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2. Description of Outcome "6" and its Performance Criteria

Outcome 6:
“An ability to develop and conduct appropriate experimentation, analyze and interpret data, and use
engineering judgment to draw conclusions.”

Sub-Outcomes and Performance Criteria
6.1: Ability to develop experiments
6.2: Ability to conduct experiments
6.3: Ability to analyze and interpret experimental data
6.4: Demonstrate the use of engineering judgement to draw conclusions.

3. List of Courses Used to Assess the Outcome

Outcome 6 is assessed in the following courses:
CHEG 4101 Chemical Engineering Laboratory I
CHEG 4104 Chemical Engineering Laboratory II

4. Summary Assessment Results and Continuous Improvements
for Outcome “6” over the Assessment Years.

The average performance for all students in the 2 courses used to assess outcome 6 for the past three
academic years are shown below

Four Year Performance Trend for Outcome "6" for
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Problems identified and recommended actions to be taken to address problems

1. At the course level

Problems Identified in the Various Courses

Recommended Actions Taken

Basis for Action

The students are competent in following
equipment SOP and the laboratory manual
to obtain their data. Data analysis and data
manipulation using tools like EXCEL
need improvement. Poor data analysis
leads to poor conclusions. There is still a
gap in their ability to make insightful
connections between collected data and
theoretical concepts.

The department agreed at the meeting
of the faculty that Instructors teaching
the required courses should continue
to demand the students to clearly
present the following in their reports:
(1) the response of the dependent
variable as the as the independent
variable was changed,

(2) comparison of the experimental
results the results predicted by theory
and the reasons for an deviations from
the theory, (3) estimation of
experimental  error, and  (4)
conclusions based on the objectives
and results. The department also
agreed at the meeting of the faculty
that Instructors should provide
assignments using the process
simulation  software  such  as
ASPEN/HYSYS and function-based
programming language such as
MATLAB and POLYMATH.

During the 2019-2020 academic year the
following practices were implemented:
Two new lecturers were added to the
faculty for more effective course
instruction. A senior lab coordinator was
hired and this enabled the lab to be
managed by a dedicated resource. A
graduate student worked closely with the
senior lab coordinator to commission
equipment, to prepare the labs, and to
participate during lab sessions. Practice
sessions were given in the laboratory
describing  procedures for  data
acquisition and analysis.

Design of Experiments (DOE). The two
laboratory classes both contain DOE
components, where the student teams
must conceptualize a lab exercise in
keeping with the theme of the lab course.
An executive summary of the proposed
lab exercise is provided to the instructor
for feedback and evaluation. A final
presentation is given by the student
teams at the end of the semester for
evaluation.

2. At Department Level

Going forward, the following are proposed for the 2020-2021 academic year:

1. Continue to focus on data analysis and the use of data analysis tools. Linking data analysis to the
interpretation of results, the development of the discussion and conclusion sections in the technical report.

2. Continue DOE exercises to bolster student averages for this outcome.

Basis of Action:

The result of these actions was that the average for Outcome 6 was 82%, which exceeded the target average of 75%.
This was an increase over 2018-2019 average of 61%.




Sample Assignments and Justification of suitability of assignment for measuring the
outcome in:

CHEG 4011 Chemical Engineering Laboratory I
CHEG 4031 Chemical Engineering Laboratory 11




OUTCOME “6” SPECIFIC ASSIGNMENTS USED TO
ASSESS THE OUTCOME IN

CHEMICAL ENGINEERING LABORATORY I




CHEMICAL ENGINEERING

OUTCOMES SPECIFIC ASSIGNMENT COVER SHEET
CHEG 4011 CHEMICAL ENGINEERING LABORATORY
II
FALL 2019

Instructor: Dr. Keisha Antoine

Title of Assignment

McCabe-Thiele Method of Calculation for Number of Theoretical
Stages

Outcome Measured Using this Assignment

Outcome 6

An ability to develop and conduct appropriate experimentation, analyze and interpret
data, and use engineering judgment to draw conclusions

Check the communication problem characteristics related to this assignment

Ability to develop experiment
Requires students to

x | Identify the appropriate parameters or variables and relationships (independent, dependent and control variables),

x | Identify and select appropriate equipment or components for measuring the parameters

X | Provide steps for setting up and conducting the experiment and

x | Identify data collection method to support experiments (if needed)

Ability to conduct experiments

Requires students to

x | Conduct experiment while maintaining all safety precautions

X | Demonstrate knowledge of how to use the equipment safely

X | Collect and record data using appropriate units of measurement and significant figures

Ability to analyze and interpret experimental data

Requires students to

X | Present the data (raw /derived) in tabular or graphical form to meet the objectives and to aid in interpretation
X | Use appropriate statistical analysis methods to analyze and interpret data

X | discuss the raw and derived data/graphs and assess the validity of the results

Demonstrate the use of engineering judgement in the development and analysis of the experiment
Requires students to

x | Draw appropriate conclusions and recommendations using engineering judgement.

Brief justification of why this assignment is suitable for this outcome

This is a laboratory experiment which in its nature, tests the outcome outlined above.




CHEG 4011 CHEMICAL ENGINEERING LABORATORY I
FALL 2019

ASSIGNMENT STATEMENT/QUESTIONS

GRADING SCHEME FOR MCCABE-THIELE METHOD OF
CALCULATION FOR NUMBER OF THEORETICAL STAGES
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McCabe-Thiele Method of Calculation for Number of Theoretical Stages

Objective
To calculate the theoretical number of stages for an equimolar ethanol-water mixture using the
McCabe-Thiele method.

Procedure
You will need to measure or record: Reflux ratio, R, Xp, X¢, Xs, the temperatures of each stage, volumetric
flow rates of the distillate, D using valve and the bottoms, L using valve . You will use these

flow rates to determine the molar flow rates. Use the calibration curve for the pump vs. feed flow to
determine the volumetric flow rate of the feed.

Equipment Required

Armfield UOP3CC Distillation column

Armfield interface device

Windows™ PC with Armfield UOP3CC software installed

Theory

During rectification (fractionation) or stage distillation, the liquid and vapor products from each stage
flow countercurrent to each other. In the ideal case, the vapor stream, V and the liquid stream, L leave
each stage in equilibrium.

For countercurrent contact with multiple stages, the material balance on component A is given by the
operating line equation:

Vnt1Yn+1 + Lp—1Xn-1 = Lpxn + Vyn (11.4-2)

The total material balance is given by:
VTl+1 + Ln—l = ‘/TL + LTL (114'1)

V41 is mol/h of vapor from tray n+1, Ln is mol/h liquid from tray n, ya+1 is mole fraction of A in Vi1, and
so on. Fig. 1 shows the vapor and liquid streams entering and leaving a sieve tray at equilibrium.

T § n-1
Vi, ¥n Lp-y, Xp-y
\
[ n
Va+1, Yn+1 Ly, x,
/
n+l

Fig. 1. A representation of the vapor and liquid streams arriving and leaving a sieve tray. The vapor and
liquid streams are at equilibrium.

In a distillation, the stages are known as sieve plates or trays, which are arranged vertically in a tower
(see Fig 2 below). The feed enters the column somewhere near the middle of the column. Vapor enters

1
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the tray and bubbles through the liquid on this tray as the entering liquid flows across. The vapor and
liquid entering the tray are essentially in equilibrium. The vapor continues up to the next tray where it is
again contacted with a downflowing liquid. In total, the vapor becomes enriched with the more volatile
component (lower boiling component, A) as it ascends the column. The downflowing liquid becomes
more and more enriched with the higher boiling point component, B.

The final vapor product coming overhead is condensed in a condenser and a portion of the liquid
product, called the distillate is removed, which contains a high concentration of A. The reflux is the
remaining liquid that is not withdrawn from the condenser, instead, it is returned as a liquid to the top
tray.

The liquid leaving the bottom tray enters the reboiler, where it is partially vaporized, and the remaining
liquid, which is lean in A or rich in B, is withdrawn as liquid product. The vapor from the reboiler is sent

back to the bottom tray.

NOTE: In a theoretical tray, the vapor and liquid leaving are in equilibrium. The reboiler can be
considered as a theoretical stage or tray.

cooling water

condenser -\

~ overhead product reflux
(distillate)
Pepe liquid
8
feed st
RURERAINN sieve tray
o or stage
vapor
liquid
bottom liquid product i




PVAMU CHEG 4011 — Chemical Engineering Laboratory |l
Separations & Fluid Mechanics

Fig. 2. Schematic of a distillation column containing sieve trays.

For the enriching section,

The theoretical stages are determined by starting at Xp and stepping off the first plate to X.

Equipment Setup
The equipment will be set up for you. Use a reflux ratio of 5:1, i.e., R = 4.

Treatment of Data
Review section 11.4A, B for information on the calculation on the number of theoretical stages.
Equations 11.4-1 to 11.4-11 in “Transport Processes and Separation Process Principles”, C.J. Geankoplis,

4™ Ed.



Equipment Diagrams

Figuré 1: Bchematic Diagram



Equipment Diagrams
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Figure 3: UOP3CC Process Unit
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Abstract

Fractional distillation is one of the critical separation operations utilized by the chemical

industry. It is used in several sectors such as petroleum refineries, chemical plants, and natural

/,
-~

gas processing plants, to purify and separate many oyuic/ compounds. A typical example of

fractional distillation in industries is the separatfio{ of various components of crude oil.

The focus of the experiment was to determine the composition and flow rate of the
distillate and bottoms. With the composition and flow rate available, the McCabe Thiele method
is used to calculate the number of theoretical stages.A}mparison of theoretical and actual steps

was conducted to yield the overall effi ciency of the'column. Readings and data obtained through

s et i
sampling allowed the tray te eratures, feed pump speed, and pressure drop to be detected. ]T/';s Yoo bave, )

I spebed
process was carried out with the Armfield UOP3CC Distillation column and a refractometer. winf s procep

s,
Results should show a higher concentration of ethanol in the distillate in comparison to the
bottoms. Overall, the experiment was successful as the objective was fulfilled, consistent results

were obtained, and laboratory equipment was operated correctly and understood.

A ¢ )

9%
.% 9
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Theory

The purpose of this experiment was to calculate the theoretical number of stages for an
equimolar mixture using the McCabe-Thiele method in a fractional distillation column.
Distillation involves a feed mixture of two or more components being separated into two or more
products (Geankoplis 2003). Distillation is a cheap and efficient method for separating a liquid
into its components. However, if the difference between the volatilities is small,a af mixture is very
corrosive or extremely fouling, or a compound is thermally unstable, distillatio: is not a feasible
prospect (Geankoplis 2003). Light components flow upward as a vapor, and heavy components
flow to the bottom of the column as a liquid. There are two types of distillation processes. There

ek is Flaste AKUgbma? el i 2 \lushalk e Aubleremce behoeen fow 2 bys =F

= -
can be flash distillation or fractional distillation. For this experiment, fractional distillation was alishlaho

utilized to separate an equimolar ethanol-water mixture.

