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Introduction to Chemival Engineering

Intreduction

The prafeisben of chemicil enpreering has te do wih the ischnoiogy of the ekemical apd procass iodustic. Tles
group of imdustries 3 not exsy 1o dofine. It i3 tat restiicied b those kn which a cuemical change i perfarmed on the
rnatesial being treated.for intnee the manaficture of 1), which it slvays considered in e greup of themi
induisties, can conceivably be carried wat w0 that net 8 siegle chemical resctisn ceenrs. The term “chemscal and
proces imdustries” is simply ooe that ha a cerain accepied usage.
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sacan, dlicmicil engineenieg 15 | s¢lenss. Miny other hied of chemical engmeerimg is anly panly anbersiood
theoretically, although here the thoary 1hat is srailabls i alviays & valuable guide 80 pmctice. Sl aher armas have
mdl resposided te theorctisal analyals ad all sind remmin an o Chemdcal sEEIMEITInG & not uniquee in s TESp
and all eegizeering for masy yeam to come, irnespeetive of the amoant o research thy will be done, will femain 1o
& preesin sxtent wn a, |4 the doing of thinga sn 152 busds of expericnce wid julguma Scveral sulbsdivisios of te
wark cf the cyemical engireer are recognized, wnd the divisinm bevween samie of these are raher arbitrary.

The Unit Operatisn of Chemical Eaginesring

The sxliest meceschul offart 1o bring somec kind of sypsteu. i & alsndy ol il procos MOREEres cime Fom the
recEmition that many of theve processcs had commm apemtions and commen rechnijues aud wer based an the
ama fitimdatis af wieatlile prisclples For riance, n almest wll of them ther i s flow ofbas bawees b ail
2old fhids. There i sransponatien of materials, both ligald and s3did, oq a large seal, Many difFerent processes
stilize the xame separation of purification stepi. aseh as disiation, weirection, Hrsticn, and shsorpion



The cancept of the “unit operation’ was a final erystallize of thege ideas into a formzl point of view, [t emphasized
the fact that an industrial process cortains a coordinated series of separate operations and that the best methed of
analyzing and understaading a process is w analyze and understand these operations themselves. The unil
operations are thus independent of e industiies in which they are used, excepl that practical methods of camying
them out may be more or less different in different indostries. The comeapt of unit nperations, however, hag amatly
unified much of the subject matter of chemical engineering,

Thz theory of the unit operations is based on fairly definite, well understood laws. However, this theory must in
turn be interpreted into terms of practical equipment that can be fabricated, assembled, operated, and maintained.
Thez chemical enginecr must be able to develop, design, and engineer both process and equipment. He must be able
to operate plant efficiently, safely, and economically, and he must understand the use that will be made of his
preducts so that he can make a product having the particular characteristics demanded by the purchaser.
Consequently, there is much that 15 practical in chemmcal engineening, in addition to its theoretical background
Balanced treatment of cach of the unit operation requires that both theory and practice be given an cqual
consideration.

Material Balance

The first fundamental law states that matter cannot be either created or destroyed. Specifically, this requires that the
matenals ertering any process must either acenmulate or lasve the procese There cen be no loge or gain curing the
precess. In steady-state conditions (conditions which do not very with time), the law of conservation of matter
takes the extremely simple form that input must equal output, The law is often used in the form of marerial
balances. The importance of this simple but far-reaching statement can hardly be over emphasiced, Material
balances must hold over the entire process or apparatus or over any part of it. They must apply to all the material
that enters and leaves the process or to any one material that passes through the process unchznged.

Molecular Units

In matenal-balance calculations whers chemical reactions are involved. molecular units are often simpler to use
than the ordinary units of weight. A mole of any pure substance is defined as that quantity whose weight is

numerically equal to its moleenlar weight. From this definition, the meanings of the terms pound mele and gram
mole follow,



Fluid Mechanics

Fluids

In everyday life, we recognize three states uf matter: solid, liquid and gas. Although diffarent in many respecis,
liquids and gases have a cemmon characteristic in waich they differ from solids; they are fluids, lacking the ability
cf solids 10 offer permanent resistance to a deforming force. Fluids flow under the acticn of such forces, deforming
continuously for as long as the force is applied. A fluid is unable to retain unsupported shape; it lows under its
cwn weight and fakes the shape of any solid body with which it cuues into contact.
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Figure 2-1. Deformation caused by shearing forces.
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Deformation is caused by shearing forces, i.e. forces such as F (Figure 2-1), which act tangentially ‘o the surfaces
to which taey are applied and cause the material originally occupying the space ABCD to deform to AB'C'D  This
leads to the definition:

A fluid is a substance which deforms continuously vnder the action of shearing forces, however small the y may be.
Conversely, it follows that:

IT a fluid is at rest there can be no shezring forces acting and, therefore, all forces in the fluid must be
perpendicular to the plane: upon which they act,



Newtonian Fluids
Even among substances commonly accepted as fluids, there is wide variation in behavior under stress. Fluids
obeying Mewion's law of viscosity (equation 1) and for which | hss a constant value are krowrn as Mewtonian

fuids. Most common fluids fall inte this categorv, for which shear stress is linearly related to velocity gradient.
d u f 1
T= — (1

dy

Non-MNewtonian Fluids

Fluids which do not obey Newton's law of viscosity are known az non-
Newtonian and fall into one of the following groups.

