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Author’s Notes:  
 

• This manual is a work in progress Ð a Òliving documentÓ Ð and will be updated over time. 
In addition, some experiments will undergo modification and updating.  Please be patient 
as the manual and our laboratory evolve.  

• Each variable or parameter of an equation is identified when it is first used.  There are no 
nomenclature lists at the end of each experimental description.  It is your responsibility to 
make sure your units are correct and consistent.  

• Schematics of the individual experiments are largely not included.  This should foster in 
you a greater sense of discovery as you examine each unit and ask questions.   

• The units in this laboratory are still heavily oriented to the English system.  You should 
be able to use both English units and SI units.   

• Some of the experiments described here have recently undergone or are undergoing 
upgrades. Therefore, this manual might not be fully up-to-speed. In such cases, be 
patient, manage, and learn.  

• These experiments are based on concepts covered in most unit operations texts. The 
following references are useful: 

 
1) Geankoplis, Transport Processes and Separation Process Principles, Prentice-Hall. 
2) McCabe, Smith, and Harriot, Unit Operations of Chemical Engineering, McGraw-Hill.  
3) Foust, et al, Principles of Unit Operations, Wiley. 
4) PerryÕs Chemical Engineers Handbook.  
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MODELING YOUR DATA 
 
Philosophy 
 
In this course, you will use critical thinking in every stage of your laboratory work: Planning, Execution, 
Analysis, and Communication.  This course should not be looked at as merely a "verification" of your 
prior lecture classes.  Rather, it is a research activity to which you bring to bear all of what you've 
learned. 
  
Modeling 
 
A very important component of your Analysis is Modeling.  As shown in the figure, the interaction 
between your experimental data and your model is a two-way path that will lead to the truth behind what 
you've done.  You must have confidence in both your data and your model in order to be successful. 
 

Experiment

Model

Truth

 
 
The choice of model is not a trivial one. Consider the following model classification:   
 
Fully Predictive 
 

• Based on fundamental principles and assumptions 
• Might include parameters determined by previous researchers  
• User-input of experimental independent variables (e.g. flow rate set by you)  
• No adjustable parameters; predict dependent variables 
• Direct comparison of model predictions with observed data (e.g. outlet temperatures)  
• If comparison poor, review applicability of the model and/or data quality 

 
Partially Predictive 
 

• Based on fundamental principles and assumptions 
• User-input of experimental independent and dependent variables 
• Key parameter(s) determined by regression of observed data as applied through the model 

equation(s) (e.g. heat transfer coefficient) 
• If regression not statistically acceptable, review applicability of the model and/or data quality 
• If regression acceptable, compare values of fitted (regressed) parameters with published or 

reasonable values 
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Simple Correlation 
 

* Basis in fundamental principles and assumptions not needed 
* User-input of experimental independent and dependent variables into simple regression 

(correlation)  
* If regression not statistically acceptable, correlation not valid 
* Acceptable regression suggests a relationship might exit, but is no guarantee  

 
During data analysis, often there is confusion in applying which model type. We will not be using any 
simple correlations. The Fully Predictive model is always preferred.  Many of the experiments have 
multiple parts, however, where you will require the Fully Predictive model for one part and the Partially 
Predictive model for another part.  The choice depends on the availability of key modeling information.   
 
Example 
 
Consider the "Continuous Heat Transfer" Experiment.  For the shell & tube steam condenser, you record 
condensate and coolant exit temperatures as functions of coolant rate for a given steam rate.  Below, the 
various models are considered. 
 
Simple Correlation 
 
For a given steam flow rate, you observe that the exit coolant temperature changes as you vary its flow 
rate.  You plot up this exit temperature vs. flow rate.  By itself, this says little; you proceed to next level 
of complexity. 
 
Partially Predictive 
 
Your model includes the following components: 

 
* Overall exchanger heat balance in terms of log-mean temperature driving force and overall 

heat transfer coefficient. 
* Overall exchanger heat balances in terms of sensible heat gained by the cooling water  
* Overall heat transfer coefficient as sum of resistances  - incorporating both film coefficients 
* Use both heat balances to estimate the overall heat transfer coefficient 
* Apply Wilson method to estimate the lumped quantity of tube metal resistance and shell-side 

resistance  
* From sum of resistances, estimate tube-side heat transfer coefficient 
* Compare this tube-side coefficient to that predicted by literature correlation of Nusselt 

numbers vs. Reynolds and Prantdl numbers  
 
Fully Predictive 
 
Your model includes the following components: 

 
* Overall exchanger heat balance in terms of log-mean temperature difference and overall heat 

transfer coefficient 
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* Overall exchanger heat balances in terms of sensible heat gained by the cooling water  
* Overall heat transfer coefficient as sum of all resistances  - (shell-side, metal, tube-side)  
* Predictive (literature) correlations for tube-side and shell-side heat transfer coefficients 

(Nusselt numbers vs. Reynolds and Prantdl numbers); thermal properties of metal  
* Estimate the overall coefficient; combine with log-mean temperature difference; predict heat 

transfer rate; apply this to sensible heat increase of coolant and the enthalpy loss of the steam; 
predict observed coolant and condensate exit temperatures  

 
Rule-of-Thumb 
 
Consistent with your requirements and the available information, always apply a model that is as heavily 
based in first principles as possible.  In this way, your model becomes more truly predictive, and, hence, 
more instructive to you in its revelations about the truth of what you've studied.  In addition, recognize 
that the Fully Predictive approach is, in effect, a design calculation.  So, in the example above, you have 
effectively designed a steam condenser!  

 
SUCCESSFUL PLANNING FOR EXPERIMENTS 
 
Notebooks 

• Each group should have a designated lab notebook. 
• You can use fresh pages in your old P-Chem lab notebook. 
• You should each have your own copies of raw data.  
• Feel free to do you analysis / data work-up in the notebook. 
• Make sure you have the "Pre-Experiment Plan" in the notebook before starting each new 

experiment. 
 
Pre-Experiment Plan 
 

1) Provide a clear statement of the research objectives of your upcoming experiment.  How 
will each be met? 

 
2) What is your experimental plan?  Identify: 

+ Personnel assignments (including group leader) 
+ Experimental tasks to be executed 
+ Experimental parameters to be adjusted 
+ Data to be collected 
+ Working plot(s) to be drawn into lab notebook 

 
3) Show the appropriate theoretical relationships that you expect to use in modeling your 

data. 
 
4) Clearly illustrate how data obtained from your experiment will be used with the theoretical 

relationships identified in Step 3.   
 
5) What are the likely sources of experimental uncertainty in your case?  
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SAFETY RULES AND REGULATIONS 

The rules and regulations that follow are universal for the laboratories.  In addition to becoming 
familiar with these, take note of safety warnings given with specific experiments.  These are 
noted in this manual.   

Clothing: Shorts or skirts should not be worn to the lab. Avoid wearing expensive clothes. 
Sandals or open-toe shoes are not acceptable. Hard hats are required in all high-head areas. 
Confine long hair, neckties, or any loose clothing or accessories.   

Eye Protection: Safety glasses are a required item to be worn in all areas of the laboratories. The 
department policy on eye protection is: 
 
STUDENTS ARE REQUIRED TO WEAR EYE PROTECTION THROUGHOUT THE 
LABORATORY PERIOD, EXCEPT WHEN THEU ARE SEATED AT THEIR DESKS 
LOCATED IN THE LECTURE-DISCUSSION AREA OF THE LAB. THE WEARING OF 
CONTACT LENSES IN THE LABORATORY IS STRONGLY DISCOURAGED, EVEN 
WHEN EYE PROTECTION IS WORN. THERE IS A DISTINCT POSSIBILITY THAT 
CHEMICALS MAY INFUSE UNDER THE CONTACT LENS AND CAUSE IRREPARABLE 
DAMAGE. STUDENTS WHO CONSISTENTLY VIOLATE THE EYE PROTECTION 
POLICY ARE SUBJECT TO DISMISSAL FROM THE LAB AND/OR THE COURSE.  
 
There are EYE-WASH stations located in each lab.  If chemicals entire your eyes, flush them 
immediately at the station.  Water might leak out onto the floor from the wash station Ð ignore it, 
while trying not to slip on the water.   

Housekeeping: All designated experimentation areas should be left in a neat orderly state at the 
conclusion of an experiment. The following items should be checked; 

(a) All excess water should be removed from the floor. 

(b) All loose paper should be picked up and deposited in trashcans.  

(c) All working surfaces (tables, chairs, etc.) should be cleaned if needed.  

(d) All miscellaneous items should be returned to their proper initial locations (kits to stock- 
room, tools to the tool shop, chemicals and glassware to proper stockroom).  
(e) All hoses should be coiled and placed in designated locations.  
(f) All glassware should be washed prior to returning to the stockroom.  
(g) All scales should have weights removed and scale arms locked.  

(h) All manholes (sewers) should have their lids closed.  
(i) All drums or containers used should be checked.  
(j) Check all valves and electrical units.  Turn off what is required.  

 
Horseplay:  Repeated incidents are unprofessional, and will result in a grade penalty.  



 

 

7  

7 

Equipment Difficulties:  The student is encouraged to correct any minor equipment difficulties 
by taking the appropriate action. However, any major equipment difficulties should be reported 
to the shop attendant, instructor, or teaching assistant, and the student should not attempt any 
further corrective action. 

Tools: Tools should not be taken out of any stock or maintenance rooms without checking them 
out with the designated responsible person. Any tools checked out should be returned 
immediately at the completion of their required task.   

Chemicals: In several of the experiments, chemicals are required to perform the experiment. 
Students should check with their instructor as to where to get these chemicals and what safety 
precautions, if any, are to be taken in conjunction with the use of these chemicals. In the case of 
gases being used, be sure you understand the nature of the hazards associated with the gas and do 
not deviate from the procedures as outlined, either oral or written, by the instructor. Do not use 
mouth suction to fill pipettes. Waste chemicals are placed in receivers and are not discharged in 
the drain. 

Electr ical: In many instances electrical extension cords are required for the operation of 
auxiliary equipment. Special precautions should be taken when using these cords. When an 
electrical extension cord is checked out, be sure to examine its condition. If you find frayed or 
broken wires, insulation broken, prongs bent, no ground, etc., do not use but return to the 
stockroom, pointing out the faults to the technician. When using extension cords, be sure they do 
not lie on the floor, in particular, when the floor is wet, but are safely supported in such a fashion 
that they are not a bodily hazard. When making electrical connections, be sure the area you are 
standing in is dry.   
 
Accidents: Even with the greatest safety precautions accidents do happen. Be sure you are 
familiar with the locations of safety showers and medical first aid kits. If an accident happens, be 
sure to immediately inform an instructor. In the case of a serious accident, do not attempt first 
aid if you are not familiar with the proper technique but do attempt to make the person 
comfortable until aid arrives. The campus emergency number is Ext. 3111. Emergency phones 
(red telephones) are located in the corridors of Tiernan Hall. 
 
Unauthorized Areas: Do not touch unauthorized equipment or experiments. 
 
Food or Dr ink: Food and drink are forbidden in laboratories. 

Smoking: NJIT is officially a smoke-free university.  Smoking is not permitted.  

Ventilation: Be sure that hoods are functioning, and that your work areas are properly 
ventilated.   

Attendance:  Everyone is required to attend each lab class. If you cannot attend, be sure to 
notify the instructor prior to the class, as well as your lab partners.  Consistent failure to observe 
this rule is considered unprofessional behavior, and will be penalized.  
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Safety Shower:  In the event of a chemical spill on your body, or if your clothes catch fire, 
quickly move to the safety shower, stand under it, and pull the chain.  A large volume of water 
will fall onto your head.  Get help immediately!!  
 
Obligation:  Each student has a professional obligation to contribute a full and honest effort in 
the group execution of experiments and reports. Consistent failure to observe this rule is 
considered unprofessional behavior, and will be penalized.   
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LABORATORY REPORTING FORMATS USED IN THIS COURSE 
 
Three types of reports are required in this course:  
 
Scholarly journal paper 
Proposal request for funding  
Industrial executive memo  
Oral presentation Ð technical translation 
 
The Scholarly Journal Paper 
 
The scholarly paper is the embodiment of engineering research.  Hence, it is concise, intense, 
and demanding. Theoretical relationships must be linked closely to results, results linked to 
discussion, and discussion to conclusions. An intensified form of the formal laboratory report, 
the scholarly paper requires you to think critically about the true nature of your experiment as an 
expression of the chemical engineering paradigm. 
 
Title Page  
 
Provide the abstract of your paper here. 
 
Introduction and Literature Review 
 
State the problem under examination. Briefly describe the key results of others in the field who 
have worked on this problem. Conclude this section with a generative statement that will allow 
your readers to follow the pattern of your paper as you unfold your research: ÒIn this paper, weÉ  
.Ó  Do not give any of your results, however.  
 
Theory 
 
Provide the most relevant theoretical relationships that you will draw on in your research.  
Illustrate clearly what you are going to measure in light of the applicable theories. 
 
Methods 
 
Describe the equipment you used and include an original diagram. Delineate the procedure you 
followed to obtain your information.  Include an analysis of any limitations of the equipment. 
 
Results and Discussion 
 
Present only that data that bears on the aim of your research; that is, provide the important 
figures and tables.  All supplementary calculations are to be placed in the appendix.  Interpret the 
data you have just provided by illustrating your grasp of the reasons for your observations.   
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Conclusions 
 
Look beyond the results of your experiment and illustrate that you understand the nature and 
implications of your work. 
 
Directions for Further Research 
 
Discuss that which has intrigued you in this experiment.  Point towards future research and its 
implications. 
 
References 
 
Cite your sources in a consistent fashion. All references listed must be cited at least once in the 
paper.  
 
Appendix  
 
Provide your sample calculations, supplementary plots, and recommendations for equipment 
alignment.  
 

Proposal Request for Funding 

 

Research on proposal writing has increased dramatically over the past twenty years.  Once 

considered technical in nature, proposals are now considered part of a large communications 

system in which decisions are made from scale-up to marketing. Implying an argumentative 

framework, a proposal request for funding compels you to present your research in a manner 

implying that your ideas have promising consequences that require funding if the profession of 

chemical engineering is to benefit. 

 

Title Page 
• List the Project Title 

• List the investigators' Names and Addresses 

• List the Institutional Affiliation 

 

Table of Contents (one page) 
 

Executive Summary (100 words) 
• Specify the nature of the research 

• Identify the request 
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(Tactical Note: The executive summary is an attempt to consolidate the principal parts of a report 

in one place.  Unlike the abstract, the executive summary may be inherently persuasive. Because 

the executive summary may be read by non-specialists (i.e., budget directors) who may not read 

your technical report, you should avoid using technical terminology.) 

 

Introduction 
• Describe the research problem 

• Identify the significance of research and the expected gains 

• Provide a precise statement of request 

 

Background 
• Provide the historical, theoretical, and industrial relevance of the research 

• Identify the literature results 

 

Provide the results of the experiment at hand 
 

Proposed Technical Solution 
• Specify proposed plan of research 

• Identify research goals 

• Propose expected results 

 

Management 
• Describe the fulfillment of research 

• Specify a time line for the research 

• Specify the kinds of personnel needed to undertake the research 

 

Requests 
• Identify new equipment 

• Identify materials and supplies 

• Identify support services 

 

Evaluation 
• Describe measurement of research objectives in terms of publications, presentations, and 

peer review 

References 
• Provide citations 
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Industrial Executive Memo 
 
Lead  
 
Provide the date, the ÒtoÓ, the ÒfromÓ, and the subject Ð all as single lines.  In addition, there are 
usually one or two sentences of introduction.  
 
Background  
 
Briefly state the problem under examination, including any pertinent results by others.  
 
Methods 
 
Briefly describe the equipment you used and include an original diagram. Briefly the procedure 
you followed to obtain your information.   
 
Results  
 
Present only that data that bear on the aim of your research; that is, provide the important figures 
and tables. Briefly interpret the results you have just provided.   
 
Recommendations  
 
Briefly describe what should be done next.  
 
