
 
 
 
 
 

Department of Chemical and BioMolecular Engineering 
University of Notre Dame 

 
 
 

CBE 41459 
 

Chemical Engineering Laboratory II 
 

LABORATORY MANUAL 

Fall 2011 
               
 
 
 
 
 
 
 
 
 
 
 
 

Salma Saddawi 
Saddawi.1@nd.edu 
(574) 631-3324 



 1 

TABLE OF CONTENTS 
 
    page 
 I. GENERAL INFORMATION  2  
 A.  Safety  2 
 B.  Course Objectives  2 
 C.  Laboratory Format and Procedures  2 
  1. Organization of Student Groups and Laboratory Projects 2 
  2. Friday lectures  3 
       3.   Laboratory Sessions and Reports  3 

4. Final Project Report and Oral Defense  4 
5. Oral Presentations  4 

  6. The Laboratory Notebook  4 
  7. Student Responsibilities in the Laboratory  5 
  

D.  Grading  5 
  1. Project Grades  5 
  2. Course Grade  6 
 
 
 II. GUIDELINES FOR THE PREPARATION OF 
  THE FINAL REPORT  7 
  
 A. Title Page  7 
 B. Abstract  7 
 C. Table of Contents  8 
 D. Introduction  8 
 E. Theory  8 
 F. Experimental  8 
  1.  Apparatus  8 
  2.  Procedure  9 
 G. Results  9 
 H. Discussion  9 
 I. Conclusions  9 
 J. Recommendations  10 
 K. Literature Cited  10 
 L. Nomenclature  11 
 M. Appendices  11 
 N. Some Common Writing Hazards  12 
 O. Other Important Points  13 
  
 III. PROJECT STATEMENTS  15 
  (Page 15 gives page references to the individual statements.) 
 
 IV. APPENDIX:  A NOTE ON STATISTICS  97 



 2 

I. GENERAL INFORMATION 
 
 
A.  Safety 

 
Laboratory safety is the top priority and this requires all people in the lab to be 
observing safe practices at all times!   

 
• Everyone in the laboratory must always wear safety glasses.  
  
•  Make sure you understand how the experimental apparatus works and what all 

of the adjustments do before you attempt to operate it.   
 
•  Be sure you have asked, and received an answer, from the Professor or the TA, 

about any possible hazards related to your experiment before attempting to 
operate it.   

 
•  Care must be used in the handling of chemicals to avoid spills and to avoid 

contact with the skin. 
 
B. Course Objectives 

 
• To teach technical communication and report-writing skills  
 
• To integrate and complement the concepts presented in previous or concurrent 

courses with the realities of experimental work, including planning of 
experiments, dealing with constraints imposed by precision of the methods 
available for measurement of variables and the limitations of the models used, 
and conducting a critical analysis of results. 

 
• To expose students to open-ended experiments and the experience of teamwork 

in accomplishing objectives. 
 
• To teach good laboratory practices 
 
• To simulate industrial situations that may be encountered in engineering 

development, design and practice. 
 
 

C. Laboratory Format and Procedures 
 

1. Organization of Student Groups and Laboratory Projects 
 

Students will organize into groups of three persons.  Each group will perform 
four projects during the semester.  (A roster of the groups and a schedule of 
projects will be supplied separately).   
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A group leader, who is in charge of directing the work for the lab, should be 
selected by, and from among, the members of the group.  (This responsibility 
should rotate among the members).  All group members must be prepared for 
the laboratory and contribute equally to the laboratory work and preparation of 
the reports.  However, the group leader is in charge of assigning and 
coordinating tasks for the laboratory period and maintaining the group 
notebook.  He or she is ultimately responsible for making sure that everything is 
done to ensure a successful experiment. 
 
Each project consists of one lecture, three laboratory sessions and two reports --
a progress report and a final report.  A description of each of these components 
follows. 

 
2. Friday lectures 
 

On Fridays preceding each of the 4 lab rotations, a 50-60 minute lecture will be 
given by each instructor to all of his or her groups for that particular rotation.  
The concepts and the objective of the experiment will be explained.  Any 
special instructions or additional requirements will also be discussed 

 
 
 

 
3.  Laboratory Sessions and Reports 

 
Each group must examine the experimental apparatus prior to the first 
laboratory session and become familiar with the equipment and its operation. 
 
Session 1  
 
At the beginning of the first session for a given experiment, a paragraph 
describing the experimental plan and procedure should be submitted to the TA 
who is in charge at that time.  A discussion between the TA and the students 
will take place to ensure that students have an accurate plan of action.  
 
Session 2 and the Progress Report 
 
A progress report summarizing results obtained in Session 1 and plans for 
Session 2 is due at the beginning of this session.  This report should include 
experimental data obtained to date, calculated results, and a discussion of the 
precision of the data and the results. Graphs and tables should be appended.  
The report should not exceed two typewritten pages in length, exclusive of 
figures and tables.   
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The progress report should be submitted to the teaching assistant (TA) in charge 
of the experiment.   A discussion of the report with the instructor will normally 
be conducted.    
Failure to submit the report will result in a 10% reduction of the final report 
grade. 
 
 
Session 3   
 
No specific format or report requirements are specified for this session.  The 
laboratory will be open to gather additional data if needed.  During this session 
each group should perform examination of the experimental apparatus for the 
next assigned project. 

  
 

4. Final Project Report and Oral Defense   
 

The final project report is due at the beginning of the next scheduled laboratory 
period following Session 3.  There are no exceptions to this deadline.  The 
reports are to be submitted to one of the department secretaries in the Chemical 
Engineering office.  During the week following the day on which the final 
report was submitted, the group should schedule a meeting with the instructor 
for an oral defense/discussion of the written report.  Each member of the group 
should be prepared to defend and/or discuss any part of the final report. 

 
 

5.  Oral Presentations                                       
 

For the last project of the semester, each group will make a formal 20-minute 
oral presentation in addition to the final report on that project.  The oral 
presentations, which will take place during the last week of classes, will be 
followed by a 10-minute question-and-answer session.  The location and other 
specifics will be announced later in the semester.  All students are required to be 
present for all presentations by the groups in their section. 

 
 
 

6.  The Laboratory Notebook 
 
Part of the purpose of the chemical engineering laboratories is to learn good 
laboratory and research practices.  An important aspect of this is safety.  
Another important aspect is record keeping and documentation.  In industry you 
will find that all experiments have to be carefully recorded in an official 
laboratory notebook and signed by the investigator on a daily basis.  To help 
foster these professional practices, each group is required to keep a laboratory 
notebook documenting the group's work.  Each group should purchase the 
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Engineering & Science Notebook, available at the Bookstore.  In the notebook 
should be kept a neat, labeled and dated record of all work associated with the 
experiment, including a copy of the precise, all raw data, the settings on the 
experimental controls, any problems encountered in the experiment and what 
was done to fix them and why, all calculations, a copy of your progress report, 
etc.  The laboratory notebooks will be handed in at the end of the semester and 
will contribute to the laboratory participation portion of your grade.  
 

 
7. Student Responsibilities in the Laboratory 

 
Condition of Working Area.  Students are responsible for the condition of their 
working area at the end of each laboratory period.  All power to the equipment 
and instruments should be turned off, and cooling water flows should be shut 
off.  Glassware used should be cleaned and dried.  Any equipment or 
instrumentation malfunctions should be reported promptly to the instructor or 
the TA. 
 
Checkout before Leaving Laboratory.  The students must have their notebooks 
initialed by a faculty member or the teaching assistant prior to leaving at the end 
of the laboratory period.  At that time the faculty member or teaching assistant 
will check the working area and take information about any equipment or 
instrumentation problems. 

 
 
 

D.  Grading 
 

Report grading is done by the Professors who are in charge of a given experiment.  This 
grade will be based on the written report, the oral defense and other pertinent factors 
(e.g., if you are totally unprepared to do an experiment, you will be docked.)  Grades for 
this course will be determined by the grades on the four experiments as well as your 
laboratory participation.  The laboratory participation portion of your grade in will 
include how well you followed laboratory safety guidelines (did you wear safety glasses 
at all times in the lab? did you follow the special safety precautions required for each 
experiment?), attendance, tardiness, participation, professionalism, how effective a group 
leader you were, and the quality of your laboratory notebook.  Both laboratory instructors 
and teaching assistants will contribute towards this portion of your grade 
 
1. Project Grades 
    
Group:      Weeks 1-3, 4-6, 7-9, 10-2 
Names: 
1. 
 
2. 
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3. 
 
 
 
 (max) 1 2 3 4 
      
Progress Report 5     
      
      

Final Report      
Abstract (10)     
Intro/Theory (14)     
Experimental (5)     
Results (15)     
Discussion (15)     
Conclusion/Recom. (5)     
Literature (1)     
Report Total (70)     
Final Quiz (30)     
      
Total Score (100) **     
 

* Failure to submit the progress report will result in a 10% reduction of the final 
report grade   

 
 ** (A penalty of 10% per day will be assessed on a project grade for the late  
   submission of the final written report.) 
 
 
 2. Course Grade 
  Each laboratory Projects   (25%)  
   Total                                 100%
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II.  GUIDELINES FOR THE PREPARATION OF THE FINAL REPORT 
 

A technical report is a medium commonly used by scientists and engineers to 
communicate the results of their work.  Frequently the report is the only tangible 
product and thus the only evidence for evaluation of the work.  Consequently, it 
deserves careful attention to quality, packaging, and distribution. 
 
It is important that the writer(s) of an engineering report keep in mind the needs 
and interests of the anticipated readers of the report.  The laboratory report should 
be written with the same professionalism that would be used to present the results 
of a major industrial project.  The people who will read it, and need to draw 
conclusions from it, can be expected to have technical training, but probably 
would not be familiar with the details of the work.   
 
A good report of technical work quantitatively states significant results of 
experiments and computations and explains how they were obtained, what they 
mean, and how they are useful.  The report should be clear, concise, and accurate.  
Often the structure of the report must conform to specific conventions.  A format 
for laboratory reports that is to be used in this course is given below.    

 
 
A.  Title Page 
 

This page, the cover page, gives the title of the report followed by names of the 
authors and laboratory group, the date of submission, and identification of the 
institution or organization supporting the work (University of Notre Dame, 
Department of Chemical and Biomolecular Engineering, CHEG 459). 

 
B.  Abstract 
 

The abstract is a tightly written summary, typically 100 to 300 words long.  This 
section is important because it is the first impression your report will make to a 
reader, and it could very well be the only part of it he or she will read!  (Because 
of its importance, it is a significant part of the overall grade.) The abstract should 
be written as “stand alone” section of just text.  Its independence means that the 
use of symbols, tables, and graphs as well as literature references should be 
avoided.  A good abstract states the principal objective of the investigation, 
describes the methodology used and summarizes the results and conclusions in 
statements as quantitative and as general as possible.   
 
The abstract should provide ranges of the experimental parameters (e.g. the 
Reynolds number was varied from 100 to 10000), report the most important 
results and state how these values compare to expected (i.e., literature) ones. (e.g., 
“values for the friction factor in the laminar flow regime were consistently 15% 
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higher that the predictions of Poiseuille flow”).  If the value of a single variable or 
a short list of numbers is given, the numbers should give the uncertainty (e.g., … 
solubility at 25C was 25± 3 moles/liter) and of course units should be included.  
 
We recommend that you write the abstract last, when your thoughts are most 
clearly in focus (i.e., you know all the answers and thus know what to say!). 

 
 
C.  Table of Contents 
 

A Table of Contents should be included in the report, including a listing of the 
Abstract.  Appendices should also be listed.  All pages should be numbered, 
including tables, figures, and appendices. 

 
      
  
D. Introduction 
 

The purpose of the Introduction is to place the work in the perspective of prior 
work.  Tell what the central topic of the experiment is, why it is important and 
state the specific objectives.  Key literature references should be included.  The 
Introduction should not exceed one page. 

 
 
E. Theory 
 

This section is a short, concise statement of the essential empirical and 
theoretical relations to be used in interpreting the data or to be tested by the 
data.  Equations are usually stated, explained (give references as necessary) 
including pertinent assumptions and limitations.  Brief manipulations may be 
appropriate, but long derivations are relegated to an appendix.  The physical 
significance of equation parameters should be pointed out. 

 
   
 
F. Experimental 
 

1.  Apparatus 
 

The objective of this section of the report is to describe the 
experimental set-up in enough quantitative detail to enable the reader 
to completely understand the experiment.  Ranges of independent 
variables are cited.  The model and supplier of any unique equipment 
should be cited.  Also, a schematic diagram of the experimental 
apparatus should be included. 
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2.  Procedure 

 
The objective of this section of the report is to describe the materials 
and methods used to obtain the experimental data.  Emphasis is 
placed on general procedures that are not routine. 

 
 
G. Results 
 

The data, or a representative fraction of them, must be included in this section. 
They should be presented graphically.  If there are only a few (i.e. 2-3) 
numbers, these could put into a table if they can be understood.  Data are often 
not presented in raw form, but are reduced and shown in the way most clearly 
supporting the conclusions.  Representation of scatter in data is essential. For 
example, the experimentally determined heat transfer coefficient is meaningless 
unless it is accompanied by units and an estimated uncertainty.  Comparison of 
data with theoretical predictions and/or previously published values should be 
included whenever possible.  This may require searching for information in 
reference books or research articles.  Comment briefly on unique aspects of the 
results, in particular its accuracy.  Also comment on the range of the variables 
covered. 
 
Each graph or diagram is assigned a number (e.g., Figure 1) and should have a 
caption that is descriptive of the information contained in the figure.  A 
restatement of the information on the axes is not an acceptable title. 

 
 
H. Discussion 
 

All important interpretations that follow from the results and the underlying 
theory are logically and quantitatively compared in the Discussion section.  The 
positive conclusions, comparison with literature data, and the significance 
applicability, and reproducibility of the results are stressed.  Quantitative 
statements about the accuracy and precision of the results are required.  
However, when a detailed error analysis is essential to the work, it should be 
relegated to an appendix. 

 
 
 
I. Conclusions 
 

This section is a summary of the conclusions developed in the preceding 
section.  All of the information here should be repetitive -- in fact, this section 
and the abstract are the only parts of the report that repeat information, and in 
these sections all information is repetitive.  Where printed space is a premium, 
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as in most journal articles, this section is omitted.  In formal reports, however, it 
serves a very useful purpose by condensing the major conclusions from the 
preceding sections for a helpful recapping and for convenient retrieval of 
pertinent information.  Brevity is important; lengthy discussion that supports the 
conclusions should all be confined to the preceding section and not included 
here. 
 
A good format for this section is a succession of brief statements, quantitative 
when possible.  They may be in the form of bullets or numbered statements.  
For example: 
 
  Three principal conclusion may be drawn from this study. 
  First, . . . 
  Second, . . . 
  Third, . . . 
or 
  The results of this study lead to the following conclusions: 
  •  . . . 
  •  . . . 
or 
  The experimental data reported here and the preceding discussion support 
   the following conclusions: 
  (1)  . . . 
  (2)  . . .  

 
J. Recommendations 
 

Useful recommendations most often concern an extension of the work, an 
improvement or modification of equipment and/or instrumentation, or a 
different type of experiment to better suit the objectives.  They should be 
presented in this section in the form of concise statements. 

 
K. Literature Cited 
 

References cited in the report (and only those references) are to be listed in this 
section.  Of the numerous acceptable forms of citing and listing literature 
references, the following styles should be used in this course. 
 
Citing. Where cited in the text of the report, references should give the last 
name of the author (both authors, when only two; first author et al. when more 
than two) and year of the publication.  Page numbers should also be given when 
the reference pertains to a particular part of a book.  Examples of these are 
given below. 
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Example 1:  The constants employed in the Antoine vapor pressure equation for 
acetone are those given by Ambrose et al. (1974). 
 
Example 2:  The Sieder-Tate equation (Perry and Green, 1984, Pages 10-16) is 
an empirical correlation for the forced-convection flow of a Newtonian liquid 
through a horizontal, circular tube. 
 
Listing.  References should be listed in alphabetical order according to the last 
name of the first author (first sorting).  The second sorting should be 
alphabetical by the last name of the second author, and the last by year of 
publication.  Journal titles should either be given in full or abbreviated as in the 
Chemical Abstracts Service Source Index.  Do not make up your own 
abbreviations. 
  
Example 1  (listing for a reference to a journal article): 
 
Barkley, D., Ringland, J., and Turner, J. S.  (1987) J. Chem Phys. 87, 3812. 
 
Example 2  (listing for a reference to a book). 
 
Felder, Richard M., and Rousseau, Ronald W. (1986) Elementary Principles of 
Chemical Processes, 2nd ed., John Wiley & Sons, New York. 

 
L. Nomenclature 
 

Symbols used in the report are listed alphabetically and defined in this section.  
(Greek symbols should be at the end of the list, also listed alphabetically 
according to the Greek alphabet..)  Units should be included.  For example: 
 
H Enthalpy, BTU/lb 
m Mass flow rate, lb/h 
p  Pressure, atm 
∆  Wall thickness, cm 
µ  Absolute viscosity, lb/(ft h) 
 
In addition to presenting this listing, you should also define each symbol in the 
text when it first appears, but do not repeat the definition in subsequent 
appearances unless the first appearance is in the Abstract. 

 
M. Appendices 
 

The Appendices contain material of secondary importance -- that is, not of 
primary importance to the reader or generally not essential for purposes of 
communicating the pertinent information about the project.  Examples include 
the raw data, tables of calculated results that support graphs presented 
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elsewhere, sample calculations, calibration curves and mathematical 
derivations. 
 

N. Some Common Writing Hazards 
 
• Dangling Modifiers.  Be on the alert for dangling constructions.  These 
typically occur when an author intends to apply a phrase to a particular noun or 
pronoun, but fails to include the noun or pronoun in the sentence.  Example of a 
dangler:  “Assuming constant properties, an exact solution can be obtained.”  
Corrected:  “Assuming constant properties, one can obtain an exact solution.”  
Or if one wants to avoid using the mysterious “one”, a correct passive form 
would be:  “If properties are assumed constant, an exact solution can be 
obtained.”  Another example:  “Using gas chromatography, the composition of 
each tray was determined.”  Corrected:  “Gas chromatography was used to 
determine the composition on each tray.” 
 
