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GETTING THE MOST 
OUT OF A LABORATORY COURSE 

Aziz M. ABu-KHALAF 
King Saud University • Riyadh 11421, Saudi Arabia 

T he laboratory is the proper place for students to apply 
the theories and principles of chemical processes and 
unit operations that they have learned in the class­

room. It can also be used to simulate industrial practices 
where the ability to operate plants, to perform original de­
signs, and to modify existing processes is required. Operat­
ing a chemical plant requires that the chemjcal engineer be 
proficient in problem solving and troubleshooting, and over 
the years considerable efforts have been exerted to strengthen 
the links between industry and academia in order to attain 
that proficiency. Examples include laboratory experiments, 
practice schools,l11 research projects, summer internshlps in 
industry, 121 co-op projects,13 1 and others. 

This paper will review the current goals of a laboratory 
course and present the author's experiences in using labora­
tory time to cover several important topics related to both 
industry and academia. The subjects that will be di scussed 
are safety procedures , startup and shutdown, troubleshoot­
ing, calibration with statistical applications, maintenance, 
and mathematical modeling and simulation. Different avail­
able experiments will be used to achieve these goals. 

LABORATORY OBJECTIVES 

Traditionally, a laboratory course emphasizes, through prac­
tical sessions, the understanding and application of theories 
and principles taught in the classroom and presented in text­
books. During the course, the students become famj)jar with 
the available process equipment, with instrumental analysis, 
and with various measurement techniques. They also prac­
tice report writing, deal with experimental errors, and learn 
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to recognize the discrepancy between theory and practice. 

A new look141 with new objectives in the chemjcal engi­
neering laboratory has be~n suggested, with some of the 
following objectives: 

IJ Using the laboratory to develop engineering aware­
ness. f5I Engineering awareness is developed through 
several applications. Students gain practical experi­
ence, acquire skills, and get an idea of the technical 
difficulties encountered in the design and construc­
tion of processing units. 

IJ Introducing statistical concepts in the experiments.'61 

Statistical ideas are incorporated into existing 
experiments, which are modified through the analysis 
of data, to introduce certain statistical concepts. 

IJ Mathematical modeling and simulation.'1•
101 A step­

by-step method is followed to develop steady-state 
and dynamical models representing experimental 
systems. Students are asked to perform analytical and 
numerical solutions, using available simulation 
packages. 

IJ Troubleshooting.'111 Troubleshooting experiments are 
described to develop the student 's ability to diagnose 
and correct unacceptable process performance. 

IJ Simulation of industrial work-' 121 The procedures used 
in a typical unit operations lab course are modified to 
simulate industrial practice. Applied problems and 
instructions are included. 

IJ Performing economic evaluations.' 131 Estimations of 
capital and operating costs are performed on typical 
experiments. Scale-up and economic optimjzation of 
an existing plant are considered. 

While some of these goals pertai n to industrial practice, 
others reinforce mathematical , stati stical , economical , and 
process concepts. New and/or modified experiments are de­
veloped as necessary to meet the goals, and other objectives 
can be included, such as familiarizing the students with 
safety regulations, maintenance, and calibration. It is not 
difficult to achieve all of these goals. The following sections 
describe our method for meeting the goals within the time 
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allotted to a typical lab course. 

SAFETY PROCEDURES 

Students usually underestimate the impor­
tance of safety measures in the lab and occa­
sionally argue about strict safety regulations, 
particularly when they feel the running ex­
periment is safe. But experiments are not the 
only source of danger in the lab. For ex­
ample, danger could come from a pipe carry­
ing hot water or steam to other parts of the 
lab. To counter this, we emphasize the fol­
lowing items in such a way that they become 
part of the student' s daily practice, both in 
and out of the lab: 

This paper ... 
review[s] the current 

goals of a 
laboratory course 
and present[s] the 

author's experiences in 
using laboratory time 

lab is distributed to the students. It contains 
general procedures ( disposal, proper use of 
service equipment, gas cylinders, etc.), evacu­
ation instructions in case of fire or chemical 
spillage, etc. It should also include symbols 
and abbreviations of equipment and pipelines 
in the lab. 

The lab instructor might also include other 
topics such as hazard-assessment techniques. 
The most common is the hazard and operabil­
ity study (HAZOP), which is a systematic tech­
nique for identifying all plant or equipment 
hazards and operability problemsY 7

l 

to cover ... 
topics related to 

both industry and 
academia. 

