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PREFACE
%

ABOUT BNERGY IKCHNOLOGY MOOULES -~

23

The modules were dez;fgbed by CORD for use in two-year postsecondary technical institut1oQ§
to prepare technicians for employment and are usefll in industry for updating employees in company-
sponsdred training programs. The principles, techniquess and skills taught in the moduies, based
on tasks that energy technicians perform, were obtained from a nationwide deisory committee of
empidyers of energy technipiiﬁs. Each module was written by a technician expert and approved by
representatives from industry. R *

A module contains the following elements:

Introduct1on; which identifies the topic and often includes a rationale for studying the material.

'\ -

reregu1s1te wn1ch 1dent1fy\the material a student shou]d be familiar with before studying-the
module. -

. -
3 >

ObJectives, which clearly identify what the studerit is expected to know for satisfactory module
completion. The objéctives, stated in terms of actién-oriente& behaviors, include such action
words as operate, measure, calculate, identify, and define, rather than words with many i1nterpre-’
tations such as know, understand, learn, andJapprec1ate. *
SubJect Matter, which presents the background theory and techniques support1ve to the obJeCt1VES

" of the moduie. Subject matter is written with the techn1ca1 student W m1nd N

. M ’

Exercises, which provide practical problems to which the studént can apply this new knowledge.

* Laboratory Materials, inch identify the equipment required to complete the 1aborator} procedure.

.
-
-

Laboratory Procedures, which is the experiment section, or "hands-on" portion, of the module
{including sten-by-step instﬁhctisp) designéd to reinforce student learning.

)

DatasTables, which are included in most modules for the first year (or basic) courses to help

the student 1e€arn how to collect andrganize data. . o -

.
-

References, which are included as suggestions for supplementary reading/viewing for the student.

Test, which measures the student's achievement of prestated objectives.

»
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ENERGY PRODUCTION SYSTEMS
" INTRODUCTION

\ Energy Productlon Systems is-an in-depth techn1ca1 study of the-processes
and equ1pment used to convert fuels, such as coal “and natura] gas, and energy

resourceés, 'such as sunlight, "into useful energy forms: electri¢ity, heat,

or motion. This course wi]]renable energy techniciaﬁs to -select optimum energy
sou¥ces and equipment for maximum economy, avéilabi]ity, efficiency, and/or
env1ronmenta1 quality. The course consists of the fo]]owing seven modules:

1. "Generation of Steam and Hot Water, Using So]1d Fuels.'

2 "Generation of Steam and ﬁbt Water, Using L1qu1d and Gaseous Fuels.'

3. "Generation’of Steam, Hot Water, and Hot Air, Using So]ar Collectors."”

4 “Generation of Steam and Hot Water, Using Nuclear and Exberimeﬁta] N
Power Sources:"'

5. "Combustion Engines." ‘ L . N

6. "Turbines." )
"production of Electricity." 4

The f%rst four modules of the coursé emphasize fuels and energy sources,
eXamiﬁe their properties, and describé how they are used to produce steam and
hot. water. jThese modules extend information as far as the boiler in the system.
ﬁﬂé final three modules emphasize how energy is used: tﬁ‘Broduce motion, to
drive a turbine or to produce electricity' Thus, steam that is produced by
th@acombust1on of a fuel, as described inm Modu]es EP 0l or EP-02, is'used in
ptocesses that are descr1bed/1n later modules. '

[y
\ o o
3 .
»
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i | ~ . INTRODUCTION

<

As the title suggests, this first module deals with generation of hot ¢
water or steam us1ng solid fuels such as coal, wood; and waste products.
. Production of steam and hot water by burning, so]1d fue]s is an 1mportan{ step
in applications such as heating of bu11d1ngs?'generat1on of electr1c1ty, and
'processing of materiale in agriculture aﬁd induetry. Various solid fuels
~énd their heat contents are discussed, as Qell'as advantages and uses of each.
Coal the most important of solid fuels; is emphasized, with discussions con-
cern1ng composition, burning character1st1cs and handling techniques. In-
cluded also are discussions that involve types of burners and boilers associated
MWith the. use of solid fuels and the characteristics'of steam production systems.

L ' .+ PREREQUISITES

_ The student should hdve completed the Fundamentals of Energy Technology

course.

“ , | : - . OBJECTIVES"

Upon complet]on of th1s module, the student should be able to:
1.1 List and describe each of the, fuels d1scussed
2. Describe the importance of &ch fue] used for the generat1on of steam
and hot water. _ '
Cite the relative advantages of each fuel.
4, List the four major classificatons of coal.
—5.,  Define the following terms:

a Combustion

b.-- Complete gombustion )
c. Stoichiometric combustion ) T i
d Excess air. , '

e. Ash | ' )

f.  Mineral matter ’ p

6. Given informatfon about the chem1ca1 compos1t1on of a sample of cdal,
© calculate the heat1ng‘va1ue. In addition, cg]cu]ate the amount of a1r

L4

needed for complete combustioh. R .
I i
' s EP-01/Page 1
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r . . . .o
-

¢
o '7. kacr1be the procedures’ for hand11ng coa1 and pnepar1ng it for burning. _
-~ 8. Describe f1r1ng methods for coa] burning sysxems and d1scuss their rela- N
tive advaptages. ' ’ e LT ) ’
' 9. "Descr1bg:ash d1$pésa1 mefhods for a coal burning sygtem. '

10.  Describe ‘the Foﬁétﬁpction of a water-tube boiler and a fire-tube boiler.

/ " Discuss the applications for each type. . \
. . V4 L .
A
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. . o 'SUBJE.CT MATTER

e

TVPES AND PROPERTIES OF SOLID FUELS

B

There ére’a nynber of materials usedfas solid fuels, dncluding coal,

" wood, coke, peat, and solid waste products from 1:3ustry and agriculture Y,
Of these materials, coal is the most widely used and most‘1mportant in the --
production of steam and hot water. - - ' N

* - . . A

COAL )

Coal is the combustib1e, carbonlcontaining remains of prehistoric uege:
table matter. It is not considered to be a rock or a-mineral. Chemically,
coal is mostly carbon; however; it also contains hydrogen, oxygen, nitrogen,,
and sulfur. Coal often contains other minera]s in varying-percentages, depend-
/ng on the type. ‘

~
¢ ~

Chemical compos1t1on alone does not specify the fuel properties of coal.
In fact the uses.and classifications for coal are determined by the content
of the following components: '
"« Moisture oS .
« Volatile matter .. .‘~ : 7 ‘ Ai"
- Ash- ¢ ¥
.« Fixed carbon S "
-. Sulfur . . i\ R
) Moisture can be an important component in some types of’ coa] since the y
amount of moisture affects its use. Mo1sture which is measured ina standard-
jzed test, represents the amount of "free water" in the coal xfhat is, ‘water
that can be removed-by drwing); it does not:necessarily represent‘a11 the
water contained in the coal. Water that is chemjcal]y'bound 1n‘tne coal is
not counted in t/e'moisture content. Oply "free water" is counted as moisture.'
* Volatile matter is def1ned as "the portion of the coal that can be -driven
off as gas during the process of heat1ng the roal in a standard1zed test."
‘Volat11e matter consvsts of drganic oils and tars, organic hydrocarbons, and
gases‘such as carbon monox1de carbon dioxide, hydrogen and methane. All
of these matqr1als can be removed in gaseous form by heating the coal under
contro]]ed conditions. )

- ~
v

«
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- Ash is the nonburnable m1nera1 material that remains after coal IS burned.
s Agh consists of certain mater1als that were present in the coal, such as clay
and mud, and of" various m1nera1s, such as ca11cun1@u1fate and iron sulfide.
To determine ash content, coal may be 1gn1ted thh an electrically. heated
wire and comp]ete]y burned under cond1t1ons of carefully contro11ed atmosphere
_and temperature The matevﬁa1 that remains i ash - R
Fixed carbon is.the- so11d residue —-other than ash —-that rema1ns after
the vo1at11e matter is driven off. “The compos1t1on of coal is expressed on
the basis of dry, ash free samp]es For such samp]es, the mo1sture and ash

are neglected. F1xed carbon (FC) and vo{at11e mafter M), expressed as. per-

\

centages, are related by Equat1on 1: . Y

. * .

- FC o+ VWM = 1005 . : Equation 1

s .

" where: © FC: F1xed carbon (%)/
d VM Vo]at11e matter'(%).

’ B -
<

Thus, fixed carbon (in a sample of coal) is the burnab]edso1fd materia];that
rema1ns after the mo1sture and volatile mater1a1 have beén remdved. Ash’ is
“ not considered: The f]xed carbon .primarily cons1sts of élemental *carbon,
but pot necessari]f pure carbon. _Thgre may be contributions from some other
soﬂig\‘bur%able mater1a1s ) ' . L T ra
Sulfur is an undes1rab1e component in coa] When coal, is burned, suifur
oxides contained in the coa] contr1bute to air po11ut1on There are laws.
'that place’a max1mum~su1fur content on coa1s burned in certain 1ocat1ons* ’ %.
- Another important properfy 1is heat1ng va]ue also called "ca1or1f1c value."
Heating value i<’ thh@lmount of heat energy produced b} the comb
unit Jmass of coal. Heat1ng va1ue is generally. expresse Tn Btu/1b.* " Although
Btu/1b 1s not a metr1c unit, most standards that characterize coal -are expressed'
_in this un1t\ To convert to metric units (kﬁ]o Joui§/k11ograip the number A
.of Btu/1b shQ41d be mu}t1p1ed by 2.328.
The analysis of propert1es in'a sample of coal 1s conducted by using a

: /
series of carefully standardized ‘tests. Standards for méasurement of the

~

{ CRE ) - vy

*The Btu‘(British.thermal unit) is.defined as “"the amount of heat needed to .
raise the temperature of one pound)(]b) of water by o e&degree Fahrenheit (°F).

I
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content of co%] have been deve]oped by the American Society foe Testing and
Sy Materials (ASTM). Such stindardized ASTM “tests for.quantdties such as moisture,
e volatile material, fixed carbon, ash, heating ya1ue, and so forth, provide
methods by.which workers can’ make measurements on a consistent basis‘

As an example, the ASTM standard for:measuring heating value' szec1f1es )
burning a pulverizet samp1e of coal in a bomb calorimeter. The bomb is,a pres-
surized vessel, into which the coal and| a known amount of oxygen are admitted.
The coal is Tgn1ted by an e1ectr1ca1]y heated wire and allowed to burn. The
pressurized bomb (conta1ned fin a Jacket) is then 1mmersed in water. The burn-
ing of the coal heats the water,’ and, at the same time, the water is stirred’ &
to ensure temperature equilibrium. The temperature of the water is then ﬁba-
sured and the known spec1f1c heat of water is used to calculate Tme energy

“released in. the burning. In “the process, the bomb and jacket also become
hea@ed, and the amount of energy needed to'heat them must .be known. Thus,
*the calorimeter is’ca]ibrated by burning a substances. that has a known heat
of combust1on — usually ben201c a$1d ) , ﬁ}\\

There is a further d1st1nct1on-— one that depends upon whether water Vapor
produced in,the burning of 'the fuel is a]lowed to condense or. to remain as’

a vapor. If the water vapor is a11owed to condense, the heat of condensation = -
will be included i thevobseEQed thermal energy. In this case, the heating ’
\%— value w111 be higher than jif the water remained as vapor. The ASTM test de-
. scribed previously measures the heating value with_ the condensat1on of water
“* vapor. ?\15 vdlue is called the high heating value. The lower, value obtadned
w1thout'the condensat1on of water vapor is called the low-heating value. . In
the United States, the high heating va1ue 1s usually used.for boiler galcula-
t1ons, however, in Europe, the low heat1ng va]ue is often used. For the pur-
poses of this module, it will be assumed'that the term "heat1ng value" refere
to the high heating valu '
. ) The ana1y51s of 4 s:;;}e of coal ma& be presented in two ways:
' . 1. Ultimate analysis: Specifying the content in terms of the chemical
°e1emehts present. . ) e
2. Prgximate analysis: Speciffing the content in term§'qf the compqnents
(such as’volatile matter.de fixed carbon) which affect its use.

Table 1 shows an example of these two types of analyses as applied to
a samp]e of coal taken from the Pittsburgh bed located in West Virginia. The ’

.- ] : ‘ - Ep-d1/Page.5
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ana]yses are applied to the coal in its "as-received" condition, andyyoisture

and ash appear as components in both analyses. The Qerceatage of elemental
carbon in the u]time&e analysis is higher than the percentage of fixed carbon
in the proximate analysis — which indicates that some of the elemental carbon

was removed as a constitutent of the gas in the volatile matter.
[ 4 ' - .

TABLE 1. ANALYSES OF A COAL SAMPLE.

Proximate Analysis x Ultimate Analysis

Moisture - 2.3% Moisture _f H2.3%
Volatile Matter  36.5% Garbon. ‘. 76.6%
Fixed Carbon 56.0% Sulfur - 10.8%
Ash _5.2% Hydrogen 5.3%
‘ 100.0% Njtrogen " 1.53
, {' : o Oxygen = - 8.3%"

Ash - _5.2%

100.0%

LN

Heating Value: 14046 Btu/Tb

y N 8

The results of these analyses are used as the basjs of a classification
scheme for coal. To be c]ass1f1ed systematlgale, coal must be referred to'
some’ standard cond1t1on Two standard condnt1ons are as follows:

.1. Dry, mineral-matter free: This conditions refers to the composition of
coal after it has been dried. Ash content is neglected. )
Moist, mineral-matter free: This condition refers to the cdmpositionm
of coal with ‘its natural bed-moistare still present, but with no visible
water on the surface.- Ash content is neglected.’ '

.

There are twd sets of formulas used to specjfy coal content "in the two
preced1ng conditions. Measurements are made on'the coal fn a moist condition
(that is, w1th natural bed-moisture present, but with no visible surface water)
and with ash present in the coal. - - Then, the. formu]as are employed to convert

.. to the reference conditions. The first set of formu]as are called Parr for-
mulas. The second set of formulas, called approximation formules, gre’approx1-
mate forms of the Parr formulas, but- they are somewhat easier té app]ys. .

.
'




/

PARR FORMULAS
FC - 0.16S ~*

Dry Mm - free FC = 100 155~ + 1.08 A + 0.55 5)

¢

100 - Dry Mm - frée FC, 3

Dry Mm - free VM

Btu - 50 S

Moist Mm - free Btu = 100

100 < (1.08 A + 0:55 5)° Stu/1P
. ' 3
APPROXIMATION FORMULAS
. ;) Dry Mm - ?ree FC = 100 FC %
, < 100 - M+ 1.1 A+0.15)*°"
' \]( Dry i - free vg“; 190'gry M - free FC, % (’.
. Mé&st i - Free Btu = 100 1o o o) Btu/Tb
bhere: ~ Mm = Mineral water.
Btu = Heating value, in Btu/1b. *
" FC = Fixed carbon (%). ’
VM = Volatile matter (%).
Lo M = Moisture (%).
. " A = Ash (%).
S = Sulfur (%).

- R
PR

S

¥

Equation 2 .

Equagion 3 -

4
0

Equakion 5
Equation 6

Equation 7

Equation 4

¥

-

‘ v
A1l of the preceding quantities are measured for coal in a moist condition with

Ve

mineral matter present. . ' ./
i EXAMPLE A; CALCULATION OF COKL CONTENT.
Given* the Parr fermulas and the approximation formulas. P
= Fihd:' The calculation for the coal of Table 1:
B Dry, Mm - frée FC. —_—
Dry., Mm - free VM. .
Moist, Mm - free Btu. v : “ )
Solution: Using the Parr formulas, the following can be ca]cu?atedé
' ' ) 56 - 0.15 x 0.8
e Dry, Mm - Free FC = 100 155—2,3+ 1.08 x 5.2 +0.55 x 0.8) _
- = 60.98%. B
. e ‘ ﬁ - ‘
.o J . 14 EP 0{/Page 7
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£Example A. Continued. , \\ : 7

Dry, Mm - free VM. 100 - 60.98 = 39.02%.

14040 - 50 x 0.8
100 - (1.08 x 5.2 + 0.55 x 0.8)

= 14902 Btu/Ib.

Moist, Mm - free Btu = 100

J .
Using the approximation formulas, the following can be calculated:

\
) 56
Dry, Mm - free FC = 100 155 (2.3+1.1x5.2+0.1x0.8)

60.94%.
Ory, Mm - free VM = 100 - 60.94 = 39.06%.

’ 14040
100 - (1.1 x 5.2 + 0.1 x 0.8)

B 14904 Btu/1b. P

~ Mojst, Mm - free Btu = 100

The results obtained from these formulas are used as the basis of a classi-
' fication for coal of various type§ and compositions. Coal is classified into
fpur broad classes, as follows:
» Anthracite
« Bituminous
+ Subbituminous
(j ! Lignite
As one might progress upward in this ranki g from Tignite Iistéd last)
to anthracite (listed first), the coal 7s farther along in each stdp.in its
' \\\\-_’291ura1 development from compfgssed vegetation to relatively pure carbo Thus,
' Iign}te is said to be "young" coal and anthracite is said to be "old" coal.
Anthracité coal is a hard, dense coal with a black, méta]]it-]ooking luster.
It is difficuit to ignite because it lacks volatile matter to bégin the burn-
ing. Once ignited, though, it burns well and does not produce smoke.
Bitumihiéq coal is 1e§s hard and contains more volatile matter than
anthracite coal.\ It ignites easily and burns freely with-a smokyéflame. The
¥férﬁ "hitmunious coal™ includes & wide range of different .coals with\different
( compositions and .burning properties. It may vary in color from dark brown ,
to black. : : " o J
'_Subbituminous coal is rg]at?vety high in moistgye content and tends to
break up easily. It is black in color.and burns easily, producing relatively
. little smoke. ‘ ‘ o

r
* Page 8/EP-01




Lignite coal is a brownish-black coal with a woodlike structure. It is
moist and subject to disintegration and breakup. Because of the moisture,
it is hard to ignite; but once dried, it burns well. Lignite is distinguished
by having'a relatively Tow hegting value, &s compared to other types of coal.
Within each-of these classes, there are a number of different groups.
For the ASTM classification commonly used in ihg United States, the important
+ parameter for old coals (anthracite and bituminous, with a high fixed-carbon
content) is fixed carbon;' For younger coals, which have a Iowerifixed-carbon
content, the important patameter_is calorific value. These coals include Eome
coals classified as bituminous, subbituminqué, and lignite. <The ASTM classi-
fication for coal is presented in Table 2. This classification does not,in-
clude a few\typés of coal that contain unusual properties: The classification
in Table 2 is called a classification by rank, that is, a classification accord-
ing to the éegree of progression in the natural change of coal from lignite
to anthracite. s ' ’
\\“‘ There are other types of clagsifications for the more complex and varied
nature of coal, but the ASTM classification shown in Table 2 is probably the
most widely used in the United States. ¢

N TABLE 22 ASTM CLA§SIFICATION FOR COAL.

; n Fixed Carbon Calgorific Value
Class . Group Lim¥ts (%) (Drys| Limits (Btu/1b)"
i} - ' Mn-free) (Moist, Mm-free)

Anthﬁagite Methaanthracite >98
Anthracite * 92 - 98
—~f Subanthracite 8 - 92 °

Bituminous™ | Low Volatile 78 - 8
' Medium Yolatile 69 - 78 .
“High Volatile A] ’ <14000
High Volatilé B 13000 - 14000
High Volatile. C - 11500 - 13000

Subbituminous§ Subbituminous A ) 10500 - 11500
_ - Subbituminous B Y 9500 - 10500

2N | subBituminous C .| 8300 - 9500
Lignite Lignite A - , 6300 8300
Lignite B . <6300
‘ EP-01/Page 9
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OTHER SOLID FUELS

‘Sglid fuels other than coal include the followiﬁg: : |

» Wood o

. Waste products from industry and égricu]ture '
s C'Q'ke’,,— ' |

- Peat ‘ .

At present, these fuels are much less important than coal for the produc-

~ tion of steam and hot water.

. pile of wqod eight feet long, fourifeet wide, and fqyr feet high. This is .
" the equivalent of 128 cubic feet of wood. '

1

Wood has been used as a fuel for centuries. _Wood- burning stoves and home-
heating systems were common in the United States’ 1nto the 20th century, but
the use of wood to heat homes declined as oil and natural gas furnaces became .
more common. Then the use of wood in the home was confined mainly to fireplace
use. In recent years, however, as oil, and na%ura] gas prices have risen, supple-
menfa] wood-burning fdrnaces are being used again.

Wood is being used in industry for ihe production of steam and hot water;
but, fp% this use, it usually is not burned as logs.  Bark and other scrap
from wood-processing 6perations are usualtly emp]oyed' In a tocation wheré
wood is being processed and scrap is readily ava1ﬂab1e wood can serve as a =~
convenient fuel for both space-heat and industrial’ process steam or hot watemk
This also provides a useful method for d1$pos1ng of'scrap.

The usual measurement for wood used as fuel is the cord"'ﬂ"cord is a .

The hea%ingpvalde of wood depends on the type of wood-and its moisture
content. The heating.value of dry pine can be ‘as high as 9000 Btu/1b. Dry

'wqod burns extremeiy,we]]. Even with a moisture content’of 50%, wood will

burn reasonabdy well. However, if the moisture content is above 65%, too much

'heat is required to evaporate the watem. If the moisture content is 80%, the °

heating value is less than 2000 Btu/1b; and the heat needed to evaporate the
water -is so high that combusfion may not even occur. ) "

Table 3 presents properties of some wood fuels that .could be used for
steam or hot water production. _Iﬂe values presented are based on a-dry eondiJ
tion. (The percentages refer to the materiaf‘after moisture is removed. ) The
definitions of the terms are the same as for coal; however, in contrast to
~ coal, yolatile matter is greater than f1*ed carbon.
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TABLE 3. PROPERTIES OF SOME WOOD FUELS.

Pine Bark - Qak Bark Redwood Bark
Fixed Carbon |, .o2a2 |} 1879 | 27.0%
Volatile Matter o 72.9% 76.06 | 72.6%
Ash . 2.9% 5.3% . 0.4%
Heating Value (Btu/1b) 9030 8370 8350

Presently, the primary use of wood as a fuel is for wood stoves and resi-
dential heating systems. Only in industries where wood scraps and bark are
readi]y‘available%is wood widely used as a fuel. (For example, approximately,
50% of the energy in pu1p.and lumber industries comes from buring wood.) How-
ever, there are a few, small wood-fired electrical generators planned or oper-

A

The use. of wood as a fueljwill probably increase as costs ,of other fuels

ating in several states. f)

increase. Wood represents a fénewable energy source; and in the near future,
it will probabfy account for a large percentage of this country's tdta] energy
use as a supplemental energy source. o

A number of waste products from agricultutral and industrial operat1ons
are used as fuels, and most are used’ in the industry. that produces them. One
advantage 1is that this eT}m1nates the need to dispose of the waste. The total
energy contr1buted by fue]s that come from waste products is only & small per-
centage of the tota] energy consumed by industry. However, for a processing
plant that produces,su1tab1e wastes, the wastes usually provide a significant
~fraction’ of the plant's fuel netds

One example is bagasse wh1ch 1s the fiber that remains after. juice-is
pressed from Sugarcane. The waste is ground-up and burned to produce steam
in sugar mills. _If the sugar is not b‘ﬁng ref1ned at the p]ant the bagasse
may sat1sfy thes fuel requ1rements of the p]ant “

Other waste products frequent]y burned at plants that produce them 1nc1ude .
the fo110w1ng coffee grounds'left ovér from thé production of instant coffee,
corn cobs, straw and hu]]s of various grains, and municipal refuse. The heating /
values of some waste materials used as fuels are given in Table 4. These
heatingavalues are based on dried material; however, the materials listed
~often contain a 1arge amount of moisture. Bagasse, for example, may contain
more than 50% noisture; therefore, much of the heat may be required simply,
to vaporize the moisture,
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TABLE 4. HEATING VALUES OF DRIED -
WASTE PRODUCT FUELS.

Material Heating Value

~ (Btu/1b)
Bagasse 8390
Corn cobs 9300
Cottongeed cake 9500 i f)
Rice straw  |. 6000
Wheat straw 8500 J—

<

Coke is the res1due§Produced when coal is heated in the absence of air,
or with little air. Coal is heated to a temperature of 1200-1400°C (but not
burned), and much of the volatile matter is driven off. The residue that re-
mains is coke. Coke is mostly carbon, along with minera} matter and some re-
maining volatile matter.. It is a cellular mass, having greijgr strength than
the or1g1na1 coal.

Bituminous*coals are rated as coking or non- cok1ng, according to their
capacity for being convérted into coke. If the coal has too little carbon
or too much ash, it wT11 produce a coke that crumbles too easily.

The.volatile matter that is driven off in the ﬁroduct1qn of coke is a
comptex mixture of materials. It is collected and used in the production of
many substances, including cosmetics, perfumes, and pharmaceutical products.
One toh of average.coal will yield about 0.7-ton of coke, 1150 cubic feet of

gas, 50 gallons of benzene, 27 podnds of ammonium sulfate (used for fertilizers),

and several pounds of mixed organic chemicals.
The residua} solid coke.is very high in carbon content (at least 86%)
and contains very 1ittle moisture. Coke is used in blast furnaces for the

p?oduction of pig iron. Because of its strength, it can be used as a bed for-
*‘*M-*“"v-‘—-—a*heavy-ché+ge—offmeta4¥——$Q45~usefaccountS—for most of the coke produced in =

the United States. Very little coke is used for the production of steam and
hot water. * . .
Peat is an early stage in the development of coal from vegetable matter.
The st&ucture of the or1g1na1 vegétable matter san sometimes be seen in peat.
Peat, which is found in swamps and bogs, has a very high mo1sture ‘content
at tealt 75%. However, ‘wheh' peat is- dr1ed the mo1stUF§'Eén be reduced to

v . v

| { E } 7
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about 55%. . In this cond1t}on peat burns we]] with a heating value of approxi-
mately 4000 Btu/1b. -

- In many countries, peat is often used as a fuel for household heating.
In the United States, peat is not used for this _purpose, because coal, which
has a h1gher heating value, is readily available. Peat is not an important ¥
fuel for production of steam and hot water. ‘

'The following briefly summarizes some of the relative advantages dis-

advantages and uses of each of the solid fuels previously discussed: ’

-+ Coal is a high-grade fuel with high heat content. It is abundantly
available throughout the United States and is the most widely used
solid fuel. However, the high sulfur content of manygtypes of coal
causes air pollution. The majority of the coal burned in tné United-
States is used by electric utility companies “for generating electricity.

* Wood has the main advantage of'being a renewable resource. When dry,
it ha; high heating value; but often it is wet, and some of the
energy must be used for vaporizing moisture. It is used most often in

industries where it is available as a by-product (such as bark).

.Exampﬁes are pulp and lumber industries. , ' -

- Waste products are attractive sourees_of energy in jndustries where,

" they are readily available and will not have to be disposed of in some
mannér. Advantages include high heating value (when dry) and e]ihjna-
tion of tne\disposa1'prob1em. However, waste products are often wet.

+ Fuels from waste products are limited in .availability, so they are not
widel& used as an energy source,_extept.in industries that produce
su1tab1e wastes. An example’of usage is bagasse in sugar mi]]s.‘

. Coke is a high- grade fuel with a h1gh heat content Its preparation
y1ers other products’of value, such as perfumes and coéhetﬂcs Be-
cause coke is more. cost]y than coal, it is not w1de1y used in the
routine prqduct1on of hSE'QAter and steam. t is used mainly in ‘
applications that require its special cHaracteristics (for examp'le,~ '
smelting, which requires hfgher purity than coal). L

‘. Peat is a low-grade fuel that is readily available in some areas and
is relatively inexpensive. However, because peat has Tow heat1ng

valye, and s wet; it normally is used only for residential heat1ng.'
' J
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< ' HANDLING Q_F souﬁ FUELS 4

’

The fo]ﬂow1ng sect1on of, the modu]e emphasizes the hand11ng of ctoal since
it is the most w1de1y used solid fuel. The discussion includes the fo]]ow1ng

steps: transportation, un]oad1ng; storagé, sizing, and preparation for burn- o~
~ ing. e T S
TRANSPORTATION T "
'Coal_may be transported by a‘variety of methods, including the f011owing:
T ~ . Raijlroad s - 7
7 \ ¢ Truck ‘ f ' > ' “
- - Barge ’ , o < R
- Conveyor belt 4 . e ‘
« Pipeline (in a liquid s]urry) _ ‘ "
" . The shipping method depends on the,geographical relationship of the mine

and the user. Because transpertat{on costs can represent an important part
f the total cost of coal, Targe, Goal -burning electrica? p]ants are often
7 located Where access to coal is éasy (for example,, near a mine or along a r1ve# ..

»

’

« ' where coal «can be barged in). - ‘ -~
Railroads ship as much as 75% of the coal traﬂSported 1n the United States
i To cut costs, railroads often use unit trains. - The eencept of unit trains
_)Ziainload of a single commodity. The unit.train
moves directly from the mine to the. user, without any intermediate terminals
or switcking. A unit train ma§ have as many as 100 to, 200 caPs that:are semi-
.permanently eoupled Shipping time and costs are much reduced in th1s manner,
“ as compared to éonvent1on“¢’raxTroad sh1pment > :
.. 0f course, many users will just need one or two,carloads of coal. This
operation 1nvo]yes co]]ect1ng empty cars at the term1na1 and delivering them
. to the mine where they are loaded. After 1oad1ng, the cars are returned to
the user‘s location. After severa1 term1na1s and “several sw1tch1ngs, the car
eventua11y arr1ves at the user's fac111ty Thus “the s1ng1e carload moves

. . 2
involves moving an entire

on an ;rregu]ar schedule, depending on the ava11ab111ty ‘of fre1ght trains.
The costs .involved in sjngle carload delivery are the highest in the railroad
" jndustry. .

. A '
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Other methods of transportat;on by* ra11 1nc1ude the multiple carload vo]ume
and the tra1nload volume. .In train]oad serv1ce, a complete train moves d1rect1y
frém the m1ne to the user, but thé‘fu]? range of concepts of the un1t train
are not emp]oyed o S & ]

Cars used for railroad transportat1on,of coal carry,the1r load "in-capa-
city," with most modern cars hav1ng capac1t1es that range from“100 to 125 tons.
Cars des1gned for, carrying coal are open- tbpped .and they are either the hopper-

type, w1th the floor sloping to one or more hinged doors, or the gandola -type, o

o~

~with a.flat bottom and fixed sides.” - ¥ ;,‘ : - .
Due to the expense involvel, coa] general]y 1s shipped by truck on]y '
_for ‘short distances. Coal can be sh1pped by truck to a USer located hear th €

coal field, or it can be moved by truck to the user,??om a local d1str1but1on
point where 1t has been delivered by rail or barge : ‘

Coal 1is very often moved by barge. Barges have capacities of’approx1nat y
1400 tons, and fleets of as many &s 20-barges are posS1b1e therefore, they
are capable of delivering large amounts of coal, In addition, barge .costs

x

are”Tower than those of truck or Tail transportat1on ; ) ,
Most barges move on the inland Waterway system Of the Un1ted States, that
is, the Mississippi-Ohio Rivers and heir tr1butar1es and the Great Lakes. ' . .

The regions covered by these systems include many_inportant jndustriaT’regions
‘of the United States, as well as ﬁany important coal mining areas in the eastern
part of the country. When the user is not 1ocated near 3 waterway, coal 1s
usually shipped by barge to a d1str1but1onapo1nt and then modedaby truck or
- rail. X : . ] .. v
Conveyer belts can be used for the’de]fvery‘of coa] Whg@ th%,user-ds with-
-in a few miles of the mine. Conveyer belts are alsp used -for movement of coal
within the user's plant. o ey o ) .
Coal can also be moved in. p1pe11nes ig the form oﬁ a 1iquid slurry. The . ,,
slurry, which is a. soupy mixture of pu1ver1zed oBal and water, 1s pumped through
a p1pe11ne from a mine to a large vo1ume user, The First coal p1pe11ne operated 0
in 19145 and th1s techn1que has cont1nued -to deve]op particularly in recent
years. Aithough pumping coal through o’pe11nes represents on]y a small- frac-
tion of the total ~amount of coal that js transported, this _method will probably ‘
become more important 1n,the future.  An, example of p1pe11ne transportat1on

of coal is the Black Mesaiﬁigeline, wh1ch carries coal for 273 miles, frop

S
Ed . ; . - s ~
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northeastern Arizona fg a generating station in southern Nevada. This lé-

inch diameter pipeline is capable of delivering 4.8 million tons of coa1 per
year. As stated prev1ous1y, p1pe11nes are only suitable for large vo1ume users
of coal; but when pipeline transportation is appropr1ate, it.can be the most

. econom1qa1 method available. '

v

" f wilosome
' . . * N
- Unloading coal from a'train at the user's facility is an.important opera-
' ~tion " For economy s sake, it ‘is essential that the coal be unloaded quickly
since it is expensive \b t1e up a large number of railroad cars for pro]onged
unloading. «

In the bottom of many coal cars are dooys that can be opened to drop the
coal between the rails or at the side of the rails. -Car shaker systems arg
.somet1mes used to speed up the discharge of the coal. '

For s all plants, portab1e belt conveyers can be used to move the coal
-after it is oaded,.but.for large plants, complete mechan1ca1 hand1ling equip-
~ " ment is needed. Coal is.aften discharged into a pit, from which it is moved

by a conveyer system. Rotary dump systems are soﬂet1mes use In this sys- -
_tem, “the car is moved inside the rotary dumper, and the dumper turns the en-.
tire car. ups1de down allowing the coal to fa]] out. Some rotary dumpers are
capable of accommodat1ng two cars at a t1me *

‘Motion un]oad1ng is a}so popu]ar In this method the cars proceed s1ow1y
-over the dump1ng area, and the doors on the bottom of the car. are opened as

" the car moves into pos1t1on, d}scharg1ng the coal. -

The trade-off between the two systems is based on econgmics. The rotary
dumper is expensive, but 1t can agcommodate cars with no doors and no moving
parts.. Motion un1oad1ng requ1res more-expens1vé/Ears but Tess elaborate ‘

N fac111t}es With motion, un]oad1ng, ‘a 100—car ‘train can be unloaded in approxi-
_mately one hour as cqmpared to the 4 to 6 hours requ:red for a rozary dump '
system. The econom1é trade-off decisiof must be made on thelbasis of the total
amotint of coal to be received, . the number of cars involved, and so forth

- ,N* Another factor that must be considered is that. coa] may arrive frozen

. since open coal' ears 2!8 exposed to the weather In w1nter coal can freeze
into a solid, unmanageabe 1ump In this case, it must be thamed or broken -

up. Thaw1ng methods 1nc1ude steam, radiant heaters, and oil- f1red thawing
te ‘.‘ K 1

‘ 3
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i
pits. 'ff breakup is requiyed, heavy metal bars approximEtely the size of the
coal car can‘be'lifted‘by a hoist and dropped on the coal. Or, at small plants,
«l hand labor (with pry bars and portable torches) canbe used.

2

STORAGE

. ) , ) & } N :
+ Storage HF large amounts of coal may be necessary to ensure continuous supplies.

However, coal in stbrage can degrade through oxidation. Even more seriously,

soxidation .can heat the'coal and lead to spontaneous ignition of the coal pile.,
"~ A fire-in a coal pile can be difficult and dangerous to extinguish.
To min{mize the possibility of spontaneous ignition, coal shouTd be stored

" in a firm, c]eaﬁ, well-drained base. It should be piled in layers from one‘

to two feet high, with each layer compacted befqge the next layer is added.’

Then a 12-inch-thick layer of fine coal should be added over the top and slop-"

inq:sides of the coal pile to seal it against moisture. The coal should be

dry, because damp ponditions favor self-ignition of coal in storage. Anthra-

cite coal is much Tess susceptible to selfxignition than is bituminous coal.

Coal that has been screened so that the lumps are of uniform size is less sus-
. ceptible to seif-igniton that unsized coa] ) ‘

Coa] piles can be arranged into a variéty of shapes, including con1ca1{/(“
wedge -shaped, or kidney-shaped, and can be as high as the available coal- han-
dling equ1pm%nt can manage. In storage, the coal should be monitored by both
regulgr, visual inspectioh and temperature-measuring devices located in the

"pile. If the coal heats above 66°C, it shod]d be dug out and repiled. If
a fire has ignited, the recommended procedure is smothering. This can be,gghe
«in a variety of ways: "by compacting with a bul]dozer by\sea11ng the top o?
the pile with asphalt, and by the use of carbon dioxide ‘(supplped as blocks
of dry :%2)

Yootz -

Establishment of the size of coal is important | since various uses require !
different sizes of coal. Furthermore a particular method of feeding “toal
to the furnace can be designed 1n order to.use-certain sizes' of coal lumps.

Sizes for anthracite coal are well standardized- accord1ng to the size
of a round hole thirough which the lumps>of coal w111 pass The 1arger s1zes

- Y

) EANIY
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.are used for domestic heating and fdr.gas productiont Smaller sizes are used
in eg@ipment having mechanical feeds. The size standards for anthracite’ coal
are given in Table 5. .o : .

\\\ TABLE 5. SIZE STANDARDS FOR ANTHRACITE COAL.

Size : Diameter of Hole (inches) -

Coal Lumps -Pass . Do Not Pass
Broken . "4 3/8" T3 -:31/8"
Egg - 1 3-318 "2 7/16"
Stove’ _27/16" : 15/8"
Twe Y T 13/16"
‘Pea N . 13/16" 9/16"

Buckwheat ' 9/16" | T~ 516"

Rice . .5/16" ) , 3/16"

Sizing of bituminous coal is less standardized. Table 6 presents various
" sizes and descriptions of b1tum1nous coal. Again, the 1arger sizes tend to
be used for domestic heat1ng and for gas production, and the smaller sizes

to be used in mechan1zed, jndustrial stokers.
’ ]

oo

. . .
n -TABLE 6. SIZES FOR BIUMINOUS COAL.

‘Name R _ - Description

Run of Mine Coal as it comes from.mine

éun of Mine (8") " Run of ming with oversize Tumps broken up
Lump (5") - . Wi11 not go through 5" round hole

Egg (5" x 2") -~ Goes through 5" hole but not 2" hole -

Nut (2"™x 1.]/4") . Goes through 2" hole but not i 1/&" hole
Stoker (1 1/4" x 3/4") ' Goes through 1 1/4" hole but not 3/4" ho]e\ '

Slack (3/4" and under) Goes through 3/4" hole ) o

PREPARATION FOR BURNING . ' ‘\

3

"Severa1‘operations are important in preparing coal for burning, inéiudﬁng

. * . ( .

the fallowing: -
"« Cleaning
+ Crushing

Page 18/EP-01 4
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\ -"Sulfur removi; .
\ ' Cleaning methdds are employed to remove some noncumbu§t1b1e products from,
4 Coah: Beé:use marny common }mpuratmes‘aie more dense than coal, they can be ¢
' separated by mechanical methods. Particles of different dehsity sett]e at
different-rates 1n a fluid. Heavier impurities sink to the bottom faster in
water and, thus, can be separated from,the coa]\J : . .
Another method involves plac1ng the coal on a screen and blowing either
. air- ‘or water through the bed of coa] The heavier particles fall downward
through the holes in the screen more eas11y ant can be separated .,

A method called froth f1otat1on 1s app11cab1e to coal that is small in
éize.. The coal 1s.aggtated in a mlxture of water and reagents, thereby pro-"
.duzAfig a_froth on the surface. The coal particles float in the froth, whereas

‘\ ‘the heavier particles sink and can be separated ' ﬁ B
—_\ i Crushing is employed to/produce the sizes needed for var1ous types of
burners. (Sizing standards have already been described.) Crushers usg toothed
\ rellers, rqotating hammers, or rings'that strike the coal and break it:}h«\ln
conjunction with the crushers, screens or gratings of appropriate spacing are
used to control the size of the crushed caal. ' '
, Sulfur is an undesirable element in coal because it leads to air poliu-
\t1on Sulfur that js in the form of pyrites (iron su1f1de) is removed by the
operat1on of crush1ng, “washing, grav1ty separation,_ or froth flotation. Sul-
fur that-is present in the form of organ1c compounds cannot be removed by these
Qgﬁiogs— Exper1menta1 methods, such as magnet1c separation, are @Under develop-
M ment for improved removal of pyrites.

<

, COMBUSTION OF SOLID .FUELS
& kS v

Combustton i's defined as "the burning of a material." It is a chem1ca1
react1on in wh1ch the chemical coristituents of a material comb1ne with oxygen

aand produce heat. The usual source of oxygen is the Oxygen that is present
1h air. For some spec1a11zed applications, oxygen caﬁ\be supp11ed from: some

other chemical; but for product1on of- steam and hot water air. is the source
of oxygen. ' P S : v

. . , R . a_ .
? - e - - * . 's .
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STAGES OF COMBUSTION _ N

Combustion of solid fuels occurs in stages. First the volatile matter
is driven out of the fuel. The volatile matter mixes with air and burns as
a gas. This process heats the so]ﬁd residue3‘thch is mbét]y carbdn. sThe
residue must be heated to the, point where combustion can continue at the sur-
face. Air moves to the hot sufface, and the oxygen combines with carbon there.

In this stage;‘combustion will cease if the tégperature drops because the com-

bustion reaction cannot be sustained. . ) _ '

Because of the manner in which solid fue\s burn, bituminous coal is rela-
g tively easy to ignite. If heated sl1ght1y, it releases volatile mater1a1' ‘
such as hydrocarbons, which burn easily in the air.: Burning the wo]a¢11e matter
heats the residue to the point where 1t also will burn.

Anthracite coal is more difficult to ignite because it contains very ]1tt1e
volatile matter. Because of this, the first stage of combustion does not pfo-
vide much heat ‘making it more difficult for the solid residue to become hot
enough to burn e

Any fuel conta1n1ﬂg much moisture is limited by the fagt that some of
the heat mist be used to vaporize the moisturev Because this keeps the. tem-"
perature Jower than it would be otherwise, combustion may cease.

As—— CHEMICAL REACTIONS IN \COMBUSTION - .
[~ Thefpr1n;4\\1 chemical reactions that occur in burning an organic mate-
_ rial that contains carbon, hydrogen, and sulfur are the following:
-y . .
. C+ 0, w——— C0, Equation 8
‘ ) 2H2 + 07 =——— 2 H,0 Equation 9
v o S + 0 wee—— 50 z . Equation 10

" N \' ’
If not enough oxygen is available to burn the carbon completely, carbon: .
monoxide may be formed in the following reaitiggj

“~

2C+0; e—— 2 CO . ~ Equation 11

.

' The pfeceding reactions describe the end result of burning an organic
- solid material ‘such as coal. If the coal primarily consists of carbon and
. hydrogen, the end products of combustion (with adequate air) are primarily

. ,‘ ; ‘ ' 4 2 ’
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carbon dioxide (CO,) and water {H,0). ’ &
Equations 8-11 are simplifications. The reactions actually occur in
stages with 1ntermed1ate steps The net fina

processes are represented ade;

[ L3

quately by these react1ons
In complete combUst1on of fueTs cont ining caption ,\hydrogen, and squur,
C0,, H0, and SOz This pro-
Equations/8 and 10. The end %
products will no longer react with oxygen. Complete combustion of a hydroi

all of these materials are oxidized comp{etely
cess of ‘complete combustion is represented

carﬁon fuel can be defined as “"combustion that carries the chemical fomponents |
to the final end products wh1ch cannot burn further.'
A contrast is 1ncompTete combust1on, represented by Equation 11. This -
_reaction produces an end product of carbon monoxide (C0), which wi)T/burn
further according to the following reaction: /

s

2 C0 % 0 - 2 CO Equation 12

a

IncompTete combustion, as represented by Equat1on 11, js undesirable be-
cause (1) carbon monoxide (CO) is a dangerous po1son and (2) it represents an
inefficient use of the fuel. )

Stoichiometric combustion is defined as "combustion of a fuel with the
exact amount of oxygen needed to oxidize 1t completely,". accord1ng to ‘the pre-.
ceding reactions (Equations 8 and*11). In stoichiometric combust1on the fuel
i's completely burned to produce CO,, H,07—and SO0,, and there is no oxygen re-
maining after the combustion. In prigtioe, it is difficult to achieve stoi-
chiometric combustion. The flow of air and its mixture with the fuel are vari-
able enough that stoichiometric combustion usually is not assured.

Therefore more air 1s usually supplied — more than is needed for sto1.
ch1ometr1c combustion. The amount of air suppT1ed above’ the amount for stoi-~
chiometric_combustion is called excess air. Excess air usually is provided
jn the production of steam and hot water. It is provided both for safety and
for maximum fuel utiTi;ationi The amount of excess air cannot be too great,
because the ajr that goes up the smokestack is heated. If too much air is
supplied, it will represent a loss to the efficiengy°of the heating procédls.
The amount of excess air supplied will vary. It depends on the type of fuel,
the expected variations in the fuel, and the'type of furnace being 0sed.

a
-

1 i}
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In co practice the amount of excess air beyond the amount needed for
stgfichiometric combustion can vary from about 15-40% for' combustion of coal.
?ﬁ\Iab]e 7 presents the amount of.air needed for stoichiometric combust1on

of“some chemical substancés. It is presented ¥n terms of the we1ght of air-
needed to'burn one pound, of fuet 1n.sto1ch1ometr1c combust1on If the chem1ca1
composlxaeq\of fuel is_known, the required amount of air can be determ1ned
The amount of air Tisted in the table is sometimes called theoret1ca1 air.
»13ble 7 also presents the heating value for various ‘chemical constituents.
If the chemical compos1t1on of the fuel is known,-the heat1ng value of the .
fuel can be ca]cu]ated by adding the contributions from the different combusa
tions. ‘ < N

TABLE 7. THEORETICAL AIR AND HEATING VALUES
OF SOME MATERIALS. .

Theoretical Heating

Combustion Air Value

Reaction

Material _ ' (1b/1b of Fuel) | (Btu/1b)

Carbon 1 ¢+ 0 ——Co, 11.51 " 14447
Carbop monegide | 2 CO + 0, <=2 CO, 2.47% 4344

Hydrogen | 2 Hy + 0 emmmtmdm2 H,0 34.28 p 60958
Sulfur S + 0, S0, ) 4.31 3980

> ‘EXAMPLE B: CALCULATION OF HEATING VALUE.

Given: The’yltimate analysis of a sample of coal from the Pocahontos #3‘
JDed in "West Virginia is as follows:
a Carbon: 80.7%
b Hydrogen: 4.5%
c. Sulfur: 0.8%
d. Nitrogen:  1.3%
e
£
g

?

Oxygen: 4.6%
“ Ashs 5.2%
Md@sture 2 9%

The, heating value and the amount of air needed for sto1ch1ometr1c

combustion.

. ¢
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* 'Example B. Continued.’

SQlytion: The Iasi four components do not burn and do not contribute to the
heating value. If‘the heating values in Table 7 are used, the
following -is abtained for each pound of coal:

Carbon: 0.807 x 14447 = 16,659 Btu
Hydrogen:  0.045 x 60958 = 2,473 Btu
sulfur: 0.008 x 3980 32 Btu

14,434 Btu. i ;L‘
Thus; the{ca1cu1ated heating value is 14,434 B8tu/1b. The amount

of air required for cone pound of fuel is determined as follows:
——-Carban: 0.807 x 11.51 =. 9.29 1b
Hydrogen: 0.045'x 34.28 = 1.54 1b
sulfir:  0.008 x 4.31 = 0.03 b’
) : 10.86 1b.

Thusaflo.qs,pgunds of air are needed for stoichiometric combus-

.stion of one pound of this coal.
. il

s BURNING OF SOLID. FUELS

Fue]s_are burne& inside an enclosure that _confines‘the products of the ~
combustion. This enclosure, the furnace, must be capable of withstanding the
high temperatures produced by burniné. The furnace walls are ‘constructed of
materials that are chemically nonreactive and can survive temperatures in the
furnabg. Such materfals are called refractory materials. Oqg example is fire- <]
brick. -
In modern boiler furnaces, the walls are usually-water-cooled to keep
the wall temperature Tow énough S0 thaf the wall materials afe\resiétant tgh '
oxidation and will retain thir mechanical strength. N -
Inside the furnace, solid fuel can be burned on a hearth or grate, which -
allows air to rise -through--the bed-of burning fuel. ,0ften the grate moves — — «
in some way to provi@e even distribution of fue](ﬁhroughout the furnace. ’
Furnaces are designed fq provide complete combusgion of ‘the fuel. —This
means that the fuel must remain in the furnace for,a 1ong‘en6ugh time and at
a h{gh enough-tempera?ure so that it burns completely. There are many dif-
ferent furnace designs, depending on the type of fuel being burned, the rate
' 2 .

~

,-
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of ﬁeat generation; and the method of feeding fuel into the furnace.

{he delivery of fuel into the furnaceyis called firipg. The firing meth-
od should provide continuous delivery‘of'fuel to the furnace and distribute
it within the furnace. Modern' furnaces®can be described on the basis of the
firing method. '

There are a number of methedédfor f1r1ng solid fuels. Again, coal is
emphasized. The oldest method, df course, is hand firing. In this, a person-
shovels coa] into the burner. Hand firing is obsolete, and, in any €ase, would .
not- be—useful in a Targe plant that uses thousands of tons of coal each day. -~ «

Mechanical-stokers that feed coal into the burner were developed a short-
\tihe after the invention of the steam engine. Mechahiga] stokers remained*

- as the leading method for many years. ;
In the 1920s, a major advance occurred with the development of bu]verized

coal systems. The coal is pulverized and delivered to the furnace in a contin-- ..

qu; ﬁ}ocess. This procedure provides signifi;ant advantages as compared to
stoker firing.

.

In the 1940s, a further—advance occurred with the development of the
cyclone furnace. The cyclone’furnace provides additional advantages over the
pu]veriiéd coal systems. Many modern coal burnerssare of this type.
STOKERS - > N v

v
-

Mechanical stokers were originally developed as an 1mprovement over hand-
firing methods. Stokers move coal into the furnace ‘and. they can also remove
the ash. Stokers have been well- deve]oped and continue to be su1tab1e for
many small and medium-sized boilers. They offer a continuous feed of coal
in a mechanized system of reasonable efficiency. - ’

There are a number of different types of stokers in use. Perhaps the
most important is the spreader stokeg, which uses traveling chains to spread - :
fuel unjform]y into the furnace. HeaVy pieces of coal rest on‘tﬁe grate where *i\

hot gas flow; then they are rapidly consumed. Coal is fed from the hopper onto
'the moving chain by a rotor. Figure 1 shows a schematic diagram of a spreader
stoker with.a traveling grdte. ' \

.

-
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-Such stokers can .

effectively burn many

P

.types of coal. In

. N :
addition, they ‘can COAL HOPPER SOILER TUBES
-accommodate coals with
a wide range of burning - soron -
characteristics, in- - | Y e N
cluding all fypes of WM#niIﬁ:EEIi——' - \§::~
. ) . A5 .'_T STOKER CHAIN—™w
Tignites and bitu- 5= Y .
s » O

P'-—
N

|

minous coal, However, .

-~
anthracite coal is not- ;
Figure 1. Schematic Diakram of a

satisfactory~for sprgader Spreader Stoker.
stokers. = - .
Several other stoker .designs are in use: the undgrfeed stoker; the water-

cooled, vibrating, grate stoker; and/:?s/traveling-gnatg stoker.

There is a maximum burning rate gossible with each type of stoker. The
highest value is 750,000 Btu/ft2/h. Because of this limiation, the boiler
size must be increased in large plants. Therefore, stokers aré not so widely
used as they preV%ous]y were. Pulverized coal systems or cyclone furnaces
are used in most new imstallations. When stokers are‘inggalled now, it is
generally,in smaller plants. Many stokers do remain in operation on older
equipment. . ) ) . ’

Very large, modern furnaces are capable of burning rates up to 165,000,000
th[h) With. the limitation imposed by the maximum burning rates of stokers,
sthe combustion chamber would become unreasonably large for stoker firing. Pul-
verized coal systems provide higher burning rates and, thusl-ére more compat-
.igge with large plants. \ '

PULVERTZED COAL SYSTEMS

A large percentage of the coal That s burned in large, steam generating
facilities is burned in pulverized form. Pulverized coal burning was a major
advance@ent Qevelqped in the nggs. As boilers grew 1aﬂ§er,“stoker sysgems
were ‘no longer able to provide the required combustion rates. The development
of pulverized coal systems was the solution.

. 'i N

%

\ .
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' In a pulverized coal system, the co§1 is pulverized to very small -particles.
The particles of coal are carried into the furnace on a stream of air. Because
of their small size, the particles burn rapidly. Pulverized coal syétems are
capable of producing high heating rates. Thus, pulverized coal burning is . | ¢
compatible with large plants that gene}ate large quantities of steam. Pulver-
ized coal systems usually are not used in small installations for which stdkefs
are more economical. Pulverized coal systems prébab1y are the best means of

burniné the higher-ranking coals. , . 0.
An.important characteristic of-coal for pulverized coal systems is "grind- '
‘abi1it9“" + Grindability is expressed as a number relative to a standard coal
thhh is assigned a grindability index of 100. The grindability ihdex is mea-
sured by a standard ASTM procedure. A coal i; more difficult to grind if its
grindability index %s less than 100; a coal is easier ta grind if its grind-
ability index is éreater than 100. Obviously, thg grindab11jty index is an
important factor for pulverized coal systems. As The grindability index of r
.the‘zoaj increases, the Fapacity of a pulverizer “increases. Thus, a system .

. . \o

with pulverizers of a certain type will need a coal supply with a mimimum value
of, the grindability index. ‘ i . v
Originally, pulverized coal burners used a bin system. The coal was first

pulverized in a pUTverizé;, and then it was transported to a bin where itvﬁas
étored until used. There are many plants still in operation that use the bin -
system. Newer installations use direct firing, in which the pulverized coal -
is transported directly from the pu1verizer'to the furnace. The direct-firing '
system is simpler, safer, and™Mless expensive than the bin system. It'superseded
the, bin system as soon as pulverizing equipmgnt became reliable enough to en-
sure uninterrupted operation of the plant '

" A simplified drawing of a direct-firiné, pulverized coal_system is shown
‘ in Figure 2. Coal is fed from

COAL HOPPER . ° . ] ‘
' ; a hopp§r into the pulverizer.
BOILER WALL
L After it is pulverized, it
rEEDER Low ‘ is blown directly through pipes
o ~ ] and into the burner. The air
i ' ‘ FLAMe used to transport the coal
PULVERIZER ’ > .
: {:]’L°“E" is’part of the air used for

Figure-2. Schematic,Diagram of a Direct- combustion. This air'ti}aT1ed
Firing System for .Pulverized Coal.'
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primary air.: The remainder of the air needed for burning is intraduced into

the burner. It is called secdndary air. Primary air provides about 15-20%

of the total air needed for burning. \ ' '
Pulverizers generally can be considered-as being of three types: slow

speed, mepjum speed, and high speed. Slow-speed pu1verize‘s use a roteting

drum with tumbling stee]gba11s. Medjum-speed pulverizers can use a ball-and~

}ace constfuctionf with steel balT1 bearings between an uﬁber and Tower race.
The coal is crushed under pressure between the grinding surfaces. High-speed

pulverizers have hammer like beaters revolving inside a chamber. ,
The pulverized cgal passes through a screen that ensures/fﬁgghzﬁe ¢oal %

is of the reguired ﬁE}

on the desigb of the furnace. A typical requirement is that it must pass.

through a screen with openings the sizeé of 0.0029 inch. Thus, the pulver-

izing operation results in very sma}] coal particles. This is needed to dllow

eness. The fﬁneness*depends'on the’ type of coal and

transportat1on into the burner on a stream of air. , '

Two other divisions applying to burners for pulverized-coal systems are |
front firing and tangential firing. ’
Front firing simply means that the fuel .
is fed gnto‘the front of the burner. \<;47 —:>/
In tangential firing, the fuel is fed !

into the corners of the chamber (Fig-
ure 3). Some large, modern installa-

tions tend to be of the tangential

N :
: s .
type.
sP /”<::;, J;>\‘\~Feeo TUBE
Figure'3. Corner-Fired
- . Tangentjal Burping.
CYCLONE FURNACES Co >

The cyclone furnace,,wh1ch is a further advancement in coal-burning tech-
nology, was developed in the early 1940s. The cyclone furnace allowed economic

use of Tow ranks of coal and improved combustion performance.’ Many: large power.

plants: now employ coal-burning cyclone furnaces.
The cyclone furnace is a horizontal cylinder. Coal, which is‘crushed

in a simple crusher, is fed into the burner. Parts of the air (about 20% of
] N
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~ what is needed for combustion) enters in the same part of the burngr in a di-

rection para]]ef %0 the outside of the cyl#nder. This is ca]]ed primdry air.