(1) Plastic, for which the shear stress must reach a certain minimum value before
flow commences Thereafter, shear stress increases with the rate of shear
according to the relationship.

=A+ E(E]“ ("
dy

Shear siress ©

where A, B and n are constanis. If n =1, the matenal 15 known as a Bmgham Shear rate [du/dy]|
plastic (e g sewnage sludge).

(it) Pscudo-plastie, for which dynamic viscosity decreases as the rate of shear increases (e.g. collpidal solutions,
clay, milk, cement),

(iii) Dilatant substances, in which dynamic viscosity increases as the rate of shear increases (e.g. quicksand),

{iv) Thixotropic substznces, for which the dynamic viscosity decreases with the time for which shearing forces are
applied (e.g. thixotropic jelly paints).

(v) Rheopectic materials, for which the dynamue viscosity increases with the time for which shearing forces are
applied.

{vi}) Viscoelastic materials, which behave in a manner similar to Newionian fluids under time-invariant conditions
but, if the shear stress changes suddenly, behave as if plastic.

The above is a classification of actual fluids. In analyzing some of the problems arising in Quid mechanics we shall
have cause to consider the behavior of an ideal fluid, which is assumed te have no viscosity. Theoretical solutions
obtained for such a fluid often give valuable insight into the problems involved and where necessary, can be
related to real conditions by expenmental investigation.



Uniform and non-uniform Flow

Conditions in 2 body of fluid can vary from point to point ard, at any given point, can vary from one moment of
time to the next. Flow is described as uniform if the velocity at a giver instant is the same in magnitude ard
direction at every point in the fluid. If velocity changes from poirt to point at the given instant, the flow is
described as non-uniform. In practice, when a fluid flows past a solid boundary, there will be variations of velocity
in the reginn close 1o the boundary However, if the size and shape of the ersss-section of the strsam of fluid is
constant, the flow is considered to be uniform.

Steady and nnsteady Flow

A steady flow is one in which the velocity, pressure and cross-section of the stream may vary from point to point
but do not change with time. If, at a given peint, conditions do change with timz, th= flow is described as unsteady.
In practice, there will always be slight vasialion: of velocity and pressure, bur, if the average values are corstant,
the flow is considered to be steady.

There are, therefore, four possible types of flow:

(1) Steady uniform flow. Conditions do not change with position or time. The velocity and cross-sectioral area of
the stream of fluid are the same at cach cross-scction: e.g flow of a liquid thiough a pipe of uniform bore running
completely full at constant velocity,

(1) Steady nor-uniform flow. Conditions change from point to point but not witk time. The velocity and cross-
sectioral area of the stream may vary from cross-section to crass-section, but, for each cross-section, they will not
vary with time; e.g. flow of a liquid at a constant rate through « tapering pipe running completely full,

(1it) Unsteady uniform flow. At a given instant of time, the velocity at every point is the same, but this velocity will
change with time; e.g. accelerating flow of a liquid throagh a pipe of uniform bore running full, such as would
weour when a pump is started up.

(iv) Unstezdy non-uniform flow. The crnss-sectional ares and velocity vary from point to point and also change
with time; e.g. 4 wave traveling along a channel,



Compressible and Incompressible Flow

All fluids are compressible so that their density will change with pressure. but under stzady flow conditions and
provided that the changes of density are small it is often possible to simplify the analysis of a problem by assuming
that the fluid is incompressikle and constant density. Since liquids are relatively difficult to compress, it is ususl to
treat them as if they were incompressible for all cases of steady flow. However, in unsteady flow conditions, high
pressure differences can develop and the compressibility of liquic must be taken into 2ccount. Gaszs are easily
compressed and, except when changes of presswe and, therefore, demsity arc very small, the effects of
compressibility and changes of internal energy must be taken inio account,

Laminar Flow

Ubservation shows that two entirely different types of fluic flow exist. This was demonstrated by Dsborne
Reynolds in 1853 through an experiment in which water was discharged from a sank through a glass tube, The rate
of flow could be controlled by a valve at the outlet, and a fine filament of dye injected at the entrance to the tube.
At low velacities, it was found that the dye filament remained intact throughout the length of the tube, showing that
the pariicles of water moved in parallel lines. This type of flow is known as laminar, viscous or streamline, the
particles of fluid moving in an orderly manner and retaining the same relative positions in sucecssive cross-
sections.

Turbulent Flow

As the velocity in the tube was increased by cpening the outlet valve, a point wis eventually reached at which the
dye filament at first began w vscillate end then broke up so that the coler was diffuszd over the whole cross-
sections, showing that the particles of fluid no longer movad in an orderly manner but accupied different reladive
positions in successive cross-sections This type of flow is known as turbulent and is characterized by continuous
small fluctuations in the magnitude and direction of the velocity of the fluid particles, which are accompznied by
comresponding small fluctuations of pressure,



Manometer

Manometer is commony used to measure small and moderate pressure differences. A
manomster mainly consists of a glass or plastic U-tube cintaining one or more fluids such
as mercury, water, alcohol, ar oil Tn keep the size of the manometer to & managealle level,
heavy fluids such as mercury are used if large pressure differences are anticipated The
diameter of the tube should be large enough (more than a few millimeters) to ensure that the
surface teusion effect and thus the capillary rise is negligible.