• We familiarize the students with 
hazard symbols, terms, and abbrevia­
tions. Symbols include those on 
personal protective equipment, 
dangerous materials, and workplace 
labels. Terms such as threshold limit 
value (TL V), hazard rating (HR), 
lower and upper flammability limits 
(LFL and UFL), etc., are covered, and 
the most common abbreviations, such 

The subjects ... 
are safety procedures, 
startup and shutdown, 

troubleshooting, 
calibration with 

statistical applications, 

STARTUP AND SHUTDOWN 

In industry, startup (putting the process and 
its related equipment into proper operation) 
and shutdown (when the operation is com­
pletely stopped) are related to integrated equip­
ment and interdependent processes. The equip­
ment is often outside the plant and susceptible 
to weather effects, whereas the lab usually 
contains small-scale individual equipment with 
relatively constant ambient conditions. 

maintenance, and 
mathematical 
modeling and 

simulation. 

as ACGIH (American Conference of 
Governmental Industrial Hygienists) and MSDS 
(Material Safety Data Sheet) are defined. The concepts 
of fire triangle and tetrahedron are fully explained. 

• We teach the students to always be ready for an 
emergency. We point out the location of emergency 
outlets, fire extinguishers, in-line showers, and 
emergency eyewash stations. 

• We ask that students wear a lab coat (or apron) during 
each lab session, and that other personal protective 
items be used when necessary. For example, the 
students should wear, as needed, safety eyewear 
(splash goggles), a face shield, and gloves during 
distillation and reaction experiments, etc. We ask 
them to put on dust masks during a solid-handling 
experiment and anti-noise ear muffs during noisy runs 
such as a cooling tower tutor. 

We also show the students a video tape on safety or refer 
them to related books. r14

•
15l We give them specific assign­

ments on safety topics and discuss the topics later in a 
seminar session. In particular, we ask them to compare the 
safety equipment that is available in the lab with the recom­
mendations in a standard reference. The students can also be 
asked to prepare data sheets on the specific materials and 
hazard symbols that will be involved in the experiment they 
plan to do (references 14 and 16 are very useful in this regard). 

Finally, a sheet of safety procedures specific to a certain 
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Startup and shutdown procedures depend 
on the process, the materials , and the type of equipment 
being used. The following is a list of common rules used in 
industry-based on my own experience as a co-op student in 
a refinery and as a production engineer in other plants. The 
rules should be emphasized during the lab session. 

• Never introduce a cold stream suddenly into hot 
equipment (such as a heat exchanger). Similarly, a hot 
stream should not be suddenly introduced into cold 
equipment. 

• Introduce the cold stream first, and stop the hot stream 
first. 

• Any change in operating conditions should be done 
gradually and should not exceed the listed operating 
conditions of the specific equipment. 

• Make sure that the equipment is gradually, com­
pletely, and safely drained and purged. 

An effective teaching method is to listen to the students' 
suggestions and ideas about startup and shutdown and then 
to discuss with them the significance and implications of the 
general rules above. This helps them to realize that a sudden 
change in temperature might cause a thermal or a mechani­
cal stress and result in a bad effect on the equipment. For 
example, high pressure surges can destroy pressure gauges 
or other measuring devices or dislocate trays from a distilla­
tion column. They will also learn that rapid venting could 
result in a cooling effect that might freeze the remaining 
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liquid, and that complete drainage and venting is neces­
sary with flammable materials to avoid the formation of 
explosive mixtures. 

Table 1 is a general guide of the steps that should be taken 
for startup and shutdown. Since startup and shutdown are 
transient in nature, they can be modeled mathematically and 
their behavior can be theoretically predicted. 

TROUBLESHOOTING 

Troubleshooting is the ability to characterize or diagnose a 
problem and to present corrective action to solve it. This 
ability is essential for people involved with the operation of 
chemical plants-in particular shift engineers. Abnormal 
operation can be harmful to operators, to equipment, and to 
product quality. Corrective action might be constrained by 
the time and safety of both the employees and the equip­
ment, so a systematic approach should be followed in trouble­
shooting. This requires a good theoretical background in the 
process, experience, and engineering sense. A systematic 
approach requires the presence of enough and reliable (rela­
tive to operators and instruments) data and information about 
the situation, recognizing the problem, choosing the correc­
tive action from the different alternatives, and later feed­
back. Knowledge-based systemsl '81 are currently used to im­
prove plant operations by using automated diagnosis. 

Trouble in industry can be caused byl' 91 such things as 
misoperation, false alarms, equipment or chemical failure, 
inadequate equipment design, and process failure. Lab ex­
periments can be effectively used to familiarize students 
with troubleshooting procedures by designing special ex­
periments for this purposel' '1 or by using available experi­
ments with problems that occur either naturally or that are 
created intentional! y. 

