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Author’s Notes:

¢ Thismanud isawork in progress Da Qiving doaumentOPand will be updaed over time.
In addition, some experiments will undego modification and updaing. Please be paient
as themanud and our laboratory evolve.

* Each variable or paameter of an equdionisidentified when it isfirst used. Thereare no
nomendature lists at the end of each experimental description. It is your responsbility to
make sure your units are correct and congstent.

* Schematics of theindividud experiments are largdy not induded. This should foger in
you a greater sense of discovery as you examine each unit and ask questions

* Theunitsinthislaboratory are still heavily oriented to the English system. Y ou should
be able to use both English unitsand Sl units.

* Some of the experiments described here have recently undegore or are undegoing
upgrades. Theefore, this manud mightnot befully up-to-speed. In such cases, be
paient, manage, and learn.

* These experiments are based on concepts covered in mog unit opeationstexts. The
following references are useful:

1) Geankoqis, Transport Processes and Separation Process Principles, Prentice-Hall.

2) McCabe Smith, and Harriot, Unit Operations of Chemical Engineering, McGraw-Hill.
3) Foug, et a, Principles of Unit Operations, Wiley.

4) Perry@® Chemica Engineers Handbook.



MODELING YOUR DATA

Philosophy

In this course, you will use critical thinking in every stage of your laboratory work: Planning, Execution,
Andysis, and Communication. This course should notbelooked at as merely a "verification” of your

prior lecture classes. Rather, it isaresearch activity to which you bringto bear all of wha you've
learned.

Modeling

A very impartant component of yor AndysisisModding. Asshown inthefigure, theinteraction
between your experimental dataand your modd is atwo-way path tha will lead to thetruth behind what
you'vedone Youmug have confidence in both your daa and your modd in order to be successful.

Experiment

™ Truth

Model

Thechoice of modd isnotatrivia one Consder thefollowing modd classification:

Fully Predictive

Based on fundamental prindples and assumptions

Mightindudeparameters determined by previousresearchers

User-inputof experimental independent variables (e.g. flow rate set by you)

No adjudable parameters; predict dependent variables

Direct comparison of modd predictionswith observed data (e.g. outiet temperatures)
If compaison poa, review applicability of the modd and/or daa qudity

Partially Predictive

* Based on fundamental prindples and assumptions

* User-inputof expeimenta independent and dependent variables

*  Key paameter(s) determined by regression of observed data as applied throughthe modd
equdion(s) (e.g. heat trander coefficient)

* If regresson not statistically acceptable, review applicability of the modd and/or data qudity

* If regression acceptable, compare vaues of fitted (regressed) parameters with published or
reasoneble values



Simple Correation

* Basisin fundamenta prindples and assumptionsnot needed

* User-inputof experimental indgpendent and dependent variables into simple regression
(correlation)

* |f regression not statistically acceptable, correlation notvalid

* Acceptable regression suggests arelationship might exit, butis no guaantee

During daa andysis, often thereis confusonin applying which modd type We will nat beusng any
simple correlations The Fully Predictive modd is aways preferred. Many of the experiments have
multiple parts, however, where you will require the Fully Predictive modd for onepart and the Partially
Predictive model for another part. Thechoice degpendson the availability of key modding information.

Example
Congder the"ContinuousHeat Trander” Experiment. For theshdl & tubesteam condenser, you record
condensate and coolant exit temperatures as fundions of coolant rate for a given steam rate. Below, the

variousmodds are consdered.

Simple Correlation

For agiven steam flow rate, you observe tha the exit coolant temperature changes as you vary its flow
rate. You plotupthisexit temperature vs. flow rate. By itself, this sayslittle; you proceed to next level
of complexity.

Partially Predictive

Y our modd indudes thefollowing components:

* Overal exchange heat bdance in terms of log-mean temperature driving force and overall
heat trander coefficient.

* Overal exchange heat bdancesin terms of sengble heat ganed by the cooling water

* Overal heat trander coefficient as sum of resistances - incorporating both film coeficients

* Use both heat bdances to estimate theoveral heat trander coeficient

* Apply Wilson methodto estimate thelumped quantity of tubemetal resistance and shdl-side
resistance

* From sum of resistances, estimate tube side heat tranger coefficient

* Compae thistubeside codficient to that predicted by literature correlation of Nusselt
nunmbersvs. Reynoldsand Prantdl numbers

Fully Predictive

Y our modd indudes thefollowing components:

* Overal exchange heat bdance in terms of log-mean temperature difference and overall heat
trander codficient



* Overadl exchange heat bdancesin terms of sengble heat ganed by the cooling water

* Overal heat trander coefficient as sum of al resistances - (shdl-side, metal, tubeside)

* Predictive (literature) correlationsfor tube side and shdl-side heat tranger coeficients
(Nusselt numbers vs. Reynoldsand Prantdl numbers); thermal propeties of metal

* Estimate theoverall codficient; combinewith log-mean temperature difference; predict heat
trander rate; apply thisto sengble heat increase of coolant and the entha py loss of the steam;
predict observed coolant and condensate exit temperatures

Rule-of-Thumb

Congstent with your requirements and the available information, always apply amodd tha is as heavily
based in first prindples as possible. Inthisway, your modd becomes more truly predictive, and, hence,
more indructive to you in its revelationsaboutthetruth of what you'vestudied. In addition, recognize
that the Fully Predictive approach is, in effect, adesign calculation. So, in theexample above you have
effectively designed a steam condenser!

SUCCESSFUL PLANNING FOR EXPERIMENTS

Notebooks
* Each groupshould have adesignaed lab notebook
Y ou can use fresh pagesin your old P-Chem lab notebook.
Y ou should each have your own copies of raw daa.
Feel freeto do you andysis/ daawork-up in the notebook.
Make sure you have the"Pre-Experiment Plan™ in the notebook before starting each new
experiment.

Pre-Experiment Plan

1) Provideaclear statement of theresearch objectives of your upaming experiment. How
will each be met?

2) Wha isyour experimental plan? Identify:
+ Personnéd assignments (induding groupleader)
+ Expeimental tasks to be executed
+ Experimental paameters to be adjused
+ Datato be collected
+ Working plot(s) to bedrawn into lab notebook

3) Showthe appropriate theoretical relationshipstha you expect to use in modding your
daa.

4) Clearly illugrate how daa obtained from your experiment will be used with thetheoretical
relationshipsidentified in Step 3.

5) What are thelikely sources of experimental uncertainty in your case?



SAFETY RULESAND REGULATIONS

Therules and regulationstha follow are universal for thelaboratories. In additionto becoming
familiar with these, take nate of safety warningsgiven with specific experiments. These are
noted in this manud.

Clothing: Shorts or skirts should not beworn to the lab. Avoid wearing expensve clothes.
Sandds or open-toe shoes are not acceptable. Hard hats are required in al high-head areas.
Confinelonghar, neckties, or any loose clothing or accessories.

Eye Protection: Safety glasses are arequired item to beworn in all areas of thelaboratories. The
department policy on eye protectionis:

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 LENSESIN THE LABORATORY ISSTRONGLY DISCOURAGED, EVEN
WHEN EYE PROTECTION ISWORN. THERE IS A DISTINCT_POSSIBILITY THAT
CHEMICALS MAY INFUSE UNDER THE CONTACT LENS AND CAUSE IRREPARABLE
DAMAGE. STUDENTSWHO CONSISTENTLY VIOLATE THE EYE PROTECTION
POLICY ARE SUBJECT TO DISMISSAL FROM THE LAB AND/OR THE COURSE.

There are EY E-WASH stationslocated in each lab. 1f chemicals entire your eyes, flush them
immediately at the station. Water mightleak out onto thefloor fromthewash station Bignore it,
while trying notto dip onthewater.

Housekeeping: All designaed experimentation areas should beleft in aneat orderly state at the
conduson of an experiment. Thefollowing items should be checked;

(a) All excesswater should beremoved fromthefloor.
(b) All loose paper should be picked up and deposted in trashcans
(c) All working surfaces (tables, chars, etc.) should be cleaned if needed.

(d) All miscellaneousitems should bereturned to their prope initia locations(kits to stock-
room, tools to thetool shop, chemicals and glassware to prope stockroom).

(e) All hoses should be coiled and placed in designaed locations

(f) All glassware should bewashed prior to returning to the stockroom

(9) All scales should have weights removed and scale arms lodked.

(h) All manholes (sewers) should have ther lidsclosed.

(i) All drums or containers used should be checked.

(j) Check al valves and éectrical units. Turn off wha isrequired.

Horseplay: Repesated incidents are unprofessiond, and will result in agrade pendty.



Equipment Difficulties: Thestudentis encouraged to correct any minar equipment difficulties
by taking the appropriate action. However, any mgor equipment difficulties should bereported
to the shop attendant, ingructor, or teaching assistant, and the student should not attempt any
further corrective action.

Tools: Tools should not betaken out of any stock or maintenance roonms without checking them
outwith thedesignaed responsble person. Any tools checked out should bereturned
immediately at the completion of ther required task.

Chemicals: In severa of theexpeariments, chemicas are required to perform the experiment.
Students should check with ther ingructor asto where to get these chemicals and wha safety
precautions if any, are to betaken in conjundionwith the use of these chemicals. In the case of
gases beng used, be sure you undestand the naure of the hazards assodated with thegas and do
not deviate from the procedures as outlined, either oral or written, by theingructor. Do notuse
mouth suction to fill pipettes. Waste chemicals are placed in receivers and are not discharged in
thedrain.

Electrical: In many ingances electrical extenson cordsare required for the operation of
auxiliary equipment. Special precautionsshould be taken when usng these cords When an
electrical extenson cord is checked out, be sure to examineits condition. If you find frayed or
broken wires, inaulation broken, prongsbent, no ground, etc., do not use butreturn to the
stockroom, pointing out thefaults to the technician. When usng extenson cords, be surethey do
notlie onthefloor, in paticular, when theflooriswet, but are safely suppoted in such afashion
that they are nat abodly hazard. When making electrical connections be sure theareayou are
standinginisdry.

Accidents. Even with the greatest safety precautionsaccidents do happen. Be sure you are
familiar with thelocationsof safety showers and medical first aid kits. If an accident hgppens, be
sure to immediately inform an ingructor. In the case of a seriousaccident, do not attempt first
aid if youare notfamiliar with the prope technique but do attempt to make the person
comfortable until aid arrives. The campusemergency number is Ext. 3111.Emergency phones
(red telephones) are located in thecorridors of Tiernan Hall.

Unauthorized Areas Do nat toudh unauthorized equipment or experiments.

Food or Drink: Foodanddrink are forbidden in laboratories.

Smoking: NJIT isofficially asmoke-free university. Smokingis not permitted.

Ventilation: Be sure that hoodsare functioning, and tha yourwork areas are propely
ventilated.

Attendance: Everyoneisrequired to attend each lab class. If you cannotattend, be sureto
notify theingructor prior to theclass, aswell as your lab patners. Congstent failure to observe
thisruleis consdered unprofessiond behavior, and will bependized.



Safety Shower: Intheevent of achemica spill on your body;, or if your clothes catch fire,
quickly moveto the safety shower, stand unde it, and pull thechan. A largevolume of water
will fall onto your head. Get hdp immediately!!

Obligation: Each student has a professiond obligation to contribute afull and honest effort in
the group execution of experiments and reports. Congstent failure to obervethisruleis
congdered unprofessiond behavior, and will be pendized.



LABORATORY REPORTING FORMATSUSED IN THIS COURSE
Three types of reports are required in this course:

Scholarly joumd pape

Proposl request for funding

Indudrial executive memo

Oral presentation Btechnical trandation

The Scholarly Joumd Pape

The scholarly pgper isthe embodiment of engineering research. Hence, it iscondse, intense,
and demanding. Theoretical relationipsmug belinked closaly to results, results linked to
discussion, and discussionto condusons An intensfied form of theformal laboratory report,
the scholarly pgoer requires you to think critically aboutthetruenature of your experiment as an
expression of the chemical engineering paradigm.

Title Page

Providethe abdract of your paper here.

Introduction and Literature Review

State the problem unde examination. Briefly describethekey results of othersin thefield who
have worked on this problem. Condudethis section with a generative statement that will allow
your readers to follow the pattern of your paper asyou unfold your research: On this paper, wek
.O Do not give any of your results, however.

Theory

Providethemog relevant theoretical relationshipstha youwill draw onin your research.
[lludrate clearly wha you are going to measure in light of the applicable theories.

Methods

Describe the equipment you used and indudean origind diagram. Delineate the procedure you
followed to obtain yourinformation. Indudean andysis of any limitationsof the equipment.

Results and Discussion
Present only tha datatha bears ontheam of yourresearch; tha is, providetheimportant

figures and tables. All supplementary calculationsare to be placed in the appendix. Interpret the
datayou have jus provided by illugrating your grasp of thereasonsfor your observations
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Conclusions

L ook beyondtheresults of your experiment and illudrate that you undestand the nature and
implicationsof your work.

Directions for Further Research

Discuss tha which has intrigued you in this experiment. Point towardsfuture research and its
implications

References

Cite your sources in acongstent fashion. All references listed must becited at least oneein the
pape.

Appendix

Provide your sample calculations supplementary plots, and recommendaionsfor equipment
alignment.

Proposi Request for Funding

Research on proposl writing has increased dramatically over thepast twenty years. Once
congdered technical in naure, proposls are now congdered part of alargecommunications
system in which decisionsare made from scale-up to marketing. Implying an argumentative
framework, a proposal request for funding compds you to present your research in amanneg
implying that your ideas have promising consequences that require fundng if the profession of
chemical engineeringisto bensfit.

Title Page
* ListtheProject Title
* Listtheinvestigators Names and Addresses
* Listthelnditutiond Affiliation

Table of Contents (one page)
Executive Summary (100 words)

* Specify thenaure of theresearch
* Identify therequest

10
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(Tactical Note: The executive summary is an attempt to conlidate the princpd parts of areport
in oneplace. Unlike theabdract, the executive summary may beinheently persuasive. Because
the executive summary may beread by nonspecialists (i.e., budge directors) who may nat read
your technical report, you should avoid usng technical terminology.)

Introduction
* Describetheresearch problem
* Identify thesignificance of research and the expected gans
* Providea precise statement of request

Background
* Providethehistorical, theoretical, andindugria reevance of theresearch
* Identify theliterature results

Provide the results of the experiment at hand

Proposed Technical Solution
* Specify proposd plan of research
* |dentify research gods
*  Propos expected results

Management
* Describethefulfillment of research
* Specify atimelinefor theresearch
* Specify thekindsof personnd needed to undetake theresearch

Requests
* Identify new equipment
* Identify materials and supplies
* Identify suppot services

Evaluation
* Describe measurement of research objectives in terms of publications presentations and
peer review
References
* Providecitations

11
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Indugrial Executive Memo

Lead

Providethe dae, the QoQ the GromQ and the subject Dall assingle lines. In addition, there are
usudly oneor two sentences of introdudion.

Background
Briefly state the problem unde examindion, induding any pertinent results by othes.
Methods

Briefly describethe equipment you used and indudean original diagram. Briefly the procedure
you followed to obtain your information.

Results

Present only tha daatha bear ontheam of yourresearch; tha is, provide theimportant figures
and tables. Briefly interpret theresults you have just provided.

Recommendations
Briefly describewha should bedonenext.
Appendix

Because theindugrial memo conaentrates on results, the Appendix can have many items that
appeared in themain body of the scholarly paper.

Theory

Sample calculations
Supplementary plots
References

Oral Presentation B Technical Trandation

Thisformat congsts of three main efforts. Preparation, Technical Trandation, and Delivery.

Preparation

A successful oral presentationwill notoccur if thepreparationisweak. Here are anunmber of
guiddinesto follow during the preparation phase.

* Successful technical presentationsrequire a strongtechnical content. Make sure you
really undestand the materia you are presenting.

12
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Thoughtheoral presentation can follow any format (e.g. procedural manud, funding
propos), thestructure of your oral presentation will follow theformal laboratory report.
It will aso have theadded complication of observing technical trandation (see section
bdow on this topic).

