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[edit] Chapter 1: Prerequisites

[edit] Consistency of units

Any value that you'll run across as an enginedreitiher beunitlessor, more commonly, will
have specific types of units attached to it. Ineorid solve a problem effectively, all the types of
units should be consistent with each other, or kshbe in the samsystemA system of units
defines each of the basic unit types with respesbime measurement that can be easily
duplicated, so that for example 5 ft. is the saemgih in Australia as it is in the United States.
There are five commonly-used base unit typedimensionghat one might encounter (shown
with their abbreviated forms for the purpose of eénsional analysis):

Length (L), or the physical distance between two obj&dth respect to some standard
distance

Time (t), or how long something takes with respectdw thong some natural
phenomenon takes to occur

Mass (M), a measure of the inertia of a material retato that of a standard
Temperature (T), a measure of the average kinetic energy®htblecules in a material
relative to a standard

Electric Current (E), a measure of the total charge that movescertain amount of
time

There are several different consistent systemsit$é one can choose from. Which one should
be used depends on the data available.

[edit] Units of Common Physical Properties

Every system of units has a large numbetterfvedunits which are, as the name implies,
derived from the base units. The new units areasghe physical definitions of other
guantities which involve the combination of diffaterariables. Below is a list of several
common derived system properties and the correspgmiinensions= denotes unit
equivalence). If you don't know what one of theg#pprties is, you will learn it eventually

Mass = M Length =1L

Area = L"2 Volume = "3

Velocity = Lit Acceleration = L/t"2

Force = M*L/t"2 Energy/Work/Heat = M*LA2/t"2
Power = M*LA2/t"3 Pressure = M/(L*t"2)

Density = M/L"3 Viscosity = M/(L*t)

Diffusivity = L"2/s Thermal conductivity = M*L/(t"3*T)
Specific Heat Capacity = LN2/(T*t"2)

Specific Enthalpy, Gibbs Energy = L2/th2

Specific Entropy = LA2/(t"2*T)



[edit] SI (kg-m-s) System

This is the most commonly-used system of unitheworld, and is based heavily on units of
10. It was originally based on the properties ofamahough currently there are more precise
standards in place. The major dimensions are:

seconds,s M = kilograms, kg

L
T = degrees Celsius,oC E = Amperes, A

meters, m t

where=denotes unit equivalence. The close relationshipaier is that one m"3 of water
weighs (approximately) 1000 kg at OoC.

Each of these base units can be made smallergarlar units of ten by adding the appropriate
metric prefixes. The specific meanings are (from tBepage on Wikipedia):

Sl Prefixes
Name yottazetta exa peta tera giga megakilo hecto deca
Symbol Y Zz E P T G M Kk h da
Factor 10°* 10** 10" 10 10* 10° 10° 10° 10" 10"
Name deci centimilli micro nanopico femto atto zeptoyocto
Symbol d ¢ m g n p f a z vy

Factor 101 102 10% 10° 10° 10*?10% 10'®10% 10%*

If you see a length of 1 km, according to the ctth prefix "k" means there are1df
something, and the following "m" means that it isters. So 1 km = faneters.

It is very important that you are familiar with ghiable or at least as large as mega (M), and as
small as nano (n). The relationship between diffes&zes of metric units was deliberately made
simple because you will have to do it all of thradi You may feel uncomfortable with it at first
if you're from the U.S. but trust me, after workiwgh the English system you'll learn to
appreciate the simplicity of the Metric system.



[edit] Derived units from the Sl system

Imagine if every time you calculated a pressure, would have to write the units in kg/(m*s"2).
This would become cumbersome quickly, so the Spleeset uplerived units to use as
shorthand for such combinations as these. The aonsinon ones used by chemical engineers
are as follows:

Force: 1 kg/(m*s”2) = 1 Newton, N Energy: 1 N*m =1J
Power: 1 J/s =1 Watt, W Pressure: 1 N/ m"2 =1 Pa
Volume: 1 m”3 = 1000 Liters, L Thermodynamic temperature: 1 oC =K -

273.15, K is Kelvin

Another derived unit is thewole A mole represents 6.022*f0molecules ofiny substanceThis
number is used because it is the number of molsc¢hé are found in 12 grams of tH€

isotope. Whenever we have a reaction, as you ldamehemistry, you have to do stoichiometry
calculations based on moles rather than on graetsusehe number of grams of a substance
does not only depend on the number of moleculeeptédut also on their size&zhereas the
stoichiometry of a chemical reaction only depenash@ number of molecules that react, not on
their size. Converting units from grams to molesglates the size dependency.

[edit] CGS (cm-g-s) system

The so-called CGS systamses the same base units as the Sl system busgapmasses and
grams in terms of cm and g instead of kg and'ne CGS system has its own set of derived units
(seew:cqg9, but commonly basic units are expressed in teresn and g, and then the derived
units from the Sl system are used. In order tathseS| units, the masseuustbe in kilograms,

and the distancasustbe in meters. This is a very important thing tmeenber, especially when
dealing with force, energy, and pressure equations.

[edit] English system
The English system is fundamentally different frira Metric system in thabhe fundamental
inertial quantity is a force, not a mads addition, units of different sizes do not gy have

prefixes and have more complex conversion factws those of the metric system.

The base units of the English system are somevdimitdble but these are the ones I've seen
most often:

Length: L = feet, ft t = seconds, s
F = pounds-force, Ib(fy T = degrees Fahrenheit, oF

The base unit of electric current remains the Araper
There are several derived units in the Englishesydtut, unlike the Metric system, the

conversions are not neat at all, so it is besotesualt a conversion table or program for the
necessary changes. It is especially important ép kgod track of the units in the English



system because if they're not on the same basi8l god up with a mess of units as a result of
your calculations, i.e. for a force you'll end uphaunits like Btu/in instead of just pounds, Ib.
This is why it's helpful to know the derived unitsterms of the base units: it allows you to make
sure everything is in terms of the same base Uh#sery value is written in terms of the same
base units, and the equation that is used is ctirtben the units of the answer will be consistent
and in terms of the same base units.

[edit] How to convert between units
[edit] Finding equivalences
The first thing you need in order to convert betwaaits is the equivalence between the units

you want and the units you have. To do this useraversion table Seew:Conversion of units
for a fairly extensive (but not exhaustive) listo@immon units and their equivalences.

Conversions within the metric system usually ar'elusted because it is assumed that one can
use the prefixes and the fact tl mL =1 ¢m’ to convert anything that is desired.

Conversions within the English system and espegdmedtween the English and metric system are
sometimes (but not on Wikipedia) written in thenfor

Hunitl) = (number)(unit2) = (number)(unit3) =
For example, you might recall the following convensfrom chemistry class:
1 atm = 760 mmHg = 1.013 % 10° Pa = 1.013 bar =

The table on Wikipedia takes a slightly differeppeoach: the column on the far left side is the
unit we have 1 of, the middle is the definitiontle¢ unit on the left, and on the far right-hand
column we have the metric equivalent. One liststhe conversion from feet to meters:

foot (International) ft = 1/3 yd = 0.3048 m
Both methods are common and one should be ablseteither to look up conversions.
[edit] Using the equivalences

Once the equivalences are determined, use theajdoen:

What you want

What you want = What you have * —
What yvou have




The fraction on the right comes directly from tlmgaeersion tables.

Example:
Convert 800 mmHg into bars

Solution If you wanted to convert 800 mmHg to bars, usheghorizontal list, you could do it
directly:

1.013 bar

bars = 800 mmIIg * m = 1.066 bar

Using the tables from Wikipedia, you need to coht@anintermediate(the metric unit) and
then convert from the intermediate to the desimtl We would find that

1 mmHg = 133.322 Pag,q1 bar = 10° Pa
Again, we have to set it up using the same geffienal, just we have to do it twice:
133.322 Pa 1 bar

1 mmHg ¥ 105 Pa 1.066 bar

bars = 800 mmHg *

Setting these up takes practice, there will be sexaenples at the end of the section on this. It's
avery important skill for any engineer.

One way to keep from avoiding "doing it backwargsto write everything out and make sure
your units cancel out as they should! If you trydtoit backwards you'll end up with something
like this:

760 mmHg -mmH g*
bars = 800 mmHg ¥+ — = 6.0 % 10" —————
& 1.013 bar bar
If you write everything (even conversions withire tmetric system!) out, and make sure that
everything cancels, you'll help mitigate unit-cheaggerrors. About 30-40% of all mistakes I've
seen have been unit-related, which is why theseich a long section in here about it. Remember
them well.

[edit] Dimensional analysis as a check on equations



Since we know what the units of velocity, presserergy, force, and so on should be in terms
of the base units L, M, t, T, and E, we can use khowledge to check the feasibility of
equations that involve these quantities.

Example:

Analyze the following equation for dimensional cisumcy:P = g * hyhere g is the
gravitational acceleration and h is the heighheffluid

Solution: We could check this equation by plugging in ourtsmni

P=M/(L*t), h=L , g=L/t
g% h=L"/t* + M/(L % t*)
Since g*h doesn't have the same units as P, tretiequmust be wrongegardless of the
system of units we are usinffhe correct equation, in fact, is:
P=pxg*h
. : , : M/ 2
wherelis the density of the fluid. Density has base uoit SO

C T2 2, 3 . 2
p*g*h=L"[t" «* M/L =M/(L * ") ynich are the units of pressure.

This does not tell us the equation is correct bdoestell us that the units are consistent,
which is necessary though not sufficient to obtagorrect equatiorhis is a useful way to
detect algebraic mistakes that would otherwisedrel o find. The ability to do this with an
algebraic equation is a good argument against plggg numbers too soon!



[edit] Chapter 1 Practice Problems

Problem:

1. Perform the following conversions, using the appiate number of significant figures in
your answer:

a)

b)

d) (note: kwWh means kilowatt-hour)

Problem:

2. Perform a dimensional analysis on the followingattpns to determine if they are
reasonable:

a) , Where v is velocity, d is distance, and t is time
b) where F is force, m is mass, v is velocity, anslnadius (a distance).
C) where is density, V is volume, and g is gravitational elecation.

d) where is mass flow rate, is volumetric flow rate, andis density.
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Problem:

3. Recall that the ideal gas law is where P is pressure, V is volume, n is number
of moles, R is a constant, and T is the temperature

a) What are the units of R in terms of the base typiés (length, time, mass, and
temperature)?

b) Show how these two values of R are equivalent:

c) If an ideal gas exists in a closed container w&itholar density of at a pressure of
, What temperature is the container held at?

d) What is the molar concentration of an ideal gak wipartial pressure of if
the total pressure in the containeris  ?

e) At what temperatures and pressures is a gas madseast likely to be ideal? (hint: you
can't use it when you have a liquid)

f) Suppose you want to mix ideal gasses in two sepaaks together. The first tank is held at
a pressure of 500 Torr and contains 50 moles oémveatpor and 30 moles of water at 700C.
The second is held at 400 Torr and 700C. The voloftlee second tank is the same as that of
the first, and the ratio of moles water vapor tdeamf water is the same in both tanks.

You recombine the gasses into a single tank the sare as the first two. Assuming that the
temperature remains constant, what is the pregsahe final tank? If the tank can withstand
1 atm pressure, will it blow up?



Problem:

4. Consider the reaction , Which is carried out by many
organisms as a way to eliminate hydrogen peroxide.

a). What is the standard enthalpy of this reaction@eéd what conditions does it hold?

b). What is the standard Gibbs energy change oféaistion? Under what conditions does it
hold? In what direction is the reaction spontanegitstandard conditions?

c). What is the Gibbs energy change at biologicatldmnms (1 atm and 370C) if the initial
hydrogen peroxide concentration is 0.01M? Assunmygen is the only gas present in the cell.

d). What is the equilibrium constant under the caadg in part ¢? Under the conditions in
part b)? What is the constant independent of?

e). Repeat parts a through d for the alternativeti@ac . Why isn't this
reaction used instead?

e Y
)
Problem:

5. Two ideal gasses A and B combine to form a thdeshl gas, C, in the reaction

. Suppose that the reaction is irreversible andiscat a constant temperature
of 250C in a 5L container. If you start with 0.2 lesof A and 0.5 moles of B at a total
pressure of 1.04 atm, what will the pressure benvthe reaction is completed?



ih2
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Problem:
6. How much heat is released when 45 grams of metii@nlurned in excess air under
standard conditions? How about when the same niaggamse is burned? What is one

possible reason why most heterotrophic organisraglusose instead of methane as a fuel?
Assume that the combustion is complete, i.e. nbaramonoxide is formed.

Problem:
7. Suppose that you have carbon monoxide and watetank in a 1.5:1 ratio.

a) In the literature, find the reaction that these tompounds undergo (hint: look for the
water gas shifteaction). Why is it an important reaction?

b) Using a table of Gibbs energies of formation, glaite the equilibrium constant for the
reaction.

¢) How much hydrogen can be produced from this infiture?

d) What are some ways in which the yield of hydrogen be increased? (hint: recall Le
Chatlier's principle for equilibrium).

e) What factors do you think may influence how lohtpkes for the reaction to reach
equilibrium?

