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0 ne of the difficulties of structuring a laboratory class 
is how to leave problems open-ended while at the 
same time provide the students with enough infor­

mation so they know what is expected of them and how to 
get started. The key goal in our effort to achieve such a bal­
ance was to create a setting where students would have 

• A realistic communication experience, including both 
memo writing and oral presentation 

• The opportunity to plan sequences of experiments, in­
cluding the use of statistical design of experiments 

• An opportunity to design their own studies 

Our basic approach was to have student groups write memos 
to each other and to build on each other's work. This was 
done in the context of a one-semester unit operations labora­
tory course that begins with simple unit operations and builds 
to running and simulating distillation. It is the middle semes­
ter of a three-semester sequence oflaboratories. The first labo­
ratory is a series of bench-top heat, mass, and momentum 
transport experiments that includes instruction and practice 
in some basic statistical analysis, laboratory planning, and 
formal report writing. In the second laboratory, the subject of 
this paper, students work in our unit operations laboratory, 
which includes pilot-scale chemical process equipment. It 
includes simple systems for investigating the operation of 
pumps, flow in pipes, heat exchangers, and flow in packed 
beds, building to eventually operating and analyzing two dis­
tillation columns. Also included are experiments that teach 
students how to calibrate and use a gas chromatograph and 
experiments that measure vapor/liquid equilibrium using an 
Othmer stillYl 

This sequential approach has been used for the last three 
years. There have been some variations in the details of the 
structure in various semesters. The specifics described here 
were used for the spring 2001 semester. In that semester, we 
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ran three sections of laboratory with three groups of three 
students in each laboratory section. We have also used a simi­
lar setup with four groups per section. 

SEQUENTIAL STRUCTURE 
The semester was organized into three distinct parts: 1) a 

three-week introduction to sequential experimental design 
using a fluidized-bed coating experiment, with the students 
working in small groups, 2) a seven-week set of simple unit 
operations experiments, where the small groups pass on their 
results, and 3) a four-week distillation section where larger 
groups work on distillation experiments, simulation, and pre­
sentation. Table 1 shows the experimental schedule for the labo­
ratory. The three parts of the laboratory are described below. 

Introduction to Sequential Experiments 

The initial block uses a fluidized-bed coating process based 
on a design from Rowan UniversityYl A washer is heated 
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( 
with a heat gun and dipped in a fluidized bed of colored poly­
ethylene powder, which melts to form a coating on the washer. 
The main experiment is to examine the impact of preheat 
temperature and dip time on coating thickness. This is mea­
sured by the change in weight of the washer. The first week 
is devoted to detailed experimental familiarization. Students 
are presented with a laboratory plan that instructs them to 
determine the practical operation limits of the process (e.g., 
what is the temperature range that will produce coatings and 
is achievable with this equipment?), to spot check the cali­
brations (e.g., test the thermocouple reading in ice water and/ 
or boiling water), to develop a procedure including a written 
standard operating procedure (SOP), and to test the repro­
ducibility of the system by completing three to five coatings 
at the same conditions. This week helps students get used to 
the idea that we will not be telling them all the details of how 
to run the equipment and shows them how they can approach 
a new process. 

In the second week the students are expected to design and 
complete a 24

-
1 fractional factorial experiment examining the 

impact of preheat temperature, dip time, washer size, and flu­
idization air-flow rate. [3l During this week, students are learn­
ing about fractional factorial experiments and the important 
idea of screening variables to determine which ones can be 
safely ignored. 

In the third and final week of the block, students design 
and complete a two-variable central composite design. [4l Here 
they are developing a detailed second-order empirical model 
of the coating process. This three-step sequence allows them 
to get used to the idea that experiments can build from one to 

TABLE 1 
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the next. This sequence gives them some ideas for their own 
sequential experiments in the next part of the laboratory and 
an introduction to some important statistical experimental 
designs. To make some of the logistics of the laboratory work, 
the third week of the initial block is actually interleaved with 
the second part of the laboratory. 

Simple Unit Operations Experiments 

Students carry out seven simple chemical engineering unit 
operation experiments. This is the heart of our building ap­
proach. There is only one apparatus of each type, so each 
group is working on a different experiment in any given labo­
ratory session. The experiments are broken into two groups: 
one group of four experiments (Block II) and one group of 
three experiments (Block III). Experiments from a given group 
are run every other week to allow time for memos to be passed 
from one group to the next (see Table 1, particularly the ev­
ery-other-week arrangements of Blocks II and III). A brief 
description of the seven setups is given in Table 2 (next page). 

