
class and home prohl~ms for teachers I 

The object of this column is to enhance our readers' collection of interesting and novel problems in 
Chemical Engineering. Problems of the type that can be used to motivate the student by presenting a 
particular principle in class or in a new light or that can be assigned as a novel home problem are re­
quested as well as those that are more traditional in nature that elucidate difficult concepts. Please sub­
mit them to Professor H. Scott Fogler, ChE Department, University of Michigan, Ann Arbor, MI 48109. 

THE ICEBERG PROBLEM 
ROBERT L. KABEL 
Pennsylvania State University 
University Park, PA 16802 

A news report in The Wall Street Journal 
(June 27, 1977), titled "Icebergs for Arabia May 
Be Feasible; Executives Deplore Government 
Rules," sparked my interest in the problem of 
moving icebergs from the Antarctic to Saudi 
Arabia as a source of fresh water. Later, Prince 
Mohammad al Faisal, in an interview reported in 
KAYHAN (April 25, 1978), described how ice­
bergs could be towed from Antarctica to Saudi 
Arabia. 

Our modeling class attempted to analyze this 
problem ( although not the economics) . There are 
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endless fascinating considerations, most of them 
amenable to evaluation by familiar chemical en­
gineering principles. For example we considered 

• Ocean water temperature variation 
• Solar radiation 
• Sublimation of ice 
• Heat transfer from air and water 
• Fracture of the iceberg 
• Effect of a shroud on top, sides, and bottom 
• Drag reducing agents 
• Subzero interior of the iceberg 
• Effects of seasons and weather 
• Effect of precipitation and sedimentation on iceberg 
• Iceberg geometry 
• Effect of pressure on melting point of ice 
• Towing speed and ocean currents 

Our conclusion was that the iceberg transport 
idea is technically feasible. It may be quite a 
different story economically and environmentally. 

A drastically simplified problem was con­
structed for an exam. It and its solution are listed 
below. Please view this problem as merely "the 
tip of the iceberg." 

PROBLEM 

Although this problem is an "iceberg problem," 
it is simply an opportunity to apply the principles 
of modeling to a simple heat transfer problem. 

It is proposed to move icebergs, initially weigh­
ing 1011 kg, from the Antarctic to Saudi Arabia 
by towing with large tug boats. The 9000 km trip 
will take 7 months at 0.5 m·s-1 • Consider a spheri­
cal iceberg at a uniform temperature of 0°C and 
assume that the main concern is the melting of ice 
due to heat transfer from the surrounding waters, 
wherein the temperature is also uniform at l5°C. 
A heat transfer coefficient has been calculated for 
this situation to be 70 J•m-2•s-1.K-1 • What fraction 
of the original iceberg will remain upon arrival in 
Saudi Arabia? If your calculations show that the 
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iceberg will melt completely, then tell how long 
it took for the iceberg to melt completely. 

In working this problem, begin with the ap­
propriate general equation or equations. Describe 
all assumptions and approximations made in re­
ducing these equations to the final model. Describe 
and justify any initial and boundary conditions 
used. Characterize your model according to the 
level of physicochemical detail (e.g., microscopic, 
maximum gradient, etc.) and mathematical 
nature. Finally, solve your model as indicated in 
the previous paragraph. 

SOLUTION 

Antarctica 
( _ 9000 km 
ra--7 months 

Saudi 
Arabi a 

As the iceberg is transported it maintains its spherical 
shape but it shrinks by melting of the external ice due 
to heat transfer from the warmer water. The temperature 
of the water is said to be uniform at 15°C, so no internal 
detail on the water is required. The temperature of the 
iceberg is also constant, so no internal detail is required 
there either. The concentrations are also constant in the 
berg (pure ice) and the water, so no mass balance details 
are required. 

Still the problem is unsteady state in that melting 
causes the iceberg to shrink. This might appear to be a 
moving boundary problem however it is simplified by the 
fact that no gradients are affected by the movement of 
the ice-water interface. 

Since there are no gradients involved it is clear that 
only macroscopic balances are involved. Also, the nature 
of the problem indicates that these balances should be 
for the unsteady state. 

The macroscopic mass balance for the ath species is 

!t ma,tol = -11 (pa <v> s) + Wa(m) + r a,avV tot 

If we sum up over all species we get 

d mtot = _11 (p <v> s) + w <mJ 
dt 

where the generation term disappears because there is no 
gain or loss of total mass. Actually the two are identical 
because the iceberg is a single component system. We 
apply this balance to the iceberg with the boundary being 
the solid-liquid interface. 

There is no bulk flow in the system, hence <v> = 
0 and b,. (p <v> s) = 0. This leaves 

dm_ <m> 
dt -w 
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where m 
t 

A news report ... sparked my 
interest in the, problem of moving icebergs 

from the Antarctic to Saudi Arabia as a source 
of fresh water. 

total mass of spherical iceberg, kg 
time, · s 
rate of transfer of water across the ice­
water interface, kg•s-1 

Note w (ru l was defined as positive when added to the 
system. In our case it is leaving the system so its value is 
negative. This is consistent with the idea that total mass, 

m, must decrease with time. Thus :- is negative. 

