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1.1 Preliminary Remarks

Chapter 1
Introduction

Fluid mechanics is the study of fluids either in motion (fluid dynamics) or at rest (fluid
statics) and the subsequent effects of the fluid upon the boundaries, which may be ei-
ther solid surfaces or interfaces with other fluids. Both gases and liquids are classified
as fluids, and the number of fluids engineering applications is enormous: breathing,
blood flow, swimming, pumps, fans, turbines, airplanes, ships, rivers, windmills, pipes,
missiles, icebergs, engines, filters, jets, and sprinklers, to name a few. When you think
about it, almost everything on this planet either is a fluid or moves within or near a
fluid.

The essence of the subject of fluid flow is a judicious compromise between theory
and experiment. Since fluid flow is a branch of mechanics, it satisfies a set of well-
documented basic laws, and thus a great deal of theoretical treatment is available. How-
ever, the theory is often frustrating, because it applies mainly to idealized situations
which may be invalid in practical problems. The two chief obstacles to a workable the-
ory are geometry and viscosity. The basic equations of fluid motion (Chap. 4) are too
difficult to enable the analyst to attack arbitrary geometric configurations. Thus most
textbooks concentrate on flat plates, circular pipes, and other easy geometries. It is pos-
sible to apply numerical computer techniques to complex geometries, and specialized
textbooks are now available to explain the new computational fluid dynamics (CFD)
approximations and methods [1, 2, 29]." This book will present many theoretical re-
sults while keeping their limitations in mind.

The second obstacle to a workable theory is the action of viscosity, which can be
neglected only in certain idealized flows (Chap. 8). First, viscosity increases the diffi-
culty of the basic equations, although the boundary-layer approximation found by Lud-
wig Prandtl in 1904 (Chap. 7) has greatly simplified viscous-flow analyses. Second,
viscosity has a destabilizing effect on all fluids, giving rise, at frustratingly small ve-
locities, to a disorderly, random phenomenon called furbulence. The theory of turbu-
lent flow is crude and heavily backed up by experiment (Chap. 6), yet it can be quite
serviceable as an engineering estimate. Textbooks now present digital-computer tech-
niques for turbulent-flow analysis [32], but they are based strictly upon empirical as-
sumptions regarding the time mean of the turbulent stress field.

"Numbered references appear at the end of each chapter.
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1.2 The Concept of a Fluid

N <

Thus there is theory available for fluid-flow problems, but in all cases it should be
backed up by experiment. Often the experimental data provide the main source of in-
formation about specific flows, such as the drag and lift of immersed bodies (Chap. 7).
Fortunately, fluid mechanics is a highly visual subject, with good instrumentation [4,
5, 35], and the use of dimensional analysis and modeling concepts (Chap. 5) is wide-
spread. Thus experimentation provides a natural and easy complement to the theory.
You should keep in mind that theory and experiment should go hand in hand in all
studies of fluid mechanics.

From the point of view of fluid mechanics, all matter consists of only two states, fluid
and solid. The difference between the two is perfectly obvious to the layperson, and it
is an interesting exercise to ask a layperson to put this difference into words. The tech-
nical distinction lies with the reaction of the two to an applied shear or tangential stress.
A solid can resist a shear stress by a static deformation; a fluid cannot. Any shear
stress applied to a fluid, no matter how small, will result in motion of that fluid. The
fluid moves and deforms continuously as long as the shear stress is applied. As a corol-
lary, we can say that a fluid at rest must be in a state of zero shear stress, a state of-
ten called the hydrostatic stress condition in structural analysis. In this condition, Mohr’s
circle for stress reduces to a point, and there is no shear stress on any plane cut through
the element under stress.

Given the definition of a fluid above, every layperson also knows that there are two
classes of fluids, liguids and gases. Again the distinction is a technical one concerning
the effect of cohesive forces. A liquid, being composed of relatively close-packed mol-
ecules with strong cohesive forces, tends to retain its volume and will form a free sur-
face in a gravitational field if unconfined from above. Free-surface flows are domi-
nated by gravitational effects and are studied in Chaps. 5 and 10. Since gas molecules
are widely spaced with negligible cohesive forces, a gas is free to expand until it en-
counters confining walls. A gas has no definite volume, and when left to itself with-
out confinement, a gas forms an atmosphere which is essentially hydrostatic. The hy-
drostatic behavior of liquids and gases is taken up in Chap. 2. Gases cannot form a
free surface, and thus gas flows are rarely concerned with gravitational effects other
than buoyancy.

Figure 1.1 illustrates a solid block resting on a rigid plane and stressed by its own
weight. The solid sags into a static deflection, shown as a highly exaggerated dashed
line, resisting shear without flow. A free-body diagram of element A on the side of the
block shows that there is shear in the block along a plane cut at an angle 6 through A.
Since the block sides are unsupported, element A has zero stress on the left and right
sides and compression stress o = —p on the top and bottom. Mohr’s circle does not
reduce to a point, and there is nonzero shear stress in the block.

By contrast, the liquid and gas at rest in Fig. 1.1 require the supporting walls in or-
der to eliminate shear stress. The walls exert a compression stress of —p and reduce
Mohr’s circle to a point with zero shear everywhere, i.e., the hydrostatic condition. The
liquid retains its volume and forms a free surface in the container. If the walls are re-
moved, shear develops in the liquid and a big splash results. If the container is tilted,
shear again develops, waves form, and the free surface seeks a horizontal configura-
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Fig. 1.1 A solid at rest can resist
shear. (a) Static deflection of the
solid; (b) equilibrium and Mohr’s
circle for solid element A. A fluid
cannot resist shear. (¢) Containing
walls are needed; (d) equilibrium
and Mohr’s circle for fluid
element A.
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tion, pouring out over the lip if necessary. Meanwhile, the gas is unrestrained and ex-
pands out of the container, filling all available space. Element A in the gas is also hy-
drostatic and exerts a compression stress —p on the walls.

In the above discussion, clear decisions could be made about solids, liquids, and
gases. Most engineering fluid-mechanics problems deal with these clear cases, i.e., the
common liquids, such as water, oil, mercury, gasoline, and alcohol, and the common
gases, such as air, helium, hydrogen, and steam, in their common temperature and pres-
sure ranges. There are many borderline cases, however, of which you should be aware.
Some apparently “solid” substances such as asphalt and lead resist shear stress for short
periods but actually deform slowly and exhibit definite fluid behavior over long peri-
ods. Other substances, notably colloid and slurry mixtures, resist small shear stresses
but “yield” at large stress and begin to flow as fluids do. Specialized textbooks are de-
voted to this study of more general deformation and flow, a field called rheology [6].
Also, liquids and gases can coexist in two-phase mixtures, such as steam-water mix-
tures or water with entrapped air bubbles. Specialized textbooks present the analysis
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1.4 Dimensions and Units

1.4 Dimensions and Units 7

above which aggregate variations may be important. The density p of a fluid is best
defined as
. om

p= lim. 5 an
The limiting volume &V* is about 10~° mm? for all liquids and for gases at atmospheric
pressure. For example, 10~° mm® of air at standard conditions contains approximately
3 X 107 molecules, which is sufficient to define a nearly constant density according to
Eq. (1.1). Most engineering problems are concerned with physical dimensions much larger
than this limiting volume, so that density is essentially a point function and fluid proper-
ties can be thought of as varying continually in space, as sketched in Fig. 1.2a. Such a
fluid is called a continuum, which simply means that its variation in properties is so smooth
that the differential calculus can be used to analyze the substance. We shall assume that
continuum calculus is valid for all the analyses in this book. Again there are borderline
cases for gases at such low pressures that molecular spacing and mean free path® are com-
parable to, or larger than, the physical size of the system. This requires that the contin-
uum approximation be dropped in favor of a molecular theory of rarefied-gas flow [8]. In
principle, all fluid-mechanics problems can be attacked from the molecular viewpoint, but
no such attempt will be made here. Note that the use of continuum calculus does not pre-
clude the possibility of discontinuous jumps in fluid properties across a free surface or
fluid interface or across a shock wave in a compressible fluid (Chap. 9). Our calculus in
Chap. 4 must be flexible enough to handle discontinuous boundary conditions.

A dimension is the measure by which a physical variable is expressed quantitatively.
A unit is a particular way of attaching a number to the quantitative dimension. Thus
length is a dimension associated with such variables as distance, displacement, width,
deflection, and height, while centimeters and inches are both numerical units for ex-
pressing length. Dimension is a powerful concept about which a splendid tool called
dimensional analysis has been developed (Chap. 5), while units are the nitty-gritty, the
number which the customer wants as the final answer.

Systems of units have always varied widely from country to country, even after in-
ternational agreements have been reached. Engineers need numbers and therefore unit
systems, and the numbers must be accurate because the safety of the public is at stake.
You cannot design and build a piping system whose diameter is D and whose length
is L. And U.S. engineers have persisted too long in clinging to British systems of units.
There is too much margin for error in most British systems, and many an engineering
student has flunked a test because of a missing or improper conversion factor of 12 or
144 or 32.2 or 60 or 1.8. Practicing engineers can make the same errors. The writer is
aware from personal experience of a serious preliminary error in the design of an air-
craft due to a missing factor of 32.2 to convert pounds of mass to slugs.

In 1872 an international meeting in France proposed a treaty called the Metric Con-
vention, which was signed in 1875 by 17 countries including the United States. It was
an improvement over British systems because its use of base 10 is the foundation of
our number system, learned from childhood by all. Problems still remained because

3The mean distance traveled by molecules between collisions.
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Primary Dimensions

Table 1.1 Primary Dimensions in

SI and BG Systems
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even the metric countries differed in their use of kiloponds instead of dynes or new-
tons, kilograms instead of grams, or calories instead of joules. To standardize the met-
ric system, a General Conference of Weights and Measures attended in 1960 by 40
countries proposed the International System of Units (SI). We are now undergoing a
painful period of transition to SI, an adjustment which may take many more years to
complete. The professional societies have led the way. Since July 1, 1974, SI units have
been required by all papers published by the American Society of Mechanical Engi-
neers, which prepared a useful booklet explaining the SI [9]. The present text will use
SI units together with British gravitational (BG) units.

In fluid mechanics there are only four primary dimensions from which all other dimen-
sions can be derived: mass, length, time, and temperature.4 These dimensions and their units
in both systems are given in Table 1.1. Note that the kelvin unit uses no degree symbol.
The braces around a symbol like {M} mean “the dimension” of mass. All other variables
in fluid mechanics can be expressed in terms of {M}, {L}, {T}, and {®}. For example, ac-
celeration has the dimensions {L7~2}. The most crucial of these secondary dimensions is
force, which is directly related to mass, length, and time by Newton’s second law

F = ma (1.2)

From this we see that, dimensionally, {F} = {MLT ?}. A constant of proportionality
is avoided by defining the force unit exactly in terms of the primary units. Thus we
define the newton and the pound of force

1 newton of force = 1 N = 1 kg - m/s*

(1.3)
1 pound of force = 1 Ibf = 1 slug - ft/s*> = 4.4482 N

In this book the abbreviation Ibf is used for pound-force and /b for pound-mass. If in-
stead one adopts other force units such as the dyne or the poundal or kilopond or adopts
other mass units such as the gram or pound-mass, a constant of proportionality called
g. must be included in Eq. (1.2). We shall not use g, in this book since it is not nec-
essary in the SI and BG systems.

A list of some important secondary variables in fluid mechanics, with dimensions
derived as combinations of the four primary dimensions, is given in Table 1.2. A more
complete list of conversion factors is given in App. C.

Primary dimension SI unit BG unit Conversion factor
Mass {M} Kilogram (kg) Slug 1 slug = 14.5939 kg
Length {L} Meter (m) Foot (ft) 1 ft = 0.3048 m
Time {T} Second (s) Second (s) Is=1s
Temperature {O} Kelvin (K) Rankine (°R) 1 K=1.8°R

“If electromagnetic effects are important, a fifth primary dimension must be included, electric current
{I}, whose SI unit is the ampere (A).
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Part (a)

Part (b)

Part (c¢)

1.4 Dimensions and Units 9

Secondary dimension SI unit BG unit Conversion factor
Area {L*} m? ft? 1 m? = 10.764 ft>
Volume {L*} m’ ft3 1 m® = 35315
Velocity (LT~} m/s ft/s 1 ft/s = 0.3048 m/s
Acceleration {LT 2} m/s? ft/s> 1 ft/s*> = 0.3048 m/s>
Pressure or stress

{(ML™'T™%) Pa = N/m? Ibf/ft 1 Ibf/ft> = 47.88 Pa
Angular velocity {77!} s71 s7! Ist=1s""1
Energy, heat, work

{ML*T~%} J=N-m ft - Ibf 1 ft - Ibf = 1.3558 J
Power {ML*T 3} W =1/s ft - 1bf/s 1 ft - Ibf/s = 1.3558 W
Density {ML™3} kg/m? slugs/ft® 1 slug/ft® = 515.4 kg/m?
Viscosity {ML™'T~!} kg/(m - s) slugs/(ft - s) 1 slug/(ft - s) = 47.88 kg/(m - s)
Specific heat {L*T 2071} m?/(s> - K) ft%/(s? - °R) 1 m?(s* - K) = 5.980 ft*/(s” - °R)
EXAMPLE 1.1

A body weighs 1000 Ibf when exposed to a standard earth gravity g = 32.174 ft/s>. (a) What is
its mass in kg? (b) What will the weight of this body be in N if it is exposed to the moon’s stan-
dard acceleration gmoon = 1.62 m/s>? (¢) How fast will the body accelerate if a net force of 400
Ibf is applied to it on the moon or on the earth?

Solution

Equation (1.2) holds with F' = weight and a = geau:
F =W =mg = 1000 Ibf = (m slugs)(32.174 ft/s?)
o 1000
m=
32.174

The change from 31.08 slugs to 453.6 kg illustrates the proper use of the conversion factor
14.5939 kg/slug.

= (31.08 slugs)(14.5939 kg/slug) = 453.6 kg Ans. (a)

The mass of the body remains 453.6 kg regardless of its location. Equation (1.2) applies with a
new value of a and hence a new force

F = Winoon = Mgmoon = (453.6 kg)(1.62 m/s?) = 735 N Ans. (b)

This problem does not involve weight or gravity or position and is simply a direct application
of Newton’s law with an unbalanced force:

F = 400 1bf = ma = (31.08 slugs)(a ft/s?)

or

=—"" = 12.43 ft/s* = 3. 2 Ans.
a 31,08 3 ft/s 3.79 m/s ns. (c)

This acceleration would be the same on the moon or earth or anywhere.
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Convenient Prefixes in
Powers of 10

Table 1.3 Convenient Prefixes
for Engineering Units

Multiplicative

factor Prefix Symbol
10'? tera T
10° giga G
10° mega M
10° kilo k
107 hecto h
10 deka da
107! deci d
1072 centi c
1073 milli m
107 micro w
107° nano n
10712 pico p
1071 femto f
10718 atto a
Part (a)
Part (b)

N <
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Meanwhile, we conclude that dimensionally inconsistent equations, though they
abound in engineering practice, are misleading and vague and even dangerous, in the
sense that they are often misused outside their range of applicability.

Engineering results often are too small or too large for the common units, with too
many zeros one way or the other. For example, to write p = 114,000,000 Pa is long
and awkward. Using the prefix “M” to mean 10°, we convert this to a concise p =
114 MPa (megapascals). Similarly, = 0.000000003 s is a proofreader’s nightmare
compared to the equivalent = 3 ns (nanoseconds). Such prefixes are common and
convenient, in both the SI and BG systems. A complete list is given in Table 1.3.

EXAMPLE 14

In 1890 Robert Manning, an Irish engineer, proposed the following empirical formula for the
average velocity V in uniform flow due to gravity down an open channel (BG units):
V= 1'49R2/3S”2 (1)
n
where R = hydraulic radius of channel (Chaps. 6 and 10)
S = channel slope (tangent of angle that bottom makes with horizontal)
n = Manning’s roughness factor (Chap. 10)

and n is a constant for a given surface condition for the walls and bottom of the channel. (a) Is
Manning’s formula dimensionally consistent? (b) Equation (1) is commonly taken to be valid in
BG units with n taken as dimensionless. Rewrite it in SI form.

Solution

Introduce dimensions for each term. The slope S, being a tangent or ratio, is dimensionless, de-
noted by {unity} or {1}. Equation (1) in dimensional form is

L) _[149]),;23
H { : }{L J1)

This formula cannot be consistent unless {1.49/n} = {L"3/T}. If n is dimensionless (and it is
never listed with units in textbooks), then the numerical value 1.49 must have units. This can be
tragic to an engineer working in a different unit system unless the discrepancy is properly doc-
umented. In fact, Manning’s formula, though popular, is inconsistent both dimensionally and
physically and does not properly account for channel-roughness effects except in a narrow range
of parameters, for water only.

From part (a), the number 1.49 must have dimensions {L'?/T} and thus in BG units equals
1.49 ft'”/s. By using the SI conversion factor for length we have

(1.49 £t'3/5)(0.3048 m/ft)'* = 1.00 m"?/s

Therefore Manning’s formula in SI becomes

V= QRz/ssl/z Ans. (b) (2)

n
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1.6 Thermodynamic Properties

of a Fluid
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the acceleration of gravity. In the limit as Ax and Ar become very small, the above estimate re-
duces to a partial-derivative expression for convective x-acceleration:

Au du

aun_ o

ax,conveclive = AI%E}O A ; o

In three-dimensional flow (Sec. 4.1) there are nine of these convective terms.

While the velocity field V is the most important fluid property, it interacts closely with
the thermodynamic properties of the fluid. We have already introduced into the dis-
cussion the three most common such properties

1. Pressure p
2. Density p
3. Temperature T

These three are constant companions of the velocity vector in flow analyses. Four other
thermodynamic properties become important when work, heat, and energy balances are
treated (Chaps. 3 and 4):

4. Internal energy e

5. Enthalpy h =i + plp
6. Entropy s

7. Specific heats ¢, and ¢,

In addition, friction and heat conduction effects are governed by the two so-called trans-
port properties:

8. Coefficient of viscosity w
9. Thermal conductivity k

All nine of these quantities are true thermodynamic properties which are determined
by the thermodynamic condition or state of the fluid. For example, for a single-phase
substance such as water or oxygen, two basic properties such as pressure and temper-
ature are sufficient to fix the value of all the others:

p=p(p.T)  h=hp,T) w=upT) (1.5)

and so on for every quantity in the list. Note that the specific volume, so important in
thermodynamic analyses, is omitted here in favor of its inverse, the density p.

Recall that thermodynamic properties describe the state of a system, i.e., a collec-
tion of matter of fixed identity which interacts with its surroundings. In most cases
here the system will be a small fluid element, and all properties will be assumed to be
continuum properties of the flow field: p = p(x, y, z, 1), etc.

Recall also that thermodynamics is normally concerned with static systems, whereas
fluids are usually in variable motion with constantly changing properties. Do the prop-
erties retain their meaning in a fluid flow which is technically not in equilibrium? The
answer is yes, from a statistical argument. In gases at normal pressure (and even more
so for liquids), an enormous number of molecular collisions occur over a very short
distance of the order of 1 wm, so that a fluid subjected to sudden changes rapidly ad-

| e-Text Main Menu | Textbook Table of Contents | Study Guide



Pressure

Temperature

Density

Specific Weight

N <

1.6 Thermodynamic Properties of a Fluid 17

justs itself toward equilibrium. We therefore assume that all the thermodynamic prop-
erties listed above exist as point functions in a flowing fluid and follow all the laws
and state relations of ordinary equilibrium thermodynamics. There are, of course, im-
portant nonequilibrium effects such as chemical and nuclear reactions in flowing flu-
ids which are not treated in this text.

Pressure is the (compression) stress at a point in a static fluid (Fig. 1.1). Next to ve-
locity, the pressure p is the most dynamic variable in fluid mechanics. Differences or
gradients in pressure often drive a fluid flow, especially in ducts. In low-speed flows,
the actual magnitude of the pressure is often not important, unless it drops so low as to
cause vapor bubbles to form in a liquid. For convenience, we set many such problem
assignments at the level of 1 atm = 2116 Ibf/ft* = 101,300 Pa. High-speed (compressible)
gas flows (Chap. 9), however, are indeed sensitive to the magnitude of pressure.

Temperature T is a measure of the internal energy level of a fluid. It may vary con-
siderably during high-speed flow of a gas (Chap. 9). Although engineers often use Cel-
sius or Fahrenheit scales for convenience, many applications in this text require ab-
solute (Kelvin or Rankine) temperature scales:

°R = °F + 459.69
K ="°C + 273.16

If temperature differences are strong, heat transfer may be important [10], but our con-
cern here is mainly with dynamic effects. We examine heat-transfer principles briefly
in Secs. 4.5 and 9.8.

The density of a fluid, denoted by p (lowercase Greek rho), is its mass per unit vol-
ume. Density is highly variable in gases and increases nearly proportionally to the pres-
sure level. Density in liquids is nearly constant; the density of water (about 1000 kg/m?)
increases only 1 percent if the pressure is increased by a factor of 220. Thus most lig-
uid flows are treated analytically as nearly “incompressible.”

In general, liquids are about three orders of magnitude more dense than gases at at-
mospheric pressure. The heaviest common liquid is mercury, and the lightest gas is hy-
drogen. Compare their densities at 20°C and 1 atm:

Mercury: p = 13,580 kg/m® Hydrogen: p = 0.0838 kg/m®

They differ by a factor of 162,000! Thus the physical parameters in various liquid and
gas flows might vary considerably. The differences are often resolved by the use of di-
mensional analysis (Chap. 5). Other fluid densities are listed in Tables A.3 and A.4 (in
App. A).

The specific weight of a fluid, denoted by vy (lowercase Greek gamma), is its weight
per unit volume. Just as a mass has a weight W = mg, density and specific weight are
simply related by gravity:

Y =P8 (1.6)
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Specific Gravity

Potential and Kinetic Energies

State Relations for Gases

N <

The units of 7y are weight per unit volume, in Ibf/ft* or N/m>. In standard earth grav-
ity, g = 32.174 ft/s*> = 9.807 m/s*. Thus, e.g., the specific weights of air and water at
20°C and 1 atm are approximately

Yair = (1.205 kg/m?)(9.807 m/s%) = 11.8 N/m® = 0.0752 Ibf/ft®
Ywater = (998 kg/m?)(9.807 m/s?) = 9790 N/m> = 62.4 Ibf/ft’

Specific weight is very useful in the hydrostatic-pressure applications of Chap. 2. Spe-
cific weights of other fluids are given in Tables A.3 and A.4.

Specific gravity, denoted by SG, is the ratio of a fluid density to a standard reference
fluid, water (for liquids), and air (for gases):
_ pgas pgas

SG,, =g = _Ffes 1.7
g e 1.205 kg/m® (.7

Pliquid Pliquid
Hauid T ater 998 kg/m?

For example, the specific gravity of mercury (Hg) is SGy, = 13,580/998 ~ 13.6. En-
gineers find these dimensionless ratios easier to remember than the actual numerical
values of density of a variety of fluids.

In thermostatics the only energy in a substance is that stored in a system by molecu-
lar activity and molecular bonding forces. This is commonly denoted as internal en-
ergy ii. A commonly accepted adjustment to this static situation for fluid flow is to add
two more energy terms which arise from newtonian mechanics: the potential energy
and kinetic energy.

The potential energy equals the work required to move the system of mass m from
the origin to a position vector r = ix + jy + Kkz against a gravity field g. Its value is
—mg - r,or —g - r per unit mass. The kinetic energy equals the work required to change
the speed of the mass from zero to velocity V. Its value is 3mV?* or 3V per unit mass.
Then by common convention the total stored energy e per unit mass in fluid mechan-
ics is the sum of three terms:

e=0+3V+(-g-r) (1.8)

Also, throughout this book we shall define z as upward, so that g = —gk and g-r =
—gz. Then Eq. (1.8) becomes

e=0+3V+ gz (1.9)

The molecular internal energy i is a function of T and p for the single-phase pure sub-
stance, whereas the potential and kinetic energies are kinematic properties.

Thermodynamic properties are found both theoretically and experimentally to be re-
lated to each other by state relations which differ for each substance. As mentioned,
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we shall confine ourselves here to single-phase pure substances, e.g., water in its lig-
uid phase. The second most common fluid, air, is a mixture of gases, but since the mix-
ture ratios remain nearly constant between 160 and 2200 K, in this temperature range
air can be considered to be a pure substance.

All gases at high temperatures and low pressures (relative to their critical point) are
in good agreement with the perfect-gas law

p = pRT R = ¢, — ¢, = gas constant (1.10)

Since Eq. (1.10) is dimensionally consistent, R has the same dimensions as specific
heat, {L*T~?0 '}, or velocity squared per temperature unit (kelvin or degree Rank-
ine). Each gas has its own constant R, equal to a universal constant A divided by the
molecular weight
A
Roas = —— 1.11

gas Mgas ( )
where A = 49,700 ft*/(s* - °R) = 8314 m%/(s* - K). Most applications in this book are
for air, with M = 28.97:

R, = 1717 ft%/(s* - °R) = 287 m?/(s* - K) (1.12)

Standard atmospheric pressure is 2116 1bf/ft*, and standard temperature is 60°F =
520°R. Thus standard air density is

2116

ir = ——————— = 0.00237 slug/ft> = 1.22 kg/m> 1.13
Paic =" (1717)(520) slug g/m (1.13)

This is a nominal value suitable for problems.

One proves in thermodynamics that Eq. (1.10) requires that the internal molecular
energy #i of a perfect gas vary only with temperature: @ = (7). Therefore the specific
heat ¢, also varies only with temperature:

_ (o) _di _
¢ = (6T>p dT CV(D
or di = ¢(T) dT (1.14)

In like manner % and ¢, of a perfect gas also vary only with temperature:

h=a+2=a+RT=nT
p
oh\ _ dn
= (&) =L 115
r (M),, a D (1.15)
dh = c,(T) dT

The ratio of specific heats of a perfect gas is an important dimensionless parameter in
compressible-flow analysis (Chap. 9)

k="=KD=1 (1.16)
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The term in parentheses is positive, so Syn > 0. This agrees with Clau-
sius’s statement of the Second Law of Thermodynamics.

Notice an odd fact here: The rate of heat transfer, Q, and hence Syn,
is determined by the wall’s resistance to heat flow. Although the wall
is the agent that causes the entropy of the universe to increase, its own
entropy does not changes. Only the entropies of the reservoirs change.

1.3 Modes of heat transfer

Figure 1.3 shows an analogy that might be useful in fixing the concepts
of heat conduction, convection, and radiation as we proceed to look at
each in some detail.

Heat conduction

Fourier’s law. Joseph Fourier (see Fig. 1.4) published his remarkable
book Théorie Analytique de la Chaleurin 1822. In it he formulated a very
complete exposition of the theory of heat conduction.

Hebegan his treatise by stating the empirical law that bears his name:
the heat flux,> g (W/m?2), resulting from thermal conduction is proportional
to the magnitude of the temperature gradient and opposite to it in sign. If
we call the constant of proportionality, k, then

art
q=-k ax (1.8)
The constant, k, is called the thermal conductivity. It obviously must have
the dimensions W/m-K, or J/m-s-K, or Btu/h-ft-°F if egn. (1.8) is to be
dimensionally correct.

The heat flux is a vector quantity. Equation (1.8) tells us that if temper-
ature decreases with x, g will be positive—it will flow in the x-direction.
If T increases with x, g will be negative—it will flow opposite the x-
direction. In either case, g will flow from higher temperatures to lower
temperatures. Equation (1.8) is the one-dimensional form of Fourier’s
law. We develop its three-dimensional form in Chapter 2, namely:

G=-kVT

3The heat flux, g, is a heat rate per unit area and can be expressed as Q /A, where A
is an appropriate area.



Help! The barn is on fire.

Let the water be analogous to heat, and let the people be analogous to the
heat transfer medium. Then:

Case 1

Case 3

The hose directs water from @ to independently of the med-
ium. This is analogous to thermal radiation in a vacuum or in most
gases.

In the bucket brigade, water goes from @ to through the
medium. This is analogous to conduction.

A single runner, representing the medium, carries water from @
to . This is analogous to convection.

Figure 1.3 An analogy for the three modes of heat transfer.

Y
il
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Example 1.1

The front of a slab of lead (k = 35 W/m-K) is kept at 110°C and the
back is kept at 50°C. If the area of the slab is 0.4 m? and it is 0.03 m
thick, compute the heat flux, g, and the heat transfer rate, Q.

SOLUTION. For the moment, we presume that dT/dx is a constant
equal to (Thack — Ttront)/ (Xback — Xfront); We verify this in Chapter 2.
Thus, eqn. (1.8) becomes

50 -110

_ 2 _ 2
0.03 > = +70,000 W/m* = 70 kW/m

q=-35 (
and
Q =qA=70(04) =28 kW |

In one-dimensional heat conduction problems, there is never any real
problem in deciding which way the heat should flow. It is therefore some-
times convenient to write Fourier’s law in simple scalar form:

where L is the thickness in the direction of heat flow and g and AT are
both written as positive quantities. When we use egn. (1.9), we must
remember that g always flows from high to low temperatures.

Thermal conductivity values. It will help if we first consider how con-
duction occurs in, for example, a gas. We know that the molecular ve-
locity depends on temperature. Consider conduction from a hot wall to
a cold one in a situation in which gravity can be ignored, as shown in
Fig. 1.5. The molecules near the hot wall collide with it and are agitated
by the molecules of the wall. They leave with generally higher speed and
collide with their neighbors to the right, increasing the speed of those
neighbors. This process continues until the molecules on the right pass
their kinetic energy to those in the cool wall. Within solids, comparable
processes occur as the molecules vibrate within their lattice structure
and as the lattice vibrates as a whole. This sort of process also occurs,
to some extent, in the electron “gas” that moves through the solid. The
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Figure 1.5 Heat conduction through gas
separating two solid walls. { -

|

Temperature
profile

processes are more efficient in solids than they are in gases. Notice that

dar_ a1
—_—

since, in steady
conduction, ¢ is
constant

Thus solids, with generally higher thermal conductivities than gases,
yield smaller temperature gradients for a given heat flux. In a gas, by
the way, k is proportional to molecular speed and molar specific heat,
and inversely proportional to the cross-sectional area of molecules.

This book deals almost exclusively with S.I. units, or Systéme Interna-
tional d’Unités. Since much reference material will continue to be avail-
able in English units, we should have at hand a conversion factor for
thermal conductivity:

- J h ft 1.8°F
©0.0009478 Btu 3600s 0.3048m K

Thus the conversion factor from W/m-K to its English equivalent, Btu/h-
ft-°F, is

B W/m-K
1=1.731 Bu/h- (1.11)

Consider, for example, copper—the common substance with the highest
conductivity at ordinary temperature:

W/m-K

Btu/h-ft-F = 221 Btu/h-ft-°F

kCu at room temp = (383 W/m'K)/1.731
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The range of thermal conductivities is enormous. As we see from
Fig. 1.6, k varies by a factor of about 10° between gases and diamond at
room temperature. This variation can be increased to about 107 if we in-
clude the effective conductivity of various cryogenic “superinsulations.”
(These involve powders, fibers, or multilayered materials that have been
evacuated of all air.) The reader should study and remember the order
of magnitude of the thermal conductivities of different types of materi-
als. This will be a help in avoiding mistakes in future computations, and
it will be a help in making assumptions during problem solving. Actual
numerical values of the thermal conductivity are given in Appendix A
(which is a broad listing of many of the physical properties you might
need in this course) and in Figs. 2.2 and 2.3.

Example 1.2

A copper slab (k = 372 W/m-K) is 3 mm thick. It is protected from
corrosion by a 2-mm-thick layers of stainless steel (k = 17 W/m-K) on
both sides. The temperature is 400°C on one side of this composite
wall and 100°C on the other. Find the temperature distribution in the
copper slab and the heat conduction through the wall (see Fig. 1.7).

SOLUTION. If we recall Fig. 1.5 and eqn. (1.10), it should be clear that
the temperature drop will take place almost entirely in the stainless
steel, where k is less than 1/20 of k in the copper. Thus, the cop-
per will be virtually isothermal at the average temperature of (400 +
100)/2 = 250°C. Furthermore, the heat conduction can be estimated
in a 4 mm slab of stainless steel as though the copper were not even
there. With the help of Fourier’s law in the form of egn. (1.8), we get

ar
q = —ka ~17W/m-K - (

400 — 100 B 5
0.004 ) K/m =1275kW/m
The accuracy of this rough calculation can be improved by con-
sidering the copper. To do this we first solve for AT s and ATy (see
Fig. 1.7). Conservation of energy requires that the steady heat flux
through all three slabs must be the same. Therefore,

AT AT
(). )
1 ( L Jss. L Jcu
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Figure 1.9 The convective cooling of a heated body.

This is the one-dimensional heat diffusion equation. Its importance is
this: By combining the First Law with Fourier’s law, we have eliminated
the unknown Q and obtained a differential equation that can be solved
for the temperature distribution, T (x, t). It is the primary equation upon
which all of heat conduction theory is based.

The heat diffusion equation includes a new property which is as im-
portant to transient heat conduction as k is to steady-state conduction.
This is the thermal diffusivity, «

k] mdkgK

2 2
pc msK kg )~ X W/ (or ft/hr).

(04

The thermal diffusivity is a measure of how quickly a material can carry
heat away from a hot source. Since material does not just transmit heat
but must be warmed by it as well, « involves both the conductivity, k,
and the volumetric heat capacity, pc.

Heat Convection

The physical process. Consider a typical convective cooling situation.
Cool gas flows past a warm body, as shown in Fig. 1.9. The fluid imme-
diately adjacent to the body forms a thin slowed-down region called a
boundary layer. Heat is conducted into this layer, which sweeps it away
and, farther downstream, mixes it into the stream. We call such processes
of carrying heat away by a moving fluid convection.

In 1701, Isaac Newton considered the convective process and sug-
gested that the cooling would be such that

dTbody
dat

o< Thody — T (1.15)

where T, is the temperature of the oncoming fluid. This statement sug-
gests that energy is flowing from the body. But if the energy of the body
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is constantly replenished, the body temperature need not change. Then
with the help of eqn. (1.3) we get, from eqn. (1.15) (see Problem 1.2),

Q o< Thody — Teo (1.16)

This equation can be rephrased in terms of g = Q/A as

a =N (Toody — T (1.17)

This is the steady-state form of Newton’s law of cooling, as it is usually
quoted, although Newton never wrote such an expression.

The constant h is the film coefficient or heat transfer coefficient. The
bar over h indicates that it is an average over the surface of the body.
Without the bar, h denotes the “local” value of the heat transfer coef-
ficient at a point on the surface. The units of h and h are W/m?K or
J/s-m?K. The conversion factor for English units is:

| _ 00009478 Btu K 3600s (0.3048 m)?
- J 1.8°F h ft2

or

Btu/h-ft2°F

1=0.1761
0.176 W/m?K

(1.18)

It turns out that Newton oversimplified the process of convection
when he made his conjecture. Heat convection is complicated and h
can depend on the temperature difference Tyody — Towo = AT. In Chap-
ter 6 we find that h really is independent of AT in situations in which
fluid is forced past a body and AT is not too large. This is called forced
convection.

When fluid buoys up from a hot body or down from a cold one, h
varies as some weak power of AT—typically as AT/ or AT!/3. This is
called free or natural convection. If the body is hot enough to boil a liquid
surrounding it, h will typically vary as AT?2.

For the moment, we restrict consideration to situations in which New-
ton’s law is either true or at least a reasonable approximation to real
behavior.

We should have some idea of how large h might be in a given situ-
ation. Table 1.1 provides some illustrative values of h that have been
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Table 1.1 Some illustrative values of convective heat transfer
coefficients

Situation h, W/m?K
Natural convection in gases

e 0.3 mvertical wall in air, AT = 30°C 4.33
Natural convection in liquids

e 40 mm O.D. horizontal pipe in water, AT = 30°C 570

e 0.25 mm diameter wire in methanol, AT = 50°C 4,000
Forced convection of gases

e Air at 30 m/s over a 1 m flat plate, AT = 70°C 80
Forced convection of liquids

e Water at 2 m/s over a 60 mm plate, AT = 15°C 590

e Aniline-alcohol mixture at 3 m/s in a 25 mm LD. tube, AT = 80°C 2,600

e Liquid sodium at 5 m/s in a 13 mm L.D. tube at 370°C 75,000
Boiling water

e During film boiling at 1 atm 300

e In a tea kettle 4,000

e At a peak pool-boiling heat flux, 1 atm 40,000

e At a peak flow-boiling heat flux, 1 atm 100,000

e At approximate maximum convective-boiling heat flux, under

optimal conditions 106

Condensation

e In a typical horizontal cold-water-tube steam condenser 15,000

e Same, but condensing benzene 1,700

e Dropwise condensation of water at 1 atm 160,000

observed or calculated for different situations. They are only illustrative
and should not be used in calculations because the situations for which
they apply have not been fully described. Most of the values in the ta-
ble could be changed a great deal by varying quantities (such as surface
roughness or geometry) that have not been specified. The determination
of h or h is a fairly complicated task and one that will receive a great
deal of our attention. Notice, too, that h can change dramatically from
one situation to the next. Reasonable values of h range over about six
orders of magnitude.
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Table 1.2 Forms of the electromagnetic wave spectrum

Characterization Wavelength, A
Cosmic rays < 0.3 pm
Gamma rays 0.3-100 pm
X rays 0.01-30 nm
Ultraviolet light 3-400 nm

Visible light 0.4-0.7 pym Thermal Radiation

Near infrared radiation 0.7-30 pm 0.1-1000 ym

Far infrared radiation 30-1000 pm
Millimeter waves 1-10 mm
Microwaves 10-300 mm
Shortwave radio & TV 300 mm-100 m
Longwave radio 100 m-30 km

The electromagnetic spectrum. Thermal radiation occurs in a range
of the electromagnetic spectrum of energy emission. Accordingly, it ex-
hibits the same wavelike properties as light or radio waves. Each quan-
tum of radiant energy has a wavelength, A, and a frequency, v, associated
with it.

The full electromagnetic spectrum includes an enormous range of
energy-bearing waves, of which heat is only a small part. Table 1.2 lists
the various forms over a range of wavelengths that spans 17 orders of
magnitude. Only the tiniest “window” exists in this spectrum through
which we can see the world around us. Heat radiation, whose main com-
ponent is usually the spectrum of infrared radiation, passes through the
much larger window—about three orders of magnitude in A or v.

Black bodies. The model for the perfect thermal radiator is a so-called
black body. This is a body which absorbs all energy that reaches it and
reflects nothing. The term can be a little confusing, since such bodies
emit energy. Thus, if we possessed infrared vision, a black body would
glow with “color” appropriate to its temperature. of course, perfect ra-
diators are “black” in the sense that they absorb all visible light (and all
other radiation) that reaches them.
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The hohlraum
is usually

kept at a .
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Figure 1.13 Cross section of a spherical hohlraum. The hole
has the attributes of a nearly perfect thermal black body.

It is necessary to have an experimental method for making a perfectly
black body. The conventional device for approaching this ideal is called
by the German term hohlraum, which literally means “hollow space”.
Figure 1.13 shows how a hohlraum is arranged. It is simply a device that
traps all the energy that reaches the aperture.