Barometer

Atmospheric pressure is measured by a cevice called a barometer: thus, the atmospherie
pressure is often referred to as the baromerric pressure. The Italian Torricelli (1608-1 647)
was the first to conzlusively prove that the atmospheric pressure can be measured by
inverting a mercury-filled tube into a inercury container that is open to the amosphere.
The standarc¢ atmospaeric pressure, for example, is 760 mmHg (29.02 inHg) a: 0°C. The
mmHg 15 also called the torr in honor of Torricell,

The Bourdon gauge

This gauge is widely used for stzam and compressed gases, and frequently forms the
indicating element on flow controllers. This instrument has very much greater sensitivity
and 15 suitable for very high pressures The pressure indicated is the difference Letween
that communicated by the system fo the tube and the external (ambient) pressure. and this .
15 usually referred to as the gauge pressure. It is then necessary to add on the ambient e
pressure in order e obiain the (absolute) pressure,




Rotameter

[n the rotameter, the pressure diop is held constant and the constriction area varies as the flow
ratz changes. A float is free to move up and down in a tapered tube. The float remains sieady
when the upward farce of the flowing fluid exacily balanzes the weight of the float in the fluid.
As the fluid flow rate is increased, the float moves to a higher positon in the tubc,

The orifice meter

This is 2 relztively cheap and reliable instrament though the overall pressure drop 15 high
beciuse most of the kinetic enzrgy of the fluid ot the orifice is wasted, The velucity of the
fluid is increased at the throat withou: much loss of energy, The most important factors
influencing the reading of an orifice meter are the size of the orifice ind the ciameter of
the pipe in which it is fined. Tae orifice must be drilled with sharp edges and is best made
from stainless steel which resists corrosion and abrasion. The size of the orifice should
be chosen to give a canvenient pressure drop.

The venturi meter

In this meter, the fluid is acceleraed by its passage through a converging cone of
angle 15-20%, The fluid is then retarded in a cone of smaller angle (5-7") in which
A large propertion of the kineftic energy is converted back tv pressure energy. The
pressure diffsrenze between the upstream end of the cone (section 1) and the
throat (section 2) is measured. The attraction of this meter lies in its high energy
recovery so that it may be used where only @ small pressure heac is available,
though its constriction is sxpensive.

Pump

Pumps are of two main classes: centrifugal and the others. These others mostly have
positive displaccment action in which the discharge rate is largely independent of the
pressure against which they work, Centrifugal pumps have rotating elements that impart
high velocity initially and high pressure head ultimately lo the liquid Pumps work very
much like compressers excepr thet they handle liquids instead of gases. Centrifugal pumps
have a rumber of good cualities: (1) They are simple in construction, are inexpensive, are
available in a large variety of materials, ard have low maintenance cost. (2) They operate at
high speed so that they can be driven directly by electrical motors.




Thermodynamics

Thermodynamic Systems

A thermodynamic system is defined as any quantity of matter or any region of space to which attention is directed
for purposes of analysis. The quantity of matter or regicn of space must be within a mreseribed boundary. This
boundary may be deformable and may bz imaginary.

If a system is defined ¢s a particular quantity of matter, then the system always contains the same matter and thers
can be wo wansfer of mass across the boundary. However, if a system 15 defined as a region of space within a
prescribed boundary, then matter may crss the system boundary.

In orcer to distinguish between these two types of systems, the type that has no mass transfer across its boundary
we call a closed system or control mass. An open system is a region of space within a boundary which matter may
cross. This boundary may be moving. An open system is also called a control volume and its boundary is caled a
control surface,

Everything outside the system boundary is refrred to as the surroundings. Usually the term surroundings is
restricted o those things oulside the system that is some way interact with the system or affect the behavior of the
system. A special case of a closed system is an isolated system. An isolated system is a system that in no way
interacts with its surroundings. Notice that an isolated system must be a closed system, since the requirement that
there be no interaction of the system with its surroundings prohibits any transfer of mass across the system
boundary,



Properties, States, and Processes

Properties

A property is eny cbservable characteristic of a system. Examples of properties are pressure, temperature, modulus
of elasticity, volume, and dymamic viscosity. We also consider as properties any combination of observable
characteristivs, for sxample, the product of pressure and temperaturs,

States

The state or concition of a system is specified by the values of its properties. Since there are numerous
relationships among the properties of particular systems, the values of a few properties will often identify a state
completely because all other properties can be determined in terms of these few_ Precisely how many properties are
required to specify the state of a system depends on the complexity of the system.

I a system has the same values of its properties at two different times, the system is in identical states at these two
times A system is said to be in an equilibrium state (or in equilibrium) if no changes cen oceur in the state of the
system withow the aid of an extzmal stimulus.

Frocesses

A transformation of a system from one state to another is called a process. The path of the process it the series of
states through which the system passes during the process. A cycle or cyelic process 15 a process (or a series of
processes) which returns the system to the state it was in before the process began. The properies of the system
vary during a cycle, but at the completion of a cycle all properies have been restored to their initial values. In other
words, the net change in a property is zero for any cycle. This 8 concisely slated by dde =0

Where x is any preperty and the symbol ¢ indicates integration around a eycle,



Intensive, Extensive, and Specific Properties

I” a homogeneous system is divided into two parts, the mass of the whole system is equal to the sum of the masses
of the two parts. The volume of the whole is also equal to the sum of the volumes of the parts. On the other hand,
the temperature of the whole 15 not equal to the sum of the tempemtures of the pars. In fact, the temperature,
pressure, and density of the whole are the same as of the parts. This brings us to the distinction between extensive
and intensive properties.