. Pr1mary a1r causes the coal to whir® -about in a’ tangent1a1 direction.’ Figure
4 shows the operation of fhe ) e ' . X :
cyclone furnace, withthe . ° . . GCOAL °(§5°°N°ARY AIR

, . coal and primary air enter- 4 . ‘ |- ¥ ‘
ing t_be p'r:imary bui‘_ner portion oo iARy )
of the furnace:. . AR —_

3

. The burifing coal is Y

- ) ° * . ‘y‘
R carried 1nto the ma1n cham TERTIARY AR A il
ber of the furnace. The o . : '

, secondary air enters the - '_ (éuhﬁsn -
main chamber of the furnace. ) - T ‘
. bTEe tecondary a{r enters the Fﬁgure 4. -Diagram of Cyc]one'Furnaee.'_
~ main chamber, tangentially to the roof of the cy11nder The secondary air

(about 75% of the tota]) also causes the coal to whirl about in_the main cham-
ber. A sma]], add1t1ona1 amount (approx1mate1y 5%) of air, called tertiary
air, enters the cehfer of the burner.. ~ - ‘ -

The ‘combustion occurs efficiently, with high heat release. The ‘tempera-
tures are high enough to melt the ash into a liquid called slag. The slag

¢

coats the walls of the burner. PYeces of coal entering the burner are whirled

'to.the wall where they stick in the- ag."They burn rqpfdly in the fast-flow-

-

ing secondary air.

The cyclone furnace ‘generates a high rate of heat release in a small volume.

It can burn a wide var1ety of coal t Des ranging “from lignite to 1ow-volat11e
bituminous. The ash characteristics of coal are important. To form a liquid-
slag coating on the walls of the Burner, there should be at least 6% ash in
* the coal. The chemical contentaof sulfur and iron are also important. F1gure
. 5 shows a range of coals suitable for burn1ng Hn q,cyc]one furnace, as based

7

on the sulfur content and the ratio of iron to calcium and magnesium in the
ash. Coals lying outs1pekth? suitabTe range have a high tendency to form iron
Fifide, which is undes1rab1e in a cyc1one furnace. @

» ' ’
. - . . -
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To summarize the apph‘ca-"

. t1ons in which various f1r1ng z
methods are used Table 8 shows :
_ the furnace sizes (in terms of ! o
°-°u
) rate of hea'e re]ease) for which s
the various -firing methods are L o”
- [ ]
applicdble. 9 °
. g2
. o’é'?'é"ué-’t'o'
. TOTAL SULFUR (DRY BASIS) %
. - Figure 5. Suitabiltiy of Coal
. s R for Cyclone Furnaces. )
- ) ) . o T . '
1 ™ . TABLE 8. HEAT RELEASE RATES FOR VARTOUS FURNACES..
Firing Method- Heat Release *(Million /Btu/h)
Hand-fired -« | - 0.5— 5
R ) Stokers, small’ 2 - 50 . m
- NStokers: large .50 —'-200 :
lverized coal .. N .25 —2000
Cy§lone furnace =~ | . ° 200 — 2000
FLUTDIZED 3535# | o . S

A new development in the burning of coal is combustion in fluidized beds.
This process, which is under development in the United States and England,
is being hailed as a major advance in combustion technology.

In fluidized bed combustion, air is btown .upward through the bottom of
the burner. The f1ne1y dtvided~coal is suspended in the r1s1ng current of
a1r The particles of coal. are lifted slightly so tﬁey are no longer resting
“on each other, but, rather, are f1oat1ng in the rising air stream. More sur-
face area is exposed to the air than in conventional burning where air moves -

~ over the surface of the bed of coal. Thus, efficient combust1on is possible.
Another result is that heat transfer to "the boiler is more eff1c1ent there-

| fore, smaller boilers-can be used. The fluidized bed also allows for Tower-

I ) 'grade coals to be burned effecfively. ' } N B}

& : ' &~
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It appears that the development work of fluidized bed combustﬂon of coal
is now comp]ete An experimental, e]ectr1ca1 generat1ng station us1ng this
process. is being constructed in Yorkshire, England, and shou]d be operational
jn 1975: This may become an important factor in coal combu§tion,in Ihe future.

A J -

EXCESS:AIR . e . . . L

Excess a%r was¥defined as "the amount of air that is supplied to the com-
bust1on process in excess of the theoretical amount - requ1red for sto1ch1ometr1c
combust1on " It is supplied to ensure complete eombust1on of fuel without
production of Garbon monoxide. The amount of- excess air varies.with the method
of ?irihg. Table 9 gives the amounts of excess air that are commonly. supplied
for various firing methods. “Itecan be seen that the cyé]one furnace is operated

, w1th the smallest amount of excess a1r . ) . “
. :

TABLE 9. USUAL<AMOUNTS OF EXCESS AIR FOR
VARIOUS COAL-BURNING METHODS.

: . " Excess Air
Method’ } (Weight Percentage)

-

Stokers -~ " . . . . -
Spreader o | T 30-.60 ]

\ Underfeed ‘ ©20-580 ¢ -
Water-cdoled vibrating grate . - . . 30 - 60 -
Chain grate and traveling grate . . 15 =150

Pulverized coal systems . o 15 —-400

Cyc]one\furnaces 10 — 15

BOTLERS ( ‘o

The boiler i§ an important part of steam production. The boiler censists'
of structures that are in contact with hot~§ases on onewsige and*with water, _
or a m¥xture of water and steam, on the other. Sometimes the term "boiler"
1s used to refer to the ent1re structure, including the furnace. In this module,
the term "bo11er" means the surfaces that transfer heat from-the hot ga¥es

to the water and the strucﬁures that contain water and steam. The boiler is

essentially a closed vessel containing water that is converted to‘steam'by,

heat.
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)' . * Four types of boilers — fire-tube, water-tube, straight water-tube
“and bent water-tube — are d&scribed as follows:
1. Fire-tube boiler. .In the fire-tube boiler the hot dases from the com-
bustion girculate thgyugh tubes_and heat water that _surrounds the tubes.
The tubes and water are containd in a cy]lndr1ca1 drum Steam collects

above the water L ,
SﬁFETY VALVE ¢

.~ -level and s with- - \ . STEAM OUTLET

‘ . [ - -
drawn ¢hrough a STACK—» . .
pipe. A safety"

valve is necessary,

because if the
pressure rises too  °
COAL BUNKER —= ;

high, the boiler
- can-explode. A
\\\\diagram of a fire- ) . )
tube boiler is " Figure 6. Schematic Diagram of a Fire- Tube
shown in Figure 6. . Boildr with an Underfeed Coal Stoker.

- . . (Arrows show direction- of -gas flow.)
% ° In current practice, & ‘ - .
fire-tube boilers are used in small. insta]]ations Water-tybe boilers .
offer greater safety and are used in Iarge modern installations. Fire-

tube boilers are used in steam-heat1ng sysiems in apartment bu11d1ngs,

small factories, and hotels. o~

YWater-tube boiler. Water tube bo11ers use smal] tubes in wh1ch water
js contained. Hot gases are on the outside of the tubes. The tubes,

which have outside diameters in the range of 1 to 3 1nches, are connected
to steam and watvr drums. The drums are shielded from\the hot gases o
Steam is formed in the tubes and circulates to .the stemnéhrum, from which

- it is extracted through a pipe. Water-tube construct1bn pro&hdes greater:
safety than the fitestu ype. The on]y'bo11er parts exposed to hot .
gases are smalT d1ameter tubes. If there is a failure, the release of
energy is sma]] and-thege is a reduced hazard of explosion. i

In addition, boiler capac1ty can be increased. In the fire-tube

boiler, sincréase of pressure requires an increase in thickneég and strength

- in the drum. The~drum of thé water-tube boiler is smaller and better
able to withstand high.pressurelf The capacity of the water-tube boiler

,
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can be increased‘by increasing the number and 1ehgth of the tubes. Thus,

) water-tube boilers are used for large installations: large, e]ect}ical

5 ' geﬁerqt1ng.p1ants, steel mills;, paper mills; o0il ref1ner1es, and large
' manufj ctur1ng plants. : oo . '

There are many designs of water-tube bo11ers ‘but the most gommon
are the stra1ght tube type and the 'bent-tube type.
3. ‘Stra1g‘tXWater tube bo11ers Strfaight water-tube boilers have(stra1ght '
. . tubes-co nected te\headers that carry water and-steam. The headers lead '
to one on more drums 1ocated above the boiler tubes. Water moves”down-
ward in t downeoﬁer header. The circu[ation is .powered by the differ- -
ence in depsity between the.watqr in the downcomer and the water-steam =

‘ mixture in\the riser. As inall water-tube boilers, the hot gases cir-
culate arou d the tubes, transfer heat through tuz tube walls, anq bo}]‘
water 1nS1d the tubes. A drawing show1ng a design of a, stra1ght water-
tube boiler Yis shown in Figure 7. The_stra1ght-tube Miler is also called
thé;header ‘

spe boiler, &

Straight water- tube boilers -
.ORUM were widely used in the late 1800s;

. however, modern bo11ers_are usually
-, . HEADER - . ] )
. : the bent water-tube type.

5 .
. sl .
.

. Figure 7. Sch atic biag;ah : . ) :
of a Straight| Water-Tube >
Boiler With Inc]ined Tubes. : :
‘.. ‘f > ) \ .
. 4. <Bent water-tube bdiler. Bent water-tube boilers offer more capability
. T of higher pressure| than straight-tube types. Straight-tube hoi]ers have

| .’ limitations imposed by the headers. "Thus, modern boilers for large
|
|
|

(&4

plants are,usuallylthe bant-tube type. - ~
. ' The are many ossible designs of %his type. A typical example is'. o
shown in Figure 8. The_bent-tube type is a]so.called the. drUm-type bojter.
- The'bei1er tubee-en in upper and Tower drums, The tube may be vert1ca1
so that ¥9rmetion OT steam pgckete is 1ess‘]ike1y The steam drum, with

\ [N .
N °
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is burned.

its pipe outlet, is at the top.
Modern, bent water-tube boilers
are capable of ‘delivering several

_ . million poands of steam per hour. A

typica] design for a large, steam-
generat1ng unit is shown ‘in Figure 9.
The scale size is represented by the
mirk at the r1ght, which represents
the height of an adult human. The
figure shows a\~examp1e of a steam
generator powered by a pulverized
coal furnace, -

»
»

. ASH COLLECTORS

Schematié'
Diagram of Bent Water-

Tube Boiler.

Figure 8:

° R TN

r--— STACK

e F AN
<

COAL . fLJT——’

HOPPER ———m .
?. 1 ‘ ﬂ
\ |

ORUM

¢

— - HIGH CONGENTRATION
- ‘ Q fl\ QOF PIPES 3 ~
PULVERIZER ———a{ —- - BURNERS
. =] HUMAN
r . j . I‘-BEING 5
) ' .
Figure 9. Steam-Generating Facility: Powered

by Pulverized Coal.

¢

The flow of air through the system is 1nd1cated by arrow

' . v
REMOVAL OF ASH -~

Ash i§ present 1n all types of coal

A 'S o
K ~—— =
\

‘It remains as a res19ne after coal -

The furnace design must account for the fact that ash w111 repain

after the burning of c3a1, otherwjse, ash will deposit on the furnace\walls
i -

- [ EP-01/Page 33

<




1.

“to King Arthur of England, with imp]icaﬁions that King Arthur will return

»

and f]Qor Even more importantly, ash willN\deposit on the surface of the boiler,
reduc1ng the cﬁpab111ty of the boiler surfaces to transfer heat from the hot
gases to the water inside the boiler tubes. "“This will limit the efficiency

of the plant.

The method of removal of ash depends on a character1st1c called ash-fusion
temperature. If the temperature of the ash 1s abové the ash-fusion temperature,
the ash will melt and become a liquid. The ash-fusion temperature can be deter-
mined by a standard ASTM test. The ash-fusion temperaturé is important because
it determines whether the ash will remain as a solid or whether it will melt
in a.furnace that operates at a specified tehperature.

If the ash remains solid, the furnace will have a hopper bottom. Part
of the ash will be cayried up the smokestack as solid particles. Part will
fall to the bottoﬁ of the hopper as dry, solid material and will be removed from
the hopber,in this form. )

Dry ash removal is often used in stoker firing. The ash particles fall
through'the grate and can be removed manually with rakes, hoes, or by means

- of conveyer belts.

If the coal has a Tow ash-fusion temperature, it will melt or become

3ticky. It will then become difficult to rémove, and it may accumulate on the

walls and bottom of the furnace. In this case, the é]aé-tap method of removal
is.used. The slag drops as a liquid onto a floor where there is a pool of
1iquid slag. The liquid slag is drained through an,opening in the furnace
floor called the slag tap. The slag is then collected inw tank that contains

_wWater. Liquid slag collection is applicable for cyclone furnaces.

The characteristics of the furnace and its ash collection method deter- -
mine the properties of the coal that can be burned. If the furnace operates
at high témperature and is designed for liquid slag collection, the coal should
have fow ash-fusion temperature. Conversely, if the furnace is designed for
dry ash collection, the coal used in it must have high ash-fusion temperature.”

. " 'ECONOMIC AND ENVIRONMENTAL ASPECTS
¢ OF SOLID. FUEL SYSTEMS

Coal is currently being called “"the once and future king," a phrase that
was used in the popular musical "Cameldt." In the musical, this phrase refer$

g

1 : ,
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someday to rule 6ver,a prosperous kingdom. As the phrase is applied to coal, . '
it means that coal was once the mast widely used fuel and, now that its use o

is increasing, it may once again become the king of fuels. However, as coal
once again becomes a dominant energy source, certain economic and environmen®al
considerations will becqme even more important. ’ \\\

v ‘ -
ECONOMIC CONSIDERATIONS .. . 7

~—— ! . 5
Coal was once used more widely than any othéE:ﬁ%Ey. However, as other

fuels (particularly.natural gas and petroleum) were developed, the use of coal
declined. This was due in part to the relatively greater.cleanliness of

natural gas and petroleum. It was also due to 1owér costs of 0il and natural

gas in some regions of the United States. For example, in the Gulf Coast states,
0il and natural gas were plentiful, and along the East Coast, imported oil

was less expensive.i‘ﬂggce, the percentage of the total energy output supplied
by coal dec]ined in the United States. Some of the tr}d1t1ona1 markets 4 such
as ra11roads and space heating™— all but disappeared. Most of the coal used
\h\}he United States was for electrical generat1on In that usage, the effi-
ciency made possible by 1mprovements in coal technology (for examp]e advances

in burners, unit. trains, and improved mine productivity) made coal attractive
for use im\large, electrical-generating plants. Nevertheless, the percentage
of the total energy supplied by coal declined. By 1973 only about 18% of
the total energy used in the United States came from coa] as a primary source.
- The situation has changed in recent years. Igst\osts of 0il and natural =
rea

gas have risen sharply since 1973, and there is g concern about the futore

" availability of oil and natural gas. Under these conditions, the use of coal

should again increase rapidly It is %bable that coal will égain become

the dominant energy source both as a Hﬁ1mary solid fuel and as\a source of
other fuels through coal gass1f1cat1on and coal 11qu1f1ﬁPtlon Once again,
there may be a "K1n§ Coal." ‘

The use of other solid fuels will also increase. As the price of can- N
ventional fuels continues to increase, the gconom}c justification for bd%njng i
industrial and agricultural waste products with Tow heat content will imprdve.
Wood, as a renewable resource, will be more attractive. Already many small
users are considering wood as a viable, alternative fuel. .

| - S
N ‘ 42 ' -EP- Ol/Page 35




Y e , J

)

’ ’ . Solid fuels can be burned with- h1gh efﬁ1 iency. For large, modern coal-
burn1ng syétems, about 90% of the energy storéd in /the coa] can be converted
into useful heat. d ’ ] . ' .
N .

ENVIRONMENTAL CONSIDERATIONS . 3

Coal has also declined in use because of undesirdie emissions from the

smokestack, primarily flyash and ‘oxides of su1fur. Both of these emissions
contribute to air pollution. Flyash (partlcu1ate materjal) dirties the sur-
e _ - rounding neighborhood, and sulfur oxides.contribute to smog and to nose and
throat irritations.. In some cases, sulfur dioxide contributes to a so-called
"acid rain," which contains sulfuric acid. Such acid rains are believed to
have destroyed fish 1ife in some lakes in New York, and they are threatening
Takes in Canada. Hence, removal of the po11uting factors is important, par-
ticutarty with Lhe~expee%ed—%aerease—in~the-use;ofgcoalLAA, L
The United States Env1ronmenta1 Protection Agency and most of the individual
states have imposed limits on the amount of sulfur- dioxide em1ss1on The tech-
notogy for effective removal of the undesirable components from smokestack
emission is under intensive deveﬂopment
. " Flyash may be removed by e]egtrostatic precipitators and by liquid
scrubbers. Electrostatic precipitators impart an electrical charge to the
particles and therf collect them at an electrode. Scrubbers bring the gas into
contact with a liquid to remove the particles of flyash. ’
Reduced sulfur-dioxide emission can be achieved by bdrning coal with Tow
sulfur content; however, such coal is 1n Timited supp]y and is more, expensive.
Thus, most methods emphas1ze removal of the sulfur,” before during, or after .
combustion. C1ean1ng of the coal before burn1ng can remove part of the sulfur
(see the section headings "Handling of Solid Fue]s" and "Preparat1on for Burn-
ing"). Burning coal in a bed containifg 11mestone combines some of the sulfur
" ‘ as calcium sulfate —~wﬁich js removed as a dry ash. Sulfur remova] from the
gases produced by combustion is also possib]e. The gases are passed through
scrubbers containing 11qu1d solutions’ that contain_ materials such as calcium

or magnesium. The sulfur is removed by chem1ca1 reaction with these materials.

) - ‘ Much research and development is being conducted in the search for pro- .
— cesses of sulfur removal with good technical performance and reasonable cost. )
. - -~ 8 &
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This remains an important challenge for future use of coal as a 1arge-sca1e

replacement for other fuels. \ - K

. \ -
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INTRODUCTION

This module presents.an averview of the generation of steam and hot water
using liquid and gaseous fuels such as fuel oil, natural gas, and products
derived from coal and biomass. The various fuels and their Btu content anﬁ'
impurities are d1scussed as well as burning procedures and handling tech-
n1ques which are used in association with these fuels. The variationsyin burner
des1gn and operation are described, and the entire steam production system is
discussed. Included also is_a discussion of each fuel, as well as the extent
of their use.

PREﬁgQUISlTES

The student should have completed Fundamentals of Energy Technology and
Module EP-01 of Energy Product1on Systems.
3 /

: Z‘:‘"kw,., //_f

-

Upon completion of this module, the studen should be able to:
List and describe each of the fuels discugied . '
Descr1be the importance of each fue] and how they are used.

3. .Descr1be handling and preparation procedures used in burning fuel 011

and natural gas.

Descr1be the-burners used with fuel oil and* natural gas

L1st the grades of fue] 0il and briefly descr1be,the1r characteristics.

Describe the relative advantages and disadvantages of ‘each fuel.

Given the. necessary information about the chemical composition of a fuel,

~N Oy WU &

ca]cdlatg the heating value and the amount of air needed for complete
combustion. ' \ )
8. Discuss the characteristics of 1iquid and gaseous fuel-fired systems for

generation of steam and hot water.
13 ' -

Q,
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: | SUBJECT MATTER

¥ PES AND PROPERTIES OF LIQUID AND GASEOUS FUELS

Liquid and gaseous fuels generally burn cleaner and produce less ash than
coal. There is also the convenience of being able to deljver them through
pipelines. Because of these advantages, 1iquid and gaseous fuels gradually
a?kglaced coal as the primary source of energy in the United States. In the
early 1900s, coal provided most of the energy used; but by 1970, 1iquid petroleum
fuels and natural gas provided about 75% of the energy. In more recent years,
however, rising costs and concerns about depletion of the supply of these fuels
have caused their use to decrease. somewhat. The result is’ that the use of coal
has again increased and alternafe energy sourceé aré under developmeht. Yet,
1iquid and gaseous fuels continue to be important.

Fuel oil and natural gas are emphasized in this module because they are

-~—~m—theﬁmost—widelyﬁused_ofﬁxhe_Jngiggggq_ga§ggg§“fgg{;. These fuels, which are

extracted from reservoirs in nature, are f0ssi] fuels. Because of the increased .
costs and diminished supply of the main fossil source of liquid and gasepus
fuels, efforts have increased to derive such fuels from coal,, 2 supp4y4{ﬁat
js still abundant. In addition, there are dévelopmenta] efforts being made
to supply liquid and gaseous fuels from the decomposition of waste and agri-

cultural products (bjomass) .

LIQUID AND GASEOUS FOSSIL FUELS

The 1iquid and gaseous fossil fﬁ;1s described in this section of the module
are obtained from oil and gas fie]ds located in many different parts of the
United States and other areas of the world. These fuels have been formed by
the decay of 1iving organisms over time periods of millions of years. The
fuel stored 1n‘tﬁese 0il and gas fields is, thus, an exhaustible resource that
cannot be renewed. ° . ’ . ’

The following paragraphs emphasize ‘the fossil fuels that are used for
production of steam and hot Water. The th most,impo;tant examples of such
fuels ‘are fuel oil and natural gas. Liquified petroleum gas and some manu- f\,,d
factured gases are also discussed. However, a number of important.liquid fuels
of fossil origin are not used to produce steam or hot water and, therefore,

will not be treated in this module. An exampe is gasoline, which is used

L

mainly for transportation.

L
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Fuel 042 '

Fuel oil is derived from petroleum or crude oil. Petroleum is an oily,
flammable 1iquid formed from organic material contained in §eabed sediments.
The exact procets of formation is unknown, but the formation has taken millions
of years. Petroleum is found in many different areas of the world. Sometimes

)

\d

called distillate oils.” Distillate oils tend

it is found oozing from the ground, but more often it must be pumped from be-
Tow the Jround. In some cases, the deposits are several miles deep. The com-
position of.petroleum $aries widely from one source to another.

Generalty crude oil is not used directly a fuel. Rather, it is refined
to produce a variety of products. The produg}éig? the refining process include
_gasoline, kerosene, jet fuels, diesel fuels, 1ubr'cat1ng oils, and fuel oils;

but it is the fuel oil} fraction that is of primgfy interest here.

lation of the oil and condensa-
istilled,and recondgpsed are

be c]eangr and more free of
sediment and other .impurities; they are composed of relatively 11ght molecules.

Part of the refining process involves disti
tion of the products. Fuel dils that have been

The portion of the oil that is not vaporized and condensed in the refining
process is called residual oil. Residual fuel oils are thicker and heavier
than disti]]ate fuel oils; they are composed of heavier mo]ecp]es and contain
more impurities and sed1ment

Fuel oils are c]ass1f1ed into a number of different grades

spec1?1ed properties. The grades now in use are as follows: . T

* Grade No. 1 is a 1igﬁt distillate used in vaporizing burners. It
must vaporize edsily. * ‘

s Grade No. 2 is a heavier d1st111ate common]y used in general
purpose domestic oil burners.

+ Grade No. 4 ts a heavier oil, but one fot which prehegating usually

is not required. '

. Grade No. 5 (Light) is an‘oil for burners capable of handling heavier
oils than Grade No. 4. Preheatlng may be needed for some types of
burners and some qumates ]

« Grade No. 5 (Heavy) s ‘intended *for simi]ar’service to Grade No. 5-
(Light). Preheating is usually needed for burn1ng and, in cold
climates, for hand1ing. ‘ o )

Page 4/EP-02 : L .
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"« Grade No. 6 (soméfimes called Bunker C) is a high viscosity oil uéed for
commercial and industrial heating. It reqdires preheating for both

<

handling and burning.

Grades No. 1 and 2 are disgi]late'fue] oi]s.' This. means that they are
the condensed products of.a distillation process. Grades No. 4, 5, and 6.are
resiqual fuel oils. This means‘that they are left.over after distillation.

The oils grow more viscous — that -is, they are thicker and more resistant, to N
flow — as one proceeds from Grade No. 1 to Grade No. 6. Notice that Grade
No. 3 is not defined. = T = - o | '

The American Society for Testing and Materials (ASTM) specifies gtandards ‘
that she various grades of oil must meet. There are a number of characteristics
that determine grade classification and suitability for various applications.

A few of the properties specified in the ASTM standard for fuel oils are given
in Table 1 in order to illustrate how the properties change from grade to’ grade,

but this is only a partial Tist. The fldsh.point is defined as "the maximum. . _ ..
temperaturé at which an 0il can be stored and handled." Minimup‘values for

flash point may’be prescribed by state and local laws. The pdur point can

be defined as "the Towest temperature at which an 0il can he siofed and still \

Flow. " . < \\\\\\\ .

TABLE 1. ASTM STANDARD SPECIFICATIONS ’
FUEL. OIL GRADES (PARTIAL LIST). . *

Minimum © Maximum Maximum Water
: Flash Point | Pour. Point and. Sediment
Grade (°C) (°c) - (Volume %)

e JNo. 1 38 -18 Trace
‘ No. 2 38 L7 ' 0.1
R T 55 Z -7 0.5

. No. 5 : )

. (LIght) 55 - 1.0.

?ﬁéaiy) 55 . & Y10 \

No. 6 65 - ' - 2.0-

- Some typical properties of oi]sﬁiﬁ the different grades are listed 'in
Table 2. These values are not defining standards for each grade, as the' values
in Table 1 are. Rather, the values in Table 2 are values that one might expect . -

EP-02/Page 5
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to obtain ik fuel o0il of the specifigd grade. These are’not exact values;
they will vary somewhat with the source of the oil.

TABLE 2. TYPICAL VALUES OF PHYSICAL PROPERTIES
« OF FUEL OIL. ¢

Heating Value . Density
(Btu/gal) i gm/cm?

No. 1 135,000 6.8, 0.82 | . 42
No. 2 L 139,000 .2, 0. 32
s * » . .

No. 4 . 145,000 7.6 0.9 20
No. 5 . '
(Light) 148,000 7.8 0:94 - 18

No. 5 - .
(Heavy). |- -1 151,000 . 8.0 0.95 16

No. 6 153,000 8.3 |.097 | 1

HeatinQ“Va]ue is an important property of oil. It specifies how much
€u:_heat is produced when a ga1lon of 0il s burned. Heating value is not specified
- by qn ASTM standard but it does tend to increase as the grade number increases.
Tab]e 2 a]sou11sts the dens1tyzof the different grades of .0i1 in three
differént.uhjts: ﬁ}bs per galldh, grams per cubic centimeter and a scale
called degrees API. Th1s last un1t of measure, wh1ch is specified.by the
American Petroleum Institute (API), is’ peasured-gn a hydrometer. " (Note: Density
of water is about 1 gm/cm3“ therefore the 1nf:r§;§;dﬁfg;yen in Table 2 shows
that 0il.is 1ess dense than water?f} « ‘ .
~Because the heavweregrades of. gael oil are used most often for large in-
stallations sdfh as electr1c genergting p.ants the value of 150,000 Btu/gal
can be adopted as the heatin va]u of fuel o0ils used in 1ndustry Table 2
shows. that this approximate the hea 9, va]ue of the heaviger gradés of fuel
01l to within a few percent gf thej rexact value.
Table 2 has presented informqyzz:xabout?tﬁé~deﬂ§Tty\ef fuel oil. fhe

[}

density of fuel 0il, of course, changes with temperature. Because fuel oils
are sold on a volume basis, the delivered Yolume is genera]ly corrected by

a factor that depends on temperature. The delivered vo]ume is corrected to -
what it would have been at 60°F." The correction factor depends on the density

Page 6/EP-02




of the 0il and on the tempera-
ture. The volume at 60°F is
equal to the volume at the 1.02

APl QRAVITY

given temperature multiplied
by the correction factor. =~ = -

1.00 |
_ Figure 1 shows the correction -
factor appropriate for 6ils™ .. n
having different values of 0,98 _|
s
APl gravity.
2 ‘ -
0.96
’ < RS T ' 1 IR L] 1 1 LA
0 40 80 120 - 160 4/
TEMPRRATURE (* F)
-~ ) Ed ; *
B iy o -—Figure—1—Temperature Dependent
Correction factor for Fue] 0i1 Volume.

.l .
'

EXAMPLE A: USING CORRECTION FACTOR TO CALCULATE VOLUME.

.
L

Given: __ One thousand gallons of No. 6 fuel oil at a temperature of 18°F.
Find- How many gallons one would be charged for. -
Solution: IFrom Figure i, the appropriate correction factor at 18°F {s'1.015.
) T;is value is obtained by using the curve for the API gravity in
the range of 5 to 14. One would be charged for 1,000 x 1.015: or
1,015 gallons. ’ ’ -

/

Table 3 presents in?érmation about the chemical analysis of some grades

. of fuel oil. These can/be considered-as approximations rather than exact values
}or)§11 cases. The c?émica] composit}on will Vaﬁy\gomewhat according to the
source of the fuel ojﬂ. Generally, the_perceﬁtage f carbon does not change
greatly througb th9/qﬁfferent grades. ?hé percentagg of hydrogen decreases

. somewhat as"he qﬂé from Grade 1 to Grade 6. The amount of impurities, .

especially suliy?3 increases as one goes to the higher numbered gﬁ%desl




TABLE.3. TYPICAL CHEMICAt COMPOSITION OF FUEL QILS.

Weight Percent
‘*Grade Hydrogen | Carbon | Sulfur | Nitrogen Oxygen | Ash

1 - 13.8 86.1 0.1 0 0 ‘0

2" 12.5 87.2. 0.3~ 0.02 a. ] o

4 11.8 87.4 0.8 - - 0.03

5 11.2 87.8 1.0 - - ] 0.03

6 9.7 85.9 2.3 2 0.12

‘ yd
ERAMPLE B: “CALCULATING HEATING ¥ALUE OF FUEL-OIL.

éiven: The data in Table 3. _ ;
Find: The heating value of No. 6 fuel oil. (Note: Heating values given
o in Table 7 of Module EP-01 will be useful.)
Solution: From Table 7, Modulé E0-01, the heating values of carbon, hydrogen,

and sulfur are 14,447, 60,9585 -and- 3;980-Btuflb;respectively— For-

one pound of o0il, the heating value due to carbon will be as fol-

Tows: .S
0.859 x 14,447 = 12,410 Btu. :

This uses the percentage of carbon specif%ed in Table 3. The heat-

7

ing value due ?o hydrogen will be as follgws:
. 0.097 x 60,958 = 5,913 Btu. oy
The hééfinb yalue gue to sulfur will be as fo]]owa:
0.023 % 3,980 = 92 Btu.

Adding these comtributions gives' 18,415 Btu/1b.” Since the density
of No. 6 oil is about B;B’]b/ga] (Table 1), the heating value can .
be,expressed ‘as follows: .

) 18,41518tu/1b x 8.3 1b/gal = 152,845 Btu/qal.

This figure.is in reasonable agreement with the heating value in
Table 2. ’ ‘ e '
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The cost of fuel oil decrPases as one .goes from lower grade numbers to ¢
higher ones. The complexity of handling and burning the oil also increases
as one goes to the higher grade numbersy Thus, domestic and small commercial

space-heat1ng applications usually employ Grade No. 2, which 1s easy B handle,

and to burn. Grade numbers 4, !5, and 6 are used for. larger 1ndustr1a1 and

commercial 1nsta11at1ons They are appropriate for use in large, costly fur-

- naees where 1arge quant1t1es ‘off 0il are Lsed. ‘Because d?Qits relatively Tow

cost, Grade ‘No. 6 0il is often used for generation of steam and hot water in

1ndustry. - . ®
v In summary, fuel oil is a major source of-heat energy for producing steam >

) \—_-and hot water. It s an jmportant energy sodurce for space heating in homes,
offices, and industry; for indugtrial process heat; and for electrical power
generation. \

o TN '

« Natural Gas ‘ | \
. © Natural gaé i$ a term app]iwd to gases commonly found in the séﬁé“ggological / ,f
formations)as petfoleum. It s E&ten‘in contact with crude oil. Natural §as .
is a fossil fuel, formed over mi]ﬂiqps of years through decomposition of organic
material. . It is a highly desirable fuel because it is clean, eagy to burn,
and easily deliverable by pipeling. Natural gas is by far the most wide]y
used gaseous fuel in the United Sfates. In 1970, it supplied about 30% of ’
the primary energy consumed in thg United States. ) "
Natural gas is combustible,\t@;,nt can contain nonburnable components s
such as carbon.dioxide and pitroge There is no single compos1t1on for natura]

gas. It consists mostly of methane, with the chemical composition CHQ.‘ How-

ever, the composition can vary‘widely, bith the exact composition depending

on the geographical source. Table f lists some of the constituent gases
‘connmn1y found-in nétgrg] gas, along with typical ranges far their percentages.

‘ ) : g 5~_3 © . " . EP-02/Page 9 ;
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P ’ . TABLE 4. COMPOSITION OF TYPICAL NATURAL GAS.
N | . N . :
' Gas - ” MCN Composition | Percenjage |
' Methane \ CH, 70-96%
Ethane : CaHe : 1-14% Q/
Propane | | Cae- 0-4% -
Butane 1T . Culpe 0-2% SR
Pentane -7 CsHyo _i 0-0.5%
Hexane ' f CeHiw 0-2% ) -
Carbon dioxide Co, T 0-2%
' Oxygen ’ 0, ~ , 0-1%
Nitrogen‘w - 1 o N, . S 6.4-17%
¢} Hydrogen - . _ H, ‘ .‘- o 0-2%
Hydrogen sulfide - HaS . - 0-0.2%
Helum . He - : £0-2% /
C Ihe heating value-of natural gas can vary from about 900 to 1,200 Btus 7

. per cubic foot, buéiﬁﬂjvered.gas is usuafly in the range of 1,000 .to 1,050
Btus per cubic foot.: The supplier can adjust the composition somewhat in order
to keep the heating value of the delivered gas reasonably constant. ?

The ultimate Fhémica] composition of natural gas taken from some dif=-
ferent sources in the United States 15 éiven in Table 5. -The ultimate chémica]ﬁ
composition is the composition by cﬂ;h?cal e]ement; (carbon, hydrogen, and
so forth), regardless of how these elements are combined in CHu, CzHs, and
so on. Heating va}ueéjare also specified. ’

‘

- o1 L . TABLE 5. ULTIMATE.CHEMICAL COMPOSJTION OF
. : NATURAL GAS FROM DIFFERENT SQURCES.

Source of - Densit! ' Ultimate Chemical Cb?npos’ltion [N Heating Value
- Gas . th/ft’) (Weight Percent) J(Btu/cubic [oot)

/ Carbop Hydrogen Sulfur Nitrogen -and Oxygen’ )
pennsypdvania of\;s 75.25  23.53 - T L2 129 -
Southern California | 0.0%8 L1472 23.30 - . 1.98 1116 °
Ohio L 0.043 69.12 23.20 0.34 7,24 964
Louisiana 0.046 69.26. 22.68 - 8.06 1002 -

- Oklahoma | - : 0.048 64.84 20,85 - 14.31 Lo7a
*, o ‘ R E LI
. 3 . . .
o -
'
L 3
., “\
O N “ e .
.Page 10/EP-02 ! ’
. . ) ) -~ . B
. e . - Q 4 . P




Because most natural gas is o or1esé\“qompounds conta1n1ng sulfur are
usually added for safety purposes. noug of the compound will usually be
’added so that the average person w111 1e to smell the présence of the
natural gas when it reaches a concentratior’ I% in the air. This 1is we11
be1ow the percentage at which a m1xture of natural gas and air will burn The
add1t1on of the odorous compounds does not s1gn1f1cant1y jncrease sulfur con-
tent. . . ) A

EXAMPLE C: CALCULATING AIR NEEDED FOR COMBUSTION.

Given: One thousand cubic %eet of natdra1 das of the composition spec-
ified for the Pennsylvania sample shown in Table 5.

Find: . The amount of aangeeded for complete combustion.

Solution: Use the values fro Table 7 of Module EP-01 for the theoretical
ajr. To-burn one pound of the natural gas,. the air needed to

' burn the carbon is as follows:

0.7525 x 11.51 = 8.66 1b. -

And the air needed to burn the hydrogen is as follows:

| 0.2353 x 34.28 £ 8.0§ 1b. - | - g

The total air needed is 8.66'+ 8.06 = 16.72 pounds per pound of

natural gas. ’Becauge 000 cubic feet of the natural gas weighs

48 1b (1,000 x 0.048 = 48), the total amount of air is 48 x 16.72
803 1b. At a density of 0.0793 1b/ft® (at 60°F <and one atmo-

™~ ., sphere of pressurq), this will require the following: J
L 803 ] g . _
/ . 0.0793 10,216 cubic feet o(\a1r. ' \

A m1xture of natural gas and air is flammable only w1th1n certain F1m1ts
for the percentage of natﬁﬁ%} gas in the mixture. The 1ower 11m1§ is about &
5% the upper 1imit is about 15%. If the percentage of natural gas lies be-
,tween 5 and 15%, it 1s f]ammab1e If ch\Echentage of natural gas lies out-
~ side these limits, a flame will not propagate and the misture will not burn. - .
Natural-gas is a desirab1e fuel and|an easy-to-use fuel; but, it is a
Timited resourCe Thus, the known reserves of natu?a1 gas in the United States
are dec11nﬂng. Moreo&er, ‘natural gas isi delivered by p1pe11ne and it is

55 EP-02/Page 11
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difficult and uneconomical for it to meet the needs during peak demand periods.
Natural gas is widely used for space heating in homes and businesses and for
steam generation in boilers of the size that produce as much as 250,000 podnds

"of steam per hour. In many cases, this industrial service is “iﬁ;e}rhptib1e" -

.. which means that during periods of peak demand (as on a very cold winter day),'

- ,ti:zsubply of'naturalAgas to the industrial customers might Bé cut off. These-
- . C

omers. must then rely gpon ﬁuel’oij§or cog]. This practice ensures con-"
tinued delivery of natoral gas for heating of homes and small businesses.

Natural gas is an important fuel for industrial use (generation of steam
and eleftrical power). 'Its major use, however, is for space héating. Because
of considerations described previdus]y, the use of natural gas for steam gen-
eration is largest in summer and othet periods of re]atiVe]y Tow total demand
for gas. . I ¥

Liquefied Petroleum Gas ) ) N . .

Liquefied petroleum, gas. (commgn]y célled LP gas) is a mixture of gases
of several types. It U§uaf1y consists mainly of propane (C3Hs) or butane
(CyH1o)5 or a mixture of\ihese two gases. LP gas can easily be liquefied
with a moderate amount of 5ressure. It is transported and stored as a liquid
and burned as a gas. Thg‘gas can be obtained by venting it fhrough~pipes '
directly from the storage vessel to the burner. When a valve in the pipe is ,
opened, the gas will flow because of the pressure in the storage vessel. "
Commercial-1iquid propane and 1iqyid'butane'are afso available., They
are obtained by either the removal of the specified gas from natural gds or
\§ as a by-product of the refining of petroleum. Some of the propert?es\gf 1iquid
propane and 1iquid butane are,listed in Table 6. Mixtures of propane angfou-
tane are also ayailable. Their properties lie between those of the unmixed
products. ' ’

< [Py
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) * TABLE 6. PROPERTIES OF LP GAS.’

The boiling point is an important factor that affects their use. Becduse
ef its Tow boiling point 1iquid propane can be used in winter without addi-
tional handling. Liquid butane will $olidify (freeze) in cold weather. It '
has a higher boiling po1nt and cannot be used in cold conditions unless heat1ng

is supplied.

The heating value of LP gas is h1gh more than twice as high‘as that of

. typical natura] gas. In an air mixture, LP gas is flammable at lower concen=

trations than natural gas (which has a lower flammability 1imit around 5%).
Thus, care must be taken ‘to avoid smaii leaks of LP gas.
~ lf~gas is an. 1mportant energy source. It supplies about 2% of the total

energy used in the United States. It 15 used to heat homes and‘trailers,-espe-

cially in placés where: natural gas is not available. Some small ¢ities use
LP gas instead of natura] gas. ‘It is rarely used as the primary 'solce of
energy for producing’steam and hot water in industry. However, it is often
used as a back-up fuel at .times when the natural gas supply ds interripted
begause of high demand. Thus, LP gas is significant in its use as a fuel for

production of steam and hot water. * . . s

- . . - e rmmemm m e e e

Manugactured Gas

' .
Manufactured gas ig fuel gas made-from some other starting material, such

‘as 0il or coal. The manufactured gases produced from coal are described 1ater
in" the section on coal gasification. ’

One type of gas manufattured from oil is called 011 ref1nery gas. “04i1 .
refinery gases are by- products of the processing.of oil 1n an-ail ref1nery
. ‘.

: EP-02/Page 13’
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Gas Type Propane Butane
Boiling point at 1 atm ' : e
pressure (°F) -40 T 432
o Vapor pressure at 180°F, :
Maximum (psig) ~ - | 20 A 70— —
- IF l . .
Typical other gases 5-10% 5%
- ‘Propylene ~ Butylene
Heating value (Btu/ft3) 2500 . 3200
Flammability -1imits in Co
air mixture (%) 2.1-9.5 M| 1.8-8.4

.




.

They are the resu]t of the thermal breakup of large molecules into smaller
gaseous molecules. This type of gas was once used for heating purposes in
urban areas until natural gas became more popular in this application. Today,
0il ref1nery gas is used mainly for heating purposes in the ref1nery in.which
it is produced. . . — .- - - -

Most. oi1-based manufacturea gases are used for specialized operations

in industrial p]ants, or they are used aS\spec1a1ty fuels (such as acey1ene)
that are used in welding. The use of manufactured gases to produce steam and
hot water is unusual, except in some cases for in-plant operations in the

-

facility where the gas is produced.

Shale 048

4
Shale 0il is obtained from a type of,sedimentary rock that contains an
organic material called kerogen. If the rock is heated to a temperature around
875°F in the absence of air, the kerogen decomposes to produce an oily liquid
that canbe used as a fuel. Thus, shale o0il is not a true petroTkum product;
rather, it is the resu}t of a chemical breakup of the molecules that compose

kerogen.
Rocks capable of yielding shale 0il are distributed widely, including

i’;he western United States. Shale’oil can be refined to produce gasoline, jet

uel, apd fuel -oil. However, the economic prospects for development of shale
0il are uncertain since it requires a major investment to'produce appreciable
quantities of it. Even at the current prices for petroleum, shale 0il does
not appear to compete economically. Thus, shale @il is not a current energy'
source: in the United States, although plants for the product1on of shale 01

are being constructed in other parts of the world. If the price of petroleum

" continues to increase, the situation may change and shale oil may become an
* important energy source in the future. i : -

LIQUID AND GASEOUS FUELS DERIVED FROM COAL

¢

Liquid and gaseous fue]s can be produced from coal.hx,chem1ca11y comb1n—

f1ng hydrogen with the carbon in the coal so as to produce a: 11qu1d or gaseous

hydrocarbon cempound. In .one sense, sugh fuels can°be cohsidered as being

of fossil origin, since coal is a fossil fuel. This module previously con-
sidered that the fossil gaseous-and liquid fuels'are normally found in nature

: ‘ | : 4
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as gases or liquids. Production of gaseous'dr Tiquid fuels from coal involves
a different technology and, therefore, will be treated separately. -
The purpose of producing gaseouszind 14quid fuels from coal is to supple-

ment or rep]ace natural gas qnq fuel ail, which are in 1ncreas1ng1y short supp]y

Coal, on the other hand, is re1§t1ve1y abundant. Gaseous and liquid fuels
~are'c1eangr to burn than coal; tggykh1so are adaptable for use in vehicles.
Solid coal, of course, is not a convenient fuel for vehicles. Ip order to
supp]ement supp]ies of oil and natural das, a method of producing gaseous and
Tiquid fue]s from coal is desired. ‘
Three categories of gaseous and liquid fuels made from coal will be con-
sidered: manufactured gases, coal gas1f1cat1on and coal Tiquefaction. Manu-'
factured gases provide fuel for the production of steam and hot water in in«
dustry. Coal gas1f1cat1on and coal Tliquefaction are still under deve]opment
and do not yet provide significant amounts of fuel, although they probably
will become important in the future. e N
-
K =

v There are 'several types of fuel ggégs that have been manufactured from .

Manugactured Gaéeé

coal. Such gases were popular in the early 1900s until natural gas became
widely used around 1940. After this, coal-derived gases fell into disuse,

. except for specialty applications.

Producer gas is made when coal or coke is burned with a deficiency of
air. Air and steam are blown through the coal. The résu]ting gas has a low
heating value — approximately 140 !}tu/ft3 — and contains about 23% carbon
monoxide. Because of the Tow heating value, pfaaﬁcer gas is not economical

.. to transport for any distance; therefbre, it is used within the plant where

it is produced. Its'‘applicatiens include production of steam and hot water.
‘Blast-furnace gas is produced as a by-product during the manufacture of

“pig-iron. It has a Tow heating value — approximately 90 Btu/ft® — and iS used

within the factory where it is prbduced. Typically, blast furnace gas is used
for producing steam. It contains about 25% carbon monoxide, which is its most
important combustible gas. . '

' Coke-oven gas is obtained in the prgduction of coke from coal. It is

Y

produced from the volatile broducts contained in the coal. Coke-oven gas has
a heating value of approximately 560 Btu/ft®. It is a by-product of the pro-
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duction of coke {n steel factories, ﬂwhere toke is to be used in the blast fur- : 1
nace and 1t is used entirely within the steel factory where 1t is produced, 1
typ1ca11y for the .production of steam. Coke-oven gas contains a high fraction
“of hydrogen and methane. - < , ' ‘

- Water gas is manufactured by passing steam through hot'coke. It contains
free hydrogen and carbon mondk1de as the burnable fractions and can be enriched
with 0il to make "carbureted" water gas. The oil molecules are broken up by -
heat to provide hydrocarbons in the gas mixture. Carbureted water gas has ) |
a heating value of approx1mate1y 530 Btu/ft® and is used within industry for

steam production. It has sometimes been piped short distances for home heat-

ing, but this use has largely been replaced by natural gas. ' '
Tbese four gases (producer gas, blast-furnace gas, coke-oven gas, and
water gas) are gases that are manufactured from coal. They share two common
characteristics: - they are used mainly inside the factory where they are made l
and their heating values are much Iower than that of natura] gas L
The technology of manufactur1ng these gases from coal has been known for o i
years, and they are currently being used in modern 1ndustry for produc1ng steam
and_hot water. However, a technology capable of produc1ng (from coal) a gas
that has a higher heating value,is ges1red Such a gas could serve as a sub-
stitute for natural gas. This possibility is considered in the next section_ ¥

of this module that discusses coal gasification.

Coal Gass tcatton
“ ~

‘ The techn1ques of producing manufactured gas from cdal should be cons1dered

to be coal gas1f1cat1on The term "coal 9as1f1cat1on," as. commorily used now,

implies attempts to produce a subst1tute for natural gas that could rep1ace

many app11cat1ons of natural gas. It a]so implies more advance techno]ogy . ) I

than was. used for the older manhfactured gases. ' .
The process of coal gasification involves reacting coal, which is largely

carbon, with some material containing hydrogen under conditions of high tempera- l

ture and pressure. 'The result should be a Iight hydrocarboh, such as methane,

CHu - ' | 5 l
For simplicity, this discussion considers coal as consisting mostly of

carbon. ,Coa1 can be conyerted to methane gas accqrding to the fo]]ow%ng chem- ‘

jcal reattion:
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C + ZHZ— CHI.
This react1on can proceed at elevated temperatures as an exothermic reaction
(that is, it proceeds with a net release of energy). It produces a gas that
has a high heating value and that is similar to natural gas, which has high
————methane—content. - However, it needs free hydrogen, which requires large quan-

tities of energy to produce. Therefore, most coal gasification procedures
use multi-step processes, with water (in the form of steam) supplying the
hydrogen. A possible series of react1ons of steam with coal is as follows:

Co + Hzo aT—————— HZ + C02
’ co + 3H2 ———- CH:. + H20

o COz + 4H2 ——F-» CH:. + 2 H20

This %eries of reactions will hdve the net effect of produc1ng methane when
coal and water are reacted. These reactions are al] endothermic (that is,
they require heat to make the reactions occur)..‘The heat can be produced by
supp]ying some oxygen along with the steam. Partial combustion of the coal
will provide the needed heat. In addition, some of the reactions may require
‘the use of catalysts to make them proceed efficiently. . o '
A var1ety of d1fferent processes for coal gas1f1cat1on are underqﬁeﬁ/lop-
mnet. Perhaps the most familiar is the so-called "Lurgi process," which was
- » first developed in 1936. In the Lurgi process, Tump coal travels on a grate
through the reaction chamber. Steam and okygen are also fed intp the chamber
from the bottom so; that they pass upward through*the coal. The chamber itself
is a water-cooled cylindrical 'shell. The pressure inside the chahber can
be as high as 450 pounds peg square inch. The following set of reactions is
.believed to occur:

/ - : C+0, mm———C0,

' C + Hy) g €O + Hy
C + (0, g 2C0
CO + Hyl g H, + €O,

.C + 2H2 _‘ﬁ CH“

* ®
L 3
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‘ The top reaction provides the heat necessary,to drive the other reactions, ‘
heating the bed of coal to a temperature around 2000°F. The bottom reaction |
provides the fue}$5a53 methane. It uses hydrogen that was released in the

- second and fourth reactions. The top reaction occurs only in a thin layer
" near thg’boftam of the coal. The other reactions occur higher in the coal

bed, thch may'be about seven feet deep. In this part of the ‘bed, there is
no oxygen/available; so the fuel gas is not oxidized.

The éfficiency of the conve}sion of energy stored in the coal to energy
stored in the fuel gas may be around 77%. The fuel gas is extracted from the
top” of the reaction vessel and is.cooled in a waste-heat .boiler to produce
most of the steam needed for the process. The gas is then passed through an

absorber to remove sulfur. The result is a fuel gas with a heating value of

| approximately 400 Btu/ft® — less than half that of methane.
The Lurgi process has been described in some detail because it represents
some of the t&pical ideas encountered in coal gasification.. There are a few . ..

Lurgi gas procedures operating in the world, but this process isot likely

to be economically competitive in the United States — at least in its simple
form. There are many other coal.gasification procedures under development.
The following are a few: the BIGAS process, 'the COGAS process, the HYGAS pro-
cess, the Hydrane process, the Conso]idatgd Synthetié Gas (CGS) process, and
Z?. "~ the Synthane process. ‘It is not appropriaté here to describe details of all
these processes, although some of them have reached the status of pilot plant
construction. Thus, the technology for producpion'of substitutes for natural

A )

gas is being developed. However,- it appears that a large investment in capital
may be the major obstacle to the® scaled-up technology of coal gasification
o that can produce & useful substitute for natural gas.

¢ L At present there is.no fuel gas being produceé by coal gasification in
the Wnited States, except for a few small pilot plants. As natural gas becomes
more scarce in the future, a substitute produce by coal gasification should

become important. -, . .
[} M 4

Coal Liquefaction

Coal can be processed in a.ygriety of ways to produce synthetic crude .
. oii. The first liquefgetion of coal was demonstrated in 1914. It was used
* o in Germany during World War II to proauce synthetic gasoline.—A-commereial-—
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plant in South Africa has been in operation for over 20 years. Although coal
1iquefaction is not a new jdea, it still needs further developmerit to become
an economical source of synthetic crude oil in the United States. -As with
coal gasification, there are great needs for capital investment.

Coa] liquefaction can be illustrated by the so-called "Fischer- Tropsch
process,“ named after the German chemists who developed it. Coal is gas1f1ed
by using a mixture of oxygen and steam in a manner s1m11ar*tﬁ—%he—kurg1 pre——grf — -
cess. The resulting gas is rich in n carbon monoxide and hydrogen. This gas
ijs passed through a bed of jron-based catalysts at a temperature around 450°F >
and at a pressure around 360 psi. " The catalyst encourages chemical react1ons
that lead to liquid products. The process can be d1rected by the choice of
the catalyst to make different types of products, such as methyl alcohol, motor N
fuels, or heavy oils. The Fischer-Tropsch process is the one used in the South .
African coal liquefaction plant. ) ‘

The economics of the Fischer-Tropsch process appear to be debatabJe, but
the common’ opinion is that this process will not be economical in the, United
States. A number of other processes are under development, and some pilot
plants have been established. Some of the names of these prajects include
the following: the Char 0il Enerﬁnyevelophent (COED) process, the’Syntho]~
" Process, the H-coal process, the Coalcon process, the Solvent Refined Coal

_(SRC) process, and the Donor Solvent Liqhefaction process. _These various pro-

cesses approach the problem of coa] liquefaction in a number of different ways.

It is not appropriate at this time to discuss them all; however, it can be

noted that pilot plants capab]e of producing a few hundred tons of 011 per

day have been established in order to demonstrate several of the processes.

It is probable that coal liquefaction will lead to an economical substitute

for crude 0il, especiaT]y as world.oil prices continue to rise. At qreséht,

“ there_is no 1iquid fuel available from coal liquefaction, except for the réla-

tiwé]y small output of the pilot plants.. i \ ' '

GASEQUS AND LIQUID FUEL FROM BIOMASS . .
\ r . -
- Organic materials decay and.decompose. Under proper conditions, the decay ~

can produce liquids and gases useful for fuels. In fact, the decay of organic
materials produced the fossil fuels, crude otl, and natural gas that are widely
used today. . ;
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. Fuels can also be produced by the decay and processing of waste organic '
mater1als that are the by-prodpcts of farming, gardening, and everyday living.
These waste products include such materials as corn stalks,-weeds, harvest
stubble, grass clippings, leaves, sugarcane, kitchen garbage and manure from
farm animals. These waste products are readily available in extreme]y large
quantities. In fact, the disposa] of these wastes poses a proSlem. Collec-
. tively,—these products often are called biomass . ) M
This section describes how gaseous fue]s and liquid fuels can be pro-
. duced from biomass. In practice, these fuels are not used for production of .

steam in the United States. A

* - -

3

| .
The decay of organic products 1n\the absence of oxygen is called anaerobic

Gaseous Products

decay. Anaerobic.decay, in the presenEe of certain bacteria called anaerobig

bactgria, yields ‘-methane gas (CH4). Methane, the main component of natural

gas, is useful as a fuel.  Anaerobic decay occurs underwater — in stagnant ponds,

for example — and bubbles of methane éas can be observed-as they rise to ‘the
“surface Anaerob1c decay that leads to methane can a]so be produced.1n a1r-

tight tanks called methane digesters. ;"

I contrast, decay in- ;he presence of oxygen Ieads to a different mixture
of gaseous products — 1nc1ud1ng ammqn1a -and carbon dioxide — that are not use-
ful for fuaﬁ\gyoduction. :

Methane digesters can include the "batch" type, which are loaded, sealed,
and later emptied when the gas has been produced. "Continuous" Wigesters are
1oaded with smaller amounts of material on a reguiar basis, and gaseous fuel
c%n be extracted regu]ar]y Continuous digesters are more useful for providing

T a cont1nuous supply of fuel. )
The output of the digester, in addition to the gas, produces a solid sludge
. and liquid-products called supernatant 1iquid. Both the sTudge and the super.- ' ‘
natant 1iquid are used as fertilizers. Also, a material called scum is pr075' '
duced. Scum is a course, .fibrous, and essentially useless material that can - . E
clog the digester. The gas,'cafled biogas or dungas, accumulates at théJtop‘ l
“of %he tank. ] . ;
" The process -proceeds rapidly a} a temperature around 95°F.~In.hot climates, l

t

“the temperature can be easily maintained without assistance. Methane digesters
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have 1qng been used in India, for example. In/colder climates, insulation
f the dides;er and ‘auxiliary heating will be /needed. Some of the gas pro-
duced can”be used far -heating. _ . \\ﬁ
‘" One possible design for a methane digegter is shown in igure“2. The

input material is mixed in a small tank avé delivered by pipe to the bottom
of the digester. Partially // S
fdi jested material passes / GAS
J P / DIVING w6{Oen
over the top of the dividing TANK s -
. GAS OUTPUT
wall ipto the second-compart- * - i : i

ment. This arrangement pre-

vents the withdrawal of

material at too early a -+

stage. Gas is collected

at the tep, and the solids S TN
jgsiare collected . -

and liqui
in the discharge tank.