Appendix  
 
Because the industrial memo concentrates on results, the Appendix can have many items that 
appeared in the main body of the scholarly paper.  
 

• Theory  
• Sample calculations 
• Supplementary plots  
• References 

 
Oral Presentation Ð Technical Translation 
 
This format consists of three main efforts: Preparation, Technical Translation, and Delivery.  
 
Preparation 
A successful oral presentation will not occur if the preparation is weak.  Here are a number of 
guidelines to follow during the preparation phase.   
 

• Successful technical presentations require a strong technical content.  Make sure you 
really understand the material you are presenting. 
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• Though the oral presentation can follow any format (e.g. procedural manual, funding 
proposal), the structure of your oral presentation will follow the formal laboratory report.   
It will also have the added complication of observing technical translation (see section 
below on this topic). 

• Technical oral presentations are always timed.  Knowing how much time you are allotted, 
plan on a total number of slides based on spending about 1.5 minutes/slide as a rule-of-
thumb.  Use either plastic overhead transparencies or a PC presentation (e.g. PowerPoint). 

• If practical, a handout is recommended for distribution to the audience just prior to the 
oral presentation.  This is usually made up of hard copies of the slides to be used (in 
order), as well as supporting material in an Appendix. 

• Always make sure you know your audience and the technical background of the people 
you are addressing.  In the case of a technical translation, assume your audience is 
composed of non-specialist technical professionals; e.g., chemical engineers speaking to 
medical doctors. 

• Never put too many concepts, equations, figures, tables, or numbers on the same slide.  
Do not overwhelm the audience.  In general, the more "empty" space in a slide, the better.  
Remember, you want to audience to listen to you, and not try to read the slide.  The slides 
support your talk, but are not the entire talk. 

• An introduction is needed that is consistent with the level of sophistication of the 
audience.  It is important to explain the motivations for the work, how it was performed 
and why, and what previous investigators have done in similar or related situations. 

• Practice your talk beforehand. This will give you confidence, as well as help you reduce 
your presentation time.   

 
Technical Translation 
 
Technical translation means that you are presenting your results in a way that your audience will 
understand, regardless of their prior technical background or familiarity with what you have 
done.  Why is technical translation important? 
 

• Unless the source writer has mastered the ability to translate complex material to 
diverse audiences, there is little chance that technological concepts will be made 
accessible to target users. 

• The ability to translate knowledge is an important part in the process of 
understanding that knowledge. 

• Translation is part of organizational life.  Frequently, you will have to report your 
research to those unfamiliar with your work, especially high-level supervisors, 
politicians, etc.  

• Translation is part of professional responsibility.  It is important for you to be able 
to explain your research to those who will be affected by its results. 

 
Three sequential steps should be taken when planning your technical translation:  
 

1. Decide the central concept of your subject and the amount of detail needed to explain it.  
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2. Decide what kind of people will constitute your audience, and what are their technical 
abilities regarding the work you have done. 

 
3. Select an appropriate translation strategy. Four effective strategies are listed here:   
 

• Provide the historical background.  The technique allows readers to place the 
discussion that will follow into context.  

• Provide analogies.  Explaining something unfamiliar in terms of something familiar 
allows your readers to become comfortable with the subject.  

• Provide visual representations.  Whey you provide a simple schematic diagram or a 
block figure, you allow your audience to visualize your subject.  

• Provide an illustration of the significance of the work.  
 
Never assume that your technical expertise allows you a privileged position.  Always conduct 
your presentation in an atmosphere of mutual respect.   
 
Delivery 
In order to make the actual delivery of your oral presentation as professional as possible, observe 
the following guidelines.  
 

• Never memorize the content of your presentation except for the first sentence and 
the concluding sentence. 

• Never read your talk, and never talk to the screen.  Face the audience, and make 
occasional eye contact, though don't appear to talk to just one person.  Be animated, 
though not silly. 

• Make sure you have a pointer - mechanical or laser.  
• Make a mental note of the time at which you are starting your talk so that you know 

by when you have to complete it. Stay within your time limit.  
• Using a strong voice, begin by greeting the audience and the chairpersons.  If your 

name was not announced, introduce yourself (and your partners) and mention your 
company or affiliation. 

• Use an annotated set of hard copies of your slides/overheads to remind yourself of 
what to talk about.  However, don't talk to or read these paper slides.  They are 
simply an aid to help you along. 

• Conclude your talk by announcing that you have finished.    Thank the audience for 
their attention, and, if appropriate, state that you will be happy to address any 
questions the audience might have.  

• How you handle questions is very important.  If you do not understand a question, 
do not be afraid to say so.  Think before answering the question. If you don't have 
even the foggiest idea of what a reasonable answer could be, then say that the point 
raised was a good one, and mention that you will think about it and go back 
(hopefully with an answer) to the person asking the question after the session is 
over or sometime in the future.   
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FLOW IN PIPES (B-7) 
 
Introduction 
 
Objectives 
 
In this experiment, you will evaluate the performance of a series of a piping system consisting of 
various fittings.  In addition, you will characterize a centrifugal pump and an in-line flow meter. 
If time allows, you will consider non-standard pipes.  The objectives include the: 
 

• Measurement of pressure drops across straight pipe and fittings as functions of flow rate 
• Development of the characteristic curve of the centrifugal pump 
• Measurement of the pressure drop across an in-line flow meter as function of flow rate 
• Comparison of experimental pressure drops to those predicted from literature correlations  

 
Pressure Drop in Pipe and Fittings 
 
Flow through circular pipes can be represented by the Hagen-Poiseuille equations showing 
pressure drop related to the number of velocity heads 
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where f  = the Fanning friction factor, ρ = fluid density, L = pipe length, D = pipe inner diameter, 
u = average fluid velocity, gc = conversion factor, and -ΔP = pressure drop.  In some cases, 4f is 
replaced by fÕ Ð the Darcy or Blassius friction factor.  Make sure you note which is used in the 
references you consult.  
 
By analogy, a fitting must also result in a number of velocity heads lost, using the average linear 
velocity in the pipe connected to the inlet of the fitting: 
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where !  is the number of velocity heads lost as a result of the fitting being in the line. The values 
are tabulated for a variety of fittings in various references.  
 
The equivalent length treatment makes use of an equivalent length of pipe to be used in the 
Hagen-Poiseuille equation:  
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Again, values of the equivalent length to inside pipe diameter, Le/D, are widely tabulated.  This 
equivalent length means what length of straight pipe of the same diameter as the existing pipe 
connected to the inlet of the fitting, with fluid flowing at the same average velocity as the actual 
fluid entering the fitting, will yield the same pressure drop as that observed across the fitting. 
 
Orifice and Venturi Meters 
 
The pressure drop observed in a venturi meter is given by:  
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where subscript Ò2Ó refers to the venturi throat.  The venturi coefficient is given by Cv.   
 
The pressure drop observed in an orifice meter is given by:  
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where subscript ÒoÓ refers to the actual orifice.  The orifice coefficient is given by Co.  In each 
case, the subscript Ò1Ó refers to the pipe inlet to the meter.   
 
Centrifugal Pump Characteristic Curve 
 
The characteristic curve of Òhead developedÓ vs. discharge flow rate for a centrifugal pump is 
monotonically decreasing, as shown in Figure 3.3-3 of Geankoplis, 4th ed. (2003).   
 
Non-Standard Pipes 
 
The circular cross section glass and PVC pipes can be treated as smooth process pipes.  The non-
circular cross section pipes require a hydraulic diameter Dh defined by:   
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where Ac = inside cross sectional area of the pipe, and Pw = wetted perimeter (i.e. inside) of the 
pipe.  Applied to a circular cross section pipe, Dh equals the usual pipe inside diameter.  A 
rectangular pipe of inside dimensions L and W has a hydraulic diameter of:   
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The hydraulic diameter Dh is used in place of D in all the usual correlations, such as for P-drop.  
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Procedure 
 
For this semester, each group should collect data on:  
 

• -ΔP vs. flow rate for one complete piping layout (i.e. straight run and fittings) Ð choose 
one from the ! Ó, " Ó, # Ó 1Ó, 1.5Ó, 2Ó collection of standard stainless steel pipes   

• -ΔP vs. flow rate for either the venturi or the orifice meter 
• Pump characteristic curve (i.e. net pressure head developed vs. flow rate) 
• If time allows, for extra credit, include either the meter not tested or the line with non-

standard pipe (i.e. plastic and non-circular cross sections).  
 
Make sure the system is bled and the pump data taken first.  
 
Bleeding the System of Air and Collecting Data on Centrifugal Pump 
 

1. Turn on the main panel electrical power, though not the pump.  
2. Become familiar with the piping system.   
3. Activate the new Cimplicity data-logging program if not already activated.  You do not 

have to select a pipe to study yet.  
4. Click on ÒStart LoggingÓ. Enter the descriptive information on this run in the boxes on 

the left side of the screen. Use the TAB key to move between boxes. Instead of ÒYour 
NameÓ, enter a relevant descriptive name; e.g., ÒPumpCurveÓ. Click on ÒStart LoggingÓ.  

5. Make sure the differential pressure gauges are properly zeroed (consult with instructor).   
6. Open suction and discharge line from centrifugal pump.  
7. Open block valves in entrance and exit of all pipelines. 
8. Open all valves in panel measuring system. 
9. Keep valves to both old manometers closed, but open top valves above the manometers.  
10. Open all bleed valves to bubblers on panel.  
11. Open the main flow control valve on the panel full.   
12. Start the pump and circulate water until no air appears in bubblers.  
13. With pump running at maximum flow rate, observe the pump suction and discharge 

pressures, and the flow rate.  Click on ÒRecord DataÓ.  This gives you a shapshot record 
of the system measurements.  

14. Incrementally lower flow rate using the main control valve.  Hit ÒRecord DataÓ each 
time.  You can repeat this if you wish. Wait a few moments between each adjustment so 
that steady data are collected.   

15. Repeat step 15 until the main control valve is closed.  Be sure to record the Òmax head at 
zero flow rate.Ó  

16. When finished pump curve data, stop data logging.  In the new open window, click on 
ÒCopyÓ to create a *.csv file. Then click on ÒCreate ReportÓ. This will put your data into 
an Excel file. Click on ÒOpen ReportÓ to take a look at your log file. Transfer your data 
file to a flash drive. Click finally on ÒStop LoggingÓ.   

17.  When pump data are complete, open the main control valve full while closing all exit 
valves in the header from all lines. This will place full pump pressure on the plastic lines 
used to measure pressure drops and help bleed out remaining trapped air bubbles out. 
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18. When system is bled, close all valves except those needed for study. Close all valves on 
panel board and on the manometer system because the differential pressure transmitters 
are used for data collection.  

 
NOTE: For the remaining Procedure sections, use the Cimplicity program.  Create a separate file 
and report for each section (pump curve, pipe and fittings, meter, etc.).  Make sure you 
remember to electronically record (i.e. log) the system data after choosing each fitting or item.  
Follow the procedure used above.  
 
Pressure Drop Through Pipe and Fittings 

 
1. SELECT one pipeline with fittings for study.  
2. With all pipelines except yours isolated, start with the maximum flow rate you can push 

through your line.  
3. For a given flow rate, record the -ΔP for each component of your line. Use the pairs of 

ball valves on the main experiment panel for your line. Make sure all valve pairs are 
closed while taking a measurement for a given fitting or pipe length.  

4. Repeat step 2 for incremental drops in the flow rate at least 5 times while covering as 
wide a range of flow rates as possible.  

 
Venturi and Orifice Meters 
 

1. After examining your pipeline, set exit manifold valves to flow through the large 2-inch 
pipe containing the orifice and venturi meters.  

2. SELECT the appropriate pipe to get the data from the line with the meters.  
3. Over a wide range of flow rates, record -ΔP data for one of the meters.  
 

Pressure Drop Through Non-Traditional Pipe 
 
1. Choose the pipeline with non-circular and smooth sections.  
2. With all pipelines except yours isolated, start with the maximum flow rate you can push 

through your line.  
3. For a given flow rate, record the -ΔP for each component of your line. Use the pairs of 

ball valves on the main experiment panel for your line. Make sure all valve pairs are 
closed while taking a measurement for a given pipe length.  

4. Repeat step 2 for incremental drops in the flow rate at least 5 times while covering as 
wide a range of flow rates as possible.  

 
System Shutdown 
 

1. When all experiments are done, shut down the pump and electrical power to the panel.    
2. Click on STOP data logging.  When the data-logging window opens, click on ÒOpen 

ReportÓ.  The next window shows a directory listing of the C:\Temp directory of the PC.  
Download whatever data files you collected (Excel files of the name *.csv) into a 
flashdrive using the USB port cable. When file transfer is complete, close this window.   

3. Leave the main Òhome pageÓ user interface open.  
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Data Analysis, Modeling, and Discussion 
 
Pump Characteristic Curve 
 

1. Plot the experimental net pressure head developed (feet of water) flowing versus flow 
rate (gpm). 

2. On the same plot, present the manufacturerÕs pump curve Ð see course web site.  
3. Is the observed pump curve consistent with the manufacturer specification? If not, why? 
 

Venturi or Orifice Meter 
  
1. For the orifice or Venturi meter, plot the observed pressure drop (in. water) versus flow 

rate (gpm).  For the Venturi meter, also measure the pressure recovery.   
2. Using either Eq. (4) or (5) Ð whichever is appropriate Ð calculate the theoretical pressure 

drop vs. flow rate using literature meter coefficients. Present both curves on the same 
plot.  If the Venturi was used, calculate the pressure recovery also.  

3. How well were you able to predict the pressure drop in the flow meter you studied? 
 
Pressure Drops in Fittings and Straight Run of Pipe 
 

1. On a dedicated plot for each fitting, plot the following: 
a. Observed -ΔP vs. flow rate 
b. Predicted -ΔP vs. flow rate using Eq. (2); get φ from the literature  
c. Predicted -ΔP vs. flow rate using Eq. (3) Ð get Le from the literature. Determine f 

from the literature for the Reynolds number based on the diameter of and flow 
rate in the pipe entering the fitting.  

2.   On a single plot for the straight run of pipe, plot:  
a. Observed -ΔP vs. flow rate 
b. Predicted -ΔP vs. flow rate using Eq. (1). Determine f from the literature for the 

Reynolds number based on the diameter of and flow rate in your pipe.  
3.   In general, how well were you able to predict the pressure drops in the straight pipe 

length and in the various fittings?  
4. Was your modeling better for some fittings than others? Why? 
5. Which method in general Ð number of velocity heads or equivalent length Ð was a more 

accurate model in predicting the pressure drops of the fittings?  
 

Useful Data on In-Line Flow Meters 
 
Orifice Meter  
 Upstream Diameter  2-inch Schedule 40 pipe (2.375 in. O.D. x 2.067 in. I.D.) 
 Orifice Diameter  0.5625 inches  
 
Venturi Meter  
 Upstream Diameter  1"  - inch Schedule 40 pipe (1.90 in. O.D. x 1.61 in. I.D.) 
 Throat Diameter  0.750 inches  
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PACKED TOWERS I  (206-T) 
 
Introduction 
 
Objectives 
 
In this experiment, you will evaluate the hydraulic performances of two packed towers.  The 
objectives include the: 
 

• Measurement of pressure drops across the dry packings as functions of air flow rate 
• Measurement of pressure drops, as functions of air rate, for at least two water rates 
• Measurement of liquid holdups as functions of water rate 
• Comparison of experimental pressure drops and holdups with predicted values based on 

literature correlations  
 
Pressure Drop in Packed Bed (one fluid phase only) 
 
The pressure drop experienced by a single fluid flowing through a bed of randomly packed solids 
is the result of viscous (form-drag) and kinetic energy losses. It is given by the Ergun equation:  
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where L = packing length, -ΔP = pressure drop, gc = conversion factor, ρv = fluid density, and u 
= average superficial velocity of fluid. The left side of the equation represents the modified 
friction factor and the terms on the right in Equation (1) represent the viscous energy losses and 
the kinetic-energy losses.  This equation can be rearranged to estimate the pressure drop for a 
given fluid flow rate.  
 
