb h kaT)~ + irhkaT. 

C aT + 1)2 
p 

DESIGN CONSIDERATION 

(24) 

From the above analysis the total heat requirement {thermal energy per unit 
time) is found to be: 

L· 

[I 
o. 21 -(c aT ) 

] 4y 
H + p 

irRi Hb + {irRi 
L L I 

C aT + l (c aT + 1)2 
p _p 

+ 'IT h kaT 

with the package moving downward with the following velocity: 

·+ dS+ 
s == Cft-F - ·L 

(C aT + l ) kaT 
p 

1 

Hbhka T)2 + 

(25) 

If the depth to be reached is X, the time required, e, to place such a package 
is given as 

e X 

s 

. L 
. X (C . aT- + 1) 

kaT. (26) r 

Generally speaking, two types of problems could be encountered. First, given 
the dimensions of the, package, condition of the ice, and time allowed for placing the 
package, what is the en~rgy required.? The sol'ution of this type of problem is 
straightforward,· since one can readily find the required value of Hb from eq 5. 
With Hb known, the value of total energy required can be found directly from eq 25 
and the problem is solved. ' 

The second type of problem involves the following: for a given amount of energy, 
how long would it take the package to reach a desired depth? For this type of 
problem, one has to find Hb from eq 2 5 with H given. Once Hb is known, the rate 
of melting and time required can be found by straightforward substitution. Two 
illustrative examples are given in Appendix l3 to demonstrate the working procedure. 

The ratio of (irRi Hb)/H can be termed thermal efficiency. It represents the 
fraction of heat which is used directly for advancing the package. Figure 5. gives 
~he plot of (~Ri Hb)/H vs (h k a T)/H with an a~bitr_ary value of L(Cpa ~ .. Its va~ue 
1ncrea_ses w1th the decrease of (h k a T)/H. W1th flxed package d1mens1ons and 1ce 
conditio~s, it implies that greater efficiency is achieved with larger heat input; 
namely that it is more economical to send down a large package - a proposition 
which might have been formulated intuitively without this study. 
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CONCLUSION 

In this investigation, expressions for the 1nelting rate in terms of heat flux and 
other operating variables were obtained. Before attempting to l1Se these expressions 
for design criteria, one should realize the assumptions involved in this study and 
their limitations. It should be remembered that melting takes place along two 
directions, and the calculation was based on the premise that there is no inter
reactior't between these two. The downward melting rate was obtained through the 
use of the heat balance integral method and based on one-dimensional consideration. 
Since in aCtual situations the dimensions of the package are small as c'dinpared 
with the ice iTiedium_, heat loss by conduction cannot .be restricted to one dimension 
only.· This would imply that more heat will be conducted away, and, as a consequence, 
for a fixed heat flux, the rare of·melting will be less than that given by eq 5. · 

For melting in a radial direction, the heat requirement is based on thermo
dynamic consideration, and the implicit assumption was ,that the contact· time 
between package surface arid ice is -sufficient to effect such an extent of melting. A 
rough calculation based on a one-dimensional, longit-udinal p'roblem indicates that 
this is a reasonable .assumption. However, experi~ental work on· a prototype model 
is needed. 
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APPENDIX A: APPROXIMATE SOLUTION OF THE MELTING PROBLEM 

As mentioned in the analysis, the bottom surface of the instrument pacl~age 
and its movement due to the melting of ice can be approximated by a melting 
problem where an arbitrary heat flux is supplied at the melting surfac~ with com
_plete removal of the melting liquid. The physical process consists of two distinct 
stages. First, heating of the ice until the surface temperature reaches the melting 
point. For this period the ordinary one dimensional heat-conduction equation can 
be used for the description of the physical problem: 

a 2 T aT 
a.-- at ax2 

X > 0 {A-1} 

- k aT 
H(t) at 

ax X 0 (A-2} 

T(x, 0) T. 
1 

t < o. (A-3) 

After the surface temper'ature reaches its melting point, further addition of 
heat causes melting,, which can be described as: 

a2 T aT 
X > S(t) - (A -4} a. at 

ax2 

T T for X S(t) (A-5} m 

-k aT pL 
dS 

Hb{t) for X S(t) (A-6} ax + dt 

T T 1 (X, t ) at t t {A-7} c c 

S(t) = 0 t < t · (A-8} 
c 

tc is the time when the surface temperature reaches its melting point. T 1 is the 
solution for the first stage. 

The approximate method of heat balance integral will be used to ohtain solutions 
for: both stages even though the exact solution for stage 1 is available. Assuming' 
the existence of a thermal boundary layer and designating its thickness as 6, 
integrating eq 1 from X = 0 to X = o, one obtains 

:t f (T - T) dx = a I Ji I 
. 0 . 6 

_ aT I, 1 
ax 0 • 

Assuming that the temperature profile can be approximated as: 

T = · a + bx + cx2 

the compatibility conditions are: 

(A-9) 
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and 

T = T. 
1 

o. 