Solutions



[edit] Chapter 2: Elementary mass balances

[edit] The "Black Box" approach to problem-solving

In this book, all the problems you'll solve will Mglack-box" problems. This means that we take
a look at a unit operatidinom the outsidelooking at what goes into the system and whatdea
and extrapolating data about the properties oetlieance and exit streams from this. This type
of analysis is important because it does not depenithie specific type of unit operation that is
performed When doing a black-box analysis, we don't care ahow the unit operation is
designed, only what the net resultlist's look at an example:

Example:

Suppose that you pour 1L of water into the top @na funnel, and that funnel leads into a
large flask, and you measure that the entire ¢itevater enters the flask. If the funnel had no
water in it to begin with, how much is left oveteaafthe process is completed?

Solution The answer, of course, is 0, because you onlLpwf water in, and 1L of water
came out the other end. The answer to this doedap®nd on the how large the funnel is, the
slope of the sides, or any other design aspetteofunnel, which is why it is a black-box
problem.

[edit] Conservation equations

The formal mathematical way of describing the blaok approach is withonservation
equationswhich explicitly state that what goes into theteys must either come out of the
system somewhere else, get used up or generatbe Bystem, or remain in the system and
accumulate The relationship between these is simple:

1. The streams entering the system cause an incré#se substance (mass, energy,
momentum, etc.) in the system.

2. The streams leaving the system decrease the ambtm& substance in the system.

3. Generating or consuming mechanisms (such as chiereazions) can either increase or
decrease the stuff in the system.

4. What's left over is the amount of stuff in the syst

With these four statements we can state the follgwery important general principle:



Its so important, in fact, that you'll see it almit times or so, including a few in this book, and
it is used to derive a variety of forms of conséinraequations.

[edit] Common assumptions on the conservation equation

The conservation equation is very general and eppdi any property a system can have.
However, it can also lead to complicated equatiand, so in order to simplify calculations when
appropriate, it is useful to apply assumptionoproblem.

Closed systemA closed system is one which does not have fliomes out of the
substance. AlImost always, when one refers to &dgstem it is implied to be closed to
mass flowbut not to other flows such as energy or momenitime. equation for a closed
system is:

The opposite of a closed system isogen systemn which the substance is allowed to
enter and/or leave the system. The funnel in tlaengke was an open system because
mass flowed in and out of it.

No generation Certain quantities are alwagenservedin the strict sense that they are
never created or destroyed. These are the mostlugefntities to do balances on
because then the user does not need to worry algrrieration term.

The most commonly-used conserved quantitiesrexgsandenergy. It is important to
note, however, that though ttetal mass andotal energy in a system are conserved, the
mass of a single speciesist (since it may be changed into something else)thdeis

the "heat" in a system if a so-called "heat-balamcperformed. Therefore one must be
careful when deciding whether to discard the garmeraerm.

Steady State A system which does not accumulate a substarsadsto be at steady-
state. Often times, this allows the engineer tacaliaving to solve differential equations
and instead use algebra.

All problems in this text assume steady statethsatriot always a valid assumptiohis
mostly valid after a process has been runningdiog lenough that all the flow rates,
temperatures, pressures, and other system pararheies reached equilibrium values. It
is not valid when a process is first warming up Hraparameters wobble significantly.
How they wobble is a subject for another course.



[edit] Conservation of mass

TOTAL mass is a conserved quantity (except in rarcteactions, let's not go there), as is the
mass of any individual species if there is no cloahrieaction occurring in the system. Let us
write the conservation equatian steady statéor such a case (with no reaction):

Now, there are two major ways in which mass caeremtleave a system: diffusion and
convection. However, for large-scale systems ssdh@ones considered here, in which the
velocity entering the unit operations is fairlygarand the concentration gradient is fairly small,
diffusion can be neglected and the only mass emgeni leaving the system is due to convective
flow:

A similar equation apply for the mass out. In thi®k generally we use the symbol to signify

a convective mass flow rate, in units of . Since the total flow in is the sum of
individual flows, and the same with the flow otrte tfollowingsteady state mass balands
obtained for the overall mass in the system:

If it is a batchsystem, or if we're looking at how much has entened left in a given period of
time (rather than instantaneously), we can apmystime mass balance without the time
component. In this book, a value without the dghsgies a value without a time component:



Example:

Let's work out the previous example (the funnel)dxplicitly state the mass balance. We're
given the following information:

1.
2.

From the general balance equation,

Therefore,

Since the accumulation is 0, the system is at gtetade.

This is a fairly trivial example, but it gets thencepts of "in", "out", and "accumulation” on a
physical basis, which is important for setting uplpems. In the next section, it will be shown
how to apply the mass balance to solve more compiglxlems with only one component.

[edit] Converting Information into Mass Flows -
Introduction

In any system there will be certain parametersdhafoften considerably) easier to measure
and/or control than others. When you are solving@oblem and trying to use a mass balance
or any other equatioiit, is important to recognize what pieces of infotima can be
interconvertedThe purpose of this section is to show some ®htlore common alternative
ways that mass flow rates are expressed, mostbusedt is easier to, for exampheeasure a
velocity than it is to measure a mass flow rate directly.

[edit] Volumetric Flow rates

A volumetric flow rate is a relation of how much volume of a gas or ligsolution passes
through a fixed point in a system (typically thérance or exit point of a process) in a given
amount of time. It is denoted as:




in stream n

Volume in the metric system is typically expresséter in L (dm”"3), mL (cm”3), or m"3. Note
that a cubic meter is very large; a cubic metewater weighs about 1000kg (2200 pounds) at
room temperature!

[edit] Why they're useful

Volumetric flowrates can be measured directly usioggmeters. They are especially useful for
gases since the volume of a gas is one of the fpumgkrties that are needed in order to use an
equation of statédiscussed later in the book) to calculate theamibbw rate. Of the other three,
two (pressure, and temperature) can be specifigddgeactor design and control systems, while
one (compressibility) is strictly a function of tperature and pressure for any gas or gaseous
mixture.

[edit] Limitations

Volumetric Flowrates are Not ConservedWe can write a balance on volume like anything
else, but the "volume generation” term would bempmlex function of system properties.
Therefore if we are given a volumetric flow rate sf®uld change it into a mass (or mole) flow
rate before applying the balance equations.

Volumetric flowrates also do not lend themselvespglitting into components, since when we
speak of volumes in practical terms we generaliyktof the total solution volume, not the
partial volume of each component (the latter iseful tool for thermodynamics, but that's
another course entirely). Themee some things that are measured in volume fractiousthis is
relatively uncommon.

[edit] How to convert volumetric flow rates to mass flowrates

Volumetric flowrates are related to mass flow rdigs relatively easy-to-measure physical
property. Since and , we need a property with units of
in order to convert them. Thensity serves this purpose nicely!

in stream n

The "I" indicates that we're talking about one jgatar flow stream here, since each flow may
have a different density, mass flow rate, or voltrrodlow rate.



[edit] Velocities

The velocity of a bulk fluid ihhow much lateral distance along the system (usw@agiipe) it
passes per unit tim@he velocity of a bulk fluid, like any other, hasits of:

in stream n

By definition, the bulk velocity of a fluid is rdked to the volumetric flow rate by:

in stream n

This distinguishes it from the velocity of the fiuat a certain point (since fluids flow faster in
the center of a pipe). The bulk velocity is abdw $ame as the instantaneous velocity for
relatively fast flow, or especially for flow of gses.

For purposes of this class, all velocities giveflt be bulk velocities, not instantaneous
velocities.

[edit] Why they're useful

(Bulk) Velocities are useful because, like voluntetiow rates, they are relatively easy to
measure. They are especially useful for liquidsesithhey have constant density (and therefore a
constant pressure drop at steady state) as theythpasigh the orifice or other similar
instruments. This is a necessary prerequisite¢dhes design equations for these instruments.

[edit] Limitations

Like volumetric flowratesyelocity is not conservedLike volumetric flowrate, velocity changes
with temperature and pressure of a gas, thouga liguid velocity is generally constant along
the length of a pipe.

Also, velocities can't be split into the flows atlividual components, since all of the

components will generally flow at the same spedukyTneed to be converted into something

that can be split (mass flow rate, molar flow ratepressure for a gas) before concentrations can
be applied.



[edit] How to convert velocity into mass flow rate

In order to convert the velocity of a fluid streamo a mass flow rate, you need two pieces of
information:

1. Thecross sectional areaf the pipe.
2. Thedensity of the fluid.

In order to convert, first use the definition oflfouelocity to convert it into a volumetric flow
rate:

Then use the density to convert the volumetric ftate into a mass flow rate.

The combination of these two equations is useful:

in stream n

[edit] Molar Flow Rates

The concept of a molar flow rate is similar to tbha mass flow rate, it is the number of moles
of a solution (or mixture) that pass a fixed pgiat unit time:

in stream n

[edit] Why they're useful

Molar flow rates are mostly useful becauséng moles instead of mass allows you to write
material balances in terms of reaction conversiod atoichiometryln other words, there are a
lot less unknowns when you use a mole balancege sirecstoichiometry allows you to
consolidate all of the changes in the reactantpaaduct concentrations in terms of one variable.
This will be discussed more in a later chapter.



[edit] Limitations

Unlike masstotal moles are not conservedTotal mass flow rate is conserved whether there |
a reaction or not, but the same is not true fomtlmber of moles. For example, consider the
reaction between hydrogen and oxygen gasses toviaiter:

This reaction consumes 1.5 moles of reactantsvieryanole of products produced, and
therefore the total number of moles entering tlaet@ will be more than the number leaving it.

However, since neither mass nor moles of indivichamhponents is conserved in a reacting
system, it's better to use moles so that the stiutry can be exploited, as described later.

The molar flows are also somewhat less practical thass flow rates, since you can't measure
moles directly but you can measure the mass of songg and then convert it to moles using the
molar flow rate.

[edit] How to Change from Molar Flow Rate to Mass Flow Rte

Molar flow rates and mass flow rates are relatethleynolecular weight (also known as the
molar masg of the solution. In order to convert the mass audar flow rates of thentire
solution we need to know tha&verage molecular weighof the solution. This can be calculated
from the molecular weights and mole fractions @& tomponents using the formula:

where i is an index afomponentsind n is thestreamnumber. signifiesmole fractionof each
component (this will all be defined and deriveciat

Once this is known it can be used as you wouldaus®lar mass for a single component to find
the total molar flow rate.

in stream n

[edit] A Typical Type of Problem

Most problems you will face are significantly ma@mplicated than the previous problem and
the following one. In the engineering world, probkare presented as so-called "word
problems”, in which a system is described and tbblpm must be set up and solved (if
possible) from the description. This section witeenpt to illustrate through example, step by



step, some common techniques and pitfalls in gettpnmass balances. Some of the steps may
seem somewhat excessive at this point, but if glavi them carefully on this relatively simple
problem, you will certainly have an easier timddwling later steps.

[edit] Single Component in Multiple Processes: a Steam
Process

Example:

A feed stream of pure liquid water enters an evafporat a rate of 0.5 kg/s. Three streams
come from the evaporator: a vapor stream and weodistreams. The flowrate of the vapor
stream was measured to be 4*1076 L/min and itsifewss 4 g/m”3. The vapor stream
enters a turbine, where it loses enough energgridense fully and leave as a single stream.
One of the liquid streams is discharged as waséepther is fed into a heat exchanger, where
it is cooled. This stream leaves the heat exchaaigeirate of 1500 pounds per hour. Calculate
the flow rate of the discharge and the efficientthe evaporator.

Note that one way to define efficiency is in teroi€onversion, which is intended here:

[edit] Step 1: Draw a Flowchart

The problem as it stands contains an awful loegf, tbut it won't mean much until yaliaw
what is given to yauFirst, ask yourself, what processes are in useisnproblemMake a list
of the processes in the problem:

1. Evaporator (A)
2. Heat Exchanger (B)
3. Turbine (C)

Once you have a list of all the processes, you tegdd out how they are connectedit'll tell
you something like "the vapor stream enters a t@')i Draw a basic sketch of the processes and



their connections, and label the processes. ItldHoak something like this:

Remember, we don't care what the actual processkdike, or how they're designed. At this
point, we only really label what they are so thatean go back to the problem and know which
process they're talking about.

Once all your processes are connedied, any streams that are not yet accounted forln this
case, we have not drawn the feed stream into thpagator, the waste stream from the
evaporator, or the exit streams from the turbine lzeat exchanger.

The third step is thabel all your flows. Label them with any information you are given.yAn
information you are not given, and even informatyon are given should be given a different
variable. It is usually easiest to give them themesaariable as is found in the equation you will
be using (for example, if you have an unknown flate, call it  so it remains clear what the
unknown value is physically. Give each a differembscript corresponding to the number of the
feed stream (such as for the feed stream that you call "stream 1"). Makee younclude all
units on the given values!