At the conclusion of the course, students should be asked 
to summarize their experience in the form of a list that other 
students can benefit from , revise, and extend if possible. In 
this way, they learn to keep records of all failure and break­
downs as is done in industry. There should be a thorough 
discussion of the cause and effect of the problem and how to 
solve it in light of the systematic approach mentioned above. 
Students should perform the required modifications when 
necessary. Table 2 gives some examples of typical prob­
lems, their cause, and possible corrective actions. 

MAINTENANCE 

Maintenance is all important. It keeps plants running, pre­
vents troubles, and identifies the cause of inadequate perfor­
mance. [191 The availability of maintenance software can help 
an operation to run smoothly.r201 When students locate a 
trouble source, they should participate in the repair and 
maintenance process. For example, they can dismantle (with 
the help of technicians) a malfunctioning pump for general 
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checkup or repair; they can clean a dirty reactor or a packed 
bed; they can check valves for leakage; and when it is 
necessary to modify a design, they can do it themselves. 

It is important to familiarize students with the important 
and related terminology of maintenance. This includes 
planned maintenance, corrective maintenance, routine main­
tenance, servicing maintenance, running maintenance, and 
shutdown maintenance. Other suggested projects include 

• Cleaning equipment such as heat exchangers, cooling 
towers, coolers in di stillation columns, etc. This 
requires understanding of fouling and scales and the 
methods of cleaning. The severity of deposits can 
determine the method to be used: in running mainte­
nance, chemical treatment is applied without the need 
to dismantle the equipment; for heavier deposits, 
fluids under high pressure and/or temperature (such as 
steam) are used. When these methods fail , the equip­
ment must be completely dismantled to remove the 
adhering deposits. This is known as shutdown 
maintenance. 

• Water treatment. This can be accomplished by 
preventing the formation of deposits by using 
antifoulants, preventing the reactions that cause 
deposits by using inhibitors, and using dispersants to 
prevent coagulation of suspended solids. 

• Noisy equipment. Fans and other equipment such as 
mixers should be frequently inspected since friction is 
a possible source of ignition. 

TABLE 1 
Steps for Startup and Shutdown 

• Discuss with the students the objecti ves of the experiment, the 
measurement techniques and instruments, and the materials and the 
form of energy to be used. Relate the last with the safety section 
regarding precautions and handling. 

• Ask the students to familiarize themselves wi th the system, to 
locate and check all the relevant equipment and valves (all types, 
including relief valves), and draw a simple but detailed flowchart, 
with full identification of all relevant parts. On a separate sheet, li st 
all input and output valves and designate them as "open" or 
"closed" for startup. 

• With the help of the above li st, check which valves to open and 
which to keep closed. Refer to the guideli nes given before, 
particularly if heating/cooling is involved. Make sure that the 
measuring equipment is ready. Whi le other steps might be specific, 
when dealing with a reacting system you generally introduce both 
reactants simultaneously, or add one and then the other, or fill the 
tank with one reactant and then add the other stream. 

• Follow up the experi ment, take the measurements, and keep 
watching the input and output streams (through tlowmeters), the 
heat source, and the workabi lity of other equipment. 

• Prepare yourself for shutdown. Again , refer to the valve li st 
generated at the beginning of the preparation and to the general 
guide list. 
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• Replacing steel pipes in old equipment with plastic 
pipes. 

CALIBRATION WITH STATISTICAL APPLICATIONS 

The objective of calibration is to prepare calibration curves 
and to apply useful statistical techniques. Examples include 
constructing calibration curves of conductivity against con­
centration and recording liquid flow rate with a rotameter. In 
the case of conductivity, standard solutions are prepared and 
their conductivity measured by a suitable conductivity meter. 
The concentration range should cover the actual expected 
measurements. With a rotameter, an adjustable flow from a 
suitable pump is passed through the meter and its reading is 
recorded; then the effluent is measured at certain time inter­
vals . A smooth curve can thus be generated. 

Statistical analysis can reveal the presence of errors in the 
measurements and the propagation of these errors later in the 
calculation of an unknown sample concentration. 1211 I recom­
mend that the students perform the following calculations: 

• Use linear regression to get the best fit. Calculate the 
slope and intercept of the calibration line and the 
percentage fit, which is 100 (correlation coefficient)2. 

• Calculate the residual standard deviation , which is 
equal to the square root of residual sum of squares 
divided by residual degrees of freedom. 

