A LABORATORY COURSE IN TRANSPORT PHENOMENA

by
E. J. Crosby
University of wWisconsin

When the Daepartment of Chemical Engineering at the University

decided to introduce a lecture course on Transport Phenomena into {t:ru:ézizg:iﬂ-
ate curriculum, it was also decided to establish = concomitant laboratory course.
It was felt that instruction in Iransport Phenomena would be most effective when
the lecture was supplemented with laboratory work. This new laboratory course
replaced a course in Technical Anelysis which has outlived its usefulness in the
modern chemical engineering curriculum. The following discussion reviews the
basic philésophy behind this course, the general principles which are demonstrated
by experimentation, those experiments which are now in use along with contemplated
new experiments, and the results of one year's experience in teaching this course.

GENERAL PHILOSOPHY

The main objectives of this course are to demonstrate some physical aspects
of the subject matter covered by a course in Transport Phenomena, to demonstrate
certaln properties of matter which are encountered with a course in Material and
Energy Balances, and to enlarge on the classroom discussions wherever desirsble.
As this 18 the first engineering laboratory taken by students studying chemical
engineering, the aims of the course are somewhat broader than the sbove objectives
would indicate. In general, these aims are:

l. To illustrate the theoretical principles presented in the aforementioned
courses. Major emphasis is placed on the testing and application of the theor=-
etlcal relationships used to describe the system under study, rather than the
development of these relationships. The latter, however, is not neglected,

2. To illustrate and test the effectiveness of various experimental measuring
technigues. These techniques are subjected to either detailed or approximate
theoretical analysis whenever such is warrented.

3. To teach the student how to handle and interpret experimental data of the
guality usually encountered by engineers. These data are usually not as exact as
those obtained in laboratories comnected with courses in chemistry and physics.

4. To develop the student's ability to observe and reason, particularly with
reference to the extension of basic theory to practical problems and the use of
simple models to describe complex systems. |

5. To give the student practice in organizing and presenting his results
effectively.

No effort is made to teach creativity per se in this laboratory. There is not
enough time avallable for such instruction even if this were the only aim of
the course, At this stage of the student's education the course aims listed
above are felt to be of more importances. :

To include or illustrate every aspect of the basic principles in Transport
Phenomena 1s obviously not possible in a single laboratory course. However, the
course described here provides a good introduction. Both steasdy-state and unsteady-
state operations are studied; all three states of matter are encountered; situat-
ions involving both laminar and turbulent fluid flow are investigated.

PRINCIPLES DEMONSTRATED

The key to Transport Phenomena is the equations of change. These equations
contain thermodynamic properties of matter such as density and heat capacity and
transport properties such as viscosity, thermal conductivity and diffusivity.

With the aid of these equations i1t 1s possible to determine the velocity, temper-
ature and concentration profiles in a system; to obtain dimensionless correlations
for the coefficlents of Anterphase transport(friction factor, heat-transfer coeffice
ient and mass-transfer coefficient); and to develop the macroscopic(over-all)
balances for mass, energy and momentum.

_ The experiments in this course desl with measurements of certain thermo-
dynamic properties, the three main transport properties, the three types of
profiles, the three transfer coefficients, and certain applications of the
macroscopic balances, The organization of these experiments is shown in table 1.
Experiments in Groups A and B ere covered before those in Groups 1 through 12,
and the experiments in Groups 1 through 12 can be followed sither by row or
collumn without losing continuity in the subject matter. In the course described
here, the experiments are taken up by column as this is the order in which the

sub ject matter is covered in the lecturs.
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EXPERIMENTS

In designing the experiments for this laborato it |
the f:lluwing basiec requirements: ik VAR SASemp - %0 antaty
- The experiments must be simple to understand. The main vpo
uxtragplghflanr, Eothtthsoiatiunlly and experimentally. AT T
. e experiment must be easy and quick to rform. The ti
observation and calculations should not exceed unzalnbaratnry pa:?usfquir'd i
3. Analytical procedures and instrumentation must be as simple as possible
80 as not to distract from the main purpose of the experiment.

- 4. The process under study should be such that it can be d -
ically in some detail. an be described mathemat

Those experiments which have been developed and are in use are listed
Tublg ?. A complete description of these experiments can be found aluuhuretf)
The éxpériméents i Groups 1 through 8 are similar to those which are in use in
many "unit operations" laboratories. One aspect of these experiments which may
be.of speclal interest is the portability of the equipment. In Flgures 1,2,3,4
and 5 are shown equipment from experiments in Groups 2,3,5,6 and 7. The equip-
mazzitu elther easily disassembled or readily removable from the laboratory as
a °

The experiments which are not common to undergraduate chemical engineering
laboratories are those dealing with mass transfer, Groups 9 through 11.

For the measurement of blnary diffusivities it has been found that a diff-
usion cell similar to that used first by Loschmidt gives excellent results.
Figure 6a shows the construction details of this diffusion cell and also shows
the proper location of the two gas chambers when the cell is being loaded or
flushed out. Figure 6b shows an actual cell under operation with the two gas
chambers located 80 as to allow equimolar counterdiffusion to occur. To make the
analysis scheme as simple as possible, one of the two gases used in this exper-
iment 1s always carbon dioxide. After the diffusion process is stopped, the total
amount of carbon dioxide 1n each gas chamber 18 analyzed by flushing the gases
in each chamber through previously weighed drying-tubes containing "Ascarite".
This analysis scheme gives material balances consistent withint 3 percent and
the measured diffusivities agree with accepted values within?f 6 percent.