In the example problem, the flowchart | drew withflaws labeled looked like this:



Notice that for one of the streamsy@umeflow rate is given rather thannaassflow rate, so it
is labeled as such. This is very important, so yoatavoid using a value in an equation that isn't
valid (for example, there's no such thing as "coraen of volume" for most cases)!

The final step in drawing the flowchart iswwite down any additional given information in
terms of the variables you have definedn this problem, the density of the water in Yagor
stream is given, so write this on the side for fetxeference.

Carefully drawn flowcharts and diagrams are halthefkey to solving any mass balance, or
really a lot of other types of engineering probleifisey are just as important as having the right
units to getting the right answer.

[edit] Step 2: Make sure your units are consistent

The second step is to make sure all your unitg@nsistent and, if not, to convert everything so
that it is. In this case, since the principle thatll need to use to solve for the flow rate of the

waste stream () is conservation of mass, everything will neetb¢éoon a mass-flow basis, and
also in thesamemass-flow units.

In this problem, since two of our flow rates areegi in metric units (though one is a volumetric
flow rate rather than a mass flow rate, so wedlchto change that) and only one in English units,

it would save time and minimize mistakes to converand  to kg/s.

From the previous section, the equation relatingmetric flowrate to mass flow rate is:

Therefore, we need the density of water vapor deoto calculate the mass flow rate from the
volumetric flow rate. Since the density is providedhe problem statement (if it wasn't, we'd
need to calculate it with methods described latbg ,mass flow rate can be calculated:



Note that since the density of a gas is so smallige volumetric flow rate is necessary to
achieve any significant mass flow rate. This islyalypical and is a practical problem when
dealing with gas-phase processes.

The mass flow rate can be changed in a similar manner, but sinceaiready in terms of
mass (or weight technically), we don't need to pppdensity:

Now that everything is in the same system of umits can proceed to the next step.

[edit] Step 3: Relate your variables

Since we have the mass flow rate of the vaporstiga can calculate the efficiency of the
evaporator directly:

Finding , as asked for in the problem, will be somewhatarthificult. One place to start is
to write the mass balance on the evaporator, siratewill certainly contain the unknown we
seek. Assuming that the process is steady statawevrite:

Problem: we don't know so with only this equation we cannot solve for. Have no fear,

however, because there is another way to figurevbat is... can you figure it out? Try to do
so before you move on.



[edit] So you want to check your guess? Alright then reshon.

The way to find is to do a mass balance on the heat exchangemyd®tdae mass balance for
the heat exchanger is simply:

Since we know we can calculate and thus the waste stream flowrate.

NOTE:

Notice the strategy here: we first start with eabak on the operation containing the streixm
we need information about. Then we move to balanoesther operations in order to
garner additional information about the unknownthim process. This takesactice to

figure out when you have enough information to sdhe problem or you need to do mor2
balances or look up information.

It is also of note thaany process has a limited number of independent bahces you can
perform. This is not as much of an issue with a relatisagple problem like this, but will
become an issue with more complex problems. Thexeéostep-by-step method exists to
tell you exactly how many independent mass balapees<an write on any given process,
and therefore how many total independent equagionscan use to help you solve
problems.

[edit] Step 4: Calculate your unknowns.

Carrying out the plan on this problem:

Hence, from the mass balance on the evaporator:



So the final answers are:

[edit] Step 5: Check your work.

Ask: Do these answers make sense? Check for thikagsegative flow rates, efficiencies higher
than 100%, or other physically impossible happesiiffgsomething like this happens (and it
will), you did something wrong. Is your exit ratiggher than the total inlet rate (since no water is
created in the processes, it is impossible fortthisccur)?

In this case, the values make physical sense gyontlay be right. It's always good to go back

and check the matindthe setup to make sure you didn't forget to cdreey units or anything
like that.

[edit] Chapter 2 Practice Problems

Problem:

1. a) A salt solution is to be concentrated by evapogatine water in a salt pan, with a
condensing surface above it to gather the evapbreater. Suppose 1200g of salt solution are
emptied into the pan. Once all the water is evapdrahe salt is weighed and found to weigh
100g. What percent of the original solution wasewxat

b) Now suppose that 0.1 L of the evaporated wateragded back to the salt, to bring it to the
desired concentration. How much water remains todesl elsewhere?

c¢) Do you think the salt solution would be safe tmki? Why or why not?



Problem:

2.a) In a stone quarry, limestone is to be crushedpanded into molds for manufacture of
floor tiles. Suppose that a limestone company tlse® trucks, each of which is capable of
carrying 3000 kg of limestone. The quarry itsel2@&miles away from the processing plant,
and the trucks get there at an average speedmil8§/hour. Once at the plant, the limestone
is ground into fine powder and then melted and adumto the molds. If each of the resulting
slabs weighs 2 kg and the plant operates 24 hoday,ghow many slabs can the company
make in a day?

b) How could this plant become more efficient? P& humber of slabs the company can
make as a function of distance from the quarryaaphcity of the trucks. What factors might
keep the company from simply moving as close tajieary as possible and using the largest
trucks possible?

Problem:

3. What is the volumetric flowrate of a solution widknsity 1.5 kg/m”3 flowing at a velocity
of 5 m/s and a mass flow rate of 500 g/min? Whétesarea of the pipe? If it is circular, what
is the radius?

Problem:

4. Suppose you have a pipe that constricts halfwayutih from a radius of 0.5 cm to a radius
of 0.2 cm. A liquid approaches the constrictiom aelocity of 0.5 m/s. What is the velocity of
the fluid after the constriction? (Hint: Apply carsation of mass on both sides of the
constriction).

Challenge: What kind of energy does the fluid gain? Energyaser created or destroyed, so
where does it come from?
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Problem:
5. Suppose that a river with a molar flow rate of Q@@nol/s meets another, larger river
flowing at 500000 m"3/s at room temperature. Whahe mass flow rate of the river
downstream of the intersection if you assume stesate?

b} Evaluate the feasibility of the steady state aggian in this situation. Also qualitatively
evaluate the probability that the flowrates araialty constant.

Problem:

6. Suppose that the population of a certain countygars after year 2000 if there is no
emigration can be modeled with the equation:

Also, suppose that in the country, a net emigratiof00,000 people per month actually
occurs. What is the total accumulation of peopltia country from year 2000 to 20037

b) What was the population of people in 2002, acewydo this model?
¢) What are some possible problems with this modelkample, what doesn't it take into

account? What happens when n is 100? Where dié ttwsstants come from? Would they be
the same for every country, or for the same coustrgss generations?

Solutions



[edit] Chapter 3: Mass balances on
multicomponent systems

[edit] Component Mass Balance
Most processes, of course, involve more than ometiand/or output, and therefore it must be
learned how to perform mass balances on this t{ggstem. The basic idea remains the same

though. We can write a mass balance in the samedsrthe overall balance for each
component:

For steady stateprocesses, this becomes:

Theoverall mass balance at steady state, recall, is:

The mass of each component can be described lyilarsbalance.

The biggest difference between these two equaisotigatThe total generation of mass
is zero due to conservation of mass, but since iniilual species can be consumed in a

reaction, for a reacting system

[edit] Concentration Measurements

You may recall from general chemistry thatamcentration is a measure of the amount of some
species in a mixture relative to the total amodmhaterial, or relative to the amount of another
species. Several different measurements of coratertrcome up over and over, so they were
given special names.

[edit] Molarity

The first major concentration unit is thelarity which relates the moles of one particular
species to the total volume of the solution.

where



A more useful definition for flow systems that gually valid is:

where

Molarity is a useful measure of concentration beeatitakes into account the volumetric
changes that can occur when one creates a mixturegdure substances. Thus it is a very
practical unit of concentration. However, sincmitolves volume, it can change with
temperature smolarity should always be given at a specific terapee. Molarity of a gaseous
mixture can also change with pressure, so it isusatlly used for gasses.

[edit] Mole Fraction

Themole fraction is one of the most useful units of concentratgince it allows one to directly
determine the molar flow rate of any component ftbmtotal flowrate. It also conveniently is
alwaysbetween 0 and 1, which is a good check on youkwsmwell as an additional equation
that you can always use to help you solve problems.

The mole fraction of a component A in a mixturelédined as:

where  signifies moles of A. Like molarity, a definition terms of flowrates is also possible:

As mentioned before, if you add up all mole fracion a mixture, you should always obtain 1
(within calculation and measurement error):

Note thateach stream has its own independent set of conceations.



[edit] Mass Fraction
Since mass is a more practical property to medbaremoles, flowrates are often givermaess

flowrates rather thamolar flowrates. When this occurs, it is convenientxpress
concentrations in terms afass fractionsdefined similarly to mole fractions:

for batch systems

where is the mass of A. It doesn't matter what the umiitthe mass are as long as they are
the same as the units of the total mass of solution

Like the mole fraction, the total mass fractioramy stream should always add up to 1.

[edit] Calculations on Multi-component streams

Various conversions must be done with multiple-comgnt streams just as they must for single-
component streams. This section shows some metba@isnbine the properties of single-
component streams into something usable for makipimponent streams(with some
assumptions).

[edit] Average Molecular Weight

Theaverage molecular weiglaf a mixture (gas or liquid) is the multicomponequivalent to
the molecular weight of a pure species. It allows {o convert between the mass of a mixture
and the number of moles, which is important focteg systems especially because balances
must usually be done in moles, but measurementgegrerally in grams.

To find the value of , we split the solution up into its components as
follows, for k components:



Therefore, we have the following formula:

This derivation only assumes thmass is additive which is is, so this equation is valid famy
mixture.

[edit] Density of Liquid Mixtures

Let us attempt to calculate the density of a liquidture from the density of its components,
similar to how we calculated the average molecwkaight. This time, however, we will notice
one critical difference in the assumptions we hiaveake. We'll also notice that there twe
different equations we could come up with, depegdin the assumptions we make.

[edit] First Equation

By definition, the density of a single componergti The corresponding definition for
a solution is . Following a similar derivation to the above fomesage molecular
weight:

Now we make the assumption tfdte volume of the solution is proportional to the mass
This is true for any pure substance (the propoalipnconstant is the density), but it is further
assumed thdhe proportionality constant is the same for both pre k and the solution This
equation is therefore useful for two substanceh siinilar pure densities. If this is true then:



and:

[edit] Second Equation

This equation is easier to derive if we assumesthetion will have a form similar to that of
average molar mass. Since density is given in t@fmsass, it makes sense to try using mass
fractions:

To get this in terms of only solution propertieg meed to get rid of . We do this first by
dividing by the density:

Now if we add all of these up we obtain:

Now we have to make an assumption, and it's diftedrem that in the first case. This time we
assume that théolumes are additive This is true in two cases:

1. In anideal solution. The idea of an ideal solution will be explainedrenlater, but for now
you need to know that ideal solutions:

Tend to involve similar compounds in solution watiich other, or when one component
is so dilute that it doesn't effect the solutiongerties much.
Include Ideal Gas mixtures at constant temperatndepressure.



2 In aCompletely immiscible nonreacting mixture In other words, if two substances don't
mix at all (like oil and water, or if you throw aak into a puddle), the total volume will not
change when you mix them.

If the solution is ideal, then we can write:

Hence, for an ideal solution,

Note that this is significantly different from tipeevious equation! This equation is more
accurate for most cases. In all cases, howeverpbst accurate to look up the value in a
handbook such as Perry's Chemical Engineers Hakdbdata is available on the solution of
interest.

[edit] Introduction to Problem Solving with Multiple
Components and Processes

In the vast majority of chemical processes, in Wwigome raw materials are processed to yield a
desired end product or set of end products, thdrde&more than one raw material entering the
system and more than one unit operation througlehwiie product must pass in order to achieve
the desired result. The calculations for such Bseg, as you can probably guess, are
considerably more complicated than those eitheoffidy a single component, or for a single-
operation process. Therefore, several techniques ieen developed to aid engineers in their
analyses. This section describes these technigquekaw to apply them to an example problem.

[edit] Degree of Freedom Analysis

For more complex problems than the single-compoaesingle-operation problems that have
been explored, it is essential that you have a otetti determining if a problem is even solvable
given the information that you have. There aredhways to describe a problem in terms of its
solvability:



1.

If the problem has a finite (not necessarily unijjset of solutions then it is calledell-
defined.

The problem can beverdetermined (also known asverspecified, which means that
you have too much information and it is either mehnt or inconsistent. This could
possibly be fixed by consolidating multiple dattoia single function or, in extreme
cases, a single value (such as a slope of a lawgeglation), or it could be fixed by
removing an assumption about the system that othenaae.

The problem can benderdetermined (or underspecified, which means that you don't
have enough information to solve for all your unking. There are several ways of
dealing with this. The most obvious is to gathetidnal information, such as
measuring additional temperatures, flow rates,ssmdn until you have a well-defined
problem. Another way is to use additional equationsmformation about what we want
out of a process, such as how much conversion gtairoin a reaction, how efficient a
separation process is, and so on. Finally, wentake assumptionsn order to simplify
the equations, and perhaps they will simplify erfotigat they become solvable.

The method of analyzing systems to see whetherdhepver or under-specified, or if they are
well-defined, is called degree of freedom analysislt works as follows for mass balances on a
single process

1.

