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ABSTRACT

In the manufacture of cement, literally trillions of Btu's are
rejected to the environment each year. The purpose of this
feasibility study program was to determine whether thermal ener-
gy storage could be used to conserve or allow alternative uses
of this rejected energy. This study identifies and quantifies
the sources of rejected energy in the cement manufacturing proc-
es55, establishes use of this energy, investigates various stor-
age system concepts, and selects energy conservation systems for

further study. Thermal performance and economic analyses are

performed on candidate storage systems for Ffour typical cement
plants representing various methods of manufacturing cement.
Through the use of thermal energy storage in conjunction with
waste heat electric power generation units, an estimated
2.4 % 10'3 Btu/year, or an equivalent of 4.0 x 10% barrels of
0il per vear, can be conserved., Attractive rates of return on
investment of the proposed systems are an incentive for further
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INTRODUCTION

The cement industry is the most energy—intensive industry in the
United States in terms of energy cost as a percentage of total
cost of the material according to a report issued by the Cosi of
Living Council in 1973, Considerably less energy, however, is re-
quirad to produce cement than competitive building materials (ce-
ment requires about 6 million Btu/ton, aluminum requires about

170 million Btu/ton, and steel requires about 19 million Btu/tomn).
Therefors, as energy shortages in the United States become more
acute, the demand for cement will most probably increase over
other building materials,

The U.S. cement industry is composed of 52 companies with an an-
nual capacity of about 95 million tons of cement. The manufac-
turing plants are well dispersed throughout the country and are
located near population centers. The cement industry is the
sizth largest industrial energy consumer, requiring about 550
trillion Btu annually. Well over 80 percent of this energy is
used to heat the kilns, but only 20 to 50 percent of this energy
is required to bring about the chemical reaction forming the ce-
ment clinker., The remaining 50 to 80 percent of the energy is
lost from clinker cooling, in kiln exit gases, and through the
kiln walls, Thus, cement is an attractive industry for the ap-
plication of waste heat recovery and thermal energy storage sys-
tems, having a theoretical potential for recovering from

2.4 x 101% to 4.0 x 101* Btu annually.

The objective of this research program was to develop an economical
and industry-acceptable concept for a system that will recover
waste thermal energy from cement production processes, store the
energy, and return the recovered energy to the process or to the
public domain. The research program was conducted by Martin
Marietta Aerospace with the Portland Cement Association providing
technical consultation.

The program was divided into seven major tasks which are described

as follows:

Task I - Cement Industry Process Study. Define the energy con-
sumption by process, the sources of waste heat and. :
corresponding amount and temperature, the potential
for recovery, the in-process uses of storved thermal
energy, typical plant equipment layouts, and potentlal

' energy savings.  Select the most promising emergy .
sources.

Four plants, typical of the various types of plants in
this country, were selected for use in the subsequent
analyses in this program,

2
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Task IL

Task III -

Tagk IV -

Task V. -

Task VI -

Task VII -

Storage System and Application Selection. Review the
various types of thermal storage techniques and iden-—
tify those most suitable for use in the cement in-
dustry. Identify the potential applications of the
stored thermal energy and select the most promising.
Prepare a process flow diagram for each selected con-
cept and define system conditions at significant
points. Based on these diagrams, prepare conceptual
designs of the system components (i.e., heat ex-—
changers, pumps, ete) sufficient to perform a pre-
iliminary economic evaluation of each concept.

Storage System Plan and Incorporation Study. Estab-
lish interface requirements and operational restric-
rions for incorporating the selected systems into the
model plants selected in Task I. Review plant layouts
to determine the optimum location of the storage sys-—
tem. Prepare layout show1ng equipment and location
of interfaces.

Industry Survey. Conduct a survey to assess the in-
dustry's acceptance of the candidate energy conserva—
tion systems.

Storage System Sizing, Preliminary Design,. and Per—
formance Analysis. Select the candidate source/
storage system/application from the results of Tasks
I and II for further analysis. Prepare flow diagrams

of each showing process f£lowrates, temperatures, and

pressures. Perform analyses to describe size and
requirements for major items of equipment. For each
concept prepare a computer model capable of predicting
the transient performance of the system.

Preliminary Economic Analysis. Perform an economic
analysis of the conceptual designs of Task V to deter-
mine the economic feasibility of the systems. ' :

Storage System Development Plan. Evaluate the overall
econonics and technical feasibility of full-scale com-
mercialization of cement plant waste heat usage. Pro-
vide a detailed program plan for the required analysis,
d391gn, development testing and system demonstration
Lestlng of the concept.-_ .

Results from this study have shown that approximately 4 x. 1013
Btu/year rejected energy can easily be recovered and applied for
in-plant use. The major part of the rejected emergy is fxom kilm -
exit gases, which is a high quality heat source. This energy

Bl Wb e e
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source, with temperatures ranging from 700°F to 180C°F, depend-
ing on process type, can be used for on-site power generation.
Five plants in the U.S. are now using this energy source for
such purposes

Thermal energy storage can aid in the production of power when
the kiln is shut down for scheduled or unscheduled maintenance.
Electricity is required when the kiln is down to support other
operations such as raw fesd grinding, finish grinding, and other
facilities. Thermal storage svstem sizes were estimated to pro-
vide elecirical power for =z 24-hour duration. Storage systems
recommended for further development are rockbed storage units
and liquid molten salt systems. A conceptual implementation of
a rockbed storage system with a four-stage preheater kiln is s
shown in Figure IT-1. Through the use of thermal energy stor-
age, returns on invesiment can be greater over a waste heat re-
covery system without storage. . The waste heat recovery/storage
sysiems proposed in this study can iize up to 50 to 90% re-

curn on investment.

ORIGINAL PAGE I
Ok POOR QUAIm

zheater Plan (Conceptual)
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CEMENT INDUSTRY PROCESS STUDY

The objectives of this task were to define the sources of poten-
tially recoverable thermal energy and the applications for that
recovered energy, and to select four representative, existing
plants to be used in succeeding tasks.

Before describing the specific results of this task, a descrip-
tion of the basic cement manufacturing process and general back-
ground discussion of the industry is provided,.

PROCESS DESCRIPTION

Two processes are used for manufacturing portland cement--wet and
dry—as illustrated in Figure III-1. When rock is the principal
raw material, the first step in both processes is primary crush-
ing. Pieces of rock the size of an oil drum are fed through
crushers that reduce the rock to about 5-in. size. Secondary
crushers or hammex mills then reduce the material to about 3/4-
in. size, :

In the wet process, the crushed raw materials, properly propor—
tioned, are ground with water, thoroughly mixed, and fed into the
kiln in the form of "slurry." Imn the dry process, the raw ma-
terials are ground, mixed, and fed into the kiln in their dry
state. In other respects, the wet and dry processes are essen-
tially alike.

The raw material is heated to about 2700°F in huge cylindrical
steel rotary kilms lined with firebrick or special burning zone
brick. A modern cement kiln probably is the largest piece of
moving equipment used in any industry. Some kilns have a diam-
eter of as much as 25 £t and can be 750 ft long. The kiln axis
is slightly inclined, and the raw material is fed into the higher
end. At the lower end an intensely hot flame is produced by the
precisely controlled burnlng of coal, oil, or gas under forced
draft. : -

As the raw material moves countercurrent to the flow of hot gases
through the kiln, certain elements are driven off in the form of
gases. The remaining elements combine to form a substance with™
raw physical and chemical characteristics. It is called "elinkex"
and usually takes the form of grayish-black pellets about the size

" m';_.')‘.\.




,D!‘IIWB [ q Q&w d‘d

J_ovuzan .

ERCH 1AW FATIN'AL
15 STOREL SIPAZATLLY

LIMISTONT

TAW MATITIALS CONWSIST OF
COMBIMATICHS OF WMISTCHE
CLHINE 200X, MALL DX OTITI2 SHELL,
AND $HALS, CLAY, SAKD, OF 120N OI% SEMARY CLUSHIR
RAW MATIZIALS COHVEYID ™
SICONDARY CRUSHIL 1O GRIMDIHG: MIKS

1 Stone Is first zaduced to 5-in. size, then ¥-in,, and stored,

N\
s femie |
5 favisn L
238 5 Ex x
F |84 7 =0 ¢ - =
”) N gl HOT ATk |
mci'nc{n LR — L 1l
o e ¥ r i
AV MATEIIALS ' T0 PHIUMATIC mumi}s’ PO T o ==
Azl TROFORTICNID DY HIXING AND C1OUHD RAW
BLINDING 31103 RATINAL STORAGE
2 Raw maierials are ground {o powder and blended, or
YiIRATING .
SCRIEH
A Eﬁ_mﬁ @
f - 1z | m———
il — e
:=:=n'.. {—._—'_'—..—'_——:-—

RAW MATINALS W

. SUIRY 5 MIZID AND BISDEOW  SWIEY  SIORAGE BASING
At] PIOMORTIGHID Pk } Pump

Z Raw materials are ground, mixed with water to form slurry, and blended,

T . . MARHLIALS ALE
. %— . . STOXED SEPARARELY -
cUHRE
cuir PAW MIX 1§ XIUE SumHiD o b
cauicior 10 PARTLAL FUIIGH AT 3760 F. e W r::--:..‘:t 13
COAL ot ot 3 =TT I B
GAS FUIL " = R b
’-_—ﬂ b e : | .
TH e i Py
: H !
! SN d # {E =
, b A § g
» e s Pl ke
AR DUST XOTATING KItH CURKIX COOLIE =g | =

MR CLMEIR AMD GTMUM CDNV("D
T n:lunma Mg

3 Burning changes raw mix chemically into cement clinker,

AR
SIPARATOR .

DT
5, catuteror m—;«\\
L

*gﬁ
b=l ot =
MATIRIALS Aafﬁ[ .
v | iy

- 4. Clinker with gypsum is ground inte portiand cement and shipped,.
Figure IIT-1 Steps in the Manufacture of Portland Cement

Tt st W;:_

Fﬁ’ﬂf._

cmrm o . TBULE T ENIK | 3DR  PACKAGING  TRUCE
rume BUIK 3TORAGE WUCK  €AT  Ear MACHINE




el U

E o

of marbles. The hot clinker discharged from the kiln is cooled

to manageable temperatures by one of the various types of coolers,

most of the heat from which is returned to the kiln to inerease
heatlng efficiency.

The clinker may be stockpiled for future use, o¥ conveyed im—

- mediately to a series of grinding mills. . Here gypsum is added -
* in the grinding process and the cycle is completed. This final

grinding reduces clinker to a fine powder. This extremely fine
powder is portland cement.

INDUSTRY BACKGROUND

The U.S8. cement industry is composed of 52 companias with an an-—
nual capacity of about 95 million tons of cement. The names of

-companies and their annual capacities arve listed in Table III-I.

Figure IXI-2 shows the location of the mapufacturing plants,
which are well dispersed throughout the country, although the
mountain region is levs widely represented than axe other gec—
tions. By the very nature of the process and product involved,
cement plants are located fairly near population centers.

Cement is produced in kilns of widely varying production capacity.
The average kiln produces about 280,000 tons of cement annually,
with kilns ranging from 1,200,000 tons down to those producing -
65,000 tons annually. Plants produce from 100,000 to 2,500,000
tons of cement annually with an average of about 550,000 tons..

The age and condition of U.S. cement plants are as widely vari~

-able as capacity. OFf the 385 kilns currently producing port-

land cement clinker, 65 were put into oparatlon before 1931, and .
40 have been installed since 1971

e




Juble ITI-1

Canent Comuary Cepacitiss

Cament Yevrgent
Ranlc {1000 ton) | Industry Name
1 6,370 5.7 Tdcal
2 5,217 5.5 General
3 2,125 5.4 Martin Marietta
4 4,493 b7 Lone Star
5 4,268 4.5 ‘Marquette
6 4,084 4.3 Ameord
7 3,856 4,1 Madusa
8 1,806 4.0 Universal Atlas
9 3.743 3.9 .Kaiger )
10 3,482 3.7 National Gypsum
11 3,930 3.2 California Portland
12 2,355 3.1 Lehigh
13 2,660 2.3 Southwestern
15 2,380 2.7 Citadel
16 2,217 2.3 Penn-Dixie
17 © 12,180 2.2 Louisville
18 . 2,150 2.3 DPundac
19 - 12,140 2.3 “Flinthote -
207 2,050 2.2 Alpha
21 11,550 1.6 Atlantic
22 1,504 1.6 Texas Industries
23 . 1,410 1.5 Gifford-Hill
24 1,306 1.4 Asli Crove '
25 1,200 1.3 Riyer
26 1,130 1.2 Coplay
27 . 11,125 1.2 -DKC
28 1,120 1.2 Santec
29 1,050 1.1 Northwestern States
30 1,041 1.1 Cantes
31 3 000 1.1  Maule
32 942 1.0 Calumbia
33 855 0.9 " Giant
34 830 0.9 Arkansas’ Cement
33 840 - 0.9 Oregon Portland
36 790 | N T Whitehall
37 750 0.8 Hudson :
38 725 0.5 Natlonal Cement
39 700 - 0.7 Monolith
40 660 0.7 Keystone
“H1- 600" - 0.6 Modareh ..
42 570 0.6 South Daliota Cement
43 565 0.6 Sulf Coast
44 560 0.6 Fla. Mining/Material
45 495 0.5 Rinker Portland Cement
46 450 0.5 Cyprus Hawdiian Cement
&7 400 . 0.4 Wysndotte
48 380 0.4 San- Antonio Port.
49 355 0.4 Capitol Aggregates
50 - 330 19¢ % ‘Utah Portland - :
51 282 0.3 Notiondl Portland
52 270 0.3 Jefferson Marine

Source - Econowmic Research Department, Portland Cement Assucud«

“tion 01ld Orchard Road, Skokle, IllanLa 60076

31 Dec 76 -
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PRESENT ENERGY CONSUMPTIOL OF THE U.S. CEMENT INDUSTRY.

The most recent f£igures available from the Portland Cement As-—
sociation's (PCA) Economic Research Department reveal that -
energy consumption has decreased since 1972. The data are shown
in Table III-2, For dry process kilns only, the kiln consumes
an average &,94 million Btu/ton fuel energy and 29.3 kWh/ton

electriecal requirements. The overall totals for all plants are =

5,760,000 Btu/ton total fuel energy and 148.3 kWh/ton electrical

“energy. The most recent figuves on energy cost reveal that the

industry is paying about: $1.15-$1. 20/m11110n Btu for fuel energy,

" and -about: 2,8¢/kWh for electrlcal energy.  The fuel costs range

from about $l 00/million Btu for certain coals to slightly more
than $2.00/million Btu for imported oil. Electrical power costs

were minimum in areas with hydroelectrlc and nuclear generatlon,
‘and maximum where 1mported 0il was used.

Tabie IIT-2 Prcsent Energy Consumption for ALl Plants

. u{,Oill’f,;f L i345['x

Present Fuel Consumptlon & Torecast for 1983

At present the f0531l fuel consumptlon of the 1ndustry fe e

follows
. Coal +. cdke = 627 of total Btu. oo

' Natural gas-— 25/{'

1

Enexrgy (Fuel + Electric),
_ Bquivalent Btu/ton. Clinker
Depar tment : Average Range ‘
Quarty and Crushing -~ | = 48,000 = .| 6 to.175,000. " | .
Drying : 23%,000 - ~ | 0 to 1,000,000
' 239,000 (Dry Process| 0 to 1,000,000
B Only) S
- Raw Milling . 117,000 -
Kiln Operations . | 5,779,000 . . . |
'  |.5,680,000 (Fuel Only) | 3,000,000 to-
, : e 10,100,000
~Finish Grinding = 200,300 . .. | . ]
Total Grinding® ~ | 307,400 - | = 150,000 to
SR g ' B 525,000
*Most recent data not -as. yet apportloned 1nto raw and flnlsh -
grlndlng ’
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By 1933, it is estimated that moxe than 80% of the production
will be manufactured using coal.

Process Trends

As of 1976, the industry produced about 54.9% of cement with the
wet process and 45,1% by the dry process. Table III-3 shows the
projected additions and closings for the next few years. At the
end of five years, it is projected that the industyy will be pro-
ducing over 50% of the product using dry process systems. DMost

“of the new dry process capacity will be preheater and precalciner

systems, and will replace primarily wet process systems. The
longer range trend will be more strongly to dry process instal-
lations, with most of the less efficient dry process installations

- employing some form of waste heat utilization.

RATIONALE FOR PLANT SELECTION

The four plant models selected for waste heat recovery represent

-.the process types most amenahle to energy recovery and those |

will predominate in the future for the U.8. cement industxy.
They include a long-dry-process kiln with chains, a one-stage sus-
pension preheater kiln with chains, a four—-stage suspen51on pre-
heater kiln, and a long dry kiln with waste heat boiler. = Suspen-
sion preheater kilns will be used in many plants where capital

ig available to change, because the heat exchange of kiln exit
gases with incoming raw materials is very efficient, and energy
requirements for pyroprocessing are minimized. However, because .
the ASTM specifications provide for an optional limit on alkali
content (0.6% as Nap0), and the suspension preheater system en-
traps alkalies in the kiln system more efficiently than do other
systems, many plants may be unable to convert to this system.
Another constraint to the wholesale adoption of preheater tech-
nology is the incidence of plugging and buildups in the pre-
heater system arising when alkali, sulfur, and chlorine compounds
conderse during heat exchange. ¥For these reasons, it was de—-.
cided to include the single-stage preheater system; which is
gaining popularity for applications in which a minor degree of

these alkali or sulfur problems exist, and the long dry kiln,

which will continue to be popular in plants that have major
problems in these areas. :

.- Although the wet process will continue to be used in many plants.
for the foreseéeable future, because of matellal constraints or

because -capital may not be available for conversion, the low .
gas temperatures and high moisture contents characteristic of
exit "’ gases from wet kilns make thém much less attractive fox: heat

recovery. - Slmllarly, although a faw glate pleheater kllns are in

Jiz o
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Table IIT-3 Announced Cement/Clinker Capacity Changes as of Sept 29;, 1977

Plant name Location Procass _Tons (1, 000)
New 1977 " Jrom - do
No activity for period shnwn
Expansions b
Ideal Tijeras, N.M., Dry 428 500 + 8o
Louisville Cement Speed, Ind, . Dry . 880 . 1040 4+ 160
Soath Dakota - Rapid City, S,D. Dyy -~ . 570 1140 4+ 570 .
Cloging/Reduction '
General Houaton, Texas Wek 245 0 -~ 245
Total 1977 565 :
1978
New ) . : :
Centex Buda, Texas Dry 470 + 470 |
Expansions : v o R o - : b
Coplay Ndza.reth Pa, Dry 580 1025 4+ 445
Liehigh Mason City, Iowa Dry 605 750 + 145 b
Closing/Reducticn ’ i i - S ) i
No activity for period shown
- Total 1978 ' . . + . 1060 ;
1979 :
New o : T : . -
Qregon Portlan.d Durkee, Oregon Dry o , 500 -+ 500 ‘
Expansions - G . o : - ) S y .
Ideal Boettcher, Colo. Dry 410 460 + - 50 :
Ideal Knoxville, Tenn. Dry - 470 .. 583 4 113 )
Lone Star Davenport, Calif, Dry 395 725 4+ 330 3
Closing/Reduction _ A ]
Oregon Portland ' Huntington, Oregon Wet 2000 70 - 200
Total 1979 + 793
1980
New )
No activity for period shown g
Expansions : L : :
Kaiser _ Permanente, Calif, Dry . 1600 1600.. -~ )
Marquette Gape Girardeau, Mo. Dry 335 1000 4. 663 1
Closing/Reduction . - - e - L '
Marquette - Nashvﬂle, Tenn, Weat. T 235 0 -~ -:235
Marquette Cowan, Tenn. Wet 233 0 - 233
Marquette Rockmarzt, Ga. Dry - . 255 0 - 255
Marquetie Supermr, O'nm Dry _ 285 0 - 285 3
o " Total 1980 T T LR L TTT3a3
1981 - ' 3
New : PR i . ' AR
Ideal Theodore, Ala, Dry 1500 + 1500 L
Eannsmns - : S : U : R
" No activity for permd shown i
Closing /Reduction. : P
No activity for period shown ) ' i
Total 1981 "ORIGINAL PAGE IS = + 1500 -
Subtota.l of changes w;th date gwen . OF PO-OR' QUALIT'X ¥ 3575 ;
i B E
No Da.te lecn . :
Na actw:.ty for. perwr] shown .
Expansions . L : . S : S
© Maule Induskries Hialeah, Tla. Wet 10007 2068 4 1068 : g
- QKGC - Florida o © Dry ... 585 4+ . BBS . K
- Southwestern Od"éssa'; Texas Dry g R :
Clo sing /Reduction L R _ . . ‘ L .
‘No activity for period shown ' : : R _ R . S
.. Subtotal of. ch‘mges with no. date given. =~ .. . . o } ‘._J;:zlgng_ L
GRAND TOTAL = I - T R
13 RN




oparaticn, their exit gas temparatures ara extremely low (250 to
300°F), and it is doubtful that any economical neat recovery
could be accomplished. Alse, the number of grate preheater
plants is not likely to increase substantially, since success—
ful operation of these systems requires appropriate raw materials
not generally available. The clinker cooler exhaust and kiln
shell provide potential for heat recovery in these plants as
well. However, in the case of wet process plants, the secondary
air requirement is so high that the cooler axhaust is not at
temperatures sufficient to make recovery attractive (often less
than 200°7).