The Reynolds number is based on the effective particle diameter Dp and is given by:  
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where GÕ = mass velocity of the fluid based on the tower cross section, and µ = fluid viscosity.  
 
When the packing has a shape different from spherical an effective particle diameter is used: 
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where the parameters ε and Av are provided or can be estimated. The bed porosity, ε, is the 
fraction of total bed volume that is void.  The quantity Av is the ratio of total packing surface are 
in the bed to the total volume of the bed.   
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Pressure Drop in Packed Bed (gas/liquid counter-current operation) 
 
During a gas/liquid counter-current operation below the loading point, the gas pressure drop is 
greater for a given gas rate when the liquid is applied. Use the Stringle correlation (see 
Geankoplis, 4th ed., pgs. 657-659) to predict the observed pressure drop. A simple correlation for 
predicting the flooding velocity is also presented (pg. 658, Geankoplis, based on method of 
Fister and Gill).   
 
Liquid Holdup (gas/liquid counter-current operation) 
 
Operational liquid holdup is estimated (see Ref. 1) by: 
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where ho = operating holdup (vol. liquid/vol. bed), 

!  

" µ l  = liquid viscosity (Pa-s), ul = liquid 
superficial velocity (m/s), g = gravitational constant (m/s2),  ρl = liquid density (kg/m3), and dp = 
nominal packing size (m).   Each group in Eq. 5 is dimensionless, as is ho.  Multiplying ho by the 
actual volume of packing provides the estimated holdup.  Notice that Eq. 5 suggests the liquid 
holdup is independent of gas rate, at least below the loading point.   
 
Note:   Eq. 5 is for one particular type of packing, and might not apply directly for the packing in 
your experiment.  Still, the functional dependence on water rate is apparent.  Use Eq. 5 until 
other correlations can be identified.   
 
Procedure 
 
NOTE:  This setup contains traditional rotameters and modern flow transducers (with digital 
readouts) operating in series for both the air and the water.  The digital readings are suspect, 
probably due to the transducers being out of calibration.  It is strongly recommended that you 
rely on the rotameters for both the air and water flow rates.  Make sure you record the pressure in 
the air rotameters since this will be used to correct the rotameter air rates for density. This is 
needed since the air control valves are after the rotameters; i.e., the rotameters are operating at 
the elevated pressure outlet from the air pressure regulator.  See course web site for Gas 
Rotameters memo: http://web.njit.edu/~barat/ChE396_Fall2010/gas_rotameters.pdf.  
 
Pressure Drop in Packed Bed (air only) 
 

1. Turn on the control board. 
2. Make sure the differential pressure gauge is properly zeroed.  
3. Choose one of the four columns, and set the pressure tap valves accordingly.  
4. Measure the height of packing in the chosen column. Measure the column ID.  
5. Close the column drain valve to keep air from blowing out the water seal of the column.  
6. Set an air flow on the small air rotameter. Record the readings from both the rotameter 

and the digital air flowmeter.  
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7. Record the regulated air pressure feeding the air rotameters.  It should be ~ constant.  
8. Record the -ΔP across the column.  
9. Repeat steps 4-7 over as wide an air flow rate range as possible using all 3 rotameters.  

 
Pressure Drop in Packed Bed (air/water) 
 

1. In the same tower used above, open the large-handled valve assembly that drains the 
column and allows feed water to flow to the top.  

2. With no air flow, set a water flux corresponding to ~ 1000 lbm/ft2-hr. The cross sectional 
area for the flux is based on the cross section of the column.  

3. Set a low air flow rate, and record the -ΔP across the column.  
4. Incrementally increase the air flow rate, and record -ΔP across the column.   
5. Draw a rough, working plot in order to identify the loading and flooding points, if 

possible. Loading will occur when water begins to pool in the packing. Flooding occurs 
when pooled water is driven upward by the rushing air and bubbles out the top.  Do NOT 
operate the column under flooding for more than a few seconds in order to avoid getting 
water in the upper pressure tap line.  

6. Repeat steps 1-4 for a water flux of ~ 2000 lbm/ft2-hr.   
 
Liquid Holdup in Packed Bed (air/water) 
 

1. In the same tower used above, open the large-handled valve assembly that drains the 
column and allows feed water to flow to the top.  

2. Set an intermediate air flow rate, and a water rate corresponding to 500 lbm/ft2-hr.  
3. After steady state is achieved, note the level of the water in the drainpipe of the column.  
4. Close the large-handled valve assembly, and let all the water held up in the column to 

drain out.  
5. Open the large valve, and drain the column exit pipe into a tared bucket until the level in 

the drainpipe drops to its level recorded in step 3.   
6. Weigh the liquid holdup.  
7. Repeat steps 2-6 for water fluxes corresponding to 1000, 1500, and 2000 lbm/ft2-hr. Keep 

the air rate the same as set in step 2.   
8. If time allows, repeat this procedure for a different air rate. Consult with the instructor.  

 
Data Analysis, Modeling, and Discussion  
 
NOTE:  Make sure you correct all volumetric air rates for the pressure in the rotameter according 
to the procedure in: http://web.njit.edu/~barat/ChE396_Fall2010/gas_rotameters.pdf.  
 
Pressure Drop in Packed Bed (air only) 

 
1. Plot the observed -ΔP/L (inches water/foot packing) vs. air flux (scfm/ft2 column).  
2. Use Eq. (1) to predict the -ΔP/L at each experimental air flux.   
3. Plot the predicted -ΔP/L versus air flux on the same graph as the experimental data.  
4. How well did the Ergun equation predict the observed pressure drops in the dry runs?  
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5. How important are the values of the parameters ε and As to the predicted -ΔP/L?  
Consider sensitivity calculations.   

 
Pressure Drop in Packed Bed (air/water) 
 

1. Plot the observed -ΔP/L (inches water/foot packing) vs. air flux (scfm/ft2 column) for 
both water fluxes. Include the corresponding data from the dry run so a comparison can 
be made.  Present the water fluxes in terms of gpm/ft2 column.   

2. Estimate the pressure drops based on the Stringle method. If available, predict the 
pressure drop at flooding.  Compare all with observed values.   

3. Put manufacturerÕs data (where available) on the same plot and compare to your data.  
 
Liquid Holdup in Packed Bed (air/water) 
 

1. Plot the observed holdup vs. water rate for a given air rate. 
2. Include in this plot the estimated holdup based on Eq. 5.   
3. Put manufacturerÕs data (where available) on the same plot and compare to your data.  
 

Useful Packing Data        ε   Av (1/ft) 
 
Tower 1 - 5/8Ó Plastic Jaeger rings    0.86  108 
Tower 2 - 5/8Ó Metal     0.93  100 
Tower 3 - 1Ó Tri-packs    0.90  85 
Tower 4 - " Ó Novalox saddles   0.73  190  
 
References 
 

1. Buchanan, Industrial & Engineering Chemistry Fundamentals, vol. 6, p. 400 (1967) --- 
as found in PerryÕs Handbook.   
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CONTINUOUS HEAT TRANSFER (B-7) 
 
Introduction 
 
Objectives 
 
In this experiment, you will evaluate the heat transfer characteristics of two steam condensers 
and one liquid/liquid exchanger.  The objectives include the: 
 

• Measurement of hot and cold fluid exit temperatures from shell & tube and flat plate 
condensers as functions of the steam rate  

• Measurement of hot and cold fluid exit temperatures from shell & tube all-liquid 
exchanger as a function of the cold fluid flow rate  

• Comparison of the experimental against predicted exit fluid temperatures  
 
Steam Condensers 
 
The steam condensers can be idealized as: 
 

 
Tc,in

Tc,out

Ts,inTs,out
 

 
where Ts = steam temperature, and Tc = coolant temperature. Experience shows that the steam is 
condensed, and can then be sub-cooled as well.  This is likely in those runs when Ts,out < Ts,in and 
where the inlet steam is assumed to be saturated.  If Ts,out ≈ Ts,in, consider that sub-cooling has 
not occurred. Rather, condensation might not be complete and the effluent steam stream might 
consist of two phases. If you suspect this, consult the instructor.    
 
In order to reliably model the condensers, they will be operated to obtain complete condensation, 
but with effectively no subcooling.  In this case, Ts,out ≈ Ts,in.  The heat balance in this case is:  
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qsteam = ws"s = qcoolant = cp,cwc Tc,out #Tc,in( )     (1) 
 
where q = heat transfer rate, w = mass rate, cp,c = heat capacity of coolant, and λs = latent heat of 
the steam.   The exchanger design equation is:  
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where f = correction factor for multi-passes, U = overall heat transfer coefficient, and A = heat 
transfer area.  For an ideal condenser, Ts,in = Ts,out, so Eq. 2a reduces to:  
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Setting Eqs. 1 and 2b equal, we get:  
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Eqs. 1 and 3 are solved simultaneously for each run to determine wc and Tc,out.  These values are 
then compared with measured values.   
 
Liquid/Liquid Exchanger 
 
The all-liquid exchanger (condensate cooler) can be idealized as: 
 

 

Th,inTh,out

Tcw,in Tcw,out  
 
The heat balance in this case is:  
 

!  

qhot = whcp,w Th,in " Th,out( ) = qcool = cp,wwcw Tcw,out " Tcw,in( )    (4) 
 
where Th = hot fluid temperature, and Tcw = cooling water temperature. All values in Eq. 1 are 
known except Tcw,out and Th,out.  The exchanger design equation is:  
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Setting Eqs. 4 and 5 equal, and considering that the coolant rate is varied, we get:  
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Eqs. 4 and 6 are solved simultaneously for each run to determine Th,out and Tcw,out.  These values 
are then compared with measured values.   
 
Overall Heat Transfer Coefficient 
 
The overall heat transfer coefficient Uo is estimated from a sum of the heat transfer resistances:  
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where hi = inside file heat transfer coefficient, ho = outside coefficient, kw = metal wall thermal 
conductivity, and Δx = metal wall thickness.  
 
The individual film coefficients will depend upon the nature of the flow. For liquids in 
turbulent flow through tubes:  
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where Di = tube ID, k = fluid thermal conductivity, µ = viscosity of fluid (subscript w = wall), G 
= fluid mass velocity. For laminar flow in tubes:   
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For film-type condensing vapors outside horizontal tubes, the outer coefficient ho is:  
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g = gravity acceleration, subscript f = film, L = total length of a straight tube, and ws = mass rate 
of steam.  Fluid properties are evaluated at the film temperature Tf: 
 

( )T T T Tf sv sv s= ! !0 75.      (11) 
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where Tsv = temperature of the saturated vapor, and Ts = temperature of the tube surface.  
  
For liquid flowing through a shell side, the shell side coefficient is given by: 
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For the shell side, the mass velocity, Gs, is calculated by: 
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where an equivalent cross sectional area of the shell as is given by:  
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where CÕ = tube clearance, B = baffle spacing, PT = tube pitch, and ID = shell inside diameter. 
The shell side equivalent diameter De is:  
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For an equilateral triangular pitch the equivalent diameter is: 
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where do = outside diameter of a tube in the bundle.  
 
For information on heat transfer coefficients for a flat-plate condenser, consult the literature and 
the Internet.   
 
Procedure 
 
NOTE:  For the condenser operations, the goal is to achieve complete condensation without 

subcooling.   If the steam flow rate becomes unstable, consider that the steam trap might 
be opening and closing due to the presence of live steam; i.e., incomplete condensation. 
More cooling water is needed.   
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Shell & Tube Steam Condenser 
 

1. Turn on the main panel electrical power.  Take note of the 4 thermocouples you will need 
to monitor:  steam in, steam out, coolant in, coolant out.   

2. Set all relevant valves to direct coolant and steam flows to the shell-and-tube steam 
(S&T) condenser.   

3. Set an intermediate cooling water flow rate through the condensate cooler and a fairly 
high rate through the shell-and-tube steam (S&T) condenser.   

4. Regulated steam pressure, as shown by a gauge on the control board, should be at 5-10 
psig. Set the highest flow rate of steam to the S&T condenser.   

5. Make sure the cooling water rate through the S&T condenser is high enough that 
subcooling occurs.  Monitor the hot fluid outlet temperature carefully.  Wait at least 10 
minutes for the condenser to warm up and reach a steady state operation.   

6. While waiting, record the steam rate from the digital readout, but use the tared bucket 
method to accurately determine the steam flow rate.  Note:  Use a plastic bucket, timer, 
and scale (available nearby).   

7. Slowly lower the coolant flow rate until the hot fluid outlet temperature just equals the 
steam inlet temperature, or as close as you can get them.  NOTE:  This step is tricky since 
if any live steam escapes the condenser, the downstream steam trap will close and the 
steam flow stops.  The operation becomes momentarily unstable.  If you see the steam 
outlet temperature and the digital steam rate fluctuating significantly, then you have gone 
too far.  Slightly increase the cooling water rate.  Record the coolant rate.   

8. Monitor the 4 relevant thermocouple temperatures using the rotary select switch.   
9. Record all 4 relevant steady-state temperatures, as well as the coolant rate.  Also, since it 

is available, record the pressure inside the condenser shell.   
10. Repeat steps 4-9 for at least 4 more different steam flow rates.   

 
Flat Plate Steam Condenser 
 

1. Set all relevant valves to direct coolant and steam flows to the flat plate (FP) condenser.   
2. Repeat the same steps 4-10 as listed above.   
3. Beware that the flat plate condenser is very efficient, and will likely need lower rates of 

cooling water to achieve condensation; hence, subcooling will be easier to get.   
 
Condensate Cooler 
 

1. Set all relevant valves to direct coolant and steam flows to the S&T condenser.   
2. Set an intermediate cooling water flow rates through both the condensate cooler (CC) and 

the steam condenser. 
3. Regulated steam pressure should be at 5-10 psig. Set the maximum flow rate of steam to 

the condenser.   
4. Record all relevant steady-state temperatures using the rotary switch.  You want to see at 

least 10-20 degrees change in each stream flowing through the CC.    
5. Change the cooling water flow rate to the CC.  
6. Record all relevant steady-state temperatures.   
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7. Repeat steps 5-6 at a constant hot condensate flow rate. Keep all flows to the condenser 
constant.   Collect data for at least 5 cooling water rates to the CC over a wide a range.  

 
Data Analysis and Modeling 
 
Shell & Tube Steam Condenser 
 

1. Plot the observed coolant rate and outlet coolant temperatures versus steam flow rate. 
2. On the same graph, for each steam rate used, plot predicted coolant rate and outlet 

coolant temperatures based on Eqs. 1 and 3 solved simultaneously.   If Ts,in and Ts,out are 
not the same, use an average for Ts.  Use latent heat values λs consistent with Ts,in.   

 
Flat Plate Steam Condenser 
 

1. Plot the observed coolant rate and outlet coolant temperatures versus steam flow rate. 
2. On the same graph, for each steam rate used, plot predicted coolant rate and outlet 

coolant temperatures based on Eqs. 1 and 3 solved simultaneously. If Ts,in and Ts,out are 
not the same, use an average for Ts.  Use latent heat values λs consistent with Ts,in.   

 
Condensate Cooler 
 

1. Plot the observed outlet condensate and outlet cooling water temperatures versus cooling 
water flow rate. 

2. On the same graph, for each cooling water rate used, plot predicted outlet condensate and 
outlet cooling water temperatures based on Eqs. 4 and 6 solved simultaneously.  