The three main characteristics to be studied in this experiment include the flow rate of the
distillate, the flow rate of the bottoms, and the composition of the distillate and the bottoms in a
distillation tower of a given W& By knowing this information, the theoretical
number of stages can be obtained, and the overall efficiency can be calculated. Typically, the
three factors that can affect the efficiency of a distillation column are liquid flow rates, gas flow
rates, and the number of stages in the column. Figure 1 illustrates a conventional apparatus of a

fractional distillation column.



Reflux
Condenser
Vapor
from
Column Reflux Drum
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r\ Liquid Reflux Product
Recitifying | ________| '
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Reboiler
from
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Product

Figure 1. Basic Illustration of Fractional Distillation [“Mass Transfer Distillation™ 2018]

Distillation towers are comprised of a rectification segt_j,on, feed, and a stripping section.
The rectification section involves the stages and W above the feed line, while the
stripping section involves the stages and material below the feed line. Stages are known as sieve
plates or trays. They are arranged vertically in the tower. Feed enters the side of the column,
typically in the middle. The vapor enters the tray and bubbles through the liquid on the plate as
the entering liquid flows across ("CHEG 4011 Laboratory Manual"). Vapor continuously
ascends each tray, and it is continually contacted with down-flowing liquid. The vapor becomes
enriched with the more volatile component, and the liquid is enriched with the high boiling point

component ("CHEG 4011 Laboratory Manual"). At the top of the column, vapor exits and then

enters an overhead condenser. Following the condenser, the overhead liquid separates into
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distillate and reflux. The distillate is removed as the gwdii/ét, and the reflux is returned to the top
tray. The reflux ratio is the ratio of reflux to/thc/ﬁillate. It is common for distillation columns
to be operated with a fixed reflux ratio to obtain a desired concentration of product. Liquid
leaving the final plate enters the reboiler at the bottom of the column to be partially vaporized.
The partial reboiler is considered a theoretical stage (Geankoplis 2003). The liquid bottom
product, which is rich in the high boiling point component, is removed. The vapor from the

reboiler is returned to the bottom tray in the tower (“CHEG 4011 Laboratory Manual”).

In fractional distillation, the liquid and vapor products flow countercurrent to each other.

For the McCabe Thiele method, a few assimptions are made. The assumptions are listed below

(Geankoplis 2003).

1. The vapor leaving the stage is in equilibrium with the liquid leaving the stage.”
2. Liquid and vapor flow rates do not vary from stage to stage. -/

3. The mixture has a constant h;at of vaporization, and the sensible heat and heat of mixing
effects are negligible. \/

The steps to calculate the theoretical number of stages will be presented later in the report.

The total material balance for the tower is given by Equation ks
Vg1 + Ly = Vo + Ly, \_/ (Equation 1)
where,
V41 = vapor from tray n+1, mol/hr

L,,_, = liquid from tray n-1, mol/hr



V,, = vapor from tray n, mol/hr
L, = liquid from tray n, mol/hr

The material balance for the more volatile compdnent (component A) is given by the

operating line equation, Equation 2.
#
Yns1Vns1 + Xnoilno1 = Xnln + 3l (Equation 2)

where,
Yn+1 = mole fractionof AinVy,,
Xn-1 = mole fractionof AinL,_,

X, = mole fractionof A in x,

Yn = mole fractionof AinV,

For the rectifying section, the slope of the operating line is readily related to the reflux

ratio, R. This is presented in Equations 3-6.
V=L+D (Equation 3)

where,

Aoy Ao

V= Vaporh leaving column/entering condenser
ol
L =Reflux AW0w
A

D =Distillate ol o)



L L Lp R o
vV L+D L/D+D/D R+1 (Equation 4)
b D _ D/ 1 I
Vv " L+D L/D+D/D R+1 (Equation 5)

The most useful form of the operating line for the rectifying section is presented in

Equation 6.

R 1 _
Y= (R n 1)" * (R n 1) %D (Equation 6)

For the stripping section, the material balance is presented in Equations 7-9.

Xl = YmsiV — x58 (Equation 7)
L 5 Equation 8)
==Xy — =X uation
Ym+1 V X V B ( q
L B .
y = -{:_;x ~ 7% (E q#atlon 9)

where,
B = Bottoms flow rate
xg = mole fraction of A in the bottoms

L = liquid flow rate from bottoms

<
il

vapor flow rate from bottoms



The liquid and vapor flow rates in the stripping Se::oyydiffer from the liquid and vapor flow

rates from the rectifying section due to feed additioh (Geankoplis 2003).

Feed conditions are another critical factor when using the McCabe-Fhiele method. There
are five possible feed conditions. The conditions include subcooled liquid, saturated liquid,
mixture of vapor and liquid, saturated vapor, and superheated vapor. The condition of the feed, g,

varies depend on the state of the feed. The feed line equation is presented in Equation 10.

¥ = (ﬁ)x B (qx_F 1) L//V(“fﬂluatifm 10)

where,

Xr = composition of the feed, mol %

The condition of the feed is calculated by Equation 11 below.

Hy — Hp |
= —— quation 11)
q HV - HL _/}E
Ethanol and water are an interesting separation mixture. The two components form an
azeotrope. An azeotrope is a non-ideal system. It is defined as a mixture of two or more liquids

in such a ratio that its composition cannot be changed by simple distillation (Geankoplis 2003).

Ethanol-water is considered a minimum boiling point azeotrope at the composition of the liquid

and vapor phase is the same at minimum temperature. ot clear

The overall efficiency for the entire column can be calculated using the theoretical
number of stages. This is demonstrated by Equation 12. This calculation for plate efficiency is

simple, but it is the least fundamental. ¢4g \qn
{-_\;




number of ideal plates

Mo = (Equation 12)

" number of actual plates
/ :

Procedure

Figure 2. Schematic Diagram of the Armfield Column [*CHEG 4011 Laboratory Manual”]

The steps for the experiment are presented below.

1. Analyze entire column to locate the feed entrance, components of the

rectifying section, and components of the stripping section.



2. Review the Armfield interface device to determine the pump setting. The -
volumetric flow rate of the feed will be determined using a calibration curve
for the pump setting versus feed flow.

3. After letting the column reach steady state, record the tray temperatures
displayed on the Armfield software.

4. Before collecting samples from each section, drain the entire system to
ensure the accurate collection of results.

5. Begin collecting samples of the distillate by opening valve, V3, to allow flow
from the overhead condenser.

6. Collect 3 samples of 50 mL. Make sure to record time while filling up the
graduated cylinder from 0 to 50 mL. This will be used to determine the flow
rate of the overhead and distillate.

7. Take the 3 samples to the refractometer to obtain the refractive index and
temperature of each sample.

,/‘V

8. Take the average of all three refractive inge&’values to aid in determining the
concentration of ethanol in the di%
9. Openvalve, V1, to begin obtaining samples frO/mw stripping section.

10. Repeat steps 6-8 for the stripping section

/

/

The average refractive index values calculated in stj% for the distillate and bottoms will

be used on the refractive index graph to determine composition of ethanol in both sections.
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Data and Results (y
For this experiment, the objective was to calculate the number of theoretical stages, the
feed flow, the distillate flow rate, the bottoms flow rate, and the composition of the distillate and

bottoms. Table 1 lists constant variables and other information given in the laboratory manual

and lab setup.

Table 1. Constant Variables Given by Laboratory Manual and Laboratory Equipment Setup

Parameter

Pump Setting I3

Reflux Ratio 5

Feed Location Between stage 4 and 5
Number of Actual Trays 8

Pressure Drop in Column (during normal operation) 83 mmH>0
Pressure Drop in Column (during distillate sampling) 75 mmH,0
Pressure Drop in Column (during bottoms sampling) 80 mmH0
Feed Composition, X 0.5 mol

,Ma*ff( (vl ast s f‘“m

wx ¢
The temperature for each tray is presented in Table 2.

Table 2. Temperature of Each UOP3CC Column Tray

Temperature (°C) :
71.9

78.2

78.7

78.9

79.3

79.4

79.9

8 80.4

Reboiler 83.0

1
2
3
4
s
6
7



11

An increase in tray temperature is present as fluid flows further down the column. This is

due to the reboiler being located at the bottom of the column and the condenser being at the top

of the column.

Using the pump calibration equation (Equation 13), the feed pump speed can be

determined. The calculation is shown below.

y = 1.304x — 0.6333

where,

y = Flow Rate (L/hr)

X = Pump Setting

(Equation 13) r

L

y = 1.304(13) — 06333 = 1.0619L/hr __~

The results obtained from the experiment are presented below in Table 3.

Table 3. Experimental Data Obtained from Sampling and Refractometer Analysis

Sample | Sample | Volume | Time | Refractive l}e:;a;::zzt;r
Location No. (L) (hr) Index C)
1 0.05 0.029 1.363 22.3
Distillate 2 0.05 0.029 1.367 223
3 0.05 0.029 1.365 22.2 -
Average: 0.05 | 0029 | 1365 223 =
- 0.05 0.069 1.361 22.3
Bottoms 5 0.05 0.070 1.360 22.4
6 0.05 0.070 1.359 22.5
Average: 0.05 0.070 1.360 22.4
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The distillate flow, D:

0.05L 1
0029hr 5

The value is divided by five because the reflux ratio is five. Five parts return to the column while

= 0.3434 L/hr

one part is stored in the distillate product container.

The bottoms flow, B:

0.05L

Verifying the overall mass balance, R
v e
F=D+B \[mmt&,,\o\'f
/ A

0.3434 + 0.7187 = 1.0621L/hr ~ 1.0619 L/hr +

Figure 3 shows the refractive index that was used to determine the composition of

the distillate and the bottoms product.
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Refractive Index mol% ethanol
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Figure 3. Refractive Index for Mole Percent of Ethanol [“CHEG 4011 Laboratory Manual”]

For the distillate, Xp:

The equation presented on Figure 3 does not yield a reasonable value for the refractive
index obtained. To obtain a composition, interpolation was conducted. The distillate composition
is estimated to be between 80 and 100 mol % of ethanol since 45 mol % is close to the feed

composition. Therefore,

xp—80 _ 1.365—1.3658
100 — 80 ~ 1.364 — 1.3658

Xp = 88.89 mol % ethanol

For the bottoms product Xg:
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Similar to the distillate composition, interpolation was conducted to obtain the value. The

bottoms composition is estimated to be between 20 and 40 mole % of ethanol. Therefore,

xp—20  1.360—13538
40 —-20 = 1.3631 —1.3538

xp = 33.33 mol % ethanol

Using an ethanol-water Txy diagram at 1.013 kPa, at a feed temperature of 79°C and a

composition of 50 mol% ethanol, the feed is considered a subcoﬂe/cUic{ﬁid. This means the
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condition of the feed is greater than 1. An enthalpy concentration graph was used to obtain the

proper values.