• Decide whether there is a fixed bias or a relative bias, 
or both or neither. Fixed bias results in an intercept that 
is not equal to zero, and a relative bias results in a 
slope that is not equal to unity . 

• Quantify the precision of the prediction of the true 
concentration of unknown samples. 

• Several calibration lines can be collected from differ-

ent groups, and a mean value can be calculated. At­
test can be used by each group to compare its value 
with this mean. Finally, a repeatability test can be used 
to check the precision of the test method. Groups will 
test similar unknown samples and quantify the 
repeatabiJjty as r=t 2s, where r is the repeatability 
measure, s is the standard deviation of the readings, 
and tis the t-test at a certain confidence limit. 

Statistical analysis could also be applied to the experi­
ments themselves, e.g. , determining the order of the reaction 
and the reaction rate constant from a batch reactor run. 
These values are then used in the continuous reactor calcula­
tions . It is appropriate to analyze propagation of errors 
throughout these calculations and to do some other signifi­
cant tests on the value of the reaction rate constant. 

Other suggested151 calibration projects are a mercury-in-glass 
thermometer, a thermistor, and type-T and -K thermocouples. 

MATHEMATICAL MODELING AND SIMULATION 

Mathematical modeling is the process of describing and 
approximating actual physical systems using mathematical 
tools. A real process is mathematically abstracted for pur­
poses of understanding and predicting its behavior. Reduc­
ing the experimental effort required to design or optimize 
the process is another motivation for developing a math­
ematical model. The model can be checked against experi­
mental data and then reconsidered in order to be more effec­
tive and more useful in achieving the required objectives. 

The first step in model formulation 122
•
231 usually involves 

drawing a picture of the system under investigation and 
selecting the important dependent (responding) and inde­
pendent (changing) variables , along with the parameters that 

TABLE2 
Typical Problems, Causes, Remedies 

Experiment Problem 

Cooling tower Wet-bulb temperature equal to or greater than 
dry-bulb temperature of outlet air 

Distillation 

Reactor 

Summer 1998 

Temperature gradient of water at the bonom 
section is very small 

Conductivity readings from different trays are 
not consistent 

Fluctuated flow, with air bubbles in flow lines 

Possible Cause (Remedy) 

• False reading (Check measuring devices) 
• Wick is not wened (Check water and wick) 
• Air is blocked (Check air flow) 

• False reading (Check measuring devices) 
• Lack of water (Check water flow) 
• Air is blocked (Check air flow) 

• False readings (Select the correct range at the calibrated temperature) 
• Incorrect sampling (Cover drawn samples with aluminum foi l, cool them to 

calibration temperature using a water bath, and make sure probe is well 
immersed in the sample.) 

• Direct pumping within short di stance (Use head tanks. If bubbles are still 
present, increase the tank height. ) 

• Low level in feed/head tanks (Increase the level of solution in the tanks.) 
• Back pressure (Check fo r any res istance to flow.) 
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are expected to be important (physical constants, physical 
size, and shape). The second step is bringing together all 
applicable physical and chemical information, conservation 
Jaws, and rate expressions. The third step requires setting down 
of finite or differential volume elements, followed by writing 
the conservation Jaws. Then an appropriate mathematical solu­
tion method is sought with the proper choice of the boundary 
value of the dependent variables, which finally relates depen­
dent variables to one or more independent variables. 

Mathematical modeling seems to be a difficult subject to 
many students as well as to people working in industry. Deal­
ing with differential equations in industry is sometimes simply 
avoided and the steady-state simulators are "tricked" into do­
ing the work.l241 But, modeling can be made simple and inter­
esting when doing Jab experiments, particularly when a team 
effort is practiced. In industry the team might include special­
ists such as chemists and statisticians.r251 In the lab, students 
should perform the tasks with the help of the instructor. 

I use a CSTR setup17-91 to study startup and shutdown 
processes. It can be versatile. Students can study second­
order or first-order reactions under isothermal or 
nonisothermal conditions; they can model the dynamics and 
steady-state behavior of the system; they might consider 
different approaches to startup and then model them. Other 
experiments are used to build simple models . For example, 
in a cross-flow heat exchanger, a model is built to describe 
the transient heat-transfer process between a heated element 
of copper and air. 