If the value of a property of a system is equal to the sum of the values for the pats of e system, thal properly is an
extensive property Mass, velume, weight, and several other properties (energy. znthalpy. entropy) are exiensive
properties. An intensive property is one which has the same value for any part of a homogeneous system as it does for
the wiwle systenn. The measurement of an intensive property can be made withow knowledge of the total mass or extent
of the system. Pressure, temperture, and density are examples of intensive properties. If the vahie of any extensive
property is div.ded by the mass of the system, the resulting property is intensive ard is called a specific property.

‘Lhe First Law of Thermodynamics

An empirical relationship between heat and work has been found. As a resalt of this relationship, stored snergy can
bz operationally defined as “ AE = Q - W " Where AE is the change in the stored energy of a closed system, Q is
the net amount of heat added to the system, and W s th2 net amount of work done by the system. Also it can be
shown that stored energy E is a property,

These facts are generally summarized in a statement of the first law of thermodynamics or the law of conservation
of energy. Possible staternents are the following:

1- Whenever a closed system execules a cycle, the net amount of heat added to the systzm during the cycle is equal
to the net amount of waork done by the svetem, or §og =faw -

2- Enzrgy can he neither created nor destroyed, although it can be stored in various forms and can be transferred
from one system te ancther as heat or work.

The Second Law of Thermodynamics

Two of the well-known statements of the second law of thermodynamics are known as the Clausius statemeat and
the Kelvin-Planck statement. The Clausisus statement may be given as follows: It is impossiblz for any deviee 1o
operate in such a manner that it produces ne effect wther than the wansfer of heat from one body 10 anotker body at
a higher tzmperature. It does not say that it is impossible to transfer heat from a lower-temperaure body to a
higher-temperature body. Indeed, this is exactly what a refrigerator does. A refrigerater dozs not operate, unless it
receives an energy inpul, usually in the form of work.



The Kelvin-Planck statement of the second law is as follows it is impossible for any device to operate in a cycle
and produce work while exchanging heat oaly with bodies at a single fixed temperature. Notice that the valve of the
terperature of the bodies in the surroundings is not merntionad. If a device can operate cyclically and produze work
while exchanging heat only with bodies at spo' ¢ , it can be made to do the same thing while exchanging heat enly
with bodies at, say. 0°C . Application of the first law tc a device which violates the Kevin-Planck statement of the
second law (recalling that §dE=0) shows that the network produced would be eqaal to the ne: amount of heat

received from bodies in the surroundings which are all at the same tempersture. Such a device is called a
perpetual-motion machire of the second kind. Therefore, the Kelvin-Planck statement is sometimes paraphrased
as "A perpetual-moticn machine of the second kind is impossible.”

The Third Law of Thermodynamics

This law is concerned with the level of availability of energy. It is suggested that the internal energy of a substance
results from the random motion of the atoms and moleculzs whick make up the substance. This motion is also
nssociated with temperature and from this develops the idea of an sbsolute zero of femperature wher all random
motion ceases. Entropy is asscciatad with temperature and with the availebility of thermal energy.

For a substance, if the random tramslational, retational and vibrational types of motion of the atcms and
molecules making up the substance are reduced to zero, then the substance 15 considered to become of a perfect
crystal form and the energies associated with these form of motion will be reduced to zero. Thus, the energy within
the substance 15 raduced to what i¢ referred to as the ground statz. This neglects the energy within the basic atomic
structure of the substance which iz associated with such particles as electrons, neutrons, ¢tc. These considerations
fed w the development of the third law of thermodynamics, which is the voncept thal at the sbsolule zero of
ternperature, the energy of a perfect crystal of a substance 15 7ero.



Enthalpy

It is known that internal energy, pressurs and veolume are properties. Usvally a particular comhbination of thege
properties will often appzar. The combination is in the form u-+ Pvand because this combination has a particular
significance in some processes, 1t 15 given a name. The name is enthalpy and is given the symbol h. Thus,
h =u+Pv. Note that, since pressure, volume and temperature are propeities, the combination of these properties

in the form of enthalpy makes enthalpy a property also. Specific enthalpy is designated h. The enthalpy of any
mass, other than unity is desiznated H.

Carnot cycle

The Carnot cycle is composed of four lotally reversible processes: isothermal
expansion, adiabatic expansion, isothermal compression, and adiabatic compression.
The Camot cycle can be executed in a closed system (a piston—cylinder device) or a
steady-flow system (utilizing twe turbines and two compressors), and either a gas or a
vapor cin be utilized as the working fluid, The Camot eycle is the most efficieat cycle
that can be executed between a heat source at temperature Ty, and z sink at temperalure
1y, and s thermal efficiency is expressed as 7 thComny = 1— =&

Ty

ol

Nozeles and diffusery .

Nozzles and diffusers are commonly utilized in jst engines, rockets, spacecraft, and cven :th"""t-—!
garden koses. A nozzle is a device that increases the velocity of a fluid a1 the expense of " iy p
pressure. A diffuser 15 a device that increases the pressure of a fluid by slowing it down. I

That is, nozzles and diffusers perform opposite tasks. The cruss-sectional area of a nozzle r_,,.nn'-’"”"'
decreases in the flow direction for subsonic flows and increases for supersonie flows. The e __,‘I
reverse is true for diffusers. Nozzles and diffusers typically invelve no work and any change Y1

in potential energy is negligible (APe=0). k-



Compressor

Compressors are devices used o increase the pressure of a fluid. Work is supplied fo these
devices from an external source through a rotating shaft. Therefore, COMPIessors mvolve
work inputs. A compressor is capable of compressing the gas to very high pressures. Heat
transfer is negligible for compressors unless there is ntentional ccoling. The severzl kinds
of commercizl compressors are identified in this classification: (1) Rotodynamic: a.
Centrifugal (radial flow) b, Axial flow; [2) Positive displacement: a. Reciprocating piston
b. Rotary (screws, blades, lobes, etc ).

