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| ntroduction

Thefdlowing maerid contained in this text was written with the intent to
guide and as3g the sudent in obtaining the maximum educationd benefit from
the Fundamentals of Enginearing Design course and the Chemicd Enginesring
Laboratory module.

Students are encouraged to make use of various dectronic computationd
fadlities avalable on campus aswdl as amdl programmable cdculaors and
minicomputers. Thiswill enable the student to regp two additiond benefits

1. Reduce cdculation time required for the data andlysisin the report

2. Broaden sudent capability by enabling on-line data reduction,
immediate dataandlyss and more intdligent determingtion of the
following process test condiitions.

The purpose of any of our chemica engineering laboratory coursesisto
save vard important functions in astudent's program of development thet
reflect dearly expectations of dhilities of atechnicd professond. Among the
mog important are

1. Toteach sudentsto communicate results obtained from
experimentation through awritten document in adear and condise
faghion

2. Toput theory into practice in aredigic sense, through aset of
ingructions, which will require independent logicd thinking (the intent
hereisto compare theidedidtic (theordticd) teechingsin the dassroom
with the red-world operations (experimentd equipment) and to redize
the limitations of each)

3. To acquaint the sudent with the availability and use of published detaand
the various sources for obtaining these references

4. Tollludrate the difficulties assodaed with leadership and group effort
goproachesin solving particular problems. In essence, these



difficulties include the complexities of people working together and
contributing to acommon goa

5. To teach students how to prepare and present an industrid seminar.
WRITTEN AND ORAL COMMUNICATION WILL LARGELY
DETERMINE IN AN INDUSTRIAL ENVIRONMENT WHAT
MANAGEMENT THINKS ABOUT YOUR EFFORTS AND WILL
THEREFORE BE THE PRIMARY INFLUENCE IN YOUR
PROMOTION, ADVANCEMENT, AND CONSEQUENTLY YOUR

EARNINGS.

The overall objective is to improve the students capabilities in these
areas and thereby increase their professional competence. It is expected that
students will perform and develop in laboratory courses with the same attitude
and goals as in theory-oriented courses.

In summary, the student's goal's should be:

1. To relate the laboratory experiments to theory courses and reinforce the
principles learned in the classroom

2. To obtain practice and develop an interest in planning an
experimental test

3. To obtain practice in interacting with the experiment and with other
personnel involved in the group effort

4. To develop a proficient style in technical communication, both written
and oral

5. To develop an appreciation of the open ended type of problems in research
and design and the multiple paths available in the problem solution.

This laboratory is an important first step in an individua's career as an
engineering student and assists in bridging the span between high school and

college materidl.



FED Laboratories

The FED l|aboratory and its assodiated gpparatus are utilized to introduce
the udents to the concepts of messurements and subsequent deta andyss It
undertakes a"hands-on" experimentd gpproach in teeching and leaming. The
experiments underteken are in the areas of Momentum Trangport, fluid flow and
its measurement, and Energy Transport, temperature and heet changes.
Asodaed with the operation of the goparatus to obtain datais dso the andyss
of the datain attemypting to rationdize its meaning in the light of theoretica
congderations as well as atempting to explain the "goodness' of the
messurements.

The core of the experimentswill be some device, an ingrument,

which will measure a property of interest in a particular process dream
parameter. These measurements are important to establish the enve ope that
contains the process variables. As an example: suppose in aprocess, take a
geam plant, aprocess discharge stream has a high temperature associated
with it, 0 thet it can not be discharged as vapor into the @amosphereor asa
liquid into a stream because of adverse environmentd impect. We would
want to measure the quantity generated, fluid flow, and its energy contert,
with temperature measurement. If possible we would examine our process
with two godsin mind:

a) Pdllution Prevention
b) Paollution Abatement

In the case of b) wewould belooking & end of pipe trestment which essertidly
gives us no use of the dream and its properties but dlows for digposd. This
choicein today'sindudtrid environment is not preferred. For case @) wewould
examine the process with intent of process modification to minimize or
diminate the Stream or incorporate a process reuse or recycle sep into the
sysem. No métter which we use we would need to have measurement data
followed by andyss

Each of the expariments undertaken will require the gudent team to
share responghilities of detarecording and andyd's, report writing and for the
expeiment, an ord presentation.



In addition to the technical problems involving measurements and the
analysis of the resulting data, students today must become aware of pollution
prevention. In October 1990, the new regulatory agenda was highlighted by
the Pollution Prevention Act of 1990. President Bush stated,

"Environmental programs that focus on the end of the pipe or
the top of the stack, on cleaning up after the damage is done, are no
longer adequate. We need new policies, technologies and processes
that prevent or minimize pollution -- that stop it from being created
in the first place." (1)

The emphasis had changed from pollution abatement to pollution
prevention. Thus, the old proverb that we all learned as children,

"an ounce of prevention is worth a pound of cure"
was being re-emphasi zed.

Engineering students, therefore, must begin their studies with pollution
prevention and waste minimization consciousness being equal to the technical
aspects of their education. Pollution prevention must be stressed throughout their
studies. Thus, amindset on pollution prevention will be developed by the students
which can be taken with them to their jobs at graduation and can be taken with
them into their personal lives and thinking. This Fundamentals of Engineering
Design course is one point where developing this mindset will begin at our
Institute.
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. Basic Concepts of M easurements

Experimental methods and measurements require a basic

terminology, definition of terms, and measurement instruments (2).

A I nstruments
M easurements are made with instruments that range
from simple to more complex. Examples are:

» Meter stick
o Ammeter
 Gas chromatograph and recorder
B.  Terminology and Definition of terms
In working with these instruments a terminology has

developed and these terms have been precisely defined. Some
of the more important terms are discussed. These are:

1. Readability
2. Least count
3. Sengitivity
4. Hysteresis
5. Accuracy
6. Precision
7. Cdibration

1. Readability
This term indicates to the experimenter the
closeness to which the scale of the instrument may be
read.

Example:



A 12-inch scale has a higher readability than a 6-
inch scale with same range for the measurement.
Reading 0-12 amps on a 12-inch scale is better than
reading 0-12 amps on a 6-inch scale.

Least count .

This term represents the smallest difference
between two indications that can be detected on the
instrument scale.

Example:
1 millimeter on a meter stick

0.1 amps on an ammeter with a 12-inch scale

Both readability and least count depend on:

» scale length

* gpacing of graduations

* Size of pointer or pen

o paralax effects (the apparent change in
the position of an object (pointer) resulting
from the change in direction or position
from which it was viewed)

Sengitivity

This term refers to the ratio of linear movement of
the pointer (pen) on an analog instrument to the change in

measured variable causing the motion.
Example:

One millivolt (mV) with a 25 centimeter scale on an

anal og instrument

Sensitivity of linear scale is therefore,

25cm _ s cm
1.nV 25mV




For digitd indruments - the manufecturers Specify
sengtivity for acertain scale setting.

Example :

The specifications will read 100 nanoamperes (10 ~
amps) on a 200 microamp scale range (200 | amps or
200 x 10 amps).

Hysteresis

Some indruments are dependent upon the
direction that isused. - For example, one can measure
voltege ather intheincreesing direction or in the
decreasng direction.

Aningrument will show hyderessif thereisa
differencein reading depending upon if you are moving up
scdeor down scde

volts

‘reading

Hyderessis caused by:

» mechanicd friction
* magnetic effects

* dadlic deformation
o thermd effects



5.

Accuracy

Theterm accuracy of an indrument indicates the
devidion (error) of the reading from aknown inpui,
expressad as a percent of full scale reeding.

Example:

A pressure gauge has a full scale reading of 1000
kiloPascals (1000 kPa). If the accuracy is 1 percent, the
instrument is accurate to = 10 kPa for the full range. In
this case, at full scale the accuracy is only good to = 10
kPa. The true, accurate reading could therefore range
from 990 kPa to 1010 kPa. The error is = 10 kPa.

Precison

Precigon differsfrom accuracy in that thisterm
indicates the ahility of an indrument to reproduce a
certain reeding with a given accuracy.
Example:

Congder voltmeter readings for a known voltage of
1000 Volts (1000 V). Repeated readings give the following
data:

Reading Volts
1010
1020
990
980
1005
Average= 1001V

aa b~ wDN P

The accuracy is

1020 - 1000 = +20V
980 - 1000 = -.0V



Therefore, accuracy is =20 volts.

20
— = {). = 2%
1000 0.02=2%

The precision is the maximum deviation from the mean
reading. Hence, deviations from the mean are:

1020 - 1001 = +19
1010- 1001 = +9
1005 - 1001 = +4

990-1001=-11
980-1001=-21

The precision is thus

21
—= =219
1000 0.021=2.1%

Cdibration improves the dependaility of insruments.

Calibration

Cdibration establishes the accuracy of an
indrument. It iswise to check the manufacturer's
spedifications and cdibrations

Example:
A manufacturer can state that a 100 percent scale reading

on a flowmeter (rotameter) is equal to 20 gallons per minute of
liquid. The calibration curve may also be given with the
instrument covering the entire range of 10-100 percent. These

must be checked.



Cdibrations compare the ingrument with aknown
dandard. There are three gandards that can be used in this
caxe Therae

1) Primary gandad

Cdibrate flovmeter by comparing it with a
dandard flow messurement fadility & the
Nationd Bureau of Standards.

2) Secondary sandard
A soondary andard has ahigher accuracy then
the available indrument to be cdibrated. In this
case, one can conpare the avallable flovmeter
with anather flovmeter of known accurecy.

3) A known input source as a sandard
Inthis case, the flowmeter can be st & afixed
reading and the outflow is collected and messured
over aknown period of time. Thus, a 100 percent
reading, 166.8 pounds of water (H,70) are
collected in one minute.

166.8IbsH,0 1gal H,0
1 minute 834 Ibs H,0

= 20 gdlons per minute
=20gpm



l1. Standards, Units, and Dimensions

Sandards, units and dimensons are important agpects of
measurements. Standards are needed and have been established to encble
experimenters to compare the results of thair experiments on a congsent
bass.

A dmendonisaphyscd variadle used to destribe the nature of
the sysem. For example, the length of apiece of wood isadimenson.
Thetemperature of agesisits thermodynamic dimenson.

Units are the quantities by which the dimenson is measured. For
example, it may be dated that the piece of wood is 1 meter in length, or
39.37 inchesin length. The meter and the inches are the units of the
dimengon length. The temperature can be 100 degrees Cdgus (100°C) or
212 degrees Fahrenheit (212°F). The dimendon istemperature and the
unitsare Cdsus or Fahrenheit. There are two systems of units Theold
English system of unitsis ill widdy used in the United States but mogt
of theworldisonthe S sysem of units (Syseme Internationd dUnites).

A. Standards
For messurements to be meaningful, there must exist
accepted sandards for comparison.

1. Standard units have been established for:

* temperature
* dectrica quantities

The Nationd Bureau of Sandards hasthe primary
responsihility in the U.SA. and, the Nationd Physicd



Laboratory has the primary respongihility in the United
Kingdom. The United Nations has become invalved to
develop gandardsto dlow for measurement comparison
regardess of wherein the world the messurement was mede,

Some Standards

Standards are acoepted by agreement and the
conversons from one sysem of unitsto another is
established by law. For example, the dandard meter isthe
length of a platinum+iridium bar mantained & very accurate
conditions a the Internationd Bureau of Weights and
Mesaures a Sevres, France. Thekilogram isthe massof a
amilar quantity of plainuniridium kept a the same place.

Conversonsae

a) Mass

1 pound mass = 453.5924277 grams

b) Length

1 meter (defined at the Generd Conference on
Weights Measures 1960)

1 meter =1,650,763.73 wavdengthsin a
vacuum of the orange-red line
in the spectrumof aKrypton -
86 lamp - Changed in 1982 to
the digance thet light traves
in 1/299,792548ths of a
second.

linch = 254 centimeters

100 centimeters = 1 meter



Time

Standard units of time are measured
from known frequencies of
oscillations of a

(1)

e pendulum

» Torsiona vibrational system
* Tuning fork

* 60 -Hz (Hertz) time voltage

Second -

The second is defined as

1
86400

of a mean solar day

Solar day - time interval that sun passes a
known meridian on the earth.