The developed models could be solved analytically and/or 
numerically; using both approaches is preferable. I encour­
age the students to use available packages in order to empha­
size principles rather than programming. For example, they 
write a main program and call available subroutines from 
IMSL, or use MATLAB. Sometimes I ask them to use 
spreadsheets, which are preferred by industrial people and 
can be used in a solid-handling experiment to simulate the 
breakage of a known sample of a solid materialY61 I ask the 
students to solve problems related to the subject of the ex­
periment from their textbooks in an attempt to form a link 
between lectures and Jab work. For example, I ask them to 
solve problems on transient balances related to crushing and 
grinding, and to build the model. r271 

Data acquisition software can serve as a convenient tool 
for quickly developing computer simulations of chemical 
engineering unit operations for use in classroom demonstra­
tions Y81 These packages can be used to create virtual unit 
operations. Simulation is used to avoid some of the disad­
vantages associated with certain experiments .l291 This is use­
ful , for example, when a great amount of time is needed to 
perform the experiments or when a complex phenomenon 
such as ion exchange or adsorption is considered. 

188 

) 
DISCUSSION AND CONCLUSIONS 

The objective of a lab course is no longer a matter of data 
collection and the preparation of a full and lengthy report. 
Many useful things can be extracted from a lab session when 
the new objectives are properly invested. The li st might look 
lengthy, but this is not a problem as long as the objectives 
are achieved within the time limit without affecting the 
scheduled experiments. Safety procedures require one ses­
sion and should be stressed in every other session. Mainte­
nance and troubleshooting are performed using available 
experiments. Startup and shutdown are related to every ex­
perimental run. Mathematical modeling and simulation should 
be done in connection with the specified experiment. 

Several important points can be drawn from this discus­
sion: 

ll Industrial work can be effectively simulated in the unit 
operations lab without affecting the academic approach . 
This is achieved by stressing subjects such as startup, 
safety, troubleshooting, report writing, statistical 
analysis of errors, and modeling. 

ll The ability to solve problems and troubleshoot is 
developed by following systematic procedures of safety 
and of startup and shutdown, and by allowing the 
students to tackle practical problems and search for 
corrective solutions. 

ll Available experiments can be used to achieve the 
required goals, and when necessary new experiments 
can be introduced or existing ones can be modified. 
Students can participate in all of these activities. 

ll Students realize that simple subjects look difficult when 
they are not understood or practiced. This is obvious in 
practicing startup and shutdown procedures. They 
should be taught to think of applications in order to 
understand and memorize more easily. 

ll A worker who understands hazard and safety precau­
tions improves work practice and becomes aware of 
protection and handling procedures. 

ll The team effort should not be ignored. It can be 
practiced by considering troubleshooting, modeling, 
and analysis. 

ll Subjects are interrelated. For example, mathematical 
modeling (in particular, the dynamic type) can help 
troubleshooting that is usually transient in nature. 

ll The typical unit operations Jab is a fruitful area where 
many applied subjects can be practiced effectively. 

The instructor should make sure that the students under­
stand and grasp the above topics . This could be achieved by 
discussions during the Jab sessions, by oral and written ex­
ams, and by asking the students to write short reports as part 
of a final exam. An experience like the one we have pre-
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sented here will, hopefully, give the instructor courage to 
teach such a course without hesitation. 
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This text follows the Minnesota tradition of applied mathematics 
in chemical engineering established by Professors Amundson and 
Aris in that the treatment of the numerous topics is rigorous and 
vigorous. There is an attempt to complement the mathematical 
fundamental s with examples arising in chemical engineering, but 
the balance between theory and application is not uniform through­
out the book. The authors naturally lean toward examples from 
their own research and experience. 

The nine chapters cover a wide range of subject matter starting 
with matrix theory and proceeding to a particularly long chapter 
dealing with first-order linear ordinary differential equations and 
stability theory. With respect to Chapter 1, the authors acknowl­
edge their debt to Professor Amundson; that chapter summarizes 
Amundson's book Mathematical Methods in Chemical Engineer­
ing: Matrices and Their Application. The first two chapters account 
for almost one-third of the 690-page book, but Chapter 2 addresses 
subjects such as Liapunov ' s direct method and the Hopf bifurcation 
theorem not covered in typical texts on advanced engineering math­
ematics. The 135 pages of Chapter 2 include interesting applica­
tions such as the analysis of the Belousov-Zhabotinskii oscillatory 
reaction. 

Chapters 3 and 4 are more conventional in their coverage of 
linear ordinary differential equations and special functions , respec­
tively. A clear presentation of the Green's function for solving 
nonhomogeneous equations is a plus. The applications included in 
these chapters are rather lean, and the presentation of orthogonal 
polynomials such as the Chebyshev and Laguerre polynomials and 
other special functions is left to problems at the end of Chapter 4 
without relevant applications . 

The classification of partial differential equations in Chapter 5 

--------------- Continued on page 219 
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