APPENDIX A 

at X 

. at X 0 . 

The coefficients are found to be: 

a = T i + (Hb fi)/2k. 

(A -11) 

(A -12) 

(~ -13) 

(A -14) 

(A -15) 

(A -16) 

Substituting eq 10 into eq 9 and carrying out the necessary manipulation, one has: 

6a 
Hb(t) 

For the special case where I-I(t) 

6 ::: .f6at . 

constant, eq 17 reduces to 

The surface temperature is given as: 

T s 

(A -1 7) 

(A -18) 

(A-19) . I . 
Letting T s = T , for the case of constant heat flux, one finds the expression for 
the time when th~ melting will take prace: 

6 (2k ~ T)/Hb c 

t 2k2 (~:T )2 I (3 f:Ib 2 a). c 
--"'\' 

~T T. - T. •· .. m 1 

For the solution of the second st:age, integrating eq 4 from X 
obtains: 

1 

aT · · · 
-a -1 

ax s(t) 

6-

d~ , j~ (T - 9 dX + (Tm c Ti) S{t). 

(A -20) 

(A -21) 

S(t) to 6, one 

(A-22) 

The coefficients of t~e assumed ten1perature profile (eq l 0) are found to be: 

. ' 
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a T.- + 62 (T - T.)/(6 - sr'-
1 m 1 

(A-23) 

b -2 6 (T . - T.)/(6 - S)Z 
m 1 

(A -24) 

c =·(T - T.)/(6 -s)z. 
m 1 .. 

(A-25) 

Substituting the correct teinperature profile into eq 22. one obtains: 

. . 

_9_ ,- ( o - S) l· = ~.· . _ . dS 
dt 3 . 0 - s dt • (A-26) 

Also, from the boundary condition: 

JdS 2 .6. Tk 
p L dt + ( o - S) = Hb ( t) • (A-6) 

Together with the initial condition, t = tc, o = o , S = 0, expression of S and 
6 can be obtained from the simultaneous solution of gq 26 and 6 ... Gerie,rally
speaking, this will be carried out by numerical means~ However, for the special 
case Hb(t) = constant, th.e exact solution becomes · 

2( L + 1) o+ 
L 2 (c .6.T 

p 
+ 1) ln 

C .6.T c 
p 

L + 
2 {c .6. T + . l ) - Y 

+ +) - (y - 0 
c 

3G .6. T t (t+ - t~) 

where 

+ y 

oH 
k .6. T 

p 

+ . . . .· 
From eq 2 7, it is interesting to note that y cannot exceed' the value of 

(A-27) 

(A -28) 

(A-29) 

. (A-30) 

L 
2 (C .6. T + l ) .. This implies that,. as melting proceeds,· the melting front and the 

p . 
thermal boundary move at the same speed, and d/ dt ( o - SJ vanishes .. A quasi-steady 
state will be reached. 

From eq 26, for the quasi-stationary state d/dt (6 - S) = 0, one ha~ 

dS 
dt 

. 2a. 

( 6 - s) 

Expressing eq 31 in dimensionless form, we have 

(A- 31) 
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a. :Hb -dS+ 2a.Hb 

k~T dt+ (y+)k~T 

or 

dS+ 2 

dt+ + y 
(A-32) 

For 

+ L l ), eq 32 becomes y 2 (c ~T + 
p 

dS+ 1 

dt+. L 
l) (c ~T +· 

(A -33) 

p 

Numerical value of S and S+ vs t + for various values of · L 
C ~T 

Figures 1 and 2. p 
are given in 
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APP,ENDIX B: ILLUSTRATIVE EXAMPLES 

Two example problems, each "Of a type mentioned on p.ll, are solved to demon
. strate the working procedure. 

Example I 

A~sume a package l m in diameter and 2 m in he~ght which is to be sent under 
ice to a depth of 500 m within 30 days. The ice temperature is assumed to be -30C. 
Find the. power required. 

Solution: 

The velocity of the package is found to be 

--~ o_Q} _O_Q_Q_L_ 
"[30)[24) {3650) 0. 0193 em/sec. 

The physical properties of the ice ar~ found to be 

L "' 80 cal/g 
a. 0. 01 cm2 /sec 
k 0. 006 cal/sec-°C-cm 
C p 0. 5 cal I g- o C 

~1;' 3 oc. 

L 
Therefore C ~ T 

p 

80 
(o,. 5 )(3 o) 5.33. 

From eq 5, after rearrangement, one has 

dS - ( L I c ~ T) + 
(Cit) a. k~T 

(0. 0193) ~: ~i {0. 006){30) 

2.36 c~l/cm2 -sec. 