Solar year - time required for earth to make
one complete revolution around
sun. The mean solar year is 365
days 5 hours 48 minutes 48
seconds

In October 1967, at the Thirteenth General
Conference on Weights and
Measures, the

Second is defined by the duration of
9,192,631,770 periods of the
radiation corresponding to the
trangtion between two hyperfine
levels of the states of Cesium —135



Boiling point
water, sea level
760 mmHg

Freezing point
water, sea level
760 mmHg

d)

Temperature

Temperaure is measured in units of degrees
Cdgus(C) inthe S system and in degrees Fahrenheit
(F) inthe English system. These scdes are both based
upon the height of acolunm of mercury at the bailing
point of water a sealevd and 760 millimeters of
mercury pressure (mmHg), and the freezing paint of

waer a the same conditions Thus,
(1) c F
degrees Celsius degrees Fahrenheit

100C =—g— 212 F e—mp—
scale scale
divided divided
into into
100 180
equal equal
divisions divisions

0C e 3PF Y

Celsius . Fahrenheit

The height of the mercury column is
the same, but the markings and divisions are
different. Hence,

1C difference = 1.8F difference
or A1C = A18F

(2) Absolute temperature
In 1854, Lord Kelvin proposed an
absolute temperature scale or thermodynamic
scde Thermodynamicdly, Lord Kelvin
defined absolute zero as the temperaiure when
dl molecular motion ceases. This absolute
Zero was equivaen to:



-273.15C

-459.67F
Thus, degrees Kelvin on an absolute scale is
K =C + 273.15
and degrees Rankin on an absolute scale is
R = F + 459.67
Conversions between Celsius and
Fahrenheit are:
-32
Ce Fl.g.v..
F=18C+32

Hence, by substitution
F=18C+32
R-459.67=18(K-273.15)+32

R =18K-491.69+459.67 + 32
R=18K

e) Electrical units (3)
Standard units of electrical quantities are
derived from mechanical units of

Force, N=Kgm/s?

e Mass, Kg
o Length, m
o Time, s

The quantities are the:

Volt
Ampere
Ohm

11
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(1) Volt

(2)

The unit volt was named after
Alexandro Volta, an Itadian physicist (1745 -
1827). It is based upon the work done by a
charge moving between two points which
have a known potential drop between them.
Thus, this potentia drop is the voltage, V,
and the charge, Q, is doing work, W.

W=QV
or V=E= E
Q

where W =Nem
m?

= kg &2

Q = charge in Coulombs
V =E = voltage, in Volts

Hence, voltage electrical force or
potential drop is the work done by a unit
charge (Q = 1) as the charge moves between
two points.

Coulomb and Ampere

The flow of the charge is measured in
coulombs and amperes. A coulomb is the
quantity of electricity equal to 3 x 10’
electrostatic units (esu) of charge. It is the
electrons that flow. Since

1 electron = 4.80 x 10™ esu

~ the coulomb is the charge of a number of

electrons'and

3x10° esu
4.80x107'° esu/ electron

1 coulomb =6.25 x 10" electrons

1 coulomb =



The coulomb was named dfter
Chales A. Coulomb, aFrench physcas
(1736 - 1806).

When dectrons flow thereisacurrent
whichisthetimeraeof flow of the dectric
charge The unit of thisflow isthe trandfer of
one coulomb of charge pagt apoint in one
seoond. Thisunit of flow is caled the ampere
(amp) ad

Flow=1= -9 = E&E‘_&E
t  time
The ampere, |, was named after Andre
M. Ampere, aFrench scientist (1775 - 1836).
Hence, it iseader to use current than to
use charge and

W=EQ
work= voltage x charge

ad Q=lt
charge=curent x time
W=E | t=Nem

If power, P, is work per unit time,

P=1:V-=E1

Nem
-—;—=volts X amps

N-m
L)

= watts

The unit of power, the watt, was
names dfter the Scottish engineer, James



Wait (1736 - 1819) who developed the
Seam engine

(3) Resistance

All flow depends upon adriving force
and aresgance. In dectricd flow, the
resganceis cdled the ohm, named after Georg
S. Ohm, aGerman phydcig (1787 1854).

In metdlic currents, current (1) was
found to be proportiond to the voltage, or
potentid difference, E. Thus

I~E
| =kXE

k = proportiondity condant
Thus if the proportiondity condart, k,
was defined as

1
K=}
where R = resistance to electrical flow
(analogous to friction in
mechanical systems)

E
Then, =2
E=IxR
and Ohm's Law i1s
= % = ohms

The unit value of R = : vo}; = ] ohm

Theohm isaresgance acrasswhich
thereisavoltage drop of 1 volt whenthe
flow of currentis 1 amp.



| nternational System of Units(4)

The Sydeme Internationd d Unites, SL was established by
the Eleventh Generd Conference on Weightsand
Measures.

a) Basic Sl Units
Thebadc S unitsae

* mass - kilogram kg
* length - meter

* time- second

» amount of substance, mole
* thermodynamic temperature,

* electric current, ampere

8_>7<§_m3

* luminous intensity, candela

b) Standard multiples and sub - multiples
Sandard multiples and sub-multiples are
usudly given in tables usng prefixes. For example,

113 s RO 10 e deca
10' meters = 10 meters
= | decameter
one tenth ........... 10" oo deci

10" meters = 0.1 meters
= ] decimeter
one millionth ......... | (I micro (W)

10° meters = 0.000001
meters

= ] u meter

15
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Table of Important Prefixes

Prefix Symbo] Meaning

nano (10°) (n) One-thousand millionth
micro (10°) (L) One millionth
milli (107 (m) One thousandth
centi (107) () One hundredth
deci (10™) (d) One tenth

Unity (10 - -

kilo (107 (¥) One thousand
mega (106) (M) One million

giga (10°) (G) One thousand million

c) Old English system of units
Britain converted to the SI system of units
in 1965, but the U.S.A. still maintains the old
English units. Hence,

mass - pound lb,,

length - foot ft

time - seconds s
Dimensions

Aswas previoudy mentioned, dimensions are different
from units

A dimension is a physical variable that is used to specify
some characteristic of a system. Hence,
* Mass,

* temperature,
* and length

are dimensions.



A unit is used to define a dimension. Hence for,
mass = 10 kg
=101b
m

the dimension is mass with units of kilograms (kg) or
pounds (lbm). And for,

length=5m
=20 feet

the dimension is length with units of meters (m) or feet

(ft).

17
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. Conversion of Units

A. Basic units (4)
Thebadc unitsare

* Mass, kg

e time, S

* length, m

* temperature, C

* amount of subgtance, mol

e dectricd current, amp

B. Derived units |

All derived units can be expressed from basic units.

Examples are:

mass k
Flow, ——, —
unit time S
Volume, (length)’, m?
. volume m?
Volumetric flow, ——, —
unit time S
. mass kg
Densi —
L volume’ m’

C. Rulesfor Significant Figures (5)

1. All non - zero digits are significant

Example:
5.34 cm= 3 ggnificant figures
4.293 cm = 4 significant figures

kilogram

meter
Cddus

ampere



Zeros between non - zero digits are significant
Example:
106 g = 3 ggnificant figures
1. 02 g = 3 dgnificant figures

Zeros beyond the decimal point at the end of a
number are significant

Example:
8.00 m = 3 ggnificant figures
8.020 ml = 4 dgnificant figures

Zeros proceeding the first non - zero digit are
not significant

Example:
0.008 g = I significant figure
2x107 =] significant figure
0.0204 = 3 significant figures
. When multiplying or dividing, the answer will have

as many significant figures as the smallest number
of significant figures used for the calculation

Example:

Concentration of Reaction Product in an Air
Stream Available for Recovery

moles = 2.540 nol
volume= 375.00m

19
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concentration = 2.540 mol / 375.00 ml

concentration of reaction product, moles per
mol

milliliter = 0.00677333 —
mol

dpply rules:
concentration of reaction product = 0.006773 I

Snce the numerator (2.540) has 4 sgnificant figuresand
the denominator (375.00) has 5 sgnificant figures, the

When adding or subtracting, the number of

digits beyond the decimal point in the result is
the same as the least quantity of digits beyond
the decimal point in the numbers being added

or subtracted.

Example:

The weight of a mixture of various chemical componentsin a
fixed sample of a slurry that is processed to avoid pollution

beforeit isdischarged into a stream

CaCO, = 1.021¢g
CaSO, = 020¢g
Water = 256g
Total 257.221g

Apply_rules:
Total weight = 257 g
The least quantity of digitsthat can exist beyond the
decimal is determined by the weight of water '256 g), hence

the answer is257 g.



D.

7. Exact numbers are not considered in
calculations

Example:
1L=1000mL
°F=18°C+32

536.05 cm?® I 1L

1000 cm’

The answer (0.53605L) has 5 significant figures because
the exact numbers (1L and 1 000cm3) are not considered.

Calculations

1.  Method of unit conversions
Examples:

a)  Convert the volume of a sample of a pollutant in
an air stream from 322 mL to

a. Liters
b. cm?
c. m’
32mL | 1L _
o000 L 0.322L
32mL | 1 cm?® =322 cm?
| 1 mL
32emb | lem | 1B | Im®
| 1mE | 1000em: | 1000L

21



=322 x10% m?
=3.22x10" m?

b). Convert the amount of reaction product,
which is from a sulfur burner, SO, from a

concentration of 2.00 mol/L to kgmol/mj.

2.00gmol |  1kgmol | 1000 L
L | 1000 gmol | 1 m?
=2.00 kg-mol/m’

c). Calculate the volume occupied by 25.0 g of
Aluminum.

250gAl | ? =cm® Al
|

To convert the grams we need the density of Al:

density, p=m/v=2.70g Al / cm’ Al

25.0gAt | lem? Al =9.26 cm® Al
| 270 eAd

d). Convert acceleration of 1 cm/s?to Km/yr?

2 2 2 2
1 cm |/60s\|/60min\|{24hr\ |/365ch| lm | 1Km

52 |\1min/|\lhr}|\ld} I\lyr) 100 cm | 1000 m

=:.95 ><109Km/yr2 =1x ]OloKm/yrz



e). Typical source emisson standardsfor the
concentration of particulates discharging

froman incinerator stack flow streamare

given as 0.08 grains per standard cubic

feet.
Convert this concentration to grams per
liter.
0.08 grains | 64.7989mg | lg | 1 f2 | 1 m?
ft3 l 1 grain | 1000 mg. | 0.0283168 m* | 1000 L
=0.00018g/L
=0.0002g/L
Problems: Convert
a. 3 weeks to milliseconds
b. 26miles/hrtoft/s
c. 26.7cm’/ min*g to m*/ d>Kg
d. 340 miles/stoKm/hr
e. 57.5 b,/ ft*to g/ cm®
f. 120 horsepower (HP) to KJ / min
g. 10 light-years to miles
h. 5 mols/L tolb, mols/ ft*

(Speed of light = 186,000 miles/s)

23
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Concepts for Correlation and Dimensional
Analysis

Various types of mathematical correlations

1. Linear graphs
For alinear equation of theformy =mx + b,

m =dope
b = intercept.

Hence, on arithmetic or rectangular coordinate graph paper, the
ordinate would be 'y and the abscissawould be x. The dope, m,
and the y-intercept, b, could be caculated by taking two points
ontheline

slope=m=22"21
e I

intercept =b, whenx=0



y=mx+b
b=y-mx

b=y -mx, or b=y,—-mx,

Semilogarithmic graphs

A samilogaithmic rdaionship involvesthe
methematicd condant, e which isthe naturd base of
logarithms Thevaue of ais2.71828.