What are the important features of a thermally black body? First
consider a distinction between heat and infrared radiation. Infrared ra-
diation refers to a particular range of wavelengths, while heat refers to
the whole range of radiant energy flowing from one body to another.
Suppose that a radiant heat flux, g, falls upon a translucent plate that
is not black, as shown in Fig. 1.14. A fraction, «, of the total incident
energy, called the absorptance, is absorbed in the body; a fraction, p,

2
qW/m
(Incident /

energy flux) //

// Pq (Reflected)

7
2 pd
N\
3 aq (Absorbed) //\\\ {
N
<

N
N

\ Figure 1.14 The distribution of energy

Tq (Transmitted) incident on a translucent slab.
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called the reflectance, is reflected from it; and a fraction, T, called the
transmittance, passes through. Thus

l=a+p+T71 (1.25)

This relation can also be written for the energy carried by each wave-
length in the distribution of wavelengths that makes up heat from a
source at any temperature:

1 =0o0)+pr+TA (1.26)

All radiant energy incident on a black body is absorbed, so that «; or
&y, = 1 and pp = Tp = 0. Furthermore, the energy emitted from a
black body reaches a theoretical maximum, which is given by the Stefan-
Boltzmann law. We look at this next.

The Stefan-Boltzmann law. The flux of energy radiating from a body
is commonly designated e(T) W/m?. The symbol e, (A, T) designates the
distribution function of radiative flux in A, or the monochromatic emissive
power:

de(A,T)

A
A or e(A\,T) = Jo ex(A,T)dA (1.27)

ex(A,T) =
Thus
e(T) = E(o0,T) = JOOO ex(A,T)dA
The dependence of e(T) on T for a black body was established experi-

mentally by Stefan in 1879 and explained by Boltzmann on the basis of
thermodynamics arguments in 1884. The Stefan-Boltzmann law is

ep(T) =0T (1.28)

where the Stefan-Boltzmann constant, o, is 5.670400 x 10~8 W/m?-K*4
or 1.714 x 1079 Btu/hr-ft?-°R%, and T is the absolute temperature.

ejp vs. A.  Nature requires that, at a given temperature, a body will emit
a unique distribution of energy in wavelength. Thus, when you heat a
poker in the fire, it first glows a dull red—emitting most of its energy
at long wavelengths and just a little bit in the visible regime. When it is
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prediction, and his work included the initial formulation of quantum me-
chanics. He found that

o 21hc?
A = A5 [exp(hcy /kgTA) — 1]
where ¢, is the speed of light, 2.99792458 x 10® m/s; h is Planck’s con-

stant, 6.62606876x1034 J-s; and kp is Boltzmann’s constant, 1.3806503 x
1023 J/K.

(1.30)

Radiant heat exchange. Suppose that a heated object (1 in Fig. 1.16a)
radiates only to some other object (2) and that both objects are thermally
black. All heat leaving object 1 arrives at object 2, and all heat arriving
at object 1 comes from object 2. Thus, the net heat transferred from
object 1 to object 2, Qnet, is the difference between Q12 = Arep(T1)
and Q201 = Arep(T2)

Quet = A1ep(T1) — Arey(T2) = Ao (T - T3) (1.31)

If the first object “sees” other objects in addition to object 2, as indicated
in Fig. 1.16b, then a view factor (sometimes called a configuration factor
or a shape factor), F1-», must be included in eqn. (1.31):

Quet = A1F12 07 (T} - T3 (1.32)

We may regard Fi-» as the fraction of energy leaving object 1 that is
intercepted by object 2.

Example 1.5

A black thermocouple measures the temperature in a chamber with
black walls. If the air around the thermocouple is at 20°C, the walls
are at 100°C, and the heat transfer coefficient between the thermocou-
ple and the air is 15 W/m?K, what temperature will the thermocouple
read?

SOLUTION. The heat convected away from the thermocouple by the
air must exactly balance that radiated to it by the hot walls if the sys-
tem is in steady state. Furthermore, F1_» = 1 since the thermocouple
(1) radiates all its energy to the walls (2):

EAtC (Ttc — Tair) = —Qnet = _Atc0'<Tt4c - Téall)
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7.3 Fossil Fuels

Coal
Robert Reuther

Coal Composition and Classification

Coal is a sedimentary rock formed by the accumulation and decagaofio substances deed from
plant tissues andxudates that &ve beenburied over periods of geological time along witlarious
mineral inclusions. Coal is clafisid bytype and rank. Coal type classifies coal by the plant sources
from which itwas deived. Coal rank classifies coal by itegtee of metamorphosis from the original
plant sources and is therefore a measure of the age of th@leagrocess of metamorphosis or aging
is termedcoalification.

The study of coal by type is &wn as coal petrogréy. Coal type is determined from thkeamination
of polished sections of a coal sample usingflected-light microscopé’he dgree of reflectance and
color of a sample are idefidd with specific residues of the original plant tissiaesevarious residues
are referred to amacerals. Macerals are collected into three main groups: vitrinite, inertinite, and
exinite (sometimes referred to as liptinit#he maceral groups and their associated macerals are listed
in Table 7.3.1along with a description of the plant tissue from which each distinct maceral type is
deiived.

TABLE 7.3.1 Coal Maceral Groups and Macerals

Maceral Group Maceral Derivation

Vitrinite Collinite Humic gels
Telinite Wood, bark, and cortical tissue
Pseudvitrinite ? (Some obsegors place in the inertinite group)

Exinite Sporinite Fungal and other spores
Cutinite Leaf cuticles
Resinite Resin bodies and was
Alginite Algal remains

Inertinite Micrinite Unspecified detrital matte<10 um
Macrinite Unspecified detrital matte10—100um
Semifusinite “Burned” woody tissue,dw reflectance
Fusinite “Burned” woody tissue, high reflectance
Sclerotinite Fungal sclerotia and mycelia

Modified from Berlowitz, N., An Intoduction to CoallechnologyAcademic Press, & York, 1979.

Coal rank is the most important property of coal, since it is rank which initiates théicdtissi of
coal for use. Rank is a measure of the agesgreg@ of coalification of coal. Coalification describes the
process which theuried aganic matter goes through to become c@é#hen firstburied, the aganic
matter has a certain elemental composition agdroc structure. blvever, as the material becomes
subjected to heat and pressure, the composition and struawg shange. Certain structures are
broken cdwn, and others are formed. Some elements are lost thralgtilization while others are
concentrated through a number of processes, including bginged to undground fows which carry
away some elements and deposit others. @oation changes thealues ofvarious properties of coal.
Thus, coal can be classified by rank through the measurement of one or more of these changing properties.

In the United States and Canada, the rank ¢ieason scheme defined byetAmerican Society of
Testing and Materials (ASTM) has become the standard. In this scheme, the propgrtiss célorific
value andfixed carbon or volatile matter contentare used to classify a coal by rank. Gross datori
value is a measure of the egye content of the coal and is usuatipressed m units of ergy per unit
mass. Calorificvalue increases as the coal proceeds throughficaibn. Fked carbon content is a
measure of the mass remaining after heating a dry coal sample under conditidiesidpetie ASTM.

© 1999 by CRC Press LLC
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Fixed carbon content increases with diedition The conditions specified for the measuremeriixed
carbon content result in being able alteiredy to use thevolatile matter content of the coal measured
under dy, ash-free conditions as a rank paramelée rank of a coal proceeds from lignite, the
“youngest” coal, through subbituminous, bituminous, and semibituminous, to anthracite, the “oldest”
coal Thereexist subdvisions within these rank caories which are defined Table 7.3.2(Some rank
schemes include meta-anthracite as a rawokealor “older” than, anthracite. Others prefer to classify
such deposits as graphite. Graphite is a minimal resource salligble primarily for uses other than
as a fue). According to tle ASTM scheme, coals are tad by calorificvalue up to the higholatile

A bituminous rank, which includes coals with cdiorivalues (measured on a moist, mineral nmatte
free basis) greater than 14,000 Btu/Ib (32,564 kJAigdhis point, fked carbon content (measured on
a diy, mineral mattefree basis) teesover as the rank paramet@hus, a highvolatile A bituminous
coal is defined asaiing a calorificvalue greater than 14,000 Btu/kmyt a fixed carbon content less
than 69 wt% The requirement for dving two different properties with which to fiee rank arises
because calorifigalue increases significantly through tbesér-rank coalshut very little (in a relate
sense) in the higheanks, whereasxed carbon content has a wider range in highek coalsbut
little (relaive) change in theolver-ranks The most widely used cla$isation scheme outside of North
America is that dveloped under the jurisdiction of the International Standardar@xation Technical
Committee 27, Solid Mineral Fuels.

Coal Analysis

The composition of a coal is typically reported in terms opitsximate analysisand itsultimate
analysis The proximate analysis of a coal is made up of four constituigile matter content,Xed
carbon content, moisture content, and ash content, all of which are reported on a weight percent basis.
The measurement of these four properties of a coal must be carried out according to sfrztEpeci
codified by tle ASTM.

Volatile matter in coal includes carbon dioxide rgamic sulfu- and nitrogen-containing species, and
organic compoundshe percentage ofarious species present depends on.rdolatile matter content
can typically be reported on a number of bases, such as mgjsthideral mattefree (dmmf); moist,
mineral mattefree; moist, ash-free; andydrash-free (daf); depending on the condition of the coal on
which measurements were made.

Mineral matter and ash angd distinct entities. Coal does not contain &kn though the ash content
of a coal is reported as part of its proximate analysis. Instead, coal contains minerawhegtttecan
be present both as distinct mineral entities or inclusions and intimately bound witlgahe anatrix
of the coal Ash, on the other hand, refers to the solidgaaic material remainingfter combusting
coal sample. Proximate ash content is the ash remaining after the coal hasplosed to air under
specific conditions (ASTM StandhTest Method D 3174). It is reported as the mass percent remaining
upon conbustion of the original sample on either a dry or moist basis.

Moisture content refers to the massaafter which is released from the solid coal sample when it is
heated under specific conditions of temperature and residence time felaodiSTM Standad Test
Method D 3173.

The fixed carbon content refers to the mass mfanic matter remaining in the sample after the
moisture andvolatile matter are released. It is primarily made up of carbon with lesser amounts of
hydrogen, sulfy and nitrogen also present. It is typically reported lifedince from the total of the
volatile matte, ash, and moisture contents on a mass percent of the original coal sampl&lteasis
naively, it can be reported on a dry basis; a dmmf basis; or a moist, minerat-imesgttbasis.

Thevalues associated with the proximate analyary with rank. In generaljolatile matter content
decreases with increasing rank, wHileed carbon content correspondingly increases. Moisture and ash
also decrease, in general, with ramypical values for proximate analysis as a function of the rank of
a coal are mvided in Table 7.3.3.

The ultimate analysis of a coal reports the composition ofrfenix fraction of coal on an elemental
basis. Lke the proximate analysis, the ultimate analysis can be reported on a moist or drydasis an

© 1999 by CRC Press LLC
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Neavel, R. 1981. Origin, petrograp, and classification of coal, hemistry of Coal Utilization, Second
Supplementaryblume,M.A. Elliott, Ed., Jom Wiley & Sons, Nw York, 91-158.

Villagran, R.A. 1989Acid Rain Legislation: Implications for the Coal IndystBhearson, Lehman,
Hutton, New York, 37-39.

Further Information

An excellent resource for understanding coal, its sources, its uses, and its limitations and potential
problems is the book by Elliott referencecoad unde Averitt (1981), Habermehl et al. (1981), and
Neavel (1981) A reader wishing an understanding of coal topics cfinldl no better resource.

Another compreheimg book which includes more-recent informathan is not quite as weighty as
Elliott’s (664 pages vs. 2374 pagesJ e Chemistry andechnology of Coaledited (second edition,
revised andexpanded) by James G. Speight.

For up-to-date information spéi@ to the evironmental problems associated with the use of coal,
the reader is referred to Norbert Bewitz's chapter entitled “BvironmentdAspects of Coal Utilization”
in An Introduction to Coallechnolog.

For information on the standards for coal analyses and descriptions of the associated procedures, the
reader is referred taw recent edition of thAmerican Society foTesting and Materials Annual Book
of ASM Standads. Section 5 overs petroleum products, lubricants, and fossil fuels, including coal
and cde.

0il
Philip C. Crouse, P.E.

Overview

Fossil fuel ensgy accounted for 86.3% of allorld enegy in 1990 The Enegy Informatian Adminis-
tration (EIA) of the U.S. Department of Bgg estimates that in the year 2010, fossil fuels will account
for 85.9% of allworld enegy consumption — only a 0.4% percentage decrease in (Sagee 7.3.2).
According to EIA estimates, coalépected to decline slightly from about a 27% to about a 25% share
of consumption, and consumption of natugas isexpected to increase from 21 to 24%er the 20-
year period. @er the same period, oil is forecasted to continue tadréd major enegy source with
only slight declines from the present 39% of consumption.

Recent Horts in the United Statesabe been to foster gwth in naturalgas usage as an egg source,
causing an estimatedayth of 2.3% per yaaTotal enegy usage isxpected to gmw from 345.6 to
476.0 quadrillion Btu — or a 38% awth in enegy usageover 20 years.

Crude Oil Classification and World Reserves

Obtaining accurate estimateswedrid petroleum and naturghs resources and reges is dificult and
uncertain Terminology used by industry to classify resources andwesdras no broadly accepted
standard classification. Such classificatioagehbeen a source of cootersy in the international oil
and gas commurnit Confusion persists iregard to classificatiaThis section uses informationgeided
by the Department of Ergy classification systenThe rext chart slows the relationship of resources
to reseves. Rewverable resouces include dismvered and undis@vered resourcesDiscovered
resouces are those resources that can be economicaltweeed (Figure 7.3.3)

Discovered resources include all production already out of the ground andesesBeseres are
further brcken dwn into poved reseres and other resexs Again, there are nmy different groups
that classify resees in diferentways, such ameasued, indicated internal, probable andpossible
Most groups break resess into producing and nonproducingegatries. Each of the definitions is quite
voluminous and the techniques for qualifying reeswary globaly.
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TABLE 7.3.7 Oil Reserves Year End) — million barrels

1970 1980 1990
North America 53,160 80,053 84,134
South America 25,557 26,922 69,686
Western Europe 5,698 18,698 21,289
Eastern Europe 59,880 84,140 65,412
Middle East 342,134 357,578 601,987
Africa 46,356 52,650 59,159
Asia-Pacific 21,973 38,517 56,151
Total 554,777 658,557 957,818
OPEC 404,441 428,139 715,502
Non-OPEC 150,336 230,418 242,316

Souce: EIA, International Oil and Gas Exploration and Development
1991, Washington, D.C., December 1993, 36-39.

TABLE 7.3.8 Annual Oil Production — million barrels

1970 1980 1990
North America 4,157 4,379 4,136
South America 1,738 1,331 1,574
Western Europe 116 869 1,478
Eastern Europe 2,706 4,550 4,204
Middle East 5,063 6,760 6,120
Africa 2,246 2,265 2,367
Asia-Pacific 651 1774 2371
Total 16,678 21,928 22,049
OPEC 8,545 9,839 8,645
Non-OPEC 8,133 12,089 13,604

Souce: EIA, International Oil and Gas Exploration anevBlopment
1991, Washington, D.C., December 1993, 30-33.

Proved resevesare generally defined as: “Thogelumes of oil andjas that geological and engi-
neering data demonstrate with reasonable certainty to logerable in future years from &wn
resevoirs underexisting economic and operating conditidns

OPEC (the @anization of Petroleum-Exporting Countries) has begrin setting global fossil fuel
pricesover the lastwo decadeswith very lage reseres, OPEC can pvide much of thevorld future
needs for crude oil and petroleum produétsout two-thirds of theworld known petroleum resees
are located in the Middle East asosh in Table 7.3.7

Table 7.3.8shows that the annuakorld crude oil production has steadilyogmn from 16.7 billion
barrels in 1970 to 22 billion barrels in 1990.

Both crude oil demand and production are forecast to incogasthe rext 20 years. OPEC production
is relatvely level at 8.6 billion barrels in 1990 compared with 8.5 billion barrels in 1970. During the
same time, non-OPEC production increased from 8.1 to 13.6 billion b&setise “swing producer”,
OPECs production in 1980 increased byer 1 billion barrels when non-OPEC production could not
meet total demandhey then decreased production by a similar amount in 1990 when production in
the rest of thevorld increased by 1 billion to a non-OPEC total of 13.6 billion bavdith a low price
environment, OPEC igxpected to gain mket share in global productiaver the mxt 20 years.

Standard Fuels

Petroleum is refined into petroleum products that are used to meetiuadl product demanddhe
general classifications of products are
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1. NATURAL GAS LIQUIDS AND LIQUEFIED REFINERY GASES
This caggory includes ethane {H), ethylene (GH,), propane (GHy), prapylene (GHg), butane
and iswutane (GH,,), andbutylene and isoutylene (GHy).

2. FINISHED PETROLEUM PRODUCTS
This cakgory includes motogasoline,aviation gasoline, jet fuelkerosene, distillate, fuel oil,
residual fuel oil, petrochemical feed stock, naphthas, lubricaaigs, petroleum de, asphalt
and road oil, and stiljas.

Motor gasolineincludes reformulatedasoline forvehicles and oxygenateghsoline such as
gasohol (a mixture ofasoline and alcohol).

Jet fuelis classified by use such as industrial or military and naphthieeaosene-type. Naphtha
fuels are used in turbo jet and turbo prop aircraft enginesahades ram-jet and petroleum
rocket fuel.

Kerosere is used for space heaters, coabvss, wick lamps, andiater heaters.

Distillate fuel oilis brdken into subca&gories: No. 1 distillate, No. 2 distillate, and No. 4 fuel
oil which is used for commercidlurners.

Petrochemical feedstodk used in the maracture of chemicals, synthetic rulpbend plastics.
Naphtha are petroleums with an approximate boiling range of 122 @F0

Lubricants are substances used to reduce friction between bearifagesirused as process
materials, and as carriers of other materiley are produced from distillates or residues.
Lubricants are paffinic or naphthenic and separated by viscosity measurement.

Waxes are solid or semisolid material dexd from petroleum distillates or residugébey are
typically a slightly greag light colored or translucent, crystallizing mass.

Asphalt androad oil Asphalt is a cemenke material containing bitumens. Road oil iy a
heavy petroleum oil used as a dust pallatine and roahcaitreatment.

Still Gasis any refinery by-producgas. It consists of lighgases of methane, ethandyétne,
butane, propane, and the other associgsses. Still gas typically used as a refinery fuel.

World Refining Capacit Refining capacity gw from 48 million barrels per day in 1970 to about 75
million barrels per day in 1990 — a 55%ogth in capaciy. Table 7.3.9hows world refining capacity
beginning in 1970The peak yeawras 1982 in which capacityas 81.4 million barrels per geUtilization

of refinery capacityvas about 80% in 1990, pointing to underutilization.

TABLE 7.3.9 World Refining Capacity

1970 1980 1990

North America 13.2 20.2 17.4
Latin America 4.8 8.6 7.2
Western Europe 14.7 20.3 14.1
Middle East 2.2 3.6 4.2
Africa 0.7 1.7 2.6
Asia-Pacific 5.1 104 10.3
Central Planned Economies _7.5 154 17.6

Total world 48.2 80.0 73.4
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Natural Gas
Philip C. Crouse, P.E.

Natural gas has been called theienmentally friendly fossil fuel since it releasesvér harmful
contaminantsWorld production of dry naturajaswas 73.7 trillion ff and accounted fawer 20% of
world enegy production. In 1990 Russia accounted for about one thineiddl naturalgas The second
largest producewas the United Statesaling about one quarter @forld 1990 naturagjas production.

Natural Gas Production Measurement

Natural gas production is generally measured as “dry” nagasaproduction. It is determined as the
volume of naturabas withdewn from a resesoir less (1) thevolume returned focycling and repres-
suring reserirs; (2) the shrinkage resulting from the mal of lease condensate and plant liquids; (3)
the nonhydrocarbon gas@he parameters for measurement d&¥-6and 14.73 |b standard per square
inch absolute.

World Production and Reserves of Dry Natural Gas

From 1983 to 1992, dry naturgds production rose from 54.4 to 75 trillio? the breakdwn by region
of world is sfown in Table 7.3.10

TABLE 7.3.10 World Dry Natural Gas Production — trillion ft 2

1983 1992
North, Central, and 21.20 25.30
South America
Western Europe 6.20 7.85
Eastern Europe and former U.S.S.R. 21.09 28.60
Middle East ad Africa 2.95 6.87
Far East and Oceania _2.96 _6.38
World total 54.40 75.00

Souce: EIA, Annual Enegy Review 199FIA, Washington, D.C., July
1994, 305.

World naturalgas reseres estimated by ¢Oil and Gas Journabhs of December 31, 1991 are in
Table 7.3.110PEC accounted for 40% wiforld reseves yet processes only about 12% of woeld
production The former U.S.S.R. accounts for about 40% and Iran another 19%rldfreseves.

TABLE 7.3.11 World Natural Gas Reserves — billion f¢

North America 343,677
South America 166, 850
Western Europe 177,844
Eastern Europe 1,766,358
Middle East 1,319,823
Africa 310,241
Asia-Pacific 299,288

Total 4,384,081
OPEC 1,729,205
Non-OPEC 2,654,876

Compressed Natural Gas

Environmental issuesdue countriesxamining and supportingdislation to subsidize theedelopment
of cleanervehicles that use compressed natgesl (CNG). Een with a pushdward the use of CNG-
burning vehicles, the numbers are quite small when comparedgaghlinevehicles. Italy has used
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CNG since 1935 and has thedest usage with 300,08@hicles The United States r&ad fifth with
an estimated 30,00ehicles in 1994Argentina, which raked sixth, had 15,00@ehicles.

Liquefied Natural Gas (LNG)

Natural gas can be liquefied lmering temperature until a liquid state is aekd. It can be transported
by refrigerated shipsThe process of using ships andviding special-handlingacilities adds signifi-
cantly to the final LNG cost. If oil prices stay, prospects for LNG @elopment will remaindw in
the future. Hwever, LNG projects planned by OPEC member countries may becomécghover
the rext 20 years with shipments of LN&ports ultimately accounting for up to 25% of gdisexports.

Physical Properties of Hydrocarbons

The most importanthysical properties from a crude oil cldgsation standpoint are density or spieci
gravity and the viscosity of liquid petroleum. Crude oil is generally lighter thater. A Baume-type
scale is predominantly used by the petroleum industry and is ca#edPth(American Petroleum
Institute gravity scale (se Table 7.3.12)It is related directly to spdid gravity by the formula:

¢ =(141.5)/(1315+ ‘API)

where¢ = specific gavity. Temperature and pressure are standardize@°&t@hd 1 atm pressure.

TABLE 7.3.12 Relation of API Gr avity, Specific
Gravity, and Weight per Gallon of Gasoline

Degee APl  Specifc Gravity =~ Weight of gallon in Ibs.

8 1.014 8.448

9 1.007 8.388
10 1.000 8.328
15 0.966 8.044
20 0.934 7.778
25 0.904 7.529
30 0.876 7.296
35 0.850 7.076
40 0.825 6.870
45 0.802 6.675
50 0.780 6.490
55 0.759 6.316
58 0.747 6.216

Note The specific qavity of crude oils ranges from about 0.75
to 1.01.

Otherkey physical propertieswolve the molecular weight of theydrocarbon compound and the
boiling point and liquid densit Table 7.3.13hows a summation of these properties.

Defining Terms

API Gravity: A scale used by the petroleum industry for spegrvity.

Discovered resouces: Discovered resources include all production already out of the ground and
reseves.

Provedresouces:Resources that geological and engineering data demonstrate with reasonable certainly
to be reoverable in future years from &wwn resevoirs underexisting economic and operating
conditions.

Reoverable resouces: Remverable resources include disered resources.
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7.6 Solar Energy Resources

D. Yogi Goswami

The sun is aast nuclear gwer plant of the fusiomariety which generatesower in the form of radiant
enggy at a rate of 3.8 10> kW. An extremely small fraction of this is intercepted by Eatit, even

this small fraction amounts to the huge quantity 8fxL104 kW. On theaverage, about 60% of this
enggy, incident at the outer edge of the atmosphere, reaches fheeslio compare these numbers
with our enegy needs, consider the present electrical-generating capacity in the United States, which
is approximately of & 1 kW. This is eqivalent to amaverage solar radiatiofalling on only 1000
square miles in a cloudless desert area. It mostMer, be remembered that solar egeis distrbuted
over the entire stiace of Eartlfacing the sun, and it seldoaceeds 1.0 kW/f Compared to other
sources, such as fossil fuels or nucleaver plants, solar engy has avery low enegy densiy. However,
solar radiation can be concentrated to eehvery high enegy densities. Indeed, temperatures as high
as 3000 K bve been acleied in solar furnaces.

Solar enggy technology has beeratloped to a point where it can replace most of the fossil fuels
or fossil fuel-deived enegy. In many applications it is already economical, and it is a matter of time
before it becomes economical for other applications as well.

This section deals in ttawailability of solar radiation, including methods of measurement, calculation,
andavailable data.

Solar Energy Availability

Detailed information about solar radiatiemailability at any location is essential for the design and
economicevaluation of a solar engy system. Long-term measured data of solar radiatioavailable
for a lage number of locations in the United States and other parts afdtié Where long-term
measured data are revailable,various models based amailable climatic data can be used to estimate
the solar engy availability. The solar engy is in the form of electromagnetic radiation with the
wavelengths ranging from about30um (10 m) to over 3 um, which correspond to uétriolet (less
than 0.4um), visible (0.4 and 0.@m), and infrareddver 0.7um). Most of this engy is concentrated
in the visible and the neinfrared wavelength range (se€igure 7.6.1)The incident solar radiation,
sometimes calleéhsolation, is measured as irradiance, or thergpeper unit time per unit area (or
power per unit area)he units most often used amatts per square meter (\WImBritish thermal units
per hour per square foot (Btw/ft?), and Langlys (calories per square centimeter per minute, c&l/cm
min).

The amount of solar radiatidalling on a suiace normal to the rays of the sun outside the atmosphere
of the earth éxtraterrestriallat mean Earth-sun distan(®) is called thesolar constant |,. Measure-
ments byNASA indicated thevalue of solar constant to be 38//m? (+1.6%) This valuewas evised
upward and the present acceptedue of the solar constant is T3W/m? (Quinlan, 1979) or 437.1
Btu/hr-ft? or 1.974 langlys. Thevariation in seasonal solar radiatiarailability at the suiace of Earth
can be understood from the geometry of the isdatovement of Earth around the sun.

Earth-Sun Relationships

Figure 7.6.2slows the annual motion of Earth around the.skime extraterrestrial solar radiation
varies throughout the year because ofvidugation in the Earth-sun distan() as:

I =1,(D/D,)° (7.6.1)

which may be approximated as (Spand®71)
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FIGURE 7.6.3 Apparent daily path of the sun across the sky from sunrise to surseghhe solar altitude and
azimuth angles.

& = 23.45°sin[360(284 + N)/365°] (7.6.4)

The apparent motion of the sun around the earthasrsin Figure7.6.3 The solar altitude angle 3,
and thesolar azimuth angle ®, describe the position of the sun ay éime.

Solar Time

The sun angles are found from theokitedge of solar time, which fiéers from the local timeThe
relationship between solar time and local standard time (LSTyés ¢y

Solar Time = LST +ET +4(L, - L) (7.6.5)
where ET is thequation of time which is a correctiofactor in minutes that accounts for thegularity

of the motion of the Earth around the sugpis the standard time meridiandin,, is the local longitude.
ET can be calculated from the fmlling empirical equation:

ET(in minutes) = 9.87sin2B - 7.53cosB - 1.5sin B (7.6.6)

whereB = 360(N — 81)/365.
The sun angleB (altitude) and® (azimuth) can be found from the equations:

sinf3 = cos/cosdcosH +sin/sind (7.6.7)
wheref{ = latitude angle,

sin® = cosdsinH/cosp (7.6.8)

and

© 1999 by CRC Press LLC



7-40 Section 7

H = Hour angle = Number of mmut(?sfrom local solar noon (7.6.9)
4 min/degree

(At solar noonH =0, so =90 —{ — 9| and® = 0.)

Solar Radiation on a Surface

As solar radiationl, passes through the atmosphere, some of it is absorbed by amtencapa, while
some gets scattered by molecules of water vapa, aerosols, and dust particléhe part of solar
radiation that reaches the fage of the Earth with essentially no change in direction isdudiltect or
beam normal radiation, I,. The scattered radiation reaching theface from the atmosphere is called
diffuse radiation, I

I,y €an be calculated from thestraterrestrial solar irradianck and the atmospheric optical dept
as (Gowami et al., 1981ASHRAE, 1995)

I, = le7"*% (7.6.10)
wher 6, is the solar zenith angle (angle between the sun rays amdrttoal) The atmospheric optical
depth determines the attenuation of the solar radiation as it passes through the atnidsetiere
and Jordan (1958) calculatealues oft for average atmospheric conditions at ssallwith a moderately
dusty atmosphere and amounts of precipitatdéer vapor equal to theveragevalue for the United
States for each montifhesevalues are igen in Table 7.6.1 To account for the ffierences in local
conditions from theaverage seaelel conditions Equation (7.6.10) is médd by a parameter called
Clearness NumlpeCn, introduced yp Threlkeld and Jordan (1958):

I = Cnle ™% (7.6.11)
values of Crvary between 0.85 and 1.15.

TABLE 7.6.1 Average Values d Atmospheric Optical Depth (t) and XKy Diffuse Factor (C) for 21st Day of
Each Month

Month 1 2 3 4 5 6 7 8 9 10 11 12
T 0.142 0.144 0.156 0.180 0.196 0.205 0.207 0.201 0.177 0.160 0.149 0.142
C 0.058 0.060 0.071 0.097 0.121 0.134 0.136 0.122 0.092 0.073 0.063 0.057

Souce Threlkeld, J.L. and Jordan, R,&SHRAETrans, 64, 45, 1958.

Solar Radiation on a Horizontal Surface

Total incident solar radiation on a horizontalfage is gven by

[ =1, cos8, +Cl,, (7.6.12)

t,Horizontal
=1,,SiNB+Cl,, (7.6.13)

where®, is called the solar zenith angleda@ is called the lgy diffusefacta, as gven n Table 7.6.1

Solar Radiation on a Tilted Surface

For a suface of ay orientation and tilt as stwn in Figure 7.6.4the angle of incidenc®, of the direct
solar radiation is igen by
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FIGURE 7.6.4 Definitions of solar angles for a tilted surface.

cosB = cosfcosysin +sinfcosZ (7.6.14)

whery is the angle between horizontal projections of the rays of the sun and the normal téattee sur
> is the tilt angle of the stace from the horizontal.
For a tilted sufiace with angle of incidend® the total incident solar radiation issgn by

Iy = T €050 + L jirrice * retiecten (7.6.15)
where
Ltruse = Clpn (1+ €0OSZ)/2 (7.6.16)
and
| etictea = Plon (C +iNB)(L - cosZ)/2 (7.6.17)

wher p is the refledvity of the surroundingskor ordinary ground or grasp is approximately 0.2
while for ground overed with sow it is approximately 0.8.

Solar Radiation Measurements
Two basic types of instruments are used in measurements of solar ratlia¢i®es are (sdeigure 7.6.5)

1. Pyranometer:An instrument used to measure global (direct arfflish) solar radiation on a
suiface This instrument can also be used to measure ffigséiradiation by blocking out the
direct radiation with a shad band.

2. Pyrheliometer:This instrument is used to measure only the direct solar radiation offiaaesur
normal to the incident beam. It is generally used with a tracking moletem it aligned with
the sun.

More-detailed discussions about these and other solar radiation measuring instruments can be found in
Zerlaut (1989).
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b

FIGURE 7.6.5 Two basic instruments for solar radiation: (a) pyranometer; (b) pyrheliomete

Solar Radiation Data

Measuredsalues of solar radiation data for locations in the United Statewaitable from the National
Climatic Centern Asheville, NC. A number of statesaue further presented solar radiation data for
locations in those states in readily usable foiveather services and egg dfices in almost all the
countries lve available some form of solar radiation data or climatic data that can be usedveo der
solar radiation data for locations in those countilebles 7.6.2 to 7.6.8ive solar radiation data for
clear days for soutfacing sufaces in the Northern Hemisphere (and norttieang sufaces in the
Southern Hemisphere) tilted 6%, 15, 3¢, 45°, 6(°, 75°, andvertical, for latitude°, 1C°, 2C°, 30,

40°, 5¢°, and 60. The actuakverage solar radiation data at a location is less thawalhes gven in
these tables because of the cloudy and partly cloudy days in addition to the cleihdactual data
can be obtained either from long-term measurements or from modeling based on some climatic param-
eters, such as percent sunshifables 7.6.9 to 7.6.1glve hourly solar angles for northern latitud@8s

20°, 40°, and 60.
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7.7 Wind Energy Resources’
Dale E. Berg

The mechanical@ices that are used tome@rt kinetic enggy in the wind into useful shafioper are

known as windmills (the earliest machines were used to mill grain), wind machines, or wind turbines.
The earliest use of wind machines appearsae fbeen in ancient Persia, whereythwere used for
grinding grain and pumpingate. By the 14th centyr completely diferent types of mills kawn as

post and cap mills had become a major source afygrier milling, water pumping, and other tasks
throughout northern Europe, andgthremained so well into the 19th centuwhen the steam engine
displaced them in nmg applications.

A new form of windmill appeared in United States in the second half of the 19th century — the
multivane or annular windmill, also sometimesokn as tle American windmill (seg-igure 7.7.1)
These small, lightweight machines were designed taw&ihigh winds with no human intemtion by
automatically sheddinggwer, and tkey played a lege role in the settlement ofdlmerican West —
an arid country where little siacewater isavailable. May windmills of this basic type are still in use
for water pumping around theorld todgy.

FIGURE 7.7.1 The multiblag American windmill Photograph by Paul Gipe. (Adapted fidvtnd Power for Home
& Business Chelsea Green Publishing. 1993).

By the end of the 19th cenyurefforts to adapt wind @wer to electricity generation were underyy
in several countries. In the early 20th cetuismall wind turbine generators utilizing onlya or three
aerodynamic blades and operating at a higher rotational speed than the multibladed windmills were
developed. May thousands of generators of this typeenbeen used to gride electricity in the remote
areas of thevorld over the past 85 years.

Large-scale wind turbines designed to generate electrmaérpwerebuilt and tested in everal
European countries and the U.S. between 1935 and 1@W@vét, economic studies stved that the
electricity generated by the machinesuld beevery expensve, and no #ort was made toe@elop the
machines as a serious alteimatenegy source.

* This work was supported by the United States Department g§¥Enader Contract DRC04-94AL85000.
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As a result of research andvdlopment since the mid 1970s, the cost ofrggner wind-generated
electricity has decreased from around 30¢ pewdatt-hour (kWhr) in the early 1980s to less than
5¢/kWhr for a modern winflarm at a good site in 1995, and wind turbémeilability (the fraction of
time the machine is operational; i.e., not disabled for repairs or maintenance) has increased from 50 to
60% to better than 95%ver the same periodt the end of 1995, there weoger 26,000 wind turbines
operatingworldwide with an installed capacity ofer 5000 MV. Twenty-five percent of that capacity
was installed in 1995, and plans for 1996 call for the installation of an additionaRB5% 2500 MW
of the 5000 MWwas in Europe, 1700 MWas in the U.S., andver 400 MWwas in India.

Wind Characteristics

Wind Speed and Shear

The primary cause of atmospheric air motion, or wind, evem heating of Earth by solar radiation.
For example, land andvater along a coastline absorb radiatioffedently, and this creates the light
winds or breezes normally found along a coast. Eartitation is also an importaf#ctor in creating
winds.

Wind moving across Earthk suface is stwed by treeshuildings, grass, rocks, and other obstructions
in its path The dfect of these obstructions decreases with increasing heigbe #ie suiace, typically
resulting in a wind speed thaearies with height atve the Eartls suface — phenomenon &wn as
wind shea. For most situations, wind shear is postand wind speed increases with heidiot,
situations in which the wind shear isgaive or nverse are not unusual. In the absence of actual data
for a specific site, a commonly used approximation for wind shear is

U, = (tvh,)* (7.7.1)

whereU is thevelocity at a height, U, is the measureeklocity at heighh,, anda is the non-dimensional
wind shearexponent.

The wind shem a, varies with terrain characteristidajt usually is between 0.10 and 0.25:eDa
smooth, ével, grass-overed terrain such as the United States Great Pirssnormally about 0.14.
For wind over row crops or dw bushes with adwv scattered trees, alue of 0.20 is more common
while avalue of 0.25 is normally a goaglue for windover a hevy stand of trees,eseral buildings,
or hilly or mountainous terrain.

A specific site may display muchffdirent wind shear betior than that gyen in Equation 7.7.1, and
that will dramatically &ect site enggy capture, making it important to measure the wind resource at
the specific site and height where the wind turbine will be located, if at all possible.

Wind Energy Resource

The available pwer in the wind passing through avgn area atrgy givenvelocity is due to the kinetic
enaggy of the wind and isigen by

Power :%pAUB (7.7.2)

where the pwer is inwatts, p is the air density in kg/fnA is the area of interest perpendicular to the
wind in n?, andU is the windvelocity in m/sec.

Air density decreases with increasing temperature and increasing alfiheddfect of temperature
on density is relately weak and is normally ignored, as theaeations tend t@verage oubver the
period of a yea The density dference due to altitudepivever, is significant and does naterage out.
For example, the air density at seadl is approximately 14% higher than that atize, CO (ebvation
1600 m or 5300 ft adve seadvel), so wind of ay velocity at seadvel contains 14% moreoper than
wind of the sameelocity at Dewer.
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7.8 Geothermal Energy
Joel L. Renner and Marshall ]. Reed

The word Geothermalcomes from the combination of the Greerdsgé meaning Earth, anithérm
meaning heat. Quite litergll geothermal engy is the heat of the Earth. Geothermal resources are
concentrations of the Eaithheat, or geothermal egg, that can bextracted and used economically
now or in the reasonable future. Currgntnly concentrations of heat associated witler in permeable
rocks can bexploited. Heat, fluid, and permeability are the three necessary componentxpfagtéd
geothermal fieldsThis section of Enmgy Resources will discuss the mechanisms for concentrating heat
near the sdace, the types of geothermal systems, andrieoemental aspects of geothermal produc-
tion.

Heat Flow

Temperature within the Earth increases with depth avarage of about®C/km. Spatialvariations
of the thermal errgy within the deep crust and mantle of the Eaitie gse to concentrations of thermal
enagy near the sfiace of the Earth that can be used as amggmesource. Heat is transferred from
the deeper portions of the Earth by conduction of heat through rocks, byothenemt of hot, deep
rock toward the sufiace, and by deep circulation whte. Most high-temperature geothermal resources
are associated with concentrations of heat caused by ahemmant of magma (melted rock) to nea
suiface positions where the heat is stored.

In older areas of continents, such as much ofiNemerica east of the Rag Mountains, heat dv
is generally 40 to 60 mWrh (milliwatts per square metefjhis heat fbw coupled with the thermal
conducivity of rock in the upper 4 km of the crust yields subste temperatures of 90 toQC at 4
km depth in the Eastern United States. Héaw within the Basin and Range (west of the Roc
Mountains) is generally 70 to 90 mWinand temperatures are generally greater th@ClLat 4 km.
There are lagevariations in tie Western United States, with areas of Heat greater than 100 mWh
and areas whichaae generally dwer heat bw such as the Cascade and Sieresada Mountains and
the West CoastA more detailed discussion of heldw in the United States available in Blackwell
et al. (1991).

Types of Geothermal Systems

Geothermal resources dmgdrothermal systems containimgater in pores and fractures. Mdstdro-
thermal resources contain liquichter, but higher temperatures awer pressures can create conditions
where steam andater or only steam are the continuous phases (White et al;, TifB@%dell ad White,
1973) All commercial geothermal production ékpected to be restricted hydrothermal systems for
many years because of the cost offestal addition ofwate. Successful, sustainable geothermakgye
usage depends on reinjection of the maximum quantity of prodiudgddo augment natural recige

of hydrothermal systems.