• First-person Pronouns.  Most writers of technical reports and articles avoid 
using such first-person pronouns as I, we  and our.  However, this practice 
should not be carried to ridiculous extremes.  Certain parts of a report, 
particularly the Discussion and Procedure sections, are easier to write and read 
if the author uses first-person pronouns judiciously.  Further, danglers are more 
easily avoided and sentences are more easily written in the active voice with the 
use of those pronouns.  (“We used gas chromatography to determine the 
composition on each tray.”) 
 
• Passive versus Active Voice.  You should avoid using passive voice when 
possible.  Sentences in active voice are far more effective and strongly 
preferred.  Further, passive verbs increase the probability of grammatical errors, 
particularly of dangling modifiers.  For example, consider the passive form of 
the following sentence:  “The temperature level on the shell side of the heat 
exchanger was limited by the low pressure in the laboratory steam line.”  
Converted to active form it is:  “The low pressure in the laboratory steam line 
limited the temperature level on the shell side of the heat exchanger.” 
 
• Verb tense.  For the most part, your report should be written in the past tense; 
that is, you should write as if everything took place in the past except your 
construction of the report.  “The objectives were . . .”  “The apparatus consisted 
of . . .”  “The valve was opened . . .”   “The curve in Figure 3 shows that the 
heat transfer coefficient increased linearly . . .”  (Notice: “The curve shows  . . 
.”, but  “. . . coefficient increased . . .”).  This is often a troublesome point for 
writers, and hard-and-fast guidelines are not easily given.  In many cases it is 
helpful to ask which of the following antecedents applies best to the verb in 
question:  “When we planned or did this experiment . . .” or “As we are writing 
this report . . .”  For the former, use past tense; for the latter, present tense.  Note 
that even though the apparatus may still exist as you write the report, write 
about it as if it’s no longer there.  The Theory section should be basically in 
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present tense, but use past tense when describing previous work.  Example:  
“Equation 3 gives the equation of state for this system.  Jacob et al. (1994) 
obtained values for . . .” 
 
• Data.  The word “data” is plural and thus takes a plural verb.  The singular 
form “datum” is rarely used. 
 
•  Jargon and computerese.  While words and styles that fall under this heading 
are not necessarily incorrect in the strict sense, they are usually colloquial 
expressions and should be avoided in report writing.  The following are some 
examples. 
 -- using nouns as verbs.  For example, “input” and "output" can be used as 
verbs, but the noun form is preferred in reports.  Instead of "inputting" the data, 
you "enter" them.  Instead of "outputting" the data, you "tabulate", "print", or 
"display" them. 
 -- using programming symbols in equations or mathematical expressions.  
Equations should be written in the universally understood mathematical form.  
Avoid using such programming symbols as * and ^. 
 

 
O.  Other Important Points 
 

•  Placement of tables and figures.   All tables and figures should be inserted in 
the report should immediately after they are first mentioned. 
 
•   Numbers, significant figures.   One of the most common faults in reporting 
quantitative information is the inclusion of an excessive number of digits in 
numerical quantities.  All numbers throughout your report should contain only 
the significant figures.  Numbers should always be reported with at least one 
integer to the left of the decimal point -- even if that integer is 0.  For example, 
write 0.591, not .591. 
 
•  Inclusion of sample calculations.  Although sample calculations are normally 
not included in a technical report, an appendix entitled Sample Calculations is to 
be included for this course.  This Appendix should show how the original 
experimentally observed data were converted to the results reported.  All 
sources of physical property or thermodynamic data used should be cited in this 
Appendix, and also listed in the Literature Cited section of the report. 
 
•  Page numbering.   Those pages in the report that precede the Introduction 
should be numbered with lower case Roman numerals.  The Title Page is 
considered to be page -i-, but is not numbered.  It is followed by the Abstract, 
numbered -ii-, and then by the Table of Contents, numbered -iii-, and so on.  
Beginning with the first page of the Introduction, all pages, including tables, 
figures and appendices, should be numbered successively with the Arabic 
numerals 1, 2, 3, etc. 
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• Organization of the report.  Your reports should be arranged so as to include 
the major sections described above, but you should feel free to insert additional 
subsections when they help to organize and clarify material and information for 
the reader. 
 
• Aesthetics.  While the results and information contained in the report are of 
primary importance, you should not underestimate the importance of a neat, 
easy-to-follow, well-organized presentation.  Pay attention to the appearance of 
your graphs, figures and tables, and to the ease with which your reader can 
interpret them.  Good results can be obscured by careless organization and 
presentation.  
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1.  AIR FLOW 
 
 The objective of this experiment is to examine the flow past a cylinder and a flat 
plate at high Reynolds numbers.  Be sure to obtain the detailed description of the 
apparatus and experiment from the instructor well before the first laboratory period as 
you will be responsible for this material. 
 
 For several values of the Reynolds number outside the laminar regime: 
 
1.  Measure the drag on a cylinder using at least three different methods.  Of these, 
which do you expect to be the most accurate?  The least accurate?  Be able to defend your 
answers.  How does the drag scale with the Reynolds number? 
 
2. Locate the point of minimum pressure on the cylinder.  Why does this differ from 
90o?  How is the minimum pressure related to boundary layer separation?  Be able to 
explain the physics behind the separation phenomenon. 
 
3. Using the smooth flat plate, determine the rate of growth of the thickness of the 
boundary layer as a function of both air velocity and distance down the plate.  How does 
this compare with values available in the literature?  Use the von Karman integral 
equation to calculate the total drag on the flat plate as accurately as possible. 
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3.  CATALYTIC OXIDATION OF METHANE 
-- OVER SUPPORTED PALLADIUM 

 
 The role of metals in catalyzing the total oxidation of hydrocarbons and CO 
was discovered by H. Davy (Robertson, 1970).  Open flames, which illuminated 
early 19th century in coal’s mines in Great Britain, were rightly identified as a 
cause of a frightening number of explosions.  Davy's inquiries led him to conclude 
that explosions were arrested when the open flame was surrounded by a gauze or 
screen composed of certain metals.  Presumably these hot screens or gauzes 
oxidized the combustible reactants before they reached the heretofore offending 
flame.  Thus, Davy discovered heterogeneous oxidation catalysis by metal for the 
first time. 
 
Objectives 
 
The general goal of understanding catalysis involves the resolution of questions 
about the mechanism and rate of chemical reaction for a given catalyst and about 
the catalytic material itself, including its activity and the chemical and physical 
nature of its surface.  The specific objective of this project is to determine the rate 
constant, the activation energy, and the reaction order for the oxidation of methane 
on supported palladium in presence of excess oxygen. And to show the principle 
differences between the performances of the plug flow reactor and the recycling 
reactor. 
 
The apparatus to be used in the laboratory is shown schematically in Figure 1.  The 
principal component is a tubular fixed-bed reactor with recycle.  The system allows 
for the variation of temperature, recycle ratio, feed concentration, and feed flow 
rates. 
 
Notes on Catalytic Reactions and Reactors 
Gradientless reactor 
The global rate of a solid catalyzed reaction is normally expressed as moles of 
reactant consumed per unit time per unit mass of catalyst (or per unit volume of the 
reactor containing the catalyst).  This rate can be measured directly by the 
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employment of a gradientless reactor;  i.e., one in which uniformity of 
concentration and temperature is realized throughout the confines of the reactor at a 
constant feed rate.  The classic example is the continuous-flow stirred tank reactor 
(CSTR), for which the global rate is simply established by a material balance.   
For the CSTR, the feed at flow rate q and concentration Co must be, in steady state, 
equal the effluent molar flow, qC, plus the consumption by reaction. 
 

qCo = qC +Vr(C,T )  (1) 
where r(C,T) is the rate of chemical consumption per unit volume of the reactor. 

From equation (2), 
  

! 

r(C,T) =
(Co "C)

#  (2)
 

where θ, the holding time, = V/q or m/q where m is the catalyst mass. 
In another form 
  

! 

r(C,T) = Co

x
"   (3) 

or 

r(C,T ) = q
m
Cox   (4)

 

 
where x  is expressed as the fraction of reactant consumed. 
 

! =
moles of reactant consumed

molesof initial reactant  (5) 
Note:  C, C(o), and q should be measured at T (the reaction’s temperature), however 
these parameters are measured at room temperature  Tr, therefore a temperature 
correction should be applied. 

C(o) =Cor

Tr

T  and  

!  

C =Cr
Tr
T  (6) 

 
x =1!

Cr
Cor

   (7) 

 

The oxidation of methane is envisioned as the single-step reaction 
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CH4 + 2O2
Pd! " ! CO2 + 2H2O  (8) 

with a rate expression of the form 

r(C,T ) = k(T )Cn = ko e
!ERT Tr

T
" 
# 

$ 
% 

n

Cr
n

  
(9) 

Substituting from Eq. (9) for r(C,T) and from Eq. (7) for Cr, castes Eq. (4) in the 

following form, which relates methane conversion to rate constants and operating 

conditions 

x
1! x( )n

=
m
qr
Cor
n !1 Tr

T
" 
# 

$ 
% 

n

koe
!E

RT    (10) 

where r(C,T) is the rate of methane conversion per mass of catalyst, qr  and Cr are 
the flow rate and methane concentration both corrected to the reference temperature 
Tr, taken to be 25 oC throughout.  (The correction is based on the assumptions that 
the gas mixture is ideal and that the pressure is constant at 1 atm)  
 
and n is the reaction order for the methane oxidation. 
A kinetic study by S. Saddawi and R. Schmitz reported half order rate for methane 
oxidation on Pd. 
 
An Ideal Plug Flow Reactor 
This model can be described by the following differential equation for the methane 
material balance 
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dC
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= #
m
qr

Tr

T
k(T)Cn

  
(11) 

where ξ is the axial position, made dimensionless by the reactor length.  The initial condition 
for Eq 11. is the concentration at ξ = 0. 
 
For the constant temperature case, Eq. (11) is readily integrated to give the concentration 
as a function of position.  Application of Eq. (6) and substitution of the fractional 
conversion x (now the conversion at ξ = 1) from Eq. (7) leads to the following equation 
for the reactor conversion. 
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If the reaction order (n) is 1/2 then the fractional conversion of Methane will be in the 
following form 
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1
2 k(T)]2   (13) 

 
Some Useful Information 
• Figure 2 gives the calibration for the recycle flowmeter. 
 (Set the recycle flowmeter at 50-60) 
• Figure 3 presents the thermal conversion (without catalyst) of methane to CO2 

and water. 
• Figures 4, 5, & 6 show the calibration for the mass flow-meters for He, CH4, 

and O2 gasses (reactant gasses)  
(You can find them on the computer desk near the apparatus.) 

• Reactor temperature must not be raised above 400°C. 
• The concentration of methane in the cylinder is 2%; the balance is helium. 
• Set the on the external mode and adjust the flow of the carrier gas to the gas 

chromatograph (GC), using the needle valve to 100 ml/min, and the column 
temperature should be about 40oC. 

 
 
 
Instructions for operating the HP 3396B Integrator 
 
1. Turn on the power switch located at the rear of the integrator. 
 
2. Integrator will begin to run a series of self-tests; this will last for approximately 

thirty seconds; do not touch the integrator at this time. 
 
3. At the completion of the self-tests, a green "KEYBOARD" light will come on.  

The keyboard is now ready to accept commands. 
 
4. Type "DATE", space, then the date in the form 08/31/2010, then "ENTER"; the 

integrator will repeat the date. 
 
5. Type "TIME", space, then the time in the form 14:15:16, then "ENTER"; the 

integrator will then repeat the date and time. 
 
6. Press "ATT 2***" located at the top of the instrument panel (this is the 

attenuation); press 1 or 2 and "ENTER".  The attenuation used depends on the 
sample composition and may require larger or smaller values. 

 
7. The chart speed CHT SP affects the separation of the peaks.  Low numbers 

cause  peaks to be squeezed together.  A faster chart speed spreads out the 
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peaks.  For example, if chart speed is increased to four times the default value (1 
cm/min) press CHT SP 1 ENTER. 

 
8. The integrator is now ready for a sample run.  Press "START" at the top of the 

integrator panel and then sample the reactor product by turning the right valve at 
the front panel of the GC for 30 sec.  

 
9. To advance the paper, press "ENTER" in succession. 
 
10. The HP 3396B is immediately ready to run again once you have halted an 

integration; simply press "START" and inject another sample. 
 
11. The default integrator values may be printed, press LIST LIST. 
 
 
 
System Operation  
 
1. Refer to the attached system diagram (Figure 1) when reading the following 

instructions.  The numbers 1, 2, 3 and 4, assigned to valves and channels, appear 
on the appropriate components of the apparatus itself; they do not appear in the 
diagram. 

2. Open valve 1 and switch on the mass flowmeter (channel 1); flip the switch of 
the flow down toward EXT. 

 
3. GC calibration: 

• Turn valve 8 on the front panel of the apparatus toward the Calibration position. 
• Open the control valves of one of the calibration gas cylinders A or B (located 

under the apparatus on the right hand side). 
• Open valve A, it is on the rear side of the front panel (if you use A cylinder) valve 

Be should be closed at this time, and let the gas flow through the GC for few 
minutes. 

• Sample the calibration gas, and repeat the process until the peak area is 
unchanged. 

• Repeat the same steps for the second calibration cylinder B. 
 
4. Close the both calibration cylinders control valves. Close valves A & B 
5. Turn valve 8 to product position 
6. Open the control valves of the He, O2, and CH4 cylinders. 
7. Open the other valves (2, 3, and 4) and mass flowmeters (channels 2, 3, and 4 

for He, CH4, and O2 gases) to give the desired feed concentration and total flow 
of 100 ml/min. Use the soap flowmeter on the front panel to check on each gas 
flow and on the total flow rate qr value. 
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8. This step is for R-PFR only.  Switch on the recycling pump and adjust the 
pressure’s controlling valve to give a recycle flow rate no less than 25 times the 
feed flow rate.  Refer to the attached chart (Figure 2) for the calibration of the 
recycle flowmeter.  

 
9. Wait until the GC reaches steady state, then sample the reactant gas (feed 

stream).  Repeat the process until the peak area is unchanged. 
 
10. Make sure that all thermocouples are plugged correctly in place, and check the 

temperature indicators for reactor, furnace, and pre-heating coil. 
 
11. Slightly raise the furnace temperature to 150°C by using the temperature 

programming device.  The increasing temperature should not be more than 10 
°C at each step. 

 
12. Repeat the process for the pre-heating coil.  The temperature of the pre-heating 

indicator should be about 5°C less than the reactor temperature. 
 
13. When the temperature of the reactor is constant, wait 10 to 15 minutes and then 

sample the product stream.  
 
14. Repeat the work with higher temperatures until full conversion of methane is 

approached; i.e., x = 90 to 95%. 
 
Important 
 
When you are finished:  
1. Reduce the furnace temperature to 25°C.  
2. Reduce the pre-heating coil temperature to 25°C. 
3. Wait until the reactor temperature reaches 25°C, then put both the temperature 

controlling devices for the furnace and the pre-heating coil on stand by. 
4. Shut off the mass flowmeters, channels 2, 3, and 4 and also close the CH4, O2 

and balance He cylinders. Reduce the helium flow rate to the GC to 5 ml/m by 
adjusting channel 1 or by flipping the switch up toward the flow sign on the 
mass flowmeter. 
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How to analyze our data  

 

1. Apply the data on Eq. (6) to calculate experimental conversion (x) for PFR 

and R-PFR.  Plot x vs T (reaction temperatures) for both reactors for same 

initial concentration of CH4. 

2. To evaluate the reaction order (use data from R-PFR): 

A) Construct curves by plotting x versus Cor (concentration in the feed) for 

different temperatures, see if the slopes of these lines show negative, zero 

or positive values. 

B) Use Eq. 4 [

!  

r(C,T) =
qr
m
Corx ]  to calculate r(C,T) (reaction rate)as a 

function of reaction temperature for all initial concentrations of methane. 

C) Plot rate data versus C (i.e., CrTr/T) for different temperatures on 

logarithmic coordinates (Eq. 8).  The slope of the line should reflect the 

reaction order n and the intercept equal to k(T). 

3. Use k(T) values and corresponding temperatures to create an Arrhenius plot. 

The ko and E/R (activation energy) can be fond from the intercept and the 

slope of the line. 

4. To test the kinetic model, Eq. 10 and, n=1/2, ko and E/R values can be used to 

calculate the conversion x as a function of the reactor temperature.  Plot 

x(Cor/1-x)1/2 vs T of observed and predicted .  See if all data points fall on 

same line, if so then the model is correct. 

5. Use Eq. 13 to calculate conversion x for PFTR 

6. Plot experimental and calculated conversion values versus T for both reactors 

(P.S. for same initial feed concentration).     

Note: You shuld use non-linear regression also to solve for the reaction order, 
activation energy and reaction rate constant, taking into account that the most 
influence parameter on your results is the error in value of initial feed 
concentration (CH4). 

 
 
References 
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Figure 1.  Schematic diagram of the apparatus 
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Figure 2.  Calibration of the recycle flowmeter 



 26 

Thermal Oxidation of Methane

0
10
20
30
40
50
60
70
80
90

100

700 750 800 850 900

LOT oC

X 
(c

on
ve

rs
io

n 
%

)

 
Figure 3.  Thermal conversion of methane 

 (LOT is the “light-off temperature.”) 
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4.  COOLING TOWER 
 

HUMIDIFICATION/COOLING TOWER 
 
Introduction 
 Many industrial and commercial refrigeration units, electric power installations, and 
other plants reject heat to the atmosphere by a cooling tower.  This bench top 
cooling/humidification system has the same configuration as a modern full size draught 
cooling tower, similar operating characteristics, and stabilizes quickly. Figure 1 shows a 
sketch of the bench top cooling tower components. 
 In general cooling tower/humidifier performance depends on the area, volume and 
type of packing, and the following variables: 
 i) Air flow rate 
 ii) Water flow rate 

iii) Inlet water temperature. 
iv) Inlet air temperature. 

 v) Air humidity at the inlet 
These factors will be studied to obtain an overall appreciation of the cooling tower 
operation.
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Diagram - figure 1 
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Specifications: 
 See Figure 1 for the accompanying illustration. 
 