3.

From your flowchart, determine the numbemuoknowns in the process. What qualifies
as an unknown depends on what you're looking farjrba material balance calculation,
masses and concentrations are the most commoquilibeum and energy balance
calculations, temperature and pressure also becopuwtant unknowns. In a reactor,
you should include the conversion as an unknoweasit is given OR you are doing an
atom balance.

Subtract the number &quations you can write on the process. This can includesmas
balances, energy balances, equilibrium relatiorsshiglations between concentrations,
and any equations derived from additional informatbout the process.

The number you are left with is the degrees ofdoee of the process.

If the degrees of freedom amegativethat means the unit operatioroigerspecified If it is
positive, the operation isnderspecified If it is zero then the unit operation vgell-defined,
meaning that it is theoretically possible to sdiwethe unknowns with a finite set of solutions.

[edit] Degrees of Freedom in Multiple-Process Systems

Multiple-process systems are tougher but not unidéo&tere is how to analyze themdee if a
problem is uniquely solvahle

PowbdPE

Label a flowchart completely with all the relevamknowns.

Perform a degree of freedom analysis on each peitation, as described above.

Add the degrees of freedom for each of the operatio

Subtract the number of variablesiimermediate streams.e. streams between two unit
operations. This is because each of these wasemtwice, once for the operation it
leaves and once for the one it enters.



The number you are left with is tipeocess degrees of freedonand this is what will tell you if
the process aswaholeis overspecified, underspecified, or well-defined.

NOTE:
If any single process is overspecified, and is tbt;mbe inconsistent, then the problem as a
whole cannot be solved, regardless of whether theegs as a whole is well-defined or not.

[edit] Using Degrees of Freedom to Make a Plan

Once you have determined that your problem is §bdyaou still need to figure out how you'll
solve for your variables. This is the suggestechobt

1. Find a unit operation or combination of unit openas for which the degrees of freedom
are zero.

2. Calculate all of the unknowns involved in this conation.

3. Recalculatethe degrees of freedom for each process, tretttengalculated values as
known rather than as variables.

4. Repeat these steps until everything is calculaiedt(least that which you seek)

NOTE:

You must be careful when recalculating the degoééseedom in a process. You have to be
aware of thesandwich effect in which calculations from one unit operation tavialize
balances on another operation. For example, supmaskave three processes lined up li<e
this:

>A>B->C->

Suppose also that through mass balances on oper@tiand C, you calculate the exit
composition of A and the inlet composition of C.d@rthese are performetie mass
balances on B are already completely definBae moral of the story is thbefore you

claim that you can write an equation to solve an tknown, write the equation and

make sure that it contains an unknown Do not count equations that have no unknowns in
your degree of freedom analysis.



[edit] Multiple Components and Multiple Processes: Orang
Juice Production

Example:

Consider a process in which raw oranges are predest orange juice. A possible process
description follows:

1. The oranges enter a crusher, in which all of theemeontained within the oranges is
released.

2. The now-crushed oranges enter a strainer. Thestra able to capture 90% of the
solids, the remainder exit with the orange juic@alp.

The velocity of the orange juice stream was measiorde and the radius of the piping
was 8 inches. Calculate:

a) The mass flow rate of the orange juice produict.he number of oranges per year that can
be processed with this process if it is run 8 hauday and 360 days a year. Ignore changes
due to unsteady state at startup.

Use the following data: Mass of an orange: 0.4 lagék/content of an orange: 80% Density of

the solids: Since its mostly sugars, its aboutnasity of glucose, which is

[edit] Step 1: Draw a Flowchart

This time we have multiple processes so it's egfigeémportant to label each one as its given in
the problem.



Notice how | changed the 90% capture of solids ant@lgebraic equation relating the mass of
solids in the solid waste to the mass in the fééds will be important later, becauges an
additional piece of information that is necessargolve the problem

Also note that from here in, "solids" are referteds S and "water" as W.

[edit] Step 2: Degree of Freedom analysis

Recall that for each stream there are C independdmowns, where C is the number of
components in the individual stream. These geneaadiconcentrationsof C-1 species and the
total mass flow rate since with C-1 concentrations we can find thé ¢e®, but we cannot
obtain the total mass flow rate from only concetitra

Let us apply the previously described algorithndétermining if the problem is well-defined.
On the strainer:

There ares unknowns: m2, xS3, m3, xS3, m4, and xS4

We can write2 independent mass balances on the overall systeenf¢o each
component).

We are given a conversion and enough informatiomrite the mass flow rate in the
product in terms of only concentration of one comgaa (which eliminates one
unknown). Thus we havgadditional pieces of information.

Thus the degrees of freedom of the strainer ar6=2 DOF



NOTE:

We are given the mass of an individual orange singe we cannot use that information
alone to find a total mass flow rate of orangethanfeed, and we already have used up cur
allotment of C-1 independent concentrations, wenoinount this as "given information".

If, however, we were told the number of orangesipced per year, then we could use th 2
two pieces of information in tandem to eliminat&irggle unknown (because then we can
find the mass flow rate)

On the crusher.

There are8 unknowns (m1, m2, and xS2).
We can write2 independent mass balances.
Thus the crusher has 3-21-DOF

Therefore for thesystem as a whole

Sum of DOF for unit operations =2 + 1 = 3 DOF
Number of intermediate variables = 2 (m2 and xS2)
Total DOF =3 -2 4 DOF.

Hence the problem isnderspecified

[edit] So how to we solve it?

In order to solve an underspecified problem, ong wea can obtain an additional specification is
to make an assumption What assumptions could we make that would rethie@umber of
unknowns (or equivalently, increase the numberapiables we do know)?

The most common type of assumption is to assume tromething that is relatively
insignificant is zera.

In this case, one could ask: will the solid strédemm the strainer contain any water? It might, of
course, but this amount is probably very small carag to both the amount of solids that are
captured and how much is strained, provided thatdteaned regularly and designed well. If we
make this assumption, théms specifies that the mass fraction of watehim waste stream is
zero(or equivalently, that the mass fraction of soiglsene). Therefore, we know one additional
piece of information and the degrees of freedontHeroverall system become zero.

[edit] Step 3: Convert Units

This step should be domdter the degree of freedom analysis, because thatsasaty

independent of your unit system, and if you doattehenough information to solve a problem

(or worse, you have too much), you shouldn't wéste converting units and should instead
spend your time defining the problem more precis@lg/or seeking out appropriate assumptions
to make.



Here, the most sensible choice is either to coreaetything to the cgs system or to the m-kg-s
system, since most values are already in metrice,Hee latter route is taken.

Now that everything is in the same system, we camenon to the next step.

[edit] Step 4: Relate your variables

First we have to relate the velocity and area gigems to the mass flowrate of stream 4, so that
we can actually use that information in a massrizaaFrom chapter 2, we can start with the
equation:

Since the pipe is circular and the area of a cigcle , we have:

So we have that:

Now to find the density of stream 4 we assume\tbatmes are additive, since the solids and
water are essentially immiscible (does an oranggofite when you wash it?). Hence we can use
the ideal-fluid model for density:

Hence, we have the equation we need with only auraigons and mass flowrates:

EQUATION 1:




Now we have an equation but we haven't used etheur two (why two?) independent mass
balances yet. We of course have a choice on whiohda use.

In this particular problem, since we are directiyegp information concerning the amount of
solid in stream 4 (the product stream), it seems to make sense to do the balance on this
component. Since we don't have information on sirdaand finding it would be pointless in
this case (all parts of it are the same as thos&r@im 1), lets do an overall-system balance on
the solids:

NOTE:
Since there is no reaction, the generation ter@negen for individual-species balances.

Expanding the mass balance in terms of mass frectoes:

Plugging in the known valuewith the assumption that stream 3 is pure solids @water)
and hence

EQUATION 2:

Finally, we can utilize one further mass balancdess use the easiest one: the overall mass
balance. This one again assumes that the totatdtevef stream 3 is equal to the solids flowrate.

EQUATION 3:

We now have three equations in three unknowns so the problem is solvable.
This is where all those system-solving skills witime in handy.

If you don't like solving by hand, there are numercomputer programs out there to help you
solve equations like this, suchM&TLAB , POLYMATH, and many others. You'll probably
want to learn how to use the one your school psedgentually so why not now?

Using either method, the results are:



We're almost done here, now we just have to cdletilee number of oranges per year.

Yearly Production:

[edit] Chapter 3 Practice Problems

Problem:
1. a) Look up the composition of air. Estimate its ageranolecular weight.

b) Qualitatively describe whether the density ofsfiould be large or small compared to the
density of water.

c) Qualitatively describe whether the mass densiioghould be large or small compared to
that of oxygen if the same numbermblesof the two gasses are contained in identical
containers.

d) If the density of air under certain conditiond.i66 g/m”3, how much does a gallon of air
weigh?
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Problem:

2.a) Using both of the formulas for average densitycudate estimates for the density of a
50% by mass solution of toluene and benzene. Cornometine results.

b) Repeat this calculation for varying concentratioh®luene. When does it make the most
difference which formula you use? When does it nthkdeast? Show the results graphically.
Would the trend be the same for any binary sol@ion

c) Suppose that a 50% mixture of toluene and benizaioebe separated by crystallization.
The solution is cooled until one of the compon@&atsipletely freezes and only the other is
left as a liquid. The liquid is then removed. Whalt the majority of the solid be? What will
the liquid be? What temperature should be usedtieege this? (give an estimate)

d) In the crystallization process in part ¢, suppibse: the after separation, the solid crystals
contained all of the benzene and 1% of the toldee the original mixture. Suppose also
that after melting the solid, the resulting liqueighed 1435 g. Calculate the mass of the
original solution.

B

Problem:

3.. Consider a publishing company in which bookstaree bound, printed, and shipped. At 5
a.m. every morning, a shipment of 10,000 reamsap&pcomes in, as well as enough
materials to make 150,000 books, and 30000 pouhid&.dn this particular plant, the
average size of a book is 250 pages and each bgas@2 pounds of ink.

a) How many books can be printed for each shipméit:(What is the limiting factor?)

b) Suppose that, on average, 4% of all books priatednisprints and must be destroyed. The
remaining books are to be distributed to each adr@tinents in the following proportions:

North America 15%
South America 10%
Europe 20%
Africa 20%
Asia 25%
Australia 10%

Each book that is printed (including those thatdestroyed) costs the company US$0.50 to
print. Those that are shipped cost the followingegs to ship from the US:



North America $0.05
South America $0.08
Europe $0.10
Africa $0.20
Asia $0.12
Australia  $0.15

If each book sells for an equivalent of US$1.00atnk the maximum profit that the company
can make per day?

c) ChallengeWhat is thaninimumnumber of books that the company can sell (frogn an
continent) in order to return a profit? (Hint: whathe total cost of this scheme? Does it
matter where the books are sold once they areldistd?)

d) How many pounds of ink per day end up in eachinent under the scheme in part b? How
many pages of paper?

e) Can you think of any ways you can improve thiscess? What may be some ways to

improve the profit margin? How can inventory beueetd? What are some possible problems
with your proposed solutions?

Solutions



[edit] Chapter 4. Mass balances with recycle
[edit] What IS Recycle?

Recycle is the act of taking one stream in a p®easl reusing it in an earlier part of the process
rather than discarding it. It is used in a wideietgrof processes.

[edit] Uses and Benefit of Recycle

The use of recycle makes a great deal of envirotehend economic sense, for the following
reasons among others:

Using recycle lets a company achieve a wider rarigeparations

This will be demonstrated in the next section. Hesvethere is a tradeoff: the more dilute or
concentrated you want your product to be, the déssflowrate you can achieve in the
concentrated or dilute stream.

By using recycle, in combination with some sorseparation process, a company can
increase the overall conversion ofequilibrium reaction.

You may recall from general chemistry that manytieas do not go to completion but only up
to a certain point, because they sreersible How far the reaction goes depends on the
concentrations (or partial pressures for a gaf)@products and the reactants, which are related
by the reaction stoichiometry and the equilibriunmstant K. If we want to increase the amount
of conversion, one way we can do this is to separat the products from the product mixture
and re-feed the purified reactants in to the rea&yp Le Chatlier's Principle, this will cause the
reaction to continue moving towards the products.

By using recycle, it is possible to recover expemsatalysts and reagents

Catalysts aren't cheap, and if we don't try to cexthem into the reactor, they may be lost in the
product stream. This not only gives us a contaretha@roduct but also wastes a lot of catalyst.

Because of the previous three uses, recycle caeakxthe amount of equipment needed
to get a process meet specifications and consuemsaiad.

For example, it may improve reaction conversionugiato eliminate the need for a second
reactor to achieve an economical conversion.

Recycle reduces the amount of waste that a compamgrates.

Not only is this the most environmentally soundywago about it, it also saves the company
money in disposal costs.



Most importantly, all of these things can save mpany money.

By using less equipment, the company saves maertagas well as capital costs, and probably
gets the product faster too, if the proper analigsimade.