Technical oral presentationsare alwaystimed. Knowing how much time you are allotted,
plan on atotal number of dides based on spending about1.5 minutes/dide as arule-of-
thumb. Use either plastic overhead trangparendes or a PC presentation (e.g. PowerPoint).
If practical, ahandoutis recommended for distribution to theaudience jud prior to the
oral presentation. Thisisusuadly made up of hard copies of thedidesto beused (in
order), aswell as suppoting material in an Appendix.

Always make sure you know your audience and the technical backgroundof the people
you are addressing. In the case of atechnical trandation, assume your audienceis
composed of nonspeciaist technical professonds; e.g., chemical engineers speaking to
medica dodors.

Never puttoo many concepts, equdions figures, tables, or numbers onthe same dide
Do not overwhdm theaudience. In general, the more "empty” spacein adide, the better.
Remember, you want to audience to listen to you, and nottry to read thedide Thedides
suppot yourtak, but are nottheentire talk.

Anintrodudionis needed tha is consstent with the level of sophistication of the
audience. It isimportant to explain the motivations for thework, how it was performed
andwhy, and wha previousinvestigaiors have donein similar or related situations
Practice your talk beforehand. Thiswill give you confidence, aswell as hdp you reduce
your presentation time.

Technical Translation

Technical trandation meanstha you are presenting your resultsin away tha your audience will
undestand, regardless of ther prior technical backgroundor familiarity with wha you have
done Why istechnical trandationimportant?

Unless the source writer has mastered the ability to trandate complex materia to
diverse audiences, there islittle chance tha techndogical conaepts will be made
accessibleto target users.

Theability to trandate knowedgeis an impartant part in the process of
undestanding tha knowedge

Trandationis pat of organizationd life. Frequently, youwill haveto report your
research to those unfamiliar with your work, especially high-level supevisors,
politicians etc.

Trandationis pat of professiond respongbility. It isimportant for youto beable
to explain your research to those who will be affected by its results.

Three sequentia stepsshould betaken when planning your technical trandation:

1. Decidethecentra concept of your subject and theamount of detail needed to explainit.

13
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2. Decidewha kind of people will congitute your audience, and wha are ther technical
abilities regarding thework you have done

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

* Providethehistorical background. Thetechniqueallows readersto place the
discussion that will follow into context.

* Provideandogies. Explainingsomething unfamiliar in terms of something familiar
allows your readers to become comfortable with the subject.

* Providevisud representations Whey you providea simple schematic diagram or a
block figure, you allow your audience to visudize your subject.

* Provideanilludration of the significance of thework.

Never assume tha your technical expertise allowsyou a privileged postion. Always condud
your presentation in an atmospheae of mutud respect.

Delivery

In order to make the actud ddivery of your oral presentation as professiond as possible, observe
thefollowing guiddines.

. Never memorize the content of your presentation except for thefirst sentence and
the conduding sentence.

. Never read yourtalk, and never talk to the screen. Face theaudience, and make
occasiond eye contact, thoughdon'tappear to talk to jus oneperson. Be animated,
thoughnotsilly.

. Make sure you have a pointer - mechanical or laser.

. Make a mental note of thetime at which you are starting your talk so that you know
by when you have to complete it. Stay within yourtime limit.

. Using astrongvoice, begin by greeting the audience and the charpersons If your
name was not announed, introduce yourself (and your partners) and mention your
company or affiliation.

. Use an annotated set of hard copies of your dides/overheadsto remind yourself of
what to talk about However, don'ttalk to or read these pgper dides. They are
simply an aid to hdp youaong.

. Condudeyour talk by announéng tha you havefinished. Thank the audience for
thar attention, and, if appropriate, state that you will be hgppy to address any
guestionsthe audience might have.

. How you handle questionsis very important. If you do notundestand a question,
donotbeafraid to say so. Think before answering the question. If you don'thave
even thefoggiest idea of wha areasonable answer could be, then say tha the point
raised was a goodone and mention tha you will think aboutit and go back
(hopdully with an answer) to the person asking the question after thesessionis
ove or sometime in thefuture.

14
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FLOW IN PIPES (B-7)
Introdudion
Objectives

In this experiment, youwill evaluae the peformance of a series of a piping system congsting of
variousfittings In addition, youwill characterize a centrifugd pump and an in-lineflow meter.
If time allows, youwill consider nonstandad pipes. Theobjectivesindudethe

Measurement of pressure dropsacross straight pipe and fittingsas funaionsof flow rate
Development of the characteristic curve of the centrifugd pump

Measurement of the pressure drop across an in-lineflow meter as fundion of flow rate
Comparison of experimental pressure dropsto those predicted from literature correlations

Pressure Drop in Pipe and Fittings

Flow throughcircular pipes can be represented by the Hagen-Poiseuille equaionsshowing
pressure drop related to the nunmber of velodty heads (u’/2g.):

) (o)) »

where f* = theFanning frictionfactor, p = fluid dendty, L = pipelength, D = pipeinna diameter,
u = averagefluid velodty, g. = convasion factor, and -AP = pressure drop. In some cases, 4f is
replaced by fCDthe Darcy or Blassiusfrictionfactor. Make sure you note which is used in the
references you conault.

By andogy, afittingmug also result in anumber of velodty headslost, usngthe averagelinear
velodty in thepipe connected to theinlet of thefitting:

—4&p - u’ 2
( P )ﬁtting ¢(2g0) ()

where ! isthenumber of velodty headslog as aresult of thefittingbeingintheline Thevalues
are tabulated for avariety of fittingsin variousreferences.

Theequivaent length treatment makes use of an equivalent length of pipeto beused in the

Hagen-Poiseuille equdion:
2
—4p =4f Lo \(u (3)
p fitting D 2g(’

15
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Agan, values of the equivalent length to indde pipe diameter, L./D, are widdy tabulated. This
equivalent length meanswha length of straight pipe of the same diameter as the existing pipe
connected to theinlet of thefitting, with fluid flowing at the same average velodty as the actud
fluid entering thefitting, will yield the same pressure drop as tha observed across thefitting.

Orifice and Venturi Meters

The pressure drop observed in aventuri meter is given by:

% oo (% (%2
-] O A AR A %)
& $ )venturi n &Dl) fxﬁv )&zgc)
where subgript @Orefers to the venturi throa. Theventuri coefficient is given by C,.
The pressure drop observed in an orifice meter is given by:
% oo (1% (%2
' ﬂg(c =-1"" &Sc €] ia(c Ou_o£ (5)

& $ )orifice _; &Dl) mgg )&ch)

where subsript @Orefersto theactud orifice. The orifice coefficient is given by C,. In each
case, thesub<ript A Orefersto the pipeinlet to the meter.

Centrifugal Pump Characteristic Curve

The characteristic curve of (head developedOvs. dischargeflow rate for acentrifugd punpis
monobnically decreasing, as shown in Figure 3.3-3 of Geankopiis, 4™ ed. (2003.

Non-Standard Pipes

Thecircular cross section glass and PV C pipes can betreated as smooth process pipes. Thenon
circular cross section pipes require a hydraulic diameter Dy, defined by:

D 1 A

w

(6)

where A; = indde cross sectiond area of thepipe and P,, = wetted perimeter (i.e. indde) of the
pipe Applied to acircular cross section pipe, Dy, equdstheusud pipeinddediameter. A
rectangular pipe of ingdedimensonsL and W has a hydraulic diameter of:

D oo AW _2LW
"U2AL+w) L+w

(7)

Thehydraulic diameter Dy, isused in place of D in al theusud correlations such asfor P-drop.

16
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Procedure
For this semester, each group should collect data on:

* -APvs flow rate for one complete piping layout (i.e. straightrun andfittingg Bchoos
onefromthe! §" Q# 010 1.50 20collection of standard stainless steel pipes

* -APvs flowratefor either theventuri or the orifice meter

*  Pump characteristic curve (i.e. net pressure head developeal vs. flow rate)

* If timeallows, for extra credit, indudeeither the meter not tested or thelinewith non
standad pipe(i.e. plastic and noncircular cross sections.

Make sure the system is bled and the punp data taken first.
Bleeding the System of Air and Collecting Data on Centrifugal Pump

1. Tum onthemain pand electrical power, thoughnot the punmp.

2. Become familiar with the piping system.

3. Activatethenew Cimplicity dda-logging program if notalready activated. Y ou do not
have to select a pipeto study yet.

4. Click on Cstart LoggingOEnter the descriptive information onthis runin theboxes on

theleft sideof thescreen. Use the TAB key to move between boxes. Instead of Or our

NameQ enter arelevant descriptive name; e.g., @PumpCurveQ Click on Gatart LoggingO

Make sure thedifferential pressure gauges are properly zeroed (conault with ingructor).

Open suction and dischargelinefrom centrifugd pump.

Open block valvesin entrance and exit of all pipdines.

Open al valvesin pand measuring system.

Keep valvesto both old manometers closed, but open top valves abovethe manoneters.

10 Open al bleed valvesto bublers on pand.

11.Open themain flow control valve onthe pand full.

12. Start the punp and circulate water untl noair appearsin bubbkrs.

13. With pump running at maximum flow rate, oberve the pump suction and discharge
pressures, and theflow rate. Click on QRecord DataQ This gives you a shapshot record
of the system measurements.

14.Incrementally lower flow rate usng themain control valve. Hit QRecord DataOeach
time. You can repesat thisif youwish. Wait afew moments between each adjugment so
tha steady data are collected.

15. Repeat step 15 until themain control valve is closed. Be sure to record the Onax head at
zero flow rate.O

16. When finished pump curve daa, stopdaalogging. Inthenew open window; click on
CCopyQto create a*. csv file. Then click on GCreate ReportQ Thiswill put your datainto
an Excel file. Click on GDpen ReportOto take alook at yourlogfile. Tranfer your data
fileto aflash drive. Click findly on (stop LoggingO

17. When punp data are complete, open themain control valve full while clogngall exit
valvesin theheade fromal lines. Thiswill place full pump pressure ontheplastic lines
used to measure pressure dropsand hep bleed outremaining trapped air bubbles out

© 0N
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18.When system is bled, close all valves except those needed for study. Close all valves on
pand boad and onthe manometer system because the differential pressure trangmitters
are used for daa collection.

NOTE: For theremaining Procedure sections use the Cimplicity program. Create a separate file
and report for each section (pump curve, pipe andfittings meter, etc.). Make sure you
remember to electronically record (i.e. log) the system daa after choosng each fitting or item.
Follow the procedure used above

Pressure Drop Through Pipe and Fittings

1. SELECT one pipdinewith fittingsfor study.

2. With all pipdines except yoursisolated, start with the maximum flow rate you can push
throughyourline

3. Foragiven flow rate, record the-AP for each component of your line Use the pairs of
bdl valves onthe main experiment pand for yourline Make sure all valve pars are
closed while taking a measurement for agiven fitting or pipelength.

4. Repeat step 2 for inaementa dropsin theflow rate at least 5 times while covering as
widearangeof flow rates as possible.

Venturi and Orifice Meters

1. After examining your pipding set exit manifold valvesto flow throughthelarge 2-inch
pipe containing the orifice and venturi meters.

2. SELECT theappropriate pipeto ge thedaafromthelinewith the meters.

3. Over awiderangeof flow rates, record -AP datafor one of themeters.

Pressure Drop Through Non-Traditional Pipe

1. Choo= thepipdinewith noncircular and smooth sections

2. With all pipdines except yoursisolated, start with the maximum flow rate you can push
throughyourline

3. Foragiven flow rate, record the-AP for each component of your line Use the pairs of
bdl valves onthe main experiment pand for yourline Make sure all valve pars are
closed while taking a measurement for agiven pipe length.

4. Repeat step 2 for inaementa dropsin theflow rate at least 5 times while covering as
widearangeof flow rates as possible.

System Shutdown

=

When al experiments are done shut down the pump and electrical power to the pand.
2. Click on STOP datalogging When thedata-logging windowopens click on GDpen
ReportQ Thenext windowshows a directory listing of the C:\Temp directory of the PC.
Download whaever daafilesyou collected (Excel files of thename *.csv) into a
flashdrive usngthe USB port cable. When file trander is complete, close thiswindow.
3. Leavethemain home pageQuser interface open.

18
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Data Andysis, Modding, and Discussion

Pump Characteristic Curve

1. Plottheexperimenta ne pressure head developed (feet of water) flowing versusflow
rate (gpm).

2. On the same plot, present the manufacturer@ punp curve Dsee course web site.

3. Istheobserved punp curve congstent with the manufacturer specification?1f not why?

Venturi or Orifice Meter

1. Fortheorifice or Venturi meter, plot theobserved pressure drop (in. water) versusflow
rate (gpm). For the Venturi meter, also measure the pressure recovery.

2. Usingeither Eq. (4) or (5) Bwhichever is appropriate D calculate the theoretical pressure
drop vs. flow rate usng literature meter coefficients. Present both curves on the same
plot. If theVenturi was used, calculate the pressure recovery also.

3. How well were you ableto predict the pressure drop in theflow meter you studied?

Pressure Drops in Fittings and Straight Run of Pipe

1. Onadedicated plot for each fitting, plot thefollowing:
a. Observed -APvs. flow rate
b. Predicted -AP vs. flow rate usng Eq. (2); get ¢ from theliterature
c. Predicted -AP vs. flow rate usng Eq. (3) Bget L. fromtheliterature. Determinef
from theliterature for the Reynolds number based on the diameter of and flow
rate in the pipe entering thefitting.
2. Onasingle plotfor thestraightrun of pipe plot:
a. Observed -APvs. flow rate
b. Predicted -AP vs. flow rate usng Eq. (1). Determine f fromtheliterature for the
Reynoldsnunmber based on the diameter of and flow rate in your pipe
3. Ingenaa, howwell were you able to predict the pressure dropsin the straight pipe
length and in thevariousfittings?
Was your modding better for some fittingsthan others? Why?
Which methodin general Bnumbe of velodty headsor equivalent length Bwas a more
accurate modd in predicting the pressure dropsof thefittings?

ok

Useful Dataon In-Line Flow Meters

Orifice Meter
Updream Diameter 2-inch Schedule 40 pipe (2.375in. O.D. x 2.067in. 1.D.)
Orifice Diameter 0.5625inches

Venturi Meter
Updream Diameter 1" -inch Schedule 40 pipe(1.90in.O.D. x 1.61in.1.D.)
Throat Diameter 0.750inches
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PACKED TOWERSI (206-T)
Introdudion
Objectives

In this experiment, you will evaluae the hydraulic performances of two packed towers. The
objectivesindudethe

Measurement of pressure dropsacross thedry packingsas fundionsof air flow rate
Measurement of pressure drops asfundionsof air rate, for at |east two water rates
Measurement of liquid holdupsas fundionsof water rate

Comparison of experimental pressure dropsand hadupswith predicted values based on
literature correlations

Pressure Drop in Packed Bed (one fluid phase only)

The pressure drop experienced by a single fluid flowing througha bed of randomy packed solids
istheresult of viscous(form-drag) and kingtic energy losses. It is given by the Ergunequdion:

$'#p'$ngCI$ 'I'3 +'

. $ -
%@Wzm = 15008/16\7—126% +1.75 (1)

where L = packing length, -AP = pressure drop, g. = convasion factor, py = fluid dengty, andu
= average supeaficia velodty of fluid. Theleft side of theequaion represents the modified
frictionfactor andtheterms ontherightin Equdion (1) represent the viscousenergy losses and
thekinetic-energy losses. This equaion can berearranged to estimate the pressure drop for a
given fluid flow rate.

TheReynoldsnumber is based onthe effective particle diameter D, and is given by:

DG
: (29
u

where GO= mass velodty of thefluid based on thetower cross section, and u = fluid viscosty.

N

Re =

When the packing has a shgpe different from spheical an effective paticle diameter is used:

D :%:_6(1_8) (2b)

p Ap A/
where the parameters € and A, are provided or can be estimated. The bed porosty, €, isthe

fraction of total bed volume that isvoid. Thequantity A, istheratio of total packing surface are
in the bed to thetotal volume of the bed.