Turbine

In steam, gas, or hydreelectric power plants, the device that drives the electric generator is
the turbine. As the fluid passes through the turbine, work is cone against the blades, which
are atiached to the shaft. As a resull, the shaft rotates, and the turbine produces work. Heat
transfer from turbines is usually negligible since they are typically well insulated. Potential
energy changes are also negligible for turbines. The fluid velocities encountzred in most
turbings e very high, and the fluid experiences a significant change in ils kinetic energy. -
However. this change is usually very small relative to the change in enthalpy, and thus it is :
ofen disregarded.

Otto engine

The Otto eyele is the ideal cycle for spark-ignition reciprocating engines. [u st spark-ignition engires, the piston
execules four complete strokes (two mechanical cycles) within the cylinder. and the crarkshaft completes two
revolutions for each thermodynamic cyclz. These engines are called four-stroke ntemal combustion engines.
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Initially, both the intake and the exhaust valves are closed, and the piston is at its lowest position (BDC). During
the compression stroke, the piston moves upward, compressing the air—fuel mixmre. Shortly before the piston
reaches its highest position (TDC), the spark plug fires and the mixture ignite, increasing the pressure and
temperature of the system. The high-pressure gases force the pisten down, which in turn forces the crankshaft 1o
rotate, producing a useful work sutput during the expansion stroke. At the end of this stroke, he piston iz at its
lowest position (the completion of the first mechanical cycle), and the cylinder is filled with combustion products.
Now the piston moves upward one more time, purging the exhaust gases through the exhaust valve (the exhauss
strake), and down a second time, drawing in fresh air-fuel mixtuze through the intake valve (the intake stroke)
Notice that the pressure in the ¢ylinder is slighily abuve the atmospheric value during the exhaust siroke and
slightly below during the intake stroke.

Jet engines
The pressure of air rises slightly as it is decelerated in the diffuser. Air is compressed by the compressor. It is
mixed with fucl in the cosnbustion chamter, where the mixture is burned at constant pressure. The high-pressure
and high-temperature combustion gases sartiaily expand in the turbine, producing enough power w drive the
compressor and other equipment. Finally, the gases expand in a nozzle to the ambient pressure and leave the engine
at a high velocity. The thrust developed
in 8 mrbojet engine is the unbalanced

force that is caused by the JilTerence in = 9
the momentum of the low-velocity air e |

entering the engine and tae high-velosity I o
exhzust gases leaving the engme, and 1t is r‘”‘””f’ 24
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determuned from Newton's second law., '



HEAT TRANSFER

Introduction

Heat transfer is the science that seeks to predict the cuergy transfer that may take place between material bodies as
a result of a temperature difference. Heat is transferred by three hasic mades In hwo of thege modes, the heat is
transferred through material, whereas in the third mode it is transmitted through empty space and vacuum as well
as through certain materials transparent to thermal radiation. The physical mechanisms and laws for the hezt
transfer cre different for cach of these basic modes, which are designated as:

1) Conduction, 2) Convection, 3) Radiation

Conduction

When a lemperature gradient exists in 2 bocy, experience has shown that there is an energy transfer from the high-
lemperature region o the low-lemperature region. We say that the energy is transfemred by conduction.
The mechanism of thermal conduction in a gas is a simple one. We identify the kinetic energy of a molecule with
its temperature; thus in a high-temperature region. the molecules have higher velocities than in some lower-
temperatare region. The molecules are in continuous random metion, colliding with one another and exchanging
energy and momentu. The nolecales have (his random motion whether or not a wmperature gradient exists in the
£2s. Toe priysical mechamsm of fhermal energy conduction m Tiguids is qualitatively the same 28 in gases:
however, the situaticn is considerably more complex because the melecules are more closely spaced and melecular
forze fields exert a strong influence on the energy exchange in the collision process, On the other hand, thermal
encrgy may be conducted in solid by two modes: Lattice vibrativn and transport by free electrons.



Convection

Ir convection heat flow, the thermal energy is primarily wansmited through appreciable displacement (physical
eirculation of the molecules within the convective bady). Convection oecurs only in fluids (liquids or gases), and
convective heat transfer is vsually between a solid surface and a fluid. The fluid molecules in contact with the solid
surface are heated or cooled by conduction, and are swept away from the splid surface by convective flow patterns
or flow twbulenve, and subsequent thennal cocigy banskr by cenduction with adjacent uid moleculss oceurs.
Or conversely, molecules at the temperature of the fluid body are swept toward a solid surface and upon physical
contact thermal energy transfer is effected. An example of hezt transferred by convecticn is the chilling effect of a
cold wind on 1 warm body. Without the flow of cold air past a warm body, the primary mode of energy transfer
would be conduction, which would be much less.