The equation y=be™
can be linearized as

Iny=Inb-mxlne
where, b=constant and -m =slope

lIne=1
Iny=Inb-mx

Thelny can be plotted versus x on arithmetic or
rectangular coordinetes An dternateisto grgph the
actud vaue of y verausx on semilogarithmic grgph
paper.

25



Iny
Inb
In yl """
In Yo beewean : ...........
X ' X2
Iny,~Iny m;v_
slope=-m=— L= —22
Xy =X, X =X
intercept=In b, whenx=0
Inb=lny,+mx, =z
b=e’ = constant
Logarithmic graphs

The equation y= bx™
where
b = constant
m = constant

can be linearized to give
Iny=1Inb+ minx

where In b = intercept
m = slope



The Iny can be plotted versus the In x on arithmetic
or rectangular coordinates or the alternative of using
logarithmic graph paper and plotting the actual values of y
and x can be used.

Iny
ln yz ----------------
B IR TR -, S slope =m
Inx,  Inx, Inx
n22

Iny,-lny, __y
In x, —In x, inX2

slope=m=

intercept=1In b

1nb=1ny2 -—mlnx2 =z
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4. Linearization

1
a) The equation y=mx?+ b can be linearized

by letting
0 =Xx?

where y=mo+b

Values of y and x

W N — O
O N~ Ol %
W N - O Hn\_

©
0
1
2
3

On arithmetic or rectangular coordinates

Yo Jm e

YI |reccccccdffecccccnccncaann

£
e
[ ¥4



Y2 =N
0, =0,
intercept = b

slope=m=

b:yl-—mﬂ), or b:yz...rnm3
1
y=mx2+Db
b) The equation (y*-1)=be"*™
can be linearized by letting

and w=x-2
and wu=be

lnu=1Inb+ mwlne
Ine=1
lnu=Inb+mw

Plot a graph of In a versus w on rectangular graph
paper, or a versus w on semilogarithmic graph

paper.
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Inu

In U,

Inu,

Wi W»
n
In u,-1n %, U,
slope=m= . =
w, = w, W, =W,

intercept=1In b

Inb=Inw, —mw, =z or
Inb=Iny -mw, =z
b=¢’
u=be™

Knowing b and m,

(yZ _ 1) - bem(x—Z)
y=1+ be™*)
y=1+be™*?



In all cases, the process of linearization of the
mathematical function followed by determination of
the slope and the intercept is the key to solving the

problem.

The relationship between log.x and log,x.

The natura logarithm is to the base e. However
the logarithm to the base 10 is often used. The genera
relationship is:

(logyx)(log, b)=log, x

where a and b are the bases of the logarithms. If a=¢
and b = 10 then the eauation becomes

(loglox)(loge 10) = loge x
and the value of log 10 is 2.30259. Hence,
(log,,x)(230259) = log, x

or log,,x = (043429)log, x
or log.x =(230259)log,, x

The log x is often written as In x. The quantities
are therefore interchangeable. Thus, for the equation

be™*

taking the natural logarithm of both sides gives
log.y=log, b+mxlog, e

since log e = 1.0,

31



32

log.y=log, b+ mx
or Iny=Inb+mx

alternatively, log,,y =log,, b+ mxlog,,e

and by substituting equivalent quantities
0.43429lo0g,y =0434291og, b+mx(0.43429)log, e
0.43429l0g.y =0.43429]0g.b +v0.43429mx( 1)

log.y =log, b+ mx
or Iny=Inb+mx

and the two bases can be used interchangeably.

B. Dimensional Analysis

1.

Dimensionless groups or, more appropriately,
unitless groups are used frequently in chemical
engineering correlations. They are numbers
which result in generalized correlations that can
be used more extensively to cover many
situations. Dimensionless groups are a
multiplicative combination of variables that
result in unitless quantities.

Example:
REYNOLDS NUMBER, Ngg
N, Dw
T

where D = diameter of pipe, m.

v = velocity of fluid in pipe, m / s.

p = density of fluid, Kg / m>.
and w = fluid viscosity, Kg / m-s.



Dy _ _m | m |Kg|ms
NRC—T— s | m | Kg
= dimenionless (unitless)
Example:

NUSSELT NUMBER, N,

_hD

N
Nu k

where h = heat transfer coefficient, J/ ssm™-°C.

D = diameter of pipe, m
k = fluid thermal conductivity, J/ (s-m™-°C / m)

orJ/sm-°C
N<PR__ 3 | m | smeC
k sm>°C | ] J
= aimensionless (unitless)
Example:
PRANDTL NUMBER, N,
C, H
N, =-2%
Tk
where ¢, = fluid heat capacity, J/ Kg-°C. -
w = fluid viscosity, Kg / m-s.
k = fluid thermal conductivity, J / m-s-°C.
¢, 1 J | Kg | sm°C
NPr = k = Kg °C I ms l J

= dimensionless (unitless)
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In NNu

Dimensionless (unitless) groups can be
correlated to give a generalized correlation.
NNu =a Ngc N’!;r
Assume Nj = constant
N,,=bNg. , where b=aNj,
Linearizing yields
InNy, =Inb + m In N,
A graph of the In(N, ) versus In(N_ ) on arithmetic or
rectangular graph paper or on logarithmic graph paper
using N and N, _directly gives a straight line with slope
m.
InNyg, [eeceemanaaaaaaans slope =m
S A Y -~ < :

Z
7

In Np,. In Ne,



| InNy, —InNy, Ny,
slope=m= NN, ~IN,, =

intercept =b

lnb= lnNNu —‘mlnNRel =z oOr

Inb=In NNuz -mln NRe?_ =z
b=e" =aNjp,
C.  Homework Problems
1.  In a certain process, a process waste stream

containing recoverable product exists and must
be treated prior to disposal. The following data

are collected.

Rotameter Reading, R Collection Time, min Volume Collected, cm?
1 1 300.4
3 1 489.2
5 0.6 406.8
7 0.6 520.1
9 0.4 422.2
10 0.4 460.0

Prepare a calibration graph in the form

Q(miJ =mR+b

min

st m= cm = 206
Answ-rs: m=944 in - reading b —
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In a certain chemical process an air pollutant can
be transformed into a valuable product by a
reaction at a high temperature. The specific rate at
which the reaction proceeds is given by the
equation

k=ke /T
where k= sec-1
ko= se:c:'1

E =cal / mol
R = gas constant, 1.987 cal / mol
T = Temperature , K

The following experimental data are obtained

k, sec’! T, °K
0.1 400
2.91x 10 600
1.57 x 10 800
6.848 x 10° 1000

Calculate the value of £, and E

Answer: E = 30,000 cal / mol
k =2.4694 x 10" sec’

Calculate the Reynolds number in a pipe that
transfers waste water from one process unit to
another which produces a valuable co-product
from potential pollutants, if

D =2.067 inches
v=4.57m/sec
p=2800Kg/m’
pn=4.46x 107 Kg/ m-sec

NRc='%

i
Answer: Ng, = 43,037



Calculate the Prandlt Number of a stream at the
front end of a process which feeds a reactor
designed to improve yield and thus reduce
potential pollutants.

¢, =0.50 BTU/ Ib,°F
w=12.231b, / frhr

k=0.083 BTU / (hr-ft*-°F/ft)
Answer: 73.7

Air containing a toxic pollutant must be cooled
in a heat exchanger prior to feeding the gas
mixture to a gas absorption column to recover
the air pollutant. The air can then safely be
discharged into the atmosphere. It is known that
the heat transfer coefficient is 62.2 watts / m*°K
and the tube diameter of the heat exchanger is
25.4 mm. The thermal conductivity of the gas
mixture is 0.03894 watts / m-°K.

Calculate the Nusselt number

hD
N, =——
Nu k

Answer: 40.6

A wastewater stream has been treated for
recovery of co-products. The hot stream,
however, must be cooled prior to discharge to
prevent any thermal pollution problems. A heat
exchanger is used for this purpose. Data collected
on the - heat exchanger which has
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turbulent flow conditions (Ng.> 10000) indicate
that the Dittus-Boelter equation can be used :

NNu =a Nll)lc N;r

Where Ny, = Nusselt Number
Ng. = Reynolds Number
Np, = Prandt] Number
and aq, b, and ¢ = constants

Measurements are taken on a system and it is found that
N, is constant and equal to 2.72 and ¢ = 0.333

The following data are obtained:
NNu NRe

50.58 10000
88.59 20000
154.25 40000
213.36 60000
268.57 80000
321.06 100000

Find the values ofaand b

Answer: a=0.023
b=0.800



V. Collection and Analysis of Experimental Data

The fundamentd badsfor any good investigation and reporting the
resultsis data collection and record keeping (6). A good laboratory notebook
saves asthe bags for agood report. Often times, a consderable amount of
time dgpses between the data collection phaese of astudy and the eventud
presentation of reults. It isvery important, therefore, thet data be collected
accurady, bewd| defined, and recorded in a permanent, bound laboratory

notebook (6). The laboratory notebook must contain the fallowing:
 Date

* Title of experiment

* Data
and a the condusion of the day's effort, each page should be signed,
witnessad and dated because, often times, the laboratory notebook serves as
thelegd evidencein patent litigation. In today's Soaety, with pollution an
ever presant consciousness in people minds, good notebooks are very
important. The very important factors for pallution prevention efforts must
be wdl documented.

Some very ussful factorsin deta collection ares

A. Data Collection and Recording

1. Wherepossible plot all results as the experiment
progresses. A picture can define the conditions of

futureruns.
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Example:

PRESSURE DROP IN PACKING
Pressure flooding point
drop, AP
inches
of H,0

<—— loading point

Air Flow, SCFM

Data can be collected evenly, however the
important loading point and flooding point must not be
lost because the air flow settings were not properly
chosen.

An important requirement is that the notebook,
"should be so clear and complete that any
intelligent person familiar with the field to which it
relates but unfamiliar with the specific investigation
could, from the notebook alone, write a
satisfactory report on the experimental work™ (6).

Always indicate units of quantities that are
measured.



4.

Always record chart reading or the readings
that you actually measure.

Example:
MANOMETER
L R AP
+5 1n. -4.8 1n. 9.8 in.
—t— 5 1n.
0in. 0 in.

-——4.8 in.

\_/

record left and right readings, not only the derived
quantity AP = 9.8 in.

Charts from recorders should be put into
laboratory notebook. Label chart with

a) Title

b) Date

c) Exact significance of experiment

Example:
UNSTEAD Y STATE HEAT TRANSFER
September 26, 1977 --

Heating and cooling curve for plastic cylinder™
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Sketches of experimental apparatus should be part
of notebook. All important dimensions should be
recorded.

If procedure and apparatus are detailed in a
publication it is not necessary to recopy. Simply
refer to publication. However, define all differences.

Never record a calculation, dimension or note
on a loose sheet of paper.

Notebooks become legal evidence in patent
cases. Therefore, always date, sign and witness.

Example:

Experiment 1. SEpt. 27,1994
FL UID FLOW THROUGH
PIPESAND FITTINGS

Signed 9/27/94
9/27/94
9/27/94
Witness 9/27/94

Notebooks should be neat. All data entries
recorded in logical manner. Do not crowd. In
general ink is used because penciled data can



be erased. Do not erase. Simply draw a single
line throuah bad data.

11. Use proper symbols for units

Use Not

inch
ft !

pound or lby, #
percent % in tables
dx/dy '

d*x/dy? "

B. Tables in a Report or Laboratory Notebook
Each table should be numbered, have atitle and show all units.

Example:
Table 1.
PRESSURE DROP IN PACKED TOWER

Column diameter, 6 inches
Packed height, 5ft

Tower packing, 1/2 inch Berl Saddles
Flow Rate of Flow Rate of Pressure Drop, Column Holdup,
Water, Alr, Inches of Lbs of water per
lbs / ft*-hr lbs / ft*hr water per foot of  foot of packing
packing -
1000 100 5 0.5
1000 300 10 1.0
1000 700 15 1.5
2000 100 15 2.0
2000 300 20 2.5
2000 700 25 3.0
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Pressure
Drop,

inches of H,O
Foot of Packing

Graphs in a Report or Laboratory Notebook

All graphs should have a Figure number, have clearly labeled
coordinates and all parameters labeled.
Label symbols should be used for different parameters.