Base unit components include: 
 i) Air distribution chamber. 
 ii) A tank with heaters to simulate cooling loads of 0.5, 1.0 and 1.5kW. 
 iii) A make-up tank with gauge mark and float operated control valve. 
 iv) A centrifugal fan with intake damper to give 0.06kg s-1 max. air flow. 
 v) A bronze and stainless steel glandless pump. 
 vi) A water collecting basin. 
 vii) An electrical panel 
 
Packed column data: 
Number of Decks 8 
Number of Plates per Deck 18 
Total Surface Area of Packing   m2 2.16 
Height of Packing          0.48 m where high of packing per deck = 

0.06 m and the volume of packing 
per  deck = 0.00135m3 

Packing "Density"  Area/Volu    m-1 200 
Dimensional of Column 150 mm x 150 mm x 600 mm high 
Column cap: 
 i) An 80 mm dia. sharp edged orifice and pressure tapping. 
 ii) A droplet arrester.  
 iii) A water distributor. 
 
Instrumentation: 
All instrumentation links to the on board interface.  This in turn links compatible 
computer. 

Temperatures 2 pairs of wet and dry bulb type "K" thermocouples for air 
entry and exit to tower.   
2 type "K" thermocouples for water entry and exit to tower. 

 2 type “K” thermocouples for wet and dry bulb at each section 
 Thermocouples have ambient reference temperature connected 

to interface directly.. 
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Air Flow Measurement Sharp edged orifice with pressure tapping to differential 

pressure transducer.  Voltage output proportional to pressure.  
Range 0-25 mm H2O.  Software converts to mass flow rate.  
(Also used for packing pressure drop.) 

 
Water Flow Electronic paddle type flowmeter, gives pulsed output voltage 

proportional to water flow rate. 
 
Procedure 
 Distilled water will always be used in the experiment.  Failure to use distilled water 
will damage the equipment.   
Obtain the atmospheric pressure reading from the barometer in the lab. 
To prepare the column fill the make up tank to the mark with distilled water.  
 A word of caution, the make up tank will empty often during the experiment operation.  
The make up tank must contain water at all times.  After a measured duration, say 10 
minutes, refill the make up tank to the mark with a known volume from the measuring 
cylinder.  Also record the water temperature.  This data will be needed for overall mass 
and heat balances (evaporation rate). 
Add distilled water to the wet bulb thermometer reservoirs at the top and base of the 
tower.  Carefully remove the wet bulb thermometer at the column base by grasping the 

rubber stopper and not the stem. 
  
Boot the computer.  
Turn on the main switch to the power supply 
Plug in the serial cable into the front panel. 
 Double click Cooling Tower, and MS DOS Shortcut.  Launch Talk. Exe. Hit the ESC 
key, and then hit capital A key.   Enter the serial number 195 and hit enter.  Enter 1999 
for the year, then hit enter.  Answer Y for all other question that appear on the screen. 
Close the window, and End Task in the Task Manager. 
All above steps are required if the computer is off. 
If the computer is on then you can start here 
Start the batch file Run 
Depress caps lock and leave it on for the remainder of the experiment.  Type In CHAIN 
"891ECOLB", hit the enter key and flow the instructions.  The water heater resistor 
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values 103.1, 48.9, the H2O calibration factor of 5.1, and the column’s packing factor of 
200 will be needed. 
 Set the water rate at the panel control value, and the air flow rate by the damper on 
the fan.  Flow rate values are measured internally and will appear on the software display 
water heating rate of 0.5 kW, 1.0 kW or 1.5 kW can be set by the switches on the control 
panel. Water, wet bulb and dry air temperatures for each packing sections, the inlet and 
the exit will also be recorded on the display screen. 
 During the operation of the column, plots of the temperatures taken at successive 
times, as numbered sample points, will appear on the psychometric chart window, and 
can be used as a measure of the approach to column steady state. 
 The experiment is to be run at various water heating rates, water flow rates, and air 
flow rates.  Note that the ratio of water to air mass flow rates will function as one of the 
engineering variables in the final calculations, and values selected should run from about 
0.2 to 2.7. 
 
Calculations    
A. Using a pump power of approximately 100 Watts and the recorded heat input to the 
water reservoir, perform overall heat and mass balances on the equipment.  The make up 
water may be taken to be at room temperature. 
B. From the recorded water, wet and dry bulb, air temperatures, recorded at the five 
temperature measuring points evenly distributed across the height of the column, 
construct a specific enthalpy-water temperature plot of the type shown in Figure 2.  The 
enthalpies used should be per unit mass of dry air as normally found on the psychometric 
tables or charts.  The air-water interfacial boundary layer can be assumed to be at the 
water temperature.  The driving force γ at a given water temperature T is the difference 
between the saturated boundary layer enthalpy H and the enthalpy h of the bulk air 
  

γ = H - h                       (1) 
 
 
Values of γ are for the inlet air-water outlet at T1. 
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Figure. 2 Driving force diagram 
Specific Enthalpy (kJ/kg dry air)  
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at the water inlet-air outlet at T2 
γ2 = H2 - h2, (3) 
and at the numerical average water temperature   T3  = (T1 + T2)/2 
 
γm = H3 - h3, (4) 
are shown on Figure 2.  A driving force diagram plot should be prepared for each run. 
C. Calculate the average mass transfer coefficient for each run from the values of γ1, 
γ2 and γm obtained in step B. 
 It may be shown that, for the finite element dz of the tower in Figure 3, energy 
balances of the water and air streams in the tower are related to the mass transfer by the 
equation 
Cpw  

! 

m
•

w  dTw = Ka(H-h)dV      (5) 
 
where H is the specific enthalpy of the saturated boundary layer per unit mass of dry air, 
assumed to be at the local water temperature within dz, and h is the specific enthalpy of 
the bulk air per unit mass of dry air.  K is the mass transfer coefficient per unit plane area, 
a is the area of contact between the air and water per unit volume of packing, and V is the 
volume occupied by the packing, Cpw is the specific heat, 

! 

m
•

w is the mass flow-rate, 
 
Figure. 3  Schematic  representation of the air and water streams entering and 
leaving a block of packing. 
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and Tw is the water temperature.  The small change in the mass of the water is neglected.  
The derivation of the equation (5) can be found in the humidification section of Unit 
Operations by McCabe and Smith, and should be included in an Appendix. 
 Equation (5) is integrated down the column to give an average mass transfer 
coefficient 
 

KaV
mw

= Cpw   ⌡⌠
T1

T2
    

dT
H-h  (6) 

One numerical solution of this equation can be written in terms of a corrected arithmetic 

mean driving force (H - h)m 
 
KaV
mw

= Cpw  
(T2 - T1)
(H - h)m

   (7) 

 
Using the driving forces γ1, γ2 and γm obtained in the previous calculation step B, 
determine the correction factor f from Figure 4, and the corrected mean driving force (H - 
h)m 
 
(H - h)m = f γm = f(H3 - h3) (8) 
 
and the mass transport coefficient factor Ka v/

!  

m
¥

w from equation (7) for each run.  The 
correction factor f is often mean unity, and can be checked by graphically performers the 
integration in equation (6) on the Figures from step B. 
D. Prepare log-log plots of Ka v/

!  

m
¥

w versus the water to air mass flow rate ratios        

! 

m
•

w/

! 

m
•

a for the packing characteristics of the column.  Determine the constants λ and n 
for the correlations from 
 
KaV
mw

. = λ mw

ma

! 
" # 

$ 
% & 

n

. (9) 

 
To display the dependence of packing area, calculate similar plots for the top three 
sections, the top tow sections, and the top section.   
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5.  DISTILLATION 
 
 
 You should plan and carry out this project as if you received the following memo 
from the manager of your engineering research and development division. 
 
 

To: Group Leader 
 
From: H. I. Geschwindigkeit, Manager 
 
Subject: Experimental Fractional Distillation Apparatus 
 
We are in the process of calibrating and testing our small-scale fractional 
distillation column so that it may be used later for the separation of 
mixtures that occur in processes under consideration by Process 
Development. 
 
The binary methanol-water system has been selected as the test system 
based on the following considerations: 
 
 (1) both methanol and water are available in high-purity and at  
  low cost, and 
 (2) the properties of the pure components and of their mixtures  
  are readily available in the literature. 
 
Please determine the overall column efficiency and the Murphree 
efficiency of each plate.  For these purposes you should operate the 
column at steady state with total reflux. 
 
As you know, the literature on binary distillation and the McCabe-Thiele 
method of analysis is vast.  Among the convenient references is the 
textbook by McCabe et al. (1985, Chapter 18), which is on reserve in the 
Engineering Library. 
 
Attached sheets give vapor-liquid equilibrium data along with a summary 
of the manufacturer’s description of our distillation apparatus, including a 
schematic diagram, and operating procedures. The sheets also include a 
brief outline of instructions for using the HP 3396B Integrator for 
chemical analysis.  The laboratory assistant will be able to give you 
further instructions on the use of that equipment and the on-line computer 
for data logging. 
 
Please note that methanol is a toxic material.  Liquid is absorbed by skin 
contact.  Vapor is mildly toxic on inhalation.  Its main toxic effect is on 
the nervous system, particularly the optic nerves and possibly the retinas, 
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which can progress to permanent blindness.  Wear chemical goggles, 
rubber gloves and aprons when pouring liquid.  For more information, you 
should consult the book by Lewis (1996), which is on reserve in the 
Engineering Library. 
 
Attachments 
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Vapor-Liquid Equilibrium Data for the Methanol-Water System 
 
(In the following table, x and y are the mole fractions of methanol in the liquid and vapor 
phases, respectively.  T is the temperature in degrees Kelvin.) 
 
 x y T 
 0.019 0.137 369.56  
 0.077 0.368 362.72 
 0.133 0.492 358.38 
 0.140 0.508 357.76 
 0.205 0.594 354.41 
 0.260 0.647 352.45 
 0.310 0.683 350.86 
 0.320 0.690 350.58 
 0.358 0.713 349.54 
 0.420 0.746 348.07 
 0.462 0.768 347.09 
 0.501 0.787 346.38 
 0.586 0.826 344.70 
 0.638 0.848 343.83 
 0.651 0.852 343.59 
 0.679 0.864 343.11 
 0.717 0.882 342.41 
 0.803 0.922 340.89 
 0.879 0.952 339.66 
 0.951 0.981 338.46 
 
The Apparatus 
 
Figure 1 presents a schematic diagram of the fractional distillation apparatus. 
 
• Feed Tank Reservoir.  The feed tank has a capacity of about 10 gallons with a sloping 

bottom for proper drainage.  The reservoir is fitted with a liquid-level sight glass. 
 
• Still Boiler.  The boiler tank (capacity approximately 5 gallons) is fitted with a quick-

disconnect coupling inlet, a pressure measurement port and a sight glass for visual 
liquid level indication.  The main heating element is a stainless steel sheathed 
bayonet-type cartridge heating element.  This element has a continuously-variable 
control and is rated at 2500 Watts.  Precise liquid level control is obtained by means 
of a float-type control element that actuates a solenoid-operated valve which recycles 
excess liquid from the still boiler to the feed reservoir.  The boiler also has a dial-type 
temperature indicator. 

 
• Condenser.  The condenser is a shell-and-tube heat exchanger which contains the 

equivalent of 1.5 sq. ft. of spiral-tube heat exchange surface.  The tube side coolant is 



 39 

water for this project.  Countercurrent coolant flow through the tube is metered by 
means of a rotameter.  For pressure safety, a spring-loaded relief valve (set for 1.0 
psig) is connected to the shell side of the condenser.  The shell side condensate drains 
through a 3/8-inch line to the distillate receiver. 

 
• Distillate Receiver.  Condensate enters from the condenser through a 3/8-inch 

stainless steel tube into the top of the receiver.  The top flange also contains a spring-
loaded pressure relief valve set at 1.0 psig.  From the bottom are three connections:  a 
valve drain, a valve inlet to the reflux pump, and an overflow stand-pipe return to the 
main feed reservoir. 

 
• Instrumentation and Control Panel.  The panel includes a voltmeter and ammeter for 

power input and indication, a boiler liquid level control switch for automatic 
operation (not in use at this time), a boiler thermal-overload indicator, on-off 
electrical switches for feed and reflux pumps, and a continuously variable control 
element for the main boiler heater.  The main system power is controlled by means of 
a circuit breaker, on-off switch, and indicator light.  In addition, indicator lights are 
on circuits for the feed and reflux pumps. 

 
• Thermocouples.  The system includes twelve thermocouples:  one in the still boiler, 

six in the column (one for each sieve plate tray), two on the condenser inlet and outlet 
lines, one for the distillate line, and one for each preheater (not in use at this time). 

 
• Rotameters.  The calibration for the reflux rotameter (calibrated with water at 21 oC 

over the range 20 to 100 on the tube scale) is given by 
  F = 2.04 R - 13.2 
 where F is the flow rate in cm 3/min, and R is the rotameter reading.  For the feed 

rotameter (calibrated with water at 17 oC over the range 10 to 100 on the tube scale) 
  F = 1.99 R - 14.4. 
 
• Column.  The column consists of 6 sieve plate sections, each assembled from a 5-

inch-long, 3-inch ID glass pipe section, and a stainless steel process ring with four 
connections.  Each section contains fittings for feed, pressure measurement, liquid 
and vapor sampling, and weir-downcomer adjustment.  The plate column, when 
assembled, is approximately 30 inches in height.  On each plate the weir and 
downcomer are readily accessible for adjustment purposes. 

 
• Plates.  Each plate in the column is perforated with 36 holes of 3/32-inch diameter, 

with center-to-center spacing of 0.265 inches (square pitch).  The plate thickness is 
0.125 inches; the space between plates is 6 inches.  The opening for the downcomer 
has a diameter of 0.534 inches. 

 
• PC Computer Windows NT .  All thermocouples, the system includes, are connecting 

to electronic interphase, where the later send the voltage sign according to the 
temperature value by each thermocouple to the PC computer.  A Lab View program 
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involved to convert the voltage signals received from the interfphase to instantaneous 
temperature, means temperature, and standard deviation.   

 
 
Start-up Procedure 
 
Note:  Steps 1 through 7 of the following procedure will be completed by the laboratory 
 assistant prior to the start of the laboratory period.  Students should verify that these 
 steps  indeed have been completed and begin by turning on the main power switch 
and  proceeding from step 8. 
 
1. Charge the feed reservoir tank through the spring-loaded opening C1 with 8 gallons 

of the mixture to be distilled. 
 
2. To charge the boiler, connect the flex-tubing feed line to the boiler top through the 

quick-disconnect coupling Q1 
 
3. Trace the feed line from the reservoir tank through the pump and feed rotameter, 

opening valves F1 and bypass F3, closing the drain valve D-1 and rotameter valves 
F2 and F4. 

 
4. Turn the main power switch on, then the feed pump switch.  Pilot lights should 

indicate that these units are on. 
 
5. Switch the liquid level control toggle to the “auto” position.  This pilot light will be 

on when the bottom solenoid drain valve is open. 
 
6. Observe the liquid level as it rises in the boiler sight glass.  When the liquid 

approaches the 3/4-full mark, shut bypass F3 and open valves F2 and F4 to meter the 
remaining charge through the rotameter. 

 
7. Monitor the liquid level operation.  With a rotameter setting of 80% or less on the 

scale, the solenoid valve B3 should automatically maintain appropriate liquid level. 
 
8. Begin the heating cycle.  Check both the thermocouple and sample port tube fitting 

connections to insure that they are properly sealed on each plate location. 
 
9. Turn the boiler power switch on; a pilot light should indicate heat input. 
 
10. Start a flow of water through the condenser.  Set this rotameter at a low value.  As the  

boil-up proceeds, adjust the rotameter until the top section of the condenser near the 
vapor inlet line is just warm to the touch. 

 
11. Set the proportional power control switch for the boiler to the desired heating rate 

value to expedite the start-up.  Generally, it is best to turn full power on until boiling 
begins, but be sure to throttle back to the desired value when boiling begins. 
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12. Monitor constantly the boiler temperature with the bimetallic thermometer T13, 

attached to the boiler front. 
 
13. While the system is heating up, open the distillate receiver overflow valve R2 to 

permit venting back to the reservoir tank.  The distillate drain valve R3 should be 
closed, and the distillate line valve R1, leading to the suction side of the reflux pump, 
should be closed, and the recycle pump should be off. 

 
14. Observe the temperature as distillate begins to collect in plates above the boiler.  

Steady-state operation should obtain in roughly 30 minutes. 
 
15. As distillate collects in the distillate receiver, turn on the reflux pump and maintain a 

reflux rate, using valve R4, at a value sufficient to control the level (manually) in the 
distillate receiver. 

 
16. Pressure relief valves (PRV) are located at the top of the distillate receiver and on the 

shell side of the condenser.  These are set to open at approximately 1.0 psig. 
 
17. It is necessary periodically to monitor the liquid level in the boiler.  If for any reason 

the liquid level were to drop below the electrical heating coils in the boiler, a thermal 
overload switch, set to respond at 240 degrees Fahrenheit, would interrupt the line 
power.  This overload switch is in the 250-Watt auxiliary heater located on the right 
hand side of the boiler.  The thermal overload switch is the red button located in the 
center of this module.  This device is manually reset and cannot be reset until the 
boiler temperature drops below the trigger value. 

 
Running the Distillation System Program 
 
 
1. To start Windows NT, hold down the [Cntl] [Alt] keys and hit the [Del] key. For 
 Guest1 type in the password "distill" without quotes and use small case letters. 
 
2. Go the Start button in the lower left of the screen. Pushing that button will allow you 
 to highlight the Document topic. A side menu will appear that contains the first file 
to  highlight, Conffg 10 Sensors . 
 