) " Another populer design
is the horizontal displace-
ment system. Material is,

“ipserted at one end of a
horizontal cylindrical tank

\ N INSULATION
L

T WALLS

and is withdrawn from the .

other end.
Figure 2. D1agram of System for Production

The heating value of of Biogas.

the biogas varies, but often

jt falls in the range of 580-750 Btu/ft3. Methane "digesters can convert 60-
70% of the energy/f/etent of the input materials to energy that is ava11ab1e
as fuel. . - . ) .

Methane digesters in the United States are usua}ly small un1ts, and they
are~often used on farms. The gas normally is used for -cooking and heating
and for powering mdchinery. The sludge and 1iquid are useful as fertilizer.
A few municipal s‘wageaplants utilize biogas — typically for driving turbines.

Only a very~small fraction of the eas11y collectable biomass is now used-
to produce fuel gas. The biogas produced from biomass is not used for pro-
ducing steam or hot water in industry on any practical scale. However, for

(4
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“Tine, need Tittle preparat1on for‘Burning, and ‘produc

the future, biomass could be a valuable renewable source.of fué].
- -

Liquid Products 2 ’ i o
s the pro-

The main emphasis on production of liquid fuels from biomass i

duction of alcohol which is intended for usé as vehicular fueﬂE*rA1coho1 can -

- be used by itself (with an altered carburetor) as an automot@vé’fuel or it~

e e i e e e e

~

can be mixed with gasoline and used in unaltered automobiles. The m1xture,
called gasohol, is be1nggproduced and marketed —at 1east on a 11m1ted scale —
in the Unftej States. It is most common in the midwestern part of the country
where corn pfoducts are abundaht. ) - . T N °
Brazil has adoptpd a program 1ntegﬂed to produce fue] for vehicles in
a 1arge scale agricultural program. Alcohol” is produced from sugarcane and
from a plant called manioc, which is specially grown. for this purpose. KThis
represents the largest program.for produetion of. 1iquid fuel from plant mate-
rials. - LN e e
Ihe United States has a few commerc1a1 facilitigs and many exper1menta1
program \for producing. 1iquid: fuel from biomass. The process bas1ca11y in-
volves fei \entat1on which converts sugars in the b]ants 1nto alcohgl. Further

deve]opment { the process is needed to make it economical on a large sca]e

The 11qu1\ fuel (a1coho}) produced from Biomass is used as. a substftute

. for .gasoline in ?ehjc1es. It is not used for produc1ng steam and hot water.

~ .

.
X

N . FUEL HANDLING o e
\, * '
is section of the modu]e descr1bes some of the factors 1nvo1ved in the .

hand11ng of 1iquid and gasequs fuels, 1nc1ud1ng transportat1on, storage pre-
paration for burning, and wast disposal. Generally,¥liquid and gaseous fuels
are easier to handle than coal. \They can be shipped long distance$ by. pipeJ

less w vgste than coa]

The discussion in this section emphasizes the two mogt wi ﬁy used gaseous

and liquid fuels: fuel oil and natural gas.
. - \ \

- *

JRANSPORTATION . e ’

. N
o . \

0i1 is transported by severa] methods ! Very 1arge\oi1vtankers carry crude

oj1 from outside the_Un1ted States, espeg 11y from the Midd]e East and South .

< ]
- .
¢ [+ » -

0 N \
. ‘ N
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hAmerica Tankersfalso carry 0il From the Guif Coast of the United States to -

the East’Coast\ Bargeskde11ver oil from the Guif Coast towthe ports of the_
United States that are accessible from the M1ss1ss1pp1 R1ver and 1ts tr1bu-

€

taries. . . . .

&

P1pe11nes deliver oil to most of the sections of the United States that

" aré not access1b1e by water Pipeline sh1pp1ng of oil is probably the most

-STORAGE _,~ .

s o

common method of de11very 1ns1de “the ‘country.
Relat?vely small amounts of oil'are shipped by truck and rail since the.
costs are much h1gher than‘sh1pp1ng by water or p1pe11ne’y ) "a
"The final deli ery to the user is usually made by truck or rail.” This
involves only a éﬁ:ét distance from a central sto'pge point“to yhfch the oil
was delivered by pipeline. ;o .

. Delivery of natural gas within the United States is almost a11 done by
pipe];np// A large network of p1pe11nes covers most of the country Natural
gas is" shipped long distances through the p1pe11ne system and is delivered
to the customer through smaller p1pes

" " Natural gas coming 1nto the United States from abroad 1s .delivered by
ship. These large vessels capable of carrying natural gas are becoming quite

commonplace , . \.~" L
’ ., : \. [ N 4
o N . . N l‘ o% . "

B

a
a

Storage of fuels is needed to meet the change% in- seasonal demand for

-fueis. In recent years, the use of ]arge 011 tahkers has incredsed the need

for storage fac111t1es near places ‘where the tankers 1oad and unloa L
Storage in most parts of the United States is provaded by 1arge cytin- <
drical -steel tanks. For safety, the tanks are usual]y surrounded by earthen
d1kes capable of conta1n1ng the CQntents The assemblﬁes of. oil tanks are *
known as tank farms. In Californ1a, 1arge concrete-11ned reservo1rs are Used
to store-oil. For longer-term storage underground storage in ;averns ‘and .
in salt formations has been uséd.: = . . . om -
The user may also prbvﬁde storage” at the fac111ty where the oil is to~

.be’ used. This , offers a.reserve for per1ods of h1gh demand" for fuel. Th1s .

type -of storage is usual]y in the form of steel tanks

. - - . .o
o - . o o . % ﬁ« -
P ‘ s ‘ ' S
A 4 . 7 ’ .
.
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order to provide a continuous sbdRply during periods of high demand. Storage
- of natural gas is accomplished aboWe/ ground in tanks sealed with a water'Cgalf

ding used.

The preferred method e”/storage of natural ~gas is underground Under-

« ground storage offers th economical methpd of stor1ng such large volumes """ .
{. of natural gas. *Dep%etedﬁoir'or -gas -welts—can-be fited—in thegsummer~andv~~ —-—~—-—4—|
7 emptied in the winter. In areas where such depleted wells are not available, .
) storage in geological format1ons which can trap the gas’ 1s qsed‘ Ihe trap PR l
\ n cdnsists of a dome- shaped layer of dense rock on the top, w1th water—ﬁégled
sand below. The sand i3 pushed back by gas pressure to prov1de_room for- the I
|

~

gas, ' .. ) S -
Storage of natural gas is not usudlly provided by the user’ of the gas.
The fact that it is easily distributed through pipes makes this:unnecessary‘
) ¥Flquefied natural gas.is stored at locations near where tankers Ioad and
- unload. It also is stored to provide supplies for per1ods of - peak demand
It:;anfbe stored in insulated metal'tanks‘or in buried.concrete gankso In
.t some cases, excavation in frozen earth has been useq.’ . “

* PREPARATION FOR BURNING A - L
Comparedeéo coa] the preparat1on for burn1ng of o11 and natura] ga$31s o
relatively simple. The prqgessang of crude 0il to prov1de su1tab1 grades”
of - fue1 Av?r has been performed at 4he ref1nery The user has to do very little .
pr agao1on. The Iﬁghter grades of fuel oil can be burned directly. Heav1éY
grades of fuel oil, Grades 4-6, must be heated. Grade No. 4 may need to be
;j} ° preheated in cold@ueather Grade No. 6 must always be preheated.
% LTl Thus, "to make heavier grades of 011 flow freely.through pipes and to pro-
' vide preheat1ng for burning, heating qu1pment is prOV1ded in the storage tanks "o
‘ and a]ong ‘the p1p1ng for heavy grades of fugl 0il. o ¥
ST * Natural gas.i del1vered through pipes tp the user 1n a cond1t1on suitable
for. burning. It needs no preparat1on for burning. Th1s fact helps to make

w

natural gas a des1rab1e fuel. " o A . A . K
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WASTE DISPOSAL ° . . CoL

Fuel o0il and natural gas.are much c]eéner,fée]s than coal ana offer fewer
problems with waste dispoéai. Tpe ash content of fuel 0i]1 — even in the
héaviest fuel o0il — is usually below 0.2%. Since this is a very small value
compared to that of coal, there is no 3r051em of disposing large amounts of
ash, as there is with coal. ‘ '

However, oil contains some corrosive elements, such as vanadium, nickg],'
sodium, and sulfur. These substances can lead to fouling and corrosion of’
the surfaces of the burner aqa‘the superheaters in the furnace. The removal
of sulfur or the use of 0l with Jow sulfur content is helpful. Control of

the temperature of the steam so that the maximum steam temperature is below N

1050°F reduces the production of troub]esoﬁe corrosive materials. Additives
such as a1um1num oxide and magnes1um oxide also help prevent corrosion. Con-
“trol of the excess air to low vajues (aroqnd 1-2%) also will reduce formation
of corrosive mater1a1s e .
In addition; sludge can accumu]ate in the storage tanks and p1p1ng for
heavy “oils. Per10d1c cleaning may be required.
Essent1a11y, natural gas contains no ash, and waste disposal is not a
problem w1th natural.gas. "The combination of easy handling, clean burning,
and neg11g1b1e ash prob]ems makes natural gas an extremely desirable fuel.

. ‘ COMBUSTION SYSTEMS FOR LFQUID AND GASEOUS FUELS

P
The most 1mportant Tiquid and gaseous fuels for steam and hot water pro-

duction are-0il and natural gas. This section of the module discusses how

"these two fuels are burned. The equipment may have to be modified "somewhat
when other fuels are used. The low heating value of manufactured gases, -as
compared to natural gas, would require a different flow ra )

manufac-
tyred gas is used. - \ . .
The coﬁbustion system for coal was déscribed in detai¥’in Module EP-O1.
The. system 1nc1uqip a firing method for delivery of ‘the coal, a furnace in
which the fuel is bugned,»and a boiler in which water is heated. Generally,
the furnace and boiler are similar for coal and for oil and for gas. In fact,
some systems can burn pulverized coa], oil, or natura] gas, depending on which
fuel is available at the time. Since these components haya already been de-
scribed, this module will not emppasize furnace enclosures or boilers.

e
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However, it will emphasizé the burner part of the system — which is the dis-
tinctive feature for gaseous and liquid fueig.

The solid fuel coal had to be dé]ivereq by fairly,complicated systems —
fbr example, the stokers and pulverized coal.systems discussed in Module EP-01.
Delivery of 0il and gas is much simpler. They are deliverd to the furnace
through pipes, possibly with the aid 9f pumps and fans. For fuel oil Grade
Nos. 4, 5, and 6, the pipes may have to be heated — at least in cold weathgr,

so the oil will flow freely. ¢ "
BURNERS
The burner is a device for producing a burnable mixture of fuel and air
_and'fo?tintroducing it into the furnace. Fuels will burn only when the fuel- .
air mixture is proper. For example, natural gas will burn only when its per-
centage in an air mixture lies between 5-15%. ’
‘ Figure 3 shows a typical example
of a modern burner. The fuel is
AnGE jnjected 1n gaseous form apd under
préssure through the nozzle. . Fuel
ELECTROOE A, ‘ 0il must be "atomized" into gaseous
’ s»form, as discussed below. The im-
"~ pellor th;;buéhly mixes the ajr and
the fuel. Ignition is provided by~
“a spark from the electrodes. The
fire retention ring tends to stabilize
the base of the flame so that it
remains*at the end of the nozzle.
FIRE RETARER - | The burners are mounted on the ver-
tical walis Of the furnace. The ]
Figure 3. Cut-Away View of flame then extends into' the furnace.
.Burngr for Gaseous or Liqgid Fuels. Because natural gas is already
gaseous, {t can gihp]y be injected through the nozzle of the burnér directly.
Fuel 0il must be atomized or broken upinto tiny droplets. The droplets are '
carried as a fine mist in a stream of steam®or air. This mixture is pqued 4
~-through the nozzle at.pres§ug§i up to 300 psﬁ. Thus, the fuel o0il is turped

ieto a form sqitéb1e for inje

ion through the nozzle.

xy
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air) atomizer.
One barrel carries oid, and the other carries steam (or air).

s

* v—

The most common method of atomizing the oil is the use of the steam (or

aré combined near the end of tha nozzle where they strike a. sprayer plate.

This mixes the oil and the  steam (or air).
nozzTe, it expands, apd the oil is atomized into smaTT droplets.
jz€rs can be used with either steam or air as the mixing gas.

When the mixture escapes from the
These atom-
Steam provides

more efficient operat1on of the atom1zFr It does not have to be supplied

from the steam produced in the bo#ér and, thus, represents some loss in ‘the

total Steam production.

performed with either electric or steam heaters.’

w

The heavy grades of oil atomize.grobehly when they are heated. This is
Grade No. 4 fuel oil should

be heated to about 135°F for good atomization; Grade No. 5 fuel oil should
be heated to about 185°F; and Grade No. 6 fuel oil should be heated to about

THE COMPLETE COMBUSTION svsreh//

L

The complete system for producing steam or hot water with liquid or 9as- ¢,

eous fuels consists of the following:

- Boiler .

+.Delivery’ portion
. ¥

+ Burners

+ Furnace,

N ; \ .

. The delivery pohtion of the systembcontains piping, pumps, and, in the

case of héavy oil, heaters. This part of the system delivers the fuel to be

-

burned.

The previgus subsection of the module descr1bed the burners used for

. fuel o0il and hatural gas.

The furnace is the enclosure w1th1n which the fuel is burned. ‘It con-

fines the- pzfducts of the burn1ng The Qurners for fuel o011 and natumal gas
are located in the-vertical walls of the furnace. The walls must withstand
‘ the high temperatures of the combustion and must also resist corrosion. In

' most modern furnaces the walls are water-cooled.
The design ‘of boilers for coal-fired systems was descm’bed in Qodule
The bo11ers -in systems that use fuel 011 or natural gas are similar.

\\\\ ’ EP-02/Page 27

Steam (or air) atomizers have coaxial barrels inside the nozzle.
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Modern systems|usually are the water-tube type, with small tubes\containing
the water to be heated and heat being applied to the outside.
boilers may be the straight-tube or bent-fube types, as dis

Owever, the
sed in Module
.EP-01. Most modern boilers are designed to operate in the|temperature range
of 1006-1015°F. Higher temperatures are avoided'éo minimize corrosion prob-
Tems. ’

-

A schematic diagram of a system
ither fuel

oil or natural gas is shown in Fig-

* designed to be fired by

ure 4. The system usgf vertical

‘tubes and is capable ¢f producing

4.2 million pounds of steam per hour

at a steam temperature of 1005°F.

10 :EEE;;;;::: i | o The height of a hymgn being is in- ‘
SURNER:

STACK b . : dicated for comparis
' Table 7 shows typjical perfor-
mances of furnaces and beilers used

with fuel o0il and natural gas and,

YVVY

for comparison, pulyerized coal.
#CRCED ) These are systems fgr steam produc-

£

1

tion, not for applications 1ike_.home

,/’ggﬁ? heating.- The largest systems of
= = I=p=nE each size are comparable. The small-

Figure'4. Schematic Diagram of a est systems tend to be oil or gas,

Combustion System for Gaseous- rether than coal. In some cases,
or Liquid Fuels.

a system can be designed to be fired
by all three: coal, fuel 0il, or'natural gas. The fue] used depends on the
price and avai]abi]ity of the different -fuels. Therefore even though a user
may prefer to use natural gas because of cleanliness, when the supp]y of natural
gas 1s cut off to the industrial user in times of high demand, the user may

_sw1tch to fuel oil or pulverized coal. : S
»\"L. E] “w
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TABLE 7. PERFORMANCE OF FURNACES AND BOILERS. N~

Heat Production
(Thousands of Excess Furnace Size Boiler Stack
Btu per hour Alr (Millions of Efficiency | Temperature
Fuel per cubic foot) (%) Btu per hour) (%) (°F)
Natural Gas 20-40 : 5-15 {. 10-2000 86 300-600
Fuel 0Oil 20-50 15-30 10-2000 87 300600
Pulverized Coal } 15~35 15-30 25-2000 88 250-500 °

" RELATIVE ADVANTAGES OF LIQUID AND GASEOUS FUELS

The following section summarizes the relative advantages°of gaseous and
1iquid fuels, including costs and environmental consfderations. Comparisons
with coal are included for completeness. '

-

ECONOMICS ' . :

. The costs of using the different. fuels described varies widely, depending
on Tocation and évaiTabi1ity. In addition, the costs for all fuels have been
iﬁ;regsing §teadi1y since 1973, the time of the Arab o0il embargo. Cost in- 1
creases have af%ected 0il and natural gas more than coal, because much of the
United States crude oil is imported’and because of ¢oncerns about decreasing
supplies of oil and natural gas. Any comments conc%rning costs must necessarily
include generalizations. _For example, for a user located close to a supply
of a particular fuel, the relative cost of that fuel is lower. Table 8 pre-
sgnts apgroxiwafe costé of various fye]s (given in dollars per million Btus
of énergy). - ) _ .

TABLE 8. APPROXIMATE COSTS OF VARIOUS FUELS.

“ (Given in Dollars per Million Btus of Energy.) .
- ~“Year »
“Fuel - 1968 1976 © 2010* - .
Natural Gas 1 :0,30-0.37 2.00 <9,41-18.83
“Fuel 011 | 0.29-0.35 2.95. | 3.34-16.05
Coal- - - | 0.31-0.41 2.21 - | 0.9- 3.86
Synthetic natural gdas
from coal . - - . 6.2 -
Liquid fuel from biomass|  — .1,4-4.8 - 2
*Expressed in terms of 1978 dollars. i
. Y
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In the late 1960s, the price of 0il and gas tended to be similar for stéam
generation and tended to be slightly lower, on the average, than for coal.

- The range of prices, however, shows that ‘coal could have been the least ex-

pensive fuel in many individual cases.

*

By 1976, the world price of oil had increased enough that 'oil was more

expensive than coal or natural gas. (Government regulation had kept the price'

of natural gas{from increasing as much as 0il.) The 1976 numbers for oil,
gas, and coal (shown in Table 8) are’expressed in averages, and no ranges are
given. Because supplies of natural gas to industrial users are limited and
can be interrupted, the relatively low price of natural gas did not completely
lead to replacement of coal or fuel oil for steam production.

" Two approximate prices for synthetic liquid fue]s are included for com-
parison. As of 1976, they were not economically compet1t1ve. Such fuels shou]d

become more economically attractive in the future.

An estimdated range of prices for the year 2010 is included in Table 8.,
The prices are expressed in terms of 1978 dol]ars~* of course there are many
uncertainties in such projections. This is expressed by the wide ranges for
the prices. In general, though, it seems that early in the 2lst century, coal
will be the least expensive, 0il will be next, and natural gas will be higHest.
The relative cost of synthetic liquid fuels will depend on many uncertain fac-
tors, including governmentaJ policies and the rate of gapital investment.

ENVIRONMENTAL CONSTDERATTIONS

-

Generally, liquid and gaseous fuels*are cleaner to burn and have_less
environmental.impact than coal. They release 1ess sulfur and ash into the
atmosphere than coal. “Sulfur produced by coal-fired electrical generating
plants can lead to ac1d1c rains downw1nd from the plants. Such rains are de-
structive to ecological systems, especially lakes. Fish 1ife in many 1akes
is threatened by such rains. ' )

Natural gas is clean to burn and produces relatively 1ittle environmental
effects. Many fuel oils, especially the heavier grades, do contain some sulfur
and’ash. The stdck gases do:requ1re cl8aning to remove these products.

€ongiderations of envinbnmenta] impact and the cost of sulfur remova]
can change economic ana]yses Thus, coal may be the cheapest fuel “on an a

received bas1s but the costs of cleanup of the stack gases might make it 1ess

3
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so than fuel oil or natural‘gas. .

¢ Fuels manufactured by gasification or Tiquefaction of coal must have thes
sulfur content removed. Scrubbing of the product to remove sulfur is an.im-
portant step in these processes.

Fue}% manufactured by gasification of bigmass would have little environ-
mental impact. However, large-scale production of 1iquid fuel from biomass
may have undesirable environmental effects. It could require conversion of
valuable farmland to growth of the plants needed for alcohol production. The
burning of the alcohol itself is relatively clean and would produce fewer un-

desirable ‘combustion products than the burning of gasoline. . .

SUMMARY OF ADVANTAGES AND USES

For summary purpbses, Iabfe 9 compares the relative advantages and dis-
advantages of the gaseous and iiquid fuels that have been discussed. it also
summarizes the jmportance of each fuel used in the United States. The comments
are derived from the discussion of each of the fuels.

.

-

TABLE 9. COMPARISON OF GASEOUS AND LIQUID FUELS.
-
tucl Advantages Disadvantages Application 1n U.S.
luel Ol Clean and easy to burn Nonrenewable resource. Very widely used, often
compared to voal. Easy Supply décreasing and used for steam produc-

P to deliver., price 1ncreasing. tion.
Natural Gas Cleanest of cvommon Nonrenewable resource. Very wrdely used, ten
- fuels, no ash, very | Supply decreasing and used for steam produd:
. easy to deliver, han- price 1ncreasing. tion. .

dle, and burn.

O -

1 Lp Gas Very clean. High heat- Nonrenewable resource. || Important energy source.
ing value. Supply decreasing and’ | Mainly used for space,
p;xce_xncreasxn{? heating. © .
Manufactured Can be made from coal. Low heating value. sed mostly 1in plant,
Gas May contain carbon where 1t 1s made. Used
monox ide. r steam production.
Gas from Coul Coal 1n good supply. No current production. Very small.
Gasification | Capital investment
N . needed. .
f.iquad Fuel Coal in good supply. No current production. Very small.
from Coal Capital rnvestment :
needed.
Gas from Renewable source. No large supply avail- Small supplies. VUsed on
Eiomass - able. Large invest- site of production.

ment nceded.

Liquid from

‘Rencwable source.

L]

No large supply avail-

Small supplies.

intend-

Bibmass ' . able. Large invest- ed as vehicle fuel,
ment needed. )
. -
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INTRODUCTION

't
3 L

This modules discusses the, generation of steam, hot water, and hot air,

using thermal gneray taken from solar collectors. On a clear day, when the

sun is directly overhead, the sun delivers energy to the earth's surface at
a rate of approximately 1000 watts on each square meter of surface. Solar
collectors can harness this energy for space heating, water heating, cooling,
‘industrial processing, and generation of electricity. This module describes

the principles of operation and the types of equipment involved in the utiliza-

. tion of solar energy for these app]iq@tions. The module also discusses system
designs, including tHeir relative advantages, limitationms, and practical uses.

P

) { PREREQUISITES

\
A\

The student should have éomplé&ed Fundamentals of Enfergy Technology and
Modules EP-01 and EP-02 of Ene}gj"P}oduction'Systems. / .

'

~ - OBJECTIVES

Uﬁon completion of thjs module, the student shoh]d be able teo:
Define the term "solar constant" and state i%s numerical value.
2. Given the necessary information, calculate the maximum efficiency for
a solar energy system. . ’ L
3. Describe flat-plate collectors and concentrating collectors, and include
the following information for both: the method oﬁ/dberation: the rela-

tive temperatures and efficiencjes, the relative advantages and-disadvan- _

tages, andythe practical applications.
4. Compare air-based solar epergy -systems and water-based solar énergy Sys-

N

tems. Include simi]grities and differences in thescollectors and storage
systems. Describe thé relative advantages and’typical applications for
both types. ' ’

5. Describe methods for producing high temperature steam. Inc]ﬁde the axial
tower and the parabolic collector. .- \

w . , / =

»
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SUBJECT MATTER |

| SOLAR RADTATION - ' )

The sun de]1ver§§e1ectromagneiic,radiation to the surface of the earth.

This electromagnetic radiation is mainly present in the infrared, visible, ’

and ultraviolet portions of the spectrum.

Electromagneti rad1at1on is radiant energy that travels at the velocity
of light (3 x 10%° /s) It has a wave11ke character since the waves are

.

rap1d1y oscillating electric and magnetic fields. The waves can be character-
jzed by the frequency of oscillation of the field or by the wavelength (that -
is, the distance between peak va]ues_of the. electric or magnetic fields). The
wavelength,> and frequency f are related by Equation 1 below: '

Af = ¢ . Equation 1

-/

i

il

where: \ = Wavelength.

Frequency. ' e

no=

Velocity of light. , : : . - .

the green portion of the visible spectrum, with X = 0.5 x 10°*
cm. It a frequency equal to f = 3 x 10'°/0.5 x 107" = 6'x 10" Hz.
The Nord "radiation" is sometimes interpreted as meaning nuclear radia-

—
-

[{e]
e
p=9
[72]

¢ N

tion — with leagant connotations. But in the broader sense, electromagnqtic

rad1at1on incTudes th1ngs such as radiowaves and visible 11ght wh1ch are re- °

garded as beneficial. F1gure 1 shows the range covered by electromagnet1c

radjation, with some familiar, types of electromagnetic. radiation indicated.

The wavelength and frequency scales are also indicatéd. When solar energy
WAVELENGT L ‘ e

Q.1 1 10 ‘100

am "mﬁ“ 1 m1 0?“"0.

1 m'0 1;\\1omoom1 §i°ku?°°krh . )
! t 1 .1 v

—

1 . o
/'-u INFRARED® lwcmmuwvs’ TV RADIO '

_17_

} 2 ’10 ! | l7 Pt 74
10191d210'7 10 1&51&‘1 1& 1o°-108 107 108 10% 10
Faecueucv (HERTZ) -
Figure 1. The'Electromagnetic Spectrum. .
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, o BV . EP-03/Page- 3 \ |
* . & -, 79 3 :
3 ‘k\

- . . ) '

o ' ) ) . :



arrives at the surface- of the earth, it lies in the wave]ength region from
.aboyt 0.3 to 2:m1crometers (um). o "2 f;t NG
‘& T Everyday, large amounts of energy arr1ve at the surfate of the earth. \\\\
Without the energy delivered.by sunlight, there would be no 11fe on earth '
Sun11ght provides the heat energy that &eeps the.earth’ 3 temperature in a H
habitable range. Sun11ght a}so causes plants to grow,,thereby providing the *
initial source of energy for &11 the food chains on earth The energy stored
gn all fossil fue]s (coal, oiT,,naturaI gas) was or1g1na11y provided by $un-
v ,J1ght For example, coal is’ der1ved from p]ants that 11ved during preh1stor1c
times. These plants died, and the dead p]ants ~decayed and became ‘the carbon-
- containing material that is now mined and, burned in thdgform of coal. With
- only a few exceptions, sunlight has prov1ded most Gf the¥energy used on earth.
~-The energy that arr:ves from the sun ‘heats the atmosphere. and the oceans
and causes c1rcu1at1on of air and ocean water Thus, energy from the sun is
* the cause of weather on earth. @zThe amount of sun11ght reaching the earth's
. " surface varies sl1ght1y as. tﬁe earth trave]s around “the sun in its yearly
journey. These reTatively sma]l changesxlead to the change of seasons.
Besides grow1ng plants, the energy from sun11ght can be used more directly
to sat1sfy needs of human beings. This energy can be used to heat air for
space heating of homes, office buildings, and factories. [t can also heat ' .
. water, giving hot water and steam for space heating and for industrial pro-
vcesses. The sgn's energy can also be used to produce electriciity directly.
"This last use cannot be duplicated by other fuels, such as coal\or oil.
Thus;fjt is e§tablished that sunlight is an ahundant source of energy.
AN that is needed is a "bucket" to catch it. A major portion of this module \—
is devoted to descriptions of a suitable bucket — the design of which is
neither simple nor obvious. | '

- » 'y n

SOLAR CONSTANT (INSOLATION]

How much energy from the sin arrives at the earth? The amount of solar
energy that reaches the ne1ghborhood of the earth is called the solar constant,
‘or 1nsolat1on "Insolation” is a term that descr1bes the delivery of energy
from’the“\hn t%.the earth. -The value of the solar constant is specified as
i, the energy arr+V1ng at the top of the earth's atmosphere. tBecause of absorp-
’ tion by the atmosphere, the energy actually arriving at the earth's surface

- | b
is somewhat less.

' v, Page 4/EP-03 ) 8
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\ The numerical value of thé solar constat (or insblation) is 1350 watts
' per square meter. (This means that a flat sur ce fac1ng the sun and outside
the atmoéphere*could collect 1350 watts for eac square meter. of surface area. )
The value of the solar constant varies slightly during the year since the dis-
tance from the earth to fhelsun changes somewhat. However, ‘1350 watts per
square meter represents an average !glue for the solar constant.,

FACTORS AFFECTING INCIDENT SOLAR RADIATION

. . The solar constant definé; the amount of solar energy that would strike
a flat surface that is facing the sun andis located outside the earth's atmo-
sphere, The amount of energy that reaches the ground is less because of factors
such.as absarption in the atmosphere, cloudine'ss, location on the surface of “
« the earth, time of day, and seasoﬁ§ of the year. The last three factors are
related to the height of the sun above the horizon.

-
. Absonption in the Atmosphene ' v &“ : ’
Even on a clear day, part of thé/1nc1dent solar ene%gy is absorbed by
Athe atmosphere. The efféct of absorpt1on by the atmosphere is shown in Figure
2, which shods the distribution of solar energy as a function of the wavelength. )
The top curve shows the distribution over the wavelength at the-top of the \
atmosphere. -The second curve shows the distribution on the ground = at sea
level, and on a clear day when the sun is d1rect1y overhead. Some of th1s
energy islpot.penetrating ﬂb‘ghe z 1+ ,
' ground, however. Regions of very g T CUTSIOE ATMOSPHERE § . )
high absorption (such.as I.4and 377 ! :
1.8 ym ) are .present. The absorp- :m;: : \\ L
¢ tions are caused by specl’ific mole-: § I :gcuﬂgmyﬂ-gcwé -
- cules in the atmosphere, such as :” i ON GAOUND. GLEAR: SKY.
C02 and H0. When the sun is §M. - /\’\4\,\ SUN 13" ABOVE HoRiZON
c{ose to the horizon, the sun- . g c"<§ _ /i\\ AZ§\ /éF==
) 1ight must pifss through-a longer 2 sw;“w‘m: M”wm ‘2
¢ path of atmosphefg, and the energy Figure 2. Wavelength D1str1but1on .
- reaching the ground is still ~° of Solar Energy. .
lower, as the lowér curve shows. N " n
\- ‘ . ¢ ! 1
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Although exact values depend on atmospheric conditions-— theg: amount of COz,.
the amount of dust present, and so forth — F1gure 2 does. demonstrate how so]ar
energy is reduced in the atmosphere 4-' .

Even-in the best of cond1t1ons-— w1th“the 559,d1rect1y ove§head in a clear
atmosphere -1nc1dent 1nso]at1on w111 be reduced ‘to about 1600 watts per square
meter on: the ground. Under poor condgtions — w1th clouds or haz&® —. solar
energy may be reduced much, more. 'Dugagﬁ day11ght hours’,.som& light will always
Teach the surface of the earth; but w1th heavy c1oud’\n(\:aze, it will hot
come d1rect1y from the sun- but will’ be “diffused (come to the surface from.all =
directions because of scatter1ng and ref]ect1on 1n the atmosphere) This fac-
tor i3 1mportant because some types of co11ectors can aécept d1ﬁfuse light,
whereas other types of co]lectors need’l1ght in a co]lzmated "Beam directly
from the sun. The first. type of coTlector ¢an operate to somejextent on a

~cloudy day, whereas the second type will operate on]y underﬁclear conditions..
_ Figure 2 is 1mportant, too, because it def1hes the nece§§ary propert1es
of the’ co11ector The coTlector must Be capable of absorbing energy at the
wave]engths that; solar energy reaches the groqnd = , L
T ST SR
Sotan wau&\ - g IR

The amount of so]ar energy Yeaching the surface of the earth is also de-

pendent upon where the sun 1s located above: thé hor1zon This’ 1s galled . solar -

altitude, and is ®xpressed in degreeiv3POVeathe ‘horizoft. For a solar altitdde
- of 90°, the sun is lotated directly o ..
Solar altitude varies with several factors: tlocation of the zarth (lati-

rhead. T -
tude), time of+-day, and seaSon of the year .
Solar a1t1tude changes during the courSe of each'day. Figure. 3 shows
the, amount o sblar energy striking a horwzdhtal surface- as related to thé t1me
of day. The figuré is relevant to a 1at1tude o£~40° ﬁ. Curve& are. shown for
> June 21 and December 21 AThe change\1s due to the change in solar a1t1tude
during the day -

>
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- Figure 3@ Tnsolation on a Horizontal
Surface for 40° North Lat1tude

ﬁaces«toward the sun
Nhen the sun ;s di*rectly
overhea{d on a c1e&~ day, solar

energy arrives at a rate of approxi- ’ L T |
r’nate]y 1000 watts pér square meter. 1990 BT r’l; i l tintisintinh
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_Jdune 21 — which is the highest that it ever geté at that location.
In addition to latitude, ariher factor that affects the amount of solar
energy reaching the earth is the amount of cloud1ness that is present. In
the southwestern Un1ted States, where/mgé% days are clear and cloudless, there
is a great deal of solar energy available. However, along the coasts'ﬁ

.

f Oregon

ES

and Washﬁngton,oﬁhere many days' are cloudy, the arrival of solar energy is

reduced.

Figures 5 and 6 show how solar energy varies.with geographical locations
and the seasons of the year. Figure 5 shows thé total daily solar energy
(in kWh/m?) that strikes the United States»ingthe summer. The curves are

) Figure 5. Contours”of Total Daily Solar Energy Striking a §urface
Directly Facing the Sun in Summer, (ynits are in kiWh/m?.)

4

,relevapt to a surface facihg-toward the sun. Figure 6 shows sjmilar curves.

‘ for the winter. The‘southwest'bart of the United States receives a large
input -of solar energy, whereas fhe northeast. part of the United States ang

‘the Pacifig Northwest rece1ve relatjyely 1ow ameunts of éﬁéﬁ;\energy For -

. a g1ven locat1on the amount of solar enefgy that’ str1kes the. earth is héfh
1ess in w1nte han in summer. :

s



Figure 6. Contéurs of Total Daily Solar Energy Striking a Surface |
Directly Facing the Sun in Winter. (Units are in kWh/m2.) —

‘Fiéure 7 shows tﬁe total sqlar energy that reaches the United State# J

'in a year. The total amount of so1ar~energy that reaches the earth's surface
is graai; particularly in the‘Southwesgi Even in the Northgast,'solar eheréy

is a_primarj’source of-energy. If all ;he solar energy that is S;:ilab]e f

were collected and used for heating purposes a1one\\1t wq“Jd pro e\a éignﬁf«

]
|

I
!

jcant source of energy and would reduce the demands'on~other'sources.

EXAMPLE{A: DETERMINATION OF COLLECTOR SURFACE. ) /‘ !
Given: A homeownér in Cotumbia, Missouri, uses 600 kiWh of'e1ectricity |
' ' .eéch month in the winter, with thé solar collectors operating at -
10% efficighcy.° c '
Find: How many square meters of collector surface that would be eedfd

to ‘provide this amount of electrical energy. :

4 Solution: qur a month of 30 days;-%he'homeowqer will use .600/30 = 20| kWh/day

. {d). At 10% efficiency, this means that 200 kWh.must be 1}ci ent

- each day. From Figure 6, at Columbia, Missouri, 4 kWhof energy

® s

are incident on each square meter of surface that faces directly
t. o - .y , . b} N 1

oL ° “
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s (\\/axamp1e A. Continued. C —_ ;
. toward the sun° Th1s s the average daily value in the winter.

&0

Thus, on the average, -the co]]ector should have an area, of
20014 . 50 m2 @ * . i 3 v

%

] 1:400 TO 1.800 \

¢ -

1.800 TQ 1.800

{1,808 TO 2,000

-

s v, . . e T
- _ Figure 7. Annual Insb]ation;in the U.S. ) L
(Numberg .indicate kWh/m2.) . ) o '.
Assozzmou BY VARIOUS MATERIALS S .-

The mater1a1 that forms .the celTector must be absorb1ng at the wave]engths
of the radiation.that the sun delivers.’ /o1t the mater1a1 gsjﬂht absorbing, the

. incident energy will be red from the surface and 1ost fdr any purposes
" of useful energy,. Figure ~defined how ‘incident sotar energy is dﬂstr1buted
wtuyrespect to waveiength. The wavelength region of 1n¢eqest is agprox1mate1y .

°

0.3(to 2 ym, - O ,

Flgure 8 shows the wave]ength dependence on absorpt1on yor severa] mate-
r1a1s " For both aTdm1num foil and white paint, absorpt1on is 10w in the spec-
tral region of interest. These materials would not make good surfates for °q
solar collectors. Black paint, on the other hand, is high in absorption in_

;the impartant spectral range. On solar.collectors,-black paing can be used

.

. "
e . ' N
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for absorption.as ‘the outer layer. 'Ih fact, it has been used in some simple
'co11ectors q,ﬁ ' , SN )

Other, more soph1st1cated coatings are employed to provide high absorp-
t1on for solar radiation. For example, an electrolytic coating called a Tabor
select1ve surface provides about,90% absorption in the region of interést.

In dddition, the Tabor selective coating has low absorption at long infrared
wavelengths and around 10 um. This is important since low ahsorption ih.that
- region reduces reradiation of energy from the surface — which helps reduce
1?sses of the absorbed energy. Fgr.this reason, a coating such as Tabor is
superior to black paint. ’ :
6ther~sim11ar

coatings are avajl-  wo+ — BLAGK PAINT

\"\/wmrs PAINT

able. For example, s0d
a coating of black '
copper oxidé on .
é%pper'metag_has an

ABBORPYTION (%)

‘absorption of,
" approximately 91% in .

3 TABOR
. the region of inter- 0 _ . : - : ALUMINUM
est for absorption, es 1 s 10 15 20
) N WAVELENGTH (MICROMETERS) . .
but a -low absorp- . )
tion (approximate]j’ - Figure 8. * Absorption vs. Wavelength for

16%) -in the 10ng wave- Several Materials.

length region. Thus oxide type coatings with propert1es such as black copper °
oxide are well su1ted for_the absorbing surface L
The bas1c idea is that the outer surface of the absorber should have
a high absorptwon in the spectral region where the sunlight is and shbuld
have Tow absorptﬁon in the longer wavelength reg1on where there is Tittle
solar energy. Su1tab1e coatings with the' desired propert1e% have been deve]oped

1 EFFICIENCV 0F~CONVERSION OF SOLAR ENERGV T0 USEFUL HEAT A

ZConverst:E of solar energy “to use?u] heat does not.occur with 100% effi+

" ciency. Thé tbtal efficiency of the dolar collector ‘system, n, is the product -

of two factors: the. so~-called collector eff1c1ency; , and the cycle effl-

c
ciency, n

(/ ©

e’ »
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n =n.n

ce

\\_/’__._where: Tota1_efficiency of the solar collector system.
‘ Collector efficiency. '
Cycle efficiency.

The collector effieiency, Nes is the efficiency for absorption of the in- -
so1at1on by the surface ‘of the co11ector As prer1ous1y stated, there are
materials available.with surfaces that can abstrb solar radiation with high
efficiency over the wave1enqth region covered by the solar radjation. - Collector

efficiency greater than 90% is possible. ‘ oo LN

) The cycle efficiency, ne,‘depends on the temperature of thé working fluid.

The working fluid (usually water or air) circulates through the collector

and is heated to a temperature Ty. Then the heated fluid is Lsed to perform

some function, such as space heating or driving a turbine. After it has per-

formed that functiom — with the heat extracted from it — the fluid is then ’”ﬁ‘“~:;s
at a lower temperature T, and is circulated back to th colle tar. ’

Both temperatures, T, and T,, must be expressed as absolute temperatures,
that is, in degrees Kelvin. (The .relation between a temperature in degrees
Celsius and a temperature in degrees Kelvin shou1d be remembered. Add 273°
to Ce1s1us temperature to obtain Kelvin~temperature.) . -

The maximum possible, cycle efficiency is giveir by Equation 3 below: \\”ggé

LT -T, .
) . Mg = —1f:——1 ‘ Eguat1en 3}
. < ' : ]
Cycle efficiency. T Ve

Fluid 1n1t1a1_}emperature
Fluid final temperature

b, . '

This value, ca11e¢‘the Carnot eff?tienc;, is an faea1f§ed,va1ue that
represents a theoretical maximum. This maximum value can never be achieved
in practice; there are inevitable lTosses of heat energy that always reduce
the practical cycle efficiency below its theoretica1 maximom valug. )

Figure 9 shows the maximum cycle efficiency (from Equation 3) as a func-

, tion of fluid initial temperature- %1 (It is presented for several values
of f]uwd f1na1 temperature\fz ) Idea]]y, in order to achieve high cyc1e

effwclency, h1gh values of the 1n1t1a1 temperature must f1rst be ach1eved

‘
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The final temperature T, should be as low as possible, since a Tow final
temperature means that the heat energy stored in the fluid has been extracted -
" ficiently. In pracétice, a final temperature T, lower than about 300°K

(27°C) is unusual. This is usually the value that is approximately equal

3 to the ambient temperature. i
JH1H , I T
i J .
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- Figure 9. -Maximum Cycle Efficiency Vs. Inijtial
-Temperature for Several Different Values of Final Temperature.
EXAMPLE B: MAXIMUM EFFICIENCY. :
. * ’ . /. ‘r. . - *
Given: A solar collecting surface has an efficiency of 95% for collecting

sunlight. Air circulating througﬁ the‘cplléctor’?g heated 29

160°C. . The air is used for space heating and,‘tpen, it is re-
\

jected at a temperature of 27°C.°
: d

Find: , The maximum possible effigiency of the system.
Solution: The collector effigiency n. is given as 0.95.-,The maximum cycle
efficiency is as follows: -

PR ' - . |

ng = (Ta - T2)/Ty, ‘ : > ) T,
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3 e
‘Example B. Continued.

k/ .

where: T: = 160 + 273 = 433 K
and,. T, = 27¥+ 27 = 300°C."
_ 433 - 300 _ 133-_

e”~ 300 300

The maximum System efficiency is.as follows:

" Thus, n 0.443.

cle

'nznn, = 0.95 x 0. 43 = 0. 421 or 42.1%.

- HOT WATER SYSTEMS . .

In solar energy systems, sunlight is collected by beiné absorbed at some
surface. There is some fluid tontained within pipes or channels ynder the
surface. The fluid is warmed by the sunlight; then it circulates to the place
wﬁere heat is needed, for examp}e, for space heating or "hot-water heating.
Heat is extracted from the fluid, cooling it to a lower temperature; then the
f1u1d,1s circulated back to the collector. | “ ) -

In this section of the module, systems are described in which the work1ng
fluid 1s water. Water has the advantages of being inexpensive and read11y
ava11ab]e. It also has a relatively high va]ue of specific heat, so a large
amount of thermal energy can be stored in tHe water. In-practice, pure water
is a1most never used because water is subJect to freezing: In almost every
section of the Un1ted States, the temperature drops below freezing.at night
sowet1me during the.year. This would cause water in th§ collector to freeze
and possibly rupture the pipes. Therefore, & m1xture of water and antifreeze
(usua]]y ethy]ene glycol) is used. However, these systems will béﬂéons1dered
as water systems. In water systems, another factor to consider is corrosion.
The water must circulate throughipipes, pumps, and heat exchangers; and it
is important that no corrosion of’these components occurs. Thus; chemicals
that inhibit corrosion may a]so be added to the water. -

{ﬁ some Systems, heat tranSfer oils are used 1nstead of water. These
oils are more expensive than water But with a proper.choice of oil for

.a given geographical Tocation, the freez1ng problem can be eliminated. How- '

ever, the viscos1ty of the oil may change with temperature causing the 011
to flow more s]ogiy through the pipes at ‘Tow temperatures The change in
viscosity sometinmes causes froblems. The basic design of systems that use
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at increased cost.

heat transfer oils is similar to that of water systems; therefore, the dis-

cussion of water-filled systems wij1'also-be adequate for oil-filled systems.
The following pafggraphs describe the basic coﬁponents used in water- )

filled systems. The types of collectors are emphasf%ed, including flat-plate

Id <
,co]]ector§ and concentrating ¢ollectors. The design of an entire system is

discussed. A]ternage designs are possible, but the description leads to an
understanding of important components that are commonly used.

L

FLAT-PLATE COLLECTORS B

»

The use of solar energy.begins with an absorbing’surface upon whiéh sun-
light falls and is absorbed. The simplest type of collector. is a flat-plate
collector. ,An‘pontact with the flat-plate collector's surface are tubes, pipes,
fins, through which the water mbves.. A typical design islshown in Figure

10. . .
At the front

of the flat-plate SUNLIGHT l ABSORBING SURFACE
‘collector is a Y /- .
transbarent mate- —_— . TRANSPARENT COVER

: oe RN A A R R N B R A R A O .
rial tﬁat allows K . ox R | aren Tusss
sunlight in but , : - . -
reduces heat loss. - ] 7 N

The transparent Figure iO. Schematic Diagram of a Basic
material is usually Flat-Plate Collector.

g;%55x0r plastic. Plastic is less.expensive than glass, putqjt is less durable

affld weathers less well than glass. Glass is usually used in well-developed
commeréial systems. Oftgn, two Fayers of the transparent material will be -
used to provide protectibn from héat loss. )

The abssorbing surface must have high abso;ption,for the wgvelepgth region

" .in which the sunlight falls. B]ack_paint is somefime% used in homemade col-

fectors. The more sophisticated coatings (such as oxide-coated metals) -are

«used in commercial systems. Such coatirgs pro?ide better performance, but
The backing layer of insulation is needed to reduce heat loss. Any~heat

conducted out through the back of thé structure is lost and will result in

redyc' on qﬁ the collector efficfeﬁcy. -
- 91 7 EP-03/Page 15
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Tubing can take a variet& of forms. For re1atJve1y 1nexpens1ve systems,
a]uminum plates bent into V-grooves have been used. The water channels are
s1mp1y the spaces in the Vs between the aluminum and the insulation. In more
sophisticated systems‘ metallic tubing is bonded dmrect]y to the qbsorb;ng
surfaces \ ~

There are several possibte\>esigqs, construction methods, énq.maQekia}s .
for flat-plate col]eFtors. Currently there s much experimentation underway
‘ to\provide a good compromise between cost and performanée:_ For }nstance,‘-f‘
o many entérhrising amateurs have devised flat-plate collectors that can be -
constructed from inexpensive materials by a reasonab]y'handy homeowner. At
4 the other extreme, packaged collectors are being offered by a number of com-
panies. The development of flat- p]ate‘ngér co]]eqtggs_1s far from‘complete, A
with many experimental des1gns stiTl being eva]uated -

’ Table 1. presents a: summary of some of the mater1als that have been used
’ in f]at plate collectors. There is no one standard way of construct1ng flat-
' plate solar collectors; therefore, a variety of materials are be1ng useq. -

F}

\k ' ‘ TABLE 1 MgIERIALS USED IN FLAT-PLATE COLLECTORS,
Transparent 1. Glass (single 1aye;for multilayer) . °.
materials 2. P1a&8tic (single layer or multilayen)
., ‘ 3. Combinations of gtass and plastic . - .
{ e . Transparent honeycombs of glass or: p]ast1c RS X
Absorbing 1. Metal surfaces - oS
materials 2. Plastics ‘ ) S
@ ’ .3. Metal screening ‘
: 4. Cloth gauze ° . »
) 5. Porous foam
6. Dark liquids N oL ]
7. Dark glass T - .
Coatings on 1. Flat black paints ' S
absorbing ~ 2. Oxide coatings : “
materials ~ 3. Electrolytic coatings . e N
. ‘ 4. Rowghened surfaces ®
e Fluid 1. Tubes welded, soldered, or roll-bonded to metal |
containers absorhers N
2. Channels in absorbing surfaces _ : “
3. Fins in absorbing surfaces o i '
Insulation 1. Fiber mat ' R
: _ * 2. Plastic or glass foam VA ‘ ‘ 3
£, 3. Reflective layers in combindtion with above materials
\ 4. Vacuum tin glass tube) . ) 1
Page 16/EP-03 ' g . L
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The flat-plate collector has a maximum temperature tor the water in the

‘;}stem."Thus, accordjng to Equation 3, the cycle efficaency is also limited.
.Cycle efficiencies of approkimately 30% are possible with current f]at-pﬁate i
collector technology. - o
With current technoldgy,™ temperatures up to 400 to 450 K can be produced :
with flat-plate collectors. These temperatmres are above the boiling poiht
. of water (373 K), so the tubes must bepressurized to prevent jboiling. The
temperatures that can be produced with fiat-plate ‘collectors are adequates
for many applications, ig€luding the following: )
+ Space heating in yesidences ’H}:
. Hot-water heatipf in residences )
.~ Air conditioning in residences : Ce - -
™~ + -Space heating, hot-water heating, and ajr‘co&ditioniné ih small

buildings (such as schools, medium-sized office buildings, and

.
. factories)

Al

« Industrial process héat and industriaJAprocess'steam at reasonably

low temperatures

+ ;j{

Because the maximum water teffipérature is limited, f]at-plate collectors
are not suitable for some applications, including the following:
Generation of electricity . ' ' )
Generation of industrial process heat and industrial process

- steam at high temperature .
D + Cooking ' o S
{ ) - Heating and air cond1t1on1ng of large bu11d1ngs, espec1a11y mu]ti-»
. story buildings that have relat1ve1y small roof areas 1n-qompar1son
-, to the valume of the buildings ’ ' '7~ ;
. - 4 ® . -
- CONCENTRATING' COLLECTORS R :

. The max1mum temperature and hence " the max1mum cyc]e éfficiency that
‘can be ach1eved with f]at-p]ate cq]]ectors are re]at1ve1y Tow.
_collectors are used when higher temperatures are required. Such collectors.
. ..use mirrors of vargous shapes to focus solar radiation onto an absorb1ng str=

Cencentrating

face’ The ‘area of the absorber is much smaller than the area-of the ref]ect~‘

1ng surface thus, energy from-a large area is moved to a small area. “This’
/ . ) Coel lw‘ §

. -
.c . N - - . -

[y ' A IS TN . -

— I4 . -

. ' /

. .
. .
.

, EP-OS/Pa@e l?*'.'e
s G s




allows production of much higher temperatures than those that are poss1b1e
with simple f]at-p]ate collectors.

) One poss1b1e des1gn of a concentrat1ng collector — the focus1ng collec-
tor — is shown in Figure 11. This figure shows a cylindricdl reflecting mir-

ror with a parabolic cross 'section. The:sunlight is focused on the pipe,

which ‘has an absorbing surface.
The pipe is filled with fluid
(ustally-not water because of
the high temperatures that can
be ach1eved) Molten salts or

. COLLECTING TUBE  *

Tiquid metals such as sodium
and potassium are sometimes_used
as the fluid. The pjpe may be
surrounded with a glass tube
to help reduce heat Tloss.
The temperatures that can.
PARABOUC MIRROR be reached in the working fluid-
- can be as hiéh as 550 K for a
Figure,11.» Example of Focusing ¢ simple, cylindrical collector .
CO];:izar' ' (Figure 11). However;'CYTindrical\

collectors with mo sophisticated absorbers that utilize se1eet{ve1y-cpated .

evacuated glass tubes around the absorbing‘pipe have produced temperatyres
as high as 850 K. In some research‘designs of concentrating coltlectors, tem- °
: perﬁtures up to a few thousand degrees Kelvin have been attained. _'. L
' t Table 2 presents-a sumgary of some designs that have béen used for Te-
flectors, in concentrat1ng collectors. A]though this list is not complete,

it g1ves an idea gf the variety of shapes "that are pessible. F1gur9/12 ifJus-
“trates a few of the des1gns mentioned in Table 2.

as
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TABLE 2. SELECTED DESIGNS FOR .CONCENTRATING COLLECTORS. .

Desigrd with muitiple

Flat side boosters .

flat reflectors V-trough "
g Array of sun-following flats '
Cylindrical reflectors Circular ‘cylinderf ‘ ‘
. “_L Parabolic cylinders
Double-curvature Paraboloids = e .
reflectors T -SpReres  * '
' . : Array focused on a receiver !
Lenses 1indrical - o
“- ircular .
y F'resneil\os . ’
Others , Fresnel reflectors T~ Ty

Truneated cones -

Sun-following flats with fixed parabgloid fﬂ’fi

. Y A4

aro

Muitiple °Parabololds with
individual Absorbers

Paraboloid with Cavity
_'Absorbor . . [
Fresnel Lens 4
Single Paraboloid with
Fixed Absorber

Cyllndrlgal Fresnel \
Reflector .

- . : e

. e . Figure T2

Examples of Concentrating Collectors.’ 2
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An 1mportant parame.ter for concentratmg col]ectonsjm the concentrat1on
o, rati‘o ‘The concentrat1on ratio is defmed as "the ratio of the area of the, .
“ oLy rﬁeflector to the irea of the absorber “ For cyhndrma] coHectors concer- <>
’ trat1on ratios in the range from 10 to 50 ‘are poss1b1e For 1arge parabolmds,
oncentrataon ratios 'up to a few thou-

. o] Som % # sand are. poss1b1e ) { ~
300 . .
N Jhe noncentraﬁon rat1o defines *
L ’} . %‘?’ e " -the max;mum temperature that can be )
- ag-‘ 001 reached by the workmg f1u1d Figure -
i , 13 shows the temperature that €an be
1000- produced by. ‘concentrating co]lectors
as- -a function of the concentrat1on I
—_— rat1o. The figure is rélévant to t
' s’ 10 s0 100 1000 10000 AR
. &:Q‘me,.-mm . o ‘< 1nsolat1on of 1000 -watts per squag:e S
 .Figure 13. Fluid Temberature meter ' The concentration. rat1b~»for .
o s " Vs. Concentratiopn Ratio far > a flat-plate collectygr 1skdne and ~
) : Concentrating Coﬂectors; for o .
f Insolation of 1000 W/me. ,jhe maxmum tempe%re s only 100 @ =
K . . . or so. But,eas the cgrcentration ratio -
‘,(.r r1ses, thiﬂmd temperature\mses rap1d1y‘° oo LT s
S 2 Becaude of the higher temperatures qycle eff1c1enc for a systeménth T
K concentratmg coHector can’ a]so be h1gher Cycle efficjency can range - » |
4 f\ .= up to 75%; therefore, for a g1ven requed output,aa smaﬂerﬁota] surfate e
o can be used if the coHector is of the concentrating type . g ;., . y -

A dLsadvantage of concentr,atmg‘ coHectors is.that an 1mage of- the:sun
must be 1maged accurate1y by the ref]ector Ql) the absorbe\r“ _Thus, concen-'

o ,trating. doHectors must track the sun, To do -th1s, they are supported on & &
- *movable meunts‘%th solar posttion sensors ‘to ‘track the sunfacross the sky. ", ¥
‘ s
-, . Th1s, of” course correct'ly 1mp11es that systems with conce trating coHec%) rs -

e . L7 are more comphca.ted and cesﬂy than systems with ﬂat p?aft?coﬁectors
' ’ ) Concentratjng collecﬂb\rs need a: well-defined solar imd ey t erefore .
o v on a c]oudy or hazy day they will be almost *compleq«ely 1neffect1ve "H v°er. r
' f1at9p1ate coHectors will rece1vé the d1f se r&hamon from the c]oudy skyw

o~

»
~

o and mH dehver some output: N S % \ '
T I” order to compare the prqpertaes of flat- plate co ectors and concen- - o
P trat'lng iﬂectors, Tab1e 3~summar1zes~the re1a‘t1ve advantages and d%‘advan-v \/\
T tag‘es of oth types } ‘ :' o . ;° P s e, o
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N 4
TABLE 3. COMPARISON OF FLAT-PLATE COLLECTORS .«
. AND CONCENTRATING COLLECTORS. .
g ‘ Advantages 4
Flat-Plate L Concentrating

Simple construttion andNeow cost

No tracking. systems

,lUses diffused sky radidtion, ‘hence
giving some output on e]oudy days

va

Higher eff1c1qpcy
Higher water temperatures
. Smaller areas needed -

s

o

. Disadv

Flat-Plate

Lower efficienc¥es
Lower water-temperatures
Larger area needed”

antages N
goncentrating.
Higher cost and more comp11cated
construction

Almost no output on cloudy days
—— .

