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F IRST YEAR STUDENTS of the Polytechnic's 
sandwich (co-operative) BSc in Chemical 

Engineering are taught transport phenomena 
[l, 2] and some elements of process design. This 
early introduction to Chemical Engineering 
fundamentals allows them to make a real contri­
bution when they join industry for four months 
of project work after completing one academic 
year of study. This situation has led to the de­
velopment of some simple experiments to suggest 
to the embryo engineer that some parallels do 
exist between the, at first, apparently dissimilar 
processes of heat, mass and momentum transfer. 
These experiments are carried out in the first few 
weeks of the term, often before the subjects are 
handled formally in class. 

The common link we chose was the simple first 
order differential equation: 

~ = ky (1) 
dx 

indeed all the three systems to be studied can be 
modelled by this equation. 

CAPILLARY FLOW 

In the first experiment, the rate of drainage 
of a Newtonian fluid through a capillary is 
measured against time. The vertical reservoir is 
filled with water, say, and allowed to drain, the 
height of the interface being measured at given 
time intervals. A mass balance over the system 
coupled with hydrodynamic considerations yields 
the well known expression : 

dH = - Kt 
dt ' 

_ 11d 4 pg 
where K - lZS £Aµ 

Integration then gives: 
( 2) 

H = Ho exp (-Kt) (3) 

which is the required model of the system. 
To obtain the previous expressions the student 

must know the Hagen-Poiseuille equation and 

TABLE 1 

SUMMARY OF EXPERIMENTS 

Experiment 

Subject 

Method of 
Modelling 

Underlying 
Theory 

Extension of 
basic 
experiment 

Handling of 
Results 
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Drainage through 
Capillary 

Momentum transfer 

Transient mass 
balance and steady 
state force balance 

Laminar flow 

Allowance for 
entry effects 

Cooling of Glycerol 

Heat transfer 

Transient heat 
balance 

Natural convection 

Allowance for 
variation in heat 
transfer coefficient 

Use of Jog-linear graph paper, normalized plots and curve 
sketching from the basic model. 
Treat results using regression analysis. 

Dissolution of 
benzoic acid 

Mass transfer 

Transient mass 
balance 

Whitman's film 
theory 

Effect of agitator 
speed on mass 
transfer 
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FIGURE 1. Flow through a capillary 

hence have an understanding of laminar flow to­
gether with the definitions and use of viscosity, 
shear stress and strain in order that the equation 
can be derived. As soon as the model has been 
formulated the student is asked to sketch the H-t 
curve, noting that it will tend to an asymptote as 
t• oo . It is also worthwhile demonstrating that 
the curve has no maximum or minimum by the 
classical calculus approach. These points are 
generally brought out in an extended 'viva' during 
the laboratory session. The students, working in 
pairs, have already produced a short planning re­
port prior to their carrying out the experiment; 
this ensures that they are well prepared for the 
cross-examination which follows! 

As soon as the experiment is concluded, the 
results can be compared with the theoretical pre­
dictions. Thus, the predicted and experimentally 
determined values of K can be computed, the 
latter being facilitated by the use of semi-log 
paper. Then a discussion of errors can be made, 
indeed the log (H/ Ho) against t curve can be cal­
culated using regression analysis [3], the more 
able student can also introduce here the idea of 
entry effects and attempt to make some allowance 
for them. If 'the essence of science is prediction' 
then this experiment is a fine example. 

DISSOLUTION 

T HE NEXT EXPERIMENT introduces some 
simple ideas in mass transfer. A cylinder of 

some sparingly soluble solid is dissolved in an ap­
propriate fluid in a stirred flask. (We use benzoic 
acid in water, the solution being sampled at 
regular intervals, say 5cc every 15 minutes, and 
titrated against 0.01 N caustic soda). Some 
familiarity with Whitman's theory of interphase 
mass transfer is needed prior to the modelling of 
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the system. Many student's first attempt at this 
involves defining the system over which the tran­
sient mass balance is to be carried out as the solid 
benzoic acid plus the water-this approach does 
not allow much progress to be made- hence -::!m­
phasizing the care needed in choosing control 
volumes! The simplest differential model is, of 
course : 