3. Run the Conffg 10 Sensors program by pushing the arrow icon in the upper left 
 corner of the program window. 
 
4. Select Restore in the upper left corner of the new window. Wait for a few seconds 
 while the settings of all ten sensors are recalled. Once the settings for the 
thermocouple  sensors have been recalled, the program can then be closed by pushing 
the X button in  the upper right hand corner of the window. 
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5. Launch the main Technovate  program by going back to the Start button and 
 highlighting the Document topic again. Highlight and release the Technovate 
 program to launch. 
 
6. Start the program by pushing the arrow icon in the upper right hand corner of the 
 program display. 
 
7. Stop the program at any time by pushing the Stop Digitizing button. 
 
8. When the temperature reaches steady state stop the run and restart it again. 
 
Note: Please do not play with anything else. 
 
 
 
Shut-down Procedure 
 
1. Turn off the boiler power switch. 
 
2. When condensate no longer collects in the distillate receiver, turn off the reflux 

pump, close valve R1, and open valve R3.  Leave valve R3 open so the system 
remains vented. 

 
3. Turn the main power control switch off. 
 
 
Instructions for operating the HP 3396B Integrator 
 
Turn on the power switch located at the rear of the integrator. 
 
Integrator will begin to run a series of self-tests; this will last for approximately thirty 
seconds; do not touch the integrator at this time. 
 
At the completion of the self-tests, a green "KEYBOARD" light will come on. The 
keyboard is now ready to accept commands. 
 
Type in "DATE", space, then the date in the form 08/31/93, then "ENTER".  The 
integrator will repeat the date. 
 
Type in "TIME", space, then the time in the form 14:15:16, then "ENTER".  The 
integrator will then repeat the date and time. 
 
Press "ATT 2***" located at the top of the instrument panel (this is the attenuation); 
press 6 or 7 and "ENTER". The attenuation used depends on the sample composition and 
may require larger or smaller values. 
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The chart speed CHT SP affects the separation of the peaks. Low numbers cause peaks to 
be squeezed together. A faster chart speed spreads out the peaks. For example, if chart 
speed is increased to four times the default value (1 cm/min) press CHT SP 4 ENTER. 
 
The integrator is now ready for a sample run. Inject the 2-microliter sample into the right 
injection port; then press "START" at the top of the integrator panel. 
 
After all the peaks have eluted (usually 1.5 minutes) press "STOP" to halt the integrating 
process.  The HP 3396B will then print out your area %'s and retention times. 
 
To advance the paper, press "ENTER" in succession. 
 
The HP 3396B is immediately ready to run again once you have halted an integration.  
Simply inject another sample and press "START". 
 
The default integrator values may be printed, press LIST LIST. 
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Biological Reaction 
Kinetics of Yeast Growth and Production 

 
Introduction  
 
 The purpose of this project is to expose the chemical engineering students to the 
introduction of biological processes and techniques by transporting of the chemical 
engineering reaction kinetics knowledge learned in non-biological systems to the 
application of biotechnology, such as the kinetic of the microbial growth.   
 One of the most popular and important processes in the food industry that can be 
used to study the kinetics of microbial growth in the laboratory is the fermentation 
process.  Fermentation involves the use of micro-organisms to carry out enzyme-
catalyzed transformation of organic matter.  Yeast is one of the first microbial species, 
which are involved in the fermentation process.  The growth of yeast under aerobic 
conditions is a relatively simple experiment for which the kinetics of growth and product 
formation may be described and compared with theoretical behavior.  In anaerobic 
conditions yeast growth could be influenced by the presence of high concentration of 
some products such as ethanol, where the substrates (sugars) transform in ethanol and 
carbon dioxide.  
 The experiment is patterned after the commercial batch process for growing yeast in 
which an initial charge of yeast in a nutrient solution is allowed to multiply and grow.  
An excess of all nutrients except sugar is provided.  Under these conditions the growth 
rate, and the product formation rate are a function of the yeast present, the amount of 
sugar present, temperature of the reactor and the starting pH value.  After a stationary 
period the yeast grow rapidly.  As the sugar is consumed, the growth rate declines and 
falls to zero at the end of the experiment. The yeast cell concentration, the sugar 
concentration ethanol concentration (in the anaerobic case), pH, and the dissolved oxygen 
are measured over the period of the experiment and the results compared with predicted 
literatures.  Temperature, pH, and dissolved oxygen are measured continuously.  Yeast 
cell concentration is determined by spectronic 21D Spectrophotometer and sugar 
concentration determined by YIS 2700 Bioanalytical apparatus. Gas Chromatograph can 
be used to determine the ethanol concentration.  The growth of the yeast may be carried 
out over a 10-12 hour period.  The sugar feed Temperature and the initial pH value can be 
changed from one group to another. 
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Theoretical Background 
 
Yeast Growth and Reaction Kinetics 
 
 The batch fermenter is a simple and common example of an unsteady state process.  
It is assumed that the bioreactor content is well mixed and has a constant medium volume 
at a certain initial conditions.  In ideal fermentation process in which the growing cells 
are consuming the substrate (sugars), and producing more cells according to the 
following scheme. 
 
 
 
 
 
 
 
 
 where:  
  rsx  = rate of substrate consumption 
  rx   = rate of cell growth 
  s    = substrate concentration 
  x    = cell concentration 

P    = ethanol concentration (in anaerobic case) 
From the above scheme one can see the independently specified kinetic rate expression 
relates the rate of consumption of a substrate or the rate of formation of a product (cell 
mass) to the concentrations of the various components in the batch reactor.   
 
r = ƒ( x, s1, s2 . . .,P ) 
The general balance equation: 
        
rate of accumulation = rate of input  - rate of output  + rate of  generation - rate of 
consumption          
        (1) 
 
 
 

rx 

Cells 
(x) 
P 

Cells 
(x) 

rsx 
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For batch reactor: 

input = output = 0 
 
A)  For the cells: 
 
 
 
d(vx)

dt
= rx ! v     (2) 

 
At constant volume 
 
dx
dt

= rx     (3) 

 
 
 
 
 
B)  For substrate: 
 
 
ds
dt
= rsx     (4) 

 
C)  For product 
 
 
dP
dt

= rPx     (5) 
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The growth of yeast in a batch fermenter proceeds through several phases:  lag 

phase, during which cells adapt to their new environment; a short accelerating phase; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(exponential phase), during which the growth rate is at a maximum and first order 
kinetics can be applied; deceleration phase, which begins when one of the reactants is 
depleted and the specific growth rate comes to be a function of the reactants (substrates) 
concentration; a stationary phase during which no more growth (death phase). 
 During the exponential growth phase, the first-order kinetics can be applied and the 
rate constant µ can be obtained (return to Eq. 3). 
 
rx = µ ! x     (6) 
 
dx
dt

= rx = µ ! x    (7)  

  

Stationary 
phase 

Decel-
eration 
phase 

Log or 
exponential 
phase 

Lag 
phase 

Time 

Biomass 
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! 

µ =
1
x
dx
dt

   (8) 

 where x is the cell's concentration 
 
 During the deceleration and stationary phases, the kinetic of yeast growth follow a 
pattern similar to that of absorption and catalysis isotherm (Langmuir isotherm) in that a 
large number of parameters, each with saturation effects, is involved.  At the substrate 
available in excess the reaction rate (the cell capacity for absorption) will be independent 
as in the exponential phase.  Where the specific growth rate (µ) reachs to it’s maximum 
value (µm) 
  But when the substrate inhibitor concentrations become limiting factors, those limiting 
factors will be rule the growth rate.  Then the rate equation can be expressed as in 
Hinshelwood formula, as a product of terms for each of the vital substrates (this formula 
is similar to Michaelis-Menten expression).   
 

!  

rx =
dx
dt

= µmx 
S

Ks + S
" 

# 
$ 

% 

& 
'  (

O
Ko +O

" 

# 
$ 

% 

& 
'  (

P
Kp + P

" 

# 
$ 

% 

& 
'  ...  (9) 

 
 

S is the sugar concentration (growth limiting nutrient).  
Ks is the saturation constant for sugar (kg substrate/m3) and so forth for oxygen (O), 
Ethanol (P) and others. 

 
In this project the batch fermenter, is assumed that the other variables such as 
temperature and pH are constant.   
When all substrate is not limiting except one (in this experiment the sugar) the growth 
rate will reduce to  

! 

rx =
dx
dt

= µmx 
S

Ks + S
" 

# 
$ 

% 

& 
'       (10) 

 
To relate the specific growth rate (µ) to the limiting nutrient concentration, Monod 
classic kinetic model could be used. 
 

! 

µ = µm
S

Ks + S
        (11) 
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where µ(m) is the maximum specific growth rate achievable when S value much larger 
than Ks value. 
Ks is the value of the limiting nutrient concentration S, at which the specific growth rate 
(µ) is half of (µm) value. 
 
 
 
 

If we try to plot:  1/µ vs. 1/S, equation (11) could be rearranged to: 
 
 

1
µ(s)

=
ks + s
µms

=
ks
µm

!
1
s
+

1
µm

      (12) 

 
then we will be able to determine all kinetic parameters that we need. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1/S 

1/µ 

1/µm 

! 

slope =
Ks

µm

 

and intercept of 1
S

= "
1
Ks
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Monod’s kinetic model can be modified to include the ethanol inhibition, where equation 
(11) becomes 

!  

µ =µm

S
Ks + S

Kp

Kp + P
    (13) 

In the fermentation process (anaerobic conditions), the product (p) and the cell 
concentration (x) can be related to the limiting substrate (sugars) concentration (s) by the 
yield coefficients. 
 
YX / S =

dX
dsS

=
X ! X0
S0 ! S

    (14) 

 
YP/ S =

dP
dsS

=
P ! P0

S0 ! S
    (15) 

 
Note: dX/dt can be calculated from the polynomial equation fitted the X(t) curve.  
The kinetic parameters, µm and Ks can be obtained from nonlinear regression of µ 
and S values according to equation (11) as well 
 
Apparatus  
Fermentation unit 
1. Glass vessel of 3.00L volume.  (Bioreactor) 
2. Top plate with special finishing, made of stainless steal  
3. pH probe and control 
4. Pump for neutralization liquid (NaOH) 
5. D-oxygen probe and control 
6. Agitator with speed control 
7. Temperature sensor and control  
8. Water bath 
9. Heat exchanger (in side the fermenter) 
10. Air pump (oil free) 
11. Filter (2 µm) 
12. Condenser (to prevent the evaporation) 
13. Foam sensor and control 
14. Sampling device 
15. Tubing - valves  
 



 52 

 
Analyzer Units 

 
YSI 2700 Biochemistry Analyzer 

This analyzer is used to monitor the concentrations of sucrose and dextrose during 
cellular metabolism and fermentation. The analyzer can test two different concentrations 
at one time because it has two separate probes used for the detection of concentrations. 
Inside each probe there is an enzymed membrane specific to the substrate being tested. 
The enzyme becomes immobilized and catalyzes a reaction to ultimately produce 
hydrogen peroxide. Hydrogen peroxide is oxidized at the platinum electrode surface, 
which produces an electrical current proportional to the original substrate concentration. 
(Winzeler, Moles 1997) 
  
 
Spectronic 21D Spectrophotometer 
 
 The Spectronic 21D Spectrophotometer measures the amount of light absorbed by 
solutions. This measurement is used to determine whether the biomass of the samples is 
increasing. As yeast growth increases, the biomass of the samples taken every hour 
increases. An increase in the biomass of the samples causes more light to be absorbed 
which leads to an increase in absorbance on the spectrophotometer. (Natural Science) 
 
 
Materials and Methods 
Prior to the start of the experiment, check to make sure the CO2 meter, Dissolved Oxygen 
meter, and the pH meter are calibrated. Calibrate using the appropriate standard solutions 
or buffer solutions. The pH meter needs to be set to maintain a certain pH. The optimum 
pH for yeast growth in this experiment is 3.00. The meter needs to be set at a maximum 
of about 3.02 using knob B and a minimum of 2.98 using knob A. The meter should be 
hooked up to a pump, which will turn on when the pH falls below the minimum setting. 
A beaker of diluted NaOH (0.5 M) should be connected to the other end of the pump in 
order to pump the basic solution into the reactor.  
Set the temperature of the water bath to 28-35oC (ask your prof). Check to make sure the 
air pump is working and registers above 60 on the airflow gauge (in the case of aerobic 
fermentation). Tighten all nuts and bolts on the lid of the reactor. Clean the underside of 
the lid, all electrodes, and the glass container. 
 
 
Medium and Micro-organism 

In a 2L beaker, prepare 2L of yeast medium. Carefully weigh out for example 50g 
sucrose or dextrose (25g/L), 10g of KH2PO4 (5g/L), 0.8g of MgSO4*7H2O (0.4g/L), and 
3.6g (NH4)2SO4 (1.8g/L). Add the substances to the beaker filled with 2L of distilled 
water. Mix until everything has dissolved. Take from the above solution around 5-10 ml 
in a closed container for starting sugar concentration test. 
 
In the case of aerobic Respiration 
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Add two drops of concentrated Antifoam to the medium (1 drop/L of solution) and pour 
the medium into the reactor. Place the reactor up on the platform. Connect the water bath 
valves and turn the water bath on.  
 
Carefully weigh out 6g (3g/L) of Fleischmann’s Active dry yeast. Add yeast to the 
medium in the reactor. Turn the crank to lift to reactor up to its lid. Make sure the reactor 
properly aligns with the lid. Screw in the 6 nuts on the top of the reactor to secure the 
reactor to its lid. Hook the stirrer to the top of the reactor and set the stirring rate at 500-
600rpm. Turn on the air pump and keep the gauge reading at above 60. Record the start 
time and the initial readings on the CO2 meter, dissolved O2 meter, pH meter, 
temperature, and stirring rate. Every 30-60min, record the meter readings. 
 
Sampling  

Every 30-60 minutes, take sample of the bioreactor medium. Test the levels of 
sucrose/dextrose, biomass and the ethanol (if the fermentation process carried out in 
anaerobic conditions).  
 
Measurements 
Biomass: 
Put a portion of the collected sample in a cuvette and place the cuvette in the Spectronic 
21D. NOTE: The Spectronic 21 must warm up a half-hour prior to use. Turn power on by 
flipping the switch on the bottom right of the machine. Measurements will be taken using 
Absorbance so push the MODE button to switch into Absorbance mode. Set the 
wavelength at 600nm by turning the dial to the right of the scale. Set the Absorbance at 
0.00 using a cuvette filled with Ionized distilled water. After every sample from the 
reactor, re-calibrate the Absorbance using the cuvette with ID water. Wait until the 
reading balances out and then record the Absorbance.  
 
Sugars concentration 
Using the sample inside the cuvette, take measurements for the sugar concentrations. 
Make sure the YSI 2700 Biochemistry Analyzer is in the RUN mode and is ready to 
sample at Station 3. When ready, push SAMPLE and wait for the needle to move to 
Station 3. Once the needle has stopped moving, immerse the needle into the sample and 
push SAMPLE again. Record the amount of sucrose and/or dextrose (mg/L) in the 
sample. 
 
Ethanol concentration 
Finally, test the % of ethanol in the sample using GC. The sample should be first filtered 
using a syringe and a filter device (0.45 µm).  Inject 4-6 µL into the GC. The resultant 
ethanol/water peak ratio obtained from the GC can be compared to the calibration carve 
to determine the ethanol concentration.   Make sure that the GC is warmed up about one 
hour in advance to the use.    
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Note: 
Calibration curves for biomass, sugar and ethanol concentrations (if you are going to 
measure it) should be done prior to the experiment start. 
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GAS FLUIDISED BEDS 
 

INTRODUCTION 

 

When a fluid flows through a bed of particles contained within a tube, it will exert 

a drag force upon them and develop a pressure drop across the bed, which increases with 

increase in its superficial velocity (the superficial velocity is that based on flow through 

the empty tube).  If the bed is unrestrained and the fluid flows upwards throughout, a 

condition will be reached where with increasing fluid velocity, the drag force will cause 

the bed to expand and so offer less resistance to the fluid flow until that force is sufficient 

to support the weight of the particles in the bed.  The bed then becomes Fluidized and the 

fluid/solid system shows fluid-like properties where the bed can be made to flow from 

one vessel to another.  The pressure drop across the bed Δp remains constant with further 

increase in the fluid velocity and equal to the effective weight of the bed per unit area. 

  !p = M
"pSb

(" p # ")g  (1) 

 

Where mass M of particles of density ρ
p
 have been charged into a bed of cross-sectional 

area S
b
 fluidized by a fluid of density ρ and g is the gravitational acceleration. 

 

In this Fluidization and Fluid Bed Heat Transfer Unit, the fluid is air and the unit is 

operated at a slightly higher than atmospheric pressure.  The porosity of the bed when 

true fluidization occurs is the minimum porosity for fluidization and is εmf.  This 

minimum voidage or porosity can be found experimentally when the bed expands to this 

voidage before particulate motion appears. 

   

  L
0
 A (1 - ε

0
)  =  L

mf
 A ( 1 - ε

mf
)       (2) 
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Where L
0
, L

mf
 are the heights of the bed at zero value of superficial velocity and minimum 

fluidization velocity respectively.  ε
0
, ε

mf
 are voidage at zero value of superficial velocity 

and minimum fluidization velocity 

   

  ! =
volume of voids in bed

total volume of bed (void + solid)
 

 

Pressure drop and minimum fluidizing velocity.  As a first approximation, the pressure 

drop at the start of fluidization can be determined as follows.  The force obtained from 

the pressure drop times the cross-sectional area must equal the gravitational force exerted 

by the mass of the particles minus the buoyant force of the displaced fluid. 

  ΔpSb =  L
mf

 Sb  (1 - ε
mf

)(ρ
p
 - ρf)g      (3) 

Hence, 

  
!p
Lmf

= (1 " #mf )($ p " $)g   
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Figure 1. Schematic of a fluidized bed 
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The pressure drop across the packed beds is a function of Reynolds number.  For laminar 

and turbulent flow (low, intermediate and high Reynolds number),  Ergun proposed the 

following general equation 

  !p =
150µ " v L

" D p
2

(1# $ )2

$3
+
1.75%( " v )2 L

" D p
(1# $ )
$3

    (4) 

where the first term of the equation is for laminar flow NRc < 10, and second term of the 

equation is for highly turbulent flow. 