Because of their higher cost and complexity, concentrating collectors
_are not used for space -and hot-water heating for homes. Their higher tempera-

. ~ tures and efficiencies render them useful for apﬁ11cat1ons such as the fol]ow-
) {4 .

ing:

4

Generat1on of electricity (to

w

:i/ggésr1bed 1ater) t
3 Generat16h of 1ndustr1a1 process heat and steam at’ h1gh temperature

Cook1ng N
. Hot water and hot air for large buildings, especially multistory

P ' , buildings where smaller areas of collectors may be ‘important
Dry1ng in, 1ndustry and agr1cu1ture \ . <

-

L]

So]ar cook1ng is accomp11shed with 2 meta111zed parabolic concentrat;pg
.collector. . Cookirg.vessels are placed 'in “the focal area of the paraboloid.
’ Solar cooking is used in North Africa, Israel, and Other sunny areas, but.

=~

¢ has not been popular in the United States. 0

-

a - ) \ *
EFFECT OF ADJUSTING ORIENTATION OF COLLECTOR oA
JOR MAXTMUM COLLECTION EFFICIENCY - -

\

e A solar collector, either flat-plate or concentrat*ng, operates best
when it js aimed directly at the.sun.
defined focused image of the sun on the absorber. Both types co]]ect so]ar

"N radiation more efficiently when they are pointed at the sun. Table 4 Shows

the average total amount of solar radiation that arfrives in June and in

Concentrat1ng collectors need the we]]-

\.4

EP-03/Page 21




+
&
.

December for both a fixed surface and a tracking surface The tracking sur-
face.is driven so that it always faces ‘the sun d1rect1y The f1xed surface B
is oriented so that, 1t s -south-facing and tiltéed at 45° from the horizontal.
. For ‘a fixed surface the orientation is close ‘to optimum for nych of the United

States Values are shown for a number of selected c1t1es /!

In each case the tracking collector receives more total energy each day. ~»
This is true even though.the fixed surface is oriented near the optimum posi-,
tion. For examp]e, in Albuquerque, in ﬁecehber, a tracking surface receives
about 20% more energy e ch day than a fixed surface.

The tracking surface® i more complicated and expensive than the fixed
surface but it reqd??és a detailed system analysis to decide whether 1ts .
jmproved energy collection.justifies the cost.

TABLE 4. TOTAL DAILY SOLAR RADIATION ON FIXED SURFACES AND
TRACKING SURFACES IN JUNE AND DECEMBER FOR SEVERAL CITIES.

lues are in kWh/m?/d.) . ) a
Fixed Surface — Tilted Tracking Surface - - ‘
o at 45° from Horizontal Always Facing Sun
City and Facing South ,
\ June “December June December i
Albuquerque, NM 6.7 . 6.1 10.8 7.3 )
Boston, MA 5.0 3.3 7.3 3.8
Brownsville, ¢ | 5.1 3.9 8.4 4.5
Co]umb1a MO 5.7, 3.9 8.5 4.5
‘Madison, WI 6.2°  4.0° ) 9.3 4.8 .
- . I vashvile, TN 5.1 ¢ 3.4 7.6 3.9 ‘
| New York, NY 4.7 3.2 6.5 3.6
Phoenix, AZ - 6.1 5.6 9.9 6.6
« | seattle, WA . 5.9 1.8 9.0 2.1
p Washington, DC 5.2 3.8 7.5 4.5

TOTAL SYSTEM CONFIGURATION

The co]]ector is an 1mportant component 1n a solar energy system, but
the system requires many other components to make it complete. Pipes, va]ves,,
heat exchangers, sensors, " thermostats, pumps, fans, and storage devices are .

Page 22/EP-03
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#~  also needed. This section ef the module discusses some -of these éomagnents :
L and their uses in a total” system for solar energy.

S{onqge DeuLceA

Storage"dev1ces are needéd in solar energy systems because the sun does
" not, sh1ne at n1ght and because a series of co]d cloudy days may cut off the ‘
output of energy just when the need is -gredtest.

¥

Heat-storage\nnits may be incorporated in the system. The heat-storage
unit is usual]y-a'tank of water, with a heat exchanger that extracts heat v
from the water-after it is heated by the:solar co]]ector Water is used be-
cause it 1s inexpensive, is eas11y stored and hand]ed, and has a high heat
capacity. . Hot water from the so]ar collector enters the heat exchanger and ’
warms the water in the storage tank. Later, when the sun is not sh1n1ng,
the thermal energy froM&the storage.tank .may be used for heat1ng ) s

Other altgPnatives for thermal storage include rocks that may be used - g%&’
. in addition to water. Some systems using molten salts have also been developed;

s

‘ /
4%
éﬁ"ui
P

however these are more soph1st1cated and costly and are not well-suited for

residential heati

. Figure 14 shows now soler Eol1ector could be used to provide both space
. and water heating for ’ §
a home. The collector
vy is placed on the roof,
" facing south and tilted
so that, it faces the

sun as much of the

@ -\ -
time as possible. The ° _ i nl::pv
water in the collector SPASE MEATER “"{7] . - ‘
k — PUMP : EE < WATZR HEATER ‘
is heated to a high - . , 3 3 .
" temperature and is ' —L : AN
pumped to the hot-water PP TITT \\\g -
heater and the storage., ‘ - 4““"‘“““'/\ HEAT ExCHAnGERS

STORAGE TANK

tank. In both the hot- -
.water tank .and-the

Figure 14. Sample System for Solar .

storagd tank, the col Spafe and Water Heating.

Jector exchanges

v EP-03/Page 23
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its energy to the water in these tanks Then, water for.use4in the home is
drawn directly from the hot water tank. The ho -ator in the storiage unit
is circulated through:.radiators —as it is needed — to provide space heating.

A conventiona] heating system is usually installed parallel to the solar’

siétem Th1s system is needed to prov1de heat when the sun is not shining-

when there is not enough energy stored in the storage system. .\\
Solar air conditioning has previously been ment1oned as a possible use
of solar thermal energy. The system is similar to a refr1gerator A refr1g-
erant fluid is vaporized; then the heat of vaoo?szat1on is extracted from
the space to be cdoled. The solar energy drives a compres51on cycle so the ,
fluid is retompressed to liquid. The heat released in the recompress1on is
released to the outdeors. )

Contnoﬂ Consddenations

The system must be under the control of temperature sensors and thermo-
stats. Figure 15 shows the flow‘through a system of valves under the control
of a thermostat
set at temperature
"TT* with-temperature’

-
Tr<Tr

———

Al . . CONVENTIONAL | ©
. > Ll : ’
W ) . FURNACE ", sensors to monitor

THERMAL collector tempera-
STORAGE 1= i ' . ture T,, storage

" COLLECYOR

. temperature Tg>

) . ' and room tempera-
. ' ture To. |
, *  When the room
© |Heamng cow .
, "+ needs heat (TR < T )

the heat from the
© sollector.-is delivered

Figure 15 Control Circuit. ; : d1rect1y to the room.
rooin has, warmed to the des1red temperature Tﬁ > T , the flow from
r goes through the storage un1t and thermal energy 1s stored

.

in th collector.
When the co]lector temperature drops (TC < TS) - as. aI night — energy
is extracted from the storage un1t to heat the room. If there }s 1nsyff}$1ent‘
’ ) ‘. . a. L *
Page 24/EP-03 : R
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eneﬁgy.fn the storage'bnit.(.TS < TTl, then the conventional furnace is switched °* A
. P ” }
on. , 4

S
i .

Comparison of Efficiency §on Various Configurations ' !

"Several considerations gbncerning the different types of collectors are
summarized below. Although sbme characteristics and components have been
discussed earlier, a summarization s needed for explicit comparison.

b Table 5 presents data on the properties of flat-place collectors, toncen-
trating collectors of medium concentration, anq,concentrating collectors of
high concentration. The table also preserts ‘typical values for the tempéra-
ture of the‘fluid and the: eff1c1ency The actual tempefaturs depends on the
properties of the absorb1ng surface, the reflectance of the reflectors in )

a concentrating collector, and the acclracy ©of the solar tracking. Eff1c1ency'
depends on heat loss in the system and on the final temperaﬁurg of the working
flujd after jt has performed its heating functigp: . "

» .

o

TABLE 5. ” TYPICAL PROPERTIES OF SOME COLLECTOR+TYPES.

Collector ;) Concentration Typical Typical
Type Construction Ratio " {Temperature { Efficiency
-/ : (K)
’ Flat-plate - |Blackened 1 350-450_ |  ~30%
surface_ .
Concentrating | Parabolic | 10-50 ~ 500-850 . ~50% °
> (medium} cylinder . . o
Concentrating | Paraboloid Up to several}] 1000-2000 ~70% o ‘\
(high) ° - , thousand: :
_ .
;-HOT-AIR SYSTEMS ’ <

= Systems using hot air (or another hot gas) as the working fluid aresvery
similar to hqt-water systems, they tgnd to use the same type of co]]ectors,
and systém des1gns are conceptua]ly similar. X '

—— - °

" PASSIVE SYSTEMS -»

L]

L A passive solar energy system is a term that refers to ar¢h1tectb(a1 C %

features that use the natural transfer of sé?ar,energy for heat1ng In-this

L)

.
v
’ ] P
. .
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context, it coyld be nothing more.thﬁn a so%th~facigg window or windows. A

- passive soldr system generally means a deliberate architectural design that

.\g\‘

(S

will maximize the transfer of therma] energy. Thera Can be some storage sys-
tem, but the transfer of energy 1nto and ‘out of storage is by natural conduc- ’
t1on or convect1on rather than by pumps and fans.

A simple example of a passive
solar design is the thermosyphoning
roof (Figure 16). This design operates
on the pr1nc1p1e that heated air,
rises. Thermosyphon1ng circulates
and utilizes some of that heat that
AR FLOW collects in the air spaces of the
walls and roof.

Passive solar design can also

—~

include careful.design of building

: . .- shape and orientation, -window placement,
,Figure 16. Schematic Diagram

of a Thermsyphoning Roof. color, and trees to brovide\maximum-

. penetration of solar heat through
the* windows and the.réof in the winter. The design will also provide for
minimal heat gain during .the summer. ’

-

COLLECTYRS :
Active systems arersystems in which air is pumped, heated in a collector,
then pumped through the other system components. The types of collectors

-—used are the same asfthose already described for hot-watér systems. They

‘as helium.

_Page 26/EP703 .

1nc1ude flat-plate-gollectors and cdncentrat1ng collectors.

The advantages of hot air ‘as the work1ng fluid are more obvious for con-
centratlng co]]ectors - The temperature of the gas cah be raised to very high
temperatures h1gher than would be- feasible for water-based systems. Thus,

" hot-air systems can be used:for c0ﬁcentrat1ng collectors intended to operate
at high- temperature. The working fluid may be air or some other gas, such

The use of air in flat- plate co]]ectors 1s Iess common than the use of
water as the work1ng f1u1d, s1mp1y because of the difference in energy storage
between the two f1u1ds For a given volume of fluid and a g]ren temperature -

~

£ «




Al ¢
rise, water will store approximately 1,000 times as‘much energy as air. Thus,
- flat-plate collectors, with their limited nmxinum tenperatures, are limited
in the capacity to store and transfer energy if air is used instead of water.-
. The flat-plate collectors that do use air tend to be those at the-low
end of the cost-and-performarce range. Simple, 1nexpens1ve channels made
from ‘corrugated metals are used .instead of bonded tubes 1n.the collector,
and the fluid is transferred through metal ductwork rather than pipes.
Figure 17 shows an example of-a design for a f1at-p1ate‘collector to
be Used with air as the L i K
working fluid. This '
¢an be compared to F1g- —

Glass

- CORRUGATED )
ure 10, which shows a . < " SHEET METAL

——typica’l design for a
_ flat-plate col]ector to
“be used with.water. . 2

N
¢ INSULATION
-~ s

=~
- {™ kR cuanner

o - F1gure 170 "Typical Design for Flat-Plate
. STORAGE 7 Collector, Using Air as the Working F1u1d

Storage reservoirs R
‘are needed with hot-air, solar systems, just as with water-filled systems, ™
-and fé} the same reasons. The storage reservoirs for hot-air systems are
often heated rocks. Hot air passes through the 1nterst1ces between the rocks
. andiwarms them. Later, when heat s needed from the reserviors, cool air

.circulates through the warm rocks and is heated. . @

.

L]

In contrast hot-water systems usually use water tanks for storage. How-
ersr, hot air canmot exchange its heat as well with water. On the.other hand,
it is probable that water circulating through the small openings in a rock
p11e soon woyld lead to c]ogg1ng and circulation prob]ems whereas hot a1r

“ can c1rculat!§We11 t‘rough the rocks. )

COMPARISON TO WATER-BASED SYSTEMS L —

*  There are many appligations where air is a better f]gid for heat transfer

S S in+a folar collector. Advantages are as follows: - - ¢
+ Air does not freeze ' o ) 1N \\

~ . i

« Ajr-based syséems are less subject to,corrosion and to blookagc
than are water-based systems

: e - . EP-03 27
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+ Air leaks are less serious than water Téaks in a system

« Air-based systemk can be used at higher operat1ng temperatures than
water systems

However, the low-spec1f1c heat of air (and of qther gases) is a' drawback.
Not_ as much energy can be stored in the gas as in water; thus, the ducts that
carry the heated air must be much larger than the pipes that carry water.

Nevertheless, both types are used 1n solar energy systems. Because of
better heat storage of water, water- based systems are used most often in rela-
tively low temperature systems, such as for residential space and watér heat-
ing. Air-based systems, with their capabilities of operating at very high
temperatures — and, tﬁerefore,'at high efficiencies — are used in concentrat-
ing collectors with high concentration rattios. 7

Table 6 summarizes some of these considerations in a comparison of air-
based and water-based solar energy systems. .

TABLE 6. COMPARISON OF AIR~BASED AND WATER-BASED SYSTEMS.

Air-based - “Water=based
- Advantages
No freezing ‘ - Larger heat capacity
Less corrosion ’ ~Smaller piping needed .

Higher temperatures and .
efficiencies possible \odl

iyp1cal Applications

Low cost flat-plate collectors High capac1ty~flat-plate
High-temperature concentrating collectors

collectors Low. temperature concentrat1ng
collectors

SOLAR FURNACES FOR STEAM GENERATION

Concentrat1ng collectors can be used to superheat water and produce steam,
which in turn can be used to drive turbines and produce electr1c1ty There
are two principal. approaches to steam generation: the axial tower and the
parabolic concentrator. f

.
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- 'AXTAL TOWER

With the axial tower approach to steam generatfon, many flat mirrors
are placed over { large land area (field). Each flat mirror individually
reflects sunlight onto a boiler, which is at the top of a tower located in
the center of the field. The large area involved means that a large amount
of énergy is deliverefl to the tower. Many medawatts can bé collected if the
area is large enqugh. The high temperature steam that is produced in the
boiler can drive a turbine and produce electricity. Thus, the axial tower
could provide a poliution-free,.central electrical-generating station that
operates only on solar energy. Figure 18 ;hows'a schematic diagram.

" The individual mirror _
elements, called heliostats,
are driven by electrical or
hydrau]ic serVomechanisms
thax are contro]]ed individ-
ua]Ly by sa1ar-pos1t1onéd
sensqrsz, Sy]table sensors ]:, ]~ iﬂﬁ
are available in the farm of

four-element phototubes.

When the image of the sun is
:off-center in the phototube,
one e]evéﬁtmis i1luminated 3
more than\the others This generates an electrical signa| that is used to

STEERABLE\ MIRRORS

+ Figure 18. Tower Concept for
Solar. Power Generation.

7 rep051t1o the so]ar image. wﬁén'the solar image falls equally on the four -

elements therer1s no net output s1gaa1, and the heliostat remains stationary.
He11ostats can be square m1rrors with approx1mate d1mensﬁons‘betm°on

4 to 10 meter;.\ The mirror surfaces can be s11vered g}ass or tRin, metallic

‘fijms. Heliostats are positioned over a field with a radius perhaps 2 to 3

times greater Eﬁgn the heigHt of the tower, which may be a few hundred meters.

This positioning\eYiminates prob1ems with shading on one heliestat by another.
The solar t;s

all the energy, is b ought to a central po1nt n the form of light. The separate

mirrors can be mass produced and, thus, be reld 1ve1y 1nexpens1ve The smaller

er concept eliminates many heat transfer problems because

mirrors a§sw;ess subject to damage by wind than & single, 1arge,co]1ector
rab

of compa size. : ‘ -
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The surfaceTAf the he11ostats must be kept clean or Toss of eff1c1ency
will result. Accumulat1on of dust, sand or other contam?nants on the surface o
wou 1d crezte problems. : Two alternatives.for* sol\%ng th1s problem include
automaticdlly turning. the heliostats upside down %nd using electrostatic methods .
N - — RN
to drive off dust. ‘ o ‘e ' o

© . [

0f course, the axial tower concept depends on a focused image of- the -
sun being, reflected tothe bo11er, so the output oﬁ—the ax1a1 tower would .

be very low on a cloudy 0 'hazy day.

One prototype of an elect: 1calﬁgenerating statdpn'based on the aiiall
tower concépt is being constructed. on a site near Barstow, California. This
is an area of high inso]ation and a

cation where there are many clear days.
The entire site covers ‘72 acres and contains 1760 he11ostats The boiler

is located on a tower 250 feet: abome the gr\Und Cold water is pumped up
“the tower-and is heated to produce steam at a temperature of more than 500°C.
The steam, in turn, 'is used to generate electr1ca$\p

ower. This plant is ex-~
pected to produce 10 megawatts of power. . N T

~
~

¢

PARABOLIC COLLECTORS * < B ~

The parabolic coﬂ]ectdr~(or parabqloid) has been, d1scu$sed briefly in - .
the section on concentration collectors (Figure 12). The parabo]o1d is an

important type of concentrating co]]ector because of its- capab111ty for pro-

ducjng very high temperatures e . “\\\\\\\
The parabo]1c concentrator 1s the most efficient of the concentrat1ng

co]lectors It produces the h1ghest temperatures, and, thereﬁere‘»1s suitable

.for generating steam, amongﬁother ipplications. TS L.

™

A parabola is a mathematical curve that can be expressed in mathemat1caJ

form by the following equation: .

N 2,
.

y = ax

Equation 4

" .where: x and y = The spatial coordinates.
. , = A constant. _ .

v

The va]ue of "a" determines the exact shape of the parabola. ' Examples of - -
several parabo]as with different values of "a," ‘dre shown in Fidure 19. Be-

cause of the dependence on the square of x,.the parabola is symmetric about
* Al « . /

A
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1ts ax1s (that 1s, the va]ue of y is-the same for x equal to 6Tu§ or minus
the Same value). . — ' ‘ ‘ e N
L If a parabola is rdtated about its axis, jtﬁgénérates a three-dimensional’

surface ca]]ed 4 para-

_ boloid. The paraboloid
is an extremely effi-

cijent colTector Qf*sun;
1ight. The parabolofd

14
reflector has the fol-

Towing characterjstic:‘
A11 light rays that

enter the paraboloid

parailel to its axis aré

reflected 50 théy pass

through.a common point.

e
. L . 0
called the focus. Thus, . - L
an absorber Tlocated at Figure 19. Examples of Pérabolas.

the focus will rece1ve . . <

all the so]ar energy 1nc1dent on a parabo]o1d pointed at the sun. _Extremely

’h1gh temp ragyres can bé produced at the focus Figuré 20 shows this focusing

] (character1st1c of "a parabo1o1d

»The paraboloid must be used in a:
t}ack1ng system so the_sun11ght is ?aral;-’
Tel-to the ~axis of the parabolojd. -For '
sma]l systems, the' paraboloid 1tse1f can
'be mounted on 2 movable p]atform that
tracks the sun For larger systems, it
becomes too d1ff1cu1t to move the para-
.boloid accuratgly. ‘A large gsrabolgyg

. will often be statjonary, and will be

used with an array of sma]]er flat mir- . ‘
JFigure 20. Parabelic.

rors, each of which tracks the sun and Collector.

reflects the sunlight toward the para-
boloid along its axis.. '




-

Becaﬁse of the nature of the parabolic surface, it is’hore expensive than
other types of\Eoncentrating collectors. It is more difficult to form an
" accurate paraboloidal surface than it is to form a flat or spherical surface.
A parabo]o1d is difficult to machine or to po]1sh as a single piece; there-
fore, Iarge paraboloids are constructed of many smaller mirror elements that
- are positioned %o approximate the desired paraboloidal surface. -
Paraboloidal concentrating collectors have been designed with concentra-..
tion ratios .above 10,000 and with operating temperatures of severa1 thousand
.degrees Celsius. Bécause of the high operating temperature, the cyclé effi-
ciency can also be high, Total thermal efficiencies up to approximately 78
have been demonstrated. - . - g
One ‘'of the largest paraboloidal solar collectors, is Tocated 'in the Pyrenees
mountains in southern Frace at an altitude of 5900 feet. There is a large
amount of so]ar radiation at this 1ocat%on. The paraboloid is 130 feet high
and 175 feet wide. It is constructed of 9500 mirrors, each 17.7 inches square.
The‘paraboloia is capable of producing temperatures above 3800°C at its focus.
Radiation *i§ delivered to the stationary paraboloid by 63 heliostats, each

of which*measures approximately 25 x*20 feet in dimension and tracks the sun.

The system is capable of delivering 1000 kilowatts of power. ‘ ‘

) This_precediné_aéssription shois that Warge.paraboloidal solar collectors
are complex, expensive systems that are still primarily ip a research stage.
Since_they are capab]e of producing very h1gh temperatures, metals. and high
tempera ure ceram1c materials have melted at the focus of a paraboloidal col-
1ector .f‘ .

- —r—

trators, some smaller parabolic systems have been used for industrial prodess-

CIn addrtion to research that is performed with larger parabolic concen-

. ing f'such as$ for melting high temperature materials (such as alumina and
zjrebn%a).and for providing heat for drying in industrial and agricultural
processes. a K

The role of paraboloidal concentrators for producing steaf is still being

_evaluated. It is uncertain whether using high temperature steam from 3uch

coﬁ]ectors for electric power generation will be economical.. Further develop-
- ' ment work to optimize the design of heliostats, concentrator, and boiler is
1 in progress. .
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INSTALLATION AND MAINTENANCE OF SYSTEMS ’ (::jj

The next few paragraphs describe some of the practical factors relativg

. "to location, reduction of heat loss, and maintenance of solar energy systems.
/ ~

OCATION . - \\\\\___...//* </’::§?

©

ot

L\\\ The maximum cpllection of solar energy occurs with tracking systems that®
mov;\}he collectornduring the course of the dayyso it is always facing the
sun directly. A tracking system is much more expensive than'a fjxed.system,
0 and a fixed system can cb]]ect a considerable fraction of fhe'avadlable energy.
As Table 4 shows, a fixed collector that is facing éouth‘huiti]ted at 45°
can receive 70-80% as much radiation per area (for many cities in fhe United
¢ ° States) as a tracking collector. Thus, ah optimally placed, ftxed Qp]]ector,
with an area approximately 20-30% larger than a tracking)cél]ector can_collect
as much energy as the traeKing éo]]ector. Moreover g the fixed co]]ectdk
would probably be less dxpensive to install. ) N E s
The optimum rientation of the fixed co]]eqtor cdn bealegci 1ed‘by:its
angle of tilt o éuréﬁ from the horizontal) ‘and by the djrection that i% d
faces. The following rutes sum@arize the optimum tilt aﬁyse: - ‘

In the winter, the tilt angle should be equal in degrees o _
to the latitude + 15°. . . ' \

o " In the summer, the tilt angle should be edug&-ih degrees
’ to the latitude - 15°. v
Because of the summer-winter difference, some solar collectors are designed
<o the tilt can be adjusted several times a year. However, this adjustmen5‘
. makes relatively little differépce. The use of a tilt aqg]e, which varies
from the optimum by 10-15°, has only a slight effect on the amount of solar
" ‘energy that can be collected. ) T e
‘The optimum direction for the collector surface to be facing is toward
" . the south. However, the pgr?ormanée is not degraded as much if the surface
faces in a directiéﬁ within 15 degrees east or west of direct south. ~,

o ‘ ' -
REDUCTION OF HEAT LOSS ’ . ] . "
Heat loss from any pért of the‘éystem will feduce the amount of energy,
v " available and will repuceoihe efficiency of a sdlar energy system. A]ready T 31

) ‘ \ . ‘ . )
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mention e fact that the back side of the collector shouﬂd be adequate]y

insulated to'reduce heat loss from the collector. .

Two other,sources of heat Yoss are«the storage-tanks and the pipes that
carry the heated fluid. The storage tank’s must be adequately insulated since
this insu1atiop can hake the difference between a system that performs poorly ' :
and one that perfokms'we11. Moreover, a11 hot-water and hot-air pﬁping sggufﬂ//// -
be insulated, inc]ﬁdfng the pipes Teading to and from the /611ectors

Another source of.heat Toss is reradiation of /b c¥tlected ergyn The
surface of the cb]]ector should have high absorptfon in the ave1ength region

“in which the solar energy occurs (approx1mate1y 1 um), and it should have ,

" Tow em?ss1on at the wave]ength region in which rerad1at10n of heat energy
dccurs (approximately 10 ym). The se1ect1!e;gga%1ngs described in the section
ent1§1ed "Absorption by Various Materia1sm have the desired properties to.
reduce heat Toss dde to reradiation; although they will increase the cost ,

« of" the, system. ///// >

The reflection of s Tar energy at the*surfaces of the glass cover plate

can amount to 8% of the incident energy. Anti;reflection coatings are avail-

ﬂTates. Hohever, although such coatings can reduce the reflec-
12 ) <

' ' ‘ able for glass
hey also will add to the cost.

e
-

Th‘ most sensitive part of the solar energy‘system'is the surface of
the absorber. This surface must absorb the incident energy efficiently and
‘must maintain this high absorpt1on over a period of years. The surface is
exposed to an environment of h1gh so]ar-rad1at1on flux and will tend to bleach
‘and Tose its absorption over a period of time. ' .

" The absorptiongof the surface must be checked periodﬁca]]y When *'the
= ‘ surface absorpt1v1ty has degraded, the absorber will have to be recoated or
’ ‘ repainted. R % ) .

In syStems with reflecting heliostats, such as the axial tower, the re-
f}ect1v1ty of the mirror surfaces must remain h1gh In the environment of N
1ntense sun11ght these reflectors can also become degraded. Repolishing
or recoat1ng of the reflecting surfaces may be necessary. ~ Forhexamp1e, in
‘the: Targe paraboloid in France, the mirror surfaces are recoated with aluminum

once a year. o "

»
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’ "+ 0Of course, any coétiﬁg of dust or dirt on the c6llector will reduce its
efficiency. For a homeowner, si@Ely washing off the collectors outer surface
with a yose will help keep them clean. However, the absorbing surfacés of
some splar co]]ectorskrequire cleaning with a solvent such as turpentine.

FinaTTy, solar energy systems often depend on fluids circulating through
pipes. Over a period of time, corrosion can.partially block circulation
and reduce thé system's efficiency. Periodic checking to make sure the fluid .
¢« is c1rcu1at1ng freely is 1mportant . - ‘

e

. FACTORS AFFECTING SYSTEM OPERATION

-

" Efféctive operation of a solar-energy system is dependent upon several

factors, including the architectural aspects of the building, the size of
e <

the syst®m installed, and the initial investment. g

ey
b

Y. "ARCHITECTURAL FACTORS

The questions involving fnstallation of a solar energy system can be
ether the building’ i{s new or old. 0On a building
buitding design can be adjusted to take

t. Factors that can be changed include choice
uilding on the site, number and placement -

very different, depending on
just being constructed, the’ enij.
advantage of the incident sunli
of materials, placement of th
of windbws,‘ratio of surfac¢ area to floor space, and orientation of walls
‘and roof ;eraces. These factors can be included in the design to take advan-
- tage/0f the available sola enEréy. . .
On existing bui]d%ngs, the feasibility of solar energy systems has to
be evaluated on an individual basis since the bgi]ding was designed without
considering any of the needs of a solar energy system.
The tilt angle and orientation bf the collectors are important. (These

factors were considered in thé”section entitled "Location.") To ‘summarize

‘ br1ef1y The collector should be oriented approximately toward the south.
Furthermore, it should be tilted from the horizontal at an angle approx1mate1y
equal to the latitude., For solar space heating, an angle equal to the latitude,
plus 10°, is about optimum. For water heating alone, a tilt angle equal to
the latitude is best. . ¥

>

™~

L/ "The collectors should be p]aced where they will not be shaded by trees,
other\bu11d1ngs and so on. It must be rememberéd that in winter the sun
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. may be very Tow.on the herizon. This fact may lead to unexpected problems in
shading of the collectors. ) .

Collectors can often be placed effectively on the flat roofs of féctbries%

offiées, and commercial buildings or on south-facing sip\ing roofs of homes.
The question of "sun rights“ may become important. If someone installs -
a solar collector, end then the owner of the adjacent property builds a tall
strucgure_that shades the collector, the value of the collectar will bé reduced
considerab1y. Laws are being passed in some states to govern the rights of

access to sunlight; however, the deve1opment of such laws is sti]l\in a very

o

early stage. f

SYSTEM S1ZE . . . : - -

4

Before a soTar energy system is installed, it is 1mportent to estimate
the size of the system that is required. Many factors affect the required
s1ze, 1nc1ud1ng the following: ‘ , B

. The climate at the part1cu1ah {ocation X
__+ The design and amount of insulation in the building )
+ The amount of solar energy avéi]eb]e ‘ ' / :
« The efficiency of the chosen solar energy system. /' . »

/ ‘ v
«~The percentage of the heat load that must be provided

) The amount of solar energy required will vary from p1ace to place accord-
ing to_the climate. A building in San D1ego will need- 1ess heat1ng than the-
same bu11d1ng in Boston.«

- The climatic effects can be estimated w1th reference to the number of . .
degree -days-in a heat1ng season at the part1cu1ar Tocation. The number of
degree-days is def1ned as "the d1fference between the average temperature
j during the day (m1dn1ght to m1dn1ght) and 65° F " Thus, if the average tempera-

ture for the day is 40°F, there will be 25 degree-days. In a'heating season
in M1nneapo]1s, there will be a total of more than 8000 degree- days ’
The number of degree days for a g1ven 1ocat1on may be obta1ned from weather

records. In some p1aces, it- 1s published in-the daily ‘newspaper. ) Y
In a given c11maté:/the\heat Toad of different buildings varies according

to size, design, type of construction, and l

therest'method for estjmating the requfremects of a particular building is

mount of insulation. Perhaps

!
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.to refér to the utiJiEy reéords: For instancé,‘tﬁe following question can

be anngpeH: How many kilowatt-hours (or Btus) of_energy were used in previous

heaffhg seasons? It should also be determined that the heating season is

typical —.not unusually mild, for example. Again, reference b0 the weather

- retords is required. : ' E -
.Next1 whaﬁ‘fraction of the heat load is to be sﬁbpligg by solar energy?

In most caSeé, it is not practical to supply 100% because thé size and cost

-of-the collecting system and storage systems become unreasonable. A more

practical range is perhaps 50-70%. .

Analysis of the preceding factors should.give the totah solar. energy ' ‘(
that must be subp]ied.l Next, one must determine how much solar energy is
avaiTqB]e,at the particular location. This was presented earlier in the module
in the discussipn‘concerning jnsolation at various places in the United Statess

Of course, not all the energy can be used. The system efficiency must '
be considered. The following example shows how all the factors discussed

can bé combined to yjeld an estimate of the total collector area needed.
1 .
.EXAMPLE C: DETERMINATLonﬂdF COLLECTOR AREA.

Giveé@%ﬁ_ Determine from old utility bills that a'home use's 24,000,000 Btus
"~oﬁkﬁeat~energy in January. Subpose that 50% of this energy is
) /' ' | supplied with a‘éo]ar collector in a location where_the sun- delivers
| > ﬁ 30,000 Btus/ft2 of solar energy in Janyary. A system will be used o
: " with a total system efficiency of 25%. -
Find: . How large the collector should be. X ¢ N
Solution: Needed is a total of 24,000,000 x 0.5 = 12,000 Btus. . Each square
| " foot of eollector area will yield 30,000 x 0.25 = 7,500 Btus.
! . Thui, the collector area should be 12,00b,000/7,500 = 1600 ftz,

v

,\ . - * * . S
As rough rules of thumb that are applicable for a .reasonable range of

o

climatic_conditions, the following estimates are presented:

For a well-insulated home, the collector area needed to supply .
' approximately 70% of the‘heafﬁng requirements will be approxi-

mately 17-25% of the floor space in the home.

For the storage system,.there should be approximately 1.5-2.5 gallons :
of water for each squaré foot of collector area in a water-based system.
In an air-based system, there should be approximately 40-70 pounds of
rock ‘per square foot of collector arda. .

‘ ”
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ECONOMIC FACTORS

*r

The economics of solar energy systems are s rongly affected by two factors:

* Initial Costs tend to be high, and%it t takes p rather 1ong time to " {
recover the initial investment. | '

+ In almost all cases, the solar system must b backed up by a

conventional heat1ng system ! ; .

The costs of mater1a1s and installation for é solar energy- system repre-
sent an initial investment that is recovered gradua]]y through reduced costs
- A for convent1ona1 fuels. Although sunlight is esseht1a11y free, an/)operat1ng
costs for a-solar system are relatively law, the 1n1t}a1 costs may make the
+ system of doubtfuT economic value. The time that 1% takes to recover -the ‘
" initial investment (the payback period) may be unacceptab]y Tong — perhaps
1qnger than the expected 1life of .the,system. Even for relat1ve1y 1nexpens1ve
- 3 systems insta]]ed Py a, dogi yourself homeowner, payback per1ods may be 10
years or more at 1979 fuel prices. T !

?

s Because the sun does not sh1ne all the time, a oonventiona] back-up heat-
ing systém 1s requ1red The a]ternat1ve woqu pe an Unreasonably large and
expensive storage system. Although it .is practical to provide storage large
- ."enough to cover a per1od of two consecutive cJoudy days, beyonﬁ thjs, js, storage . —

k4

.

size and heat loss ‘from the storage tank would probab]y be excessive. In

P ¢

) "V most areas of the United States,. it 1s not unusua] to have cloudy per1ods |

- lasting much longe® than two days . ‘,& _ - : -

' Because a convent1ona1 heat1ng system is, st111 needed the enﬂ1re cost

of the solar system must be regarded as an extra cost and not as being part1a11yk
of fset’ by replacing other equ1pment ’ ‘

’ EAcsolar space and hot-water heatgng system For a typ1Ca1 home in & typ1ca1
clim

O te can cost somewhere in the range of $4 000 to $8,000: Thrs ‘rangeé is < ® i "
based on use of comfiercial components and commerical installation. The casts t': g

¢ coudd be reduced considerably bys use of designs.that can be constructed and '
installed by the homeowner. Some designs for flat-plate co]hectors~are avail- "
cable at costs of less than $1 per square foot for materials only, with all ) -

. .

construction done by the do-it-yourself homeowner! Thi§ cost compares well -
f/’to the cost of commercially installed flat-plate collectors — which is in
the range of $15-$20 per square foot, as of 1979. However, the inexpensive,
. ‘ &

“
Y [y a £

“
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4 .

do-it-yourself desiéns will probably be less efficient and require more square
footage. The materials cost for a do-ijt-yourself solar energy project is '
sti1l likely to be #n the $2,000 range. 4

It takes a 1069 time to recover this amount of investment on fyel savings.
at 1979 fuel'brices,:espegia11y when the conventional furnace and ﬁbt water
‘heat must still be used part of the time. ] -

As of 1979, the best economic case can be made for’ solar water heating
s1nce hot water is needed all year and space heating is only needed a few months
out of the year.

The cost analysis for { solar energy system becomes complicated because
it includes the cosét of money (the interest rate on the money needed for 1n-
stallation), tax consideratians, and estimates on possible future costs of .
conventional fuels. The best es{?:ate — as of 1979 — appears to be that solar
space heating can be compared economically to electric heating. However,
it is not economical when compared to natural gas or fuel oil. One advantage
_ s thaf the federal government and some~s£ate governments offer tax credits
for 1ns¥\11at1on of solar systems, so the 1n}t1a1 investment can be partially
‘offset by tax rebates These tax cons1derat1ons can change the economic con-
siderations cons1derab1y :

Furthermore, the cost of conventional fue]s almost certainly w111 escalate
rapidly in the futuré. If solar systems are: still of marginal econom1c attrac-
tiveness in-the next year or two, the increased- prices of other fue]g will
’meke so]ar-sysEems increasingly more.attractive in the future.

o
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i .. . »-* ' INTRODUCTION

N . wan - ®
- . S

. " This moddle discusses the generatidn of steam and hot water, using thermaf
energy from nuclear reactows. ?he var1ous .types of muclear reactors are de-
scribed, as well as exper1mentaﬁ enérgy sgurces which 1nc1ude nuciear fusion
devices, geothermal energy supp11es, and ocean thrma] supplies. Included

-~ in the fd{scussion of the pr1nc1p1es of- operat1on of these energy sources are

_ -design} the relative advantages and the pracnﬁcal uses. “ .
- \ e o .. .
r' ’ & . .‘\ l/ ~ . N
Y ar g [ R ° PREREQU'S'TES
) B RS . b '

) The student should have completed Fundamentals of Energy Technology and
‘Module CH-11, ™Nuclear Chemistry," of the cour'se Chemistry for Energy Tech- 4
¢

nology II. . : . -

-

4, -

... t.. - . OBJECTNES

Upon completion of this.modui%, tﬁe~stddent should be able to: h .
1. Define the {glléwing terms: L a \ ' S
a Fuel rod ~ , ) . . -
b. Fuel assembly . P . ) !
c. Reactor core ) - , RN '
d. Reactor vesse] et R ' "
e. Moderator . o - I ' - ( '
f Control rod e * s
Describe the heat geperation and 11ect1on systems that were d1scussed‘ .
Desciribe the basic pr1nc1p1es of - operat1on for each system : ) ®
Describe the status of pract1ca1 (usage for each system.

- @

oW N

Discuss the relative advantages, d1sadvantages and app11cat1ons offf

ach system. ' N - . N
. 6. _Describe the d1f?erent types of nuclear reactors that were descr1bed .
including the types of mater1aTs used in thejr construct1on, the advan-
tages, the disadvantages, and-the degree of usage of each type

.
- -
AX3 N ” -~

. - ’ f ]
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-~ _ SUBJECT MATTER

. NUCLEAR REAGTORS (FISE&ON)

Nuclear reactons based on nuclear\ fission form an importaht energy source. .
The principles of nuclear fission.descrihed in Modulg CH-11, "Nuclear Chemistry,"

" of the course Chemistry tor'Energy Technology II should be reviewed by th;l&
'stbdegt, since this module emphasizes how those principles are employed t .

qgenerate steam ig a nuclear reactor. The d sign features of nuclear reactors
are discussed, and the various “types of nuclear reactors are described.

+ ~ Nuclear reactors are Iarge structures that are suitable for the generat1on
of steam for a large, cen%ra] electrical generat1ng station or for the propulsion
. of large ships. Thus, nuc]ear reactors are used almost exclusively for the *

»

generation of steam'— which s in contrast to sope of the other fuels described
earlier.”. Fuel oil, for example, is widely used for space heating — in addition
to steam generation. - : PR »

Although*pub11c debate continues concerning the question .of whether or not

the use of nuclear power is wise, this module does not discuss the social impli-
- . ~cations of the use of“huclean power. Instead, the discussion involves the design.
and app]icatﬁons of available naclear reactor technology. It also includes a
description of the various types of reactors, with the maih'emphasis on the so-
ca]]ed "11ght water reactor,,’ the type most w1de1y used in the United States

In the terminology of nuc]ear reactors, "11ght water" r%fers to ordinary
water (H20), where the hydrogep is- the 1sot0pe 'H, with an atomic weight of one.
"Heavy water," 1in contrast means water in which_the hydrogen is the isotope
24, with an atomic we1ght of twd'. / The 1sot0pe 24, called deuterium, is sometimes .
represented by the symbol D therefore, heavy water is D20. Deuterium is’not

1

rea]ly a separate chemical EIement but s1mp1y a heavy isotope of hydrogen.
~ In order for nuc]ear f1ss1on to proceed in a’Chain redction, it is necessary
- that more neutrons be produced 1n the f1ss1on process- than are absorbed by the i
nuc]eus in other nuc]ear react1ons On]y three~1sotopes satisfy th1s1cond1t1on._
. 235U 233U and 2%%Pu. OFf these ‘three 1sotopes, only *3%U occuks in nature. It )
. ompr1ses about 0.7% of the. uranium in natural uranium, with the rest be1ng(the
nonf15s1onab1e isotope 2%%U. The other two _isotopes do. not occur natural Ty, but ‘

-they can be produced-by the fo]lowing two react1ons -

- . -

h .
LYo . ; -
.




. 232Th 4 n —— 233y + ¢ - Reaction 1

BW 4, —> 239y + e Reaction 2-

/

7
React1on 2 occurs in" the 2%°U component of the uranﬁum 1n a reactor. Thus, c

fissionable p]uton1um can be extkacted from fuél rods that have been used in a
reactor and could -bé used &s a nuclear fuel. In practice, however, the use of .
- %Py as a nuc4ear fuel is still in the ear]y stages of deve]opment The
nuclear fuel present]y in use in electrical generat1ng plants in the Unitedw
States is the isotope 23°U.
Nutlear reactors are considered to be either "thermal" reactors or "fast" ' .

i

«reactors. In the nuclear fissidn reaction, neutrons are emitted with relativefy
high energy — approximately 2 million electron volts (2 MeV). One electron volt
(eV) is the kinetic energy gained by an electron when it is accelerated through
\aq\app1ied voltage of one volt. Numer1ca11y, 1 eV is equal to 1.6 x 107'? ergs.
The energies of the atomic part1t1es involved in nuclear react1ons are common]y }\*j
exp;\Ssed Jdn electron volts. ' ] (

}he 2 MeV neutrons produced in nuclear Fission are cons1dered to be "fast"

-

- neutrons. If they are a]]o@ed to react at- this energy, the reactor is called

a fast reactor. In mast reactors, the neutrons are allowed to 'slow down byJ//N
collisions with atoms §f some material called a moderator. When the neutrods ‘
have slowed down to a Tow energy — around 0.025 eV — they have a much greater
probability of interacting hith arfissionab1e nucleus (such as 235U) to produce

a f1ss1on reaction. ’Neutrons .with energy around 0.025 eV are called thermal
neutrons. A’ nuclear reactor that employs a moderator to slow neutrons down to
thermal energ1es is called a&thermal reacfor. Most operat1ng reacgors. today

use a moderator and, therefore, are in the thermal category.

Tije moderating mater1a1; ‘should be materials of law atomic weight. Neutrons
slow down more~guickly when they collide with atoms with low atomic weight. Thus,
modehatSrs ar:\;Eteria1s that contain light elements, such as hydrogen, carBon,voh
bery11ium. " Water is'a conven{ent hydrogen-containing materiai, and an additional

advantage S that it can be used as a coolant. The energy from slowing down the ‘

neutrons is\transferred directly to heat. in the water The heated water can’
then e circylated and used to generate steam. The water can be ordinary 11ght\ur,>
wate(, or it tan be'heavy water; but reactors using light water have been em-




e . . .

~

The following paragraphs contain 1nformat1on concarning several d1fferent
types of greactors, with most’ of the emphasis®on 1ight water reactors. Other
reactors included in the d1scuss1on are water reactors, gas cooledereactors,
" and breeie;\reactors. The breeder reactor is an examp]e of a fast reactor, -
" whereas the-other three types are thermal reactors

LIGHT WATER REACTURS

-

Most of the nuclear reactors currently in use for steam generatjon in the
Un1ted States are 11ght water reactors. They use ordinary water both as the,
moderator to slow down neutrons and as the coolant for the reactor This water

~

§s heated and then used to generate steam. _ .
.. The reasons for us1ng 11ght water. 1nvo]ve three advantages: ¢onven{ence,
economy, and availability. Heavy water, in contrastT‘Ts\3xpens1ve ‘Water, both
heavy and 1ight, has good thermal character1st1cs for cooking purposes.

The uranium used in }ight | water reactors must be enriched so that the 2°°U

component is 1ncreased above its naturally occurr1ng concentration of 0.7%. The
uranium must be enriched so fhat 1t contains 2-3% of 235U, £ ~ -
The enr1chment is accomp11shed by gaseous diffusion of a uranium compound,
uranijum hexafluoride, which has the chemical formila UFs.- Molegules of 23°UFs
are s1ightly lighter than those of 238UF; anddiffuse slightly faster. Mhis fact
allows partial separation of 235y from 2%8U. The process consumes a large amount

of energy; therefore, it requires the use of very large and expensive séparat1on

H

fac111t1es

In 5ummary, Tight water reactors allow use of an ihexpénsive and conven1ent
moderator and coolant, but 1t requires extra expense and[loss of energy for T,
pchess1ng the fue]

) S
Reacton Deétgn -

]

.’

The heart of tHe reactor, where the nuc]ear fue] is present and the nuclear
reactions occur, is, ca]led the core. The fue] 1s in the form of pellets, or
uranium dioxide (UOz), which is a ceram1c-11ke material. The uranium has been
. enriched to contain about 2-3% of 2%°U. The pellets are contained in 1on§; thin

rods called fuel rods . _A schematic diagram showing the typical structure for a
fuel rod is presented in Figure 1: The dinfensions j1lustrated in the figure are
typical, but they vary among different reactors. The pellets are contained in

—
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PFE LS a thin-walled metal tube made of the
N b END CAP TR P fe 3
3 f ) alloy "zircaloy." This is an alloy
—_— , _SPRNG __——-that-contains’ zireonjum metal. It is '
P e L e ¢
' chosen because it is relatively resis-
S SPACER | & _tant to corrosion in the environment of
r AERENR ’ ! N
- 1 Zwa.ﬁ FUEL . : | the reactor ‘and has very low interactiqn
P N
il o 325" PAMETER i .
roa” = 325 DA _upth the neutrons
S ' -+ A number of fuel rods are grouped
4 . . .
ELAR /;ggz"!,‘éﬁk'“ég‘-‘{*’ together into what is called a fuel
. {’:??‘“é%* - , -~ " assembly. Figure 2 shows a fuel assem-
et w":‘%%? - . b]y consisting of a square array of .
;/‘ i:i s 15 x 15 rods. This is a typical type of .
J T
Y Es %,,—3”05“ assemb]y with typical dimensions;.but
L/A———enocm - the number and the d1mens1ons may vary
:f,or different reactors. " The fuel rods,
’ , glgg:gm]of zc'%%?é;“{ with diameters of 0,382 inches{ are held -
~ ' _Fuel Rod Structure. 4bout 0.124 inches apart by spacers.
)} This allows the flow of water‘betwigh.
. " the rods. Thus, the total width of the
] , . © % "Jb-rod-wide agsembly is_
. ,~TOPEND L
. FITTING about 7.5 1n_cf\es. {
‘ The total array of .
%/_ . —SPACER GAID \ © " cRoss 15 x 1'5'spaces woeld have’
. . . TuBE FOR i SECTION room for 225 fuel rods.
T 14 L 'NSTRUMENTA"ON HOPHARE | However, only 208 spaces
4 safsslumasgens . .
SIDE / =~ FUEL ROOS ©H S\ are filled with fuel rods-
VIEW M 'WTH siasgams
: 1 *  TUBEFOR The central space has a
" .o CONTROL ROD tube into which instru-
. P ‘ " mentation can be 1nserted
'\. .. to measure cond1tions
. inside the core. . The
- ) L<—73"—»1 . T other*16 spaces ‘have tubes
T L .. ' " ’ into which_control rods
- . S F1gure 2. Schemat1c Diagram of .
' Fuel Assembly Composed of can b,e 1nser;ted. \
. 15 x 15 Array of Fuel Rods. > . R .
. < n’. ] ‘? RS . ‘ (S -

- Page 6/EP-04 ' -,

R 4 >




)

The eontro¢\rods‘are made of-materials thit,gtrongly abso}b neutrons;
.such as boron. The 16 contro] rods that would fit into this fuel assembly are
all top-mounted together as an assembly. Therefore, the control rods move
up and down together. When they are moved into their down position, they pro-
Av1de enough absorption to shut down ‘the chain reaction. When they are ra1sed
. the nuclear reaction is allowed to proceed The pg%er output of the reactor is
controlled by moving the control rods up and down” Control rods also provide a
‘iqu1ck way of shut;1ng down the reattor. The promﬁt shytdown of the reactor /
with the control rods-is called a scram. ' o,

A number of %ﬁel.assemblies are packed together to form the core of the, .
reactor. The core is contained inside a reactor vessel, usua]]y conical in « & '
shape with rounded ends. A schem§t1c diagram of the reactor vesse] with the
core is shohn in Figure 3. One fuel assembly and one control rod are shown.

The wall of the reactor vessel is steel, )
with a stainless steel 1ining to resist

corrosion. The thermal shield absorbs E!J[\_"‘~—_COM“OLRODDNVE
radiation in order to reduce the amount / 2

of radiation neaching the reactor vessel coufiRoL AOD,

wall. The main function of the reactor
vessel is.to-contain the coolant. Hf— CONTROL ROD GUDE

A cross section of a reactor ) THERNAL SHIELD

vessel and the core is shown in Fig- . ' FUEL ASSEVBLY

ure 4. This part1cu16; core is made CORE

- /
up of 177 sqyar‘e fuel' aseemb11es. The /\_neAcmnvzsmwm
diameter of tne structure is approxi-

mately “10 feet. Figure 3.

Schematic Diagram of

. Reactor Vessel.

cooling water flows upward through NG

the core. It flows through the spac .
petween the fuel rods end,acts;effthi moderator to slow down neutrons. ‘It also
cools the assembly. Absorptioh of heat by.the water generates steam. There .
are two maJor approaches to the generation of steam in 11ght water reactors:

4

In the reactor vessel, the

>

the boiling water reactor andfthe pressurized water reactor. Both will be
" described in the next two subsect1ons of the(module.

v

FS
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Flgure 4 Schematic D1agram of
Cross Section of Reactor Vessel
and Core Comprised of 177 Fuel Assemblies.
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BoLing Water Reactons

In a boiling water reactor, the wqter heated by removal of heat energy
from the core is allowed to boi1 inside the reactor vessel. The ggeam is piped
. to the turbines, which are used to drive the e]ectr{c generators. ‘After passing
through the turbines, the steam is condensed, and the watér is pumped back to
the reactor vessel. \

A schematic diagram of a bojhing water reactor system is shown in Figure
5. The water flows through the core and is heated to about 550°F. The water

flgws through the piping to drive the turbines. (The piping shown ir Figure 5-

is oversimplified; there are many pumps,IValves, and so forth, in the circula-
tion system.) The steam carries radicactivity because it has passed through
the reactor core. - o

The water in the condenser is cooled by heat gxchange with water from

the cdo1ing‘towers that are located outside the reactor building. These ’

arge cooling towers, which have become familiar as a symbol of nuclear power,
~a1wa dissipation of waste heat from the reactor. Most reactors are located’
Page 8/EP-04
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near a large body of water -
a lake or river — to provide P

a good supply of toolant. /4(1
The cooling towers are used -

to avoid thermal potlution E | o ' :
of the body of water. ‘ ceveraron |3
. }\ ) N s MEACTOR E@ -

BOILING WATER

Presswiized Waten Reactons —— —
. COOLING WATER —_
. . 9coct Ne
In pressurized water | comermen  TOWER
L . LT 4

reactors, the core cootant. -

fog

water is kept under pressure

so that it does not boil. Figure 5. Diagram of a_ “
Boiling Water Reactor System.

The hot water is piped into -
a steam generator where it
exchanges heat with water

in the generator and

causes that water to
boil. The steam is used

to drive:turbines and to
generate‘electricity.

This panf of the system

is similar to the boiling,

water system. A diagram
of a pressurized water ' ,

reactor system is shown s
‘0 F3 6 Figure 6. Diagram of a
n Figure b. Pressurized Water Reactor System.

The steam generator - ’

jtself is-a 15rge§§esse] that is several stories tall. The prgssurized water
flows through a maze of metal tubes, typically having diameters of around -
seven-eights of an inch. These metal tubes, heated by the pressurized water

inside, géil the water from the steam part of the system. There are two separate
water supplies in the steam generator: the core coolant and the water that is’
boiled to make steam. These two water supplies do not mix.

‘ Both boiling water reactors.and pressurized water reactors are used in ‘

the Unitqg States, and neither type appears to have a clear advantage over the
other. ’

* : ;o 125 EP-04/Page 9 '
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ﬁ Boiling water reactors require less equipment and less plumbing. They " . .
i‘, do not have a sfeam generator, for example. There are fewer components to main-
| ‘tam and fewer things to go wrong. They also are somewhat more stab]e and easier
' © to' control. -7
Pressur1zed-water reactors produce somewhat more therma] energy per unit
~— - of fuel, and the separation of the core cooling water from the steam in the
" steam generator means that radioactive steam does not reach the turbines — '

-

whfch makes maintenance of the turbines easier.
AY =z ' ~

Status of Light Water Reactons

<

- - Aﬂ/Q£A1q79 *there are 68 nuclear reactors in operat1on in the United States
that generate electrical power. These reactors are capable of generating more
than 5 x 10!° watfs of electrical power. Of these 68 reactors, all but two are
light water reactors: Clearly, light water reactors are dominant in the United
States. S1ightly more than one-third of these light water reactors are boiling
water reactors; atmost two-thirds are pressurized water reactors. Three addi-
tional reactors are -in the process of start-up. .

For the future, 121 reactors are under construction or on order. The
construction cycle for 3 nhuclear reactor can be quite lengthy. Some of the
reactors that have been ordered are not expected to be in operation before 1994
It is probable, tdo, that some of these planned reactors will be canceled.

These planned reactors are almost all light water reactors, with only a
few ‘exceptions. More than 70% of the total number are pressurized water reactors.
The output of nuclear reactors can be rated in terms of the e]ectr1ca]

outgut or the thermal energy output. The electrical output (in megawatts) is
denoted as "MW(e)." The thermal output (in megawwats) is denoted as "MW(th)."

The thermal efficiency is defined as "MW(e )/MW(th)." For both pressurized light
water reactors and boiling light water reactors, the thermal eff1c1ency is typ-

. ~ ically around 33%. This is a relatlvely low value, lower than that available
from fossil-fuel e]ectr1ca1 generating plantg. It is low because the temper-
ature of the steam ‘produced is Tower than that for fossTT‘fueT plants.—Steam—
temperature in a light water reactor is only aboud 550°F, as compared to’ temper-

. atures up to 1050°F in foss1] fuel plants.

Because of the re]at1ve]y low thermal efficiency, large amounts of waste

heat are produced by reactors. This heat must, be dissipated w1thout heating up.
[ ] ‘ c @ .

Page 10/EP-04
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lakes or rivers. Heat is detrimental to fish and plant Tife (thermal pollution).
Hence, large cooling towers are a familiar accessory to nuclear plants.
The cost of electrical power generation is dependent on many factors,

such as price and availability of fuel at™§ particular location, age and effi-
ciency of the generating p]ant, “and others.  Thus omty general—comparisons- can------ - -

be-made between the cost of electrical power from nuclear facilities and that

* from fossil-fuel plants. It apprears that in the late 1970s the rising costs

~of fossil-fuels has made electrical power generation from nuclear sources more

Lcated that the cost of electricity

economical. One 1977 estimate, relevant to new]y constructed fac111t1es, indi-
srom a nuclear plant wou]d e 0.86¢/kWh.
The cost from a coal-fired plant would be 0.94¢/kWh. Construction of the nyclear
plant would be more expensive, but the impact of fuel prices would make nuclear
power less expensive.
As of 1979, civilian reprocess1ng of spent fuel elements is not being
carried out in the United States. The fuel assemblies removed from reacters

iare being stored in pools of water by the utility companies that operate the

reactors. Storage of these fuel assemblies is becoming a significant problem.

At present, the Un1tedNStat§s lacks a policy concerning the storage of
the spent fuel and its reprocess1ng. The fuel assemblies,are simply being stored
awaiting decisions by thej&gyennment aPout their disposal.

- ‘\
[

The Nuclean Fuelf Cycle

Uranium is obtained by mining ores that contain uranium. The ores are ?

chemically treated to remove the uranium. The uranium is converted to UFe,

which is used in the gaseous diffusion process to yield a material enriched in.
235y The enriched material is then converted to uranium dioxide (U02), which
is used in the fuel rods. The fuel rods are incorporated in fuel assemblies

N
and used in an operation reactor.