It will be noted that all four model plant systems are equipped
with grate~type clinker coolers. This type of cooler is pre—
dominant in the U.S.; only a few planetary coclers and rotary
coolers are used--chiefly in older plants. In addition, none of
these latter cooler types has exhaust aLr, so no heat recovery
potential exists from the cooler. '

WASTE HEAT SOURCES IN THE SELEGTED PLANTS

Te assess the various waste heat sources in the selected plants,

‘energy and material balances were necessary. This section de-—

scribes the calculations and llstq the characteristics for each
of the model plants.

The four plants chosen all had dlfFerent klln and heat recupera—
tion systems:

1) Plant 1: Long, dry-process kiln (with chains) with grate

cooler. Kiln exit gases cooled by water spray before enter—
ing precipitator.

'2). Plant 2: Intermediate length dry-process kiln (with chains), =
plus a one-stage cyclone preheater (two cyclanes in palallel),_

"and grate cooler.

3) Plant 3:. Short k1ln w1th four-stage suspen51on preheater
and grate cooler.

4) Plant4 : Long, dry—process kiln with grate cllnker cooler L
- Waste heat boiler system is used- fqr on~site power genelatlon;u

The following disciussion provide-'specific data on each of the
selected model plants. Production rates, fuel usage, and proc-.

‘ess flowiates. ‘represent average operation of the’ plant based

on the plant's experience and hlqtoty,

;igr; -
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Plant 1l: Long, Dry-Process Kiln with Chains

a. Data Provided by the Plant

Kiln Dimension - The kiln is 520 £t long with a discharge end

diameter of 15 ft, and a feed end diameter of 17 £t. The diametex

is constant up to 415 £t from the discharge end, then widens to 17
ft over a 15-ft-long tapered section, then remains constant
again to the feed end.

Clinker Production Rate - Typically 67 tons/hr, which indicates
a raw feed rate of 104 tons/hr, disregarding kiln dust.

Fuel Usage ~ About 12 tons/hr

t\$

Waste Air from CZznker Cooler ~ This is estlmated to be 89, 000
acfm at 350°F, and is presently being vented to the atmosphere.

Kzln Exit Gas - The gas contains about 1 6% by volume O, Mea—

" sured on a dry basis. The volume of gas was not given, but the

gas is cooled to 780°F by a water spray of 45-55 gal/min into
the back end of the kiln. .

b. Ehefgy and Material Balance - Using the data provided by the
plant, the»follow1ng heat and materlal flows were calculated

Heat Input - All four plants use coal as the kiln fuel. Since no

detailed ‘data were availabile on the composition of the coal used,
a "typical" bituminous coal was used in all the calculatlons

The dry coal composition wds as follows:

Carbon - - - - © (C) = 62.37 by weight
Hydrogen - . (W) = 6.0% by weight
Oxygen ... ({0) = 18.4 % by weight
Sul fux (8) = 3.3% by weight

Inert constituents (ash) 10.0% by weight.

The gross calOllflc value of this coal is. 11,500 Btu/lb (23 MBtu/
ton).

Foxr complete combustion, it can be calculated that 1 1b of this

‘coal requires 8.57 1b of air (106.2 cu £t at 32° P); and gives

the follow1ng composition of combusted gases!

15
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; Component in Coal, cu £t/1b Coal,

: ] Combustion Gas (at 32°F) 1b/1b
3 oy | -~ 18.61 2,283
80,% ' ’ 0.37 0.065

o . Hp0 (as . vapor) - 10.80 : - 0.539
. Ny , 83.95 , 6.583
- Total . 313.73 - "9.470

%80, in the kiln exhaust gas will probably be considerably lower
than expected due to veaction with the kiln feed, and so can be
ignoved.. .

The heat input for this kiln is Q = 23 MBtu/ton x 12 ton/hr =

276 MBtu/hr.
;"1? ' Kiln Shell Losses - Kiln shell heat losses were estimated from the
\ i 7 kiln shell temperatures using the relationship given in Fig. 64

of Modexrn Ebj?aetOﬂy Practice (published by Harbison-Walkar Re-
fractories Co., 1961). This relationship is for combined radia-
tive and convective heat losses from a vertical wall to still
; ) air at 70°F, and hence is an approximation in the case of a xo-
! tating metal—shelledvkiln Accurate calculations of shell heat .

losses were not warranted duvxing this phase of the project. JThe_;_ !

shell losses are 25.6 MBtu/hr or 0. 38 MBtu/ton.

Clinker Cooler Waste Gas - The amount of heat in the clinker
cooler gas is simply the product of the mass flow, specific heat,
and temperature dlfference :

Q=oC AT'

The elinker cooler 5as is aiy and the leference temperature used
in the calculatlnns was 32 F.

Thelefore

i}

Q 89 ooo fL‘/mln X 0 049 lb/ft.xo 241 Btu/lb“F x (350 32) F

= 334 218 Btu/mln

Kzln Extt Gas —~ To determine Lhe comp051tlcn of Lhe klln exit gas,
it was assumed that fOl every 1 ton of clinkex produced .55
tons of dry raw feed are requirved, consisting of 1.1l6 tons of .
CaC03 and 0.39 tons of clay. This raw feed will give rise to

:0.51 tons of COz and 0.04 toms of Hp0 im the kiln exit gases.
Combining thlS with the combustion .gas composition calculated
previously, the kiln gas composition is as follows:

16
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Gas Reaching
Spray Zone

Ng
02
€Oy
Hy0 "

Total

Heat of condensation of water. -

Gross heat content of exit gas

7 by % by Heat Content,
sefm  Volume 1b/min Weight Btu/min '
.36,860 60.9 2890 54,3 836,500

870 1.4 78 1.5 20, 800
16,730 27.6 2052 38.5 562,200
6,110  “10.1 305 5.7 166,800
60,570 100,0 5325 100.0 1,586,300
324,500

1,900,800

In calculating the total heat content of wet exit gases, the heat
content of water was estimated as a vapor between 32°F and the
temperature of the gas concerned, and .then 1064 Btu/lb was added

for the laten: heat of vaporization of water.

An unknown amount of heat will be lost as kiln dust, which may
in part account for the discrepancy in the heat balance fox the
kiln and clinker cooler (Table TII-4).

Table IIT-4 Enefgy and Matevials Balance for Plant 1

Gross
Gross Tons/ MBtu/ :
MBtu/ ton ton Temp ,*
Inputs/Qutputs 1b/min | min Clinker | Clinker °F
Raw Feed ¢ 3460 —_ 1.55 —_-— A
Coal o 400 4.60 0.18 4,12 A
Combustion Air 3753 — 1.68 —_ [1)
Water Spray 420 - 0.19 - A
Total Heat Input A 4.60 4.12
Outputs o
Clinker Sensible Heat{ . 0,06 - 1 {0.05 - 150
. S 2233 0.11 0.10 250
Kiln Shell Heat Loss |-~ 0.43 -— 0.38 650
Clinker Cooler Ex— . o
cess Alr 14363 0.3% 1.95° - |0.30 .. 350"
Radiation ° - 0.01L - - 0.01 - u
‘0.02 ' ~0.02
Kiln Exit Gas 5325 1.90 2.38 1.70 1150
Theoretical Heat .of | - A T o o
Reaction ' - 1.68 — 1.50 —
Total Heat Output , o] 4.42-4,148 3.94-4.00
%A = Ambient Temperature, U = Unknown

7
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Plant 2: Intermediate, D;y—Process Kiln, with Slngle~5tage Cy—
clone Preheater

- a. Data Provided by the Plant

Kiln Dimensions ~ The kiln is 360 £t long, with a discharge
end diameter of 11.5 £t, and a feed end diameter of 13 ft. An

F, L. Smidth single-stage cyclone preheater unit consists of two
‘cyclones iu parallel.

Kiln Shell Temperature Profile

Distance from | ' Distance from

Discharge End | Kiln Shell Discharge End Kiln Shell
of Kiln, ft Temp, °F of Kiln, ft Temp, °F
0 . |est. 500-600 { 200 S 2200
30 : 700 -1 225 _ 300
75 . 600 : 250 - 420
100 _ 520 - 275 . 460
125 L 340 -1 300 ©o] 420
150 : 4210 - 325 ' 380
175 , ‘ -220 : 360 . ~ 1 330
Note: There is a second shell temperature maximum at about
275 ft, whlch is presumably due to the chaln section.

0.66 MBtu/ton cllnker

Cankar Product%on Rate - Typlcal 30 tons/hr, i.e., raw feed rate

is about 46 5 tons/hr.

Fuel USage ~ This was est:mated to be 4 MBiu/ton clinker, whlch is
about '120 MBtu/hr; or 5 tons of coal/hr. Y
‘ B
Vaste Air f?vm Clinker Cooler - Under 1deal operatlng conditions
this should amount to about 55,000 acfm.at 350°F, However, under
actual condltlons, 1t may often reach as, much as 75 000 acfm at.

Ailn (Preheater) Exit Gas - Gas enters the preheatei at about
1200°F, and leaves 1t at about 720 F, with a typlcal flow of

90,580 acfm:.

b. Heat and Mutermals Flows Calculated from tﬁeselﬂzta

‘Kiln Shell Heat Losses - By aSSumlng ‘the klln shell to be at 600 F' .

for the first 100 ft and 300°F for the remaining 260 ft, shell
heat is estimated to be 14.7 MBLu/hr or 0. 50 MBtu/ton cllnkar

Clinker Cboler thte “Gas - Unde1 Lyplcal condltlons, thlS loss
will be 75,000 acfm of air at 450°F . contalnlng 19.82 MBtu/hr, or

8
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Prgheater Fxit Gas - The gases leaving the preheater amount to
about 90,580 acfm at 720°F. Assuming that the kiln uses 174 1b
of coal per minute, and that any excess gas volume is due to air
© in-leakage, the following composition is obtained for the pre—
heater eW1t gas at 720 Fi

Gas Heat

" Leaving % by - % by Content,
Preheater scfm Volume 1b/min Weight Btu/min
Nj 24,900 66.1 1954 60.5 340,000
05 2,700 7.2 241 7.4 38,100
€O, 7,400 19.6 907  28.0 144,200
0. 2,700 7.1 134 4.1 44,100
Total 37,700 ' 100.0 3236 1100.0 566,400
Heat of Condensation of Water Vapor at 32°F 142,600
Gross Heat Content of Exit Gas , 709,000

" The oxygen content of the preheater exit gas is very high in
this system, due to in-leakage of air at that point (before
. the electrostatic precipitators). Any reduction of air in-
" leakage would serve to increase thwx temperature of the pre-
“heater exit gas over 720°F.

The overall heat and materials balance for this kiln system is
given in Table III~-5. Estimates of heat losses from the clioker
cooler as sensible heat in the clinker, have been included. A
small amount of heat may also be lost in the dust, and as
radiation from the preheater cyclonmes, but this has not been
estimated.

Plant,S:“Short Kiln with Four-Stage Suspension-Preheater and
Bypass - - S '

a. Data Provided by Plant

Kiln Dimensions - The kiln is 15 ft in diameter by 220 £t long.
The suspension preheater consists of three pairs of cyclones foxr
the first three stages, feeding into a single fourth stage. 'The
total surface area of the preheater system is about 9300 sq ft.

Kiiln S?ﬂZZ i@mperatures ~ The klln 1tself has a shell tempelatule
ranging from about 500°F at either end to about 600°F in the
center, and averaging about 550°F. . The pleheater cyclone shell

temperatures range from 470 to 160°F and’ average a surface temper-—

ature of about 250°F.

.' 19,
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Table IIT~5 Heat and Matevials Balance for Plant 2

, Gross
Gross Tons/ MBtw/
MBtu/ ton ton Temp,
| Inputs/Outputs lb/min | min Clinker Clinker °F
Raw Feed 1550 — 1.55 —_— A
Coal 174 2.9 0,174 4.0 A
Combustion Air 2537 - 2.54 —— U
Total Heat Input 2.0 4,0
OQutputs
Clinker Sensible Heat| 1000 0.02 - 1 0.04 200
Kiln Shell Heat Loss | —--— 0.25 - 0.50 200
v ' 700
Clinker Cooler Ex- _
cess Alr 3270 0.33 3.77 0.66 450
Preheater Exit Gas 3263 0.71 3.26 1.42 - 720
Theoretical Heat of
Reaction - 0.75 - 1.50 -
Total Heat Losses | 2.06 4,12

%4 = Ambient Temperature, U= Unknown

Clinker Production Rate - This typlcally ranges from 83 to 96

tons/hr.

balance calculations given here.

The higher figure has been used throughout the heat
The rate of dust loss from the

" preheater. system is given as 13 tens/hr and from the bypass as
about 4 tons/hr, so that raw feed rate is about 176 tons/hr at
the maximum. production rate.

Fuel Usage - The net energy requirement is 3.288 MBtu/ton of
clinker, which is equivalent to about 3.44 MBtu/ton gross, or

0.15 tons of coal/ton clinker,

Haste Aivr from the Clinker Cooler - At 96 tons/hr production,
the waste air is 237,000 acfm at 350°F,

Exit CGas from Freheatey and Bypass - For a production rate of 96

" tons/hr, the preheater exit gas flow is 204,500 acfm at 800°F,

The composition of this gas is 1.9% 05, 61. 0/ Np, 30.9%

Hy0, and it contains 13 tons/hr of dust.

”The*%ypass ga5=lEaveé the'kiln at;1500°F and amounts to
Its composition is 1.79% 0s,
N2, 26.48% C0, and 6.047% H,0, and it contains 0.0415 1b
. This gas is cooled to 1000°F.by the

of gas per lb of clinker.:

per.lb of clinker.

of air (0.0772 1b air per 1b of cllnker)

s o e o7 e =

C0s, 6.24

0.974 1b
65.63%
of dust
addition
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b, " Heat and Materials Flows Calculated from These Data

Preheater Exit Gas - The composition din terms of heat, weight,
and volume 1s as follows:

% by Z by . Heat Content,

Gas - sefm  Volume 1b/min Weight Btu/min
Ny _ 45,052 61.0 ‘3513 . 52.7 681,500
0q 1,403 1.9 125 1.9 22,250
CO» 22,821 30.9 2797 42.0 500,650
MO0 4,579 6.2 230 3.5

84,650

 Total 73,855 100.0 6665 = 100.0 1,289,050
_ Heat of Condensation of Water at 32 F = 244,700‘
Gross Heat Content of Gasesl = 1,533,?50:
"Plus 433 1b/min as dust, heat content = ___ 78,000
Total, Including Dust = 1,611,750

Pregheater Bypass Gas - At a production rate of 96 tons/hr the
flowrate of bypass gas is 311.1 lb/min or 3524 scfm. Its

composition in. terms of heat, weight, and volume is as follows: -

% by % by Heai: Content,

uas sefm  Volume 1b/min Wedight Btu/min
Ny, 2314  65.7 180.4  58.0 68,550
05 63 1.8 5.6 1.8 2,010
€Oy 934 26.5 114.4 36.8 42,560
HaO 213 6,0 10,7 3.4 7,890

Total 3524  100.0 31i.1 100.0 121,010

Heat of Condensation of Water at 32 = 11,380

Gross Heat Content of Gases ‘ = i§§:§§6

" Heat Content of 133 1b/min Dust = 48,000
Total TIneluding Dust = .180,390"

The overall heat and materials balance for this system is given

in Table III-G. The correlation between heat input and output

is excellent,. although the values for clinker sensible heat.and
radiated heat from the cooler are estimates based on experience.
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Table IIT-& Heat and Materials Balance for Plant 3

i

5.52

3.45

: Gross
Gross Tons/ MBtu/

o . MBtu/ ton ton Temp,
Inputs/Outputs Ib/min | min | Clinker | Clinkex . .| -°F"
Inputs 7
Raw Feed (lncludlng . o o

|Dust Loss) 5,567 | == 1.74 —— A
Coal . 480 | 5.49 [ 0.15 . 3.44 A
Combustion Air 4,800 | - | 150 — U
Total Heat Input 5.49 3.44.
Outputs . o S o N e,
Clinker Sensible Heat| 3,194 | 0.10 1 0.06 200
Kiln Shell Heat Loss |- 0.30 -— 1 0.19 400 - 500
‘[ Preheater Shell Heat o A . _ N
Loss -— 0.07 - 0.04 160 -~ 470
Clinker Cooler Ex-—. . | : o
cess Alr . |10,750 |0.83 | 3.37 | o520 | 350 .
Radiated Heat e 0.03 — 0.02 Ul
Bypass Gas 311 | 0.13 0.10 0.08 1500
Bypass Dust . 133 |.0:05 0.04 0.03 |- 1500 -
Preheater Exit Gas | 6,665 | 1.53 2.09 0.96 - 800
Theoretical Heat of B o L
Reactlon — 2.40 - 1.50° _—
Total Heat Losses

-. -*A = Ambient Tempematur
U = Unknown
k. Plant 4: Tong, Dry Kiln with Waste Hea: Boiler -

a. Kiln Production Rate - Each kiln produces 70 tons/hr of cllnker,

The raw feed contains 20% of a kerogenous shale, which has a

calorific- value of 1,350 BLu/lb

lequlled per Lor of cllnkel

About l ?5 tons of 1aw mix aie =

b. Kiln Fuel USage ~ Each kiln uses about 13 tons of 12,300 BLu/
1b ‘coal- per’ hour.

ton of clinker.

‘This Lepresents ‘8. gross ‘heat input of 4,57 MBeu/ -
A further 0.95 MBtu/Lon of clinker is released. by

the kerogenous shale in the raw fead, so the LoLal heat 1nput is
abnuL 5 52 MBLu/Lon (gloss) e :

e i e e —bioaeia et V5
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Table ITI-7 Ploant 4

@. Hilwn Exit Gases - The kiln exit gases contain 0,20 to 0.75%2
oxygen. However, a large in-leakage of ailr ocecurs around the kiln
seals before this exit gas enters the boilers. The composition of
the kiln exit gas, which would be expected for combustion with no
excess oxygen, given the actual coal and shale composition used at
the plant, is about '1.740 1b N, 1,110 1b.CO,, and 0.106 1b HpO

for every 1b of clinker produced. Evidence from the plant sug-
gests that about a further 307 air infiltration occurs between

the kiln exit and the boiler entrance (the gases entering the

 boiler are at 1500°F, which implies that the kiln exit gases

are actually about 1850°F). Assuming a 30¥% infiltration by
weight, and including the 0.135 1b dust/1b clinker which is
typically present in the kiln exit gases, the composition and
heat .content of the gases entering the boiler are listed in -

‘Table IIT-7.

Energy and Material Balances

Net Heat in MBtu/min at:
Flow

1b/1b Rates, |Gas Plow, ) i :

Gas. Clinker | lb/min {scfm x 103 |1,500°F |425°F
Np 2.305 | 5378 168.6 2.044  |0.530
05 0.169 394 4.4 10,141 0.034
CO» 1.110 2590 21.1 0.963 0.221
Ho0 0.100 247 4,9 0.182 0.046
_Total Gas '3.690 . | 8609 | 99.0 3,330 |0.831
Dust 0.135 315 —— 0.120 0.030
Total Gas and Dust 3.825 8924 - 3.450 0.861
Latent Heat of Steam | 0.194 0.194
Total Gross Heat Content of Gases l 3.644 1.055

d. - Cperating Conditions of the Boilers - The
plus infiltrated air enter the boilers at 1500°F and leave at

kiln exit géses

550°F. The gases are further cooled to about 425°F in the

economizer; temperatures are not reduced much below 425°F be-—

cause of the high SO content'of the waste pgases.

Tempelatules

much below 425°F approach ‘the dew point of conden31b1e gas
specles such as sulfurlc acld

" As ean be-seen from Table III~7, theAgas flow.ﬁhrough each boiler

is estimated to be 99,000 sefm; i.e.

The net heat inpul to _the boiler,

" the kiln dust, is 2.589 MBtu/mln, or 2.219 MBtu/ton of clinker.

394,000 acfm at 1500°F.