Total energy per unit time required is found from eq 25: 

H 

L 
o.2lc ~T 1 

L p l-rrRyHb + 4
Y I (-rrRfHbhk~T)2 

C ~T + I (C.L~T + 1)2 
p p 

+ -rrhk~T. 

y can be taken as l~ l 

L 1 

. (c ~ T + 1)2 
p 

1 

( 6. 33 )2. 2.52 
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1 1 

(1rRy Hb h k ~ T)~ 1r(2. 36}(290}(0. 006}(30}2 R 1 825 •. 

Therefore 

. H rl + ( O. 
2 ~~~333 ) }r) {SO)Z (2. 3 6) + 2\~ (825) + (1r) {200) ( 0. 006) (30) 

21800 + 1430 + 113 

~ 23343 cal/sec or 97.5 kw. 

The heat flux at the base of the package should be 2. 36 cal/cmZ -sec. The· he·at. 
flux around the cylindrical surface should be 

2 3 3 4 3 - ( 2 • 3 6) (iT) ( 5 0 )Z 
(1r) (1 oo) (2oo) 

23343 - 18550 

{1r} {2} 1 o4 

0. 0675 cal/cm2 -sec. 

Example II 

The package is assumed to have the same dimens"ions as before. The available 
power supply is 150 kw. The depth. to be reached is 2000 m with ice condition given 
as before. Find the time required for the package to reach the required depth. 

Total energy supplied, as expressed in .cal/sec 

- {150). 14340 
- 60 35,700 ceil/sec. 

From eq 25, we have 

L 
0.21C~T 

1 

35,700 I 
p l iTR_zl Hb + 4 y 

l + L ,I ( L. 
C AT + 1 C ~T + 

{1rRI Hb h k ~ T)2 

1) 
p p 

+ 1rhk~T 

L 
.. 0. 21 C ~T 

11 + _L _____ __..__ __ 

C ~T + 1 1

1. + ( 0 • 2 1 ) ( 5 • 3 3 ) l (iT) ( 5 0 )2 
6. 33 . I 

9200 

p 

also assume y = 1. 1 

L I 

(c ~ T + 1 >~ 
p 

4y -±.:..±_ (iT • 2 5 0 0 . 2 0 0 • o.. 0 0 6 . 3 0)-!-
2.52 

930 
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irhkdT (ir) (200) (0. 006) (30) 113. 

Therefore 
1 

9 2 0 0 Hb + 9 3 0 H b 2 - ( 3 5, 7 0 0 - l l 3) = 0 

1 
H 2 

b· 
-930 + 

(2 (9200) . . ' 

and Hb · = 3·. 65 cal/ sec-cm2. 

l. 915 

Also from eq 5, the velocity of the package is found to be 

19 

dS 
dt : L 

1 · fo. oi) (3. 65) 
. 6. 33 0. 006) (30) 

0. 032 em /sec · 

C .dT + p . 

an:d the. time requi'red is found to be 

{2000} (l 00) 
(o. 032) (24) (3600) . = 72 • 5 days. 

The flux-distribution should be 3. 65 cal/cm~ -sec on the base of the package. ·On 
the cylindrical surface the flux distribution should be:· 
. ~ . . 

(35, 700) - (ir) {2500) (3. 65) 
(ir) (1 oo) (zoo) 

7200 

(2ir) (l 04) 
0. 115 cal/cm2 -sec. 
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c p 
h 

H 

Hb 

H m 

k 

.KI, Kz 

L 

dpldZ 

Q 

Rl 

Rz 

s 
s+ 

dSidt, or S 

·T 

T. 
1 

T . m 
~T 

w 
X 

y 
+ y 

a. 

0 

p 

tJ. 

y 

6.y 

e 
c(subscript) 

( 

APPENDIX C: .NOMENCLATURE 

heat capacity 

height of the package 

total thermal energy required per uhit time 

heat flux supplied at base of the ·package, thermal energy per 
unit area per unit time 

Heat required for melting in a radial direction, thermal 
energy per unit time 

thermal conductivity of ice 

constants, values listed in Table I 

latent heat of fusion of ice 

pressure.gradient 

total amount of water (volumetric) melted per unit time 

radius of package 

outer radius ofthe annular space due to melting ip a radial 
direction 

melting front 

dimensionless quantity for ~ 

velocity of the advancing meltipg front; also the velocity of the 
package 

dimensionless velocity, defined as kt:,. T I a.Hb · dS I dt 

time 

dimensionless time 

temperature of ite 

initial temperature of ice · 

melting temperature of ice 

defined as Tm -~Ti 

.. weight of package 

depth to b ~ reacl)ed by package 

defined o - S 

dimensionless qiliantity of y 
I 

thermal diffusivity of ice 

thermal boundar~ layer thickness 

density of ice 

viscosity of water 

ratio of R2 1Rr 

defined as (R2 - R 1) I Rl 

total time required for package to reach .a depth of X 

value corresponding to the beginning of melting. 
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