=BT ur Equation 11
qg= H,—H, (Equation 11)
B 320 k cal/kg — 80 k cal/kg 1.04
“320kcal/kg— 90 kcal/kg ~—

.
With the necessary parameters defined and evaluated, the number of theoretical stages

can be calculated.

Rectifying operating line:

- 5) +(1)0889—5+0148
3”( *TERL T B

Feed line equation:

_(_4 _ xF)_ =(_&) _(_0_'5_)=25 —~125
y_(q—1)x (q-l =Y = \Toa-1/" " \104-1 o e

Figure 4 shows the McCabe Thiele method for calculating the theoretical number of stages.
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Figure 4. Theoretical Results using the McCabe Thiele Method

The theoretical number of stages is 8 minus 1 for the reboiler, so there are 7 stages. ¢ Kﬁ
The overall efficiency is calculated below using Equation 12.

_ _number of ideal plates .
" number of actual plates (Equation 12)

= 0.875 = 87.5% OV\D

\
Discussion /\ W™ ﬁ J%
e .
The Armfield UOP3CC Distillation column is a small scale distillation column used for

Mo

No =

@l

basic experiments to simulate separation technology. The Scientific Cat No.FS1396410 is an

instrument used to measure the temperature and refractive index of a solution within the analysis.
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These two pieces of equipment are used for determining the flow rate and composition of the
distillate and bottoms.Using the calculated flow rates and concentrations, the number of
theoretical stages is obtained using the McCabe Thiele method. The software determined the
temperature of each tray. The temperature was the highest in the last plate since it was the closest
to the reboiler. The higher the towcr‘ ascends, the lower the temperature. It is essential to know

that the boiling point of wat is 100°C, and the boiling point of ethanol is 78.4°C. With ethanol

having the lower boiling point, it ascends the tower as a vapor while liquid concentrates in the

bottoms.

The results obtained from the experiment, including the findipgs of the solutions

refractive index and temperature, are averaged to yield a ' ingle value. The refractive index was

determined by a calibration curve provided by the laboratory instructor. The equation for the
refractive index was not able to be yield a consistent result, so interpolation was used to obtain
the mole percent of ethanol in the distillate and bottoms. The McCabe Thiele method required
knowledge of the rectifying section, the feed line, and the stnpp/n/g section. The Armfield
UOP3CC Distillation column had eight actual trays. Results’showed that there were seven
theoretical stages. The overall efficiency of the column-vas 87.5%. The azeotrope was also able

to be identified on the VLE diagram.

A
Conclusions /\ Lo~ '\) '
b2

In conclusion, the overall efficiency of the distillation column for the ethanol-water

mixture is 87.5% As shown in Figure 4, from calculating the theoretical stages of the distillation

column, which is eight but due to the reboiler one is subtracted leaving seven theoretical stages.
- _/‘—‘_—\-i

Vuns < 9na 5‘(_4\-‘6-.% E—
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The tray temperature was determined using the Armfield software, and the refractometer yielded
indlys

refractive indexes that evaluated the composition of the distillate and bottoms. Overall, the

experiment was successful, as each objective was able to be understood and addressed.

Principles surrounding the fundamental equations and concepts of distillation columns were

effectively used to complete the experiment.

Human factor was a possible cause of the error when determining the flow rates and
refractive indexes. These were both based on the human eye and hand coordination
measurements. A possible improvement would be to configure the software so that the values

can be more accurately calculated to yield more precise results.
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Title of Assignment

Introduction to Pump Characteristics and Performance

Outcome Measured Using this Assignment

Outcome 6

An ability to develop and conduct appropriate experimentation, analyze and interpret
data, and use engineering judgment to draw conclusions

Check the communication problem characteristics related to this assignment

Ability to develop experiment
Requires students to

x | Identify the appropriate parameters or variables and relationships (independent, dependent and control variables),

x | Identify and select appropriate equipment or components for measuring the parameters

X | Provide steps for setting up and conducting the experiment and

x | Identify data collection method to support experiments (if needed)

Ability to conduct experiments

Requires students to

x | Conduct experiment while maintaining all safety precautions

X | Demonstrate knowledge of how to use the equipment safely

X | Collect and record data using appropriate units of measurement and significant figures

Ability to analyze and interpret experimental data

Requires students to

X | Present the data (raw /derived) in tabular or graphical form to meet the objectives and to aid in interpretation
X | Use appropriate statistical analysis methods to analyze and interpret data

X | discuss the raw and derived data/graphs and assess the validity of the results

Demonstrate the use of engineering judgement in the development and analysis of the experiment
Requires students to

x | Draw appropriate conclusions and recommendations using engineering judgement.

Brief justification of why this assignment is suitable for this outcome

This is a laboratory experiment which in its nature, tests the outcome outlined above.
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Abstract

Centrifugal pumps are commonly used for pumping water, solvents, organics, and oils in
industrial, agricultural, and domestic applications. The use of centrifugal pumps is paramount
when dealing with separations and fluid mechanics such as transporting fluids throughout a plant
from one place to another.

The purpose and focus of the experiment were to obtain head, power and efficiency
graphs for a centrifugal pump. Readings were obtained from the centrifugal pump and associated
sensors across a range of flow rates through the pump for the data.

Some critical findings that were discovered during the experiment were that as pressure

increased within the system, the total head generated, and the efficiency of the pump increased,

7
but the pump hydraulic power remained constant.

Results also suggest that some of the equipment in the experiment is defective as the
software used to conduct the experiment did not calculate a torque value which is necessary to
figure out the power input to the pump. With these limitations, the power input could still be
calculated by hand and with that, all parameters in the experiment that were unknown could be

found.



Theory

The purpose of this experiment was to study the performance and characteristics of a
centrifugal pump. Ideally, five parameters should be monitored and analyzed to understand how
well a pump is performing: suction pressure, discharge pressure, flow, pump speed, and power

(Kernan).

The three main characteristics to be studied in this experiment include total head, pump
efficiency, and pump mechanical power. These are the most commonly used graphical
representation of pump performance (Armfield Ltd Instruction Manual). Pump performance
curves are primarily used to predict the variation of the differential head across the pump as the
flow fluctuates. The curves help users to understand characteristics such as variation of
differential head, power requirement, NPSH requirement and pump efficiency, along with
variation of operating flow ("Theory and Equations for the Centrifugal Pumps"). Figure 1

illustrates the basic layout of a centrifugal pump.

impeller ! Outlet/Discharge

|

Impellervane ———— ‘
Al

Driveshaft — | ®

Eye l

volutecasing ———————— =" /

Volutechamber

Figure 2 Volute cose design

Figure 1. Basic [llustration of a Centrifugal Pump [Useful Information on Centrifugal Pumps™]



Pump head describes pressuWﬁﬁg of distance. Pressure can be converted between
thow e can Ye do hws - =

units of distance and units of force per unit area by the conversion of 2.31 ft of head to 1 psi for Fonvemen
water (Wakefield 2019). This conversion is different for different fluids. Total head includes

changes in static head, velocity head, and elevation. The change in total head produced due to the

work done by the pump can be calculated by Equation 1. The equations listed in this section

were obtained from the laboratory manual provided for the course.
H, = Hgs+ Hy + H, (Equation 1)
where,
Hs = Change in static head, m
Hy = Change in velocity head, m
H, = Change in elevation, m

Equation 1 mirror’s BemoMon as a conservation of energy principle. The

g

Bernoulli equation cites the lowering of fluid pressure when the fluid speed ineteases (“Bernoulli

Equation™). Bernoulli’s equation is presented in Equation 2 below.

P

P +5pVi% + pghy = P, +35pV5” + pghy (Equation 2)
s 17})/\ n&ﬁlcdg M works eqof
where, frdhon [oss ard s sheld
shle fus
p = density

g = gravity



The variables P, Vi, and h) refer to the pressure. speed. and height of the fluid at an
initial point. and the variables P>, V5. and ha refer to the pressure, speed, and height of the fluid at

a secondary point.

In rotodynamic machine technology, it is practical to express the Bernoulli equation in
terms of head (“Bernoulli’s Equation™ 2007). When the Bernoulli equation (Equation 2) is

divided by gravity and rearranged, the following equation (Equation 3) is developed.

Py 1’ =P 1V° :
g +hy = pg+ T + h, (Equation 3)
TS

i) 2 3

Equation 3 expresses the relationship between static head (1). velocity head (2), and

.--/-
potential head (3). Frictional loss and shaft work were not included in the Bernoulli equations
above. Ya-u JW flg Wa

The change in elevation is defined as the vertical distance between the inlet and outlet
(Armfield Ltd Instruction Manual, November 2015). For this experiment, the He value was 0.075
m. Static head measures the total vertical distance that a pump raises water (Wakefield 2019). It is
comprised of static lift and static discharge. The change in static head, Hs, is calculated by

Equation 4.

Pour—P
HS — OUT—FIN

3 (Equation 4)

where,

p = density, kg/m’



g = acceleration due to gravity, m/s”

Py = fluid pressure at inlet, Pa

Poyr = fluid pressure at outlet, Pa

The change in velocity head, Hv, is calculated by Equation 3.

2- A
_ Vour - Vin)?
H, = ——————
2g

(Equation 5)
where,

Vin = Fluid velocity at inlet, m/s

Vour = Fluid velocity at outlet, m/s

g = acceleration due to gravity, m/s?

The mechanical power input to the pump is determined by the product of rotational force

and angular distance. The formula is shown as Equation 6.
P, = rotational force X angular distance = 2nnt (Equation 6)
where,
n = rotational speed of pump, revolutions per second
t = shaft torque, Nm

Torque is defined as a measure of the force that can cause an object to rotate about an

axis (“Torque™).



Pump efficiency measures the efficiency with which the pump transfers useful work to

the fluid (“Centrifugal Pumps™). Pump efficiency can be determined by Equation 7.

E =100 x = (Equation 7)

where,
Py = hydraulic power imparted to the fluid, W
Pm = mechanical power absorbed by pump, W
The hydraulic power, Py, can be calculated by Equation 8, shown below.
P, =HXQXpxg (Equation 8)
where,
H; = change in total head, m
Q= volumetfic flow rate, m%/s
p = density, kg/m’
g = acceleration due to gravity, m/s?

It is important to mention that each of the above listed parameters is measured at a
constant rotational pump speed of 1440 rev/sec. The main three characteristics discussed are
plotted against the volumetric flow rate to analyze pump performance. An example of the

graphical representation will be presented later in the report (Figure 6).
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Procedure (2

To obtain head, power, and efficiency data for a centrifugal pump, the FM51 Series and
Parallel Pump Demonstration Unit and water was used. The relationship between the three
factors was determined by obtaining several readings from a centrifugal pump and associated

sensors across a range of flow rates. Figure 2 offers a schematic of the fluid flow throughout the

-

experiment. -

Figure 3. Front View of FM51 Series and Parallel Pumps Demonstration Unit [“Armfield Ltd Instruction Manual”]



Table 1 identifies the numbered equipment pictured in Figure 2.