If a heated plate were exposed to ambient room air without an external source of motion, a movemnent of the ar
would be experienced 25 a result of the density gradients near the plate. We call this nawral, or free, convection as
opposad to forced convection, which is experienced in the case of the fan blowing air over a platz. Boiling and
condensation phenomena are also grouped under the general subject of convection heat transfer.

Radiation

In radiation heat transfer, the thermal energy is transmitted by electromagnetic waves, differing from light (visible
spectram) only by their respective wavelengths. Thesz electromagnetic waves (radiant energy) pass rzadily through
vacuum and empty space, and can pass through gases, liquids, and some sclids. The emitted radiant energy 1s not a
centinuous variable, but is formed by finite batches (or "quanta’) of energy associated with step changes in the
energy level of the emitting moleoule of the body. The rate of this radiant snergy emission, and, hence, the rate of
radiant that trassfer, is proportional to the fourth power of the absolute temperature. This is in contrast to the direct
proportionality of conductive and convective heat transfer to the temperature difference or temperature gradient.
The tansmitted radiant energy is adsorbed to varying extents on the surface of bodies upon which it impinges,
depending upon the absorptivity of the body. Sunshine 15 a common example of radiant heat transfer. The radiant
energy of the sun is transmitted through space, and the earth’s atmosphere. This transmitred ¢nergy is absorbed
accorcing to the characteristics of the surface upon which it is incident. Dark clothing usually absorbs a majer
portion of this radiant energy.



Low Temperature lnsulation

Low temperature insulating materials (below -45°C) are used to minimize heat flow into low temperaure systems.
Vacuum jackets with radiation shields are uszd a grezt deal for low temperature insulation. Mam requirements of
the insulation material ineluds:

¢ Suitable physical and mechanical properties of the insulaling material at the low temperatures

¢ Complete moisture and pressure sealing from the sumounding atmosphere

= A minimum of gas circulation within the insulation

* A minimum of conduction heat trarsfer patks through the solid constituent of the insulation

* A minimum of raciaticn heat transfar through the insulation

Building Insnlation

Insulation in buildings (<45°C to +65°C) is used primarily to reduce heat loss during cold weather and to reduce
heat penetration during warm weather. In the application of these insulation materials, moisture penetration should
be minimized, but a complete moistuie seal, is not necessary. Any moisture that is collected during warm weather
when the inside of the building is cooler is driven off during cold weather when the inside of the building is
Wanmer,

A wide range of materials is used with an emphasis on low cost. This favors the use of cork, rock wouol, slag wool,
glass wool, vermiculite or other granvlar materials, and reflective metal foils. These insulators are applied in bulk.
blankets, and reinforced batts

Refractory [nsulation

Refractory insulation (over +350"C) is used primarily for lining fumaces and high temperature retorts and
crucibles for molten metals. The primery functions of the refractary insulation include:

¢ Froviding a wear resistant hot radiating surface to assist in obraining high furnace temperatures

¢ Insulating the furnace, retort, or crucible structure to prevent it from overheating

* Restrcting the heat loss from the funace, reort, or crucible

e Froviding a lining to a retort or crucible that will resist the forces of hot molten metal in cantact with or flowing
over the refractory insulation



Shell and tube exchangers

The snell and be exchanger is by far the most comronly used type of
heat-transfer equipment used in the chemical and allied industries The
advantages of this type are: (1) The configuration gives a large surface &l i ‘:l‘_‘_—
area In a small volume, (2] Good mechanical layout a good shape for e T
pressure operation. (3) Uses well-eslablished fabricaton echogues, (4) ol L/ A .
Can he constructed from a wide range of materials, (5) Basily cleaned. (6) Well-established dzsign procedures.

The more corrosive fluid should be allocated to the tube-side. This will reduce the cost of expersive alloy or ¢lad
components. The fluid that has the preatest tendency to foul the heat-transfer surfaces should be placed in the tubes
This will give betier contral over the design fluid velocity, and the higher allowable velocity in the tbes will
reduce fouling. Also. the tubes will be easier to clean. The higher pressure stream should be allocated to the ube-
s:de. High-pressure tubes will be cheaper than a high-pressure shell.

Plate heat exchangers

Flate heat exchangers are used extensively in the food end beverage industries, as they
can be rezdily taken apart for cieaning and inspection. Therr use m the chemical industry
will depend on the relative cost for the particular application compared with a
conventional shell and tube exchanger.

The advantages of plate heat exchangers are:

(1) Plates are attractive when maternial costs are high (2) Plate heat exchangers are easier
to maintain, (3) Low approach temps ean be used, ag low ag | °C. compared with § ta 10
°C for shell and tube exchangers. (4) Plate heat exchangers are more flexible, it is easy to
add extra plates. (5) Plate heat exchangers are more suitable for highly viscous materials.
(5) Fouling tends (o be significantly less in plate heat exchangers.

The disadvantages of plate heat exchangers are:

(1) A plate is not a good shape to resist pressure and plate heat exchangers are not suitable for pressures greater
than about 30 bar. (2) The selzcticn of a suitable gasket is critical. [3) The maximum operating temperature 13
lmited w about 230 "C, dus o he perfunmance of the available gasket materials.




Direct-contact heat exchangers

In direct-contact heat exchangers the hot and cold sreams are brought inio contact without any
separating wall, and high rates of heat transfer are achieved. Applications include vacuum
condensers, cooler-condensers ard humidification. Water-cooling towers are a particular
cxample of dircct-contact heat cxchange. In dircct-contac! cooler-condensers the condensed
liguid is frequently used as the coolant. Direc-contact heal exchangers should be considered
whenever the process siream and coolant are compaitible.