1nclud1ng the sensible heat of_:
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BEach boiler produces an average of 139,500 lb/hr of ‘steam at N
225 puig and 525°F. The boiler feed water returns at dbout 218°F .
and 350 psig. The heat taken up by the steam is 1, 092 Btu/lb, or :
152.3 MBtu/hr or 2.176 MBtu/ton clinker. ' :

e. Steam to Eleetrzazﬁy Converszon Eff%ezencj - Steam from all S i
the boilers at this plant passes into the five turbines, which
have conversion efficiencies in the range of 12.5 1lb steam/kWh
‘ﬁ*ﬁ_ j . to 17.5 1b/kWh, with an average of about 14.6-1b/kWh. With this
average figure, each of the boilers considered above produces 9555
" KW of electricity, which is equivalent to 32.6 MBtu/hr or 0.466
MBtu/ton clinker. The comversion efficiency is about 21.4% rela-
. tive to the steam génerated, due to the low temperature and pres— -
sure at which the generating system operates. '

e eaiam o Lemt L

il T s s e

To summarize,'the heat flows are as follows:

Gross MBtu per

Heat Inputs to Kiln : ' Ton of Clinkex
Kiln Fuel (coal) . Y § : o - - o
Kerogenous Shale .-in Raw Feed 0.95 : o 'ﬂ
 Total - ' K : 5.52 .;
Heat Losses from Kiln S . _
Kiln Exit Gases at 1500°F N 3.12 |
Approximate Theoretical Heat of Reaction 1.50 3
Balance = Heat Losses through Kiln L i
* Shell, and from Clinker Cooler o 0.90
- Heat Inputs to Flectricity Generation System . - . e R
Kiln Exit Gases at 1500°F i 3a2 - |
Heat OQutputs from Generating System
: Kiln Exit Gases at 425°F ~ . " o~ e 0u907 -
: 136.5 KiWh electricity Genelated/ton Clinker . 0.47
; Waste Heat from Generating System (balance)  1.75 .
CTotal- ;__-'=-._fﬂm_-_33,12 SRS, e
f. Heat Balance for the Glznker Cooler - Assumlng that the cligker 7 . ' o

leaves the kiln at about 2250°F, and leaves the clinker cooler at
about: 200°F, it rejects about 1.04 MBtu/ton of its-heat din the-

cooler. Accordlng to plant data, 80% of kiln combustion air is
secondary air coming from the hot end of the cooler at 900°F, and
20%, as primary air, comes from the cold end of the cooler at 200°T

_ o o making a total.of about 2.30 1b of combustion air/lb clinker, ~Thus,
P S the heat reclaimed in the combustion air is approximately’ 4lO'BLu/lb

i e ke
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clinker or 0.82 MBtu/ton..

The remaining 0.22 MBtu/ton will mainly

be . taken up by the excess air.

_alr/ton of c¢linker.
3$hown in Table ITI-8.

If this waste air is rejected at
350°F or more, then it will amount to approximately 2860 lb waste

ZtheMIIJLBH'OveraZZVEﬂergy-BaZanee fbrlPZan£‘4

The overall heat balance for the klln is

} _ | Gross
Gross Tons/ MBtu/ -
o MBtu/ ton ton Temp, ?
Inputs/Qutputs 1b/min | min Clinker Clinker °F
. Inputs .";_ ‘
Raw Teed 4080 1.10 1.74 0.95 A
Coal 433 5.33 0.186 4,57 A
~ Combustion Air . 5370 - 2.30. o . 200 - S00
- Air In-Leakage 1374 — 0.59 — A
Total Heat Input -— 6.43 - 5.52 -
Outputs -
' Clinker (Sensible
noeHBAL e - e 2333 0.07 . -1 0.06 - 200 -
- Clinker Cooler -Ex~ : :
© cess Air [2860: - | 0.26 1.23 0.22. 350
CKiln Exit” Gases Plus B T
Dust & Infiltrated : :
Airx 8924 3.64 3.83 3.12 1500
Kiln. Sheéllt Heat Loss| -~ 0.71 - 0.62 - -
Theoretical Heat of
Reaction : - 1.75 — 1.50 .
Totalwﬁeaﬁ.dﬁfﬁutzi -— 6,43. - 5.52" -
%A = Ambient Témpérature o
+0btained by Differencg.‘u
F. THE POTENTIAL FOR RECOVERY OF WASTE HEAT

The significant sources of waste heat for the model cement plants
are summarized in Table IIL-9.
‘offer con51derable quantities of waste heat per unit of clinker
produced, suitable for recovery and storage,
izing this hedat are different in each case.

»

Although all three sources appear to

25
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Heat Sources -

Table III-9 Summary of Possible

Net Héat

Avallable
Kiln |Maximom ™ |MBtw/ | Btu per Actual £t3
System | Temp of ton of | of Gas at Maximum
. Source ‘Description. - No.# Source, °F | Clinker | Temperature
. Kiln Shell | Radiative and 1. 650 - 0.38 —
Lo Convective Heat |2 700 0.50 ——
Losses 3 600 .| 0.19% —
| 4 700 lo.62 | =—
Clinker Waste Air 1 350 0.30 3.78
Cooler 2 450 0.66 4,40
SR 13 - 1 350 0.52 3.49
4 350 0.22 4,45
Kiln System | Exhaust Gas from |1 1150 1.41 7.95
- Exit Gas the Kiln or Pre- | 2 = 720 1.13. 6.25
o heater, Consider-{ 3 800 0.81 6,30
ed Before Entex— | 4 1500 2,96 8.45
ing the Pre- :
clpltator

*Numbers 1-4

refer to model plants 1-4 as dlscussed prev;ously.

l. AA

e

Klln-Shell Heat LDSses

TA further 0.05 MBtu/ton is lost from the suspension preheater.

Heat Lost thiough the kiln shell is "clean" in the sense that it
has no corrosive or abrasive properties.
heat that is radiated depends to some extent on the temperature
of the shell; at about GO0°F probably over 65Z of the heat is
radiated, whereas a smaller fvaction is radiated at lLower temper—‘

atures.

The proportion of the

The majority of the remainder of the heat is removed by convec—
If this heat is to be collected as effectively as pos-
sible, it would be best to collect it at the shell, e.g., by a
water cooling jacket or similar device. ]
preciably increase the rate of conduction through the kiln shell,
if it lowers the shell temperature to below its normal equilibrium
This in turn will alter the heat balance within the kiln

tion.

value.
slightly.

However,

this will ap-

‘Any form of cooling jacket will also increase the

weight loading and possibly increase stresses in the kiln shell
and refractory lining, and may alter the power requlrements for
" the klln—dllve motors, :

As an alternatlve, it would be possible to collect the kiln shell
heat at a distance, e.g., by radiative transfer to a heat col-
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“lector ‘around the shell,_or by usiiig a manifold with a suction -

fan to collect hot air from around the shell. In this case, the
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effect on kiln temperature would probably be much-less,.but the

heat which could be recovered would also be limited, and would

‘depend on the area of the collector. The kiln shell heat emis-

sion is most intense in the burning zone. The first 100 ft of -

 the kiln usually has an average tempervature of G00°TF, and

would have a radiative heat transfer coefficient of lbOO Beu/hr/
sq. £& to a background at 70°f; whereas the rest of the kiln shell
typically averages about 300°P, which only radiates about 350 Bru/

sq ft/lhr. Therefore, any attempt to collect radiative heat from

the shell should concentrate on the hot zone. Furthemmore, it is

- dmportant that any Heat collection device must not interfere with

normal access Lo the kiln shell for maintenance and inspection.

Waste Air from the Clinker Cooler

The amount of hot waste air from the clinkex cooler varies ap-
preciibly from plant to plant, and also from time to time depend-
ing on the operating conditions at any one plant.  The more ef-
ficient the kiln system is, the larger will be the amount of
waste cooler air, since less of it will be required as secondamy
air in the kiln itself. However, at some plants this air is al-
ready used to dry the raw feed or fuel, or to reduce oil viscosity.
The air is ideally suited for these purposes since it contalns
virtually no alka_ies, SO0p, OY water vapor. Nevertheless, at
most plants this waste air is still vented to the atmosphere,:
after removal of the abrasive clinker dust. The temperature of
clinker cooler exhaust air is in the range of 350 to.450°F for
the dry plants studied here. At welt process plants, there is
much less waste air (and it is at a lower temperature), due to
the higher secondary air requirements of the kiln. :

In a dry process plant, cooler excess air represents a good source
of waste heat at intermediate temperatuves. It is not corrosive,

. -but it does contain some clinker dust which is highly abyasive.

Use of this heat source should have no hammful gide effects on -
the cement manufacturing process at most plants. The energy

density of the clinker cooler waste heat in the gas ranges from
3.5 to-4.4 Btu/acf.in the-three plants, ‘and as such 1epmesents_

a consmdelably 1ower enclgy densmty than Lhat of the klln Ehlt

gases. .

-EhlL Gases

Tn - almosi: all kmln systems, the exit gases Stlll lepresenL the
greatest heat loss. However, in wet process kilns these gases

“contain a large amount of water vapor and are geherally at too;f

low a temperature to be useful. The four dry process kilns:
studied all show exit gas temperatures of over 700°F, which
makes this gas an attractive heat source. The major problems

: expected in using this gas are high dust content aud ‘high alkall
-salt and sul fur ow1de content.

27
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a. digh Dust Content — Kiln exit gas from a long dry kiln may
contain 20% or more by weight of the raw feed as dust, and even
an efficient suspension preheater kiln will probably lose at -
least 57 as dust.

b, High Alkali SaZL and Squur Oxide Content - Kiln exit gas from

a long dry kiln generally contains appreciable amounts of alkali
sulfates and chlorides that coat the dust particles. These, to-
gether with gaseous S0, and S0y (especially from coal-burning
plants) can give rise to a highly corrosive liquid mist if the
gas is cooled below its dew point. The presence of the salts:
and sulfur oxides also raises the dew point of the gas, which in-
tensifies this effect.

" Both of these problems must be considered when designing a heat

exchanger for the kiln exit gas. A further problem will be tha
effect of the change in temperature of the exit gases on the ef-
ficiency of the electrostatic precipitators.  In many cement _
plants the precipitators are designed to run "hot'" (600 to 800°F)
If gas temperatures fall below 600°F or so, the precipitator ef-
ficiency drops dramatically as dust resistivity increases (Ref.
II1~1). To regain high efficiency, the gas temperature must

be lowered to below 350°F and the relative humidity increased,
whiech will probably involve the installation of a water spray or
evaporator. Lven so, the efficiency of a precipitator designed
for hot goses may be lower when runm on cool; wet gas. Howevex,
if the plant already uses a low-temperature precipitator, the
effect of further lowering the gas temperature will probably

not be serious.

M1n01 Heat Sources

i TP R A LRSI (R Sl

~ There are minor heaL sources that may vary considerably £10m plant'

to plant, as well as rhe three major heat sources discussed. For
example, a suspension preheater plant will usually have a bypass
to reduce the alkali content of the cement- {as in Plant 3). This
represents a small source of high-temperature gas {(1500°F) which

" is wasted at most plants, because the h1gh—alka11 dust contained

in the bypass gas cannot be returned to the raw feed. Unfortu-
nately, this gas will tend to have a high dust and 503 content -
that will make it fairly corrosive.

A further small source of heat in a suspension preheater plant
will be heat lost through the pleheater walls. Howuver, this

is at such a low Lempelatule that it is doubtful if it would be..

worth recovering. This is’ true for 'most of the oLhe1 minox heat
sources at cement plants.

-_”28'"
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The initial stages of cement manufacture involve quarrying the
limestone or calcareous zomponent, crushing the material to ap-
proximately 2 in. maximum size, preblending the quarry rock with
other raw components, and storing the materials in preparation

- for raw milling. . Although these processes require energy, as

shown in Table III~2; recovery of this energy is highly doubtful
because the magnitudes of the energy increments are low, and the
processes are not for the most part carried out in closed systems
amenable to heat recovery.

There seems to bé no possibility of using any of the waste heat
generatead 1n.the raw meal grinding process. In a wel process,

“the average grinding energy requirement is about 30 kWh/ton of

clinker, i.e., aboui 100,000 Btu/ton. Howeve1, although most
of this energy is convarted to heat, it is generally all taken
up by the raw feed slurry itself, which usually contains 32 to
427 water iy weight. This amount of heat is sufficient, in
theory, to raise the temperature of the slurry by about 50°F
and so is unlikely to be recoverable--it may serve as a heat

input to the kiln system, ox contrlbute tcwerd drying the slurry.

In the case of the dxy process raw feed grlndlng, 511ghtly more
energy is required (averaging about. 37 kWh/ton of clinker, or

126,000 Btu/ton) in'the grinding process. Howevey, in most cases’

all the heat generated in the grinding process is used to aid
drying of the raw feed,.whic always contains a small amount
of moisture. There is a trend to use hot waste gases from the -
kiln, system to aid drylng during the grinding process. There—

fore, neither wet nor dry process grinding can be ‘seen as a po— -

tentlal source of waste heat; they are more likely to be a
potential user of waste heat in the evaporation of raw feed
m01sture.

The grinding of clinkex plLs gypsum to ploduce flnlshed cement
uses appreciably more energy than does raw meal grinding in most.

. plants. Since there is virtually no moisture in the clinker,

water evaporation is not an integral part of the process. The.

average energy requirement is about 58 kWh/ton (200,000 Btu/Lon);f"

of which over 98% is released as heat in the grinding mill. In

. most U.S. plants, air-swept ball mills are used for the grinding, _
and these mills are usually opelated ina closed circuit with an =

air separator,. The heat released in the mill is, therefore, car—
ried out of the mill by the air which then flows into the aixr

‘separator or.into the' dedusting unit, depending on the details =
of the grinding mill de51gn (a deéustlng baghouse or 51m11a1 de-.

vice 1is usually installed before the induced-draft fam to remove

_ fine cement dust from the exhaust airereanO

A Lyplcal closed—01rcu1t mlll of this type 19 dlscussed in Ref

ITT-2, This mill takes clinker at 150°F and grinds it at temper-

- atures up to about 210°F. The mill is cooled by introducing cold
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air at the air separator, so that the cement and air wrecycled to the
mill are at about 190°F. Exhaust air leaves the dedusting system
at about 170°F.. A major reason for the low temperature in the
mill system is that excessive dehydration of gypsum to hemihydrazte
must be avoided, as this may otherwise cause false setting of the
finished cement. Mill temperatures in excess of 220°F are avoided
and in some cases small amounts of water are sprayed into the hot
zone of the mill to prevent excessive temperature rise. So,
clearly, the waste heat produced by clinker grinding will only be
available at temperatures of. 210°F or less, and it is therefore
unlikely that thlS will pIQV1de a useful source of waste heat.

To summarize, it is unlikely that the waste heat from elther raw
meal or élinker. gllndlug will be of any value as a source of heet.

PLANT USES OF REJECTED ENERGY

. In certain plants, kiln waste heat is being directly used fox

power generation, for drying raw materials and solid fuel, and
for reducing the viscosity of heavy cil. The advantages and
constraints of such uses are funciions of parametels unlque to
each plant : : - -

—Raw Material Drying

In dry process plants, where the alkali and.suvlfur contents of the
kiln or preheater exit gas permit, kiln exit gases are often used
for drying moist raw materials. This drying step may be carried
out in grinding mills, rotary dryers, or flash evaporating systems.

The drying efficiency is highest in ro':sr mill applications, be-

cause of good heat exchange, but the a.xali and sulfur capture
potential is also higher. The clinker cooler exhaust can also -
be used for drying, particularly in dry process plants that

have very wet raw materials, or grate preheater systems with

low kiln exit gas temperatures. Where practical, the use of
kiln waste heat for drying raw materials will continue as an ef-
_f1c1ent means of u51ng Waste heaL.

Fuel Dgging

Solld fuels, palLlculally coal, are often. drled in the coal mill

mary air and pulverized fuel. Sybtems have been developed where-
by the coal mill exhaust is passed into a cyclone and the moist

" atir vented to the atmosphere, A fresiv increment of primary aix

from the cooler then serves oo coenvay che d¥y coal into the kiln.

30

- with waste heat’ from the CllnkEl cooler, The applieation of- heat' -
~during grinding is a good drying method, bt has the dlsadvantage
that the water vapor usually is carried into the kiln with pri-
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However, the cooler can usually supply more heat than is required

for fuel drying, so that waste heat should still be avalilable.

' 0il Viscosity Reduction

The strong dependence of the flowability of heavy No. 6 oil on
temperature creates a need for oil preheating prior to atomiza-
tion into the kiln, Some plants use heat exchange from cooler
exhaust air to warm the oil to an acceptable viscosity. Since
oil-firing will probably continue at west coast and northeast

‘plants, this application will also probably continue. . Again,
however. *he actual heat requirement is usually only a relatively

minor fraction of the available heat.

Power Generation Using Waste Heat

The vse of waste heat boilers to produce steam from kiln exit
gases and thus generate electricity on-site is an attractive

"means of using waste heat, especially in dry process plants with

a high kiln exit gas temperature. There are now eight plants
in the U.S. (five of which use waste heat) generating a total
of 655 x 10® kWh per year between them (equivalent to 2.2 x : 106

-Mbtu)., This is about 6V4/ of the total electiical usage in the -

cement industry. Details of the waste heat boiler operations
at one of these plants are given in the Plant 4 description.

Summary of In-Plant Uses of Waste'Energﬁ

The use of waste heat for raw materials and fuel drying and oil
viscosity reduction is fairly common and the methods are well
tested. However, only a small fraction of the available heat at
each plant is usually required. Use of waste heat to generate
electricity is attractive in terms of rejected energy conserved
and in providing electrical energy needs. for most of the plant's
requirements. As will also be shown in later discussion, the
economics of incorporating such waste heat utilization are very
favorable in terms of return on investment.
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iv.

STORAGE SYSTEM SELECTION AND APPLICATIONS

Present thermal energy storage (TES) techniques or those under
development were reviewed and storage systems most suitable for
recovering and storing thermal enerxgy in the cement industry were

identified.
ergy in:

Consideration was given to the uses of thermal en-—
(1) the cement.process; (2) other off-site industrial
processes; and (3) for district heating and for cooling. Prelim-

inary economic evaluations of candidate storage techniques were
performed to aid in subsequent screening. The resulis of these
studies are described in the following paragraphs.

THERMAL ENERGY STORAGE TECHNOLOGY

Storage system technologies can be classified under the broad
categories of sensible heat storage, latent heat storage, and
Sensible and latent heat storage at high
temperatures is difficult due to the requirement of maintenance
of the material at those temperatures. Chemical enexgy storage
is attractive from the standpoint of storing the energy at a low
temperature and then generating high quality emexrgy at higher

chemical heat storage.

temperature (heat pump effect),

Sensible Heat Storage

This classification of energy storage is the oldest and congru-
ently the most advanced in terms of development and demonstrated

feasibility.