 
Useful Data 
 
Shell and Tube Condenser 
 
Basco Division, American Precision Industries, Inc., Buffalo, New York 
Size 03014 Type 500, ! -inch Admiralty Tubes, No baffles 
Serial Number 141799 
Standard Design Pressures 
 Shell (Steam), 120 psig; Tube (Liquid), 150 psig 
 Test Pressures (Hydro): Shell (Steam), 450 psig; Tube (Liquid), 225 psig 
Design Temperatures 
 Shell (Steam), 350 oF; Tube (Liquid), 300 oF 
Surface Area = 4.6 ft2,  
Shell:  3.25 inches OD carbon steel 
Tubes:  
 Number of Tubes = 60, (4 pass on tube side, 15 tubes per pass) 
 ! -inch OD, 24 BWG (wall thickness = 0.022 inches), 14 inches long 
 Thermal Conductivity of Tubes = 64 Btu/hr, ft2, oF/ft   
 5/16-inch Triangular Pitch 
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Flat Plate Condenser Data 
 
American Heat Division, Alfa-Laval Thermal Inc., Somerville, New Jersey  
American Heat Plate Exchanger, Type PO1 Ð VL 
Serial Number 32210-0495-6 
Maximum Design Pressure, 285 psi 
 Test Pressure, 315 psi (21 Bar) 
Maximum Working Pressure, 16 bar 
Surface Area = 5.25 ft2 
15 plates, 316 stainless steel ---- One pass each side 
   
Shell and Tube Condensate Cooler Data  
 
American Industrial Heat Transfer Inc., Zion, IL. 
Model AB-403-B4-SP-CNP-B  
Serial Number 87445 
Operating Pressures 
 Shell, 300 psi; Tubes, 150 psi 
 Temperature, 300 oF 
Surface Area, = 3.6 ft2 
Shell Diameter, 2.13 inches OD, 2.014 inches ID 
Baffle Spacing, 2.25 inches Ð 30% of ID free  
Tubes 
 Tube Length, 24 inches 
 Cooling Tube Diameter, 0.25 inches OD 
 Tube Wall Thickness, 0.020 inches 
 Single Pass Tube Side 
 Tube Material, 90-10 Copper-Nickel alloy 
 Thermal Conductivity = 25.8 Btu/hr ft2 (°F/ft) 
 Triangular pitch = 0.3125 inches 
 Number Tubes  = 28 
 
Typical Overall Heat Transfer Coefficients 
 

http://www.the-engineering-page.com/forms/he/typU.html 

Triangular 
(equilateral) Pitch

PTC!
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TRANSIENT HEAT TRANSFER I  (B-7) 
 
Introduction 
  
Objectives 
 
In this experiment, you will evaluate heat transfer in an agitated, jacketed vessel. The vessel will 
be operated in three different modes:  batch, semi-batch, and continuous flow.  The objectives 
include the: 
 

• Measurement of batch fluid temperature / time profiles for each operating mode 
• Comparison of observed against predicted batch fluid temperatures for each mode  

 
Note:  The energy balances below do not consider energy absorbed or lost by the metal internals 
of the agitated vessel; specifically, the thermocouple bodies and the agitator (shaft and impeller).  
These could be included into all the energy balances by expanding the mcp term to mcp + mmcpm, 
where m = mass of batch fluid, cp = fluid specific heat, mm = immersed metal mass, and cpm = 
metal specific heat.  It is assumed in this analysis that mcp >> mmcpm.   
 
Batch Operating Mode 
 
The transient energy balance for the jacketed batch (i.e. no flow) vessel is:  
 

! 

UoAo Tj "T( ) =mcp
dT

dt

# 

$ 
% 

& 

' 
(      (1) 

 
where Uo = overall heat transfer coefficient based on outside area Ao, T =  batch fluid temperature, 
Tj = jacket fluid temperature, m = batch fluid mass, t = clock time, and cp = batch fluid heat 
capacity. The typical experimental run with the jacketed batch vessel is taken in three stages:  
 

 
 
 
 
 
 
 
 
 
 
 
 Stage I Ð Heat-up 
 
In this stage with steam in the jacket and water in the batch, Tj = Tsteam > T.  If the condensing 
steam is not sub-cooled in the jacket, or if sub-cooling is minimal (i.e. inlet Tsteam ~ outlet Tsteam), 
Tj can be taken as a constant and Eq. 1 can be directly integrated.  A steam trap in the condensate 

inlet
Tj

outlet
Tj

Tj

T, V

Tj
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line after the jacket ensures complete condensation.  If sub-cooling occurs, an additional term is 
required in the heat balance.  
 
The Uo, for forced convective heating from the jacket to the batch, is estimated from:     
 

!  
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where h = heat transfer coefficient based on the area A (subscripts o and i indicate outside and 
inside, respectively), kw = metal wall thermal conductivity, Alm = tube log-mean transfer area, 
and Δx = tube wall thickness.  Areas Ai and Ao correspond to the sides and bottom of the vessel.   
 
The individual film coefficient hi will depend upon the nature of the flow. For liquids in an 
agitated vessel,  
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where Z, a, b, and c = parameters that depend on characteristics of the batch vessel and the style 
of the agitator, Da = equivalent agitator (impeller) diameter, cp = batch fluid heat capacity, µ = 
batch fluid viscosity (subscript w means at the wall), k = batch fluid thermal conductivity, N = 
agitation rate, and ρ = batch fluid mass density.   
 
For steam condensing on a vertical jacket of a vessel, ho ~ 1500 BTU/hr-ft2-oF (see 
www.chemstations.net/documents/jeedyna.pdf).   
 
To check yourself, consider that typical values for such steam service are Uo ~ 90-120 BTU/hr-
ft2-oF (see www.the-engineering-page.com/forms/he/typU.html).  
 
Note that stage I actually begins with a lag during which the steam is heating up the jacket, 
though not the batch appreciably. This lag is empirically accounted for in the model.  
 
 Stage II Ð Idle 
 
In this stage, with nothing in the jacket and hot water in the batch, only natural convective 
cooling to the ambient environment occurs. For Eq. 1, Tj ≡ Tambient = room temperature < T. The 
jacket can be taken as insulated. However, the batch is open at the top.  In this case, the area Ao 
corresponds to the top of the liquid.   
 
The only resistance to heat transfer corresponds to natural convective cooling from the top of the 
hot liquid to the surroundings.  However, the agitation does appear to enhance the heat transfer 
convection somewhat beyond simple natural convection.  I recommend Uo = 5hnatconv. For hnatconv, 
see PerryÕs Handbook for natural convection from a horizontal flat surface.  It shows that:  
 

! 

NNu = a NGrNPr( )m
      (4)        
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where NNu = Nusselt number, NGr = Grashof number, NPr = Prandtl number, and a and m = 
parameters.  For our application, use a = 0.14 and m = 1/3.  Typical values are NNu ~ 70 and h ~ 
1 BTU/hr-ft2-oF.  
 
 Stage III Ð Cool-down  
 
In this stage with cooling water in the jacket and hot water in the batch, Tj = Tcool < T.  For low 
flow rates of coolant, the jacket fluid is not isothermal.  In this case, a heat balance on the coolant 
is required. However, for the typically high flow rates of coolant used here, the inlet Tcool ~ outlet 
Tcool.  In this case, Eq. 1 can be integrated directly.   
 
The Uo, for forced convective cooling from the jacket to the batch, is estimated from Eq. 2. The 
area Ao corresponds to the sides and bottom of the vessel. The hi coefficient is estimated from 
Eq. 3.   The ho coefficient is estimated to ~ 0.5 * h for condensing steam in jacket used in stage I.  
 
NOTE:  In modeling stages I, II, and III together, your model should take account of the initial 
lag, as well as the actual times in which each stage begins.  
 
Semi-Batch Operating Mode 
 

 
 
 
In this mode, water is added to the batch without any withdrawal while condensing steam is 
flowed through the jacket. The energy balance is:  
 

!  

UoAo Tj " T( ) + #vocp To " T( ) = #Vcp

dT
dt
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where vo = inlet volumetric flow rate, and V = batch fluid volume.  Because the volume of the 
batch changes with time, a mass balance is required:  
 

!  

" vo # 0 =
d " V( )

dt
      (6) 

 
which is easily integrated in this case of a constant density fluid to:  
 

!  

V =Vo + vot        (7) 
 
Since the volume of fluid is increasing, the heat transfer area is not constant.  Using 

!  

Ao = " DoH + " 4( )Do
2(i.e. assume area is on the sides and the bottom) and 

!  

V " # 4( )Do

2
H , a 

simple time-dependent form for Ao is:  
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The model to be solved consists of Eqs. 5, 7, and 8.  The Uo is estimated from Eq. 2.   
 
Continuous Flow Mode 
 
In this mode, water is added and withdrawn at a constant rate to maintain a fixed liquid volume 
while condensing steam is flowed through the jacket. The energy balance is:  
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UoAo Tj "T( ) + #vocp To "T( ) = #Vcp
dT

dt

$ 

% 
& 

' 

( 
)     (9) 

 

 
 
The Uo, for forced convective heating from the jacket to the batch, is estimated from Eq. 2.      
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Procedure 
 
Note:  The piping on this experiment can be confusing Ð study it carefully.  The jacket outlet can 
follow either of two paths Ð directly to the drain or through the steam trap before entering the 
drain. The trap makes sure that only condensed steam exits to drain.  When steam is first flowed 
into a cold jacket, it will condense totally and can be sent directly to the drain bypassing the trap. 
Once the jacket is hot (jacket outlet ~ 200 oF), the exiting steam should be sent through the trap.  
 
Before starting the experiment, become fully familiar with the Cimplicity computer control 
program, and with the entire flow system.  Do NOT change the regulated instrument air pressure 
from 20 psig.  Changes will either cause poor pneumatic valve performance, or damage the 
pneumatic controllers.  
 
SAFETY:  Make sure the agitator is NOT running if you immerse a meter or yard stick into the 
vessel to verify liquid depth.  NEVER put your hands in the vessel if the agitator is running!  
 
Batch Operating Mode 
 

1. Choose and install one impeller.  Carefully note its dimensions and shape.   
2. Close the drain valve for the vessel. Position the steam line valves for steam flow through 

the jacket. Open the main and secondary water and steam supply valves.  
3. Activate the Simplicity program, and open the ÒBatch Valve ControlÓ window.  
4. Using the ÒCW ValveÓ slider, fill the vessel up to the desired level. Close the window.  
5. Set the agitator for 100 rpm.  
6. Open the steam drain line just before the steam regulator to drain off some condensate 

from the line. Open the ÒSteam FlowÓ detail window.  
7. Enter the descriptive information on this run in the boxes on the bottom right of the 

screen. Start the data logging.  Enter the first three lines of information. For the fourth 
line, enter your initials followed by the run name; e.g., RBB-Run1.  Start logging.  

8. Using the manual valve, open steam flow to the jacket at a rate of ~ 120 lbs./hour. Note 
the time you started the steam flow by recording the clock time (upper right of screen). 
Record the steam flow.  

9. Monitor the batch temperatures. Shut off steam when the temperatures reach ~ 190 oF.  
10. Let the system lay idle for ~ 15 minutes. 
11. While waiting, align the valves to allow cooling water to flow through the jacket. Make 

sure the steam valves before and after the jacket are closed.  
12. Using the manual valve, set the cooling water to the jacket at ~ 13 gpm, and cool the 

batch to about room temperature.  Stop the cooling water flow.  
13. Stop data logging for this run.  In the new open window, click on ÒStop LoggingÓ.  Click 

on ÒCopyÓ to create a *.csv file. Then click on ÒCreate ReportÓ. This will put your data 
into an Excel file. Click on ÒOpen ReportÓ to take a look at your log file. Click on 
ÒCancelÓ to close the window.    

14. Turn off the impeller.  
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Semi-Batch Operating Mode 
 

1. Using the batch drain valve, drain the vessel to ~ !  full. The amount should be enough to 
cover the impeller and the bottom tips of the thermocouples. Use the batch CW slider 
valve to add some water if you drain too much.  Use a ruler to estimate water depth.   

2. Set the agitator for 100 rpm.  
3. Set the valves for steam flow to the jacket.  
4. Open both the steam flow window. Position low on the screen so it and the batch 

thermocouples are readable. Make sure you can see the data logger indicator blinking.  
5. Start data logging with a new run number.  
6. With the batch outlet valve closed, start a low flow rate of water into the batch using the 

CW valve slider under Batch Valve Control.  For example, set the slider to 30% open.   
7. At the same time, begin the steam flow through the jacket at ~ 120 lbs./hour.  
8. When the vessel is nearly full, stop the water and steam flows Ð the run is over.  
9. Stop data logging for this run.  In the new open window, click on ÒStop LoggingÓ.  Click 

on ÒCopyÓ to create a *.csv file. Then click on ÒCreate ReportÓ. This will put your data 
into an Excel file. Click on ÒOpen ReportÓ to take a look at your log file. Click on 
ÒCancelÓ to close the window.   

10. Turn off the impeller.  
 
Continuous Flow Operating Mode 
 

1. Choose the same impeller used in the semi-batch mode.   
2. Set the valves for steam flow to the jacket.  
3. Restart the agitator.   
4. Open the manual valves for water flow into and out of the vessel (i.e. continuous flow).   
5. Click on the PID controller window on the screen.  Choose to control the tank level with 

the exit control valve.   
6. Set the feed valve slider to ~ 35% open.  Activate the PID control, and input a setpoint 

(desired) liquid level of 14.5 inches.  The recommended PID settings are:  Gain = 26, 
Integral rate = 2, Derivative time = 0, and bias = 0.   Allow the liquid level to reach a 
steady level of 14 inches.  A minor oscillation around the desired level might occur.   

7. DO NOT OVERFLOW! If overflow is imminent, stop the inlet feed!  
8. Once the tank level is constant with a continuous flow, set the agitator for 100 rpm. 
9. Start data logging with a new run number.   
10. Begin the steam flow as done in the batch mode.  
11. When a steady-state vessel temperature is reached, stop the steam flow.   
12. Turn on the cooling water flow through the jacket at a rate of ~ 13 gpm.   
13. When the batch temperature has returned to ~ room temperature, the run is over.   
11. Stop data logging for this run.  In the new open window, click on ÒStop LoggingÓ.  Click 

on ÒCopyÓ to create a *.csv file. Then click on ÒCreate ReportÓ. This will put your data 
into an Excel file. Click on ÒOpen ReportÓ to take a look at your log file. Click on 
ÒCancelÓ to close the window.   

14. Turn off the impeller.     
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System Shutdown 
 

1. When all experiments are done, close the main steam and water feed valves. 
2. Make sure the agitator is off. 
3. Click on STOP data logging.  When the data-logging window opens, click on ÒOpen 

ReportÓ.  The next window shows a directory listing of the C:\Temp directory of the PC.  
Download whatever data files you collected (Excel files of the name *.csv) into a 
flashdrive using the available USB port cable. When file transfer is complete, close this 
window.   

4. Leave the main Òhome pageÓ user interface open.   
 
Data Analysis and Modeling 
 
Batch Operating Mode 
 

1. Graph your observed temperature data versus time for all three stages on the same plot.  
2. Plot the predicted temperature data versus time for all three stages on the same plot. 

Make sure you account for the initial time lag and the correct translations in time.  
3. Was there any significant difference between the two experimental thermocouple 

readings?  If so, consult with the instructor.   
 
Semi-Batch Operating Mode 
 

1. Plot your experimental temperature data versus time.  
2. Plot the predicted temperature data versus time on the same graph. Apply an initial time 

lag if necessary.  
 
Continuous Flow Operating Mode 
 

1. Plot your experimental temperature data versus time for the first inlet/outlet flow rate.  
2. Plot the predicted temperature data versus time on the same graph. Apply an initial time 

lag if necessary.  
3. Repeat steps 1 and 2 for the second inlet/outlet flow rate.  
 