The momentum balance is of no importance here. The 
energy balance is 

d E tot = _ /1 [ [ II + _ 1_ <v
3 > + ; ] 

dt 2 < v > 

(p <v> s) ] + Q- w + Q(m) + SR 

There is no work done on or by the system, so W = O; 
no generation or consumption of heat within the system 
hence Su = 0; and no bulk flow, hence < v> = 0 and 
- /1 [ ] = 0. The result is 

Now 

d Etot 
dt 

Q + Q (m) 

I\ I\ 
Etot = m U + K tot + 'P tot = mU 

I\ 
where m is the total mass and U is the specific internal 
energy and the kinetic and potential energy terms are 
zero. Finally 

d E tot 

and 

/\ /I /\ 
d (m U) d U /\ dm d U 

dt = mdt + Udt; dt= O 

{r dm = Q + Q<mJ 
dt 

Take as a datum temperature, Td = 0 and the ice state. 
I\ I\ dm 

Then U = 0 and U -- = 0 and the heat transferred 
dt 

from liquid to solid is 

Q = -Q(m) 

Then, 

heat lost from system by ice melting to 
water and leaving system. 

Q = h A (Tw - Ti) 

Q(m) J•s-1 = w <m) kg•s-1 (A J·kg-1 + cp (Ti - Td) 
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where :>,, = latent heat of fusion of ice and Ti = Td. 

Q<m> = w<m> 'A = - Q = h A (T1 - Tw) 

hA dm 
w<m> = -'A- (Ti -Tw) =-----ar-

To solve this equation we need an expression for the area, 
A = f(m), and a numerical value for ice is :>-.i ce = 3.34 x 
10s J•kg-1 

A - D 2 . V - 'tr Do3 
i:;phere - 7r c, , sphe re - --6-

h V 'tr Do3 

Mass of Sp ere = p sphere = p --6- = m 

The density of ice, Pica = 900 kg•m-3 

D0 = ( ~;) 
1
1

3 

= ( 6 X 10
11 

) 1 /
3 

7rX900 
596m 

(This is a big iceberg and a deep port will be needed.) 

A = 1rD 2 = 7T{ 6 m ) 2;3 = 'TT'113{ 6 m) 2/3 
0 7Tp p 

dm 
dt 

7r1/3 ( 6pm r /3 h (Ti -Tw) 
___ __e_ _ _ _ ___ _ _ = m2/3 /3 

'A 

dm 
m 2t3 = /3 dt 

All the terms on the right side are independent of time 
and the equation can be integrated. The initial condi­
tion of m = m

0 
at t = 0 is obvious from the problem 

statement. 

m 

f m-2/3 dm 

mo 

t 

/3 J dt = /3t 
0 

3 = 3 (m/13 - m113) = -/3t 4 m 

mo 

We see that m
0 
> m and Tw > Ti so both sides· of this 

equation are positive. Rearranging 

mo1/a 
mo1/3 

m1/3 = 1 - {~) 1/3 = - /3t 
mo 113 mo 3 m/ 13 

' m [ /3t ]a 
- - = 1 + 3 1/3 mo mo 

It is logical that ash, (Tw - T), and t go up, the fraction 
remaining, m/m

0
, goes down. Also as there is more ice 

initially, the ice is more dense, or it requires more heat to 
melt a unit mass; the fraction remaining will increase. 
Putting in actual numbers 

30 day 24 hr 3600 sec 
t = 7 months x month x day x hr 

= 1.81 X 107 S 
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m 
[ 

7r1
/

3 62
/

3 70 (15 - 0) X, 1.81 X 107 l 8 

l - 3 X 9002/3 X 3.34 X 105 (1011 ) 113 J 
m 

= [l - 0.21]3 = 0.49, less than half re-
mo 

mains but some ice does make it. 

This ca lculation assumed that the area for heat transfer 
is equal to the total area of the sphere. Of course only 
0.9 of the iceberg is under water; however the part above 
the surface is exposed to the air and to solar radiation 
which may approximately compensate. 

The model is macroscopic. No boundary conditions are 
needed. And the model ends up as lumped parameter, un­
steady, ordinary differential equation, and is determinis­
tic. D 

ti Na book reviews 
INDUSTRIAL CRYSTALLIZATION 

Edited by J. W. Mullin, 
Plenum Press, New York, 1976. 
Reviewed by R. W. Rousseau, 
North Carolina State University 

This book is a collection of 44 papers on 
crystallization presented at the 6th Symposium on 
Industrial Crystallization held in September 1975 .. 
The papers encompass secondar y nucleation, 
crystal growth kinetics, crystal habit modification, 
crystallizer design, and case studies of industrial 
crystallizer operations. A review paper leads off 
all but the last section ; research results are pre­
sented in each section. The quality of the papers 
is not uni1orm but most are excellent. 

Professor G. D. Botsaris begins the section on 
secondary nucleation with an excellent review; its 
only weak point is that much has happened in the 
field since the paper was written. Professor 
Botsaris discusses various nucleation models and 
areas where further research is needed. Particu­
larly noteworthy in the remainder of the papers 
on secondary nucleation are those by Bujac and 
by Estrin and Youngquist. Bujac's paper presents 
an interesting experimental concept concerning 
the relationship between attrition and secondary 
nucleation. Estrin and Youngquist postulate in 
their paper that secondary nucleation and crystal 
growth are mechanistically coupled, a concept 
which is gaining in acceptance. 

The review paper on crystal growth kinetics is 
by Professor P. Bennema, who systematically dis­
cusses the major theories of sur face incorporation­
contr olled growth. The research areas emphasized 
Continued on page 87. 
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