V dC = K A ( C -'C) 
dt · 1, s ( 4 ) 

its integration being straight forward, again 
semi-logarithmic paper allows a straight line 
representation of the experimental data. The dis­
cussion of errors centres around the importance 
of the area of the cylinder and the solution volume 
changing slightly throughout the proceedings, A 
useful-and often neglected-check on the titra­
tions is the measurement of the overall weight 
loss of the benzoic acid block. As before, the basic 
experiment can be extended, this time by investi­
gating the influence of agitator speed N on the 
mass transfer coefficient, Kr, where : 

0 6 
~ u. N" 

(5 ) 

to demonstrate this conveniently the student is 
introduced to the use of log-log paper, perhaps 
for the first time. 

COOLING 

T HIS TRIO OF EXPERIMENTS is eompleted 
with a study of heat transfer. A lagged beak­

er full of a hot non-volatile liquid, glycerol say, is 
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allowed to cool in a draught proof perspex case, 
the principal mode of heat loss being natural con­
vection. The temperature of the fluid and the sur­
roundings are noted for an hour or two. Again 
a transient (heat) balance yields the desired 
model:--

- Mcp d 0 = hA ( ll- 0a) (6) 
dt 

whose integrated form can be represented by a 
straight line on log-linear graph paper. An exten­
sion of the basic theory which allows for the de­
pendence of heat transfer coefficient with 
temperature difference where: 

0 , 25 
h a (0- 0a) 

can also be made. 

(7) 

All of the experiments can be repeated using 
different initial heights, concentrations and 
temperatures respectively. The results then for, 
say, all the fluid flow experiments lie on the same 
line if the normalized ordinate (H/ Ho) is used. 
Indeed if the normalized abscissa (Kt) is also 
used -;;hen the results from different diameter 
capillary experiments also can be reduced to a 
one line representation. This dimensionless 
plotting is yet another important concept for the 
student to grasp. 

CONCLUSION 

WE HA VE FOUND THAT these three inex-
pensive and simple experiments have aided 

our student's comprehension of, and belief in, the 
analogous behaviour of the various forms of trans­
port phenomena. Equally importantly, the writing 
of full engineering reports on their :findings pro­
vides useful training prior to their early in­
dustrial baptism. Perhaps as a postscript we can 
also mention two further experiments which are 
given to our first year men which again are 
governed by : 

dy 
ky 

dx (8) 

these being the transient mass balance over a 
stirred tank containing acid diluted with water 
and a rig on the rates of batch sieving. 
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NOTATION 
A Area 
C

6
, C (Saturation), concentration 

Cp Specific heat 
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d 
g 
H

0
, H 

h 

Capillary diameter 
Acceleration due to gravity 
(Original), height 
Heat transfer coefficient 
Constants K, k 

Kr, Mass transfer coefficient 
length of capillary I 

M 
N 
t 
V 

Mass 
Rotational speed 
Time 
Volume 

0n, 0i, 0 
p 

(Ambient, initial), temperature 
Density 
Viscosity µ, 
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PRECISION: Hall et al. 
(Continued from page 26.) 

Equation (8) approximates CTz as greater 
than the more valid estimate of equation (6). The 
difference depends on the number of error-con­
tributing independent variables and on the deriva­
tive-weighted contributions of each. For the 
common case where three or four factors each 
contribute comparably to the overall variance, the 
linearly-additive equation (8) produces estimates 
not more than twice the orthogonally-additive 
estimate of equation (6) ; for only one major con­
tributor, results are essentially the same. Since 
the calculation required is only negligibly greater, 
the theoretically defensible equation ( 6) should 
always be used. 

We hasten to add that nothing new is present­
ed here. Equation (6) is available in many 
references, for example Mickley, Sherwood and 
Reed ( 1957) ; but we :find that an overwhelming 
majority of students-and even colleagues!- use 
,2quation ( 8) . This communication is an attempt 
to advocate the more rigorous, well documented, 
largely neglected approach. • 
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