Other geothermal systems thavé been rivestigated for errgy production are (1) geopressured-
geothermal systems containingter with sorewhat ebvated temperatures (@ normal gradient) and
with pressures well alve hydrostatic for their depth; (2) magmatic systems, with temperature from 600
to 1400C; and (3) hot dry rock geothermal systems, with temperatures from 20@°©, 3bat are
subsuface zones witholv initial permeability and littlevate. These types of geothermal systems cannot
be used for economic production of exeat this time.

Geothermal Energy Potential

The most recent report (Huttrd 995) slows that 6800 M\W(megawatts electric) of geothermal electric
generating capacity is on-line in 21 countr{éable 7.8.1) The expected capacity in the year 2000 is
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Air conditioning is a combined process that performs many functions simultaneously. It conditions
the air, transports it, and introduces it to the conditioned space. It provides heating and cooling from
its central plant or rooftop units. It also controls and maintains the temperature, humidity, air
movement, air cleanliness, sound level, and pressure differential in a space within predetermined

1.1
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limits for the comfort and health of the occupants of the conditioned space or for the purpose of
product processing.

The term HVAC&R is an abbreviation of heating, ventilating, air conditioning, and refrigerating.
The combination of processes in this commonly adopted term is equivalent to the current definition
of air conditioning. Because all these individual component processes were developed prior to the
more complete concept of air conditioning, the term HVAC&R is often used by the industry.

1.2 COMFORT AND PROCESSING AIR CONDITIONING
SYSTEMS

Air Conditioning Systems

An air conditioning, or HVAC&R, system is composed of components and equipment arranged in
sequence to condition the air, to transport it to the conditioned space, and to control the indoor envi-
ronmental parameters of a specific space within required limits.

Most air conditioning systems perform the following functions:

1. Provide the cooling and heating energy required

2. Condition the supply air, that is, heat or cool, humidify or dehumidify, clean and purify, and
attenuate any objectionable noise produced by the HVAC&R equipment

3. Distribute the conditioned air, containing sufficient outdoor air, to the conditioned space

4. Control and maintain the indoor environmental parameters—such as temperature, humidity,
cleanliness, air movement, sound level, and pressure differential between the conditioned space
and surroundings — within predetermined limits

Parameters such as the size and the occupancy of the conditioned space, the indoor environmental
parameters to be controlled, the quality and the effectiveness of control, and the cost involved deter-
mine the various types and arrangements of components used to provide appropriate characteristics.

Air conditioning systems can be classified according to their applications as (1) comfort air
conditioning systems and (2) process air conditioning systems.

Comfort Air Conditioning Systems

Comfort air conditioning systems provide occupants with a comfortable and healthy indoor envi-
ronment in which to carry out their activities. The various sectors of the economy using comfort air
conditioning systems are as follows:

1. The commercial sector includes office buildings, supermarkets, department stores, shopping
centers, restaurants, and others. Many high-rise office buildings, including such structures as the
World Trade Center in New York City and the Sears Tower in Chicago, use complicated air condi-
tioning systems to satisfy multiple-tenant requirements. In light commercial buildings, the air con-
ditioning system serves the conditioned space of only a single-zone or comparatively smaller area.
For shopping malls and restaurants, air conditioning is necessary to attract customers.

2. The institutional sector includes such applications as schools, colleges, universities, libraries,
museums, indoor stadiums, cinemas, theaters, concert halls, and recreation centers. For example,
one of the large indoor stadiums, the Superdome in New Orleans, Louisiana, can seat 78,000 people.

3. The residential and lodging sector consists of hotels, motels, apartment houses, and private
homes. Many systems serving the lodging industry and apartment houses are operated continu-
ously, on a 24-hour, 7-day-a-week schedule, since they can be occupied at any time.

4. The health care sector encompasses hospitals, nursing homes, and convalescent care facilities.
Special air filters are generally used in hospitals to remove bacteria and particulates of submicrometer
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size from areas such as operating rooms, nurseries, and intensive care units. The relative humidity in a
general clinical area is often maintained at a minimum of 30 percent in winter.

5. The transportation sector includes aircraft, automobiles, railroad cars, buses, and cruising
ships. Passengers increasingly demand ease and environmental comfort, especially for long-
distance travel. Modern airplanes flying at high altitudes may require a pressure differential of
about 5 psi between the cabin and the outside atmosphere. According to the Commercial Buildings
Characteristics (1994), in 1992 in the United States, among 4,806,000 commercial buildings hav-
ing 67.876 billion ft> (6.31 billion m?) of floor area, 84.0 percent were cooled, and 91.3 percent
were heated.

Process Air Conditioning Systems

Process air conditioning systems provide needed indoor environmental control for manufacturing,
product storage, or other research and development processes. The following areas are examples of
process air conditioning systems:

1. In textile mills, natural fibers and manufactured fibers are hygroscopic. Proper control of hu-
midity increases the strength of the yarn and fabric during processing. For many textile manufactur-
ing processes, too high a value for the space relative humidity can cause problems in the spinning
process. On the other hand, a lower relative humidity may induce static electricity that is harmful
for the production processes.

2. Many electronic products require clean rooms for manufacturing such things as integrated cir-
cuits, since their quality is adversely affected by airborne particles. Relative-humidity control is
also needed to prevent corrosion and condensation and to eliminate static electricity. Temperature
control maintains materials and instruments at stable condition and is also required for workers who
wear dust-free garments. For example, a class 100 clean room in an electronic factory requires a
temperature of 72 * 2°F (22.2 £ 1.1°C), a relative humidity at 45 = 5 percent, and a count of dust
particles of 0.5-pum (1.97 X 1072 in.) diameter or larger not to exceed 100 particles/ft> (3531 parti-
cles/m?).

3. Precision manufacturers always need precise temperature control during production of preci-
sion instruments, tools, and equipment. Bausch and Lomb successfully constructed a constant-
temperature control room of 68 * 0.1°F (20 = 0.56°C) to produce light grating products in the
1950s.

4. Pharmaceutical products require temperature, humidity, and air cleanliness control. For in-
stance, liver extracts require a temperature of 75°F (23.9°C) and a relative humidity of 35 percent.
If the temperature exceeds 80°F (26.7°C), the extracts tend to deteriorate. High-efficiency air filters
must be installed for most of the areas in pharmaceutical factories to prevent contamination.

5. Modern refrigerated warehouses not only store commodities in coolers at temperatures of
27 to 32°F (— 2.8 to 0°C) and frozen foods at — 10 to — 20°F (— 23 to —29°C), but also provide
relative-humidity control for perishable foods between 90 and 100 percent. Refrigerated storage
is used to prevent deterioration. Temperature control can be performed by refrigeration systems
only, but the simultaneous control of both temperature and relative humidity in the space can only
be performed by process air conditioning systems.

1.3 CLASSIFICATION OF AIR CONDITIONING SYSTEMS
ACCORDING TO CONSTRUCTION AND OPERATING
CHARACTERISTICS

Air conditioning systems can also be classified according to their construction and operating
characteristics as follows.
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Individual Room Air Conditioning Systems

Individual room, or simply individual air conditioning systems employ a single, self-contained
room air conditioner, a packaged terminal, a separated indoor-outdoor split unit, or a heat pump. A
heat pump extracts heat from a heat source and rejects heat to air or water at a higher temperature
for heating. Unlike other systems, these systems normally use a totally independent unit or units in
each room. Individual air conditioning systems can be classified into two categories:

* Room air conditioner (window-mounted)

 Packaged terminal air conditioner (PTAC), installed in a sleeve through the outside wall

The major components in a factory-assembled and ready-for-use room air conditioner include
the following: An evaporator fan pressurizes and supplies the conditioned air to the space. In tube-
and-fin coil, the refrigerant evaporates, expands directly inside the tubes, and absorbs the heat en-
ergy from the ambient air during the cooling season; it is called a direct expansion (DX) coil. When
the hot refrigerant releases heat energy to the conditioned space during the heating season, it acts as
a heat pump. An air filter removes airborne particulates. A compressor compresses the refrigerant
from a lower evaporating pressure to a higher condensing pressure. A condenser liquefies refriger-
ant from hot gas to liquid and rejects heat through a coil and a condenser fan. A temperature control
system senses the space air temperature (sensor) and starts or stops the compressor to control its
cooling and heating capacity through a thermostat (refer to Chap. 26).

The difference between a room air conditioner and a room heat pump, and a packaged terminal
air conditioner and a packaged terminal heat pump, is that a four-way reversing valve is added to all
room heat pumps. Sometimes room air conditioners are separated into two split units: an outdoor
condensing unit with compressor and condenser, and an indoor air handler in order to have the air
handler in a more advantageous location and to reduce the compressor noise indoors.

Individual air conditioning systems are characterized by the use of a DX coil for a single room.
This is the simplest and most direct way of cooling the air. Most of the individual systems do not
employ connecting ductwork. Outdoor air is introduced through an opening or through a small air
damper. Individual systems are usually used only for the perimeter zone of the building.

Evaporative-Cooling Air Conditioning Systems

Evaporative-cooling air conditioning systems use the cooling effect of the evaporation of liquid
water to cool an airstream directly or indirectly. It could be a factory-assembled packaged unit or a
field-built system. When an evaporative cooler provides only a portion of the cooling effect, then it
becomes a component of a central hydronic or a packaged unit system.

An evaporative-cooling system consists of an intake chamber, filter(s), supply fan, direct-contact
or indirect-contact heat exchanger, exhaust fan, water sprays, recirculating water pump, and water
sump. Evaporative-cooling systems are characterized by low energy use compared with refrigera-
tion cooling. They produce cool and humid air and are widely used in southwest arid areas in the
United States (refer to Chap. 27).

Desiccant-Based Air Conditioning Systems

A desiccant-based air conditioning system is a system in which latent cooling is performed by
desiccant dehumidification and sensible cooling by evaporative cooling or refrigeration. Thus, a
considerable part of expensive vapor compression refrigeration is replaced by inexpensive evapora-
tive cooling. A desiccant-based air conditioning system is usually a hybrid system of dehumidifica-
tion, evaporative cooling, refrigeration, and regeneration of desiccant (refer to Chap. 29).

There are two airstreams in a desiccant-based air conditioning system: a process airstream and a
regenerative airstream. Process air can be all outdoor air or a mixture of outdoor and recirculating
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air. Process air is also conditioned air supplied directly to the conditioned space or enclosed manu-
facturing process, or to the air-handling unit (AHU), packaged unit (PU), or terminal for further
treatment. Regenerative airstream is a high-temperature airstream used to reactivate the desiccant.

A desiccant-based air conditioned system consists of the following components: rotary desiccant
dehumidifiers, heat pipe heat exchangers, direct or indirect evaporative coolers, DX coils and vapor
compression unit or water cooling coils and chillers, fans, pumps, filters, controls, ducts, and piping.

Thermal Storage Air Conditioning Systems

In a thermal storage air conditioning system or simply thermal storage system, the electricity-driven
refrigeration compressors are operated during off-peak hours. Stored chilled water or stored ice in
tanks is used to provide cooling in buildings during peak hours when high electric demand charges
and electric energy rates are in effect. A thermal storage system reduces high electric demand for
HVAC&R and partially or fully shifts the high electric energy rates from peak hours to off-peak hours.

A thermal storage air conditioning system is always a central air conditioning system using
chilled water as the cooling medium. In addition to the air, water, and refrigeration control systems,
there are chilled-water tanks or ice storage tanks, storage circulating pumps, and controls (refer to
Chap. 31).

Clean-Room Air Conditioning Systems

Clean-room or clean-space air conditioning systems serve spaces where there is a need for critical
control of particulates, temperature, relative humidity, ventilation, noise, vibration, and space pres-
surization. In a clean-space air conditioning system, the quality of indoor environmental control
directly affects the quality of the products produced in the clean space.

A clean-space air conditioning system consists of a recirculating air unit and a makeup air
unit—both include dampers, prefilters, coils, fans, high-efficiency particulate air (HEPA) filters,
ductwork, piping work, pumps, refrigeration systems, and related controls except for a humidifier in
the makeup unit (refer to Chap. 30).

Space Conditioning Air Conditioning Systems

Space conditioning air conditioning systems are also called space air conditioning systems. They
have cooling, dehumidification, heating, and filtration performed predominately by fan coils, water-
source heat pumps, or other devices within or above the conditioned space, or very near it. A fan
coil consists of a small fan and a coil. A water-source heat pump usually consists of a fan, a finned
coil to condition the air, and a water coil to reject heat to a water loop during cooling, or to extract
heat from the same water loop during heating. Single or multiple fan coils are always used to serve
a single conditioned room. Usually, a small console water-source heat pump is used for each con-
trol zone in the perimeter zone of a building, and a large water-source heat pump may serve several
rooms with ducts in the core of the building (interior zone, refer to Chap. 28).

Space air conditioning systems normally have only short supply ducts within the conditioned
space, and there are no return ducts except the large core water-source heat pumps. The pressure
drop required for the recirculation of conditioned space air is often equal to or less than 0.6 in. wa-
ter column (WC) (150 Pa). Most of the energy needed to transport return and recirculating
air is saved in a space air conditioning system, compared to a unitary packaged or a central
hydronic air conditioning system. Space air conditioning systems are usually employed with a
dedicated (separate) outdoor ventilation air system to provide outdoor air for the occupants in the
conditioned space.

Space air conditioning systems often have comparatively higher noise level and need more
periodic maintenance inside the conditioned space.
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Unitary Packaged Air Conditioning Systems

Unitary packaged air conditioning systems can be called, in brief, packaged air conditioning sys-
tems or packaged systems. These systems employ either a single, self-contained packaged unit or
two split units. A single packaged unit contains fans, filters, DX coils, compressors, condensers,
and other accessories. In the split system, the indoor air handler comprises controls and the air sys-
tem, containing mainly fans, filters, and DX coils; and the outdoor condensing unit is the refrigera-
tion system, composed of compressors and condensers. Rooftop packaged systems are most widely
used (refer to Chap. 29).

Packaged air conditioning systems can be used to serve either a single room or multiple rooms.
A supply duct is often installed for the distribution of conditioned air, and a DX coil is used to cool
it. Other components can be added to these systems for operation of a heat pump system; i.e., a cen-
tralized system is used to reject heat during the cooling season and to condense heat for heating
during the heating season. Sometimes perimeter baseboard heaters or unit heaters are added as a
part of a unitary packaged system to provide heating required in the perimeter zone.

Packaged air conditioning systems that employ large unitary packaged units are central systems
by nature because of the centralized air distributing ductwork or centralized heat rejection systems.
Packaged air conditioning systems are characterized by the use of integrated, factory-assembled,
and ready-to-use packaged units as the primary equipment as well as DX coils for cooling, com-
pared to chilled water in central hydronic air conditioning systems. Modern large rooftop packaged
units have many complicated components and controls which can perform similar functions to the
central hydronic systems in many applications.

1.4 CENTRAL HYDRONIC AIR CONDITIONING SYSTEMS

Air System

Central hydronic air conditioning systems are also called central air conditioning systems. In a cen-
tral hydronic air conditioning system, air is cooled or heated by coils filled with chilled or hot water
distributed from a central cooling or heating plant. It is mostly applied to large-area buildings with
many zones of conditioned space or to separate buildings.

Water has a far greater heat capacity than air. The following is a comparison of these two media
for carrying heat energy at 68°F (20°C):

Air Water
Specific heat, Btu/lb- °F 0.243 1.0
Density, at 68°F, 1b/ft? 0.075 62.4

Heat capacity of fluid at 68°F, Btu/ft*- °F 0.018 62.4

The heat capacity per cubic foot (meter) of water is 3466 times greater than that of air. Trans-
porting heating and cooling energy from a central plant to remote air-handling units in fan rooms is
far more efficient using water than conditioned air in a large air conditioning project. However, an
additional water system lowers the evaporating temperature of the refrigerating system and makes a
small- or medium-size project more complicated and expensive.

A central hydronic system of a high-rise office building, the NBC Tower in Chicago, is illus-
trated in Fig. 1.1. A central hydronic air conditioning system consists of an air system, a water
system, a central heating/cooling plant, and a control system.

An air system is sometimes called the air-handling system. The function of an air system is to
condition, to transport, to distribute the conditioned, recirculating, outdoor, and exhaust air, and to
control the indoor environment according to requirements. The major components of an air system
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11.1 INTRODUCTION

A heat exchanger can be defined as any device that transfers heat from one fluid to
another or from or to a fluid and the environment. Whereas in direct contact heat
exchangers, there is no intervening surface between fluids, in indirect contact heat
exchangers, the customary definition pertains to a device that is employed in the trans-
fer of heat between two fluids or between a surface and a fluid. Heat exchangers may
be classified (Shah, 1981, or Mayinger, 1988) according to (1) transfer processes,
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(2) number of fluids, (3) construction, (4) heat transfer mechanisms, (5) surface com-
pactness, (6) flow arrangement, (7) number of fluid passes, and (8) type of surface.

Recuperators are direct-transfer heat exchangers in which heat transfer occurs
between two fluid streams at different temperature levels in a space that is separated
by a thin solid wall (a parting sheet or tube wall). Heat is transferred by convection
from the hot (hotter) fluid to the wall surface and by convection from the wall surface
to the cold (cooler) fluid. The recuperator is a surface heat exchanger.

Regenerators are heat exchangers in which a hot fluid and a cold fluid flow al-
ternately through the same surface at prescribed time intervals. The surface of the
regenerator receives heat by convection from the hot fluid and then releases it by
convection to the cold fluid. The process is transient; that is, the temperature of the
surface (and of the fluids themselves) varies with time during the heating and cooling
of the common surface. The regenerator is a also surface heat exchanger.

In direct-contact heat exchangers, heat is transferred by partial or complete mix-
ing of the hot and cold fluid streams. Hot and cold fluids that enter this type of ex-
changer separately leave together as a single mixed stream. The temptation to refer
to the direct-contact heat exchanger as a mixer should be resisted. Direct contact
is discussed in Chapter 19. In the present chapter we discuss the shell-and-tube heat
exchanger, the compact heat exchanger, the longitudinal high-fin exchanger, the trans-
verse high-fin exchanger including the air-fin cooler, the plate-and-frame heat ex-
changer, the regenerator, and fouling.

11.2 GOVERNING RELATIONSHIPS

11.2.1 Introduction

Assume that there are two process streams in a heat exchanger, a hot stream flowing
with a capacity rate C, = m,Cp, and a cooler (or cold stream) flowing with a
capacity rate C. = m.cp;. Then, conservation of energy demands that the heat
transferred between the streams be described by the enthalpy balance

q=Cp(Th = Tr) = Cc(ty — 1) (IL1)

where the subscripts 1 and 2 refer to the inlet and outlet of the exchanger and where
the 7”’s and #’s are employed to indicate hot- and cold-fluid temperatures, respectively.

Equation (11.1) represents an ideal that must hold in the absence of losses, and
while it describes the heat that will be transferred (the duty of the heat exchanger)
for the case of prescribed flow and temperature conditions, it does not provide an
indication of the size of the heat exchanger necessary to perform this duty. The size
of the exchanger derives from a statement of the rate equation:

qg=UnSH, = Uhnov,hShem = cnov,cscem (11.2)

where Sj, and S, are the surface areas on the hot and cold sides of the exchanger, U,
and U, are the overall heat transfer coefficients referred to the hot and cold sides of
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4. The bond resistance given by the tube manufacturer or calculated from the
procedure of Section 11.2.3 is transferred appropriately via
dp

— 11.180
rp rBdg ( )

5. The tube metal resistance is based on the mean tube diameter, and with the
metal thickness

d, —d
8[ = —b §
2
the tube metal resistance is
S, 2d,
Fmot = — (11.181)
ki dy +d,

The sum of these resistances is ) R;,:
E Rio = Vio + Ydio + Fmol + ¥YBo + Vmor

and it is noted that ) R;, is based on the equivalent bare outside tube surface.
The gross outside surface to bare tube surface is S’/7dp, so that the total resistance
referred to the gross outside surface will be

ZR,-5=ZR,-U% (11.182)
b

The air-side coefficient is 4, and the fin efficiency is computed from eq. (11.9b).
Then, with no provision for fouling,

Ton = hanlov,o (11.183)
where 1, , is obtained from eq. (11.9b):
Nov,o = 1 = S—;(l —"y)
The overall heat transfer coefficient is then given by
1
= Z—Rm T (11.184)

11.8 PLATE AND FRAME HEAT EXCHANGER

11.8.1 Introduction

An exploded view of the plate and frame heat exchanger, also referred to as a gas-
keted plate heat exchanger; is shown in Fig. 11.31a. The terminology plate fin heat
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Figure 11.31 (a) Exploded view of a typical plate and frame (gasketed-plate) heat exchanger
and (b) flow pattern in a plate and frame (gasketed-plate) heat exchanger. (From Saunders,
1988, with permission.)
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exchanger is also in current use but is avoided here because of the possibility of
confusion with the plate fin surfaces in compact heat exchangers. The exchanger
is composed of a series of corrugated plates that are formed by precision pressing
with subsequent assembly into a mounting frame using full peripheral gaskets. Fig-
ure 11.31b illustrates the general flow pattern and indicates that the spaces between
the plates form alternate flow channels through which the hot and cold fluids may
flow, in this case, in counterflow.

Plate and frame heat exchangers have several advantages. They are relatively
inexpensive and they are easy to dismantle and clean. The surface area enhancement
due to the many corrugations means that a great deal of surface can be packed into a
rather small volume. Moreover, plate and frame heat exchangers can accommodate a
wide range of fluids.

There are three main disadvantages to their employment. Because of the gasket,
they are vulnerable to leakage and hence must be used at low pressures. The rather
small equivalent diameter of the passages makes the pressure loss relatively high,
and the plate and frame heat exchanger may require a substantial investment in the
pumping system, which may make the exchanger costwise noncompetitive.

(@) (b)

Figure 11.32 Typical plates in plate and frame (gasketed-plate) heat exchanger (a) Inter-
mating or washboard type and (b) Chevron or herringbone type. (From Saunders, 1988, with
permission.)
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4.1 Heating Systems

Jan F. Kreider

This chapter discusses equipment used for producing heat from fossil fuels, electricity, or solar power.
The emphasis is on design-oriented information, including system characteristics, operating efficiency,
the significance of part load characteristics, and criteria for selecting from among the vast array of heat
producing equipment available.

The heating plants discussed in this chapter are often called the primary systems. Systems intended to
distribute heat produced by the primary systems are called secondary systems and include ducts and pipes,
fans and pumps, terminal devices, and auxiliary components. Such secondary systems for heating and
cooling are described in Chapter 4.3. The terms primary and secondary are equivalent to the terms plant
and systern used by some building analysts and HVAC system modelers.

The goal of this chapter is to have the reader understand the operation of various heat generation or
transfer systems and their performance:

* Furnaces

+ Boilers

* Heat pumps

+ Heat exchangers

+ Part load performance and energy calculations for each
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In addition to energy consumption, the designer must also be concerned with a myriad of other factors
in furnace selection. These include:

+ Air side temperature rise — affects duct design and air flow rate
+ Air flow rate — affects duct design

+ Control operation — for example, will night or unoccupied day/night setback be used or not?
Is fan control by thermal switch or time delay relay?

+ Safety issues — combustion gas control, fire hazards, high temperature limit switch

4.1.2 Boilers

A boiler is a device made from copper, steel, or cast iron to transfer heat from a combustion chamber
(or electric resistance coil) to water in either the liquid phase, vapor phase, or both. Boilers are classified
both by the fuel used and by the operating pressure. Fuels include gas, fuel oils, wood, coal, refuse-derived
fuels, or electricity. This section focuses on fossil fuel fired boilers.

Boilers produce either hot water or steam at various pressures. Although water does not literally boil
in hot water “boilers,” they are called boilers, nevertheless. Steam is an exceptionally effective heat
transport fluid due to its very large heat of vaporization and coefficient of heat transfer, as noted in
Chapter 2.1.

Pressure classifications for boilers for buildings are

+ Low Pressure: Steam boilers with operating pressures below 15 psig (100 kPa). Hot water boilers
with pressures below 150 psig (1000 kPa); temperatures are limited to 250°F (120°C).

* High Pressure: Steam boilers with operating pressures above 15 psig (100 kPa). Hot water boilers
with pressures above 150 psig (1000 kPa); temperatures are above 250°F (120°C).

Heat rates for steam boilers are often expressed in lb,, of steam produced per hour (or kW). The
heating value of steam for these purposes is rounded off to 1000 Btu/lb,,. Steam boilers are available at
heat rates of 50 to 50,000 Ib,, of steam per hour (15 to 15,000 kW). This overlaps the upper range of
furnace sizes noted in the previous section. Steam produced by boilers is used in buildings for space
heating, water heating, and absorption cooling. Water boilers are available in the same range of sizes as
are steam boilers: 50 to 50,000 MMBtu/hr (15 to 15,000 kW). Hot water is used in buildings for space
and water heating.

Since the energy contained in steam and hot water within and flowing through boilers is very large,
an extensive codification of regulations has evolved to assure safe operation. In the U.S. the ASME Boiler
and Pressure Vessel Code governs construction of boilers. For example, the Code sets the limits of
temperature and pressure on low pressure water and steam boilers listed above.

Large boilers are constructed from steel or cast iron. Cast iron boilers are modular and consist of
several identical heat transfer sections bolted and gasketed together to meet the required output rating.
Steel boilers are not modular but are constructed by welding various components together into one
assembly. Heat transfer occurs across tubes containing either the fire or the water to be heated. The
former are called fire-tube boilers and the latter water-tube boilers. Either material of construction can
result in equally efficient designs. Small, light boilers of moderate capacity are sometimes needed for use
in buildings. For these applications, the designer should consider the use of copper boilers.

Figure 4.1.2 shows a cross-section of a steam boiler of the type used in buildings.

Boiler Design and Selection for Buildings

The HVAC engineer must specify boilers based on a few key criteria. This section lists these but does
not discuss the internal design of boilers and their construction. Boiler selection is based on the
following criteria:
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FIGURE 4.1.2 Boiler cross-sectional drawing showing burner, heat exchanger, and flue connection. (From Rabl,
A. and Kreider J.E, Heating and Cooling of Buildings, McGraw-Hill, New York, NY, 1994. With permission.)

* Boiler fuel — type, energy content, heating value including altitude effects if gas fired (no effect
for coal or fuel oil boilers).

Required heat output — net output rating in MMBtu/hr (kW)

Operating pressure and working fluid
« Efficiency and part load characteristics

+ Other — space needs, control system, combustion air requirements, safety requirements, ASME
code applicability

The boiler heat output required for a building is determined by summing the maximum heating
requirement of all zones or loads serviced by the boiler during peak demand for steam or hot water and
adding to that (1) parasitic losses including piping losses and (2) initial loop fluid warm-up. Simply
adding all of the peak heating unit capacities of all the zones in a building can result in an oversized boiler
since the zones do not all require peak heating simultaneously. The ratio of the total of all zone loads
under peak conditions to the total heating capacity installed in a building is called the diversity.

Additional boiler capacity may be needed to recover from night setback in massive buildings. This
transient load is called the pickup load and must be accounted for in both boiler and terminal heating
unit sizing.

Boilers are often sized by their sea-level input fuel ratings. Of course, this rating must be multiplied by
the applicable efficiency to determine the gross output of the boiler. In addition, if a gas boiler is not to
be located at sea level, the effect of altitude must be accounted for in the rating. Some boiler designs use
a forced draft burner to force additional combustion air into the firebox to offset part of the effect of
altitude. Also, enriched or pressurized gas may be provided at high altitude so that the heating value per
unit volume is the same as at sea level. If no accommodation to altitude is made, the output of a gas boiler
drops by approximately 4% per 1000 ft (13% per km) of altitude above sea level. For example, a gas boiler
located in Denver, Colorado (5000 ft, 1500 m) will have a capacity of only 80% of its sea level rating.

Table 4.1.2 shows the type of data provided by manufacturers for the selection of boilers for a specific
project. Reading across the table, the fuel input needs are first tabulated for the 13 boiler models listed.
The fifth column is the sea level boiler output at the maximum design heat rate. The next four columns
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One method of avoiding the poor efficiency of this system would be to use two (or more) smaller
boilers, the combined capacity of which would total the needed 7000 kBtu/h. Properly chosen, the smaller
boilers would have operated more nearly at full load more of the time resulting in higher seasonal
efficiency. However, smaller boilers cost more than one large boiler with the capacity equal to the total
of the smaller boilers. Multiple boiler systems also offer standby security; if one boiler should fail, the
other could carry at least part of the load. A single boiler system would entirely fail to meet the load.

The final decision must be made based on economics, giving proper account to the increased reliability
of a system composed of several smaller boilers. Constraints are imposed on such decisions by initial
budget, fuel type, owner and architect decisions, and available space.

4.1.3 Service Hot Water

Heated water is used in buildings for various purposes, including basins, sinks for custodial service,
showers, and specialty services including kitchens in restaurants and the like. This section overviews
service (or domestic) water heating methods for buildings. For details refer to ASHRAE (1999).

Water is heated by equipment that is either part of the space heating system, i.e., the boiler, or by a
standalone water heater. The standalone equipment is similar to a small boiler except that water chemistry
must be accounted for by use of anodic protection for the tank and by water softening in geographic
areas where hardness can cause scale (lime) deposits in the water heater tank.

Two types of systems are used for water heating — instantaneous or storage. The former heats water
on demand as it passes through the heater which uses either steam or hot water. Output temperatures
can vary with this system unless a control valve is used on the heated water (not the heat supply) side
of the water heater (usually a heat exchanger). Instantaneous water heaters are best suited to relatively
uniform loads. They avoid the cost and heat losses of the storage tank but require larger and more
expensive heating elements.

Storage type systems are used to accommodate varying loads or loads where large peak demands make
it impractical to use instantaneous systems. Water in the storage tank is heated by an immersion steam
coil, by direct firing, or by an external heat exchanger. In sizing this system, the designer must account
for standby losses from the tank jacket and connected hot water piping. For any steam-based system cold
supply water can be preheated using the steam condensate.

In order to size the equipment two items must be known:

* Hourly peak demand for the year — gal/hr, I/hr
+ Daily consumption — gal/day, 1/d

Of course, the volumetric usage rates must be converted to energy terms by multiplying by the specific
heat and water temperature rise.

Qwater = ’hwmé’rcwater( Tset - T.murce) (4 1.1 3)

where

Quarer is the water heat rate, either on a daily or hourly basis; Btu/d or Btu/hr, kJ/d or W
Mwater is the water mass flow rate, either on a daily or hourly basis, calculated from the volumetric
flow listed above
(T, — Typuree) are the required hot water supply temperature and water source temperatures,
respectively.
Coarer 1 the specific heat of water

Table 4.1.6 summarizes water demands for various types of buildings, and Table 4.1.7 lists nominal
set points of water heaters for several end uses. When using the lower settings in the table, the designer

must be aware of the potential for Legionella pneumophila (Legionnaire’s Disease). This microbe has been
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TABLE 4.1.6 Hot Water Demands and Use for Various Types of Buildings

Type of building®

Maximum hour

Maximum day

Average day

Men’s dormitories
Women’s dormitories
Motels: No. of units?
20 or less
60
100 or more
Nursing homes
Office buildings
Food service establishments:
Type A: full-meal
restaurants and cafeterias
Type B: drive-ins, grilles, luncheonettes,
sandwich and snack shops
Apartment houses: No. of apartments
20 or less
50
75
100
200 or more
Elementary schools
Junior and senior high schools

3.8 gal (14.4 L)/student 22.0 gal (83.4 L)/student

5.0 gal (19 L)/student

6.0 gal (22.7 L)/unit
5.0 gal (19.7 L)/unit
4.0 gal (15.2 L)/unit
4.5 gal (17.1 L)/bed
0.4 gal (1.5 L)/person

1.5 gal (5.7 L)/max
meals/h
0.7 gal (2.6 L)/max
meals/h

12.0 gal (45.5 L)/apt.
10.0 gal (37.9 L)/apt.
8.5 gal (32.2 L)/apt.
7.0 gal (26.5 L)/apt.
5.0 gal (19 L)/apt.

0.6 gal (2.3 L)/student
1.0 gal (3.8 L)/student

26.5 gal (100.4 L)/student

35.0 gal (132.6 L)/unit
25.0 gal (94.8 L)/unit
15.0 gal (56.8 L)/unit
30.0 gal (113.7 L)/bed
2.0 gal (7.6 L)/person

11.0 gal (41.7 L)/max
meals/h

6.0 gal (22.7 L)/max
meals/h

80.0 gal (303.2 L)/apt.
73.0 gal (276.7 L)/apt.
66.0 gal (250 L)/apt.
60.0 gal (227.4 L)/apt.
50.0 gal (195 L)/apt.
1.5 gal (5.7 L)/student
3.6 gal (13.6 L)/student

13.1 gal (49.7 L)/student
12.3 gal (46.6 L)/student

20.0 gal (75.8 L)/unit
14.0 gal (53.1 L)/unit
10.0 gal (37.9 L)/unit
18.4 gal (69.7 L)/bed
1.0 gal (3.8 L)/person

2.4 gal (9.1 L)/average
meals/h®

0.7 gal (2.6 L)/average
meals/day*©

42.0 gal (159.2 L)/apt.
40.0 gal (151.6 L)/apt.
38.0 gal (144 L)/apt.
37.0 gal (140.2 L)/apt.
35.0 gal (132.7 L)/apt.
0.6 gal (2.3 L)/student®
1.8 gal (6.8 L)/student®

@ The average usage of a U.S. residence is 60 gal/day (227 L/h) with a peak usage of 6 gal/h (22.7 L/h) (ASHRAE, 1987).

b Interpolate for intermediate values.

¢ Per day of operation. Temperature basis: 140°F.

Source: From ASHRAE. With permission.

TABLE 4.1.7 Representative Hot Water Use Temperatures

Temperature
Use °F °C
Lavatory
Handwashing 105 40
Shaving 115 45
Showers and tubs 110 43
Therapeutic baths 95 35
Commercial and institutional laundry 180 82
Residential dishwashing and laundry 140 60
Surgical scrubbing 110 43
Commercial spray-type dishwashing
Single or multiple tank hood(s) or rack(s)
Wash 150 min 65 min
Final rinse 180-195 82-90
Single tank conveyor
Wash 160 min 71 min
Final rinse 180-195 82-90

Note: Table values are water use temperatures, not necessarily water heater set points.
Source: From ASHRAE. With permission.

traced to infestations of shower heads; it is able to grow in water maintained at 115°F (46°C). This
problem can be limited by using domestic water temperatures in the 140°F (60°C) range.
Hot water can be supplied from a storage type system at the maximum rate
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where

Viaer is the volumetric hot water supply rate; gal/hr, 1/s

V, is the water heater recovery rate; gal/hr, 1/s

Juse 18 the useful fraction of the hot water in the tank before dilution lowers temperature excessively;
0.60-0.80

V. 18 the tank volume; gal, (L)

At is the duration of peak demand, h, (s)

Jacket losses are assumed to be small.

4.1.4 Electric Resistance Heating

Electricity can be used as the heat source in both furnaces and boilers. Electric units are available in the
full range of sizes from small residential furnaces (5 to 15 kW) to large boilers for commercial buildings
(200 kW to 20 MW). Electric units have four attractive features:

+ Relatively lower initial cost
+ Efficiency near 100%
+ Near zero part load penalty

+ Flue gas vents are not needed

The cost of electricity (both energy and demand charges, see Chapters 3.1 and 3.2) diminishes the
apparent advantage of electric boilers and furnaces, however. Nevertheless, they continue to be installed
where first cost is a prime concern. However, the prudent designer should consider the overwhelming
life cycle costs of electric systems. Electric boiler and furnace sizing follows the methods outlined above
for fuel-fired systems. In many cases, the thermodynamic and economic penalties of pure resistance
heating can be reduced by using electric heat pumps, the subject of the next section.

Environmental concerns must also be considered when considering electric heating. Low conversion
and transmission efficiencies (relative to direct combustion of fuels for water heating) result in relatively
higher CO, emissions. SO, emissions from coal power plants are also an environmental concern.

4.1.5 Electric Heat Pumps

A heat pump extracts heat from environmental or other medium temperature sources (such as the ground,
groundwater, or building heat recovery systems), raises its temperature sufficiently to be of value in
meeting space heating or other loads, and delivers it to the load. This chapter emphasizes heat pumps
used for space heating with outdoor air or groundwater as the heat source.

Figure 4.1.5 shows a heat pump cycle on the T-s diagram; Figure 4.1.6 shows it on the more frequently
used p-h diagram. It is exactly the refrigeration cycle discussed in Chapter 2. Vapor is compressed in step
3-4 and heat is extracted from the condenser in step 4—1. This heat is used for space heating in the systems
discussed in this section. In step 1-2, isenthalpic throttling takes place to the low side pressure. Finally,
heat extracted from the environment, or other low temperature heat source, is used to boil the refrigerant
in the evaporator in step 2-3.

An ideal Carnot heat pump would appear as a rectangle in the T-s diagram. The coefficient of
performance (COP) of a Carnot heat pump is given in Chapter 2.1 which shows there to be inversely
proportional to the difference between the high and low temperature reservoirs. The same result applies
generally to heat pumps using real fluids. Although the high side temperature (7)) remains essentially
fixed (ignoring for now the effect of night thermostat setback), the low side temperature closely tracks
the widely varying outdoor temperature. As a result, the capacity and COP of air source heat pumps are
strong functions of outdoor temperature. This feature of heat pumps must be accounted for by the designer
since heat pump capacity diminishes as the space heating load on it increases. Heat pumps can be
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FIGURE 4.1.5 Heat pump T-s diagram showing four steps of the simple heat pump process. (From Rabl, A. and
Kreider J.E., Heating and Cooling of Buildings, McGraw-Hill, New York, NY, 1994. With permission.)
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FIGURE 4.1.6 Heat pump p-h diagram showing four steps of the simple heat pump process. (From Rabl, A. and
Kreider J.E, Heating and Cooling of Buildings, McGraw-Hill, New York, NY, 1994. With permission.)
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FIGURE 4.1.7 Liquid source heat pump mechanical equipment schematic diagram showing motor driven centrif-
ugal compressor, condenser, and evaporator. (From Rabl, A. and Kreider J.E, Heating and Cooling of Buildings,
McGraw-Hill, New York, NY, 1994. With permission.)

supplemented by fuel heat or electric resistance heating depending on the cost of each. Figure 4.1.7 shows
a water source heat pump system that is not subject to outdoor temperature variations if groundwater
or a heat recovery loop is used as the heat source.

The attraction of heat pumps is that they can deliver more thermal power than they consume electri-
cally during an appreciable part of the heating season. In moderate climates requiring both heating and
cooling, the heat pump can also be operated as an air conditioner, thereby avoiding the additional cost
of a separate air conditioning system. Figure 4.1.8 shows one way to use a heat pump system for both
heating and cooling by reversing flow through the system.

Typical Equipment Configurations

Heat pumps are available in sizes ranging from small residential units (10 kW) to large central systems
(up to 15 MW) for commercial buildings. Large systems produce heated water at temperatures up to
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FIGURE 4.1.8  Air-to-air heat pump diagram. A reciprocating compressor is used. This design allows operation as
a heat pump or an air conditioner by reversing the refrigerant flow. (From Rabl, A. and Kreider J.E.,, Heating and
Cooling of Buildings, McGraw-Hill, New York, NY, 1994. With permission.)

220°F (105°C). Central systems can use both environmental and internal building heat sources. In many
practical circumstances the heat gains in the core zones of a commercial building could satisfy the perimeter
heat losses in winter. A heat pump could be used to efficiently condition both types of zones simultaneously.

Heat pumps require a compressor and two heat exchangers. In the energy bookkeeping that one does
for heat pumps, the power input to the compressor is added to the heat removed from the low temperature
heat source to find the heat delivered to the space to be heated. Increased heating capacity at low air
source temperatures can be achieved by oversizing the compressor. To avoid part load penalties in
moderate weather, a variable speed compressor drive can be used.