Students are given a simple introduction to each experi­
ment. These introductions present the general nature of the 
unit operation, list the capabilities of the equipment, and ref­
erence sections in their texts where they can find additional 
information. Table 3 (next page) is an example experiment 
handout. 

There are three groups in a section, so each experiment is 
run three times. The first week an apparatus is used and stu­
dents are required to complete familiarization runs examin­
ing calibrations, limits of operation, procedure, reproducibil­
ity, and an initial base experiment. A memo to the instructor 

and to the next group that will use 
the equipment is due one week after 

Overall Laboratory Schedule Showing Interleaving of Experimental Blocks 

the laboratory. The interleaving of 
experiments allows two weeks be­
tween runs so that the subsequent 
group has time to plan experiments 
based on the first group's runs. The 
second group to use an apparatus 
generally uses the most obvious ca­
pabilities of the equipment. This 
week ends up being the experiment 
we had students run when they did 
not pass information. They pass their 
results to a third group and it is re­
sponsible for finding ways to explore 
creative new ideas based on the pre­
vious two groups' work. 

eek Block w. 
1 I 

2 

3 II 

4 I 

5 II 

6 III 

7 II 

8 III 

9 II 

10 III 

11 IV 

12 

13 

14 

Summer 2003 

Group 1 Group2 Group3 

Fluidized Bed - familiarization and characterization 

Fluidized Bed - fractional factorial design 

Flow in pipes and valves I Pump Performance I Heat Exchanger 

Fluidized Bed - central composite design (Response Surface Methods) 

Pump Performance Heat Exchanger GC 

Mixin!! Packed Bed Othmer Still 

Heat Exchanger GC Flow in pipes and valves 

Packed Bed Othmer Still Mixing 

GC Flow in pipes and valves Pump Performance 

Othmer Still Mixin!! Packed Bed 

Total Reflux Distillation 

Simulation of distillation 

Continuous Distillation 

Presentations, Evaluations, Clean Up 

During this part of the course, each 
group is required to orally present 
their results twice. The presentations 
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( Summer School ) 
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are video taped and the students are required to review the 
tape and complete a simple self-evaluation. 

The process of transferring memos from one group to an­
other is facilitated by using a web-based document storage 
and transfer area, which is part of the Blackboard 5 software 
system[5l we use at Lafayette College. We use Blackboard's 
group function to set up a group for each laboratory section. 
Students can then upload their reports to their section's file 
exchange area and download other students' reports. 

We use several mechanisms to ensure the planned experi­
ments are safe and reasonable. Each group is required to sub­
mit a pre-laboratory report to the instructor two class days 
before the laboratory. It must include an experimental plan 
with a complete run list, a review of the safety issues and 
precautions, and an SOP they will follow. The instructor re­
views these reports before the laboratory meets. An instructor 
is also present when the experiments are run (we are an under­
graduate institution and do not have graduate TAs to assist). 

Some institutions may need to run more than the three or 
four groups that are usual for our laboratories. Having two 
sets of groups that are running out of sync could double the 
number of groups per section. One set of groups could be 
running the Block II experiments while another set of groups 
is running the Block III experiments-the next week they 
switch. The two sets of groups essentially function as two 
sections within one time block. This type of arrangement could 
accommodate up to eight groups per section. 

Distillation Experiments 

The last four weeks of the term the students are reconfigured 
into two larger groups to run experiments on our two distilla­
tion columns. In this block, each group builds on its own 
work. The first week they become familiar with the equip­
ment and run it in total reflux. The second week is held in the 
computer laboratory and the students use the process simula­
tor, ChemCAD,[6l to model their distillation column. They 
compare their results from the previous week to simulation 
results and predict how their column will perform in con­
tinuous operation. The third week they run the columns in 
continuous operation, and during the final week they deliver 
an oral presentation of the results of their distillation studies. 

RESULTS AND DISCUSSION 

A first indication of the success of this approach was the 
positive performance of students in the laboratory. Providing 
students with only a simple introduction to the laboratories, 
such as is seen in Table 3, students succeeded in developing 
and planning these laboratories themselves. 

The students' efforts during the third week of a laboratory 
were particularly encouraging. For time-consuming experi-
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ments such as the Othmer still, this structure allowed stu­
dents to accumulate a significant body of data. For the fluid­
flow experiments (pump performance, pipes/valves/fitting, 
and mixing), many students chose to explore the impact of 
different viscosities. They were able to adjust viscosity using 
propylene glycol antifreeze solutions. Some students com­
pared measured pump efficiency to the temperature gain in 
the system for the pump experiment. For the packed bed, one 
group completed experiments examining the impact of tem­
perature on the pressure drop. 

