
[j;j#I class and home problems 

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. 

ONE MONTH PROBLEM ... 
An Exercise in Modelling 

V. RA VICHANDRAN 
Indian Institute of Technology 
Kanpur-208016, India 

IN APPLIED MATHEMATICS courses the emphasis 
is usually on solving equations. There is very 

limited discussion about problem-definition and 
expressing it in terms of mathematically under­
stood phenomena. A mathematically understood 
phenomenon is one which, at least in its simplest 
form, can be expressed mathematically [1]. Once 
the problem is interpreted, it requires only the 
substitution of symbols for words before a rele­
vant equation is obtained. Teaching this missing 
part of the story is difficult because it is a crea­
tive process. There are no set procedures avail­
able for such an exercise. The students can, at 
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best, be helped to learn by themselves. With this 
in view, in a course entitled "Applied Mathematics 
in Chemical Engineering," the students are 
given a 'one month problem.' The problem is a 
real life situation which has to be defined in such 
a way that it can be expressed and analyzed 
mathematically. 

The students are encouraged not to get into 
complicated mathematical formulations. This 
strategy helps the students to concentrate and to 
appreciate the subtle nuances involved in prob­
lem definition and modelling strategies. Thus the 
scope of the 'one month problem' is limited and 
should not be confused with the regular modelling 
exercises. Wherever possible, the simple model 
obtained is evaluated against the existing data. 
Near the end of the semester the problems are 
assigned to the students (one each) as a project, 
to solve as regular modelling problems. One such 
problem is discussed below. 

PROBLEM 

You are going to spend the winter in the 
middle of nowhere, say in the Himalayas or in 
Alaska, where the temperature gets very cold. 
You are going to stay in a cabin where there is 
no heating. How will you decide whether the 
sleeping bag you have will keep you warm enough 
or comfortable? 

Solution 

The best way to find out is to ask somebody 
who has experienced the same climate. In the ab­
sence of an experienced person, however, we have 
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to resort to mathematical modelling to determine 
how much insulation is necessary to keep the 
body warm and comfortable. Before we proceed 
with th~ solution, the term "comfort" has to be 
defined in the context of the problem. 

"Comfort" depends largely on the skin 
temperature. When the skin temperature is high, 
sweating begins and the latent heat of evaporation 
cools the body down. It is very uncomfortable 
when one starts sweating inside the sleeping bag. 
Hence the temperature at which sweating begins 
marks the upper limit of the "comfortable" skin 
temperature, which is 34.5°C [2]. 

The skin temperature begins to fall when the 
skin is exposed to cold temperature. The self-de­
fense mechanisms of the human body try to main­
tain the skin temperature ; however the com­
pensatory measures fail below 32°C, which is 
known as the shivering temperature [2]. 

As long as the skin temperature is between 
the sweating temperature and the shivering 
temperature the person feels comfortable, i.e., 

Tsw > Ts > Tsh 

where T sw the sweating temperature 
Ts = the skin temperature 
T sh the shivering temperature. 

From the above discussion the problem can 
be redefined as follows : At a given outside 
temperature, calculate the insulation necessary to 
maintain the body temperature between shivering 
and sweating temperatures. 

The following assumptions are necessary to 
make the problem mathematically tractable 

• The heat production rate is at q kcal/ m2.hr and the 
skin temperature is uniform throughout. 

• The loss of heat by convection, radiation, and 
evaporation is negligible, and the heat is lost only 
by conduction. 

• The air pocket between the sleeping bag and the 
body is neglected. 

Let us assume the body is rectangular in cross 
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section, and a sleeping bag of thickness t is cover­
ing it uniformly as shown in Fig. 1 (a). Since the 
skin temperature is uniform throughout, a simple 
one-dimensional model is sufficient to describe the 
system, as shown in Fig. 1 (b). Under steady 
state conditions the rate at which heat is pro-
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duced should equal the rate of heat conducted 
through the sleeping bag. Thus 

dT 
q = - KpA dx 

and the integrated form is 

t = Kp ( T ~ - T n) = _ ( :p ) T a + ( K~T s) ( l) 

where A 1 
T n surrounding temperature 
t thickness of the sleeping bag 
KP thermal conductivity of the 

packing material 

For a given outside temperature and the 
thermal conductivity of the insulator, the re­
quired thickness of the sleeping bag can be com­
puted using Eq. (1) . 

Fig. 2 shows the relationship between the sur­
rounding temperature and the bag thickness for 
a man whose average basal metabolic rate is 40 
kcal /m2•hr [2]. In the absence of any other in­
formation, the thermal conductivity of the bag 
is assumed to be the same as that of animal wool, 
i.e. 0.0315 kcal /m·hr-°C [3]. It is very obvious 
that this model fails closer to the ambient tempera-
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TABLE 1 
Average basal metabolic rate for males and females 

of various ages [2] 

Kcal / hr•m2 

AGE MALE FEMALE 

10 45.0 43.0 
20 39.0 35.0 
30 37.0 35.0 
40 36.5 35.0 
50 35.5 34.0 

ture because of 'no air pocket' assumption. 
It can be easily shown that the required thick­

ness does not change with various age groups as 
the heat production rate is not significantly differ­
ent (Table 1). In cases where the ground tempera­
ture is cooler than the atmospheric temperature, 
we can make a conservative estimate of the bag 
thickness by taking both the ground temperature 
itself as the surrounding temperature and the 
thermal conductivity of the compressed packing 
material. 