The outdoor and indoor heat exchangers use forced convection on the air side to produce adequate
heat transfer coefficients. In the outdoor exchanger, the temperature difference between the boiling
refrigerant and the air is between 10 and 25°F (6—14°C). If the heat source is internal building heat, water
is used to transport heat to the heat pump evaporator and smaller temperature differences can be used.

A persistent problem with air source heat pumps is the accumulation of frost on the outdoor coil at
coil surface temperatures just above the freezing point. The problem is most severe in humid climates;
little defrosting is needed for temperatures below 20°F (—7°C) where humidities are below 60%. Reverse
cycle defrosting can be accomplished by briefly operating the heat pump as an air conditioner (by reversing
the flow of refrigerant) and turning the outdoor fan off. Hot refrigerant flowing through the outside
melts the accumulated frost. This energy penalty must be accounted for in calculating the COP of heat
pumps. Defrost control can be initiated either by time clock or, better, by a sensor measuring either the
refrigerant condition (temperature or pressure) or, ideally, by the air pressure drop across the coil.

The realities of heat pump performance, as discussed above, reduce the capacity of real systems from
the Carnot ideal. Figure 4.1.9 shows ideal Carnot COP values as a function of source temperature for a
high side temperature of 70°F (21°C). The intermediate curve shows performance for a Carnot heat
pump with real (i.e., finite temperature difference) heat exchangers. Finally, the performance of a real
heat pump is shown in the lower curve. Included in the lower curve are the effects of heat exchanger
losses, use of real fluids, compressor inefficiencies, and pressure drops. The COP of real machines is
much lower (about 50%) than that for an ideal Carnot cycle with heat exchanger penalties.

The energy efficiency ratio EER is the ratio of heating capacity (Btu per hour) to the electric input rate
(watts). EER thus has the units of Btu per watt-hour. The dimensionless COP is found from the EER by
dividing it by the conversion factor 3.413 Btu/W - h.

Heat Pump Selection

The strong dependence of heat pump output on ambient temperature must be accounted for when
selecting central plant equipment. If outdoor air is used as the heat source, peak heating requirements
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TABLE 4.1.9 Heat Pump and Building Load Data — Example 4

Bin Heating Heat pump  Heat pump  Auxiliary = Heating

temp. load Heat pump output input power system
°F Btu/h Cop Btu/h Btu/h Btu/h Cop
62 1,950 2.64 1,950 739 0 2.64
57 5,200 2.68 5,200 1,940 0 2.68
52 8,450 2.64 8,450 3,201 0 2.64
47 11,700 2.63 11,700 4,449 0 2.63
42 14,950 2.50 14,950 5,980 0 2.50
37 18,200 2.39 18,200 7,615 0 2.39
32 21,450 2.23 21,450 9,619 0 2.23
27° 24,700 2.07 24,700 11,932 0 2.07
22 27,950 1.97 25,100 12,741 2,850 1.79
17 31,200 1.80 22,400 12,444 8,800 1.47
12 34,450 1.70 19,900 11,706 14,550 1.31
7 37,700 1.54 17,600 11,429 20,100 1.20
2 40,950 1.39 15,400 11,079 25,550 1.12
-3 44,200 1.30 13,500 10,385 30,700 1.08
-8 47,450 1.17 11,700 10,000 35,750 1.04

2 Heat pump balance point.

resistance heating. Use the bin data and heat pump performance data given in Table 4.1.9. The house
heating base temperature is 65°F (18.3°C) accounting for internal gains. Figure 4.1.11 shows the energy
flows as a function of outdoor temperature.

The preceding table includes these data in order:

Center point of temperature bin, T;,,

Heating demand, Q = K,,(65°F — T},;,)

COP from manufacturer’s data, a function of temperature, including defrost

Heat pump output; above the balance point, Q ; below the heat pump balance point, manufac-
turer’s data

5. Heat pump input, the heat pump output divided by COP

6. Auxiliary power; the positive difference, if any, between Q and heat pump output

7. Heating system COP given by Q divided by the sum of auxiliary power and heat pump input

L.

The energy calculations are summarized in Table 4.1.10. The bottom line in the table contains energy
totals. With the heat pump, the total electricity requirement is 48.7 MBtu/yr (51.4 GJ/yr). If pure resistance
heating were used, the total electricity requirement would be 98.36 MBtu/yr (103.8 GJ/yr).

The SPF for the heat pump is the seasonal output divided by the seasonal input to the heat pump:

_ Quyr _ 9033 MBtu _
SPEy, = Qi  40.66 MBtu 222

The SPF for the heating system is the seasonal heat load divided by the seasonal input to the heat
pump and the auxiliary heater:

Qo,yr 98.36 MBtu =202

SPF,, = = =
P Qiye+ Qianyr  (40.66 +8.03) MBtu

The advantage of a constant temperature heat source is apparent from this example. If ground water
or building exhaust air (both essentially at constant temperature) were used as the heat source rather
than outdoor air, there would not be a drop off in capacity as with the outdoor air source device just
when heat is most needed.
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FIGURE 4.1.11 Heat pump energy use for the bin method example. The numbers at each bin temperature indicate
the number of hours of occurrence in each bin. (From Rabl, A. and Kreider J.E.,, Heating and Cooling of Buildings,
McGraw-Hill, New York, NY, 1994. With permission.)

TABLE 4.1.10 Heat Pump Energy Calculations — Example 4

Bin Bin Heating  Heat pump  Heat pump  Aux. heat  Total
temp.  hours energy output input input input
°F h MBtu MBtu MBtu MBtu MBtu
62 783 1.53 1.53 0.58 0.00 0.58
57 731 3.80 3.80 1.42 0.00 1.42
52 678 5.73 5.73 2.17 0.00 2.17
47 704 8.24 8.24 3.13 0.00 3.13
42 692 10.35 10.35 4.14 0.00 4.14
37 717 13.05 13.05 5.46 0.00 5.46
32 721 15.47 15.47 6.94 0.00 6.94
27?2 553 13.66 13.66 6.60 0.00 6.60
22 359 10.03 9.01 4.57 1.02 5.60
17 216 6.74 4.84 2.69 1.90 4.59
12 119 4.10 2.37 1.39 1.73 3.12
7 78 2.94 1.37 0.89 1.57 2.46

2 36 1.47 0.55 0.40 0.92 1.32
-3 22 0.97 0.30 0.23 0.68 0.90
-8 6 0.28 0.07 0.06 0.21 0.27
Total 98.36 90.33 40.66 8.03 48.70

2 Heat pump balance point.

4.1.6 Low Temperature Radiant Heating

Heating systems in many parts of the world use warmed floors and/or ceilings for space heating in
buildings. Although this system is unusual in the U.S., the good comfort and quiet operation provided
by this approach make it worth considering for some applications. In Europe it is far more common.
Radiant systems are well suited to operation with heat pump, solar, and other low temperature systems.
This section discusses the principles of low temperature space heating. This form of heating is distinct
from high temperature radiant heating using either electricity or natural gas to provide a high temperature
source from which radiation can be directed for localized heating.
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FIGURE 4.1.12 Residential radiant floor heating system. (From Rabl, A. and Kreider J.E., Heating and Cooling of
Buildings, McGraw-Hill, New York, NY, 1994. With permission.)

Figure 4.1.12 shows how a radiant floor might be configured in a residence. The same concept can
also be used in the ceiling in both residential and commercial buildings. The term radiant is a misnomer
since between 30% (ceilings) and 50% (floors) of heat transferred from radiant panels is actually by
convection. However, we will use the industry’s nomenclature for this heating system.

The radiation heat output of radiant panels is given by the Stefan-Boltzmann equation as discussed
in Chapter 2.1.

Q = € 4F, ,O(T, - T, (4.1.15)

where

€ 4 is 1/[(1/€,, +1/€,) — 1], the effective emittance of the space, and the subscripts h and u refer
to the unheated and heated (by radiant panels) surfaces of the space; the effective emittance is
approximately 0.8.

F,, is the view factor between the heating surface and the unheated surfaces; its value is 1.0 in the
present case.

T, is the heating surface temperature.

T, is the mean of the unheated surface temperatures.

o is the Stefan-Boltzmann constant (see Chapter 2).

Convection from the heating surface can be found using the standard free convection expressions in
Chapter 2.1.

The designer’s job is to determine the panel area needed, its operating temperature, the heating liquid
flow rate, and construction details. The panel size is determined based on standard heat load calculations
(Chapter 6.1). Proper account should be made of any losses from the back of the radiant panels to unheated
spaces. Panel temperatures should not exceed 85°F (29.5°C) for floors and 115°F (46°C) for ceilings.

Water temperatures are typically 120°F (49°C) for floors and up to 155°F (69°C) for ceilings. Panels
can be piped in a series configuration if pipe runs are not excessively long (the final panels in a long
series run will not perform up to specifications due to low fluid temperatures). Long series loops also
have excessively high pressure drops. If large areas are to be heated, a combination of series and parallel
connections can be used. Manufacturers can advise regarding the number of panels that can be connected
in series without performance penalties.

If radiant floors are to be built during building construction rather than using prefabricated panels in
ceilings, the following guidelines can be used. Tubing spacing for a system of the type shown above
should be between 6 and 12 in (15 and 30 cm). The tubing diameter ranges between 0.5 and 1.0 in
(0.6 and 2.5 cm). Flow rates are determined by the rate of heat loss from the panel, which in turn depends
on the surface temperature and hence the fluid temperature. This step in the design is iterative. Panel
design follows this process:
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FIGURE 4.1.13  Solar water heating system including collectors, pumps, heat exchanger, and storage tanks along
with piping and ancillary fittings. Collectors are tilted up from the horizontal at a fixed angle roughly equal to the
local latitude. (From Rabl, A. and Kreider J.E.,, Heating and Cooling of Buildings, McGraw-Hill, New York, NY, 1994.
With permission.)

+ Determine room heat load.
+ Decide on location of panels (roof or floor).

+ Find panel heat flux including both radiation and convection contributions at 80°F (27°C) for
floor panels and 110°F (43°C) for ceiling panels.

+ Divide heat load by heat flux to find needed panel area.

+ If panel area exceeds available floor or ceiling area, raise panel temperature (not exceeding tem-
peratures noted earlier) and repeat steps 3 and 4.

« If the panel area is still insufficient, consider both floor and ceiling panels.

Control of radiant heating systems has proven to be a challenge in the past due to the large time
constant of these systems. Both under- and overheating are problems. If the outdoor temperature drops
rapidly, this system will have difficulty responding quickly. On the other hand, after a morning warmup
followed by high solar gains on a sunny winter day, the radiant system may overshoot. The current
generation of “smart” controls should help improve the comfort control of these systems.

4.1.7 Solar Heating

Solar energy is a source of low temperature heat that has selected applications to buildings. Solar water
heating is a particularly effective method of using this renewable resource since low to moderate tem-
perature water (up to 140°F, 60°C) can be produced by readily available, flat plate collectors (Goswami,
Kreider, and Kreith, 2000).

Figure 4.1.13 shows one system for heating service water for residential or commercial needs using
solar collectors. The system consists of three loops; it is instructive to describe the system’s operation
based on these three.

First, the collector loop (filled with a nonfreezing solution if needed) operates whenever the DHW
controller determines that the collector is warmer, by a few degrees, than the storage tank. Heat is
transferred from the solar-heated fluid by a counterflow or plate heat exchanger to the storage tank in
the second loop of the system. Storage is needed since the availability of solar heat rarely matches the
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water heating load. The check valve in the collector loop is needed to prevent reverse flow at night in
systems where the collectors (which are cold at night) are mounted above the storage tank.

The third fluid loop is the hot water delivery loop. Hot water drawn off to the load is replaced by cold
water supplied to the solar preheat tank, where it is heated as much as possible by solar heat. If solar
energy is insufficient to heat the water to its setpoint, conventional fuels can finish the heating in the
water heater tank, as shown on the right of Figure 4.1.13. The tempering valve in the distribution loop
is used to limit the temperature of water dispatched to the building if the solar tank should be above the
water heater setpoint in summer.

The energy delivery of DHW systems can be found using the f-chart method described in Duffie and
Beckman (1992). As a rough rule of thumb, one square foot of collector can provide one gallon of hot
water per day (45 L/m?) on the average in sunny climates. Design pump flows are to be 0.02 gal/min per
square foot of collector [0.01 L/(s - m?)], and heat exchanger effectivenesses of at least 0.75 can be justified
economically. Tanks should be insulated so that no more than 2% of the stored heat is lost overnight.

Solar heating should be assessed on an economic basis. If the cost of delivered solar heat, including
the amortized cost of the delivery system and its operation, is less than that of competing energy sources,
an incentive exists for using the solar resource. The collector area needed on commercial buildings can
be large; if possible, otherwise unused roof space can be used to hold the collector arrays. See Chapter
6.4 for a complete and detailed description of solar system analysis and design.
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4.2 Air Conditioning Systems
Dennis L. O’Neal and John A. Bryant

Air conditioning has rapidly grown over the past 50 years, from a luxury to a standard system included
in most residential and commercial buildings. In 1970, 36% of residences in the U.S. were either fully
air conditioned or utilized a room air conditioner for cooling (Blue, et al., 1979). By 1997, this number
had more than doubled to 77%, and that year also marked the first time that over half (50.9%) of
residences in the U.S. had central air conditioners (Census Bureau, 1999). An estimated 83% of all new
homes constructed in 1998 had central air conditioners (Census Bureau, 1999). Air conditioning has also
grown rapidly in commercial buildings. From 1970 to 1995, the percentage of commercial buildings with
air conditioning increased from 54 to 73% (Jackson and Johnson, 1978, and DOE, 1998).

Air conditioning in buildings is usually accomplished with the use of mechanical or heat-activated
equipment. In most applications, the air conditioner must provide both cooling and dehumidification
to maintain comfort in the building. Air conditioning systems are also used in other applications, such
as automobiles, trucks, aircraft, ships, and industrial facilities. However, the description of equipment in
this chapter is limited to those commonly used in commercial and residential buildings.

Commercial buildings range from large high-rise office buildings to the corner convenience store.
Because of the range in size and types of buildings in the commercial sector, there is a wide variety of
equipment applied in these buildings. For larger buildings, the air conditioning equipment is part of a
total system design that includes items such as a piping system, air distribution system, and cooling tower.
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13.1 Introduction

Jay Lee and Robert Shafrik

Manufacturing is the means by which the technical and industrial capability of a nation is harnessed
to transform innovative designs into well-made products that meet customer needs. This activity occurs
through the action of an integrated network that links many different participants with the goals of
developing, making, and selling useful things.

Manufacturing is the conversion of raw materials into desired end products. The word derives from
two Latin roots meaningand andmake Manufacturing, in the broad sense, begins during the design
phase when judgments are made concerning part geometry, tolerances, material choices, and so on.
Manufacturing operations start with manufacturing planning activities and with the acquisition of
required resources, such as process equipment and raw materials. The manufacturing function extends
throughout a number of activities of design and production to the distribution of the end product and,
as necessary, life cycle support. Modern manufacturing operations can be viewed as having six principal
components: materials being processed, process equipment (machines), manufacturing methods, equip-
ment calibration and maintenance, skilled workers and technicians, and enabling resources.

There are three distinct categories of manufacturing:

« Discrete item manufacturingvhich encompasses the many different processes that bestow phys-
ical shape and structure to materials as they are fashioned into products. These processes can be
grouped into families, known as unit manufacturing processes, which are used throughout man-
ufacturing.

< Continuous materials processinghich is characterized by a continuous production of materials
for use in other manufacturing processes or products. Typical processes include base metals
production, chemical processing, and web handing. Continuous materials processing will not be
further discussed in this chapter.

« Micro- and nano-fabricationwhich refers to the creation of small physical structures with a
characteristic scale size of microns (millionths of a meter) or less. This category of manufacturing
is essential to the semiconductor and mechatronics industry. It is emerging as very important for
the next-generation manufacturing processes.

Manufacturing is a significant component of the U.S. economy. In 1995, 19% of the U.S. gross
domestic product resulted from production of durable and nondurable goods; approximately 65% of
total U.S. exports were manufactured goods; the manufacturing sector accounted for 95% of industrial
research and development spending; and manufacturing industries employed a work force of over 19
million people in 360,000 companies. In the modern economy, success as a global manufacturer requires
the development and application of manufacturing processes capable of economically producing high-
quality products in an environmentally acceptable manner.

Modern Manufacturing

Manufacturing technologies address the capabilities to design and to create products, and to manage
that overall process. Product quality and reliability, responsiveness to customer demands, increased labor
productivity, and efficient use of capital were the primary areas that leading manufacturing companies
throughout the world emphasized during the past decade to respond to the challenge of global compet-
itiveness. As a consequence of these trends, leading manufacturing organizations are flexible in man-
agement and labor practices, develop and produce virtually defect-free products quickly (supported with
global customer service) in response to opportunities, and employ a smaller work force possessing multi-
disciplinary skills. These companies have an optimal balance of automated and manual operations.

To meet these challenges, the manufacturing practices must be continually evaluated and strategically
employed. In addition, manufacturing firms must cope with design processes (e.g., using customers’
requirements and expectations to develop engineering specifications, and then designing components),
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production processes (e.g., moving materials, converting materials properties or shapes, assembling
products or components, verifying processes results), and business practices (e.g., turning a customer
order into a list of required parts, cost accounting, and documentation of procedures). Information
technology will play an indispensable role in supporting and enabling the complex practices of manu-
facturing by providing the mechanisms to facilitate and manage the complexity of manufacturing
processes and achieving the integration of manufacturing activities within and among manufacturing
enterprises. A skilled, educated work force is also a critical component of a state-of-the-art manufacturing
capability. Training and education are essential, not just for new graduates, but for the existing work force.
Manufacturing is evolving from an art or a trade into a science. The authors believe that we must
understand manufacturing as a technical discipline. Such knowledge is needed to most effectively apply
capabilities, quickly incorporate new developments, and identify the best available solutions to solve
problems. The structure of the science of manufacturing is very similar across product lines since the
same fundamental functions are performed and the same basic managerial controls are exercised.
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13.2 Unit Manufacturing and Assembly Processes

Robert E. Schafrik

There are a bewildering number of manufacturing processes able to impart physical shape and structure
to a workpiece. However, if these processes are broken down into their basic elements and then examined
for commonality, only a few fundamental processes remain. These are the building blocks, or unit
processes, from which even the most complicated manufacturing system is constructed. This section
describes these unit processes in sufficient detail that a technically trained person, such as a design
engineer serving as a member of an integrated product and process design team comprised of members
from other specialties, could become generally knowledgeable regarding the essential aspects of man-
ufacturing processes. Also, the information presented in this section will aid such an individual in
pursuing further information from more specialized manufacturing handbooks, publications, and equip-
ment/tool catalogs.

Considering the effect that a manufacturing process has on workpiece configuration and structure, the
following five general types of unit manufacturing process can be identified (Altan et al., 1983; NRC,
1995):

Material removal processes- Geometry is generated by changing the mass of the incoming material
in a controlled and well-defined manner, e.g., milling, turning, electrodischarge machining, and
polishing.

Deformation processes- The shape of a solid workpiece is altered by plastic deformation without
changing its mass or composition, e.g., rolling, forging, and stamping.

Primary shaping processes A well-defined geometry is established by bulk forming material that
initially had no shape, e.g., casting, injection molding, die casting, and consolidation of powders.

Structure-change processes The microstructure, properties, or appearance of the workpiece are
altered without changing the original shape of the workpiece, e.g., heat treatment and surface
hardening.

Joining and assembly processesSmaller objects are put together to achieve a desired geometry,
structure, and/or property. There are two general types: (1) consolidation processes which use
mechanical, chemical, or thermal energy to bond the objects (e.g., welding and diffusion bonding)
and (2) strictly mechanical joining (e.g., riveting, shrink fitting, and conventional assembly).

Unit Process Selection

Each component being manufactured has a well-defined geometry and a set of requirements that it must
meet. These typically include

¢ Shape and size

« Bill-of-material

e Accuracy and tolerances

* Appearance and surface finish

Physical (including mechanical) properties
¢ Production quantity

¢ Cost of manufacture

In order to satisfy these criteria, more than one solution is usually possible and trade-off analyses should
be conducted to compare the different approaches that could be used to produce a particular part.

Control and Automation of Unit Processes

Every unit process must be controlled or directed in some way. The need for improved accuracy, speed,
and manufacturing productivity has spurred the incorporation of automation into unit processes regarding
both the translation of part design details into machine instructions, and the operation of the unit process
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itself and as a subsystem of tverall production mvironment The section of this chapter on compute
aided design/comput@ided mantacturing (CAD/CAM) discusses the technologyalved in creating
and storing CAD files and their use in CAVhe expectations of precision are continuing to change,
as indicated irFigure 13.2.1 This dive for ever-tighter tolerances is helping spur interest in continual
improvements in design and mdaaturing processses.

1 Normal
10 um Machining
. 1pum—+ Precision - -

Machining -~

L, o

| ! | | 1
1960 1980 2000

Year

FIGURE 13.2.1 Precision machining domains. (From NR@npit Manufacturing PocessesNationd Academy
PressWashington, D.C., 1995, 16With permission.)

Modern machine tool controls are emphasizing areas: adapt control and communicatioRor
adaptive conbl the controller must adapt its contgalins so that theverall system remains at or near
the optimal condition in spite ofarying process dynamics. Expandsmmmunicationlinks the data
collected by a unit process controller to othegnsents of the marfiacturing operation. Datagarding
production time and quantity of parts produced can be stored in an accessible database for use by
inventory control and quality monitoringhis same database can then be used by production schedulers
to awid problems and costs associated with redundant databases.

At the factory kvel, machining operations engging two or more numerically controlled (NC)
machine tools may use a separate mainframe computer that coatestd snachine tools or an entire
shop The system is often referred to distributed numerical convl (DNC).

Today may factories are implementirftexible manufacturing systertisSMS), anevolution of DNC.

An FMS consists ofeweral NC unit processes (not necessarily only machine tools) which are intercon-
nected by an automated materials handling system and whiclbyeimglistrial robots for @ariety of

tasks requiring &xibility, such as loading/unloading the unit process quéusiigle computer sees

as master controller for the system, and each process may utilize a computer to dicecrtbelér

tasks Advantages of FMS include:

« A wide range of parts can be produced with a higdreke of automation
¢ Overall production lead times are shortened amdritory bvels reduced
e Producivity of production emplyees is increased

* Production cost is reduced

« The system can easily adapt to changes in products and prodeetisn |

Unit Processes

In the following discussion, a number of unit processes are discussemjzed by theféect that tiey
have onworkpiece configuration and structure. Meof the examples deal with processing of metals
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since that is the most likely material which users of this handbook will encounter. However, other
materials are readily processed with the unit processes described in this chapter, albeit with suitable
modifications or variations.

Mechanical assembly and material handling are also discussed in this section. On average, mechanical
assembly accounts for half of the manufacturing time, and processes have been developed to improve
the automation and flexibility of this very difficult task. Material handling provides the integrating link
between the different processes — material-handling systems ensure that the required material arrives
at the proper place at the right time for the various unit processes and assembly operations.

The section ends with a case study that demonstrates how understanding of the different unit processes
can be used to make engineering decisions.

¢ Material removal (machining) processes
 Traditional machining
Drill and reaming
Turning and boring
Planing and shaping
Milling
Broaching
Grinding
Mortality
« Nontraditional machining
Electrical discharge machining
Electrical chemical machining
Laser beam machining
Jet machining (water and abrasive)
Ultrasonic machining
« Phase-change processes
» Green sand casting
 Investment casting
* Structure-change processes
* Normalizing steel
» Laser surface hardening
« Deformation processes
« Die forging
* Press-brake forming
¢ Consolidation processes
« Polymer composite consolidation
» Shielded metal-arc welding
¢ Mechanical assembly
« Material handling
¢ Case study: Manufacturing and inspection of precision recirculating ballscrews
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1.1 Introduction

Manufacturing has always been the key to success among nations in the world economy (Figure 1.1).
A responsive manufacturing system working in harmony with the rest of an enterprise has a major
impact on its competitiveness; it plays a vital role in the successful introduction of new products or
continuous improvements of existing products in response to demands of the market (Cohen, 1987).

A wide variety of items are produced by manufacturing firms, depending upon the market
demands they may be custom made or mass produced. Manufacturing systems used for their
production are designed and tailored to specific requirements. Consequently, several manufacturing
techniques are adopted to address new market demands.

This chapter is devoted to a high-level overview of manufacturing techniques, their objectives
and design principles. In this regard, some of the available manufacturing techniques are explained
and their achievements, advantages, and limitations are discussed. Due to the significant impact of
computers on manufacturing, an effort is made to introduce the role of computers and information
technology in modern manufacturing systems. In this regard, applications and functions of com-
puters in various stages of product design, generation of the sequence of operations and process
planning, control of the machines and monitoring of the processes (on/off line), automation,
networking and communication systems, and quality control of the production systems are
explained. Later in the chapter, the design principles of manufacturing systems and their components
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FIGURE 1.1 Despite assertions that the U.S. is becoming a service industry, manufacturing has consistently
accounted for about 22% of GDP. (Source: U.S. Bureau of Labor Statistics.)

are presented as well as some of the issues related to their enabling technologies and barriers. The
chapter concludes with a discussion of some of the future directions in manufacturing systems.

1.2 Major Manufacturing Paradigms and Their Objectives

New technological developments and market demands have major impacts on manufacturing. As
a result, several shifts in the focus of manufacturing processes can be observed, which can be
conveniently divided into three major epochs: (1) precomputer numerical control, (2) computer
numerical control (CNC), and (3) knowledge epochs (Mehrabi and Ulsoy, 1997; Mehrabi, Ulsoy,
and Koren, 1998). In the pre-CNC epochs (before the 1970s), the emphasis was on increased
production rate; little demand existed for product variations and the market was characterized by
local competition. Mass production uses dedicated lines designed for production of a specific part;
it uses transfer line technology with fixed tooling and automation. The objective is to cost-effectively
produce one specific part type at high volumes and with the required quality.

The emphasis on cost-effective production was supplemented with a focus on improved product
quality in the CNC epoch (the 1970s and 1980s). Manufacturing was dramatically affected by the
invention of CNC machines as they provide more accurate control and means for better quality.
Japanese production techniques such as Kaizen (continuous improvement); just-in-time (JIT) (elim-
ination/minimization of inventory as the ideal goal to reduce costs); lean manufacturing (efficiently
eliminate waste, reduce cost, and improve quality control; and total quality management (TQM)
(increased and faster communications with customers to meet their requirements) attracted consid-
erable attention. Furthermore, CNC machines provided necessary tools for easier integration/auto-
mation which, in turn, contributed to manufacturing of a product family on the same system.
Consequently, flexible manufacturing systems (FMSs) were introduced to address changes in work
orders, production schedules, part programs, and tooling for the production of a family of parts.
The economic objective of an FMS (see Figure 1.2) is to make possible the cost-effective manu-
facture of several types of parts that can change over time, with shortened changeover time, on the
same system at the required volume and quality. It has a fixed hardware and fixed (but program-
mable) software (see Figure 1.3). In terms of design, the system possesses an integral architecture
(hardware/software), i.e., the boundaries between the components and their functionalities are often
difficult to identify and are tightly linked together. This type of architecture does not allow for
reconfiguration changes to be made. Therefore, an FMS has limited capabilities for upgrading, add-
ons, customization, and changes in production capacity.

In the knowledge epoch (i.e., starting in the 1990s), focus shifted to the responsiveness of a manu-
facturing system characterized by intensified global competition, the fast pace of technological inno-
vations, and enormous progress in computer and information technology (Jaikumar, 1993; Mehrabi
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FIGURE 1.6 Several possible configurations with four machines.

1.5.2 Process Planning and System Design of Manufacturing Systems

Once a product design is completed, it is produced by using machines and other equipment (e.g.,
material handling) and resources. Computers are used extensively to identify optimal machining
configurations by taking into account the cost, quality, and reliability of the entire system (see
Figure 1.6), control the activities of planning and distributing the sequence of operations among
the machines, and to specify machining parameters such as feed, speed, etc., computer-aided process
planning (CAPP) (Bedworth, Handerson, and Wolfe, 1991; Vajpayee, 1995).

Two basic approaches to CAPP exist, variant and regenerative. The variant technique is used
mostly for process planning of a family of products. With this technique, group technology (GT)
is used to create and classify the plans (for a family of parts), and store them in a database. For
the next design, the required plans are retrieved from the database already created for this family
of parts (Groover and Zimmers, 1984). With the regenerative method, process plans are produced
for every new product and as such, no database of plans exists (Gyorki, 1989; Vajpayee, 1995). It
is more sophisticated than the variant method and has the advantage of facilitating integration of
process planning stage with product design while the needs for human experts are minimized or
totally eliminated.

1.5.3 Software/Hardware Architecture and Communications
in Manufacturing Systems

An integral part of a manufacturing system is the software required to handle tasks at various levels
such as control, monitoring, and communications among mechanical, electrical, and electronic
components (low level) as well as higher level tasks such as process planning, user interface, process
control, data collection/report from the process, etc. Therefore, the structure and functionality of
the control software are very critical and directly affect the performance of the entire system. The
controllers of the machines, networking and data communication between CNC controller/PLC
(programmable logic controllers) or PLC/PLC, have been through proprietary networks (similar
situation as with controllers); i.e., related control systems, communication systems, protocols, and
software/hardware are not open to users or other vendors (Aronson, 1997; Altintas and Munasinghe,
1996). Therefore, further system enhancements, integration of sensors, and new technologies are
severely restricted. Open-architecture principles and systems are introduced to accommodate these
features (see Figure 1.7).

Another critical issue in the design of modern intelligent manufacturing systems is communica-
tion. Let us consider a set of sensors/devices communicating with a central computer/controller.
Traditionally, they should be hard-wired to the central controller/PLC; therefore, the costs associated
with wiring, connections, control cabinet, space, labor, maintenance, and trouble shooting are quite
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FIGURE 1.7 Open-architecture principle in machine tool control systems.

high. With a proper communication system, the same sensor/device is connected to a network
(locally) which takes care of all data reporting and condition monitoring of the entire manufacturing
system.

Recent developments in built-in intelligent control devices and communication networks, such
as Devicenet, address some of these issues (Proctor and Albus, 1997; Proctor and Micholski, 1993).
In the Devicenet network, local devices have built-in intelligence (with little cost) and their
communication capabilities are enhanced. Therefore, control decisions/actions are made locally
and the entire control system for manufacturing is decentralized. Also, progress is made in the
development of standard terminology for message and instruction sets, such as manufacturing
message specification (MMS), which is necessary for shop floor communication.

1.5.4 Monitoring and Control of Manufacturing Systems

One of the key factors in evaluating product quality is precision in machining. To achieve that, the
cutting operation is tightly controlled by using real-time data collected from sensors located at
different locations of the workpiece, tool, and machine. Also, some measurements are made for
process monitoring purposes with the objective of preventing irrepairable damages to the workpiece
and the machine. In general, real-time measurements of the following variables are required:
dimensional errors, quality of surface finish, thermal deformations during machining, and dynamic
deformations of the workpiece; chatter vibration, cutting force, condition of the chip, and identi-
fication of the cutting for process monitoring; thermal deformation, dynamic deformation of the
machine elements, and structural vibration of the machine tool and wear, failure, and thermal
deformations of the tool (Rangwala and Dornfeld, 1990; Li and Elbestawi, 1996).

Currently, commercially available controllers of CNC machines have been equipped with pro-
prietary control systems; i.e., the users do not have access to the controller and further modifica-
tions/enhancements of the system (by the users) are either impossible or very costly. This has
significantly hindered the applications of efficient control algorithms, addition of new sensors for
process improvement/monitoring purposes, and has suppressed the automation of the entire pro-
duction system. PC-based control systems (Koren et al., 1998; Hollenback, 1996) are the answer
to the limitations mentioned above; they are very suitable for operating in an open-architecture
environment (see Figure 1.7).

The same view is valid for programmable logic controllers (PLCs). To date, PLCs have been
used in industrial automation to control and monitor discrete event systems. The functionality of
PLCs can be enhanced, however, by proper implementation of available I/O boards (and compatible
software) on a much more compact and industrial PC platform such as PC/104. This offers the
advantage of integrating the functional logic (discrete) of PLCs and machine-tools’ motion control
(continuous) by utilizing modeling capabilities of Petri nets (Park et al., 1998) (see Figure 1.8).
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metals, with onlywo nonmetallic elements, oxygen and silicexceeding metals in frequeyn The

two most dundant metallic elements, iron (5.0%) and aluminum (8.1%), are also the most commonly
used structural metals. Iron is the most-used metal, in part because itxtradied from its frequently
occurring, enriched ores with considerably lesgg@npenalty than aluminuniout also because of the

very wide range of mechanical properties it®yalcan povide (as will be seen bel). The rext 15
elements in frequew, found at least in parts per thousand, include most common engineering metals
and albys: calcium (3.6%), magnesium (2.1%), titanium (0.63%), ganase (0.10), chromium
(0.037%), zirconium (0.026%), rkel (0.020%),vanadium (0.017%), copper (0.010%), uranium
(0.008%), tungsten (0.005%), zinc (0.004%), lead (0.002%), cobalt (0.001%), and beryllium (0.001%).
The cost of metals is stronglyffected by stragic ébundance as well as seconddagtors such as
extraction/processing cost and paveslvalue. Plain carbon steels and cast irons, iraysivith carbon,

are usually most cosffective for ordinary mechanical applicatiofhese albys increase in cost with
alloying additions.

A variety of metal properties are unique among materials and of importance technglobiede
properties are conferred by metallic bonding, in which #x&d” outervalence electrons are “shared”
among all metal ion core$his bonding is dferent from other types of solids in that the electrons are
free to acquire emgy, and the metallic ions are relagly mobile, and quite interchangeable wighard
to their positions in the crystal lattice, the three-dimensional repeating arrangement of atoms in a solid.
This section of the chapter will concentrate on the mechanical properties of metals, for which metallic
bonding povides ductile deformation, i.e., @hs substantial permanent shape change under mechanical
load prior to fractureThe ductility of metals ablv and moderate temperature kaa them formable as
solids and also confers safety (fracture toughness) in mechanical applications, in that under impact
loading the metal will absorb emyy rather than break catastrophigall

Metals are good conductors of heat and electricity because thermal and electrigalcanebe
transferred by the free electroiiiese wo properties tend to parallel each otfi®r example, the pure
noble metals (e.g., coppsilver, gold, platinum) are among the best electrical and thermal conductors.
As a broad generalization, metallic elements with an odd numbaiesfce electrons tend to be better
conductors than those with ewen numbe These betwiors can be seenTable C.6A of te Appendix.
Thermal condudtity and electrical resistity (inverse condudtity) have a reciprocal relationship and
follow the indicted trendsAs metals are alyed with other elements, are deformed, contain multiple
phases, and contain crystalline imperfections, their electrical and thermal eaibdustially decreases
significantly from that of the pure, perfect, uog#d metal The specifiozalues of thermal condueity
and electrical resistity for several common engineering eys is gven n Table C.6B of te Appendix.
Electrical and thermal condunties tend to decrease proportionately to each other with increasing
temperature for a specific met@ihese condudtities may be altered if heating introduces metgital
change during annealing (see subsection on mechanical forming).

Metals are opaque to andflecive of light and most of the electromagnetic spectrum, because
electromagnetic emngy is transferred to the free electrons and immediately retransniitiesdlgves
most metals a characteristidlezive “metallic color” or sheen, which if the metalMisry smooth yields
a mirror suface At very shortwavelengths (high emgies) of the electromagnetic spectrum, such as X
rays, the radiant engy will penetrate the materiarhis is applied in radiographic analysis of metals
for flaws such as cracks, casting pomgsind inclusions.

Metals are almostlaays crystalline solids with eegular repeating pattern of ion& number of
atomic-kevel defects occur in this periodic ayré large number of atomic sites areatancies” (point
defects) not occupied by atontsdure 12.1.1 The number and mobility afacant sites increase rapidly
with temperatureThe number and mobility ofacancies in metals are quite high compared with other
materials because there are norghabalance or local electron bond consideratidhgss means that
solid metal can undgo significant changes with only moderate theraxaltation asvacarty motion
(diffusion) povides atom-by-atom reconstruction of the mateviatancies atlw solid metals to homog-
enize in a “soaking pit” after casting and permit dissimilar metals ffastin bond at moderate
temperatures and within short times. In the process, substitutional metallic atoms @amsingfigure
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canvary over avery wide range. It is possible to manipulate the properties of a single metal composition
over avery wide range in the solid state — a &ebr which can be used to mechanically form a
particular metal and then use it in a demanding load-bearing applicatieruse of minor adlying
additions can mvide a yet wider range of properties with appropriate thermal and mechanical treatment.

Casting

One of the important technologicahaatages of metals is their ability to incorporate a wilgety of
secondary elements in a particular metal and thereby creage aflthe metalAll oying can increase

the strength of a metal byweral orders of magnitude and permit the strength and ductility varied

over a wide range by thermal and/or mechanical treatment, resulting in ease of mechanical forming or
resistance to deformation.

Several metal phases magxist together in the solid as grains (crystals), or secondary phases may
occur as smaller entities on grain (intercrystal) boundaries or within grains. Often the strengthening
phase is submicroscopic and cannot be detected by optical metdilofgedfection optical microsqgy).

The size and distiution of secondary phases is manipulated by thermomechanical (thermal and/or
mechanical) treatment of the solid metal as well as the original casting procedure.

Casting methods includexpendable mold castingnfiestment/precision, plaster mold, dry sand, and
wet sand casting), permanent mold casting (ingot, permanent mold, gahtréfod die casting), and
continuous casting (direct chill and “splat” castinghese are listed in approximate order of cooling
rate inFigure 12.1.2As cooling rate increases, the grain (crystal) size tends to be smaller and the
strength increases while compositioragregation decreases,giding more uniform propertiest the
extremely high casting rates (l@o 1G/sec) of continuous splat casting, it is possible to produce
homogeneous metals not possible in terms of phase diagrams, mndhetals lave been produced in
the amorphous state, yielding unusual metallic glasses. Ingot casting and continuous direct chill casting
are primarily used to produce solid metal which willdggengvely mechanically formed ttinal shape.

The other casting methods are used to produce shapdfmaédimensionshut to varyingextends may
recaeve extengve machining, forming, ofinishing prior to usefor the latter group, grain fieers are
frequently added to reduce sofidation grain size. Metal tends to solidify directiopalvith grains
elongated in the direction of hefldw. This gves rise to directional mechanical properties which should
be accounted for in design.

Comparison of Casting Methods

Solidification Rate  Grain Size  Strength  Segegation

Expendable mold Slow Coarse Low Most
Investment
Plaster mold A A
Dry sand
Green sand

Reusable mold
Ingot
Permanent mold
Centrifugal

Die cast
Continuous — direct chill v v
Continuous — splat cast Fast Fine High Least

FIGURE 12.1.2 The dfects of casting speed (solidification rate) are compared.
To obtain optimum properties andepent flews which may causkilure, the casting procedure must

avoid or control compositionalegregation, shrinkageavities, porosiy, improper éxture (grain direc-
tionality), residual (internal) stresses, dfai/slag inclusionsThis can be accomplished with good
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casting practiceWith the exception of hvestment (lostvax, precision) casting and to a leseetent
die casting, it is dficult to acheve very exacting tolerances and fine e finish without postfinishing
or forming of a casting.

Strength and Deformation, Fracture Toughness

Figure 12.1.3hows a typical stress—strain diagram for a méthae first portion is a lineaspring-type
betavior, termedelastic and attitutable to stretching of atomic bondshe slope of the cue is the
“stiffness” (dgven for various metalsn Table C.3 of tk Appendix) The relaive stffness is dw for
metals as contrasted with ceramics because atomic bonding is less strong.yShigitarhelting-point
metals tend to be §fier than those with wéar atomic bonds andwer melting bebvior. The stffness
behavior is frequently @zen quantitavely for uniaxial loading by the simfiied expressions of Hoke's

law:
e, =0,/E e, =¢,=-U0,/E (12.1.1)
G Necking
begins
(Ultimate)

tensile strength

Yield

o strength

Fracture

Norminal Stress (F/Ao)

% elongation

(at fracture) \

Nominal Strain, (/-lo)/lo

FIGURE 12.1.3 Typical engineering stress—strain curve for a metal.