After a fuel assembly has been used in an operation: reactor For about:
three years, it is replaced with a fresh fuel assembly. In an averagde reactor,
approk1mate1y one-fourth to one-third of the fuel assemblies are replaced each
year. Replacement 1s needed because either the fissionable 2%°U has been de-.
pleted or phys1ca1/and chemical changes have occurred in the fuel rods.

The replaced fuel rods contain unused 235y, They also contain 2%°Pu,

a fissionable isotope that‘cou1d also be used as a reactor fuel. The 23%9py is

»

. 127 ° ' EP-04/Page 11




reprocessed 1nto fresh fue] rods The 239Pu cou]d a]so be used as a reactor

b
L]

produced by the following reaction: ) o .

b

#2384 g ——  239py 4 : ) Reaction 3

Recovery oP these 1sotopes can prov1de add1t1ona] fue] The 235U can “be

/
.

fuel, although it has not been used in the United States. =~ = ,
The recovery of the fissionable isotopes can be performed by cutting up

the spent fuel elements, dissolving the fuel in a dilute solution of nitric -

acid and chemically separating the uranium. One suitable chemical process is

the so- called Purex;process In the Purex $rocess, a mixture of organic chem-

icals (kerosine and tr1buty1 phos%hate is used to. collect the uranium. It is

est1mated that o8e new fuel assembly can be produced by the reprocess1ng of

three‘spent assemblles —-wh1ch could increase the available supply of uranium

cons1derab]y

. { .
Sagety. of Nuclear Reactons

Safety issues involving nuclear reactors are complicated, aﬁd-there are
no general agreements about them. Although it is not within the scope of this~
module to consider all facets of this complex subject, a few of the more signi-

¢

ficant ones will be discussed.

First, a light water nuclear reactor cannot explode like a nuclear,bomb.
Nuclear bombs require highly enriched uranium with high content.of 235y,  The
maximum 235U content in fuel for light water reactors is around 3%. There is
no possibjlity 6f a nuclear explosion in a light water reactor.

However, there are a number of other concerns about the safety of nuclear
reactors, including the fo]]ow1ng

. Possibility of a Iarge acc1dent involving re]ease of

" radioactivity into the environment

. Release of small amounts of rad1oactivityﬂdnto the

environment c : i %

. Sterage of the radioactive wastes from reactor

*~operat1on for thousands of years L
. . ‘Possible d1ver$1on of nuclear fuel by saboteurs

or terrorists
{ )
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. Disposal of nuclear power plants at Ehe end_of_their o
useful life (assumed to be about 30 years) ~

In the event of a large-scale Toss ‘of coolant to the rpactor core, t\b :
core could qygfheatiggq_mgjﬁﬁm The very hot molten mass could melt through the
containment vessel and begin to melt through the crust of the earth. This would
involve the re1ease'of'1arge amounts of radioactivity and could result in the
death of hundreds or thousands of people. The radioactivity could. contaminate
arge .areas, 30ssibly including large cities or major fractions of a state so
that the areas could not be used for many years. This event (or the possibility
of this event occurring) is called the China syndrome. It is so named because
the molten. reactor core would be@in melting throygh the earth, travé]ing in the
general direction of China.

In order to reduce the possibility of such an event, emergency core
cooling systems have been,added to reactors. These systems allow the core to be
fﬁooded,with large amounts of water in the event of a loss of coolant. However,
no one is completely sure that the emergency core cooling system will prevent
the type of ?ccident that could be caused by a 1o§s of coolant and result in
the large release of radioactivity. :

A risk analysis study of reactors was commissioned by the Atomic Energy
»Commissioﬁ (which has been superseded by the Department of Energy). The result

v of this study was a repor@referred to as WASH-1400. This report forms the
basis for much of the discussion on nuclear safety. '

The WASH-1400 report calculated the probability of various events that
could lead to loss of human life. (The nuclear reactor calculations were based
on the fact that 100 nuclear reactors would be 1n operation in thg/19805.)

" The repott concluded ‘that the probability of deaths resulting from a large nuclear

reactor accident. is much smallery— in fact, orders of magnitude-smaller — than
_ the probability of the same number of deaths caused by many other types of events,
t such as air crashes, dam failures, hurricanes, and earthqlakes. Advocates of
s nuclear power hailed the repor£'a5°an indication that nuclear power is relatively
+ safe compared to other types of risks.
. - Critics of nuclear power claimed that the statistical methods used to
obtain the results.of the WASH-1400 report were flawed. Lt is difficult to
'\aséess the wrisk of afiévent that is rather improbable but which could cause great
numbers of dedths and greaF damage~if it did occur.

EP-04/Page 13
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Even without a maJor nuclear accident, the Tow-level re]ease of rad1o- v oo
active materials into the environment could lead to cancer in people exposed
to the radioactivity. However, other methods of produc1ng electrical power ’
ate responsible for the release of radioactive substances into the atmosphere -
- -- - -particularly -the burning of coal. Therefore, the relative social risks of - .

-

~ Storage of the rad1oact1ve wastes that build up during reactor operation

nuclear power and coal genenated power are hotly debated. ' .

is a continuing problem. The Spent fuel assemblies are currently be1ng stored

g W

in water pools. «The United States government has not developed a,pol1cy con-«
cerning disposal of such waste. Critics of nuclear power“poini_ggj that sdth
wastes must be stop€d for thousands of years —a Tlonger time than social systems
endure, and a 1ong£$'time than people in this generation can guarantee safe -
storage. -Advocates of nuclear power point out{that there are underground salt
reservoirs into which radioactive wastes can bg deposited. These salt reservo1rs
dre encased in rock, are impervious to water, gnd have been stab]e for m1111ons
of years. '

As fuclear power becomes more widely used, there will be more 1nsta11at1ons
where nuclear fuel or nuclear waste js stored and fabricated, and there will be
many more shipments of material made between such locations, mak1ng it virtually
jmpossible to prevent a determined Pand of terrorists from taking over a plant
or from stealing a shipment of fuel. The problem would be particularly acute
for breeder reactors (to be discussed later), for which the stolen fuel could
possibly be, fashioned into nuclear bombs. ) ' /

Nuclear reactors are expected to have a maximum operating 11fet1me of
approximately 30 years. After that time, the reactor would be taken out of
service, but the, site would still contain much radioactivity. This radioactiv-
ity must either be d1sposed of or sealed off safely from human access and
environmental contam1nat]on. The dismantling of a reagtor in Elk R1ver M1nne-
'ggta;'is often pointed out as a significant test ¢ase. The reactor was complete~’
ly disassembled and the pieces remoVed. The, Tand is now being used for other
purposes. ' . . 1

In summary, thefe‘are many complex issues involving safety of nuclear
reactors. Public doubts and fears have been sharpened because of the acc1dent <b
at Three Mile Island, Pennsylyan1a, early <in 1979. Although no one was k111ed
the accident did show that accidents could occur in ways that had not been

L
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predicted and that human error-could be an 1hportant factor in accidents. :

This subsection has pointed out some of the concerns involving safety of
nuclear bower It has not provided definite answers to these concerns’because
these’ concerns and the1r possible answers are currently beifg debated. The N
“future of nuc]ear power in the United States will be determ1ned by the manner .
in which these jssues are resolved. .

b |

-
-
°

The use Bf heavy water ‘as a moderator and coolant — instead of 1ight

water —-Ieads tg s1gn1f1cant changes in reactor des1gn Light water ahsorbs

some of._ the neutrons produced <in the fission reactions, representing a.loss for
the system. In order to prov1de enough-neutrons to keep the chain reaction go1ng,
the uranium fuel must be enriched in 3%y above the natural percentage of 0. 7%.
Heaquwater has much Tower absorpt1on for neutrons With their reduced losses

for neutrons, heavy water'reactors can use natural uran1um without enr1chment,
making the fue]_costs for a heavy water reactor much 1ower and qrov1d1ng better

On the other hand, heavy water, which is present in natural water in a
very small percentage must be separated from the natural water. Heavy water

usage of the available uranium resources.

is expens1ve, therefore, a heavy water reactor is more expensive than a light
water reactor. Moreover, heavy water is in short supply. "This lack of ava11-
ability has 1imited the development of heavy water reactors.=®

Heavy water reactors have been emphasized in Canada, and a number of

“electrical generating stations based on heavy water reactors are currently in

operation there. The reactors being used in Lanada re sometimes called-Candu
reactors (which stands for Canadian and deuterium).
A schematic d1agram of a heaVy water reactor is shown in Figure 7. The

‘approach has been to encade fuel *rods in 1nd1v1dua1 pressurized tubes with the

cooling water flowing through them. o The tubes,’ fug rods, and coolant that
_ flows through the core are all horizontal. This arrangement contrasts with
.the light water reactor, in wh1ch the ‘fuel rods are in a single large vesse],
ﬁﬁough which the water f1ows vertically.. ) @

*  The heavy water core coo]ant flows through a-steam generator, and there

4

it transfers its heat to light water.in the generator. The 11ght\bater is

transformed to steam, which is used to drive turbines. From -that point on, ‘ ’
- v _ _ .
" 131 EP-04/Page 15
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the system is similar to
a light water pressurized
water ;eactdr.-. .

i In one variation of
the Candulreactors,—heavy
water is used only as the

moderator and 11ght water

is used as the core cool-- »

___ant. Th1s design requires

less heavy water, but the

. . " variation dis less developed
Figure 7. Diagram of a Heavy Water Reactor. “2 ) *

J . -
O ) ce . - whieh -uses heavy water as

+ both moderator and core coolant.

than the origindl design

P
The costs of electrical power generation with heavy water reacotrs appear

comparable to that of geh\/at1on with 1ight water reactors. Decreased costs for
fuel are compensated by the high price of heavy water. ‘ ) i!"_"'~m,_‘,_

!

GAS COOLED ‘REACTORS - S

*

&

Gas cooled reactors offer some advantages as compared to liquid cooled

reactors In particular, the h1gh temperature gas cooled reactor (HTGR) offers
f44c1ency and better use of nuc]ear fuel In addition,.the HTGR uses

higher e
less water to carry away wadte heat. ‘ 4

The fuel in a HTGR is a mixture 0f’uran1um and thorium. Thesthortum inter-
acts with neutrons according to the following reaction: .

-«

232T 4+ np ———> 233y + ¢ Reaction 4-

This reaction produces the fissionable isotope 233U. The fission of the 2°3U
produced r1ght-1n the reactor contributes additiondl energy.. The use of this
fuel cycle 1n the HTGR ‘means that relatively abundant thor;um can be used to
stretch the supp]y of f1ss1onab1e uranium fuel. %

Furthermore, the HTGR .appears to'be immune to accident$ involving loss of

coolant of the type that have been worrisome in relation to liquid cooled

> -
reactors. - R 4
AL 1
% . Y

i . . xa

R 4
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The HTGR db?s have some‘drawbacks ~The initial cost of the reactor is
higher than that of T1ght water reactors, and thé HTGR requires highly enriched
uranium. The uran1um must be enriched so that it contains 3bout 93% of 235y

The' deveTopment of the HTGR was p1oneered in Great Britain, but 1s is now
being developed in t@e United States. It is not as widely used as T1qu1d cooTed
reactors because :its|development began later. In 1979 only one HTGR was used
for efectrical generation in the United States; howeve’, a number of HTGRs are
"on order.or planned. The'HTGR, with tée attractive features mentioned above,

- appears to have considerabTe promise for future use. .

The fuel 1tseTf ons1sts of small spheres conta1n1ng a mixture of thorium
and enriched uran1um, The spheres are coated with carbon compounds The carbon,
an eTement of Tow atomﬂc weight, acts as the moderatgr. The use of carbon as a.
moderator mater1a1 is another s1gn1f1cant difference attributed to the HTGR.

. The fuel, elements are graph1te‘bTocks that have hexagonaT cross sections.
The graph1te blocks have holes for iNsertion of the fuel and for caolant flow.
The graph1te\(carbon) also agts as a moderator. Fuel elements are stacked to
form the reactor core. . ]

Figure 8 shows a schematic diagram of a HTGR. Helium, which is,used as-

the gaseous cooTant, is chem1caTTyw1nert has very good heat transfer properties,

and has very low absorption for neutrons.
The steam is generated by the
heated helium flowing through the s teant

generator. The helium reaches a tempei-
ature around 1366°F. The steam.is used "
to drive turbines in a configuration
similar to that of the other reactor
systems tha( have been discussed.

Most HT3Rs use steam generation,

L)
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as illustrated in Figure 8. However,
a few systems are under deyeTopmentr
that directly use the heated helium Figure 8. Diagram of a

to drive gas turbines. . _High Temperature Gas Coolgd
C ’ . Reactor, (HTGR)
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\ ¥+ ——— NPy +e- Reaction 5

fh 239PU ié¢ itself a fissibnabje 1sotope In a']ight water reactor, the

It is possible to des1gn a reactor so ¥hat the buildup .of 239py w111 be
more rapid than the depletion of 23%U. Such ¥ reactor-will breed more fission--
— aole vaterial than it consumes ‘(Hence; it is Galled a breeder reactor

Breeder reaktors are attractive because they can produce add1t1onal nuc]ear
| fue] and, thus, stretch the ava11ab1eg?atura1 su p]y of uranium. Drawbacks
-. _include the following: (1) p]uton1um is extremely toxic,-(2) 239Pu, if re]eased Yoo
a'%nto the environment, would be an effective cancer- causing agent, and (3) the
reprocessing facilities to reclaim the plutonium would be an attractive target
for terxorists, particularly since plutonium cog]d be used to make nuclear bombs. ' .
For effactive breeding of additional huclear fue] the neutrons released
) in the fission should not be s]owed doyn Reaction 5 occurs best with fast
o neutrons Thus, breederrreactors are fast reactors, using fast neutrons This -
v s in contrast to the other types of reactors that have beén discyssed, a]] of

,which are thermal reactors and use a moderator to Slow down.the neutrons.

- % .
~ @ .

“Breeder reactors do hot use a moderator material. . R
" The cootant for a breeder reactor must’ not 1nteract with the, neutrons to
slow them down. ’ Th st pr m1s1ng materials jhat appear useful as coolants '

t s are liquid metals. The leading des1gns for breeder regctors utilize 11qu1d .
metal coolants; thérefore these reactors areg often called, 1iquid-metal fast ‘I
breeder reactors (LMFBR). - ) ;

The 11qu1d metal that appears most favorable is sodium. It has excellent
L heat transfer characteg;st1cs and good nuclear properties, including Tow absorp-

*‘tion for neutrons. Sodium has a h1gh boiling point and relatively low vapor

~

Page -18/EP-04 ' v




//—«’“\\ shielding for the radioactive -

3 -
pressure. Thus, 1t can be heated to very h1gh temperatures w1thput generating
too much pressure.

Sodium i% highly react1ve when exposed to water or afr. However, if it
1s shielded from oxygen/and water, it is neither excess1ve1y reactive nor cor-
ros1ve It does become rﬁd1oact1ve in a reactor, yielding the isotope 2“Na.
Fortunate1y, th1s 1sotope has .a short ha]f -life, and most of the rad1oact1v1ty
decays in a few days. "Sodium, a solid at room temperature, must 1n1tﬁa1]x be

he !

heatéd before it can act as an effective coolant., o
One design for a LMFBR is illustrated in F1gure 9. There are two separate

sodium Toops in this design. Sodium in the primary loop cools the core and

heats the. sodium in the'secondary Toop. The sodium in the secondary loop gives

*up its heat in a heat exchanger

to produce steam. The remainder

of the system is similar to what
has been described before. The
purpose of. the two separate sodium
loops is to provide safety and

sodium in the reactor core.
, The fuel in a typical LMFBR -
would consist gf a "core" redion

‘Figure 9. D1agram of Liquid- Meta]
Fast BreedeF Reactor (LMFBR).

¢ containing:the fissionable material, . o
' surrounded by a "blanket" region of 238U The core would be about 10-15% 23°Pu,

1

' \Wﬂth the rest *3°U. "As, the reactor operates, the original 23°Pu is used up.

‘HoweVer, the 238U both in the core and in the blanket, is converted o 23*°Pu.
A breeder reactor can produce more- 239Py than it started with. This material
can "be. reprocessed and used to fuel other reactors The effect would-be to
\eat4y increase the supply of nuclegr fuel.
! The techno]ogy of LMFBRs is being vigorously pursuded in Great Br1ta1n,
' France and: the Sov1et Union. The United States has proceeded more slowly
* - because of concerns about’the hazards of- plutonium and its possible mjsuse.
< There is. one LMEBR project Tocated 1n the United States *(in C]inch River,
Tennessee) This reactor, intended as a demonstration of breeder reactor tech-

no]ogy while producing commerc1a]«e]ectr1c1ty, is schedu]ed fbr operat1on in 1986.

~

~

£

- «
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NUCLEAR FUSTON . . ;

—

In nuglear fission reactors a heavy nucleus splits ép&rt: ?ie]ding Tighter
fragments with a net release of energy. In nuclear fusion, two nuclei combine.
*to produce & heavier nucleus — also with a net release of enérgy. A1l the nu-
" clei suitable for nuclear fusion reactions are Jight nuclei, 1ncTudin§athe .
isotopes of hydroéen,'lithium, and%possibly boron. Nucledr fusion reactors are
still 1n an experimental stage, but they represent a potent1a11y abundant energy

source for the future. : . ~}

¢

-

PRINCIPLES N . . .

The most bromising reactions involre the heavy isotopes of hydrogen, namely .
deuterium (2H) and tritium (®H). Deuterium, a stable, naturally-occurring isotope,
is present in water in sma]ﬁ amounts. Tritium#is a radioactive isotope with a
half-l1ife of 12.3 years. Because~qf its short half-life, tritium is not found °

in nature. Any scheme 1nvo]v1ng trdtium must provide for some way of generating
" tritium within the fuel cyé]e, : ’ .
\\ There are many cycles of reactfens among the 11ght elements “that y]e]d a
net release of energy For examp]e the following set of reactions —

- -
2 . 3 : - f
H+ H — He +\n\:_§.2 MeV- . React1on g?l
24 + ——> H+ H+4.0MeV Reaction
24 + —=—> “He +n + 17.6 MeV ’ Reaction

24 + e ———>  ‘He +1n + 18.3 MeV _

i

has the following reaction as its sum:
'Y

6 2H ———> 2%e +2p+2n +43.1Mev © Reaction 10
N
&
The - °H needed in-Reaction 8°%is generated in Reaction 7.- The energy release pér

gram of deuterium amounts to about 103 KkWh.. .Thus, the deuterium present in
the world's oceans cap supp]y aannormous amount of energy. It is estimated
that, at--tbday's rate of energy consumption the deuterium in the oceans.coul
supply the world's energy needs for-10 billion years.

An dlternate fuel cycle cou]d be des;r1bed Dy the fo]]owjng reactions:




"Reactions 11 through 13 are_gasier‘tp meet. Thus., current research is empha-

inexhaustible supply of fuel it would afford. In addition, the generation of :

2H + 3 ——>  “He + nx¢ 17.6 MeV ~ Reaction 11
n+ S — “He + °H + 4.8 MeV Reaction 12

R 7
The net effect of the above two reactions is as follows:

2q + 6 ———> 2 “ge/+‘22.4 w/ Reaction 13

-

The °H needed for the first reaction is provided by the second. This set of

reactions is complicated by the need for lithium in addition to deuterium. ¢ °

As an ultimate source of-énergy, it is probably less desirable than that repre- (/
sented .by Reactipns 6 through10. ' However, the threshold conditions for

= \
siziﬁﬁ the fuel cycle of Reactions 11 through 13.
There is great interest in nuclear fusion because of the practically

energy by nuclear fusion has the advantage of being relatively clean compared

to nuclear fission. Other advantages are as follows:,~}) the buildup of '\ N
radioisotopes and the problem of s orage of radioactive waste are much reduced,
(2) there is no plausible catastrophic release of ;adioactive elements into the
environment, (3) the environmental impact of obtainjng the deuterium fuel- is
pegligible, and (4) the problem of possible theft of nuclear materials for
weapons production is virtually eliminated. In summary, power from nuclear ) w
fusion’ offers many extr¥mely attractive features. :

In orden to make a set of nucleak fusion reactions proeeed, certain
conditions must be met. The conditions include high temperature and contain- i
ment of. the reacting materials. 4Bécause of the need for Very high temperatures :
(10® to 10° K), the fusion process’is often referred to as thermonuclear fusion.

In order to extract a net ga#n of energy, the fuel must be heated to the T
reqyired temperatgre; then it must be confined long enough for the energy output
to'exceed‘the‘needed energy input. | At the required temperatures, the atomic '
particles have high velocity, and the fuel tends to fly apart before the reac- ¢
tion proceeds very far.-'Thus, ther% i$ a need to confine the materials at high
density for a reasonable amount of Fime.

The quantitative expression of the threshold is given by the Lawson crite-
rion. ~The Lawson criterion, is a gr?atly Simblified statement of the needs for
riet energy production. The Lawson ?riterion/is stated in terms of a product

] ) i ®
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nt, where n is the particle density (atoms per cubic centimeter) of the fuel
and T is the time for which the fuel must be confined at"thaéiﬁensity. The
product nt must exceed a value that depends on the température and on the set

of reactions. ¢

<

Figure 10 shows the Lawson criterion for, the two sets of igaqtions dis-

cussed above. The'required value of nt is shown‘as a function of temperature. PN
LAY  There is a'particulataﬁymperature for
- each setnof reactions for which the con-
% o) — —— REACTIONS §-9 - { ,
g f b\ yequirements are easiest. For
\ e ) ' Reactions 11 through 13, the minimum >

. . 1wl ARACTIONS 10-12 -
- \ . , ' occurs. for nt about 10%"* sec/cm® at a

! ot | : temperature around 3 x 10° K. ‘Sometimes
' the Lawson criterion is simply stated

’ — b . fon:
W @ 100 y the following equation
TEMPERTURE (K)

S S

“Figure 10.” The Lawson" 8
N Criterion. !

nt > 10'* sec/cm? équation 1

where: g o -

\

The particle density (atoms per cubic centimgter) of the fuel.
The ‘time for which the fyel must be confined at density n.

n

T

The assumption of the above equation,is.that the temperature is the value for
which the required/nr is minimum> , .,
The set of Reactions 6 through 10 has more stringent reqﬁfrements on the
required value of nt. Thus, present research is concentrating on achieving
the easier goal of meeting th;?Léwson criterion for Reactions 11 through 13.

The criterion, as expresseqd by Eq

ion 1, ca2 be_satisfied by appropriaté
combinations of n and t. Thus; if the materi an be confined for only one

nanosecond (1072 %gcdnds), the particle density w 11‘have to exceed }0!*/107° =
102% atoms/cm®. If the fue] could be confined fgr one microsecond, the re- '

quired particle density would drop to 102° atomg/cm?.
At‘ the temperatures of interest, the atoms é e Eomp]ete]y stripped of

. their electrons. Thus, one has the fuel in the fo an ionized plasma, that

. is, a gas composed o% positive ions and elegtrons. :
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‘field configurations have been devised.

| \

" The auest for practical generation’of power from contrgjled thermonuclear
reactions is still in an experimental stage. It4wil] be decades before commer-
cial power is derived from thermonuclear fusion. Because of. its great poten-
tial, however, research programs are underway jn many countries, inc]hding thg
United States, the Soviet Union, Great Britain, France, Germany, and‘bgpan.

The maig thrust is to provide a method of confinement that satisfies the Lawson
criterion. Two main approaches are being pursued: magnetic confinement and
inertial confinement. These approaéhes will be described in the next sections
of ‘the module. - ? S

MAGNETIC CONFINEMENT FUSTON

A charged atomic particle,{ moving in a magnetic field, experiences a

0

- force perpendicuiar to the direction of its motion. The result of the force

is that the particle will spiral around thewmagnetic field line. The resu{tént
motion is illustrated in Figure 11.  The particle is confined in one dimension,
the direction perpendicu]é}“to the magnetic field line. It does travel along
the direction of ‘the magnetic field Tline.

Because the thermonuclear fuel is in the
form of a plasma of charged.particles, magnetic

<

fields offer the possibility of containment of the ‘ :
plasma. Obviously; a simple Tinear magnetic: ——— MAGNETIC
field will not confine the plasma well. Particles t::;o

would simply diffuse along the magnetic’.field
lines and escape. Hence, closed loop magnetic

Research on mégnetic»fie]d confinement of
plasmas for thermonuclear fusion began in the early
1950s. Many ingenious configurations of magnetic .-

\

___ _ PARTICLE

“fields have been_designed. : This module will not . TRAJECTORY

describe all the configurations. The experimeﬁts , (
hawg:Peen plagued by instabilities in the iqter- Figureall. Trajectory
action between the magnetic field and the plasma. -of Charged Particle in
The plasma would bulge out in some direction, ' a Magnetic Field.
carrying the magneti¢ field lines with iFﬁ These
instabilities have made it much more difficult to

S~
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achieve confinement than had been expected. Nevertheless, considerable pro-
gress has been médé. In the Tate 1970s, the Tower edges of the region of
interest for magnetic confinehnent fusion werg being reached. Critical experi-
ments to define thé potential of magnetic confinement fusion will be performed
in the near future. . ,

The Teading configuration of magnetic field for magnetic: confﬁnemenf
fusion is the "tokamak." The tokamak was or]g1na11y deve]oped in the Soviet =«

Union, but noy it is also be1ng used in the United States program an magnetic

conf1nement,fu;1on.' : .
The tokamak is a torus- shaped device. . (A torus has the shape- of the
surface of a doughnut.) A schemat1c diagram of a tokamak is shown in F1gure 12.

.
i I3 > -
3 I« - e

//fMA°§gRg vacuum chamber, which is torys-

) N -shaped. Because of the magnetic
confinement, the plasma is con-
p HEENNRE " fined in the center of the torus,

coo]ing:of.thé p]asma,byipontact
with the walls. The plasma acts

as the sécondary winding of a

large external transformer”(not
yacuum ] . -shown), caus1ng a la gé/éurrent
F1gure\l$y' Cutaway Diagram to flow in the pYasma (indicated
, a Tokamak. . a ) igure). The current
hea plasma to the desired
9 s

hi h/% mperatures.

In a tokamak,_the magnet1c field w1nds/around in a helical path (indicated
by H in Figure 12).; The magnetic field is partly produ;ed by the wedge-shaped
magnets surrounding' the torus and partly by the current in the plasma itself
The magnet1c field closes back on itself; therefore the charged particles can-
not escape. down the length of the field. This,configuration of magnetic field
shows the ability te confine the plasma with good-stability. '

In a tokamak, the particle densities are expected to be around 10"“/cm .

™ Thus, to satisfy the Lawson criterion, confinement times would have to be around
one second, at temperatures around 10% K. In experjménts in a tokamak at ...
-~ .
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" could béagﬁ in the early 21st century.

- . 't,?

Princeton University in 1979, plasma dedsities around 4 5 x 1013 weré. produced
at a temperature around 5. 5 x 10° K and were conf1ned‘for about 0.02 seconds.
This represents a product nt of 9 x 10'! sec/cm®,.or approximately a factor of
100 1Bwer than the Lawson criterion. Still, the values of these parameters
are approaching the range that is of interest for thermonuclear fusion. Im-
provéd tokamaks are under construEfion; and it is expected that the Lawson
criterion can be exceeded in(the ear1§ 19805. " to. .
It is possib]g_thét improved design will continue through the 1980s,"and
that, in the 1990s, the technology of power generation with m{§ﬁetic confine-

-~

ment fusion could be tested on pilot plants. Commercial generation of power

-~

INERTTAL CONFINEMENT FUSTON

" There is.a competing approébhaﬁgr controlled thermonuclear fusion — ¥

inertial ccnfinement fusion. In this approach, a tiny target is compressed and

heated in a very short time, less than one billionth 6f a séEBhd“*‘Tﬁé'fus1on
‘energy is produced very rap1d1y, before the fuel has a Chance to fly apart.
-The fuel 1is said to be "conf1ned" by- inertial forces.

A method must be used for heating the fuel very rapidly. _One approach .
is to use lasers, which are capable of produéing very.hibﬁ power pulses with
extremely short duration. Laser-assisted thermonuclear fusion was first sug- __5
geéted in the early 1960s, and large programs directed at laser fusion are
underway in the Un1ted States, the Soviet . Union, and severa] other countries.

«= The d1scuss1on of inertial conf1nement fusion in this section emphagsizes
the use of 1asers for heatTng the fue] Other. heating methods %re %lso under
investigation ~ such as. phe,use of electron beams or ion beams. It should be

<
. remembered that there are competing approaches for inertial conf1nement fusion.

Because the confinement time is short {210~° seconds), the particle den-
sity must be high (>1023/cm‘) in order to {atisfy the Lawson ¢riterion. Since
deutérium -tritium (the fuel) is gaSeous, it must be compressed consideféb]y to
achieve the required density (which is higher than “SS dens1ty in solid matea
rials). The approach to heating and conf1nement is 1llustrated in Figure 13.
The gaseous fuel is contained in a spher1ca1 glass shell. The spherical tar-
gets being used in.current experiments have diameters of approximately 0.01 cm.
A number of laser befms (or electron beams or ion beams) strike the target from

A : . ) .

y
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several different direc-
tions, as shown. The
ORIGINAL - . -
TARGET ' INGIDENT beams vaporize the surfacge
MS
of the target and produce
a hot, expandiﬁ@ plasma.
X ~coupnesseo The expanding plasma re-.
EXPANOING FUEL acts on*the fuel, com-

pLasua pressing it and driving it
inward. This process,
called an implosion, can
Figure 13. Diagram of Processes in produce the required high
Inertial Confinement Fusion. temperatures and high
particles needed to satis-
, fy the Lawson criterion.
The approach of inertial confinement fusion offers many simplifications,
--~Atf——ﬂsheomparg&~to~magﬁet%e~eeﬁ?%nement fusion. -For instance, -it removes the need — -
‘for,large magnets and it bypasses all the problems of plasma instabilities
which‘have troubled magnetic confinement fusion. At the same time, inertial
conf}nement fusion creates many problems, one of the most significant be{ng the -
development of suitable high power lasers.
Initial experiments on inertial confinement fusion ipvdﬁved using infrared
lasers. — particularly neodymium-glass lasers or carbon dioxide lasers. These
lasers were chosen because they are the on1§ ones that are well enough developed
to begin experiments. However, many experts believe that these lasers can never
be developed to drive a thermonuclear ‘generator. They feel that the required
laser must_have an output-in the ultraviolet or in the blue part of the visible
spectrum.  There are no suitable high power blue or ultraviolet lasers available
taday, yet 1argé programs are'underway.to develop such lasers. , .
Some milestones-on the en ~%Z release in laser-assisted thermonuc]eér
fusion are shown in Figure 14, «\This figure shows the program at the Lawrence
Livermore Laboratory which uses neodymium-glass lasers. The figure shows tf@
pellet ga%ni defined as "the ratio of thermonuclear energy output to thé laser
energy input." The names (Janus, Cyclops, and so on) refer to particular ‘

lasers, "the powers of which are indicated. One terawatt (TW) is 1012 watts. .

r
’ [y

2
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F1gure 14, Lz;ser Fusion Energy Y1'_e1d Projections.

£

In 1979, the SHIVA laser was in operation, delivering 10 to 15 kilojod]es
of energy to a target in approximately one nanosecond and producing thermonu-
clear reactions that release about 3 x 10'? neutrons. It is hoped that this
laser will produce significant thermonuclear burn, defined as "peﬁ]et gain
* greater than’ 0 01.* . "//*‘$ T

. Construction of a 1arger 1aser, the SHIVA-NOVA, has begun. -This laser
should produce over 100 kilojoules of energy in a pulse 1 to 3 nanoseconds long.
[t is hoped that this will demonstrate scjentific breakeven (pellet gain greater
than one) in the early 1980s. '

<

FUSTON REACTORS

T .

Controlled thermonuclear fTJS'fOI’] (either magnetic confinementtor inertial
conf}'nement) will need a reaction chamber to contdin the products of the reac-
tion and to harness the energy released. The energy will be converted to heat
which will be used to produce steam. The steam, in turn, can be used to drive
generators which will produce electrical power. ’ .

There are/difficult xequireménts for the reactor. It must withstand the
shock, and. debrYs ard pargitle bombardment from the small thermonuclear .

"
v

L]
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explosions. It will be bombarded by neutrons, gamma rays, and.charged parti-
cles. The reactor must also provide entry ports for laser beams entering from
many different directions and a method for collecting the energy release of
the fusion reaction.
One concept conéerning a suitable reactor involves using a layer of <:'

. 1iqu%d 1ithium on the inside wall of the chamber. Lithium protects the wall

from the particle bombardment. It also produces ‘the tritium needed for the
fuel, according to Reaction 12, and serves as a heat transfer medium to drive

_the steam geﬁerating system. The development of a'good reactor remains ‘as one .

-

of the requirements for successful exp1o%tation of controlled thermonuclear

fusion:

PROJECTED TECHNOLOGY

The current status of controlled thermonuclear fusion is experimental.
Systems are now being constructed which should demonstrate scientific“%e%sipil:__ﬂ___h_
ity (that is, satisfying the Lawson criterion) in the early 1980s. This applies
to both magnetic confinement and inertial confinement fusion. The demonsﬁration
of scientific feasibility=-should be followed by some years of continued develop-
ment of the various technologies to improve designs and to increase energy
yields. By the late 1980s decisions could be reached concern1ng the feasibil-
ity of one of the systems but the decisions will have to involve choices about
the driver for inertial confinement -fusion (laser, electron, or ion beams) and
a choice between inertial and magnet1c confinement fusion. .

By the 1990s, the technology could be suffac1ent1y deve]oped to construct

“a pilot plant for production of e1ectr1c power. With the experience gained from

. operation of the pilot plant, it might be possible to construct commercial —~

electrical generating plants based on fusion in the early 21st century.

Y GEOTHERMAL ENERGY SUPPLY

The temperature;inside the earth increases with deptﬁ below the surface.
The temperature rises ahoyt,20-30bC pey kilometer of depth. Because of the

. temperature gradient, heat is conducted from the hot interior of the earth to

the surface. Most of the heat is too d1ffuse to be useful. In some geologi- -

_ cally active reg1ons the heat flow is muth 1arger than the average value.
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. produce electrical. power in a few locations. .

in these areas, f1ow; of steam or hot watervcan emerge from the surfgce of the
earth — for example, the hot springs and geysérs of Yellowstone National Park.
*The extraction of useful energy from the stored heét energy of the earth
is. ca11ed geothermal energy. Geothermal energy has long been used for space
heat1ng in some. areas. The c1ty of ReykJav1k Iceland, supplies much of its
heating from geotherma] energy. In add1t1on, geothermal energy is used to

<

GEOTHERMAL ENERGY RESOURCES

Geothermal energy has many attractive features. Systems usiﬁg geothermal
energy are simple because they do not require furnaces, boilers, and so forth.
The steam is delivered directly from the earth. . Once the capital installation
for generating power is in place, the operation is essentially free - in the
sense that no fuel is required. The operation is clean and has very little

“exists for much greater ut1]1zat1on. Intense geothermal.activity 1s known to

environmental impact. _In some cases, hydrogen sulfide (H.S),.an odorous gas,
may be released into the atmosphere. However, because this occurs in areas
where hydrogen sulfide is already being released naturally, the release i
usually not significant. Another adwqptage of using geotherhai energy is that

it would conserve fossil fuels. \\\\\\y\ . .
The disadvantage of geothermal energy~Jjs that it is available on]y in

certain areas of the world, areas associated with movements of the earth's ¢
crust, volcanic activity, and so forth. Such areas are often located far, fﬁom "
large population centers.
Regions of 1ntense geotherma] act1v1ty include the western portions of

the North and Sout@ Amer1can continents, the western part of the Pacific Ocean
bas1n parts of central Asia (the Himalaya Mountain area), the basin’of the -
Med1terranean Sea, and Iceland.) The area covers parts of thirteen states in
the western United States, including Hawaii and A]ééka

| Current geothermal electric \generating capacity provides only a small’
fraction of 1% of the e]ectr1ca1 needs..of the Unitdd States. et‘the capability

be available in many areas, and it is possible for geothermal energy to supply ¥
up to 25% of the electrical power: needed in the western United States.

-

*

-
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ORI ..
Gedtherma] energy sources, are d1v1ded into two general types: vapor
dom1nated and liquid dom1nated—— The vapor dominated systems produce steam,
typ1ca11y at temperatures around 250°C and pressures of several hundred pounds
*  per square inch. The steam.is suitable for drjving turbines and producing
electrical.power. . ? _
//f' . The liquid dominated systems produce either hot water.or a m1xture of
|~ . ' steam and hot water. Some liquid dominated systems are suitable for power

generation; however, for this applitation, the steam must be sepanated from
the water. Thus, vapor dominated systems are.usually desired for power_gené?a-
tion, and many }1qu1d domrnated systems are better ided for space.heating
applications. iﬁﬁ .

PRESENT GEOTHERMAL TECHNOLOGY -
The generation of elegtrical power from vapor dominated geothermal sources
is straightforward. Wells are drilled to the undergroond nésekvoirs containing
. the steam,; The depths of the reservoirs can range from agfew hundred to a few
hl thousand‘feet Steam 1s piped oqt of the reservoir under its own pressure and
’ is de11vered ‘directly to steam turbines which drive e]ectr1c generators.
' The’ exhausted steamtis condensed with cooling water; therefore, cooling
towers may be Qeeded It is poss1b1e for the steam to conta;n corrosive gases, .
such as hydroggn‘su1f1de This possibility of corrosion makes it necessary for
.stainless stee] to’be used for ¢the turbine bTades and, the p1pes ’

' The only operating geothermal deneratingN\glant in the United States 1s ,
located at The Geysers, Callfo:#;a -north of San Francisco. At this. location, ‘
wells ‘have been drilled to depths up to 9000 feet to. reach steam reservoirs.

Steam is delivered tp-the turbi
a pressure ground 115, pounds pe square 1nch and a temperature of 348°F. The
steam contains about 1% @gas& uch car*bon dioxide, methane apd hydrogen 4
‘ suTfide. The gase$§ are re]eased to the atmosphere but it.is possible to
remove the™ hydrogen su1f1de . Af‘g\'dr1v1 he turbines, the steam i§ condensed
s by cooling water from a coo]1ng tower. r::‘§EEE§E§ZE‘§team is then returned to
"* “the ground in a disposel well. Because of its simplicity (that is, because it
¢ - requires no boiler, no boiler controls; and so forth), the installatian does

9

SN in pipes up to three feet in diameter, at

‘o

not require continuous operator attendance.
~ ¢ .

-

3 , <.
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The Geysers' geotherma] plant has been in operation since 1960. In :
1976 it was capable of generat1ng 908 megawatts of power. Furthermore, it
js estimated that it might ultimately be capable of producino up to 5000 mega-.
watts of power. ~ =
, Geothermal generating stations are in operation in a number of other .
countries, including Italy, New Zealand, Japan, and Mexico.
Geothermal generating plants operate at relatively Tow thermal efficiency be-
¢ cause the steam temperatures are low compared to those 1n'fossi1-fue1 plants.
_The efficiency of conversion of thermal energy in the steam-to-€lectrical energy
js only around 16%. ‘ )
Costs of geothermal”energy include the costs of exploration, drilling,
and installation of the piping and generating equipment. A detatled cost com- .
parison between geothermal energy and other energy sources is difficult. jgt'
appears that the cost of electrical power from geothermal sources should be
comﬁarable to or Tower than that from other sources¥ except for hydroelectricity.

b4

As qne/cost of fossil fue]s continues to rise, more development in—theareg of
gegthermal energy sources can be expected. : - =

OCEAN THERMAL ENERGY T\\\J
- Great amounts of thermal energy are stored in the oceans of the wor]d \\\\\\;
Th1s section of'the modu]é/ﬂescr1bes attempts to harness some of this energy |
N Afthough'most of the emphasis contained in this module and in other‘modules of
thjs course has been placed on'production of steam and hot water, this section
of 'the module discusses ocean thermal energy systems, for which the working
fluid is usually something other than water.

PRINCIPLES ' . ) .

S

Large temperature differences exist betuee: the cold deep layers of the ////////

ocean and the warm surface waters, especially in Yropic areas. This tempera-

ture d1fference can’ be- used to run a‘%ﬁat engine — which is a concept known for .

some time. A pr1m1t1ve power p}ant using this concept was demonstrated as early

as 1930, but the technology is still in an exper1menta1 state. ’ .
Bas1ca11y, the operation of an ocgan thermal energy conversion (OTEC).

system involves extraction of heat from the warmer surface water at a tempera~

ture perhaps around 25°C in order to/yapor1ze some fluid, such as ammonia, |

)
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which has a Tow bof]ing boint. The vapor is used to drive a turbine, wﬁ}ch, in
turn; can gengrate electricity. Cold water, at a temperature around 4°C, is
piped up from the ocean depths and is used to condense the fluid. The use of
floating stations is ﬁsua]]y envisioned. .. °
In-a sense, this is also ,a use of solar energy, because the temperature
d1fferque in the ocean is maintained by solar energy.
0cean thermal energy conversion systems require a suitable temperature
difference between the top surface and the deep waters - preferably, a temper-
- ature difference of around,20°C. And, since it may be difficult to pump the
water from depths greéater than about 2000 meters{/z temperature difference of
20°C in water that is not too’deep is needed. Only certain parts of the oceans
are suitable, and most are located in tropic or subtroﬁic areas. '
. The energy created in an ocean thermal energy system could be used

'directly by transmitting it to the land via cable. This use is applicable main-

ly for areas that are reasonable close to suitable parts of the ocean. Exahp]es '

;- Page 32/EP-04

couTd be Hawaii, Puerto Rico, and parts of the GUIT Coast of the United States. = -

For ocean thermal energy conversion systems located+in parts of. th
ocean far remgved from land, direct transmission of electricity to the SHZ:;‘
may not be feasible. However, it might be possible to use the energy to prod-
uce a fuel, such as hydrogen, which could be transpotted to shore by barge.

) Ocean thermal energy systems would require no fuel, would use a renew-
able energy resource, and would have very little environmental impact. These
system are presently in a developmental stage because there are d}fficult prob-
lems to overcome — for instange, in mooring of the conversion stations, in
possible corrosion and fouling by seawater, and in transmission of the generated
pbwér The costs of sett1ng up an ocean therma] energy convers1on system are
likely to be higher than those of fossil- fue] or nuclear plants of similar
gapac1ty.

4 . .

BASIC PLANT DESIGN

-

There are ‘a number of possible designs for ocean’therma] energy conver-
sion systems. A schematic diagram of what is probab]y the most common type of »
system is shown in Figure 15. The long pipe extends to depths perhaps thou-
sands of feet below theioceqn surface. Cpfd water, which' is raised by pumps,
is used to cool condensen%;.then the water can be exhausted dirégtly back into

-
¢
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the ocean. Warm surface water3 —_— a:::n»
is pumped into evaporators,  wares out
. .2 . IN

where it vaporizes a fluid f
with-a low beiling point. )

. j GENERATOR
Ammonia has been used as the
fluid in most\tests. At a

pressure of one atmosphere,
ammonia is a gas at ordinary

temperatures; however, it can
COLD WATER

\-e;~be liquefied by pressure. The out

system is oressurized so that ' ¥ Lona
the change from vapor to
1iquid ‘occurs at a tempera-
‘ture between that of the
t Th COLD WATER IN N

——warn-and-cold-waters. € Figure 15. Diagram of Ocean — --

- expanding vapgr from the Thermal Energy Conversion.
evaporator passes through a .

turbine whicfi drives a generator: The vapor is recondensed to a liquid in the
\ ~

condenser.:
Because the temperature of the working fluid is low, the thermal effi-
ciency of the system is low. The thermal efficiency is around 2.5% (that is,
only 2.5% of the available thermal epergy is extracted) — which is an efficiency
much lower than that of other power plants. Because there is such a large
reservoir of thermal energy in the pzeans, useful power generation may be possi-
ble despite the low effictency. ‘
A number of possible p1§tforms are under investigation,-including ships;

submarines; and tubular, roughly cylindrical structures, of which only a small
* -

H

portion shows above water.

PRESENT TECHNOLOGY . T ' . .

. Ocean thermal energy conversion systems are currently in a conceptual
phase; however, a number of detailed designs have been developed, and the United
States government is funding severq& programs. sAs-of the late 1970s, there
apparently were no operating systems ih ex1stence A modified tanker being
prepared as an eng1neer1ng test faciFity is expected to begin operation in }280‘

\;_ 5 -
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Th&s.fac111ty, wh1ch will generate one megawatt of electrical power, will pros
vide data about,ocean thermal’ gy conversion systems that can be used. in the
design of other faciltties. 3£ ) : L

A larger pilot p1¥nt, capable of generating about 10 megawatts, is
planned for the middle 198% It is possible that commerc1a1 elegtrical powex:jj/

could be generated by ocean thermal energy«conver51on in the late 20th century

u . : 5
4 N4
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‘ ' INTRODUCTION

A combustion engine is a device that burns a fuel to produce heat energy
and converts a portion of that heat energy into mechanical output energy.
Very 1ittle has.changed the ‘course of history as much as the combustion engine.
It has taken farmers out from behind the horse and placed them on farm machines
where the1r output has increased manyfo]d It has freed a‘portion of the egri;

bility to absorb the newcomers' talents. =

W

« ' culture work,force to move to thg urban areas and has gﬁ:é; industry the capa-

Combugtion eng1nes are the power sources for veh1c1es that transport food,
raw material, finished products, and people. Stat1onary combustion engines are
used for the following purposes: (1) in production machinery to drive pipeline
pumps and (2) for the production of eTeé&ricity in power plants up to 10,000 kW.

This module presents all major types of combustion’engines — except tur-

; bipes, which are described in Module EP-06, "Turbines." Because of the impor-
tance of reciprocating internal combustion engjnes that use gasoline or diesel
fuel, this enging type'is discussed in detail. V

v
- . <

A\

o 'PREREQUISITES

The student should have completed Fundamentals of Energy Technology.

g

™

S | OBJECTIVES
—y = -
Upon completion of this modlle, the student should ‘be able to:

1. D1scuss the following classifications of combustior engines and give .

examples of engines in subdivisions within each classification:
-a. Place of combustion , a
b. Means of energy conversion
o Type of mechanical cycle
. d. Type of cooling system
e

Arrangement of cylinders
{

., & o o EP-05/Page 1




- \ I
é. Describé—zhe‘oﬁeration of thé following engines: )
) . a. Two-stroke, compressing-ighition reciproéating engine (diesel) . | I
i < b Four-stroke, spark-ignition reciprocatiné engine (gaso]ine)‘
c. Rotary internal combustion engine I
d. Stirling epgine - . . : -
) e. Steam engine - i .
- 3. . Discuss the function and charactéristiés of the following major components i
of an internal engine: - 1 ) i
a Cylinder block . « )
’ b Cylinder head N
c. Mainfolds ' A
d. - Valve train
e Piston and‘connecting rod assembly
' f. . Crafkshaft assembly _ .
4. List de:/types of lubrication systems and briefly explain the function -
~ of each. ' ' , /{/{
5., Draw a diagram of a full-flow o0il filter system and diEEZEE the function -
of each component. o s
. 6. List and discuss four types of fuel injection systems.
: 7. List the components of a carburetion fuel system.
8. List and expfaiﬁ threextypes of air cleaners. -
9. Draw and label a diagram of a.s}mple carburetor and explain its functions.
10. Identify and discuss the function of each component in tﬁe following sub-
systems of Fhe electrical system of a spark-ignition eng%né:
a. Ignition system ‘ L - , ‘ .
b. Starting system N ) °
c. Charging system o .
11.  Replace the breaker points, ‘rotor, and condenser of a spark-ignition engine
" and time the engine. ] -
(4 ‘ ]
‘ . ' ' B .
. . / d.’
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SN SUBJECT MATTER

- : CLASSIFICATION OF ENGINES ® \

s

There are many ways to classify engines._ They can be classified by the
following engine parameters: . / PR .
s Place of combustion (internal or_external)

————— —

- Means of, energy conversion (regﬁprocating or rotary)
« Type of mechanical cycle (two-stroke or four-stroke)
- Type of cooling system (water or air) =+ .
« Arrangement of cylinders (in-line, V-type, opposed, radial)

Each of these classifications will be discussed'in detail in the following
sections of the module. //// L

s ‘ o

PLACE OF COMBUSTION //

Every engine relies on‘heat to produce mechanical energy. In combustion
- eng1nes, heat is provided by the burn1ng of a fuel. In order to burn the fuel,
~a place of combustion must be provided. Thus, the first classification of com-
bustion engines involves where the combustion takes place. The burning of the
. fuel can take place inside the éﬁginé, in which case‘the engine is classified
. as an "internal combustion engine." Or, the fuel can be ignited in a place
~~ . ...-remote.to the engine. This type of engine is classified as an "external com-
bustion engine." -

. ;7Intenna£ Combustion Engines R

Interna] combustion engines are divided into two groups according to the

type of ignition used spark-ignition or compression-ignition.
" In a spark- 1gn1t1on eng1ne, a vapor1zed fuel-air m1xture is compressed

w1th a piston in a cylinder inside the eng1ne At or near the point of maximum b
compression (called "top dead center"), a spark is introduced into the cylinder
and the fuel-air mixture is ignited. The combust1on causes heat and increased
pressdre inside the cylinder. The pressure pushes the piston downward in the
cylinder, thus producing the force necessary to generate work. By attach1ng .
the piston to.a crankshaft, rotational energy is generated.

In a compression-ignition engine, air is highly compressed by a piston in
a cylinder. This compression forces the ﬁolecu]es of the air c]osep together
and causes the air to heat to a higher temperature. At or near the point of ¢

“ EP-05/Pagde -3
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maximum compression and highest temperature, an afoﬁized fuel is sprayed into
the cylinder. The fuel ignites (because qf the high temperature-in the combus-
tion chamber) and burns, driving the piston outward in the cylinder and produc-

<

ing work. )

V4 -

'El{lC

/

.

~ Table 1 shows some of the abp]ications for internal combustion engines.
As shown in the table, spark-ignition engines are used in situations where
lightweight .and higher horsepower enginé§ are'required. Because compression-
ignition'(diesel) engines withstand higher temperatures and pressures, tﬁey are

bulkier and heavier. These characteristics 1imit diesel application to heavier

Page 4/EP-05

machinery and stationary usage. ~ . ‘ -
TABLE 1. APPLICATIONS OF INTERNAL COMBUSTION ENGINES.
Abprox'mte Predominant Type
Class Service hp Ra§¥, Dorlc
ycle § Cool-
(one engfhe) SI ing
Road vehicles ¢ Motorcycles, scooters 1-50 SI 2,4 A
N . Small passenger cars 20-100 S1 4 A-W
- Heavy passenger cars 100-500 S1. 4 W
i~tight commercial 50-200 SI-D 4 N
, _~——1 Heavy (long distanie) commercial 150-500 D 4 W
Off-road vehicles} Light vehicles (factory, airport, etc.) 2-20 st 2,4 A-W
Agricultural . ’R . 4-200 SI-D | 2,4 | A-w
Earth moving . $0-1000 D 2,4 N
e Military 50-2500 D, 2,4 A-N
Railroad Rail cars ~ 200-500 D 2,4 L]
Locomotives - 500-4000 b 2,4 W
Marine Qutboard 1/2-100 SI 2 W
Inboard motorboats 5-1004a SI-D 4 W
Light naval craft 40-3000 D 2,4 W
‘ Ships $000-30,000 D 2,4 W
« Ships' auxiliaries /1’00-1002 D 4 W.
Airborne ' Airplanes .~ 1  65-3500 S1 4 A
vehicles Helicopters e 65-2000 S1 4 A
Home use Lawn mowers \ 1-4 st -| 2,4 A
< Snow blowers 3-6 SI ..] 2,4 A
Light tractors- 3-10 SI 4 A
Stationary Building service 10-500 . D 2,4 |w
Electric power $0-30,000 D 2,4 v
e Gas pipe line 1000-5000 SI 2,4 LA
Special for Velicles and boats 100-2000 st a | v
& racing P
SI = Spafk-ignition D » Diesel.

' Internal combustion engi
-of .the automotive application. HoweVer, they are relatively ineffi@ient (35%

>

L]

nes have become important in this century because

general éfficiency:as compared to turbine”efficiengy of higher than 90%) and

’
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/(
.'are.highl .dependent on'petro1eum produéts'whiéh are becoming scarce and costly.'
"Because/gi\éhese facts, efforts are being made to find substitutes for the in-

';/ tecnal combistion engines. Two substitutes which have gained recent attention
are the battery-powered engines and the $tirling engine. The Stirling engine

£

-

* is discussed below. ///"
A

" Extownak Combustion Engines  +

) One of the substitutes for internal combustion engines is the external com-
bustion engine. The priﬁary advantage in using the external combustion engine
is that it can burn any type of fuel, not just gasoline or diese]lfuel as in
internal combustion epgines. In most cases, the combustion heats either air or
steam. The two most important’ types of external combustion engines are the
Stirling engin% and the steam engine.
Stirling engines use hot air ‘to heat the pistons that produce rotational
& motion. As shown in Figure 1, air is heated and allowed to pg;s around the
outside of an expansion chamber. As the hot air pas§es,:it’ﬁéats the air in- -
s s?az\fﬁé chamber. As the‘iptérnal'air heats, it expands, causing the piston to
move downward in the cylin-, )
der. This piston is "Tlinked
to anlohtput sbaft that ~ . EXPANGION
-makes the ljnear motion . N 1 CHAMBER

PISTON~f

become rota%ﬁona] energy.
~ Once «the pistén starts mav-
ing, then the

f

Stirling en- ) ouTPUT
. . . e R HEATED > SHAFTY
gine is similar to an in- AR —— -

ternal combustion engine. \\\ t
The Stirling engine has e {1\

Y 1
three major characteris- M - )

FUEL—

_/ tics: (1) air is heated L

=

and passed around an expan- o
sjon chamber, (2) this hot
air heats air that is in-

side "the chamber, and (3) heating the air inside the chamber causes the air to

Figure 1. Early Stirling Engine.

expand and move a piston. -
. C. . 2 . EP-05/Page 5
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Stirling engines have been used in the past as refrigerating mach1nes,
heat pumps, and pressure generators; and they are present]y be1ng tested for

use in transportation devices. These engines have several advantages to offer,

such as running without noise or vibration and having Tow air pollution rates

and high thermal efficiency. But, the major advantage is that they use any

~ type of. combustible material as fuel. However despite these advantages they

are costly and comp]ex two factors which have contributed to the major prob]em

concerning Stirling engines today — that they are relatively untested in many
applications. v
.The steam engine, another type of external combustion engine, has a -
"double-acting" piston (Figure 2). A double-acting-piston uses the force of
’ the steam alternately app]ied

Vi

to each side of the piston,

CONNECTING ROD 4~ FLYWHEEL causing the piston to move.

[$te) -~
. %‘*‘”]% back and forth and generating
CYLINDER 7 i : ) ‘
PISTON PISTON'ROD CROSS-HEAD - « rotational mechanical power
it X7 Y /

* .at the flywheel. The steam
can be generated in a boiler

at any location and piped to

the steam engine. Steam ‘en-
gines were used é§/é§}1y‘rai1-
road Tocomotives“before die-

sel engines became popular.

. . ‘ Historically, external
Figure 2. Schematic of a Steam Engine.

—  combustion engines have been °

* 3 3 “~ .
e used on a 11m1ted basis. - How-

.ever, due to increasing %etroleum fuel costs, they are becoming options to in-

ternal combustion eng1nes since — as stated prev1ous1y — external combust1on
‘ engines can use any type of fuel for the heat geﬂbrat1ng process.

MEANS OF ENERGY CONVERSION \

. i -

Combustion engines can also be classified by means of energy conversion.