The most practical form of sensible heat storage

ig 1iquid or solid phases. Current materials used for energy
storage are listed below: '

Liquids

1. Water

2. 0Qils

3. Organic fluids
4, Molten salts

5 . Me talS

4,

Solids

1. Refractory pebbles
2. Rock beds

3. Metals

Brick

Liquid media are advantageous in serving both as a storage medium
A list of liquid heat transfer

and as a heat transfer medium.

 media is shown in Table IV-1. Solid bed starage-systems-can'be
used with either a gas or liquid heat transfer medium to transport

thermal energy from the source to the solid.
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Table IV-1 Heat Transfer Media Chavacteristics (Ref IV-2) .
This Ksting is representative rather than complete, Information has been gathered from npbarenlly reliable sources.
Usodin _ Ogerati Boiling point Fire point
Ya- o e F Froazing {almospheric {Clevalond
_ Commen ar tiquid por Eutactic .. Torgo-degl poinf, Paur poinl, prossurs),  Disastociotion  open cup),
Chemical nome trode nome phase phase mixture Min Mox deg F deg F dog F point, dog B deg ¥
REFRIGERANTS . '
Monochiarodifluoromcthane F223 15 b4 ~—140 300 —255 —41.44 550 Nong
Dichiorodifluoromethane F-123 15 X . —130 250 —252 —21.62 1,000 HNone
fhethyl chloride Methy! chloride 2 X —80 &00 . —143.7 --10.78 795
Sulfur dioxide: . Sulfur dioxide X —103.9 14,0 3,000 HMone
Ammonia Ammanio 3 X —107.2 —28,0 1,108-4- 1008
ANTIFREEZES (Aleohols) ) .
Methylalcohol - Methanal 2 (wood) X X —154 148.37°
. Ethy! alechol Ethanel {grain) X X —04 17337
Ethylene glycal SR-12 - X X —20 200 —40 E.957 250G
Glycdfql Glycerine X X —60.4 54479
Polalkylenc glyeo! 50-HB280.X & X 50 500 —35 600 0%
- H 40053 - X 35 &0
18:300:% B X %00 500 —3f 600 5ag
2 BRIMES | o jo! %
Calclum chloride Culetum salt brine X X —&F None. =
Sodiuin chlaride Crdinary salt brine X % —603 Wonz fd %
' - , / .
~ %
4YDROCARBON OILS (Petroloum
Praducts} ¥ w %
Hytherm € - X 40 450 B 845 457 £
Hytherni F ¥ b 40 475 ] 669 4p4 g 4
Hytheym K ! X 40 5350 0 674 56 T .
Hytherm- M1 X 40 00 G 698 X575 ,:3 ‘:‘
ORGANIC CHEMICALS ) : . -
Isopropylbenzene (Cumene) Para cymene * 7 X X 50 500 —100.3 350 152 .
Phenyl methy] ether Anisole? X X 0 500 —35.14 308.84 125
O-Dichlorobenzene. Dowlherm E2 X 50 500 -7 352 285
Tetracklorebipheny! Araclor 1248 & X 50 4500 124 4652 450 640 .
H5005 X . : 380
Tetra-hydra-naphihalane Totralln 3 —B5 404,36 840 wan
Diphenyl-diphenyloxide Dowtherm A2 X X X 4] 720 53.2 4%5.8 800} 275
Phanolic Heoos X 875 — &0 915
Diphenyl 19 157 1.
Torph X 175 800 133 &30 390

O-Tarphenyl (ortho) 12

Saatawax O & )
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Table IV-1 (concl)
M-Terpaenyl (meta) 12 Santowax M ¢ X X 225 800 189 687 445
P-Terpheny! (para) Santowax P ¢ X X 450 825 415 725 480
O/M/P-Terphenyl Santowax R & 16 X Xx 325 825 293 6874 480
Chlorinated Biphenyl 12 Biphenyl ® X X 200 850 156 491 255
Isopropylbiphenyl 12 Isopropylbiphenyl ¢ X X 0 700 —65 570 o 306
Chlorinated Polyphenyl Arcclor 1221 ¢ X 70 500 34 527 - 347
Aroclor 12326 X 0 &00 —32 554 re ¢ 450
Aroclor 1242 ¢ X 70 600 2 617 8 6104
Aroclor 1254 X 100 500 50 689 3 g 6974
ORGANO-SILIZATE CHEMICALS ! g o
Tetra aryl silicate H700-130 % e —50 300 —100 400+ > 450
Aliphatic silicate H7008 % X —50 500 —100 7004 E (%)
Tetra aryl silicate H700-155% X 0 500 —685 6004 x| =
H700-160 % X 0 600 —40 8004 2 o
H 700-10A 5 X 50 600 —30 700+ :
Tetra aryl silicate (cont.) H 700-180 % X = 50 650 —10 8504
H 700190 % X 50 675 30 800
H 750-200 % X 50 700 - | 800
H700% X 0 650 —45 7704 512
FUSED SALTS
Eutectic salt H 12005 X 360 1,100 285
Sodium nitrite-sodium nitrate—potas-
sium nitrata (40-7-53) alloy Hitec ? X 300 1,000 288 1,500
MOLTEN METALS
Mercury X —379 674.42
Sodium—potassium alloy X X 1,518
Sedium X 207.5 1,616
Lead-tin (50-50) clloy X 437
Tin X 449.4 4,100
Bismuth X 520 2,640,
Lead-tin (67-33) alloy X 527
Lead-bismuth alloy X 3,038
Lead X 6213 3,170
! Atlantic Refining Co. tradenume. " Other hydracarbon high-temperature oils include “S/V HT Oil” (Socony-Vacuum Oil Co.);
2 Dow Chemical Co. trad “Ideal,” “Eureka,” "“Eclipse” (Atlantic Refining Co.); “Redind” (Continental Oil Co.); “HT
3 E.L du Pont de Nemours & Co. Inc. tradename. Qil” (Gulf Oil Corp.); “Pure Mineral” Qil (Pure Qil); “Turbo,”"*Tellus,” “Valvata” (Shell
4 Hercules Powder Co. tradename. Oil Co.); “Rubiiene,” “lLodita,” "“Penn,” "Gear Oil” (Sinclair Refining Co.); “Calol OC
5 American Hydrotherm Corp. tradename. Turbine Oil” (Cal. Standard Oil Co.); 12586 Oil” (Ind. Standard OQil Co.); “Schivis” (Ohio
& Monsanta Chemical Ce. tradename. Standard Qil Co.); “Sunvis 51" (Sun Oil Co.); “Ursa Oil P,” “Regal Cil"” (Texas Oil Co);
7 Newport Industries Co. (Div. Heyden Newport Chemical Corp.) tradename. “Tycol Avalon 90 (Tidewater Assoc. Qil Co.).

% Union Carbide Co. tradename.

9 Boiling point for undiluted alcohol (not eutectic mixture).
% For comparison only.
" Manufactured by Dow Corning Corp. for American Hydrotherm Corp.
2 Reslstant to nuclear radlation.

™ Flash point.

15 Other fluorinated hydrocarbon compounds available are F-13, F-1381, F-11, F-113, and

F-114.

' Other polyphanyl alkyl derivatives ond mixtures include diisopropy! biphenyl, tertiary
tecti i py! biphenyl, and isopropyl Santowax .
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Both ligquid and solid storage systems are limited by thermal
stability at hlgh temperatures and resistance to thermal cycling.

0ils and organic chemicals suffer from thermal. degradation at high

temperatures, thus limiting their applications. Shown in Table
IV-2 are the opevational temperature ranges for sensible heat

 storage systems. Typical degradatlon times for an organic chem-

ical, Dowtherm "A", are shown in the ‘following tabulation taken
from Ref IV-1l.

Mean o . : Time, Mbnths

Temp, °F _ - (based on 15% degraded ploducts)
650 - 45-60

700 _ 35-37

725 R

750 - : A

775 ' ' 1.5-2

For high temperature applications (>500°F) and for storage sys—

tem life times cf 20 to 30 years, the maintenance required to

 replenish degraded products can be substantial.

Latent Heat Storage

‘Storage of thermal energy as heat of fusion is attractive rela-

tive to sensible heat storage because the latent heat of fusion

of many materials is greater than the product of - the specific heat:

and storage temperature range. As of this date, large-sczle ap-
plication of these materials to thermal storage systems is pri-—

mallly in the development stage..

A phase change material selection is dictated primarily on melt-
ing point and latent heat of fusion. Additional properties that
must be considered are veversibility of hysteresis on melting. or
Freezing, subcooling of ‘liquid phase, and nucleation of solid

- phase from liquid phase plus irraversible changes in the material

on thermal cyecling. These changes alter the melting temperature

- . and heat of fusion. A laxge number of these matexials have been

surveyed, studied, and developed as phase ‘change materials (PCM).
The materials consist chiefly of pure compounds on eutectic mix—
tures of metal hydrides, hydroxides, fluorides, nitrites, chlo-

-.;"rldes, bromides,. carbonates, sulfates, and. phosphates., A repre—

sentative list of PCMs and Lhelr qualltles ale shown: in Table
1v-3. . :

Heat transfer rates through PCMs are frequently Llimited by the -

 1Lhe1mal conductivity of the liquid and solid states. Micro~ and
macro-uncapsulation techniques in small pellets and suspension
_cf the pellets in a liquid heat transfer medium has been developed _

to increase heat transfer and- 1nh1b1t mlgratlon of phases 1n the

_stOLage vessel.
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Toble IV-2 Operational and Conceptual Semsible Heat Storage System (Ref IV-2)
: . ’ ) e . Capaelly Input Output
i : Stnzage Hurage v Temperature () k\'l,l~il . kwt-hr Tixte Hale Cant .
: (-r;ntiguratla::_ ©. Medium Applleatiang . Status 'rM A% TM AX‘TMI " th-hr T - "W; iwl 3 n‘w‘.;“- 1ieat Exchenger Cammentn
- o Abave Genuad Tank  Water Solar Centrl Englneerish 210 87 4.1 B 0, 086 42,500 2.0 Conventional- Caparity fipures based upan
i 1i-10m, 1ts0.5m - . flecciver Benlgn oo . 87 4.1 o 5640 22,0 External fo Tank medules of seven tanks
Ahﬁre Grourd Tank Water, Sular Total Preliminary 232 5B .11 G4.B 0,064 100120 25-50 - Convesiicnale Instrunieated with thermosouples
H-3.t5m, B<C,8%m  Thaeyminol '-En_ermr System Teitling 342 56 ) Exiernal to Tank .
Steam Accumulator Watee Salar Central Englneeriné ’ 200 14 3.3 8,11 33,100 3.0 Inclteated culput is prak value
H#:34.6m, A1, 83 Reeeiver pexlgn and ay 2624 0,28 41,800 6.0
1 r.dv.-rgré:dnﬂ “Tank Water - Starage for Preliminaey 27 141 4370 146 0, 146 524 4 ﬁuiw:mloml Precsurized cavern efiminates need for
! §#:3001, Ne13m Huelear Plant Design - thickrwalled veszels, Storage used far
i Depth=ACm feedwalcr hestinp
: - ol .
Acquifers . Water and Waste Heat Conreplual 170 T 1e 42,000 s 18,400 15,400 0. Co3 Converticnzl Simple performance ealeulatlony
e Sand Starape - dlacugsed
o La Abtovs Gratiné Tarks  Therminol-55 Sclar Central - Englneering 215 ‘55 226 24.4 0.2 452,000 E2
. n\l s’
CE B {evrr Flundss “Thrrminal-66 Reeciver Des'im 115 - 85 230 24,4 0,032 452, 000 2T
¢ . N Calnria-1iT-43 a2 B AT.2 D, 658 11
BITEC 500 o 220 -0.12 4
Salid Storage industrial . . Care to Alr Eicctrical registance heaters uced for
Matrsaly Cast Irog Soace Healing Cperational 150 480 0.15% &0 ‘117 68 ~50 oz frpat
Valnt Manulacture  Operatiom] 760 ‘4310 0,64 3 80 180 ?
Packed Biﬂ; Crapite Salar Cenyral Pretiminary ap2 Cm 195 €0 0,027 42,200 ap,400 5,13 Direct Contact Same small scale experiments compleie
i#217.3m, #22,7m"  Calorta-HT-43 Recefver Desipn ’
Fluidized Bed Sard - Storape for Cancrpiual aop 400 . 4000 64 04 500,000 590,000 K4 Flutdized Hed
. Fly Ash Power Plant . . : Iteat Exchanger
Undergraynd AT Sink for Waste  Preliminary. 100 85 500 sz 1000 0.4-0,8  Gridof Fipen Excellent revics af soi} propetiies,
. tleat for Under- | Deslgn detatled modeling
ground Power
. Sayrees
bEntentane Kolar Cenleal rancrptudl 12113 400 500, £60 G525, 000 2 e0HD Verilial Iolea
§ Hevriver - ' .
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Table IV-3 Operational and Conceptual Heat-of-Fustion Storage Systems (Ref IV-2)
TRt TEME(TIC:) Caparcity Input Cutput
Sorage Storage e T ot W hr kW ohe Rate Hate Cont
. AMed Py & o v o { " Het

(onfiguration pp Status Tauax Toax Tarn kW -hr —'—nr- Tl kw' kW mm'-m- Heat Exchanger Comments e
Annoius LiH COrbital Solar Lab Scale [1:1] 1.87 468 0.7 8-12 43 Inner and Outer Grometry with internal fins also tested, 3.20,0.21
Ho=0,134m, ﬂo' 0,12Tm Energy Storage Experiment Cyiinder Surfaces™ Detailed mathematical modelling

; Ay:10.251 m?, Agr0.270 m?
H-0.349m 1 0
Kl
i elinder L Orbital Solar Lab Scale 680 0. 281 £ 111 0,66 0.c1 0.53 Cailed Tube with Fins lower capacity/m’ due to heat exchanger 3.22
R+0.088m, He0.042m Energy Storage Expertment As0,037 m? tobes
Vot iin i {irbital Solar Tab Scalec 88 nz 0.7% 0.68 0.31° Thrrmoelectric Output wan cloctrie, 0,31 s kil 323
Luergy SMorage brperiment Converinrs in LA
Cylinder LiF/LsOH 1 ncerwater Lab Scale 427 3.5 902 0.64 .17 Single Rnlzpn Tube Inpnt was electrical resistance boater eutectic .24
R+0.03Tm, H=0,305m  Eutectic FPropulsion Experiment A:0.031 m has low volume change upon meltng larger
system designed acd built, but nooer - sted
vsitnder NaOH Space Heater Lab Scale 510 458 40 - Aae 0.3 6.9 2 ? L-Tubes, A =0,86 mé Inpul was electrical resistance heoter 3.26
$310,34%7, HeO. 514m Experiment
o shimder NaCdi Hot Water Operational 482 as1 193 L2 L] 0.20 e 20 450 Colled Tube, Arl, 7 me Injut was elertrical resistance heator, L
H.0,305m, Hel.52m Uinits bxtensive ficld testing
Rectangaler Modeie Naos Space Heater Operational 482 381 117 c.28 12 7.3 5.10 External Surface of Input was electrical resistance hester 3.27
Units Modules extensive field testing

i linder NaF/FeFy Storage for Conceptual 680 e.6¥ lﬂ' 423 0. 19 LE3 tﬂs Bx los 21e¢ Dircct Contact With *sCosl of lead and N-FIFvF‘: only 3.30
Ho1h #m, it-3). 5m Eutretic Ruclear Heaclor Molten Liad
Fisguired Valume % - NaN Solar Central Preliminary 254 1.8 x lﬂs B6 0,043 4. Bx ID‘ 3x m‘ 17 Stratght Tubes* With Other salts being consulered, small scale an
+ 1622 m? 0,21 - 0,79} Heceiver Design Scraping scraping experiments promising
Targe Tank Geg 4 506 Storage for Conceptual 590 .32

Electrical Ttilitles




Chemical Energy Storage

0f the three categories of ‘thexmal storage systems, chemical energy

storage requires the most development for large scale applications.
Use of chemical reactions in thermal storage may be considered un-
der four subheadings: (1) single, irreversible reactions; (2)
single, semireversible reactions; (3) single, reversible reactions;
and (4) paired, reversible reactions. The advantage of chemical
energy storage over sensible and latent heat storage is the ability
to store more energy in considerably less material. Table IV-4
shows Some of the candidate reversible chemical reactions con51d~
ered for thermal energy storage.

Other potential candidate reactions include paired ammoniated salt
reactions. These reactions ave listed in the following tabulation.

A U Btu/lb
Reaction T.°F reactants

(1) CaCly+§ NHg(s)“5CaCl, 4NHg(s) + 4MHg(g) 88  285.7
(2) ca012-4m{3.(s)&;Camz-zms(s) + 2NHz(g) 108 203.1

(3) CaCl,+2NHg(s) % CaCly -NHz(s) + NHz(g) 329 - 180.0
(4) MgClz'GNﬂg(s)ﬁ“;MgClQ_QNHg(S) + 4NHz(g) 266 461.8 .
(5) MgCly - zmng(s)_, MgCly *NHg(s) + NHgz(g) 522 161.6
(6) MgCly *NH3(s) &5 MgClp + NHz(g) 702 .198.9
(7) MnCl, *6NH3z(s) ﬁ1~1n(312-2m-13(s) +.48Hz(g) 197 .386.5
(8). MnClz'2NH3 (S) MIIC].Z *NH4 (sy + NHg (g) 480 192.3 .
(9) NH,CL- 3NH3 g NH,CLl + 3NHj _ 40 533.3

By pairing low—temperatule reactions with high-temperature re-
actions a chemical heat pump can be realized. These reactions: ‘
are unique in that the forward or réverse reactions can be driven
to completion by varying the NH3 decomposition pressure in the
system. These reactions arve presently being studied for various
applications (Ref. IV-3). Totally gas phase reactions are lim-
ited to partial completion by the thermodynamic chemical equilib-

- rium relationships at the system. operating temperature and total

pressure. Chemical energy storage can theoretically generate
energy at the original quality but is necessarily limited to re-

covering energy at a narrow temperature range. Ior example, if a. .
- noncondensing gas from a cement kiln at 1150°F is passed through

a high temperature chemical reactor at 11l00°F, the sensible heat
extracted from the gas stream would -only be Q = Cp (1150-1100).
The discharged gas at 1100°F would still be "energy rich.'" On

the other hand, if the 1150°F stream were passed through a 600°F

bed, the high quallty energy (at 1150°F) would never be recovered,
since upon. regeneration the bed could: only produce 600°r heat

"transfer fluld
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Taple IV-4 Reversible Chemical Reactions for Thermal Enerqy Storage . (Ref IV-2)
I » Cost
| _ o o S Heat of Reaction, @ —  Temp {(Material) _ _
- . Proposed Reaction }ntfr-ﬁ;‘! kg th-hrlm c- $Ikwt-hr Status " Comments Ref
: | Mg(OH), + Q= MgO +H,0g) 0,288 340 375.  0.62 Lab Scale
) SRR A , : - - 1,34, 2,36
Ca{0OH ]2 +Q = Cal +_H20(g) S 0. 366 . 411 © &30 o, 07 Experiments :
$0,+Q=80,+20, 0,343 262* 722 16,4 Coneeptusl +Gas stored at 200 atmospheres 3,36
) L = : ; . i “+*Storage system cost
. g : _ CH o frzo £Q= CO+ 3H, 1,8 6. B* ‘god Concepteal . *Assumes ‘#aseous products are stored 3,37
: B a . . s - S at a pressure of 10 atmospheres and.
: - RTA
1 o NICL, BN+ QNI 2Nl + NI 020 T 11560 K 3,40 .
_p_ .Lmsﬁs +Q =LaNi+5/2 Hy ' 0,048 = 3.5% 100 _1950. Coneeplual
| - SmCogHy 5+ QT SmCog+ sfaH, o.024 T4 100 1410, s
| VH, QT VH + 1/2H, ' ‘0,106 b8 . 100 105, -
FeTiH + Q= FeTi +1/2 H, 0,078 L 141 " 100 28,
 Caupled System: Conceptual 3,42,3.43,3.44 -
’ TeTiH +Q = ZFeT{+Hé g 0,118 82 400 - 17.9
cand O ' E -
MgH, + Q= Vg + H),
; . _H:zsoécdﬂﬁte') +Q :'sz(g) +H'25'04(c6m:) 0,107 452 238 0.45 Lab Scale * Concept requires real t.i_me use of large *  3.4F,3.46
| E : o : DL . e : L Experiments . amount of energy at 100°C during storage
i ‘ ) ' . ) cycle . : .
%
¥ B b .
| 2%,
A
i ‘ .
L. ENY - .. . .
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TES APPLICATION

Storage system sizing and selection depends on the use of recov-
ered waste heat. Some presently existing dry process plants re-
cover the energy in kiln exit gases through waste heat boilérs
and generate their own electric power for in~process electrieal
requirementis. Therefore, the first use of the high temperature
heat from the cement kiln could be for the production of electri-
cal. powex Using Plant 1 as an example, energy in the high-tem—
perature, 1150 F, kiln gas could generate steam to drive turhines
for electrical power generation. The amount of electricity that
could be generated is (assuming a 25% thermal enexrgy to electrieal
energy eff1c1ency of the steam power plant)

pr To-T x 0. 2% o
Idle = ( fina 1)
3413
Kife = (5325)(60)(0 28) (1150-300). x 0.25 _ 557

3413

These calculatlons illustrate that kiln gas can contlnuously gen—

‘erate electricity at around 5.6 MWe while the kiln is operating!

For the dry process, electrical energy requirements can range from
60 to 150 kWh/ton clinker. Using clinker production rate of 67
tons/hr, Plant 1 requires between 4 to 10 MWe in.the operations

_of grinding, clinkering, and finishing of cement. The actual

daily power demands depend on plant operation, i.e., when the

- grinding, clinkering, and finishing processes are operating.
Clinkering is usually a continuous process, except for infrequent

maintenance shutdowns. Howevexr, the grinding and finishing mllls

~may not be operated on a continuous around-the-clock basis.

Thermal enexgy storage may then be used to store excess energy
when the process does not demand 5 M{e of power. Storags may
also be used to improve the efficiency of the power plant oper-

ation through the application of TES reheaters or feedwater heat-
- ers. TES locations in a power plant are illustrated in Figure

IV-1.

The uses of thermal energy storage in power appllcatlons can be
summarlzed as: - L ; '

1) Reserve energy for steam production;
2). Steam xeheating; =
3)  Teedwater Heating;

4) .. Storage of waste heat from- power cycle for 1n~process use ox
district use. :
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Figure IV-1 TES Applications in Power Plant Gyéleé

INLTIAL TES SELECTION

Candidaté thermal storage makerials were selected based on tewm-
perature levels of prominent waste heat sources in the cement

manufacturing process.

Preliminary system concepts were also

developed to recover energy flom.waste heat sources and apply

the stored energy.

‘The materials selected for thérﬁal.e@érgj storage (TES) were
based on the temperature level of application and proven feasi-

bility of the system.

As described earlier, the temperature

levels of interest are storage of waste heat from the kiln gas.
at 4 temperature level ranging from 800°F to 1500°F and the
waste heat from the clinker coolexr air at 350°F to 450°F.
eral storage media candidates were reviewed for applicability

. in these temparature ranges, particularly from Ref IV-2, IV-4,
and ‘IV-5. Candidate TES media were initially selected based on
demonstrated technical feasibility as well as temperature levels.