SEE THE NEXT PAGE FOR INFORMATION OF THE DATA LOG FILE 



 

 

38  

38 

Log File Key  
 

Column Label Explanation 
A TIMESTAMP Time 
      
B BHEATAG_SPEED_VAL0 Agitation speed 
      
C BHEATCW_FLOW_VAL0 Flow rate of feed water 
      
D BHEATCOURSE_NUM_VAL0 Course number input 
      
E BHEATCW_VALVE_VAL0 Feed water valve 
      
F BHEATCW_VALVE_PULSE_VAL0 Feed water valve pulse 
      
G BHEATDRAIN_VALVE_VAL0 Drain water valve 
      
H BHEATDRAIN_VALVE_PULSE_VAL0 Drain water valve pulse 
      
I BHEATGROUP_NUM_VAL0 Student group number input 
      
J BHEATLEVEL_VAL0 Liquid level in vessel  
      
K BHEATLOGDATA_VAL0 Data log  
      
L BHEATLOGFILE_LOC_VAL0 Logfile location input 
      
M BHEATLOGFILE_NAME_VAL0 Logfile name input 
      
N BHEATPROF_NAME_VAL0 Professor name input 
      
O BHEATRUN_INFO_VAL0 Run information input 
      
P BHEATSTARTDATATIME_VAL0 Start time for data  
      
Q BHEATSTUD_NAME_VAL0 Student name input 
      
R BHEATST_FLOW_RATE_VAL0 Flow rate of steam 
      
S BHEATTC1_VAL0 Temperature of tank center 
      
T BHEATTC2_VAL0 Temperature of steam into the jacket 
      
U BHEATTC3_VAL0 Temperature of tank side 
      
V BHEATTC4_VAL0 Temperature of steam coming out the jacket 
      

W BHEATIMP_SIZE_VAL0 Impeller size input 
      
X BHEATIMP_STYLE_VAL0 Impeller style input 
      
Y BHEATFEED_FLOW_VAL0 Flow rate of feed water 
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FLUIDIZED BED (109 T) 

 
Introduction  
 
Objectives 
 
In this experiment, you will evaluate the hydraulic performance of a bed of particles operated in 
three distinct modes of operation:  Packed, Fluidized, and Elutriating.  At low flow rates of air, 
the pellets remain stationary in a fixed, packed bed.  At a high enough air rate, the bed expands, 
and minimum fluidization is reached.  At even higher air rates in the fluidized bed, particles 
begin to carry over, or elutriate, from the bed.  The objectives include:   
 

• Measurement of pressure drop across the bed as a function of air flow rate for each mode 
• Identification of the air rate corresponding to the point of minimum fluidization  
• Measurement of the elutriated mass as a function of time for different air rates 
• Comparison of experimental and predicted pressure drop in the packed bed  

 
Packed Bed 
 
The pressure drop experienced by a single fluid flowing through a bed of randomly packed solids 
is the result of viscous (form-drag) and kinetic energy losses. It is given by the Ergun equation:  
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where L = packing length, -ΔP = pressure drop, gc = conversion factor, ρv = fluid density, and u 
= average superficial velocity of fluid. The left side of the equation represents the modified 
friction factor and the terms on the right in Equation (1) represent the viscous energy losses and 
the kinetic-energy losses.  This equation can be rearranged to estimate the pressure drop for a 
given fluid flow rate.  
 
The Reynolds number NRe is based on the effective particle diameter Dp and is given by:  
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where GÕ = mass velocity of the fluid based on the tower cross section, and µ = fluid viscosity.  
 
When the packing has a shape different from spherical, an effective particle diameter is used: 
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where the parameters ε and Av are provided or can be estimated. The bed porosity, ε, is the 
fraction of total bed volume that is void.  The quantity Av is the ratio of total packing surface are 
in the bed to the total volume of the bed.  
 
Fluidized Bed 
 
When the upward flowing fluid reaches a critical rate at which the fluid force on the particles just 
matches the weight of the particles, the point of minimum fluidization occurs.  The superficial 
fluid velocity corresponding to this operating point is given through:  
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where vmf = fluid superficial velocity at the point of minimum fluidization, ρp = particle mass 
density, and g = gravity acceleration.  Once fluidization is achieved, the pressure drop is a 
weakly increasing function of fluid rate.  
 
Elutriation 
 
At a high enough fluid flow rate, the particles begin to get entrained by the fluid and leave the 
bed.  An empirical relationship describing this process is given by:  
 

!  

me = mefinal
1" e" kt( )        (4) 

 
where me = mass of entrained particles, mefinal = ultimate amount entrained for a given gas rate, 
and k = entrainment rate constant.  A regression of your entrained particle mass data, at a given 

air rate, according to

!  

" ln 1" me me final( )  versus time from Eq. 4, should yield a straight line of 

slope k.  The variations of k and mefinal with fluid rate are empirically determined.   
 
Procedure 
 
NOTE: Record the pressure in the air rotameters since this will be used to correct the rotatmeter 
air rates for density. This pressure is outlet from the air pressure regulator.  See course web site 
for Gas Rotameters memo: http://web.njit.edu/~barat/ChE396_Fall2010/gas_rotameters.pdf. 
 
Two air rotameters (low and high range) are available for this experiment.  Collect data using the 
low range rotameter first.  Once you have reached its limit, close it and begin using the high 
range unit.  Be sure the record the regulated pressure feeding the rotameters.  The pressure drop 
is measured with a direct-reading Magnehelic differential pressure gauge.    
 
Fixed Bed and Minimum Fluidization 
 

1. Make sure the user-access port at the top of the column is plugged.  
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2. Turn on the compressed air flow to bed.  Gradually increase the air flow rate until 
fluidization occurs, but NOT solids entrainment. 

3. For each recorded air flow rate, measure pressure drop and bed height.  Use enough flow 
rates to develop a smooth curve, especially in the region of the point of minimum 
fluidization.   
 

Pellet Elutriation 
  
NOTE:  A new automated data collection procedure is now available.  It consists of an electronic 
balance interfaced to a PC.   
 

1. Turn on the Scout Pro balance under the cyclone.  Make sure the bucket is empty and on 
the balance under the pellet cyclone.   

2. Log into the PC.  On the Desktop, activate the  ÒFluidized Bed Scout ProÓ data collection 
program.  

3. Pull down the ÒExperimentÓ menu, and go to ÒData CollectionÓ.  Set for ÒContinuous 
ModeÓ using 1 sample/second.   

4. Measure quiescent (i.e. no flow) bed height in order to determine initial mass of the bed. 
5. Set a fixed air rate at which entrained particles leave the bed completely and are carried 

overhead.  At the same time the air is turned on, start the data collection.   
6. Record the mass of entrained pellets into a tared container at equal time intervals after 

entrainment begins.  Continue until entrainment stops.   
7. Stop the data collection, and transfer the new data into a spreadsheet saved to the PC 

desktop.   
8. Return all the collected pellets to the column through the plugged opening at the top. 
9. Repeat steps 4-7 for at least five different fixed air rates.   
10. Transfer your data to a flash drive.   

 
Data Analysis and Modeling 
 
NOTE:  Carefully examine the underside of the bed.  You will notice that there is a region of 
marble-sized white balls below the main bed.  These balls serve as to distribute (i.e. Òspread 
outÓ) the air below the bed from the feed pipe.  Just between these balls and the bed of small 
pellets is a plate perforated with small holes covered with slightly elevated caps.  This plate 
serves to hold up the pellets while allowing the air to enter the bed.  At present, the pressure tap 
representing the bed inlet is located just BELOW this plate and not in the bottom of the pellet 
bed itself.  The result is a higher measured pressure drop than just from the bed of pellets as 
described by Equation 1.  The following model is proposed to account for the total drop 

!  

" #P
tot

:  
 

! 

"#Ptot = "#Pbed + "#Pplate( )      (5) 

 
where the pressure drop across the plate 

!  

" #Pplate can be modeled by:   
 

!  

" #Pplate = b$v 2
gc      (6) 
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where b = empirical constant (see instructor), ρ = air mass density (assume STP conditions), and 
v = volumetric flow rate of air (assume STP).   Equation 5 applies to both fixed bed and 
minimum fluidization states.   
 
NOTE:  Make sure you correct all volumetric air rates for the pressure in the rotameter according 
to the procedure in: http://web.njit.edu/~barat/ChE396_Fall2010/gas_rotameters.pdf.  
 
Fixed Bed 
 
1. If a value for b is not available, then you can estimate its value.  Carefully calculate 

! 

"#Pbed 
from Eqs. 1 and 2.  Then, subtract the calculated 

!  

" #Pbedfrom 

!  

" #Ptot to obtain values for 

! 

"#Pplate.  Finally, regress your 

! 

"#Pplate ÒdataÓ as a function of volumetric flow rate v 
according to Eq. (6) in order to get the best-fit b value.  If your calculated 

! 

"#Pbedvalues are 
consistently equal to or exceed the observed 

! 

"#Ptot values, then you need to reconsider the 
Ergun calculation.  See the instructor for advice.   

2. If a value for b is available, then subtract 

! 

"#Pplate from your observed 

!  

" #Ptot values.  
Compare the resulting 

!  

" #Pbed values with predictions based on Eq. 1 over the whole range of 
air rates.  

 
Point of Minimum Fluidization  
 

1. On the same graph as used for the fixed bed data, indicate the observed point of 
minimum fluidization. Note the corresponding fluid rate and superficial velocity.  

2. On this graph, also note the predicted minimum fluidization point according to Eq. 3.  
3. Remember to account for 

! 

"#Pplate.   
 
Pellet Elutriation 
 

1. Regress your entrained particle mass versus time for each air rate according to Eq. 4.  
2. Plot the observed k and mefinal obtained from the regressions versus air rate. What is the 

Òbest fitÓ relationship?   
3. Is k a true constant?  

 
Useful Data  
 
Column: 6 inch standard Pyrex pipe  
Pellets:  ε = 0.33 Dp = 0.12 inches  
Plate:  b = 13100.  inches water/ft2-lbf  
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TRANSIENT HEAT TRANSFER I I  (311-T) 
 
Introduction 
  
NOTE:  This apparatus is used for heat transfer studies in ChE 396 and temperature control 
studies in ChE 496.  Use only that equipment specified in the instructions below.    
 
Objectives 
 
In this experiment, you will evaluate the heat transfer in a batch (i.e. no flow) agitated vessel.  
There are two stages of operation with the available equipment: a) Heat-up of the batch liquid by 
an electrical immersion heater, and b) Cool-down of the hot liquid with an immersed cooling 
water coil.  The objectives include:   
 

• Measurement of the batch temperature vs. time during the heat-up and cool-down phases 
• Comparison of the observed and predicted batch temperatures vs. time  
• Measurement and modeling of transient heat-up and cool-down of a CSTR-type vessel  

 
Batch Mode 
 
The batch mode consists first of a heat-up phase.  This is followed by a cool-down phase.   
 
!  Heat-Up  
 
The plastic vessel can be taken as approximately adiabatic.  However, the relatively large mass 
of metal internals, as compared to the mass of fluid, cannot be ignored as it will absorb heat. We 
can assume that, due to the much higher thermal conductivity of the stainless steel as compared 
to the water, the internals are at the same temperature as the water.  There is some conductive 
heat loss from the metal internals to the large metal plate above the vessel. However, previous 
data have shown this heat loss to be small, and can be ignored.   
 
The transient energy balance for the batch vessel during the heat-up phase is:  
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Qh = mcp + mmcp
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where cp = fluid heat capacity, cpm = immersed metal heat capacity, m = mass of batch liquid, T 
= temperature of batch liquid,  t = elapsed time, Qh =  electrical heating rate, and mm = mass of 
immersed metal.   
 
The mass of internals can be estimated by volumetric displacement.  However, the current setup 
does not easily allow for this.  The integrated form of Eq. 1a is:   
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where To = initial temperature.  A regression of your experimental T vs. t data from each batch 
heat-up run provides the slope Qh/(mcp+mmcpm).  The immersed heating element is rated, so Qh 
is known.  The lumped quantity mcp+mmcpm is thus obtained.   
 
!  Cool-Down  
 
The batch cool-down is more complex since the cooling coil is both non-isothermal and unsteady.  
The heat balance is considered first, followed by consideration of how to handle the unsteady 
cooling coil.  
 
** Heat Balance 
 
The transient energy balance for the batch vessel during the cool-down phase is:  
 

!  

"UoAo(#T)LM = (mcp + mmcpm
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where Uo = overall heat transfer coefficient, Ao = heat transfer area, and (ΔT)LM = log-mean-
temperature-difference due to the non-isothermal cooling coil.  The LMTD is given by:  
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where Tc = coolant temperature.  For low flow rates of coolant through the coil, Tcout ≈ T.  This 
will cause the LMTD to fail since the ln factor Òblows upÓ. Therefore, instead of (ΔT)LM, use of 
a simple arithmetic mean temperature difference (AMTD) is recommended in this experiment for 
use in Eq. (2): 
 
     (3b) 

 
**  Coil Outlet Temperature 
 
The question is how to handle Tcout. The coil is both non-isothermal and unsteady.  This can be 
handled with the following PDE for the coil temperature at any position along its length:  
 
 

   (4) 
 
 
Solving this PDE is beyond the scope of this course. Therefore, it is recommend that you curve-
fit your data for Tcout vs. time to a polynomial (e.g. 2nd order) such as:   
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Feel free to use another form (e.g. 3rd order polynomial) if it gives you a better fit.  Make sure the 
fit is good, especially at early times after the cooling water is turned on. Be careful, especially if 
you use Excel® for a curve-fit, that your expression for Tcout vs. t actually is a good fit. Plot it up 
against your data independently of any trend-line regression. Polymath® is especially good for 
the fitting as it can give you the plot of the data and the fit together. 
 
Do this for each run. Then, use Eq. 5 together with Eqs. 2 and 3b.  
 
Continuous Flow Mode 
 
The continuous flow mode is subject to electrical heat-up, followed by cool-down via the coil.   
 
!  Heat-Up 
 
In this mode, water is added and withdrawn at a constant rate to maintain a fixed liquid volume 
while the vessel fluid is heated. The energy balance is:  
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Qh + "vocp To #T( ) = mcp +mmcp
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where ρ = fluid mass density, vo = volumetric flow rate of fluid through vessel (i.e. outside of 
coil), and To = temperature of fluid feed.  
 
!  Cool-Down 
 
After a steady temperature is achieved during heat-up, heating is terminated, and cooling water is 
applied through the immersed coil.  The energy balance is:   
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The same non-isothermal, unsteady cooling coil issues are present here as are present in the 
batch mode.  Use Eqs. 3b and 5 accordingly.    
 
Heat Transfer Coefficient  
 
The Uo, for forced convective cooling to the internal coil from the batch, is estimated:     
 

!  
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where hi = inside file heat transfer coefficient, ho = outside coefficient, kw = metal wall thermal 
conductivity, and Δx = metal wall thickness.  The areas Ai and Ao correspond to the inside and 



 

 

46  

46 

outside surface of the immersed coil, respectively. The individual film coefficients will depend 
upon the nature of the flow. For turbulent flow inside the coil:  
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If the flow is laminar, use:   
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where Di = tube ID, k = fluid thermal conductivity, µ = viscosity of fluid (subscript w = wall), G 
= fluid mass velocity, and cp = fluid heat capacity.   
 
For an agitated liquid passing over an immersed coil, the outside film coefficient ho is estimated:   
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where Do = coil outside diameter, Da = agitator diameter, N = agitation rate (see agitator 
calibration curve on next page; use the RPM for N, not the controller setting), and ρ = fluid mass 
density.   To check yourself, consider that typical values for a water-water coil agitated system 
are Uo ~ 70-120 BTU/hr-ft2-oF (see www.the-engineering-page.com/forms/he/typU.html).  
 
Procedure 
 
Carefully review the entire system.  Consult the instructor for help in operating the data 
collection program and the coil flow rate control.   
 
Heat-Up of Batch Liquid 
 

1. Lower the plastic vessel, measure its dimensions, and examine the metals internals.  
2. Replace the vessel, and secure it firmly with the wing nuts; however, donÕt overtighten! 

There is no need for a gasket.   
3. Set the valves for water flow through the vessel, and turn on the flow.   
4. Allow the vessel to fill to the overflow level.  When water is clearly flowing out into the 

sink, simultaneously close the exit valve at the base of the vessel and the water source 
valve just below the flow meter.  This step traps a fixed amount of water in the vessel that 
is sufficient to immerse the electrical heater.   

5. Set the agitator on a moderate level (e.g. 3).  Take note of the agitator calibration curve!   
6. Activate the data collection PC and the Fluke® data logger.   
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7. Activate the Labview® program ÒFluke Hydra Data AcquisitionÓ found in Desktop  
Temp_Contr_311T  Datalogger.   Consult with the instructor. Set the time lag ÒswitchÓ 
on the user panel to zero.    

8. Plug the heater into the receptacle on the panel to the left of the vessel.  Plug the 
receptacle into the Variac, but make sure the Variac switch is off.  Set the Variac dial to 
100.  Make sure power is available to the Variac from the power strip.   