Whereao, is the stress (force per unit area, pgPayin thex direction of applied unidirectional tensile
load,¢, is the strain (length per unit length or percent) in the same diregtimule, are the contracting
strains in the lateral directionE, is Younds modulus (the modulus of elasticity), amds Poissots
ratio. Values of the modulus of elasticity and Poissoatio are iyen n Table C.6A of tle Appendix
for pure metals and in C.6B for common engineeringyslllt may be noted that another property which
depends on atomic bond strength is thermpansionAs the elastic modulus (fftiess) increases with
atomic bond strength, the déieient of linearexpansion tends to decrease, as sacrable C.6.

The relationship of Equation (12.1.1) is for an isotropic matdsislmost engineering metalsue
some directionality of elastic properties and other structure-insengibperties such as therneapan-
sion coéficient The directionality results from directional efgation or preferred crystal orientation,
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which result from both directional solftiation and mechanical forming of metals. In most cases t
elastic moduli and a Poisssrratio are required to fully specify eefor. A principal modulus might

be dven in the rolling direction of sheet or plate with a secondary modulus in theerseslirection.

A difference of 2 to 5% should ordinarily leepected,but some metals can @l an elastic modulus
difference as great agactor of 2 in the principal directions ofdwdly formed material. Such directional
differences should be accounted for when spring force or dimensional tolerance under load (or change
of temperature) is critical in a design.

At a critical stress the metakdins to deform permaneptlas seen as a break in the straight-line
behavior in the stress-strain diagramfeijure 12.1.3The stress for this onset is termed the yield stress
or elastic limit.For engineering purposes it is usuallkea at 0.2% plastic strain in order toyide a
predictable, identifiablealue An extensve table of yieldvalues and usual applications for commercial
metals and atlys is dven in Appendix C.5. In the case of steel a small yield dropaalifor clear
identification of the yield stress and thiedue is usedlhe onset of yield is a structure-seivgitpropety.

It canvary over mayy orders of magnitude and depends on dachors as grain size and structure,
phases presentegtee of coldwork, and secondary phases in grains or on grain boundarifecsd

by the thermal and mechanical treatment of they.alheextension tdailure, the ductiliy, and maximum

in the stress—strain ote, the “ultimate stress” or “tensile strength’gé@pendix C.5) are also structure-
sensiive propertiesThe strength and specific strength (strength-to-weight ratio) generally decrease with
temperature.

The ductility usually decreases as the strength (yield or ultimate) increases for a particular metal.
Reduction in the grain size of the metal will usually increase yield stress while decreasing ductility
(Figure 12.1.% Either yield or ultimate strength are used for engineering design with an appropriate
safetyfacta, although the former may be more obijeetbecause it measures the onset of permanent
deformation. Ductility after yield pwides safet, in that, rather than abrupt, catastroptaiture, the
metal deforms.

- | 70
Yield stress Elongation

15 —-\_.\
. . 65
g \ / .
z o
= k.( :
10 = < 60 5
A / \ _g
= 55
2 e
=

5}m

0 0.02 0.04 0.06 0.08 0.10

Grain Diameter, mm

FIGURE 12.1.4 The dfect of grain (crystal) size on yield stress and elongation to failure (ductility) for cartridge
brass (Cu-30 Zn) in tension.

A different, independent measure is needed for impact loads — “tougjhft@sss often treated in

design, materials selection, aftdv evaluation byextending Grffith’s theory of critical #w size in a
brittle material:

o, =K, /yc*? (12.1.2)
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wherea; is the failure stres¥,. is a structure-sensitive materials property, the “fracture toughness” or
“stress intensity factor” for a normal loaglis a constant depending on orientation, amnsl the depth

of a long, narrow surface flaw or crack (or half that of an internal flaw). This is a separate design issue
from that of strength. It is of particular importance when a metal shows limited ductility and catastrophic
failure must be avoided. In some applications the growth of cragkajonitored to prevent catastrophic
failure. Alternatively, as a performance test sufficient energy absorption as characteristic of a metal is
determined when it is fractured in a Charpy or Izod impact test. Many metals will show a rapid decline
in such energy absorption below a nil ductility temperature (NDT), which may establish a lowest use
temperature for a particular metal in a particular state and for a particular application. Welds are often
qualified by impact tests as well as strength testing. Care must be taken to apply the impact test appropriate
to an application.

Hardness, the resistance of the near surface of a metal to penetration by an indentor, is also employed
as a mechanical test. Increased hardness can often be correlated with an increase in yield and ultimate
strengths. Typical hardness values for a large number of commercial metals and alloys are provided in
Appendix C.5. A hardness indent is frequently done to “determine” the strength of a steel, using
“equivalency” tables. Great caution must be taken in applying such tables because while hardness is an
easy test to perform, it measures a complex and interactive set of properties, increasing with strength,
elastic modulus, and work hardening rate. It is also an observation of surface properties which may not
be characteristic of the bulk metal — particularly thick-gauge steel used in tension. Surface-hardening
treatments can make the simplistic use of an “equivalency” table particularly dangerous. Application to
nonferrous metals is also problematic. If a hardness tested part is to be put into service, the placement
of hardness indents (surface flaws) can cause permanent failure.

A summary of important engineering metals can be found in Appendix C.5. This extensive table
provides strength, hardness, and applications information for many commercial metals in varied heat
treatments.

Mechanical Forming

Hot working is used when major shape change, cross-section reduction, or texture (directional) properties
are desired. Cold working is preferred when close tolerances and fine surface finish are needed. The
cold-worked form of a metal typically shows higher yield and tensile strength, as can be seen for several
alloys listed in Appendix C.5. Rolling, forging, and extrusion are primarily done hot, while shape drawing,
extrusion, deep drawing, stretching, spinning, bending, and high-velocity forming are more commonly
performed cold. Hot rolling between parallel rollers is used to reduce ingots to plates, sheets, strips, and
skelp, as well as structural shapes, rail, bar, round stock (including thick-walled pipe), and wire. Sheet
metal and threads on round or wire stock may be rolled to shape cold. Closed die hot forging employs
dies with the final part shape, while open die forging (including swaging and roll forging) uses less-
shaped dies. Coining, embossing, and hobbing are cold-forging operations used to obtain precision,
detailed surface relief or dimensions. Generally, extrusion and die drawing require careful control of die
configuration and forming rate and, in the latter case, lubricant system. Impact extrusion, hydrostatic
extrusion, and deep drawing (thin-walled aluminum cans) permit very large precise dimensional and
cross-section changes to be made cold in a single pass. Stretching, spinning, bending are usually used
to shape sheet or plate metal and the spring-back of the metal due to elastic modulus must be accounted
for to obtain a precise shape.

Solute, Dispersion, and Precipitation Strengthening and Heat Treatment

Alloying additions can have profound consequences on the strength of metals. Major alloying additions
can lead to multiphase materials which are stronger than single-phase materials. Such metal alloys may
also give very fine grain size with further strengthening of material. Small alloying additions may also
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substantially increase strength by solute strengthening as solid solution substitutional or interstitial atoms
and or by particle strengthening as dispersion or precipitation harderopg all

Substitutional solute strengthening of coppervhyious atoms is slwn in Figure 12.1.5As the
amount of an atlying element in solution increases, the strength increases as disloctions are held in
place by the “foreign” atom§he greater the ionic nfis (difference in size — Sn is a muchdar ion
than Ni), the greater the strengthenirifgel The strength increase can be quite dramatic — as much
as a 20-fold increase with a 1.5% addition to coppkernaively, a lage addition of avery soluble
element such as rkel can gve major strengthening — monel, the Cu—70Noyais more than four
times stronger than pure coppéiigure 12.1.6) Interstitial solid solution carbon coriites to the
strength of iron and is one cotior to strength in steels and cast irons. Solute strengthening can
become inffective in strengthening ateated temperature rela¢ to the absolute melting point of a
metal as a result of rapidfflision of substitutional and interstitial elemeritse addition of more than
one solute element can lead to ggisic strengtheningfiects, as this and other strengthening mech-
anisms can all contiiite to the resistance of a metal to deformation.

3.0
25 /
Cu-$n
2.0
E /Cu-In
£ 15
o Cu-Sb }
2
&
3 10 /
e

Cu-Mn

Cu-Au L~
0.5 A
(Ge Cu-Ni
T Cu-Si

0 0.5 1.0 1.5 2.0 2.5 3.0
Atomic % solute

FIGURE 12.1.5 Effect of various substitutional atoms on the strength of coppete that as the ionic size of the
substitutional atom becomegdar the strengthenindfect becomes greate

Ultrafine particles can also gide strengtheningA second phase is introduced at submicroscopic
levels within each crystal grain of the mefltis may be done by\ariety of phase-diagram reactions,
the most common being precipitation. In this case the solig mlheated to a temperature at which
the secondary elements used to produte second-phase particles dissoin the solid metal — this
is termedsolution heatreatmentThen the metal is usually quenched (cooled rapidly) to an appropriate
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FIGURE 12.1.6 Variation in properties for copper—nickel random solid solution alloys. Note that over time at low
temperature alloys (monel) may become nonrandom with significant strength increases.

temperature (e.g., room temperature or ice brine temperature) and subsequently held at an elevated
temperature for a specified “aging” time during which particles precipitate and grow in size at near
atomic levels throughout the solid metal. Temperature, time, alloy composition, and prior cold work
affect the size and distribution of second-phase particles. The combination of treatments can be quite
complex, and recently “thermomechanical treatments” combining temperature, time, and dynamic work-
ing have resulted in substantial property improvements. Heat treatment can be performed by the user,
but it is difficult to achieve the optimum properties obtained by a sophisticated metallurgical mill. The
heat treatment can manipulate structure and properties to obtain maximum strength or impact resistance.
When metal is to be cold worked, a “softening treatment” can be employed which provides low yield

© 1999 by CRC Press LLC



12-10 Section 12

stress and high duct§itThe diference between the “dead soft” and maximum strength conditions can
be over an order of magnitude — a useful engineering property change.

Alternaive suface difusion methods such as nitriding andleaizing, which introduce particles for
fracture and wear resistance, are presented in the subsection on nfiatal saatments.

In the case of dispersion strengthening (hardeningjirteetrengthening particles are a discontinuous
second phase without atomic continuity with the maffike belavior of such particles is skwn
schematically irFigure 12.1.7as a function of increasing aging time or aging temperatiez (time)
which result in leger, more widely spaced dispersed-phase particles. Under stress, dislocations must
move around (bypass) such particles, so that yield strength decreases with increased aging. Long aging
times may be used to decrease yield strength (“soften”) of the mefabfaration A short aging time,
would be used for maximum strengifhe dispersed phase can alsovjgte some enhancement of
ductility. A dispersion-strengthened metal for which the dispersed phase is stablatatdemperatures
can povide both high-temperature strength and creep resistance (subsection on high-temfiees)re e
Surface difusion treatments usually produce dispersion hardening.

Precipitation strengthening (hardening) eagplparticles which &ve at least some atomic continuity
with the matrix metalThus, when the metal is deformed, dislocations can either bypass or pass through
(cut) the particlesThe resulting bedwior is slown in Figure 12.1.B. As aging time or temperature
increases (particles @w larger and more widely spaced), the yield stress increases to a maximum and
then decrease3he maximum is termedritically aged and when this designation is part of amall
treatment, precipitation strengthening may be assuf@dfabrication by coldworking, the bwer-
strength, higheductility underagedcondition is usually empyed There are dferent possible combi-
nations of thermal and mechanical treatment which wdVige a maximum critical aging treatment.
Usually the best optimum for strength is/en in handbooks and data sheetswéler, improved
treatments may bavailable, particularly of the combined thermomechanical type.

Strengthening of Steels and Steel Heat Treatment

Steels, perhaps the most important of all engineering metals, aye afl iron and carbon usually
containing about 0.02 to 1'@, carbon The binary Fe—-C phase diagram is important in describing this
betavior and is sbwn in Figure 12.1.8This diagram sbws what phases and structures will occur in
quasi equilibrium atvarious carbon contents and temperatures (under atmospheric pressure). Steel
forming and heat treatment center on the transformation from ausygptitgse, at elated temperature
to ferrite @ phase) plus cementite (iron carbide;Febebw 727C (1340F), the Ac, temperature, a
eutectoid transformation. If there are no other intentionayial) elements, the steel is a “plain carbon”
steel and hasnsAISI (American Iron and Steel Institute) designation 1002 to 10T86 first wo
characters indicate that it is a plain carbon steel, while the latter characters indicate the “points” of
carbon’ All oy steels, containing intentional @ling additions, also indicate the points of carbon by the
last digits and together with tHigst digits povide a unique designation of @l content. In the phase
diagram Figure 12.1.Biron carbide (F&£, cementite) is shwn as the phase on the rigfitis is for
all practical purposes corredit the true thermodynamically stable phase is graphite (C) evargl
when the eutectic at 1148 (2048F) is used to produce cast irons ¢gdl greater than %, C).

The solid-state eutectoid transformation is promoted by the magifetit i@ iron as nonmagnetic
austenite transforms lwe¥ the eutectoid (Ag temperature to thevb magnetic solid phases ferrite (iron
with solid solution carbon) and cementite solid pliage.the eutectoid composition, 0.7, carbon,

Plain carbon steels contain about @2Si, 0.5%/, Mn, 0.02%/, P, and 0.02V/, S.

It should be noted that austenitic stainless steels (300 and precipitation hardening, PH, series designations),
nonmagnetic alloys with considerable chromium and nickel contendt@prcorrosion resistance, do not ordinarily
transform from austenite to thewler-temperature phasefhey are not intentionally alloyed with carbon, are not
magnetic, and do not elv the phase transformation strengthening mechanisms of steels. Tistetelismssomething

of a misnomer for these alloys.

wx
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FIGURE 12.1.7 Effect of aging on dispersion- and precipitation-strengthened alloys for a fixed second—phase
addition. (a) Dispersion strengthening: as aging time or temperature increases (dispersed phase particles larger and
more separated), yield strength increases. A lower bound exists for near atomic size patrticles. (b) Precipitation
hardening: two behaviors can occur giving a composite curve with a maximum at the critical aging time or temperature
(optimum size and spacing of particles).

the two phases form as a fine alternating set of plates (lamellae) wearétk because of their pearllike
appearance in a metallographic microscope. This two-phase structure of metal (ferrite) and carbide
(cementite) provides strength (very slowly cooled — about 65 ksi, 14% tensile elongation), which
increases as a more-rapid quenching yields a finer pearlite microstructure (to about 120 ksi). As strength
increases, ductility and fracture toughness decrease. With yet more rapid quenching and more local
atomic diffusion, the austenite transforms to bainite, a phase of alternating carbon and iron-rich atomic
planes. This has yet higher strength (to about 140 ksi) and lower ductility. When the metal is quenched
so rapidly that carbon diffusion is prevented, the austenite becomes unstable. Below a critical temperature,
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FIGURE 12.18 Iron—carbon phase diagrameent for steelThe steel composition range is from about 0.02 to
1.00%/, carbon. Steel strengthening treatments require heating into the austenite regientt@bc;) and then
guenching.

the martensitic start temperatutd), the metal transforms spontaneously by shear to martensite. Full
transformation occurs bl the martensite finish temperatubd). The formation of this hard phase
introduces enormous microscopic deformation and residual .sTiessstrength isrery much higher
(about 300 ksiput there is almost no ductiitThis rapidly cooled material can spontaneotiallfrom
“quench cracking which results from residual stresses and the martensite acting as an itz
relieve stresses andguide some fracture toughness, martensitic steel is “tempered” at an intermediate
temperature such as 5@ for about an hour to gvide some ductility (about 7%) while sdering
some strength (about 140 kSigmpering for shorter times or atler temperatures cativg intermediate
properties. High-carbon steels are often used for cutting tools and forming dies because ofdbeir sur
hardness and wear resistan@¢éhen a high-carbon steel (>0'7, C) requiresfabrication at dwer
temperature, it may be held at a temperature just under the eutectoidfterated time (e.g., for 1080
steel: 700C, 1300F — 100 hr) either after or without quenching tovide a soft condition (<60 ksi,
20% extension) A variety of dfferent quenching temperatures, media, and procedures can be used to
vary required combinations of the microstructuresvaband mechanical propertiebhe discussion
above centered on eutectoid steel and holds for other high-carbon steels. Increasing carboiaamstent
the formation of martensite in steels, therelyvjoling increased strength, hardness, and wear resistance.
However, such steels can be quite brittle.

At lower carbon content, “primary ferrite” formBigure 12.1.8as the steel is quenched fronoadb
the boundary of austenitig)(region, the Ac;. Subsequeny] pearlite (ferrite and cementite), bainite,
and/or martensite can formolver carbon content increases the amount of primary ferrite, keweac-
tile phase, and decreases the tenglén form martensite, a stronger/brittle phaBee result is a more
fracture tough, ductile (“safer”) steddut strength isdwer. Such steels are also mechanically more
forgiving if welded Thus, a 1010 steel (0.8, C) might be used for applications whesdreme
“formability” and “weldability” are required, such as for car bodies and cans, while a 1020 steel (0.20
w/, C) might be used for construction materials for which some increased strength is desired while
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maintaining safgt A medium-carbon steel such as a 10vflld be used when a balance of strength
and toughness (and ease of welding) is needed.

In order to quench (and temper) steels continuous cooling transformation (CCT) diagrams are used
such as that ifrigure 12.1.%or a 1040, medium-carbon ste€he steel is quenched fromake the
Ac,. Vertical lines indicate quenching rates asnghin the bwer left inset of the diagranthe cooling
rate for the center of a round bar a@fen diameter quenched irrabil, andwater is gven bebw the
diagram. Solid lines on the diagram indicate percent transformation (start, 10%, 50%in@d¥%wof
transformation), and a dotted line separates ég@m where primary ferrite forms from that of trans-
formation to pearliteThe lwer diagram sbws the indentation hardness to dégected, as this and
other mechanical betior can be predicted from the CCT werAs anexample, the center of a 15 mm
(=%, in.) diameter bar quenched in aiould be about 25% primary ferrite and 7%%te pearlite, with
a Rockwell C hardness (HRC) of about 15. If quenched in oil, the bar eemitt be chiefly bainite
with a small amount of martensite (BR125). The same bar quenchedviaterwould be all martensite
(HRC 055) before temperind he transformation at other positions in the bar and for other engineering
shapes (sheet, pipe, square rod, etc.) can be obtained freersion cuves.

It should be noted that layers in the steel closer to the quenctiadesaool more quickly and are
therefore displacedwvard the left of the CCT diagrafhere is avariation in structure and mechanical
properties from the quenched fge to the centeOne result is that the $ace of the steel tends to be
stronge, harde, and more wear resistant than the ceAteteel beam undgoing bending has maximum
strength at the near $ace which undgoes the greatest stresses, while the centsides safety
because of its relae fracture toughness and duciilia thin knife edge cools quickly and can be
resistant to deformation and wewhile the thick back pwents the blade from snapping in half when
bent.

Many elements may be incorporated in steels to promote fepgcopertiesAlmost all common
additions (other than cobalt) tend to promote strengthening by the formation of martensite (or bainite)
instead of pearliteWhen albying additions tend to promote martensite throughout a thick section
independent of cooling rate, the agllis said to bve high hadenabili. Some elements such as
chromium, molybdenum, and il also may help to pvide high-temperature strength ambieon-
mental resistance. One class obydl with relaively small albying additions are termeldSLA steels
(high strength, dw alloy) and usually sbw somewhat superior mechanical properties to their plain
carbon steel edualents As steel is allyed, the relave cost increases substangialh useful straggy
in steel selection (and steels are usuallyfife# engineering candidate on a cost basis) is to start by
determining if a medium-carbon steel will do. If greater safety and formability are needwetra |
carbon content may be used (with slightiwér cost); alternately, a highe-carbon steeilvould be
chosen for greater strength and wear resistance. Heat treatmelot be used to manipulate the
properties. If plain carbon steelsope unsatitactor, the HSLA steelsvould be the ext candidateFor
very demanding applicationsméronments, and long-term operations, specialtgyaditeelswould be
selected insi@ar as tley are cost-Bectve.

Fatigue

Fatigue is the repeated loading and unloading of metal due to directddation, eccentricity in a
rotating shaft, or dierential thermakxpansion of a structure vEn substantially belv the yield point
(elastic limit) of a metal or a this repeated loading can leadfadlure, usually measured in terms of
the number otycles (repeated load applicationsfadure. Some studiesabe suggested that wedver
80% of all mechanicdiailures of metal are athutable tofatigue.

High-stress, dw-cycle fatigue usually occurs at stressesvabthe yield point and lifetimes are tens
or hundreds otycles (to about a thousamgcles). Failure occurs as a result of the accumulation of
plastic deformation, that is, the area (@y¢ under the stress—strain eer(Figure 12.1.3)A simple
lifetime predicive equation can be used to predict lifetime:
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N =[su/2£pf]2 (12.1.3)

whetre N is the number ofycles tofailure, g, is total strain from the stress—strain\ﬂ:-urandspf is the
plastic strain amplitude in eacatiguecycle.

More commony, metals are used well logt their yield point andail after may, may cycles of
repeated loading irolv-stress, higleycle fatigue There is microscopic, local plastic deformation (cold
working) andvacarty generation (reavery dfects) during suclayclic loading which result infatigue
hardening” (strengthening) of worked metal andfatigue softening” of uworked metal. Somedue
even found success reling residual stressed with a vibratory anneal. Early ifittigue process siace
flaws or in some casesvwre internal #ws begin to propagateThe fatigue crack prommates in areas
of high stress a small, usually submicroscopic, distance with each tensile |ddungropagation on
eachcycle frequently laves identifiable marking on tHailure suface termedatigue striationswhich
mark the progress of the subcritical cragken the crack becomes sogla that the fracture toughness
criterion isexceeded (Equation 12.1.2), catastroptierloadfailure occursWhen the futurdatigue
loading can be predicted and thyelic crack propgation rate is kawn, fatigue cracks can be inspected
or monitored in dferent applications such as aircraft structures and pregessels to decommission
or replace parts befofatiguefailure This must be done cautiously because a change to a more aggress
(corrosve, oxidaive, ebvated temperature)neironment can increase the crack prggtéon rate. If a
harmonic resonance occurs in the metal part, vibratory maxima can cause préat@uedailure.
Harmonics can change ftigue cracks propate. Harmonic vibration can beepgented with vibratory
(dynamic) design concepts and/or direct monitoring.

Figure 12.1.10shows typical metalS-N cuives (stress vs. number ofcles tofailure) for a high-
strength aluminum and for a titaniumagll Note that the awention is to mke stress theertical axis
and to plot the number aycles tofailure on a Igarithmic scaleFor high-stress,dw-cycle fatigue
(<1 cycles) the cure is flat and linea consistent with the model of Equation12.J8r high cycle
fatigue the lifetime is a rapidlyarying function of stress untilery low stresses (long lifetimes occur).
The actuafatigue lifevaries statistically about the meaaue slown in approximate proportion to the
number ofcycles tofailure These cwres are for testing in ambient.dratigue lifewould be longer in
an inert evironment and may be shortened drastically in an aggeeswironment. Iron- and titanium-
based ablys, such as thexample sbwn, usually lave an “endurance limita stress bew which lifetime
is ostensibly infinite. In aj at room temperature, the endurance limit is about half the tensile strength
for most iron and titanium ays. Other metals appear tashno stress beW which they last indefinitey.
Therefore, a fatigue limit” is designated — usually the stress at whichfakigue life is 18 cycles.
This may be a long lifetime or not depending on the frequehloading and engineering lifetiméhe
fatigue limit is generally about 0.3 times the tensile strength for metals with strengthsabelit 100
ksi (700 MPa). Thefactor is sorawhat poorer for highestrength metals. It is apparent that on a insdat
strength basis, iron- and titanium-basedyallarefatigue-resistant metals when compared with others.
Dispersion-strengthened @t have been seen to @ride some lifetime adhntage irfatigue.

A number of mathematical relationshipa/é been proposed to predfetigue life,but noneworks
with complete success and all requiperimental data. Perhaps the most successful of the so-called
fatigue “laws” are the “cumulate damage”dws. The simplest is Minés law:

zi[ni/Ni] =1 (12.1.4)

whetre n; is the number ofycles applied andl, is the number ofycles forfailure at a particular stress
level, o,. The conceptual basis is that the numbefatifjuecycles at a stresgdel uses up its relae
fraction of totalfatigue lifetime and may be correlatedféigue crack promation (striation spacing).
Modifications of this model account for the order and indatnagnitude of loads.e@eral techniques
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FIGURE 12.1.10 SN (fatigue) cuves for high-strength titanium (upper curve) and aluminum alloys. Note that
titanium (and iron) alloys siv an endurance limit, a stress d»elwhich the metal lasts indefiniel

have met with partial success in increasfiagigue lifetime leyond that predicted by the cumunlet
damage models:

1. Coaxing — intermittent or continuous, superimposed vibratioreat low stress,
2. Overstressing — intermittent or superimposed compredeading,

3. Surface compression — intermittent shot peening diaserrolling,

4. Surface remval — chemical or mechanical $ace polishing.

All but 1 are thought to close or elimindaigue cracks and dace damage. Coaxing has been said
to introduce more of theacarty-related reovery dfects associated witfatigue.

High-Temperature Effects — Creep and Stress Rupture

Elevated temperature can cause a $igant loss of strength and elastic modulus, so that a metal part
mayfail as a result ofverheateven at loads which appear small at room temperature. High temperature
is a relaive matter and is usually judged as a fraction of the melting point measured on the absolute
temperature scal@hus,even moderate temperatugecursions can be important faw-melting-point
metals and atlys. As indicated in everal sections alve, mayy alloying and coldwork strengthening
methods depend upon heat treatment; ay athn undego metallugical change due toverheat or to
long-term holds at moderate temperatures and thereby alter propertiéisaiti Thus, the thermal
stability of the microstructure should be determineat. example, metallographic replica techniques
have been éveloped for determining in tHeeld if microstructure has coarsened, making the metal weak.
Creep deformation is the continued deformation of a metal under loaslatedltemperature, usually
at a design stress well bel the yield point While measurable creep can occur@t kemperatures
over very long times or atery high (compre$ee) loads, creep usually becomes of engineering impo
tance abve aboutwo thirds the melting point (absolute) of arogllThus, both lead, which creeps at
room temperature, and tungsten, which creeps in an incandescerullglat white heat, require a
mechanical support or creep-resistandyatig additionsFigure 12.1.1 shows a schematic creep &er
plotting creep strainvs. time,t, at a particular tensile load and temperat@feer the immediate elastic

* If a constanextension is applied to an object, the force it generates will dechiaetione due to creedhis
is calledstressrelaxationand can be treated in a similarywa
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FIGURE 12.1.11 Schematic creep curve showing transient creep (1), steady-state creep (Il), and tertiary creep (llI).
Note that the slope of the straight-line portion is the steady-state creep rate (minimum creep rate).

strain ¢ = 0), “transient creep” occurs in Region |. At elevated temperature this usually folld#s a
behavior (Andrade creep). The majority of the curve has a straight-line behavior (Region II) in which
the extension with time is constant. The slope of this part of the curve is termstdatig-state strain

rate or minimum creep ratelt is used to calculate the creep extension which could cause functional
failure when dimensional tolerances are exceeded. A simplified predictive model is

g = AgMe KT (12.1.5)

whereg' is the minimum creep raté, is a constanty is the applied stresg) is the stress dependence
exponent (often 4 to 8 is the activation enthalpy for creep, ahthe absolute temperature.

In Region Il the creep rate accelerates as the metal necks down severely in a local area, thereby
increasing the local stress. The steady-state rate would continue (dotted line) if the load were adjusted
to give constant load at the minimum cross section. Since loads do not readjust to compensate for necking
in real applications, a final accelerated stage can be experienced. For example, a blowout can occur in
late creep of a pressurized high-temperature piping system. The time to failure is terradsthe
rupture lifetime Predictive models are developed from Equation (12.1.5) to provide lifetime information.

Lowering use temperature or applied stress decreases susceptibility to creep deformation and increases
stress rupture lifetime. Frequently, a moderate temperature decrease is most effective in this regard.
Higher-melting-point metals are more creep resistant, so that the refractory metals tungsten and molyb-
denum can be used but require an inert atmosphere or protective coating to prevent rapid oxidation. In
air or other active atmosphere, niobium-, nickel-, titanium-, and iron-based alloys may be used for creep
resistance. Dispersion hardening, particularly with a high-temperature stable phase, such as an oxide,
nitride, or carbide, can confer a degree of creep resistance.

Corrosion and Environmental Effects

Corrosion usually involves the slow removal of metal due to chemical and/or electrochemical reaction
with an environment. Most metallic corrosion involves a galvanic, that is, electrochemical, component
and localized attack in the form of pitting, attack in crevices, grain boundary attack, selective leaching
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of one phase, and exfoliation (attack parallel to the surface causing layers to peel away). Uniform
corrosion is less common and also less of a concern as long as the rate of material removal is gradual
and predictable.

Galvanic corrosion requires a medium, usually liquid (water), often containing a specific agent which
promotes corrosion, a potential difference, and a complete electrical circuit, as well as an anode and a
cathode. The anode will be the attacked, corroded, portion of the system. One cause for potential corrosion
is dissimilar metals. For example, the galvanic series in seawater shows magnesium alloys as most anodic
followed by zinc, aluminum, iron, nickel, brass, and copper alloys which are progressively more cathodic.
When coupled electrically, the more-anodic metal would be corroded and the more cathodic would
promote corrosion. One way of preventing corrosion is to isolate with insulator material the metal parts
electrically so that a circuit is interrupted. The surfaces can be isolated from the corroding medium with
paint, protective metal, conversion coatings, or a corrosion inhibitor additive to the liquid. In this situation
it is more important to coat the cathode (noncorroding metal) since it impresses corrosion on the anodic
metal dependent on exposed area. When in doubt, all parts should be painted repeatedly to prevent
pinholes. Other possibilities include cathodic protection with an impressed electrical counterpotential or
use of a sacrificial anode which is attacked instead of the metal components. Some metals such as
stainless steels and aluminum alloys provide protection via an oxide cogtiasgiee filmwhich will
form under specific, controlled electrochemical conditions providimzdic protection

Another source for an anode and cathode can be the solution itself. Differences in temperature, ion
concentration, oxygen content, and pH can all lead to a potential difference which results in corrosion.
Often corrosion occurs far more rapidly for a specific range of solution concentration — indeed,
sometimes dilution may accelerate corrosive attack. An oxygen deficiency cell under dirt or in a crevice
frequently causes attack at the resulting anode. Potential differences can also exist in the metal itself:
between different phases, inclusions, or grain chemistries; between grains and grain boundaries; between
surface films and metal; and between different grain orientations. Selective leaching such as dezincifi-
cation of high-zinc brasses (Cu—Zn) is an example for composition differences, while exfoliation cor-
rosion of aluminum alloys and sensitized stainless steel are examples of grain boundary attack. Cold-
worked metal tends to be anodic to annealed material so that a heavily formed part of a metal part may
corrode preferentially.

Another important environmental cause of failure is stress corrosion cracking (SCC). A combination
of applied or residual tensile stress and environmental attack results in progressive slow crack propagation
over a period of time. Eventually, the crack becomes critical in size (Equation 12.1.2) and catastrophic
failure occurs. There need be no evidence of corrosion for SCC to occur. When the loading is of a cyclic
nature the effect is termaxbrrosion fatigue To prevent these long-term crack propagation effects the
environment and/or the source of tensile load may be removed. Considerable effort has been made to
identify an ion concentration below which stress corrosion cracking will not occur (e.g., Cl for austenitic
stainless steels), but there may be no level for complete immunity, merely a practical maximum permis-
sible level.

Hydrogen embrittlement and hydrogen cracking can occur in the presence of stress and a hydrogen
source. Embrittlement results when hydrogen diffuses into the metal and/or acts on the crack tip altering
the fracture toughness. Hydrogen cracking may be regarded as a special case of stress corrosion cracking.
Either environmental effect can lead to catastrophic failure. The source of hydrogen can be an acid
solution, hydrogen evolved during corrosion, electrochemical treatment (plating, electropolishing), or
hydrocarbons. Often isolation from the hydrogen source is difficult because hydrogen diffuses quickly
through most materials and barrier coatings. Glass coating has met with some success.

Metal Surface Treatments

A number of treatments are employed to strengthen the surface of steels and make them more resistant
to failure or wear. Some of the techniques may also be applied to selected nonferrous alloys. Flame,
induction, and laser hardening provide intense heat to the outer surface of a medium- or high-carbon
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1.3 Dynamics

Stephen M. Birn and Bela I. Sandor

There arewo major catgories in dynamics, kinematics and kinetikgnematics involves the time-
and geometry-dependent motion of a particle, rigid/bdeformable bog or a fluid without considering
the forces that cause the motion. It relates positielocity, acceleration, and tim&inetics combines
the concepts of kinematics and the forces that cause the motion.

Kinematics of Particles

Scalar Method

The scalar method of particle kinematics is adequate for one-dimensional afapsiticle is a body
whose dimensions can begtected (in some analysegry lage bodies are considered particld$)e
equations described here are easily adapted and applied smtl three dimensions.

Average and Instantaneous Velocity

The averagevelocity of a particle is the change in distandeiddd by the change in tim&he
instantaneouselocity is the particles velocity at a particular instant.

AV oA _dx .
Vave_E Ving _llm)a_a_x (131)

Average and Instantaneous Acceleration

The average acceleration is the changevétocity dvided by the change in tim&he instantaneous
acceleration is the particteacceleration at a particular instant.

_Av

Av Av _dv _.
At

a,, = lim V=X (1.3.2)

Qe _mﬂOKt_E

Displacementyelocity, acceleration, and time are related to one andtbe example, ifvelocity is
given as a function of time, the displacement and acceleration can be determined thepugtiomt
and dfferentiation, respeistely. The following example illustrates this concept.

Example 8
A particle noves with avelocity v(t) = 3?2 — &. Determire x(t) anda(t), if x(0) = 5.

Solution.

1. Determinex(t) by integration

:%

dt

vdt =dx
J'3tz—8tdt:J’dx
t* - 4t> +C = x

fromx(0)=5 C=5
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x(t) =t* -4t +5

2. Determire a(t) by differentiation

dv _ d
a:a":a(az—&)

a(t)=6t-8

There are foukey points to be seen from these grapfig(re 1.3.1
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FIGURE 1.3.1 Plots of a particles kinematics.

N

v = 0 at the local maximum or minimum ofetk-t curve.

a = 0 at the local maximum or minimum ofeti-t cuive.

The area under thet cuive in a specific time inteal is equal to the net displacement change
in that inteval.

The area under theet curve in a specific time inteal is equal to the neflocity change in that
interval.
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Useful Expressions Based on Acceleration
Equations for nonconstant acceleration:

t

dv Y
a=—>0 [ dv={[ adt 1.3.3
dt J;O ,[a ( )

vdv:adeJ'vdv:J’adx (1.3.4)
Vo X0

Equations for constant acceleration (projectile motion; fiatie
v=at+y,
v :Za(x—x0)+v§ (1.3.5)

1
X :Eat2 +Vt+ X,

These equations are only to be used when the acceleratiomis tmbe a constarithere are other
expressionsvailable depending ondw avariable acceleration is\@n as a function of timeglocity,
or displacement.

Scalar Relative Motion Equations

The concept of relate motion can be used to determine the displacemelugity, and acceleration
betweenwo particles that &vel along the same line. Equation 1.3.6vutes the mathematical basis
for this methodThese equations can also be used when analyzmgdints on the same body that are
not attached rigidly to each othéfigure 1.3.2

0 VA vB8

I - - — &~ — — & —Xx
XBIA
X,
A XA/B FIGURE 1.3.2 Relatve motion of two particles along
X8 a straight line.
Xgn = Xg ™ Xp
Vg = Vg ~ V4 (1.3.6)

g p =85 8,

The notation BA represents the displacement, velgcitr acceleration of particle B as seemrh
particle A Relatve motion can be used to analyzengndifferent agrees-of-freedom systerm#s degree
of freedom of a mechanical system is the number of independent coordinate systems nedited to de
the position of a particle.
Vector Method
Thevector methodacilitates the analysis ofb- and three-dimensional problems. In general, curvilinear
motion occurs and is analyzed using avemient coordinate system.
Vector Notation in Rectangular (Cartesian) Coordinates
Figure 1.3.3llustrates thevector method.

=)
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(a) b)
FIGURE 1.3.3 Vector method for a particle.

The mathematical method is based on determginianda as functions of the positiorectorr. Note
that the time deévatives of unitvectors are zero when the xyz coordinate systefixésl The scalar
componerg (X, Y, X,...) can be determined from the appropriate scalar equatievioysly presented
that only include the quantities eeant to the coordinate direction considered.

r=x+yj+z

L ST S S T (1.3.7)
dt dt ot ot

_dv_d*,  d’y. d’z

= +—k=X+Vyj+2k
dt  dt? dt2J dt? y

There are adiv key points to remember when considering curvilinear motion. First, the instantaneous
velocity vector isalwaystangent to the path of the particle. Second, the speed of the particle is the
magnitude of therelocity vecta. Third, the acceleratiomector isnot tangent to the path of the particle
and not collinear witlv in curvilinear motion.

Tangential and Normal Components

Tangential and normal components are useful in analyz#hgcity and acceleratiorfigure 1.3.4
illustrates the method and Equation 1.3.8 is thesming equations for it.

vV =vn,

a=an, +an,

- _v
&=q & 0
(1.3.8)
[1+ (dy/dx)z]w2

d?y/dx?

p =r = constant for a circular path

\a t=adv/dt ny

v=vng

an=v2/pny P

& aih FIGURE 1.34 Tangential and normal componen.
0 4 P X is the center of cwature.
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The osculating planeontains the univectorsn, andn,, thus defining a plan&/hen using normal
and tangential components, it is common t@é to include the component of normal acceleration,
especially if the particle &els at a constant speed along avedrpath.

For a particle that wves in circular motion,

v—ré:roo
dv -
=— =r0=ra 1.3.9
8= =rb=r (1.3.9)
2 .
a =—=r0"=rw’

Motion of a Particle in Polar Coordinates

Sometimes it may be best to analyze particle motion by using polar coordinatesnas(fatjure 1.3.5:
v=rn_+rén, (always tangent to the path)
de

a:.e:(*), rad/s (1310)

a= ('r' - réz)nr + (ré + 2fé)n9

X FIGURE 1.3.5 Motion of a particle in polar coordinates.

For a particle that wves in circular motion the equations simplify to
B _b=ir=a, raye
dt
v:réne (1.3.112)
a=-re?n, +rén,
Motion of a Particle in Cylindrical Coordinates

Cylindrical coordinates pride a means of describing three-dimensional motion as illustratedune
1.3.6

vV =rn, +rén, + 2k

. L (1.3.12)
a= ('r' - rez)nr + (rG + ZiG)ne + 7k
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K (Il to 2)

ng (Ifto xy)

nr (ftor)

y
YO
FIGURE 1.3.6 Motion of a particle ircylindrical coordinates.

Motion of a Particle in Spherical Coordinates

Spherical coordinates are useful ineav fspecial casebut are dificult to apply to practical problems.
The governing equations for them aagailable in may texts.
Relative Motion of Particles in Two and Three Dimensions

Figure 1.3.7shows relatve motion in wo and three dimension$his can be used in analyzing the
translation of coordinatexas. Note that the unitectors of the coordinate systems are the same.
Subscripts are arbitratyut must be used consistently s, = -, €tc.

fg =rat rB/A

Vg =V + Vg, (1.3.13)

g =a, + 8ga

y
Y : "
o B (moving relative
to xyz)
Taia

A X
z Moving system
(relative to XYZ)

A ([
4 X
V4 Fixed system

FIGURE 1.3.7 Relatve motion using translating coordinates.