Table 1. Equipment Identification for the FM51 Pumps Demonstration Unit

Equipment No. Equipment Name
1 Reservoir
2 Outlet
3 Flow Sensor
4 Pump 1 A
5 Pressure Sensor /
6 Inlet
8 Base Plate
9 Drain Valve
12 Pump 2 with Flow Sensor
14 Pump | Outlet
15 Pump 2 Outlet
16 Drain Valve
17 Drain Valve

\0® (o
Pump 2 was driven at a fixed speed 0f'80% of a 5Q Hz electrical su;ifly The flow rate

) ok Lapd tn j e
through the pump was manually controlled using the M, causing the back pressure on the

—

pump; therefore, the head is being forced to do work. This is significant in creating variations

within the data so that flow rate, power, and efficiency can be calculated. The flow rate

H.«(, e
™ : . . ) A ¢
controlled by the inlet valve to avoid damaging the system. When adjusting the flow rate, the :«z?};

gate valve was turned in increments of about 25%. The readings for each variable (flow rate,
efficiency, power, and head) were recorded several times to obtain an average valve. When the
gate valve was opened, approximately 30 seconds passed before the data was collected to ensure
the sensor was stabilized. The gate valve was opened in the specified increments until the valve
was fully open. Concluding the experiment, all data is collected in the programs table and

exported as an Excel file for later data analysis.
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Data and Results

For this experiment, the objective was to measure the head, power, and efficiency of the
centrifugal pump (Pump 2) at various flow rates. Table 2 lists constant variables and other

information given in the laboratory manual.

Table 2. Constant Variables Determined by Armfield FM51 Software

Parameter Value
Pump Setting, S 80%
Pump Speed, n 1440 rpm*
Inlet Pressure, Po 2.7 kPa
Water Temperature, T 23.4°C
~ot '.»@Mr‘i’/ ~—— Pump | Pressure 1.7 kPa

nak vekrf Density of Water, p 997 kg/m’
Inlet Diameter, din 0.0235m
Outlet Diameter, dourt 0.0175m
Change in Elevation Head, Hs 0.075 m
Operating Mode Single
*The value should have been 3,000 rpm for 80%, since
(50 rev/sec) x (60 sec/min) = 3,000 rpm. 23 Lo 7 e

T e e PRl e
Yo Sodtd 1of bt

Each data point used for analysis is an average of four replicates obtained from the
software. The valve that controls the inlet was opened a quarter turn (25%) at a time until the

valve is fully opened.

The FM51 Software did not calculate a torque value throughout the experiment. Using

the above equation for mechanical power input, Pm, the torque can be calculated as followed:
P,, = rotational force x angular distance = 2mnt (Equation 4)
Pp = 2nnt

05W = 2m(1440 rpm)t
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05W = 2m(1440 rev/min) /(60 sec/min)t
t =3316x103N.m
Figure 4 shows head versus flow rate while Figure 5 shows mechanical power versus

flow rate and flow rate versus efficiency.

Head vs. Flow Rate

0.1
~17- 7 I . Ty
= 0.06 I _____________ ; ............ T I ~
g 0.04 et .h,J—Veg, _j }/-a..,
= 0.02 did 4 dscree
0 a asx Head 7
0.3 0.4

Flow Rate, Q (I's)

Figure 4. Head vs. Flow Rate Results

Overall, the results show that the change in head and the flow rate have a directly

> £ .
proportional relationship. H‘DW EU) %%W 'h"*J C 5 R o et a~ah el
S miie (L[%L\‘ﬁf Nt ghasds s £
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Mechanical Power and Efficiency vs. Flow Rate

0.6 90
- 80
= 05 —
S 70
- =]
= 04 = 60 °,
Z 50 & ® Power
— 8 * 5
8 40 S @ Efficiency
= [ seesseees Linear (Power)
= 20
= 01 10 «++seee0 Linear (Efficiency)

0 0
0.3 0.35 0.4 0.45 0.5

Flow Rate, Q (1's)

Figure 5. Mechanical Power and Efficiency vs. Flow Rate Results
%
Overall, the efficiency of the pump and flow rate have a directly-proportional

r;clziign_shifi However, the power input remained constant across various flow rates.

sl (/'”3\

b ¢
Discussion \$¢ 4’%
%
The FM51 Series and Parallel Pump Demonstration Unit is small scale equipment usually
=3 e L e

used in all b}oduction factories that include a holding of a liquid used during their production

process. Most plants always include more than one pump, in which the second is titled as a “back
/—-:; bL vack ia au{vLOL
up” due to complications or maintenance issues (Beebe 2004). The FMS51 equipment typically

has two pumps, but only Pump 2 was utilized for the experiment due to complications with

Pump 1. Figure 6 shows the expected performance results for a centrifugal pump (*Armfield Ltd

———

Instruction Manual™).

\ é"d’ oy \mk_w\ " (&_We)_ Yorg 1 woo not a facke” o flus "“"{*'
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Figure 6. General Performance Curve [“Armfield Ltd Instruction Manual”]

The head curve in Figure 6 correctly shows the relationship betwegl head)and flow rate. |
Tortsd and propahmnd’ baoe
The change in head decreases while the flow rate increases, reWp. ME :1“ I
"‘{_G-n--hjs.
However, the results obtained from the experiment (Figure 4) state that head and flow rate are

o

directly proportional. Therefore, there is either a programming issue with the collection of data
RS rapeee

'y pue .
or an equipment sensor issue. D/j wonfot fle & woasn'y & lage ol Gt

The power curve shown in Figure 6 demonstrates the relationship between the power )
hraul e poer, yes. Nerhaniea|

input to the pump and the change in flow rate through the pump. Power should increase with the N‘ 4tk

S ~T‘ e
flow rate; however, results in Figure 5 show that the power input remained constant. The data
—4__-—’_‘“—-—___-——-__

showed an experimental error in the mechanical pump power due to the value remaining stagnant

at 0.5 W. There should be changes due to the results for the pump’s efficiency and pump
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hydraulic power. After further review, it was determined that mechanical power remained

constant because the power supply received remained constant.

Efficiency curves are used to show the pump’s capacity at which the pump operates most
efficiently. In both Figures 5 and 6, efficiency increased with flow rate. Typically, efficiency

2
changes are the system discharge is throttled. In the experiment, the optimum operating capacity

is 0.43 L/s. Possibly, a significant enough flow rate range was not investigated to determine the
mwwrﬁ. When selecting a pump for an application where the typical

operating capacity is known, a pump should be chosen so that its optimum efficiency is at or

very near that capacity.

64|
/!g”‘ NIy

(C

Conclusions

In conclusion, efficiency and power should increase as the volumetric flow rate through

"a
the pump increases. Head and volumetric flow rate should be inversely proportional, The data

obtained showed that efficiency and total head increased with the flow rate, and power remained
constant across various flow rates. This can be due to sensor errors and equipment deficiencies.
Overall, the experiment was rather unsuccessful as the anticipated correlations for flow rate,
head, and power were not demonstrated. However, principles learned in Unit Operations, such as

Bernoulli’s equation was presented in a real-world application.

After conducting the experiment and discussing the results, there are a few

recommendations that can be included in this experiment to produce better results and data. One
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proposal that arose for further experimentation would be to ensure that all sensors and pumps are
calibrated and operating correctly to ensure adequate measurements and accurate data collection.
For example, 50 Hz did not yield the expected 3,000 rpm. With proper data collection, the
anticipated results described by engineering literature can be seen and verified. Another
recommendation that can potentially enhance this experiment is to vary the pump setting from
80%. With this pump setting variation, a comparison for the three main characteristics (head,

efficiency, and power) can be obtained for various rotational pump speeds.
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Problem Statement

e Determinethe reactionrate constantsforthe forward and backward reactions
for esterification of acetic acid and n-butanol at different temperatures




Theory

Reaction:
CH;COOH + C,H,OH «> C,H,COOCH; + H,0
Acetic Acid + Butanol < Butyl Acetate + Water
Kinetic Model:

Among all the models the simplest model is the pseudo homogeneous model given by the following equation;

—Teugcoon = KiCeuycoonCeyuzon — K2Ce n,coocu,Chzo

Where K is the reaction equilibrium constant (i.e.k, /k,) that can be independently calculated
using the following relation:

AGSL”

L g0 — )
Where: K® = exp [ =

Data: 4H, " = —3.887 -1, 4G5 = —8.89 kj/mol|




Abstract

e The synthesis of butyl acetate is done through esterification of acetic acid with-butanol
®  Esters has many wide applications, as well as a versatile solvent within the chemical industry
®  Within this experiment-:

o presence of acid catalyst

o  Catalyst- Solid heterogeneous

o Reactions takes place on the surface of the catalyst




EquipmentSet-Up

—— CWO

irrer

,’//
Condenser
CVVI—
Sampling
Port
Thermometer

Baffle

Figure 1: Experimental Set up

Equipment Used:

Thermometer,
Condenser,
Sampling Port,
Stirrer, and Baffle
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Procedure

Set the temperatures of the heating chambers (at least four) at the desired levels and start heating.

Take measured quantities of acetic acid and n-butanol in the two reactors.

Place the reactors in the oil baths, start slow stirring and observe the reactor temperature.

Once the desired temperature of the reaction mixture is attained, add the measured quantity of cation exchange resin (Amberlyst-15) in the
reactor. Consider this time as the zero reaction time.

Increase the speed of agitation to 1200 rpm.

Remove samples from all the reactors.

Keep removing the samples as per the time intervals indicated in the tables.

Titrate weighed quantity of the sample against 0.5 M NaOH.

Record the titration readings and calculate conversions at every time interval.




Expected Result

Columnl ﬂ Column2 ﬂ Column3 bl

55 6.83 8.73}
60 10.7 13.7}

iT["C} 1o * 103 2(mol L™ min1) Kaueo * 10°2(L*mol ™ min~1)]
| 21 0.76 0.9?‘!
| 32 1.68 2.151
! 12 3.03 3.871
i 52 5.3 6.77!
|
|
|




Result Graph

Rate Data for the Liguid-Phase Esterification of
Acetic Acid and Butanol

iz
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rate of reaction
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Discussion

® From the result we can observe an increase in the rate of reaction as the
tem peratu re increases

e Thisreaction is therefore temperature sensitive

e Toreach a greater yield the temperature needs to be reach 60°C




Conclusion

Esterification Reaction of Acetic Acid with butanol was successful
Investigations were conducted with the effect of molar ratios, temperatures, and catalyst
A stir speed =800 rpm was found sufficient for eliminating external diffusion

The conversion of the alcohol increased with increasing temperatures and initial amount of acid




Conclusion cont.