 

 Where ν' is the superficial velocity based on the empty cross section.  

 

Shape Factors: 

 Many particles in packed beds are often irregular in shape.  The equivalent 

diameter of particles is defined as the diameter of sphere having the same volume as this 

particle. 

  Dp = !Dp
'  

Where Dp is the equivalent diameter 

 D'p is the average diameter of the particle and φ is the shape factor 

 

Then equation 4, for pressure drop in a packed bed becomes 
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!p
L

=
150µ " v 
#2Dp

2
(1 $ %)2

%3
+
1.75&( " v )2

#Dp

1 $ %
%3

       (5) 

By substituting ν'
mf

 for ν', εmf 
for ε and L

mf
 for L in equation 5 and combining the result 

with equation 3, the minimum fluid velocity ν'
mf

 at which fluidization begins can be 

calculated. 

 

 
1.75Dp

2( ! "  mf )
2# 2

$ %mf
3 µ 2 +

150(1&%mf )Dp ! v mf #

$ 2%mf
3 µ

&
Dp
3#(# p &# )g

µ 2 = 0    (6) 

where µ is the fluid viscosity 

 

For fluidized bed, defining a Reynolds number as 

 

 NRe .mf =
Dp ! v mf "

µ
 

 

 

Eq. (6) becomes 

 

 
1.75(NRe .mf )

2

!"mf
3 +

150(1 # "mf )(NRe.mf )
!2"mf

3 #
Dp
3$($ p # $)g

µ 2
= 0     (7) 

 

When NRe.mf< 20(small particles), the first term of Eq. (7) can be dropped and when 

NRc.mf>1000 (large particles), the second term drops out. 

 

Fluidized bed heat transfer coefficient 

 

 A vigorous bubbling fluidized bed is well mixed because of the particle 

circulation generated by the rising bubbles.  Consequently, even when highly exothermic 

reactions occur in the bed, the bulk of the bed is practically at a uniform temperature.  

Also because of the high surface area exposed to the fluidizing gas by the particles, gas 
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and particles come quickly to approximately the same temperature.  In fluidizing bed a 

high rate of heat transfer can be obtained with in the system. 

 

 Because of the complexity of bed behavior it is not possible to predict the degree 

of particle circulation past the transfer surface and the bed-to-surface heat transfer 

coefficient and empirical correlations are of very limited value. 

  

 For a Reynolds number range of 10-10,000 for gases in a packed bed of spheres, 

the recommended correlation with an average deviation of about ±20% and a maximum 

of about ±50% is 

 

 JH =
0.4548
!

NRe
"0.4069             (8) 

 

JH is the dimensionless heat-transfer factor,  

  

 

 One reliable and straight forward correlation has been derived from simple tests in 

which a small calorimetric sphere was plunged into a hot bed and the heat transfer 

coefficient was derived from the rate of change of temperature of the sphere.  This has 

the following form 

 

 hmax = 35.8 ρ
0.2
p  k

0.2
g   D

-0.36
p            (9) 

 

 Where h is the maximum heat transfer coefficient 

 

 kg is thermal conductivity to the gas 
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APPARATUS 
 

DESCRIPTION 

A bed of a chosen granular material about 70mm deep is contained in a vertical glass cylinder.  

At the lower end of this is a distribution chamber and air distributor, which supports the bed 

when de-fluidized.  This distributor has been designed to ensure uniform airflow into the bed 

without causing an excessive pressure drop and is suitable for the granular material supplied.  

 

On leaving the bed, the air passes through the chamber and escapes to the atmosphere through a 

filter.  The chamber, filter and distributor assembly is suspended from a bracket mounted on the 

panel.  Installed in this bracket are probes for temperature and pressure measurement, and a 

horizontal cylindrical heater, all of which may be moved vertically to any level in the bed 

chamber.  Air from the local compressed air supply is delivered through an internal filter and air 

inlet control.  This regulates the high pressure supply to a constant low pressure suitable for 

introduction into the fluidized bed. From the air inlet control the reduced pressure air is brought 

to the flow control value and then to the distribution chamber. 

 

The electrical supply to the heater is controlled by an electronic heater control and the power 

supplied is displayed directly in Watts on a digital Wattmeter. 

 

Two thermocouples are attached to the surface of the heater.  One is used to record the surface 

temperature on a digital temperature indicator and the second in conjunction with an internal 

controller prevents the heater from exceeding a pre-set temperature of 200oC. 

 

The digital temperature indicators together with a selector switch display the surface temperature 

of the heater, the air supplied to the distribution chamber and the moveable temperature 

probe in the bed. 
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A liquid filled manometer together with a moveable probe display the air pressure at any level in 

the bed material or chamber. 

 

A clean water filled tube on the front of the panel indicates the relative pressure inside the 

chamber: A maximum recommended pressure is marked on the panel above which the water 

level should not be allowed to rise.  In the event that this pressure is exceeded (e.g. due to a 

blocked filter), the water will be forced from the tube and the excess pressure vented. 

 

 

PROCEDURES:  

1. Observation of the behavior of particles in a bed with upward air flow 

 
 The airflow should be turned to its maximum value and then steadily decreased.  The bed 

movement and the nature of the bubble behavior should be continuously observed. 

When the airflow has been reduced to zero, the height of the bed should be noted.  Then the bed 

chamber should be tapped by gentle shaking.  

If the airflow is now steadily increased the increase of bed volume to approximately its volume 

before tapping will be seen, just before any particle movement is observed.  Further increase of 

the airflow rate from here will cause similar bubble behavior and movement to those seen earlier. 

 

Temperature distribution in a fluidized bed 

With the bed well fluidized, the heater and temperature probe should be lowered into the bed.  

By adjusting the flow control and heater control, the bed temperature should be raised to about 

20K above t3. 

 

If, without moving the heater, the probe is raised and lowered within the well fluidized bed, little 

variation of temperature will be noted.  (This is an indication of the degree of mixing caused by 

the bubbles). 

 



 63 

If the probe is now raised into the air space above the bed, it will be found that the air is close to 

the bed temperature. (This is due to the very large surface area of the particles and the intimate 

contact between the air and bed material). 

 

Other bed materials may be charged into the bed chamber and their behavior observed in a 

similar manner. 

 

2. Investigation of the relationship between bed height, bed pressure drop and upward 

air velocity through a bed of granular material. 
 

Ensure that the manometer has been zeroed.  Raise the heater to the highest position and 

turn the heater control to zero and then lower the temperature probe into the bed. 

 

Turn the air flow control counter-clockwise to give maximum indicated air flow and allow the 

bed to mix thoroughly for two or three minutes. 

 

Without changing the airflow, note 

 (i) The air inlet temperature t3  

 (ii) The bed material temperature t2 

 (iii) The bed height 

 (iv) The pressure drops across the bed (i.e. the difference between pressures indicated  

 with the probe at its highest and lowest positions). 

Reduce the air flow rate in steps and repeat the observations at each setting. 

 

(Note: It is advisable to draw the height and ∆p against flow rate graphs as the experiment 

proceeds so that the magnitude of the decrements can be estimated). 

 

Having reduced the flow rate to zero, sharply tap the bed chamber until the bed reaches a 

minimum height.  Record this height (L0) 
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Now repeat all the observations from zero airflow to maximum indicated flow at similar values 

to the reducing flow procedure above. 

 

At all stages make notes about the behavior of the bed. 

 

The test and observations should be repeated at other bed temperatures. 

 

(Note: The bed temperature may be increased before starting the higher temperature 

experiments by lowering the heater into the bed and switching it on for a few minutes with a 

moderate air flow). 

 

 

3. Investigation of the effect of,  (a)  superficial velocity 

(b)  depth of immersion 

On the surface heat transfer coefficient for a hot surface in an air fluidised bed.  
 

Ensure that the manometer has been zeroed.  Position the temperature probe at the same 

level as the center of the heater. 

 

Set the heater to a convenient height above the distributor (say 40mm). 

 

Turn the airflow control to give a high flow rate and allow the bed to mix thoroughly. 

 

Adjust the heater control until the desired heater surface temperature (t1) is attained (about 

150oC is suitable). 

 

Allow condition to stabilize, then note 

 (i) Heater surface temperature  t1 

 (ii) Bed temperature  t2 

 (iii) Air temperature  t3 
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 (iv) Heater Input Q 

 (v) Air flow rate Vm 

 

Reduce the airflow, reset the heater control to obtain the same value of t1 then repeat the 

observations. 

 

Repeat in convenient steps until the flow control valve is closed. 

 

The observations should be repeated with the heater at other heights above the distributor, (say 

20, 60 and 100mm). 

  

 Note: Provided that the heater temperature (t1) is steady, the rate of heat transfer from it 

to the bed is displayed directly by the digital watt indicator. 

   

 

  The bed has a large thermal inertia, and, when fluidized, has little temperature variation.  

It is therefore not necessary to obtain complete stability of bed temperature. 

 
OBJECTIVES 

1. Plot the pressure drop (∆p) vs superficial velocity (v)  

 at: 

  1.  different bed temperature 

  2. v start from zero to maximum value 

  3. v start from maximum to zero value 

 

2. Describe the bed height as you increase ϑ from zero to vmf and v>vmf 

3. Determine the void fractions (∈o and ∈mf) 

4. Calculate the pressure drop at minimum fluidizing conditions and compare its value with the 

 observed value Δp. 
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5. Calculate the minimum fluidizing velocity vmf using equation 7 or 8 and compare it with the

 experimental value 

6. Determine the heat transfer coefficient (theoretical & experimental) 

 

 

 

 

USEFUL DATA 

 

Heating Element: 12.7mm dia. x 57.1mm long 

   Surface area 24 cm2 

 

Granular Material: Fused Alumina (White Aluminum Oxide) 

   Density 3770 kg m–3  

   Grit size     54 60 80 100 

   Average particle size  µm  320 250 177 125 

   Minimum particle size  µm  210 177 125 74 

   *Pour density approx. kg m–3  1720 1670 1620 1560 

 

Bed Chamber: Nominal diameter   105mm 

    Nominal length   220mm 

    Cross sectional area  8.66 x 10–3 m2 

 

Density of air: 1.2 kg m–3 (at 101.3 kN m–2 and 21oC) 

1mm H20 = 9.81 N m–2 

 

  

 

*The shape factor φ for the granular material supplied with this unit is about 0.73 
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6.  GAS-LIQUID EXTRACTION 
 
 A common problem throughout the country is the contamination of groundwater by 
volatile organic chemicals (VOCs).  Such contamination, while usually at very low 
concentrations, is still sufficient to prevent the use of groundwater for drinking 
purposes.  In areas where municipal water supplies are unavailable and families must 
rely on water from wells, this contamination can be a major problem. 
 
 In this experiment you are asked to evaluate the possibility of using a countercurrent 
gas-liquid extraction system to remove a common pollutant from water.  For evaluation 
purposes, assume that the pollutant, 1,1,1-trichloroethane, is initially at a concentration 
of 4000 ppbw (this, for example, was the pollutant concentration in the groundwater 
beneath a Dayton, New Jersey IBM plant) and by EPA regulations must be reduced to 
10 ppbw for drinking purposes.  For what combinations of gas and liquid flow rates 
will the proposed stripping tower achieve the desired reduction in contaminant 
concentration? How would you redesign the tower for a typical home which uses water 
at a rate of  
1 gal/min on average? 
 
 To answer the above questions, completely characterize the laboratory stripping 
tower.  Determine pressure drop, flooding point, and the number and height of transfer 
units as a function of gas and liquid flow rates, and provide comparisons between your 
experimental observations and that which would be predicted from correlations 
available in the literature.  Note that the pressure drop and flooding characteristics can 
be studied in the absence of the solute 1,1,1-trichloroethane. 
 
Background 
  
  The following is a very brief summary of the important background information.  
Students should peruse Chapter 22 (pages 617-644, at least) of the textbook by McCabe 
et al. (1985) in preparation for this project.  The description below is based on 
equations, notation and figures from that book, which is on reserve in the Engineering 
Library. 
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Figure 1.  Sketch of a Packed Column with Countercurrent Flow 
(x and y are mole fractions of solute in the liquid and gas, respectively; ZT is the height 
of the packed column.) 
 
 Notice that an operation of the type depicted in Figure 1 can be used to transfer a 
solute either from the gas to the liquid (gas absorption) or from the liquid to the gas 
(desorption or stripping), depending on the direction of the driving force.  The 
following methods of analysis and design apply to either case. 
 
 Pressure Drop and Flooding.  When gas and liquid streams flow through a packed 
column or tower (countercurrently in this case, as shown in Figure 1 above), the 
pressure drop over the column depends on both flow rates.  If the pressure drop is 
plotted on the ordinate versus gas velocity at a fixed liquid velocity, the curve is nearly 
linear at low velocities and then increases sharply, approaching an infinite slope, at 
higher values.  This very steep slope is an indication of "flooding" conditions in the 
column -- conditions under which the liquid becomes the continuous phase in local 
regions of the column.  Packed towers are usually operated with the gas velocity at 
about one-half of the flooding velocity. 
 
 A generalized correlation for pressure drop and flooding in packed columns is given 
in Figure 22-4 in the book by McCabe et al. (1985).  A number of other correlations 
can be found in the literature (Perry et al., 1984; Robbins, 1991). 
 
 Design Equations.  Material balances and expressions for the rates of mass transfer 
lead to the following design equation for the required height of a packed column. 
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where Gx = liquid mass velocity based on total tower cross section, lb/(h ft2), 

   KLa = overall mass-transfer coefficient for the liquid phase, h-1, 
   x = mole fraction of solute in the liquid phase, 
   x a = mole fraction of solute in the inlet liquid, 
   x b = mole fraction of solute in the outlet liquid, 
   x* = equilibrium mole fraction in liquid corresponding to y, the mole  
     fraction of solute in the gas phase, 
   ZT = height of the packed column, ft 
   ρx = density of the liquid, lb/ft3 
 
 Equation (1) is commonly written in a simpler form by defining the height of a 
transfer unit (HTU), Hox, and the number of transfer units (NTU), Nox, as follows: 
 

 
H
ox

=
G
x

!
x
K
L
a  (2) 

  
where  Hox = overall height of a transfer (HTU) based on the liquid phase, and 
 

 Nox =
dx

x * !xxa

xb
"  (3) 

where  Nox = number of transfer units (NTU) based on the overall driving force for 
   the liquid phase. 
 
 For dilute solutions where Henry's law applies, 
 
 y =mx*   (4) 
 
where m is the distribution coefficient, determined by Leighton and Calo (1981) for 
1,1,1-trichloroethane in the air-water system to be given by 
 

 m = exp 21.68 ! 4375 T( )  (5) 
 
where T = temperature in degrees Kelvin. 
 
 Under the condition of constant m, the integral in Equation (3) can be expressed 
analytically to give 
 
 Nox = (xa - xb)/ΔxL (6) 
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where ΔxL is the logarithmic mean of xa - xa* and xb - xb*. 
 
 A number of correlations can be found in the literature for the transfer coefficient 
KLa in Equation (2).  See, for example, Equations (29) through (31) in Chapter 22 of 
the book by McCabe et al. (1985) and Chapter 18 of Perry's Chemical Engineers’ 
Handbook (Perry et al., 1984). 
 
 
Some Useful Information 
 
Properties of 1,1,1-trichloroethane 
 molecular weight = 133.42 

 gas phase diffusivity = 8.46x10-2 cm2/s 
 liquid phase diffusivity = 0.938x10-5 cm2/s 
 
Column Parameters 
 packing:  3/8-inch ceramic Raschig rings 
 column diameter:  4.0-inch ID 
 packed height:  33 inches 
 
Rotameter for Liquid Flow 
 The calibration of the rotameter for the liquid flow is given by the following 
equation,  relating the actual flow rate F, in gpm, to R, the flow rate indicated by the 
rotameter  reading.  The equation is valid over the range 0.5 to 3.0 gpm: 

   
  F = 0.0989 + 1.034 R 
 
 

Gas Chromatograph (GC) 
 The laboratory instructor or the TA will provide instructions in the lab for 
 operating the gas chromatograph (GC).  The calibration, which must be 
verified in the lab, for the GC is given by the following equation relating the 
 concentration, C, in ppm to the area, A:  
  C = Constant *Area 
  The constant could be = (2.82 x 10-5 ) 
 The coefficient in the equation should have a standard deviation of 0.08 x 10-5 
or less  

 
System Operation  
(Refer to the schematic diagram of the system in Figure 2.) 
 
1. To open a valve, turn the handle to line up parallel to the direction of the pipe.   
  To close a valve, turn the handle to be perpendicular to the direction of the pipe. 
 The handle at the water inlet should be down to let water flow to the system. 
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2. Initially, make sure that all valves are closed. Then proceed to open valve E only.  

Allow the water to flow for about five minutes. Inspect the flow in the clear section of 
tubing, and allow water to continue to flow until it appears clear and rust-free. 

 
3. When the water is rust-free, either tank may be filled, or the system may be prepared 

for the experiment.  
 
4. In order to fill tank 1, first open valve A.  Next open valve F, and close valve E (all 

other valves should still be closed). 
 
5. When you are ready to run the experiment, you must first "prime the pump." Priming 

involves running water through the pump under pressure to eliminate air, which can 
damage the pump. To prime the pump, open valves C and F, taking care that all other 
valves are closed. Wait for approximately five minutes. When the pump is running 
smoothly and quietly, it is primed and ready for the experiment.  The experiment may 
commence by opening valves A, D, and G and closing valves C, F, and H. 

 
6. The 1,1,1-trichloroethane-water solution is fed to the column from tank 1.  If you are 

unable to get full liquid flow rates, there is air trapped in the pipes or pump.  To purge 
the system of air, open both tank outlet valves (A and B), turn on the pump, then 
close the valve of the tank from which liquid is not being drawn. 