Kinetics of Particles

Kinetics combines the methods of kinematics and the forces that cause the Triwienare averal
useful methods of analysis based aswddn's secondaw.

Newton’s Second Law

The magnitude of the acceleration of a particle rectly poportional to the magnitude of thesultant
force acting on it, and inverselygportional to its mass. Therdction of the acceleration is the same
as the diection of theresultant foce.

F=ma (1.3.14)

wherem is the particlss massThere are threkey points to remember when applying this equation.

1. Fis the resultant force.
2. ais the acceleration of a single particlegag for the center of mass for a system of particles).
3. The motion is in a nonaccelerating reference frame.

5
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Equations of Motion
The equations of motionfor vector and scalar notations in rectangular coordinates are

ZF:ma

(1.3.15)
ZFX:maX sz:may ZFZ:rnaZ
The equations of motion for tangential and normal components are
2
z F, =ma, = mY
P (1.3.16)

_ R ¢ \'
S F = =m=mv %

The equations of motion in a polar coordinate system (radial andéraascomponents) are

ZFr =ma, :n‘('r'—réz)
zFQ:mae :m(ré—zfé)

(1.3.17)

Procedure for Solving Problems

1. Draw a free-body diagram of the particleogling all forces. (The free-body diagram will look
unbalanced since the particle is not in static equilibrium.)

2. Choose a awenient nonaccelerating reference frame.

3. Apply the appropriate equations of motion for the reference frame chosen to calculate the forces
or accelerations applied to the particle.

4. Use kinematics equations to determimdocities and/or displacements if needed.

Work and Energy Methods

Newton's secondaw is not dways the most ewenient method for solving a probleWork and enmyy
methods are useful in problemwalving changes in displacement avelocity, if there is no need to
calculate accelerations.

Work of a Force
The totalwork of a forceF in displacing a particl® from position 1 to position 2 alongwapath is

U, :J’:F élr :J’:(FX dx +F, dy+ F, dz (1.3.18)

Potential and Kinetic Energies

Gravitational potential engy: U, :J' W dy =Wh =V,, whereW=weight andh = vertical evation
difference. 1

Elastic potential engy: U :J’ “lox dx = %k(x;" -x2) =V,, wherek = spring constant.

Kinetic enegy of a particleT = 1/2n\?, where m = mass an& = magnitude of/elocity.

Kinetic enegy can be related taork by theprinciple of work and engy,

B
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(1.3.19)

whereU,, is the work of a force on the particle moving it from position 1 to positidn i8,the kinetic
energy of the particle at position 1 (initial kinetic energy), &nid the kinetic energy of the particle at
position 2 (final kinetic energy).

Power
Power is defined as work done in a given time.
du _ Flar _

ower = ——
P a dr

Fv (1.3.20)

wherev is velocity.
Important units and conversions of power are

1W=1Js=1N /s
1 hp = 550 ft [Ib/s = 33,000 ft (lb/min = 746 W
1ft Ob/s=1.356 J/s=1.356 W

Advantages and Disadvantages of the Energy Method
There are four advantages to using the energy method in engineering problems:

1. Accelerations do not need to be determined.

2. Modifications of problems are easy to make in the analysis.

3. Scalar quantities are summed, even if the path of motion is complex.
4. Forces that do not do work are ignored.

The main disadvantage of the energy method is that quantities of work or energy cannot be used to
determine accelerations or forces that do no work. In these instances, Newton’s second law has to be used.

Conservative Systems and Potential Functions

Sometimes it is useful to assume a conservative system where friction does not oppose the motion of
the particle. The work in a conservative system is independent of the path of the particle, and potential
energy is defined as

Up = OV
work of F difference of potential
from1to2  energiesatland2

A special case is where the particle moves in a closed path. One trip around the path icyelted a

u:fdu =fF|]jr=f(Fx dx+F, dy+F, dz):o (1.3.21)

In advanced analysis differential changes in the potential energy fun@)iare calculated by the
use of partial derivatives,

. . bv. av. ov U
F=Fi+Fj+Fk=- +—j+—Kk
TR H&I 6yJ az 0
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1.4 Vibrations

Bela I. Sandor with assistance by Stephen M. Birn

Vibrations in machines and structures should be analyzed and controligdhifte undesirableféects
such as noise, unpleasant motionsfatigue damage with potentially catastrophic consequences. Con-
versey, vibrations are sometimes eraptd to useful purposes, such as for compacting materials.

Undamped Free and Forced Vibrations

The simplest vibrating system has motion of oegreke of freedom (DOF) described by the coordinate
x in Figure 1.4.1 (An analogous approach is used for torsional vibrations, with similar results.)

7

_.T 0
X
F=Fosin Qt FIGURE 1.4.1 Model of a simple vibrating system.

Assuming that the spring has no mass and that there is no damping in the system, the equation of
motion forfree vibration (motion under internal forces onl = 0) is

mx+kx=0 or X+w>x=0 (1.4.1)

wherew = ' k/m = natural circular frequexy in rad/sec.
The displacement as a function of timeis

x = C,sinwt + C, coswt (1.4.2)
whereC, andC, are constants depending on the initial conditions of the matitarnaively,
x = Asin(wt + @)

where C, = Acosp, C, = Asing, and@ is the phase angle, another constAntompletecycle of the
motion occurs in time, theperiod of simple harmonic motip

21 ‘m
T=— =21 — (Seconds per cycle
W \fk( per ey )

The frequencyin units ofcycles per second (cps) or hertz (Hgf £ 1A.

The simplest case dbrced vibration is modeled in Figure 1.4.1, with the ferE included. Using
typical simplifying assumptions as @, the equation of motion for a harmonic force of forcing
frequery Q,

X+ kx = F, SinQt (1.4.3)
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Mohr’s Circle for Plane Strain

As in the case of stress, there is a graplaeatview by Mohr's circle of the directional dependence of
the normal and shear strain components at a point in a matdiglircle has a cent€ ate, . = (g,
+¢,)/2 which is &ways on thee axis,but is shifting left and right in a dynamic loading situatidhe
radiss R of the circle is

Jg;sg SVFH (1.5.17)

Note the proper labelin@ vs.y/2) and preferred orientation of the strakesas stwn in Figure 1.5.13.
This sets up &avorable uniformity of angular displacement between the elemérdqunterclockwise)
and the circle (+2 counterclockwise).

y

|
et | N
)Y | €4
\msz 0| &2 ‘@ 8
ay 5 *
Py

Y2 ¥ xymax/2

FIGURE 1.5.13 Mohr's circle for plane strain.

Mechanical Behaviors and Properties of Materials

The stress-strain response of a material depends on its chemical composition, microstructurey, geometr
the magnitude and rate of change of stress or strain applied,nanghmentalfactors. Numerous
guantitatve mechanical properties are used in engineering. Some of the basic properties and common
variations of them are described here becausedte essential in mechanics of materials analyses.

Stress-Strain Diagrams

There are everal distincive shapes of uniaxial tension or compression stress-strain plots, depending on
the material, test conditions, and the quantities plofied chosen represeritet schematic diagram

here is a true stress vs. true strairvedor a ductile, nonferrous metal tested in tension (Figure 1.5.14).
The important mechanical properties listadable 1.5.1are obtained from such a test or a similar one

in pure shear (not all areshn in Figure 1.5.1%

g
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0.2 % offset ]
€pa €eA
T 1

FIGURE 1.5.14 True stress vs. true strain for a ductile, nonferrous metal.
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Table 1.51 Basic Mechanical Poperties

Symbol Definition Remarks
E Modulus of elasticityYounds modulusE = ale, Hookés law; T andg, effects small
G Shear modulus of elasticityG = L E/2(1+v) T ande, effects small
e
. . €
v Poissors ratig v = —'aea T ande, effects small
8Icmgn.
Op Proportional limit; at onset of noticeable yielding Flow property; inaccuratéf ande,
(or at onset of nonlinear elastic lzgtor) effects lage
o, 0.2% dfset yield strengthbit yielding can occur at  Flow property; accuratel ande,
0 <g,if o5 <0) effects lage
P
O; True fracture strengthg, = - Fractl_Jre propertyT and, effects
A medium
& True fracture ductility Max. g,; fracture propertyT ande,
A 100 effects medium
g =In—==In——7——
A 100—-%RA
. -A Fracture propertyT andg, effects
% RA Percent reduction of are&oRA = Ao A %100 1re prop v P
medium
n Strain hardeningxponent; o = Ke) Flow property T ande, effects small
to large
Toughness Area undem vs. g, cuve True toughness or intrinsic
toughnessT andeg, effects lage
o, Ultimate strength; P oo Fractl_Jre propertyT ande, effects
medium
) - . .
B L0 Area under original elastic portion
M, Modulus of resilience;M, =~ of o —¢ cunve

Notes T is temperatureg, refers to prior plastic strain, especiaticlic plastic strain (fatigue) (these are
qualitatve indicators heregxceptions are possible)

n
E = € + ¢ :E+D£|jl'/n:g+8 Sigv
tottal elaseuc plas’t)m E kO E f °¢0

Another useful mechanical property (not measured fraroth € plot) is hardnessThis is a fow
propery, with some qualitéfe correlations to the other properties.

It is important to appreciate that the mechanical properties of a material depend on its chemical
composition and its history of thermal treatment and plastic deformationsaakdcyclic plasticity).
For example, consider the wide ranges of monotonic @mic stress-strain cues for 1045 steel (a
given chemical composition) at room temperature, as functions of its hardness resulting from thermal
treatment Figure 1.5.1% See Section 1.6Fatigue’ for more oncycle-dependent material betiors.

Generalized Stress-Strain Expressions. Hooke’s Law

An important special case of stress-strain responses is when the material acts entirely e{ggstically
0, g = ¢&). In this case, for uniaxial loading, the haldiooke's law o = E€ can be used, and similarly
for unidirectional sheat = Gy. For multiaxial loading Color Plate 9, the generalized Hée's law is
applicable,

5
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=ly=nR%
y Ix=ly=nR%/4 Y|

f My=Flj
(cow, viewed
from +y)

Mz=-Pl k P
(cew, viewed \ X

from -z}
0
/ F
My=-Pli

z
(cow, viewed
from -x}

(b) equivalent loading at 0
(caused by forces F and P)

(a) problem modeling

/ X T, =PQAxt=4PMA7R2 (direct shear)
0 T =MzR/Jo=2PIxR3 (torsional shear)
O1=F#R2 (axial loading by F)
\Sg:MyH/Iy:4FI/mH3 (bending by F)
\ogiMx(O)/Ix=O (point A is on the neutral axis for M)

\Z

(c) superposition of stresses at point A
FIGURE 1.5.30 lllustration of stress analysis for combined axial, shieending, and torsion loading.

each stressven in symbolic form has the proper units of force per.arka net normal force in this
case i, + 0, and the net shear stresgjst 1,.

The state of stress isfféirent at other points in the membiote that some of the stresses at a point
could have different signs, reducing the resultant stress at that location. Such is the case &Ca poin
diametrically opposite to pair in the presergxample R, 0, 0), where the axial lodlandM, generate
normal stresses of opposite sighisis stows the importance of proper modeling and setting up a problem
of combined loads before doing the numerical solution.

Pressure Vessels
Maan H. Jawad and Bela I. Sandor

Pressurevessels are made infidirent shapes and sizédsdure 1.5.3landColor Plate 1pand are used

in diverse applicationd'he applications range from air rége&r's in gasoline stations to nuclear reactors
in submarines to heaxchangers in refinerieshe required thicknesses for some commonly encountered
pressurevessel components depend on the geometry asvioll

Cylindrical Shells

The force per unit length in the hoop (tangential) directinrequired to contain aivgen pressur@
in a cylindrical shell is obtained by taking a free-body diagrddigre 1.5.32pnof the cross section.
Assuming the thicknest to be much smaller than the raglie and summing forces in theertical
direction gves

2N,L = 2RLp
or

N, = pR (1.5.52)
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(b)
FIGURE 1.5.31 Various pressureessels. (Photos courtesy Nooter Corp., St. Louis, MO.)

The corresponding hoop stresmj = pR/t
The longitudinal force per unit lengtNl,, in thecylinder due to pressure is obtained by summing

forces in the axial directiorF{gure 1.5.32)
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Steam and Power Systems

INTRODUCTION

Basic human needs can be met only through industrial growth, which depends to
a great extent on energy supply. The large increase in population during the last
few decades and the spurt in industrial growth have placed tremendous burden on
the electrical utility industry and process plants producing chemicals, fertilizers,
petrochemicals, and other essential commodities, resulting in the need for
additional capacity in the areas of power and steam generation throughout the
world. Steam is used in nearly every industry, and it is well known that steam
generators and heat recovery boilers are vital to power and process plants. It is no
wonder that with rising fuel and energy costs engineers in these fields are working
on innovative methods to generate electricity, improve energy utilization in these
plants, recover energy efficiently from various waste gas sources, and simulta-
neously minimize the impact these processes have on environmental pollution
and the emission of harmful gases to the atmosphere. This chapter briefly
addresses the status of various power generation systems and the role played
by steam generators and heat recovery equipment.

Several technologies are available for power generation such as gas turbine
based combined cycles, nuclear power, wind energy, tidal waves, and fuel cells, to
mention a few. Figure 1.1 shows the efficiency of a few types of power systems.

Copyright © 2003 Marcel Dekker, Inc.



About 40% of the world’s power is, however, generated by using boilers fired with
pulverized coal and steam turbines operating on the Rankine cycle. Large
pulverized coal fired and circulating fluidized bed supercritical pressure units
are being considered as candidates for power plant capacity addition, though
several issues such as solid particle erosion, metallurgy of pressure parts,
maintenance costs, and start-up concerns remain. It may be noted that in
Europe and Japan supercritical units are more widespread than in the United
States.

In spite of escalation in natural gas prices, gas turbine capacity has
increased by leaps and bounds during the last decade. Today’s combined cycle
plants are rated in thousands of megawatts, unlike similar plants decades ago
when 100 MW was considered a very high rating. Steam pressure and tempera-
ture ratings for heat recovery steam generators (HRSGs) in combined cycle plants
have also increased, from 1000 psig a decade or so ago to about 2400 psig.
Reheaters, which improve the Rankine cycle efficiency and are generally used in
utility boilers, are also finding a place in HRSGs. Complex multipressure,
multimodule HRSGs are being engineered and built to maximize energy
recovery.

Repowering existing steam power plants typically 30 years or older with
modern gas turbines brings new useful life in addition to offering a few
advantages such as improved efficiency and lower emissions. A few variations
of this concept are shown in Fig. 1.2. In boiler repowering, the gas turbine
exhaust is used as combustion air for the boiler. Owing to the size of such plants,
solid fuel firing may be feasible and perhaps economical. Another option is to
increase the power output of the steam turbine by not using the extraction steam
for feedwater heating, which is performed by the turbine exhaust gases in the
HRSG. The exhaust gases can also generate steam with parameters in the HRSG
similar to these of the original coal-fired boiler plant, which can be taken out of
service. Because gas turbines typically use premium fuels, the emissions of NOx,
CO,, and SOx are also reduced in these repowering projects. It may be noted that
the various HRSG options discussed above are challenging to design and build,
because numerous parameters are site-specific and cost factors vary from case to
case.

Significant advances have been made in research and development of
alternative methods of coal utilization such as fluidized bed combustion and
gasification; integrated coal gasification and combined cycle (IGCC) plants are
not research projects any longer. A few commercial plants are in operation
throughout the world. Figure 1.3 shows a typical plant layout.

Research into working fluids for power generation have also led to new
concepts and efficient power generation systems such as the Kalina cycle (Fig.
1.4), which uses a mixture of ammonia and water as the working fluid in Rankine
cycle mode. The use of organic vapor cycles in low temperature energy recovery

Copyright © 2003 Marcel Dekker, Inc.
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FIGURE 1.2 Repowering concepts to salvage aging power plants.
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FIGURE 1.3 Wabash integrated coal gasification and combined cycle plant.

applications is also widespread. Gas turbine technology is being continuously
improved to develop advanced cycles such as the intercooled aero derivative
(ICAD), humid air turbine (HAT), and Cheng cycle. We have come a long way
from the 35% efficiency level of the Rankine cycle to the 60% level in combined
cycle plants.

Heat sources in industrial processes can be at very high temperatures,
1000-2500°F, or very low, on the order of 250-500°F, and applications have been
developed to recover as much energy from these effluents as possible in order to
improve the overall energy utilization. Heat recovery steam generators form an
important part of these systems. (Note: The terms waste heat boiler, heat recovery
boiler, and heat recovery steam generator are used synonymously). Waste gas
streams sometimes heat industrial heat transfer fluids, but in nearly 90% of the
applications steam is generated, that is used for either process or power generation
via steam turbines.

Condensing heat exchangers are used in boilers and in HRSGs when
economically viable to recover a significant amount of energy from flue gases that
are often below the acid and water dew points. The condensing water removes
acid vapors present in the gas stream along with particulates if any. In certain
process plants, energy recovery and pollution control go hand in hand for
economic and environmental reasons. Though expensive, condensing economi-
zers, in addition to improving the efficiency of the plant, help conserve water, a
precious commodity in some areas. See Chapter 3 for a discussion on condensing
exchangers.

Copyright © 2003 Marcel Dekker, Inc.



Engineering
Thermodynamics

11

12

13

14

15

16

17

18

19

Michael J. Moran

The Ohio State University
_ 1.10
George Tsatsaronis

Technische Universitit Berlin

Fundamentals

Basic Concepts and Definitions » The First Law of
Thermodynamics, Energy ¢ The Second Law of
Thermodynamics, Entropy « Entropy and Entropy Generation

Control Volume Applications

Conservation of Mass ¢ Control Volume Energy Balance »
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Although various aspects of what is now known as thermodynamics have been of interest since antiquity,
formal study began only in the early 19th century through consideration of the motive power of heat:
the capacity of hot bodies to produce work. Today the scope is larger, dealing generally with energy and
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entropy, and with relationships among the properties of matter. Moreover, in the past 25 years engineering
thermodynamics has undergone a revolution, both in terms of the presentation of fundamentals and in
the manner that it isapplied. In particular, the second law of thermodynamics has emerged as an effective
tool for engineering analysis and design.

1.1 Fundamentals

Classical thermodynamics is concerned primarily with the macrostructure of matter. It addresses the
gross characteristics of large aggregations of molecules and not the behavior of individual molecules.
The microstructure of matter is studied in kinetic theory and statistical mechanics (including quantum
thermodynamics). In this chapter, the classical approach to thermodynamics is featured.

Basic Concepts and Definitions

Thermodynamics is both a branch of physics and an engineering science. The scientist is normally
interested in gaining a fundamental understanding of the physical and chemical behavior of fixed,
quiescent quantities of matter and uses the principles of thermodynamicsto relate the properties of matter.
Engineers are generally interested in studying systems and how they interact with their surroundings. To
facilitate this, engineers have extended the subject of thermodynamics to the study of systems through
which matter flows.

System

In a thermodynamic analysis, the system is the subject of the investigation. Normally the system is a
specified quantity of matter and/or aregion that can be separated from everything else by a well-defined
surface. The defining surface is known as the control surface or system boundary. The control surface
may be movable or fixed. Everything external to the system is the surroundings. A system of fixed mass
is referred to as a control mass or as a closed system. When there is flow of mass through the control
surface, the system is called a control volume, or open, system. An isolated system is a closed system
that does not interact in any way with its surroundings.

State, Property

The condition of a system at any instant of time is called its state. The state at a given instant of time
is described by the properties of the system. A property is any quantity whose numerical value depends
on the state but not the history of the system. The value of a property is determined in principle by some
type of physical operation or test.

Extensive properties depend on the size or extent of the system. Volume, mass, energy, and entropy
are examples of extensive properties. An extensive property is additive in the sense that its value for the
whole system equals the sum of the values for its parts. Intensive properties are independent of the size
or extent of the system. Pressure and temperature are examples of intensive properties.

A moleisaquantity of substance having amass numerically equal to its molecular weight. Designating
the molecular weight by M and the number of moles by n, the mass m of the substance is m = nM. One
kilogram mole, designated kmol, of oxygen is 32.0 kg and one pound mole (Ibmol) is 32.0 Ib. When
an extensive property is reported on a unit mass or a unit mole basis, it is called a specific property. An
overbar is used to distinguish an extensive property written on a per-mole basis from its value expressed
per unit mass. For example, the volume per mole is v, whereas the volume per unit massis v, and the
two specific volumes are related by v = Mv.

Process, Cycle

Two states are identical if, and only if, the properties of the two states are identical. When any property
of a system changes in value there is a change in state, and the system is said to undergo a process.
When a system in a given initia state goes through a sequence of processes and finally returns to its
initial state, it is said to have undergone a cycle.
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Phase and Pure Substance

The term phase refers to a quantity of matter that is homogeneous throughout in both chemical compo-
sition and physical structure. Homogeneity in physica structure means that the matter is all solid, or all
liquid, or all vapor (or, equivaently, al gas). A system can contain one or more phases. For example,
a system of liquid water and water vapor (steam) contains two phases. A pure substance is one that is
uniform and invariable in chemical composition. A pure substance can exist in more than one phase, but
its chemical composition must be the same in each phase. For example, if liquid water and water vapor
form a system with two phases, the system can be regarded as a pure substance because each phase has
the same composition. The nature of phases that coexist in equilibrium is addressed by the phase rule
(Section 1.3, Multicomponent Systems).

Equilibrium

Equilibrium means a condition of balance. In thermodynamics the concept includes not only a balance
of forces, but also a balance of other influences. Each kind of influence refers to a particular aspect of
thermodynamic (complete) equilibrium. Thermal equilibrium refers to an equality of temperature,
mechanical equilibrium to an equality of pressure, and phase equilibrium to an equality of chemical
potentials (Section 1.3, Multicomponent Systems). Chemical equilibrium is also established in terms of
chemical potentials (Section 1.4, Reaction Equilibrium). For complete equilibrium, the several types of
equilibrium must exist individualy.

To determine if a system is in thermodynamic equilibrium, one may think of testing it as follows:
isolate the system from its surroundings and watch for changes in its observable properties. If there are
no changes, it may be concluded that the system was in equilibrium at the moment it was isolated. The
system can be said to be at an equilibrium state. When a system is isolated, it cannot interact with its
surroundings; however, its state can change as a consequence of spontaneous events occurring internally
asitsintensive properties, such as temperature and pressure, tend toward uniform values. When all such
changes cease, the system is in equilibrium. At equilibrium. temperature and pressure are uniform
throughout. If gravity is significant, a pressure variation with height can exist, as in a vertical column
of liquid.

Temperature

A scale of temperature independent of the thermometric substanceis called athermodynamic temperature
scale. The Kelvin scale, a thermodynamic scale, can be elicited from the second law of thermodynamics
(Section 1.1, The Second Law of Thermodynamics, Entropy). The definition of temperature following
from the second law is valid over all temperature ranges and provides an essential connection between
the several empirical measures of temperature. In particular, temperatures evaluated using a constant-
volume gas thermometer are identical to those of the Kelvin scale over the range of temperatures where
gas thermometry can be used.

The empirical gas scale is based on the experimental observations that (1) at a given temperature
level al gases exhibit the same value of the product pv (pis pressure and V the specific volume on
amolar basis) if the pressure is low enough, and (2) the value of the product pv increases with the
temperature level. On this basis the gas temperature scale is defined by

1, ,

T=Rim(e)
where T is temperature and R is the universal gas constant. The absolute temperature at the triple point
of water (Section 1.3, P-v-T Relations) is fixed by international agreement to be 273.16 K on the Kelvin
temperaturescale. R isthen evaluated experimentally as R = 8.314 kJ/kmol - K (1545 ft - Ibf/Ibmol - °R).
The Celsius termperature scale (also called the centigrade scale) uses the degree Celsius (°C), which
has the same magnitude as the Kelvin. Thus, temperature differences are identical on both scales.
However, the zero point on the Celsius scaleis shifted to 273.15 K, as shown by thefollowing relationship

between the Celsius temperature and the Kelvin temperature:
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T(°C) = T(K) - 273.15 (1.1)

On the Celsius scale, the triple point of water is 0.01°C and 0 K corresponds to —273.15°C.
Two other temperature scales are commonly used in engineering in the U.S. By definition, the Rankine
scale, the unit of which isthe degree Rankine (°R), is proportional to the Kelvin temperature according to

T(°R) =1.8T(K) (1.2)

The Rankine scale is aso an absolute thermodynamic scale with an absolute zero that coincides with
the absolute zero of the Kelvin scale. In thermodynamic relationships, temperature is aways in terms
of the Kelvin or Rankine scale unless specifically stated otherwise.

A degree of the same size as that on the Rankine scale is used in the Fahrenheit scale, but the zero
point is shifted according to the relation

T(°F) = T(°R) - 459.67 (1.3)
Substituting Equations 1.1 and 1.2 into Equation 1.3 gives
T(°F) =1.8T(°C) +32 (1.9)

This equation shows that the Fahrenheit temperature of the ice point (0°C) is 32°F and of the steam
point (100°C) is 212°F. The 100 Celsius or Kelvin degrees between the ice point and steam point
corresponds to 180 Fahrenheit or Rankine degrees.

To provide a standard for temperature measurement taking into account both theoretical and practical
considerations, the International Temperature Scale of 1990 (ITS-90) is defined in such a way that the
temperature measured on it conforms with the thermodynamic temperature, the unit of which is the
Kelvin, to within the limits of accuracy of measurement obtainable in 1990. Further discussion of ITS-
90 is provided by Preston-Thomas (1990).

The First Law of Thermodynamics, Energy

Energy is a fundamental concept of thermodynamics and one of the most significant aspects of engi-
neering analysis. Energy can be stored within systems in various macroscopic forms. kinetic energy,
gravitational potential energy, and internal energy. Energy can aso be transformed from one form to
another and transferred between systems. For closed systems, energy can be transferred by work and
heat transfer. The total amount of energy is conserved in al transformations and transfers.

Work

In thermodynamics, the term work denotes a means for transferring energy. Work is an effect of one
system on another that isidentified and measured asfollows: work isdone by asystem onits surroundings
if the sole effect on everything external to the system could have been the raising of a weight. The test
of whether a work interaction has taken place is not that the elevation of a weight is actually changed,
nor that aforce actually acted through a distance, but that the sole effect could be the change in elevation
of aweight. The magnitude of the work is measured by the number of standard weights that could have
been raised. Since the raising of aweight isin effect aforce acting through a distance, the work concept
of mechanicsis preserved. This definition includes work effects such asis associated with rotating shafts,
displacement of the boundary, and the flow of electricity.

Work done by a system is considered positive: W > 0. Work done on a system is considered negative:
W < 0. The time rate of doing work, or power, is symbolized by W and adheres to the same sign
convention.
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Energy

A closed system undergoing a process that involves only work interactions with its surroundings
experiences an adiabatic process. On the basis of experimental evidence, it can be postulated that when
a closed system is altered adiabatically, the amount of work is fixed by the end states of the system and
is independent of the details of the process. This postulate, which is one way the first law of thermody-
namics can be stated, can be made regardless of the type of work interaction involved, the type of
process, or the nature of the system.

Asthework in an adiabatic process of aclosed system isfixed by the end states, an extensive property
called energy can be defined for the system such that its change between two states is the work in an
adiabatic process that has these as the end states. In engineering thermodynamics the change in the
energy of asystem is considered to be made up of three macroscopic contributions: the change in kinetic
energy, KE, associated with the motion of the system as a whole relative to an external coordinate frame,
the change in gravitational potential energy, PE, associated with the position of the system as a whole
in the Earth’'s gravitational field, and the change in internal energy, U, which accounts for all other
energy associated with the system. Like kinetic energy and gravitational potential energy, internal energy
is an extensive property.

In summary, the change in energy between two states of a closed system in terms of the work W, of
an adiabatic process between these states is

(KE, - KE)) +(PE, -PE)) +(U, -U,) = -W, (15)

where 1 and 2 denote the initial and final states, respectively, and the minus sign before the work term
is in accordance with the previously stated sign convention for work. Since any arbitrary value can be
assigned to the energy of a system at a given state 1, no particular significance can be attached to the
value of the energy at state 1 or at any other state. Only changes in the energy of a system have
significance.

The specific energy (energy per unit mass) is the sum of the specific internal energy, u, the specific
kinetic energy, v4/2, and the specific gravitational potential energy, gz, such that

2

specific energy = u +V7 +gz (1.6)

where the velocity v and the elevation z are each relative to specified datums (often the Earth’s surface)
and g is the acceleration of gravity.
A property related to internal energy u, pressure p, and specific volume v is enthal py, defined by

h=u+pv (1.7a)

or on an extensive basis
H=U+pV (1.7b)

Heat

Closed systems can aso interact with their surroundings in a way that cannot be categorized as work,
as, for example, a gas (or liquid) contained in a closed vessel undergoing a process while in contact
with a flame. This type of interaction is caled a heat interaction, and the process is referred to as
nonadiabatic.

A fundamental aspect of the energy concept is that energy is conserved. Thus, since a closed system
experiences precisely the same energy change during a nonadiabatic process as during an adiabatic
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process between the same end states, it can be concluded that the net energy transfer to the system in
each of these processes must be the same. It follows that heat interactions also involve energy transfer.
Denoting the amount of energy transferred to a closed system in heat interactions by Q, these consid-
erations can be summarized by the closed system energy balance:

(U, -u,) +(KE, -KE,) +(PE, - PE,) =Q-W (1.8)

The closed system energy balance expresses the conservation of energy principle for closed systems of
all kinds.

The quantity denoted by Q in Equation 1.8 accounts for the amount of energy transferred to a closed
system during a process by means other than work. On the basis of an experiment, it is known that such
an energy transfer is induced only as a result of a temperature difference between the system and its
surroundings and occurs only in the direction of decreasing temperature. This means of energy transfer
is called an energy transfer by heat. The following sign convention applies:

Q> 0: heat transfer to the system

Q< 0: heat transfer from the system

The time rate of heat transfer, denoted by Q, adheres to the same sign convention.

Methods based on experiment are available for evaluating energy transfer by heat. These methods
recognize two basic transfer mechanisms: conduction and thermal radiation. In addition, theoretical and
empirical relationships are available for evaluating energy transfer involving combined modes such as
convection. Further discussion of heat transfer fundamentals is provided in Chapter 3.

The quantities symbolized by W and Q account for transfers of energy. The terms work and heat
denote different means whereby energy is transferred and not what is transferred. Work and heat are not
properties, and it is improper to speak of work or heat “contained” in a system. However, to achieve
economy of expression in subsequent discussions, W and Q are often referred to simply as work and
heat transfer, respectively. This less formal approach is commonly used in engineering practice.

Power Cycles

Since energy is a property, over each cycle there is no net change in energy. Thus, Equation 1.8 reads
for any cycle

Qcycle = chcle
That is, for any cycle the net amount of energy received through heat interactions is equal to the net
energy transferred out in work interactions. A power cycle, or heat engine, is one for which a net amount
of energy istransferred out by work: W, > 0. This equalsthe net amount of energy transferred in by heat.

Power cycles are characterized both by addition of energy by heat transfer, Q,, and inevitable rejections
of energy by heat transfer, Qg:

Qcycle = QA - QR
Combining the last two eguations,
chcle = QA - QR

The thermal efficiency of a heat engine is defined as the ratio of the net work developed to the total
energy added by heat transfer:
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n
Qa Qa
The thermal efficiency is strictly less than 100%. That is, some portion of the energy Q, supplied is

invariably rejected Qg = 0.

The Second Law of Thermodynamics, Entropy

Many statements of the second law of thermodynamics have been proposed. Each of these can be called
a statement of the second law or a corollary of the second law since, if one isinvalid, al are invalid.
In every instance where a conseguence of the second law has been tested directly or indirectly by
experiment it has been verified. Accordingly, the basis of the second law, like every other physical law,
is experimental evidence.

Kelvin-Planck Statement

The Kelvin-Plank statement of the second law of thermodynamicsrefersto athermal reservoir. A thermal
reservoir is a system that remains at a constant temperature even though energy is added or removed by
heat transfer. A reservoir isan idealization, of course, but such a system can be approximated in anumber
of ways — by the Earth's atmosphere, large bodies of water (lakes, oceans), and so on. Extensive
properties of thermal reservoirs, such as internal energy, can change in interactions with other systems
even though the reservoir temperature remains constant, however.

The Kelvin-Planck statement of the second law can be given asfollows: It isimpossible for any system
to operate in a thermodynamic cycle and deliver a net amount of energy by work to its surroundings
while receiving energy by heat transfer from a single thermal reservoir. In other words, a perpetual-
motion machine of the second kind isimpossible. Expressed analytically, the Kelvin-Planck statement is

W, <0 (singlereservoir)
where the words single reservoir emphasize that the system communicates thermally only with a single
reservoir as it executes the cycle. The “less than” sign applies when internal irreversibilities are present
as the system of interest undergoes a cycle and the “equal to” sign applies only when no irreversibilities
are present.

Irreversibilities

A process is said to be reversible if it is possible for its effects to be eradicated in the sense that there
is some way by which both the system and its surroundings can be exactly restored to their respective
initial states. A processisirreversible if there is no way to undo it. That is, there is no means by which
the system and its surroundings can be exactly restored to their respective initial states. A system that
has undergone an irreversible process is not necessarily precluded from being restored to itsinitial state.
However, were the system restored to its initial state, it would not also be possible to return the
surroundings to their initial state.

There are many effects whose presence during a process renders it irreversible. These include, but
are not limited to, the following: heat transfer through a finite temperature difference; unrestrained
expansion of a gas or liquid to a lower pressure; spontaneous chemical reaction; mixing of matter at
different compositions or states; friction (sliding friction as well asfriction in the flow of fluids); electric
current flow through a resistance; magnetization or polarization with hysteresis; and inelastic deforma-
tion. The term irreversibility is used to identify effects such as these.

Irreversibilities can be divided into two classes, internal and external. Internal irreversibilities are
those that occur within the system, while externa irreversibilities are those that occur within the
surroundings, normally the immediate surroundings. As this division depends on the location of the
boundary there is some arbitrariness in the classification (by locating the boundary to take in the
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immediate surroundings, all irreversibilities are internal). Nonetheless, valuable insights can result when
this distinction between irreversibilities is made. When internal irreversibilities are absent during a
process, the process is said to be internally reversible. At every intermediate state of an internally
reversible process of aclosed system, all intensive properties are uniform throughout each phase present:
the temperature, pressure, specific volume, and other intensive properties do not vary with position. The
discussions to follow compare the actual and internally reversible process concepts for two cases of
special interest.

For a gas as the system, the work of expansion arises from the force exerted by the system to move
the boundary against the resistance offered by the surroundings:

W:J'ledx:prdx

where the force is the product of the moving area and the pressure exerted by the system there. Noting
that Adx is the change in total volume of the system,

W:fpdv

This expression for work applies to both actual and internally reversible expansion processes. However,
for aninternally reversible process p is not only the pressure at the moving boundary but also the pressure
of the entire system. Furthermore, for an internally reversible process the volume equals mv, where the
specific volume v has a single value throughout the system at a given instant. Accordingly, the work of
an internally reversible expansion (or compression) process is

2
W= mJ’ pdv (1.10)
1

When such a process of a closed system is represented by a continuous curve on a plot of pressure vs.
specific volume, the area under the curve is the magnitude of the work per unit of system mass (area
ab-c¢'’-d’ of Figure 1.3, for example).

Although improved thermodynamic performance can accompany the reduction of irreversibilities,
steps in this direction are normally constrained by a number of practical factors often related to costs.
For example, consider two bodies able to communicate thermally. With a finite temperature difference
between them, a spontaneous heat transfer would take place and, as noted previously, this would be a
source of irreversibility. The importance of the heat transfer irreversibility diminishes as the temperature
difference narrows; and as the temperature difference between the bodies vanishes, the heat transfer
approaches ideality. From the study of heat transfer it is known, however, that the transfer of a finite
amount of energy by heat between bodies whose temperatures differ only dlightly requires a considerable
amount of time, alarge heat transfer surface area, or both. To approach ideality, therefore, a heat transfer
would require an exceptionally long time and/or an exceptionaly large area, each of which has cost
implications constraining what can be achieved practically.

Carnot Corollaries

The two corollaries of the second law known as Carnot corollaries state: (1) the thermal efficiency of
an irreversible power cycle is always less than the thermal efficiency of a reversible power cycle when
each operates between the same two thermal reservoirs; (2) al reversible power cycles operating between
the same two thermal reservoirs have the same thermal efficiency. A cycleis considered reversible when
there are no irreversibilities within the system as it undergoes the cycle, and heat transfers between the
system and reservoirs occur ideally (that is, with a vanishingly small temperature difference).
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Kelvin Temperature Scale

Carnot corollary 2 suggests that the thermal efficiency of a reversible power cycle operating between
two thermal reservoirs depends only on the temperatures of the reservoirs and not on the nature of the
substance making up the system executing the cycle or the series of processes. With Equation 1.9 it can
be concluded that the ratio of the heat transfersisalso related only to the temperatures, and isindependent
of the substance and processes:

%Ew = LIJ(chTH)

cycle

where Qy, is the energy transferred to the system by heat transfer from a hot reservoir at temperature
Ty, and Q. is the energy rejected from the system to a cold reservoir at temperature T.. The words rev
cycle emphasi ze that this expression applies only to systems undergoing reversible cycles while operating
between the two reservoirs. Alternative temperature scales correspond to aternative specifications for
the function w in this relation.

The Kelvin temperature scale is based on (T, Ty) = Tc/Ty,. Then

0
SI%CEW - ;C (1.11)

cycle

This equation defines only a ratio of temperatures. The specification of the Kelvin scale is completed
by assigning a numerical value to one standard reference state. The state selected is the same used to
definethe gasscale: at the triple point of water the temperatureis specified to be 273.16 K. If areversible
cycle is operated between a reservoir at the reference-state temperature and another reservoir at an
unknown temperature T, then the latter temperature is related to the value at the reference state by

T= 273.16@3%
ev

cycle

where Q is the energy received by heat transfer from the reservoir at temperature T, and Q' is the energy
rejected to the reservoir at the reference temperature. Accordingly, a temperature scale is defined that is
valid over al ranges of temperature and that is independent of the thermometric substance.

Carnot Efficiency

For the specia case of a reversible power cycle operating between thermal reservoirs at temperatures
T, and T, on the Kelvin scale, combination of Equations 1.9 and 1.11 resultsin

c (1.12)

caled the Carnot efficiency. This is the efficiency of all reversible power cycles operating between
thermal reservoirsat T, and T.. Moreover, it is the maximum theoretical efficiency that any power cycle,
real or ideal, could have while operating between the same two reservoirs. As temperatures on the
Rankine scale differ from Kelvin temperatures only by the factor 1.8, the above equation may be applied
with either scale of temperature.
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Classification of Pumps
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Chapter 11

Turbomachinery

Motivation. The most common practical engineering application for fluid mechanics
is the design of fluid machinery. The most numerous types are machines which add
energy to the fluid (the pump family), but also important are those which extract en-
ergy (turbines). Both types are usually connected to a rotating shaft, hence the name
turbomachinery.

The purpose of this chapter is to make elementary engineering estimates of the per-
formance of fluid machines. The emphasis will be upon nearly incompressible flow,
i.e., liquids or low-velocity gases. Basic flow principles are discussed, but not the de-
tailed construction of the machine.

Turbomachines divide naturally into those which add energy (pumps) and those which
extract energy (turbines). The prefix furbo- is a Latin word meaning “spin’’ or “whirl,”
appropriate for rotating devices.