20



21

Pressure Drop in Packed Bed (gas/liquid counter-current operation)

During a gag/liquid counter-current opeation b ow the loading point, the gas pressure dropis
greater for agiven gas rate when theliquid is applied. Use the Stringle correlation (see
Geankoplis, 4™ ed., pgs 657-659)to predict the observed pressure drop. A simple correlation for
predicting theflooding velodty is also presented (pg. 658 Geankoplis, based on method of
Fister and Gill).

Liquid Holdup (gas/liquid counter-current operation)
Opeationd liquid holdup is estimated (see Ref. 1) by:

S 0§,

/J;'u, u,
h,= 2.2% +1. 5
’ #,dﬁz dp? ®)

where h, = opeaating holdup (vol. liquidivol. bed), 1 = liquid viscosty (Pa-s), u; = liquid
supeficial velodty (m/s), g = gravitationd congant (m/s?), p; = liquid densty (kg/m®), and dp, =
nomind packing size (m). Each groupin Eg. 5isdimengonless, asish,. Multiplying h, by the
actud volume of packing provides the estimated holdup. Notice tha Eq. 5 suggests theliquid
holdupisindeendent of gas rate, at least bd ow the loading point.

Note: Eg.5isforonepaticular typeof packing, and might notapply directly for thepackingin
your experiment. Still, thefundiond dependence on water rate is appaent. Use Eg. 5 untl
other correlationscan beidentified.

Procedure

NOTE: This setup containstraditiond rotameters and moden flow transducers (with digital
readouts) opeaating in series for both theair and the water. Thedigital readingsare suspect,
probably dueto thetransducers beng out of calibration. It is strongly recommended tha you
rely ontherotametersfor bath theair and water flow rates. Make sure you record the pressurein
theair rotameters since thiswill be used to correct therotameter air rates for dengty. Thisis
needed since theair control valves are after therotameters; i.e., therotameters are opeating at
the elevated pressure outlet fromtheair pressure regulator. See course web site for Gas
Rotameters memo: http://web.njit.edu/~barat/ChE396_Fall20100has_rotameters.pdf.

Pressure Drop in Packed Bed (air only)

Turn onthe control boad.

Make sure thedifferential pressure gaugeis propealy zeroed.

Choo= oneof thefour columns and set thepressure tap valves accordingly.
Measure the height of packingin the chosen column. Measure the column ID.

Close the column drain valve to keep air from blowing outthewater seal of the column.
Set an air flow onthesmall air rotameter. Record the readingsfrom both the rotameter
andthedigital air flowmeter.

ouhwnE
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7. Record theregulated air pressure feeding theair rotameters. 1t should be~ congant.
8. Record the-AP across the column.
9. Repeat steps4-7 over aswidean air flow rate range as possible usng all 3 rotameters.

Pressure Drop in Packed Bed (air/water)

1. Inthesame tower used above open thelarge-handed valve assembly tha drainsthe
column and allows feed water to flow to thetop.

2. With noair flow, set awater flux corresponding to ~ 10001 b./ft>-hr. The cross sectiond

areafor thefluxis based on the cross section of the column.

Set alow air flow rate, and record the -AP across the column.

Incrementally increase theair flow rate, and record -AP across the column.

Draw arough working plotin order to identify theloading and flooding paints, if

possible. Loading will occur when water beginsto poolin thepacking. Flooding occurs

when pooled water is driven upward by therushing air and bubblkes outthetop. Do NOT

opeate the column unde flooding for more than afew secondsin order to avoid getting

water in the uppe pressure tap line

6. Repeat steps1-4 for awater flux of ~ 20001 by/ft>-hr.

ahsw

Liquid Holdup in Packed Bed (air/water)

1. Inthesame tower used above open thelarge-handed valve assembly tha drainsthe
column and allows feed water to flow to thetop.

2. Set an intermediate air flow rate, and awater rate corresponding to 5001 by/ft>-hr.

3. After steady state is achieved, note thelevel of thewater in thedrainpipe of the column.

4. Closthelarge-handled valve assembly, and let al thewater hdd upin the column to
drain out

5. Openthelargevalve, and drain thecolumn exit pipeinto atared budket untl thelevel in
thedrainpipedropsto itslevel recorded in step 3.

6. Weightheliquid holdup.

7. Repeat steps 2-6 for water fluxes corresponding to 100Q 150Q and 20001 by/ft>hr. Keep
theair ratethesame as set in step 2.

8. If time alows, repest this procedure for a different air rate. Conault with theingructor.

Data Andysis, Modding, and Discussion

NOTE: Make sure you correct al volumetric air rates for the pressure in therotameter according
to the procedure in: http://web.njit.edu/~barat/ChE396 _Fall20100as_rotameters.pdf.

Pressure Drop in Packed Bed (air only)

Plot the observed -AP/L (inches water/foot packing) vs. air flux (scfm/ft? column).
Use Eq. (1) to predict the-AP/L at each experimental air flux.

Plot the predicted -AP/L versusair flux onthe same graph as the experimental data.
How well did the Ergunequaion predict the observed pressure dropsin thedry runs?

hrwpE

22



23

5. How important are the values of the parameters ¢ and A to the predicted -AP/L?

Congde sengtivity calculations

Pressure Drop in Packed Bed (air/water)

1. Plottheobserved -AP/L (inches water/foot packing) vs. air flux (scfm/ft? column) for
both water fluxes. Indudethe corresponding data from the dry run so a comparison can
bemade Presentthewater fluxesin terms of gpn7ft? column.

2. Estimate the pressure dropsbased onthe Stringle method. If available, predict the
pressure drop at flooding. Compare all with observed values.

3. Put manufacturer® data (where available) on the same plot and compare to your data.

Liquid Holdup in Packed Bed (air/water)

1. Plottheobsrved hddup vs. water rate for agiven air rate.
2. Indudein this plot the estimated holdup based on Eq. 5.

3. Put manufacturer® data (where available) on the same plot and compare to your data.

Useful Packing Data €
Tower 1 - 5/80Plastic Jaeger rings 0.86
Tower 2 - 5/8()\/| etal 0.93
Tower 3 - 10Tri-packs 0.90
Tower 4 - " ONovaox saddles 0.73
References

A, (1)

108
100
85

190

1. Buchanan, Industrial & Engineering Chemistry Fundamentals, vol. 6, p. 400(1967)---

as foundin Perry@ Handbook
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CONTINUOUSHEAT TRANSFER (B-7)
Introdudion
Objectives

In this experiment, youwill evaluae the heat trander characteristics of two steam condensers
and oneliquid/liquid exchange. Theobjectivesincludethe

* Measurement of hotand cold fluid exit temperatures from shdl & tubeandflat plate
condensers as fundionsof the steam rate

* Measurement of hotand cold fluid exit temperatures from shdl & tubeall-liquid
exchange as afundion of the cold fluid flow rate

* Comparison of theexperimental agang predicted exit fluid temperatures

Steam Condensers

The steam condensers can beidedlized as:

Ts,out i TTs,in

where Ts = steam temperature, and T = coolant temperature. Experience shows tha thesteam is
condensed, and can then be sub-cooled aswell. Thisislikely inthose runswhen Tsou < Tsin and
wheretheinlet steam isassumed to be saturated. If Tsoue= Tsin, cONgder tha sub-cooling has
not occurred. Rather, condensation might not be complete and the effluent steam stream might
congst of two phases. If you sugpect this, conault theingructor.

In order to reliably modd the condensers, they will be opeaated to obtain complete condensation,
butwith effectively no subaoling. Inthiscase, Tsout= Tsin. Theheat bdancein thiscaseis:

Dsteam = ws)\'s =4 cooiam — Cp We (Tc,out - Tc,in) (1)

where q = heat trander rate, w = massrate, ¢, = heat capacity of coolant, and As = latent hest of
thesteam. Theexchange designequdionis:

$ 1
)
q=fUA (n ) fUA(g(T;m#Tiout) (Tvout#Tcm); (za)
o "o Im 0" "o !
& | g sm# cuur) )
% /g;wtt cm( (

24



25

where f = correction factor for multi-passes, U = overal heat trander coeficient, and A = heat
trander area. For anideal condenser, Tsin= Tsou, SO EQ. 2areduces to:

$

& )

q = onAO(" T)lm = onAog gm #T; o ; (Zb)
)
(

c,out

&ng -~~~
% % #T., (

Setting Eqs 1 and 2b equd, we get:

#
% T (
OA"O/W Coc C(Tc,out " T m) (3)

Egs 1 and 3 are solved simultaneoudy for each run to determinew, and T¢ o These values are
then compared with measured values.

Liquid/Liquid Exchanger

Theall-liqud exchange (condensate cooler) can be idedlized as:

Thout <+— <«— Thin
T — S
Ccw.in

Tcw,out
Theheat bdanceinthiscaseis;

qhot = thp,w(Th in " Th out) qcool Cp WWCW(Tcw,out ! Tcwm) (4)

where Ty, = hotfluid temperature, and T, = cooling water temperature. All valuesin Eq. 1 are
known except Towout and Thouw. Theexchange design equdionis:

$
Th in # Tcw out) (Th out # Tcw in )

q= fUOAO(" T)I = fUOAog(
& |n h,in cw,out
% O/j h,out # Tcw,in %

Setting Eqs 4 and 5 equd, and congdering tha the coolant rate is varied, we get:

(5)

~\— N -

25



26

(8L
T . t ! Tout i lein "
i o ( Tall 77 ©
% ln%hmniwvm '(

*ﬂ

$ $7—;l out cw,in

Eqgs 4 and 6 are solved smultaneoudy for each run to determine Th ot and Ty our. These values
are then compared with measured values.

Overall Heat Transfer Coefficient
Theoveaadl heat trander coeficient U, is estimated from a sum of theheat transer resi stances:

11 A
UA, hA kA, hA

oo i Im 0 "o

(7)

where h; = ingdefile heat trander coeficient, h, = outside codficient, k,, = metal wall thermal
condudivity, and Ax = metal wall thickness.

Theindividud film coefficients will depend uponthe naure of theflow. For liquidsin
turbulent flow through tubes:

2ot (2] 12
Tk H k M,

where D; = tubelD, k = fluid theemal condudivity, u = viscodty of fluid (subsriptw = wall), G
= fluid mass veloaty. For laminar flow in tubes:

0.14

033 033 .
=1, 86§‘P¢3 % %T‘ )
% H %L " Vg "

For film-type condensing vapors outside horizontal tubes, theouter coefficient h, is:

h —09 kipfgL
° . U Wy

g = gravity acceleration, subcript f =film, L = total length of a straighttube and ws = mass rate
of steam. Fluid propeties are evaluaed at thefilm temperature Ts:

0.33¢

(10)

T, =Ty ! 075(T,, ! To) (11)
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where Ty, = temperature of the saturated vapor, and Ts= temperature of thetubesurface.

For liquid flowing through a shell side, the shdl side coefficient is given by:

0.55 1/3 0.14
C
N, = ePe _ o 36 DeCs| (S| [ (12)
Nu k k
u w,

For theshdl side, themass velodty, Gs, is calculated by:

G =— (13)

where an equivalent cross sectiond area of the shdl as is given by:

o = (2 "

where CO= tubeclearance, B = bafle spacing, Pr = tubepitch, and ID = shdl inside diameter.
Theshdl sideequivalent diameter De is:.

D = 4(Free A'rea) (15)
wetted perimeter
For an equilateral triangular pitch theequivalent diameter is:

* $ dZ'-

4,(0.5P;)( P Sin60°) " 0.5¢%# 2/

¥ % 4 %
D, - (14)

(0.5#d,)

where d, = outsidediameter of atubein thebundk.

For information on heet trander codficientsfor aflat-plate condenser, conault theliterature and
theInternd.

Procedure
NOTE: Forthecondenser opaations thegod isto achieve complete condensation without
subaoling. If the steam flow rate becomes ungable, congder tha the steam trap might

be opening and closng dueto the presence of live steam; i.e., incomplete condensation.
More cooling water is needed.
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Shell & Tube Steam Condenser

8.
9. Record al 4 relevant steady-state temperatures, aswell asthe coolant rate. Also, sinceiit

Turn onthemain pand electrical power. Take note of the4 thermocouples you will need
to monitor: steam in, steam out, coolant in, coolant out

Set al relevant valves to direct coolant and steam flows to the shdl-and-tubesteam
(S&T) condenser.

Set an intermediate cooling water flow rate through the condensate cooler and afairly
high rate throughthe shdl-and-tubesteam (S& T) conden<er.

Regulated steam pressure, as shown by a gaugeonthe control boad, should beat 5-10
psg. Set thehighest flow rate of steam to the S& T conden<er.

Make sure the cooling water rate throughthe S& T condenser is high enoughthat
suboling occurs. Monitor the hot fluid outlet temperature carefully. Wait at least 10
minutes for the condenser to warm up and reach a steady state opeation.

While waiting, record the steam rate from the digital readout but use thetared budet
method to accurately determinethe steam flow rate. Note: Use a plastic budket, timer,
and scale (available nearby).

Slowly |lower the coolant flow rate untl the hot fluid outlet temperature jug equdsthe
steam inlet temperature, or as close as you can get them. NOTE: This step istricky since
if any live steam escapes the condenser, the downgream steam trap will close and the
steam flow stops The opeaation becomes momentarily undable. 1f you see the steam
ouflet temperature and the digital steam rate fluctuating significantly, then you have gone
toofar. Slighty increase the coolingwater rate. Record the coolant rate.

Monitor the 4 relevant thermocouple temperatures usng therotary select switch.

isavailable, record the pressure inddethe condenser shdl.

10. Repest steps4-9 for at least 4 more different steam flow rates.

Flat Plate Steam Condenser

1.
2.
3.

Set al relevant valvesto direct coolant and steam flows to theflat plate (FP) condenser.
Repesat the same steps4-10 as listed above

Beware tha theflat plate condenser is very efficient, and will likely need lower rates of
cooling water to achieve condensation; hence, subaoling will beeasier to get.

Condensate Cooler

o g

1. Set dl relevant valvesto 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.

Regulated steam pressure should be at 5-10 p9g. Set the maximum flow rate of steam to
thecondenser.

Record al relevant steady-state temperatures usngtherotary switch. Youwantto see at
least 10-20 degrees changein each stream flowing throughthe CC.

Changethe cooling water flow rate to the CC.

Record all relevant steady-state temperatures.
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7. Repeat steps5-6 at a condant hot condensate flow rate. Keep all flows to the condenser
condant. Collect daafor at least 5 cooling water ratesto the CC over awidearange

Data Andysis and Modding

Shell & Tube Steam Condenser

1. Plottheobsrved coolant rate and outlet coolant temperatures versus steam flow rate.

2. Onthesame graph, for each steam rate used, plot predicted coolant rate and outiet
coolant temperatures based on Egs 1 and 3 solved simultaneoudy. If Tgjnand Tsousare
notthesame, use an averagefor Ts. Uselatent heat values s congstent with Tgjp.

Flat Plate Steam Condenser

1. Plottheobsrved coolant rate and outlet coolant temperatures versus steam flow rate.

2. Onthesame graph, for each steam rate used, plot predicted coolant rate and outiet
coolant temperatures based on Egs 1 and 3 solved smultaneoudy. If Tsjnand Tsoicare
notthesame, use an averagefor Ts. Uselatent heat values As congstent with Tgjp.

Condensate Cooler

1. Plottheobsrved outlet condensate and outlet cooling water temperatures versus cooling
water flow rate.

2. Onthesame graph, for each cooling water rate used, plot predicted outlet condensate and
outlet cooling water temperatures based on Egs 4 and 6 solved simultaneoudy.