In some cases, students' suggestions have led us to improve 
the capabilities of the laboratory. Recently, one student wanted 
to look at the impact of impeller diameter on pump perfor­
mance. This led us to purchase a new centrifugal pump with 
interchangeable impellers. While this was an additional ex­
pense, it improved our facilities and made them more flex-

TABLE2 
List of Experiments in 

Simple Unit Operations Blocks II and III 

Flow in pipes and valves 
This is a simple fluid-flow apparatus consisting of a feed tank, pump, 
rotameter, and piping network. The piping network has a number of 
segments where pressure drop can be measured, including an orifice 
meter with interchangeable plates, two valves, a straight run of pipe, 
and a run of pipe with two elbows. 

Pump Performance 
This apparatus consists of a turbine pump and a centrifugal pump 
piped in parallel and instrumented to measure inlet and outlet 
pressure, total flow, and the power drawn by the motor. 

Mixing 
This apparatus includes three mixing tanks of various sizes with 
removable baffles. We use a fully adjustable laboratory mixer with 
torque and speed readouts. Three different types of impellers are 
available. The mixing of solid particles was examined. 

Heat Exchanger 
This apparatus consists of a small shell-and-tube heat exchanger with 
temperature sensors on all inlet and outlet streams. A steam injection 
heater is used to provide hot water. Simple three-way valves are used 
to reverse which stream is on the tube side and which stream is on the 
shell side. Both flowrates can be varied. 

Packed Bed 
A pilot-scale absorption bed, packed with half-inch Intalox saddles, is 
used for this experiment. In this laboratory, students are simply 
looking at the pressure drop at various air and liquid velocities. In 
addition, they are introduced to the concept of flooding. 

GC 
This experiment uses a Varian 3000 gas chromatograph. Students are 
expected to learn how to operate the equipment and to develop a 
calibration curve for methanol/water mixtures. 

Othmer Still 
This bench-scale equilibrium still is used to develop vapor liquid 
equilibrium information for the methanol/water system. 
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TABLE3 
Example Laboratory Handout 

Heat Exchangers 
Heat exchangers transfer heat from one fluid to another. They are 
essential to the operation of most chemical plants. In this equipment 
we will see how a simple countercurrent heat exchanger functions 
under various conditions and compare the results to usual design 
correlations. 

Equipment and Capabilities 
The heat exchanger setup has a cold tap-water feed and hot-water 
feed. Each stream can be fed to either the shell side or the tube side. 
Temperature sensors allow monitoring of both inlet and both outlet 
temperatures. 

With this apparatus you can 
• Estimate the overall heat transfer coefficient for both flow 

configurations (hot-water shell side and hot-water tube side) 
• Look at the variation in heat transfer coefficient for various flow 

rates of each fluid and both flow configurations 
• Look at the effect of hot stream temperature on heat transfer 
• Estimate the time constant of the heat exchanger 

References 
1. McCabe, Smith, and Harriott, Unit Operations of Chemical 

Engineering, 6th ed., pp. 315-324 (particularly 321-323), 329-
330, 346-348, 440-441, 1071 

2. Bird, Stewart, and Lightfoot, Transport Phenomena, pp. 465-
467 

Specific Requirement 
Each group should measure the overall heat transfer coefficient for 
several conditions and compare the result to coefficients estimated by 
standard correlations. 

TABLE 4 
Results of Quantitative Questions in Survey 

Students were asked to rate how much they agreed with the statement 
on a scale of 1 to 5 (5 being "strongly agree"). Results are for 

responses from 26 students ( out of 27) who took the class. 

Standard 
Mean Deviation 

During Laboratory II, my ability to write a memo 
that clearly communicated my results to my peers 
improved 4.5 0.65 

As a result of my experience in Laboratory II, I feel 
better able to contribute to a sequential exper-
imental study 4.1 

I am better able to use statistical methods to plan 
engineering experiments. 3.8 

My ability to prepare and present my own experi­
mental work improved over the course of the 
semester 4.2 

Summer 2003 

0.63 

1.07 

0.59 

ible for future years. 

At the end of the term, a random sample of junior-year 
chemical engineering students was interviewed as part of our 
ABET assessment process. The interviews were about their 
entire experience as chemical engineering students and were 
conducted by professors who were not their instructors. One 
of the questions asked was, "How have your experiences this 
year developed your ability to solve engineering problems?" 
As students responded to this question, one of the primary 
areas of discussion was the value they saw in this particular 
laboratory. They expressed satisfaction at being able to de­
sign their own experiments and felt that writing memos to 
each other gave them a realistic experience. 