The pump is the oldest fluid-energy-transfer device known. At least two designs
date before Christ: (1) the undershot-bucket waterwheels, or norias, used in Asia and
Africa (1000 B.c.) and (2) Archimedes’ screw pump (250 B.c.), still being manufac-
tured today to handle solid-liquid mixtures. Paddlewheel turbines were used by the Ro-
mans in 70 B.c., and Babylonian windmills date back to 700 B.c. [1].

Machines which deliver liquids are simply called pumps, but if gases are involved,
three different terms are in use, depending upon the pressure rise achieved. If the pres-
sure rise is very small (a few inches of water), a gas pump is called a fan; up to 1 atm,
it is usually called a blower; and above 1 atm it is commonly termed a compressor.

There are two basic types of pumps: positive-displacement and dynamic or momentum-
change pumps. There are several billion of each type in use in the world today.
Positive-displacement pumps (PDPs) force the fluid along by volume changes. A
cavity opens, and the fluid is admitted through an inlet. The cavity then closes, and the
fluid is squeezed through an outlet. The mammalian heart is a good example, and many
mechanical designs are in wide use. The text by Warring [14] gives an excellent sum-
mary of PDPs. A brief classification of PDP designs is as follows:
711
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A. Reciprocating
1. Piston or plunger
2. Diaphragm
B. Rotary
1. Single rotor
a. Sliding vane
b. Flexible tube or lining
c. Screw
d. Peristaltic (wave contraction)
2. Multiple rotors
a. Gear
b. Lobe
c. Screw
d. Circumferential piston

All PDPs deliver a pulsating or periodic flow as the cavity volume opens, traps, and
squeezes the fluid. Their great advantage is the delivery of any fluid regardless of its
viscosity.

Figure 11.1 shows schematics of the operating principles of seven of these PDPs.
It is rare for such devices to be run backward, so to speak, as turbines or energy ex-
tractors, the steam engine (reciprocating piston) being a classic exception.

Since PDPs compress mechanically against a cavity filled with liquid, a common
feature is that they develop immense pressures if the outlet is shut down for any rea-
son. Sturdy construction is required, and complete shutoff would cause damage if pres-
sure-relief valves were not used.

Dynamic pumps simply add momentum to the fluid by means of fast-moving blades
or vanes or certain special designs. There is no closed volume: The fluid increases mo-
mentum while moving through open passages and then converts its high velocity to a
pressure increase by exiting into a diffuser section. Dynamic pumps can be classified
as follows:

A. Rotary
1. Centrifugal or radial exit flow
2. Axial flow
3. Mixed flow (between radial and axial)

B. Special designs
1. Jet pump or ejector (see Fig. P3.36)
2. Electromagnetic pumps for liquid metals
3. Fluid-actuated: gas-lift or hydraulic-ram

We shall concentrate in this chapter on the rotary designs, sometimes called rotody-
namic pumps. Other designs of both PDP and dynamic pumps are discussed in spe-
cialized texts [for example, 11, 14, 31].

Dynamic pumps generally provide a higher flow rate than PDPs and a much stead-
ier discharge but are ineffective in handling high-viscosity liquids. Dynamic pumps
also generally need priming; i.e., if they are filled with gas, they cannot suck up a lig-
uid from below into their inlet. The PDP, on the other hand, is self-priming for most
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Fig. 11.1 Schematic design of posi-
tive-displacement pumps: (a) recip-
rocating piston or plunger, (b) ex-
ternal gear pump, (c) double-screw
pump, (d) sliding vane, (e) three-
lobe pump, (f) double circumfer-
ential piston, (g) flexible-tube
squeegee.
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applications. A dynamic pump can provide very high flow rates (up to 300,000 gal/min)
but usually with moderate pressure rises (a few atmospheres). In contrast, a PDP can
operate up to very high pressures (300 atm) but typically produces low flow rates (100

gal/min).

The relative performance (Ap versus Q) is quite different for the two types of pump,
as shown in Fig. 11.2. At constant shaft rotation speed, the PDP produces nearly con-
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Fig. 11.2 Comparison of perfor-
mance curves of typical dynamic
and positive-displacement pumps at
constant speed.

11.2 The Centrifugal Pump

Fig. 11.3 Cutaway schematic of a
typical centrifugal pump.
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stant flow rate and virtually unlimited pressure rise, with little effect of viscosity. The
flow rate of a PDP cannot be varied except by changing the displacement or the speed.
The reliable constant-speed discharge from PDPs has led to their wide use in meter-
ing flows [35].

The dynamic pump, by contrast in Fig. 11.2, provides a continuous constant-speed
variation of performance, from near-maximum Ap at zero flow (shutoff conditions) to
zero Ap at maximum flow rate. High-viscosity fluids sharply degrade the performance
of a dynamic pump.

As usual—and for the last time in this text—we remind the reader that this is merely
an introductory chapter. Many books are devoted solely to turbomachines: generalized
treatments [2 to 7], texts specializing in pumps [8 to 16], fans [17 to 20], compressors
[21 to 23], turbines [24 to 28], and PDPs [35 to 38]. There are several useful handbooks
[29 to 32], and at least two elementary textbooks [33, 34] have a comprehensive dis-
cussion of turbomachines. The reader is referred to these sources for further details.

Let us begin our brief look at rotodynamic machines by examining the characteristics
of the centrifugal pump. As sketched in Fig. 11.3, this pump consists of an impeller
rotating within a casing. Fluid enters axially through the eye of the casing, is caught

Casi
— — l/(? asing
O— <
U Impeller
l Expanding
area scroll
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up in the impeller blades, and is whirled tangentially and radially outward until it leaves
through all circumferential parts of the impeller into the diffuser part of the casing. The
fluid gains both velocity and pressure while passing through the impeller. The dough-
nut-shaped diffuser, or scroll, section of the casing decelerates the flow and further in-
creases the pressure.

The impeller blades are usually backward-curved, as in Fig. 11.3, but there are also
radial and forward-curved blade designs, which slightly change the output pressure.
The blades may be open, i.e., separated from the front casing only by a narrow clear-
ance, or closed, i.e., shrouded from the casing on both sides by an impeller wall. The
diffuser may be vaneless, as in Fig. 11.3, or fitted with fixed vanes to help guide the
flow toward the exit.

Assuming steady flow, the pump basically increases the Bernoulli head of the flow be-
tween point 1, the eye, and point 2, the exit. From Eq. (3.67), neglecting viscous work
and heat transfer, this change is denoted by H:
2 2
H=<i+L+z>—(i+L+z)=hs—hf (1.1
pg 2g 5 P8 2g 1

where A, is the pump head supplied and /, the losses. The net head H is a primary out-
put parameter for any turbomachine. Since Eq. (11.1) is for incompressible flow, it
must be modified for gas compressors with large density changes.

Usually V, and V; are about the same, z, — z; is no more than a meter or so, and
the net pump head is essentially equal to the change in pressure head

~p A
p~P2_P_ P (11.2)

P8 pg

The power delivered to the fluid simply equals the specific weight times the discharge
times the net head change

P,, = pgOH (11.3)

This is traditionally called the water horsepower. The power required to drive the pump
is the brake horsepower'

bhp = T (11.4)

where w is the shaft angular velocity and 7 the shaft torque. If there were no losses,
P,, and brake horsepower would be equal, but of course P,, is actually less, and the ef-
ficiency m of the pump is defined as

_Pv _ pgOH
bhp oT

n (11.5)

The chief aim of the pump designer is to make m as high as possible over as broad a
range of discharge Q as possible.

! Conversion factors may be needed: 1 hp = 550 ft - Ibf/s = 746 W.
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The efficiency is basically composed of three parts: volumetric, hydraulic, and me-
chanical. The volumetric efficiency is
N
0+0r

where Q; is the loss of fluid due to leakage in the impeller-casing clearances. The hy-
draulic efficiency is

Mo (11.6)

hy
n,=1- h_y )]
where Ay has three parts: (1) shock loss at the eye due to imperfect match between in-
let flow and the blade entrances, (2) friction losses in the blade passages, and (3) cir-
culation loss due to imperfect match at the exit side of the blades.
Finally, the mechanical efficiency is
—1-L (11.8)
N bhp .
where P, is the power loss due to mechanical friction in the bearings, packing glands,
and other contact points in the machine.
By definition, the total efficiency is simply the product of its three parts

N = M Mm (11.9)

The designer has to work in all three areas to improve the pump.

You may have thought that Egs. (11.1) to (11.9) were formulas from pump theory. Not so;
they are merely definitions of performance parameters and cannot be used in any predic-
tive mode. To actually predict the head, power, efficiency, and flow rate of a pump, two
theoretical approaches are possible: (1) simple one-dimensional-flow formulas and (2) com-
plex digital-computer models which account for viscosity and three-dimensionality. Many
of the best design improvements still come from testing and experience, and pump research
remains a very active field [39]. The last 10 years have seen considerable advances in com-
putational fluid-dynamics (CFD) modeling of flow in turbomachines [42], and at least eight
commercial turbulent-flow three-dimensional CFD codes are now available.

To construct an elementary theory of pump performance, we assume one-dimen-
sional flow and combine idealized fluid-velocity vectors through the impeller with the
angular-momentum theorem for a control volume, Eq. (3.55).

The idealized velocity diagrams are shown in Fig. 11.4. The fluid is assumed to en-
ter the impeller at » = r; with velocity component w; tangent to the blade angle 3;
plus circumferential speed u; = wr; matching the tip speed of the impeller. Its absolute
entrance velocity is thus the vector sum of wy and u;, shown as V;. Similarly, the flow
exits at r = r, with component w, parallel to the blade angle 3, plus tip speed u, =
wr,, with resultant velocity V.

We applied the angular-momentum theorem to a turbomachine in Example 3.14
(Fig. 3.13) and arrived at a result for the applied torque T

T = pQ@r:Viy = riVi) (11.10)
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11.3 Pump Performance
Curves and Similarity Rules

Fig. 11.6 Typical centrifugal pump
performance curves at constant im-
peller-rotation speed. The units are
arbitrary.

L <

The measured shutoff head of centrifugal pumps is only about 60 percent of the the-
oretical value Hy = w’r3 /g. With the advent of the laser-doppler anemometer, re-
searchers can now make detailed three-dimensional flow measurements inside pumps
and can even animate the data into a movie [40].

The positive-slope condition in Fig. 11.5 can be unstable and can cause pump surge,
an oscillatory condition where the pump “hunts” for the proper operating point. Surge
may cause only rough operation in a liquid pump, but it can be a major problem in gas-
compressor operation. For this reason a backward-curved or radial blade design is gen-
erally preferred. A survey of the problem of pump stability is given by Greitzer [41].

Since the theory of the previous section is rather qualitative, the only solid indicator
of a pump’s performance lies in extensive testing. For the moment let us discuss the
centrifugal pump in particular. The general principles and the presentation of data are
exactly the same for mixed-flow and axial-flow pumps and compressors.

Performance charts are almost always plotted for constant shaft-rotation speed n
(in r/min usually). The basic independent variable is taken to be discharge Q (in
gal/min usually for liquids and ft*/min for gases). The dependent variables, or “out-
put,” are taken to be head H (pressure rise Ap for gases), brake horsepower (bhp),
and efficiency 7.

Figure 11.6 shows typical performance curves for a centrifugal pump. The head is
approximately constant at low discharge and then drops to zero at Q = Q.x- At this
speed and impeller size, the pump cannot deliver any more fluid than Q... The pos-
itive-slope part of the head is shown dashed; as mentioned earlier, this region can be
unstable and can cause hunting for the operating point.

Positive slope may be

unstable for certain

system loss curves Best efficiency point
(BEP) or design point

Effect of cavitation
or gas entrainment
on liquid heads

Horsepower

Efficiency

0
0 Q* Qmax

Flow rate Q
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FRISU Packing Type Water Chillers

Paket Tipi Soguk Su Ureticisi

PRENSIP SEMASI / PIRINCIPAL DRAWING
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OMPRESOR SUNVANAS (5 COMPRESSOR L& WATER VALVE
EVAPORATOR LR PISLIK TUTUGL *& EVAPORATOR L5 DIRT HOLDER
SUTANK LR POMPA L & WATER TANK PUMP
KONDENSER AL CEK VALF L= CONDENSER LB CHECK VALVE

- = AXIAL FAN-MOTOR WATER SUPPLY

L& RESIVER LB FLOAT VALVE

LS LIQUID LINE CUT-OFF VALVE ¥ B WATER DISCHARGE

L5 DRYER FILTER "4 5 LOW-HIGH PRESSURE PRESOSTAT
L& SIGHT GLASS 8 HiGH PRESSURE PRESOSTAT
L= SOLENOID VALVE THERMOMETER
LU EXPANSION VALVE ' & FREEZING THERMOSTAT

AKSIYAL FAN - MOTOR LB SU BESLEME

SAMANDIRA

PO SU BOSALTMA

P &1 CAK-YUKSEK BASING PRESOSTAD!
o VUKSEK BASING PRESOSTAD)

FE TERMOMETRE

FZ B DONMA TERMOSTAD!

RESIVER

LIKIT VANAS
KURUTUGU FILTRE
GOZETLEME CAM
SOLENCID VALF
EXPANSION VALF

ABSORBER ISLETME TERMOSTAD /& ABSORBER '« &) OPERATING THERMOSTAT
SEVIYE GOSTERGESI (Dijital programianabilir) |5 LEVEL INDICATOR (Digital programmable)

“Daidirma” fip sofuivcuiu / “Tmmarsed™ fype of chiller *Sheil and tube™ tip sogutucuiu “Shell and fube” tvps of chiller



iSI GERI KAZANIM UNI ITELERI
HEAT RECOV RECOVERY UNITS

AHRY: ALDAG Is ,-' kazanim Dniteleri 1aze hava gergksinimi duyulan mahalleroe ener) ‘a%!'u U safjlamak an le Gratilen cihaziar olup, 500 m*/h
_?‘I_l u',r ha febisi arah{inda -_1'35 mektedir. 1sitma - Sogutma - Klima yapilan ve taze hava gérexsinimi cuyuian ig m 4
vh. yerlerde kullamiirlar. Asma tavan arasing xonulabhecex yuksex kiz. kplaviikia monia) ve bakim yapilabilecek sexiige dizayn sonmigie! .
Sassiz calisan direkt akuple motora sahip radyal fanlan, yuksek verimii recuperatdrl, maximum ses yulumu ve IS1 ZoIasyonu yapiimg f.:m‘. sizdirmaz
hiki *?S.‘ e'hi}{""r&(f bir cihazdir. lsitma ve Sogutma yapilan m: ahallerde hava kalitesinin iyilestirilimesi amac ile temiz ve 1aze havaya '“t“.'dg‘-. %I.'TI I.
Genellikle egzost edilen hava yerine direk! dig ortamdan taze hava alinir ve ortam havasinm sicakhiini sabit WiADIMeK Igin C—rr\aqm digandan -3 °C'de
alnan havanin +24 + +26 °C've vilkseltiimesi) ek sitma yapimas: gerskir _
AHRY: Gniteleri icinde bulunan 151 gén kazamim recuperatdrl digan ablan hava ile, igar ainan havanin birbirine temas: saflanmadan zit hava aom lie
havadan havayd 151 transfer ,',-1:3-.'4,.'&; digandan igen alman havanin sicakigim ortam hava sicakhfina yaklaghnr. Gerekenden daha az kapasitede yartime
bir ist veva sofuk kaynagj ile istenilen ortam sicakifi saglanmig odur %70 verimlilikteki 181 recuperatori lie %30 ener)i tasarruty gercekiegls
AHRV: ALDAG Heat recovery units is produced for saving energy of buiidings farge affices, residence, haspiials elc. where laige amount of fresh
air required. Product range between 500 m?/h - 2000 m°/h air volume. It Is easy to mounting suspended ceiling and giving service with its
specially designed. Compact unit with radyal fans runing sifencely, high performance fieat recavery, feal and accustic insulaling complelely
leaknass box.
For improving air guaality of heated and cooled places fresh and clean air are required. Generally instead of exhansted air fresth air taking
directly and fo abtain fixes temperature (for example; if -3°C supply air must be rised +24 -26°C) it is necessaty to additional heating.
AHAV units crossflow plate heat exchanger make heat transfer air to air to approximate supply air temperature fo exhausted air famperaiure
withcomplete seperation of supply and exhaust air flows. With using less heating or coaling capacity units opHimim temperatures can be opiained.
% 30 energy saving achivable with % 70 efficiency heat exchanger.

TEKNIK GZELLIKLER / TECHNICAL SPECIFICATIONS

750 1000 1500 2000
2x147 2 x 300 2 x 550 2 x 550
Cihaz Digs Basing s
External Pressure (Pa) 100 150 200 180
43 45 47 48
850 1000 1300 1300
760 860 970 970
360 400 400 400
44 55 68 70
Elektrikli Isitma Serpantini
Elgctrical Heating Coil (Kw) 5 7 10
e~ ||| o N
o Taze hava gi's/ Fresh air gatry S,
| Kig r- 3°C 3 - ekl akuple radyal 1
W——--—l\\ I w.-.b;a:ﬁ.mr-_'s'}_--; 4 - Filtye (Yikanabilir
. = I f - Heal and accastic insulating
(&% / 2 - Recupetator
- r 11°C-12°C o2, 3% ' s 3 - Rathal fan
iWJff'Jna : r @é‘é\. 5 / ™ : D ot - 4 - Cleanable filter
gl N e Zfﬁf:!, it Rt
Yaz/ Summer 28°C- 297 B B N I, . 9

09 mm. Sdona baflanacak/ Sifopa baglanacak Mm! accossaries : Electrical bnfmg mmrv coniral switch
Her hakki mahfuzdur. Kapasite ve dlcliler haber verilmeksizin degistirilebilir. / The datas in thls broehures are not binding.

With a view to continuous product improvement, ALOAG reserves the right lo make changes mthout prior notice.
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ESG-ESG/V

HORIZONTAL AND VERTICAL STEAM OR PRESSURIZED WATER GENERATORS

YATAY VE DIKEY BUHAR VEYA BASINCL SU JENERATORLERI

horizontal and vertical steam or
pressurized water generators

Quer 3000 uris inslled in avary Fold o
%*g:ﬁmt‘m“:ﬁ%%% Ko o o o o
o b oAy peoden el sl pesdy Wiy b .

based on the La Maont principle, uccording to which water, forced by one or
several pumps, circulates through pipes forming the heated surfoce.

is surface is devided info thres sectons. The first one the econcmizer
which tokes care of the water preheating until it reaches the evaporstion
temperature ﬂnmﬂwns#mmﬁmwhmham is transtormed into
staom. The third is the steam dryer, which dryes the water drops still flooting. The
reverse current heat exchange betwesn woter, steom and products of
combustion, the deriving hcat motions, the velocity of the Huids kep! os
constant as possible with the variation of the opening sechons, fo cbicin o
particuiary efficient thermic transter. The size of the furnace s desi on the
average of all commercial burner. This grants both an exiremely hi J&zxy
{same or more than $0%) without preheaters or economizers, und life 10
the generators, even under the toughest working conditions. The utilization of
mmmﬁmdmbuﬂbnr&mm ants a qm and cheaper service o the
customer . gnywhare in the wm‘g ESG e ESG/V are stéam genergtors
designed for modarn industry, ke produce steam with the i performance
and the cheapes! operating costs. ESG e ESG/V generalors are delivered

abter the fire 1 by
the manufacturer. Two sieps burner ESG
{ ond progressive  modulated '

regulation buréwfs ;6&1 outomatic
! W Yory) om up o 100 %

mn"fe |n51& The generators con
ba supplied with inspaction by
RINA., Lloyd Register, A PA VE
TUY., ALB VINCOTTE, DET
NORSKE VERITAS, SV DB
| STOOMWEZEN, ISCR.

|

'

ﬁatoy ve dikey buhar veya

asingh su jeneratorleri

Comasrhonelerden biyik kimyasal Grin, hbbi Griin, tekstil ve mokine fobrik

kodar wanNCryinin her -:a‘lanrm_lu kuruly 3000 odet ieneros
okillico cozmistir. Modelin 120 kg/n'ten BOOO &

crohinda, iMryociniza en uygun okanini bulabilir veya
cohismasiyla deho yiksek bir gu
bir veyo dof
boruiann ic
ZOrianmey sy
Yizey 3 porgoya oynir. ik par¢o 5
0N isitmasin SoGIcyon exonomizorny olushurus
bubarlastincidir. Uguncisu holen ok

TSyOniu Dunhor K

kunstucusudur. Su, buhar ve yonmo sonucu oluson moddeler araundok; §
s ronslen,| orioyo Cikon Wirbdions horekefler: . ve boglut umiannaom «

mumkin oldu@unca sobit futulan v hizy Gz g ve
Yanma odos utlon piyosodoki tum brilarlerin ortalame
olarok dizoyn edimishr. Bu en zor calismo
ekonomizorier oimadan ¢ok yursek venm
jenerciorin omrunt de uzohr. Gelenetsel yo
her yerindek: muskeriye hizh ve aym zomaondo
ESG ve ESG/V modern sanay: i5in en yuks
masraflanyla buhar Gretmek tosarlonmis buha

-~ o Ta 3
s FAV, T\

Type/Tip ESG-ESG/V __
120 200 300

Mh 1450 1450
A

40 50 120

400

60
500 600

80 100
o0 100

72000 120000 180000 240000 300000 360000 480000 S0DO0D 7
1.450

1.450
1.600
1.550

1.450
1.600
1.550

1450 1.4

erensan

"The Heating Engineer”
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High Pressure Steam Boiler Yiiksek Basincli Buhar Kazani

“Three pass, fire-tube type” “Uc Gegisli, Alev - Duman Borulu”
Dulgn Standards: Computer Aided Design in compliance with latest CE Tasarnsm Standartien : CE tasngh kapler drekaifing. Avrupa normianna (EN
ressure equipment divectives and EN uygun bilgsavar Oesteld dzayn

l-l'D' WIW lﬂd M Volumn Ready for peak steam draws - suitable Biiylik Su ve Buhar Hacmi  Adr calgma sartian v an Duhar omgionns Ly
ands Yiiksek lsitma Yuzeyl afo woro buna
Wet - Back Tasanm ' = transler yvizoynden maxemum fayda sadiy
o Diigilik Kargi Basing ' Dsha rahat vanma, debe gz Broior cosxtrs sarfiyat
Ef DOWEr CONSUMpPDOr Aynaya Kaynakli Borular - Errosyeth cabema i kolay Doy dedagn
nd easy lube Minimum Refrakterh Dizayn gk s alaot csik senis mayet

amant kiliranda caha iyt 5 transten
m\ *I‘lh Ilmrnum Mm w thenmal inertia. reduced service cost Optimum Yanma Odasi Boyutian DUk kidhan el yvilderesi,

Radvasyon ks Transfer Yizeyvien nin dehe venmi kolanems
Dpnmum Combumon Chlmb-r Suu Weill - distributed thermal loading Yarrma Odas iginde tam yanma

2 of t Rackabon He inster Surtaces DO,‘*NOX
Full combstion with low NOx U Gekisll : Déned tip ve basingh Briiorle galsabime ik
Thf“ P“. T"II".I DI'-.I@‘“ tabie 10 operate with Rolary - cup Type or Yiksek Verim : Ekoncmizdrsiz % 90" a varan veni, yakottan tasamyt
Genis Kapasite Araln  * 1ont - 25 tonh
Hpqh Efﬁcbncy % efficiency on LHV. without economizer  Savings or
Uretim
WldtCap'crtyHrlgo: TON - SNV e Enciistrivel proses buhan ve s enerisi etiminge 40 yllk b deneviime sahiy
ckan Erensan, Istanbul’daxd tesisienncio, moderr teknong ke Uretim vapmaktac
Plants
: an anufactured in two modern plants buld over a total area Opsiyoniar:
3 € loc n Istanbul and in Yozgat Istanbul plant and Bonomizty {su veya hava), Kizdno
f * 11 | Alrport and at the very heart of
xf te ng from the airport. Erensar
2] 2 y 2 stanbul beng one of e i
= Sy ~ a N Can easty be arrangeda (0 every
i T e
n T
Options:

HPS BOILER DIMENSIONS
HPS KAZAN OLCULERI

Steam Duiput Buhar Kapasites: gh 1ED 150 200 250 A0 400 5000 7O A4S0 0000 12000 15000 oW 2000 X000 200
Heat Quivet /5t Kapasiies! W 1 138 188 ime T Axs Ard LM AW 41 W 087 s 38 15,980
rmmwwdi PR 40 ADE AW M TES NMS 1230 WIS AN T 23w B s 0505 3.0
rh*mmm; 1D 4w S B2 7.100 824 00 e 150 WS oS 2Es x50 30 ¥ 855 3335
Steam Folume /Bubar Hacmi 1 S 06 e 13 15w 1m0 2680 3sW 1w 4 S.086 50 s - £ s
L L 0 e 450 4m0 S0 3290 S &% & 4NS 1z F 500 LV LRy 7.0 4600
11 280 LM 2@ AW AW A0 A I 440 4 4w 5308 5,040 L% ] A5 (R ¥
] L F- "IN [P ENRE ] 2080 2% 230 24m 25m 280 2975 140 1I% %0 1580 400 4375
B mm iSH 150 1800 16 UM 1EM 200 280 230 230 240 1w 1 20 35 1500
B2 o 140 200 21w 2715 Px ) 24Ty 18 5 100 A 13480 33 1586 i 429 450
B3 ™ ] 70 20 =0 F-1 Fa ] m m = ns m ki) £4 o5 0 50
H o 2% 1S NS b1} 180 8 s 25 1% 1w 1dm 15 AT 50 45% 4
Ht ms LW 18W 1S 1B 2 % W 40 285 28 17 .50 90 ¥/ :

D e £ w 0 0 © £ Ly o = = B0 E =0 '/ 100 2
Alr Wes! Nozrie 'Havelandirma Nozuly L] X a F.] -] [} ] -] F-] ] 5 -] 2 r 2 2
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KA KANAL TiPi FANLAR / IN - LINE FANS

AKA Kanal fanlari: ekanomik havalandirma aplikasyonlari igin ideal olarak tasarlanmistr.
Kolayca kanala baglanabilir; aspirasyon, vantilasyon igin kufianiiriar. Kabul edilebilir hava tuziarina gore segilen

cihazlar sessiz calisarak gevreyi rahatsiz eimezler.

The “AKA" unit represents a modern and economic solution for the use of centrifugal fans on ducted
applications. They are supplied with duct section calculated to give normally accepted air velocities.

L DATA

T g— rpe———y—~ S Debisi Total | Voltaj | GOg  Kutup Sayssi| Amper Ses Seviyesi
< [ I ey > Tip TYPA Air Flow = Basing |W;mmwmwnmpmsmmvﬂ
- - . |Pressure. V
_ mdh Pa | 50Hz Watt  n { | dB {Ai_l
4 & 500 280 80
AKA § 230 147 . 1.2
" 0 | o | { | _ G
- 1000 260 £6
A W AKA 10 220/240| 300 4 24
' 1300 200
2000 300 &5
] AKA 20 230 | 550 4 4.3
EI[:@::,___J:] 2200 190 67
AT AN rpa— ! ' ! ' ! 1 :
‘5‘.&{} =4 D &
SR E AKA 25 220/240| 550 : 5.4
2600 550 68
1500 300 &3
A X AKA26 | " |220240| 515 6 43
| eso0 160 _ BE
4000 300
AKA 40 220/380; 1300 5531
5000 180 73

[ ik | 40
TP/ TYPE| A B c D E | ﬁ@m 350
- | 1 . Kg 300
AKA & | 400 | 300 | 50D | 450 | 350 18 250
AKA 10 | 500 | 350 | 600 | 550 | 400 | 25 200
| AKA 20 | 800 | 350 | TOD | 850 | 400 28 150
| AKA25 | 800 | 350 | 700 | 650 | 400 37 100
AKA 26 | 600 | 350 | 700 | €50 | 400 | a7 50
KA 700 | 450 | BOD | 750 | 500 | —1_J
A 40 =] 50 BOD 50 500 48 mrh S00 1000 1500 2 L 1 H00 450 By
makks maluzdur. Kapasite ve alglier haber veniy yin dedishitleie | The data in this broghures are not binding.

With a view 1o soptinupus pmw unprayement, Al m reseryes e right lo wmake changes withou! prigr rolice
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SELNIKEL, yeniden tevsi ve modern makinaiaria takviye ve techiz
olunan fabrikasinda, Diinya capinda séhrete ve 100 yili askin bir
gecmise sahip BABCOCK-BSH (Bittner-Schilde-Haas) firmasmmdan
sagladigh teknik yardimia, en ileri teknolgjinin ve modern teknigin
imkanlarindan faydalanarak, 30 yildan beri imalédt programma dabhil
bulunan Endiistri Vantilatdrd imalatim daha da gelistirmis ve
miikemmellestirmistir.

Bugiin Firmamiz, uluslararas: norm ve standartlara uygun imélat ile,
Cimento, Cam, Demir Celik, Boya, Kimya, A§ac, llac, Kagit, Tiitin,
Tekstil gibi genellikle butiin endustri tesislerinin ihtiyac ve taleplerine
cevap verecek bir seviye ve kapasiteye srismistir,

With the technical cooperation of the worldfamous century old Firm of "BABCOCK-BSH"
(Battner-Schilde, Haas) and by utilizing the means and facilities that the most advanced
technology and modam technigues can offer, SELNIKEL, at its new factory supplementad
by the latest machinery, has even further developed and perfected the manufacturing
of industrisl fans, which have been a part of SELNIKEL s production programme for the
past 30 years.

Today our Company, manufacturing according to international standards and norms, has
attained a widerange leval and capacity which enables it to meet the needs and demands
of almost sl types of industrial plants. such as those engaged in the production of Cement,
Glass, Steel, Paint, Chemicsls, Wood, Pharmaceuticals, Paper, Tobscco, Textiles etc.

Icerisinde serbest halde kury toz bulunan gaz
veya normal hava vantilatorieri

Tozlu alaskanlar ve kiicitk materyal parcalarinin
sevki icin uygun fan tipleri

Kanatlara yapismaya misait toz veya materyal
sevki icin uygun fan tipleri

Baca gaz aspiratorieri

% 87 De{jerine ulasan yiiksek verim
Exproof vantilatérier

Malzeme:

Karbon celigi,

Isiya mukavim celik,

Asinmaya dayamki ceflik,
Paslanmaz celik,

Zirhlanmis celik.

Fans for clean air and for gases containing free
dry dust

Fans for dusty fluids and for transport of small
material pieces

Fans for of dust or materials which
adhere to the

Flue gas exhaust fans
High efficiency up to 87%
Exproof fans

Structural steel,

Heat resistant steel,
Woear resistant stes,
Stainless stesl,

Armored steel




Kat Klimasi (Heat Pump) AKK HOME TYPE CHILLER WITH PUMP STATION
KLIMASL n orma mt arin, villalann, yazilk evierin, burolarin, banka hollerinin, restaurantianin vb. verierin sogutulmas) ve isihimasin
irkac i nite (Fancoill ve bir dis Gnitedan olugmakiadi
Split kKlima ¢ I‘i..m Inin : itifi olan cihaziar soguima veya 1sitma iglemini su tle vapmaktadir. Boyl 1 bakir R22 gaz
horutarintn gegmes amemmigtic, Gitazlarda Heat Pumps sistemi ile isitma yapiiarak enerji tasarrutu f.m‘. itrmralt tplerin
montajinga meveut kat kalonten veya dafjalgazli kombi kazanlar ile kombinasyan yvapmak mimkon olmakia ve 1stma - sogutma ihiivac
karsilanabiimekiedit

ALDAG Kat Klimas) montaj, balom ve igletme kolayhig) nedenivle tercit edilen sihaziardir. Klimatizasyon suyu dis
getiriimekte (Yazin 6 - ": C. Kigin 4 ‘C1. mahal igindeki Fancoil Unit lare alisilageimis boru tesisati ile (Siyah vaya g
mavi veya yesil boru vs ) sartlandirimig su tetiimektedir.

Dis unite hinalarin I,A m" ye terasina konulabildigi gibt. binanin alt kismina bahge, park vb. yeriere de konulabimektedi

KAT
saflayan cihazlardir, Bir v

isienilen sarflara
alvaniz disli boru,

Home type chiller is used in flats, villas, holiday resoris, offices, banks, restaurants, etc. for cooling or heating purposes. It consists
of one or more fan coils and an external unit. Designed as an alternative to split air-conditioners, these air-conditioners uses water for
the cooling or heating process so that it is not necessary to insiall copper R22 pas pipe inside the space io be conditioned. Air-
conditioners designed for cooling only can be combined with an existing individual combi heating system or natural gas central heating
system, so that both cooling and heating functions can be provided.

ALDAG independent air-conditioners are preferred because they are easy to maintain and oparate.

Conditioning water is delivered to the external unit at any temparature (generally 6-10°C in the summer, 45-55°C in the winter). and is
fed to the fancoils inside the space by means of a conventional piping system (black or galvanized steel pipe, blue or green PVC pipe,
efc.). The external unit can be mounted to a balcony, ferrace, garden, park. efc.

TEKNIK OZELLIKLER | TECHNICAL SPECIFICATIONS
mprestrl, plaka

S UNITE : Sofjutma ko 3t esanior, sessiz galigan fantan ve kondenser bataryas! ile su s
ve bir sac kabin igine yerlestirimigtic. Oriam dising, balkon, dig duvar, teras vb. yerlere monte editirier.

EXTERNAL : It consists of a cooling compressor, a plate exchanger. silent fans, a condenser coil, and a water circulation pumg,
wmch are m‘aced in a cabin made of steelplate. It is mounted to a balcony, external wall, terrace, efc.
. Sessiz cabsan fanlan ve dekoratif kabini ile ig ortama yerlastirilirler, Bir termostat ile kumanda adilen ynite artamin isteniler

sipakhikta kaimasim sagiar
NIT : It consists of silent fans and a decorative cabin, installed within the space to be conditioned.
A msrmasta! controls the unif to keep the space at the preset femparature.

¢ Lmite ite dis unite arasinda normal kale rh tesisatinda kullanian dikish gelik ve galvaniz borular kullaniir. Monte
edilacek yerde mistakil bir kaiorifer tesisati var ise ondan da vararianilabiimeksedir,

; sgam steel and galvanized pipes are used for connecting the internal unit to the external unit, as in conventional central
heating systems. If an independent heating system is available in the space to be conditioned, this unit can be connected to that system.

TiP / TYPE - AKK-7 | AKK-10 | AKK-12 | AKK-16 |

Sagutma Kapasitesi / Caoling Capac Capam‘y {Kcai fh-Kwj 7500/8.72 [ 100G0/11.63 { 12060/13.5 ! 16000/186.6
___Isitma Kapasitesi / Heating Capacity (Kcal / h - Kw) 8450/9.82 1 11300/13.14 | 13550/15.75 | 18050:20.98
; Kompresdr / Compressor Herrnetic (Ad.) 1 l 1 : 1 | 1
Hava Debisi / Air Flow Rate (m3fh Kw) 7000 ‘ 7000 8000 | 11000
‘Su Debisi / Water Flow Ra Rat& (Lt / h) 1875 | 2500 ) 3000 4000
Basm; Diisiimii / Pressure Drop (Su Tarafi / Water Side) (mSS) 2.5 2.7 28 2.9
Toplam Giig / Total Power (qu)_mu_ / 3 Faz /50 Hz 4 | 5 | 5.8 ‘ 7.9
Uzunluk / Length (mm) 900 ' 1100 ' 1106 1160
Derinlik / Depth (mm) 500 t 500 { 500 500
 Yiikseklik/ Height (nm) 1050 J 1050 | 1050 | 105¢
Agirik / Weight (Kg) _ 110 | 126 | 145 165
Giris Gikis Baglantilan / Input-Output Connections 1 i 1 | 1 1

ko mahfuzdur. Kapasile va digiiler haber veriimeksion dejistiriebile. /| The data in this brochares are nol binding
bmh a view fo continyous product .-mpmumanr ALDAG reserves the right fo make changes withog! print notice
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ALDAG AE sensi tan coll cihazlan B Olglide, 6 dedisik ozellikte
mpnte edilebllecak sekide imal edilmektedider

- Doseme tipi, kasetll veya ayakli, onden ve alttan emis haval,
« Tavan tipi kabinli, arkadan ve onden emisil, tavana monte edilebdir,
- Kabinsiz gizll doseme ve tavan fipi

istede bagh olarak standart fan caoil cihazlan asagidaki sekilde
siparig verilabilir

* Tek siral llave 1sitma bataryall 4 borulu sistems uygun

+ 3 yallu vanah ve ¢ok fonksiyoniu termostatli

« Manue! veya motorly taze hava damperi

* Plenum hiicresi 90

« Gizli tiplerde bayal dekoratif panelli

IC UNITE

0.8 - 1 mm galvanizl sacdan konstriksiyona sahiptir

Butdn i¢ Uniteter duvara ve tavana monte edilebilecek sekilde
monta) deliklen agiimis olarak imal ediimigierdi

Sadece 1sitmaya calisan fan coiller harig tum fan coilierde ana
yogusma tavasi bilunur ve damlamayi onlemek icin 3 mm. thermal
izolasyon uygulanmigtir,

Su girig cikis borulan Ozering baglanan elamaniardan gelen
yodusma, ifave damiama tavast konularak dndenmigtir

lg govde. ses ve ttregimin onlenmasi igin dzel takviyeli blkim ve
pros isailigi ile sekillendirimistir.

BATARYA

Standarl Sleulerde aluminyum kanatlar bakir boru Uzerine mekanik
genlesme metody e fikse edimistir. Boylece en yiksek 151 venm
saglanir. Sy ging - cilug baglantilan pring digl 1/27 ve 3/4™ tir. Ve
ongen bakildiginda sgl veya sag baglanth imal edilsbilir.

FAN

Dinamik ve statik balans: alinmig kendinden motorlu ¢ift emisli
santrifil) fan kullanimakiadie. Tiplere gore; 4 veya 5 hizh, 1.2 veya
3 adet fan baglanmighr. Standart olarak 3 hiz segilir,

Avrupa standartlan ve dzelliklerinde olan fan: son derece sessiz

calisir

KABIN

Modern, dekoratif bir gorinime sahiptir.

Standart beyaz [RAL 9002) renktadir. 0.8 - 1 mm. galvaniz sac
uzenne epoksi toz boyadir. ABS plastik panjurlara ve kontrol
paneline kolayca ulagilacak hareketll yan panjuriara sahiptir
Hava, panjuriar vasitas) ile 60" agida ortama Uflenir.

KONTROL PANELI

Fan cotll calistiracak hiz anahlan ve saltenn bulundugu paneldir.
Istege bagh olarak 3 hizh, yaz - kis konumlu, on - off termostat
baflanacak sexiide dizayn edilmistir

HAVA FILTRESI
Ozel olarak tasarlanmis kizakli ve kolayca ¢ikanlabilen filtre,
EUl sinfinda ve yikanabilir Polypropylene materyaldendir

ALDAG AE type fan coil units available in 8 sizes and 6 different
versions to suite any kind of instatlation

« Vertical with cabinet or fest, with botiom and frontal air supply,

« With cabinet from celling instaliation, with back or frontal air return

« Conceled vertical or celing instaliation (Without cabinet)

To match any request standard unit can be supplied with a wide
vanely of optionals :

« Auxifiary heating coil for a 4 pipe system

- 3 - way valves and mufti - function thermosiat

« Manusl or motorized fresh air louver

» 907 pienums

« Painted wooden with decorative pane! for recessed units

BEARING STRUCTURE

Made of 0.8 - 1 mm. galvanized stael. All pf th
with hotes for wall and ceding insfaltation. All units are equipped
with a main drain pan (Except heating fan codl units). Drain pan
covered by 3 mim. thicknass thermal insulation, Auxiiary drain
pan for valve condensats collecting is avaiable as option

This unit shaped with rain forcement (Orsion and press work for
prevent to sound and vibration

COIL

Standard coil Is made byalurminiom fins fixed on mechanically
expanded copper plpes. In this way provided maximum thermal
production Waater infet and outiel connections madie oi brass pipe
with 1/2° and 3/4". Standard units are supplied with left hand coil
connectons. Optionally, right hand connection side is supplied
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FAN SECTION

Buiit with 1, 2 or 3 aluminium fans, double inlet centrifunal tvpe
dynamically and statically balanced, fan has 4 or 5 speeds; 3 of
thesa are connected in the factory. Particularly efficient with very
low noise levels.