®  Safety: Hazard: flammable materials, corrosivematerial

Risk: Glassware breaking, fire ignition
Mitigation: Rigorous training and extinguisher

e Economics: Condenser- $50 , Thermometer- $10, Stirrer- $400, Sampling
Port- $55 , Baffle- $130

Total: $645

e Feasibility: 1-2 hrs experiment, comprehensive material
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Abstract

In this experiment, we will be discussing and understand the reaction kinetics between three

CSTRs in series. [The objective is to investigate the conversion of reactant in a second-order [Commented [P1]: No relevance.

reaction carried out in the three CSTR configuration. Generally, reactors depend greatly on the
efficient mixing of the reactants from the chemical reaction. This experiment will also allow for
the study of the dynamic behavior of the reaction occurring in the stirred tank as it approaches
steady state conditions. The goal is to estimate the dynamic and steady state fractional
conversion of the limiting reactant in the first tank connected to the other tanks using
conductivity measurement data and calculate the residence time for the first CSTR. Results
showed the conversion of the limiting reactant at steady state behavior is plotted as an ascending

exponential until the reaction reaches Hlat line bteady state. A descending exponential plot of [Commented [P2]: Delete.

concentration of NaOH C,(t) changes dynamically until the CSTR reaches flat line steady state. | Commented [P3]: Delete.

The mean residence time for the first tank resulted as 8.75 mins. Many more question are
answered about the reaction kinetic behavior of the CSTRs in the rest of this report.

Theory

This reaction:

NaOH + HsCOOC,H; — CH,COONa+ C,HsOH

Sodium Hydroxide (A) + Ethyl Acetate (B) — Sodium Acetate (C) + Ethyl Alcohol (D)

can be considered equal-molar and first-order with respect to both sodium
hydroxide and ethyl acetate — and second-order overall, within the limits of
concentration (0 - 0.1M) and temperature (20 - 40°C) studied. It is known
that 1 g/mol of ethyl acetate reacts with 1g/mol of NaOH. A mass balance
for can be conducted over the reactor (at steady state), in terms of the two
molar feed flows (Fa and Fg), resulting in an expression for the fractional
conversion of NaOH (component A), Xa, is as follows:

A consumed in reactor A fed to reactor — A leaving reactor
4~ Afedtoreactor A fed to reactor

Since the concentration of NaOH (C, feeq) is given and known, we see a direct
relationship between the fractional conversion of NaOH and the solution
conductivity in the CSTR:



2-k(t)

CA,feed

Xa(t) = “|Anat + Don- —

AOH_ - ACOO_

Algebraic manipulation of previous equations from this theory yields a normalized
fractional conversion (normalized by the steady-state conversion) in terms of the
initial, final, and transient solution conductivities:

Xa(®) _ 16— K(1)
X5 Ko — Koo

[ armfield

C = CONDUCTIVITY PROBE CEP STIRRED TANK REACTOR IN SERIES

.

Experimental Procedure

Figure 1: CEP-MKII Stirred Tank Reactors in Series Experimental Setup




Procedure Steps:
. Make 5.0-liter batches of 0.1M sodium hydroxide and 0.1M ethyl acetate
solutions.

. Remove lids of the reagent vessels and carefully fill with the reagents to a
level approximately 50mm from the top. Then, put the lids back on.

. Conductivity data will be collected until a steady state condition is
reached in the reactor and this will take approximately 45 minutes. It is
advisable to set the data collection period to 60 minutes.

. Using the calibration graph for each of the feed pumps, set the pump speed
controls to give 80 ml/min flowrate from each tank.

. Set the agitator speed controller to 10.0 with 84% max capacity.

. Turn on both feed pumps and agitator motor and begin taking readings.

. It has been determined that the degree of conversion of the reagents affects
the conductivity of the reactor contents so that recording the conductivity

with respect to time using the Armfield data logger can be used to calculate
the amount of conversion.



Results & Discussion

According to Anderko and Lencka, the net conductivity of an aqueous solution is
dependent on the concentration of all ionic species in the solution (1997). Therefore, the net
conductivity can be determined by summing up the product of all their concentrations and
molar conductivities. This supports the conductivity expression given in the lab manual.
First, the fractional conversion of NaOH is given by the concentration of NaOH and the
molar conductivities of the ions in the solution. Once the conversion of NaOH is calculated
for each time (t), a plot can be generated as the following:

Conversion of NaOH in CSTR vs. time
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0 200 400 600 800 1000 1200 1400
Elasped Time (seconds)

Figure 2: Conversion of NaOH in CSTR vs. time

In this plot, the conversion is seen to increase over time till it approaches a value. Once it
has reached this value, the conversion remains the same for the remainder of the reaction. This
value is known as the steady state conversion and is characterized by the flattening of the
conductivity, and as a result conversion, curve. From Figure 2, the steady state conversion:

X3° = 0.445. Next, the change in concentration of NaOH over time as the CSTR approaches
steady state will be analyzed. The concentration of NaOH can be calculated by rearranging the
conversion equation in the lab manual to solve for concentration. After the concentration is

calculated for each time (t), the following plot is generated as the foIIowin]g:\ [Commented [P4]: Do not leave empty space.




NaOH Concentration vs. Time
0.06
0.05
0.04
0.03
0.02
0.01

Concentration (M)

0 200 400 600 800 1000 1200 1400

Elasped Time (seconds)

Figure 3: NaOH concentration vs. Time

This plot shows the concentration of NaOH reducing as the reactant is consumed and the
reaction progresses. The concentration is seen to sharply reduce, as the conversion increases, till
the curve finally flattens out as the reaction reaches steady state.

In the lab manual, the concentration of NaOH in the feed tank, C4 r..q is identified to be
twice the concentration of NaOH in the first reactor, C,;. Since the feed from both feed tanks are
equimolar, there is twice the number of moles in the first reactor as in the NaOH feed tank. Since
the moles of NaOH remained the same from the feed tank to the reactor, the concentration of
NaOH in the reactor would be half of what it was in the feed tank.

From the data, since X;° = 0.445, 25% of the steady state conversion is Xj,"zs'ss =
0.445 * 0.25 = 0.11, 50% is XJ>*° = 0.22, and 75% is Xo”">** = 0.33. The time to reach each
conversion is given in the table below:

Table 1: Time to reach steady state conversion

Percent Steady State (%) Conversion Elapsed Time (seconds)

25% X$ =011 27
50% X5 =0.22 54
75% X5 =033 117

The corresponding conductivities can be calculated by rearranging Eq. 3 from the theory
to solve for k., and changing the values of X3° to those calculated at 25%,50%, and 75%. The
calculated and measured theoretical conductivities are given in the table below:

[Commented [P5]: Delete.




Table 2: Conductivities for different percentages of steady state

Percent Steady State Conversion Calculated Conductivity Measured Conductivity
(%) (mS/L) (mS/L)

25% X3 =0.11 7.944 7.843

50% X;*=0.22 7.389 7.403

75% X;*=0.33 6.833 6.820

100% X;°=0.445 6.275 6.275

Based on the known values of conductivities, the percentage of steady state achieved by the
system can be determined from a plot of the percent steady states vs. measured conductivity.

Conductivity Calibration Curve
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]Figure 4: Conductivity Calibration CUFVE‘ Commented [P6]: Just use a curve conversion vs.
conductivity. You complicated things unnecessarily.

From this plot, once a conductivity is measured, it can be plugged in to determine the percentage
of steady state achieved at that conductivity.

Finally, the residence time of the first reactor (z) can be calculated from the volume of the
reactor and its volumetric flowrate by the following equation (1).

total reactor volume
=—_— (1)
total volumetric flow rate

Therefore,

700 ml

T= = 8.75 min
80 ——
min




Conclusion

The data used for this experiment confirmed that we were able to find at least one
reference that can support the conductivity equation by the summation of the product of all their
concentrations and conductivities. The plot of fractional conversion of NaOH as a function of
time resulted as an increasing exponential slope until it reached the steady state condition at
around 400 secs at 0.45 conversion. A plot was developed for how the concentration of NaOH
changes dynamically as the CSTR approaches steady state showing the concentration slope
decreasing exponential over time. This means the NaOH reactant is being consumed as the
reaction is progressing over time. According to the lab manual provided, since the feed tanks
were equal molar, the first CSTR would have twice the number of moles. Since the moles of
NaOH remained the same from the feed tank to the reactor, the concentration of NaOH in the
reactor would be half of what it was in the feed tank. The time was measured for the CSTR
within 25%, 50% and 75% conversion of its steady state conversion which resulted as: 27 secs.
54 secs, and 117 secs. A calibration curve was created based on known conductivity values to the
percentage of steady state showing a linearly descending slope. The residence time was
calculated using the total reactor volume over the total volumetric flow rate creating a mean
residence time 8.75 mins.
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Abstract

The goal of this experiment is to determine the relationship between pressure drop
due to friction and velocity of the fluid in both smooth and rough pipes with different
inner diameters. This experiment was done in a closed system. This enabled us to study
the pressure drops in the pipes. We used an AFTC/AFT/AFT-B/AFT-B unit to run our
experiment and utilized the first three pipes to conduct this experiment. Energy can be
lost due to friction in straight pipes of different sizes and this can be studied on a certain
range of Reynold’s number. Calculating Reynold’s number we can identify if the flow
will be laminar or turbulent. After conducting twenty-seven trials, we were able to
conclude that because of the roughness in the pipes, the flow of fluid from the beginning
of the pipe to the end will be turbulent.

Theory

Osbome Reynolds was the first to demonstrate the distinction between the two
types of flow in his classic experiment reported in 1883. A horizontal glass pipe was
immersed into a glass-walled tank filled with water. Provisions were made to introduce a
filament of dyed water into the stream from the entrance of the tube, and the flow was
controlled by a regulating valve located at the outlet of the glass pipe. Reynolds observed
and found that the jet of the colored water displayed laminar flow at low flow rates.
When the flow rate was increased and reached its critical velocity, the water no longer
flowed in a laminar motion. At this point, the thread of the colored water became wavy,
transitional, and eventually spread uniformly throughout the glass tube. Otherwise
known as furbulent flow.

Thus resulting in the formulation of the Reynolds number equation and the following
conclusions on the types of flow:

DVp DV inertial forces
1} v viscous forces

D: Diameter of pipe/tube
I Velocity of fluid

p: Density of fluid

4 Dynamic viscosity
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e [ Kinematic viscosity

Laminar Flow Turbulent Flow
e Low velocities e High velocities
o Small Length scales e large length scales
# High kinematic viscosities e ILow kinematic viscosities
& Re< critical Re (2000) e Re> critical Re (2000)
& Viscous forces are dominant e Inertial forces are dominant
e Pressure drop directly proportional e Pressure drop directly proportional
to velocity to square of the velocity

. f=% o f==

Re Re /4

Once these values are determined we will be able to calculate our pressure drop due to
friction using the Darcy-Weisbach Law.