° [ | A v ¢ L 4

Example:
Figure 1

- PRESSURE DROP IN PACKED COLUMN

Column Diameter, 6 inches

Packed Height, 5 feet
Water rate 1000 —lb— Ib
o WaterA rate o —r—
° A Ib
° A = Water rate o -
.
PY A
® A u
® A u
L A
o |
A
o A -
® A
u

1/2 inch Berl Saddles 1/2 inch Spheres

Air Flow, 'ﬁ%

D. Use of Calculators and Computers

44

1. TR-20 analog computer (obsolete)
2. TR-48 analog computer (obsolete)
3. Pocket Calculators

4.Digital Computers,main frames)

5. Personal Computers (most current)



E. DataAnalysis

1. Know what to correlate

Example:

In Chemical Engineering we use dimensionless
numbers. Thus:

Log-Log graph paper
NNu ’
hD

N Re» l_)vﬁP-
is better than
, Log-Log graph paper
BTU
hr.ﬁ2.oF
v, &
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.. b . l_
In addition, repm is better than he

inches of H,O . .
" feetofpacking better than AP, inches of H,O

Always atempt to recd culate the messurements into
meaningful quantities

Error Analysis of Experimental Data (4, 6, 7, 8, 9, 10,
11)

All messurements are subject to erors. Hence, it isvery
important that following the messuremernt of dataand the
deve opment of derived guantities from the data for
presentetion in areport, acareful datidica andyss be mede of
the measured results

Some important points to congder in measuring dataares

1. Even if you are careful, inaccuracies can occur

Thereae
1. Migtakes
2. Errors

A migake isthe recording of awrong reading (236
recorded as 263 |1bs.)

Anerror isaof two forms
1. conddent
2. random

A consistent error is a defect in the measuring
device or the improper use of an instrument, for
example, the use of a burette calibrated for 20°C

but used at 30°C



A wrong scale is an incorrect reading of a wet test meter.
One can usually remedy consistent error by correction or a
calibration.

Random errors are caused by fluctuations and sensitivity of
the instrument or the poor judgment of the experimenter.
An example would be a fluctuating rotameter.

2. Associated with random error is the most
probable value

The more readings you take the more likely the average
will be the most probable value. The analysis begins with
the normal distribution curve or, asit is commonly called,
the bell-shaped curve.

Normal distribution curve

Frequency
of Readings

u Value of Variable
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Definitions

1= true mean of a distribution (infinite number of
determinations or very large number of

determinations)
estimated mean for a finite sample size.

X

o’= true variance of a distribution (infinite number of
determinations or a very large number of
determinations)

s’=  variance as estimated from the spread of

observations of a finite sample.
Mean, X and p

Let each reading = x

Xy 3%y X3y Xy

N
' Zx, =X+ X, F XXy

=]’

N= i = number of readings

N
X _
X = -“T X is the estimate of p for a small,
finite number of measurements.
N
2X;
u= "—}v-— when N — oo or is a very large number of

measurements.

True Variance, o?

N 2

(x - 1)

2 j=1
o=
N

when the true population mean, g, is known



Standard deviation = \/c_r? =0

For an infinite number of determinations or a very large
number of determinations, we can calculate o, when p is

known.

Estimate of the Sample Variance, s*

2 (x-3)°

N-=1

2
5=

s=+s* = estimate or sample standard deviation

A 2 izx..:z
=
N-1
N, 7
Yx - MY
51'= 1]
N-1

N -1= degrees of freedom

s = standard deviation for a small, finite sample size
Example:

Five readings are taken for the weight of a given
sample of wastewater to be analyzed for a stream
pollutant and eventual pollution prevention studies
to eliminate the stream pollutant.

Reading Value of X, grams
1 102.36
2 102.31
3 102.40
4 102.51
5 102.29
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Solution:

N=5
N-1=4
N
in
f = i=l
N
X; _x’.2
102.36 10477.57
102.31 10467.34
102.40 10485.76
102.51 . 10508.30
102.29 10463.24
> x, =51187 > x? =5240221
N 5
2 X, X;
Sl i
i= 51;-87 = 102374 grams
N 5
> x? - Nx*
SZ - i=1
N-1

_ 5240221-5(102374)"
s° =
4

= 52402.21-52402.179
4

s% =0.0077

s=0.0880



6. Confidence Interval

The confidence level, (1- &) is defined as the
probability that a random variable (¥ ) (measured mean
for a finite or small sample size) lies between a certain
confidence interval.

This confidence interval will contain the true
population mean, p, for an infinite or large sample size.
Hence, on the normal distribution curve, the estimated
mean for a small, finite sample size is X . The lower
confidence interval is

X—=C

2
2

and the upper confidence interval is

X+C

a
2

Frequency
of

Measurement




and

where o. = level of significance

t = distribution used for small, finite sample
size. Tables are available giving
values of t for various values of o
(level of significance) and N-1
(degrees of freedom) and is known as
Student’s t (9).

s = standard deviation for a small, finite
sample size

N = sample size

Therefore,
t a S
T+c, =X+—4
g JN
and
t oS
X-c, =X——F
=TIV
Example:

x = 102.374 grams

s=00880

N=35

N - 1 = 4 = degrees of freedom

The confidence intervals are



and X+

A 95% confidence interval means that o. = 0.05. This
value of a. is chosen by the experimenter and is an
indication of the confidence level one desires. It can be
95%, 99% or greater. Obviously, the greater the value
of o, the greater your confidence, but also the greater
the value of X*c, and hence, the range.

w

Hence, in this example, suppose we pick a = 0.05
and we thus wish to define a range on the mean X such
that the true mean value, | (for a large number of
measurements which are often not practical), will be
contained somewhere within the range.

Thus, for a. = 0.05,

! ons =looys = 2.776 from Student’s table of t values (9).

1005
2

Therefore,
102374 - MO_S_S_O) =102265
.5
102.374 + @6—)(29-?8—0) =102483
V5

Therefore, for a. = 0.05,1-o =1-0.05=0.95. We
have a 95 percent confidence that the true population
mean, W, which is estimated by * will be in the interval
X-c, and ¥ +c,,

"~
(N3]

To estimate the value of c_, Student'’s, t, statistic is
3

used, “Student” was the pen name of W. S. Gosset who
developed the t test in 1908. Thus,

~.
s

-~
[~}

e o
l-"z- -3

and X-c¢,=X-

X+c, =X+

=
2]



Hence, 102265<x<102.483

and, we are 95 percent confident that the true population
mean, W, lies berween 102.265 and 102.483 and
X =102.374 is an estimate of the true mean.

Regression Analysis

Regression analysis is used to determine the
constants in a relationship between variables. It can be
simple regression analysis of y versus x, multivariable
regression analysis of y versus X Xy Xpy + .. X_OF
curvilinear regression analysis using any mathematical
equation which is desired to curve fit the measured data.
We will consider only, the simplest case or the method of
least squares (10). In this simple case, y is only a
function of x and the relationship is linear.

a), Method of Least Squares




Inthiscase,

y=mx + bislinear

and there exists a best line such that the sum of the
deviations of the measured values (y;) from the
calculated values (y,,.) is minimized. Hence,

point ® = y; for each x;, the measured values
point =y, for each x;, the best value of y;
for each x;

Therefore, y..=mx;+b,and

the deviation =y, - Yeaic-

Define the error, E, as

N
E= ’Z_l:[yi —ycaIL']2

. 2
E= g[}’i = (mx; '*'b)]
Determine: the slope, m, and the intercept, b, that
minimizes E, the sum of the squares of the
deviations. Squares are used to change negative
deviations to positive numbers.

Therefore, it is desired that

OE

3y, 0

oE
and '5'x——0

Fory =mx + b, alinear equation, taking the
patid derivatives and solving for thetwo
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unknowns, m and b, the slope and intercept,
respectively, can be determined

Working equations have been developed
and are presented (10) to facilitate the estimation
ofmandb.

Hence, we can calculate various defined
quantities, S, which represent mean values of x,, y,,

. 2 2 .
or their squares X, y, or their cross product xy..

Hence,
Calculate:
1 N
S, =—) x
N i=}
1 &
S =—
SN < Yi
N
Su==
N =}
5,-15y
»w N < yi
1 N
S =— ) x
xy N pr xlyl
Thus,
S, =5, S,
m=— 3
S, —(S,)
S.S,-S,8,
R
Sxx —(SX)

If the line passes through the origin, (if x=0, y=0),
then

y=mx
and m= Sy
S



b) Themethod may be extended to curve fit
various equations by computer

1. y=a+bx+cx?
parabolic fit

2. y=a+bx+cx’ +dx’...
power law series

c) Thereexist many software programsthat
curvefit

Calculate the Correlation Coefficient

The corrdation coeffident, r, isdefined asa
quantitative meesure of the relaionship between
vaiadles Inthe smple case of alinear andyss

y=mx+b
it is often desired to know how the measured vaues of y rdate
to the independent variable, x. The quedtion often arisesin
invegigetors minds
“For the corrdation betweeny and x by

dther leest Jquare andysis or curvefitting.

How good isthefit?
Thus if y ismeasured for agiven vdue of x and the dataform a
perfect drde (no corrdaion a al), r = 0.

S7
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X
On the other hand, for the linear relationship, if y

versus X gives a perfect straight line, r = 1.0.

Hence, the correlation coefficient, r, isa
quantitative measure of the data fit for the linear
relationship.

This correlation coefficient, r, will have a value of

0<r<10



When r =0, a perfect circle results and there is no
correlation

When r=1 a perfect fit results and there is a good
correlation.

Fory=mx+b,
e NEy - (ExfEy)
INEY -y ) N -(Ex)
DXV 2% DY

. N___N_N ’
\/Z;f _(zNy,-J \/ZNxf —[ZNJ
S.w_S:S,v |

- )

Example

A rotameter has beeninstalled in a chemical processwhich
Is part of a system to reduce the quantity of a potential pollutant
in the front end of the process before the pollutant is formed.
This process improvement is an essential part of the company's
pollution prevention program.

The measured data are:

Flow Rate, Q Rotameter Reading, R
Liters per Minute Percent
15.0 10
35.0 20
60.0 : 35
100.0 55
140.0 80
170.0 95
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Determine the calibration equation and the correlation
coefficient for this system.