Useful Data
Shell and Tube Condenser

Basco Division, American Precision Indugries, Inc., Buffalo, New Y ork
Size 03014Type500,! -inch Admiralty Tubes, No bafles
Serial Number 141799
Standard Design Pressures
Shdl (Steam), 120pdg; Tube(Liquid), 150psg
Test Pressures (Hydro): Shdl (Steam), 450psg; Tube(Liquid), 225psg
Design Temperatures
Shdl (Steam), 350°F; Tube(Liquid), 300°F
Surface Area= 4.6 ft*,
Shdl: 3.25inches OD carbonsteel
Tubes:
Number of Tubes = 60, (4 passontubeside, 15 tubes pe pass)
I -inch OD, 24 BWG (wall thickness = 0.022inches), 14 incheslong
Thermal Condudivity of Tubes = 64 Btu/hr, ft%, °F/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 Exchange, Type PO1DBVL
Serial Number 3221604956
Maximum Design Pressure, 285ps
Test Pressure, 315p9g (21 Bar)
Maximum Working Pressure, 16 bar
Surface Area = 5.25ft
15 plates, 316 stainless steel ---- Onepass each side

Shell and Tube Condensate Cooler Data

American Indugrial Heat Trander Inc., Zion, IL.
Modd AB-403-B4-SP-CNP-B
Serial Number 87445
Operating Pressures
Shdl, 300ps; Tubes, 150ps
Temperature, 300°F
Surface Area, = 3.6 ft? C@ Pr
Shdl Diameter, 2.13inches OD, 2.014inchesID
Baffle Spacing, 2.25inchesB30%of ID free

Tubes
TubeLength, 24inches _
Cooling TubeDiameter, 0.25inches OD Triangular
TubeWall Thickness, 0.020inches (equilateral) Pitch
Single Pass TubeSide

TubeMaterial, 90-10 Coppe-Nickel aloy
Thermal Condudivity = 258 Btu/hr ft* (°F/ft)
Triangular pitch = 0.3125inches

Number Tubes =28

Typical Overall Heat Transfer Coefficients

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

30



31

TRANSIENT HEAT TRANSFER I (B-7)
Introdudion
Objectives

In this experiment, youwill evaluae heat trander in an agitated, jacketed vessel. Thevessel will
be opeated in three different modes: batch, semi-batch, and continuousflow. Theobjectives
indudethe

* Measurement of batch fluid temperature / time profiles for each opaating mode
* Comparison of observed againg predicted batch fluid temperatures for each mode

Note: Theenergy bdances bdow do nat consde energy absorbed or los by themetal internds
of the agitated vessdl; specifically, thethermocoude bodies and the agitator (shat and impdler).
These could beindudd into all the energy bdances by expanding the mc, term to mc, + MmCpm,
where m = mass of bach fluid, ¢, = fluid specific heat, my, = immersed metal mass, and Com =
metal specific heat. 1t isassumed in thisandysistha mc, >> MyCom.

Batch Operating Mode

Thetrandent energy bdance for thejacketed bach (i.e. noflow) vessd is.

U (T, T)= m(%) (2)

where U, = oveaal heat trander coefficient based on outsidearea A,, T = bach fluid temperature,
T; = jacket fluid temperature, m = batch fluid mass, t = clock time, and ¢, = batch fluid heat
capecity. Thetypical experimental run with the jacketed batch vessel is taken in three stages:

outlet inlet
Tj Tj
¢ hatch
4 temperature I
1]
T,V
oo
TJ

time
= Stage | DHeat-up

In this stage with steam in thejacket and water in thebach, T; = Tgean > T. If thecondensng
steam is not sub-cooled in thejacket, or if sub-coolingis minimal (i.e. inlet Tgeam ~ outiet Tgeam),
T; can betaken as acondant and Eq. 1 can bedirectly integrated. A steam trap in the condensate
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line after the jacket ensures complete condensation. If sub-cooling occurs, an additiond termis
required in the heat badance.

TheU,, for forced convective heating from the jacket to the batch, is estimated from:

1 _ 1, "x 1 @
UA, hA kA, hA

oo w’ Hm o "o

where h = heat trander coefficient based onthearea A (sub<ripts o andi indicate outside and
ingde, respectively), k,, = metal wall thermal conductivity, A, = tubelog-mean trander area,
and Ax = tubewall thickness. Areas A; and A, correspondto the sides and bottom of the vessdl.

Theindividud film coefficient h; will degpend uponthe nature of theflow. For liquidsin an
agitated vessdl,

D _"D2NI# Cudr y#

where Z, a, b, and ¢ = parameters that depend on characteristics of the batch vessel and the style
of the agitator, D, = equivaent agitator (impdler) diameter, c, = bach fluid heat capecity, u =
bach fluid viscosty (subscript w meansat thewall), k = batch fluid thermal condudivity, N =
agitation rate, and p = batch fluid mass dengty.

For steam condensing on avertical jacket of avessel, h, ~ 1500BTU/hr-ft>-°F (see
www.chemstationsnet/doauments/jeedynapdf).

To check yourself, consder tha typical values for such steam service are U, ~ 90-120BTU/hr-
ft2-°F (see www.the-enginesring-page.com/formshe/typU.html).

Note that stagel actudly beginswith alag during which the steam is heating up the jacket,
thoughnot thebach appreciably. Thislag is empirically accounted for in themodd.

= Stagell Bldle

In this stage with nothingin the jacket and hotwater in thebach, only natural convective
cooling to theambient environment occurs. For EQ. 1, Tj = Tambient = roomtemperature < T. The
jacket can betaken asinsulated. However, the batch is open at thetop. In this case, thearea A,
correspondsto thetop of theliquid.

Theonly resistance to heat trander correspondsto naural convective cooling fromthetop of the
hot liquid to thesurroundings However, the agitation does appear to enhance the heat trander

convection somewha beyondsimple netural conveetion. | recommend Uo = Shratconv- FOT Nnacony,
see Perry@ Handbookfor natural convection fromahorizontal flat surface. 1t showstha:

N = a(NeNp, )" (4)
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where Nyu = Nusselt nunmber, Ng; = Grashof nunber, Npr = Prandtl nunber, andaandm =
paameters. For owr application, usea=0.14andm = 1/3. Typica valuesare Ny, ~70and h ~
1 BTU/hr-ft*-°F.

= Stagelll DCool-down

In this stage with cooling water in thejacket and hot water in thebach, T; = Teoo < T. For low
flow rates of coolant, thejacket fluid is nat isothermal. In this case, a heat baance onthe coolant
isrequired. However, for thetypically high flow rates of coolant used here, theinlet Teoo ~ Outiet
Tewol. INnthiscase, Eq. 1 can beintegrated directly.

TheU,, for forced convective cooling fromthejacket to the bach, is estimated from Eq. 2. The
area A, correspondsto the sides and bottom of thevessel. Theh; codficientis estimated from
Eqg. 3. Theh, coeficientis estimated to ~ 0.5 * h for condenang steam in jacket used in stagel.

NOTE: Inmodding stages|, II, and 111 togeher, your modd should take accountof theinitia
lag, aswell astheactud timesin which each stage begins

Semi-Batch Operating Mode

TO- VO

T out Tiin

f '

In thismode water is added to the bach withoutany withdrawal while condensng steam is
flowed throughthejacket. Theenergy bdanceis:

$dT!

UOAO(T]. " T)+ #,C,(T," T) . (dtz

(II%

(5)
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where v, = inlet volumetric flow rate, and V = bach fluid volume. Because thevolume of the
bach changes with time, amass bdance isrequired:

"V, #0= av) (6)
dt

which is easily integrated in this case of a congant dengty fluid to:
V=V, +v t (7)

Since thevolume of fluid isincreasing, the heat trander areais notcondant. Using
A, ="D,H +("/4)D:(i.e. assume areais on thesides and thebottom) and V " (#/4)D2H , a
simple time-dependent form for A, is.

. 4V #D?
o0 +
D, 4

o

(8)

Themodéd to be solved congsts of Egs 5, 7, and8. The U, is estimated from Eq. 2.
Continuous Flow Mode

In thismode water is added and withdrawn at a congant rate to maintain afixed liquid volume
while condenang steam is flowed throughthe jacket. Theenergy bdanceis:

dT
UA(T,=T)+ pve,(T,-T)= chp(Z) (9)

Ta, Vo

— l —

T, Vo

TheU,, for forced convective heating from the jacket to the batch, is estimated from Eq. 2.
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Procedure

Note: Thepiping onthis experiment can be confusing Bstudy it carefully. Thejacket outiet can
follow either of two pahsbdirectly to thedrain or throughthe steam trap before entering the
drain. Thetrap makes sure that only condensed steam exits to drain. When steam isfirst flowed
into acold jacket, it will condense totally and can be sent directly to the drain bypassing thetrap.
Oncethejacket is hot (jacket outiet ~ 200°F), theexiting steam should be sent throughthe trap.

Before starting the experiment, become fully familiar with the Cimplicity computer control
program, and with the entire flow system. Do NOT changetheregulated ingrument air pressure
from 20 psg. Changeswill either cause poor pneumatic valve performance, or damagethe
pneumatic controllers.

SAFETY: Make sure theagitator isNOT runningif youimmerse a meter or yard stick into the
vessal to verify liquid depth. NEVER putyou handsin thevessdl if theagitator is running!

Batch Operating Mode

Choo® andingall oneimpdler. Carefully noteits dimendonsand shape
Closthedrain valve for thevessal. Pogtion the steam linevalves for steam flow through
thejacket. Open themain and seconday water and steam supply valves.

Activate the Simplicity program, and open the Batch Valve ControlOwindow

Using the G@CW VaveOdider, fill thevessel up to thedesired level. Close thewindow

Set the agitator for 100rpm.

Open thesteam drain linejug before the steam regulator to drain off some condensate

fromtheline. Open the (Bteam FlowOdetail window.

Enter thedescriptive information onthis runin the boxes on the bottom right of the

screen. Start thedatalogging. Enter thefirst three lines of information. For thefourth

ling enter yourinitials followed by therun name; e.g., RBB-Runl. Start logging.

8. Usingthemanud vave, open steam flow to thejacket at arate of ~ 1201bs/hour. Note
thetime you started the steam flow by recording the clock time (uppe right of screen).
Record the steam flow.

9. Monitor the batich temperatures. Shut off steam when the temperatures reach ~ 190°F.

10.Let thesystem lay idle for ~ 15 minutes.

11.Whilewaiting, alignthevalvesto allow cooling water to flow throughthejacket. Make
sure the steam valves before and after thejacket are closed.

12.Usingthemanud valve, set the cooling water to the jacket at ~ 13 gpm, and cool the
bach to aboutroomtemperature. Stopthe coolingwater flow.

13. Stop datalogging for thisrun. Inthenew open window, click on CBtop LoggingO Click
on CCopyQto create a*.csv file. Then click on CCreate ReportQ Thiswill putyour data
into an Excel file. Click on GDpen ReportOto take alook at your logfile. Click on
CCancel Oto close thewindow.

14.Turn off theimpdler.

N =

o0k w

~
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Semi-Batch Operating Mode

1.

B wn

o o

© N

Using the bach drain valve, drain thevessel to ~! full. Theamountshould be enoughto
cover theimpdler and thebottom tips of the thermocouples. Use the batch CW dider
valve to add some water if you drain too much. Use aruler to estimate water depth.

Set the agitator for 100rpm.

Set thevalves for steam flow to thejacket.

Open both the steam flow window. Postion low on the screen so it and the batch
themocoouples are readable. Make sure you can see the datalogge indicator blinking.
Start daaloggng with anew run number.

With thebach outlet valve closed, start alow flow rate of water into thebach usngthe
CW valve dider unde Batch Valve Control. For example, set thedider to 30% open.
At the same time, begin the steam flow throughthe jacket at ~ 120Ibs/hour.

When thevessdl isnearly full, stop thewater and steam flows Btherunisover.

Stop datalogging for thisrun. In the new open window click on CBtop LoggingO Click
on CCopyOto create a*.csv file. Then click on GCreate ReportQ Thiswill putyour data
into an Excel file. Click on GDpen ReportOto take alook at your logfile. Click on
CCancel Oto close thewindow.

10. Turn off theimpdler.

Continuous Flow Operating Mode

agkrwbdE

o

7.
8.

9.

Choo% thesame impdler used in the semi-batich mode

Set thevalves for steam flow to thejacket.

Restart the agitator.

Open themanud valves for water flow into and out of thevessal (i.e. continuousflow).
Click onthePID controller windowon thescreen. Choo to control thetank level with
theexit control valve.

Set thefeed valve dider to ~ 35% open. Activate the PID control, and inputa setpoint
(desired) liquid level of 145 inches. Therecommended PID settingsare: Gain = 26,
Integral rate = 2, Derivativetime = 0, andbias= 0. Allow theliquid level to reach a
steady level of 14inches. A minoroscillation around the desired level might occur.
DO NOT OVERFLOW! If oveaflow isimminent, stop theinlet feed!

Once thetank level is congant with a continuousflow, set the agitator for 100rpm.
Start daaloggng with anew run number.

10. Begin the steam flow as donein the baich mode

11.When a steady-state vessel temperature is reached, stop the steam flow.

12.Tumn onthecooling water flow throughthejacket at arate of ~ 13 gpm

13. When the batch temperature has returned to ~ room temperature, therunisove.

11. Stop datalogging for thisrun. Inthenew open window click on Cstop LoggingO Click

on CCopyQto create a*.csv file. Then click on CCreate ReportQ Thiswill putyour data
into an Excel file. Click on GDpen ReportOto take alook at your logfile. Click on
CCancel Oto close thewindow.

14.Turn off theimpdler.
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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 datalogging When thedata-logging windowopens click on GDpen
ReportQ Thenext windowshows a directory listing of the C:\Temp directory of the PC.
Download whaever daafilesyou collected (Excel files of thename *.csv) into a
flashdrive usngtheavailable USB port cable. When file trander is complete, cloe this
window.

4. Leavethemain Chome pageQuser interface open.

Data Andysis and Modding

Batch Operating Mode

1. Graphyourobserved temperature data versustime for all three stages onthe same plot.

2. Plotthepredicted temperature data versustime for all three stages on the same plot.
Make sure you accountfor theinitial time lag and the correct trandationsin time.

3. Wasthere any significant difference between thetwo experimental thermocouple
readings? If so, conault with theindructor.

Semi-Batch Operating Mode
1. Plotyourexpeimental tempeature data versustime.
2. Plotthepredicted temperature data versustime onthe same graph. Apply an initial time
lag if necessary.
Continuous Flow Operating Mode
1. Plotyourexperimental temperature data versustime for thefirst inlet/out et flow rate.
2. Plotthepredicted temperature data versustime onthe same graph. Apply an initial time
lag if necessary.
3. Repeat stepsl and 2 for the secondinlet/out et flow rate.

SEE THE NEXT PAGE FOR INFORMATION OF THE DATA LOG FILE
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LogFileKey
Column | Label Explanation
A TIMESTAMP Time
B BHEATAG_SPEED_VALO Agitation speed
C BHEATCW_FLOW_VALO Flow rate of feed water
D BHEATCOURSE_NUM_VALO Course number input
E BHEATCW_VALVE_VALO Feed water valve
F BHEATCW_VALVE_PULSE_VALO Feed water valve pulse
G BHEATDRAIN_VALVE_VALO Drain water valve
H BHEATDRAIN_VALVE_PULSE_VALO Drain water valve pulse
I BHEATGROUP_NUM_VALO Student group number input
J BHEATLEVEL_VALO Liquid level in vessel
K BHEATLOGDATA_VALO Data log
L BHEATLOGFILE_LOC_VALO Lodfile location input
M BHEATLOGFILE_NAME_VALO Logfile name input
N BHEATPROF_NAME_VALO Professor name input
O BHEATRUN_INFO_VALO Run information input
P BHEATSTARTDATATIME_VALO Start time for data
Q BHEATSTUD_NAME_VALO Student name input
R BHEATST_FLOW_RATE_VALO Flow rate of steam
S BHEATTC1_VALO Temperature of tank center
T BHEATTC2_VALO Temperature of steam into the jacket
U BHEATTC3_VALO Temperature of tank side
\% BHEATTC4_VALO Temperature of steam coming out the jacket
W BHEATIMP_SIZE_VALO Impeller size input
X BHEATIMP_STYLE_VALO Impeller style input
Y BHEATFEED_FLOW_VALO Flow rate of feed water
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FLUIDIZED BED (109T)

Introdudion
Objectives

In this experiment, youwill evaluae the hydraulic performance of abed of paticles opaated in
three distinct modes of opeation: Packed, Fluidized, and Elutriating. At low flow rates of air,
thepdletsremain stationay in afixed, packed bed. At ahighenoughair rate, thebed expands
and minimum fluidizationisreached. At even higher air ratesin thefluidized bed, particles
begin to carry over, or elutriate, fromthebed. The objectivesindude

* Measurement of pressure drop across the bed as afundion of air flow rate for each mode
* Identification of theair rate corresponding to the point of minimum fluidization
* Measurement of the elutriated mass as afundion 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 througha bed of randomy packed solids
istheresult of viscous(form-drag) and kingtic energy losses. It is given by the Ergunequdion:

SupSDg 'S o4
A o U e O M 0

where L = packing length, -AP = pressure drop, g = convasion factor, py = fluid dengty, andu
= average supeaficia velodty of fluid. Theleft side of theequaion represents the modified
frictionfactor andtheterms ontherightin Equdion (1) represent the viscousenergy losses and
thekinetic-energy losses. This equaion can berearranged to estimate the pressure drop for a
given fluid flow rate.