9. Turn on electric power to the heater by switching the Variac to 120 volts, and start data 
collection at the same time.   

10. When the batch temperature reaches ~ 60 oC, turn off the heater by turning off the Variac.  
11. Move immediately to the Òcool-downÓ phase below.  Continue data collection.   

 
Cool-Down of Hot Batch Liquid 
 

1. Make sure power is available to the coil coolant flow control valve.  On the upper 
temperature controller box, set switch for ÒmanualÓ operation.  Consult instructor.   

2. Quickly turn on the cooling water through the coil by turning the small potentiometer on 
the upper control box, and set at 1 gpm rate.   

3. Continue the data collection. 
4. When the batch temperature returns to ~ 25 oC, stop the data collection, and store your 

data as prompted.  Be careful to store the data from each run as a separate text file.  
5. Turn off the cooling water to the coil.  
6. Repeat the Òheat-upÓ + Òcool-downÓ cycle for coolant rates of 0.6 gpm and 0.2 gpm.   
7. When all finished (make sure heater is OFF), empty the vessel, and then carefully lower 

the vessel so it can dry off.   
8. Transfer your data files from the PC to a flashdrive, floppy, or your account via email.  

 
Heat-Up During Continuous Flow Mode 
 

1. Set the valves for water flow through the vessel, and turn on the flow to 3 gph.   
2. Allow the vessel to fill to the overflow level.  Monitor the flow rate at the rotameter since 

fluctuations occur.  
3. Set the agitator on a moderate level (e.g. 3).  Take note of the agitator calibration curve! 
4. Activate the data collection PC and the Fluke® data logger.   
5. Activate the Labview® program.  Consult with the instructor. Set the time lag ÒswitchÓ 

on the user panel to zero.  
6. Plug the heater into the receptacle on the panel to the left of the vessel.  Plug the 

receptacle into the Variac, but make sure the Variac switch is off.  Set the Variac dial to 
100.  Make sure power is available to the Variac from the power strip.   

7. Turn on electric power to the heater by switching the Variac to 80 volts, and start data 
collection at the same time.   

8. When the reactor fluid temperature reaches a steady value, turn off the heater by turning 
off the Variac. 

9. Move immediately to the Òcool-downÓ phase below.  Continue data collection.   
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Cool-Down During Continuous Flow Mode 
 

1. Make sure power is available to the coil coolant flow control valve.  On the upper 
temperature controller box, set switch for ÒmanualÓ operation.  Consult instructor. 

2. Quickly turn on the cooling water through the coil by turning the small potentiometer on 
the upper control box, and set at one of the cooling rates used earlier.  

3. Continue the data collection. 
4. When the batch temperature returns to ~ 25 oC, stop the data collection, and store your 

data as prompted.  Be careful to store the data from each run as a separate text file.  
5. Turn off the cooling water to the coil.  
6. If time allows, repeat the Òheat-upÓ, then Òcool-downÓ cycle for a different coolant rate.   
7. When all finished (make sure heater is OFF), empty the vessel, and then carefully lower 

the vessel so it can dry off.   
8. Transfer your data files from the PC to a flash drive, floppy, or your account via email.  

 
Data Analysis and Modeling 
 
NOTE:  Due to a scanning delay in the Fluke data logger, a simple correction is needed between 

actual (elapsed) time and the ÒLabviewÓ time downloaded to your data spreadsheet.  All 
results in your reporting should be based in real (i.e. clock) time.  For three inputs, the 
following correction is used:   

 

!  

realtime(sec)=1.1231* Labviewtime(sec) 
 
Heat-Up and Cool-Down of Batch Liquid 
 

1. Plot the observed batch temperature versus time for the first heating / cooling cycle.  
2. For each heating phase, regress your T vs. t data according to Eq. 1b to estimate 

mcp+mmcpm.   
3. Assuming these values do no vary that much, use a simple average for the simulation of 

the cool-down phase T vs. t runs via Eqs. 2 and 3b.   
4. Plot the simulated batch temperature versus time on the same graph.  For the heat-up, the 

regression should be shown.  For the cool-down, the prediction is shown.   
5. Repeat steps 1 and 5 for each cycle performed.  

 
Heat-Up and Cool-Down during Continuous Flow Mode  
 

1. Plot observed and predicted reactor temperature for the first continuous flow cycle.   
2. Plot the predicted T vs. t using integrated forms of Eqs. 6 and 7.  Use subsequent 

equations as needed.  Use the average mcp+mmcpm values obtained earlier.   
3. Repeat steps 1 and 2 for each cycle performed.   
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ROTARY KILN DRIER (109-T) 
 
Introduction 
 
Simultaneous heat and mass transfer occurs in the rotary kiln drier.  Hot air is flowed counter-
current to moisture-laden pellets flowing slowly by gravity.  Heat from the air warms the pellets, 
thus evaporating the water.  There is also heat loss from the kiln. The theory for each transfer is 
treated separately, though the governing equations are coupled.  Due to the multiple processes 
involved, the transfer equations are presented in differential form.  
 
Consider the control volume of length Δz, kiln diameter D, and length L.  Air is entering at a 
mass rate Am&  and temperature TA at z = 0. Solids enter counter current at Z = L at a mass rate sm&  
and temperature Ts.   Concentration units are mass ratios (e.g. Xw grams water/gram dry solid, 
Yw grams water/gram dry air).  The advantage here is that the dry solid and dry air rates are 
constant.  The derivation of the transfer equations will be presented separately from this manual.   
 

control volume

D

! z

air in air out

solids insolids out

z z + ! z  
 
Moisture Balance 
 
While the dry air and dry pellets flow at different mass rates, the moisture balance must exist if a 
true steady state operation exists.  The moisture lost by the pellets must equal the moisture 
gained by the air.  Considering the inlet and outlet moisture contents, an overall balance is:   
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Mass Transfer 
 
A steady moisture balance (IN Ð OUT = 0) on the air passing through the control volume is:   
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where Yw = mass ratio of water vapor in the air stream (mass water/mass dry air), z = kiln axial 
dimension, Xw = mass ratio of water in the solids (mass water/mass dry solids), Am& = mass rate 
of dry air, hc = mass transfer coefficient (incorporating kiln cross section and dry solids content 
within the control volume), and K = moisture phase equilibrium constant.   
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Conversion of Eq. 2a into differential form provides the moisture balance for the air is given by: 
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The moisture phase equilibrium constant is assumed to take the form:  
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where a, b = fitted parameters, and Ts = solids temperature.  
 
At z = 0, Yw = the measured value (moisture content of the air entering the kiln).  You will 
integrate Eq. 2b, predict Yw at z = L, and then compare to the measured value (moisture content 
of the air leaving the kiln).    
 
Derived in an analogous manner, the water balance for the solids is given by: 
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where hc = mass transfer coefficient.  At z = 0, Xw = measured value (moisture content of the 
solids leaving the kiln).  Integrate and predict Yw at z = L, then compare to the measured value 
(moisture content of the solids entering the kiln).   
 
Heat Transfer with Solids Present 
 
The energy balance for the air is given by:  
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where h = heat transfer coefficient for heat transfer from the air to the pellets, cpA = heat capacity 
of air, and cpvw = heat capacity of water vapor, Ul = overall heat transfer coefficient for heat loss 
from the kiln to the surroundings, at = heat transfer area of the kiln per unit volume of kiln, Tr = 
room temperature, and cpw = heat capacity of water vapor. The heat   At z = 0, TA = measured 
dry bulb temperature of the air entering the kiln.  Integrate and predict TA at z = L, then compare 
to the measured dry bulb air temperature exiting the kiln.  While the solids do experience heat 
losses to the environment since they are in direct contact with the wall, their heat capacity is 
greater than that of air.  So, the model assumes all the heat losses from the kiln to be lumped into 
the air. Inclusion of a heat loss term into the enthalpy balance for the solids would just introduce 
another unknown parameter.   
 
The energy balance for the solids is given by:  
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where cps = heat capacity of solids, and cplw = heat capacity of liquid water.  At z = 0, Ts = 
measured temperature of the solids exiting the kiln. Integrate and predict Ts at z = L, then 
compare to the measured temperature of the solids entering the kiln.   
 
Heat Transfer without Solids Present 
 
In this case, the only heat transfer is from the hot, dry air to the surroundings through the kiln 
wall.  For this case, Equation 4 simplifies to:  
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Integration of Equation 6 results in: 
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Procedure 
 
SAFETY NOTE:  The air flow through the kiln is noisy, especially at the highest rates.  Ear 

plugs are available, and should be worn while the air flow is on.   
 
Make sure you record the pressure in the air rotameters since this will be used to correct the 
rotameter air rates for density. This is needed since the air control valves are after the rotameters; 
i.e., the rotameters are operating at the elevated pressure outlet from the air pressure regulator.  
See the course web site for the Gas Rotameters memo: 
http://web.njit.edu/~barat/ChE396_Fall2010/gas_rotameters.pdf. 
 
Preheating the Kiln and Recording External Heat Losses  
 

1. Turn on the power for the various temperature and humidity probes.    
2. Make sure the pellet receiver bottle is in place under the kiln on the left end.   
3. Turn on the steam flow in the air preheater, and set an intermediate air rate through the 

kiln.  Record the air flow rate using the rotameter. Record the rotameter air pressure.  
4. Activate the kiln rotation.  
5. Periodically observe the inlet and outlet kiln temperatures until they are steady. Note that 

the outlet temperatures will be lower than the inlet temperatures due to kiln heat losses. 
6. When steady state is observed, record the air rate and the kiln temperatures.  
7. Change the air rate, and wait for a new steady state. Record the rate and the kiln air 

temperatures.  There is no need to record the humidity yet.   
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8. Repeat step 7 for a total of at least 3 pellet-less runs.  
 

Preparation of Wet Solids 
 

1. Measure out at least 5 pounds of activated alumina pellets from the supply bag or use 
available pellets found in a white bucket.   

2. Soak the pellets in a bucket of water for several hours.  In fact, it is recommended that 
this be done overnight.    

3. At the next class, turn on the vacuum drying oven, and set for ~ 80 oC.   
4. Separate the soaked pellets from the excess water using a strainer.  Before the pellets are 

fed to the kiln, the soaked pellets can be taken to be at room temperature.    
5. Weigh out three small samples of the wet alumina pellets in small tared metal dishes. 
6. Place the samples in the warm drying oven.   

 
Operating the Kiln for Pellet Drying 
 

1. Set a desired airflow rate. Record the flow rate from the rotameter, and record the air 
pressure feeding the rotameter.  Let the kiln air temperatures reach steady state.   

2. Fill the hopper on the pellet feeder about 1/3 full.   
3. Plug in the pellet feeder controller.  Set the FEEDRATE setting at 75, and the 

AGITATOR setting at 300. NOTE: The FEEDRATE must be calibrated at some point.  
See the instructor!  Activate both functions Ð observe small green lights.   Frequently 
observe pellet feeding, especially pellets dropping down the funnel.  If needed, use a 
small stick as needed to help the pellets through the hole.   

4. Record the time when pellets begin exiting from the kiln by falling into the attached 
plastic receiver bottle at the low end. Keep feeding damp pellets, and establish a steady-
state mass flow rate (entering and exiting). Measure the rate of exiting pellets by timing 
the collection of a known amount using the receiver jar.  

5. Check that all the temperatures are also at steady state, including the pellets in the 
receiver jar.  Record steady state temperatures.   

6. When the exiting rate of pellets is approximately the same as the feed rate, and all 
temperatures are steady, the kiln is assumed to be operating at a steady state.  

7. Try to run the kiln at steady-state for at least 20 minutes at this steady condition.   
8. Collect at least 3 samples of exiting pellets into small tared foil dishes. Weigh, and then 

place into the drying oven for several hours for complete drying, and then reweighing. It 
is recommended that you might heat these samples overnight in the drying oven.  

9. Change the airflow rate, and wait till new steady-state temperatures are observed.   
10. Repeat this procedure for at least 2 more air flow rates as time allows. Keep the same 

pellet feed rate.  Refill the hopper as needed.   
11. If the moisture content of the exiting pellets is approximately zero, kiln conditions should 

be changed. For example, reduce the air rate or increase the wet solids feed rate.  
 
Drying Pellet Samples in the Vacuum Drying Oven 
 

1. Keep track of the pellet samples placed in the oven.  Do not mix them up! Make sure 
pellet samples have been weighed BEFORE placing in the vacuum drying oven.  
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2. When all samples have been placed in the oven, close oven door, and open vacuum. 
Make sure oven is set for ~ 80 oC.  Consult with the instructor on oven operation.   

3. Dry the samples overnight in the vacuum drying oven.  The next day (or the next class), 
remove the samples, and weigh.  Determine pellet moisture content by difference.   

 
Measuring Air Humidity 
 
NOTE:  The humidity probes are temperature sensitive.  Therefore, air is drawn from the kiln, 
cooled to room temperature, and then passed over the probes.  Consult with the instructor.   
  

1. Turn on the water flow through the sample air cooling coils.  
2. Activate both vacuum air sampling pumps, and open the pump inlet valves are fully open.   
3. Observe the sample air temperature after the cooling coils.  Make sure both values are at 

room temperature (~ 23 oC).   
4. Record the absolute humidity.  These current values i (mAmps) are converted to actual 

humidity H values (g H2O/g dry air) using: 

!  

H = i " 4( ) 2000.  Verify with instructor that 
this is the latest humidity probe calibration.   

 
Clean Up and Shutdown 
 

1. Turn off the kiln rotation, probe panel, and pellet feeder.  Turn off house air and steam.  
2. Remind instructor to rinse out the particle feeder.  This is very important.   
3. Make sure pellet samples are secure in the vacuum drying oven.  

 
Data Analysis and Modeling 
 
Heat Loss Characterization 
 

1. Rearrange Equation 5 to the following form:  
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     (8) 

 
2. Plot your pellet-less dry-bulb temperature data according to Equation 8. If the slope is ~ 

constant, then you can hypothesize that the Ul is dominated, not by the air rate, but by the 
heat transfer external to the kiln Ð i.e. natural convection.  

 
Moisture Balance 
 
Perform the steps below for each steady state run.   
 

1. Convert the moisture contents of the air at the inlet and outlet of the kiln into mass ratios.  
2. Calculate the inlet and outlet moisture content of the solids in terms of mass ratios.  
3. Calculate the dry air and dry pellet mass rates.  
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4. Calculate the moisture transfer rates as determined by each side of Eq. 1.  If there is 
agreement (i.e. closure) within ~ 20%, proceed to the next stage of the analysis below.  If 
moisture content closure is lacking, consult with the instructor.  Then, proceed to the next 
steps below.   

 
 
Drying of Wet Pellets in Kiln  

 
1. Using Polymath (see Fogler) or an equivalent ODE solver, and the observed mass ratios, 

integrate Eqs. (1) Ð (4) from z = 0 (the inlet air end) to z = L (the outlet air end).  
Estimate the parameter values h, hc, a and b (from K) that give the best fit of the model 
predictions and the measured values at the outlet air end of the kiln.  

2. Integration occurs from kiln left end (air entrance) to the right end (solids entrance. Use 
the measured conditions on left end (inlet air temperature and moisture content, exiting 
solids temperature and moisture content) as the initial conditions for the integration.  

3. Plot the predicted temperature and moisture content profiles along the kiln. Compare the 
observed conditions at the z = L end (exiting air temperature and moisture content, 
entering solids temperature and moisture content) to the predicted values.  

4. How do these conditions change when kiln conditions are changed?  
5. How do the values of h and hc change with air rate? Ideally, a and b should not change 

with flow rate.  
 
Useful Suggested Data  
 
The modeling is this experiment is Òpartially predictiveÓ because the parameters h, hc, a, and 
b are not known or available easily from the literature. The user will find the values of these 
that provide a Òbest fitÓ of model-predicted temperatures and moisture contents at the right 
side of the kiln (i.e. the side the wet pellets enter).  However, there are usually insufficient 
collected data to reliably fit four parameters.  Therefore, it is recommended that a and b are 
kept fixed while h and hc are allowed to vary.  It is expected that these two will vary with air 
flow rate, which is the main independent experimental variable.  
 