Solution:

Assume Q=mR+b

S N
x_ﬁgxi
s =L1%
.V_ngl
S, =132
P ]
NS
51t
¥ NG
l N
SX)':X;-inyi
and m=S"'-S‘S§
Sxx_(SX)
b= x.xSy-Sx:vzsx
er_(Sx)
Sxy —S,Sy




0=y R=x y,.z x,-2 Xy,
15.0 10 225 100 150
35.0 20 1225 400 700
60.0 35 3600 - 1225 2100
100.0 55 10000 3025 5500
140.0 80 19600 6400 11200
170.0 95 28900 9025 16150
Sy=520 Ex =295 Ty°=63550 x =20175 Xxy, =35800

N=6
520
S, = =~ = 86666667
295
S, = = 49.1666667
63550
§,y =—¢— = 10591667
2017
S, = 20075 33625
6
S, = Lzoo = 5966.6667
_S,-8.5,
Sxx - (Sx )2
_ 5966.6667 - (86.666667)(49.1666667)
B 3362.5-(49.1666667)°
17055555
ms=
94513896
m=180455
m=1805
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S, 5,-S,,S,
s.-(s)

xx

(3362.5)(86.666667) - (5966.6667)(49.1666667)
b= 94513896

_ 29141667-29336111
- 94513896

_ —1944.4486
T 94513896

b=-2.057

O=1.805R - 2.057

Check:
when R = 80
Q=140

0 =1.805(80)-2.057
0=1423

_1423-140 3 o
Error———140 x100=1.64%

S,, - S.S,

) 4s, -(5)

5966.6667 —(49.1666667)(86.666667)

\/33625-(49.1666667)* y10591.667 — (86.666667)*

o 17055555
~ (30.743112)(55502755)

r =0.9995




Flow Rate, Q, Liters/Minute

180 o

160 &

140 4L

120 4

1004

804

60 -

40 &

20 4

Figure 1

. ration of aR

Q = 1.805R - 2.057

r=0.9995

Rotameter Reading, R, Percent
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VI. Written and Oral Communication

The net result of any experimentation and measurements is to convey
the facts from the investigator's mind to that of interested readers (6). Hence,
good communication abilities, both written and oral, are paramount and are
probably the most important part of the investigations. Most of the time the
ability to communicate effectively both in written form and ora form will
determine the level of promotion of an individual. Good writing and good
speaking abilities are very important and are a life-time endeavor. We never
reach perfection as long as we live-but we must always try to reach
perfection as long as we live.

We will consider reports

o Written

e Ord

A.  Written Reports

1.  Generally speaking, we will consider only threetypes
of written reports. These are:

* Research

e Memo

o | etter

A research report is avery detailed, lengthy report on
an investigation. A memo report is less detailed than a
research report but has sufficient detail for the reader. A
letter report usually is an executive summary of the study
and gives the reader the key significant facts, results,
conclusions and recommendations. Often,

"...thered ability of atechnical man remains
unrecognized because the results of hiswork are
poorly presented." Fred Hoffman Rhodes,
"Technical Report Writing" 1941 (6).



b)

The purpose of a written report is to convey a
set of facts from the mind of the writer to that
of the reader. The report must be written with

o Clarity
* Precision
» and Compl eteness

The literary prose used in ordinary, non-
technical writing is

« Effective without being precise,

* Suggests rather than defines, and

 Implies rather than states.

Technical prose, on the other hand, must

focus on
* Essentials

* Being clear and definite

For technical prose,

(1) The writer must understand the
material that he/she is trying to
present

(2) The material must be complete and
organized

(3) The results must be presented in
logical order, for example,

(a)experimental method
(b)experimental results

(c) conclusions
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The report must be written in good language
(English in the U.S.) and must have good sentence
structure. Good formatting with proper
paragraphing is essential. The report must be
complete yet it must be concise because a concise
report is easier to follow.

d)  The requirements of a good report are:

* Clearness

» Completeness

* Proper organization of material

The stepsin report writing are:

 Collect data

» Assemble data
* Anayze data

* Qutline the report

» the organization and order in
which various topics are to be
discussed with

 Divisons
» Subdivisons

It is very important to first prepare a detailed outline
of what is to be discussed prior to any writing.



3.  After the report is written,

Ask yourself,

* |sthediscussion clear?
* |sthe discussion complete?

* Isthe materid logically arranged?

» Have all unnecessary words and statements been
eliminated?

* Arethere any errorsin grammar, punctuation, or
spdling?
4.  All tables and graphs should be near the point of
discussion not all in the back of the report.

5. Correct styles, conventions and correct usage
of words is essential.

Technical reports are usually written in impersonal ~ style.
For example,

Do not write:
| opened the valve.

We measured the distillate flow.
Instead, write:

The valve was opened.

The distillate flow was measured.
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Sentences should be properly structured.

A good sentence length averages about 17 words
because short sentences are too choppy and long
sentences are too hard to follow.

Example:

A vertical kettle was used. It was cylindrical and made
of steel. The kettle was three feet in diameter. It was six
feet high. Both the top and the bottom wer e dished. It
was provided with a steam jacket.

This paragraph can be better stated in one
sentence:

The kettle was a vertical, steam jacketed, steel cylinder,
three feet in diameter and six feet high, with dished
heads.

b) The selection of words is very important.

For example, the word obtained Is used as:

» Temperatures are obtained
» Samples are obtained

Theword obtained is used indtead of the
words

collected, drawn, taken, removed, read,
computed, calculated, esimated, derived, or
messured.

Theword undoubtedly means. certanly.
Therefore, do not use probably whenyou

mean undoubtedly.



Colloquial expressions are never used.

For example, to write, “the agreement is not too good” 1s
a colloquial usage.

It is better to write, “The agreement is rather poor”.

The use of symbols instead of words is to be avoided.

Hence, do not say that the av . vary as the 0.51 of the

das
AP’s,

but rather say, the rate of flow varies as the 0.51 power
of the difference in pressure.

Organization of a Report (Formal)

As stated, report forms discussed are:

» Formal (research)

* Memo

o Letter
The formal or research report is the most detailed. The

structure of aresearch report is as follows:

Title: Thetitle must be brief, but clear. For example,

"BATCH FILTRATION OF DIATOMACEOUS
EARTH IN A PLATE AND FRAME FILTER"

and
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"DISTILLATION OF METHANOL-WATER IN
A SIEVE TRAY COLUMN."

Do not use titles such as:

FILTRATION or
DISTILLATION

Table Of Contents

Abstract

The abstract should state:

» what you did
» what the results are
» what the conclusions are

» what the recommendations are

The abstract must, in very short paragraph form, give
the reader a complete overview of the study. To learn how
to write good abstracts, study abstracts written in good
technical journals.

Introduction
The writer should include somewhere in the report, the

* Purpose of work

Why isfiltration of durriesin a
plate and frame press important?

* Previous work in literature

* Theory - if agnificant



Thewriter mus ssparate and discuss
only the theory pertinent to the

study.

Appar atus
A dear and complete sketch of the gpparatus must be
presented. The narrdive accompanying the sketch mus be
complete.

Example
Inthestudy of heat transfer, for a heat exchanger,
describe the number and order of passes, number of
tubesin each pass, and the D, OD or BWG of each tube,
thelength of tubes, the material, the shell diameter, and
the number and type of baffles, etc.

Inthefirg paragrgph of the narrative, which
accompanies the sketch, give the ovarview of the

equipment.
In succeading paragraphs give more ddtals.

Procedure

Inthe firg paragraph of the procedure section, give
anovaview.

In the ucceeding paragraphs give many more
spedific ddtalls.

Presant aflow sheat of the system and dways
assume thet the reader has intdligence and will undergand.
For example, dont say:

"The seam was turned on by opening the

vaveinthedeam line”.
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10.

The reeder knowsthet Seam isturned on by
opening ageam vave

From the written report, the reader must be able to operate
the sysem to reproduce the data that were meesured, if necessary.

Experimental data

Experimentd datais presented in tables, graphs, charts,
etc. Tablesand graphs must be complete and detalled.

Discussion

Inwriting adiscusson, refer to the detalled outline of
the Sudy thet was prepared. This procedure will insure that the
report iswrittenin logicd order and is complete.

Frg, introduce with what was done, then discuss results
inlogicd order from the outline, with the proper condusons a
each point of discusson.

Errors should o be presented in the discussion.

Conclusions
Condusions are presented in terse form. For
example
The condusons of thissudy arer 1.
2.
3.
Thereisno discusson in this section of the

report.

Recommendations

Recommendations are presant d in terse form aso.
For example,



The recommerdations of thissudy are:
1
2.
3.
ThereisNO discussion in this section of the report.
This section giveswhat you, asthe investigator, fed is
necessary for further gudies

11. Bibliography
The bibliography or reference section should be
Clear.
It iswiseto check textbooks, journd artides, ec.
for proper form. For example,

Journal Articles
Rondd, M.C., "Investigation of the Teaching of Englishin
Technicd Schoals' J. Eng. Educ. 4a, L17 (1941)

Patents
Calin, G. B. and C. U. Laytor, US Patent 1, 475, 236

12. The Nomenclature used must be clearly defined.

13. The Appendix contains all important but not
necessarily high priority data. For example,

» Sample cdeulations

» Unimportant cdibration graphs

» Data charts from recorders
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Equations in a report must be properly written. For
example,
“the empirical equation for the orifice is:

dw _ 0.5

9 4280 Ap™~,
aw _

where 7q” = rate of flow of water, gal per

minute
and Ap = drop in pressure across the
orifice, pounds per square inch”

The definition of the termsiin the equations can be
presented with the equition in the main body of the report (as
above), or one can place the definition of termsin the
nomendature section.

All unitsintechnicd reports, epeddly technicd
publications, arein S units. Certain corporationsinthe U.S.
may prefer the English systlem of units

Oral Reports

The ability of an investigator to spesk before alarge or amdl

audienceis paramourt. It is an invauable asset which the
investigator must develop. This deveopment, like writing, isalife
long process of trying to achieve perfection. Each presentation
mede should be better than the preceding one.

Inmaking ord presentations,

* evaryone mug griveto be an effective spesker and
» wemud dl remember that everyoneis nervous a fird.

Poor presentations are usually the result of
* Lack of practice and
o Lack of kil in gpesking



2.

We do not read a paper before an audience and we must
avoid "aeah's’ or "un's'.

We do nat speek to the blackboard, and not only to the key
people in the audience, but aways to the entire audience.

Our spesking gyle should be conversationa and nat
monotonous and, hence, boring.

A good presentation can be assured if we:

Prepare good audio-visud mateid whichis

not duttered

. Practice the presentation

*  Overcomethe nevousness of thefirdg few
minutes of the presntation

»  Speek to the audience, the entire audience and not
only to key people

o Havethemaeid wdl organized such thet it is

logical and essy to follow

In your presentation, fell the listeners:

» What you will tdl them
* Thentdl them

* Then tdl them what you have told them

In other words, dways
1. Introduce the main pointsthat you will be
discussng, then
2. Explan each paint in detall, and findlly,
3. Review and summarize the points thet you have

discussed.
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|. Laboratory Sarety and Good Laboratory Practice

The following rules and regulations for chemica engineering
laboratories are spelled out not as a deterrent for the student, but as a guide for
the purpose of reducing accidents, preventing misunderstandings, having the
student use time most efficiently, and allowing the laboratory to function in
the most economical and efficient manner possible.

Safety in the chemical world isaway of life. It is a philosophy and it is
an attitude. It is an inherent desire in each of us to protect ourselves, our
colleagues and coworkers. It is a habit. Consequently, the proper undergraduate

One simple approach is to always ask yourself the question, "What will
happen if | ----

- gpeed in my automobile

- open thisvalve

- raisethistemperature

- start this pump

- open this electrica switch
- etc."

Then, answer your question and proceed.

Safety also isaset of rules. For our |aboratory these are:

1. Clothing- Shorts or skirts should not be worn to the lab. If either isto be
worn in the lab, an approved laboratory coat is to be used. In addition,
sandals are not an acceptable type of footwear. Tee-shirt type garments, not
of the undershirt variety, are acceptable, but are not recommended. Hard
hats are required in al high head areas. Confine long hair or neckties, so
that they cannot get caught in moving machinery.

2. EyeProtection: Glasses are arequired item to be worn in all areas of the

laboratories. The departmental policy on eye protection is:
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STUDENTS ARE REQUIRED TO WEAR EYE PROTECTION
THROUGHOUT THE LABORATORY PERIOD WHILE IN THE

3. Hard Hats: Students are required to wear hard hats in designated
areas.

4. Housekeeping: All designated experimentation areas should be left in
a clean orderly state at the conclusion of the experiment. Under this
category the following items should be checked:

a) All excess water is removed from the floor;

b) all paper-type materials (towels, notebook paper, etc.) should
be picked up and deposited in trash cans;

c) all working surfaces (tables, chairs, etc.) should be cleaned if
required,;

d) all miscellaneous items should be returned to their proper
initial locations (kits to stockroom, tools to the tool shop,
chemicals and glassware to proper stockroom);

e) all hoses should be coiled and placed in designated locations
(unless told to the contrary);

f) all glassware should be washed prior to returning to the
stockroom;

g) all scales should have weigﬁts removed and scale arm locked;
h) all manholes (sewers) should have lid closed;
i) all drums or containers used should be checked;

j) all valves and electrical units should be checked to ensure they
are in the closed position (utilities off).