To further assess student response to this course, the stu­
dents completed a written survey one year after they had been 
in the class. Table 4 lists the results for quantitative ques­
tions. They were asked to rate on a l-to-5 scale how well the 
statement reflected their experience. Students generally felt 
the laboratory contributed to their ability to write memos, to 
their ability to contribute to a sequential study, to their ability 
to use statistical methods to plan experiments, and to their 
ability to present their work. Scores were highest for writing 
and lowest for statistical design of experiments. These low 
scores are a result of a small number of students who rated 
this area low. They expressed a desire for a separate course in 
statistics. The impact of these few students can also be no­
ticed in the higher standard deviation. 

In addition, several open-ended questions were asked that 
required a written response. Two of these questions are shown 
in Table 5. Most students mentioned some form of commu­
nication skills as both a key goal and as what was most help­
ful to them. For both questions, many mentioned the use of 
sequential experiments and statistically designed experiments. 
It is interesting that a quarter of the class cited the open-ended 
nature of the experiments as a help to their learning but seem 
to have missed that this was one of our goals. Almost all stu­
dents mentioned at least two of the items as helpful. The re­
sults presented here are categorizations (a content analysis) 
of the students' written responses. That the categories corre­
spond for the two questions shows that the communicated 
goals of the class and the resulting learning were connected. 

Many of the specific responses to the question concerning 
what the students found helpful were very encouraging. Some 
of the things they noted were 

• The openness and freedom to design experiments that 
investigated your personal area of interest 

• The ability to work on a piece of equipment that I have never 
seen before and learn its functionality by setting up an 
experiment and seeing it through. 

• Having to force myself to answer engineering questions 
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TABLES 
Response to Two Qualitative Questions 

This table summarizes a content analysis of students' written responses to two questions. 

------- Questions---------
Values are the percent of respondents who What did you see The aspects of the laboratory 
included the areas below in their as the key educational that were most helpful to my 
discussion of these two questions goals of the laboratory? educational experience were ... 

Communication skills 

Planning sequential experiments 

Statistical design of experiments 

Understanding of important unit operations 

Ability to work in teams 

Understanding distillation 

Ability to handle open-ended problems 

Number of students responding to question 

rather than following a set recipe. 
• I actually realized the importance of all the background 

work I had done for the previous two-and-a-half years. 

One particularly encouraging comment that appeared was 

• At no other point at Lafayette was I able to understand and 
experience truer "engineering. " 

In this survey, we also asked, "If I could change one thing 
about the structure of Laboratory II, it would be ... " Twenty 
percent of the respondents indicated they would change noth­
ing. Twenty-three percent found some problems with the 
structure. They noted that they had difficulties if the previ­
ous group did a poor job or was late with its report. Two 
students went so far as to request that we be stricter with our 
deadlines. The major drawback and difficulty of this struc­
ture is the dependence of students on each other's work. In­
structors can work to make sure the previous group is on time 
and that the quality of its work is taken into account when 
grading reports, but we believe this interdependence among 
the students is a realistic and helpful experience. 

Since this survey was taken, we have made the report dead­
lines stricter, including a strict 10%-per-day late penalty. This 
has essentially eliminated late reports. Students are also given 
a grading sheet that lists the key items we will be looking for 
in each report. This has led to more consistent student memos. 
Finally, student memos are graded considering how they have 
improved upon previous work. 

CONCLUSIONS 
The key aspects of the approach we are using are 

[] It allows students to build on each other's experiments 
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68 

55 

50 

41 

14 

14 

22 

63 

33 

17 

21 

4 

4 

25 

24 

[] It provides only minimal information on how to run the 
equipment and leaves that as the first job to be done (which 
develops independent thinking by requiring students to 
develop their own SOPs) 

[] It provides students with an example of a sequence of 
experiments, including how to get started with a new piece of 
equipment 

[] It requires students to communicate their results via memos 
between the groups. 

This approach provides a setting for realistic communica­
tion, experience in working on realistic sequences of experi­
ments, and an opportunity for students to design their own 
studies. Student feedback and instructor observations sup­
port that these goals are being met. Student response is gen­
erally positive, as seen by the responses in general depart­
ment interviews and in assessment surveys. A key to success 
is to manage the process so that students are not unfairly im­
pacted by deficiencies in previous groups. 
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