Suggested values:   
 
where a = 5, b = 300 K, and Ts is the solids temperature in K.  
 
The values of h and hc are ÒoptimizedÓ for the available data.  The units for both depend on 
the units that are used for the moisture balances.   

( )5exp 300 sK T= !
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PACKED TOWERS I I  (B-7-T) 
 
Introduction  -- THIS EXPERIMENT IS CURRENTLY OUT OF SERVICE FOR UPGRADES.  
 
Objectives 
 
In this experiment, you will evaluate the hydraulic performances of two towers filled with the 
same type, but different heights, of packing.  The objectives include the: 
 

• Measurement of pressure drops across the dry packings as functions of air flow rate 
• Measurement of pressure drops, as functions of air rate, for at least two water rates 
• Comparison of experimental pressure drops and holdups with predicted values based on 

literature correlations  
• Determine if the pressure drops, per foot of packing, are comparable for the two columns 

 
NOTE:  Use the two packed columns in the current Wetted Wall Column system.  There will be 
no use of ammonia in this experiment.   
 
Pressure Drop in Packed Bed (one fluid phase only) 
 
The pressure drop experienced by a single fluid flowing through a bed of randomly packed solids 
is the result of viscous (form-drag) and kinetic energy losses. It is given by the Ergun equation:  
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where L = packing length, -ΔP = pressure drop, gc = conversion factor, ρv = fluid density, and u 
= average superficial velocity of fluid. The left side of the equation represents the modified 
friction factor and the terms on the right in Equation (1) represent the viscous energy losses and 
the kinetic-energy losses.  This equation can be rearranged to estimate the pressure drop for a 
given fluid flow rate.  
 
The Reynolds number is based on the effective particle diameter Dp and is given by:  
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where GÕ = mass velocity of the fluid based on the tower cross section, and µ = fluid viscosity.  
 
When the packing has a shape different from spherical an effective particle diameter is used: 
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where the parameters ε and Av are provided or can be estimated. The bed porosity, ε, is the 
fraction of total bed volume that is void.  The quantity Av is the ratio of total packing surface are 
in the bed to the total volume of the bed.   
 
Pressure Drop in Packed Bed (gas/liquid counter-current operation) 
 
During a gas/liquid counter-current operation below the loading point, the gas pressure drop is 
greater for a given gas rate when the liquid is applied. Use the Stringle correlation (see 
Geankoplis, 4th ed., pgs. 657-659) to predict the observed pressure drop. A simple correlation for 
predicting the flooding velocity is also presented (pg. 658, Geankoplis, based on method of 
Fister and Gill).   
 
Procedure 
 
NOTE: Carefully familiarize yourself with the system piping before you begin.  Sketch out a 
schematic of the system in your notebook.   
 
Pressure Drop in Packed Bed (air only) 
 

1. Measure the amount of packing in the upper and lower columns; note its type. Measure 
the ID of each column.  

2. Make sure the water seals on the drains of both columns are water-filled.   
3. Set an air flow on the main air rotameter.  
4. Record the -ΔP across both the upper and lower columns using the manometers.  
5. Record the absolute pressures at the inlets to the lower and upper columns Ð beware units.  
6. Repeat steps 2-5 over as wide an air flow rate range as possible. Be careful to not blow 

the water seals of either the upper or lower packed columns.   
 
Pressure Drop in Packed Bed (air/water) 
 

1. With no air flow, set a water rate corresponding to 1000 lbm/ft2-hr in each column.  
2. Set a low air flow rate, and record the -ΔP across each column.  
3. Record the absolute pressures at the inlets to the lower and upper columns Ð beware units.  
4. Incrementally increase the air flow rate, and record -ΔP across the column.  
5. Draw a rough, working plot in order to identify the loading and flooding points, if 

possible. Loading will occur when water begins to pool in the packing. Flooding occurs 
when pooled water is driven upward by the rushing air and bubbles out the top.  Do NOT 
operate either column under flooding for more than a few seconds in order to avoid 
getting water in the upper pressure tap lines.  

6. Repeat steps 1-5 for a water rate of 2000 lbm/ft2-hr.  
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Data Analysis and Modeling  
 
Pressure Drop in Packed Bed (air only) 

 
1. Plot the observed -ΔP/L (inches H2O/ft. packing) vs. air rate (scfm) for each column on 

the same graph.   
2. Use Eq. (1) to predict the -ΔP/L at each experimental air rate in each column.  
3. Plot the predicted -ΔP/L versus air rate for each column on the same graph as the 

experimental data.  
 

Pressure Drop in Packed Bed (air/water) 
 

1. Plot the observed -ΔP/L (inches H2O/ft. packing) vs. air rate (scfm) for the first water rate 
for each column.  

2. Use the Strigle correlation to predict the -ΔP/L at each experimental air rate for each 
column.  

3. Plot the predicted -ΔP/L versus air rate for each column on the same graph as the 
experimental data.  

4. Repeat steps 1-3 for the second water rate.  
 
Useful Data  
 
Packing      ε   Av (1/ft) 
 
"  -inch Berl saddles  0.63      142 
 
References 
  

1. Geankopolis, C. J., ÒTransport Processes and Unit OperationsÓ, 3rd Edition, Prentice Hall, 
Englewood Cliffs, New Jersey (1993).  

2.  McCabe, W.L., Smith, J.C., and Harriot, P.,  ÒUnit Operations Chemical Engineering,Ó 
5th Ed., McGraw-Hill Book Co., New York, New York (1993). 
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PACKED TOWERS I I I  (B-7-T) 
 
Introduction 
 
Objectives 
 
In this experiment, you will evaluate the hydraulic performances of two towers filled with the 
same type, but different heights, of packing.  The objectives include the: 
 

• Measurement of pressure drops across the dry packings as functions of air flow rate 
• Measurement of pressure drops, as functions of air rate, for at least two water rates 
• Comparison of experimental pressure drops and holdups with predicted values based on 

literature correlations  
• Determine if the pressure drops, per foot of packing, are comparable for the two columns 

 
NOTE:  Use the two packed columns in the current Packed Column Gas Absorption system.  
There will be no use of ammonia in this experiment.   
 
Pressure Drop in Packed Bed (one fluid phase only) 
 
The pressure drop experienced by a single fluid flowing through a bed of randomly packed solids 
is the result of viscous (form-drag) and kinetic energy losses. It is given by the Ergun equation as 
presented for packing by Treybal (1968):  
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where L = packing length, -ΔP = pressure drop, gc = conversion factor, ρv = fluid density, 

!  

Cf

'  = 
effective packing factor, NRe = packing-based Reynolds number, and GÕ = mass velocity of the 
fluid based on the tower cross section. The left side of the equation represents the modified 
friction factor and the terms on the right in Equation (1) represent the viscous energy losses and 
the kinetic-energy losses.  This equation can be rearranged to estimate the pressure drop for a 
given fluid flow rate.  
 
The Reynolds number is based on the effective packing diameter Dp and is given by:  
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where µ = fluid viscosity.  
 
When the packing has a shape different from spherical an effective particle diameter is used: 
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where the parameters ε and Av are provided or can be estimated. The bed porosity, ε, is the 
fraction of total bed volume that is void.  The quantity Av is the ratio of total packing surface are 
in the bed to the total volume of the bed.   
 
Pressure Drop in Packed Bed (gas/liquid counter-current operation) 
 
During a gas/liquid counter-current operation below the loading point, the gas pressure drop is 
greater for a given gas rate when the liquid is applied. Use the Stringle correlation (see 
Geankoplis, 4th ed., pgs. 657-659) to predict the observed pressure drop. A simple correlation for 
predicting the flooding velocity is also presented (pg. 658, Geankoplis, based on method of 
Fister and Gill).   
 
Procedure 
 
NOTE: Carefully familiarize yourself with the system piping before you begin.  Notice that the 
air control valve is on the inlet to the rotameter.  Since the column operates at about 1 atm 
pressure and there are no restrictions between the rotameter and the column, the air rotameter is 
operating at essentially 1 atm pressure.  Therefore, no density correction is needed!  
 
Pressure Drop in Packed Bed (air only) 
 

1. Measure the amount of packing in the upper and lower columns; note its type. Measure 
the ID of each column.  

2. Make sure the water seals on the drains of both columns are water-filled.   
3. Set an air flow on the main air rotameter.  
4. Record the -ΔP across both the upper and lower columns using the manometers. 
5. Record the absolute pressures at the inlets to the lower and upper columns Ð beware units. 
6. Repeat steps 2-5 over as wide an air flow rate range as possible. Be careful to not blow 

the water seals of either the upper or lower packed columns.   
 
Pressure Drop in Packed Bed (air/water) 
 

1. With no air flow, set a water rate corresponding to 1000 lbm/ft2-hr in each column.  
2. Set a low air flow rate, and record the -ΔP across each column.  
3. Record the absolute pressures at the inlets to the lower and upper columns Ð beware units.  
4. Incrementally increase the air flow rate, and record -ΔP across the column.  
5. Draw a rough, working plot in order to identify the loading and flooding points, if 

possible. Loading will occur when water begins to pool in the packing. Flooding occurs 
when pooled water is driven upward by the rushing air and bubbles out the top.  Do NOT 
operate either column under flooding for more than a few seconds in order to avoid 
getting water in the upper pressure tap lines.  

6. Repeat steps 1-5 for a water rate of 2000 lbm/ft2-hr.  
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Data Analysis and Modeling  
 
Pressure Drop in Packed Bed (air only) 

 
1. Plot the observed -ΔP/L (inches H2O/ft. packing) vs. air flux (scfm/ft2 column cross 

section) for each column on the same graph.   
2. Use Eq. (1) to predict the -ΔP/L at each experimental air rate in each column.  
3. Plot the predicted -ΔP/L versus air rate for each column on the same graph as the 

experimental data.  
 

Pressure Drop in Packed Bed (air/water) 
 

1. Plot the observed -ΔP/L (inches H2O/ft. packing) vs. air flux (scfm/ft2 column) for the 
first water rate for each column.  

2. Use the Strigle correlation to predict the -ΔP/L at each experimental air rate for each 
column.  

3. Plot the predicted -ΔP/L versus air rate for each column on the same graph as the 
experimental data.  

4. Repeat steps 1-3 for the second water rate.  
 
Useful Data  
 
Packing      ε   Av (1/ft) 

!  

Cf
'  (1/ft) 

 
"  -inch Raschig Rings 0.64      111  1280 
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TUBULAR FLOW VESSEL (311-T) 
 
Introduction 
 
Objectives 
 
In this experiment, you will evaluate the residence time distributions (RTDs) of two tubular flow 
vessels of identical volume but different length/diameter (L/D) ratios.  The objectives include:  
 

• Determination of the RTD of each vessel as a function of Reynolds number 
• Estimation of the Reynolds number range over which plug flow is approached 
• Determine what impact L/D has on this near-plug flow Reynolds number range  

 
NOTE:  You will be using the flow vessels in the Tubular Flow Reactor experiment, together 
with solutions of one of the reactants typically used, but not the other.  Hence, no reaction will be 
used in this experiment.   
 
Residence Time Distribution 
 
The residence time distribution (RTD), usually represented as the time-dependent function E(t), 
is a topic typically covered in reaction engineering classes.  However, it is basically concerns the 
movement of fluids through a vessel.  Therefore, it can be considered in ChE 396.  It is 
recommended that you read about RTDs in Chapter 13 of Elements of Chemical Reaction 
Engineering by Fogler Ð your reactor engineering textbook.  There is also very useful 
information at: http://www.engin.umich.edu/~cre/13chap/frames.htm 
 
We define the mean space-time τ (sometimes called mean residence time) for vessels like flow-
through stirred tanks and pipes.  This τ is typically calculated by: 
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where V = reactor volume, and v = volumetric flow rate. In reality, some portions of the fluid 
spend more time in the vessel than others.  This is measured by the RTD.  Ideal vessels (e.g. 
continuous stirred tank reactor [CSTR] and plug flow reactor [PFR]) have specific RTDs (see 
below), while real (i.e. non-ideal) vessels have RTDs which appear as deviations from these 
ideal cases.   
 
 
     
 
 
 
 
   CSTR     PFR 
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The RTD for a flow vessel is can be determined by introducing an inert tracer into the inlet flow, 
and then monitoring the outlet flow for this tracer as a function of time.   Experimentally, we will 
be using a step-change approach wherein at time t = 0, we will introduce a positive step-change 
(off-to-on) input of tracer to the main flow.  This tracer will be detected as a function of time at 
the outlet.  Once a steady-state tracer concentration is achieved in the outlet, the tracer run is 
over.  We can also measure the negative step-change (on-to-off) by turning off the tracer and 
monitoring the decay of tracer in the outlet until it disappears.  Keep in mind that the main flow 
through the vessel stays at steady-state, while the step change in tracer is a transient event the 
effects of which are monitored.   
 
The RTD is represented by E(t) and is determined from positive step change data by:  
 

( ) ( )
dt

tdF
tE =        (2) 

 
where F(t) is the normalized outlet tracer concentration curve CToutlet given by:  
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where CTo = concentration of NaOH in the total feed (i.e. main flow vwater + tracer flow vNaOH) is:  
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where CNaOH = tracer concentration in the tracer feed tank.  
 
The outlet concentration curves CToutlet for a positive inlet step change in tracer into the ideal 
CSTR and PFR vessels are represented below:  
 
 
 
 
 
 
 
 
 
 
The conductivity sensor signals are directly proportional to concentration. Therefore, and 
absolute concentration calibration is not needed as long as ratios are used as in:  
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Experience shows that the typical inlet conductivity trace for the step changes appears as below:   
 

t = 0 
Positive 

Step

t = 0 
Negative 

Step

Co

CTinlet

 
 
The positive step change is not sharp enough, though the negative step is excellent.  It is 
recommended that you work with the negative step results as long as they are sharp.  Experience 
shows that the typical outlet conductivity trace for the step changes appears as below:   
 

t = 0 
Positive 

Step

t = 0 
Negative 

Step

Co

CToutlet

lag

lag

 
 
In analyzing the outlet trace, you will normalize according to Equation 5.  Then, it is 
recommended that you fit the experimental F(t) trace starting at t = 0 for the negative step to:   
 
F(t) = 1   for 0 < t < τp         (6)  
F(t) = exp[-(t - τp) / τs] for t ≥ τp 
 
where τp = time lag from t = 0 (negative step) to first drop in outlet signal, and τs = parameter for 
a hypothetical CSTR to fit the curved portion of the outlet signal trace.  The model for this is a 
PFR feeding a CSTR:   
 

! p
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Procedure 
 
** Safety **  Sodium hydroxide is caustic!  Use an apron, gloves, and eye protection when 
preparing this solution. Avoid direct inhalation of any vapors from the tank.   
 
Electronic Data Collection – Virtual Recorder and PC 
 
NOTE: The virtual recorder on the large grey panel sends its data live to the PC near the bench 
with the balances.  The recorder is always running and sending its data to the PC.  The virtual 
recorder shows on-line data for solution conductivity, temperature, and flow rate. In this 
experiment, you are interested in flow rate and conductivity data.   
 
+ Virtual Recorder 
 

1. Power up the main control panel, and activate the PC if not already on. Make sure you 
have a USB flash drive for downloading your data.  

2. On the virtual recorder on the main panel, push the Screen Button - ÒSelect Screen Menu 
AppearsÓ.   

3. Choose either the 1Ó or 2Ó reactor by rotating the button (highlight), and pushing the 
button to ÒenterÓ.  

 
+ PC Data Collection Program 
 
NOTE: Test yourselves by collecting and downloading some dummy data before running your 
first actual experiment.   
 