A grading penalty will be associated with the failure to abide by the
previoudy stated items.

5. Horseplay: Incidents of horseplay can lead to friction and accidents,
and are not tolerated. A minimum penalty of one letter grade and a
maximum penalty of afailure grade on that particular experiment
may be incurred. Repeated incidents can lead to afailure grade in the
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6. Equipment Difficulties The student is encouraged to correct any minor
equipment difficulties by taking the gopropriate action. However, any
mgor equipment difficulties should be reported to the shop atendart,
ingructor, or |aboratory assstant, and the sudent should not attempt any
further corrective action.

7. Tods Todsshould not be taken out of any sock or maintenance rooms
without checking them out with the designated resporsible person. Any
tools checked out should be returned immediately at the completion of
their required task, but in any case, no later than the condusion of the
particular day's laboratory period.

8. Hedricd: In many indances dectrica extendon cords are required for
the operation of auxiliary equipment. Soedid precautions should be taken
when using these cords. When an dectricd extension cord is checked out,
be sure to examine its condition. If you find frayed or broken wires
insulation broken, prongs bent, no ground, etc., do not use but return to
the gockroom, painting out the faults to the attendant. When usng
extengon cords be sure they do not lie on the floor, in particular, when the
floor iswet, but are safdy supported in such afashion that they arenot a
bodily hazard. In addition, when meking dectricad connections be surethe
aeayou aedandinginisdry.

9. Acddents Even with the grestest sefety precautions accidents do happen.
Be sure you are familiar with the locations of ssfety showers and medica
firg ad kits If an acddent heppens, be sureto immediady inform an
indructor. In the case of a serious accident, do not attempt firgt ad if you
are not familiar with the proper technique but do attempt to meke the
person comfortable until ad arives. The campus emergency number is
Ext. 3111. Emergency phones (red tdephones) are located in the corridors
of Tiemen Hdl.

10.Unauthorized Areas. Do not touch unauthorized eguipment or
expaiments.

11.Food or Drink: Food and drink are forbidden in laboratories

12.9moking._Smoking is not permitted in laboratories Smoke only in
authorized aress, outdoors.




13.Ventilation: Be sure that hoods are functioning and areas you work in
are properly vertilated.

14. Attendance: Mandatory attendance isthe rule of the lab periods however, a
limited number of absencesis permitted with the goprova of the
ingructor. Appropriate make-up requirements for these lab periods will be
daed by theindructors It is possble for an individud in agroup to
recalve afaling grade for an experiment for aosences, while the remainder
of the group receives a passing grade. No experiments can be made
outside of normd laboratory hours without presence of an indructor or
assdant.

Expeiments and attivitiesin achemicd enginearing or chemidry laboratory
regulaly involve the use of chemicas Good laboratory practice requires thet the
amounts of the materids usad should be as smd| as possble Usng too muchis
wadeful and codly and isnat atrait of athoughtful professond. All chemicds
used should be handled and digposed of in an environmentally sound menner.
Prevention of pallution garts with gopropriate choices and carefully consdered
actionsin the laboretory.

Where possible, groups of three will be formed with the Sudents choosing
their own group members However, when necessary, the indructor may form
the group. In order to dearly ddineste responghility for eech experiment, the
group will desgnate one person from the group as agroup leeder. This postion
isarotating responghility, with one person holding thetitle for each assgned
experiment. Every member of the group shdl hold this pogtion, if possble,
during the semester and the number of times each group member is assgned this
task isafunction of the number of experiments assgned during the semedter and
the number of individuasin the group.

The group leader’s regpongihility isto assgn the tasks associated with a
paticular experiment to the group members. Thisindudes such items as data
taking, equipment operaions, caculaions, drawings, responghility for report
sections, etc. The stting of deadlines, overdl coordination of report assemblage,
etc., should be the respongihility of the group leader done.



A list of the persons designated as group leader for each experiment is
to be turned in to the lab instructor no later then the beginning of the second
class period. In addition, no group will be allowed to operate any equipment
until its members have been quizzed by the instructors and demonstrated

familiarity with the experimental theory and procedure.
As amotto in the laboratory one can say,

"WHEN IN DOUBT, ASK."
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|I. The Laboratory Notebook

Data Taking and Recording: Each group is required to purchase a standard,

research quality, laboratory notebook. Details can be developed in class as
notebook formats change. The following procedure must be followed for each

1. Title of Experiment and date must appear at the top of the page.

2. Data must be recorded neatly, stating all units and dimensions and
listing al conversion factors.

3. Data must be recorded in duplicate.

4. At the end of each period, experimenters must sign the bottom of
each page. The instructor must also sign as a witness.

5. The carbon copy of the data must be given to the instructor.

The kernel of the lab report is the data obtained from the experiment. No
data should be taken on loose note paper. At the end of the semester the data
book will be given to the Instructor and will be used in calculating the student's
grade. The notebook and laboratory reports will be retained by the Instructor.
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lIl. Flow M easurementsand Energy L oss

Thetrangportation of fluids, (gas or liquid), from one point to ancther is
uselly accomplished through the use of conduits (pipes) which are congtructed
in various shapes of different type materids These trangportation grids are made
up of sections of conduits with fittings, such as vaves, connectors, and
measuring devices through which the fluid is moved. The fluid movement
reguires energy input from pumps, fans, blowers or compressorsto overcome
pressure drop (energy losses) throughout the sysem. The measurement of
pressure drop and fluid velocity isimportant because they are rdated and impact
on the 5zing of the movement equipment. The overszing (of equipment to any
great degree) requires additiond cogts aswel asineffidency which increese
energy use Thisimpects throughout the system and increases pollution effects. It
Isin this sense of correct enginearing design and gpeaification that concepts of
pallution prevention are incorporated in enginesring. On the other hand,
undersgizing the equipment may reduce environmenta impect but it dso ensures
the process or system unit does not operate as required. It is therefore important
to undergtand the rdationship between fluid flow and energy reguirements
(pressure drop) in asystem under sudy or design. The sysem may be onein
which asnglefluid is being trangported (as water isfrom thereservoir toa
pumping sation to your kitchen tgp) from point A to point B in adrcular pipeor
for dngle phase (air) or two phase (water - air) in a packed tower.

Packed towers are widdly used in the removd of gaseous subsancesina
gas sream by contacting with aliquid subgtance. It is commonly used in ar
pollution contral systemsin the chemica indudtry. A packed tower in the
amples ssnseisacylindrica tubefilled with inert meterid forming aprocess
bed.

Various devices are used to measure pressure drop and fluid flow.
For pressure drop (AP) a simple device is a U-tube manometer. This device
is a long cylindrical tube which is formed into the shape of a U and contains
a fluid. When conrected into a system, such as a pipe, it allows the
measurement of pressure difference (AP) between two points and gives an
indication of energy loss.



In the case of measurement of the fluid velocity or the quantity of
flow in apipe, arotameter is used. Rotameters may be scaled for direct
reading of the quantity of flow in percent of tota flow. These are visual
devices. A rotameter used in conjunction with a manometer allows for
determining the relationship between flow and energy requirements.



V. Experiments

A. Experiment 1 : Calibration of a Rotameter

Introduction

The messurement of fluid flow isimportant in numerous gpplications
ranging from the measurement of blood flow rate in ahuman artery to the
measurement of the flow of liquid oxygen in agpace rocket. Many reseerch
projects and indudtrid processes depend on the measurement of fluid flow to
furnish datafor andyss

In today's world, one of the mogt important aspects of processesisthat the
operaion must be conducted without harming the ecology of the earth. Hence,
we mug be able to manufacture dl necesstieslike antibiatics, but, inthe

process, we cannot harm the earth's naturd systems atmaosphere, oil or weter.

Whether we ded with pollution abatement to reduce the discharge of
wagte into the earth's sysems or pollution prevention to reduce the production of
the wagte at the front end of the process, we must measure. We must meesure
compasitions but we must dso measure flow.

Examples of everyday metering messurements are the gasdline pumpsin
adation, and the gas and water metersin resdences. All of these measure
quantities of fluids At times oneisinterested in usage over aperiod of time,
whichisflow rete, rather than only the total quantity. Some commonly usd
termsfor expressing flow rate are

1 gallon per minute (GPM)
=231 cubic inches per minute (in3/min)
= 63.09 cubic centimeters per second (cm3/s)

1 liter
=(0.26417 gallons = 1000 cubic centimeters



1 cubic foot per minute (cfm or ft3/min)
= 0.028317 cubic meters per minute
= 471.95 cubic centimeters per minute

1 standard cubic foot per minute of air (at 20°C and 1atm)
= 0.07513 pound-mass per minute
= 0.54579 gram per second

A rotameter isa common visud measuring device that can be used to
measuretheflow rate of fluid (liquid or ges) if itiscdibrated. FHgure lisan
example of the prindplesinvalved in the operation of arotameter.

Figure 1
Schematic of a Rotameter

Ao f‘\':s

Tapered
A tube

y. g

There are three forces acting on the bob. These
ae,
FD, the drag force which resullts from friction
between the bob and the fluid as it passesby
the bob. Thefluid flowing pest the bob tendsto
drag it dong with itsflow.
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FB, the buoyancy force, results from Archimedes
prindple This principle Sates "abody
submerged whally or partidly inafluid is
buoyed up by aforce equd to the weight of
the fluid digolaced”.

FG, the downward force, isthe force of gravity
causad by the mass of the bob.
Asfluid flows past the bob, the bob will rise until
FG=FD+FB

When the upward forces and downward force are equd,, the bob will remain
dationary. Hence, by cdlibration, the rotameter can be usad as aflow measuring
device

Liguid messuring rotameters generdly have subdivisons on the verticd
meesurement tube in divisons of percent flow from zero to one hundred in mgjor
increments of ten. At timesit may be required to cdibrate arotameter ether to
check its cdibration or to determineits range of flow rates. This can be done by
the direct weighing techniques

Theflow rate of anonvalatile liquid like water may be messured by a
direct-weighing technique. The time necessary to callect aquantity of theliquidina
tank is measured, and an accurate measurement is then mede of the weaght of liquid
collected. The average flow rate isthus cdculated very easlly. Improved accuracy
may be obtained by usng longer or more precise time intervas or more precise
weight meesurements. The direct weighing technique is frequently employed for
cdibration of water and ather liguid flovmeters, and thus may beteken asa
gandard cdibration technique.

Experimentd objective

To obtain datain order to prepare acdibration curve for a specified
flovmeter.
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Procedure

Y our ingructor will specify which rotameter you areto cdibrate. Trace the
flow lines to determine which vaves contral the flow of water to the rotareter, to
the drain and to the collection container. St the vave opening to a predetermined
Setting on the rotameter. Y ou should take 6 - 8 readings (runs) between the 0 and
100 percent markingsin uniform divisons. Then dart collecting water in the fared
contaner for agiven time. When dther the predetermined time or weight is
reached, Sop your test and record the time of the run and the mass of weater
collected. Repert the run two more times and then resst the rotameter reeding and
repest the process.

DaaAndyss
a Prepare aplot of gdlons per minute (GPM) versus
rotameter reading (%) on rectangular coordinates.

b. Determine the congtantsin the linear regression equation
Q=mR+b
where
Q = flow rate, GPM
R = rotameter setting, percent of scade
mand b are the regresson congtants

¢. Compare your best results with the manufacturer's spedification.

d. Cdculate the correlation coefficient for your measured data.