 
7. To adjust the air flow rate open valve 1 and then slightly open valve 2 to give you the 

desired flow rate. The pressure of the flowing air will be regulated by the regulating 
valve. 

 
8. To shut down the system, first shut off the pump and then the water flow at the water 

inlet by raising the handle back to its original position, perpendicular to the direction 
of the pipe. Drain both tanks and then close all valves.  

 
9. Drain the liquid from tank 2 using the submersible pump. 
 
 
 
 
 
 
 
Operation of the Gas Chromatograph (GC) 
 
The following is a sketch of procedures for perusal prior to the scheduled laboratory 
period.  The laboratory assistant will review these steps and give further instruction in the 
lab. 
 
 Preparation, operation and analysis 
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• To prepare for sample analysis, the flame for the flame ionization detector (FID) must 
 be lit and the carrier gas (He) flowrate adjusted.  Follow these steps: 
 
1. Set gas flowrates: helium to 30-35 psig 
  hydrogen to 30 psig (10 -7 ml) 
  air to 5-6 psig  (100ml) 
 
2. Check settings on the GC. The range should be 100; the output, 2; the temperature 

100 degrees Celsius; and the Input ΔT, off. The restrictors at the lower front should 
not be adjusted. 

 
3. Turn on the GC and push the ignite button for 1-2 seconds. There should be a small 

pop. Check to see if the flame is lit with a small shiny metallic or mirrored object. (It 
is a good idea to put this object in the ice maker before checking for a flame so that 
moisture will condense on the object more easily. Be sure to wipe the moisture off the 
object after letting it sit in the ice maker.) 

 
4. When the flame is lit, slowly decrease the hydrogen pressure to 25 psig.  As changing 

the flowrates may extinguish the flame, check to insure the flame is still lit, and 
repeat the above steps until the proper pressures have been obtained with the flame 
ignited. 

 
 
• To get the integrator operational: 
 
5. Turn on the integrator using the switch on the rear panel. Insert the date after the 

prompt in the form 8/31/93 and hit enter. Insert the time in the form 14:15:16 and hit 
enter. To set the attenuation, type ATTENUATION and the proper setting 4, The 
default for the attenuation setting is 1. 

 
6. If an error is made setting the time or date, shift twice, type in DATE or TIME, shift, 

", and then enter the time or date as in step 1. 
 
 
• The equipment is now ready for a sample. To do the analysis on a sample: 
 
7. Collect a sample of the liquid through the sampling valve into one of the small vials 

provided. 
 
8. Load the syringe, to 6-7 ml, with a sample from the vial and adjust the volume of 

liquid in the syringe to exactly 5 ml by ejecting the excess liquid.  In that ejection 
process, be sure to purge all the trapped air. 

 
 



 77 

9. Inject the sample into the concentrator by screwing the syringe into the injection port, 
turning the valve indicator arrow toward the injection port, and slowly injecting the 
complete sample.  (Beware that when the syringe is attached, the pressure in the 
instrument will tend to force the plunger outward.  Maintain a force manually on the 
plunger to prevent its movement.)  Turn the valve indicator arrow so that it points 
away from the injection port and remove the syringe. 

 
10. Purge the sample by pushing the "Purge Start" button. The purge should be set for 11 

minutes. 
 
11. When the purge is complete, the "Desorb Ready" light will come on. At the same 

time turn the switch on the concentrator from purge to desorb and push "inj A" on the 
integrator. 

 
12. After the integrator has stopped registering peaks (approximately 2-3 minutes), push 

"inj A" again. Then rotate the valve indicator arrow toward the drain and depress the 
"Auto Drain" switch.  When all of the sample has drained, depress the "Auto Drain" 
switch again. Turn the switch from desorb to purge. 

 
13. Depress the "Trap Bake" switch. Bake the trap for 2-3 minutes, then depress the 

"Trap Bake" switch. 
 
14. Let the trap cool until the temperature indicated by the digital display on the top left 

of the concentrator is 30 degrees Celsius or less.  The concentrator is now ready for 
another sample. 
 
 

 Shutting down 
 

1. Turn off the power to the GC, integrator, and concentrator. 
 
2. Open the top of the GC. 
 
3. Shut off the hydrogen and air flow by closing the valve on the top of each tank.  

Do not use the regulator valves for this purpose. 
 
4. DO NOT shut off the Helium flow for 30 minutes. This is important as it allows 

the GC to cool down properly. 
 
5. Rinse the syringe and the vials, and store the syringe in the Styrofoam packing 

and box. 
 
6. Close the top of the GC. 

 
 
 Other Notes 
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  HIGHLY CONCENTRATED 1,1,1 TRICHLOROETHANE SOLUTIONS   
SHOULD NEVER BE FED TO THE CONCENTRATOR. 
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Figure 2.  Schematic Diagram of the Apparatus 
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PARTICLE IMAGE VELOCIMETRY 
 
 Particle Image Velocimetry (PIV) is a noninvasive method for measuring local 
velocities in a flow field.  PIV is used in laboratory environments to measure various 
flow phenomena under a wide range of conditions.  In industrial settings, PIV finds use 
for measurements in hostile environments where other types of sensors might not survive 
or in flows for which conventional measurement systems may disrupt the flow field.  A 
key advantage of PIV is that it is capable of simultaneously determining a two-
dimensional velocity profile map over a fairly wide area.  This makes it particularly 
valuable for time-dependent flows. 
 
 The objective of this experiment is to use a PIV apparatus to examine the flow 
produced by natural convection from a line source of energy.  The derivation of the 
theoretical velocity profile is attatched, and you should make yourself thoroughly familiar 
with these results prior to the first laboratory session.  Using the PIV measurements you 
are to quantitatively test all the key predictions of the theoretical prediction including 
velocity profile width, magnitude, and variation with distance from the energy source.  
This experiment is quite demanding, however mostly in the set-up and analysis phases – 
the actual collection of images for analysis is extremely fast.  Thus, you must not wait to 
the last minute to analyze your data – or you will certainly run out of time! 
 

Experimental Apparatus 
 
 A laser is combined with a series of mirrors and lenses to produce a thin sheet of 
light that illuminates the flow field.  A small quantity of tracer particles (talc works quite 
well) serve as scattering centers.  The motion of these particles is tracked by a digital 
video camera.  A short video clip is saved as a sequence of jpg images onto the disk.  
These image sequences are analyzed by a particle tracking algorithm written in matlab 
that is provided to you.  The detailed procedure for acquiring the images and analyzing 
them is provided in an appendix to this document.  Calibration images are also required 
so that you can determine where the center of the image is relative to the wire, and to 
determine x (up) and y (horizontal) length scales.  A calibration program and a ruler are 
also provided. 
 
 The flow field is produced by electrical dissipation in a filament.  The filament is 
very fragile, so extreme care should be exercised when stirring the fluid bath or adjusting 
the filament location.  The best working fluids we have found are mixtures of glycerine 
and distilled water (about three liters are required) yielding a range of fluid Prandtl 
numbers.  The particle tracking works fairly well for pure distilled water up to equal parts 
by volume mixtures (Pr = 68).  The solutions should be freshly prepared each laboratory 
session.  The velocity profile is a function of the power dissipated in the wire, so be sure 
to note the voltage and current (and wire length), as you will need these to compare with 
the theoretical predictions. 
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Experimental Objectives 
 
 The purpose of the experiment is to test the validity of the theoretically calculated 
velocity profile.  While the theory is quite elegant, no theory is perfect.  In particular, in 
order to make the problem tractable, the theoretical solution makes a number of 
approximations which are of questionable applicability to our experimental system.  Your 
job is to determine what the model gets right and what it gets wrong.  In the latter case, 
you should try to figure out -why- the deviation occurs: is it experimental error?  Are 
there physical realities not accounted for in the assumptions?  How could the model be 
improved?  Can the analysis of the data be altered in such a way as it more closely 
corresponds to the theory and better reveals causes of any discrepancy?  Note that these 
are all terribly open-ended questions, and thus there isn't going to be any one right answer 
to any of them.  The experimental analysis requires a lot of thought, creativity, and 
insight.  Have fun! 
 
 Specific points of comparison to think about:  The theoretical model quantitatively 
predicts the velocity profile in the x and y directions as a function of the power dissipated 
in the wire and the fluid properties.  For the vertical velocity, you should look at its 
quantitative magnitude and quantitative profile width, and the growth in magnitude and 
width as you move further above the wire.  Does it obey the expected power-law 
relationship?  The model neglects any back-flow (e.g., it is for infinite container width).  
Does this influence the magnitude and width of the profile?  Can you come up with 
alternative ways of analyzing the data which might better account for this effect?  For the 
horizontal velocity (much harder to get accurately!) you can probably most easily look at 
the slope of the velocity near the centerline of the flow field (regression helps here, and 
averages out a lot of the noise!).  Is the magnitude and x dependence about what was 
predicted?  To look at the effect of power and fluid properties, try changing the power 
level and see what the effect on vertical velocity profile magnitude and width is.  Does it 
match the expected power law dependence?  The effect of fluid properties can be 
determined by varying the fluid composition: again, does the effect match what is 
predicted? 
 
 The order in which you do the experiments and analysis is up to you, however I 
would recommend that you devote the first period to obtaining a complete map of the 
velocity field at all heights for a particular fluid and power combination.  You should 
analyze the images, and produce a quiver plot of the composite velocity field.  You will 
need to plot up velocity profiles for different heights above the wire in dimensional form, 
so that you can see how height above the wire influences magnitude and profile width.  
You should also render the velocities and horizontal positions dimensionless, scale all 
these quantities with the appropriate power of x as predicted by the theory, and plot up 
the scaled vertical and horizontal velocities as a function of eta.  In an ideal world they 
would all collapse onto the theoretical relations!  In the second period you should focus 
on the effect of power on the velocity field at one or several heights above the wire, 
determining how the magnitude and width depend on the power.  Again, look at both 
dimensional and dimensionless velocity profile plots.  In the third period you should 
explore the effect of fluid composition.  Start with a high concentration of glycerin and 
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measure the velocity profile at some height above the wire for which good measurements 
can be easily obtained.  Then successively dilute the solution (outside the tank - it needs 
to be well-mixed!) until you work with a fairly dilute solution, and see how the fluid 
properties (mainly viscosity) affect the flow field.  Finally, as is described in detail in the 
theoretical section, the flow field may be strongly influenced by density stratification.  Be 
sure to examine this effect, and determine if it is affecting your data (quantitatively!). 
 
 Your final report should address the experimental objectives mentioned above.   
 

Safety Precautions 
 
 Laser radiation is extremely intense and can cause permanent eye damage if care is 
not used.  Never look directly into the laser beam.  To avoid specular reflections, do not 
wear wristwatches or other hand jewelry when manipulating objects near the laser beam.  
Above all, use common sense. 
 

Literature Sources 
 
Leal, L. G., "Laminar Flow and Convective Processes," Butterworth-Heinemann, Boston, 
1992. 
 
Gebhart, B., et al., "Buoyancy-induced flow and transport," Hemisphere Publ., 
Washington, 1988. 
 
    D. T. Leighton 
    Revised 8/11 
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Flow due to a Heated Wire: The Theoretical Flow Field 
 
 In the vicinity of a line source of energy (in this case the source is a wire carrying 
electrical current) the temperature is elevated.  If the fluid surrounding the source 
expands upon heating (as is the case for most fluids) the fluid near the wire will have a 
density less than that of the fluid far from the wire and hence will rise, driving a natural 
convection circulation pattern.  The velocity field produced is approximately as depicted 
below: 
 

 
 
Note that we take the x direction to be vertical and the y direction to be horizontal (the z-
direction is along the wire and does not figure into a 2-D problem).  This is because the 
flow field may be described as a boundary layer (much the same as flow past a flat plate 
studied in fluids last year), and x is usually taken to be the distance along the boundary.  
While there isn't a boundary here, there is a separation of length scales:  the length scale 
in the horizontal (y) direction is much shorter than the length scale in the vertical (x) 
direction (as we shall demonstrate), which is really what is required for a boundary layer 
type flow. 
 
 This Thermal Plume boundary layer problem is described in a number of transport 
texts.  One reference is L. G. Leal, Laminar Flow and Convective Transport Processes, 
1992, p. 691.  This is the text currently used in the spring semester graduate fluid 
mechanics course.  A complete review of the theory and experiment associated with this 
problem is provided by Gebhart, B., et al., Buoyancy-Induced Flow and Transport, 1988.  
Both texts have been placed on reserve in the Engineering library. 
 
 To derive the equations governing the flow field we need to make a number of 
assumptions or approximations, which ultimately limit the validity of our solution.  We 
begin with the Boussinesq approximation: we assume that the density fluctuations 
resulting from the temperature variations are sufficiently small that the only place where 
they matter is in the buoyancy term of the equations of motion.  This is usually a very 
good approximation for natural convection flows.  We also take all other material 
properties (viscosity, thermal diffusivity, etc.) to be constant (not as good an 
approximation!).  We assume the flow to be strictly 2-D with no variation in the z-
direction.  This would be correct for steady-state flows with an infinitely long wire: 
obviously we'll get into trouble if we are too far above a wire of finite length, such that it 
starts to look like a point source!  Finally, we shall ignore all effects of the boundaries - 
both the side walls (they will induce a finite amplitude recirculation flow) and the top and 
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bottom.  Again, this won't be too bad provided that the flow profile is very narrow, and if 
we are far away from the boundaries! 
 
 We will use conservation of mass, momentum, and energy to describe the flow field 
mathematically.  Thus: 
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where α is the coefficient of thermal diffusivity and µ is the viscosity (assumed constant).  
The density profile is given by: 

 
   ! = ! 0 1 – " T – T0  

 
where β is the coefficient of thermal expansion ([ΔV/V]/ΔT) and ρ0 and T0 are the 
density and temperature far from the source, respectively. 
 
 Far from the wire the temperature and density are constants, and the velocity in the 
x-direction due to the wire is zero.  In this region the pressure distribution is simply that 
due to hydrostatic pressure variation p∞ = p0 - ρ0 g x.  If we subtract this off (e.g., let p = 
P + p∞ ), then the momentum equations become: 
 

   
u !u
!x + v !u

!y = – 1
"
!P
!x + # ! 2u

!x 2 + ! 2u
!y2 + $ g T – T0  

 
   

u !v
!x + v !v

!y = Ð1
"
!P
!y + # !2v

!x 2 + !2v
!y2  

 
where ν is the kinematic viscosity µ/ρ, and we have divided through by the density.   
 
 We also have the boundary conditions: 
 



 85 

   u y ! ±" ! 0  
   P y!± "

! 0  
   T y! ±" !T0  

   
! Cp u T – T0 – k "T

"x dy = Q / L
–#

+ #
 

where Q/L is the energy dissipated per unit length of the wire.  This last condition is a 
statement of conservation of energy.  The energy produced by the electrical dissipation 
has to go somewhere: at steady state the total integrated energy flux (both convection and 
conduction) through any plane of constant x must equal the energy released by the wire. 
 
 To proceed further we need to render the equations dimensionless.  Unlike forced 
convection problems such as flow past a flat plate, we don't have a reference velocity, 
temperature, or even a length scale imposed by the boundary conditions.  In this case 
what we shall do is take these quantities to be unknown constants, plug them into the 
equations, and then choose them so that all the important terms are scaled to be O(1).  
Thus we take: 
 

  x* = x
L x

; y* = y
L y

; u* = u
Uc

; v* = v
Vc

; P* = P
Pc

; T* = T – T0
Tc

 

 
We begin our scaling with the continuity equation.  Substituting in and dividing through 
to render the equation dimensionless yields: 
 

   !u*
!x* + Vc L x

Uc L y

!v*
!y* = 0  

 
It is always the case that, when scaling two dimensional flow problems, both terms of the 
continuity equation must be of the same magnitude.  Thus we choose the quantity in 
brackets to be unity, and we get: 
 

  
Vc = U c

L y

L x
 

 
e.g., the characteristic velocity in the y-direction is related to that in the x-direction by the 
ratio of the two length scales.  Since we are looking for a boundary-layer type solution, 
we expect this ratio to be much less than unity. 
 
 We now turn to the x-momentum equation.  If we substitute back in for Vc, we 
obtain: 
 

   
u* !u*

!x* + v* !u*
!y* = – Pc

" Uc
2
!P*
!x* + # L x

Uc L y
2

!2u*
!y*2 +

Ly
2

Lx
2
! 2u*
!x*2 + $ g Tc L x

U c
2 T*  
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The physical mechanisms which must be preserved are the buoyancy source term (that's 
what drives the entire flow), diffusion of momentum in the y-direction, and the 
momentum convection term.  We will demonstrate in a bit that the pressure gradient term 
is negligible for natural convection flows.  Thus we shall take: 

   ! g Tc L x

U c
2 = 1  and     ! L x

U c Ly
2 = 1  

 
which yields two relations between Uc, Tc, Lx, and Ly.  The physical interpretation of the 
boundary layer length scale (the second relation) is very simple.  The time necessary for 
fluid to be convected in the x direction a distance Lx with velocity Uc is just t ~ Lx/Uc.  
During this time momentum diffuses in the y-direction a distance: 
 

   
L y = ! t 1 / 2 = L x !

U c

1 / 2

 

 
which is the appropriate length scale in the y-direction, at least for the momentum 
boundary layer.  Note that diffusion in the x-direction is of order [Ly2/Lx2] relative to the 
other terms in the equation.  Terms of this order can be neglected in the boundary layer 
limit, e.g., when [Ly2/Lx2] << 1. 
 