Engines operate by producing heat and pressure. This pressure must be exerted

/ against some movable object ig order to produce mechanical motion. The

Page 6/EP-05 o
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pressuré must be contained in some sealed devite in order to keep the pressure
from dissipating in a??ectiohs other than the one desired. There are two stan-
dard methods used in engines for enclosing high pressure and for producing, ro-
tary motion artd lechanical work from pressure: the reciprocating ‘engine and

the rotary.engine. .
e <. L ) e e e e
Reciprocating Engine B T . -

The reciérocatingaengine encloses the high pressure gas in a cylinder in
which there is a movable piston (Figure 3). The pregsure pushes against the
top of the piston and forces it downward. The piston is attached to a crank-

. shaft with a connecting rod. The connecting point on the crankshaft is offset
from the center line of the shaft,
e  thus allowing the shaft to turh as
> the piston goes up and down. The °
reciprocating- engine converts ther-
mal energy into linear motion, which
js then converted to rotary motion. .
Reciprocating engines are the

oldest of the two types of internal

combustion engines.: As such, a '

large amount of time and money has

been spent in perfecting’ them and

dn making them more sophisticatedi‘

However, because linear motion has

to be‘transformed-to‘rotational

motion in these types of engines,

' they are fairly complicated, have

. \\‘a Iargé number of internal parts,

and depend heavily on their lubri-« _
cation and cooling systems for

Figure 3. “Schematic of a
Reciprocating Engine.
efficiency. A more regent design ) ,

for internal combustioh”éngines has been made available by the introduction of
the fotary engine.

Los g S
' T " " EP-05/Pagé 7




Rotary Engine 0

L 8
N}

The rotary engine omits the linear motion step in producing mechanical
energy from thermal energy. The most common fotary engine is the turbine; hdw-
ever, in recent years, the Wankel spark-ignition rotary engine was developed

. i f6r use in the automotive field. This ro-

ar i ’ " S g
¢ _ROTATINGs ATV engine uses a "rotating” piston to pro-

TYPE OF MECHANICAL CYCLE - -

“their mechanical cycles. Mechanical cycle refers to-the entire process df—pfo-

.these megchanical cycles is discussed in moretdetail in,the following paragraphs.

PISTON duce rotary motion (Figure 4). This piston
\évuuosa is connected directly to the o‘utput shaft, .
WALL _ of the engine, thus eliminating the conrect-
EXHAUST 1ng rod. The:piston has seals at it® three
PORT corners. that divide the combustion chamber
into three distinct sections. Thus, the )
INTAKE engine can simultaneously be taking in and .

PORT - . o -
compressing a fuel-air mikture; burning a -. -

‘Figure 4. Rotary Engine. second, already- comp?eséed mixtyre; and

’ exhausting a third, comp]etely ‘burned gas.
Since there are no osc111at1ng pistons that require rapid-change of directions,
the engine can operate atAh1gher speeds of rotation than reciprocating engines.
The major problems with rotary engines in recent years iﬁVo]ve their excessive

/ ~

fuel consumption and exhaust pollution.

Reciprocating internal combustion engines are classified according to

ducing power from combustion. This process‘?s as follows: (1) air, or a fuel-
air mixture, is brought into the combustion chamber and compressedé'(zf combus-
tion occurs and power is transm1tted to the piston; and (3) the spent gases are )
exhausted from the cy11nder. These funct1ons can be done either with one revo-
1ut1on of the crankshaft and ‘two strokes of the p1stoﬁ\(up and back down) or
with two revolutions of the crdnkshaft and four strokes of .the piston. Each of

3

~

N .
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Two-Stroke Cycle

The two-stroke cycle generates one power stroke fdr each revolut1on of the
crankshaft (Figure 5). Since diesel fuel is. frequently used with the type of
enéine that uses this mechanical cycle, the two-stroke ‘diesel engine will be
discussed. In a two-stroke diesel eng1ne jntake and exhaust valves are not
used. Instead, the movement of air and exhaust dases occur. through ports, or

openings, in the cylinder wa]]s. At the beginning of the first stroke, the

e 3
~

-»

8. CAlr intake b Comoressicn ¢ Expsnsion

(Piston 8t Bottom Pigton sf Top
Oesd Canisr) Dead Conter)

Figure 5. Two-Stroke Cycter—One—Power -

Stroke OQut of Each Revoltuion. el

-

exhaust and transfer ports are open, allowing spent gases of the previous
stroke to exhaust on one s1de of the cy11nder and fresh air to enter the cy11n-
der from the crankcase through the transfer port (F1gure 5a). In the. two-
stroke engine, the piston head is des1gned to channel air,flow within_ the cyl-
1nder to keep air and spent gases moving in,the proper direction. On the com-
press1on stroke (F1gure 5b), the p1ston rises in the cy11nder compress1ng the

" air and causing the r1s1ng piston to seal both the cy]wnder and the crankcase.

As the piston compresses the air in the cylinder, it also causes a partial vac- -~
gum in the crankcase. Before the p1ston reaches top dead center (TDC), fuel-

_injection starts. The third, or expansion stroke *(Figure 5c), begins with fuel
. combustion already in progress. With the piston at 10C, the crankcase inlet

port js open, allowing outside air, to be sucked into-the: crankcase With fuel
c0mbust1on occurring, the piston is “forced downward, sealing the crankcase,

s Z
e

. gg?. EP-05/Page 9
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inlet port. As it moves further down toward bottom dead center (BDC), it opens
/ the gxhaust pﬁ&; (Figure 5d), allowing the exhaust gases to be pushed from the
high pressure ayea in the ylinder to the lower prgssure outs%de the cylinder.
As the piston reaches BOC (Figure 5a), the tranSfen port is opened and the
,cylcg is complete. A1l of these functions — air intake, compression; expansion,
.and exhaust —are performed in one revolution of the craqkshaft

Although the two-stoke cycle engine is not as popular as the four stroke
- cycle engine, it is used where high power is needed in a smaller eng1ne Two-
stroke cycle djesel eng1nes are used in a variety of small generators and in
off-road vehicles-such as earth moving equipment. Two- stroke cycle gasolink
(spark 1gn1t1on) engines are used in such items as lawn mowers, motorcycles,

and chain saws. . N )
‘ +
Four-Stroke Cycle , . g . .
In.the four-stroke cycle, the mechanical cy&hetis completed in feur
. strokes of the piston or two revolutions of the crankshaﬁt\iiig::e 6). Since
the four-stroke gasoline engiqg ﬁs the one most often used, i 11 be the one

EXHAUST
. VALVE

s Alr Intake . 4 Exhausm

{Ptston—atBol Piston ar Top
~ Deeg Center) Dead Center) .
’ . a
: . \\ ' -Figure 6. Four-Stroke Cycle: Oe Power Stroke
. Out of Two Revolutions. .

dishuss::T\\QJ the first, or air intake stroke (Figure 6a), the intake valve
is opened and the downward motion of the piston creates a Tow pressure area in

a" the cylinder, thus sucking the fuel-air mixture into the cylinder from the

- »
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intake manifold. At the end of the f1rst stroke and the beg\hn1ng of the sec-
ond (compression stroke), the 1ntake valve is closed and the p1ston isjat BDC.
During compress1on (Figure 6b), the piston moves upward, compressing t{e
trapped fuel- afr mixture“inside the cy11nder Th1s heats -the aigf into a super-
heated condition (approximately 1000°F). As the piston reaches %&g
: {nto the cylinder. At the end of the second

stroke, the crankshaft has made ne complete revolution. The third, or. éxpan-
 the piston at TDC and the combustion of

stroke, a spark is introduced

. sion stroke (Figure 6c), starts wi
the fue]-air'mi§ture already in progress. During this stroke, the burn?ng gas
-expands, pushing the piston down and creating a turning force on the crankshaft

ihg of stroke four, the exhaust

C. The exhaust valve is opened
and the piston moves upward, carried by the mome the crankshaft. This

.movement forces the spent gases odt of the cylinder Q;Pongﬁ/%he open exhaust
valve. The stroke finishes'wi%h’fh@ piston at TDC. ‘The four-stroke cycle is
completed after two complete revolutions of the crankshaft.

The four-stroke cycle is typically used in larger, muTt1p1e cy11nder en-

through the connecting rod. At the beg
stroke (Figure 6d), the piston'is again at

gines. Although these engines generally are more efficient in fuel consumption

and smoother during operation,.they are more complicated and bulkier than their
two-stoke counterparts. Automotive vehicles use the four-stroke cycle almost
exclusiveTy. R ‘

«

™~ -

TYPE OF COOLING SYSTEM ‘

E;E?he~apg£§t1on depends upon convert1ng

‘thermal energy into mechan1ca1 energy. If an
engine were 100% eff1c1ent all of the thér--

— 35% LOST TO
ENGINE PARTS '

mal energy would be converted into useful
power. In reality, however, only about one-
fourth of the thermal energy is used to pro-
duce power (Figure ?).( The rest‘is lost
through friction of engine parts, ‘heat in
exhaust gases, or heat.conduction to parts of
the engines. The energy that is transmitted
to the engine parts must be removed or the,

temperatures inside thé engine could reach

i 35% LOST N o~
EXHAUST GAS

L

e 3% LOST IN
ENGINE FRICTION »

e 25% ENERGY IN
25% USEFUL POWER

.in an Engine.- .
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2000°F. Temperatures in this range would break down 1ugrica:1ng oil and danjage
the engine. Twq major methods are used to cool internal combustion engihes:
water cooling and air cooling.

Waten Cooling Systems ' :

- Water cooling systems for internal combustion engines are segregated 1Hto
oben or closed systems. In the open water cooling system, water passes thraugh
the water jackets inside the engine and is returned to a river, lake, ocean(z;pr//~ ’
central reservoir. It can also be returned to a cooling tower or a spray pdnd -
Qhere it is cooled for reuse. Open water coolipg systems are mainly used to
cool stationary diesel power plants.;

In the closed water cooling system, the same coelant is continuously recir-‘

cut//eé through the eng1ne water Jackets by a water pump. The water jackets
surround the cylinders in the.en-

gine block and are adjacent to

valves in the engine head (Figure

3). ‘The coolent;continues to cir-

culate through the engine until it

reaches a cén:gin temperature, at

———— SURGE TANK

WATER TUBES

AR W ' ~which time a thermostat opens-and
m the coolgat circulate$ through a
. MEDUM) . radiator (Figure 8) where it re-

leases heat energy to, the air.

The thermostat, located on the
Figure 8. Radiator. ' ° eng1ne block, cofftrols the flow of

| ’ \ . “the cooling liguid to the rad1ator
When the eng1ne is started the thermostat blocks the flow to the radiator and
keeps the coolant C}lfulat1ng_through the engine only. This rapidly raises the
temperature of the ¢oolant. At _some preset temperature, the thermostat opens
and allows flow to’ the rad1ator thus a11ow1ng coeling to occur.

When an eng1ne is started in cold temperatures, its therma1 efficiency is

TO ENGINE BOTTOM TANK

~

£

“1ow The reduced eff1c1ency i® caused by the following: “condensation of fuel

on‘cold cylinder wa11s, excess heat transfer from the combustion chamber to the
cylinder walls, and 1ncreased viscosity “of cold lubricating oil. Thus, the

»

. B - N
4 . - [ . ‘ P
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thermostat is essential to incredsgd gfficiency. " The thermostat is designed to
open and to allow cooling to take pNge at some prescribed tepperature, a cgl;,
perature_wh1ch should be as clese™as nossjb]e to the operating limits of.the
fue] and oil. Hotter running engip€s, which are generally tighter due to ther-
ma] expans1on of internal paréss suf?er 1ess°compression losses.

—~~—‘~A——~A~—~Coclant-1§ another cr1t1ca1 part of_ihe_coollngesystem*_“Some.11GU1d-cooled
engines use water; however most engine manufacturers recommend using some other -
" liqwid, such as ethylene glycol (ant1freeze), which heats up more qu]cklx,
allows the engine to reach its normal operating -temperature fasteri and s}ié&

provides protection from overheating ,in hot weather.

~

Ain Cooling Systems ' 4

Air cooling ie primarily used on small engines. Air is used as’thesheat
. exchan e medium and is routed around the outside of the cylinder wa?f by cool-
1ng fins. Size and spacing of the fins are dependent on the amount of heat to
- be disbﬁrsed, as are the material of which the fins are made, theyspacihg or
pitch of the fins, the_diameter of the cylinder, and fhe speed aﬁa:femperatyre
of the cooling air. 'ﬁ%1a1r cooled system reduces engf weight by about 10%
and makég the gngine m re compact. Wear rate on engine p s compares favorably
with that of water-cooled systems, and” ma1ntenance costs are somewhat tessgpdue——
§0v1ng pacts However, air-cooled eng1nes ariyrorma}ly

to the fewer number of

Tonger and noisier than the1r wa ter-cooled counterparts. .
» N - , = - 'y
/ .o - » . . -
) ARRA“NGEMENI OF CYLINDERS \ .
*J Reciprocating.interngﬁecombustion engines usuelly have 1, 2, 4, 6, 8, 12
or 16 cylinders. The number of cylinders varies with engine size, type, and

application. -

Just as there are engines of different cylinder numbers, there are also l
vario@s cylinder COnfigErations. The overriding factor in choosing é cylinder %
_configuration is to désign an engine to optimize or fit a particular space. |
The following cylinder arrangements are use& in internal combustion engines: |

e In-line

.« V-type - . -
- Opposed ) A ¢ - =

. Radial oo C - .

EP-O_S/Pa'ge '] 3
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® * .« In-Line Cylinder Configuration . 'i { - . )
* As many as 16 cylindérs can be placed in line. However, this number of »
' , cy]indersAi§ an upper limit due to crankshaft stress and vibration of Tonger

engine designs. Advantages of in-line design include mechanical simplicity
dnd ease of maintenance. The in-line six-cylinder engine is very popular in
the automotive field. -In-line engines;in excess of six cylinders offer disad-

vantages such as (1) being engssive]y long in ccomparison to their other. dimen-

\
sions and (2) experiencing excessive crankshaft vibration. Yet, despite these
factors, in-line engines with as many as 12 cylinders are still used for large
ships, -primarily because” their shape fits well into hull design.

-

V—Type‘Qyﬁindek Configuration

4
|
|
|

. ' Another popular cylinder afrgngement in_aﬁtomotive engines is the V-type
" engine (Figure 9). (To classify as a V-type engine, the axes of the two banks
C of Ey]in&ers must make an angle with each other
“of less ?han 180°.) Length in these engines is
reduced by almost half in comparison with in-
line engynes. V-type engines have advantages‘of
having eice]]ent balance and reduced vibration.
Because the engine is shorter than the in-line
engine, ﬁ; fits reasonably well in smaller auto-

motive engine spaces. ‘This cylinder coAfigura-
. - tion was [introduced in the 1930s with the popular
Figure 9. V-Type Engine. f]athzfd‘V:S éngine. However, the automotive
ry )

. indus
eng1nes in an effort to reduce fuel consumpt1on and to make sma]]er eng1ne

" packages. . |
- 9 *
-

Opposed Cylinden Conﬁiguﬂation -

[N

When they are arranged in this fashion, the engine is considered to be an
opposed cylinder engine (Figure 10). T 1s cylinder conf1g/(3£1on 1ends itself

//ff? N\

{
I
\
|~
Cy11nders can be,arranged so that They are opposite from one another.

“ ’ s

_ , i
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we]1 to air cooling since there is space for "-::((:i;;:
* mdny cooling fins around the cyliinder. ' It "lo °|"

is generally used in smaller aircraft; how-

:verf the automotive industry has a}so used Figure 1. Opposed Cylindea
the opposed cylinder, air-cobled engine Engine.

(Volkswagen beetle). i

Radidl Cylindern Configuration
A lesser used, but stf]] important, cylinder configuration is the radial
engine, in which all the cylinders are arranged radially around the axis of the
crankshaft. .This type of engine is easily air cooled and is convenient for
servicing. Because it gives the Towest unit weight per cylinder displacement,
: -~

it is mainly used far larger aircraft.
. y s I -

COMPONENTS OF AN INTERNAL COMBUSTION ENGINE

The most common type of combustion engine is"the reciprocating internal .
combustion €ngine, using either gasoline or diesel fuel. This type of.engine
~has the‘fo110wing major components:
+ Cylinder block %
« Cylinder head '
« Manifolds (intake and exhaust)
+ Valve train
+ Piston and connecting rod assembly

« Crankshaft assembly

.

CYLINDER BLOCK

@

The cy1inher block is the basic framework of a combustion engine (Figure
11). AN other parts are either assembled within it or attached to it. In the
b1ock are ho]es or cylinders, in which the pistons move. fn addition, inside
the block are passages for cooling water (in water-coeled enéines) or fins that
help-dissipate heat {in air~cooled engines). Jhe block is normally made from
“cast iron, a cast iron alloy, or aluminum. '

. . S : EP-05/Page 15




Figure 11. V-6 Cylinder
Block. - .

B

* CYLINDER ﬁEAD

(, The cylinder head is another stationary part of the engine; it is bolted
to the block to form a "cijf over the cylinder. There is a head for each bank
faf\gz}inders. In-line cylinder configuration engines have only,ohe bank (since

all of ‘the cylinders are grouped together) and, thus, have only one head.‘*For
a V-type engine, there are two head5. Radial engines d; not have cylinders
*hat are grouped toge%her; therefore, they require a heaa for each cylinder.
The head contains combustion chaﬁb 7 valve ports, spark plug or fuel
nozzle holes, coolant passages, and pagsages ‘that connect the valves to the
d/ihe same heat and pressure as the block,

manifolds. Becayse it must withstan
. the cylinder head is normal]y‘constéucted the same metal.
" Before the head is bolted fd the b]ocZiaa gasket is placed between these

two barts to form a gastiéht seal. This gasket, called the head\gasket, is

made of terneplated sheet steel which covers asbestos board or gheet steel. ‘If:
»the gastight seal is broken, the engine 105%5 compression and pgker. Fuel con-
sumption also‘increases. Normally, head gasket leaks make the engine exhaust
."pop" -because of the improper seal on the exhaust-valve. In_addifﬁon, 0il drop-
lets caﬁibe‘seen in the coolant in the‘radié%or, and water droplets show up on
the 0il. Head gasket leaks can only be corrected by reprcing the head gaskét.

4

~
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MANTFOLDS

There are two types of engine man?foldgz intake and exhaust. Intake man-

ﬂ;%' ifolds bp]t to the head of the engine and must route air or a fuel-air mixture
to the combustion chamber. In a diesel engine, only filtered air flows through
the intake manifold; in the spark-ignition engine, a fuel-air mixture must be-
routed. In a spark-ignition engine, the carburetor is mounted on top of the
manifold. The carburetor (discussed later-in the module) meters the fuel so
that the proper fuel-air- rdtio ig provided to the engine. The intake manifold
then delivers the mixture to the cylinders to produce combu;tionu

) The exhaust manifold provides the means of removing the exhaust gases from

: the engine. It connects to the exhaust ports in the cylinder head and routes

_One of the mo§E_importg%t factors in exhaust

- [PV AU

manifold design is that, by minimizing back pressure, it increases engine effi-

ciency. A special method to increase the efficiency of exhaust manifolds is
called exhaust turning. This méthod is acComplished by selectipg the proper
**Tength of exhaust pipe to reduce the back pressure in the exhaust system. -

VALVE TRAIN - ' /

A valve train (Figure 12) is used to open and close the intake and exhaust

valves at the proper—time in the mechanical cycle of internal combustion engines.

The valve train consists of the following

>

parts:
- Camshaft o -
. Tappet (vialve lifters) ‘ ’ g:&\'/‘%_q
+ Push rod .
/ .

Rocker arm,%ésembly‘
V4lve springs
Valves

. w — \
There are two valves for each cylinder) one
intake and one exhaust valve. Thex work as

B paif and are timed for maximum e%ﬁiciency. a<

_ o oo Figure 12. Valve Train.

P . »
N

A}
,
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Camsha gt

The camshaft (Figure 13) is used to force open ﬁhe.valvés. In conventivnal
.combustion engines, the camshaft 1is q@unted in, the crankcase and is gedr driven.
As the camshaft rotates, the cam lobes turn. .
- ‘ By their shape, they apply force to the re- -~
ma1n1ng parts of the valve train. Camshafts
. are usual]y forg1ngs, that is, machined out

' ,  CAMLOBES
ey . of ‘a metal bar, but in some cases they are
Figure 13. Camshaft of a V- 8 castings, thgt is, formed in the final shape
» Engine. ~ when the liquid metal, is poured. To reduce
— | \ //////' ’ year, the cam surface is hardened. ’
[

Tappet (Vatve Ligtérn) .

L 4 ) .
Resting 6n the cam lobg is the tappet, or valve lifter. As the cam lobes
rotate, they force the valve lifter up, thus changing the rotary motion of the
camshaft iqto a reciprocating motion that opens the valves. As thet;%m contin-
PP

ues to rotate past its raised surface, the valve spring forces the et down,
thus holding it against the cam surface. .
e ' ' T
. Push Rod ’ | s

In a conventional engin; the valve lifter, or tappets is connected F//a
. “push rod.. The function of the push rod is to transmit the rec1procat1ng motion
‘ of the va]ve.l1fter to one end of the rocker arm assembly. Overhead cam engines’
eliminate the need for push fods. ‘ ’

Y ] )

Rocke@ Aum Assembly , \\

-
The rocker arm assémbly (F1gu'\ nges the direction of the motion

of the push rod and transmits it to the valves. The rocker arms oscillate

through small angles about the rocker arm shaft. . A rocker arm usually oberates .

only one valve, but it can operate two valvestby u51ng a bridge, as shown in

F1gure 14. 3




Figure 14. Push Rod, Rocker
. Arm, and Bridge for Actuating
Two Yg]ves.

o

Valve Spningé'

In order to"glose the engine valves'after they are opéned and to keep the
-valve lifter riding on the camshaft, valve springs é/provided. These springs

are made of a special alloy steel to withstand hedt, corrosion, and continued
N B

flexing. . :
- . P pd
Valves ~— . .

The last parts of the valve train assembly are the valves (Figure 15).
Each cylinder has two vglves: intake and exhaust. Valves perform two func-
tions. First, they open and allow gases in and out of the cylinder. Second,
they form a gastight seal dJring the compression i
ahd power  strokes., Valwes attach to the rocker arm HEAD _ " MARGIN
assemb1y aﬁd ride in valve guides, which 1imit their ‘
latefal motion. Both intake and exhaust valves are _’7771 7,
éxposed to high temperatures of combustion — which’ (SEAT FACE
range from 1200° to 1500° in\spark-ignition engines
and to 2000°F in diesel endines. To withstand these
temperatures, they are normally constructed of steel
alloy. - 'GUIDE
If valves do not form a gastight seal, the en-

— STEM

gines lose compression and, thus, power. Leaks —
around the exhaust valvg allow unburned fuel to be .
emitted from the engine\ Therefore, the valves Figure 15. Valve.

musf be adjusted to seat properly.
EP-05/Page 19
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PISTON AND CONNECTING .ROD ASSEMBLY

The piston and connecting rod assembly (Figure 16), a]ohg with the crank-
shaft assembly, actually-converts the. thermal energy of combustion in the cyl-

T

inder to meghanica] energy at the output shaft of the engine.

< R “
o,

Pibton,

Pistons and their ring4 seal the cylin-

der and transmit gas pregSure to the connect-

O CONTROL ' ing rod. A piston normgily has three or four
BOAMER rings mounted in groovés on the outside of )
ux“ e the piston. The top two rings, called com-

Pwvmimw C. pression rings, form a gastight seal around

the sides of the piston. One or two oil con-
"7 sLoT

. trol rings are mounted below the compression '
rings. These rings scrape & controlled . i
conmecTIG amount of oil from the cylinder wall and re-
turn it to the center of the piston or the
Qrankcase. Piston rigns dre normally con-
iI . ‘

structed of -gray cast iron.

Pistons coﬁzert thermal energy to recip-
rocating mechanical energy in thecylinder.
. They are-subjected to severe heat anhd pres- °

L sures, as well as exXtreme inertiat forces, as
%‘—CAP they are acce]er.éted‘,and dece]erated{ in the
O== TS cy]%nder. Pistons are normally constructed
' ' of aluminum or alloyed casdt tron. Aluminum

. - has several advantages over cast iron. First,

Figure 16." Exploded View of
Piston and Connecting Rod ’
Assembly. ing it.easier to cool. Second, it is Tight-

it has excellent heat conductivity, thus mak-

weight, thus reducing the Toad on the bear-
ings and the crankshaft.

POY
.

’ < . 4
. . ,
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~ Crankshagz

" located on each end of the crapkshaft. On

" cated at intermediate points along the

Connecting Rod

. The connecting rod is attached to the piston witﬁ a piston pin. At its
othep end, it is connected to the cranksift by a combination of a bearing
shell, bearing cap, nuts, and bolts. The Connecting rod converts the recipro-
cating motion of the piston to the rotating motion of the crankshaft. Thus,
the end of the connécting rod that attaches to the piston has an up-and-down
motion, whereas the end attached to the crankshaft has a circular mgtion. It
is either being pushed or pulled at all times; theréfore, it is subjected to
alternating compression and “tension loads. To withstand these loads, connect-
ing rods are normally made of medium or alloy steel by the drop forge,method.

.
* . . -~

Bearings

_The bearing’is the part of tﬁe connecting rod that is subjécted to the
most wear. For this reason, proper lubrication of the bearing is importaﬁt.
wheﬁ bearings wear out, the engine is subject to excessive vibration.and power
loss. Rgp]aciﬁ@ connecting rod bearings is a difficult procedure normally
éécémp]ished by an experienced ufchanic during a major engine overhaul.

;

CRANKSHAFT ASSEMBLY

A crankshaft assembly has two major parts: the crankshaft itself and the

v

flywheel.’ ,

]
o

The crankshaft (Figure 17) is a rotating member of the engine proper and -
is supported by main bearings. On smaller engines, the main,bearings are

larger engines, main bearings are also lo-

crankshaft. The connecting rods connect
y‘thfz offset points.on the crankshaft.
These points are called tHrows. The, number
and arrangement of the throws along thg

crankshaft is determined,by'the number of
[4

Figu}e 17. Crankshaft.

~¢
£ ]
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. '
cy11nders and the desired f1r1ng order. Figuée 18 shows the differént éonfig- i
urations for different engines. Crankshafts are.balanced with counterwe1ghts
to more even]y’distriﬁhte the forces operat1ng on the shaft. Crankshafts are
normally forged or cast out of medium carbon steel. >

Wﬁ@@,

£

“

b, 8~Cylinder V-type Enqgine

. ’ I ' !

v

& e-cyu-w Englae d. 8-Cylinder In-tine Engine
- . " Figure 18. Crankshaft Configurations for
. . Var1ous Types of Engines.
S Flywheel , )
The flywheel is a héavy disc a%j;éﬁ;d to the rear of the crankshaft. It
has two functions: .

1. It controls the‘speed fluctuations of the crankshaft. Without it, the
engine would run roughly. . '
2. Using the outside edge of the flywheel (normally called the ring gear),
BT gives. the starter the cabapi]ity of rotating the crankshaft in orqer
to start the engine. _ '

: . ENGINE LUBRICATION SYSTEMS 7 —

- The job of an engine's lubrication system is to reduce frictien, to aid
_-in cooling engine parts, and to keep engine parts clean. Several systems have
‘ been devised to perform the job of‘lu%rication, such das the folTowing:

Pagé 22/EP-05 ' . o




- Splash system _ .

. Barrel-type pump system ' : v »
. Oiﬁ slinger system . .

* Pressure-feed system

N
SPLASH SYSTEM , '. \
The splash system (Figure 19) uses a dipper
' on the end of the connecting rod tqrscoop up 0il
-from the crankcase and to sling it into the en-
gine bearings and cylinder walls. - .
: Rl C \
\
* ./ \ ' ' / "
A Figure 19 Splash I
. > . Lubr1cat16h System. A
BARREL-TYPE PUMP SYSTEM L | S
The barrel-type lubrication system (Figure J
20) "is a second type of system. It uses a pufnp~ t IFD! ' A
Hil .

driven by the camshaft of the engine. -The pump

8, intake Stroke

draws oil intp its central passage on its intake
stroke and discharges 1t onto eng1ne parts on’

-

b. € si Str ‘
‘the compression stroke. ompression Seroke

DY
P .
® / LLLLLr e T ‘
. s -~
c. Cutaway View . %
T -

W : . Figure 20. Barrel-Type
Lubrication Pump.

. OIL SLINGER'SYSTEM '+ - - ’

An 6%1‘slinger is used on some Brigés and Stratton engines. ”The sTinger
is partially submerged in the oil supbly in the crankshaft. As the engine
operates, a cam gear turns the s]1nger"fﬁﬁ§“brov1d1ng lubrication to engine t 4
parts - % / ®

RN
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.PRESSURE-FEED SYSTEM ) :

The most effective Tubrication system, -the one used in most Targer engines,
is the pressure-feed sySteﬁ. System parts include a pump for oil storage, a
ii;ump to ;upply pressure, aQLoil cooler to remove excess heat from the oil, and
il conditioning equipment to remove impurities from the oil. Each of these
parts will be d@ifussed in detail in the following paragraphs. Y
L . . i
048 Pan YS .

The 0i1 pan at the bottom of the crankcase performs two functféns. First,
it acts as a 6me, or reservoir, for the oil. Second, it performs the function
of a heat exchanger. Air that flows through the crankcase absorbs some of the
heat of the oil as the air fiows over the 011 supp Y- The outer s1de of ' the
pan is exposed to the environment. Heat tlansfer occurs through the. pan into

__the atmosphere.
ST, :'\\\_ L ~ &

)

0Ll Pump

The most important part of the Tubrication system is the oil pump. In
. autpmdfive f ,‘two types of pumps are used: the gear-type and the rotor-
typg'(Figu es 2la and 21b). The gear-type pump makes use of a pair of -meshing
gears to fqrce oil out through the outlet. The rotor-type pump has an innec
and qgfer rotor. As
the Tobes of the inner”

rotor move into spaces in
in the outer rotor, oil
is squeezed through the
outlet. These pumps )
force 0il through oil

s Gesr-Type b. Rotor-Type + through o011 -lines to

Figqgg 21. 0i1 Pumps. ' > < various part of the engine.-

4

048 Filter - ,

« As the oil moves through_the engine, it picks up dirt, carbon, and small
.piBces of metal. The 0i1 filter performs the function of removing these impu-
rities from the 0il. The following are the three types of filtration systems: ’

. 7 . ‘ . ) ‘ . N ,
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¢ By-pass filter
& . -+ Shunt filter
+ Full-flow filter s <j\\ 4 Ly
In a by-pass filter, only a partioq of the oil supplied by the pump to the
. J engine bearings does through the filter. The 0il is returned to the crankcase

after filtration. In a shunt-type oil-. . v
filter, only a portion of the 0il is

Y

-

o fidtered, as in the by-pass system. 10 BEARNGS

However, in a shunt system, the fil- . l
tered‘oi1,is delivered to the engine :

e el

. PRESSURE REGULATING
Qear1ngs rather than returned to the VALVE

crankcase. In the full-flow oil fil- -
ter system (Figure 22}, the oil filter

" g . u"
. - . l— PUMP . 4
’ \ C)C)
cleans the entire volume of oil as it ' ,

— passes from the pump to the bearings.

- This latter system is the most effec-\ )
tive ﬁQTtrat1on system of the three
because it filters all of the oil
.before it reaches the bearings. It is

the' one used in most automotive engines. -

_J

Figure 22. Fui]-F]oM 0il Filter.

"“A% with cogling systems, combustion eﬁgines are heavily defendent on their

- lubrication systems to operate properly. Ifgfhere is a malfunct¥dn in the sys-
tem, the engine wi]ls overheat and, possibly, will stop running completely. In
addition, proper lubrication system operation can minimize engine wear by re-
ducing.friction. T

Because o0il bféssurg is important to engine operétion, most engires have
gauges that monitor 01 pressure inside the engine. These gahgés are normally
ca11brated with just high and low readings. If the gauge indicates a low read-
1ng, the engine should be stopped immediately to prevent damage to the eng1ne,
and the problem should be corrected before the engine is restarted. .

Engine 01l level should be chécked périod}ca]]y and/or during scheduled
maintenancé actiyities. -In order to prevent an incorrect fegding of the oil
Jevel, the ehgjhe should be stoﬁped_whi]e the level is being checked. Engine
. 0il and o0il filters shauld be checked on a regular basis since extended use of
. . \ o
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. Co “ N
the same oil and filter can result\in/é/clogged filter or a breakdown of the
lubricating capability of the ott. The proper weight of 0il should be used to
achieve maximum engine efficiency. ’ - .

.

FUEL SYSTEMS’

Fuel systems for 1nterna1 combustion engines are divided into two groups‘
(1) compression-ignition engines, which can only use fuel injection and (2)
spark -ignition engines, which can use either fuel injection or carburetion.
: Both of these systems will be discussed in detail in the following paragraphs.
" FUEL INJECTION 3 )
The diesel fuel system %?ploys fuel injection to introduce fuel into the
cylinder. The fuel injection‘system must perform the following five essential
tasks: i ‘
+ Deliver fuel from storage to the fuel nozzle
- Raise fuel pressure to the level needed for atomization

( ©
\ ~

+ Measure and control the amount of fuel injected during each cycle
. Control the time of injection
+ Spray fuel into the cylinder in an atomized form for mixing and burning

ﬂf,

Types of Infection Systems

Pumps and nozzles form the basic elements of every fuel injection system. T
They monitor the fuel, raise the fuel's pressure, and spray the fuel into the
cylinder at the right time. These elements are combined in many ways,abut most
diesel fuel systems fall into the following_four categor1es
« Common rail ~ . <)
« Pump injection ’ ' ’
« Distributor ' . o .
* Unit injection
Common-rail systems (F{gure 23) feature a controlled pressure pump that
. takes the fuel from the ‘toé-e-
The fuel under pressure ‘moved to an accumulator which is joined with fuel

enters the fuel line, it goes to a pressure.

¢ -

and places it under a constant pressure.




» ' 4
J '
v . N f
relief and timing valve which.measures and R
. . . . . SPHING LOADED

controls the injection time. This opera- SPRAY VALVE
tion is performed by means of a control - ressune pever N

’: AND TIONG ¢ FUEL ws 7O OTHER CYLINOERS
level that rides on a’'camshaft. As the cam vALve — 0 7.

rotates, it depresses the control level and
opens the pressure relief and timing vé% i )

kb‘aﬂ_ow -t‘he right amount of fuel under momm_iEb

pressure to pass on through the system to- Z
. FUEL FROM TANK e
the spray valve. The spray valve then CONTROLLED PRESSURE PUMP
pushes the fuel through the nozzle and Figure 23. Common-Rail Fuel
into the cylinder in an atomized form. o Injectionfystem.

The common-rail system is net well

L)

adapted for small bore, high-speed engines, as it is difficulf to accurately
(
control the small quantity of fuel injected at each power-strolee;.« However, it

works well in large diesel engines such as those used inWy ‘pf)}r gen-

eration plants. . \ ~ f

-

Pump-injection systems (Figure 24) ° T >
depend heavily on a pump to carry out the

<<
3
bulk of the controlling and meterigg job. . :
The pump is responsible for taking the, fuel . . ]
from the fuel tank, pressurizing it, and | WhsecTion
' M NOZZLES
then metering it out through the fuel.tides HIGH PRESSURE
. . UEL ES &
to the nozzles where it is injected into FusL e /5.‘3.‘3.3311'
e s . CONTROL ‘ ACYUNDER FOR
the individual cylinders. ROCK " EACH NOZZLE
Pump~injection sy§tems must be capable
of producing high, pressures and measuring T CAMBHARY : .
small quantities of fuel with a high degree Figure 24. Pump-Injection ‘Fuel
of precision. Most operate with a constant SYSt?m"
stroke, although variable-stroke pumps are
available’ . < -
N A « ) . 4 i
v - > o




a . - Distributor pumps (Figure 25) meter
Pz NOZZLES

ETERNG ANO it to the cylinders in the proper order.
FRESRURE PMP °  This -process is accomplished by using a

metering and pressure pump, which meaures

. and pressurizés the "fuel and. sends the .
ONTR "
Ang 4, ROC meﬂered fuel to a d1str1butor The dis-

, \

o N _— tributor — usuaHy cam-actuated — then

. : sends the fuel to the proper cylinder for
. Figure 25. Distributor Fuel

. Injection System. 1nJect1on The metering pump is des1gn d

S Aso that the quantity of fuel sent to t

* d1str1butor can- be adJusted by the eng1ne
governor Although this type of fuel in-

= (.;c{,? Lo o Ject1on syStem is still in usé, it has
/~_7/;(J":~;~:'/::?L_; e 1

~

”1 -~ ROCKER‘#ﬁﬁﬁf = 5-5;7- 1arge1y been superseded on newer eng1nes.

'~?7 The un1t 1nJect1on systems (Figure

26) combine pump, fuel valve, and nozz]e

in a single housing, thus e11m1nat1ng the
. useiof high pressure fuel Tines. As the

fuel enters the injector through the fuel .

line, it enters into a supply chamber in
the centér of the unit. The motion of

. e ot s . N
F1gure 26. ;Un1trInJect1on Fuet the\1n3ector rocker.arm moves a plunger

e ! . : * “downward at one end of the suppLy chamber.

The preSsure of the plunger mov1ng down through the supply. chamber meters the
fuel and presSur1zes it. The 'pressufe activates aweedle valve, allowing the
fuel to be forced thraugh an orifice and into the cy11nder as atom1zed fuel
Un1t-1ngect10n systems greatly reduce the' distance between the pump and the
(hozzqe making them usefh] in small, h1ghlspeed eng1nes ’ .

’ Eaéﬁigf,xhe four fue] systems has a jumber of*valves and _one nozzle per

3 —‘""/ el LT

enyn&e Jo Tﬁéfvalves and nozz]es open an

e Ter e g o

close passage to cyL1nder spacé and

ﬁeoﬁverf”ﬁ1gh pressure dxese] fue1(1nto a jpray with a des1red pattern Typ1ga1 .
L

T cqmmon-rar¥=1n3ect1on systems are mechan1 ally operated needle va]ves. A
sprinﬁﬁholds thé va]ve c1osed agawnst fuel pressure (normaidy 5000 to 800C psa)

.
- ~

*

Page‘28/EP-95

fujl at a central point and then direct 2

»




-

~e

4

L]

,categories: . . . ‘

. type of-nozzle is used tb

" and compatct pattern.

-~

until the rocker, actuated by push rods from the camshaft, 1ifts the valve in

proport1on to the amount and duration of the 1n3ect1on needed.

Nozzles

_ Most fuel valves.consist of a nozzle holder, or body, that contains the
valve mechanism and a nozzle tip that atomizes the fuel. The nozzle and holder
are des{gned to carry the high pressure fuel from the fuel line through the
cy1iﬁder heat into the combustion chamber. . The fuel is delivered as a fine
spray by the nozzle tip. Nozzle tips can be divided into the following three

+ Single-hole nozzles .
« Multiple-hole nozzles
& . Pintle nozzles

S1ng]e -hole nozzles (Flgure 27) offer the advantages of a fa1r1y 1arge
opening, even i# small, h1ghfspeed engines — which usually means fewer é1ogg1ng
problems. Efficient fuel - . -
filtration is less ofa '
problem with this type of
nozzle. Multiple-hole noz-
zles are designed to dis-

CONCENTRIC GAS PRESSURE

FUEL PASSAGE'(_,

SINSLE OR  BODY-
tr1bute fuel spray to all MULTIHOLE LENGTHa; ;
TP V"R“‘BLE OPENING PRESSURE

parts of a wide, shallow
chamber. The more spray . " CONFIQURATIO
openings built into the de-

AND UIFT ADJUSTMENT

' SMPUIFIED RETURN
Oft. CONNECTION

sign,’ the smaller each open-
ing becomes —, a fact which ’

makes keeping the fuel clean .

Figure 27. Singlé-or Multiple-Hole Nozzles.
a critijcal factor. Either v ' ’

1 ‘ ’
. . .

produce, a spray of uniform

P1nt]e noz%_es are’ f1tted with t1ps that are shaped to form the spra§9
pattern desired. By shap1ng ihe t1p, spray patterns can range from a ho]low,.
cy11ﬂdr1ca1 Jet of fue] to a apered spray with an angle up to about 60°.

e e S So Cor . EP-05/Page 29
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" CARBURETTON . ' . , L

N -

Most spark-ignition eng1nes 1ntroduee i fuel-air mixtdire into the cy11nder

. for combustion. Thus, the fuel system on this type of engine .must brding the

fuel’ from the fuel tank, and it must vaporize if, mix it with an air supply, |
and move it into the 1ntake man1fo]d for debivery to the cylinder. To.accom-
plish these tasks, the spark-ignition eng1ne fuel system has the fol]ow1ng
parts: <~ - .

* Fuel pump . - ' o

+ Fuel fi]tA;: = .

« Air cleaner '

- Carburetor ' T .
» Fuel tank

» Fuel lines : . . .i;)

Fuel, Pump —

The fuel bump (Figure 28) performs the function oftkeeping a constant
supply of gasoline flowing to the carburetor. As shown in Figure 28, the fuel
pump is cam-actuated. As the cam turns, the pump arm moves up and down. The °

. R e
14 . |4

7

S \ - Figure 28. Typical Gasoline Fuel,Pump.




.

a
o

arm, in turn, moves a diaphrqgm up* and down in the bottom of* the pump. As-the*
diaphragm moves down, a valVe on the right side of the pump opens to allow fuel,
into the bottom chamber (Figure 28a)-. As the diaphragm returns to, the UP posi-
tion,.it-closes the valve. The movement of the diaphfégm,also preeg the fuel _
that s in the bottom chambe{ to go through the center valve and into the out-
let to the carburetor (Figure 28bfbg, )

¥

- s

Fuel Filter - .

» 4

w

. b
Most spark-ignition emgines- have a‘jgel filter between the fuel'pump and -
-the carburetor. These filters contain a _fige-screen to filter out impurities .
in the gesoline Some fuel systems
more than a screen placed over the fuel outlet of the tank
P .
An CLeanen
As the fuel is being fittered and pumped to the carburetor (the other
element of the combustible mixture), air is being c]eaned ~a task whith is
accomplished by the air cleaner. The three types of air c]eaper;ﬁare listed
below arid shown in Figurg 29., . o ’
' + Oil-wetted
- 0il-bath .
« Dry filter B cre . .

The 0i1-wetted cleaner (Figure'29a) hae an element of metal fiber$§ tmat are
wetawith 0il. As the air from the atmosphere passes through the cleaner,

-
-
.

=
1)

I

g |||
A
{

|\
)

a. Oli-werted - b. Oll-bath , ¢. Dry Filter

-

& )
Figure 29. Three Types pf‘Air Cleaners.

« N
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* the dusf: and small particies of dirt are caught by the oil. The oil-bath
c]eaner (Figure 29b) makes the incoming a1r turn a corner inside the cleaner.
Heav1ér than -air particles fa]] oyt of the air and are trapped by the oil. The
air then passes through a metal filter to extract the dust out of the air. The'
dry-type air cleaner (Figure 29c) uses a porous paper that allows the air to
pass freely but filters out the dust and d1rt After the air has.been c]eaned
1& flows into the carburetor ) '

¢

. Carbureton o a -

The carburetor recewes clean air and gasoline, mixes it to the mght pro-

port1on and supphes it to the engine. The principle of carburetwn is similar
to the pmﬁc.lp]e used in a common 1nsect1c1de

e — spray gun (F1gure 30). In the latter, air is .
e . Y blown over the top of a small tube, the bottom

. = "of which is immersed in a liquid. This rapidly
N .o ‘., - moving air creates a partial vacuum in the tube,
' Figure 30. Insecticide causing the liquid' to rise in the tu{)e.; As the

..
%

nd
<

Spray Gun, ; .
1iquid rises to the top, it is drawn out into
' " the air stream and s atom1zed :
A A simple car(buretor (Figure 31) works if
-, R the same way. Air is drawn
AIR HORN : ‘ © into the air horn by the vac-
. ' . uumcreatdb the piston mov- -
VENTUR! gd by the piston mov
7 1ng downward in the cyhnder

At the center of the a1r horn
is dn area of rEstmcted space

caHed a venturi. The ventum

S .\\\\\\\\\\\\\\\" .

T - speeds up the air just as the
. iz CARBURETOR ",
/ 74— BOwWL .~ air passes over the nozzle. — -~
. é P This rapid flow of air allows
METERING JE . o .
? PRIMARY me N 4 ) ) a partial vacuum to build up
. 5 P -inside the nozzle., The gaso- ’
N SR ' . , . Tine is‘sucked. out of the car-"
. . . ‘ » . . y
Figure 31. Simplified Carburetor. buretor bovg] and 1_'_1t° the
. . Page 32/EP~05 ) - o ) v ‘ e,




- nozzle; then, as it reaches the end of the nozzle, it is atomized. The fuel-

air mixture then flows _tr.n:oug'h-the intake manifold and into the cylinder. o
Fuel Tank  ° . .
.The fuel tank is used to store the gasoline for the fuel system. It is .

normaﬂy made of a material — such as galvanized steel — which keeps the fuel
clean and which does not react with the organic compounds. in the fuel.

)

Fue?. Lines

"+ Fuel lines connect the fuel tank, fuel pump, fuel filter, and carburetor
in the order hsteq. These lines — 1ike the fuel tank — must not react with ¢
the fuel.

) { (N
EFFICIENCY OF FUEL SYSTEM ’ N /1\7

The internal combustion eng1ne will not operate w1thout proper operation
of the fuel system. Therefore, monitoring instrumentation (other than a fuel '
level gauge) is not requ1red However, the carburetor. or fuel nozzle can be *
adjusted to change the amount of fuel that.is 1ntroduced into the combustion

4

LA )

chamber. Gasoline or dfesel ' ) ' \Y&
fuel needs about 15 pounds'of ) T . i
air to burn one pound of fuel ‘ é ' MAXIMUM | |~ : g N
- * =~ * POWER 1 ~ s N,
efficiently. This produges a- ' , & -
. R . — h I R z
fuel-air ratio of 15:1.  If | ] : 08 -
. . * . POWER ,l 8[ i E @
the ratio is ncreased to 16:1 4/\ . E £! \ g%:
: - O . -~
' or 17:1, thé mixture is said " ' o 2%
| ~ N > " lysE-
' to be "lean"; if it is adjusted & | = < &
. . { J
- 'below 15:1, it is said to be: \i’\ % econdy | B
.+ Frich.Y Figure 32 shows how ’ ! .
changmg the fuel-air ratio z ' ] ;~BEST &
. . . - | ( 1 | ECONOMY | <
affects both power and econqmy. i ] i . ‘ )
' s =—FICH FUEL-AIR RATIO LEAN—"

\ Fiéure 32. ' Economy Vs. Power in Internal
N ¢ - ~ o Combustion ‘Engines. +
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. ing primary functions:

them -in the fo]]pwing paragraphs.

»

, : ELECTRICAL SYSTEM - o

The electrical system of -internal combustion engines haa the three follow-

. ' e
« Igniting the fuel-air mixture

« Starting the engine

« Charging the battery

Each one of'theéeofunctions has its own comanents (which will be discussed in
detai]).‘ However, there are two components of the electrical system that are
in each subsystem: the;battery and the ignition/starting switch. Rather than

" discuss these two components under each subsystem, this module will discuss

[

Batteny o

The battery is the storage facility for electrical power in internal com-
bustian engq;:i??ﬁost automotive batteries are the 1ead-acjd type; howeveré
nickel-cadmi atteries are also widely used. Lead-acid batteries use ;eaé
p]ates which act as positive and negative ce]]s The two grohps of ‘plates are
Jo1ned to separate poles: pos1t1ve and negat1ve The number of plates used
in a batpery determine the voltage of the battery; however, most automotive bat-
terteﬁ‘af:’IZ volts. Some 6-volt batteries are used in smaller internal com-"
bustiﬁq{engines " Another component of lead-acid batteries is electro]yte a
combination of sulphur1c.ac1d‘and water. The acid reacts with the plates, pro-

+ ducing electrical -energy. >

Nickel-cadmium batteries rely on chemical reactions that can be reversed,

that is, the reactants, can,be changed back to. their original chemical state. ‘
Because of this fact, there are no by-products of thie reaction. Nickel-cadmjum

batter1es have the advantage of a_ Tong life (10“T5‘years) however ,®their

‘>

initial cost 1s h1gher than 1ead -acid batteries.
4
Ty V- ¢
IGNITION/STARTING SWITCH

The ignition/startimg switch is a simple electrical switch that has at
Ieast three, and gbmet1mes four, pos1t1ons The OFF position disengages all
e]ectr1ca1 c1%cu1ts on ‘the e'g1ne Once the proper key is 1nserted into the

-




the éwitth, it can be turned to the ON and START positions. To start the en-
gine, the key is turned to the START pos1t1on This position activates- the
start1ng circuit,rallowing tﬁe starter to turn the engine f]ywhee] and the 1g-
n1g1on circuit to allow the cylinders to fire. Once the eng1ne is started, .
the switch is turned to the OMN position, a110w1ng the starter c1rcu1t to be . .

“Thsqhgaged Ihe ignition circuit remains closed, a11ow1ng the spark plugs to
continue to f1re and the engine to operate. A fourth pos1t1on an ACCESSORY
position, §11ows accessory switches to be activated when the engine is not
operating. Thus, accessories such as the radio and windshield wipers cap be
operated off of the battery power w1thout dra1n1ng the power of the battery by
activating the other circuits. '

IGyITION SYSTEM : , ) .
Compression-ignition engines' fuel-air mixtures combust spontaneously due
to the,high hkat of the larger compression ratios. »However, to operate spark-
ignition enbines,~some way must be found to ignite the compressed fuel-air mix-
“tures. Therefore, spark-ignition engines are provided with electrical ignition
systems. These ignition systems (Figure 33) consist of the following parts:y
) * Coil, ' :
D1§tr1butor

+ Spark plugs.

oﬁqpauron . o T { ¥
. o, _ : ..
. . @ . ¢ ..

Figure 33. Schematic of a Typical-Tgmition System. ' &\;~’/7{
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Distnibutor S

e g i

Coil

The coil.
takes the voltage that is produced by the battery — normally 12 volts — and

Lfransforms it to a voltage that ‘will praduce a spark across the spark gap of
the spark plugs, approximately 24,000 volts.

The action of the coil is’ the same as that of a transformer.

The coil accomplishes this re-
quirement with two sets of internal windings: the brimary and the secondary.
The primary winding usually has 200 turns of wire, whereas the secondary has

as many as 20,000 turns. .

[ 4

i

The}purposes of. the distributor are to open and close the primary circuit
of the coil and to distribute the high voltage of the coil's secondary winding
to the spark plugs in the proper sequence. !

‘ | To .open and close the primary
the distributor

uses a cam and a set of breaker

circuit of the coil,

POINTS
. BREAKER BREAKER oints (Figure 34). The cam is
muursefg CLOSEd\‘*‘PownscWEN P (Fig ?
. F—- s,, ‘geared to the engine camshaft and

--turns "at the same speed as the crank-

shaft. As the distributor cam ro-

i , BREAKER . :
. DRECTION BOINTS tates, f set of breqker points is
OF ROTATION ) opened and closed. With the points
closed, electr1ca1 energy gradually
, Builds in the pr1mary windings of
Figure 34. Distributor ’Cam and the coil. As the p01nts are fOl"CEd

" Breaker Points. ¢ open, the priqgry circuit is.broken

— — /

/

pot duced 1nto the secondary windings.

To d1str1bute th1s h1gh~voltage of the coil' quecondary winding 'to the
spark plug, the distributor uses a rotary switch consisting of & rotor and a
cap (Figure 35). The rotor is e]eetr1ca11y attached to the secondary winding
of the coil and is also attached to the distributor camshaft. It rotates-as

and the required high voltage is in-?

. the engine operates; and as it turns, the tip of the rotor tduches the elec<

trt&aT contacts embedded in the d1str1butor cap. As it touches each contact -

Y Sy

-
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. in turn, the rotor transmits the - —
high voltage to a wire leadingy e S
to a Spaﬂs plug. ‘ . SPARK GisTRIBLTOR caP | | SPARK
A condenser is placed be- , ’“f; ~MorRoTdR Y| Puwaes.
tween the coil and the breaker ( i .

points in the distributor to /
N - ) ‘c—-l«‘/ L Yl’ .

prevent arcing across |the points.

. This -arc would burn and pit the - - :
" Figure 35. Schematit of High Voltage
points and would change the Ignition Circuit.

clearance distance between them. ' oL

- S

Chggoing the clearance affects ) ..

. the timing and causes the engine to.operate less eft;sﬁent
v .
1 ~

Spark PLugs o .
The function of the spark plug is to produce a spark in the combust1on
chamber of the engine "to 1gn1te the compressed fuel-air mixture. The h1gh
' voltage puls® from the dist {butor produces an arc across the gap. between the
center electrode of thé\pfﬁg and the ground'electrode. Normal pLug gaps vary
_from 0.12 to 0. 135 inch; howgVer, electronic-ignition systems requ1re a larger
' gap of approximately 0.15 inch.

Repaiz and Timing o4 the Ignition System. ‘ A . ce e

The breaker po1nts” condenser and rotor of the d1str1butor are often re-

placed when the engine is tuned. By removing the d1sterutor\cap_carefu]]y, S0

as not to dislodge the spark plug wires from the cap, one can observe these_J
items inside the distributor and remove them. The rotor is normail&zremOVed by
simply 11ft1ng it off of the distributor shaft.. The points can then be removed
/by unscrewing the retaining*serews. To remove the condensér one must f1rst
’unsnap the lead coming from the co11 irom the 1ead going to the condenser
Then the screws holding the condenser in place can be removed and the condenser
can be separated from>the d1str1butor base. . A i
.Replacing the components is accomplished in a manner that js just thé'.

reverse of that described above. Once the.po1nts are-in p1ace they must be -

L

gapped with a po1nt gapper to the open1ng prescribed by the manufacturer Th1s'j

v T
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. is normally accomp11shed by turning the engine over and inserting the gapper
' between the po1nts as the.distributor cam rotates. Careful attention should '
be made to ensure that the lead from thé-co11 to the condenser is disconnected;
" otherwise an electric hock will be suffered by the mechanic. Once the pomts I
are gapped the rotor—a#d distributor cap can be replaced. '
Spark plugs are another component of the electrical system that is fre- l
quently replaced due to corros1on gn electrodes When spank plugs are replaced,

they must be gapped withf a spark plug gappér (or "feeler galige") to the speci-
fication recommended #y the manufactqrer 2 .
' ' Timing of the gn1t1on system is normally accomp11she by rotating the
distributor unti t1m1ng marks on the block and on the harmonic balancer (front
. enocof the cranksha?f)'ére aligned. Since engine rotation prectideS seeing the
mark on the harmonic balancer, a timing light (which is a simple stroboscope)
js inserted between the distributor and the spark plug in the number one cytin-
der. Insert1ng the timing light in the c1rcu1t causes the light to operate at
. a specified time. By shining the 1light at the harmonic balancer, the t1m1ng Ve
- mark can be seen. Ratating the distrjbutor causes this mark to move in rela-
tion to "the mark on'the block. “Tfice the two lines are aligned, the engine js

timed. : o .

: STARTING sm% ' N \ 1
.. Small ipternal combustion.engines are normally hand cranked; .however, ‘ ?

N
. larger engines reqwe type of electrical starting system. In( addition

, ' - S . to a battery and @n
4 ) ~ ' r
s . ; ignition/starting
. . IGNITION AND .

¥ . STARTING SWITCH - switch, these systgms
-~ ! . .
3 (Figure 36) consist)of
, SOLENOD a solenoid and a stdrt-
. " ’ ing motor. ‘ R
’ : BATTERY . . . x
* » R b.~
v, '. “ N

. . sfmtao'ron . v —~ . o
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fhe,funotion of the solenoid is {1) to provide the magnetic'force required
to engage the' starter'pinion gear with the flywheel ring gear and (2) to close
the electrical circuit between the battery and the starter motor (Figure 37).

Solenoid

¥

\

- ¥ TOR . e
/ STARTING MQIOR o ywHEEL ,

'a. Pinion Gear Disengaged b. Pinion Gear Engaged

- . s

- - . 4

Figure 37. Operation of the Soienoid.

~

'

e —— e a

When the starter switsybfs activated, a sma11 current flows from the battery to
the solenoid. The magnetic field produced by this current pulls the so]eno1d§
plunger into the coil, engaging the p1n1on gear and closing the so]eno1d sw1tch

+ =

v

k] ) N . . . ¢

Stanter Motor -, : . Co S e

- -

I
.