Figure 2
Calibration of Rotameter by Direct Weight Method

T

l'f';" 'Rotameter

:T__— ' @ Bucket i
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B. Experiment 2 : Fluid Flow in Conduits

Introduction

Thisexpeaiment is desgned to Sudy the rdaionship between fluid
veodty and pressure drop in apedified length of drcular pipe The rdaionship
between fluid velocity and pressure drop in conduits has been documented bath
basad on theoreticd principles and empiricd developments. Two flow regimes
have been identified which are referred to as laminar flow, theoreticadly basad,
and turbulent flow, empiricaly based. These regimesrdatewhat iscdled a
friction factor, which is a parameter thet isafunction of pressure drop
the Reynolds number (aveodity function). The andyss of these detagivesthe
energy lossin asysem and, hence, can be used to determine the pump sze. The
cdculaed parameters are dimendonless numbers thet are gpplicable to any fluid
floving in conduits. The interaction between these parametersis presented in

graphica form on loglog paper.

Expaimenta objedtive

The purpose of this experiment isto determine the rdaionship
between the friction factor and the flow Reynolds number for acircular
cross-sectioned pipe, 10 feet long.

Procedure .

There aretwo partsto this experiment. In the cdibration part, the pump
characteridics of acentrifugd pump are determined and the rotameter is
cdibrated by direct weight. In the second part, the pressure drop characterigtics of
graght pipe are messured. Prior to both parts, however, the sysem must be bled
of dl ar and filled completdy with weter. The Huid How sysemisshownin

Hgure 3.
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Manometer Operation

Extreme care should be exercised when measuring pressure drop (Ap)
with the U-shaped manometers in order to prevent “blowing” the

manometer fluid out of the system.
Improper use of a2 manometer can lead to blowing the manometers.

Blowing the manometer will be considered poor laboratory technique and
appropriate grade reductions will be made. To avoid blowing the
manometers, study the system in Figure F-4 carefully. Manometer A is
filled with mercury (S.G. - 13.65) and manometer B is filled with Merriam
Fluid (blue color, S.G. - 1.75). Always use the mercury manometer until the
difference reading is less than one inch (0.0254m), then switch to the
Merriam Fluid for the more accurate readings at lower pressure drops.

To use the manometer system,

1. Open valves 1,2 and 3. Close valves 4, 5 and 6 in Figure F-4.
The mercury manometer is ready for use..

2. To take a reading, slowly close valve 2, the equalizer valve and
follow the change in the mercury columns. Do not close valve 2

completely if the mercury appears to leave the manometer. Valve
2 is your control.

3. If the mercury manometer reading is less than one inch (0.0254m),
open equalizer valve 5, then 4 and 6. Close valves 1 and 3, and
then close valve 2. The Merriam Fluid manometer is ready for
service and equalizer valve 5, when open, will prevent blowing
this manometer which is much more sensitive (ca 17 times) than
the mercury manometer.

Bleeding the System
1. Open suction and discharge line from the centrifugal pump.

2. Open block valves in entrance and exit of study pipe system.

3. Open all valves in panel measuring system for specified pipe.
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4, Open dl vaves on the manometer sysem.
5. Open dl blead vavesto bubblers on pand.

6. Sat the centrifugd pump and the dirculate water until no ar gppears
in the bubblers. Close exit vavesin header to hdp force out ar.

7. Whenthe sysemishbled, dosedl vaves nesded on pand board except
1,2and 3in Hgure 4.
Cdibrations

1. Cdibratethe rotameter by direct weight method using the cdibration
tank. (The cdibration tank is cdibrated in ten pound increments)

2. For the rotameter use 6 - 8 readings covering the entire scale,
3 Always gart with the highest flow rates and work downward.
Pressure Drop Messurement

After recording the rotameter cdibration and pump detafor agiven flow
reading, measure the pressure drop for the ten (10) foot length of pipeontheU
tube manometer. (Be sureto fallow the ingructor's directionsin this Sep).

At the condusion of the experiment, aminimum of 6 - 8 data points
should have been investigated which spen the rotameter's range in flow.

DaaAndyss

a. Preparethefdlowing rotameter cdibration curves: (use rectilinesr
Ipaper)

1. Mass collected per Unit Timevs Rotameter Reeding
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2. Gdlons per minute vs. rotameter reeding

b. Pump curve (rectilinear paper)

1. Plot the pressure drop (AP) (in feet of water) difference of
the suction and discharge of the pump vs. the flow (in
gallons per minute).

c. Ten (10) feet length of pipe (on log-log paper)

1. Plot the pressure drop (AP) over the length of the pipe vs.
the velocity of the fluid in the pipe.

2. A generalized correlation can be presented in dimensionliess
form for the plot in part c-1 (above) which has parameters
of:

f (the Fanning friction factor) given by

= (D

vl
and NRe (the Reynolds number) given by

Dvp

Ng =——
Eoon

e

Thisplat of f versus NReis made on log-log paper. Note
for apaticular pipe the diameter, length, and fluid
properties, the plot isinverseto the plot in part ¢- 1.



Nomenclature

The following nomenclature is used with English units:
1
p = density, -f%-

. . I,
u = fluid viscosity, s
D = pipe diameter, ft

L = pipe length, ft
. . ft
v = fluid velocity, "

Ib
AP = pressure drop, -ﬁ—{
filb_

Ib, §*

g. = gravitational constant =32.2

f = Fanning friction factor (dimensionless)
NRe = Reynolds number (dimensionless)
References (Experiment 2)
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C. Experiment 3: Pressure Drop in Packed Towers

Introduction

Packed towers are used in pollution abatement to remove pallutants from an
ar dream by scrubbing the ar gream with afluid, usudly water if the pollutant is
soluble in water, prior to rdeasing the air to the @amosphere. Packed towers are
vay important in both pollution prevention and pollution abatement. The packing
materid provides surface contact areafor masstrander but it dso resultsina
pressure drop because of friction and, hence, an energy loss. A low pressure drop
and, hence, low energy consumption is very important in the performance of
packed towers.

The performance of packed towers depends upon the hydraulic operaing
characteridics of the packing contained in the tower. Two types of hydraulic
operding characterigtics can be examined. These are the cheracteristics of wet
and dry packing. In dry packing, only the flow of asnglefluid phesethrough a
column of dationary solid partidesis consdered. For many chemica
engineering operationsthisis dl that need be congdered insofar ashydraulicsis
concerned. Examples of such flow are: flow through afixed-bed cataytic reactor,
flow through absorption and ion-exchange columns. However, in most mass
trandfer operations, knowledge of the performance of the dry packing does not
guarantee adequate performance of the equipment usad. In packed towers
two- phase (usudly counter-current) flow is encountered. In absorption or
didillation, the phases will be agas and aliquid. Sncethe liquid flows over the
packing and since the liquid occupies some of the void volumein the pecking
normdly filled by the gas, the parformance of wet packing is different from thet
of dry packing.

Animportant condderation in the desgn of any packed tower isthe power
required to force the gas through the packing. Packing shapesin this experiment
congg of gpheres, Raschig rings, Berl saddles and Intalox saddles The power
requirement will depend not Smply on whether the tower is operated dry or wet
but will be afunction of the liquid flow rateiif the packing iswet.
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For acolumn, it istruly economicaly advantageous to maximize one of the
flow rates. If @ther the liquid rate or gasflow rate, or both, isincreased, acartan
point will be reached dueto the increased gas pressure drop, and at thispoint it is
observed that the liquid which isnormdly digpersed isno longer ableto trickle
down fredy through the packing. Ingtead, pools or pockets of liquid are produced
which dradtically reduce the available areafor gasflow. Any further increasein
gasflow rateis accompanied by abnormdly large increases in pressure drop.
Although it is not examined here, column performance in mass trandfer
(sgparation) will fal off meteridly in this region due to the diminaion of the
interfacid areafor contact as provided by the packing. This undesirable condition
Isknown asloading. If one continues to increase the gas flow rate, the liquid
pools formed in loading will consolidete across the entire cross sectiond area of
the column. The gas can only get through the liquid by bubbling through. A
trandformation from gas continuous - liquid digpersed Stuation to liquid
continuous - gas digpersad Stuation has occurred. The column beginsto fill with
liquid caudng the gas pressure drop across the column to increase without bound.
The column takes on the gopearance of filling with liquid that ssemsto be bailing,
and with the manometer reedings increesing continuoudy. This undable condition
will usudly continue until the pressure drop across the column is sufficient to
blow the liquid seds or until liquid is carried out over the top with the exit ges

In some indances liquid holdup in a packed tower isimportant. This
would betrue, for example, in undeady Sate operations or in the unusud
Stuationsin which long expoaure to the conditions exiding within the column
might result in Some deleterious effect, such as a decompaosition of some product
within theliquid sream.

Expaimeantd Objective

The purpose of this experiment is to measure the pressure drop in packed
columns asafunction of the gas mass veloaty for dry packing and for two
different liquid flow rates
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Theory

The pressure drop suffered by the gas in flowing through a bed of
packed solids is the result of viscous-energy losses and kinetic-energy
losses. Hence, by considering both of these sources of energy loss, Ergun
has correlated the pressure drop for any single fluid flowing through a
packed bed, including the flow of gases through dry, random packing of the
type considered here, by the relation given in Foust (1)

_(%)[zf’f; )(1_8_3_5) = 150(%—5)4,1.75 (1)

A log-log plot of Equation (1) (left side versus NRe) for air flowing over
dry packing should result in a slope of -1 at low NRe, and a constant value
of 1.75 at high NRe.

When the packing has a shape different from spherical, an effective
particle diameter may be used:

6Vp - 6(1-¢)

A A

P s

(2)

The porosity, €, which is the fraction of total volume that is void is
defined as:

____volumevoids  volume of entire bed — volume of particles
~ volume of entire bed volume of entire bed

D2 L weight of all particles
T "4 L " particle density
. = ©)
T

Ag and ¢ are characteristics of the packing. Experimental values of €
are ordinarily easy to determine from Equation (3) but Ag for non-spherical
particles is usually more difficult to obtain. Values of A5 and € are

normally tabulated for the most common commercial packing in the various
references. Ag for spheres may be readily computed from the volume and

surface area of a sphere.
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For wet packing, the pressure drop is given by Leva (2)

£ _aqoPh (-Gp—i) @

usng data beow the loading point. (See data table for unitsin Equetion 4).
Procedure

1. A column desgnated by the indructor will be studied. There are four
columns of 6-inch diameter dandard Pyrex glass pipe in the system.

2. For each column sudied, determine the pressure drop & various ar
flow rates (correct rotameters for pressure and temperature) keeping
condant the liquid flow rate & the fallowing vaues,

_ Ib -, Kg
LI B Oft2 hr (Om' S
L, = 100 Kg
K
L, = 200 g

a). For each column, when L; = 0, gradually increase the air
flow rate.

At each air flow rate determine (AP) and plot a graph of (AP)
versus air rate as you determine each point. Shut off air
flow at end.

b). Increase the water rate to.L; =

it constant. Again, increase the air rate slowly At each
value of air rate determine the pressure drop (AP) and plot
on graph. Determine loading point and flooding point.



Ib
ft’ hr

Kg

m’s’’

c). Repeat for L} = 2000 (2.715

Each of the runs with wet packing will provide plots unlike that of the
dry packing in that “knees” occur. These “knees” will correspond to
loading and flooding points and will occur when the slope of the correlation

of —AI"E vs. Gy changes (1). At each liquid flow rate, it is essential that a

sufficient amount of gas flow be used to ascertain the knee points precisely.
The working plot will be used for this purpose. Bring 2-cycle log-log graph
paper to class with you.

In the wet packing maximum limitations on gas flow rate will be
determined by the onset of flooding.

CAUTION:

1. Do nat, under any adrcumdances, dlow the column to operatein such
amanner that liquid is carried out with the exit gas. Deductionsin

gradewill occur if it is detected.

2. Alwaysbe surethelegs of the sed arefilled with water before
beginning anew run.

3. Allow sometimefor the Seedy Sateto be achieved after eech
adjusment and before recording data. Thisis particularly important
if the column has been flooded. It takes awhile to unflood.