CABINET

Modermn and elegant design. White standard colour; optionally
RAL 8002 colour is available. The casing is made of baked - on
epoxy coated galvanized steel 0.8 - 1 mm. ABS discharge grilfes
part of the grifle is hinged for easy access 1o the control panel. Air
is biown by air shutter with 60° angle

CONTROL PANEL

Panel with circuit breaker and spesd swilch working the fan coil
2signed opional on request as 3 Speeds swieh, summier / winter

switch or on / off switch.

AIR FILTER
Specially designed slhiding and easy extract fller. Regenerable by
washing; filtration class FU1. Made of polvpropyiene




Air cooled liquid chillers
WITH AXIAL FANS

ies finds a wide range of applications in modern
conditioning systems i cavil and industrial contexts
ing for medium capacily systems. They incorporate
alf the features required for ourdoor location. In

parts ylar the seny-hermotic SCreyy COMpPressors an
howuserd in a purpose built soundproofed closer
compartment. The control panel is protected by a
double enclosure gesigned specifically for outdoor
focations

Standard Unit Compaosition

Screw
Compressors

—
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Hava sogutmali chiller grubu

Cihaz tanitimi

Bu “Chillar* senst, sivil ve endustnyel cevrelerde orta ka

pasitell sistemler olarak tannan

ma ..-.-ﬂ]g;!qr\’.J,:.)!'.n.r- {_:I_t-r‘ 5 E&psamil oiarak yap 1I3RIM
sinl cermektedir

Dis tesssatlar wn gerekh alan

orellikleri bunyesinde igermektedir. Qzellikle
van bermetik wdah kompresorter  sese  davamikl

kapah bolme iKine yerestinimiglerdir. Kontr

dis
korunmaktachr

ozellikie tosisatiar igin  ¢ift

Standart Cihaz Ozellikleri

madern havalanchr

panellen

kKapakh oOlaras




THERMOSIPHON (ELECTRIC WATER HEATER)

Isitic) akiskan temininin zor oldudiu yerier veya elektrik enerjisinin
kullaniminun tercih ediidigi yerlerde hijyenik sicak su temini
icin en pratik ve kolay ¢6z0m yolu KODSAN termosifonlar:

s |cyuzey toz emaye kaplama

e Katodik koruma igin Magnezyum anot

*  Politretan izolasyonliu

¢ Elektrostatik toz boyall dis kilif

» Kolay montaj yapilabilir

¢ 5 litreden 100 litreye kadar farkli kapasitelerde
»  Serpantinli-serpantinsiz

*  Yatik veya dik

dzellikleri ile estetik, dayarnikl, hijyenik bir sicak su kaynagidir.

BOYUT TABLOSU / DIMENSIONS

MODEL = LITRE BOYUT / Dimensions (mm) *ﬁm
we [tves = THaTalels 131z :‘:2\::3
| 'krs | 5 |25ox210| 40| - | 220 | 80 | 150 | %0 | 80 | Bew |
KT10 | 10 [250x235 450 | - | 260 | 80 | 160 | 90 | 80 | 8ato

| k130 | 30 | o430 | 4101375 | - | 110 | 260 | 100 | 180 | 8at

| KT40 | 40 | 0430 | 479 444 110 | 110 | 260 | 100 | 180 | 8t
KT 50 ‘ 54 ! [ ! 556 ! 821 ‘ 116 . P :‘“ '3\‘: | & atd !
KT60 | 60 | ©430 | 637 602 268 110 | 260 | 100 | 180 | Batn
KT80 | 8 | ©a30 | 80> 767 | 433 | 110 | 260 | 100 | 180 | Bat

| KT100 | 100 | o430 | 928 gad | 560 | 110 | 260 | 100 | 180 | Bato

LAKODSAN

FABRIKA / FACTORY
Organize Sanayi Bblgesi Karamanlilar Cad. No. 10 Sincan 06935 ANKARA
Tel +90 (312) 267 D7 B7 ipbx) » Fax- +90 (312) 267 05 54
e-mail: info@kodsan.com.tr

ISITICI
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The difficult to find heating liquid or prefer to use electric
energy for hot water, the best way to use KODSAN
thermosiphons:

* Inside powder enameled

*  Magnesium anode for chaotic protection

*  PUinsulation

* Powder paint outside cover

e [Fasy to montage

s Different capacity from & liters to 100 liters
s With serpantines or not

s  Vertical or horizontal

With all these specialties, aesthetic, durable, hygienic water
heaters.
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%‘muMManMMHWMMSstwm.WWWW
i genis bir (rin yelpazesi sunmaktadw. Oval modellerin estetik goriinUmi ve banyonuz renklerine uygun degigik renk alernatifleri ile 1inma ve haviu
kurutmay! gikhida birfegtirebilirsiniz. Banyonuza en uygun renkteki haviu radyatérierin yam sira. ortamdaki musiuk ve armaturierie mukemmel uyum sagfayacak
olan krom kapmal haviu tor ok de gikhk suurianni zorfayabilirsiniz.

Tim Gretimin TS-EN 442 uygun olarak otomasyonla tesislerde, titiz bir imalat ve kalite kontrol asamalarndan sonra, RAL standartiarindaki
epoksi polyester elektrostatik toz beya kullamilir. Tam mam@l 13 barda test edilerek naylon ve karton kutu ile ambalajlamir.
BAYKAN Haviu Radyatorier 5 yi sureyle garant! kapsammda satisa sunulur.

Siklign 8n planda oldufu banyo ve mutfaklarinizda en az yer kaplayarak ortar isitmanin yam sira havlu kurutma amagh olarak da dizayn edifen havlu
radyaterier yliksek kaliteli ve mantaji cok kolay olan montaj aksesuarianyla birlikte teshim edilir.

%AWNMMMMMWM)'N and towel warming for bathroom ond kitchens are presenting o wide range of products to you with 6
rent width, & different heights, differsnt color and types. You can unify the heating ond towel warming and the oesthetic cutlook of oval shape models together
with varioss colar alternatives suitabie to colors of your bathroam with Elegonce. Besides the most suitable colorad tows! warmers for your bathroom, you can push
the limits of Elegonce with chromium- plated towel warmer varigtions which will enable o perfect harmony with the tap ond ormatures at ploce.
After meticulous production and control phases, in factories where olf the production js made according to TS-EN 442 stondards with automation, electrostatical epaxy
powder i RAL standards & applied, A¥ the produxcts gre tested under the pressure of |3 bar ond packaged by nylon and carton. Boykan Towe! Wormers are presented
with 5 yeor guarantee,

Baykon Towel Wormers which are designed with the purpose of heating the ploces dlong  —_— . - - ——l

with warming towels with o minimum place occupancy in your bathrooms ond kitchans 20°C banyo ortaminda, .
where the Elegonce is emphasized, ore delivered with instullation accessones that are 90-70°C su giris cilag sicakh@inda is verimleri.
of high quality ond sasy to install Heating Efficiency in a bathroom temperature of 20°C ,
) water in-out temperature 90-70°C,
RAL 9016 i =  ELEXTROSTATK
(fsteuk gorunlimi ve banyonuz renklerine 4y 9902 e s R A8 POIEEGKH mm
uygun ¢egithi renk alternatifleriyle isitma ve A ————— i) Comotos | Wetw | G ES'E: B g
havlu kurutmay gikhikla birlesurebilirsiniz. RAL 9001 S Yohme | Epory Moiestar
— EN | BOY | jmn) regll d ]
ith gesthetic outiook and suitable color  RAL 1014 [ e ] 3.07 | 496 427 397 34) |
e | — : e —_—r - .
variations for your bathroom, you can unify the | 830 | AR JE ORI - §
hegting and towel worming together with elegonce. T — . t 8 | - “2_: 826 710 | 661 | 568
RAL S00T — L1360 625 | 917 | 789 | 734 | e3l |
RAL 8017 1700 | 784 | 1187 1030

791 [1236 [hosa | -1 -]
345 | 540 464 | 432 37
412 | 631 543 505 434

558 868 746 €94 597

RAL 6005
RAL 6024
RAL 1023

405 : L7 ! .
670 | 1024 88 | 819 704
A 830 | 1243 1069 | -]
60 | 1271 198 | - -
T 373 583 501 466 401
440 | 92 596 | 554 476

455 | 603 | 909 | 782 | 727 | 625 |
716 1101 | 947 | 88} 758 |

B75 | 1437 | 1136 | - |
939 1435|126 | | -]

430 684 588 547 470

497 | BI0 697 648 557

- 695 | 1004 863 B03 491
808 1290 1110 | 1032 888 |

967 | 1686 1450

_ _ios7 1707 | 1468 | . .
4B6 | 788 673 630 542 |

553 | %05 | 779 | 724 623 |

655 7B5 | 1161 | 998 | 929 | 799 |
898 | 1470 | 1222 | 1176 1011

1057 | 1926 | 1657 | . .|
1205 1202 e | | |

505 | B34 | 717 | 667 574
582 | 925 79 74D 636

s | B32 1230 1058 | 984 | 846

945 1586 1364 1269 1091
1104 2062 (773, - -
1288 2142 | 1842

’
DOGALGAZ MALZEMELER| PAZARLAMA SAN. TIC. AS. |

Merkez lkitalh Drganize San. Bl Haseyvad Kooperatifi, Tuﬂﬁﬂm
Gontrai Office 4 kieim Ko 1474 KiigUkpekmece 34670 ISTANBUL/TURKEY
Merker Sarvis 185490.212.671 20 55 phx Fax+90.212.6712060

Contral Service: woww baykangrup.com p-mail. havkanas@baykangrup.com
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HAVA DEBISI'AIR FLOW m3h
SOGUTMA KAPASITES] Topl
COOLING CAPACITY

ISITMA KAPASITESI
HEATING CAPACITY

FAN MOTOR GUCU FAN MOTOR POWER
SES SEVIYESI SOUND LEVEL dB (A)

sogutma | Cooling - Oda Skl - Room Temperature 27 1 RH 5 Ging - Ciog Secakhg
Warer et - Outlet Temperature 120 Hava Ging Sicakhg) | Alr infet Tamperature T 18

BOYUTLAR / SIZES

TiP/ TYPE

FiltresVantilator Filter+Supply Fan | " . ) , . .
| = 425 Az5 425 25 |
iz~ B e
HIEE N RN e e ey
l 5 mL € L] s | e | o | oo | o
Basing Kayb Pressure Drop Pas.cal [ 5 ' o
!__ o _jlrllk Weight K | l L 25 | 40 | 45 |
| n—“T‘T*,‘.‘__.] Fivelstics I 5 | 25 | 425 | 428 [ 425
, h . i':":s:r?gdfw- ’B 350 , j 850 5l '
¥ L-—— | Supply Fan | l
> c : ‘
I Basinc Kaybi Pressure Drop Paslcal l l | L D 5 | 1{
o Ageik Weigh'K -
bo— e e Fi‘.’!r!oSqu!UEU-&_’_i]_ I ( Az
} ., {-‘" T o] i Damila Tutucu+ ‘ | } J & t
3 A PiEtd 14 | vantilstor : 1000
LS| . (2} 10 AT ——]
| = > Supply Fan :cl - | 00|
Basing Kayb Pressure Drop Pascal | 106 ) J J 0 ! 105 ’ a0 )
o __ Agirlik We.'gfLKg | | & 5 65 | : _]
[_ T (e (4] e | | | e | |
- 1| s s is ? kte TP |
I“ “; ' "'\--_( :3:;?::;%;« B_I 11080 l 1100 ] D , 1100 | 11 l
Y L b ot -1.4 Healer Coolers 4 ! '
! iy Fan j |
l_ Basmc Kayin Press:hm Drop Pascal |+ __e | 1 130 ‘ 160

o Agirk Weight Kg
: —ﬂ Karisim+ Damper

Ih" Il | . I' l Mixturas Damper ,EI

- : = C

Basing Kayh Pressure Drop Pascal I

Agiritk | Weight k_g_l_
‘ A 125

I Susturucu  Siencer | B | B0
Y , 7

c )

Ses Yutumu Sound Absorber dB IA‘ 20

Basing Kayb Pressure Drop Pascal |
| _Agiriilc - Weight Kg | 3

|
—
I
|-

Kat klima santraliari, ofisier,
Ismerkezleri, oteller ve
restaurantiarda ayni hacim
icersindeki farkll mahallerin ayri
ayr klimatizasyonu amacina
yonelik olarak dizayn edilmistir.
Bu tip santrallar mahai
icersindekl asma tavan arasina
yerlestiriiebildigi icin yer
kaplamagziar, makina dairesi
gerektirmezler. Montaj
kolayliginin yanisira havanin
tasinmasi igin uzunca blyuk
boyutiu kanallar kullaniimama-
sida yatirim maliyetlerim dusdirr.
GOVDE : Ozel sekillendiriimis
galvaniz sac (zeri elektrostatik
toz boyalhdir. Ses ve 1siya karg!
izole ediimistir. Bakim ve montaj
kolayhdn 6zel kapaklar
vasitasiyla kolayca yapihr,
VANTILATOR : Direkt akuple
kendinden motoriu ¢ift emisli
radyal fan kultarniimaktadir.

Air handling units for ceiling
void mounting for central
heating, aeration, ventilation
and air conditioning in offices,
commercial buildings, hotels,
living accommodation,
restaurants elc.

HOUSING : Casing is build as
a Insulated and electrostatic
painted galvanized steel.
VENTILATOR : Double inlet
direct driven radyal fan is
used.

The data in this brochures are nof hinding. With a view to continvous product improvement, ALDAG reserves the right to make changes witheu! prigr notice.

-
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Evaporative Cooler

Summer heat can cause indoor conditions to become much hotter
than desired. Evaporative cooling and humidifying is the economical
method to reduce temperatures inside buildings by natural way.
The system contains cooling pads, fan, water pump and sump all
together, The pump supplies water from the sump to the pads.
The pads wiil be kept wet. When hot and dry air induced frough
wetted pad surface by fan, it will be humidified and cooled. The
refative humidity of entired hot and dry air wiil increase, intake air
temperature will decrease. Needed ideal ambient moisture level
will be also reached. The dryer the air the faster the water evaporates
and the higher the temperature reduction by evaporative cooling
system.

. B Ideal cooling solution in big premises

Big advantages in investment. Your investment pays off quickly.

Offers effective, high quality cooling at an extremely low
operational cost.

« Increases worker productivity by making the environment more
comfortable.

- Easy and quick installation, wherever the cooled air is required.

- Back-up or assistant when the conventional cooling system is
inoperable.

* Easy maintenance by take off and take on of casette-pads
without bolt and nut.

High cooling efficiency even in high relative humidity conditions.
Allowed % 100 fresh air handling and air filtration.

Elimination of warm, fumes, smoke, unpleasant smells from
inside of building.

+ Ducting can uniform distribution of cooler air.

+ With high capacity cetrifugal fans Jowest pressure drop.

» Maximum durability.

« Environment friendly. No refrigeration gases and no compressor
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are needed.

- Large products range 4.860 m*/h + 32.400 m*h, with top or side
air outlet.

. o L

* Factories + Dining halls

- Workshops « Hotels, holiday villages

- Stores, Warehouse - Banks

« Offices + Foundries

« Supermarkets, shopping malls « Industrial ovens

« Sporthalls « Hangars

- Mosques, churches - Barracks

» Restaurant, cafes, bars - Tents

o, PR tmbad alishe « Farme
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Har hakkl mahtuzdur. Kapasite e oigier haber veriimeksizin dedistirietilir

ECOVANT

030 Fan Bfleme yonii basitce dedistinlebilir

«3= Kolay montaj - demontaj

»$= Her mekana uyguniuk sajlar

== Optimum boyutian ilc mekanda yer tasarruty salar
w3= Istegie bagl hava filtre sistemi

wi Discharge side can be change basicly
wi= Easy lo attach and remove
«$= Compact unit
wi= Saving space with optimum size
w$= Optinal air fiffer system
Kullamian Yerler
3= Isyerleri
=$= Ofisler
-l Kafeteryalar
=$= Marketler
=$= Restaurantiar
«%= Toplanti Salonfan

Suitable For

«%= Buildings
«i= Offices
== Cafeterias

«$= Supermarkets

! =%~ Restauranis
_— =%~ Meeting Rooms

1500 = 2500 500600/606 600 60| 300x350 | 210x230

2500 < 3500 | 40/60 | 1715 - 1500|600/600 600 (600! 350x400 | 262x298| 35
3500 - 4500 | 37752 | 15/2- 1500(7001760 | 700 700/400x475 280x330] 65
4500 - 6500 | 4G/56 | 2/3- 1500800800 800 BOO|475x500|330x390] 64
6500 - 10000 | 40/55 | 3/4 - 1500{900|960|900900|500x750 405x470] 101

AL DAG resorves the right fo make changes without prior nofice.




SERIES WATER BOILERS R Serisi Sicak Su Kazanlan
m&“mnm bmmmvmvm.

W " akit kulianming Lygun
« Cc : technology supenor workmanship. . mmamm,meuw;
. I:ﬁ;ﬁ?%.w&wumm mnwm Wyw1Mmllemam.ﬂm
. %uﬁane'rotusedmaIGm.LPG.WuOlammmOiasw . Tumm-mmumqmmm’muewmana_rw
. anmhMumaﬂmem + waw_w:mwamymmmnmgmm
. due to balanced heat absorpbon yeteneging salplr. i )

Sk s e | (B st kel o iy, e

+ Alsa transportable in modular configuration lor site assembly yarll maizeme ve iguilikie Urebimektedir.

« Dar girigh kazan darelaring parcal olarak da naklediiebien NA R, kisa

Ior boder rooms with Narow pAssages e pts piry: ¥

mmwdmmm

. Bumer flame is roversed in the same chamber due to counter NA R Tipi Kazan Teknolojisi’'nin Temel Prensipleri
pressurized combustion « Basingl yanma sayasinde aiev ayn hicre igensinde gen dondiyritin

« Hetwning hot gases are forced 10 meet with the bumer flame once again  » Brifdir alaw e kinoi kez me Ve yan yanmig yarit pariklenm
1o ensure full combustion and cleaner flue gases tukrar yakarak 1siya donugiurur ve zararh atklar famamen yok ediir

' . . e 3 :
 The intensive heat generated by the reversing flame s effectively vansiermed mewwwmmm nca olugan
to water mainly by means of rathabon heat transter. A full ransler of heat pariak alev. “radyasyon s frangfer” yolu Ue yanma hiacrasinden

s achieved during the consecutive passages of boiler with a combination SUya 1aginr.
of racsation and convection heat ransier « Baz oyalaycr trbilatbrer, aley borulan icindekl duman ve gazann hizin
« Gas wrbulators increase the veiocity of combustion gases in fiame tubes arthirarak bu boigadek tagnim (konveksiyon) s latiminin optimal seviyeds
10 keep the convection heat transier in lube surtaces at the maximum wiuimasi sagianir,
el E
Planis Endastriyel progses buhan ve 1§ enerjisl Uretiminda 40 yillik bir deneyime

Erensan boiders are manulacturéd in two modem plants bulld over a total sahip olan Erensan, Istanbul ve Yozgattaki tesisierinde, modem texnaiof le
area of 45000 m°. Plants are located in istanbul and in Yozgal. istanbul plant  Dreln yapmakdadir

and head uifice is near Atatirk Intermational Airport and at the very heart of

Intematonal Extubition Centers. 10 minutes dnving from the airport, Erengan

can be reached from any country over the worid. Istanbul being one of The

main poris of world trade, transportation can easily be arranged 1o every

destnation through allemative choes

DIMENSIONS OF NAR BOILERS / NA § KAZAN DLCILER]
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Motor Power

4.560

Dimension

WxLxH{mm)

 SK_ 7523 220/380 50 790 x 790 x 960
5K 1324 | 6.480 11 2207380 ~50 790 x 790 x 960
SK10023 | emo 1,5 2038050 | 790 % 790 x 1210 |
TSK 10024 | 12.960 i 1,5 22035050 | 790x 790x 1210 7
[ SK_ 150-3-3 3 22 220/380) v
| _Siw3s § e 22 4 _ZN080-50 1090 x 1090 x 1710
A SK150-34 | 19440 3 | 22038050 1090 x 1090 x 1710
| SK1504-3 | —u3m | 4 | 220380-50 1390 x 1390 x 1710 1
_ SK15044 | 32400 [ 53 | 220380 -50 1390 x 1390 x 1710 ,'
oy glicalficas smbpec s o CRonge wuthond et
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Boxford

w
A floor standing CNC Lathe designed
for educational and training installations

The PC controlled Boxford T220 lathe is ideally suited to a classroom environment and offers the
perfect solution for high tech. education and training requirement’s. The rigid construction allows
steel to be cut to close tolerances. Operating on IBM/100% compatible computers, the inclusive
user-friendly software has routines for Computer Aided Design [CAD] at both simple and
sophisticated levels and will process the drawings through to a full machining routine.

CNC features

The Boxford software is an integrated suite of powerful CAD/CAM tools.

The CAD allows ONLY components suitable for lathe machining to be designed and provides automatic
and dynamic dimensioning. A 3D solid model view is also available.

Drawings from other CAD applications can also be imported and processed.

A full 3D simulation of the manufacturing process, including a cycle time, can be shown enabling work to be
proven without the need for trial cutting,

Manual Data Input, utilising Industrial Standard Codes, allows programs to be entered using either line by line
or conversational programming,

The generous swing over bed capacity and long Z axis allows a large variety of components to be machined.
Touch sensitive control panel incorporating illuminated push buttons allows the machines to be operated
without a computer.

Active and accurate tool path graphics continuously displayed line by line during program write, test
run and manufacture.

Safety equipment and features

Full perimeter guarding with interlocking switches on access doors arranged in the positive
(safety) mode for spindle stop and feed hold.

Opverload cut-out on spindle drive.

Positive end stops on all axes.

Mandatory graphics run required for new programs before machining cycle can be commenced
and step by step graphics in advance of cut in machining cycle.

Integrated electrical panel with no volt supply protection.

Feed rate override.

Feed hold.

Single block operation.

Latching emergency stop button.

Power on indicator lamp.

Low voltage control circuitry.




PC Controlled CNC Turning Centre

Boxford Limited
Wheatley,
Halifax,

HX3 5AF

Tel: 01422 358311
Fax: 01422 355924
Email:
info@boxford.co.uk
Web:

www.boxford.co.uk

Machine specification

\‘ Slant-bed configuration.

Precision linear ways.

Linear ball bearings on all axes.

Three axis simultaneous operation.

Fully enclosed see through guarding for safety and
improved student viewing;

Integrated electrical panel.

100mm diameter 3 jaw chuck.

Automatic 8 station lathe turret.

Spindle speeds in RPM, M/min or in/min.

Feedrates in mm/min, in/min, mm/rev or in/rev.

Steel, Brass, Aluminium and Brass cutting capability.

Generous swing over bed

Long Z axis travel for ‘between centres’ work

Swing Over bed 210mm

X Axis travel 150mm

7 Axis travel 350mm

Distance between centres 400mm

Spindle bored to pass 20mm

Spindle motor 490 watts

Infinitely vatiable spindle speeds 200 - 4000 rpm

Electrics 110/220/240v 1 PHASE
Programmable feed (linear and circular interpolation modes) 0 - 1000mm/min

Rapid feed rate at 100% 1200mm/min

Accessories

Accessories are available, including:-

Tailstock Steady

Spindle Centre and carrier

Flood Coolant System

Comprehensive set of tooling

Machine Dimensions
E A 1000mm
D B 790mm
C 530mm
’ D 1380mm
[ E 1770mm

Machine Weight

B C - 265kg (5801bs)
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CO:2 Laser Engraving, Marking & Cutting
systems for educational and training installations
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The PC controlled LS800 & LS900 COz2 laser systems are ideally suited to all training needs.

System features

® The unique design incorporates F-load (Front loading concept)
which allows complete access and effortless loading and
adjusting of materials, jigs, cutting tables and rotary attachments
etc. With its extra large opening, bulky objects can be easily
positioned without awkward manoeuvring.

A rigid motion system incorporating high quality linear guide
rails allows speeds up to 2000mm per second to be achieved.

The A-sens function (Auto sensor concept) automatically
adjusts the focal length depending on the position of the
material surface.

The unique D-fit function (Depth fitting concept) calculates
and automatically adjusts the position of the laser head when
cutting thick materials in several passes.

The beam expander allows the same power level and dot size to be maintained across the entire
working area.

® The integrated red dot beam pointer allows easy positioning of the laser prior to running a job.
® Available with a variety of laser tube powers from 30 to 80 watt to suit all types of work.

What materials can be laser processed?

® Acrylic ® Marble

® Anodised Aluminium ® MDF

® Cardboard ® Nylon

® Coated Metals ® Paper

® Cork ® Plastics

® Fabrics ® Polycarbonate
® Foam ® Rubber

® Glass ® Stone

® |aminated Plastics ® \eneer

® Leather ® \Nood
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Boxford

Boxford Limited
Wheatley,

Halifax,

HX3 5AF

Tel: 01422 358311
Fax: 01422 355924
Email:
info@boxford.co.uk
Web:
www.boxford.co.uk

System specifications

LS800 LS900

Engraving Area 610 x 305 mm 610 x 610 mm

(24 x 12 in) (24 x 24 in)
Max. Part Size 690 x 350x 250 mm 690 x 690 x 250 mm
Max Part Weight 25 kg 25 kg
Laser source power 30, 40, 60 or 80 watts 30, 40, 60 or 80 watts

air cooled air cooled
Max. Engraving Speed 2000 mm/sec 2000 mm/sec
Machine Weight 185kg 215kg
Dimensions (W x D x H) 945 x 780 x 1210 mm 945 x 1080 x 1300 mm
Mounting Floor Floor
Rotary Attachment 3mm to 200mm @ 3mm to 200mm @
Safety Class 1 closed configuration
Operating Modes Raster mode for engraving, Vector mode for engraving and cutting

or Raster / Vector combination mode
Resolution 50 - 1200 DPI
Optics 50.8mm (2.0") focal lens as standard

Included Accessories

The Laser systems are packaged with the following
accessories:-

® Honeycomb material cut-out table eliminating cut
marks on the bottom side of the component by
keeping the laser away from the machine table
during vector cutting.

® Automated rotary device for engraving cylindrical
objects.

® Air assist including compressor. This prevents
combustion of flammable materials.

® \Windows Software drivers.

® Warranty - 3 Years parts and labour (excludes consumable items - lenses, mirrors,
honeycomb table and fume extraction filters)

Optional Accessories

® Integrated fume extraction/air filtration system®.
The laser system’s internal ventilation .
system is engineered with air exhaust paths /= 3
that virtually eliminate mirror contamination. e

For rubber processing, a hose at the point | !——:

of cutting is included to help remove the [
smoke at the source. [

® Set of replacement filters for extraction / air
filtration system. ﬂ ﬂ

® 38.1 (1.5”) 63.5 (2.5”), 89 (3.5”) and 102mm (4”) focal lenses.

* Laser systems can produce noxious fumes of varying levels depending on the material
been processed. If exhausting internally, extraction must be to HEPA standards. Uses
may wish to consider exhausting externally, eliminating the need for continual filter
replacement. Please ask for further details.




Sherline Lathe and Mill Specifications

Lathe Specifications

FEATURE 4000(4100) 4400(4410)
Swing over bed 3.50" (90 mm) 3.50" (90 mm)
Swing over carriage 1.75" (45 mm) 1.75" (45 mm)

Distance between
centers

8.00" (200 mm)

17.00" (430 mm)

Hole through spindle 405" (10 mm) 405" (10 mm)
Spindle nose thread 3/4"-16 T.P.IL. 3/4"-16 T.P.I.
Spindle nose taper #1 Morse #1 Morse

Travel of crosslide

4.25" (110 mm)

4.25" (110 mm)

;r;i ?irleOf tailstock #0 Morse #0 Morse.

Protractor graduations 0° to 45° by 5° 0° to 45° by 5°

;féiﬁ:jﬁl .001" (.01 mm) .001" (.01 mm)

Length overall 24" (610 mm) 32.25" (820 mm)

Width overall 7.5" (190 mm) 8.75" (220 mm)

Height overall 6" (150 mm) 8" (200 mm)

Shipping weight 24 1b. (10.9 kg) 301b. (13.6 kg)

Motor 1/3 HP DC (90 Volts) with electronic speed control that accepts any incoming current from

100VAC to 240 VAC, 50 Hz or 60 Hz. Click here for motor specifications.

Spindle speed range

70-2800 RPM continuously variable by electronic speed control




Mill Specifications

FEATURE 5000(5100) 5400(5410) 2000 (2010)
Max clearance, table to 8.00" (203 mm) 8.00" (203 mm) 9.00" (229 mm)
spindle
Throat (without " " .
headstock spacer) 2.25" (50 mm) 2.25" (50 mm) Adjustable
Throat (with headstock (Not included) Included, 3.50" (89 mm) Not Required
spacer block)
8.68" (228 mm) 8.68" (228 mm) 8.68" (229 mm)
Travel, "X" Axis
(9" w/ stop screw removed)| (9" w/ stop screw removed) | (9" w/ stop screw removed)
Travel, "Y" Axis 3.00" (76 mm) 5.00" (127 mm) 7.00" (178 mm)
Travel, "Z" Axis 6.25" (159 mm) 6.25" (159 mm). 5.38" (137 mm)
Hole through spindle 405" (10 mm) 405" (10 mm) 405 (10 mm)
Spindle nose thread 3/4-16 T.P.L 3/4-16 T.P.L 3/4-16 T.P.I.
Spindle taper #1 Morse #1 Morse. #1 Morse
Handwheel 001" (.01 mm) 001" (.01 mm) 001" (.01 mm)
graduations
Width overall* 14.75" (375 mm) 15.00" (381 mm) 15.00 (381 mm)
Depth overall* 11.75" (298 mm) 14.00" (356 mm) 22.25" (565 mm)
Height overall* 20.75" (527 mm) 20.75" (527 mm) 23.38" (568 mm)
Table size 2.75" x 13£31) (70 x 330 275" x 13.00" (70 x 330 mm) 2.75" x 13.00" (70 x 330 mm)
Hold down provision 2 "T" Slots 2 "T" Slots 2 "T" Slots
Shipping weight 33 1b. (15.0 kg) 36 1b. (16.3 kg) 38 1b. (17.2 kg)
Headstock rotation 90°
left/right, column rotation
Movements in addition|| Headstock rotation 90° Headstock rotation 90° (90° L/R), column pivot
to X-, Y- and Z-axes left/right left/right (front/back), column swing
(90° L/R) and 5.5" column
travel (in/out)
Motor 1/3 HP DC (90 volts) electronic speed control automatically converts any input from 100
VAC to 240 VAC, 50 or 60 Hz. (See motor specifications)
Spindle speed range 70-2800 RPM continuously variable by electronic speed control

*Overall dimensions include motor and speed control




Milling Machine

Model No.:XA5032

Product Origin: China
Brand Name: DLCHEM
Certification(s): 1ISO9002

Detailed Product Description

Main specifications:

Working table:

1) Working surface (width x length): 320 x 1250mm
2) Loading weight: 500kg

3) No. of T-slots of table: 3

4) Width of T-slot of table: 13mm

5) Distance between T-slots: 70mm

Travels:

1) Longitudinal (manual / auto): 700 / 680mm
2) Cross (manual / auto): 255 / 240mm

3) Vertical (manual / auto): 370 / 350mm

Spindle:

1) Max. swivel angle: +/- 45 degrees

2) Speed: 30-1500rpm

3) Taper: ISO7:24No.50

4) Axial motion: 35mm

5) Distance from spindle nose to table surface Min/Max: 45/415mm

6) Distance from centre line of spindle to vertical guideway surface of column: 350mm

Feedrates:

1) Cutting feed rate: X.Y: 23.5-1180mm/min. Z: 8-394mm/min.
2) Rapid feed rate: X.Y: 2300mm/min. Z: 770mm/min.

3) No. of feeds: 8 steps

Motor:
Power of spindle motor: 7.5kW
Power of feed motor: 1.5kW

Net weight: 2800kg
Overall dimensions of machine: 2,272 x 1,770 x 2,094mm

We export it to many countries and it is very popular with clients by its high quality and competitive
price.



Milling & Drilling Machine

2

Model No.: ZX7045
Product Origin: China

Brand Name: QILONG

Price Terms: FOB Shanghai
Payment Terms: L/C, T/IT

Supply Ability: 2,500pcs/month
Minimum Order: 20pcs

Delivery Lead Time: 20 days

See the most recent posting for this Milling & Drilling Machine (Oct 25, 2006)
Detailed Product Description

Features:

1) Model: ZX7045

2) Max. boring diameter: 45mm

3) Max. width of face milling: 80mm

4) Max. diameter of vertical spindle milling: 28mm

5) Max. distance from spindle end to bench surface: 475mm
6) Bench stroke: 500 x 200mm

7) Taper of spindle: MT 4

8) Max. stroke of spindle: 120mm

9) Distance from spindle central line to upright post surface: 260mm
10) Range of spindle speed: 65 - 1,380rpm

11) Motor power: 1.1kW (6 grades)

12) Total height: 1,050mm

13) Total weight: 370kg

14) Size of bench working surface: 820 x 240mm



CNC Lathe

“SCNC Lathe

Model No.: CJK6132, CK6132
Product Origin: China

Brand Name: QILONG

Price Terms: FOB Shanghai
Payment Terms: L/C, T/IT

Supply Ability: 500pcs/month
Minimum Order: 5pcs

Delivery Lead Time: 20 days

See the most recent posting for this CNC Lathe (Sep 15, 2006)
Detailed Product Description

Function:

This machine can automatically finish the turning of workpieces, including
processing inner and outer circles, terminal surfaces, grooving, random
pyramidal faces, curved faces, metric and British system cylinders, and
conical threading.

Performance:

This machine tool can send and receive different signals to control the

automatic processing because using such numerical coefficients as FANUC

OTD, GSK 980TA and WA-21SN. The machine's bed guide is manufactured using
supersonic quenching, and has strong resistance to abrasion.

With good returning accuracy and high resistance to shock, good cutting
performance is guaranteed. With the balled screws in both the longitudinal
and cross-directions driven by a step motor or servo-actor, good dynamic
response and low operation noise are produced.

This type of machine tool has better adaptive abilities for continuous
processing of workpieces in various sizes, models and specifications.



Radial Drilling Machine

““Radial Drilling Machine

Model No.: Z3032x10
Product Origin: China

Brand Name: QILONG

Price Terms: FOB Shanghai
Payment Terms: L/C, T/IT
Supply Ability: 2,500pcs/month
Minimum Order: 20pcs

Delivery Lead Time: 20 days

See the most recent posting for this Radial Drilling Machine (Sep 25, 2006)

Detailed Product Description

Features:

1) Model: Z3032x10

2) Max. boring diameter: 32mm

3) Taper of spindle: MT 4

4) Max. stroke of spindle: 250mm

5) Max. distance from spindle end to bench surface: 1,064mm
6) Distance from spindle central line to upright post surface: 1,000mm
7) Range of spindle speed: 71 - 1,800rpm

8) Motor power: 2.2kW

9) Total height: 2,360mm

10) Total weight: 1,700 / 1,400kg



Light Type Bench Drilling Machine

"‘t\Liqht Type Bench Drilling Machine

Model No.: ZQ4113, ZQ4116, ZQ4119
Product Origin: China

Brand Name: QILONG

Price Terms: FOB Shanghai

Payment Terms: L/C, T/IT

Supply Ability: 2,500pcs/month

Minimum Order: 20pcs

Delivery Lead Time: 20 days

See the most recent posting for this Light Type Bench Drilling Machine (Oct 14, 2006)

Detailed Product Description

Features:

1) Model: ZQ4113, ZQ4116, ZQ4119

2) Max. boring diameter: 13/ 16/ 19mm

3) Taper of spindle: B16 / B18 / B18

4) Max. stroke of spindle: 85mm

5) Distance from spindle central line to upright post surface:
165/ 180/ 180mm

6) Max. distance from spindle end to bench surface: 318 / 432 / 432mm

7) Range of spindle speed: 420 - 280rpm / 270 - 2880rpm /
270 - 2880rpm

8) Size of bench working surface: 230 x 230mm

9) Motor power: 0.37 / 0.55 / 0.55kW

10) Total height: 825/ 950 / 950mm

11) Total weight: 60 / 65 / 65kg



Grizz,

Indusitrial, Inc.

MODEL H7832

ARBOR PRESS STAND
INSTRUCTION SHEET

Inventory (Figure 1)

A. Rear Panel ......cccooooiieiiiiiiiiiiiieeeeeee 1
B. FrontPanel.......ccooooiiiiiiiiiiiiiee, 1
. CUP i 1
D. BaASE oo 1
E. Top Panel ... 1
Foo iy e 1
Tools and Hardware:

Cap Screws M12-1.75 X 25.....ccovviiiiiieeeeeeee 16
Cap Screws M12-1.75 X 35.....ooeeiiiiiiiiiiiieeeee 8
Flat Washers 12mm .......ccoeviiviiiiiiiiiieeeieeeenn, 24
Lock Washers 12mm.......cccoovueeiieiiiiveieeeeeenn. 24
Phillips Head Screws M6-1 X 20 ...........evvvvvnnnees 2
Hex NUts MB-1 .....oveiie e 2
Hex Nuts M12-1.75 ..o, 16
Mounting Pins M10-1.5 x40 .......cccooieeeeiiiiis 2

Assembly (Figure 2)

1. Align the lower holes of the front and rear
panels with the holes in the base. Secure with
M12-1.75 x 25 cap screws flat washers, and
lock washers.

3. Secure the tray to the front and rear panels
with M12-1.75 x 25 cap screws, flat washers,
lock washers, and hex nuts.

4. Align the large bolt holes in the top panel with
the bolt holes in the front and rear panels.

5. Secure the top panel with M12-1.75 x 35 cap
screws, flat washers, lock washers, and hex
nuts.

6. Attach the cup to the front panel with the
Phillips head screws and hex nuts.

7. Secure the stand to the floor with appropriate
fasteners for the floor type (not included).

8. Mount the arbor press with hex bolts, flat
washers, lock washers and hex nuts, using
the mounting pins as a guide, as shown
in Figure 3. These fastener sizes will vary
depending on your arbor press.

' i

Figure 2. Assembly order.

@

Mounting Arbor Press
Pins Underside

-

Figure 3. Mounting pin placement.

If you need additional help with this assembly, call
our Tech Support at: (570) 546-9663.



H7832 Parts Breakdown and List

REF PART # DESCRIPTION REF PART # DESCRIPTION

1 PH7832001 MOUNTING PIN M10-1.5 X 40 8 PSB36M CAP SCREW M12-1.75 X 25
2 PH7832002 TRAY 9 PWO06M FLAT WASHER 12MM

3 PH7832003 FRONT PANEL 10 PLWO5M LOCK WASHER 12MM

4 PH7832004 BASE 11 PNOSM HEX NUT M12-1.75

5 PH7832005 TOP PANEL 12 PSB111M CAP SCREW M12-1.75 x 35
6 PH7832006 REAR PANEL 13 PNO1M HEX NUT M6-1

7 PH7832007 CUP 14 PS26M PHLP HD SCR M6-1 X 20
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