1. Open the ÒTrendServer ProÓ program.   
2. Click on ÒGraphsÓ 
3. For the 1Ó tube, double-click on ÒChE396_1in_tubeÓ icon.   This will cause collection of 

data from conductivity probes 3 and 6, and the NaOH solution flow rate transducer.   
4. When youÕre actually ready to start the experiment and the data collection, note the time.  
5. Begin the experiment.  When all runs are done for 1 tube, note the time elapsed.   
6. Click on the ÒclockÓ icon.  Move to the ÒGo to LastÓ block, and choose the appropriate 

time elapsed.  DonÕt choose too little time.   
7. Click on the ÒspreadsheetÓ icon.  Click on Òsend to ExcelÓ, then ÒexportÓ.   
8. When prompted, enter a file name, and send the file to the desktop.   
9. When returned to the spreadsheet window, click on ÒDoneÓ.   
10. Minimize the entire window, and then examine the new files on the desktop.  There will 

be one for each probe, and one for the flow rate.  Make sure all your runs are obvious.   
11. If you are satisfied, transfer your files to your flashdrive.   
12. Close the window for the 1Ó tube.  DonÕt save changes if prompted.   
 

Preparation of Sodium Hydroxide Tracer Solution  
 
1) Measure the tank diameter, and estimate the height that will correspond to 10 gallons of 

solution.   
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2) Close all valves exiting the feed tank, and fill with cold water to the height corresponding to 
10 gallons.  

3) Obtain 1.5 kilograms of NaOH from the ChE stockroom.  Get assistance from the TA.   
4) Slowly empty the dry NaOH into the water, mixing thoroughly with a long, white paddle 

until it is completely dissolved.  Avoid splashing!! Make sure all the NaOH is dissolved.   
 
Step Change Experiments 
 
1. The plain water is the main flow, with the NaOH solution as the tracer.  Set the valves to 

direct the flow to the tubular vessel chosen on the virtual recorder.  
2. This is a time-dependent experiment, so the introduction of the tracer should be as crisp as 

possible.  Since the absolute tracer concentration doesnÕt matter, weÕll use the same tracer flow 
rate (~ 0.5 gpm) for all runs while varying the main water rate over the range just chosen.   

a. First, flow tracer solution only through the vessel, setting the tracer valve for 0.5 gpm.   
b. Once set, turn off the tracer pump but donÕt change the tracer valve position.  Keep 

this tracer valve position for all the runs.   
3. Activate the water (i.e. ethyl acetate) pump, and set the highest flow rate possible (4-5 gpm) 

through the tubular vessel.  Flush out for at least 5 minutes, making sure the inlet and outlet 
conductivity cells measure the same, low value indicating pure water.     

4. Plan for ~ 5 runs covering the entire range of water rate, but avoid going lower than 1 gpm.   
5. Activate the PC data collection program to begin saving data sent from the virtual recorder.   
6. Note the time.  Set the water flow at the highest rate (4-5 gpm).   
7. Start the tracer solution pump.   
8. Observe the inlet and outlet conductivity traces on the recorder.  The inlet trace should very 

rapidly reach a steady level.  The outlet trace will take longer to reach its steady level.   
9. When the outlet trace reaches a steady level, turn off the tracer pump and observe both traces 

returning to their original valves.  Avoid changing the tracer valve setting.   
10. Keep the water flowing through the tube.  Check your water tank level.  If low, replenish to a 

higher level.   
11. Set the water valve for the next chosen flow rate.   
12. Repeat steps 7-11 for the remainder of the chosen water rates.   
13. When finished with one tube, note the time.  Turn off the pumps.  Download your data.   
14. Repeat the entire procedure for the second tubular vessel.  You may wish to plan this for 

another lab session, starting with fresh tracer solution.   
 
Clean-Up  
 

1. Drain the feed tanks of any remaining solution using the drain valves. Rinse both tanks 
out with water.   

2. Flush out the reactor that you have just studied with plain water.  Leave it full, making 
sure all conductivity probes are bathed in water.  

3. Police the general area, making sure not to leave a mess.  If spills have occurred, consult 
the TA or the instructor.   
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Data Analysis and Modeling 
 

1. Normalize each outlet signal by the maximum signal for the negative step changes 
according to Equation 5.   

2. Calculate the space-time and Reynolds number for each case.  For the negative steps, 
these quantities would be based on the actual flow, which is water only (no tracer).   

3. Plot the normalized signals, making sure that the Òt = 0Ó point is clear for each step.  
4. Fit your negative step data according to Equation 6.  Tabulate τp and τs for each case.  

Either Excel or Polymath can be used for the curve-fit.  It is recommended that you plot 
up the actual data curve, together with the curve fit, in order to ÒeyeballÓ whether the fit 
looks reasonable.    

5. How do these model parameters vary with Reynolds number? How do each compare to 
the actual space-time τ for the vessel?  

6. Are there any differences in this behavior in going from the large to small diameter vessel?  
7. For what Reynolds number range do these vessels approach plug flow behavior?   
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CONTINUOUS STIRRED TANK (311-T) 
 
Introduction 
 
Objectives 
 
In this experiment, you will evaluate the residence time distribution (RTDs) of an agitated flow 
vessel, and how it varies with total flow rate and outlet pipe configuration. Objectives include:  
 

• Determination of the RTD of the vessel as a function of Reynolds number  
• Estimation of the Reynolds number range over which CSTR behavior is approached 
• Observation of the impact on mixedness of location of effluent pipe.   

 
NOTE:  No reaction or bleach will be used in this experiment.  Only the mixing and flow 
patterns of the vessel are of interest here.  Only dye and water will be used.   
 
Residence Time Distribution  
 
The residence time distribution (RTD), usually represented as the time-dependent function E(t), 
is a topic typically covered in reaction engineering classes.   However, it is basically concerns the 
movement of fluids through a vessel.  Therefore, it can be considered in ChE 396.  It is 
recommended that you read about RTDs in Chapter 13 of Elements of Chemical Reaction 
Engineering by Fogler Ð your reactor engineering textbook.  There is also very useful 
information at: http://www.engin.umich.edu/~cre/13chap/frames.htm 
 
We define the mean space-time τ (sometimes called mean residence time) for vessels like flow-
through stirred tanks and pipes.  This τ is typically calculated by: 
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where V = reactor volume, and v = volumetric flow rate. In reality, some portions of the fluid 
spend more time in the vessel than others.  This is measured by the RTD.  Ideal vessels (e.g. 
continuous stirred tank reactor [CSTR] and plug flow reactor [PFR]) have specific RTDs (see 
below), while real (i.e. non-ideal) vessels have RTDs which appear as deviations from these 
ideal cases.  
  
 
     
 
 
 
 
 
 
   CSTR     PFR 
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The RTD for a flow vessel is can be determined by introducing an inert tracer into the inlet flow, 
and then monitoring the outlet flow for this tracer as a function of time.   Experimentally, we will 
be using a step-change approach wherein at time t = 0, we will introduce a positive step-change 
(off-to-on) input of tracer to the main flow.  This tracer will be detected as a function of time at 
the outlet.  Once a steady-state tracer concentration is achieved in the outlet, the tracer run is 
over.  We can also measure the negative step-change (on-to-off) by turning off the tracer and 
monitoring the decay of tracer in the outlet until it disappears.  Keep in mind that the main flow 
through the vessel stays at steady-state, while the step change in tracer is a transient event the 
effects of which are monitored.   
 
The RTD is represented by E(t) and is determined from positive step change data by:  
 

( ) ( )
dt

tdF
tE =        (2) 

 
where F(t) is the normalized outlet tracer concentration curve CToutlet given by:  
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where CTo = concentration of dye in the total feed (i.e. main flow vwater + tracer flow vdye) is:  
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where Cdye(tank) = dye tracer concentration in the dye tracer feed tank.   
 
The outlet concentration curves CToutlet for a positive inlet step change in tracer into the ideal 
CSTR and PFR vessels are represented below:  
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Optical Diagnostic and “F Curves”  
 
An on-line optical absorption technique will be used to monitor the dye tracer concentration in 
the flow.  Absorbance measurements are made using an optical flow cell located after the vessel.  
The flow cell can accept either the vessel effluent directly or an inlet bypass stream.   
 
The governing equation for the absorption is the Beer-Lambert law:   
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where 

!  

ö A = absorbance, Io = incident intensity of probing light, It = transmitted intensity, Swater = 
optical signal with only pure water flowing through the sample cell, Sdye = signal with dye 
present, σ = absorption cross section, L = sample cell optical path length, and Cdye = 
concentration of dye tracer.   
 
The absorbances are directly proportional to concentration. Therefore, an absolute concentration 
calibration is not needed as long as ratios are used as in:  
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F t( ) =
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Cdye( feed)

=
ö A outlet t( )
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    (6) 

 
where 

!  

ö A outlet = absorbance determined at the vessel outlet, and 

!  

ö A dye+water= absorbance of the inlet 
water + dye.  Valves after the vessel allow for the feed stream to bypass the vessel so that 

!  

ö A dye+water can be determined.     
 
Experience shows that the typical signal trace for the step changes appears as below:   
 

 
 
The above shapes are idealized, and real curves might look somewhat different, especially if 
non-idealities exist in the stirred vessel.  
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In analyzing the absorbance curves, normalized to F(t) by Equation (6), it is recommended that 
you compare the experimental F(t) trace starting at t = 0 for the positive step to the form:   
 

! 

F t( ) =1" exp " t # ps( )      (7)  

 
where τps = V/vps and vps = vwater+dye.  Equation 7 represents the  F-curve for the ideal CSTR.    
Usually, the dye flow rate will be small compared to the main water.   
 
For the negative step, it is recommended that you compare the experimental F(t) trace starting at 
t = 0 for the negative step to the form:  
 

 

!  

F t( ) = exp " t #ns( )      (8)  
 
where τns = V/vwater.  In essence, Equations 7 and 8 are idealized CSTR models.   
 
Procedure 
 
Note:  The dye used in this experiment as a tracer is concentrated green food color.  Avoid 

getting it on your clothes.  I recommend wearing gloves.  If you get it on your skin, it will 
wash off in a day.    

 
Note:  Study the piping layout of the entire system before you start flows.  There are numerous 

valves.  Make sure you know the function of each valve!   
 
Vessel Configuration 
 
1) Examine the vessel carefully.  It is currently configured with the feed entering above the 

liquid level in the vessel.  The exit port can either be near the bottom of the vessel (i.e. low), 
or at the top of the vessel (i.e. high).  Determine whether the high or low exit port is currently 
in use.  Do your initial runs (at least 3 as time allows) with this port.  

2) Consult with the instructor, and request a change to the other exit port after the first runs are 
finished.  Repeat your runs with the new exit port, as time allows, using the same flow rates 
of water and tracer.   

3) Keep the same agitation rate for all runs!  
4) No bleach will be used during this run.   
 
Tracer Solution Preparation 
 
1) Use the Fast Green dye as the tracer dissolved in water.  Its green color will absorb the red 

laser light, thus making it a convenient diagnostic.   
2) Prepare ~ 1 liter of dye tracer solution at ~ 0.1 g/liter concentration if dye is not already 

available on the bench behind the experiment.   
3) Weigh out the powdered dye (~ 100 mg) using an available analytical balance.   
4) Dissolve the dye in 1 liter of water with a magnet stirrer.   
5) After prepared, carefully pour the tracer solution into the dye tracer tank.  Take care not to 

drop the magnetic stirred into the dye tank.   
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6) Prepare a total of 3 liters of green dye solution.   
 
Prepare the Data Logger and PC 
 
1) Make sure PC is activated.  Log in (ignore password request), and get to Desktop.   
2) Go into ÒLabview StuffÓ folder.  Activate theLabview Òreadvolts.viÓ program.   
3) Set the sampling time for 5 seconds.  Set the interface switch to GPIB.  Set to address 4.   
4) Click on Òenable traceÓ, but do not start the data collection yet.   
5) Activate the Fluke® data logger.  Press the  button until ÒChannel 5Ó is reached on the 

display; hit ÒenterÓ.  Hit the ÒfunctionÓ button; then hit  until Òvolts DCÓ is seen; then hit 
ÒenterÓ. When ÒAUTOÓ appears, hit ÒenterÓ.  Finally, press the MON monitor button.   

 
Preparation of Optical System   
 
1) Turn on house water supply. 
2) Select a flow configuration: Inlet (high), outlet (high or low) Ð consult with instructor if 

needed.   
3) Make sure the outlet valves are set to direct the entire reactor effluent through the optical 

cell.  Check with the instructor to review your system.   
4) Set the main water flow into the reactor at about "  of full capacity (0.65 GPM) of the 

rotameter.   
5) Set the agitator motor setting dial (at least 3) for a vigorous agitation, but avoid vortices!   

Do not entrain air  bubbles into the vessel fluid Ð these will disrupt the laser beam as they 
pass through the optical cell.   

6) Activate the HeNe laser.  Verify beam alignment into the detector, and that the detector is 
activated.  Do this with water flowing through the optical cell by way of the vessel.    

7) Verify detector linearity by observing the Fluke reading with a 0.3 neutral density filter (50 
% transmission) held temporarily in front of the detector.  See the instructor for this filter.   

 
Tracer Experiments  

1) Make sure the Fluke is active.  Make sure the PC data collection program is active and ready.   
2) Set the valve for dye solution flow to return to tank; open the dye supply valve.  
3) Start the dye pump, and circulate dye back to its supply tank.  Set dye flow to ~ 0.5 gph.  
4) Set the valves for feed bypass around the vessel and directly through the optical cell.   
5) Turn on the cold water supply, and begin an intermediate flow rate.   
6) Set outlet valves for vessel bypass.  Direct the water flow through the optical cell.  
7) Start data collection on the PC; make sure a live plot is on the screen.  Observe the Òwater 

onlyÓ baseline voltage signal.   
8) Redirect the dye flow to join the water flow, directing both through the optical cell.   
9) Allow the signal trace to reach a steady state value.  Estimate the 

!  

ˆ A dye+water value according to 
Eq. 4.  Your target absorbance should be ~ 0.7 to 1.2, though not exceeding ~ 1.9. To adjust 
the absorbance, then adjust either the dye flow rate or the water rate.  

10) Set the agitation rate at an intermediate setting, but avoid entraining air bubbles.   
11) With an acceptable 

!  

ö A dye+water , redirect the valves for water + dye flow directly into the vessel, 
with total reactor effluent flow through the optical cell.  Keep the signal trace going.  
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12) Adjust the water and dye rates, if needed, to restore both flow rates to the original values.   
13) Allow the optical signal to achieve a new steady state value.  This will take a while.   
14) When the signal trace has reached a steady value, set the dye flow to return (recirculate) to 

the dye tank.  Turn off the dye pump.  
15) Maintain the water flow through the vessel until the signal reaches a steady value.   
16) During the run, make sure the stirred vessel liquid level and flow rates are all constant Ð 

especially the water rate.  
17) Stop data collection by clicking on Òdisable traceÓ.  Do NOT hit the red stop button.  Wait for 

the box prompting you to save the data to a file.  
18) Store the entire signal trace on the desktop with a distinct name (*.txt).   Later, transfer this 

file to a personal floppy diskette (see instructor).  If you can, email the text file to yourself 
over the network.  You can also transfer the data text files from the floppy to a flash drive on 
another, newer PC in the lab. 

19) Flush out the reactor until the signal returns to its baseline value.  Use the effluent bypass line 
to speed up the flush out.   

20) After transferring the data, put the cursor on the graph.  Right-click, then move to Òdata 
operationsÓ, then click on Òclear chartÓ.   

21) Repeat the above sequence at the same agitator setting for at least 3 more water rates.   
22) When all complete, change the exit port configuration Ð consult with the instructor.  
23) Repeat the above procedure using the same water and dye flow rates.   
 
Data Analysis and Modeling 
 
1. Generate the experimental absorbance plots for the step changes by Equation 5.  
2. Generate the experimental F(t) plots for the step changes according to Equation 6.   
3. Derive ideal CSTR ÒF-curvesÓ according to Equations 7 and 8.  Plot them on the same 

graphs as the experimental F-curves for each step.   
4. Does the vessel exhibit ideal CSTR behavior for any of the runs? Is there a trend based on 

total flow rate?  Try to explain what is going on inside the CSTR by comparing the ideal and 
experimental F-curves.   

5. Is there a difference in results based on fluid exiting from either port?  Is one port preferred 
for near-CSTR behavior?  
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