At the condusion of the experiment, dose the supply ar and water vaves
on thewadl and crack open the contral vave. Drain the sysem completey and
dosethedrain vaves Do not forget to record the packing haight in the column.
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Data Analysis

AP inches H,0
L ’ ft packing
data with Leva (2).

—

. Plot a graph of

. For the runs with dry packing correlate your data by Equation (1).

o

(U8 )

Data:  Leva (2)

AP G?
ET:aamB”(;j)

AP  inchesH,0

T packing
Ibs
L= ft? sec
lbs
Gv = ft? sec
_Ibs
Pv= el

Determine your measured values of o and  and compare with
published data (2).

Nomenclature

2 2

Aq = interfacial area of packing per unit of packing volume, — or -

ft

Dp = hydraulic particle diameter (not to be confused with diameter of
packing), ft or m.

D = inside diameter of column, ft or m.

versus Gy for each column. Compare

. For all three runs, correlate your data by Equation (4), by linearization.
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-~

]
hef? O om s

Gy = vapor mass flow rate per unit of column cross section,

kg
m's’

L; = liquid mass flow rate per unit column cross section, — or

hr ft

ftlb . .
= or 1 in SI units.
Ib, s

gc = conversion factor 32.174

g€ = bed porosity, dimensionless

NRe = average Reynolds number based on superficial vapor velocity and

va

hydraulic particle diameter , dimensionless

.. Ibs kg
pv = vapor density, = o

. ... lbs kg
pL = liquid density, 7o

) . lbs
U = vapor viscosity, or or Pas.

u1 = liquid viscosity, centipoise or Pa s.

L = bed height, ft or m.

(AP) = pressure drop across the bed, -lf% 6r Pa.
a, B = packing constants

Vp = particle volume, ft3

Ap = particle surface area, ft2

ft

v = superficial gas velocity, = or %
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D. Experiment 4 : Pressure Drop in a Fluidized Bed

Introduction

Hudization is obsarved in asolid-fluid sysem when the fluid passesa a
high veodty verticaly up through asolid bed such that the fluid pheseis
continuous and the solid phase is discontinuous. Huidized beds have found
extensve use as chemicd reactors because of good contact and hegt trandfer in
0lid-fluid sysems The mogt dassicd exampleisthefluid catdytic cracking
reector used in refineries to convert higher molecular weight hydrocarbonsinto
the amdler molecules usad for the gasoline fraction.

Huid bed reactors become important factorsin pollution prevention
because the objective of pollution prevention isto improve reector converson
and yidd and reduce Sde reections a the front end of the process. Thus, the
reaction step isavery important factor in pollution prevention becauseweam
to reduce the amount of pallutart initidly mede rether than removing the
pollutant after it ismade.

In aligquid-solid syslem when fluidization is smooth and large
bubbling or heterogenaty is not observed, particulate or smooth, or
homogeneous fluidization occurs 1N mogt solid-fluid sysems, however, large
bubbles and channding of gas occurs & fluidization. The flow of solidsisnot
uniform or smooth and aggregate fluidization, or bubbling fluidization
occurs Inlong, narrow fluidized beds, the phenomenon of dugging can occur
a high vdodties Gas bubbles codesce and become large enough to cover
the column cross sectiond. Sugging is very undesirable because it produces
serious solid entrainment problems

Expaimentd Objective

The purpose of this experiment isto sudy the change in column pressure
drop with superficid gas vdoaty before and after fluidization, and to determine
the paint of minimum fluidization.
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Theory
Many factors are important in fluidizetion. A few of the more importart are;
1. propertiesof sdlid
2. properties of fluid
3. bed geometry
4. fluid flow rete
5. type of fluid digribution

6. vesH internds, screens, baffles, heet exchangers

In this experiment, the pressure drop characteristics of afluidized bed is
dudied as afunction of fluid veodity. The solid partides are polyethylene and the
fluidizing mediumisar. The bed of Slid patidesis of uniform Sze mufti
patide szefluidization is not Sudied.

At low gas velodities, the pressure drop characteridics arethose of a
fixed bed and the Ergun (1, 2, 3, 4,) equation gpplies:

APy d,8. o € 1-¢
(T)(;"—;z-)(i—_—-s- =150(K 175 (1)

Asthe gas velodity increases, amaximum pressure drop isreached. The
partides begin adjusting to minimize the resstance to flow, the bed beginsto
expand and thereisadight down turn in pressure drop. The point of maximum
pressure drop is the point of minimum fluidization.

Further increases in gas v oaity fluidize the bed, the pressure drop rises
vay dightly until, eventudly, dugging and entranment oocur.
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At the point of minimum fluidization,

the upward _ (weight of particles )
drag force in the bed

e pressur Cross volume fractlon specific
drop acrose) Gectional) = ( ) ( ) ( weight o)
the bed area bed solids solids

Thus,
(AP)(S) = W= (SL_ )(1-£.)[(p, -.pv)f— )

c
or

(aP)
L

=(I-gn )P, - pv)gi (3)

mf ¢

If Equation 3 is combined with Equation 1 then v f can be calculated
by trial and error from the quadratic equation:

150(1 - d p.(P—p,)E
175 (d AFLACH (1-¢ )(dvfp‘)_ @

DL ¢’ H p?

s mf

Wen and Yu (5) have shown that for many systems, Equation 4
simplifies to:

For small particles
d’(p, - p.)e
Vo = lgs0p NRe <20 (5)
For large particles
d, (p,— p.)g
Vi =—LZ4,ST’ NRe > 1000 (6)
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Procedure

Prior to undertaking the experiment, check with instructor for any specia
operating or safety instruction. Familiarize yourself with the experiment and
determine where main and operational air control valves are located.

Data Anayss

1. On log-log graph paper correlate the pressure drop versus the
superficia gas velocity.

2. From your graph determine the minimum fluidization velocity.

3. Compare your measured minimum fluidization velocity with
either Equation 5 or 6.

Basic Data
Column:  6-inch diameter Standard Pyrex glass pipe

Packing:  Elliptical Cross Section Polyethylene Pellets

Approximate Bulk Density = 0.636 _cgc_

Approximate Particle Density = 0.964;:‘%

Approximate Voidage = 0.34

[/0.1 25in)'

hole = 0.030in. |

Approximate Size =

=4 0.110in.—
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4 _, md)
Volume of Sphere =z R" ==~

Volume of Ellipsoid = mabL -

Nomenclature

dp = particle diameter, ft or m

ftlb

m

>~ or 1 in SI units.
lb, s

gc = constant, 32.174

Ib
AP = pressure drop, ﬁ—f or Pa.

L = bed height, ft or m

.. b, kg
py = gas density, e el

g = bed void fraction, dimensionless

d,vp, .. .
NRe = Reynolds number, —-"—%, dimensionless

. . Ibs
L = gas Viscosity, v Pas.

S = cross sectional area of column, ft2 or m2
w = mass of bed, b, or kg

. . Ib, kg
pg = particle density, T

. L. ft
g = gravitational constant, 32.2 For ».81 ;n;
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. . f m
v = superficial gas velocity, SO based upon empty column cross

sectional area
o = initial conditions

mf = minimum fluidization
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E. Experiment5 : Efflux Time From a Tank

Introduction

Chemicd processes can be dassfied under two broad categories which
relate to thar operation, namdy continuous or batch. In some largeindudrid
plants combinations of both operations are encountered. Mogt operaionsthe
sudent is exposed to are of the continuous type but this should not imply thet
batch operations are unimportant. In the pharmaceuticd indudtry, for example,
nearly dl chemicd syntheses are carried out using batch processes. Good
enginering contral and planning for these operations are critica for pollution
prevention. Examples of batch operations commonly encountered arethe
emptying of hoppers containing solids, i.e. cod, ore and grain hoppers, and the
discharging of tanks i.e reaction vessdls, and liquid Sorage tanks. This
experiment dedls with the emptying of atank containing water and comparing
the experimentd datawith the theoreticd eguations

Expaimentd Objective

The purpose of this experiment isto study the measured efflux time
(drainage time) from tanks

Theary

In actudity it isimpossble to obtain a completdy rigorous solution

tothe efflux problem. In engineering work, it is often necessary for
researchers to make reesonable Smplifying assumptions which will endble
the invedtigator to develop a corrdation, extract the fundamental condants
for the system, and hence use the measured datato proceed with a system
desgn. However, by making certain assumptionsit is possbleto obtain a
reasonable goproximetion of the Stuation. Some of the assumptions mede
arejudtified by the geometry of the experiment.

Thesmplified modd for the emptying of atank, referred to as efflux time,
hes been devd oped by Crosby (1). Usng amechanica energy balance with friction
lossin the drain pipe, Crosby (1) showed that
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8uLr? L+ H,
=)

. D )
for laminar flow, N, = —% <2000, and

L 4 3 3
L= (DIEEE) (@) -ae ) @
0 2'gp'ry :

D
for turbulent flow, N, = —53 > 4000.

The adequateness of an andytica modd can be determined by
comparison with experimentd data obtained from a condructed prototype. This
experiment attempts to undertake this exerdse by comparing the corrdaions
given by Crosby (1) with measured data

Procedure

Check with the laboratory indructor prior to undertaking the
experiment asto which part of the experiment the sudent isto gudy and any
sfety precautions.

Examine the experimenta gpparatusin order to determine where the tank
inlet weter control vaves are. After the indructor identifies which column and
exit pipes (length and diameter) areto be used, open the main water vave Then
screw into the vave (or column) the firgt adapted pipe to be sudied. Then open
the water vave to the gudy column and fill the column to aprevioudy
determined height with weter. (A good garting point is48 inches or 1.2192 m, as
meesured on the column proper and nat from the middle of the vave). Then dose
the water vave to the column. The student should keep thislevd the samefor
every run in order to have avdid initid comparison point.

Open the quick opening vave and dlow thelevd to or )p to 44 inches
(1.118 m) then dart thetimers a this point. Record the time required for the level
to fdl every 4 inches (0.1016 m) until the leve reeches 4 inches
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(0.112 m) from the bottom of the column, then terminate your run (turn off
time) for that pipe. Repeat this procedure as many times as required by the
number of pipes and columns specified for the experiment. Be sure to record

time-height datum).

For the system without a valve in the discharge line (column #3 ),
hold the palm of your hand at the outlet of the discharge pipe to stop the
flow, then follow the procedure for the valued column for filling the
column. Removing your palm alows flow which is the same as opening a
valve.

NOTE: Be sure to have the discharge collection tank under the study
column and the tank discharge hose in or on the drain.

Data Andysis

The principle variables m this study are tank diameters, pipe
diameters, and pipe lengths. Since each group will have a different
combination of these variables, the student should be certain all variable
effects are properly ascertained. In genera, the following correlations
should be examined for your systems:

1. Correlate the level in the tank, H in inches, with the time of flow on
arithmetic graph paper.

2. At the lowest flow rate, estimate the Reynolds number at the pipe
exit.

3. Use Equation 1 or 2, whichever is applicable, and compare your
measured data with the relationship by linearization.

4. Use linear regression analysis to determine the slope and compare the
measured slope to the theoretical slope given by Equation 1 or 2.
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Nomenclature

. . ..t m
v = velocity at pipe exit, ST

g = acceleration due to gravity, 32.2 SE or 9.8066 SEZ

ro = radius of exit pipe, inches or feet.

L = length of exit pipe, inches or feet.

Hj = height of liquid in tank initially, inches or feet.
Hy = height of liquid in tank initially, inches or feet.

= V1Scosl b, or Pa
m ty, 2= or Pa.
. Ib k
p = density, ﬁ—';' or -m—%

r = radius of tank, ft or m.

NRe = Reynolds number, dimensionless,'-D:—p.

D = inside pipe diameter, ft or m.

te = efflux time, sec.
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