TheReynoldsnumber Nge is based on the effective particle diameter D, andis given by:

Ng, =—2 (29)

where GO= mass velodty of thefluid based on thetower cross section, and u = fluid viscosty.

When the packing has a shgpe different from spheical, an effective particle diameter is used:

D :%:_6(1_8) (2b)
p Ap Av
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where the parameters € and A, are provided or can be estimated. The bed porosty, ¢, isthe
fraction of total bed volume that isvoid. Thequantity A, istheratio of total packing surface are
in the bed to thetotal volume of the bed.

Fluidized Bed

When theupward flowing fluid reaches a critical rate at which thefluid force onthe particlesjus
matches theweight of the particles, the point of minimum fluidization occurs. Thesupeficial
fluid velodty corresponding to this opeating point is given through:

Dv. ./ " D3I (! $! )g#
—2 M _983.7% +0.0408—" ("2 )g& $33.7 (3)

u o u @L

where v = fluid supeficial velodty at the point of minimum fluidization, p, = particle mass
dengty, and g = gravity acceleration. Once fluidization is achieved, thepressure dropisa
weakly increasing fundion of fluid rate.

Elutriation

At a high enoughfluid flow rate, the particles begin to get entrained by thefluid and |eave the
bed. Anempirical relationship describing this processis given by:

m.=m, (1" e "‘) (4)

where me = mass of entrained particles, meing = ultimate amountentrained for agiven gasrate,
and k = entrainment rate condant. A regression of your entrained particle mass daa, at agiven

ar rate, accordingto" In(l" me/me . ) versustime from Eq. 4, should yield astraightline of
dopek. Thevariationsof k and meing With fluid rate are empirically determined.

Procedure
NOTE: Record the pressure in theair rotameters since this will be used to correct the rotatmeter

air rates for dengty. This pressureis outlet fromthe air pressure regulator. See course web site
for Gas Rotameters memo: http://web.njit.edu/~barat/ChE396_Fall20100as_rotameters.pdf.

Two air rotameters (low and highrange are available for this experiment. Collect daausngthe
low rangerotameter first. Once you have reached itslimit, close it and begin usng thehigh
rangeunit. Be suretherecord theregulated pressure feeding therotameters. The pressure drop
is measured with a direct-reading Magnehdic differential pressure gauge

Fixed Bed and Minimum Fluidization

1. Make sure the user-access port at thetop of the column is plugged.
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2. Turn onthecompressed air flow to bed. Gradudly increase theair flow rate until
fluidization occurs, but NOT solids entrainment.

3. For each recorded air flow rate, measure pressure drop and bed heght Use enoughflow
rates to develop a smooth curve, especialy in theregion of the point of minimum
fluidization.

Pellet Elutriation

NOTE: A new automated data collection procedure is now available. It congsts of an electronic
bdance interfaced to a PC.

1. Tum onthe ScoutPro bdance unde thecyclone Make sure thebudket is empty andon
thebadance unde the pdlet cyclone

2. LogintothePC. Onthe Desktop, activate the (Fluidized Bed Scout ProOdata collection
program.

3. Pull down the ExperimentOmenu, and go to Data CollectionO Set for GContinuous

ModeDusing 1 sample/second.

Measure quiescent (i.e. noflow) bed heightin orde to determineinitial mass of thebed.

Set afixed air rate at which entrained particles leave thebed completely and are carried

overhead. Atthesametimetheair isturned on, start the daa collection.

6. Record themass of entrained pdletsinto atared container at equd time intervals after
entrainment begins Continueuntil entrainment stops

7. Stopthedaa collection, andtranger the new daainto a spreadsheet saved to the PC
desktop.

8. Return al thecollected pdletsto the column through the plugged opening at thetop.

9. Repeat steps4-7 for at least five different fixed air rates.

10. Trander your daato aflash drive.

ok

Data Andysis and Modding

NOTE: Carefully examinetheundesideof thebed. Youwill notice tha thereisaregion of
marble-sized white bals bdow themain bed. These bdls serve asto distribute (i.e. Gpread
outQ) theair bdow thebed from thefeed pipe Just between these bals and the bed of small
pdletsisaplate perforated with small holes covered with dightly elevated caps This plate
servesto hold up the pdlets while alowingtheair to enter thebed. At present, the pressure tap
representing the bed inlet islocated jus BELOW this plate and notin the bottom of the pdlet
bed itself. Theresult isahighe measured pressure drop than jug fromthebed of pdlets as
described by Equaion 1. Thefollowingmodd isproposd to accountfor thetotal drop " #P,

101

_Aplot = APbed + ( APplate) (5)
where the pressure drop across the plate " #P,,,. can be modded by:
! #Pplatf b$v2/gc (6)
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where b = empirical condant (seeingdructor), p = air mass dendty (assume STP conditiong, and
v = volumetric flow rate of air (assume STP). Equation 5 appliesto both fixed bed and
minimum fluidization states.

NOTE: Make sure you correct al volumetric air rates for the pressure in therotameter according
to the procedure in: http://web.njit.edu/~barat/ChE396 _Fall20100as_rotameters.pdf.

Fixed Bed

1. If avaluefor bisnotavailable, then you can estimate itsvalue. Carefully calculate -AP,
fromEqgs 1and2. Then, subtract thecalculated " #P,_,from " #P,, to obtain values for

tot
—AP,.. Findly, regressyour -AP,,, QiataOas afundion of volumetric flow rate v

plate
according to Eq. (6) in order to get the best-fit b value. If your calculated -AP, values are
consstently equd to or exceed theobserved -APR,, values, then you need to reconsder the
Erguncalculation. Seetheindructor for advice.
2. If avalueforbisavailable, then subtract —-AP,,_.. fromyour observed " #P,  values.

plate tot

Compare theresulting " #P, ., values with predictionsbased on Eq. 1 over thewhole rangeof
ar rates.

Point of Minimum Fluidization

1. Onthesame graphasused for thefixed bed daa, indicate the observed point of
minimum fluidization. Note the corresponding fluid rate and supeficial velodty.

2. Onthisgraph, aso note the predicted minimum fluidization point according to Eq. 3.

3. Remember to accountfor -AP

plate*
Pellet Elutriation

1. Regressyour entrained particle mass versustime for each air rate according to Eq. 4.

2. Plottheobserved k and meing Obtained fromtheregressionsversusair rate. Wha isthe
rest fitOrelationghip?

3. Isk atruecondant?

Useful Data

Column: 6 inch standad Pyrex pipe
Pellets: e =0.33 Dp =0.12inches
Plate: b = 13100. inches water/ft-Iby
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TRANSIENT HEAT TRANSFER 11 (311-T)

Introdudion

NOTE: Thisappaatusisused for heat trander studiesin ChE 396and temperature control
studiesin ChE 496. Use only tha equipment specified in theindructionsbdow.

Objectives

In this experiment, youwill evaluae the heeat tranger in abatch (i.e. noflow) agitated vessel.
There are two stages of opeation with the avail able 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. Theobjectivesindude

* 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 modding of trangent heat-up and cool-down of a CSTR-type vessel

Batch Mode

Thebach modeconsstsfirst of aheat-up phase. Thisisfollowed by a cool-down phease.

! Heat-Up

Theplastic vessel can betaken as approximately adiabdic. However, therelatively large mass
of metal internds, as compared to themass of fluid, cannotbeignored as it will absorb heat. We
can assume tha, dueto the much highe thermal condudivity of the stainless steel as compared
to thewater, theinternds are at the same temperature as thewater. There issome condudive
heat loss fromthemetal internadsto thelargemeta plate abovethevessel. However, previous
data have shown this heat loss to be small, and can beignored.

Thetrandent energy bdance for the bach vessal during the heat-up phaseis:

Q = (mcp + mmcpm)(%) (18

where ¢, = fluid heat capecity, com = immersed metal heat capacity, m = mass of bach liquid, T
= temperature of bach liquid, t = elapsed time, Q,, = eectrica heating rate, and my, = mass of
immersed metal.

Themass of internds can be estimated by volumetric displacement. However, the current setup
does noteasily alow for this. Theintegrated form of Eq. 1ais:

LJ, (1b)
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where T, = initial temperature. A regression of your experimental T vs. t data from each bach
heat-up run provides the dope Qw/(mc,+MmCom). Theimmersed heating element israted, so Qh
isknown. Thelumped quantity mc,+mmCpm iS thus obtained.

I Cool-Down

Thebatch cool-down is more complex since the cooling coil is bath nonisothermal and undeady.
Theheat badanceis congdered first, followed by consderation of howto handle the ungeady
cooling coil.

** Heat Balance

Thetrandent energy bdance for the bach vessal during the cool-down phaseis:
; _ $dT!
UOAO(#T)LM - (mcp + mmcpm)%z (2)

where U, = ovaall heat trander coeficient, A, = heat trander area, and (AT).v = log-mean-
temperature-difference dueto thenonrisothermal cooling coil. TheLMTD isgiven by:

1), _ () (39

#T'T $

where T = coolant temperature. For low flow rates of coolant throughthecoil, Teoue = T. This
will causethe LMTD to fail since theln factor (blows upO Therefore, instead of (AT)Lu, use of
asimple arithmetic mean temperature difference (AMTD) isrecommended in this experiment for
usein Eq. (2):

(' T),, =058T" T, )+(T" T ) (3b)
** Coil Outlet Temperature

Thequestionis howto handle Teo. Thecoil isboth nonisothermal and ungeady. This can be
handled with thefollowing PDE for the coil temperature at any postion aongits length:

aT, m (BTC)+(UJTD (T-T.) @

ot __pAt 0z PAC,

Solving this PDE is beyondthe scopeof this course. Therefore, it is recommend tha you curve-
fit your datafor Teou VS. time to a polynomial (e.g. 2™ order) such as:

T =a+bt+ct’ (5)
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Feel free to use another form (e.g. 3% order polynomial) if it gives you a better fit. Make sure the
fitisgood especialy at early times after the cooling water isturned on. Be careful, especialy if
you use Excel® for a curve-fit, that your expressionfor Tyt VS. t actudly isagoodfit. Plot it up
agang your daaindegendently of any trend-lineregression. Polymath® is especially goodfor
thefitting asit can give you theplot of thedaa and thefit togeher.

Do thisfor each run. Then, us Eg. 5 togdaher with Eqs 2 and 3b.

Continuous Flow Mode

The continuousflow modeis subject to electrical heat-up, followed by cool-down viathe coil.
! Heat-Up

In thismode water is added and withdrawn at a congant rate to maintain afixed liquid volume
while thevessdl fluid is heated. Theenergy bdanceis:

0, +pv,c, (To - T) = (mcp +m,c, )(j—f) (6)

where p = fluid mass densty, v, = volumetric flow rate of fluid throughvessdl (i.e. outside of
coil), and T, = tempeature of fluid feed.

I Cool-Down

After a steady temperature is achieved during heat-up, heating isterminated, and cooling water is
applied throughthe immersed coil. Theenergy bdanceis:

VAT + vy (T -T)=(me, + mye, ) G )

The same nonisothermal, undeady cooling coil issues are present here as are presentin the
bach mode Use Eqgs 3band5 accordingly.
Heat Transfer Coefficient

TheU,, for forced convective cooling to theinternal coil from thebakch, is estimated:

1 _ 1 N "X N 1
Uvo h|A| kwA1m hvo

(8)

where h; = inddefile heat trander codficient, h, = outside codficient, k,, = metal wall thermal
condudivity, and Ax = metal wall thickness. Theareas A; and A, correspondto theingde and
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outside surface of theimmersed colil, respectively. Theindividud film coefficients will depend
uponthe naure of theflow. For turbulent flow inddethecoil:

0.14

hD DG\ (e, u\"”
#:0.023(;) ( » ] (i) (93
k u k H,

If theflowislaminar, use

0.33 0.14

%=1.8 int @i__‘ko.sa%g{qﬁo.e,a%i__’é ob)
k %u Gk Bl By,

where D; = tubelD, k = fluid theemal condudivity, u = viscodty of fluid (subsriptw = wall), G
= fluid mass velodty, and ¢, = fluid heat capecity.

For an agitated liquid passing over an immersed coil, theoutsidefilm coeficient h, is estimated:
0.14

h D DZN 0.62 C M 0.33 X
oZo _ g7 2P ’ o (10)
k u k u,

where D, = coil outside diameter, D, = agitator diameter, N = agitation rate (see agitator
calibration curve on next page use theRPM for N, notthe controller setting), and p = fluid mass
dendty. To check yourself, consder tha typical values for awater-water coil agitated system
are U, ~ 70-120 BTU/hr-ft>-°F (see www.the-engineering-page com/forms/he/typU.html).

Procedure

Carefully review theentire system. Conalt theinstructor for hdp in opeating thedaa
collection program and the coil flow rate control.

Heat-Up of Batch Liquid

1. Lower theplastic vessel, measure its dimengons and examinethe metals internds.

2. Replace thevessal, and secure it firmly with thewing nuts; however, don®overtighten!
Thereisnoneed for a gasket.

3. Set thevalvesfor water flow throughthevessdl, and turn ontheflow.

4. Allow thevessdl to fill to theoveflow level. When water is clearly flowing outinto the

sink, simultaneoudy close theexit valve at the base of thevessel and the water source

valve jug bdow theflow meter. This step trapsafixed amountof water in thevessel that

is sufficient to immerse the electrical heater.

Set the agitator on amodeate level (e.g. 3). Take note of the agitator calibration curve!

Activate the daa collection PC and the Fluke® daalogge.

oo
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7.

9.

Activate the Labview® program GFluke Hydra Data Acquisition&foundin Desktop =
Temp_Contr_311T-> Datalogge. Consult with theingructor. Set thetime lag GwitchO
ontheuser pand to zero.

Plug the heater into thereceptacle onthepand to theleft of thevessal. Plugthe
receptacle into the Variac, but make sure the Variac switch isoff. Set theVariac dial to
100. Make sure power is available to the Variac from the power strip.

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

10. When the batch temperature reaches ~ 60 °C, turn off the heater by tuming off the Variac.
11.Moveimmediately to the @ool-downOphase bdow. Continuedata collection.

Cool-Down of Hot Batch Liquid

1.

No o

Make sure power is available to the coil coolant flow control valve. On the uppe
temperature controller box, set switch for OnanudOQopeation. Consult ingructor.
Quickly turn onthe cooling water throughthecoil by turning the small potentiometer on
theuppe control box, and set at 1 gpmrate.

Continuethedata collection.

When the batch temperature returnsto ~ 25 °C, stop the data collection, and store your
data as prompted. Be careful to store the datafrom each run as a separate text file.
Turn off the cooling water to the coil.