It has been found thet concentration profiles in a stagnant gas film can be
measured synthetically generating a very thick film which can be divided into
sections for analysis. The construction detalls for such a plece of equipment are
shown in Figure 7a. One of the twoc chemical species 1n the film 1s a gas and the
other is a condensable vapor whose source i1s the liquid reservolr at the base of
the film. The film is sectioned off by rotating alternate sections of the equip-
ment as indicated. Figure 7b shows an actual unlt in operation. The average conc-
entrations of the gases in each section of the equipment are determined by flush-
ing the contents of each section through miniature, pre-weighed cold traps. The
vapor component is thus condensed out and its mass 18 readlly determined. The
concentrations are then easlly calculated with a knowledge of the dimensions of
of each of the sections in the equipment. This analytical procedure will gilve
good results if done with proper care. The measure profiles agree excellently

with the theoretically predicted profiles.

Mass-transfer coefficlents are readily measured by means of wetted-wall
columes. The construction detalls for the wetted-wall columms in present use
are shown in Figure 8a. Water and air are the two chemical specles used in this
experiment. A laboratory unit with two wetted-wall columns of different diameters
18 shown in Figure 8b. A closed-circuit system for the water allows for a simple

measurement of the rate of mass transfer,

Besides those experiments which are now in use, others are being planned.
Some of the new experiments which are sither being contemplated or being devel-

oped are listed in Table 3.

CLASS SCHEDULE

The laboratory amounts to one four-hour session per week. A review of the
theory and a discussion of the experimental procedure is covered in a ocne-hour
recitation and quiz period preceding the laboratory proper. The required exper-
imental work and calculations are performed 1in the remaining three hours. The

(1) Experiments in Transport Phemomena, by E. J. Crosby, John Wiley & Sons, New '
York (1961).
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performance of the calculations under the supervision of the instructor has
proven particularly advantageous to the student. Errors are readily found and
clarified and considerable time is saved. The student presents the results eof
the experiment in the form of a short report consisting of an abstract, a
summary of results, adiscussion and a 1list of sample calculations. Only the
abstract and discussion are prepared outside the classroom.

RESULTS

This laboratory has been in operation since September 1961, and the exper-
iments now in use were tested for one or two semesters before the course h‘f .
During this period the majority of the problems that have arisen in connect
with the operation of the experimental equipment have been solved. However, some

of the equipment is still being modified to give more flexibility and better
experimental results,

Experience to date indicates that the aims of this course are fulfilled.
From the pedagogical viewpoint, the best results are obtained when the student
is simultaneously enrolled in the lecture course and laboratory courses. Wwhen
both courses are taken together, the student's progress in the following course
dealing with Transport Processes (Unit Operations) is considerably accelerated.
In those cases whare the laboratory has been delayed until after the lecture
course, progress in the unit operations course is somewhat slower. Of particular
benefit to the student are the numerical evaluations carried out in the labor-
atory in comection with theorétical work taken up in the lecture. |

A number of colleges and universities are now preparing to offer a similar
laboratory course in connection with a lecture course in Transport Phenomena. The

choice of qualified instruetors for such a program is very important. The labor-

atory instructors must be as well qualified as those who lecture. This final
point cannot be emphasigzed enough.

ORGANIZATION OF EXPERIMENTS
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TABLE 2
EXPERIMENTS IN USE

Experiment
Group No. Sub ject of riment

A Pressure-Yolume-Temperature Behavior of Real Gasss.
1 Viscoslities of Newtonlan Liquids.
2 Velocity Profiles in Circular Tubes (Turbulent flow).
3 Friction Factors for Flow in Circular Tubes.,
% Efflux Time for a Tenk with Exit Pipe.
Thermal Oonductivity of Solids (unsteady-state method).
6 Temperature Profile in Long Rods.
z Heat Transfer Coefficients in Circular Tubes.
Heating Liquids in Tank Storage.
9 Diffusivity in Gases (unsteady-state method).
10 Coneentration Profiles in a Stagnant Film.
11 Mass Transfer Coefficients in Circular Tubes.
12 Heating Value of a Fuel Gas. .

TABLE 3
NEW EXPERIMENTS BEING CONRTEMPLATED

Experiment

Group No. Suhjnt of @rlmnt

Partial Molal Properties.
Viscosity of Gases; Properties of Non-Newtonian Liguids,
Velocity Profiles (laminap:flow)
Drag Coefficients for Flow Around Submerged Spheres.
Stresses in Pipe PFictures; Responce Characteristiecs of

an Impact Tube.
Thermal Conductivity in Solids and Fluids(steady-state method).
Temperature Profiles in Flowing Fluids. '
Heat-Transfer Coefficients in Jacketed Kettles.
Operation of Steam Turbines; Operation of Air Compressors.
Diffusivity in Geses (steady-state method).

Concentration Profiles in A Flowing Fluld.
Mass-Transfer Coefficients for Submerged Spheres.
Semi-Bateh, Liquld-Phase Reactors.
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1 Experiments in Transport Phenomena, by E. J. Crosby,
John Wiley and Sons, New York, 1961. .