Condensers
Gravitational geparation of liquid and vapor also plays ar important
part in the fuactioning of condensers, of which many designs exis:, their

nature determined largely by the ratio of the condensed to the uncondensed
ctrnponents i i Duid streaim being cooled. In power stalion condensers,

the steam is vsually on the shell side, and the cooling water nins through
horizontal tubes. In the process industry, tube-side condensation is
common, and, 1n those circomstancss, the bes are usually vertical,

Air-cooled exchangers

Air-eooled exchangers should bz considered when eooling water is in short supply or
expensive. Air-cooled exchangers consist of banks of finned tubes over which air
is blown or drawn by fans mounted below or above the tubes. Air-cooled

exchangers are packaged units, and would nomally be selected and specified in
consultation with the manufacturers.

Furnaces

The use of the combustion products of a fuel and air as one of the #treams in a heat
exchanger has been mentioned on more than one occasion When the combustion of the
fuel takes place inside the heat exchanger, rather than in an external combustion chamber
{as in a gas turbine plant), the equipment may be called a furrace or fired beater.

Heat exchangers of this type take many forms, depending on the nzture of the fuel
(gaszous, liguid, or solid); the marerial 1o be heated (which may be il in tubes lning the
furnace wall, or a pool of molten iron, or a spark of =zolid clayware artielec) on the
magnitude of the throughput that must be achieved,
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The Mass-Transfer Operations

Introduction

A substantial number of the urit operations of chemical engincering arz concerned with the problem of changing the
compositions of solutions and mixtures through methods not necessarily involving chemical reactions. When two
phases of different compositions are brought into contact, a transfer of components may occur from one phase to the
other, and vice versa. The mass-transfer operations are characterized by transfer of a substance through arother ona
molecular scale. For example, whea water evaporates frem a pool into an airstreaim Mluwing over the water surfacs,
molecules of water vapor diffuse through those of the air at the surface into the main portion of the airstream, whence
they are carried away. It is not bulk movement as a result of 4 pressure differerce, as in pumping a liquid through a
pips, with which we are primarily concemed. In the problems at hand, the mass transter is a result of a concentration
difference, the diffusing substance moving fram a place ofhigh to one of low concentration.

Direct Contact of Two Immiscible Phases

In the mass-transfer operations, neither equilibrium phase consists of only one component. Consequently when the
two phases are initially contacted, they will not (except fortuitously) be of equilibrium compositions, The system
then attempis i reach equilibrium by 2 relatively slow diffusive movement of the constituents, which transfer in
part between the phases in the process. Separations are therefore never complete, although, they can be brought as
near corrpletion as desired (but not totally) by appropriate manipulations.

Unit operation is concerned with those scparation processes that depend upon differences in physical properties,
rather than chemical behavior. Such processes depend either upon a difference in composition of phases st
equilibrium or upon a difference in the rate of mass transfer of constituznts of a mixture.



Cas-Liguid

It all components of the system distribute between the phases at equilibrium, the operation is known as fractional
distillation (or frequently just distllation). In this instancs the gas phase 15 created from the liquid by application of
heat: or canversely, the liqnid is created from the gas hy removal of heat. For example, if a liquid solution of acetic
acid and water is partially vaporized by heating, it is found that the newly created vapor phase and the residual
liquid both contain acetic acid and water but in proportions at equiibnum which are different for the two phases
and differsnt from those in the original solution.

Both phases may be solutions, each containing, however, only one cemmon component {or group of components)
which distributes berween the phases. For example, if a mixture of ammonia and air is sontacted with liguid water,
a large portion of the ammonia, bur essentially no ar, will dissolve in the liguid and in this way the air-ammonia
mixture can be separated. The operation is known as gas absorption. On the other hand, if air s brought inio
contact with an ammenia-water sclution, some of the ammonia leaves the liguid and enters the gas phase, an
gperation known as desorption or stripping. The difference is purely ia the direction of solute transfer.

If the liquid phase is a pure liquid containing but one component while the gas contains two or more, the operation
is humidification or dehumidification, dependirg upon the direction of transfer (this is the exceprion mentioned
carlier). For example, contact of dry air with liquid water results in evaporation of some water into the zir
{humidification of the air). Conversely, contact of very moist air with pure liquid water may result in condensation
of part of the moisture 1n the air (dehumidification). In both cases, diffusion of water vapor threugh air s
involved, and we nclude these among the mass-ransfer operstions.

Gas-Solid

Classification of the operations in this category according to the number of components which appear in the two
phases is again convenient

Mot zll components may be present in both phases, however. If a solid which is moistened with a volaule liquid is
exposed to a relatively dry gas, the liquid leaves the solid and diffuses into the gas, an operation generally known as
drying, somelimes us desoiption. A homely example is drying laundry by exposure to air, and there arc many industral
counterparts such &5 drving lumber or the removal of moisture from a wet filter cake by exposure to dry gas. In this case,
the diffusion is, of course, from the solid to the gas phase. If the diffusion takes place in the opposite direction, the
uperation is kiowi as adsorption. For cxample, if a mixture of water vapor and air is brought into contact with activated
silica gel. the water vapor diffuses to the solid, which retains it srongly, end the air is thus dried



Liquid-Liquid

Separaticns involving the coatact of two insoluble liquid phases are known as liquid-exiraction operations.
A simple cxample is the Fanilinr labuoratory procedure: if an acetone-water solutior. is shaken in a separatory funnel
with carbon tetrachloride and the liqud is allowed to settle, a Jarge portion of the acetone will be found in the
carbon tetrachloride-rich phase and will thus have been separated from the water. A small amount of the water will
also have been dissolved by the carbon tetrachloridz, and a small amoumt of the latter will have entered the water
layer, but these effect: are relatively minor.