Sev-

Eleven materials were selected from the sen51ble, latent, and -
‘cliemical energy storage cakegories for high-temperature appll~'
cations. Shown in Table IV-5 are storage media properties of
The candidate material/system concepts are

these candidates.

briefly descrlbed 1n the following paragraphs.

e ——— B Toe + e ies ot

i ot st A i AR B

s ey iy ok




£l N .

M

 DRIGINAL PAGE 15
DE POOR QUALITY.

Table IV-5 Heat Stovage Media Properties

ensity Cp, i Temp ($/kiE-hr)
_ .. . [ Btu/ .B:Su/ Min,. Max, | Storage
Candidate " 1b/£8 [ 1bm °F £ °F| °F  °F $/1bm | Medium Only
Sensible Heat Storagé ) ' '
1. Mg0 223 0.32 - 7l.4 | 400 - 900 |-0.15 3,20
' : o 1000 2.66
1100 2,29
| - 1200 2.00
2. Gramite - 168 0.28 = 47.0°'{ 400 ~ 900°| 0.0038 | 0.13
SRR 1 - 0.20 33.6 . 1000 0.11
1100 0.09
1200 | 0.08
3.  Limestone - 153 ) 0.22 . . 33.7 | 400 900 | 0.0038 | 0.11
: S o , . 1000 0,10
1100 0.08
1200 | 0.07
4. Draw Salt 111 0.37- 41,1 | 430 900 | 0.10 1.96
: 1000 1.62
5, 0il : : : :
Dowtherm 62,2 | 0.53. . 33,0 400 - 600:( 0,60 C18.32 -
. : - o 750 11.04
Caloria 44.3 | 0.69 30.6 | 400 600 | 0.13 | 3.21
6. NaOH 100 0.50 50.0 [ 600 900 | 0.250 5.69
. . . . L1000 | 4,26
11100 3.41
| N 1200 2.84 .
7. Rock + 0il ~ 137.1 | 0.24 32,9 | 150 600 | 0,004 | -1.90
. (Granite +. : ) R Lo S
" Caloria Void
Fraction = 0.25}
Latent Heat Storage } L L .
8. LinCOg R UV T 17136 | 747 0.33 | 9.46
. =NayC0g @25°C
~K,C03 -
9. NaOH- U 133 |69 - {606 “0,25 ¢ | 12.37
ST @25°c | - 8900 | -
100 L
@600°F
Chemical Energy Storage| - = - ‘
10. S05. = 13.20 | 531 7013 | 1170 1308 | 0.20 1.285
—_ @200 :
. L _ atm ST R R :
11, MgCly-2NH3 30 |.333 9990 | 530 560 | 0.185 . | 1.895
+-CaCly -BNHg - s
43
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Mg

This system uses magnesia bricks stacked in a checkerboard pat--
tern in horizontal cylindrical tanks. The kiln gas would be
passed through the beds and the heat exchange would occur via
direct contact with the bricks. The basic problem associated
with this system is lncompatlblllty of the kiln gas comstituents

,(SGX Ho0, COp) -and the magnesia.

Granite or Limestone

This system consists of beds of crushed rock (average diameter
1 to 2 in.) in which the kiln gas is passed through the bed in
the charge mode; ambient or preheated air passes through the bed
during discharge. The granite durability to kiln gas constituent
species is expected to be quite high. Limestone durability must
be determlnad at hlgh kiln gas SO loadings. Accumulatmon of

kiln gas dust in the storage bed, leadlng to excessive plassure"

drops, may be another potential problem. Air and kiln gas would
be drawn through the bed using existing induced draft fans. The
advantage of this material/system concept is its low invesiment
cogt., Not shown in Table IV-5, is the use of clinker as a stor-
age medium. The material is similar to limestone in physical
properties and is also similar to limestone 1n react1v1ty with
kiln exit gas species (Hs0, SO +.C0g) .

Draw Salt

This material is a mixture of sodium and potassium nitrates. The
material has a melting point of 420°F and is a stable liquid to
1000°F, This concept would use one tank for the storage of both
hot and cool fluids by incorporating a thermocline movement

‘through the tank as the TES unit is charged and discharged. Draw .

salt is corrosive and would require stalnless steels in containers
and heat exchangers. :

0il

Some heat transfer oils are available for operating temperatures
up to 750°F. However, these oils require weplenishment schedules
at a minimum of every 5 years. The oil is compatible with carbon’
steel but still requires relative high container cests due to low
density characteristics. - This coneept would require two storage
vegsels for hot and cold flulds, with.one storage volume belng

'empty at all times.
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NaoH

This material is highly ecorrosive and requires cautious handiing.
This concept requires two storage volumes for hot and cold f£luids.

Granite plus 0il

This concept (patent pending by Rocketdyne) uses a dual media of
rock and oil for the storage of energy. Oil is passed through

a solid rock bed and energy is transferred for application by
the oil. The thermocline characteristic of the bed as it is
being charged and discharged is used to reduce the number of
storage vessels by half over conventional Iwo-container (hot and
cold) ligquid systems. However, the system is temperature Llim-
ited to 600°F (Caloria HT 43 decomposition temperature) and the
oil requlres totdl replenlshment after 5 years.

leCOg-N&zCOg —K?_CO 2

 The Institute of Gas Technology is testing this phase change ma-

terial in high temperature applications (Ref IV-6). In concept
the latent heat of fusion and liquid sensible heat to 1000°F is
used as a technique for storage. The material does not have
severe corrosion problems, but material costs appear prohibitive
in relation to other materials. Low heat transfer rates during
solidification of material around internal heat transfer tubes
raise total heat exchange area requllements and thus the cost of
heat exchangers. :

NaOH

This concept uses the latent heat of fusion and liquid sensible
heat to 1000°F. Heat exchanger tubes are immersed in a liquid/

solid bed. This storage media concept is presently being funded
by DOE (Ref IV-~7) for high temperature applications. The system

' requires special container and heat exchanger materials, and will

exhibit low heat transfer rates during material solidification.

S03

This system uses the decomposition of sulfur trioxide to sulfur
dioxide and oxygen at high temperatures fox thermal storage. The
hlgh ‘temperatures requived (m1200°T) for the’ shift in equilibrium
of the reaction 503 T— et 509 + 3 0p limits its applicability in
the cement industry. The system requires a great deal of equip-

ment (compressors, heat exchangers, dlstlllatlon columns, etc)

thus dlctatlng h:.gh ‘capital costs.
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10.

-MgClz * Zma

This concept would use the paired ammoniated reactions:

MgClp + 2NHz — MgClp * NHj *+ NHg
CAGl, + 8NHj =X CaClp - 4NHj3 + 43H;

for energy storage., These reactions have been tested on a labora-
toxry scale at the Denver Division of Maritin Mavietta. The concept
would use the high temperature magnesium chloride reaction to con-
dense steam during the charge mode at approximately 500°F. Some
other form of storage would be required to extract sensible heat
energy from the superheated steam and subcooled water since the
salt bed could operate only in a narrow temperature range. Since
low heat transfer ccefficients are charncterlstlcs of this system,-
heat exchanger costs are high.

Table IV-5 shows each of the various storage material candidateé,

their pertinent properties and the material cost per kilowatt houx -

of thermal storage. From these coste the most promising candidates
are granite, limestone, draw salt, rock and oil, and chemical en-
ergy storage candidates.

INERGY CONSERVATION SYSTEM CONCEPTS

Results from the process study (Chapter III) idlustrate the large
quantities of rejected heat from the kiln exit gas and clinker
cooler air. The use of this wasted energy could best be served
by producing electricity for in-process use with the high tempera-

‘ture kiln exit gas and using the low temperature energy for feed- .

water heating for an on~site power gemerator or preheating mate-—
rials, As will be shown in later discussion off-site use of low
temperature energy for district cooling does noi appear to be as
economlcally attractlve glven current energy costs.

For a typical. dry cement process the electrical enexgy requlre—
ments for varlous phases of cemeni production are:

1) Raw‘feed-grinding,-37-kWh/ton clinkér;
2) Tinish grinding, 58 kwh/ton clinker;
3)::Kiln, 30 kih/ton clinker;

4) Fac1llt1es, 25 kWh/ton cllnker.

"»ThlS totals approx1mately 150 kUh/ton cllnker 1nclud1ng power

requirements of facilities. Using Plant 4 as an example, while -
the kiln is operating, approximately 136.5 kWh/ton of clinker is

;-generated from an on-~site generavor. That is approximately 91%
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of the plant electrical requirements are met with on-site gener-
ation (using the figure of 150 kWh/ton requirement). However,

when the waste heat source for the steam boiler is not available
when the kiln is down for maintenance repairs of the clinker cooler
grate, the kiln itself, or dust collector systems, then the power
demand for other cement operations must be obtained from a public
service utility. Such an occurrence necessitates either curtailing
the other cement operations, i.e., raw and finish milling, while
the kiln is down or demanding large amounts of power from the util-
ities for short periods of time (5 to 10 MWe for 2 to 24 hr). This
problem can be alleviated by using a TES unit to level the utility
load demand of the cement operations. By charging TES units while
the kiln is operating, the stored energy can then be discharged
when the kiln is down for repairs to supply electricity for milling
operations and facilities. :

Figures IV-2 and IV-3 represent schematiec locations of TES units
for reserve energy in power plant applications for retrofitting
existing installation (Fig. IV-2 and for new installations (Fig.
IV-3}. Concepts 1 thru 4 represent possible configurations in
relation to gas-steam waste heat boilers. Concept 1 shows a TES
unit being charged with kiln gas energy with the gas being passed
directly through the TES unit. Heat exchange in this concept is
done either by directly contacting the gas with the storage wedia
or by using internal heat exchange tubing to separate the media
and gas. When the TES unit is discharged, ambient air or pre-
heated air is passed through the bed and the heated high temper—
ature air is passed through the waste heat boiler. Concept 2
employs -a gas-heat transfer fluid heat exchanger to extract from
the kiln gas stream and transfer the high temperature energy to
the TES unit with a high temperature fluid, In most cases this
fluid may be the storage media itself but may be different through
the use of internal heat exchanger tubing. The unit in Concept 2
is then discharged by passing the high temperature fluid through
a fluid-steam boiler (preheater, vaporizer, and superheater). sys-—
tem to produce steam for power generation. In Concept 3 energy
is extracted and generated solely on the steam loop side of the
waste heat boiler with a heat exchanger extarnal to the TES unit
(condenser/boiler).. In. the charge mode, steam is desuperheated,
condensed, and subcooled via the heat transfer fluid from the TES
unit. The condensed water is returned to- the feed water line.
Upon discharging the TES unit, feedwater is pumped back through

- the heat exchanger and vaporized u51ng the high temperature fluid
from the thermal storage unit. The steam is used for power gen-
eration. Concept 4 is similar to Concept 3 in operation but uses
internal heat exchangers for transfer of energy from ‘the wate1/
steam to the thermal storage. materlal. - :

' Concepts 5 and 6 represent two basic configurations for new in-

- stallations of on-site power plants with TES units. Concept 5
uses a gas-Iliquid heat ‘exchanger to extract’ energy from the kiln
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gas. The high temperature liquid then follows two paths during
charging of the TES unit through the TES wnit and the liquid-
steam boiler. When kiln gas energy is no longer available, then
the stored high temperature fluid is pumped through the boiler
snd the exit liquid from the boiler returned to the TES for fur-
ther charging in the next cycle. Concept 6 is similar to Concept
1 but is used to distinguish costs between retrofit and new in-
stallation costs. ' .

PRELIMINARY SIZING AND ECONOMIC ANALYSTS

Using the six system concepts for reserve power production and

the 1L candidate materials discussed earlier, a preliminary siz-
ing z1d cost estimate of major expenditure items (containers, heat
exchangers, and storage materials) was performed. These systems
were sized on the following basis:

1) Provide electrical generation at 7 Mie for 24 hr, assuming a
thermal-to~electric conversion efficiency based on conditions
of produced steam at turblne throttle (temperature and pres—
sure) ; . .

2) Stesm boiler efficiency of 90%;

3) Charge/discharge time of 7/1 days;

4) Storage life of 30 years;

5) No TES container heat loss; .

6) TES unit efficiency (emergy output/input) of 100%;

7) Maximum or minimum TES temperature based on either material
solidification temperature or heat exchanger pinch points.

The TES units for the system concepts were sized based on
the boiler/steam/electricity conversion schedule as shown.

Steam A _

Temp, ' Storage
F/PrEbsure, fficieney, % Efflclency, % Requlred
psia ~~ ~ ©  ‘Steam Electric (llquld/Steam) Biw x 10°
900/900 25.3 g0 2,52
750/700 24,2 20 _ 2.63
550/225. - - 22,2 - - 9Q. - o 2.7

The requlred energy storage figures in the last column of the

~ table were calculated for the 7 MWe 24—hr (168 MWe-hr) 5121ng SR

requlrement. .
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_U51u5 the criteria listed above, candidate storage materials and

appropriate system concepts were sized and costs were estimated.
Tables IV-6 and IV-7 contain tabulated results of costs for mate-
rials, containers, and heat exchangers; maximum and minimum stor—

~age temperatures; and the system cost based suvlely on storage media,
‘containers, and heat exchangers. Table IV-8 contains the system
vessel container size associated with each storage medium.

A comparison of the system costs of TES units/system concepts show
that the solid and liquid sensible heat concepts are favored. The
added costs of replenishing oil in the oil and oil plus granite

systems once every 5 years increase the life cycle costs of these

- systems prohibitively.  Sodium hydroxide material costs and hand-

ling problems negate the high storage density of this system. The
possible compatibility problem of magnesia brick with species in
kiln gases and the high relative cost of the brick Wth Lhe oLher

- solid sLorage media eliminates this systenm.

Therefore, hased upon capital costs, material compatibility with
high temperature gases, ease of operability, and reliability of
system, the candidate materials selected for further analysis
were granite, limestone, cement clinker, and draw salt. -

“All four materials ave appllcabie for high temperature themmal

storage, while the first three are also applicable for thermal
storage of the low temperature clinker cooler air waste heat.

STORAGE SYSTEH.GOHPARI&ON WILIE ALTERNATIVE METHODS or POWER
GENERATION

Methods of producing on-site elech1c1Ly when Lhe k¢ln is down fox
repairs by using auxiliary power generators were rejected based" on
estimates of fuel and operating costs. Power generation systems
using diesel engines and gas turbines were evaluated. An augiliary
fossil fuel-fired boiler (coal or oil) teo produce steam for an -
existing on-site power generation set was also evaluated based on
initial capi tal lnvestment and ~operating cosLs. :

Investment costs' and operating expenses were calculated: £or four‘
power generation systems (see Table IV-9). The aukmllaxy £oss¢l—
fired boiler installed costs were based upon field-erected units
(Ref. IV-10). These particular costs include only the boiler

“unit . (i.e., excludes turbine-generator: sef which is currently on-.:

site).. The gas turbine and diesel generators costs include the
cost of the generator. . All costs are veferenced to- 4Lh quamLex
1977 (Malshall Stevens equlpmenL 1ndek = 523)
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| TabZe IV-6‘ I%s Retwfw Applwatwﬂs for Concepts 1 ‘_imfu 4 o
: Power Material | Container | HT X Min Max "~ System
2 o System Plant Cost, Cost, Cost, Temp, Temp, | Cost,
Candidate ‘Concept | Efficiency | § x 106 $ x 10° § x 108 | °F °F $ x 10° | Notes
| 1. Mgo by 25.3% 1.97 0.11 'DC 400 | 1000 2.1 1
2. Granite 1 25.3% 0.08 0.23 DC 400 - { 1000 .| 0.3 1
Limestome = | ' : ' : .
3. Draw 2 25.3% 1.61 0.26 0.38 450 | 1000 2.2 2
_ Salt 3 25.3% 1.61 0.26 0.26 450 | 1000 2.1 2
4. 04l 2 22.2% 2.40 0.86 0.49 375 600° 3.7 3
" B '3 33.3% 2.40 0.86 0.46 375 600 3.7 3
| 5. NaOH 2 25.3% 3.60 0.66 0.23 650 .| 1000 | 4.5 2
s 13 25.3% 3.60 0.66 0.18 650 | 1000 A 2
6.  Granite 2 22.2% 0.85 0.38 0.49 375 600 | 1.7 3
4 0il 30 22.2% - 0.85 0.38 0.46 375 600 1.7 | 3
7.. LiaCOg 1 123.5% 4.08 0.09 0.56 750 | 1000 | 4.7
Na»CO3 - ' o :
| KpCO3 _ _
8. NaOH ' 1 22.2% 2.39 0.07 0.60 600 | 1000 3.1
9. 803 1. '25.3% , 1170 | 1308 | 11.0
10, MpClp:2NHg | &4 25.3% 1.18 0.30° 3.0 530 | 560 | 4.5
B + CaCly- 8NH3 o ' : :
Notes"-

B A ———— e s S

1. Direct contact,(DC) heat exchange.-

2. Stainless steel hardware. .

5 years (not costed)

3. 011 will need replenlshment evexry
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ORIGINAL
_ } o . OE POOR
Yable [V-7 dew Installation Preliminary Costs
Sys~ | Pawer |Mate-| Con Sys=-
“ptem | Plan rial | tainer | BT X | Boiler|iin Max | tem -
Con | Effi- | Cost, | Cosk, [ Cost, Cusl:é Tewmp, | Temp, | Cost,
Candidate cept | ciency | $x1.0° $x108 | $x108 | $x10% |[°F |°rF $x10°
1, Mg0 |0 25,3 |[1.97 |0.11 |DC 0.20 | 400 | 21000 |.2.28)
2. Granite | 6 125.3 [0.08 |0.23 [pc |0.20 | 400 | 1000 | 0.53 |
3. Draw S R A o T :
Salg 5 [25.3% ' 1.61 | 0,53 1.20 | == 450 | 1000 | . 3.33
4o0dl 0 P50 Je2:.2% |2.40000.86 1.1 f—- o 375 | 600 | 4.37
5. NaQH a3 25.33: 3.6 0.66 L5 e 650: | 2000 5.41
6. Granite B ' v
+ 0il 5 {e2z:2z|0.8 [0.38 |11 {-- - |'375 [ 600 | 2,3
7. LipGOgq 6 23,54 |4.08 | 0.09 0.56 [0.20 750 | 1000 4.93
Nas €03 .
| 00 5 - | |
8. NaOH 22.27 {2.39 [0.07° |o0.60 [0.20 | 600 [-1000 | ‘3.26
9. 503 25.3% _ ‘ ' 1170 | 1308 |11.0+
10. NgClaa 22,24 11.18 }0.30 2.01 | 0.20 330 560 |n3.60
CaClge
8NH 3
Table IV-8 TES Vessel Dimensions
Total .
Storage "~ | Vessel :
Volume No. of | Dimension, | Vessel .
Candidate BERL _Vessels| L/D Shape  |Notes
" 1. Mgo ' 5.877 = 10%| 2 -122/19 ' ' :
. Granite 1.784 = 105| 2 49/49 Cylinder _
. Draw Salt | 1.114 x 105| 1 52/52 Cylinder |Thermocline [
. 0il’ ] 2.597 x w05) 2 /63 ~ | Sphexe |2 Stozage |
_ 2,597 x 103 2. - =163 Sphers |2 Impty
5. NaOH 1.439 x 105| 1 -/65 Sphere |1 Storage
RN R N  =/65. 7 | Sphewe - |1 Empty . ..
© 6. ‘Rock + 0il| 3.901 x105] 5 47147 Cylinder |Thermocline
7. LipCOg. 8,70 x 10% | 1 48/48 - Cylindexr -
.. NapCOg T ) : : :
| KeCO3o : N _
8. NaOH (PCM) | 7.193 x 10%| 1 45/45 -Cylindex
o | 9. sog  fwa  Iwa fWa ] .
o l1o) MeClae | 3.708 x L0S| 2 T | 58/58 7 | Gylinder
Ny + n R B 45/45 Cylindex |
_ BNHg
VI
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Table IV-=9: ‘
Costs of Altermtwe Methods of Power Genera,mon 10 Mfie
Capacity (10% Usell :

Base Poﬁer Boilgr Gas | piese1
L . { Ceal’ ° |0il - . | Tucbine | Engine
T Installed Cost, $ 2,078,000 | 1,520,700 |.1,596,000% | 3,060,0003
Operation & Mainte- o o ' .
nance, ¢/kie.h 0.1222 0.1222 0.5003 0.40083
Fuel Cost, ¢/kWe.h 1.37 2.74 . 4.1 2.74
Total Generating , : i .
Cost, ¢/kWe.h 1.492 2.862 4.48 3.14
. Potal Lifetime P R , B . . o
Operating Cost, §° 3,921,000 | 7,521,000 | 11,773,000 | 8,252,000

1Costs based on &th Quarter 1977. ,

“Estimated from base costs, Ref. IV-8.