[edit] Differences between Recycle and non-Recycle sys®

The biggest difference between recycle and nonetegystems is thdlhe extra splitting and
recombination points must be taken into accound, the properties of the streams change from
before to after these point§o see what is meant by this, consider any antyiforocess in which
a change occurs between two streams:

Feed -> Process -> Outlet

If we wish to implement a recycle system on thiscesss, we often will do something like this:

The "extra" stream between the splitting and redaatton point must be taken into account, but
the way to do this inotto do a mass balance on the process, shreceecycle stream itself does
not go into the process, only the recombined strdaas

Instead, we take it into account by performing a$naalance on thecombination poinand
one on thesplitting point



[edit] Assumptions at the Splitting Point

The recombination point is relatively unpredictabéeause the composition of the stream
leaving depends on both the composition of the ewtithe composition of the recycle stream.
However, thespliitng pointis special becausehen a stream is split, it generally is split into
two streams with equal compositionThis is a piece of information that counts tovgard
"additional information" when performing a degrddreedom analysis.

As an additional specification, it is common to wnileratio of splitting, i.e. how much of the
exit stream from the process will be put into thlet and how much will be recycled. This also
counts as "additional information".

[edit] Assumptions at the Recombination Point

The recombination point is generally not specifikd the splitting point, and also the recycle
stream and feed stream are very likely to haveifit compositions. The important thing to
remember is that you can generally use the pragseofi the stream coming from the splitting
point for the stream entering the recombinatiompainless it goes through another process in
between (which is entirely possible).

[edit] Degree of Freedom Analysis of Recycle Systems

Degree of freedom analyses are similar for recggtems to those for other systems, but with a
couple important points that the engineer must keepind:

1. The recombination point and the splitting point s counted in the degree of freedom
analysis as "processes”, since they can have umisithat aren't counted anywhere else.
2. When doing the degree of freedom analysis on thiisg point, you should not label
the concentrations as the same but leave thempasate unknowns until after you
complete the DOF analysis order to avoid confusion, since labeling theantrations
as identical "uses up" one of your pieces of infation and then you can't count it.

As an example, let's do a degree of freedom arsatysihe hypothetical system above, assuming
that all streams have two components.

Recombination Point 6 variables (3 concentrations and 3 total flotes- 2 mass
balances 4 DOF

Process Assuming it's not a reactor and there's only@ashs, there's 4 variables and 2
mass balances 2DOF

Splitting Point: 6 variables - 2 mass balaneesknowing compositions are the same -
1 splitting ratio = 2 DOF

Sothe total is 4 + 2 + 2 - 6 (in-between variapte® DOF. Therefore, if the feed is specified
then this entire system can be solved! Of coursedhults will be different if the process has
more than 2 streams, if the splitting is 3-wayh#ére are more than two components, and so on.



[edit] Suggested Solving Method

The solving method for recycle systems is simitethiose of other systems we have seen so far
but as you've likely noticed, they are increasirgdynplicated. Therefore, the importance of
making a plan becomes of the utmost importance. The way to nagian is generally as
follows:

5.

6.

1. Draw a completely labeled flow chart for the praces
2.
3. Ifitis solvable,a lot of the time, the best place to start with aecycle system is with a

Do a DOF analysis to make sure the problem is bidva

set of overall system balances, sometimes in comaiion with balances on processes
on the border. The reason for this is that the overall systetarxe cuts out the recycle
stream entirely, since the recycle stream doegmietr or leave the system as a whole but
merely travels between two processes, like anyratitermediate stream. Often, the
composition of the recycle stream is unknown, $® $hmplifies the calculations a good
deal.

Find a set of independent equations that will yiedtlies for a certain set of unknowns
(this is often most difficult the first time; sonmaes, one of the unit operations in the
system will have 0 DOF so start with that one. @#hee it'll take some searching.)
Considering those variables as known, do a new b&#&nce until something has 0
DOF. Calculate the variables on that process.

Repeat until all processes are specified completely

[edit] Example problem: Improving a Separation Process

It has been stated that recycle can help to Thaswgke helps to show that this is true and also
show some limitations of the use of recycle on peatesses.

Consider the following proposed system without obey
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Example:

A mixture of 50% A and 50% B enters a separatiacess that is capable of splitting the two
components into two streams: one containing 60%eentering A and half the B, and one
with 40% of the A and half the B (all by mass):

If 100 kg/hr of feed containing 50% A by mass esitbie separator, what are the
concentrations of A in the exit streams?

A degree of freedom analysis on this process:

4 unknowns ( ), 2 mass balances, aAgieces of information
(knowing that 40% of A and half of B leaves in atre3 is not independent from knowing that
60% of A and half of B leaves in stream 2) BOF.

Methods of previous chapters can be used to daterthat

and . This is good practice for
the interested reader.

If we want to obtain a greater separation than time thing that we can do is usesaycle
systemin which a portion of one of the streams is simboff and remixed with the feed stream
in order for it to be re-separated. The choice liiclv stream should be re-siphoned depends on
the desired properties of the exit streams. Theceffof each choice will now be assessed.



[edit] Implementing Recycle on the Separation Process

B

Example:

Suppose that in the previous example, a recyckesys set up in which half of stream 3 is
siphoned off and recombined with the feed (whicstil the same composition as before).
Recalculate the concentrations of A in streamsd23ans the separation more or less effective
than that without recycle? Can you see a majotditiain of this method? How might this be
overcome?

This is a rather involved problem, and must benak®e step at a time. The analyses of the cases
for recycling each stream are similar, so the fiete will be considered in detail and the second
will be left for the reader.

[edit] Step 1: Draw a Flowchart

You must be careful when drawing the flowchart lnseathe separator separates 60% of all the
A that enters it into stream 8ot 60% of the fresh feed stream




[edit] Step 2: Do a Degree of Freedom Analysis

Recall that you must include the recombination gldting points in your analysis.
Recombination point 4 unknowns - 2 mass balance2 degrees of freedom
Separator. 6 unknowns (nothing is specified) - 2 indepengeeates of information - 2
mass balances 2DOF
Splitting point: 6 unknowns (again, nothing is specified) - 2 mzaances - 1
assumption that concentration remains constarsplitting ratio =2 DOF
Total =2 + 2 + 2 - 6 . Thus the problem is completely specified.

[edit] Step 3: Devise a Plan and Carry it Out

First, look at the entire system, since none ofottiginal processes individually had 0 DOF.

Overall mass balance on A

Overall mass balance on B
We have 4 equations and 2 unknowns at this poks i§ where the problem solving requires

some ingenuity. First, lets see what happens wheenombine this information with the splitting
ratio and constant concentration at the splitter:

Splitting Ratio:
Constant concentration

Plugging these into the overall balances we have:

On A:

Total:

Again we have more equations than unknoiamswe know how to relate everything in these two
eqguations to the inlet concentrations in the sepatal his is due to the conversions we are
given:

60% of entering A goes into stream 2Zneans
40% of entering A goes into stream 3neans



50% of entering B goes into stream Zneans

50% of entering B goes into stream 8neans

Spend some time trying to figure out where thesgaegns come from, it's all definition of mass
fraction and translating words into algebraic et

Plugging in all of these into the existing balanaes finally obtain 2 equations in 2 unknowns:

On A:

On B:

Solving these equations gives:

NOTE:

Notice that two things happened as expected: theerdration of the stream entering the
evaporator went down (because the feed is mixirlg &imore dilute recycle stream), and
the total flowrate went up (again due to contribntirom the recycle stream). This is
always a good rough check to see if your answeresaknse, for example if the flowrate
was lower than the feed rate you'd know somethiagtwrong

Once these values are known, you can choose tddtaace either on the separator or on the
recombination point, since both now have 0 degoééeedom. We choose the separator
because that leads directly to what we're lookarg f

The mass balances on the separator can be solvepgthis same method as that without a
recycle system, the results are:




Now since we know the flowrate of stream 3 andgbléting ratio we can find the rate of stream
6:

NOTE:
You should check to make sure that m2 and m6 add tige total feed rate, otherwise yoli

made a mistake.

Now we can assess how effective the recycle is.cbheentration of A in the liquid streamas
reduced, by a small margin of 0.015 mole fractldawever, this extra reduction came at a pair
of costs: the flow rate of dilute stream was siigaifitly reduced: from 45 to 29.165 kg/fitis
limitation is important to keep in mind and also eylains why we bother trying to make

very efficient separation processes.



[edit] Systems with Recycle: a Cleaning Process

[edit] Problem Statement

Example:

Consider a process in which freshly-mined ore ised@leaned so that later processing units do
not get contaminated with dirt. 3000 kg/hr of dione is dumped into a large washer, in which
water is allowed to soak the ore on its way toardon the bottom of the unit. The amount of
dirt remaining on the ore after this process idigdde, but water remains absorbed on the ore
surface such that the net mass flow rate of thenelé ore is 3100 kg/hr.

The dirty water is cleaned in a settler, whichbgeao remove 90% of the dirt in the stream
without removing a significant amount of water. Tdheaned stream then is combined with a
fresh water stream before re-entering the washer.

The wet, clean ore enters a dryer, in which athefwater is removed. Dry ore is removed
from the dryer at 2900 kg/hr.

The design schematic for this process was as fsllow



a) Calculate the necessary mass flow rate of fregbntia achieve this removal at steady
state.

b) Suppose that the solubility of dirt in water is . Assuming that the water
leaving the washer is saturated with dirt, cal@utae mass fraction of dirt in the stream that
enters the washer (after it has been mixed withrdsh-water stream).

[edit] First Step: Draw a Flowchart

A schemaitic is given in the problem statement bistvery incomplete, since it does not contain
any of the design specifications (the efficiencyta settler, the solubility of soil in water, and
the mass flow rates). Thereforeis highly recommended that you draw your ownyse even
when one is provided for yolvlake sure you label all of the streams, and tilénawn
concentrations.



[edit] Second Step: Degree of Freedom Analysis

Around the washer. 6 independent unknowns ( ), three
independent mass balances (ore, dirt, and watax)pae solubility. The washer has
DOF.

Around the dryer: 2 independent unknowns ( ) and two independent equations
=0 DOF.

NOTE:

Since the dryer has no degrees of freedom alreaelgan say thdhe system variables
behave as if the stream going into the dryer waggomg anywhergeand therefore this
stream should not be included in the "in-betweamabées" calculation.

Around the Settler.5 independent unknowns ( ), two mass
balances (dirt and water), the solubility of satewedirt, and one additional information
(90% removal of dirt), leaving us withDOF.



At the mixing point: We need to include this in order to calculatettital degrees of
freedom for the process, since otherwise we'reoohting m9 anywhere. 5 unknowns

( ) and 2 mass balances leaves us ®ibDOF.

Therefore, Overall = 3+2+1 - 6 intermediate vamahinot including xO4 since that's going to
the dryer) =0

The problem is well-defined.
[edit] Devising a Plan

Recall that the idea is to look for a unit openatis some combination of them with 0 Degrees
of Freedom, calculate those variables, and thealgelate the degrees of freedom until
everything is accounted for.

From our initial analysis, the dryer had 0 DOF saan calculate the two unknowns xO4 and
m5. Now we can consider xO4 and m5 known and redalégree of freedom analysis on the
unit operations.

Around the washer. We only have 5 unknowns now ( ), but
still only three equations and the solubilityDOF.

Around the settler: Nothing has changed here since xO4 and m5 ax@m'tected to this
operation.

Overall System We have three unknowns ( ) since is already
determined, and we have three mass balances (dremdl water). Hence we haOe
DOF for the overall system.

Now we can say we know and

Around the settler again since we know m7 the settler now I@B8BOF and we can
solve for and

Around the washer again Now we know m8 and xD8. How many balances can we
write?

NOTE:

If we try to write a balance on the ore, we wilidithatthe ore is already balanced becau:;e
of the other balances we've doitfeyou try to write an ore balance, you'll seaiaready
know the values of all the unknowns in the equatidtence we can't count that balance s
an equation we can use (I'll show you this whenwwek out the actual calculation).

The washer therefore has 2 unknowns (m2, xD2)2aeqguationgthe dirt and water balances) =
0 DOF



This final step can also be done by balances oretwmbination point (as shown below). Once
we have m2 and xD2 the system is completely detethi

[edit] Converting Units

The only given information in inconsistent unitghe solubility, which is given as
. However, since we know the density of water @n ook it up), we can

convert this to as follows:

Now that this information is in the same unitstas iass flow rates we can proceed to the next
step.

[edit] Carrying Out the Plan

First, do any two mass balances on the dryer. dbsbdotal and ore balances. Remember that the
third balance is not independent of the first two!

Overall Balance
Ore Balance

Substituting the known values:

Overall:
Ore:

Solving gives:

Now that we have finished the dryer we do the & in our plan, which was the overall
system balance:



Water Balance
Ore Balance

Dirt Balance:

Next we move to the settler as planned, this anbis trickier since the solutions aren't
immediately obvious but a system must be solved.