Solid-Liquid

Cumpﬂn::]ms of a solid phase can be separatad by selectively dissolving the soluble part of solid with an appropriate
solvent. This operaticn is also called leaching or washing. The solid must be finely divided so that the liquid
solvent contacts all of it. Usuelly the desirable component is soluble, and the remainder of the solid is inseluble,
The solute must then be recovered Tom the extract salution in an addisionzl separation step.

Sulid-liyuid extraction is used industrially in the manufacture of instant coffee o recover the soluble coffee from the
grounds. Other indusirial applications include the extraction of nil from oy beans uging hexane ag a solvant and the
recovery of uranium from low-grade ores by extraction with sulfuric acid or sodium carbonate solutions, Because one of
the phases is a solid that does not flow like a fluid, special types of equipment are required for solid-liquid extraction.

Membrane separation

The membranes operzte in different ways, depending upon the nature of the separation 0 be made. In general,
however, they serve to preven! intermingling of two miscible phases. They also prevent ordinary hydrodynamic
flow, and movement of substances twough them is by dJiffusion. And they permit a compeonent separation by
selectively controlling passage of the cempenents from one side to the other.

The separation of a crystalline substance from 2 colloid, by contact ¢f their solution with a liquid solvent with an
ntervening membrane permeable only io the solventand the dissclved crystalline substance, is known as dialysis.

Fractional dialysis for separating two crystalline substances in solution makes use of the differencs in membrane
permeability for the substences. If an electromorive force is applied across the membrane to assist in the diffusion
of charged particles, the nperation iz electrodialysic If a soluion is separated from the pure solvent by a membrane
which is permeable only tc the solvent diffuses into the solution, en operaton known as osmosis, by superimposing
4 pressure to oppose tie osmotic pressure the flow of sclvent is reversed, and the solvent and solute of a sclution
can ke separated by reverse osmosis,



Distillation

Distillation is probably the most widely used separation process in the chemical and allied Fordursir

indugiries. The separation of hguid mixtures by distillation dzpends on differences in

volatility between the components. Equipment types are of two kinds, tray-type or :,L

|

packed. stapewise cor continuous. The trayvs [unciion as individual stages and produce || et
stepwise chinges in zoncentration, I
Vapor flows up the eolumn and liguid coumter-currently down the column, The vapor and ;::i
ligud are brought into contact on plates, or packing. Part of the condensate from the 2"{-:-"
condenser is returned to the top of the column to provide liguid flow above the fead point ==
(reflux), smd part of the luguid from the base of the column is vaporized in the reboiler and i
retarned to provide the vapor flow. In packed towers concentration changes occur |-
gradually. Packed towers are suited to small diameters (24in or less], whenever low
pressure 13 desirable. whenever low holdup 1s necessary, and whenever plastic or ceramic

construction is required.

Spray Towers

Spray towers arc simple gravity cxtractors, consisting of cmpty towers with provisions for
mtroducing and removing Lguids at the ends, The mterface can be run above the top :
distributor, below the bottom distributor, or ‘n the middle, depending on where thz best jradis
performance 15 achieved. Because of severe axial back mixing, it i3 difficult 1o achieve the
equivalent of more than one or two theoretical stages on one side of the interface. For this
reason they have only rarely been applied :n extraciion applications.
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Vertical separators

The diameter of the vessel must be large enough to slow tha gaz down in helow the veloeity
at which the particles will settle out The height of the vessel outlet above the gas inlet
should be sufficient 1o allow for disengagement of the liquid drops. The liquid level will
depend on the hold-up time necessary for smooth operativn awnd contiul, Lypically 10 minuies
would be allowed.

Evaporator

Evaporation is the removal of a solvent by vaporizetion, from solids that are not volatile. It 15
normally used to produce a concentrated liquid, ofien prior to crystallization, but a dry solid
procuct can be obtained with some specialized designs. A great variety of evaporator desizns
have been developed for specialized applications in particular industries. The selection of the
maost swtable evaporator type fer a particular application will dapend on the following
factors: (1) The throughput required, (2] The viscosity of the feed and the increase in
viscosity dusing evaporation, (3) The nature of the product required; solid, slurry, or
concentmaited solution, (4] The heat sensitivity of the product, (57 Whether the materials are
foulng or non-fouling, (6) Whether the solution i likely to foam, (7) Whether direct heating
can be used.

Crushing and grinding

Crushing is the first step in the process of size reduction. For some processes crushing is
sufficient, but for chemical processes it is usually followed by grinding to produce a fine-
sized powder. The main factors to be considered when selecting equipment for crushing and
grinding are: (1) The size of the feed, (2) The size reducticn ratio, {3) The required particle
size diswibution of the product, (4) The throughput, (5) The propernies of the material:
haréness abrasiveness. stickiness, deasity, tericity, flammability. The mos: commonly vsed

equipments for coarse size reduction ars jaw crashers and rotary crashers, and for grinding, ball
mills or their variants: roll and mbe malls,

Fomcd
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