Darcy-Weisbach Law...

hy: The Loss due to friction (head)
Ap: Loss due to friction

L v: _ 8fLQ’
hl/Ap = foﬂ_ﬁ
e £ Friction factor
e [:Length
e [): Diameter
o (): Flow rate
L
.

The goal of this experiment is to determine the relationship between pressure drop due to
friction and velocity of the fluid in both smooth and rough pipes with different inner
diameters. By measuring the pressure drop across the pipes using the manometer and
pressure gauge, as detailed in the Procedure, we will use these equations to derive our
Reynolds number, friction factor, and Darcy-Weisbach Law (pressure drop). Thus, aiding
in providing a quantitative explanation, with practical application, to sharpen our
understanding of fluid flow.



Procedures
Step 1: Made sure everything was connected and turned the generator on.
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Step 2: Open the valve for the pipe used (V1 for pipe 2, V2 for pipe 3, V3 for pipe
4).

Step 3: Open the valves for the low-pressure gauges.

Step 4: Connect the high-pressure taps to the used pipe.

Step 5: If high pressure couldn’t be read, the low-pressure taps were connected.
Step 6: Rotate the flowmeter knob until the desired flow rate is achieved.

Step 7: Record the pressure drop.
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Step 8: Record pressure drop for the other 2 flow rates chosen.
Step 9: Repeat for each pipe used.

The variables measured were pressure drop and the length of each pipe. Pressure
drop was measured by either the difference of the two high-pressure gauges or
low-pressure gauges. The length of each pipe was measured by an app called
Measure.

The variable manipulated and measured was volumetric flow rate. The volumetric
flow rate was measured by a flowmeter.
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Results and Discussion

Pipe 2- RO251 17mm

]
)
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=
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Figure 1: Pressure Drop ve. Volumetric Flow Rate in Pipe 2

Figure 1 depicts the increase in Pressure Drop rate as Volumetric Flow Rate
increases in the rough 17mm piping. There is an exponential relationship between
the two variables which displays a dlight curve in line. The exponential function is
on the verge of plateauing if the volumetric flow rate was to be increased.
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Pipe 3-RO32123mm
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Figure 2: Pressure Drop vs. Volumetric Flow rate in Pipe 3

Figure 2 depicts the increase in Pressure Drop rate as the Volumeiric Flow Rate
increases in the 23 mm rough piping. There is an exponential relationship between
the two variables which displays a slight curve in line. The exponential function is
on the verge of plateauing if the volumetric flow rate was to be increased.
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Pipe 4- SO1016.5mm
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Figure 3: Pressure Drop v Volumetric Flow Rate in Pipe 4

Figure 3 depicts the increase in Pressure Drop rate as the Volumetric Flow Rate
increases in the smooth narrow 6.5 mm piping. There is an exponential relati onship
between the two variables which displays a slight curve in the line.

Reynold’s number: RF%

Volumetric Flow Rate to fluid velocity
=vxXA

Volumeiric Flow Rate
800 L/h=0.00022 -
1000 L/h=0.000278

1100 L/h= 0.0003056mT3
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1600 L/h= 0.0004442—
1900 /b= 0.0005282—

Pipe 2- RO25| 17mm

For 1000 L/h
1000 kg/cm? x 0.306m/s x 0.017m

o Re= 0om/s x 001Tm 51 o)
1.002x 10" "Ns/m
o f=—21__ 0037230
5190
For 1600 L/h
e Re= 1000 kg/cm? x0.i§;3m/s;;0.98m ~2300
1.002x 10" "Ns/m
o f=—"— 0033107
8300""*
For 1900 L/h
e Re= 1000kg/m3><0.5531)5m/53250.98m —9870)
1.002 x 10° "Ns/m
o f=—X_—0.0317035
9870

Pipe 3- RO32| 23mm

For 1000 L/h
1000 kg/cm® x 0.167m/s x 0.023m

e Re= L67m/s X 0.023m _ 383)
1.002x 10" “"Ns/m
o f=—2_-0.040169
3830"" '
For 1600 L/h
e Re= 1000 kg/cm? x0.2?37m/s x20.023m — 6130
1.002x 10 Ns/m

o1



316

= = 0.0357126
*/ 6130""
For 1900 L/h
e Re= 1000 kg/m? X 0.31]37m/s xZO.OZSm = 7290
1.002 x 107 Ns/m
o f=—2_—0.034198
7290
Pipe 4- SO10| 17mm
For 1000 L/h
o Qo= 1000kg/cm’ x 1_6(;?31;1/5 x (Z).ooe.sm 10768
1.002x 10" “"Ns/m
o f=—3—— 00310208
10768
For 1600 L/h
e Re= 1000 kg/cm? x2_(()i331;n/sx 02.0065111 = 13558
1.002x10° "Ns/m
o f=—__ 00292845
13558"
For 1900 L/h
e Re= 1000 kg/m® x 2.30m/s x 0.0065m _ 14920

1.002 x 10" Ns/m’”

316 _
o f=—2m=0.285

The results show that the {low through all 3 pipes was turbulent. Pipes 2 and 3
consisted of sand, so turbulent flow was expected. The fourth pipe was smooth and
there was the uncertainty of what the flow would be.

During the lab, pipe 2 seemed the roughest and hardest pipe to experiment
with, so the fact that it’s more turbulent than pipe 3 is unsurprising. The smooth
pipe (pipe 4) being much more turbulent than pipes 1 and 2 wasn’t expected.

Based on the graphs, all 3 pipes experienced proportional relationships
between the volumetric flow rate and pressure drop.
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Conclusion

Taking everything into account this experiment was to choose the association between
pressure drop in view of grating and speed of the fluid in both smooth and rough
pipelines with different estimations. In light of the diagrams, every one of the 3 pipes
lines experienced corresponding connections between the volumetric stream rate and
pressure drop. By estimating the pressure drop across the pipelines utilizing the
manometer and tension check we had the option to decide the connection between
pressure drop because of rubbing and speed of the liquid in both smooth and rough
pipelines with various inward measurements.After carrying out twenty-seven trials, we
were able to conclude that due to the roughness within the inside of the pipes, the flow of
fluid from the start of the pipe to the end of the pipe may be turbulent.
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Abstract

Gas absorption is a separation process mostly used at chemical industries for chemical processes
and/or sustainability control. Gas-liquid absorption is an extraction technique where one or more
components from the gas mixture will be separated and dissolved into the liquid. This method is
utilized in power generation and many chemical plants for CO2 capturing, flue gas purification,
off-gas waste treatment and so on. CAGC equipment from Edibon is a type of device used to
conduct and simulate such experiments. CAGC stands for Computer Controlled Gas Absorption
Column, which is used for examining and testing hydrodynamic and absorption experiments in
packed columns. The objectives of this lab are to measure and record the pressure drops within
the column as a function of air rate, but at various water flow rates. Also, we need to find the
flooding point of the relationships under all the different conditions. The results showed a direct
relationship in terms of as the liquid flow rate and gas flow rate increased, pressure drop

increased as well.

Theorv
In a gas-liquid absorption activity, the two reaching stages are a gas and water. The ideal result is
to separate a solute or a few solutes from the gas stage into the fluid stage, to all the more
effectively separate the ideal part from its unique combination. In this test arrangement
notwithstanding, there is no solute stage. There are two masses, reaching stages, air and water.In
this experiment, we have a countercurrent stream of air and water through a loaded section with
air streaming vertically and water descending. The segment is loaded with Raschig Rings. There
are four ways pressure drop can be calculated,

e In a packed bed, with one fluid phase

e In apacked bed, with gas/liquid counter-operation

e Random packing

e TFlooding pressure drop in packed and structured packings
For pressure drop in a packed bed with a one fluid phase flow is caused by kinetic energy and

viscous losses, which can be calculated from the Ergun’s equation:
_ D g 8 N
AE ric £ _ 1—=
( L )(puz )( 175) - 150( Re ) + 1. 75

where,
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-Ap = pressure drop

p. = fluid density

L = package length

u = average superficial velocity of fluid

g. = conversion factor

D, which is the effective particle of what Reynolds number is based off of.

DG
P

Re =
p

where,
(G’ = mass velocity of the fluid based on the tower cross section

4 = fluid viscosity

If the pacing is not a spherical shape, the effective particle diameter is found by:

D =Y _ 600
p A T4
) .

Where,
& = the fraction of total bed volume that is void

A, = is the ratio of the total packing surface are in the bed to the total volume of the bed

Pressure drop in a packed bed with gas/liquid counter-current operation there is an upper limit to
the flowrate of gas in a packed tower of a given size with a given packing and liquid flow. The
column can’t operate past this velocity. When gas flow velocities are low, the liquid will flow
downward while the flow of the gas hinders the flow of the liquid by a countercurrent flow. The
pressure drop is proportional to the increase of gas flow rate to the 1.8 power. At the loading
point, a great amount of liquid appears in the packing. At this point the gas will start to rise to a
faster rate. The accumulation of liquid increases as the gas flow rate increases. The liquid is no
longer able to flow downward through the packing at the flooding point, which then will be
solved by being blown out with the gas.

In the flooding pressure drop in a packed and structured packing proper designing is important to
be able to infer the flooding pressure drop in columns, which limits the flow rate at flooding. To

infer the limiting pressure drop at flooding Kister and Gill created an equation:
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where,

0.7
Bp g = O-115F

APsiog = H,O/ft height of packing

F, the packing factor in ft!

For pressure drop in random packings is by Strigle. The empirical correlations for different

random packings experimental data are used to infer the pressure drop in the gas flow.

Procedures

1.

The atmospheric pressure (read in a barometer) and the operating temperature of the
column (temperature of the water) are measured, in order to correct the gas flow
measured in the Flowmeters.

Ensure that the air blower is connected (to check that the security valve is open).

Next, open the VR-1 valve and close the VR-2.

Check the air flow and ensure it is fixed by means of the VR-1 valve and after write
down the pressure drop (read in the manometers of the panel) that the gas suffers when
crossing the column.

Next, write down the load losses corresponding to each one of the 10 air flows. Of this
form the points of the gas flow-fall of pressure graphic are obtained, corresponding to the
dry filling.

Connect the water pump and check that the VR-3 valve 1s open, and fix the desired value
for the water flow with the VR-3 valve.

For each liquid flow fixed (read directly in the flowmeter), to measure the load losses
corresponding to 10 different gas flows.