The starter motor is a ser1es d.c. motor ‘that- converts electr1ca1 energy

- into mechan1ca1 energy to turn the flywheel. It must produce high. torque- 1n
“order to. overcome 1nert1a1 forces of the engine and to withstand h{ph rpm “once

the eng1ne is started and before the starter is d1sengaged ‘In order\to achieve
the high torque requirements, a high gear ratio of approximately 16:1 is used

_ between ‘the starter pinion gear and%the ring gear on.the flywheel. Nprmal en-
gjne start1hg rpm/fgfopprox1mate1y 200 therefore, a starter motor with a gear
rat1a.of 16:1 must turn at 3200 rpm.to start an engine.- Th1s speed represents
na.problem to the starter motor. However, once the engﬁne starts, it 1d1es at

) . about 800 rpm‘- Th1s speed drzves the starter motor to 12,800 rpm un]ess the

\ ~
oy ¢ v . .
SR . , . L/
.
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pjnion gear is quickly disengaged.~_Thus, the starter motor\;;;§t§§ more dura- =
ble than the average electric motor in order to withstand the higher rpms.
» Most s}arter motors require about 350 A. oL

S

The function of the charging system on internal combustion engines is to

- ~
-~

4

CHARGING SYSTEM

1)

provide the eleétrical power required to operate engine accessaries and to

- < preplenish the battery's electrical power. To accomblish these functiens, the

chargihb system has the fol]ow{dﬁ parts (Figure 38) in additjon to the ignition/ l
‘starting switch and the battery discussed previously: . ) ' '
- Alternator/generator T .
- Voltage regulator T s

. Ammeter

I;qs

REGULATOR H ' .

4

. ATTERY
ﬁv - - B - -

figure 38. Schematic of.a Charging System.

t . - LAY

ctmcearan

Alstennaton/Generaton :

-

The function’of the alternator or generator is‘to_pEBduce electrical power
for operating accessorjes Br‘charging the batté?y. Either unit is normally
mounted on the front of the eﬁgine and is belt driven by-the crankshaft. A
generator produces direct éurrent; an alternator produces élternating current°
which is rectified to produce d.b. qyr}ent.\ Generatprs have largely been re-

°r bLgcedQEy alternatiqg systems becausg a}}erngtors produce‘moré electrical power
gt all 'engine speeds. This fact is gspec?a]]y importantlin the é%tomotive :

" A

¥
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1

field due to the incgease'in electrically powered accessories and to the re-
quirements of powering these accessories while the engine ¥s idding or runnidﬁ
at a Tow rpm. ' ‘ . o~

Voltage Reguﬁatoa VL e

- . ¢

The output voltage of an alfernator or generator varies with engine speed
but a-constant voltage js required for operation of the engine electrical sys-

tem. The voltage regu]ator is an electronic c¢ircuit that regulates the varying |
alternator or generator voltage to deliver a constant voltage to the eng1ne
* pléctrital system.
33
fa\mme,t?/t

4

The. amm@ter is used to monitor the operat1on of the charging system and
jt measures the current flowing through the system Often it is cal1b;\ted -
only with charging, discharging, and neutral positions. If the system is
high]y charging immediately after theéeggﬁne is starteqzxxhen the ammeter indi-
cates that™{he. battery e]ectrica] powbr used to stArt the endine. is being re-
plenished, After the eng1ne ﬁas been operating fji a ‘short period of time , the
. ammeter should show a }ead1ng closer to the neutral point. Lf the ammeteg con-

tinues to show Iarg charge being tran5m1tted to the battery after the eng1ne‘
has been running a considerable length of time, theresis some fault in the,
charging circyit — either with the voltage, regiflator or with the battery. After L
the engine is warmed up and operational, the deszred ammeter read1ng is one . -
that is slightly closer to the charging side of the neutral point., If, for .
some reason, the ammeter should show a d1scharge-read1ng, there 1s some prob]em °
in the system. B ther the voltage yegulator or a]ternator/gegerator could»be

faulty. . o ) , v

~
-~

. EXERCISES.”

r]

b3 |
Exp]am the advantages and d1s}dvantages égf St1rhng %gines
e

2. - Exp1a1n the advantages and d1sadvantages o? ‘the Wank
Exp1a1n the funct1on of the r1ngs bn the p1ston of a rec1procat1ng\eng1ne

’ .{ v ; : - - 2 l ~
S 5ol o erosedee'ty

LY

rotary eng1ne . } )
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4. Explain the opgration of the fo}lowing electrical sgbsystems in a spark-
1gﬁition engine (include the function of each component):
. a. Ignition system o
~ b. §§Szfing system - c ) .
‘c. Charging system » *
Explaifi the operation of the valve train_of a reciprocating engine.
6. Explain the operation of the thermostat in a water-cooled engine. Why is
-4’r' controlting engine temperatyre‘important? .

LABORATORY MATERIALS

gpark-ignition engine with at least four cyclinders.
Set of breaker points that fits the engine.

Condenser that fits the engine. .

Rotor that fits the engine.

Feeler gauge for breaker points. SN .

; N Tiging light. P .

Set of wrenches.
L)
Screwdriver set. §

o
e

{ ..

LABORATORY PROCEDURES ¢

4

1. Remove the distributor:cdp. \ \

2. Remove the rotor, condenser, and breaker points from the distributor.

3. Replace o]d'parts with new points, a condenser, and a rotor. Do ‘not con-
nect the coil wire to the condenser. ’ & '

Qap the points to prescribed me?suremeﬁt\uﬂth the feeler gauge.

Connect the coil wire to the condenser.

4
5
6 Replace the distributor cap. .
§>22’ Insert the timing light betweer the number one cy]in?er‘and the corresponding

spark plug wire. f
8. Timé the engine. ,/ )

-
0
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9. In the Data Table, Tist the steps that were performed in gapping the
points and timing the engine. Then, discuss any problems encountered Gand

. how they were solved. .,
. .
DATA TABLE
- DATA TABLE. ‘
oy Steps in Gapping the Points;
\y g _
e ” ) : i

Steps in Timing the Engine:

o..
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, . - INTRODUCTION

. A turbine is an ‘energy converter that changes the kinetic energy of a moving
fluid to .the mechanical energy of a rotating shaft. Most turbines use steam, air,
or water as\nork1ng fluids. Steam turbines are used to power ships and most large
electrical generators Gas turbTﬁ%s power jet a1rcraft and medium-sized generators
The energy of falling w\ier is converted to e]ectr1ca1 energy by hydraulic turbines.

This module discusses the design,-operation, and application of the above
types of turbines. Major emphasis is placed on steam turbines because of their,
major role in electrical power production. In the laboratory, the student will
operate a small hydraulic impulse turbise.

" PREREQUISITES

~
— _

13 \J

4 .
The student should have completed Fundamentals of Energy Technology.

OBJECTIVES

Upon comp]et1on of th1s module, the student should ‘be able to:
j L1st the three major components of a simple steam turbine and state :
the purpose of each.
2. Sketch the shape ‘of the nozzle vanes and rotor buckets that are
components of the following types of steam turb1nes o
a. Impulse turbine \
b. Reaotion turbine '
3.  Draw side views of the nozzles and rotor and stator blades that are
components of the fo]]ow}ng types of turbines:

,

L

Combination impulse ‘reaction turbine o

a. Single-stage impulse turbine
b.  Velocity-stage impulse turoane e 7
c. Pressure-stage 1mpulse turbine - A3 L
d. Comb1nat1on pressure- and velocity- stage 1mpulse turb1ne - .

e Reaction turbine * N : ) , ‘ -
f.

o




1..- "(‘ B - ' ' Vel

4. \\E{p1afn the operation.,of thg,ﬁo1lowing steam turbihe componeﬁggj\\\

L " Diffuser nozzle v
b. Blade seals

by J
Carbon ring seal - | ~

Labyriﬁ%h seal

Extraction port

c
d

e, Steam_phest_\
f
9

- Turning gear ,

. Explain the aavantage of’a double-flow turbine over a single-flow turbine.
Explain the differences in operatiod, efficiency, and application of
condensing turbines and non-coﬁdensing turbines.

7. Explain the ope;étion and application of the folTowing turbine systems:

 f . a. Mixed pressure turbine ‘

~

b. E%Fraction turbine L ‘
ca\ Reheat turbine o . ) :
8. ‘ Draw and label a diagram showing the basic components of a gas'turbine
_and explain the purpose of each component. i
9. Explain the design and operation of the two common types of combustors.
10. Describe -characteristics of gas turbines\that‘make them suited for the
following applications: S '
N a. Jet aircraft power .plants
b.  Stand-by electrical power for peak loads
¢c. Rural voltage booster.stations

11.  List four fype§'of hydraulic turbines and state the approximate head

.

~height used with each type.
» .
12.  List thg two major classes of wind turbines.

M



SUBJECT MATTER

STEAM TURBINES

A steam turbine is a form of heat engine in which the thermal energy of
high temperature, h1gh\pressure steam is converted to kinetic energy by allowing
" the steam to expand through a nozzle. The steam jet is d1rected at blades con-
nected to a rotating shaft. The force of the steam against the blades produces
torque that turns the shaft., ‘ -
) Steam turbines are.the most efficient devices available for converting
"thermal energy to mechanical energy on a large scale. They are w1de1y used in
.the product?BH_Bf electricity and as the power source for large sh1ps The
turbines used in these systems are designed to extract thexmaximum energy from
the steam that passes through them. They are called condehsihg turbines because
they condense the steam back into liquid water. ,
In many industrial power systems, steam is usqg as a medium of heat transfer —
. that is, the purpose of the power system is to deliver steam, not to-do mechanical
N work. Such systems require mechan1cal energy to drive pumps, fans, auxiliary 7
geﬁeratoys, arfd other support equipment. This energy is often supplied by non-
condensing steam turbines that convert a port1on of the thermal energy of, the '
steam to mechanical work. The steam leaving such a turbine still contains
" sufficient heat energy to be used in heating processes.

\ e

s .THE SIMPLE STEAM TURBINE

.

The three basic components of & simple steam turbine are as follows:
+ A nozzle for-expanding the steam and directing it
toward the blades of.the turbine rotor. .
« A rotor with blades, that change the direction of the ,
) stearf( jet and, thus, produce output torque.
+ A casing to contain the expanding steam and to direct’
it through the rotor blades. — " .. ‘
' Figure 1 is a simple steam, turbine called a solid-wheel\turbine. The rotor
qeof this turbine is & cast wheel with circular éups'located around the rim. A
nozz]e d1re;ts expanding steam into one side of the circular cup. The steam
sw1rls through the }cup and the depress1ons ip. the turbine casing. Only a portion
of the casing is shown in Figure 1. 'The escap1ng steam 1s actually contained

o EP-06/Page 3,
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Impulse Stage Blading.g~
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s N ‘

. , \ingide the casing and is piped away to per-
' _form other work. ¢

\\\\\\\ " The solid-wheel turbine converts only

o, a gﬁactipn of the input thermal energy into
mechanical work; but this fraction is con-
veyted efficiently, and the energy remain-
“ing in fh@ steam is used elsewhere. The
solid-wheel turbine is ene of the simpiést

and most durable and dependable energy con-

verters ever devised. It has been widely

, ’ used to drive auxiliary equipment in steam

Figure 1. Solid-Wheel
Turbine. ) .
- - The rotor of a more efficient, modegy

’ ' steam turbine consists of a series of blades

heating systems for much of this century. -

L4

or vanes connected radially to a central shaft. Two shapes of roter blades are
commonly used.. Modern turbines are classified, according to rotor blade shape,
as either impulse turbines oﬂ’reaction turbines.

IMPULSE- TURBINES “

The shape of the'nozzle vanes and rotor buckets of an 1mpulse turb]ne are |
* shown in Figure 2. The steam.expands through the nozzle vanes, reduci ng.steam
'} pressure aﬁd'increasing steam velocity. The con-
cave surfaces of the half-moon-shaped buckets
chagge the d1rect1on of flow of the steam and are

“a—— STEAM IN

steam turbines have this characteristic rotor blade
shape. Pressure drops and velocity increases occur
.in 1mpu]se turbines only in the nozzles.

.
* [

- . ‘
.
R
v L 4

Figure 2. Schematic-of

’
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S&ngﬂe-Stage Impulse Turbine

. F1§ure 3 shows top and s1de views of
the steam nozzles and‘buckets of a single-
stage jmpulse turbine. This non-condensing
turbine is used for the same app11¢at1ons
as ‘the sol1d wheel turb1ne, but it cohverts
a greatar precentﬁge of the input thermal
energy to mechanical work. Single-stage
impu]se'turbines can have efficiencies as
high as 60%.

thermal energy rema1ns in the stedm for i

Forty percent of the original

yfuture use. .
.o, T n S /

' Velocity-Stage Impulie Twribine

., Greater turbine efficiency can be
ach1eved by add1ng a set o? fixed blades
and another set of mov1n§»b1ades to the

, single-stage turb1ne to produce the
velocity-stage impulse turbine shown

in/Fjgure 4. . o :\

Figure 5 shows the steam flow

through such a turbine. The fixed

blades -following the first set of v
s, moving blades rédirect’ the steam to
produce forece on the second set of + U
. moving blades. In the veloc1ty -stdge
turb1ne the steam pressure is con-
-~ verted to velocity ‘at a singMe noz- N
zle. This constant velocity steam is
then used to drive two or more sg&s of

turbine blades.

hel ) .
. ) N
STEAM (%

A B e ittt
\? ToP
é VIEW

Figure 3. Top and Side Views
of Single-Stage Impulse
Turbine. °

N

~

’/I//IIII(//III//////I. .

Top and Side.Views of

Figure 4.
’ <Xeloc1ty Stage Impu]se Turbine.
N \

.ﬁ

&XR

R ) ) i3,
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o ) ;) toms k
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Y

.
.
N .
-
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.
- . .

- Figure 5. Double-Row Curtis Tur-

bine_ (Velocity Staging).
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. Pressune-Stage Impulse Turbine L .
o b }
Figure 6 shows a pressure-stage Tmpulse turb1ne which, essent1a11y,

-
<

?wo or more comp]ete s1ng]e stage turbines, conmected in series in a s1ng]e
~-casing. The stages.are sepaegted by
nozzles that reduce the steam pressure in

steps, with a. Tower pressure in each
. succeeding stage. The volumé of each

N
=V |

|
i
vz ]
777
i

stage is larger than the last in order -

1))}

];‘o‘; to allow for steam expansion, and the
\ L

NN

‘rotor blades are larger in the lower ) -

* Figure 6. . Top and Side Views pressure stages in oﬁder to-maximize effi-

of Pressure-Stage ciency.
Impulse Turbine.

.

. ¢ . e '
Cembination Pressure- qﬁﬁ/UEkocity-Stage Turbine

-

Figure 7 shows a turbine that combines both pressure-stagﬁng and velocity
staging in order to achieve maximum turbine eff1c1ency . *
- Ve]oc1tyLstage pressure-stage, and combination- stagej}mpulse turbines ¢
are used in eTectr1ca1 power production and mar1ne power. In most systems, X

Ne— - several turbines are connected on a: s1ng]e shift and operate in principle -
as a combination pressure- and velocity-sStage turbine, even though individual ’
turbine units may have a different design. The' high pressure sectigns of \ »

such systems operate as non condensing °

° - turbines, 0ass1nq steam on to the lower
ﬂ@@ ]m pressure sect1ons The last ‘turbine . * °

view section is usual]y a'condens1ng thb1ne 2
STEM _ e e e e m e m = The output from thi's stage\coqs1sts of

?E z E ?E - wor | - Tiquid water and water vapor‘at_pre‘ssyres )

~ - ~ - below atmospheric pressure.’ Such turbines

. n~n ~ can be constructed with efficiencies of = °

) Figure 7.7 Top ghd Side Views - 90%, o

- . ; of Combination Pressure- and
Velocity-Stage Turbine

S o A \ . ' . ’ : ‘ .
‘) ‘ . - ‘ R . .."




. than the preced1ng set

, acts as an expanding nozzie for the next set.

" - 'REACTI ON TURBINES

F1gure 8 shows the nozz]e vanes and mov1ng buckets of a reaction turb1ne .’

The moving bucE‘ts of this turbine have theCsame shape as the nozzle vanes. -
A compieted reaction turbine consists of ‘several alternating sets of f1xed and
moving vanes, as shown'in Figure 9. Each set of vanes is larger and. 1onger

- In 1mpulse turbxnes pressure drops and

- Y

ve]oc1ty 1ncreases occur only at the hozzles. In,
the reaction tyrbine, they occur at each set\of .

—~+———STEAM N

blades, . both fixed ‘and moving. Each set of vaneS'

Reactian turbines are the most efficient type,
w1th peak efficiencies of s11ght1y over 90%.

F1gure 10 shows a combination impulse- -reaction
turbine. Most of the‘therma1 energy is caqnverted

to mechanical energy.ip the impulse section of, the .: .-

. . . NOZZLE - MOVING
turbine. The remaining therma] energy s con- - ’ | VANES~"R ' BUCKETS.
verted to mechan1ca1 energy by the h1gh1y o ] S

Figure-8. Schematic
efficient. react1on turbine. <dp this system, _ of Reaction-Stage
he%react1on tUrb1ne usua11y acts as a - " Blading.
condensing turb1ne The 1mpulse react1on

turbine is the most, popu]ar—sonf1gurat1on for e]ectr1ca1 power product1on,

but mu1t1stggeqampulse turbines dre a]so used. . .. .
. \ - E N N ,

I Y - ’

T

sioE |° ’
Fview |° ,
. ’
‘Q /\/\/\/\/\_
NN N AN SN
YNNI _;g;,
NSNS NADNSSN - ’
Mh(lﬁ(lh(lﬁ(lh '
F1gure 9., Top and S1de V1ew of ' E Figure 10 Comb1nation
React1on Turb1ne . "~ Impulse- React1on Turbine:
. -
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SFEAM TURBINE DESIGN FEATURES P

= FE
Iﬁbu]se and reactien turbines differ only in the shape of their rotor
blades. The following descriptions of construction details apply to both types.

Nozzles “ ] : :

Figure 11 shows two nozzle designs used in steam turbines. The converging
nbzz1e>(Figure 11a) constricts the flow of steam to produce a jet steam af high
pressure. The diffusing nozzle (Figure 11b) includes a diffuser sectidn that
(esﬁ1ts in more expansion of the steam, greater pressure drop, and higher steam®
veloecity. Figure 12°is a diagram showing the inlet, thr&ét, and dszuser of
a typical nozzle. « o LI i

© Most nozz]eg are the d{ffuser type; since higher>steam velocity produces
_greater tordue. Constricting nozzles are often used in fhe hTgh pressure stage

. of multistage sfeam turbines and in gas turbine jet ‘engines.

-

& |flen @y

STEAM JET

CONVERGING DIVERGING
NOZZLE - , NOZZLE

PR

Figure 11. Two Types of Nozzles Used in Steam Turbines.

Figure:12 shdws the nozz1® block of a

steam turbine. The individual nozzles-are
arranged around the nozzle block in order
to distribute éteam_conpinua]]y‘to most of .
the turbine blades.

© Fidure 12.° Typical Nozzle -
*Block with Three Groups
of Converging Nozzles. -

; Page 8/EP-06,




RoZon

»

Figure 13 shows a single xotor blade of a steam turbine. The blade root
fits into a s]oE\ip the rotor whdl, as shown in Figure 14. The tenon on the
other end of the blade fits\{nt¢a slot in a circular: '

shroud around the blades. . ' TENON

The blades in the initial stages of‘a turbine come
into contact with superheated steam and must withstand ‘//BLADE
high- temperatures without warping or deterioration:” Jhese - -
blades are made of high strgngth steel al]oys..‘Tﬁe blades
in the condensing section of the turbine are in contéct ///ROOT
with wet steam and water and are made of corrosion resis-
tant steel alloys. .- .

The centers of thg_rotor wheels are_keyed to the\ g;gzgeol3é ‘
turbine shaft. Rotors are often constructed by simply ¢ Rotor Blade.
stackiné the assembled rotor wheels and spacer5r5h the shaft. . it

. CaALk§ e , :

. The turbine casing
encloses the rotor and holds
the. nozzle blocks, stators

" . (stationary blade rings),
bearings, and other stationary
parts. High-pressure turbine
casings are constructed of 7
spgcial]y alloyed steel to : ?1gure T4. Parts of"a Rotor. .
- withstand the high pressures and . 3
temperatures of the steam. Low p}essuFe turbine casings can be made of either

cast iron or low-carbon steel. Casings are constructed in halves, with the !~

casing.sp]it horizontally — which allows access to. the, interior of the turbine .
by lifting off the top casing half. In larger turbines and some smaller ones,
the ca§ing contains @ §eparate.cy]jnder that §uppor§s the stator rjngs and .,
nozzle blocks. In these turbines, the cylinder is also split in+half, and -the
top half 1ifts off with the casing. ; )

r

t .
. . -
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¢ . . Y EP-06/Page 9

“” , - -
§ . 2 s~ ; AT
LI . OD
. .. . 0
- * L}

>




Blade Seals el
Figure 15 shows ‘the blade seals .
1 _sratons betwéen adjacent blade sets\in a reaction '
ROTOR ‘ turbine or a velocity-stage turbine. _The
SHROUOS BLADES . . ’
7ITED. ~ sealing strips for the rotor blades ex-
. .t DIRECTION OF . “
ot ~oTEAm FLOW tend from the cy]1gﬂen walls almost to

the shrouds of the rotor. The strips
for the g?étor blades are located on

cAking SEoueENTS the rotor shaft. As shown in Figure 15,
Figure 15. Positioning and there is some space between the shrouds
Mounting of Stator Blading. ’Z?d sealing strips that allows for uneven
_ ] ____Axpansion and contraction of-the rotor
. ) STEAM and cylinder during operation.
§ '3 ﬂ Immen 8PRING -
$ —— o B Shaft Seats .
N\ Lo8TEAM o ’
§“ TURBINE SHAFT . Two types of shaft seals are commonly
' used on steam turbines. Smaller models «
+ employ the ring seals shown in Figure 16.
- ‘ The rings a?e«usua]]y made of carbdn, j
CARBON RINGS .
| but other materials can be used. Each

ring is split into three equa1.segments,
which are held against the turbine shaft
by garter springs. In Figure 16, steam

Figure 16. Carbon Rings

is introduced, between two of the rings
?

to prevent air from entering.the turbine;
byt this is not always done. - -
- Figure 17 shows the labyrinth seals

used on larger steam turbines.. The
labyrinth packing is made of soft“white-
metal and fits the shaft flosely. Steam
introduced between .the two labyrinth ‘
sections prevents air from entering the °

' , turbine. Some labyrinth seals also have
Figure 17. Labyrinth Gland. vacuum sections that keep steam from
escaping into the air. . ’

A
»
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§;eam Lhest

" Extraction Ponts

Be#vu_ngé ' . - \ )
; The turbine shaft is supported by bearings mounted on the casing external-
td thexshaft seals. . A1l large turbine$ use pressure-lubricated journal bear1ngs
of’e1ther the p1a1n or self- a11gn1ng type. Packing in the bearings and shaft
sea]s assures that no oil from the bearing ca#n enter the turbine and contaminate
the steam. . $ \

f Thrust bear1ngs are, des1gned to resist the shaft end thrust produced by
the steam pressure d1fferbnt1a1 ai:zss the turbine b]ad1ng Several common

types of thrust bear1ngs can be us

1 -

r‘

{
i

~

. The steam chest is the intake man1fo]d of the turbine which receives steam

ffrom the boiler and routes it to the appropriate nozzle block. It contains

the throttling valve for the turbine,

turn1ng gear This gear is used to bring the turbjne up to about 60% of its
running speed before steam is app11ed When .an opgrat1ng tﬁ?blne is shut
down the turn1ng gear keeps the rotor turning while the turb1ne cools.

.

Steam FLaw Paths |-

Figure 18 shows four possible steam flow paths for mu1t1stage turb1nes

.S1no1e-flow turbines (F1gure 18a) have a single casing with a]T stages in Tine.

The steam enters one end and leaves the other.
. Double-flow turbines (Figure 18b) sp]1t§§he 1nput steam between two ‘identi-
Eal.paths. Each of the identical turbine halves- has a high pressure section at

EP-06/Page 11
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STEAM

PATH
=Ple/ UL\ OUTPUT
e | {" TRy shaFy
EXHAUST _EXHAUST
. . STEAM . ‘ STEAM
&  Single-Flow Turbine ; ¢. Two-Casing Double-Flow Turbine
STEAM srsir PATH
. PATH RS .
T outhur 5.
v l SHAFTS -]

. ﬂ;:; ‘ “ )
(Pr-

- EXHAUST

STEAM EXHAUST STEAM
b. Double-Flow Turbine d. Two-Casing Double-Flow Turbine

» " Figure 18. Steam Flow Paths for Mu]thtage Turbines.

'

the outer end and a Tow pressure section in the center. Most of the ]ay‘gest ‘
steam turb1nes (up to 1,000,600 kW) are designed in this manner because the
axial thrust of thé two turbine halves offset each other.
Figures 18c and 18d show two possible configurations of two- casmg,
double-flow turbine systems.
z .

- STEAM TURBINE SYSTEMS AND APPLICATIONS-

-~

Steam turbines are commercially available in a large number of configura-
tions in.sizes from a few horsepower to a million horsepower. Turbines are
classified according to their size (power rating) and to the cond1t1ons of
their 1'nbut and output steam. Most turbine systems fall into one or more of

the fo]]owingc/atj;gqies.. . > 5

& s . : N
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Condensing Turbines

W Condensing turbines are designed to éxtract the maximum thermal energy
_(’ .from the input steam. The output of such turbines is'1iquid water and Tow
iﬁ?essure water vapor. The 6utput port of the turbine is connected to'a
-“condenger that maintains an exhaust pressure of less than atmospheric pressure
in order to increase turbine efficiency. Condensing turbines can be aesigned
to operate at high (more than 400 psig), intermediate (150-450 psig), or Tow
(less than 150 psig) input steam pressures. Most electrical generating sta-
tions are powered by high pressure condensing turbines. Most marine turbines
are~gn;ermed1ate hr Tow pressure condensing turbins. ., (

\ N #
Non-Condens.ing Twibines .

T:\\output of a non-condensing turbine is steam which contains sufficient
thermal energy for other uses. Most auxiliary steam turbines are this type.
Large non- condens1ng turbines-are used in applications requiring both electri-
cal” energy and steam. The output steam from the turbine can be used for -
env1ronmen;a1 or industrial heating.

/ .
Mixed P%g@éune Turbines |

Figure 19 shows the steam flow in d m1xed pressure turbine. “This turbine
has,a high pressure inlet connected directly to a bofTEF'——'b11er steam is

N alsh used for some other process which « .
\;owers jts temperature and pressure but ¢ )
eaves recoverable energy in-the s;eam.

lower pressure stage of the turbine.

y
This used Eteam is introduced into a M A l‘ll llll

 Extradtion Turbine )

In the extract1on turbine (F1gure 20) .

: FROM PROCESS OR
-all the input steam enters from the EXISTING EQUIPMENT 10 52‘,’,}3‘;3},53

boiler and passes through the high . ~ .
Figure 19. Mixed
pressure section of the turbine. A Pressure Turbine.

portion of the cooler, lower-

pressure steam is extracted for -
external use, and the remainder .
s

o
",




EXHAUST - _
¢ Figure 20. Single Automatic . N
Extraction Turbine. . <

\

continues through the Tow pressure section of the turbine.
, Both extraction and mixed pressure turbines are widely used to achieve
maximum efficiency in steam driven power systems. Most are the condensing

type.

Reheat Tunbines ‘ \ _

F}gure 21 shows é reheat turbine, Afte} tﬁé high pressure steam has
expanded through a h1gh pressure tdrbine sqage, it is extracted, reheated to
- appnox1mate1y its or1g1na] temperature, and 1@ffoduced into _the next turbine
staoe Reheat turb1nes provide the most eff1c1ent system of electrical power

‘product1nn , ’ . ‘

T o\ REHEATER . T T

-~/ .

- . . STEAM »

{ : > ‘ ) EXHAUST
-~ ’

Figure 21. Single-Reheat Turbine.+
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GAS TURBTNSS

Gas_turbines are designed to produce shaft rotation by compressing and
heating air and, then, expanding the air through a turb}ne The mechanism
by which the shaft is turned is the same as that in thg steam turbine, but
the working medium is air. The major difference in the operation of a gas T .
turbine and a steam turbine is the source of heat energy. The steam turbine
recejves heat energy in the form 0f steam from an external rboiler. The gas
turj;qe burns a 1iquid or gas fuel internally to produce the required heat

energy. Q
AR >
1 EXHAUST
COMBUSTOR
»
FuE - EXHAUST
/svstsu )
INTAKE . e
|~ 8YSTEM . J'Lr -
. \ . e
A 5
— l l NS I LOAD
O ; = 2 = L. g |
= ' J 7 ==
( SHAFT couPLNG
N h - /
COMPRESSOR | TURBINE
~» B . . ) : v ’

Figure 22. Schematic of a Simple Gas Turbine.

Figuré 22 shows the major components of a gas turb1ne ‘ A1r enters the
intake sy$tem, is compressed by the compressor, and is forced 1nto the combustor
where fuel is added and ignited. The heated air expands through the turbine,
produc1ng rotational motion; then it is exhausted through an exhaust system.

Tr(e rotational motion of the turbine dmves the compressor . ' .
. Gas turbines used for electrical power product1on are-designed to convert

most of the thermal energy of the air to mechanical energy. They exhaust low

ve]oc1ty ajr at atmospheric pressure. Gas turbines used to power aircraft

produce only enough mechanical energy to run the compressor.: Most of the energy
leaves the turbiné in the form of high ve]ocit¥ exhaust which pushes the.air-

.
o LY

craft forward. ] ' T 3 e

Y- clet

- ' " EP-06/Page 15
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ol GAS TURBINE DESféN FEATURES T _ . :

.

As shown in Figure 22, the five maJor components of a gas turbine are
.the following: .t C
« Air intake system )
- Compressor _
+ Combustor . . : PN
« Turbine ¢ . ' ) R
« Exhaust system ‘

ALt Tntake System

The air intake system of a gas turbine perfesms one.or more of the follow-

ing functions: !

- Air filtration '

« Air coolting (for greater compressor efficiency) - -
+ Sound muff]ing‘(to protect personnel) )

. Anti-icing protection and weathér insulation .

~ . ’ L

Cbmpaeéson o ; . .
h\ 14
After env1ronmenta1 air 1eaves the a1r intake system, it enters the cam-
pressor. The compressor -increases the air pressure to approx1mate1y 50- 75
‘~ psig. Two types of compressors are commonly used. k
) Figure 23a shows the rotor of a centrifugal compressor., Air enters the )
center of the jmpeller and is forced through the outside s]ots by centr1fuga1
action. S1nce the outside area of the air passage is sma]]er the air is \\<:
compressed, x )
-\ ’ A
\ a, Centrifugal . b, Axiai .

Figure 23. "Rotors %or Two Types of Compressors. o0
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Figlre 23b showc the rotor.of an agfél compfeéﬁor.; This is a reaction
turbine with the curve of ifs rotor blades reversed. Instead of allowing the
gas paséing through it to expand and speed up, it reduces velocity and increases

-

Axial compressors.are more efficient than centrifugal compressors, but X

-

pressure.

.théy are also heavier and larger. Both types have been used for aircraft

LI

plants and electrical power producqion. g

Combuston ' ' .

-

" After the.pressurized air leaves the compré;sdr, it enters the combustor
where fuel is, added and burned. . Normal combustion occurs with 15 parts of air
(by weight) to one part of fuel. In-gas turbihesa'the mixture is closer fo
70 or 80 parts of air to one part offfuel. This mixture is fequired to cool
the air entering the turbine blades, but it is also difficult to ignite and
will not sustain evigjkbmbustion. The combustor solves this problem by mixing
the' fuel with only’d portion of thegair before combustion. Two types of com-
] <" bustors are in common use. .i;~¥~s' . .
Figure 24 sho\s the flamé-tube combustor common]y used on stationary gas |
turbines. The combustor tube is filled with small holes that allow some air
td enter it aqd to mix with thqifuel in;idg. 'The/remainﬁgr_pf the air flows
atound.the tube and cools it. Cbmbustign:tgkes place continuously inside the )
flame tube, and the gases mix before they reach the turbire.

. N : . » - N ’
- - < . . ~
> > . FUEL MANIFOLD )
i ghe - i ot

~%
FLAME-TUBE

20

TUBULAR COMBUSTION CHAMBER

’ L]

ot

Figure 24. Cross Sectiof of Turbine with Tubular Combustor 2
. . . and Centrifugal Compressor. '

- 4 ﬁ Cf . \ : 3
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Figure 25 shows the annular combus tor after it is used im aircraft gas
turbines. The annuaT combust1on chambers are rings around the outside’ of%
P ' B g?x _ the compressor-to-turbine

o . 5 © 7 air passage. The entire
AXIAL COMPRESSOR BLADES COMBUSJION CHAMBER
) : S flow of air moves through
; _ the combustion chamber, but
A it is split so only a small

.

’ ' 9 pogtion.of the air enters
Figure 25. Cross Section o¥ an “. . y
Annular Combustion Ehamber. the immediate area of COT'

. bustion.
2 .
‘ g.:“ x tot . e
& ¢ e ‘ ¢ o
The heated gas (650-1700°F, depending on turbine design) leavpes the

combustor and expands through the «tyrbine. Several designs have been used

Turbine

for gas turb1 es, but most are reaction tUrb1nes w1th three or folr rotor ~

M A ® - 1
- N - /
.
-~ ' . ° . P

L d - -

Exhaust System . _ . , . -

wheels. ‘ v

The exhaust system returns the exhaust gases to the atmosphere or intro-
“duces them into anotheraheat1ng system Fidure 26 shows a recuperative .ex- ¥
'haust system that uses exhaust gases to heat ¥nput air after it has bwen, .
compressed. Since the exhaust gas still contains 80% of its original free -~ -
oxygen content, it can be used as, the a1r 1nput tg the furnace of a steam '

b011er , “ . N §

s v\ §
lél o ?‘& \
C€MEUSTION
HAMBER

FUEL INLET

EXHAUST GASES - REGUPERATOR
Yo pr— 3
4]

.
=

! rrppyy
COMPRESSOR

RN

AR flM.ET

F1gure 26. Schematic,of Gas, Turbine with
' Recuperative Exhaust System '

-
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GAS TURBINEiCHA@ACTERISTICS ANT APPLICATTONS

The gas turbine delivers greater output'power.per pound of weight than
any,otHEr.cpnvertor. It.is dependable, portable in small sizes, and requires
no elaborate cooling systems. Gas turbines are s1mp1er to operate and eas1er
to maintain than most- other power sources. They ca“‘be~brought from stand-
51111 to full power in Tess than a minute, and they can be adapted toﬁiurn a-
variety of fue]s" For these reasons, gas turbines are the most widely used?
power, sources for a1rcrafté1nc1ud1ng turboprop), and they have also been used
in marine vehicles and Jlarge trucks. But, they are not used in automobiles

because they arh 1ess efficient.than reciprocating engines and more ‘costly.

Gas.. turbines cannpt be used for 1argz{sca1e electrical power generat1on,.

but gas turbine generators are in common use, 1n the following applications:

+ The overall eff1c1ency of a'jdss11 -fuel fired generating stat1on
-can be fmproved as imch es 3% by using gas turbine exhaust a1r
as furnace input air.

At peak load periods,. stand- by'gas turbine generators can be
,brought into operat1on qu1ck1y to meet r1s1ng electrical
demandg. Such generators can be used only for a few hours a
djy or during extreme weather conditions when electrical
demands are highest. Low maintenance, high re11ab111ty, and-
rapid start -up make the gas turbine the jdeal aux111ary power
source. ) “

+ Gas turbine generat1ng stat1ons can be used to- increase line
voltage at ‘the extremes of long d1str1but1on systems. They also
serve as auxi]i%ry'local power in rural areas when the power
distribution network is broken Some systems of this type -
require no externa] coo]1ng water and can be operated by

‘remote contro] - S W : -

o ¢
'
+ -

/ HVDRAULIC TURBINES:

-

A hydraulic turbine u§§s.water as the working medium to turn a rotor,,

L}
called a runner, which is attached to an electrical generator, Severa]
turbine designs can be used depending upon the he1ght oﬁ the 1nput water

o

above the turb1ne

s

T
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// " * HYDRAULTC IMPULSE TURBINE
: e TRETT . : |
- | . ,.wcms ! heense VALVE, ;;, . Figure 27 shows a hydraulic
' A, o) v/ o ii impulse turbipe used when the
o § warrl ; ' “pater depth is 1000, fgkt or more. -
', ' uuuun&ert.:v?m‘;n 2 Noﬁh‘;' R A jet nozzle directs whter into \

-

] | ., govmpesd Ah‘”buckets on the rotor wheel.
! el TR f- 5nmamm§u ) Only a few hxdroe]ectr1c sites

- ~have sufficient head pressure to
. F1gure 27. Impulse-Type i !

Hydraulic Turbine. allow the efficient use of hydrau-

lic impulse turbines.
¢ , ~
HVDRAULP@-%E*CTI@N TURBINES .
Several types of hydraulic reaction turbines are used for heads of a few
feet to a few hundred feet in size. Figure 28a shows a Francis-type reaction
tur?ine used for water depths of 100 to 1000 feet- ‘

-

GUIDE BEARING . -

N / - \:; pe '
SERVO- R N
hritae B COVE bd - \ w‘f
. < K 3 \\ s
. KER

. \ 3 Y T~ | A I

3

GATE ~
FLOW . —
_L_.L A K3 VA !‘ 4= DRECTION L. ") ér-\
- I o ATER\ 1\ /WATER N

! FLOW FLOW

- . . ORAFY .

RUNNE . TUBE ’
DRAFT|TUBE
. ? \

- —_— - - i Y . LN
g ‘ ‘ . a. Francis-Type , . b. Prmpv ) ,
: 4 . ‘. . . .

/ N C . Figure 28. Hydraulic Reaction Turbines.

. e )
— ' _Dams with tow heads (100 to 40~O feet) usually use propeller turbines
= - - $imitar ‘to the one “shown in F1gure 28b.. Fixed-blade propeller turbines have
. blades which are set at a spetific angle of 16 to 20 degrees "and cannot be
adJuSted Kap]an turbines are propeller turb1ne5aw1th blades that can Ue _
adjusted from 10° to 32° to prov1de maximum eff1c1ency with varymg Ioads

. * 0 ~
. - -

. . :
I : .
- . N
S
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T
-

. . —
Figure 2@ shows an axial-flow propeller turbine used for extremely low
heads . A Co :
A

' o -
| MAX K e — ety MAX. T.W,
* Lamenw JE 3 : SPEED ToRrp[| ™ . )
\ - E YT 4 | INCREASOR 50 )
. oA Srmrrerd ; )
L - e | ERA ,
. \ '
rLow GUIOE BEARING

-~ FIXED WICKET  RUNNER
VANES GATES

Figure 29. Axial-Flow Propeller Turbine.

~

WIND TURBINES - .

. Windmills have iong been, used in maﬁ;\ﬁérts;of the wér]d to pump water.’
The search for alternative energy sources has focused’ renewed attention on
win d power. Two types:of wind-driven electrical generating systems are now
being tested at several locations. ’

Figure 30a shqbi a yerticaf axis wind turbine under investigation at -
"Sahdia Ldboratories and other sites. Figure 30b is”a ‘horizontal axis wind
. turbipe.‘ Small modéls of this type are commercially available. An experi-
_ mental'geneféting station using a horizontal axis tyrbine with ftwo 97% foot
blades is being built on a 4400-foot mountain near Boon,aNorthUCaro1ina. O
ﬁhi]e éuch systems will nevér produce a éignificant portion of our'national

enérgy needs, they may meet 19ca1€§eeds in some areas. g
[ N - 7 " . f
' T , L . . .
SUPPORT % { '
L CABLE
TURBINE. ' GENERATOR b,

AXiS & b

\ * <
. TURBINE .
) BLAOE \ -
& : ' ™~
23222] " GENERATOR )
c B ) — o e e tr———— S P e DS
i ‘
a VERTICAL AXIS oy - , . . 5. HORIZONTAL AXiS
WIND TURBINE ’ * WIND TURBINE *
1 . - * . .
Figure 30. -Wind Turbines.- i - .
L) \ - . .y “
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LABORATORY MATERIALS - . . |

'LABORATORY -PROCEDUR\ESL | -

EXERGISES L

-—
1. (gxplain where pressure drops and veiocity increases’ occur in the following
types of steam turb1nes : . N i
-———-’""‘ ¢
a. VelOc#ty/Etage 1mpulse turbines )
~ b. Pressurgsstage. impulse turbines ‘
C. Reaction turb1nes g :

Explain the app]1catﬁon and chief advantage of a solid-wheel turb1ne

Draw and label.a: d1agram showing the parts of a turbine blade.
Explain the function of each part.

N

Explain the advantages Qf gas turb1nes over steam turbines for emergency
electrical power. - « v , ~

5. . Explain how a gas$ turb1n can increase overall steam plant efficiency.

Impu]se\ water motor with pressure| gauge and prony brake . r!

|
(Sargent-Welch ﬁ]hO] ok equivalent).

Water sdurce.. \ .
,

Cotlect1%n conta1ner calibrited in|ft™. K ) 3 ‘
Timer. - - : " N
’ . . \ . . ' R ‘

' o : \ i ¢
\

- 2. Turn on the water supply and adeSt the flow fo

. | : . .
J1. Set up the experimental apgaratusk as shown 1q;the Figure, with the

- collection container removed. \ N - .

1ow-speed operat1on of
the water motor. Record the d1fférche in the spring scale read1ngs in

Trial 1 of the Data Table (tn pounds): Next, record ‘the water pressure

in 1b/in% and convert this va]ue to 1b/ft2. ' ©o - ' ®

3. Place the collection conta1nér to catch the expe]Jed water and s1mu1ta—'
_neous?y start the timer and revolut1on counter. 3 \ .

%ge 22/EP-06. o ! '
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9.

10.

PRESSURE

Laboratory Setup.
o
When a predetermined vdlume of water has passed through the turbine, read
and record the values of the revolution counter and timer; then record
the volume of water. .
Turn off the water supply.

Record the circumference of the pulley (in feet). '

xCalculate and record turbine input power from the following equation:
b

-

Input Power [ﬁz.ﬂl] _ Pressure (1b/ft?) x Volume (ft?)
s ]

Time (s)

Calculate and record the turbine output power from the followjng
equation:

o

(ft-1b) . Revolutions s s
Output Power [ < . _TTEE_T§7__'X Scale difference (1b),

X Pulley circumference (ft)

'Calculate and record turbine efficiency. ' , :
Repeat the steps for two higher water-flow rates and comp]ete Trials 2

t

and 3 of the Data Table. ;

EP-06/Page 23
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Vi
- 2 \ -
/// N
e PF DATA TABLE: ¢ , :
_‘;“) o . .
e » 4} _Scale _ | ___. Water_ ﬁumber of _ .1 VYolume of | [nput | .Qutput } . L
Trial Difference Pressure Revolutio }/W Water Power Power Efficiency s
# | oz | | rin?| b/t j;////r 5) ISR - = 1
) , ; A ’
2
3
© Pulley circumference = - in = ft

: ' REFERENCES

. . )
Elonka, Steve. Standard Plant Operators' Manual. New York: McGraw-Hill

Book Co., 1975.
Gartmann, Hans, ed. De Laval Engineering Handbook. 3rd et New York:

McGraw-Hi11 Book Co., 1970. R
Staniar, William, ed. Prime Movers. New York: McGraw-Hi1l Book Co., 1966 .
The American Society of Manufa¢turing Engineers. Ldss Prevention in
Rotating Machinery. New York, 1971. - "
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. ity — 4ncluding fuel cells and batterjes

INTRODUCTION

]

K .
This module discussey various methods for production of electricity and

describes corfventional generation of electrical power, electrochemical nmethods,
and photovoltaic generation. The discussion includes the princip]es,'pracf%—

‘cality, and degree of use for each method, as well as the major problems that

must must be overcome by th technologies.

This modq]e eﬁyhaéizes systems fogkgzgdual;z‘electrical power. Speéifi-
cally, it dgscribe§7?lectrical power plants usi _\Eﬁeam turbines that produce .
commonly encountered alternatinglelectrical current. It also discusses the gen-
eration of electrical pqyer with Ynternal combustion engine§ and the generation
of EQEL/EQEEt?ica] poweﬁ? ) ’

The disCussion then covers electro hemical methods of generating glectric- .
(both conventional batteries, such as
bytteries). Finally, the module de- \\\

scribes photovoltaic generation of e]éct icity.

IS

automotive batteries, and experimental

4

©  PREREQUISITES

v 8 .
The student should have a basic understanding of physics, as it re]ates\tO‘a
electric generators and photovoltaic materials, and—Should have completed ,

N

Fundamentals of Ehergy Technology.

N

o o r )
é R v OBJECTIVES

Upon completion of this modu]e: the stud$nt shéuld‘be_able to:

List each pf the methods describedegor production of electricity.
Descf?be:t e basic operation of each device or system described.
.Describe the degree ‘to which each technology is used in practical usage.
Describe the relative advantages of each technology. °

Describe the major problems that must be overcome in the new technologies.
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SUBJECT MATTER .

- ELECTRICAL POWER PLANTS USING STEAM TURBINES AND COMBUSTION ENGINES

Thi; section gf the module#emphasizes the generation of large amounts of
‘electrical power for residential. and industrial use. It covers the conventional
technology for production of the a.c. electrical power that is distributed by
electric utilities.. E]ectr1ca1 energy is produced by e]ectr1ca1 p]ants which
convert energy from coal, fuel oil, natural gas, nuclear react1ons; or fa111ng ¢
water. Most of the electricity is dgenerated by steam turbines which drive
electrical generators; however, smaller amounts are produced by hydraulic tur-
bines in hydroelectric plants or by turbines driven by internal combustion en-

3 : gines. For completeness, the following sections also discuss generation of
d.c. electrical power.

STEAM TURBINE PLANTS

E]ectr1c power production for commerC1al)d1str1but1on 1mp11es production
in large-scale stationary generating plants.. Approximate 5% of the commer -
cial electrical power in the United States is der1ved from plants using steam
turbines. The steam can be produced by energy‘from the burning of coal, fuel
oil, or natural gas, or by eneng__ger1ved from nuclear reactors. This is . L
regarded as the standard, conventional method of producing electrical power.

Advantages-of generating electricity by this method include the following:

+ Availdbility of high]}/deve]oped technology
. Availability of large components” (turbines,
generators, and so forth) for very large
) generating stations (greater than 100 megawatts)
+ High conversion efficiency

,e§§

a

Compared to hydroelectric p]énts, steam turbine plants have the advantages
of not being depenﬂent on water flow, of more flexible site selection, and of
closer proximity to users. ‘ .

Disadvantages of steam turbine p]aﬁts include the following: - e

- Air and water pollution ' 7
. RadioactiV%ty and disposal of wakte for nuclear plants
- Rising costs of fossil fuels
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. Depletion of supplies of fossil fuels
. =-ulnerability to widespread blackouts in the event
of a system failure .
\ N i
Although this portion of the module emphasizes the function of generating
electricity, it does not discuss the transmission and distribution of electric-

ity to the users. T T

-

Steam Cycles and Efgiciency

in a steam.turbine electrical Qenerating plant, the water is boiled in a
boiler, cyfﬁzd through th4 turbine, condensed, and ;hen conveyed back to the
s 3 boiler. This process
TURBINE is illustrated in Fig=
ure 1. The steam is
produced at a high

-]

temperature T, and coha
densed at'a lower tem-~

perature T,. These

‘ COLD
CONDENSER ESERVOIR
. temperatures are to be
T2
. regarded as absolute

- temperatures. cagen
Accbrding Lo Fié-
ure 1, the process .cén
be regarded as”being'a
cycle. The performance

PUMP

Figure 1. Elementary Steam Power Plant. of a steam plant can be
‘ analyzed in terms of

the_properties of the
steam as it goes
through the cycle.
One common steam cycle is thg Rankine cycle, which is illustrated in Figure
2. Figure 2 shows a plot of the pressure and volume of a unit mass of water as
. 1tigoes‘throughkxhg’iyc1e. From point 1 to point 2 in the ¢ycle, water is com-:
pressed to the ﬁ}essure of the boi1er. Practically no'tempgfature increase
occurs in.this steaf From point 2 to point 3, heat is added to the’
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“There are other steam cycles, but the Rankine ‘ g
¢ycle is an important, frequently used exams *»
" ple. - N I ‘VOLUME PER UNIT MASS .
. A .
During the cycle, work is extracted- Figure 2. The Rankine Cycle.

:f of abproximaxely 32%. - Cycles baéed on the burning of fossil fuels produce steam
temperattres around- 1000°F and have maximum efficiencies of approximately 66%.

[y

TTTTTgiven by Equation Tl cannot be reached.”

\/-”
2

. .

water, converting -it to steam and éuperheat-
ing the steam. From point.3 to point 4, the
steam is allowed to expand and t& drive,the
turbine. Then, from point, 4 to point 1, the
steam is’ condensed, comp]et1ng the cycje. ,—~

PRESSURE

from the steam; but it is impossible to
extract ds uéefu] work all of the energ§ that is supplied by the fuel that

heats the steam. The efficiency of the cycle can be defined as “the ratio of
the useful work output of the cyc]e to the heat energy supplied." The maximum
possible efficiency of a heat engine work1ng in a cycle is given by Equation 1:

-

1-T2 Caunts
‘ . Emax T ) Equatcon 1
f ) é o X -
where: T; and T, = The temperatures at which the steam is produced and con- .

densed, respectively.

Remember tha% the temperatures T; and T: aretabsolute temperatures. - ©
JEquation 1 shows that the thermal efficiency becomes higher as’ the initial .

steam?temperature T; is increased. Thus, it is desirable to work at high values

of steam temperathre. As was learned in Module EP-04, nuclear reactor steam

cycles with maximum steam temperatures @round 550°F have maximum efficiencies

It must be emphasized that the efficiency given by Equafion 1 is a maximum .
value %et by the laws of thermodynam1cs It canﬂ%t be exceeded under any condi-
tions. If the system des1gn_1s\poor, or if there are heat losses, the value
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EXAMPLE A: DETERMINING MAXIMUM POSSIBLE *EFFICIENCY..

A coal-fired steam generating plant produces superheated steam at
550°C. After passing through the turbine, it is condensed at a
temperature of 37°C. ‘ '
Find: The maximum possible efficiency. -
So]ut1on»'*The abso]ute tempgrature T: in Equation 1 is 823°K (550 + 273).
The absolute temperature T2 is 310°K (37 * 273).. Hence, the maxi-

r

mum possible eff1c1ency is the fo]]ow1ng

823 -310 513 _ 0 oo s T

823 T 823 °

§g4tém Congiguration
The basic configuration for steam-turbine-based e]ectr1ca1 power generation

cons1sts of a boiler (heated either by a combustion furnace'or by a nuc]ear re-
actor), a steam turbine driven byksteam from.the bo11er, and‘an atternating cur-
rent generator. A schematic diagram of the systembased on a 1light water nu-
clear reactor is shown in Figure 3, illustrating the essential features of the

. electrical.generation. In~a fossil-fuel power Station, the.reactor is replaced
by a furnace, with itsfattemdant %uel processing and delivery 'system.

!

* CONTROL RODS

“ “ ” ' _TURBINE [ — GENERATOR -
_l—<‘_ﬂ_,
>L/" ” -
| — .
e m To g
REACTOR CONDENSER COOUNG WATER

BOtLER

4

Figure 3.~ Schemat%q Diagram of E]ectrica] Generating System.
. ] - .
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Many of the components were described in earlier modules of this course.
Modules EP-01 and EP-02 described furnaces and boilers using fossil fuels.
Module EP-04 described nuclear. reactors and the1r app}1cat1ons Module EP 06 °

—— f— — a

discussed turbines. . e L
" Heat is produced’ by the nuc]ear react1ons iff the reactor core. The heat
ig carried to the boiler by circulating’ pressur1zed water, and -in the bo11er,
it exchanges heat with the water in the boiler, produc1ng superheated steam. .
. 'The steam drives a steam turbine, which 1n turn drives an alternat1ng(eurrent
generator The' steam is condensed and is returned to the boiler. :
The alternat1ng current generator (also called .an a.c. generaton:‘rﬁeﬁ,
alternator) converts the mechan1ca1 rotation energy suppJ1ed by the turo1ne
- into altgrnating current e]ectr1ca1 power. The student should remember the
*pringiples of operation of the alternating current generator $rom prior physics
. courses; but for completeness, this type of operat1on js briefly reviewed in
the following paragraphs. = . ‘ ‘ e .«

\

Basically, an"alternating -
current generator consists of-a -|-

. WIRE ’
coil of wire rotating in a mag- . T MAGNETIC ;f§/_~\\& MAGNE?
* netic field — a metallic con- FIELD S\:/o)g

ductor moving through a magne- [

tic field, having induced a . CORE

voltage-in it. If the conduc-
tor is wound into a complete
! >

circuit, am electric current

will flow. The direction of ’ AXS
the current depends on the « .~ ROTATION
relative oriehtatjon of theg
motion and the direction of
the magnetic field. ’ o MAGNETIC
The configuration of the
%  generator is sketched ¥n Figure
.« 4. The top part of *the figure ' B . .
(Figure 4a) shows a soft iron . 2
*  core that rotates in the Figure 4. Cdnf1gurat1o‘§20f an Alternating
' : _ Current’ Generator. \ : -
] . R
. S , . > | *’ gp-07/Page 7
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- 1arge generators Ys usually supp11ed by an electromagnet For small generators, .

°’way. "The coil of Wire is 1nd1cated as be1ng rectangular. Again, only one loop -

’ ge;erator. The frequency f (in hertz) is given by Equation 2:

'megawatts have been installed. The common system frequency in the.Umited States

~ 3 >
: ‘
3 . » '
< _ .3 .
. . - - ¥

particular po1nt in the rotation, electric current 1s.produced in one direction.

Thus, a generator w1th two magnetic po]es w111 rotate at 3600 revo]ut1ons per

P\age B/EP_O7 | . ;. . . : .\——\ e
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direction 1ndicated‘by the arrow. .A coi) of wire is wound in many 1oops fhe
comb1nat1on of ‘core and wire coil is called the armature. The coil of wire is
embedded in s]ots on the surface oﬂ#;gg core. There are many toops in the coil- -
of wire, although only one is 1nd1cateﬂ in the figure.. The.magnetic-field 1n U

or for cased in wh1ch very h1gh re11ab111ty is. needed, a permanent magnet can
be used. : . -" ‘ .

"The bottom part ot the figure (Figure 4b) shows the operat1qn in another i &
is shown. The ends-of the coil are connected to sl1p rings which rotate with .
the coil. The slip r1ngs are insulated from each other, but ‘each are in con-
tact with a stat1onary brush that-is ‘connected to the“external circuit. " At a
One-half cycle later, the relative orientation of“the motion of the coil and.
the magnetic field is reversed; hence, the direction of current flow 1s also
reversed. Thus, this generator producés alternating current. For jrst
half of the cycle rotation, the current flows®in one direction; in the other
ha]f of the cycle, the current f]ows «in the opposite direction.

In the most common type of.a.c’. generator, the system frequency is propor-
tional to the rotatidn speed This type of generator is called a synchronous

™~ '

z = N R/120 - Equation 2

where: NJ The number of magnetic f1e1d poles (usually either two or four) \
R = The rotation speed of the armature, 1n rpm.

minute to produce alternating currency at a frequency of 60 Hz. This high

rotation rate is c0mpat1b1e with high speed steam turb1nes which operate most

economically at high rotat1on rates.. : .
Very large alternating current generators are mow in use for commercial

e]ectr1ca1 power generation. "Individual units wath capac1t1es exceeding 1000

and Canada 1sl60 Hz; in Europe, it is 50 Hz. > -
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Genenaxton 0¥ THuee-Phase A.C. Powen
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The gen
v wh;ph varie

¢

wh?re. Vo

This funection

. of time® equal

falls through
. value, and th

jon process prev1ous1y descr1bed produces an elettrical vo1tage
s with time t as a sine wave. Consider Equatipn-3:

V= Vo sin 2m-f t Equation 3

A . I . .
The maximum voltage.

The frequeney of the system.
Y .

s sketched in Figure 5a.- In-one cycle, which takes an amount
to 1/f, thewoltage rises from' zero to a maximum positive|value,
zero to é‘aﬁn1mum negative

gn 1ncreases qéck to zero. ° _ -

There may be more than Qpe sine

* wave, with the waves oscillating nonsyn-

Ja——
t

chronously. Thus, one wave may. be at .