Repeat the theat-upO+ Gool-downOcycle for coolant rates of 0.6 gpm and 0.2 gpm
When dl finished (make sure heater is OFF), empty thevessel, and then carefully lower
thevessel so it can dry off.

Trander your daafilesfromthePC to aflashdrive, floppy, or your accountviaemail.

Heat-Up During Continuous Flow Mode

1. Setthevalvesfor water flow throughthevessel, and turn ontheflow to 3 gph
2.

Allow thevessal to fill to theoveflow leval. Monitor theflow rate at therotameter snce
fluctuationsoccur.

3. Set theagitator onamodeate level (e.g. 3). Take note of theagitator calibration curve!
4.
5.

Activate the daa collection PC and the Fluke® daalogge.

Activate the Labview® program. Conault with theingructor. Set thetime lag GwitchO
ontheuser pand to zero.

Plug the heater into thereceptacle onthepand to theleft of thevessal. Plugthe
receptacle into the Variac, but make sure the Variac switch isoff. Set theVariac dial to
100. Make sure power is available to the Variac from the power strip.

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

When thereactor fluid temperature reaches a steady value, turn off the heater by turning
off theVariac.

Moveimmediately to the @ool-downOphase bdow. Continuedata collection.
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Cool-Down During Continuous Flow Mode

1.

No o

8.

Make sure power is available to the coil coolant flow control valve. On the uppe
temperature controller box, set switch for OnanudOQopeation. Consult ingructor.
Quickly turn onthe cooling water throughthecoil by turning the small potentiometer on
theuppe control box, and set at oneof the cooling rates used earlier.

Continuethe data collection.

When the batch temperature returnsto ~ 25 °C, stop the data collection, and store your
data as prompted. Be careful to store the datafrom each run as a separate text file.
Turn off the cooling water to the coil.

If time allows, repesat the heat-upQthen @ool-downOcycle for adifferent coolant rate.
When dl finished (make sure heater is OFF), empty thevessel, and then carefully lower
thevessel so it can dry off.

Trander your daafilesfromthePC to aflash drive, floppy, or your accountvia email.

Data Andysis and Modding

NOTE: Dueto ascanning dday inthe Flukedaalogge, asimple correctionis needed between

actud (elapsed) time and the Q_abviewOtime downloaded to your data spreadshest. All
resultsin your reporting should bebased in red (i.e. clock) time. For three inpus, the
following correctionis used:

realtime(sec)=1.123% Labviewtime(SecC,

Heat-Up and Cool-Down of Batch Liquid

3.

4.

5.

1. Plottheobsrved bach temperature versustime for thefirst heating/ cooling cycle.
2.

For each heating phese, regressyour T vs. t data according to Eq. 1b to estimate
MCp+MmCom.

Assuming these values do no vary tha much, use asimple average for the simulation of
thecool-down phase T vs. t runsviaEgs 2 and 3b.

Plot the simulated bach temperature versustime on the same graph. For the heat-up, the
regression should be shown. For the cool-down, the predictionis shown.

Repeat steps 1 and 5 for each cycle performed.

Heat-Up and Cool-Down during Continuous Flow Mode

3.

1. Plot observed and predicted reactor temperature for thefirst continuousflow cycle.
2.

Plot the predicted T vs. t usngintegrated forms of Egs 6 and 7. Use subsequent
equéionsas needed. Use the average mcy,+mmCom Values obtained earlier.
Repeat steps 1 and 2 for each cycle performed.
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Agitation Rate (rpm)
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ROTARY KILN DRIER (109T)

Introdudion

Simultaneousheat and mass tranger occursin therotary kiln drier. Hot air isflowed counter-
current to moisture-laden pdletsflowing owly by gravity. Heat fromtheair warmsthepdlets,
thusevaporating thewater. Thereisaso heat lossfromthekiln. Thetheory for each trander is
treated separately, thoughthe govening equaionsare coupled. Dueto the multiple processes
involved, thetrander equaionsare presented in differential form.

Consider the control volume of length Az, kiln diameter D, and length L. Air isenteringat a
mass rate i, andtemperature T at z = 0. Solidsenter countr currentat Z = L at amass rate 18,

and temperature Ts. Concentration units are mass ratios (e.g. X, grams water/gram dry solid,
Y w grams water/gram dry air). Theadvantage hereistha thedry solid and dry air rates are
condant. Thederivation of thetrander equaionswill be presented separately from this manud.

control volume

air out

solids out

solids in
|—

z z+!z
Moisture Balance
Whilethedry air anddry pdletsflow at different mass rates, the moisture bdance mug exist if a

true steady state opeaation exists. Themoisture log by the pdlets mug equd the moisture
ganed by theair. Consderingtheinlet and outlet moisture contents, an overall bdanceis:

i, (Y Y, ) =/, (X -X, ) 1)

Ml()
Mass Transfer

A steady moisture bdance (IN DOUT = 0) ontheair passing throughthe control volumeis:

w

m,Y,, |, -MmY,, L., + hc(xW - T(—W)Az =0 (28

whereY,, = mass ratio of water vaporin theair stream (mass water/mass dry air), z = kiln axial
dimenson, X,, = mass ratio of water in the solids (mass water/mass dry solids), &, = massrate

of dry air, h; = masstrander coeficient (incorporating kiln cross section and dry solids content
within the control volume), and K = moisture phase equilibrium condant.

50



51

Conveasion of Eq. 2ainto differential form provides the moisture baance for theair is given by:

dY, h Y,
ALY ob
dz rﬁA( W K) (2b)

Themoisture phase equilibrium condant is assumed to take theform:

K= ; =aexp(-b/T)) 20

w

where a, b = fitted parameters, and T = solidstemperature.

Atz =0, Y, =themeasured value (moisture content of the air entering thekiln). Youwill
integrate Eq. 2b, predict Y, a z = L, and then compare to the measured value (moisture content
of theair leaving thekiln).

Derived in an andogousmanne, thewater bdance for the solidsis given by:

I mn
Do ADix #ley, 3)
dz % K

s

where he = masstrander coefficient. At z=0, X,, = measured value (moisture content of the
solidsleaving thekiln). Integrate and predict Y, a z = L, then compare to the measured value
(moisture content of thesolidsentering thekiln).

Heat Transfer with Solids Present

Theenergy bdance for theair is given by:

d1, _-hD(T,-T,)-UD(T,-T,) %)
dz rﬁ,\(cpA +YWCM)

where h = heat trander coefficient for heat trander fromtheair to the pdlets, cpa = heat capacity
of air, and cp,w = heat capecity of water vapor, U, = overall heat trander codficient for heat loss
fromthekiln to thesurroundings & = heat trander area of thekiln per unit volume of kiln, T, =
roomtemperature, and cp,, = heat capecity of water vapor. Theheat Atz =0, Ta = measured
dry bulb temperature of theair entering thekiln. Integrate and predict Ta at z = L, then compare
to the measured dry bulb air temperature exiting the kiln. While the solidsdo experience heat
losses to the environment since they are in direct contact with thewall, ther heat capecity is
greater than tha of air. So, themodd assumes all the heat losses from thekiln to be lumped into
theair. Induson of aheeat loss term into the enthdpy bdance for the solidswould jus introduce
another unknown parameter.

Theenergy bdance for thesolidsis given by:
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dar, _ 'hD(T,!' T.)

dz 18 (c, +X,C,, )

(5)

where cps = heat capacity of solids, and cpy = heat capecity of liquid water. Atz=0,Ts=
measured temperature of the solidsexiting thekiln. Integrate and predict Tsat z= L, then
compare to the measured temperature of the solidsentering thekiln.

Heat Transfer without Solids Present

In this case, theonly heat trander isfromthehot, dry air to the surroundingsthroughthekiln
wall. For this case, Equdion4 smplifiesto:

dTA_!UlD(TA! T.)
dz N

(6)

Integration of Equation 6 resultsin:

' n
: DL
1, =T+(1, #Tr)expi#“ Y @

mAcpA '

Procedure

SAFETY NOTE: Theair flow throughthekilnisnoisy, especialy at thehighest rates. Ear
plugsare available, and should beworn while theair flowison.

Make sure you record the pressure in theair rotameters since thiswill be used to correct the
rotameter air rates for dendty. Thisis needed since theair control valves are after therotameters;
i.e., therotameters are operating at the elevated pressure outiet fromtheair pressure regulator.
See the course web site for the Gas Rotameters memo:

http://web .njit.edu/~barat/ChE396 Fall20108as_rotameters.pdf.

Preheating the Kiln and Recording External Heat Losses

1. Tum onthepower for thevarioustemperature and humidity probes.

2. Make surethepdlet receiver botleisin place under thekiln ontheleft end.

3. Turn onthesteam flow in the air preheater, and set an intermediate air rate throughthe
kiln. Record theair flow rate usng the rotameter. Record the rotameter air pressure.

4. Activate thekiln rotation.

5. Periodically observe theinlet and outiet kiln temperatures until they are steady. Note that

theoutet temperatures will belower than theinlet temperatures dueto kiln heat losses.

When steady state is observed, record theair rate and the kiln temperatures.

Changetheair rate, and wait for a new steady state. Record therate and thekiln air

temperatures. Thereisnoneed to record the humdity yet.

N o
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8.

Repeat step 7 for atotal of at least 3 pdlet-lessruns.

Preparation of Wet Solids

1.

B w

o g

Measure out at least 5 poundsof activated aluminapdlets fromthe supply bag or use
available pdlets foundin awhite budket.

Soak the pdletsin abudet of water for several hours. Infact, it isrecommendel tha
this bedoneovernight

At the next class, turn onthe vacuumdrying oven, and set for ~ 80 °C.

Sepaate the soaked pdlets fromthe excess water usngastraine. Beforethepdlets are
fed to thekiln, the soaked pdlets can betaken to be at roomtemperature.

Weigh out three small samples of thewet aluminapdletsin small tared metal dishes.
Place the samples in thewarm drying oven.

Operating the Kiln for Pellet Drying

1.

© N

9.

Set adesired airflow rate. Record theflow rate from the rotameter, and record the air
pressure feeding therotameter. Let thekiln air temperatures reach steady state.

2. Fill thehoppe onthe pdlet feeder about1/3 full.
3.

Plugin the pdlet feeder controller. Set the FEEDRATE setting at 75, and the
AGITATOR setting at 300. NOTE: The FEEDRATE mus becalibrated at some point.
See theindructor! Activate both fundionsbobserve small green lights.  Frequently
obsrve pdlet feeding, especially pdlets dropping down thefunnd. If needed, use a
small stick as needed to hdp the pdlets throughthe hole.

Record thetime when pdlets begin exiting from the kiln by faling into the attached
plastic receiver bottle at thelow end. Keep feeding damp pdlets, and establish a steady-
state mass flow rate (entering and exiting). Measure therate of exiting pdlets by timing
the collection of a known amountusng thereceiver jar.

Check tha al thetemperatures are aso at steady state, induding thepdletsin the
receiver jar. Record steady state temperatures.

When theexiting rate of pdletsis approximately the same as thefeed rate, and all
temperatures are steady, thekiln is assumed to beopeating at a steady state.

Try to runthekiln at steady-state for at least 20 minutes at this steady condition.
Collect at least 3 samples of exiting pdletsinto small tared foil dishes. Weigh, and then
place into the drying oven for several hours for complete drying, and then reweighing. It
isrecommended that you might heat these samples overnightin thedrying oven.
Changetheairflow rate, and wait till new steady-state temperatures are observed.

10. Repert this procedure for at least 2 more air flow rates as time allows. Keep the same

pdlet feed rate. Refill thehoppe as needed.

11.1f themoisture content of theexiting pdletsis approximately zero, kiln conditionsshould

be changed. For example, reduce the air rate or increase thewet solidsfeed rate.

Drying Pellet Samples in the Vacuum Drying Oven

1.

Keep track of the pdlet samples placed in theoven. Do not mix them up! Make sure
pdlet samples have been weighed BEFORE placing in thevacuumdrying 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°C. Conault with the ingructor on oven opeation.

3. Dry thesamples overnightin thevacuumdrying oven. Thenext day (or the next class),
removethe samples, and weigh. Determine pdlet moisture content by difference.

Measuring Air Humidity

NOTE: Thehumidity probes are temperature senstive. Therefore, air isdrawn fromthekiln,
cooled to roomtemperature, and then passed over the probes. Conault with theingructor.

1. Tum onthewater flow throughthe sample air cooling coils.

2. Activate both vacuumair sampling punps and open the punp inlet valves are fully open.

3. Observethesample air temperature after the cooling coils. Make sure both values are at
roomtemperature (~ 23 °C).

4. Record theabsolute humidity. These current valuesi (mAmps) are conveated to actud
humidity H values (g H2O/g dry air) usng: H = (i" 4)/200C. Verify with ingructor that
thisisthelatest humidity probecalibration.

Clean Up and Shutdown

1. Tumn off thekiln rotation, probepand, and pdlet feeder. Turn off house air and steam.
2. Remindindructor to rinse outthe particle feeder. Thisisvery important.
3. Make sure pdlet samples are secure in the vacuumdrying oven.

Data Andysis and Modding

Heat Loss Characterization

1. RearrangeEquaion 5 to thefollowingform:

n | "
U, DL"! 1
Azn r 0_ % 8@( (8)
Aaut pA !

2. Plotyour pdlet-less dry-bulb temperature daa according to Equaion 8. If thesopeis ~
condant, then you can hypahesize that the U, isdominaed, notby theair rate, but by the
heat trander externd to thekiln Bi.e. natural convection.

Moisture Balance
Perform the stepsbdow for each steady state run.
1. Convat the moisture contents of theair at theinlet and outlet of thekiln into mass ratios

2. Cdculate theinlet and outlet moisture content of the solidsin terms of mass ratios
3. Cadculatethedry air and dry pdlet mass rates.
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4. Cdculate themoisture tranger rates as determined by each sideof Eq. 1. If thereis
agreement (i.e. closure) within ~ 20% proceed to the next stage of theandysis bdow. If
moisture content closure is lacking, conault with the indructor. Then, proceed to the next
stepsbdow.

Drying of Wet Pellets in Kiln

1. Using Polymath (see Fogler) or an equivalent ODE solver, and the observed mass ratios
integrate Eqs (1) B(4) fromz = 0 (theinlet air end) to z=L (theoutlet air end).
Estimate the paameter values h, he, aand b (fromK) tha give thebest fit of themodd
predictionsand the measured values at theoutiet air end of thekiln.

2. Integration occursfromkiln left end (air entrance) to theright end (solidsentrance. Use
themeasured conditionson left end (inlet air temperature and moisture content, exiting
solidstemperature and moisture content) astheinitial conditionsfor the integration.

3. Plotthepredicted temperature and moisture content profiles alongthekiln. Compare the
observed conditionsat thez = L end (exiting air temperature and moisture content,
entering solidstemperature and moisture content) to the predicted values.

4. How dothese conditionschangewhen kiln conditionsare changed?

5. How dothevauesof h and h; changewith air rate? Ideally, aand b should not change
with flow rate.

Useful Suggested Data

Themoddingis this experiment is Qpartialy predictiveObecause the parameters h, he, a, and
b are notknown or available easily from theliterature. The user will find the values of these
that provide a best fitOof modd-predicted temperatures and moisture contents at theright
sideof thekiln (i.e. thesidethewet pdlets enter). However, there are usudly insufficient
collected datato reliably fit four paameters. Therefore, it isrecommended that aand b are
kept fixed while h and h; are allowed to vary. It isexpected tha these two will vary with air
flow rate, which isthe main indgpendent experimenta variable.

Suggested val ues: K =5exp(! 300/T,)
wherea=5, b =300K, and Tsisthesolidstemperature in K.

Thevalues of h and h, are ptimizedOfor the available data. The units for both depend on
theunits tha are used for the moisture bd ances.

55



56

PACKED TOWERSII (B-7-T)

Introdudion -- THISEXPERIMENT IS CURRENTLY OUT OF SERVICE FOR UPGRADES.