Overall Balance
Dirt Balance:
Efficiency of Removal

Using the solubility is slightly tricky. You usebly noticing thathe mass of dirt in stream 3 is
proportional to the mass of wateand hence you can write that:

mass dirt in stream 3 = 0.4 * mass water in str8am
Solubility:

Plugging in known values, the following system qtiations is obtained:

Solving these equations for the 4 unknowns, thetsols are:

Finally, we can go to the mixing point, and say:



Overall:
Dirt :

From which the final unknowns are obtained:

Since the problem was asking for , we are now finished.

[edit] Check your work

These values should be checked by making a nevefiast with the numerical values, and
ensuring that the balances on the washer areiedti3tis is left as an exercise for the reader.



[edit] Chapter 5: Mass/mole balances in
reacting systems

[edit] Review of Reaction Stoichiometry

Up until now, all of the balances we have doneystesns have been in termsméss

However, mass is inconvenient for a reacting sysienause it does not allow us to take
advantage of thstoichiometryof the reaction in relating the relative amourfteeactants and of
products.

Stoichiometry is the relationship between reactants and prodaetdalanced reaction as given
by the ratio of their coefficients. For examplettie reaction:

the reaction stoichiometry would dictate that feery one molecule of (acetylene) that

reacts, two molecules of (hydrogen) are consumed and one molecule of are formed.
However this does not hold for grams of products and reactas.

Even though the number of moleculesingle substancis proportional to the mass of that
substance, the constant of proportionality (theemalar mass) is not the same for every

molecule. Hence, it is necessary to use the maeewgight of each molecule to convert from
grams tamolesin order to use the reaction's coefficients.

[edit] Molecular Mole Balances

We can write balances on moles like we can on amytblse. We'll start with our ubiquitous
general balance equation:

As usual we assume that accumulation = 0 in thik Iso that:

Let us denote molar flow rates byo distinguish them from mass flow rates. We thaveha
similar equation to the mass balance equation:




The same equation can be written in terms of eadividual species.

There are a couple of important things to note abius type of balance as opposed to a mass
balance:

1. Just like with the mass balance, in a mole balaac®n-reactive system has
for all species.

2. Unlike the mass balancethe TOTAL generation of moles isn't necessarigvén for
the overall mole balance! To see this, consider timatotal number of moles changes in
the above reaction; the final number of moles nalt equal the initial number because 3
total moles of molecules are reacting to form levadl products.

Why would we use it if the generation isn't necels@? We use the molecular mole balance
becausé we know how much of any one substance is consucher created in the reaction,
we can find all of the others from the reaction stichiometry. This is a very powerful tool
becauseach reaction only creates one new unkndwou use this method! The following
section is merely a formalization of this conceytjch can be used to solve problems involving
reactors.



[edit] Appendix 1. Useful Mathematical
Methods

[edit] Mean and Standard Deviation

A lot of the time, when you're conducting an expemt, you will run it more than once,
especially if it is inexpensive. Scientists run esments more than once so that thedom

errors that result from taking measurements, such asigaei guess a length between two hash
marks on a ruler, cancel themselves out and |dere tvith a more precise measurement.
However, the question remains: how should you dateste all of the data into something that's
more managable to use?

[edit] Mean

Suppose you have n data points takeder the same conditionsand you wish to consolidate
them to as few as feasibly possible. One thing wbauld help is is to use some centralized
value, which is in some way "between" all of thggmal data points. This, in fact, is called the
mean of the data set.

There are many ways of computing the mean of astdtdepending on how it is believed to be
distributed. One of the most common methods istthearithmetic meanwhich is defined as:

Other types of mean include theGeometric mearwhich should be used when the data are
very widely distributed (ex. an exponential distitibn) and the "log-mean" which occurs often
in transport phenomena.

[edit] Standard Deviation

Having a value for the mean tells you what valieedhata points "cluster” around but it does not
tell you how spread out they are from the centesegéond statistical variable called the
standard deviationis used for that. The standard deviation is egdgnthe average distance
between the data points and their me@he distance is expressed as a squared distaocddr

to prevent negative deviations from lessoning ffeceof positive deviations.

The mathematical formulation for the standard d@wma is:



The denominator is n-1 instead of n because staiss found that it gives better results for
small numbers of experiments; sestandard deviatiofor a more thorough explanation of this.

[edit] Putting it together

The standard deviation of a data set measured undeonstant conditions is a measure of
how precise the data set iBecause this is true, the standard deviationdzfta set is often
used in conjunction with the mean in order to repaperimental results. Typically, results are
reported as:

If a distribution is assumed, knowing both the maad standard deviation can help us to
estimate the probability that the actual valuehefariable is within a certain rangkthere is
no systematic bias in the datéathere is (such as use of broken equipmentligemgce, and so
on) then no statistics could predict the effectthat.

[edit] Linear Regression

Suppose you have a set of data points () takenunder differing conditions which you
suspect, from a graph, can be reasonably estinbgtddawing a line through the points. Any
line that you could draw will have (or can be vaiittin) the following form:

where m is the slope of the line and b is the grirept.

We seek théestline that we could possibly use to estimate thtepaof the data. This line will
be most useful for both interpolating between pothat we know, and extrapolating to
unknown values (as long as they're close to medsalees). In the most usual measure, how

"good" the fit is is determined by the verticaltdisce between the line and the data pointg)(
which is called theesidual:

In order to normalize the residuals so that thaytdmncel when one's positive and one's
negative (and thus helping to avoid statisticatpiave are usually concerned with ggpareof

when doing least-squares regression. We use sqtearssd and not absolute values so that
the function idifferentiable don't worry about this if you haven't taken célsuwyet.



In order to take into accouatl of the data points, we simply seek to minimizeghm of the
squared residuals:

Using calculus, we can take the derivative of with respect to m and with respect to b and
solve the equations to come up with the values ahohb that minimize the sum of squares
(hence the alternate name of this technidpeest-squares regressionrhe formulas are as
follows, where n is the total number of data poyds are regressing[1]:

[edit] Example of linear regression

Example:

Suppose you wanted to measure how fast you gahimos by a less direct route than looking

at the speedometer of your car. Instead, you loaknap and read the distances between each
intersection, and then you measure how long itdataejo each distance. Suppose the results
were as follows (D is total distance from home):

t(min)

11
1.9
3.0
3.8
5.3

D (yards)
559.5
759.5
898.2
1116.3
1308.7

How far from home did you start, and what is thstlestimate for your average speed?

The first thing we should do with any data likestfs to graph it and see if a linear fit would be
reasonable. Plotting this data, we can see by atigmethat a linear fit appears to be reasonable.



Now we need to compute all of the values in ourgsgion formulas, and to do this (by hand)
we set up a table:

n=5

Trial t t"h2 D D/2 t*D

1 1.1 1.21 559.5 313040 615 .45

2 1.9 361 759.5 576840 144 3.05
3 3.0 9.00 898.2 806763 269 4.6

4 3.8 14.44 1116.3 1246126 424 1.94
5 5.3 28.09 1308.7 1712695 693 6.11
TOTAL 15.1 56.35 4642.2 4655464 159 31.15

Now that we have this data we can plug it into loear regression equation:

So



Hence the equation for the line of best fit is:

The graph of this plotted against the data lodkes this:

[edit] How to tell how good your regression is

In the previous example, we visually determineitiviould be reasonable to perform a linear fit,
but it is certainly possible to have a less cladrease! If there is some slight curve to the data,
it still "close enough” to be useful? Though ithailways come down to your own judgment
after seeing the fit line graph against the déere is a mathematical tool to help you called a
correlation coefficient, r, which can be defined in several different wayee of them is as
follows [1]:

It can be shown that this value always lies betwédeand 1. The closer itis to 1 (or -1), the more
reasonable the linear fit. In general, the mora gaints you have, the smaller r needs to be
before it's a good fit, but a good rule of thumioisook for high (higher than 0.85 or 0.9) values
and then graph to see if the graph makes sensestBoes it will, sometimes it won't, the

method is not foolproof.



In the above example we have:

Hence the data correlates very well with a lineadet.

[edit] Linearization

[edit] In general

Whenever you have to fit a parameter or multipleypeeters to data, it is a good idea to try to
linearize the function first, because linear regressionugimess intensive and more accurate
than nonlinear regression. The goal with any lizedion is to reduce the function to the form:

The difference between this and "standard" linegression is that Variable 1 and Variable 2
can beany functionof x and y, as long as they are not combined ynveay (i.e. you can't have

as one variable). The technique can be extendeubte than two variables using a
method calledv:multiple linear regressiobut as that's more difficult to perform, this seat
will focus on two-dimensional regression.

[edit] Power Law

To see some of the power of linearization, letfspgse that we have two variables, x and y,
related by a power law:

where A and b are constants. If we have data coimgechanges in y to changes in x, we would
like to know the values of a and b. This is difftdw do if the equation is in its current form but
we can change it into a linear-type function!

The trick here is we need to get rid of the expoiberso in order to do that we take the natural
log of both sides:



Using laws of logarithms we can simplify the rigtgnd side to obtain the following:

The beauty of this equation is that it is, in assgrinear!f we graph In(y) vs. In(x) obtain a
straight line with slope b and y-intercept In(A)

[edit] Exponentials

Another common use of linearization is with expdreds, where x and y are related by an
expression of the form:

This works for any base but the most common baseusttered in practice is Euler's constant, e.
Again, we take the natural log of both sides, ideorto get rid of the exponent:

This time,Graph In y vs. x to obtain a line with slope In(b)and y-intercept In(A).

[edit] Linear Interpolation

Often, when you look up properties on a chart, willibe looking them up at conditions in
betweertwo charted conditions. For example, if you wereking up the specific enthalpy of
steam at 10 MPa and 4300C you would look in thanstebles and see something like this: [2]

P = 10 MPa
T(0C) H (kJ/kg)
400  2832.4
450  2943.4

How can you figure out the intermediate value fos? We can't exactly but we cassume that
H(T) is a linear function. If we assume that it is linear, then we can gdsil the intermediate
value. First, we set up a table, including the wviam value like this:

T(C)  H (kJ/kg)
1400  2832.4
2430  x

3450  2943.4



Then since we're assuming the relationship betweamd H is linear, and the slope of a line is a
constanthe slope between points 3 and 2 has to equaldipe $etween points 3 and 1

Therefore, we can write that:

Solving givesx = 2899 kJ/kg

The same method can be used to find an unknowmn & goven H between two tabulated values.

[edit] General formula

To derive a more general formula (though | alwagswe it from scratch anyways, it's nice to
have a formula), lets replace the numbers by viasadd give them more generic symbols:

Xy
1x1 vyi
2 X* y*
3 x2 y2

Setting the slope between points 3 and 2 equéalaiobietween 3 and 1 yields:

This equation can then be solved for x* or y* aprapriate.

[edit] Limitations of Linear Interpolation

It is important to remember thiear interpolation is not exacHow inexact it is depends on
two major factors:

1. What the real relationship between x and y is ftloge curved it is, the worse the linear
approximation)

2. The difference between consecutive x values ondible (the smaller the distance, the
closer almost any function will resemble a line)

Therefore, it is not recommended to use linearpaiation if the spaces are very widely
separated. However, if no other method of approtionas available, linear interpolation is
often the only option, or other forms of interpadat(which may be just as inaccurate,
depending on what the actual function is).



See alsav:interpolation

[edit] References
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Publishing company, 6e, p. 683
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Deleware: John Wiley and Sons inc., 4e, p. 923

Problem:

1. In enzyme kinetics, one common form of a rateimMichaelis-Menten kinetigawhich is
of the form:

where and are constants.

a. Write this equation in a linearized form. What slibyou plot to get a line? What will the
slope be? How about the y-intercept?

b. Given the following data and the linearized forhihe equation, predict the values of

and
[S], M rS, M/s
0.02 0.0006
0.05 0.0010
0.08 0.0014
0.20 0.0026
0.30 0.0028
0.50 0.0030
0.80 0.0036
1.40 0.0037
2.00 0.0038

Also, calculate the R value and comment on how dgbedit is.

c. Plot the rate expression in its nonlinear formhviite parameters from part b. What might
represent?



d. Find the value of -rS when [S] is 1.0 M in threays:
1. Plug 1.0 into your expression for -rS with the biggparameters.
2. Perform a linear interpolation between the appaiprpoints nearby.
3. Perform a linear extrapolation from the line betwgeints (0.5, 0.0030) and (0.8,
0.0036).

Which is probably the most accurate? Why?

Problem:

2. Find the standard deviation of the following skeaibitrary data. Write the data in
form. Are the data very precise?

1.01 1.00 0.86 0.93 0.95
1.1 1.04 1.02 1.08 1.12
0.97 0.93 092 0.89 1.15

Which data points are most likely to be erronedds® can you tell?

Problem:

3. Solve the following equations for x using onew tootfinding methods discussed earlier.
Note that some equations have multiple real saist{the number of solutions is written next
to the equation)

a. (2 solutions). Use the quadratic formula to chealrtechnique
before moving on to the next problems.

b. (1 solution)

C. (1 solution)

d. (2 solutions)



[edit] Appendix 2. Problem Solving using
Computers

[edit] Introduction to Spreadsheets

This tutorial probably works with other spreadskgstich agv:open officg with minor
modifications.