Repeat the points 6 to 9 for other two liquid flows to obtain relationships between gas

flow and pressure drop for the corresponding liquid flows.
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Results & Discussion

The objective of this lab, as previously stated, was to measure pressure drops as functions
of inlet air volumetric flow rate for three different liquid volumetric flow rates of 1.5, 2.0, & 2.5
L/min. Pressure values at SP3 and SP4 were recorded for the various liquid and gas flow rates

and tabulated below:

Table 1: Pressure readings for several liquid and gas flow rates into the absorption column

Valve openness Liquid flow Gas flow rate SP3 [in H,O/ft] | SP4 [in H,O/ft]
rate [L/min] [L/min]
40% 15 344 5.5 3.0
60% 15 51.1 14.1 10.0
80% 15 67.1 26.0 19.1
40% 2.0 333 52 39
60% 2.0 50.1 16.8 14.1
80% 2.0 67.5 40.2 339
40% 2.5 3338 10.1 8.5
60% 2.5 50.7 39.6 36.8
80% 2.5 67.1 55.9 50.4

Pressure drop values were derived from this data by the use of SP3 - SP4 calculations to
find the change in liquid pressure between the two points. In order to discover the relationship
between gas flow rates and the resulting pressure drops, the two parameters were plotted against
each other and the trends analyzed. The graph below displays this information; each line

represents data for a particular controlled liquid flow rate:
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Graph of Pressure Drop vs. Gas Volumetric Flow
for 3 Different Liquid Flow Rates

AP [in H,0/ft]

. Ve = 1.5 L/min

Vs = 2.0 L/min

Vas = 2.5 L/min

e

20 } 40 0 { 7
Volumetric flow rate of gas [L/min]

Figure 1: Graph of Pressure Drop vs. Gas lolumetric Flow for 3 Different Liguid Flow Rates

Looking at the trend, it is clear that the liquid flow rate has an effect on the pressure drop
along with the gas flow rate. By keeping the liquid flow rates and three different controlled
values, this was more easily observed. As the liquid flow rate increased, the pressure drops
increased as well. This was alzso true as the gas flow rate increased, as shown by the increase in
y-values as the gag flow rate on the x-axis increased. The pressure drop is shown to be

proportional to the flow rate of the gas to the 1.8 power.
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Conclusion

In this experiment, the pressure drop, as a function of air rate and three water rates, was
measured for several conditions of a 2-phase flow. The results show that as the valve opens
more, at a constant liquid flow rate, the pressure increases along with the pressure drop. When
comparing the pressure drop of each 3 liquid flow rates at the same valve opening percentage,
the pressure drop was highest at the 1.5 L/min liquid flow rate and decreases as the flow rate
increases. When collecting the data for SP3 and SP4, an average range was taken due to the large

fluctuation of numbers.
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Abstract

A continuous-stirred tank reactor is a common model for the estimation of key unit operation
variables with specified output. For this experiment, the Armfield CEP-MKII stirred tank reactors
model was used to observe the second-order reaction of 0.1M EtOAc and 0.1M NaOH. The aims
of the experiment were to investigate and determine the conversion of a second order reaction in
atank reactor as well as to determine the reaction rate of the reaction. The parameters considered
for analysis were conductivity, concentration of NaOH, and residence time. The steady state
conversion was obtained as 0.62 at 25°C with the residence time of 264 seconds. The constant
rate of reaction was calculated as 0.162I/mols. The results were helpful in determining the
condition of operating variables to achieve a desirable conversion of the saponification reaction
in CSTRs on an industrial scale.

Theory

Reactoris an mportant equipment in every chemical process. Continuous stirred tank reactors
(CSTRs) have proven to be more energy efficient than batch reactors. Since the reaction is
continuous, there is no need to go through an empty-fill and heat up cycles. Despite being under
further investigations for various processes, these reactor vessels serve as great importance to the

chemical industry. A CSTR consists of a tank and an impeller to provide efficient mixing.

=10

Figure 1: Schematic Diagram of CSTR
CSTR can be connected in series or in parallel. In this experiment, CEP-MKII Stirred Tank

Reactors m Series is used to analyze the steady-state fractional conversion of a limiting reactant
in saponification reaction, shown in Figure 2.
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Figure 2: CEP-MEIIStirred Tank Reactarsin Series

The reactants used in the experiment are sodium hydroxide and ethyl acetate. The reaction is
called saponification reaction which its products are used in different fields, such as petroleum,
cosmetics, and textile industry.

The reaction is shown below.
NaOH + CH;COOC;Hs — CHsCOONa + CzHs0H
Sodium Hydroxide (A) + Ethyl Acetate (B) — Sodium Acetate (C) + Ethyl Alcohol (D)

Sodium hvdroxide (NaOH) and ethyl acetate (EtOAc) are fed m equimolar. Eachreactanthas a
concentration of 0.1M. The fraction conversion of limiting reactantis expressed by the change in
flow rate of NaOH (component A).

A fedtoreactor — Aleaving reactor  Cy; — C4(t)

X (0= A fed toreactor Cy;

The saponification reaction occurs in a partially electrolytic solutions, the conversion canbe
obtained by monitoring the changes in conductivity (k) of the reacting mixture in steady-state
condition, including ionic species Nat, OH-, and CH;COO-. The reaction is expressed in ion form:

Na*+ OH-+ CH;COOC;Hs; — Nat+ CH;COO-+ C;H;OH

Since the conductivity w(t) is lincarly dependent on the concentration of these three ions, it can
be expressed as the sum of ions® concentrations (Cpq+, Cog—,Cooo-) With their molar
conductivities (Apa+, Aor—, Acoo-) Which COO-represents acetate ion.

K(t) = Cpa+ (£). Awar + Cop (). Ao + Cooo (1) Acoo- 1

3
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The concentration of each ion canbe expressed in terms of initial concentration of OH- (C34-),
initial volume of the reactant (¥ ®), and conversion (X), equation (1) is equivalent to:

VoCgy-(1-X)
2vo

vochy-x
®).Nog-+ ey

_ Vocdy-
k() = = Nyat +

). Acoo- (2)
The relationship between conductivity k(t) and conversion (X) is then expressed in equation (3):

2k(D-CG (A g+t Aon™)

X= 3)

Cy-(Ncoo——Nor")

where Apyg+ 18 50.1 S.om?mol, Agy- i 198.6 S.em¥mol, and Agpp-is 40.9 S.cm?mol [2].

To determme the steady state conversion of the reactor, we look at the conductivity curve mn the
software. A “flattening” of the curve indicates the steady-state conversion of the reactor.

Additionally, we analyzed the mean residence time (t) which is the average time that a reactant
or product will spend in the reactor.

Totalreactor volume _ Vg

= Total volumetric flow rate T ypo (4)
Rate of saponification reaction (ra) can then be determined by
Ty = kACA CB
where A is NaOH, and B is EtOAc; ka is the rate constant with respectto A and C is the
concentration. Since NaOH and EtOAc are fed n equimolar, the rate of equation can be
expressed in terms of initial concentration of NaOH as:
—1p = kaCao” (1 = X)? )
Assuming the reaction is elementary, the component mass balance equation is:
Fao = F4 +Vi(1x) =0
Since the volumetric flow rate is constant (V = V9), C4 = F4/V°, and C4 = C4p(1 — X), the
mass balance equation canbe written in combining with equation (5) as:
VOCao— VOCio(1 — X) + VgkaCuo?(1—X)2=0 (6)
The reaction rate constant as a function of fractional conversion and the residence time canbe
written in combining equation (6) with equation (4) as:
=YR___ &
T=3%.= ¥ 4Ca0(1-X)2 7
4
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Procedures
As the equipment was already set up, the experiment proceeded in the following steps:
1. Startthe Armfield software for CSTR m series

2. Collect conductivity data until all 3 reactors in steady state conditions (“flat” conductivity
curve) m approximately 25 minutes

3. Make sure the pump speed controls to give 80mL/min flowrate and the agitator speed
controller to 84% max capacity

4. Switch on both feed pumps and agitator motor and click “Go” on the screento record the
data. The data were obtained n a 10-second nterval

Results and Discussion

Feed flow rate of 80 mL/min 0.1M NaOH and 80 mL/mm 0.1M EtOAc were used in the
experiment. The reaction was carried out at a constant temperature of 25°C and stirrer speed at
54% (6.43 rpm). Ten (10) minutes afier the start of the experiment, the steady state conditions
were reached. Figure 3 shows the conductivity of CSTRs as time elapses. The conductivity of the
reaction mixture decreases as reaction takes place m all three tanks. It is because as the reaction
proceeds, the concentration of NaOH reduces resulting in a drop in conductivity values.

Conductivity vs Time

\_____._.

Conductivity (mS)
S = W Ry S WO 8

01’

200 400 600 800 1000 1200 1400
Time (s)

®Tank | ®Tank 2 @ Tank 3

Figure 3: Conductivityof3 CSTRs over Time
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Figure 4 shows the trend of conversion of NaOH in Tank 1 over time as it approaches steady
state (starting from 140s). It is determmed that the conversion of NaOH at steady state is 0.62.

According to Figure 4, it takes 230s (almost 6 minutes) for the CSTR to get 75% of its steady-
state conversion.

Conversion of NaOH vs time
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Figure 4: Conversion of NaOH in Tank I over Time

Figure 5 shows the dynamically change of the concentration of NaOH Ca(t) as the 15t CSTR
approaches a steady state. The concentration reaches a peak of 0.059M (at t = 130s) and
gradually decreases to a steady state value of 0.038M in 540s (9 minutes).

Concentration of NaOH vs time
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Figure 5: Concentration of NaOH vs Time approaching Steady State Condifion
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From Figure 3, 4 and 5, it clearly shows that as the reaction proceeds, the conductivity of the
solution decreases,the concentration of NaOH decreases, and the conversion of NaOH increases.
The three variables, however, will eventually achieve their own steady state value. Those values
are important in any chemical processes as it determines the efficiency of the process and desired
rate of production.

The mean residence time of the first tank was then calculated using equation (4) to be 4.4
mmutes (264 seconds) m which the reactor volume was (.71 and the total flow rate was
0.16L/min. The reaction rate constant k, at steady state was found to be 0.162 L/mols using
equation (7). The reaction rate constant for the saponification reaction would not change over
time because the CSTR could be consider as a batch reactor. Therefore, the volumetric flow rate
is constant, and the reaction rate constant is constant under this experiment’s conditions.

Conclusion

Understanding the conversion of a second-order reaction in a CSTR is crucial in the estimation
of unit operation variables with specified output. The steady state conversion of NaOH was 0.62
after about 10 minutes of the experiment running. The steady state concentration of NaOH
leaving the 1% reactor was 0.38M. The result showed that as the reaction proceeded the
concentration of NaOH reduced resulting in a dropping of the conductivity values; and the
conductivity of the reaction mixture decreased as the reaction took place. The overall time to
reach steady state conditions was approximately 18 minutes. With different conditions (feed’s
flow rates, feed’s concentration, and temperature), the steady state conversion, the residence
time, and the rate constant of the reaction can be varied. Therefore, this experiment canbe
reconducted at different temperatures and/or the feed stream’s conditions to determine the
conversion of NaOH.