Objectives

In this experiment, you will evaluae the hydraulic performances of two towers filled with the
same type butdifferent heights, of packing. Theobjectivesindudethe

* Measurement of pressure dropsacross thedry packingsas fundionsof air flow rate

* Measurement of pressure drops asfundionsof air rate, for at least two water rates

* Comparison of experimental pressure dropsand hadupswith predicted values based on
literature correlations

* Determineif the pressure drops per foot of packing, are compaable for thetwo columns

NOTE: Usethetwo packed columnsin thecurrent Wetted Wall Column system. There will be
no use of ammoniain this experiment.

Pressure Drop in Packed Bed (one fluid phase only)

The pressure drop experienced by a single fluid flowing througha bed of randomy packed solids
istheresult of viscous(form-drag) and kingtic energy losses. It is given by the Ergunequdion:

$'#p'$D. g, 'S+ S+
%2%2% =15C§l/é\l_Re%+1'7E (1)

where L = packing length, -AP = pressure drop, g. = convasion factor, py = fluid dengty, andu
= average supeaficia velodty of fluid. Theleft side of theequaion represents the modified
frictionfactor andtheterms ontherightin Equdion (1) represent the viscousenergy losses and
thekinetic-energy losses. This equaion can berearranged to estimate the pressure drop for a
given fluid flow rate.

TheReynoldsnumber is based onthe effective particle diameter Dy and is given by:

D,G
Nie = (29
u

where GO= mass velodity of thefluid based on thetower cross section, and u = fluid viscosty.

When the packing has a shgpe different from spheical an effective paticle diameter is used:

D :%:—6(1" I)

"= n (2b)
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where the parameters € and A, are provided or can be estimated. The bed porosty, ¢, isthe
fraction of total bed volume that isvoid. Thequantity A, istheratio of total packing surface are
in thebed to thetotal volume of the bed.

Pressure Drop in Packed Bed (gas/liquid counter-current operation)

During a gag/liquid counter-current operation be ow the loading point, the gas pressure dropis
greater for agiven gas rate when theliquid is applied. Use the Stringle correlation (see
Geankoplis, 4" ed., pgs 657-659)to predict the observed pressure drop. A simple correlation for
predicting theflooding velodty 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 outa
schematic of the system in your notebook.

Pressure Drop in Packed Bed (air only)

1. Measure theamountof packingin theupper andlower columns note itstype Measure
theID of each column.

Make sure thewater seals onthedrainsof both columnsare water-filled.

Set an air flow onthemain air rotameter.

Record the-AP across both theuppe and lower columnsusng the manoneters.

Record the absolute pressures at theinlets to the lower and uppe columns b beware units.
Repesat steps 2-5 over aswidean air flow rate range as possible. Be careful to not blow
thewater seals of either theuppe or lower packed columns

SEGIEIREN

Pressure Drop in Packed Bed (air/water)

With no air flow, set awater rate corresponding to 10001 b./ft>-hr in each column.

Set alow air flow rate, and record the-AP across each column.

Record the absolute pressures at theinlets to the lower and uppe columnsbbeware units.
Incrementally increase theair flow rate, and record -AP across the column.

Draw arough working plot in order to identify theloading and flooding paints, if
possible. Loading will occur when water beginsto poolin thepacking. Flooding occurs
when pooled water is driven upward by therushing air and bubblkes outthetop. Do NOT
opeate either column unde flooding for more than afew secondsin order to avoid
getting water in theuppe pressure tap lines.

6. Repeat steps1-5 for awater rate of 2000 |by/ft>-hr.

arnNE
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Data Andysis and Modding

Pressure Drop in Packed Bed (air only)

1. Plottheobsrved -AP/L (inches H,Offt. packing) vs. air rate (scfm) for each column on

the same graph.
2. UseEq. (1) to predict the-AP/L at each experimental air rate in each column.

3. Plotthepredicted -AP/L versusair rate for each column onthesame graph asthe
experimental daa.

Pressure Drop in Packed Bed (air/water)

1. Plottheobsrved -AP/L (inches H,O/ft. packing) vs. air rate (scfm) for thefirst water rate
for each column.

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

3. Plotthepredicted -AP/L versusair rate for each column onthesame graph asthe
experimental daa.

4. Repeat steps1-3 for thesecond water rate.

Useful Data

Packing € Ay (1/t)
" -inch Berl saddles 0.63 142
References

1. Geankopols, C. J., Oranport Processes and Unit Operations) 3" Edition, Prentice Hall,
Englewood Cliffs, New Jersey (1993)

2. McCabe W.L., Smith, J.C., and Harriot, P., QUnit OperationsChemica Engineering,O
5" Ed., McGraw-Hill Book Co., New York, New Y ork (1993)
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PACKED TOWERSIII (B-7-T)
Introdudion
Objectives

In this experiment, youwill evaluae the hydraulic performances of two towers filled with the
same type butdifferent heights, of packing. Theobjectivesindudethe

* Measurement of pressure dropsacross thedry packingsas fundionsof air flow rate

* Measurement of pressure drops asfundionsof air rate, for at least two water rates

* Comparison of experimental pressure dropsand hadupswith predicted values based on
literature correlations

* Determineif the pressure drops per foot of packing, are compaable for thetwo columns

NOTE: Usethetwo packed columnsin the current Packed Column Gas Absorption system.
There will beno use of ammoniain this experiment.

Pressure Drop in Packed Bed (one fluid phase only)

The pressure drop experienced by a single fluid flowing througha bed of randomy packed solids
istheresult of viscous(form-drag) and kindic energy losses. It is given by the Ergunequaion as
presented for packing by Treybd (1968:

$#p.s 6g,%, | . 3",

&ng&(—(}ﬁ - 15%/&‘\:_;6% +1.75 (1)

where L = packing length, -AP = pressure drop, g. = convasion factor, py = fluid dengty, C‘f =
effective packing factor, Nge = packing-based Reynolds nurber, and GO= mass velodty of the
fluid based on thetower cross section. Theleft side of the equéaion represents the modified
frictionfactor andtheterms ontherightin Equdion (1) represent the viscousenergy losses and
thekinetic-energy losses. This equaion can berearranged to estimate the pressure drop for a
given fluid flow rate.

TheReynoldsnumber is based onthe effective packing diameter Dy, and is given by:

DG

NRe - (Za)
U

where u = fluid viscogty.

When the packing has a shgpe different from spheical an effective paticle diameter is used:
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p & 60-¢) o0
P Ap Av

where the parameters € and A, are provided or can be estimated. The bed porosty, ¢, isthe
fraction of total bed volume that isvoid. Thequantity A, istheratio of total packing surface are
in the bed to thetotal volume of the bed.

Pressure Drop in Packed Bed (gas/liquid counter-current operation)

During a gag/liquid counter-current opeation b ow the loading point, the gas pressure dropis
greater for agiven gas rate when theliquid is applied. Use the Stringle correlation (see
Geankoplis, 4" ed., pgs 657-659)to predict the observed pressure drop. A simple correlation for
predicting theflooding velodty 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 tha the
air control valveisontheinlet to therotameter. Since the column opeates at aboutl1 atm
pressure and there are no restrictionsbetween therotameter and the column, the air rotameter is
opeating at essentially 1 atm pressure. Therefore, no dendty correctionis needed!

Pressure Drop in Packed Bed (air only)

1. Measure theamountof packingin theupper andlower columns note itstype Measure
theID of each column.

Make sure thewater seals onthedrainsof both columnsare water-filled.

Set an air flow onthemain air rotameter.

Record the-AP across both theuppe and lower columnsusng the manoneters.

Record the absolute pressures at theinlets to the lower and uppe columnsbbeware units.
Repesat steps 2-5 over aswidean air flow rate range as possible. Be careful to not blow
thewater seals of either theuppe or lower packed columns

SEGIEIAEN

Pressure Drop in Packed Bed (air/water)

With no air flow, set awater rate corresponding to 10001b./ft>-hr in each column.

Set alow air flow rate, and record the-AP across each column.

Record the absolute pressures at theinlets to the lower and uppe columnsbbeware units.
Incrementally increase theair flow rate, and record -AP across the column.

Draw arough working plotin order to identify theloading and flooding paints, if
possible. Loading will occur when water beginsto poolin thepacking. Flooding occurs
when pooled water is driven upward by therushing air and bubblkes outthetop. Do NOT
opeate either column unde flooding for more than afew secondsin order to avoid
getting water in theuppe pressure tap lines.

6. Repeat steps1-5for awater rate of 2000 |b/ft>-hr.

akrwnNE
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Data Andysis and Modding

Pressure Drop in Packed Bed (air only)

1.

2.
3.

Plot the observed -AP/L (inches H,O/ft. packing) vs. air flux (scfm/ft? column cross
section) for each column onthe same graph.

Use Eq. (1) to predict the-AP/L at each experimental air rate in each column.

Plot the predicted -AP/L versusair rate for each column on the same graph asthe
experimental daa.

Pressure Drop in Packed Bed (air/water)

1. Plottheobserved -AP/L (inches H.O/ft. packing) vs. air flux (scfm/ft? column) for the
first water rate for each column.
2. Usethe Strigle correlation to predict the-AP/L at each experimental air rate for each
column.
3. Plotthepredicted -AP/L versusair rate for each column onthesame graph asthe
expeimental daa.
4. Repeat steps1-3 for thesecond water rate.
Useful Data
Packing g A, (1ft) C, (1/t)
" -inch Raschig Rings 0.64 111 1280
References

1. Geankopols, C. J., Oranport Processes and Unit Operations) 3" Edition, Prentice Hall,
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6.2 (1968.

61



62

TUBULAR FLOW VESSEL (311-T)
Introdudion
Objectives

In this experiment, youwill evaluae theresidence time distributions(RTDs) of two tubuar flow
vessels of identical volume but different length/diameter (L/D) ratios Theobjectivesindude

* Determinaion of the RTD of each vessal as afundion of Reynoldsnumber
* Edtimation of the Reynolds number rangeover which plug flow is approached
* Determinewha impact L/D has onthis near-plug flow Reynolds number range

NOTE: Youwill beusngtheflow vesselsin the Tubular Flow Reactor experiment, together
with solutionsof oneof thereactants typically used, butnottheother. Hence, noreactionwill be
used in this experiment.

Residence Time Distribution

Theresdence time distribution (RTD), usudly represented as the time-dependent fundion E(t),
isatopic typically covered in reaction engineering classes. However, itisbasically conagernsthe
movement of fluidsthroughavessel. Therefore, it can becongdered in ChE 396 Itis
recommended tha you read abou RTDs in Chepter 13 of Elements of Chemical Reaction
Engineering by Fogler BDyour reactor engineering textbook. Thereis also very ussful
information at: http://www.engin.umich.edu/~cre/13chap/frames.htm

We definethe mean space-time t (sometimes called mean residence time) for vessels like flow-
throughstirred tanksand pipes. Thist istypically calculated by:

Y )
V

where V = reactor volume, and v = volumetric flow rate. In reality, some portionsof thefluid
spend more timein thevessal than others. Thisis measured by the RTD. Idedl vessels (e.g.
continuousstirred tank reactor [CSTR] and plug flow reactor [PFR]) have specific RTDs (see
bdow), whilereal (i.e. nonided) vessels have RTDs which appear as deviationsfromthese
ideal cases.

1/t

Boooz:

E(1) E(1)

PFR
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TheRTD for aflow vessdl is can bedeermined by introdudng an inert tracer into theinlet flow,
and then monitoring the outlet flow for thistracer asafundion of time. Experimentally, we will
be usng a step-changeapproach wherein at timet = 0, we will introduce a postive step-change
(off-to-on) inputof tracer to themain flow. Thistracer will be detected as afundion of time at
theoutlet. Once a steady-state tracer conaentration is achieved in theoutiet, thetracer runis
ove. We can also measure the negative step-change (on-to-off) by turning off thetracer and
monitoring thedecay of tracer in theoutet untl it disappears. Keep in mindtha themain flow
throughthevessel stays at steady-state, while the step changein tracer is atrandent event the
effects of which are monitored.

TheRTD isrepresented by E(t) and is determined from postive step changedata by:

£()= "0 @

where F(t) isthenormalized outlet tracer concentration curve Crouter given by:

F(t)= QCT < (3)

where Cr, = concentration of NaOH in thetotal feed (i.e. main flow Vyaer + tracer flow vaon) is:

CroonV
— NaOH ~ NaOH
C,, = -CononVraon_ (4)
vNaOH v water

where Cnaon = tracer concentration in thetracer feed tank.

Theoutet conaentration curves Crouer fOr a postive inlet step changein tracer into theideal
CSTR and PFR vessels are represented bd ow:

C To - ~—~—~—~~—~—~ S ——— C To C To = === === =

Crinlet Croutlet CToutIet

t=0 t ! t T t
Inlet Step-Change CSTR PFR

Thecondudivity sensor signds are directly propationd to concentration. Therefore, and
ablute concentration calibrationis not needed aslongasratiosare used asin:

F(t)= QCT < (5)
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Experience shows tha thetypical inlet condudtivity trace for the step changes appears as bd ow:

t —
Posmve Negatlve
Step Step

Thepostive step changeis not sharp enough,thowgh the negative step isexcellent. Itis
recommended tha you work with the negative step results aslongasthey are shap. Expeaience
shows that thetypical outlet condudivity trace for the step changes appears as bd ow:

/C-routet :

t —_
Posmve Negatlve
Step Step

In andyzing the outlet trace, youwill normalize according to Equaion 5. Then, itis
recommended tha youfit the experimental F(t) trace starting at t = O for the negative step to:

Ft)=1 forO<t<r (6)
F(t) = exp[-(t - Tp) / T4 fort=1,

wheret, = timelag fromt = 0 (negdive step) to first dropin outlet signd, and ts= parameter for

ahypoheica CSTR tofit thecurved portion of the outlet signd trace. Themodd for thisisa
PFR feedinga CSTR:

’ !p = Ob
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Procedure

** Safety ** Sodium hydroxideis caudic! Use an apron, gloves, and eye protection when
preparing this solution. Avoid direct inhdation of any vapors fromthetank.

Electronic Data Collection — Virtual Recorder and PC

NOTE: Thevirtud recorder onthelargegrey pand sendsits datalive to the PC near thebench
with thebdances. Therecorder isaways runring and sending its datato the PC. Thevirtud
recorder shows ontline daafor solution condudivity, temperature, and flow rate. In this
experiment, you are interested in flow rate and condudivity daa.

+ Virtual Recorder

1.

2.

3.

Power up themain control pand, and activate the PC if notalready on. Make sure you
have a USB flash drive for downloading your daa.

On thevirtud recorder onthemain pand, push the Screen Button - CBelect Screen Menu
AppersO

Choos either the 10or 2Creactor by rotating the button (highlight), and pushing the
button to GenterO

+ PC Data Collection Program

NOTE: Test yourselves by collecting and downloading some dunmy daa before running your
first actud experiment.

ook

1. OpentheOrrendServer ProOprogram.
2.
3. Forthe1Gtube doubk-click onGChE396 1n_ tubeOicon. Thiswill cause collection of

Click on GGraph)

data from condudivity probes 3 and 6, and the NaOH solution flow rate transducer.
When you@e actudly ready to start the experiment and the data collection, note thetime.
Begin the expeariment. When al runsare donefor 1 tube nate thetime el apsed.

Click onthe @lockOicon. Moveto the G5o to LastOblock, and choos the appropriate
time elapsed. Don® choo too little time.

Click onthe GpreadshestOicon. Click on Gend to ExcelQ then GexportQ

When prompted, enter afile name, and send thefile to the desktop.

When returned to the spreadsheet window, click on oned

O Minimize the entire window, and then examinethenew files onthe desktop. There will

be onefor each probe and onefor theflow rate. Make sure al your runsare obvious

11.1f you are satisfied, trandfer your files to your flashdrive.
12.Closthewindowfor the1OGtube Don®save changesif prompted.