3Est1mated £rom.costs Ref. IV-9.
“Costd based on thermal-to—electrlc conver51on efficiency of 25/
and:

~a. GCoal - $1.00/MBtu

b. 0il - $2.00/MBtu
c. Gas - $3. OD/MBtu _ - .
Thlrty—year system life, 107 use, 0% fuel oxr labor rate escalatlon;

Baged on initial capital costs of the storage systems selected

for further study (glanlte, 11mestone, cement clinker, and draw -
salt), the alternate methods:of generation are not cost competi~ -
tive. The lowest cost altermative method, coal—fired boiler, costs
a total: ‘of $5,999,000 ($2,078,000 capital investment plus $3,921,000
for fuel and 0perat1ng costs) in current 1977 dollars In compar—' :
ison the most’ expensive of the selected storage systems, draw salt,
will cost $3.3 million. (This figure will be revised downward in

detailed economic evaluation, pg. 109: ;) Therefore., one can conclude -

that the thermal storage costs can be justified using only the
fuel, operation and maintenance costs of the alternative methods
of power generatlon. : :

G.  OUTSIDE USE OF WASTE HEAT ENERGY

As discussed earlier, high quality energy from the kiln gas could
best be used’ Lhrough the production of electricity on site. Since
“the electrical energy requirements of the cement manufacturing -~
process exceed those that can be produced, there is little inecen-
tive to sell the electricity off site. However, if an off-site
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customer could be found to use byproduct steam from the power gefi~
eration cyele, the sale of steam may be advantageous. In this cadse,
" the question-of steam availability if the kiln is shnwn down would.
need resolution before this would become practlcal

The clinker cooler air waste heat energy is of low quality and
quanthy., If the energy at-350°F could bé ised io heat water for
a district heating’ system, then typical costs for capital 1nvest~
ment of a distribution system to a community approxlmately ; mile
from the plant may be: .

vastllbutmon lines (5000 ft) - | $ 50, 000

Pumps and heat exchangers . 27,000
~ Storage system . - 18,000
‘Architectural & engimsering -~~~ _ 10,000 ‘.
N : ' $105, 000

- Using Plant 3, which has more available energy in the. cllnker
"cooler gas than the other three plants in this sLudy, 481 000 Btu/
hr is available at 350°F, using a AT of 150°F. The cost savings
shown are compared for cities in which either electrical res;stance
heatlng or oil is the pladomlnant forim of heatlng.__ :

Electrical energy savings:

- . (481,000 Btu/hl)(l/3413 KW hl/Btu)($O 036/kN hr)(8769 hr/yr)
7$44 400/yr '

011 enerny savmugs-: ) _ _
(481 000 Btu/hr) ($4 49/106 Btu)(B?oQ lll/yr) $1s OOO/yr

One can readlly see that the payback an. electrlcal resmstance heat— ,
 ing savings is mich more attractive rhan oil energy sav1ngs.' The
capital cost estimated in this example do not include a distribu-
tion heating system for. the commuriity which could be substantial.
1f such a dlstlibutlon system doe: not exist.

Expnltlng thlS 1ow quallty energy Would also 1nvolve Lhe ploblem
of being accountable foxr the energy when kiln operation has ceased.
- Approximately once a year, the kiln may be down for 2 to 3 weeks

. for major brick repairs., Large quantltles of sLorage media - (such

~ as ponds) could be heated for such a shuLdown, Lhus, utlllzlng
loW'temPELatule heat. :

The'ﬁsé bfVlbW'quality energy off site is extremely senmsitive to =
~ the particular plant location, the type of energy now used in.
that area, the proximity to the user, and the type of dlstrlbutlon
- system required. The estimates given here -indicate ‘that in, cer—
tain cases, of£~51te use of low qu;llty enelgy may be economlcally
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attractive. However, it would involve a study of each individual
plant to make that determination. ' This effort is beyond the scope
of the present plogram but, mlght be investigated in a fuLur
study. :

CONCLUSIONS

Results from this phase of the study indicated that thermal en~
ergy storage for on-site power generation would offer the most
economical and technically viahle application for near-term energy
conservation. BSeveral energy storage techniques were evaluated
and screened for further study. The most promising thermal energy
storage media are solids (granite, limestone, or cement clinkex)

or lten salts. Other techniques were dropped based upon either
higher relative costs, lack of demonstrated reliability during
temperature cycling, or lack of data on concepts. The primany
application of stored energy is the reserve thermal energy re-
quired for power production when the cement kiln is down for sched-
uled or unschedule repairs. Load leveling effects of thermal en-
gy storage are certain to increase plant productivity, but detailed
evaluation could not be performed because of lack of actual elec—
trical power requirements for the manufacturing operation on an
hour-to—hour basis. Low temperature storage for district heatlng
was shown to be less attractive based on today's energy prices. .
Long term benefits may be derived from low temperature storage

as fuel and electricity rates increase.
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ENERGY CONSERVATION SYSTEM SIZING AND PERFORMANCE ANALYSIS

- The two storage system concepts, rockbeds and draw salt, were

analyzed in detail to determine system performance and sizing

for the four model plants considered in this study. Flow dia-
grams and conceptual designs of the hardware and process egquip-
ment were prepared. Analytical computer models were developed
for the two storage systems to aid in assessing the performance
of candidate systems. These models couple the cement manufactur-
ing process with the thermal ene1gy storage system and the power
generation application.

Both storage systems have been tested and technically evaluated
under a number cf investigations. Research programs that are in
progress (Ref V-1) have aided in the evaluation of these candi-
date systems for cement industry applications. Solar power pro-
gramg are curvently evaluating similar stovage concepts for re-
serve energy utilization when solar energy is not available.

Two storage systems were chosen for further analysis of specific
advantages and potential problems. Both systems exhibit a cost
advantage over the other storage candidates considered (see
Chapter IV). Of the two systems, the rockbed storage system will
be lower in cost. However, if the potential problem of dust plug-

‘ging the rockbed cannot be resolved, then the draw salt system

would have to be employed. Development work is necessary to

.evaluate the effect of fine cement dust passing through the bed .

before a declsion can be made as to which sysLem should be rec—~
ommended

ROCKBED SYSTEM PERFORMANCE

The rockbed storage units, comsisting of either granite, limestone,
or cement clinker, offer the most simple means of energy storage
of the candidates considered. Therefore, this system will prob-
ably require lower capital investment from cement industrial ap-

plications.. Shown in Figure V-1 are rockbed thermal enexrgy stox-—

age (TES) units coupled with the kiln gas exit duct and power
generation equipment. High—temperature energy is stored by pass-
ing a portion of the kiln gas over the rockbed surface. Simi-
larly, low-temperature energy from the clinker cooler excess aix

' is stored by passing this air over the rockbed.  Upon dlscharga,“

ambient air is passed through the low-temperature TES unit,
heated, and pasged to the high-temperature bed. This air from'

" the ‘high—temperature TES unit is then sent through the waste .

heat boiler to generate steam and thus electrical power.
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Figure V-1 Rock Bed/Waste Heat PBoiler/Power Plant System Diagram

As seen in Plgure V-1, the low-temperature and high-temperature .
storage modules are charged independently. During discharge,
however, the storage modules (low-temperature beds and high-tem-
perature beds) are connected in series to heat ambient air to
High temperatures for steam generation in a waste heat boiler.
The low-temperature or clinker cooler storage units will thus
operate between ambient air temperature and the cooler excess
air temperature, or in the range of 80°F to 350°F. The high-
temperature TES units will nominally operate between 350°F

and the kiln exit gas temperature ranging from.approxlmately
700°F for suspension preheater kilns to a maximum of 1800°F for
1ong, dry process kilns.

This system conflguratlon was selected on specific process. 1nter-
face considerations. This arrangement, not only recovers and '
uses low-temperature energy from the clinker cobler excess air,

- but also prevents kiln exit gas constituents from condensing in -

the high-temperature beds. Through the use of low-temperature
beds for'preheatlng air during discharge, the hlgh—temperatule
bed is maintained at a minimum temperature of 350°F, well above
the dew point of the kiln exit gases. This concept will pre-
vent the condensation of such corrosive. compounds as. sulfuric -
acid or nitrogen containing oxides or acids din ‘the high-tem~
perature bed. If the low-temperature bed were not used, ambient

58

P T ST T Ly PP S P

ettt e e L s aria s o aaliche . )

b ™. L

s



"

PRYT I

.,;_H-;

[v-1]

air flowing through the high-temperature bed would ncol the bed
to ambient temperature, During charging, hot gases from the kiln
exit would then be cooled to rock temperatures that are initially
at ambilent temperatures, approximately 0 to 100°F. At these tem-
peratures water, sulfur, and possibly nitrogen compounds would
condense in the bed, on the rock, and promote corrosion of stor-~
‘age media, container walls, decrease heat transfer from gas to
rock, and promote gas channeling through the bed.

The detailed design of the rockbed TES units has considered the
size of the storape containers, system pressure drops, thermal
‘performance of the rockbeds, and optimum system configurations.
The pressure drop across a bed is a function of the geometry of
the bed, bed particle size, and local gas conditions in the bed,

 Several useful empirically derived correlations are available to

determine the pressure drop, AP, across rockbeds. One such cox-—
relation presented in a papex by Dunkel (Ref V-2) was used in
the initial performance assessment'

£L 62
AP = EE;E——
where
f = friction factor = 42 -+ 3500/Re,
L =:length of bed, |
‘G = Gas mass flix through bed,
d.IJ = particle size,

-p = gas density,
Re = Reynolds Number.
Particle size and bed'héighf were varied to determine their effects

on bed piessure drop. Shown in Figure V-2 are the results of a
parametric evaluation of a 51-ft-diameter bed with varying bed

heights and particle sizes. This gas flowrate chosen in this exam—

ple, 760 1b/min, would be the approximate flowrate of kiln exit
gases passing through a bed during charging of the TES unit. = The
void fraction in this evaluation was held at & constant value of
0.3 (volume of void/total volume of bed). These results indicate -
that excessive pressure drops will occur for particle sizes less
-than 1 in. in diameter; no s1gnif1cant reduction in pressure. drop . -
will occur for particle &izes greater than .0 to 2.5 in. in dla~'
meter. - Lo ' o
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Figure V-2 Pressure Drop across Granite Bed

Using the same correlatlnn, Egn. [V-1], the effect of bed length-
to-diameter ratio on AP was éxamined. - Shown in Figure V-3 is the -
pressure drop across a bed for given kiln exit gas flowrate,

particle size, and bed void fractions. The results as shown in
Figure V-3 indicate that for a bed L/D of greater than one (30

"£t/30 f£t), bed pressure drop increases excessively and an /D

of lLess than 0.5 (30 £t/60 £t) offers no significant reduction

in pressule drop.
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. Pigure V-3 Pressure Drop across Bed as a Function of Diameter

The heat transfer characteristics of rockbeds are another lmportantr
design considération. The kiln heat transfer coefficient between -
the gas and the rock material is strongly dependent on the super-
ficial gas velocity through the bed. Ceorrelations-that wWere used.

‘in determing the effect of gas velocity on heat transfer coefflc—

ient were developed by Yoshida, et al (Ref V~3) as follows:

B glgre0-51p o.m,

”CRe%SOj =
Pb 0
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h ""0.41 —0-67

= 0,61 Re Pr {Re>50)

h = gas~particle film coefficient,

G_. = particle or bed spescific heat,

G = gas mass flux = pV,

" Re = Reynolds number = G0 dp/ﬁ(l—e)u,

Pr = fluid Prandtl number = Cp /K,

Cp = fluid specific heat,

n = £fluid viscosity,

K = fluid thermal conductivity,
£ = yoid fraction of bed,

V = gas superfieial velocity,

P = fluid density,

d_ = particle diameter.

P

Equations {V-2] and [V-3] indicate that the heat transfer cceffic-
ient is roughly proportional to the sgquare root of superficial gas
velocity for Reynolds numbers less than 50 and proportional to

V0'59 for Re>50. Therefore, from a heat transfer point of view,
the greater the gas velocity and thus the smaller the bed diameter,
the better the exchange of energy from hot gases to cool rock or
hot rocks to coeol gases. However, recognizing that an upper limilt
occurs at bed L/D = 1 for reasonable pressure drop narrows the
consideration of tank or vessel geometry. Also, a cylindrical
tank of L/D = 1 would provide the minimum surface area for a given
volume. This configuration minimizes heat loss to the environ-
ment and also minimizes construction materials and insulation
costs. Therefore, from a cost standpoint, and as a compromise
between heat transfer benefits and pressure drop :valuations, a
eylindrical tank wag chosen as the baseline container for the
rock storage material with a length-to-diameter ratio of one.
Other container shapes were considered (i.e., spheres, ellipsoids,
ete) but the eylindrical tanks offexr the best method of even flow

-distribution of gas through the bed.
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Since the gases coming from the kiln exit and the clinker cooler
are dust laden, the effect pf dust accumulation in the heds was
determined. The amount of dust loading in the gases, of course,
depends on the particular kiln operation and process type. Also,
the amount of dust entering the thermal storage rockbeds depends
on the availability of existing dust separation equipment to be -
used before gas enters the TES. Typical dust loadings range be-
tween 37 to 20%Z of kiln gases on a weight hasis. If no separa-
tion equipment is used before the kiln exit gas flows through the
beds, and using 760 lb/min of gas entering the bed then dust - - .
accumulation in the bed could be between 3.28 x 10g to 2.19 x 105
1b of dust over a 10-day period. Assuming a dust partlcle density
of 94 1bm/ft3 and a dust vold fraction of 0.6, then dust accumu-
lation could amount to 1.2 £t to 8.2 ft above the bed for one bed

60~ft in dlameter. However, using existing dust separation equip-

ment (i.e., multicyclones, electrostatic precipitators, gravel bhed
filters) dust loadings of gases can be reduced by 85% and more.

‘The dust existing from such sepavation equipment and satering the

rockbed storage units will have a very small particle size (less
than 10 microns). How such dust accumulates in. rockbeds consist—
ing of 1~ to 2-in. rock is not known at present. Possibly such
dust would pass through the bed if gss velocities were high. It
is obvious from this discussion that dust separation must be con~
sidered to avoid dust accumulation and heiice increased pressure .

_drop through the rockbed. The accumulation of dust in a gravel

medium has been studied, evaluated, and tested on an industrial
scale in the cement industry. Results from these applications
(Ref V-4 through V-7) show that gravel beds themselves are ef-
fective filter devices and must be cleaned periodically..

The general rockbed storage system thus envisaged consisted of two
modules, low-temperature -storage for excess clinker cvooler air

-and high-temperature for kiln exit gases, and one vessel per mod-

ule. Each storvage vessel was sized to the end use application,
power generatlon for 24 hr, with an aspect Lath, L/D equal to . -
one. : o

Rockbed Storage System Slzmng

SLOLage systems were 51zed for each of the four model planits des-

. cribed earlier in this report. The size of the- storage system -

was estimated on Llhe basis of powern ploductlon at the cement
plants during unscheduled maintenanre shutdowns of the kiln.
Nominally these shutdowns occur for a period of approximately

24 hr. Therefore,- enexgy storage would be.required to produce. -
electricity when the prime source of energy, the kiln exit gases,
is no longer available. As a basis for the sizing of TES units
at the four model plants chosen. in this study, energy storage

...,requlrements were determined for producing power at peak gene1at— .
_ 1ng capablllty For a period of 24 hr
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Using the calculated rejected energy from four model plants,

peak generating capability was determined for a waste heat

boiler system and turbogenerator set. An upper waste heat boiler
steam production limit of 600 psig/700°F steam was selected to
keep equipment costs low. Higher quality steam would require
expensive stainless steel construction. The minimum kiln gas
exiting from the waste heat boiler was chosen as 350°F. This

high exit temperature is necessary in some plants due to the
possibility of sulfuric acid vapor condensation in the waste _
heat boiler ai lower temperatures. However, for system evaluation
comparison purposes, the lower limit of 350°F for exit gases from
the waste heat boiler (WHB) was used for four model plants. Shown
in Table V-1 is a summary of the major rejected eiiérgy streams
from the four plants.

Teble V-1 Gas Stveam Summary of Four Model Plants

Plant 1 Plant 2 Plant 3 Plant 4

Clinker Cooler
Excess Air

Temperature, °F [ 350 | 350 - |.350 1350
Kiln Exit Gas '

Temperature, °F | 1150 -} 720 800 - 1500

Flowrate, lbm/hr | 2.62 x 105 | 1.96 x 105 | 6.45 x 105 |1.72 x 105

Flowrate, 1bm/hz | 3.20 x 105 | 1.94 x 105 | 4.00 = 105 {5.17 x iu5

The amount of power that could be generated from these gas stxeams
vas calculated from the available kiln exit gas energy multipled
by the thermal-to-electric conversion efficiency of typical turbo-

generator systems using steam in the 700°F/600 psig range. ‘There~ -

fore, using Plant 4 as an example, the amount of power generated

is:

' . _._Pp (thermal to electrie

Electrical power (Kie) 3413 conversion efficiency)

_ 5.17 x 105(0.28) (1500-450)0.23
3413

I

1.024 x 10" Kile.
where: | “ N |

.
w = gas mass flowrate,
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gas heat capacity,

Temperature difference of gas entering and exiting waste ’;
heat boiler. . o ' : ;

Thus, Plant 4 can produce approximately 10 M{ of electrical
energy from ome kiln. Tor single-kiln plants of this production
capacity, electrical energy requirements of the cement planit ex—
ceed this gemerating capability. Therefore, the plant can use
all of its generated power, Yox larger plants, however, with
multikiln operation, it may be possible to generate more elec— _
tricity per kiln system than the plant requires. ' : i

i =i mal

S As discussed in previous chapters, the main benefit of thermeal
S energy storage would be the capability to generate power while
S the kiln is shut down for unscheduled repairs and maintain the ‘
operations of raw feed grinding, finish grinding, and faeilities. :
If the production rate of one kiln is 70 tons of clinker per hour ' o
and the industry-wide average electrical energy usage is 150 kWh/
ton, then the energy usage is 10.5 MWe for one kiln and associated
equipment. When the kiln is down, one can expect.a-20 to 30 kWh/ -
ton reduction in power requirements. Thus assuming a 120 to

130 kWh/ton generation requirement for 24 hx while the kiln is
down then the thermal energy storage requirement is:

]

I

[V-5] Energy Storage (kWe.' hr) = kWh/ton x tons/hf x hr

130 x 70 x 24

It

2.184 x 10° kWé”-'hr;'- : | N [

In sizing the thermal energy storage rockbed system, the kiln gas
or high temperature storage requirvement would be slightly greater
than the above figure, since all the energy extracted from the
utiits would not be usable (this will become evident in later dis-
cussion). Therefore, using a figure of 90% of the energy stored
as being usable raises the TES energy réquirément:to-2l43-x'105f
(2.184 x 10%/0.90) kWe/hr. In terms of thermal energy require-
ments, using a factor of 0.23 for thermal-to—electric conversion ' T
efficienry, then the storage. requirement is 1.05 x 10° kWe ¢ hr ;

or 3.61 x 10° Btu (2:43 x 105 x 3413/0.23).

e e el TR A ke d e e b eh® ek i L "
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The elinker cooler storage unit was sized on the basis of the ;
- amount of preheat required for the high temperature beds during .. . : . .
the discharge mode for power production. 'In our examplé; the B
air flowrate requirement is 4.67 lbm/hr {3.61 x 10% Btu/[24 hr x
0.28 Btu/lbm~°F x (1500°F - 350°F)]} and the low temperature
storage must heat ambient air at 80°F to 350°F, then the clinker .
cooler excess air storage unit requirement is:
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v [V-6] Energy Storage (Btu). QCPAT x discharge time

)

4,67 x 10° x 0.24 x (350 - 80) x 24

7.26 x 108 Btu.'

And again assuming 907 of energy stored is usable gives an energy
storage requirement of 8 07 x 10 Btu.

The amount of storage material (i.e., granite, limestone, cement
clinker) is then caleculated f£rom the known heat capacity of rock
and the temperature difference of the rock during charging. Using
the variable, Q, as the energy storage requirement. The amount

of rock is calculated as:

[V-7] Weight of storage medium Q/C AT

8.07 x 108/0.2(350 - 80)

il

1.49 x 107 1bm.

o % U51ng a rock density of 150 lbm/ft3 and a bed void fraction of
N 0.3 results in a volume requirement of 1.42 x 10° fe3 {1.49 x 107
o Ibm/[150 = (1 - 0.3)1}.

The method desecribed above was used in determining the thermal
energy storage unit sizes for the four model plants. Shown in

g _ : Tahle V-2 are the various sizes of storage tanks and storage

‘ material required for the various plants. Calculations indi-
cate that the low temperature and high temperature storage units
are of approximately equivalent size. Again for each plant, a
total of two storage vessels would be required.