 
 Next up in our scaling is the y-momentum equation, which we shall use to obtain the 
correct scaling for pressure variations due to flow.  Again substituting in and using the 
scalings for Ly and Vc derived above we obtain after some manipulation: 
 

   
u* !v*

!x*
+ v* !v*

!y*
= Ð

Pc Lx
µ U c

!P*
!y*

+ !2v*
!y* 2 +

L y
2

L x
2

!2v*
!x* 2  

 
From this equation, we find the appropriate scaling for the pressure variation in the 
boundary layer is Pc = µ Uc / Lx.  We can use this in the x-momentum equation together 
with the definition of Ly to demonstrate that the pressure gradient term is negligible, e.g.,  
 

   Pc

! U c
2 =

Pc

! U c
2

µ Uc
Pc Lx

=
Ly

2

Lx
2

" L x

U c Ly
2 =

Ly
2

Lx
2 < < 1  

 
 Now we look at the energy equation, where we have made the Vc substitution and 
divided through: 
 

   
u* !T*

!x*
+ v* !T*

!y*
=

" L x

U c Ly
2

!2T*
!y* 2 +

L y
2

L x
2
!2T*
!x* 2  
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We have already scaled Ly with Uc and Lx in the momentum equation, however.  The 
scaled energy equation thus becomes: 
 

   
u* ! T*

! x*
+ v* ! T*

! y*
= 1

Pr
! 2T*
! y* 2 +

Ly
2

Lx
2

! 2T*
! x* 2  

 
where diffusion in the x-direction is again of order [Ly2/Lx2] relative to the other terms in 
the equation and thus is neglected.  It is interesting to note that the Prandtl number Pr = 
ν/α divides the diffusive term in the energy equation.  We can't get rid of this ratio by 
scaling, since it is a material property of the fluid.  It always appears in either the 
momentum or energy equations depending on whether we balance the convective or 
diffusion terms in the momentum or energy equations.  For problems where Pr >> 1, such 
as is the case in this experiment, the thermal boundary layer will be much thinner than the 
momentum boundary layer.  In our scaling the momentum boundary layer (e.g., the 
velocity profile we are trying to measure!) will be O(1) in thickness, while the thermal 
boundary layer will be O(1/Pr 1/2) in thickness.  You can actually see the thermal 
boundary layer as a very thin shimmering sheet due to refractive index variations if you 
look closely (laser off, please!) at the profile.  Note that you can't just throw out the 
diffusive term for large Pr, as you would not then be able to satisfy the boundary 
conditions - instead it just leads to a thin thermal boundary layer within the thicker 
momentum boundary layer!  Some references actually rescale y* in the energy equation 
to account for this difference in widths, however we shall not do so here. 
 
 The final bit of scaling comes from the integral boundary condition.  Again inserting 
the above scalings and dividing through yields: 
 

   
u* T* – 1

Pr
Ly

2

Lx
2
!T*
!x* dy*

– "

+ "

= Q / L
# CpUc Tc L y

 

 
Again, we take the quantity in brackets (on the right hand side) to be unity, and ignore the 
x-diffusion term which is of order [Ly2/Lx2].  Putting all this together we get three 
equations for Uc, Tc, and Ly. in terms of Lx:     
 

   ! g Tc L x

U c
2 = 1   ;     ! L x

U c Ly
2 = 1   ;  

   Q / L
! Cp U c Tc Ly

= 1  

 
After some manipulation, these can be solved to yield: 
 

   
L y =

! 3 " Cp

Q / L # g
L x

2

1 / 5

;  

   

Uc =
Q / L ! g
" Cp

2

Lx
#

1 / 5

; 
   

Tc =
Q / L 4

!2 " g # Cp
4
L x

3

1 / 5
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and the ratio: 
 

   L y

L x

2

=
!3 " Cp

Q / L # g
L x

Ð3

2 / 5

 

 
 It is interesting to note that if the scaling of the equations is done correctly, all the 
dimensionless -variables- (e.g., the *'ed quantities) should be of O(1).  In fact, when the 
equations are solved numerically, and Lx is chosen to be the distance above the wire, the 
dimensionless vertical velocity at the centerline of the flow has a value of about 0.9 for Pr 
>> 1, comfortingly O(1).  The width of the profile should also be of O(1), with the 
numerical solution yielding a value of around 1.2 for where the velocity falls to 50% of 
its maximum.  This O(1) property of scaling means that you can make a pretty good 
guess of the magnitude of the velocity and profile width without ever actually solving the 
equations!  It also suggests that if the dimensionless values you get by solving the 
equations -aren't- of order unity, then you should probably go back and re-scale things! 
 
 While the characteristic scaling values derived above look complex, they arose in a 
natural way from the balancing of physical mechanisms in the equations of motion.  The 
dimensionless equations, neglecting all terms which are of O([Ly2/Lx2]), become: 
 

   !u*
!x* + !v*

!y* = 0  

 
   u* !T*
!x*

+ v* !T*
!y*

= 1
Pr

!2T*
!y* 2  

 
   u* !u*
!x* + v* !u*

!y* = !2u*
!y*2 + T*  

 
   

u* T* dy*
– !

+ !
= 1  

 In the above derivation we have made a number of approximations to simplify the 
equations.  In no particular order, these are: 
1) The Boussinesq approximation, βTc << 1 ;     1

µ
! µ
! T Tc < < 1   (no viscosity variation) 

2) Two-Dimensional flow, [Ly2/Lz2] << 1 (Lz is the length of the wire) 
 
3) Steady-state flow 
 
4) The boundary layer approximation, [Ly2/Lx2] << 1.   
 
5) An infinite, uniform medium (no stratification or wall effects) 
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 It is interesting to note that all parameters except the Prandtl number have been 
scaled out of these equations, and yet we have not had to specify Lx, the characteristic 
length scale in the x-direction.  This occurs often in boundary-layer problems (problems 
where there is a large separation in the length scales in flow and cross-streamline 
directions), and results in a similarity solution. 
 
 A key result of the above scaling analysis is the dependence of the characteristic 
length scale in the y-direction and the characteristic velocity on Lx.  We find that Uc 
varies as Lx1/5, and Ly varies as Lx2/5.  This suggests that the velocity will increase as x1/5 
power as we move up above the wire, and that the width of the velocity profile will 
increase as x2/5.  We will make use of these scalings in developing our similarity solution 
to the transport equations. 
 
 The flow pattern produced by a line source is two-dimensional, thus we may define a 
stream function ψ: 
 

       u* = !"*
!y* ; v* = – !"*

!x*  

 
In terms of the streamfunction the equations become: 
 

   !y
* !x y

* – !x
* !y y

* = !y y y
* + T*  

 
   !y
* T x

* – !x
* T y

* = 1
Pr T yy

*   ;     
!y

* T* dy*
–"

+ "
= 1  

 
where subscripts denote partial derivatives with respect to the argument.  The similarity 
transform is given by: 
 

      !* = x*3 / 5 f (")   ;     T* = x* Ð3 / 5 g (!)   ;     ! = y*
x*2 / 5   

    with     u* = !y
* = x*1 / 5 f '(")  

 

   
and     

v* = Ð! x
* = Ðx* Ð 2 / 5 3

5
f (") Ð 2

5
" f '(")

 
 
We may also find the velocity derivative of interest: 
 

   ! v*
! y*

= Ð" x y
* = Ðx* Ð 4 / 5 1

5
f '(# ) Ð 2

5
# f "(#)  

 
and the resulting ODE's: 
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  f ''' = – g + 1

5 f ' 2 – 3
5 f f ''   ;    g ' = – Pr 3

5 f g  

 
 
where primes denote derivatives with respect to the similarity variable η.  We also have 
the transformed boundary conditions: 
 

f(0)  =  f ''(0)  =  0 
 

f ' -> 0  as  η -> ° 
 

   f ' g d!
–"

+ "
= 1  

 
 The boundary conditions at η = 0 are symmetry conditions: both v* and    !u*

!y*  must 

vanish at the centerline.  These equations may be solved numerically as a function of the 
Prandtl number.  The procedure for solving the equations numerically is to set them up as 
a system of four first order differential equations for f, f ', f '', and g.  We have initial 
conditions for f and f '', but we must determine initial conditions for f ' (the dimensionless 
velocity) and g (the dimensionless temperature) at the centerline.  We do this by using the 
shooting method, guessing values of f '(0) and g(0) and iterating until both the boundary 
condition f '(∞) = 0 and the integral boundary condition are satisfied.  The integral 
boundary condition may be tracked by simply adding its integral as a fifth first order 
differential equation in the integration process. 
 
 Plots of the solution for Pr =68 are given in the following diagram.  Note that the 
dimensionless velocities have been scaled by the dependence on x* predicted by the 
similarity solution.  The program which generated this diagram is available at the URL: 
 
http://www.nd.edu/~dtl/cheg459/pivexperiment 
 
 You should be prepared to discuss these theoretical results and, in particular, be able 
to estimate where the approximations which led to the solution will break down.   
 

Stratification Issues 
 
 One assumption which is often violated in experiments is that the fluid is uniform: 
that there is no vertical density stratification.  There are many possible causes of 
stratification.  For example, the wire itself locally heats the fluid, and the warm fluid 
flowing upwards eventually leads to a vertical stratification in temperature.  The mixing 
of water and glycerin is exothermic, causing the temperature of the mixed solution to be a 
few degrees higher than the ambient temperature.  While (if well mixed!) this does not 
directly produce stratification, the now colder walls exposed to the lab air cause a cold 
draft that pools down on the bottom of the container.  Incomplete mixing causes density 
stratification due to composition (a slightly higher glycerin concentration in the fluid near 
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the bottom, and the reason why you need to mix thoroughly!).  The effect of all these 
sources of stratification is fairly straightforward: since the flow due to the heated wire 
draws fluid upwards, the flow is resisted by any vertical density stratification.  This is 
evident in a couple of features of the profile: First, the profile is slightly "pinched in" in 
the y-direction, with negative velocities in the vicinity of the primary vertical upward 
flow.  This is caused by the denser fluid flowing back down (sort of the return flow of a 
fountain).  Second, it massively suppresses the flow at very low power levels.  For really 
low wattages the temperature differential produced by the wire is unable to overcome the 
vertical density stratification at all, and the flow basically disappears.  Finally, the 
stratification is most easily seen if you simply turn off the power and continue to watch 
the flow.  If there is no stratification, the flow will simply slow down and stop (after a 
short interval).  If there is vertical stratification, however, the denser fluid which was 
drawn upwards by the flow will "rebound" through the center, producing a broad inverse 
flow of lower magnitude. 
 
 There are several ways we can deal with stratification.  First, you should try to avoid 
it in the first place.  Using the information from the Dow website (and the physical 
parameter matlab programs we provide based on that data), you can determine the 
exothermic gain in temperature upon mixing.  By pre-cooling the water to an appropriate 
degree, you can prepare a solution which, when mixed, matches the laboratory 
temperature.  Second, you will need to mix your solution thoroughly, and if stratification 
occurs simply pour it back into your container and shake it up again.  You can also 
estimate the temperature gradient produced by your heating of the fluid over time from an 
energy balance, allowing you to determine how long and at what power you can run the 
filament before causing stratification.  Finally, you can directly measure the temperature 
profile in the vertical direction using the thermocouple, and experimentally determine the 
vertical temperature gradient.  This can be combined with the theory to determine a 
figure of merit to see where stratification will be an issue. 
 
 To see how to do this theoretically, consider what happens in the absence of 
stratification (and for which the self-similar solution is valid).  We are interested in the 
fluid density profile at a given vertical position above the wire.  The density profile will 
be the result of two effects: the convection of the heated fluid upward by the flow 
(essentially that provided by the self-similar solution to the temperature distribution), and 
the density profile due to the stratified fluid being drawn up to higher vertical positions 
(x).  The stratification will be a problem when the integrated buoyancy due to these two 
effects becomes comparable.  The first is just the integral of the temperature distribution 
over y: 
 

   Plume Buoyancy = ! " g T ÐT0 dy
Ð#

+ #

= ! " g Tc L y x * Ð 1/ 5 g d$
Ð#

+ #

 

 
Note that this decreases as we move up above the wire.  This is because, even though the 
thermal profile (much narrower than the velocity profile at large Pr) is increasing with x, 
the temperature is decreasing.  For large Pr the thermal plume is much narrower than the 
velocity profile.  This means that over the entire thermal plume, the velocity is 
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approximately that of the centerline.  Thus the integral boundary condition (energy 
balance) used in self-similar solution can be used to estimate the integral of g alone: 
 

   1 = f ! g d"
–#

+ #

$ f !(0) g d"
–#

+ #

% g d"
– #

+ #

$ 1
f!(0)  

 
The buoyancy due to density stratification depends on both the density gradient and the 
distance we are displacing the fluid.  If the former is due to a vertical gradient in bath 
temperature ∂T0/∂x, we have the buoyancy integral: 
 

   
Stratification Buoyancy = Ð! " g #T0

#x x Ðx0 dy
Ð$

+ $

 

 
where x0 is the vertical position that a fluid particle at (x,y) originated from (x0,°) due to 
the flow field.  We may determine this by using the streamfunction.  Remember that the 
streamfunction is constant along a streamline.  Thus, we have that: 
 

   ! x , y = ! x 0 ,"  

 
Using the self-similar solution for the streamfunction we have the simple expression for 
x0: 
 

   
x0

* 3 / 5 f(!) = x* 3 / 5 f
y*

x* 2 / 5  

 
or the equivalent displacement in the x-direction: 
 

   
x* – x 0

* = x* 1 – f (!)
f (")

5 / 3

 

 
The ratio of this stratification-induced buoyancy to that produced by the heated wire is 
thus simply: 
 

   
Ratio =

!T0
!x
Tc
L x

x *8 / 5 f "(0) 1 – f (#)
f($)

5 / 3

d#
–$

+ $

 

 
Dimensionally, you can see that the ratio increases with height above the wire (to the 1.6 
power in x) and is proportional to the ratio of the thermal stratification gradient and 
Tc/Lx.  The integral is an O(1) function of Pr, and is generated by the theoretical program 
heatedwire.m.  For large Pr (even for pure water, Pr ~ 7) it has a value of about 3.2.  This 
suggests conditions under which stratification is likely to be significant and observable: 
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low power, far above the wire, and large vertical temperature gradients.  You should 
quantitatively compare your experimental results to this criterion and see if it can be used 
to describe some of your deviations from theoretical predictions. 
 
 
The following fluid properties may be a useful starting point: 
 
50% by volume glycerin / water: 
 
ν = 7.46x10-2 cm2/s 
Cp = 3.09 J/goC 
ρ = 1.145 g/cm3 
α = 1.11x10-3 cm2/s 
β = 5.3x10-4  1/oC 
nD = 1.407 
 
Properties of glycerin-water solutions as a function of concentration may be obtained 
from the Dow Chemical website: 
 

http://www.dow.com/glycerine/resources/physicalprop.htm 
 

We have taken this data and created a set of matlab functions which return the properties 
for arbitrary compositions (mass fraction) and temperatures.  These functions are 
available on the website for the experiment: 
 

http://www.nd.edu/~dtl/cheg459/pivexperiment/ 
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Detailed Experimental Instructions 
 
1. Camcorder Operating Basics 
 To turn the camcorder on, switch the dial with the green button in the back to 

“camera”.  The button with the red dot next to the on-switch will pause and resume 
recording.  To play back the movie, switch the dial to “VCR.”  Only the “camera” 
position will be needed in this experiment. 
 

2. Preparing the Mixture 
 Measure out a 3L solution of water and glycerin.  Using the information on the heat 

of mixing and heat capacity of the solution, determine an ideal water temperature to 
“cancel out” the heat of mixing.  Alternatively, use the lab refrigerator to cool the 
solution down to room temperature – but not too cold!  Mix the solution well by 
shaking it for about 5 minutes in a Nalgene container (water and glycerin do not 
mix easily, so a lot of mixing is required).   

 
3. Seeding the solution 
 Add in approximately 0.04g of Talc to the Nalgene container and shake it briefly.  

Pour the solution into the glass tank, and use a stirring rod (or the ruler) to scrape 
off bubbles from the side of the tank.  Keep the sides clean, as that will lead to 
much better images!  Insert the wire into the tank, being careful not to break it! 

 
4. Recording Settings 
 Because the laser is hard to capture at normal exposure, the camcorder settings have 

to be changed.  Open the LCD screen to expose 14 gray buttons.  One of the last 
rows has the setting, “digital effects.”  Pressing it opens an option box that will be 
flashing on the LCD display.  When the box appears turn the Selection dial until 
you see “Slow Shtr”.  The Selection Dial is located on the bottom left side of the 
camcorder.  After that option is found, press in the Selection Dial to choose this 
option.  Next a number should appear.  Change the number with the same dial to 
read “1.” 

 
5. Adjusting Camcorder Position 
 Place the camcorder on the tripod and adjust the height to match the level of the 

laser.  Only the box holding the solution should be moved after this point. 
 
6. Focus and Zoom 
 Use Auto focus and zoom in slowly.  Once the image begins to blur change the 

focus to manual to make any fine adjustments.  The focus switch is located near the 
lens in front of the LCD display. 
 

7. Capturing Film Clips 
 Because there is a direct link to the computer, no tape is needed.  Remember to 

label every experiment immediately after recording.  When the camera is connected 
to the computer, open iMovie from the menu bar on the computer monitor.  Below 
the iMovie viewing screen is a camcorder icon and a magnifying glass icon.  Switch 
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the selector to the camcorder.  When the camera is ready, click import to start 
streaming the video to the computer.  Note that you don't have to record very long - 
the velocity distribution at a particular tank location can be captured in about 1/2 
second! 

 
8. Calibration 
 With the flow system exposed to room light, insert a ruler into the tank and capture 

a brief clip for calibration purposes.  You should also measure the height of the 
wire above the bottom of the tank with the same ruler, as analysis requires 
determining the location of the image centers relative to the wire, not the tank 
itself.  It is useful to insert a sheet of white paper behind the tank to make it easier 
to see the markings on the ruler. 

 
9. Adjust Lighting 
 Hang a black curtain over the camcorder and cover the front of the experiment area.  

You should now be ready to measure the velocity profile.  Make sure the flow field 
has settled down after inserting the ruler before your measurements! 