Preparation of Sodium Hydroxide Tracer Solution

1) Measure thetank diameter, and estimate the haghtthat will correspondto 10 gdlonsof
solution.
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3)
4)

66

Close al valves exiting the feed tank, andfill with cold water to the haght corresponding to
10gdlons

Obtain 1.5 kilograms of NaOH from the ChE stockroom Get assistance fromthe TA.
Slowly empty thedry NaOH into thewater, mixing thoroughly with along,white paddle
untl it iscompletely dissolved. Avoid splashing!! Make sure all the NaOH is dissolved.

Step Change Experiments

1.

2.

©O~NO®OA

9.

Theplain water is themain flow, with the NaOH solution asthetracer. Set thevalvesto
direct theflow to thetubular vessel chosen onthevirtud recorder.
Thisis atime-dependent experiment, so theintroduction of thetracer should beas crisp as
possible. Since theablute tracer concentration doesn®matter, wed use the same tracer flow
rate (~ 0.5 gpm) for al runswhile varyingthe main water rate over therangejus chosen.
a. First, flow tracer solution only throughthevessdl, setting thetracer valve for 0.5 gpm
b. Once set, turn off thetracer purmp but don®change thetracer valve postion. Keep
thistracer valve postionfor al theruns
Activate thewater (i.e. ethyl acetate) punp, and set the highest flow rate possible (4-5 gpm)
throughthetubular vessal. Flush outfor at least 5 minutes, making sure theinlet and outlet
condudivity cells measure the same, low valueindcating pure water.
Plan for ~ 5 runscovering the entire rangeof water rate, butavoid going lower than 1 gpm
Activate the PC daa collection program to begin saving data sent fromthevirtud recorder.
Note thetime. Set thewater flow at thehighest rate (4-5 gpm).
Start thetracer solution punp.
Observe theinlet and outet condudivity traces ontherecorder. Theinlet trace should very
rapidly reach a steady level. Theoutlet trace will take longe to reach its steady level.
When the outiet trace reaches a steady level, turn off thetracer pump and observe both traces
returning to ther origind valves. Avoid changingthetracer valve setting.

10.Keep thewater flowingthroughthetube Check your water tank level. If low, replenishto a

higher level.

11. Set thewater valve for the next chosen flow rate.

12. Repest steps7-11 for theremainde of the chosen water rates.

13. When finished with onetube nate thetime. Turn off thepunmps Download your daa.
14. Repesat the entire procedure for the secondtubular vessel. Y ou may wish to plan thisfor

another lab session, starting with fresh tracer solution.

Clean-Up

1. Drainthefeed tanksof any remaining solution usng thedrain valves. Rinse both tanks
outwith water.

2. Flush outthereactor tha you have jud studied with plain water. Leaveit full, making
sure all condudivity probes are bathed in water.

3. Policethegenera area, making sure notto leave amess. If spills have occurred, conault
the TA or theingructor.
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Data Andysis and Modding

1.

5.

6.
7. Forwha Reynoldsnumber rangedo these vessels approach plug flow behavior?

Normalize each outiet signd by the maximum signal for the negative step changes
according to Equation 5.

Calculate the space-time and Reynolds number for each case. For the negative steps
these quantities would be based on the actud flow, which iswater only (notracer).

Plot the normalized signds, making sure tha the Q = 00point is clear for each step.

Fit your negdive step data according to Equéion 6. Tabulate T, andtsfor each case.
Either Excel or Polymath can beused for the curve-fit. It isrecommended tha you plot
up theactud daa curve, together with the curvefit, in order to Geyebd|Owhether thefit
looksreasonable.

How do these modd parameters vary with Reynolds numbe? How do each compare to
theactud space-time for thevessel?

Arethere any differencesin this behavior in goingfrom thelargeto small diameter vessel ?

References

1.

Fogler, H. S. and M. N. Gurmen, CElements of Chemical Reaction Engineering, 4" Ed.,
Prentice Hall (2005).

Geankopois, C. J., Ofrangport Processes and Unit Operations) 3 Edition, Prentice Hall,
Englewood Cliffs, New Jersey (1993)

McCabe, W.L., Smith, J.C., and Harriot, P., QUnit OperationsChemica Engineering,0
5" Ed., McGraw-Hill Book Co., New York, New Y ork (1993)

67



68

CONTINUOUS STIRRED TANK (311-T)
Introdudion
Objectives

In this experiment, youwill evaluae theresidence time distribution (RTDs) of an agitated flow
vessel, and how it varies with total flow rate and outlet pipe configuration. Objectives indude

* Determinaion of the RTD of thevessel as afundion of Reynolds nunmber
* Edtimation of the Reynolds number rangeover which CSTR behavior is approached
*  Observation of theimpact on mixedness of location of effluent pipe

NOTE: No reaction or bleach will beused in thisexperiment. Only themixing and flow
paternsof thevessel are of interest here. Only dye and water will beused.

Residence Time Distribution

Theresdence time distribution (RTD), usudly represented as the time-dependent fundion E(t),
isatopic typically covered in reaction engineering classes. However, it isbasically conaernsthe
movement of fluidsthroughavessel. Therefore, it can becongdered in ChE 396 Itis
recommended tha you read aboutRTDs in Chepter 13 of Elements of Chemical Reaction
Engineering by Fogler BDyour reactor engineering textbook. Thereis also very ussful
information at: http://www.engin.umich.edu/~cre/13chap/frames.htm

We definethe mean space-time t (sometimes called mean residence time) for vessels like flow-
throughstirred tanksand pipes. Thist istypicaly calculated by:

"y ®
.

where V = reactor volume, and v = volumetric flow rate. In reality, some portionsof thefluid
spend more timein thevessal than others. Thisis measured by the RTD. Idedl vessels (e.g.
continuousstirred tank reactor [CSTR] and plug flow reactor [PFR]) have specific RTDs (see
bdow), whilereal (i.e. nonided) vessels have RTDs which appear as deviationsfromthese
ideal cases.

1/t 0

SRR AT

E(t) E(t)

CSTR PFR
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TheRTD for aflow vessdl is can bedeaermined by introdudng an inert tracer into the inlet flow,
and then monitoring the outlet flow for thistracer asafundion of time. Experimentally, we will
be usng a step-changeapproach wherein at timet = 0, we will introduce a postive step-change
(off-to-on) inputof tracer to themain flow. Thistracer will be detected as afundion of time at
theoutlet. Once a steady-state tracer conaentration is achieved in theoutiet, thetracer runis
ove. We can also measure the negative step-change (on-to-off) by turning off thetracer and
monitoring thedecay of tracer in theoutet untl it disappears. Keep in mindtha themain flow
throughthevessel stays at steady-state, while the step changein tracer is atrandent event the
effects of which are monitored.

TheRTD isrepresented by E(t) and is determined from postive step changedata by:

dF )
E(t)=—* 2
0= e
where F(t) isthenormalized outlet tracer concentration curve Crouter given by:
C,,. (1
F(t) = ou!et( ) (3)
Cro
where Cr, = concentration of dyein thetotal feed (i.e. main flow vyaer + tracer flow vyye) is:
v ye
CTU = Cdyg(tank)(m) (4)

where Cyyeanky = dyetracer conaentration in the dye tracer feed tank.

Theoutet congentration curves Crouer fOr a postive inlet step changein tracer into theidedl
CSTR and PFR vessels are represented bd ow:

C Toj-------- — C To C To |- -=-=-=-=--19

Crinlet Coutlet Croutlet

t=0 t T t T t
Inlet Step-Change CSTR PFR
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Optical Diagnostic and “F Curves”

An onlineoptical absorption techniquewill beused to monitor the dyetracer concentrationin
theflow. Absorbance measurements are made usng an optical flow cell located after thevessel.
Theflow cell can accept either thevessel effluent directly or an inlet bypass stream.

Thegoveaning equdionfor theabsorptionis the Beer-Lambert law:

S\NATER:
Ini—& Inﬁ =(LCyve (5)

where A= absorbance, I, = inddent intengty of probing light, 1; = trangmitted intengty, Syaer =
optical signd with only pure water flowing through the sample cell, Sgye = Signd with dye
present, o = absorption cross section, L = sample cell optical pah length, and Cyye =
concentration of dyetracer.

Theabsorbances are directly propottiond to concentration. Therefore, an absolute concentration
calibrationis notneeded aslongasratiosare used asin:

F(t) - Cdye(outlet) (t) - eoutlet(t) (6)

Cdye( feed) Rdy&water

where Qouﬂet = absorbance determined at thevessel outet, and Rdwwater- absorbance of theinlet
water + dye Valvesafter thevessel alow for thefeed stream to bypess the vessel so that
Ry e water CN be determined.

Experience shows tha thetypical signal trace for the step changes appears as bdow:

T water TTwater e Lt
(bypass) (vessel) 7 -
sighal S : :
[volts) - : s
' ’ . s
“water + d',-e t=0 water+é:,-'é". s
Positive | =

(bypass) Step [vessel) Negative

Step

timne t

Theaboveshapes are idedlized, andreal curves mightlook somewhat different, especialy if
non-idealitiesexist in thestirred vessel.
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In andyzing the absorbance curves, nomalized to F(t) by Equéion (6), it is recommended that
you compare the experimental F(t) trace starting at t = O for thepostive step to theform:

F(r)=1- exp(— t/rps) (7)

where tps= V/Vps and Vps = Viwaer+aye. EQUEion 7 represents the F-curvefor theideal CSTR.
Usudly, thedyeflow rate will besmall compared to the main water.

For the negative step, it is recommended tha you compare the experimental F(t) trace starting at
t = 0 for the negative step to theform:

F(t) =exp(" t/#,) 8)
where ths= V/vpae. [N essence, Equaions?7 and 8 are idedlized CSTR modéds.

Procedure

Note: Thedyeused in thisexperiment as atracer is congentrated green foodcolor. Avoid
getting it onyour clothes. | recommend wearing gloves. If youge it onyour skin, it will
wash off in aday.

Note: Studythe piping layout of theentire system before you start flows. There are numerous
valves. Make sure you knowthefundion of each valve!

Vessel Configuration

1) Examinethevessal carefully. It iscurrently configured with thefeed entering abovethe
liquid level inthevessel. Theexit port can either be near the bottom of the vessel (i.e. low),
or a thetop of thevessdl (i.e. high). Determinewhether the highor low exit port is currently
inuse. Do yourinitial runs(at least 3 as time allows) with this port.

2) Conallt with theingructor, and request a changeto the other exit port after thefirst runsare
finished. Repeat your runswith the new exit port, as time allows, usng the same flow rates
of water and tracer.

3) Keep thesame agitationratefor all rund

4) No bleach will beused during thisrun.

Tracer Solution Preparation

1) UsetheFad Green dyeasthetracer dissolved in water. Itsgreen color will absorb thered
laser light, thusmaking it a convenient diagnogic.

2) Prepare~ 1 liter of dyetracer solution at ~ 0.1 g/liter concentration if dyeisnot already
available on the bench behind the experiment.

3) Weighoutthe powdered dye (~ 100mg) usng an available andytical badance.

4) Dissolvethedyein 1 liter of water with amagne dirrer.

5) After prepared, carefully pourthetracer solution into thedyetracer tank. Take care nat to
drop themagndic stirred into thedyetank.
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Prepare atotal of 3 liters of green dye solution.

Prepare the Data Logger and PC

1)
2)
3)
4)
5)

Make sure PC is activated. Login (ignore password request), and get to Desktop.

Go into Q_abview StuffOfolder. Activate thelabview Geadvolts.viOprogram.

Set thesampling time for 5 seconds Set theinterface switch to GPIB. Set to address 4.
Click on Genable traceQ butdo nat start the data collection yet.

Activate the Fluke® daalogge. Pressthe A buton untl GChannd 5Oisreached onthe
display; hit GenterQ Hit the GundionCbutton; then hit A untl Qrolts DCOis seen; then hit
GenterQ When AUTOOappers, hit GenterQ Findly, pressthe MON monitor button.

Preparation of Optical System

1)
2)

3)
4)

5)

6)

7

Turn on hous water supply.

Select aflow configuration: Inlet (high), outlet (high or low) Bconault with indructor if
needed.

Make sure theoutiet valves are set to direct the entire reactor effluent throughthe optical
cell. Check with theindructor to review your system.

Set themain water flow into thereactor at about” of full capecity (0.65 GPM) of the
rotameter.

Set the agitator motor setting dial (at least 3) for avigorousagitation, but avoid vortices!
Do not entrain air bubblesinto thevessal fluid Bthese will disruptthelaser beam asthey
pass throughtheoptical cell.

Activate theHeNe laser. Verify beam aignment into the detector, and that the detector is
activated. Do thiswith water flowing throughtheoptical cell by way of thevessa.

Verify detector linearity by observing the Flukereading with a 0.3 neutral dengty filter (50
% trangmission) hdd temporarily in front of the detector. See theingructor for thisfilter.

Tracer Experiments

1)
2)
3)
4)
5)
6)
7

8)
9)

Make sure the Flukeis active. Make sure the PC data collection program is active and ready.
Set thevalve for dye solution flow to return to tank; open the dye supply valve.

Start thedye punp, and circulate dye back to its supply tank. Set dyeflowto ~ 0.5 gph.

Set thevalves for feed bypass aroundthe vessel and directly throughtheoptical cell.

Turn onthe cold water supply, and begin an intermediate flow rate.

Set outlet valves for vessel bypass. Direct thewater flow throughthe optical cell.

Start data collection onthe PC; make sure alive plot is onthescreen. Observe the Gvater
onlyObaselinevoltage signd.

Redirect thedyeflow to join thewater flow, directing both throughtheoptical cell.

Allow thesignd traceto reach a steady state value Estimate the Adywater value according to

Eq. 4. Yourtarge absorbance should be~ 0.7 to 1.2, thoughnot exceeding ~ 1.9. To adjud
theabsorbance, then adjud either thedyeflow rate or thewater rate.

10) Set the agitation rate at an intermediate setting, butavoid entraining air bubbles.

11)With an acceptable 2,

: redirect thevalves for water + dyeflow directly into thevessdl,
with total reactor effluent flow throughtheoptcal cell. Keep thesignd trace going.

ye +water !
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12)Adjug thewater and dyerates, if needed, to restore both flow rates to the origind values.

13)Allow theoptical signd to achieve anew steady state value Thiswill take awhile.

14)When the signd trace has reached a steady value, set the dyeflow to return (recirculate) to
thedyetank. Turn off thedye pump.

15)Maintain the water flow throughthevessel until the signd reaches a steady value

16)During therun, make sure the stirred vessel liquid level and flow rates are all congant B
especially thewater rate.

17)Stop data collection by clicking on Qlisable traceQ Do NOT hit thered stop button. Wait for
thebox prompting youto save thedaato afile.

18) Store theentire signd trace on thedesktop with adistinct name (*.txt). Later, trander this
fileto apersond floppydiskette (see indructor). If you can, email thetext file to yourself
ove thendgwork. You can aso trander thedaatext files fromthefloppyto aflash drive on
another, newer PC in thelab.

19)Flush outthereactor untl thesignd returnsto its baselinevalue Use the effluent bypassline
to speed up theflush out

20)After tranderring thedata, put thecursor onthegraph. Rightclick, then moveto Qiaa
opeation) then click on Qrlear chatQ

21)Repedt the abovesequence at the same agitator setting for at least 3 more water rates.

22)When all complete, changethe exit port configuration B conault with theingructor.

23)Repeat the aboveprocedure usng the same water and dyeflow rates.

Data Andysis and Modding

1. Geneatetheexpeaimental absorbance plots for the step changes by Equdion 5.

2. Generate theexperimenta F(t) plotsfor the step changes according to Equéion 6.

3. Deriveideal CSTR Or-curvesOaccording to Equaions?7 and 8. Plot them on thesame
graphsas the experimental F-curvesfor each step.

4. Doesthevessal exhibit ideal CSTR behavior for any of theruns? Isthere atrend based on
total flow rate? Try to explain wha is goingoninsidethe CSTR by comparing theideal and
experimental F-curves.

5. Isthereadifferencein results based on fluid exiting from either port? Is oneport preferred
for near-CSTR behavior?
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