It was found that the assumption of cylindri­
cal shape for the body does not alter the result 
significantly. • 
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INFORMATION TRAINING 
Continued from page 131. 

and Documentation in existence for a number of 
years, with the objective of assisting the intro­
duction of new methods into the chemical engi­
neering profession. As part of this work they have 
developed a suggested curriculum for a course in 
information and documentation for chemical 
engineers. This is given as Table 1. This table 
could be taken as the basis for any new course de­
veloped for chemical engineers. 

CONCLUSIONS 

The aim of this paper has not been to give a 
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quick course on information and documentation, 
but simply to mention the trends in this quickly 
moving area and to indicate that there is sufficient 
material relevant to a chemical engineer to form 
a short course on the subject. If the reader is left 
confused, but impressed, then we have achieved 
our aim and suggest he get together with his own 
information scientist (librarian) to develop a 
course for his undergraduates. 

We believe a course of about nine to twelve 
hours would be ideal. This would enable about 
three hours of exercises in the library to be made 
and a computer retrieval demonstration to be at­
tended. If this amount of time is not available, 
then two hours of lectures could survey the 
material and practical experience could be gained 

TABLE 1 
Proposed Curriculum for Basic Information 

Science Training 

SOURCES OF INFORMATION 

Printed 
a) Primary Sources: Journals and reports, con­

ference reprints, patents, dissertations. 
b) Secondary Sources: Chemical, Chemical Engi­

neering and Engineering Abstracts; SCI. 
c) Tertiary Sources: Handbooks, encyclopedia, 

books. Advances in . . . List important 
ones. 

Computer Data Bases 
a) Bibliographic data bases. 
b) Numerical data banks. 

SEARCH PROCEDURES 

a) Manual: Indexing, Search Techniques; Biblio­
graphic, Data. 

b) Computer Searching: 
Bibliographic: files, networks, host computer; data 

base selection; searching techniques; costs 
Numeric Data Banks: available banks; procedure, 

cost 
c) The role of libraries and information scientists 

in association with laboratory work and project 
work. At least, practical experience should be 
planned and guided-not simply left as a random 
search for the student to undertake when all else 
has failed. • 
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into the final text. 
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RECYCLE WITH HEATING 
Continued from page 139. 

the apparatus, plotted against 1/ Q. The energy in­
put of the pump is found from the gradient to be 
about 210 watts. The intercept (about 0.3°C) 
probably represents the scale reading difference 
between the two thermometers. 

A further refinement that is possible with the 
apparatus is to run the dynamic experiment in the 
limiting case of recycle with no through-flow. 
With no through-flow the apparatus is analogous 
to a well-mixed batch reactor, whereas it is an­
alogous to a CSTR when through-flow is present. 
Fig. 8 shows results for this case for three differ­
ent recycle rates. The three lines do not coincide 
because different starting temperatures were used. 
The results show that after 30 seconds or so 
there is, as expected, a linear temperature rise 
with time. The temperature rises with no limit 
at least until the safety cut-out of the shower 
heater operates. The gradients of the lines on Fig. 
8 are all the same and by using the combined 
heater and pump energy input of 3.21 kW it is 
possible to estimate the effective recycle volume. 
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This is 3.95 litres for the results shown, about 5% 
less than the value obtained using the through­
flow method. The most likely cause is the time 
taken to heat up parts of the metalwork of the 
pump; this experiment lasts only four minutes, 
compared to ten for the through-flow method. 

Students always say that the apparatus could 
be improved by lagging the pipework to reduce 
heat losses, but simple measurements on a cool­
ing curve indicate that the heat losses are very 
small. Also, for some of the temperature response 
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FIGURE 8. With no through flow the recycle loop temperature rises 
without limit as can be seen above. Using the combined energy input 
of the heater and pump (determined on Fig. 3) the effective volume of 
the recycle loop can be determined using the gradient of the lines. 
This volume can be compared with the value determined on Fig. 6 

(4.17 litres equivalent). The lines are for different recycle rates which, 
as expected, have no effect. Different initial temperatures were used. 
Up to the first minute it can be seen that the system is not well.mixed. 

curves the water temperature is below the am­
bient air temperature and so the system is gain­
ing heat rather than losing it. 

CONCLUSION 

Our apparatus has been in service for several 
years without giving trouble, perhaps a conse­
quence of using well proven domestic components. 
The recycle experiments performed with it can 
range from simple mass and heat balances right 
through to the dynamics. Its main purpose, how­
ever, is to provide a vivid demonstration of basic 
mass and heat balances in a system with re­
cycle. • 
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