VOLTAGE

s
" .
P

its positive maximum when the second -
wave is at a different paqg,of'its cycle. _
_In this casé, the waves are said obé - - -}
"out of phase.”

The phase differeﬁpe . V o -

between the waves is defined as "thé

u .
- fraction of a cycle by which one wave | s . ¢
. . . 2 Vi Vo V3
leads, or.lags, behind the other. " /<(\§>(/
Figure §b shows three sine waves :
which are out of phase by one-third A TIME .
e e [ *

-~

cyc These three waves may be ex-

pressed by the following:

£y

b. Three Waves Oulof Pheee by One<Third Cycle
» .

Figure-5.

o P Sine Waves.
7 - / SRR . .
‘Vl = Vo sin 2n f t .
Ny = Vo sin.(2n f t - 2n/3l -
Vi = Vo sin (2r f t - fﬁ/3) Equati?n 4 E
- \\\ L

. ) * . . ! .




is 2n/3 radians, or 120°.
n assumed that the generator produces

.a voTtage that is represented by a 1'g]e s1ne wave. This requ1res two wires,
- one.carrying the voltage and t % sec0nd act1ng as a return This systan, called
single-phase alternating cur is .the type of alternating current most often ‘
A used in domestic applications. . . ’ -
. . For de11ver1ng large amounts of dlectrical power and for many industrial.
app11cat1ons three-phase systems are used. These syStems use three sine waves
;_ that are out of phase by 120°, as 111ustrated‘by Figure 5b. Although one might
think that such a’system would require six w1res (two. for each phase), this is
not the case. If the currents in each phase are properTy balanced, only three
wires are needed. The individual currents for the three ,phases may be fTow1ng
. in either a positive or a negative sense. In a properTy balanced system, the ,
B - net total current at aqy instant of time 1sﬂzere Thus, no return wires are
neéded. Such a system, with-each of the three w1res carrying current 120° out
of phase with the other,two wires, is called a three phase‘system. Each phase
& .
, M ~  Such a .three-phase system, with three wires, can'deTiver as much power as three -

—ag

of the three-phase system carries current and delivers net electrical power, .
separate single-phase systems .which would require six separate wires. Of
course, it is impossible te baTance the three phases sQ perfectly in & pract1-‘
cal system that the net current is. exaEtTy zero. Thus, there is Usually a
small return current. It 1s common practice to return th1s current to ground

®- and to let the earth act as the return conductor. : .
_In order to generate thrae-phase eTectr1caT power, three separate cojls of
w1re are wound on the armature ofxthe aTternat1ng current generator. Each coil
generates ope phase of the three-phase power. It\JS poss1b1e to ‘connect the
. coils in twcodifferent ways as 111ustrated in F1gun% 6. . The conf1gurat1on in
Figure.6a" catied a wyé (Y) configuration because of its shape It is also
) _sometimes c??TEH~a/siar conf1gurat1on In this configuration, the line voltage
\\\_’) VL (whieh.is the voTtage betweEn any two -of the wires) is related to the phase :
voltage V (which is the voltage betweenxany wire and\ground by the followinyg

S equat1on

P ¥
’

. ' Q . e o 3 .Vp = VL/1/3 /; \ | Eq\ation 5

— . -
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. . b. Detta (A} or Mesh Configurstion.

] . Figure 6.

Alternat1ngtCurrent

-
|

A common line voltage for dist

The- phase voltage is then 220/ = 127 V.

Un1ted.States

4
+ tered in the United States.

connected system.
are equal.

This

Connect1ons for Three-~ Phase

~
.-

ution.of three-phase electr1ca1 power is 220 V.
Thus, s1ng]e phase electr1c1ty for

' The other possible arrangement, shown in Figure 6b, is-less often encoun-
rrangement is called the deTta- (A) or mesh-

For the delta ¢ nnggtion, the line voltage and phase voltage ™
A - ’

7Three=phase systems have severaf advantages over single-phase systems.

The flow of power i's more constant, o) the motors operate more smoothly.

J

\_///rthree -phase motors start more eas11y because of interaction between the phases’

For distr1but1on of equal-amounts of power, there is

. P

wire needed for three- phase\systems,

sav1ngs in the amount of

4
A .
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* o, western Un1ted States.
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- Comparison of Plant Co&tz ' ' §
" The cost of generat1ng electrical power is én extremely comp]ex jssue.

Two contributions to the cost must be cons1dered the initial capital invest-
mént and the operating costs (1nc1ud1ng fuel). Ina period of rapidly 1ncreas-
ing fuel prices, any cost est1mates rapidly become outdated. : i

The cost of the cap1ta1 investment per unit generating capacity depends on
the plant size, This'cost decreases for large plants. For a kilowatt of” gen-
erating capacity, a sm11 (50 megawatt) steam plant can be 20% more'expensive"
to build than a 1arge (1000 megawatt) steam p]ant The cost will vary from one
part Sf the country to another because of differences in labor rates, tax inhcen-
tived, and local.laws on control of emissions. Addition of po11ut1on¢coqtro1
equipment can substantiﬁ]]y increase the cost of a generating plant.

The operating costs for steam plants are dominated by fuel costs. It is
difficult to compare fugl costs because there is considerable variation from
one .part of, the cdﬁﬁf?y\:P another. Table 1 shows some utility prices for var-
ious fossi1lfue1e in_different localities. These are 1975 prites, which, of

it
course, have changed. However, the figures do show that&fﬂif\hgfts‘>an vary

cons1derab1| according to logatien. .
‘ TABLE 1. UTILITY PRICES FOR FOSSIL-FUELS IN 1975 &
‘ (Dollars per million Btus)
Region Natural Gas Fuel i1 - + Coal:
New England . 1.13 1 208 N\ | 13 |,
Middle Atlantic gs e 2.05 - \1 .05, .
' West (riorth central) .44 o 1.85 0.58
West (south central) 0.63 1.83 0.21°¢
Mountain N 0.67 1.98 0.31
. Pacific e 0.84 2.35 0.58

—

~ The pr1ces shown' are expressed in terms of dollars per million Bt s of
Vthennal energy in ‘the fue] — which is a widely used measure of fuel coFt
Fuel prices tend 'to be high in New England and relatively low_ in the
Natural gas, for example, v3r1es over the range of 0.44
to 1.13 dollars per nn111on Btus — almost a factor of three
" 4 \
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In many areas, natural gas is the least expensive fuel; but because of sup-
ply limitations, it genera]ﬁy is not used in large electrical generating plants.
Supplies of natural gas to 1argé customers are often interruptible, that-is,
they can be cut off yhen the demand for natural gas is large. For these rea-
sons, coal may still be used — even in areas where natural gas is cheaper than
coal.

In v1rtua11y all areas, fuel oil is more expensive than coal. In the
southwestern central region, it is as much as eight times as expens1ve More-(/
over, since 1975, there have been many increases 1n the world price of oil.

This makes oil even-less attract1ve as a fuel for large electrical plants.
Thus, coal is favored over oil, and most large generating plants are coal -fired

.plants.

Basically, the comparison of plant costs becomes a comparison between coal-
fired plants. A coal-fired p]ant may have a.furnace that can burn other fuels
(such aS'natura%—gas}—when—%hey—aPe—ava14able—a%—a _cost-less than—coal.. Then
the plant can switch fuels according to price and availability.

Table 2 shows a comparison of plant costs for a large (940 megawatt) gen-

.erating plant based on coal and nuclear power. Tbese numbers are estimates and
will vary according to location, amount of pellution controls required, and so

forth. The estimates in Table 2, taken from 1977 figures, Bave_changed; how-
ever they do show some of the general features.

TABLE 2. COMPARISON OF COSTS FOR NUCLEAR ANG® COAL-FIRED PLANTS

(970 Megawatt). ‘. -
Coal-Fired Nuclear
‘ Tpe of Cost Plant Plant

:Total cost of plant ($) 190 x,10° 240 x 10° !
Cost of electricity
* (cents/kWh)
Cost for pTant investment 0.50 ' 0.63
0perat1on and maintenance 0.03 . 0.04
Fuel T 0.41 . 0.19

Total cost '/ = TN 0.94 ol . 686

S ¢ - . ) t




The capital investment for a nuclear, plant tends to be higher than that
for a coal plant. Thé operating cost for a nuclear plant tends to be lower,
nm1n1y because of 16wer fuel cost. Thus, the total cost of producing the elec-
tr1ca1 power, approximately 0.9¢ per kilowatt hour, tends to be comparable.

An exatt comparison of whether coal-fired nuclear plants are less expens
sive depends on exact circumstances, but the éstimates in Table 2 show some of
the major contributions to the cost ezjiiﬁerating electrical power.

—

HYDOROELECTRIC PLANTS ) TN

Hydroelectric plants use the’energy of falling water as it drops through a
vertical distance. The vertical distance is called the head. The head must be
reasonably large in order to produce power economically; thus, only certain
sites are su1tab1e for hydroelectric plants. Obvious choices are areas near

“waterfalls, such as Niagara Falls. However, other areas, such as where a river
—-- - - is-dropping rapidly;—could-besuitable— even without any waterfalt-—Damsare — --
\\\\ often constructed to increase the head and to provide a reservoir of water
which can be used to compensate for seasonal variations in- ‘water flow.
In the United States, hydroe]ectr1c power provided a major portion of the
electrical power in the early 19005 — at times supplying more than 40%. In more
" recent years, the technology of steam turbines and boilers has advanced. The
efficiency of steam systems has increased, and Very large steam turbine gener-
~ating systems have been developed. And, many of the most desirable sites for
hydroelectric generation have been used. These factors have lead to a decrease
in the fraction of electrical power that'is generated by hydroelectric p]ants
- In the late 19705, less than 15% of the electrical.power in the United States .
was generated by hydroe]ectf1c plants; and it is likely that this fraction of
_power will decrease further. The fraction of electrical power produced in this
way varies widely from one section of the cduntry to another. For instance,
hydroelectric power is a major factor in places such as the Pacific Northwest
and the Tennessee\Riyer Valley area, but it is a very small factor in areas
such as New England and Florida.
Hydroe]ectric power is the major source of e]ectr1c1ty in certain countries
. that have an abundance of gopd sites. These countries include Norway, Sweden,
Switzer]and and Canada. In all these countries, more than 80% of the electri- .
cal power 1§ produced by hydroelectric plants. '

Page 14/EP-07
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Hydroelectric generation of electricity has many advantages when compared
+to fossil-fuel or nuelear generating plants. These advantages include the fol-
Towing: .y . o

* No use of fossil fuels
"« No radioattive waste

+ No air pollution

- Low cost of operation

» Use of a renewable energy source

* Reservoirs having other uses, such as recreat1on

and flood control

Thus, hydroe]ectric generating plants are used in many parts o%'the United
States to produce electricity at a cost lower than that of e]ectricity'from
fossil-fuels or nuclear reactors. There are some disadvantages, however, in- -
cludiﬁg*the following:

+ Limited site selection, with most of the best sites already in use

- Tendency for best sites to be remote from population centers so that
transmission over greater distances is needed

+ Dependence on water flow, with reduced output .in times of drought

« High initial construction cost o

"Possibﬁe loss of farmland or decrease of scenic values ]

A hydroe]ectr1c generating plant is illustrated in Figure 7 This diagram
shows a system with a h1gh head, generated by a reservoir behind a h1gh dam.
Water is conducted from the:uppé? part of the reservoir through-a c]osed con-
duit called a penstock. The penstock may be constructed of welded steel plates,
and there may be one penstock for each turbine; or there may be a sihgle pen-
stock wh1ch splits into branches for the d1fferent turb1nes Typically, there
will be a valve for the penstock so the turb1nes can be shut down for mainte-
nance. ‘

The power p]an§ will be located at the base of the dam. -Water falling
through the penstock drives hydraulic turb1nes — which, in turn, drive electric
generators. The hydrau11c turbine was described in detail in Module EP-06.

In a variation da]]ed the pumped storage hydroe]ectr1c plant, water is
pumped’ to higher e]evht1ons dur1ng per1ods of Tow electrical demand. Then,

N
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during periods of high
demand, the water is
released to provide a

larger head and more
generating.capacify.
.. The cost of gen-

erating hydroelectric
powlr depends on the
'size of dam that is

needed:. The cost may

be Tess in some moun-

- tainous regions where .
Figure 7. Schematic Diagram of Hydroelectric |

Generating Facility. g

N . ) ‘ : ' dammed with a relatively

- small dam.. . ,a,___Adf;“

a narrow gorte may be

5

r\ Because;of the’cost of the dém, the initial capital expense will probably
_ be higher than for a nuclear reactor system or a fossil-fuel system pf the same
size. ’ ) ‘ .
On the other hand, the operaiing expenses will be much less, perhaps as low
as one-tenth of the operating cost of a nuclear or fossil-fuel system. This is

largely . becauise no fuel (uragium or fossi] -fuel) i
The total effect is that, in most cases, elect 1ca1 power ppraduced by hydro-
electric'plants is less expensive than electrical power from nucledr or foss11—.
fuel plants. The reduced operating costs more than offset the higher charges :
to pay off the initial investment. ) /
M ) o/

INTERNAL-COMBUSTTON ENGINE PLANTS 5 ' ]

T

Another -method for generating electr1c1ty invelves driving -the current ge
erator w1th an internal combust1on eng1neﬁ The internal combustion engine Jj?
dr1ves a rotat1ng shaft, as in an automobﬁle " The rotating shaft then drives

the rotat1ng4armature in the current generator. The eléctrical generator in a
system driven by an internal combustion engine is essentially the same as that ~
used in any other electrical plant. It is the squrce of energy used to drive .
the geneﬁator that-is different. The steam turbine, or hydraulic turbine, is

rep]aceﬁ“by the internal combustion engine. - qi

Page 16/EP-07 . , . ’
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The internal combustion engine cah be ei er a diesel engine or a gaso11ne
engine. Gasoline engines can be used for electkic generat1on ‘when the requ1re-
ments are quite small — for example, an individual farm or lake cabin. Most
intérnal combustion e]ectr1ca1 generating plants Qqf considerab1e size use die-
sel engines. As compared to gasoline driven syste s, diesel systems offer

"higher efficiency and lower fdel cost. For the reffainder of this section of

the module, it will be assumed that the internal cdmbustion engine is a diesel "*

engine. Diesel enginés were 'described fully in Module EP-05. .
The use of diesel engines for electrical power generation in rea;onab1y
smd11 systems offers several advantages. Diesel engine systems have shorter
- start-up times, as compared to steam systems which/zi}e a long time to build up
toa peak output. $ma11 diese1-baséd systems that use up to a few thousand
kilowatts are more efficient and less expensive than steam-based systems of
the same size.

For larger systems, with requirements greater than several thousand “kilo-
watts, steam-based plants reach efficiencies as-high as those of diesel-based

“plants. In addition, the cost of large steam-based plants is less than that of )

large diesel-based plants.
Thus, internal combustion engine e]ectr1ca1 p1ants are preferab1e up to

v

(“a; certain maximum size, above wh1qh steam-based plants are preferable. This
aximum size is in the range of 5000 to 10,000 kilowatts.
Within this size limitation, there are many practical applications for
diesel-based electrical plants. For example, they are used for electrical
power generation by many small communities ih facilitias such as hosbita1s,
hotels, and industrial p1ahts. They can be used for reasons of economy or for
reasons of reliability. " Some large users find it less expensive to generate -
,their‘cwn electricity than to buy it from the 10ca1*1’1"cjh'ty, And, because die-
sel generating plants are reh‘abha_.;5 some facilities (such as hospitals) prefer
to have their own electrical power. In addition, such-facilities may have back-
up diesel systems which are used for emergengcy power in the event of a power
failure. The short start-up time of diesel-based systems is conveniemt for
_this use.
Moreover, large utilities often have diesel systems which are used when
the power demands approach the papacity of the steam turbine part of the system.

EP-07/Page 17
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GENERATION OF DIRECT CURRENT Poweg/,f—~\\_\;

" this tybe of gefierator

"almost be eliminated. ' ' ) )

{

Steam turbines routinely supply the power under mqst conditions. When power
demand becomes very high, the diesel systems are started and used to supplement

‘the steam turbines until the demand de¢reases. This application takes advantage

of the short start-up time for diesel engine electrical generating systems.

“In summary, many*ﬁnternal combustion engine plants are in use for the gen- .
eration of electricity, some ranging in size up to a maximum size of around
5000 to 10,000 kilowatts. In this size range, they are more efficient and more

economical than steam turbine plants.
)

The methods for generating a.c. electrical power have a]qg@dy been dis-
cussed. It is possible to use similar methods to produce d.c. electrical power

A coil of wire rotates in a magnetic field, as illustrated in Figure 8. This

can be compared to Figure

e - ab. A sinusoidal-attermat:
//:ms OF ing voltage is ‘generated
_ROTATION in the coil. The coil is
attached to a split-ring.

‘ “ﬁ%QSPc ‘At the time when the direc-

tion of the voltage in the

SUP RING coil changes direction, the

ouTPUT ‘connection of the split

E]

3 ' \ o L ring to the external cir-

Figure 8. Direct Current Generator. ,cuit is 51so'reversed.
h ' Thus, the direction of the

voltage and current in the external circuit remqins the same. In other words,

e -

oduces direct current.
In its copstructiop of coils, rotor, magnets, and so forth, the d.c. gen-
erator is v simi]ar~g

of the split r%ng,‘which is,called a commutator. The single coil iTlustrated
in Figure 8 will produce _direct current in which the power fluctuates. If a

number of coils are connected to a number of commutators, the fluctuations can

o the a.c. generator. The main difference is the use
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A second method for prodhcing d.c. power is to rectify a.c. power.. This
is done with rectifiers which péss electrical current in only_one direction.
For most modern applications, si]icon-control]ed rectifiers are employed. \

Direct current is-often used in industry 'specifically to operate d.c.
motors since d.c.'motors are capable of operation at precisely controlied
speeds, — more so than a.c. motors. This is one of @he most important modern
uses of direct current, The direct current is often generated locally in the
industrial plant whére it is used.

Some early gommercial generation aﬁd distribution systems in the 1800s
used direct current,-but a]mos;‘all have been supplanted by a.c. systems. A
few, small d.c. networks survive, mostly in Europe; and-a number of high volt-
age d.c. systems exist for long distance transmission of electricity. In modern
distribution of electricity from the uti]it& to the customer,.almost all cus-
tomers receive a.c. power. '

BATTERIES

Batteries are devices that conJ;rt chemical ‘energy into electric energy.
The term "battery" strictly applies to two or more electrochemical cells that
are connected together. But in common usage, the term "battery“ is also app11ed
. to single.electric cells, such as flashlight batteries.
This section of the modyle first discusses the pr1ncip1es of electrochem-
ical geperation of electficity and then the conventional types of batteries
>}hat are now in use for many applications requiring a source of electrical
power. These batteries are especially adaptable to situations where electrical
power would not otherwise be easily ava11ab1e as in'automobiles). Fhe

module concludes witn a discussion of develgpmenta

and *experimentaT batteries.

B

. . ‘
PRINCIPLES OF ELECTROCHEMICAL ENERGY GENERATION N

)\ . .
’ An electrical cell consists of two electrodes of *dissimilar material which
are immersed in an electrically conductive material. The conductive material ¥

may be solid or liquid. -
At one electrode (tﬁe anode, which is the negatiVely charged electrode), a

chemical reaction occurs between the electrode and the e]ectrolyte. In the
. e

7
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chemical reaction, the electrode, which is usually a meta],f’s oxidized, and .

electrons are released. For a zinc electrode, a possible rdactign would be the
following:

In+20H ——> In 0 + H,0 + - . ' Equatjzﬁ 6

e

Th1s reaction uses OH 16ns from the electrolyte and releases free' e]ectroﬁs.

At the other e]ectrode (the cathode, which is the positively charged elec-
trode), electrons recombine during the chemical reactio'n. The material of the
cathode, which is often a metal oxide, is reduced . A reaction involying a man-
ganese 0}1de cathodeé could be the foHowmg

9

R Mn02 + 2" + 2 H 0 — Mn(OH) +2 04" " Equation 7 *

Thus, water is produced at the anode and used up at the cathode. Hydroxyl x{s
(OH™) are produced at the &athode .and used up at the anode &They migrate
through the electrolyte from one electrode to the other. In the reactions, the
materia]s of the electrodes are gradually used yp. When the materials are con-
sumed the chemical reactions cease, and the battery is dead.

If the anode and cathode are con-
nected through a wire, electrons will '

ELECIRON;FLOW ,
R . . flow through the wire from the anode to
the cathode. In this way, the energy
‘produced in the chemical re@ctic;ns is
ANODE cathooe |, transformed into electrical current. A
’_'/ . , +/ ° schematic diagram s shown in Figure 9.
N - . ’ = . .' . N — _
- ‘f"""‘"‘""'"""-"’" - CONVENTTONAL BA‘TTE.RIES
- 1ON f"ow‘ There‘are many types of *batteries .
, : ' in use today. Familiar examples are
= r/‘ — automobile batteries and flashlight
' E:ECT’TO.“'YTE ' ) batteries. Batteries can be divided
Figure 9. Diagr'am of E]ectr:i}: Cell. into two general classes: primary bat-
" teries and secondary storage batteries.
Page 20/EP-07 | ° | (‘”
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l < Primary batteries are erduced with high energy chemical compounds. The
energy is withdrawn later as electrical current.! The batteries are sold in a
charged state, are used, and.the are discarded without recharging. Primary
I batterigs should not be recharged. Attempts to recharge primary batteries Will
yield poor results, and it may be dangerous to do so. Attempting to recharge a
primary battery can possibly produce gas‘buildup inside the battery and lead to
an -explosion. . ;
Secondary batteries are intended for recha}ging They are constructed of
' different materials than primary batteries and have different electrode designs
to facilitate recharging. These are commonly called storage batteries. Elec-
©tricity is produced'elsewhere (as in a generator) and is stored in the battery
until it is to be used. - ‘ ‘
There are valid app]icationé for both primary and secondary batteries.

, Primary batteries may be used when the following conditions are applicable:

B .. Portability and convenience are important (such as-a flashlight)
"+ Electrical power for recharging is not available '
+ Reserve stand-by poher is desirable for long periods of tim;\fguch as-

emergency 1ights) \

Secondary storage batter:;;\aﬁe\useful under the following cond1t1ons
. The battery is a prime power source and many charge-discharge gyc]es .
are needed (such as automotive use) !
.. Ré]ative]y high-power rgquirements must be supplied

- Long periods of 1dw current operation followed by recharge are needed

-

-

. (such as' buoys) " -

N i :
.The most familiar type of primary battery is the Lec]anche cell. -This

’

céll uses a zinc anode,
ammonium chloride and zing chloride in a water solution. In addition, a carbon
rod is often used as a current collector at the cathode, A schematic diagram
is shown in Figure 10. This\type of cell ¥ familiar as éﬁe common flashlight
battery‘ The relevant reactions by which the electricity is produced were
presented in Equat1ons 6 and 7. S ' ¥

Table 3 11sts some of the types of primary batteries ‘that are commerc1a11y
available.. The f1rst system is the Leclanche cell. Other systems use an elec-
‘trolyte consisting of potassium hydroxide in water. These batteries, called

manganese dioxide cathode, and an electrolyte of
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LI M) ‘
\ \% 7 __#2INC CYUNDER alkaline batteries, generally offer
mwﬁ%ﬁ#g@\\é higher efficiency and perform better
%% | MotST PASTE OF " than Leclanche cells. .They are more
SS$22 2:3“?&2%#332; expensive to produce, however..
%/ Table 3 lists the'voltages of
CARBON ROD - §§;€4 the cells in commercial primary bat-
. NZE . INSULATOR. teries. All ava11ab1e ce]l vo]tages )
Tie within narrow 11m1ts .In order -
Figure;ip. Diagram ?f Leclanche Qe]lf to achieve higher voltdges, a number

. R of ’J are: connected 1n series.
Thé energy density s also listed. This is th& energy that can be extracted
from a battery of-a given weight. Obviously, high values are desirable. Many.
experimental and deve]opmentel efforts are devoted to increasing the energy den-

sity. N
o JTABLE 3. COMMERCIAL PRIMARY BﬁTERIES. J -2
g e A . } - . g i

. Negative - _ " Pogitive ‘ Voltage - Energy

CTTy Electrode " Electrode Electrolyte Per Cell Density
S G - . | (Wh/1b),
Zinc Manganese Ammon um 1.5 ™ 5-40
o, % dioxide cloride- "

S - . zinc - -
1 ~ ¢, . ¢loride b ‘ R
: 1 T T, ' ; 1
Zinc 1 Manganese %ﬁlsgigm 1.5 . 20~40
diox ~ hydroxide..
. j in water N
Zinc . Potassig‘m' ’ 1.35 10-50
( hydroxide ..
¢ 5 in water
. | zine Potassium 1.5 30-60
NP - .hydroxide ’
- \ Y A in water
4 "
After primary batteries ¢ are discharged, they are discarded. Secondary .
¢ - ) batteries can be reCharg’éd by forc1ng an electrical current through the battery.

The charg1ng current f'rows ‘m the opposite directidn to the current extracted
from the battery dur1ng use Rechargable secondary storage batteries can be

v . ? * -
A . - . .
.
. .

.‘ %
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‘recharged many times, perheée up to hundreds or thousands of times. They are -
constructed of different materials than the primary cells. Probably the most
familiar bf the secondary batteries is the lead-acid battery, which is commonly g ‘
used-. for automotive use. This battery often has six cells connected n series

_to provide an output of 12 volts. The negative electrode is lead, and the pos-
itive electrode is lead oxide. The electrofyte is sulfuric acid in water,

* which dissociates .to produce hydrogen (H*) ions and sulfate (S0,%) ions. At

the negative electrode, a porous, or ‘spongy, lead p~’$£'1s converted to lead

. sulfate in the follow1ng reaction:

P Pb + S0,° —— Pb SO, + 2e” . Equation 8

_At.the positive electrode, lead oxide is converted~to lead gulfate in the
following reaction:

o

§
\\//’ N PbOf’+ 4 H+ +50,° + 2 e~ —> 2H,0 + PbSO, Equation 9
. , (

The\eiectrons flow through the wire in an external circuit and provide electr1-
. 'cel\Bower The water produced in Equa\don 9 dilutes the sulfuric a¢id solu .
" and lowers its speC1f1c grav1ty Thus, the specific gravity of the electrolyte .
can be measured 'to determine the status of the battery charge. ., .
During recharging, eléctrical current flo in the opposite direction, and

fedd sulfate is reconverted into .spongy Tead by ¢ e\jollowing reaction:
A} .

Pb-SO, + 2 @ —> Pb + S04~ . - . Equation 10

¢
~ '
~,

Leed oxide is producéd in the following reaction: ) \h\\\g\

2 Hy0 + Pb S0, —> Pb 0, + &4 HY + S0, + 2 e” . EqUation 11

These reactions use up water ao;\;trengthen the sulfuric acid solution,
increasing “its specific gravity.
- The common method of constréction for lead-acid batteries is to use flat
plates of lead and lead ox1de, suspended vert1cally in the Tiquid electrolyte
Posxt1ve and negative plates alternate and are kept apart by 1nsulat1ng sepa-

.

rators. - ) : ' o =

1

4
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Lead;acid batterijes iare used~jn jndustry for standby power, for emergency
lighting, and for poweriqé security alarm systems. The most important applica-
tion of lead-acid batteries is to provide the power to start internal combus- v
tion engines. Typically, such albattery will cbnsist of six cells (si> posi:
tive plates and six neéativg plates), all being contained within a common case
and providing an output voltage of 12 volts. Lead-acid batteries with éapaci-
ties in the range of 60 to 100 ampere hours are very common to automo{?;E\use.
Very large banks of lead-acid batteries (up to millions of watt- hours) have
been emg]oyed for propu]s1on of submaﬁ/nég

Table 4 presents ‘some of the commercially ava11ab1e secondary batteries.
The first entry is the lead-acid battery discussed above. The second entry is
the nickel-cadmium battery, which is common]y uses as a rechargable battery in
electronic calculators and similar app]icafions. The following reéctions Qccur

during discharge and are rever§ed during recharging:

AN

[ W ———

Equat1on 12.

. k3

1

|

- |
Cd +2 OH ———»ca(on)2+2e |

o

* "N OOH + H' 4 e —.—>N1'/(0H)2 .| Equation 13
TABLE 4. COMMERCIAL SECONDARY BATTERIES. |
‘ . { " Energy
o, . : : Voltage Density ’
“+, Anode Cathode Electrolyte  per Cell / /T | F e
. lLlead Lead Sulfuric acid . 2.0 10-15
. dioxide in water
Cadmium . Nickel . Potassium 1.5 | 12-20
Ml hydroxide ‘hydroxide / : I
- in water
‘ ) Iron Nickel Potassium 12 8-14
hydroxide hydroxide
) in water
- Cadmiufm. Silver Potassium 1.4 22-34
. oxide hydroxide . .
. in water
) ‘ )
A
-~
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,\\The range of voltages for single ce]:s is Timited, and cells are connected

in seriﬁs to produce higher vdltages—~ The énergy density —-wqtt-hours per .
pound —'is an important characteristic. ' >~

éEVEgOPMENTAL AND EXPERIMENTAL BATTERIES

Many additjonal types of e]ectrochemicil eqérgy systems are under develop-

. ment. The main emphasis is to provide batteries that have higher values of en-
ergy storage density than the conventional b tteries described above. Such bat-
teries could store much ]arger quantities of e]ectr1ca1 energy than conventional
batteries of the same size and weight. One i por;ant application could be elec~
tric propulsion of vehicles. They would also bejuseful for load-leveling by
utility companies. - (Load-leveling refers to ¢ ‘?ging storage batteries during . °

‘periods of low demand for electrical power, an? then drawing power from the bat-

__.teries during periods of high demand*l_.lmprowéd batteries are also desired for
improved portable tools and communications ;7ﬁ1pment. Conventional batteries
a;e limited to cell voltages in the 1-V to 2-V Qange. Batferies with higher
celT voltage are also desired. jf/ .

Table 5 1ists some of the leading ma erials that cou]d possibly improve
batteries. There are many other exper1ménta1 e]ectrochem?ca] systems, but the

_ table does show’some of the most important types. .

The first entry,,the air battery, offers high energyfdens1ty It has been
used in some pract1ca1 applications for railroad sighaling. The cathode mate-
rial ids atmospheric oxygen, which is absorbed at a porouz carQon structure.

The cathode reaction,is as follows:.

0z + 21,0 + 4 & ——> 4 04 © Equation 14
| -
L8 . R ‘\
Air batteries with an iron anode are also under deve\opment. ~
Air batteries have been 1imited by the fact that current can only be drawn
from them slowWly. Research is underway to ingréése the discharge rate and pro-

vide higher currents . The air battery is a pr1mary baﬁtery, whereas most of

i

* the other batter1es 11sted in Table.5 are sec07dary styrage batteries.
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> TABLE 5. DEVELOPMENTAL AND EXPERIMENTAL BATTERY TYPES. .
& .

. Energy
o e Voltage Densit Status
E Type Anode ('Zathode E} ectrolyte Per Cell (Wh/1b
1 , .
< Air Zinc, Oxygen N%i;er.SO] u- 1.25 ~-80-100 Fairly well

\ - tion of potas- developed
S R e e it -~ sium- hydroxide : .
, -

Zinc- Zinc Chlorine Zinc chloride 2.12 High Not yet
cholor- . hydrate in water . S practical
ir‘e ) ' . @

Sodium-, Molten Sodium Solid mem- 2 - 100-150 Developmental *
sulfur ' poly- brane of ) . ‘

sulfide glumina
* ceramic
‘ Lithium- Lithium Iron Molten salt 2.3 125 Developmental
sulfur metal sulfide 1ithium -
. alloy _ chloride and
<~ potassium
. * chloride
7'-
6 Lithium- *Lithjum Liquid - LU 2.8 120 - Beginning to

. sulfur . sulfur : ' reach prac-
dioxide dioxide tical use »

Redox WatZr Water Part of L High’ . Very ‘early
. solu- solution cathode and U development

t]on of of FeCl,- anode ‘
, TiCl, - FeCl; - solutions
! 4 TiCk
/ - -



"to the sodium-sulfur system,

The zinc-chlorine battery uses a cathode of chlorine hydrate (C1,+6 H.0).
The chlorine is contained in a porous*titanium.strocture to ‘form the cathode.
The electrolyte must be circulated during discharge. Zinc is removed at the

-anode, and it enters the electrolyte as zinc ions. Chlorine is removed at the

cathode, and it‘enters the electrolyte as chlorine ions. During recharge; zinc
and chlorine are redeposited on the electrodes. The zinc-chlorine battery
offers considerable promise, but further development is needed to produce more
practicat batter1es .

Most_ of the batter1es described so far use e]ectro]ytes which conta1n wa-
ter. This fact limits the types of meta]s‘that can be used as .2lectrodes.
Research is being done on systems with electrolytes that do not contain water-.
Such systems could use reactive metals such as sodium or Tithium. Higher val-
ues of cell voltage could, then be achieved. ,

The sodium-sulfur battery uses ah'anode of molten'sodium. The temperature
must be maintained around 300°C. Sodium diffuses through the alumina membrane
dur1ng d1scharge to form sodium polysulfide. Du&jng recharge, the compound is
broken up 1nto sodium and sulfur. . T -

Because of its very high energy density, the sodium- su]fur battepﬁxﬁs under
development for utility load-leveling and vehicle propu1s1on. It has not
reached the stage of practical usage because of its high cost. Research is
aimed\at reducing the cost. Another problem for vehicle propu1s1on is the pos-
s1b1e release of hot corrosive sodium in an automobile crash. ,

The T1ithium-sulfur battery is an example of a system that uses a molten '
salt as an electrolyte. It offers high energy density and operates at a temper-
ature of 400 to 500°C. This type of battery is potent1a11y usefu] for veh1c1e
propu1s1on and for ut111ty load-leveling;.but again,. the problems are s;mn.ar

< -

Essentially, the 11th1um-suTﬁﬁ~ﬁidxide system dispenses with an electro-
1yte\by having the 1iquid sulfur dioxide cathode in direct contact with the
lithium electrode. Development of these cells is aimed at producing small cells
similar to flash11qht batteries, but w1th much higher.power densify. .

Redox ce]]s.1nvo]ve two fluids that are circulated by pumps through a cell
which has two compartments, one for each fluid._ The compartments are separated

by a selective membrane which allows passage of se]ected jons. Dur1ng d1scharge,

» " bag i;'

4
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the Fe’* jons are reduced to Fe?*, and thestitanium-ion is oxidized (Ti®* to
Ti**).- Hence the name "redox" (reduétion-oxidatiqn).

During. recharge, the reactions are reversed. The solutions are combination
electrodes and e]ectroTytes. The redox cell can be useful for storing 1ar§e

quantities of electricity and for utility load-leveling; however, its develop-

ment is in a very early stage.

Th1s discussion of developmental batter1es w111 give an 'jdea of some of
the ma1n thrusts of research and development. for producing Amproved batteries.
Useful batteries for storage of layge amounts of e1e9prici y can be prOduceo if
problems can be researched and overcome. Some of the proplems include high
'cost of production; development of suitable materials, containers, and“seals
for use with corrosive materials (such'as sodium ano‘ﬁi hium); lack of reproduc-
ibility; and relatively short 1ife for some of the systems. :

A4 ~
'

FUEL CELLS

A fuel cell is defined as "a continuous electric cell which uses the chemical
combustion of a fuel (such as hydrogen) td generate-electricity directly, with-
out the intermediate step of heat generation." ~The fuel is combined with oxy-
gen, but it does not burn with ah open flame. Instead, it reacts chemically at
an electrode, wh1ch acts ‘as a catalyst to promote the react1on\

Fuel cells, like batteries, convert chemical energy into electrical energy.:
They rely on chemical reactions that occur at e]eetrodes and liberate free elec-
trons that flow in an external circuit in order to yield an electric-current.

’An e1ectrolyte is also used.sj}n these -rgspects, a foe] cell is very similar to
a

a battery. For some purpose # a fuel cell is sometimes considered to be a type

]

of battery.
In other ways, fuel cells are- very d1fferent from the batteries that were

- “.

'despr1bed earlier./ The chemical reaction fnvolves a fuel and an oxidizer (oxy-
gen) which flow into the cell, usually as gas&s. Essentially, the fuel ‘is
burned, and the combustion products are removed. Unlike the elecfrode§ in bat-
teries described earlier, the electrodes are Fo?iconsumed; rather,’they act as
catalysts for the chemical reaction. - )

. Because of these s1gn1f1cant differences, the fuel cell is usually regarded
as a separate type of.e1ectr1ca1 generating syetem, rather than as another type
of battery. ] ’
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The fuel cell burns conventional fuels — such as gaseous fossil fuels oy
hydrogen — by combining them with an oxidizer (air or oxygen). It is a contin-
uous process, operating as long as thé fuel and oxidizer are supplied. This
process generates low-voltage, d.c. electrical power.

The basic fuel cell reaction is usually the burning of hydrogen, as in the

-~ following reaction: .- — — : . » JA”/§

~

. o " M, + 0, —> 2 H,0 Equation 15

The hydrogén and oxygen arg~supp1ied as géses, and the water is usually formed

as a liquid. This reaction is-also the beginning of the conventional fossil-

fuel, steam turbine generatfng cycle. In that cycle, fuel is burned to produce K

heat ... which makes steam, which drives a turbine, which drives the generator. :3

In the fuel cell, this process is bypassed: the electrical current is generated '

directly in the chemical reaction. ‘%heAadvahtage of the use of the fuel cell -7 N

is that the efficiency is higher than i% the same fuel were burned to produce

heat in a conventiona1_sté3m cycle. )
?n a fuel cell, there is an anode at which the hydrogen is oxidized and

free electrons are liberated. In addition, there is a cathode at which the

oxygen reacts and the free electrons recombine.\\As in a battery, if a wire

connects these electrodes, celectrical current will flow in the external cir-

cuit. An electrolyte is in contact with the anode and cathode, and jons mi-

\grate through the electrolyte. )
Specifically, for one type'of system that uses an electrolyte that con-

tains carbonate ions (C0;=), the'reaction (at the anode) is the following:

Hp + C03- ——>H,0 + CO, + 2 e~ . Equation 16

¥

At the cathode, the reaction is as follows:

0, + 2 C0, + 8.6 —>2.C0," Equation 17 .

Thé net effect of these two reactions is to combine hydrogen and oxygen

13
to form water, in accordance with Equation 15.
"

.
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o A schematic diagram of
..5L + a fuel cell is shown in Fig-
. e & ‘ % \ oxvaen UTE 11. ,The fuel and oxy- 3
% % ——, gen flow into the cell and °
. ;ﬁ . ;ﬁ. diffuse through porous elec- i
% ELECTROLYTE 4 trodes. The reactions occur ‘
'fj . :/ on the inside surface of the
a ;2 10N FLOW ja electrodes, where the gas,

\ELECTRWES/

~

Figure 11, échematic'Diagram of Fuel Cell..

(|
R=NEEE T gaguamne
7/ ELECTROLYTE
ucxsl.da.zc:{/éoe |
.14f¥‘}5*5§
P
) 1}

Figure 12. Diagram of Bacon-
Type Fuel Cell. :

4
s 4

"the electrode, and the elec-
trolyte are all ir contact.
Thé prototype of mod-
ern fuel tells is the Bacon
cell, which was named after its inventor.
This cell operated at a temperature around

. 200°C and had-a liquid potass%um hydroxide
~electrolyte and nickel electrodes with fine

pores. A schematic diagrgm is shown in Fig-
ure 12. This cell produced a voltage of
approximatley 0.7 volt and provided an =
electrical current ofA750 ampeéres for each

square foot of electrode area. The develop- /

ment of this type of fuel cell in the 1950s
generated great enthysiasm and lead to con-
tinued development of fuel cells.

Fuel cells were developed for practi-
cal application in the space program. Fuel
cells were used wjth great success, on the *
Gemini and, Apollo space missions because

, they were well suited to-providing-electricalPower. for periods-of a?ounq two
weeks under conditions where low weight was important but where cost was not of
great importance. The fuel cells for the space program provided a reliable‘
electrical power Qith high energy storage per unit weight; but the cost was

relatively high.

A
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After the successful application of fuel cells in_the space program, atten-

tion turned to possible uses of fuel cells for terrestial applications. One
desirable application could be for vehicle propulsion. Experimental units have
been‘gsed to power trucks and automobiles. Fuel cell systems have been devel-

‘oped by many organizations. Some have been demonstrated to produce several’
- kilowatts-of-power;-others have.demonstrated lifetimes up to.10,000 hours..
" However, despite fairly large efforts, fuel cells have not yet been suc-

cessful for ground-based applications. The main problem has been the high cost.

Cost was not a prime consideration in fuel cells for the space”programz'but it
is extremely important for applications such as' vehicle propulsion. 'besp1te ’
intensive efforts, the cost of fuel-cell systems remains too high for them to
be economically attractive at this time. There are other improvements that are
needed, such as improved 11fet1me development of units that can produce higher
powers and improved ca§a1yt1c mater1als for e]ectrode§ For Tow-cost opera-
tion, the fuel ¢ells must use gases that heed.little.pur1f1cat1on For exam-

ple, air, rather than oxygen, should-be ;he'oxidizer ‘Further advances in this,

area are also needed. Thus, the status-of fuel cells remains as follows: they
are still developmental, and practical applications are lacking.
A few types of fuel cells that are being studied are shown in Table 6.

rial that are being studied. The high temperature fuel ' cell(fs significant.
At.high temperatures, the catalyst material cah be more simple and less expen-
sive than catalysts needed f@r Tower tempereture operation. Because the cost
of the catalyst is high, phiS type of fuel cell. can possibly be cbnstructed at
a reduced’price. . ‘

Fuel cells could be desirable energy sources. Fuel cells using hydrogen:
would conserve foséil-fuels and would be a renewable energy 'source. They are
compatible with many applications, inclading vehicle propulsion, domestic air

conditioning, generation of heat and electricity within a home, and as a supple-
- ment to conventional electrical power plants. For generation of electricity,

they offer a higher efficiency of conversion of the thermal energy of the fuet
to electrical energy, as compared to conventional electrical generation.

H
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" TABLE 6. SOME TYPES OF FUEL CELLS UNDER\DEVELOPMENT.

materials

“ e
. . Temperature of
Type Gases QSed Electrolyte Electrodes Operation (°C)
Aquéous Hydrogen and Potassium NickeT 25
“’electrolyte | = oxygen hydroxide .
: in water
. ._d .;.,_ T —rememi i w s mrvore es mer £ A coms v tr e rmbme e cccb R e R ceatry cmm S . -
| Aqueous Hydrogen -, Sulfaric Tungsten 25
electrolyte containing acid in carbide
gas and air water -
High Hydrogen - ° Molten Nickel or 650
temperature containing carbonate silver
gas and air salts
Ammonia Ammonia and Potassium Platinum 140
oxygen hydroxide containing

PHOTOVOLTAIC GENERATION OF ELECTRICILY

Photovoltaic generation of electricity involves direct conversion of the

energy from sunlight into electrical energy. Module EP-03 discussed generation

of steam and hot water using solar collectoys.

High temperature solar collec-

_ tor systems can generate steam which can drive a steam turbine and generate

electricity in a conyentional cycle.

In photovoltaic generation, electricity

is produced directly when the light is absorbed in a semiconductor material.

There is no need to generate heat or $Steam.

S

PRINCIPLES OF-OPERATION

v

The photovoltaic effect in semiconductors is the basis for the direct gen-
eration of electricity from sunlight. The photovoltaic effect is described in
physics courses that thé student has studied; but, for completeness, it will be

briefly .reviewed here,

N I 4 .
The energy states available to electrons “in a semiconductor, such as sili-

“con, are not continuous; rather, they have a region called the energy gap in

whigh there are no energy states. The width of the energy gap varies from one

semiconductor to another.

The presence of the energy gap affects the electri-

ca]lproperties of the mate;lal, and is, in fact, what makes them semiconductors.

-
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. in the conduction band.

o~

_tronic shell in phosphorous has

254

*y

Electrons in the valence baﬁd, which lies below the energy gap, are not free
to mové;and cannot contribute to electrical conductivity. .Electrons in the
conduction band above the energy gap are free to move and can produce electrical '
conduct1v1ty ’ |

When 1light is absorbed in a sem1conductor, the energy of' the 1ight can
raise-an-electron across- thg\energy gap, from the valence band. tfo:the conduc- __

tion band.

This produces a current carr1er — an electron with a negative charge
The hole can also be a current
The situation is shown sche-
matically in Figure 13, which ?ﬁuﬁ?lthe energy gap, the conduction #d valence
band$, and the motion of the charge carriers (electrons and holes) in an ap- 4
plied-electric field.

This is called a hole.
carrier that acts as if it-had a positive charge.

ELECTRIC FELD ' ‘

—
3

Electrical conductivity can -

also be produced in a semiconduc-

— CONDUCTION BAND

tor by doping the semiconductor A _ “ ) _ -

with small amounts of impurity - ELECTRON  — -

elements. In silicon, an ele- - - - - ’
ment such as phoéphorous contri- § e .
butes an electron to the conduc- = % ¢

tion band because the outer elec- -

five electrons, as compared to

- - 'VALENCE BAND

four for silicon.” Such a semi -..

conductor is called N-type be- Figure 13.” Diagram of Energy Gap, Conduc- .
tion Band, Valence Band, and Current Car-
riers in a Sem1conductor )T

cause the current carriers are
negative (electrons).

An element such as boron s
contributes a-hole to the valence band -because the otter electronic shell in
boron has on]y three e]ectrons Such a sem1condattor is calded P-type because,
the current carriers are positive (ho]es) .

It is possible to dope a semiconddtor to produce adjacent regions of pP-
type material and N-type materjal.
is illustrated in Figure 14.°

are shown in Figure 14,

The result is called a P-N junction, which
The energy bands in the region of a P-N junction

The junction region itself is only a few micrometers
/

~
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in width. One side is P-type material; the other side is N-type material. The
conduction énd valence bands change shape through the junction, as indicated.

The band gap is denoted by Eg, and the dashed line shows the 1éve1-to which the
electronic states are filled. g , .
’ ' ' If Iight is absorbed ﬁear

the junction region, it will

raise an electron from the va-
lence band to the cenduction
band, producing an electron in
the conduction band and a hole
‘. | in the valence band. The change

3 Valence 8and . b Conduction 8and| in spape of the bands near the

Figure 14. Diagram of ﬁ?N Junction in Junction acts like a built-in
a.Semiconductor. electrical field and will cause
. the hole and electron to move,
as indicated %n Figure 14. This produces a flpw of electrical current.
This is the photovol%aic effect. Light is incident on & P-N junction in a
semiconductor. Absorption of the 1igh; produces a flow of electrical current
directly, a phenomenon that occurs without application of ény voltage external

to the, semiconductor. The energy of the light is turned directly info a flow

f electrical current, without any intermediate stages such as production of .
:;Et or steam. Electrical current generation, using’P-N junctions in semicon- .
ductors and the photovoltaic effect, can, thus, cenvert energy frmq sun]ight
into electrical energy., ' R ‘

! -~ -

PHOTOVOLTAIC CEL .
\ . -

A diagram of a photovoltaic cell is Shown fh Figure 15. A substrate of P-

+type semiconductor has a thin layer of N-type semiconductor.  The P-type semi-

conductor may be silicon, doped with a small amount of an element such-as boron

or indium. The N-type semiconductor may be silicon, doped with a small-amount
jhorous. The narrow region between these

of an element such as arsenic or-phos
two layers is called the junction region. ‘Thig region is approximately one

micrometer thick. . ’ J
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2 N  SUNLIGHT
. If suntight is incident ' - ELECTRICAL
_on the pkotovoltaic cell, | \\\\\\__,\ CONTACT
free elecProns and hoTes (de- - n l
noted by minus and plus signs
' ! TP S e 1 OF — ||
respectively) will be produced ® ) ELEGTRON
b b . . WUNCTION " ‘ OW
y absorption of light energy — / :
near the junction region. .
Because of the photovoltaic , s\\: : .
effect, the carriers will ELECTRCAL

move in the'direction of the Figure 15. Diagram of Photovoltaic Cell.
arrows. Electrical contacts ‘
are formed by depositimg_thin ‘
metal films on the surface. The photovoltaic effect will cause electrical cur-
rent to flow in a wire that connects the contacts. Thus, a photovoltaic cell
is a generator of electrical curreht-and e}eétrica1 power when it is exposed to ”
sunlight. ) ' A
The potent1a1 efficiency of solar cells is 6¥§§F€a{_lmportance Because
of the fact that sp1ar Madiation is distributed over a wide range of wavelengths,
the eff1c1ency of any photovo1ta1c cell must be less than 100%. The spectral dis-
tribution of energy in sunlight was shown in Figure 2 of Module EP-03. Light
with Tong wavelength cannot excite free carriers and, thus, is ineffective'in
produc1ng photovoltaic electrical power. Light of short wave]ength can produces
photovoltaic current, but each incoming photon produces one electron-hole pair.
Any excess enexgy above the minimum needed to produce the electron-hole pair is
Tost. 0n1y'1i§ht\w;ﬁh photon énergy nearly equal to the energy gap of ‘the semi-
conductor-ic used with high efficiency. 5 . o
A\:)The maximum possible efficiency for conversion of solar energy into elec-
tricdl energy is a function of the energy gap of the .semiconductor. This is a
resu1t of the inevitable losses. The s1tuat1on js illustrated in Figure 36— .
wh1ch shows the maximum possible eff1c1ency for photovoltaic conversion of sun-
ht versus energy gap. The highest poss1b1e value is around 25%, near ‘an en-
52:3}\Q§p of 1.4 electron volts. This is a theoretical maximum value, set by
the losses resulting from the mismatch of the ends of the solar spectrum jjth

the energy gap. If the engineering and construction of solar cells is le )

.
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. ‘ g . C _ " thag perfect, the conversion
( . CaTe efficiency will be even Tless ..
than the yalue shown in Fig-
ure 16.
<&£1gure 16 shows the en-

ergy gaps of a number of semi-

¥

conductors, The most popular ~
and best deJ%Iopegﬁsemicond;c-
tor is-silicon, having an éﬁ-
1 2 ) 3 ergy'gap around 1.1 eV and a
ENERGY GAP (Eusmvm vOLTS) - - maximum possible efficiency

Figure 16. Maximum Photovoltaic Conversion around 20%. Other semiconduc-
Efficiency Vs. Semiconductor Energy Gap. tors, such as GaAs and CdTe,

MAXIMUM EFFICIENCY (%)

have energy gaps closer to the
maximum value, ang_Ehgyﬁgould have higher conversion efficiency. ‘
- Silicon'solar cells, which have been the subJect of intense development,

have been used in the space program. They take .advantage of many technological
developments 1nvo]v1ng silicon used in the electronics 1ndustry The Ieading-

cand1date for solar photova]ta1c en-
ergy conversion is silicon, despite

T o - S B o the fact- that it does riot have the- -

L 30 i highest poss1b1e value of efficiency.

-
b

F1gure 17 shows electrical char-
acteristics for a typical silicon
photovoltaic, cell. The top curve
is the open'ciréhit yoltage, and the
Tower curve isthe short tircuit cur-

{ MLUAMPS/ CM2)

l\

OPEN CIHCUIT VOLTAGE (V)

.

rent. These outputs are-shown as
versus the power per un#t area deliv-

: ‘ ered by sunlight. (Remember that .
: 3224/l*““N*“°“‘w’ 2 \ solar power has a maximum value L
F1gur Qutput of T pica] Silicon® around 1000 W/m? on the earth's sur-

. Photovoltaic fell Vs. Incident Solar °
’ [1lumination. /

L4

~~—SHORT CIRGUIT CURRENT

S

D

’§'

c s 4
face, when the sun is directly over-
‘head.) - . . )

- . N
. . N
- R .
¢ -
. \ N .
;
!
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Silicon solar cells can be fabricated in large area co figurations with
efficiencies in the range of 10 to 12%. Higher ef¥1c1enc1e can be obtained
in devices with small areas and high cost, but large area devices will be
needed for production of large amounts ofielectrical power.- -

Development of other types of solar ce]]s‘is proceeding. In particular,
cadmium telluride and gallium arseniée»sglar»ce]]s»are of interest because of

potentially higher efficiency. Experimental gallium arsenide devices have

been made with efficiency around 25%, near the theoretical miximum. However,

these types of solar cells are far less developed than silkicon devices\ The
cost is much higher than for silicon devices. The ability to make devices
with large areas is much less dEve]oped ﬂ'an for silicon; therefore, cadmium
kelluride and gallium arsenide solar cells must be regarded as experimental

deyices. .

[
~
v

APPLIXATION OF PHOTOVOLTAIC ELECTRIC GENERATION

Conversion of solar energy directly into electricity has many attractive
features.\ This method uses no fossil-fuels; ratHer, it takes advantage of solar
'enefgy thay, is already jncident on the earth — thus making it a renewable re-
source. . Photovoltaic electric gene?ation causes dQ\girect environmental damage.

, -1t is a flexibje techno]ogy,scompatible with relatively small generating plants;
" therefore it cotld serve small communities or even jndividual buildings. Thus,
ksi}re not needed, an& dangers of large-scalesblackouts

large distributidR networ
are eliminated. ,

is their h1gh cost. AWl of the cufrrent mater1als and. manufactur1ng steps are
" too expens1ve to make laxge-scale e]ectrlcal generat1on feasible.” Many develop-
ment programs ‘are attempting to reduce costs. The main aFMance needed is the
ability to p/pduce large area solar cells that have good/eff1c1ency at low cost
A second drawback is the fact that solar power is nat constant. Thus,
storage facilities: are necessar- for n1ght, c]oudy days, fand so forth. \Present%
\methods of produc1ng ‘the electr1c 1 contacts on the top | surface of the cells
cqver too much area and neduce the sefuﬁ area of the cell Advances are needed
in the product1on of e]ectr1ca1 contagts. Finally, pav%ng of large areas with ~
\ s111Gon may be ‘considered en 1ronmenta y undesirable. jAt the currently avai]-'
- able cqpyers;on efficiency of 1%, about .6% of the anea of the United States

,/
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" successfully for

would’ have to be cove -d with solar cells to prov1de a]] the energy negﬂi}of
the country.

‘ ’
of solar energy to g]ectrica] energg—hEE'been used:
d in the space program. Silicon solar cells have-

Photovoltaic conversi

.

provided most of Qe g Ectrical power used on space vehicles. Very 1arge pan-
els with many solar cells on each pankl are deployed after 1aunch These pan-
els have the appearance of sails. Units with capab111!1es up to 11 kilowatts
have been 1aunched into space. 0bv1ous1y, th1s has been a successfu] pract1ca1

app11cat1on of photovo]ta1c energy convers1on ! ;g “-

o

The use of photovo]ta1c cells in “the space program was compa®ible with .the

relatively high cost of the cells. Solar cells used in space cost $200 or,more

per watt .of electrical power'generation, a cost that is far too high-for ground-
based generation of e1ectr1ca1 power. a . ’ .
The U.S. Department of Energy is sponsoring a broad based-program to peduce
the cost of solar cells to the point that they will be compet1t1ve for terres-
trial power generation. It is est1mated that, at’a cost of 50 cents per peak- '
watt, ground-based photovoltaic conversien of solar energy would be econom1cq11y
feasible. (In this spec1f1cat1on, the cos%gii expressed’1n terms of 1975 dol-
attage produced when the solar
ce]hpis exposed to the peak insolation of 1000\N%q2.) The goal of the Depart-
fent of Energy .program is -the capability to produce large area #lar cells at a
cost of 50 cents per peak-watt by 1986. By the 1ate 1970§;/cont1nued develop-
ments in silicon growth coating methods, and cell fabr1cat1on had reduced the

lars, and the term "peak-watt" refers to th

. cost to several dollars per peak-watt. It appears possible that the 1986 cost

goal can be met. At that point, electricity generated d1rect1y by photovolta1c
_conversign of solar energy could deve]op rapidly. :

It is likely that photovo1ta1c electric genérating plants will ;\>re1a- ~
tive]y small compared to c?9iéntgonal electrical generating plants. Fossil-
fue] and nuclear reactor plants are not economical unless they are large — 1000
megawatis or more. Generation stations for commercial generation of photovo]t—
aic electricdl power would probably be much smaller, serving relatively smaller -
communities, or perhaps individual buildings. Storage capacity would be re-

quired for periods when the $un is not shining.

A}
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