Waste heat boiler performance is strongly dependent on the manu-
facturers' individual design. Some manufacturers do not have

- off~the—-shelf waste heat boilers for gas streams less than 1000°F.
Figure V-4 shows a typical waste heat boiler conflguratlon out—
fitted with soot blowers and soot hopper for dust laden gases.
Table V-3 lists typical data and performance of the waste heat
boiler shown in Figure V-4. - In this example,_the -gas temperature
leaving the economizer is 320°F. The energy transferred from
the gas to the steam is thus 4.956 x 107 Btu/hr. Assuming an
efficiency of 0.2l thermal to electric, which is typical foxr
‘these storage conditions, this unit would provide steam for power
produciion of 3.05 MWe. The cement kiln used in this example is
small in comparison to the kiln analyzed from Plant 4.
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Rockbed Storage Sizing Results for Four Model Plants
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Table V-2
Plant 1 Plant 2 Plant 3. Plantué.i
Ciinkér'Copléf‘Aix ' o '
Storage. .. 7
Thermal Storage o » _ o
" Requized, KWt hr 1.53 x 105 (1.29 % 10 [1.91 % 105 |2.47 x 10°
Btu 5.22 x 10° | 3,17 x 108 | 6.53 = 10% |8.44 x 108
Temperatufe Range, °F |80-350 | 80-350 80-350  {80-350
Uélght of Rocks, 1bm |1.07 x 107 | 6.53 x 108 |1.34 x 107 1. 74 x 107:
mmmmmmdﬂa1mxm5mnxm4L%xm5Lﬁxm5
Number of Storage . . _ . L
Vessels 11 1 1 1_
Vessel Dimensions , '
(L/D), f£t/it 50.7/50.7 | 42.9/42.9 |54.6/54.6 |[59.4/59.4
Kiln Exit Gas Eﬁergy |
Storage
Thermal Storage o o ' - ' -
Required, kit -hr 5.04 x 105 |1.42 x 10% | 3.55 x 10% |1.17 x 108
Btu 1.72 x 109 | 4.83 x 108 | 1.21 x 10° | 3,99 x 10°
Temperature Range, °F {350-1150 350-720 350-800 -} 350-1500
Weight of Rock, lbm |1.19 x 107 (7.25 x 108 {1.47 x 107 [1.93 x 107
Volume Required, £t3 |1.14 x 105 |6.90 x 10% [1.42 x 105 [1.84 x 105
Number of Storage :
Vessels 11 1 i 1L
Vessel Dimensions ' ~ ' - E
(L/D), £t/ft 52.5/52.5 |44.5/44.5 |55.6/55.6 |61,8/61.6

Other pfime_mbvers were considered for Rankine cycle power produc-
tion. = Specifically, organic fluids instead of steam were investi-
gated to determine if any beneficial efface could be: redlized for.

. cement:industry power production eithexr technlcally or economically.

Thermo Electron has shown that for certain flue gas temperatures

(500 to 1000°F) an organic Rankine cycle power generation may bemoxe

advantageous in terms of cost than steam systems. (Ref V=9) .-
However, they have also shown that these systems are only competl—
tive in the small power generation capability (i.e., less than
1 Mye). Therefore, based on the amount of rejected energy from
. the kiln for all process types (long «dry, suspension preheater,:
" ate), the organlc vapor system was ruled dut as a pDSElblllty.~
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igure V-4
Three-Drum Bent-Tube Waste-Heat Boiler Fitted
with Lance Ports and Soot Blowers
Table V-3
Performance of Three-Drum Unit (Fig. V-4)
Waste Gas from Cement Kiln
Boiler Heating Surface, sq ft 12,000
Superheater Surface, sq ft 523
Steam Flow, 1lb/hr 43,000
Flue Gas Entering Boiler, lb/hr 150,000
Gas Temperature Entering Boiler, °F 1,500
Gas Temperature Leaving Boiler, °F 438
Gas Temperature Leaving Economizer, °F 320
Steam Pressure at Superheater Outlet, psi 200
Steam Temperature at Superheater Outlet, °F 480
Feedwater Temperature Entering Economizer, °F 212
Draft Loss, Boiler, Superheater, and
Economizer, in. Water 9.6
Reference V-8
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Rockbed System Model Development and Performance Analysis

4 computer model was developed to aid in the analysis and pexform-
ance agsessment of rockbed storage units. This model was struc—
tured to describe the rockbed performance. coupled with waste heat -
boiler performance over the anticipated charge and discharge cycle.
More detailed discussion of this model is containec in Appendix A.
Specifically, the model calculates temperatures, flowrates, pres-—
sure drops, heat exchanger performance, and power generation as
functions of time throughout storage charge and discharge cycling,

Two different techniques were used in predicting the performance
of the rockbed storage systems. The rockbed storage model uses
one of two options to predict the exit gas temperature from the
TES unit as a function of time. One option 1s a correlative ana-
lytical solution developed by Dunicle (Ref. V-2). This particular
model predicts outlet gas temperatures in terms of nondimensional
characteristic parameters of £luid flow thxough the bed. The ad~
vantage of this model option is its simplicity, fast solution,
and verification with experiment. The disadvantage, however, is .
that the solution requires an initial isothermal bed. Shown in
Figures V-5 and V-6 are the outlet .temperatures and quantity of
stored/extracted energy for high temperature and low temperature
TES units using the Dunkle solutlon for Lhe condltlons expressed
on the graphs.

The second option of the rockbed TES system wmodel exercises a
finite difference nodal network scheme to predict temperature pro-—

" files through the bed as well as output pgas temperature., This

model option is also capable of prediction of TES exit gas temper-
atures starting with nonisothermal beds, malking it more general
than the Dunkle model. However, this model requires more time to
execute than the Dunkle model. Botl options were programmed So
results from each solution could be compared.

The rockbed storage model contalns a dEtdlled heat exchanger pe1—
formance subprogram. This subprogram is capable of determining.

two fluid stream temperatures of a heat exchanger given the other
two fluid temperatures, overall heat transfer coefficient, heat
exchange surface area, and heat exchanger tube and shell configur—
ation. This routine provides direct information on whether a heat
exchanger has been sized sufficiently for a given dury. The . =
methods developed by Kays- and, London (Ref: V-10) for heat excharnger
performance analysis have been used to develop this routine. These
methods determine specific heat exchanger performance for pure
countercurrent, crossflow, and vallous conflgulatlons of shell-
and-tnbe heat exchangers.
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As an initial check on mndel accuracy, both models were formulated
and executed to compare performance prediction results. Shown in
Table V-4 are exit temperatures predicted by both models as fune-
tions of time for a 49-ft by 49-ft cylindrically shaped rockbed.
As one can see in this table, predicted exit temperatures disagree
considerably. This discrepancy led to a critical examination of
both methods and resulted in the following conclusions, Exit
temperatures from the rockbed should not reach the charging gas
temperature unless the bed has been fully charged. The Dunkle
formulation has indicated that the bed is fully charged after 500
hr for the conditions presented in Table V-4. However, the finite

- difference techmique shows lower predicted temperatures over the

charging time than the Dunkle model. According to the time inte-
grated method of calculating energy stored in the rock material by
the finite difference technique, more energy is capable of being
stored after 500 hr (i.e., the bed should not be fully charged).
The reasons for the discrepancies of prediction of exit gas tem—
perature can be summarized as:

1) The Dunkle formulation relies on interpolation of parameter-—
ized functions consisting of wvalues of ‘bed geometry and gas.
flow conditions that can be grossly 1uaccurate durlng initial
and final charging phases.

2) The Dunkle formulation relies on average gas and rock material
thermophysical properties (i.e., heat capacities, viscosities,
densities), whereas the finite difference technique calculates
these properties throughout the bed at nodal points.

3) Film heat tramnsfer coefficients were estimated using correla-
tions unigue to esach model and each supported by experimental

evidence. Therefore, the finite difference technique was judged

to be more accurate in terms of predicted temperatures, energy
stored, and overall system performance. The finite difference

model was thus the primary model used to assess system perform= -

ance. Using the computer model, calculations were performed.
for the rejected energy conditions from the kiln exit gas and
clinker cooler excess air for Plant 4. The anticipated charge
condition for the high temperature beds was 10% of the kilm.
exit gas Fflowrate through a bed 61.6 ft in diameter and 61.6

ft long. ‘All of the clinker cooler execass air was passed

through a low temperature bed 59.4 ft by 59.4 ft. The charge -

phase of the cycle lasted 240 hr or 10 days. During dischaige
ambient air at a flowrate of 4.75 x 105 1bm/hr was passed
through the low temperature and higl temperature beds connected
in series. Performance was evaluated for dlscharglng over: a-
24-hy period.

71

e e e im s ey

e



L S

Table V-4 Comparison of Models, 49-f& x 49-ft Bed

Charge Conditions: 1500°F Temperature, Flowrate = 4.56 x 10% ib/hx
Initial Bed Temperature: 350°F
Gas Exit Temperatures
Finite R Finite |
Time,| Dunkle, | Difference, | Time, | Dunkle,| Difference,
hr | °F : -_9F hr °r °F .
0 | 350 350 {260 | 426 351
20 | 353 350 280 439 355
40 | 356 350 [ 300 | 526 | 364
60 | 359 350 320 636 385
80 | 362 350 340 | 796 624
100 | 365 350 360 | 962 | 488
| 120 |38 - |[350 {380 1140 | 580
140 | 371 350 400 | 1270 | 698
160 | 374 350 420 | 1340 | 833
180 | 379 | 350 | 460 | 1400 974
200 | 399 350 460 | 1470 1108
270 | 414 | 350- - | 480 |1490 | 1223
260 | 417 350 500 | 1500 1315

Various conditions in the process flow diagram were calculated by
the computer model for the assumptions described above. Shown in
Figure V-7 are the process flow points of interest. Table V-5
describes the conditions at these various points over the charge
and discharge cycle. Also shown in Figures V-8, V-9, and V-10

are the computed results of model caleulations. The figures

show the kiln gas exit temperatures, quantity of stored energy,
and. power generated over the charge and dlscharge lees These
results -show that over 8 MWe can be generated for up to 18 hr

' during discharge for ‘an air flowrate of 4.75 x 10% 1bm/hr. Air

flowrate could bhe varled however, during discharge to match demand

' mﬂrequlrements

Shown in Figure V-§ is the exit temperature of a kiln exit gas

~ storage bed during charge and discharge. . The temperature of the .
. exit gas does not imcrease until the seventh day of a 10-day

charge cycle. Upon dlscharge, exit temperatures immediately
rise to 1500°F as gas flow is reversed through the bed and are

_zmalntalned at that temperature for approximately 18 hr. Tempera- .. -
'.tules begin to deglade thereafter £inally decreasxng to llOD°T
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Dust Clinker _ C)W\Wéste Heat/ Dust
? Separator  Cooler Kiin Feeder \ Boiler Separator Stack
|| =3 «hl | r” ot wA~'—PVLL
= LS
=M e ||
| Condenser

@ ' Feedwater -
T Pumps and Heaters

A"
——

Rock Rock
Bed | Bed ;"d-

Storage Storage Turbine Generator

o

= ——

. Note: See Table V-3
v _ for system constants.

Figure V-7 Rock Bed/Waste Heat Boiler/Power Plant System Diagram
Table V-5 Rockbed Computer Model Performance Prediction

System Modeled: o _ Tnitial Conditions:

Plant 4 Storage System Size and Mass and Low Temperature Bed - 80°F

Energy Flowrates High Temperature Bed - 350°F
Clinker Cooler Excess Air Storage Unit
- 59.4 £t diameter x 5%9.4 £t high -

Kiln Exit Gas Storage Unit
- 61.6 £t diameter x 61.6 £t high

System Constants:

Charge!: Dlscharge

1)* - 350°F oL L2y - 4.75 x 10% 1b/hr, 80°F
2) 1.72 x 10% ib/hr 3) 0,0 1b/hz

3) 5.17 x 10° 1b/hr, 1500°F &) 4.75 x 10°% 1b/hr

&) 5.17 = 10 1b/hr, 1500°F  |6)  4.75 x 10% 1b/hr

6) 4,65 x 105 1b/hr 8) & 9) 9.127 x 10% 1b/hr

'8) & 9) . 9.127 x 10* 1b/hx

*Refer to Figure V-7 for Source Locations.
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Table V-5 (eonel)
- - {AP AR, Power
Time, | °F |°F |[psia °F °F | PSTA °F °F | °F | °F |MWe
hr (1) | (2) [W-(2) [ & | B) [(B-B) | (B [ (D (8 [(9) {1
Charge
0 _ 80 { 0,017 350 [0.078 1385 | 426 | 882 (142 | 8.78
S 4 T 80 | 0.017 350 0,078 . 1385 | 426 | 882 | 14218.78"
20 80 | 0.017 350 {0.078 1385 | 426 | 882 (142 | 8.78
30 80 | 0.017 350 10.078 1385 | 426 | 882 (142 | 8.78
40 86 | 0.017 350 {0.078 1385 | 426 ] 832 {142 {8.78
50 B0 | 0.018 350 {0.078 13851 426 | 882 [ 142 | 8.78
60 _ 87 | 0.018 350 10.078 1385 | 426 | 882 | 142 | 8.78
70 118 0.018 350 {0,078 | 1385| 426 | 882 | 142 |.8.78 |
80 186 | 0.019 350 10.078 1385 | 426 | 882 {142 18.78
90 263 | 0.020 350 10.078 1385 | 426 | 882 | 142 [ 8.78
100 317. | 0.021 350 [ 0.078 1385 | 426 | 882 {142 {8.78
110 341 | 0.021 350 {0.078 1385 |. 4261 882 | 142 {8.78
120 348 0.021 350 [ 0.078 13851} 426 | 882 | 142 | 8.78
130 350 | 0.021 350 | 0.078 1385 | 426 | 882 | 142 8.78
140 ‘ 350 | 0.022 350 | 0.078 1385 | 426 | 882 [ 142 | 8.78
150 1350 | 0.022 350 [ 0.078 1385 | 426 | 882 | 142 | B.78
160 350 0,022 350 {0.078 1385 | 426 | 882 { 142 | 8.78
170 350 | 0.022 351 | 0.078 1385 | 426 | 882 [ 142 | 8.78
180 : 350 | .0.022 . 353 | 0.078 {13854 426|882 142 |8.78
190 350 0.022 358 |1 0.079 1386 | 426 | 882 | 142 | 8,78
200 350 0.022 367 | 0.079 13871 426 | 882 | 141 | 8.79
210 350 | 0.022 385 | 0.080 1388 426 | 883 | 140 | 8,80
220 .| 350 0.022 . 413 10.081- | 1391 425 | 884 | 139 | 8.85
230 350 | 0.022 455 | 0.082 1396 | 425 | 886 | 137 | 8.89
240 350 0.022 514 | 0.085 1401 | 425 | 889 ] 1351 8.95
Discharge _ _ _ o _ _
243 350 -0.105 | 1500| 350 | 0.220 1500 421 9281631 9.16 |
246 350 ~0.,105 1500] 3501 0:.220 1500| 421 | 928 | 163} 9.16
249 350 -0.105 1500{ 3501 0.220 1500 4211 928 | 164 ] 9.15
{7252 | 350 | -0.105 [.1497[ 350 |'0.220 1497} 4221 927 | 166 9,12
255 350 ~0.,105 1478 350 0.220 1478y 423] 819 | 176 | &.81
258 349 ~0,105 | 1418 349 0.210 14181 427 893 1931 8.37 |
261 347 -0.104 | 1291 347} 0.200 1291 436} 839 | 358( 6.62
L 264 [ 3341 |-0,104 | 1107 334 { 0.182 | 1107|448} 759 300 | 5.45:
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Temperature, °F

Energy Stored, Btu x 108

Kote: 1. OCas temperatures for 61.6-ft-dia x 6l.6-ft high bed.
2. Gao flowrates: GRIGINAE P 1
2000 Chage: 5.17 x 10% 1b/hr OR ACH b
bt Dimcharge: 4.75 x 109 ib/hr ] POOR Q
1800 )
16005
Inlet Temperature — e
1400
1200
10004~ -
f:lele] of
606
4004 Exit Temporature [
- Chagge - E :!4 Charge
200 Discharge
1 ] } I, 1 1 L 1 ! I ! ] ) 1 ! ]
¢ 1 2z 3 4 s & 7 8 9 10 1 12 13 M 15 16

Days

Figure V-8 Rockbed Gas Temperatures during Cyeling

Note: 1. Energy storage in 61.6-ft-dia x 61.6-ft-high bed.
2. Flowrates: ’
Charge: 5,17 x 0% ip/hw
bischarge: 4.75 » 105 ib/hr
20r
Discharge
™~ Charge ! “ I—' Charge
16
14
12
10
ar
6 f=
l, b
ale
D ] 1 - ) ] 1 ] 1 [] ] . [} ] L 1 1 ]l
1 2 3 4 5 6 7 8 9 10 11 12 13 7 14 i35 16

‘Days -

Figure V-9 Rockbed Energy'Storage dufing Cyeling
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Power Generated, Mie

Note: 1. Power peneration for rockbed storapge system.
10 j= 2. Flowrates;
Ciiarge: 5.17 x 10% 1b/hx;
Discharge: 4.75 x 10% Ib/hr,
9 -
. 8
7 =
RE
5 e
4 .
3 [
2+ .
ot Charge > I : - Charge
1+ Discharge
| | i 1 | { | 1 | ] | j, ] ] i
o 12 3 & 5 6 7 8 9 10 11 1z 13 14 15

Days

Figure V-10 Power Generation during Cycling

at the end of the 24~hr. discharge cycle. The power generated dux-
ing charging and discharging of the beds is shown in Figure V-10.
Note that approximately 9 MWe is produced continuously over the
period of time, even when the kiln is down for a 24-hr period.

The model, as formulated, assumes that steam/water flowrate is
constant. In actuality, however, steam flowrate would he varied
to achieve desired superheated steam conditions. The model indi-
cates. that during the latter part :of the discharge cycle, super~'
heated steam temperatures decrease and feedwater temperatures
increase. Im actual operation, the steam/water flowrate would
be varied using an essentiazlly constant feedwater condition and
providing constant steam temperatures for the turbine. Such a
control method would have been useful -in the computer model, but
was beyond the scope of this program. The calculated power gen-
erated would be approximately the same in either case because
the calculation is based on emergy transferred in the waste heat
boiler and an assumed 0.227 conversion factor for the thermal~to-
electric conversion efiiciency.
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Results from computer-aided analysis have shown that rockbed
storage units can be used effectively for power generation when
the kile rejected heat is no longer available. Total system
pressure drops that occur primarily across the rockbeds are less
than 10 in. of water (<0.3 psia) even during maximum discharge
flow conditions, Power generated during discharge can be sus-
tained 75% of the time at maximum power- generation capability
and 100% of the time for at least 60% of maximum generztion
capabilitv,

DRAW SALT SYSTEM PERFORMANCE

The molten draw salt TES system coupled with the kiln gas heat
exchanger and power production system is shown in Figure V-11.
During the TES charge mode, energy is extracted from the kiln

gas via a heat exchanger which has molten salt on the tube side
serving as a heat transfer medium. This draw salt, once heated
by the kiln gas is returned in part to a TES vessel containing
both hot and cold salt. A major portion of the salt is sent -

to a salt/steam boiler system. The hot and cold salt is separated
by a thermal gradient betwean the salts. This gradient, or ther-
mocline, can be wmaintained for a long period of time due to the
relatively low thermal conductivity of the salt. The minimum -
storage temperature of the salt is limited to its melting point
of 430°F. S

When the kiln is down, the atored hot salt is pumped out oFf the:
TES unit threngh the steam geéneration system. The cooled salt
from the preheat heat exchanger is returned to the bottom of the
TES vessel. Steam is generated until the hot salt has been ex-
pended. Typical charge and discharge cycles for this system:
would consist of diverting approximately 10% of the hot salt from
the gas—salt heat exchanger to storage for a period of 10 days
and then expending the stored salt for power productlon dLrlng

a discharge period of 24 hr.

The system concept uses three separate heat exchangers for the
production of steam. To minimize material cousts of the heat ex~
changers, a maximm superheated steam condition of 600 psig 700°F
was considered as in the waste heat boiler system for rockbed-

TES system. - The superheat exchanger is a single pass shell and
tube heat exchanger with counterflow between the salt on the shell
side and steam on the tube side. The design pressure would be
100 psig on the shell side and approximaiely 500 to 700 psig

on the steam sid:,  The boiler is a horizonktal U-tube, kettle~
type configuration. Salt flow is on the tube side with watexr/ . . ..
steam on the shell side. " The design pressure is 500 to 700 psig
on the shell and 100 psig on the tube side. The feedwater
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Pigure V-11 Draw Salt/Steam Generator/FPower Plcmt System Diagram

pleheatel may be a multipase. shell and tube heat exchanger with
counter flow between thé salt on the shell side and water on the
tube side. The shell side is at a design pressure of 100 psig,
and the tube side at 500 to 700 psmg. L

Key design conSLderatlons for the draw salt system are the con-
struction of the thermal energy storage vessel, corrosicn of
materials in contact with the salt, and adequate safeguards to
prevent freezing of salt in transport lines and storage .tanks.
Another important comnsideration is the salt's compositional
stability over the anticipated 30-year lifetime.