 
10.  Preparing Movies for Analysis 

Once the images have been collected, 15 frames need to be saved for analysis with 
Matlab.  From the list of movies on the right, drag your movie clip down to the 
editing area.  On the far left of the iMovie window is a square film strip icon next to 
a clock icon.  The only way to remove a movie from the editing area is to have it on 
the film strip setting.  To edit movies, click the clock icon.  While in the editing 
mode, find the beginning of the 15 frames that you would like to capture.  You have 
to move the playhead that appears at the top of the editing area (a small triangle).  
Then go to the menu option “edit,” and then click “split video at playhead.”  Move 
the playhead over 15 frames and repeat the split.  Then delete the excess video.  To 
delete change the setting to the film strip icon and drag the excess footage to the 
iMovie trash at the bottom of the window. 

 
11.  Converting Movies to Image Sequences 

Once the 15 frames are the only thing in the editing area, go to “file” and click 
“share.”  At the top of the window that appears click on the Quicktime icon.  In the 
“compress movie for:” dialog box choose “expert settings” and then click share.  
Choose a name for the frames.  This will be the base name of individual images, 
and must be different for every clip you wish to analyze.  You also need to choose a 
directory.  The export settings should be correct, but make sure that in the “Export” 
dialog box it reads “movie to image sequence” and that under “options” the file 
setting is “jpeg.”  Then click save. 

 
12.  Storing and Analyzing Files 

Once the files have been saved, go to the directory, create a new folder and move 
the files to it.  Move the Matlab programs into this directory also.  Use this folder to 
work with while in Matlab.  Analyze each set of images using pivanal.m and 
pivplot.m, running the calibration program calibration.m as necessary.  Note that 
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you need to change the pixel calibration settings every time you move or adjust the 
camera.  Vertical motion of the tank shouldn't change the calibration, and you can 
use the micrometer on the vertical adjustment slide for the tank to determine the 
change in vertical position of the wire between successive sets of images.  Thus, 
you can avoid reinsertion of the ruler for calibration between each set - and the 
resulting disturbance of the flow field - allowing faster data acquisition.  Be sure to 
write down the position, however! 

 
13.  Analyzing Multiple Sets of Images 
 You will need to analyze multiple sets of images to build up a complete picture of 

the flow field.  This can be easily done after all of them have been analyzed 
individually, as the program pivplot.m saves the position and velocity data under a 
filename corresponding to the names you chose for each image sequence.  You will 
need to write an analysis program which loads each of these data files in sequence 
and appends the data to a master list of positions and velocities.  At this point it is 
simple to produce a quiver plot of the velocities over the entire tank, or to select 
data points within restricted ranges in the vertical direction to evaluate profile 
evolution.  Note that you could collapse all the data onto a single curve (that is, if 
the theoretical model is perfect!) by rendering velocities and corresponding 
horizontal positions dimensionless, scaling them appropriately with x, and then 
plotting the scaled velocities vs. the similarity variable.  Looking through the 
program pivplot.m should give you some ideas what sorts of plots would be useful 
and interesting in comparing theory to experiment.  Be creative! 

 
14.  Save Your Work 
 Don't count on any of the information you leave on the computer to remain there 

from week to week.  Thus you should save any of the data files you want to keep 
for preparing your report on your own AFS account.  In particular, you may wish to 
save the particle link files and particle velocity files.  The program pivplot.m does 
not require any of the image files to run, just the particle link data generated by 
pivanal.m and the calibration information.  You thus do not need to save the image 
files.  Pivplot.m also has the added advantage that it doesn't require the full release 
versions necessary for the image analysis - and thus will run on student versions of 
matlab. 

 
Image Trouble Shooting:  Pivanal.m Parameter Descriptions 
 
threshold 
The threshold sets a minimum brightness level to determine where the particles are.  A 
threshold of 50 is the default value.  For most images, this should track enough particles 
to give a meaningful profile.  If the images are somewhat blurry or there are holes in your 
velocity profile, lower the threshold by increments of 5, until a better collection of 
particles are found.  Lowering the threshold too much may clutter your velocity profiles. 
 
gain 
Another way of increasing the number of points is to lower the gain.  Lowering the gain 
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will allow weaker lit particles to survive the filtering of the image.  The threshold, 
however, has a greater impact on the image than the gain. 
 
minframes 
A particle must be tracked for a minimum number  of frames in order to have its velocity 
calculated.  This parameter is defined in pivanal.m as 
 
minframes=min(npics/2-.1,5.5) 
 
The velocities are sometimes not calculated correctly at higher power where the velocity 
is higher.  In order to fix improper tracking and velocities, change the value in the 
minframes expression to a new value and run the analysis again.  A larger number will 
require a spot to be in more frames. 
 
maxdist 
The maximum distance that a particle can travel, and still be analyzed as the same 
particle, is defined by the maxdist variable.  The purpose of this variable is to ensure that 
two particles don't get mistaken as the same particle.  This is mainly a concern with low 
velocities.  At large velocities, however, the particles start traveling out of this radius due 
to their speed.  Increase the maxdist parameter if this appears to be the problem.  If a few 
velocities appear too high, the program may have mistaken a new particle as an old one 
and the parameter may need to be decreased. 
 
Corollary: If you would like to investigate the horizontal velocities and believe that the 
program is not tracking the velocities correctly, change the xfactor value.  The xfactor is 
the ratio of the maximum distance a particle can travel in the vertical direction compared 
to the horizontal direction.  This should not be much of an issue. 
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Coupled Tank Level Control 

 
For full student’s lab manual, please open the attached link 

CoupledTanks_Student.pdf
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IV.  APPENDIX:  A NOTE ON STATISTICS 
 
In analyzing your experimental data you will make use of linear regression.  It is 
important that you also estimate the errors in your fitting parameters, and the errors in 
your model predictions.  I offer here a few simple expressions you can use in this 
analysis.  More detailed information and background can be found in statistics texts, or 
off the net in the CHEG 258 notes.  The relevant pages are pp 76 - 118.  There are also 
several matlab example programs which illustrate the statistical analysis procedures.  The 
URL for the course is:  http://www.nd.edu/~dtl/cheg258/cheg258.html. 
 
 Suppose we have a set of n observations bi which are made at some times or 
positions ti (this depends on the problem you are looking at, of course).  We wish to fit 
the data with an m parameter linear regression model: 
 

bi ≈ xj !j (ti)!
j = 1

m
 

 
This can be written most easily in matrix form: 
 
b ≈ A x 
 
where the matrix A is the n x m matrix of modelling functions.  The m x 1 column vector 
x is the vector of modelling parameters.  Note that the modelling functions do not have to 
be linear functions of t, rather linear regression simply requires that the model be linear in 
the modelling -parameters- x. 
 
 The unweighted least squares minimization problem is simply the set of parameters x 
which minimizes the 2-norm: 
 
min

x
 || A x  - b || 2 

 
It can be shown that the vector x is the solution to the m x m set of linear equations: 
 
ATA x = AT b 
 
The solution to the problem is just: 
 
x = [ATA]-1 AT b = K b 
 
where the matrix K is defined as K = [ATA]-1 AT.  This is a very convenient relationship 
as it immediately illustrates how the fitting parameters are related to the observed 
variables b.  Specifically, the parameters are linear combinations of these variables, and 
as a consequence it is easy to calculate the variance of the parameters!  If the each of the 
observations b are normally distributed random variables, then the fitting parameters will 
also be normally distributed. 
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 Recall that the variance of a random variable z with mean µz is given by: 
 
σz2 = E{(z - µz)2} 
 
where E denotes the expectation value over many realizations.  If z is a vector instead of 
a scalar, we can define the matrix of covariance: 
 
Σ  z2 = E{(z - µz) (z - µz)T} 
 
where the diagonal elements of this square matrix are just the variances of each of the 
individual elements of z (we want z to be a column vector here).  The off-diagonal terms 
represent the covariances of each of the elements of z, and will have non-zero values if 
the variability of, say, z1 and z2 are not independent.  If each of the elements are 
statistically independent then the matrix will be diagonal. 
 
 Using all this, we can determine the matrix of covariance of the fitting parameters.  
We get: 
 
Σ  x2 = E{(x - µx) (x - µx)T} = K E{(b - µb) (b - µb)T} KT = K Σ  b2 KT 
 
where the matrix of covariance of modelling parameters is thus determined in terms of 
the matrix K calculated from the matrix of modelling functions and the matrix of 
covariance of the observations. 
 
 Usually you do not know the error in the individual observations b , so it is useful to 
calculate these from the scatter in the data itself.  If we make the assumptions that the 
error in each of the observations is independent and that they are equal, the covariance 
matrix Σ  b2 just becomes the product of σb2 and the identity matrix: 
 
Σ  b2 = σb2 I 
 
Assuming that the deviation of the data from the best fit model is due to random error 
(not systematic bias) we can calculate the variance σb2: 
 
!b2 = 1

n - m  || A x  - b || 2 
 
where n is the number of observations and m is the number of modelling parameters.  
With these assumptions the matrix of covariance of the fitting parameters becomes: 
 
Σ  x2 = σb2 K KT 
 
with the diagonal elements being the elements of particular interest. 
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 We may also consider the predictions based on the best fit modelling parameters.  
Often we wish to extrapolate or interpolate our experimental results based on the fitted 
parameter values.  These predictions will also have some error associated with them, and 
it is useful to calculate this statistical uncertainty.  Suppose we wish to predict the value 
of b at some time t.  We thus have: 
 
bp = a(t) x = a(t) K b 
 
where a(t) is the row vector (1 x m) of modelling functions evaluated at time (or position) 
t.  Again, we find that the prediction is a linear combination of the original observations.  
The variance in the predicted value bp is thus given by: 
 
σbp

2 = a(t) K Σ  b2 KT aT(t) 
 
For independent, constant variance in the observed values b, this reduces to: 
 
σbp

2 = σb2 a(t) K KT aT(t) 
 
The variance in the predicted value for a number of values of t can be determined 
simultaneously by replacing the array a(t) with a matrix.  In this case only the diagonal 
elements of the resulting matrix Σ  bp

2 have any importance. 
 
 Finally, often we wish to calculate non-linear functions of random variables.  Unlike 
linear combinations of normally distributed variables (e.g., variables whose distribution 
may be described by the normal or Gaussian distribution), non-linear combinations 
generally result in non-normally distributed variables.  If the variance of x, say, is 
sufficiently small, however, then the function z=f(x) will be well approximated by a 
normally distributed variable.  We may derive an equation for the variance in z by using a 
multivariable Taylor series expansion for f(x) about the expected value of x, E(x) = µx: 
 
z = f(x) = f(µx) + ∇f(µx) (x - µx) + 1

2
 ∇∇f(µx) : (x - µx) (x - µx)T + ... 

 
Taking the expectation value of this expression, we obtain: 
 
µz = E( f(x) ) = f(µx) + 1

2
 ∇∇f(µx) : Σx2 + ... 

 
The variance in z is thus given by: 
 
Σ  z2 = E{(z - µz) (z - µz)T} = (∇f )Σ  x2 (∇f )T + O{ (∇∇f : Σ  x2 )2 } 
 
which works just as well for vector functions of x as it does for single scalar functions.  
Note that the above formula reduces to the simple multiplication and division rules for 
error propagation you are all familiar with, and also shows where the approximation 
breaks down.  If either ∇∇f  or Σ  x2 is too large, the last term in the above expression 
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will not be negligible, and z is not well approximated by a normally distributed variable.  
Also, note that for all linear functions the second derivative ∇∇f  is identically zero, thus 
any linear combination of normally distributed variables leads to a normally distributed 
variable, as stated earlier.  Use of the above equation for calculating the variance requires 
determining the gradient ∇f, which can be done either analytically or (as is often more 
convenient) numerically. 
 
 The equations presented here are trivially simple to implement using Matlab.  The 
examples in the CHEG258 course notes will give you some ideas on how to do this. 
 
 All of the above equations have been developed for unweighted linear regression.  If 
the errors of each of the elements of b are known independently, and if they are not the 
same, then it is more appropriate to do weighted linear regression.  I refer you to the 
CHEG258 lecture notes for a discussion of this procedure. 
 
 This discussion of error has been limited to random error only - we have tacitly 
assumed that the only deviation between the experimental results and the fitted model is 
due to random measurement error.  As can be easily seen from the above formulas, if the 
number of observations used in the fit goes to infinity, the calculated error in the fitting 
coefficients due to random fluctuations goes to zero.  Of course, as you should all be 
aware, there is also systematic error present in any experiment, and the assumed model 
may also not be taking account of all relevant physical phenomena.  Thus the statistical 
error bounds that you can calculate using the above techniques will not necessarily give 
you a true picture of the accuracy of your results, and really must be regarded as a lower 
bound on the total error which is comprised of both random and systematic sources.  In 
the limit of large numbers of replications, the statistical error (the only source of error 
about which you have information from observing random fluctuations) will be 
negligible relative to the systematic or modelling error. 
 
 One way of looking for sources of systematic error is to plot your residuals - the 
deviation between the fitted model and the experimental observations - and determine if 
the deviation is random or not.  If it is non-random, then there is a physical process 
influencing your data which is not included in the model you are describing it with, and 
your error bounds on fitting parameters will be too low.  Even if the residuals are truly 
random, it still does not mean that there is no systematic error in the measurements.  The 
only way to properly gauge the magnitude of systematic error is to replicate the 
measurement using a completely independent technique - often a difficult or impossible 
thing to do!  Thus in papers or publications you will read, the error estimate is usually 
that given from statistical sources, which may have little bearing on the accuracy of the 
final result. 
 
D. T. Leighton 
7/02 
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A SAMPLE OUTPUT 
 
clear 
echo on 
format compact 
%This program shows how you can use MATLAB 
%to do a simple error calculation.  The example 
%is determining the acceleration due to gravity 
%by measuring the height of a ball as a function 
%of time which is initially thrown upward with  
%some velocity.  Thus: 
 
%First we set up the array of times: 
t=[0:.125:2.5]'; 
%Note that we were careful to make this 
%a column vector! 
 
%Next we generate some artificial 'data' 
%with random noise: 
b=(-0.5*t.^2+1.25*t)*9.8+randn(size(t)); 
 
%This is the matrix of modelling functions: 
a=[ones(size(t)),t,t.^2]; 
 
%And this is the matrix k used in the solution: 
k=inv(a'*a)*a'; 
 
%Here are the best fit modelling parameters: 
x=k*b 
 
%Now we estimate the variance in b: 
[n m]=size(a); 
varb=norm(a*x-b)^2/(n-m); 
 
%This yields the standard deviation in b: 
stddev=varb^.5 
%which is close to the expected value of unity 
%for the randn routine. 
 
%We use the variance in b to calculate the variance 
%in x: 
varx=varb*k*k' 
 
%We want to generate a smooth curve for our 
%best fit curve: 
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tp=[0:.1:2.5]'; 
ap=[ones(size(tp)),tp,tp.^2]; 
bp=ap*k*b; 
 
%And we plot this up with the data: 
plot(t,b,'o',tp,bp) 
xlabel('time (sec)') 
ylabel('height (m)') 
drawnow 
hold on 
 
%Now we calculate the variance in the model 
%predictions: 
varbp=varb*ap*k*k'*ap'; 
 
%And we extract the square root of the diagonal 
%to get the standard deviation: 
sigbp=diag(varbp).^.5; 
 
%We add the 95% confidence interval to the plot: 
plot(tp,bp+2*sigbp,'w--',tp,bp-2*sigbp,'w--') 
hold off 
 
%And we finish by presenting the best fit parameter 
%values and their standard deviations: 
[x,diag(varx).^.5] 
 
%The first coefficient is just half the acceleration 
%due to gravity, thus the estimated gravitational 
%acceleration, with random error is: 
gravity = [-x(3),varx(3,3)^.5]*2 
 
%which is reasonably close to the expected value of 
%9.8 m/s^2.
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format compact 
%This program shows how you can use MATLAB 
%to do a simple error calculation.  The example 
%is determining the acceleration due to gravity 
%by measuring the height of a ball as a function 
%of time which is initially thrown upward with  
%some velocity.  Thus: 
 
%First we set up the array of times: 
t=[0:.125:2.5]'; 
%Note that we were careful to make this 
%a column vector! 
 
%Next we generate some artificial 'data' 
%with random noise: 
b=(-0.5*t.^2+1.25*t)*9.8+randn(size(t)); 
 
%This is the matrix of modelling functions: 
a=[ones(size(t)),t,t.^2]; 
 
%And this is the matrix k used in the solution: 
k=inv(a'*a)*a'; 
 
%Here are the best fit modelling parameters: 
x=k*b 
x = 
    0.8069 
   11.5519 
   -4.8007 
 
%Now we estimate the variance in b: 
[n m]=size(a); 
varb=norm(a*x-b)^2/(n-m); 
 
%This yields the standard deviation in b: 
stddev=varb^.5 
stddev = 
    0.9368 
%which is close to the expected value of unity 
%for the randn routine. 
 
%We use the variance in b to calculate the variance 
%in x: 
varx=varb*k*k' 
varx = 
    0.3127   -0.4876    0.1586 
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   -0.4876    1.0744   -0.4006 
    0.1586   -0.4006    0.1602 
 
%We want to generate a smooth curve for our 
%best fit curve: 
tp=[0:.1:2.5]'; 
ap=[ones(size(tp)),tp,tp.^2]; 
bp=ap*k*b; 
 
%And we plot this up with the data: 
plot(t,b,'o',tp,bp) 
xlabel('time (sec)') 
ylabel('height (m)') 
drawnow 
hold on 
 
%Now we calculate the variance in the model 
%predictions: 
varbp=varb*ap*k*k'*ap'; 
 
%And we extract the square root of the diagonal 
%to get the standard deviation: 
sigbp=diag(varbp).^.5; 
 
%We add the 95% confidence interval to the plot: 
plot(tp,bp+2*sigbp,'w--',tp,bp-2*sigbp,'w--') 
hold off 
 
%And we finish by presenting the best fit parameter 
%values and their standard deviations: 
[x,diag(varx).^.5] 
ans = 
    0.8069    0.5592 
   11.5519    1.0365 
   -4.8007    0.4003 
 
%The first coefficient is just half the acceleration 
%due to gravity, thus the estimated gravitational 
%acceleration, with random error is: 
gravity = [-x(3),varx(3,3)^.5]*2 
gravity =9.6015    0.8006 
%which is reasonably close to the expected value of 
%9.8 m/s^2. 
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