A spreadsheetuch as Excel is a program that lets you analya@emately large amounts of
data by placing each data point inedl and then performing the same operation on grotips o
cells at once. One of the nice things about spresats is that data input and manipulation is
relatively intuitive and hence easier than doingg¢ame tasks in a programming language like
MATLAB (discussed next). This section shows hovdtosome of these manipulations so that
you don't have to by hand.

[edit] Anatomy of a spreadsheet

A spreadsheet has a number of parts that you sheufamiliar with. When you first open up the
spreadsheet program, you will see something tluddsldike this (the image is from the German
version of open office)



First off, notice that the entire page is splitiofp boxes, and each one is labelRdws are
labeled with numbers and columns with lettéso, try typing something in, and notice that th
box above the spreadsheet (to the right of ) will change automatically as you type. When
you're just putting in numbers, thifo box will just have the same number in there. But when
you're putting in formulas, the cell will displaye value calculated from the formula, while the
info box will display what the formula was.

[edit] Inputting and Manipulating Data in Excel

The first step in any spreadsheet analysis isgdotithe raw data you want to analyze. It is most
effective if you put it in columns, with one colurfor each variable. It lets you see more data at
once, and it also is less limited because the maximumber of rows is much larger than the
maximum number of columns.

It is good practice to use the first row for themes of the variables, and the remaining for the
data points. Make sure you include units. In tlestion, the following data will be used as
illustration:

A B
1 t(min) D (yards)
2 1.1 559.5
3 1.9 759.5
4 3.0 898.2
5 3.8 1116.3
6 5.3 1308.7

[edit] Using formulas

In order to tell the spreadsheet that you wanswaiformula rather than just enter a number,
you have to start the entry with an equal sign {=u can then use combinations of decimal
values anctell designations A cell designation is simply the column lettelldaved by the row
number containing the value you wish to manipulate.example, if you wanted to find the
product of the distance traveled and the time spawmeéling, you could put in the formula:

= A2*B2

into any empty cell and it would give you the ansvigom here out it will be assumed that this
value is in cell C2. You should label the columithathe type of calculation you're performing.

[edit] Performing Operations on Groups of Cells

The question may arise: why not just put in the bera themselves instead of referencing the
cell? There are two major reasons for this:

1. If you change the value in the referenced cell vifae calculated in the formula will
automatically change.
2. The built-indragging capability of most spreadsheets.



The dragging capability is a simple concept. If yave put a formula into a spreadsheet, you
can have itopiedto any number of cells you want. To do this, Setlee cell with the formula
and bring the mouse pointer to its lower-right haocdher. You should see a darkcon:

Info Bar = A2*B2
A B C
1 t(min) D (yards)
2 1.1 559.5 | 625.45 |
3 1.9 759.5 - +
4 3.0 898.2
5 3.8 1116.3
6 5.3 1308.7

Click on the + and drag it dowifihis will cause the formulas to change according tbow you
drag the box.In this case, if you drag it down to row 6, theegulsheet will produce the
following:

A B C
1 t(min) D (yards) t*D
211 559.5 615.45
319 759.5 1443.05
4 3.0 898.2 2694.6
5 3.8 1116.3 4241.94
6 5.3 1308.7 6936.11

If you click on the last value in column C (6936).1e info bar will display:
=A6*B6

This is very useful for performing the same operaion multiple sets of data at once; rather
than having to do the multiplication 5 separatee8rhere, we just do it once and drag down the
box.

[edit] Special Functions in Excel

In order to do many mathematical operations in E¢aeat least the easiest way), it is necessary
to usefunctions(not to be confused with formulas). A functiorsisiply an implementation
someone already wrote for the mathematical operasio all you have to do is know how to tell

it to do the operation and where to put it whendbne. In excel, you can call a function named
"function” by typing the following into a cell:

=function(inputs)

The function will then execute, and the cell comitag the call will display the answer. The
necessary inputs are sometimes numbers but areafterethe cell addresses. For example, in
the data above, say you wanted to take the expiahént) of all the time points in column A,
and place the result in column D. The functiondeponential i®xp, and it can only accept one
input at a time, but due to the dragging capabditi£xcel this will not matter much, you can just



call it once and then drag the ca#l you would with any formula containing cell adsles So to
do this you would type into cell D2:

=exp(A2)

Hit enter, then click the + in the bottom right advég the cell down. You should end up with
something like this after labeling the D column aggpiately:

A B C D

t (min) D(yards) t*D e

1.1 559.5 615.45 3.004166024
1.9 759.5 1443.05 6.685894442
3 898.2 2694.6 20.08553692
3.8 1116.3 4241.94 44.70118449
5.3 1308.7 6936.11 200.33681

OO, WNPE

All excel functions output only one value at a tjtfeough some can accept multiple cells at a
time as input (mostly statistical functions).

Following is a brief synopsis of the functions dable. For a complete list, see the help files for
your spreadsheet, as the availability of each fananay vary depending on which one you are
using. CELL signifies either the row/column desigom of the cell you want to pass to the
function as input, or some numerical value you emanually.

[edit] Mathematics Functions

Generally these only take one input at a time.

abs(CELL):  Absolute value of CELL

sqrt(CELL): Square root  of CELL [to do nth roots, use CELL”(1/n)]
In(CELL): Natural log of CELL

log10(CELL): Log of CELL to base 10

log(CELL, NUM): Log of CELL to the base NUM (use fo r all bases except e and

10)

exp(CELL):  Exponential (e”x) of CELL. Use since Excel doesn't have a built -in
constant "e".

sin(CELL), cos(CELL), tan(CELL): Trigonometric functions sine, cosine, and
tangent of CELL. CELL must be in radians

asin(CELL), acos(CELL), atan(CELL): Inverse trigonometric functions (returns
values in radians )

sinh(CELL), cosh(CELL), tanh(CELL): Hyperbolic functions

asinh(CELL), acosh(CELL), atanh(CELL): Inverse hype rbolic functions

[edit] Graphing Data in Excel

In Excel, there are a variety of ways to graphda& you have inserted, such as bar graphs, pie
charts, and many others. The most commonly-usedyiexperience is thecatterplot, which is

the name Excel uses for the typical x-y "line graplot that you probably think of first when

you think of a graph.



[edit] Scatterplots

Scatterplots can be made relating any one indep¢ndeable to any number of dependent
variables, though if you try to graph too many il et crowded and hard to read. Excel will
automatically give each different dependent vagabtifferent color and a different shape, so
that you can distinguish between them. You can iadsoe each "series" of data differently and
Excel will automatically set up a legend for you.

This is how to make a scatterplot:

Put the data into columns just like it was givenhe problem statement.

Now we need to set up the graph. Go to:

Select "XY (scatter)" and click "next".

Click the "series" tab (on top). If there are amyies present, remove them with the
remove button (since it usually guesses wrong wbatwant to graph).

PwbdE

Now we can add a series for each dependent vamabigant to graph as follows:

Click "add".

2. Next to "X values" click the funky arrow symboltize right of the text box. A small box
will pop up.

3. Click on the first value for thmmdependent variabland drag the mouse down to the last
value. Click the funky symbol again to bring yowck#o the main window.

4. Do the same thing with the "Y values" but this tigoel want to select the values of the
dependent variable

5. Click next, and give the graph a title and labki®u want. Then click next and "finish"

to generate your graph.

=

[edit] Performing Regressions of the Data from a Scattefot

Once you have a scatterplot of your data, you caong of several types of regression:
logarithmic, exponential, polynomial (up to 6th deg), linear, or moving-average. Excel will
plot the regression curve against your data autcaiit and (except for moving average) you
can tell it to give you an equation for the curVe.do this:

1. Right click on one of the data points (it doesrett@r which). Click "add trendline..."

2. A new window will come up, asking you for the typeregression. Choose the type of
regression you want to use.

3. Click on the "options" tab, and check the "Dispayuation on Chart" box (and, if you
want, the "Display R-squared value on Chart" b&tick OK.

If you chose a "linear" regression with the sangfata above, the equation and value appear

on the graph as . Note Excel displays rather
than R (so that we don't need to worry about negats. positive values); if you want R just take
the square root, which is 0.9921 as we calculatede section on linear regressions.



[edit] Further resources for Spreadsheets

Excel and other spreadsheets can do far more thahisvdescribed here. For additional
information, se&xcel w:Excel or the help files for the program you are using.

[edit] Introduction to MATLAB
[edit] Graphing Data in MATLAB

[edit] Polynomial Regressions

MATLAB is able to do regressions up to very large polyimaborders, using the "polyfit"
function. The syntax for this function is:

polyfit(XDATA, YDATA, Order)

The x data and y data must be in the formarodys, which for the purposes of this application
are simply comma-separated lists separated by dtadkor example, suppose you want to
perform the same linear regression that had bedarped in the "linear regression" section.
The first step is to define the two variables:

>> XDATA =[1.1,1.9,3.0,3.8,5.3];
>> YDATA = [559.5,759.4,898.2,1116.3,1308.7];

Then just call polyfit with order '1' since we wanlinear regression.

>> polyfit(XDATA, YDATA, 1)
ans = 1.0e+002 *
1.77876628209900 3.91232582806103

The way to interpret this answer is that the fmstnber is the slope of the line (1.778*10"2) and
the second is the y-intercept (3.912*10"2).



[edit] Appendix 3: Notation
[edit] A Note on Notation

[edit] Base Notation (in alphabetical order)

: Molarity of species i in stream n
A: Area
m: mass
MW: Molecular Weight (Molar Mass)
n: moles
N: Number of components
x: Mass fraction
y: Mole fraction
v: velocity
V: Volume

[edit] Greek

: Density
1 Sum

[edit] Subscripts

If a particular component (rather than an arbiti@amg) is considered, a specific letter is assigned
to it:

[A] is the molarity of A
is the mass fraction of A

Similarly, referring to a specific stream (rathieam any old stream you want), each is given a
different number.

is the molar flowrate in stream 1.
is the molar flow rate of component A in stream 1.

Special subscripts:

If A is some value denoting a property ofabitrary component stream, the letter i signifies the
arbitrarycomponenaind the letter n signifies an arbitratyeam i.e.

is a property ostreamn. Note is the molar flow rate of stream n.
is a property oEomponent.



The subscript "gen" signifies generation of someghnside the system.

[edit] Embellishments

If A is some value denoting a property then:
denotes thaverageproperty in stream n
denotes #otal flow ratein steam n

denotes the flow rate of component i in stream n.

indicates a data point in a set.

[edit] Units Section/Dimensional Analysis

In the units section, the generic variables L, ,tspand A are used to demonstrate dimensional
analysis. In order to avoid confusing dimensionthwnits (for example the unit m, meters, is a

unit of length, not mass), if this notation is ® Used, use thanit equivalenceharacter
rather than a standard equal sign.

[edit] Appendix 4: Further Reading

Chapra, S. and Canale, R. 20B2merical Methods for Engineerth ed. New York: McGraw-
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Felder, R.M. and Rousseau, R.W. 20B@mentary Principles of Chemical Process#rsl ed.
New York: John Wiley & Sons.

Masterton, W. and Hurley, C. 200Chemistry Principles and Reactiqrth ed. New York:
Harcourt.

Perry, R.H. and Green, D. 198Zerry's Chemical Engineers Handbo@ith ed. New York:
McGraw-Hill.

Windholzet al 1976.The Merck Index9th ed. New Jersey: Merck.



[edit] Appendix 5: External Links

Unit conversion table (Wikipedia)

Enthalpies of Formation (Wikipedia)

| Online Saturated Steam Calculator (UConn A&E Bes)- NOTE: This site ONLY works for
saturated steam, not superheated steam or sulkdowmater

| Periodic Table (Los Alamos National Laboratory)

Physical properties tables

[edit] Appendix 6: License

Version 1.2, November 2002

Copyright (C) 2000,2001,2002 Free Software Foundat ion, Inc.
51 Franklin St, Fifth Floor, Boston, MA 02110-1301 USA
Everyone is permitted to copy and distribute verbat im copies
of this license document, but changing it is not al lowed.

[edit] 0. PREAMBLE

The purpose of this License is to make a manuaho®k, or other functional and useful
document "free" in the sense of freedom: to assueeyone the effective freedom to copy and
redistribute it, with or without modifying it, eifn commercially or noncommercially.
Secondarily, this License preserves for the audindrpublisher a way to get credit for their
work, while not being considered responsible fodifications made by others.

This License is a kind of "copyleft”, which meahatt derivative works of the document must
themselves be free in the same sense. It complerittenGNU General Public License, which is
a copyleft license designed for free software.

We have designed this License in order to use if@anuals for free software, because free
software needs free documentation: a free prograuld come with manuals providing the
same freedoms that the software does. But thimkeés not limited to software manuals; it can
be used for any textual work, regardless of subjeatter or whether it is published as a printed
book. We recommend this License principally for kgwhose purpose is instruction or
reference.