References
Roy G Perry. Chemical Engineering Department. Reaction Kinetics in a 3-Series CSTR. Accessed 2022.
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I. Abstract

The continuous stirred tank reactor (CSTR) is the ideal representation of complete mixing in
reactor design. A CSTR often refers to a model used to estimate the key unit operation variables
when using a continuous agitated-tank reactor to reach a specified output. It is important to
consider that there is no CSTR reactor in real life.

This experiment involves a CEP-MKII Stirred Tank Reactor in series. The concentration is kept
uniform for each reactor; however a change in concentration is observed as fluid flows from one
reactor to the other reactor. This experiment is carried out to determine the conversion of a
second order reaction in the tank as well as compare the operation between a real tank reactor
and a CSTR (ideal) reactor. Finally, it was concluded that the real tank had a lower conversion
rate compared to the ideal CSTR, but there was only a 0.07 difference making the actual

experiment feasible.

II.  Theory

The reaction taking place in this experiment is the saponification of Ethyl Acetate with

Sodium Hydroxide.
NaOH +H COOC H_— CH COOHNa + CH.OH
This reaction can be considered as equi-molar and first order with respect both to sodium

hydroxide and ethyl acetate, and second order overall, within the limits of concentration

(0-0.1M) and temperatures between 20°C to 40°C.

The equation above shows that one mole of ethyl acetate reacts with one mole of sodium

hydroxide.
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The fractional conversion of sodium hydroxide in terms of feed flows can be expressed as:

A consumed in reactor A fed to reactor — A leaving reactor
X = = AL < (eq 1)

A A fed to reactor A fed to reactor

Or can be expressed in terms of concentration as:

X,O=-—F (eq 2)

The reaction was carried out in three 0.7 litre tanks connected in series. The tanks
eventually reached steady state when a certain conversion of the starting reagents was achieved.
The steady state condition of the reaction was observed by observing the changes in the specific

electrical conductance or conductivity denoted by the symbol (k).

It was assumed that the flattening of the conductivity of the conductivity curve of "k(t) vs

; - ; : s
t” in a tank reactor indicates that the tank has achieved a steady state conversion, Xj .

Specific conductivity decreases with a decrease in concentration. Since the

To understand the connection between and, we must first recognize x(f) and X A(t)tha.t

this saponification reaction occurs in a partially electrolytic solution.
Rewriting in terms of its reacting ions, the reaction can be expressed in its charge-

balanced form:

Na® + OH + H,COOC H, -~ Na*+ CH3C00_ +C,H_OH ()
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The reacting mixture featured a measurable specific conductance due to the presence of the ionic

species Na+, OH €00 . and the conductivity, x(f), of the reacting mixture was linearly

dependent on the concentration of these ionic species in the solution.

x(f) can be expressed as a sum of the contributions of Na+, OH €00 based on their

respective concentrations and molars conductivity as follows:

1(t) = Cg+ (1) " Ang+ + Cop~(t) - Aou- + Ceoo- () - Acoo- (@)
FNC[ o FOH7 FCOO T =

k(t) = 5 ANa* + (1) - Ao~ +—5 (1) - Acoo- 3)
V2 Chy_ Vely_ (1-X) VO Cy_ X

w(t) = ope Mvat T e () - Apg— + P —(t) - Agpo— ()

Chu— Chn(1-X) CouX _
)= —5 Ayar +— 5 (O Aou- +—5 () " Acoo- )

Con— Con Chu X Chu X !
K(t) ——5 Anat — 5 (t) "Aog-= — —5(t) - Aon- +— () - Acoo- (0)
Coa— o Con
K(8) — —5 Ayt — (1) " Agy— w(t) — 5 (Aya+ + Mgy =)
= - = . (7)
[ays CoH
'3'("\600_*/\01-!_) ’2'(ACOO*A0H_)

Figure 1. List of Equations
M. Procedure

The procedure carried out on this experiment is intended to determine the conversion of a
second order reaction using a tank reactor; in addition, it compares the operation of a real tank
reactor with that of a CSTR reactor. The equipment used in this experiment is the CEP armfield
which has a series of stirred tank reactors. The process consists of two feed vessels of which one
contains 0.1M of ethyl acetate while the other has the same concentration of sodium hydroxide;

both vessels have a volume of 5 liters.
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The feed vessels supply into tank reactor 1, which is connected to tank 2 and both are

filled at the same rate. Two pumps are used parallel to each other and are connected into the

same header that feeds tank 1 and 2. Once these two tanks are completely full, they overflow into

tank 3. Samples of the product are taken from tank 1 once steady state is reached. The process is

said to be at steady state once the conductivity is no longer increasing or decreasing, if

applicable, and the measurement of conductivity is observed from the CEP armfield display.

Below is the systematic sequential steps to performed the experiment:

6.

Prepare a solution of 0.1M of ethyl acetate, approximately 5 liters

Prepare another solution of 0.1M of sodium hydroxide, approximately 3 liters
Remove the lid of one of the two feed vessels

Fill the vessel with 0.1M solution up to 50mm from the top

Put the lid back securely on the vessel

For the second feed vessel (empty at this time), use 0.1M solution of sodium

hydroxide and repeat steps 3-5

7.

8.

9.

Turn on the pump on vessel 1
Set the pump’s speed to 10 (~ 80ml/min)

Set the agitator speed in tank 1 to 10 (~84% its max)

10. Turn on the other pump from the second vessel and respect steps 8-9

11. Observe tank reactors 1 and 2 being filled and watch overflow into tank reactor 3

12. Allow the process to run for approximately 20-30 minutes until it reaches state state

(conductivity is stable)

13. Collect the product sample from tank reactor #1

14. Data collection may begin at this point if no computer is used
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Results and Discussions

1. A reaction between a strong base such as sodium hydroxide with a weak acid like ethyl
acetate produces sodium acetate and ethyl aleohol. The reaction is a partially electrolytic

solution because of the free ions such as Na+,OH_, and 00 (which represents the
acetate).Each ions have their own molar conductivity and their own molar concentration.
By multiplying the molar conductivity and concentration of each type of ions and adding
them up, the conduectivity of the solution can be determined.

The equation, k(t) = C'Nng(t) . AN0++ COH_(t) . AOH' + CCOO_(t) - ACOO_, is supported

by references like (Lower, 2021) and (Weedmark, 2018).

2. In this experiment, it was asked to plot a graph of the fraction conversion of the NaOH
as a funetion of time. Using the concentration of NaOH and the conductivities of the ions
given in the solution. The plot can be then developed after the conversion of NaOH is

computed for each time.

Conversion of NaOH Vs Time
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Figure 2. Conversion of NaOH as Function of Time.

As you can observe from the graph abowve, the conversion rate seems to increase as the
time also increases. At a certain conversion rate and time which can be determined to be
at 460 sec and 0.439, the rest of the reaction remains the same. At that point, we can

consider the reaction reaching steady states and can be indicated by the flattening of the
conductivity curves achieved by the tank.

3. The concentration was calculated using the equation provided in the 1ab manual. The
graph below represents the concentration curve developed.
Concentration of NaOH Vs Time
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Figure 3. Concentration of NaOH as Function of Time

In this plot, we notice that the concentration decreases as it is being consumed in the first

reactor. The reaction does not reach steady state until the curve starts flattering .
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4. Below is an analysis based on the configuration and conditions of the experiment that
, ¢, , ,
confirms the equation C Thlrs where C WS the feed concentration of A to the first

CSTR and C;is the concentration of A in feed tank A.
C;l is given to be 0.1M. Using the equation, CAi would be 0.05 M.

In the experiment, the concentration of NaOH in the feed tank (C;) and the concentration

of ethyl acetate in the feed tank (C ;) are both given to be 0.1M. An equimolar solution of

NaOH (A) and ethyl acetate (B) is fed to the CSTR. Since A and B have the same molar
concentration, A and B need to have the same volume to create an equimolar solution.
Thus, for a 5.0 L batch, 2.5 L of 0.1 M NaOH and 2.5 1. of 0.1 M ethyl acetate will create
an equimolar solution that would be fed to the CSTR.

Since there is 2.5 L of 0.1 M NaOH, the moles of NaOH is 0.25. In order to calculate the
concentration of NaOH in the 5.0 L solution, 0.25 moles of NaOH is divided by the
solution volume, giving 0.05M of NaOH.

.
The equation € i TAcan be used in this experiment because NaOH and ethyl acetate
have the same initial molar concentration that was used to ereate an equimolar solution.
5. By using equation (7) listed in the lab manual, the conversion was computed and was
used to plot a graph. From the graph, we noticed that the steady state is reached at a

certain time when the curve starts flattening. The table below represents the steady state

conversion given at 25%, 50%, and 75%.

Percentage Elapsed Conversion Measured Theoretical
steady state | time (sec) Conductivity Conductivity
(%) (mS/L) (mS/L)

9
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25 2973 0.426 6.187 6.236

S0 5946 0.446 6.269 6.267

78 5919 0.446 6267 6.267

Table 1. CSTR Steady State at Given Percentage.

6. From the values provided in the lab manual, conductivities and the percentage of steady state

achieved by the system will be developed by a plot shown below.

Conductivity calibration curve

wn

Conductivity (mS/L)

i} 20 40 60 80 100 120
Steady state achieved (%)

Figure 4. Conduectivity Calibration Curve

The plot above demonstrates the curve developed after calibrating the value of the conductivity
which starts reaching the steady state at 20%.

7. The mean residence time (1) of the first reactor can be caleulated using the equation:

10

61



Total reactor Volume

L = Total volumetric Flow Rate

There are 3, 0.7L CSTR tanks connected in series. The volumetric flow rate is 80 mL/min which

can be written as 0.0013 L/s.

Using the equation given, the mean residence time for the first reactor 1s 525 seconds.

V. Conclusion

The main goal of the experiment was to determine the conversion of NaOH in a tank
reactor. An equimolar solution of NaOH and ethyl acetate was added into the CEP-MKII Stirred
Tank Reactors in Series unit which was compared to a 3-series 0.7, CSTR configuration. The
conductivity of the solution was determined using the concentrations of ions and the molar
conductivities. The solution’s conductivity was then used to determine the conversion of NaOH
in the real tank reactor where the conversion was at 0.439. The conversion of NaOH in the ideal
CSTR was determined to be around 0.446. In conclusion, the real tank had a lower conversion
rate compared to the ideal CSTR, but there was only a 0.07 difference making the actual
experiment feasible. Possible ways to increase the conversion of NaOH is to have a higher
concentration of NaOH, add an enzyme, larger tank volume, more residence time (if it does not

reach equilibrium), and/or have a higher stirring rate.

11
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