[edit] 1. APPLICABILITY AND DEFINITIONS



This License applies to any manual or other warlgny medium, that contains a notice placed
by the copyright holder saying it can be distrilsuteder the terms of this License. Such a notice
grants a world-wide, royalty-free license, unlimdii@ duration, to use that work under the
conditions stated herein. The "Document”, belovierseto any such manual or work. Any
member of the public is a licensee, and is adddeas€you". You accept the license if you copy,
modify or distribute the work in a way requiringrpgssion under copyright law.

A "Modified Version" of the Document means any wedataining the Document or a portion
of it, either copied verbatim, or with modificat®and/or translated into another language.

A "Secondary Section" is a named appendix or a{naaiter section of the Document that deals
exclusively with the relationship of the publishersaauthors of the Document to the Document's
overall subject (or to related matters) and costaiothing that could fall directly within that
overall subject. (Thus, if the Document is in @atextbook of mathematics, a Secondary Section
may not explain any mathematics.) The relationsbigd be a matter of historical connection
with the subject or with related matters, or ofdegommercial, philosophical, ethical or

political position regarding them.

The "Invariant Sections" are certain SecondaryiSestwhose titles are designated, as being
those of Invariant Sections, in the notice thasgagt the Document is released under this
License. If a section does not fit the above daéiniof Secondary then it is not allowed to be
designated as Invariant. The Document may contio Invariant Sections. If the Document
does not identify any Invariant Sections then tlaeenone.

The "Cover Texts" are certain short passages othex are listed, as Front-Cover Texts or
Back-Cover Texts, in the notice that says thatibeument is released under this License. A
Front-Cover Text may be at most 5 words, and a Baaker Text may be at most 25 words.

A "Transparent" copy of the Document means a macheadable copy, represented in a format
whose specification is available to the generaliputhat is suitable for revising the document
straightforwardly with generic text editors or (farages composed of pixels) generic paint
programs or (for drawings) some widely availablavdng editor, and that is suitable for input to
text formatters or for automatic translation toasiety of formats suitable for input to text
formatters. A copy made in an otherwise Transpdilenformat whose markup, or absence of
markup, has been arranged to thwart or discounalggesgiuent modification by readers is not
Transparent. An image format is not Transpareaséd for any substantial amount of text. A
copy that is not "Transparent” is called "Opaque".

Examples of suitable formats for Transparent copielside plain ASCII without markup,
Texinfo input format, LaTeX input format, SGML oK using a publicly available DTD, and
standard-conforming simple HTML, PostScript or Pddsigned for human modification.
Examples of transparent image formats include PNG; and JPG. Opaque formats include
proprietary formats that can be read and edited loylproprietary word processors, SGML or
XML for which the DTD and/or processing tools axg generally available, and the machine-
generated HTML, PostScript or PDF produced by saar& processors for output purposes
only.



The "Title Page" means, for a printed book, tHe pige itself, plus such following pages as are
needed to hold, legibly, the material this Liceresguires to appear in the title page. For works in
formats which do not have any title page as suthle'Page" means the text near the most
prominent appearance of the work's title, precethiegoeginning of the body of the text.

A section "Entitled XYZ" means a named subunithed Document whose title either is precisely
XYZ or contains XYZ in parentheses following telat translates XYZ in another language.
(Here XYZ stands for a specific section name mewibbelow, such as "Acknowledgements”,
"Dedications”, "Endorsements"”, or "History".) ToréBerve the Title" of such a section when
you modify the Document means that it remains @etEntitled XYZ" according to this
definition.

The Document may include Warranty Disclaimers nexhe notice which states that this
License applies to the Document. These Warrantgl&isers are considered to be included by
reference in this License, but only as regarddalising warranties: any other implication that
these Warranty Disclaimers may have is void andhieasffect on the meaning of this License.

[edit] 2. VERBATIM COPYING

You may copy and distribute the Document in any iomed either commercially or
noncommercially, provided that this License, thpye@ht notices, and the license notice saying
this License applies to the Document are reproduteatl copies, and that you add no other
conditions whatsoever to those of this License. W@y not use technical measures to obstruct
or control the reading or further copying of theies you make or distribute. However, you may
accept compensation in exchange for copies. Ifdisuibute a large enough number of copies
you must also follow the conditions in section 3.

You may also lend copies, under the same condistated above, and you may publicly display
copies.

[edit] 3. COPYING IN QUANTITY

If you publish printed copies (or copies in mediattcommonly have printed covers) of the
Document, numbering more than 100, and the Documikecgnse notice requires Cover Texts,
you must enclose the copies in covers that calegrly and legibly, all these Cover Texts:
Front-Cover Texts on the front cover, and Back-Cdwxts on the back cover. Both covers
must also clearly and legibly identify you as thublsher of these copies. The front cover must
present the full title with all words of the titggually prominent and visible. You may add other
material on the covers in addition. Copying witlaeges limited to the covers, as long as they
preserve the title of the Document and satisfydhmmditions, can be treated as verbatim
copying in other respects.

If the required texts for either cover are too voinous to fit legibly, you should put the first
ones listed (as many as fit reasonably) on theahctwver, and continue the rest onto adjacent
pages.



If you publish or distribute Opaque copies of threcDment numbering more than 100, you must
either include a machine-readable Transparent atgpg with each Opaque copy, or state in or
with each Opaque copy a computer-network locatiomfwhich the general network-using
public has access to download using public-standarndork protocols a complete Transparent
copy of the Document, free of added material. li yse the latter option, you must take
reasonably prudent steps, when you begin distohuif Opaque copies in quantity, to ensure
that this Transparent copy will remain thus acddssat the stated location until at least one year
after the last time you distribute an Opaque cajine¢tly or through your agents or retailers) of
that edition to the public.

It is requested, but not required, that you cortfaetauthors of the Document well before
redistributing any large number of copies, to givem a chance to provide you with an updated
version of the Document.

[edit] 4. MODIFICATIONS

You may copy and distribute a Modified Version loé Document under the conditions of
sections 2 and 3 above, provided that you reldes#&lbdified Version under precisely this
License, with the Modified Version filling the roté the Document, thus licensing distribution
and modification of the Modified Version to whoeymrssesses a copy of it. In addition, you
must do these things in the Modified Version:

A. Use in the Title Page (and on the covers, if antlle distinct from that of the
Document, and from those of previous versions (tvsttould, if there were any, be
listed in the History section of the Document). Yoay use the same title as a previous
version if the original publisher of that versiones permission.

B. List on the Title Page, as authors, one or morsgme or entities responsible for
authorship of the modifications in the Modified gem, together with at least five of the
principal authors of the Document (all of its prpad authors, if it has fewer than five),
unless they release you from this requirement.

C. State on the Title page the name of the publish#re Modified Version, as the
publisher.

D. Preserve all the copyright notices of the Document

E. Add an appropriate copyright notice for your magdifions adjacent to the other
copyright notices.

F. Include, immediately after the copyright noticadicense notice giving the public
permission to use the Modified Version under thiengeof this License, in the form
shown in the Addendum below.

G. Preserve in that license notice the full listsrofariant Sections and required Cover
Texts given in the Document's license notice.

H. Include an unaltered copy of this License.

|. Preserve the section Entitled "History", Presétwvditle, and add to it an item stating
at least the title, year, new authors, and publishéhe Modified Version as given on the
Title Page. If there is no section Entitled "Histbin the Document, create one stating
the title, year, authors, and publisher of the Doent as given on its Title Page, then add
an item describing the Modified Version as statethe previous sentence.



J. Preserve the network location, if any, given i@ Bocument for public access to a
Transparent copy of the Document, and likewisen#itevork locations given in the
Document for previous versions it was based onsé&meay be placed in the "History"
section. You may omit a network location for a wthlt was published at least four
years before the Document itself, or if the origimablisher of the version it refers to
gives permission.

K. For any section Entitled "Acknowledgements" or didations", Preserve the Title of
the section, and preserve in the section all thetance and tone of each of the
contributor acknowledgements and/or dedicationsrgiherein.

L. Preserve all the Invariant Sections of the Documemaltered in their text and in their
titles. Section numbers or the equivalent are naosered part of the section titles.

M. Delete any section Entitled "Endorsements”. Suseciion may not be included in
the Modified Version.

N. Do not retitle any existing section to be Entiti&hdorsements” or to conflict in title
with any Invariant Section.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-mattections or appendices that qualify as
Secondary Sections and contain no material copged the Document, you may at your option
designate some or all of these sections as invafiando this, add their titles to the list of
Invariant Sections in the Modified Version's licenstice. These titles must be distinct from any
other section titles.

You may add a section Entitled "Endorsements”, idexV it contains nothing but endorsements
of your Modified Version by various parties--forarple, statements of peer review or that the
text has been approved by an organization as tihemtative definition of a standard.

You may add a passage of up to five words as atfEowmer Text, and a passage of up to 25
words as a Back-Cover Text, to the end of theolisEover Texts in the Modified Version. Only
one passage of Front-Cover Text and one of BaclkeCbext may be added by (or through
arrangements made by) any one entity. If the Documkeeady includes a cover text for the
same cover, previously added by you or by arrangeémeade by the same entity you are acting
on behalf of, you may not add another; but you negjace the old one, on explicit permission
from the previous publisher that added the old one.

The author(s) and publisher(s) of the Documentatdog this License give permission to use
their names for publicity for or to assert or implydorsement of any Modified Version.

[edit] 5. COMBINING DOCUMENTS

You may combine the Document with other documegltsased under this License, under the
terms defined in section 4 above for modified \amrsi provided that you include in the
combination all of the Invariant Sections of alltbé original documents, unmodified, and list
them all as Invariant Sections of your combinedkaorits license notice, and that you preserve
all their Warranty Disclaimers.



The combined work need only contain one copy & ticense, and multiple identical Invariant
Sections may be replaced with a single copy. Ifefa@e multiple Invariant Sections with the
same name but different contents, make the titeach such section unique by adding at the end
of it, in parentheses, the name of the originahauobr publisher of that section if known, or else
a unique number. Make the same adjustment to ttimsditles in the list of Invariant Sections

in the license notice of the combined work.

In the combination, you must combine any sectiomstled "History" in the various original
documents, forming one section Entitled "Histotikewise combine any sections Entitled
"Acknowledgements”, and any sections Entitled "Bations". You must delete all sections
Entitled "Endorsements."

[edit] 6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Docunagrd other documents released under this
License, and replace the individual copies of Ltikense in the various documents with a single
copy that is included in the collection, providédttyou follow the rules of this License for
verbatim copying of each of the documents in dieotrespects.

You may extract a single document from such a ctbtla, and distribute it individually under
this License, provided you insert a copy of thisdase into the extracted document, and follow
this License in all other respects regarding venbabpying of that document.

[edit] 7. AGGREGATION WITH INDEPENDENT WORKS

A compilation of the Document or its derivativeshwbther separate and independent documents
or works, in or on a volume of a storage or disititn medium, is called an "aggregate" if the
copyright resulting from the compilation is not dge limit the legal rights of the compilation's
users beyond what the individual works permit. WittenDocument is included in an aggregate,
this License does not apply to the other worksheaggregate which are not themselves
derivative works of the Document.

If the Cover Text requirement of section 3 is apgdhle to these copies of the Document, then if
the Document is less than one half of the entigFegate, the Document's Cover Texts may be
placed on covers that bracket the Document withénaiggregate, or the electronic equivalent of
covers if the Document is in electronic form. Othise they must appear on printed covers that
bracket the whole aggregate.

[edit] 8. TRANSLATION

Translation is considered a kind of modificatiom,y®u may distribute translations of the
Document under the terms of section 4. Replacingriant Sections with translations requires
special permission from their copyright holders;, yau may include translations of some or all
Invariant Sections in addition to the original vers of these Invariant Sections. You may
include a translation of this License, and alllibense notices in the Document, and any



Warranty Disclaimers, provided that you also ineldlde original English version of this License
and the original versions of those notices andaiisers. In case of a disagreement between the
translation and the original version of this Licems a notice or disclaimer, the original version
will prevail.

If a section in the Document is Entitled "Acknowgeanents”, "Dedications”, or "History", the
requirement (section 4) to Preserve its Title (sact) will typically require changing the actual
title.

[edit] 9. TERMINATION

You may not copy, modify, sublicense, or distribtite Document except as expressly provided
for under this License. Any other attempt to cappdify, sublicense or distribute the Document
is void, and will automatically terminate your righunder this License. However, parties who
have received copies, or rights, from you undes ticense will not have their licenses
terminated so long as such parties remain in futhgliance.

[edit] 10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, eeMrsions of the GNU Free
Documentation License from time to time. Such newnsions will be similar in spirit to the
present version, but may differ in detail to addneew problems or concerns. See
http://www.gnu.org/copyleft/

Each version of the License is given a distinguighiersion number. If the Document specifies
that a particular numbered version of this Licetmeany later version” applies to it, you have
the option of following the terms and conditionther of that specified version or of any later
version that has been published (not as a drafthéyree Software Foundation. If the
Document does not specify a version number ofltltiense, you may choose any version ever
published (not as a draft) by the Free SoftwarenBation.
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