‘At Martin Marietta's Denver Division current efforts. are assess-—
ing the design vequirements of the draw salt storage system (Ref
- V-1). Tests being performed in these programs will determine
g , . corrosion rates.of varicus materials in contact with the salt at
) high temperatures, stability of the thermocline in: storage tanks, . -
LI heat transfer coefficients at low and high temperatures, and
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structural requirements of materials in contact with the salt.
- Preliminary results from these programs for solar power applica-
tions have aided considerably in assessing materizls of construc—
tion, thermocline behavior, and heat transfer characteristics of
the draw salt storage system. . : :

Of primary concern in the design of a. thermal storage tank for the
draw salt is the minimization of thermal stress in the container
walls. In the exposed wall surface next to the thermocline, temper-
ature differences of 50°F to 600°T can he experienced in a vertical
distance from 1 to 3 ft. One method to minimize the effects of
this thermal gradient on wall stresses would be to use an intermal
insulation in a cylindrical tank. This insulation would need to

be compatible with the salt and stable over the low- and high-
temperature excursions of the salt. Another possible method would
be through the use of spherical rather than cylindrical tanks.

-~ Bending stresses for sphexrical tanks may be less than comparable
volume cylindyical tanks, thus alleviating the need for internal
insulation or large wall thicknesses.

Corrosion by draw salt on carbon steel can be substantial. How-.

ever, tests conducted at Martin Marietta (Ref V-1) have shown
that minimal corrosion is realized with a mild grade of alloy
steel. Therefore, any equipment in contact with the draw salt,
including transport lines, pumps, heat exchangers, and storage
vessels should be composed of an alloy steel material. Stainless
steels may be requlled if temperatures exceed 900 T. ' '

System design must contain measures to prevent freezing of the
. salt in storage vessels, Lransport 11nes, and heat exchangers.

- An electric or fossil—fualed heateér must be lnc01p01ated into

the storage vessel to be used in startup operation after long-term
shutdown. Transport lines should be steam traced and provided
with adequate imsulation. To minimize salt solidification in
heat exchangers and transport lines, equipment external to the
storage vessel should be drained before long-term system shutdown.

The draw salt compositionally consists of 54% of KNO3 and 46% of
NaNOg by weight. Other nitrate-witrite salts were considered -
even though they have a proven record of instability at high
temperatures. Salt stability increases as Lthe nitrite concentra-
tion is decreased. Also, as nitrite conecentration is decreased,
the melting point of the euLectlc mixture increases. M1n1m1z1ng
the nitrite composition in the heat twansfer salt assures long-
term scability of the salt mixture. When maintained in a storage
. vessel, the draw: salt mixture is covered by an oxygen ‘''blanket!
to minimize nitrite forming tendencies at high temperatures.
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Draw Salt System Sizing

Eguipment sizes required for installation of the draw salt system
at the four model plants were estimated. Tanks, heat exchangers,
piping, and pumps were sized according to the amount of rejected
energy at each plant as itemized in Table V-l1. Draw salt require-

ments for power gemeration during a 24-hr period at maximum capa-
bility of an on-site electrical power generator were determined.

Again, based on the conditions at the four model plants,; molten—
salt flowrates and temperature ranges, and optimized steam con-
ditions as previously set forth, heat exchanger surface arveas
vere estimated and are itemized in Table V-6. Overall heat trans-
fer coefficients, Uo,“wera estimated using correlations for tube

and shell side film coefficients presented in Ref V-11 and esti-
mated f£luid flow conditilons. Surface areas were determined for
specifiec flow configurations as itemized below:

1) Gis-salt heat recovery exchanger - pure counter-current flow;
2)  Superheater - shell and tube - 1 shell pass, 2 tube passes;
3) Boiler - shell and tube — 1 shell pass, 2 tube passes;

4) Preheater - shell and tube (multipass) depending om duty -
1, 2, or 3 shell passes, 2, 4, or 6 tube passes.

Fluid stream temperatures were calculated for each of the three
steam generator heat exchangers, given the stesm saturation con-. .
ditions of temperature and pressure. These conditions varied
from plant to plant o match salt flow conditions in the heat
exchangers. The tables and equations presented by Kays and Lon-
don (Ref V-10) were used to determine the required heat exchanger
surface zreas once temperatures and thus quantity of heat trans—’
ferred were calculated. The number of transfer units, NTU, is a

measure of the required duty of a heat exchanger and is defined as:

fm

A
NTU=EC-’--
. UMIN

where

U
o

|

overall transfer coefficient,

A

n

heat exchange surface area,

CMIN = minimun capacity flowrate of the two streams passing through

heat exchanger (mcp)MIN’
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fable V-6 Drow Salt System Heat Buchanger Performance Summawy

T s 1 T H
i%ﬁgrate, o%N ugUT Surface | U,,.
LY = : Area, Btu/hr | - s
(1) (2) (1) 2) | ) (@ £r2 °F £ft2 |NTU
Plant 1 . ' .
‘Gas-Salt . .| 3.195|'3.654-]1150 | 450 | 470|900  |6.262 |10 . |7.0
(1) (@) 10° | x 10° | x 10%
Superheater| 3.654 [ 5.38 | 900 |486 | 841 {700 |1.486 |19 0.75
Salt-Steam | x 10° | x 10% o S ‘|x.108
L @ : _
Boiler 5.38 [ 3.65_| 485.9 | 841486 |550 |2.769 | 83 1.7
_Steam-Salt x 10" x_le : . - lx 108 :
Preheater | 3.65 | 5.38 | 550 |234]450 (485.9 [2.188 | 59 2.4
Sale-Water | x 10° | x 10" | x 103
(L) (2). : o X
Plant 2
Gas-Salt 1.942 [ 1.836 | 720 | 450|470 le50 |2.989 | 10 5.5
(L) (2) x 105 | x 105 x 10% '
Superheater| 1.836| 1.260 | 650 | 467 | 632 [600 ~|743 ~ -| 19 [1.6
Salt-Steam | x 105 x 10%
) @ , ,
Boiler 1.260 | 1.836 | 466.9 | 632 | 467 |492 [1.432 |83 {1.8
Steam-Salt | = 10%}=x10%| 1 [=x108 SR E
(1 @ , ,
Preheater 1.836 1.260 492 | 238 | 450 467 587 59 2.8
‘Salt-Water | = 103| x 20%| | | - - -
(1) (2)
Plant 3 ‘
GCas-Salt | 4.0 4.0 18007 | 450 | 470 [700 " |7.838 [ 10 7.0
(1) (2) x 10° | x 10°| , |x 108 i
Superheater| 4.0 _| 3.426 | 700 | 467|678 [600 |1.20 19 1o0.9
| salt-Steam| = 10°] x 10%| - - . x 108 | -
Boiler 3.426 | 4.0 466.9 | 678 467 {503 | 3.11 83 1.75
. Steam~Salt | x 107 | x 10° o x 103 |
Preheater | 4.0. | 3.426 | 403 | 274 450 |466.9 {1,452 | 59 2.5
Salt-Steam | x 10° xvlﬂq x 103
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Table

e Voowel)

" T , '.[‘ H,
§%7Klate, Q%N Q?Ul Surface | Uy,
- s Area, Btu/hr
(L (@ W@l | e °F £ (MU
Plant 4
Gas-Salt 5,165 {7.816 | 1500 4501 466 | 967 1.01 10 6.98
(1) (2) x 10° [x 10° x 10° :
Superheater { 7.034 |1.252 1 967 4861 886 | 727 3.67 19 0.805
‘S8alt-Steam x_lO5 |x 10° x 108
Ly @) ' :
Boiler 1.252 |7.034 | 485.9( 886 486 {509 8.901 39 2.84
Steam-Salt |3x 10° |x 105 x 103
1 (2 : _ _
Preheater 7.034 11,252 509 2501 450 ¢ 435.9 15.393 59 2.54
Salt-Water }=x 10% |x 103 x 103
(Ly (2 ' o
O = mass flowrate,
CP = heat capacity of fluid.

The method described above, called the effectiveness-number of
transfer units method, or & - NIU, is described in more detail
in a later section on model development. s

Storage vessel sizes and draw salt material requirements were

based on a charge/discharge cycle of 10/1 days.

The guantities

Table V-7.

of stored draw salt, storage requirements, and vessel dimensions
for drav salt systems at the various model plants are listed in
Expected temperature excursions of the draw salt are
also shown. BSalt circulation pump sizes were also estimated
based on the power generation capability when no salt was being
stored.

Table V-7 Draw Salt Storage System Sizes

Storage Reqﬁireménts Plant 1 Plant 2 - | Plant 3 Plant &
Thermal Storage , ' .
Wt *hr 4.28 x 105 19.55 x 10% | 2.60 x 105 | 1.00 x 108
Btu 1.46 x 109 | 3.56 x 108| 8.87 x 108 | 3.43 x 10°
Temperature Range, °F 450-900 450-650 450-700 450-1000
' Draw Salt, ibm 18,77 x 108 | 4.41 % 105°[.9.60 x 105.|1.88 x 107
Volume Required, £t 8.35 x 10% | 4.20 x 10" [ 9.14 x 10% | 1.79 x 10°
Vessel Size (L/D), ft/ft. |[47.3/47.3 |[37.7/37.7 |48.8/48.8 | 61.0/61.0
Circulation Pump Size, gpm |415 ~  |209 454 | 886 |
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Line sizes and insulation thicknesses of the draw salt system
would. involve an optimization analysis of economiec costs. A-
preliminary optimization.study was conducted to determine the
economic pipe diameter. A correlation extracted from Ref V-1l
was used to determine the coptimum pipe diameter for piping be-
tween the waste heat recovery gas-—salt heat exchanger and steam
generator system, For turbulent flow this equatlon ig:

. _ag . O 45, 0.13
Dlopt,— 3.? g
- for 0.02 <y < 20 centipoise

2nd DL > 1 dn.

whgre

DiGpt = dptimum internal pipe diameter, in.,

L = £luid flowrate, fr3/sec,

L = fluid density (1bm/£t3).

As an example, the flow conditions reqﬁifed at Plént 4 are 7'816

X 105 ib/hr if no salt is being diverted to storage. Assuming
a salt density of 105 1b/£t? results in the following calculation
of optimum pipe diameter.

. _ 0.45 _ .
Dlnpt'_ 3,9(3f068) (105) -f;9.90 in.-
Therefore, a 9.90-1In. irngide diameter pipe would yesult in. economic
savings in pumping costs versus piping material costs for Plant 4.

- Optimun ingulation thickness is dependent on the type ef imsula-.

tion (in this case calcium silicate) and projected energy loss
costs., As a rule of thumb, heat loss from the piping system and
storage vessel should amount to 1ess Lhan l/ of stored energy per

:day

Draw Salt Svystem Modeling and Perfprmance Analysis

The draw salt system model consists of detailed heat exchanger
analysis for the four heat exchangers (kiln gas, superheater,
boiler, andrpreheater) and heat loss calculations ‘from the trans-
port system, i.e., insulated piping and insulated storage vessel.

This model also- predlcts the pump sizes required to transport the'v

salt based on calculated pressure drops in the system.  The salt
model was coded to give'a quasi-steady state solution and output.
That is, salt temperatures to and from heat exchangexs were as— . -

© sumed to-be invariant with time. -Calculation of heat loss to’

the environment were not used to vary salt temperature internally
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to the program, but were used in determining opitimum insulation
thickness. This quasi-steady state assumption was necessary to
simplify the model and.to provide timely results. Significant
heat loss should not occur in a2 well-designed system, thus vall—
dating this assumptlon.

Detailed heat exchanger performance prediction is provided by a
subpmogram using equations developed by Kays and London (Ref
V-10) for specific heat exchanger configurations. Equations were
developed and computer coded that determined a heat exchanger's
effectiveness, £, based on the flow conditions through the heat
exchangetr, heat exchanger configuration and size, and an overall
heat itransfer coefficient. Specifically, the heat exchanger
effectiveness is defined as:

t - -t t -t
Ch ('Pi ho) Cc ( co ci)

" G (th. ) Ec.) Cri (th. ) tc.)
i i i i

where

G = capacity flowrate = éCP"

© = fluid mass flowrate,

CP = fluid heat capacity,

t = fluld stream temperature.

Subscripts:

h = hot fluid (th >-tc),

¢ = cold fluid, -

i = inlet stream,

o = outlet stream

MIN = minimum capacity flowrate.

Kays and London have dévéloped the effectivenss, e, of a heat ex-
changer based on the number of transfer units, NTU, (previously

defined), the ratio of the capacity flowrates, MIN/CMAX’ and

the heat exchanger configuration. Several configuration options
have been coded into the draw salc model. These include:

84 . ..

i T s il y

el g

R




PR

1) Pure countercurrent;
2) Parallel TFlow;
3) Cross flow (mixed and unmixed);

4) Cross-countercurrent £low;

5) Parallel-counter f£low; .

These options provide the user the option to select or modify heat
exchanger configurations for a given duty and understand any bene-
fits of one conflguratlon over another.

6) Multipass shell and tube with or without baffles. E f i
j
%

Heat loss caleculations were performed by the model, through film
coefficient estimation methods presented in Ref V-11l. Fouling
coefficients are inputs to the model. Hedt loss determinations = - oo D
are thus calculated using standard equations for heat transfer
through multilayer pipe for piping systems and multilayer flat
Plates for the storage vessel. Heat loss calculations performed

- by the model for a storage vessel at Plant 4 are shown in Table
V-8. These calculations result from an insulation thickness of
10 in. on the tank and 5 in. on the piping systems. This insula-.
tion provides for system heat loss of less than 0.5%7 of stoved = _ o
energy per day. According to these calculations, these insula- : R
tion thicknesses are more than adequate to meet the goal of less
than 17 per day of stored energy.

Table V-8 :

Fypical Dray Salt Stowage Vessel Performance fbr ?—Day Gkarge Cycle
Storage Vessel Volume, fi3 1.2150 x 105
Storage Vessel Inside Diameter, ft o - 71 53.69
Storage Vessel Outside Diameter (including insulation), ft | 55.69
Storage Vessel Helght, £t _ 53.66
Insulation Thickness, in. - o VIQIU- R :e ;
Thermocline Veloelty during Charge, ft/hr . : 0.318
,Thermocline Initial Hemght ft ‘e o S 56.83
Time to Fully Charge, hr o | - 1178.77
Storage Vessel Surface Area, ft3 o . | 17,261
Overall Heat Transfer Coefficient, Btu/hy-£t2-°F S 341250 x 10-2
Heat Loss from Fully Charged Teuk Btu/hr | , 4.7844 % 105 :
Heat Loss from Fully Dlschelged Tank, Btu/hr _ o] L.9958 x 105 Ao é
Temperature Degradatlon in Fully Charged Tank, °T/hr ] ;9;7999 x 10-2 - '31
Temperature Degradation in Fully Discharged Tank, °F/hr '3.6842 x 10-2
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System pressure drops (i.e., piping and heat exchangers) are
also calculated from the model. Eguations developed in Ref V=11
were used to determine draw salt line pressure drops and heat
exchanger pressure drops. Model pressure drop computations are
shown in Table V-9 for 200 ft of 8~in. diameter pipe. If ome
counts the storage vessel height in addition to the pressure drop,
a pumping requirement of at least 250 psia discharge pressure is
necessary at the flow capacity of about 900 gpm.

5322§ g;essure Drop and Heat Lcsses of Draw Salt System for
& Plant 4
3 - Boiler System Steam Pressure Dvop, psia 34.956
- Salt Loop Pressure Drop, péia 217.0
Kiln Gas Pressure Drop on Shell Side, psia | 20.328
“-E Energy Transport Heat Loss, Btu/hx _ : 2.1837 x 10°
% Energy Loss from Charged Tank, Btu/hr 4,7844 x 105

Energy Loss from Discharged Tank, Biu/hr 1.9958 x 103

Unlike the rockbed storage system, neariy all of the stored energy
in the storage medivm can be used for power production. Hot draw
salt can be pumped from the tank until the onset of the thermocline
region. This thermocline band of salt will be approximately L to

3 ft in height. With appropriate steam flowrate control, part of
the thermocline barrier can be used. Assuming a 60-ft high tank
and a 1.5-ft thermocline region, over 97% of the stored salt can
be used for optimum power generation. The actual height of this
thermocline depends on the length of time both hot and cold salts
are in contact.

Instrumentation and controllers required in the draw salt system
loop are shown in Figure V-12. The hot salt pump shown i.. this
diagram is only required if a discharge flowrate capacity is much
different than the salt circulation pump flowrate. In any case,
flow control is necessary to vary the salt flowrate through the
heat exchangers to optimize their performance and minimize the

- occurrence of salt freezing.
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Figure V-12 Preliminary Instrumentation Diagram for Salt Storage System
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COMPARISON OF THE TWO STORAGE SYSTEMS

While each system can recover rejected energy, store part of the
recovered energy, and exchange that energy to produce on-siie
electrical power, each system has its own advantages and disad-

vantages, . Technical problems foreseen in each system and previ-

ously described can be solved with minimal development effort.
The rockbed storage system will require two storage vessels—-one
for low temperature storage aud one for high temperature storage.

- The draw salt system will use one large eylindrically shaped con-

tainer for storage. Container material and insvlation costs will
be higher for the rockbed system.

Although the required amounts of storage medium will be greater
for the rocks (due to lower heat capacity), the draw salt can
be expected to be more expensive than rocks. In a later chapter
on preliminary economics, salt is shown to be considerably more
expensive than rocks.- Also, the salt will require preprocessing
on~-site before installation. During normal installation, the
draw salt components, NaNOj and KNO3, are shipped separately and
mixed on-site in a contamipant-free enviromment. Rockbeds will
require detailed manifold designs to evenly distribute the gases
through the bed and prevent gas stream channeling.

The eifect of dust on rockbed performance must be accurately
determined. 'The nature of the thermccline during long periods

of storage time and its effect on thermal strain of the walls of
the storage vessel must be assessed for both systems. In terms
of system simplicity, the rockbed storage system represents the
most attractive means of energy storage, if dust accumulation does
not degrade performance. For reliability, salt-steam generation
methods have a proven recnrd over the last 30 to 40 years. The
chemical process industry has been using heat transfer salts over

the last half century in heating reactor vessels, Since the 1950's

other companies have used salt for steam generation with proven

reliability and low maintenance requirements. Questions still re—.

main unansivered about some of the details of salt storage, but

these are presently being resolved in solar power programs (Ref
V=1). These draw salt programs will provide timely information
required for full-scale development considerations of thermal -

energy storage applications in the cement industry.
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Vi, §78TEM INCORPORATION IN Iaf CEMENT PLANT AND LNPUSTIRY ACCEPTANCE

Under this phase of the study, interfacing requirements and opera-
tional restrictions for incorporating the thermal =mergy storage

i systems—-rockbeds and draw salt--were determined. Drawings were

: prepared to show the interfacing of the waste heat recovery system

»a$~§ and the thermal energy storage units with existing plant equipment.
SR This study has indicated the ease of interfacin; with the cement
e manufacturing process resulting in minimal impact to existing plant

operationsl eagy accessibility, and envirommental safety. Figures
Vi-1 and VI-2 are conceptual equipment diagrams showing the inter-
facing of the storage systems with a modern suspension preheater
kiln, Gas and liquid flows are 1nd¢cated for operation during
storage cherging.

An industry-wide survey was conducted to assess the acceptability
of the candidate gystems. This survey was written to assure maxi-~

'. mum industry response. Response from this survey is discussed in
this chapter.

A, OPTIMUM LOCATION OF STORAGE SYSTEMS AT THE FOUR MODEL PLANTS

Typically, the THS systems Zor both kiln exit gases and clinker
cooler waste air will consist of two pebble—bed tanks nominally

50 £+ in diameter and 50 ft high. Alternatively, a single 60-ft-
diameter spherical storage tank would be required if the liquid
draw salt system is used. To simplify the selection of a location
for the storage tanks, the TES rockbed system was represented by
two 60x60-ft rectzngles on the large scale plant diagrams. If

the liquid salt system were to be chosen, the area required for
storage was represented by a 60x60-ft reatavgle1

Sufficient space axists to incorporate both kiln exit gas and
_cllnker cooler waste air TES units at all four plants. The follow-
ing discussion explains the situation at each of the four plants.
Typical locations cf the TES units are shown in Figures Vi-3
" through VI-b6.
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Plant 1

'At this plant, there is open spade to the south of the kiln; the

kiln runs west to east (in the direction of the feed). AL the
feed end, there is ample space for a TES wnit very close to the
kiln feed area. However, at the clinker cooler emnd, there ig a
roadway just south of the cooler building, and since there is not
space on the other side of the kiln, the TES unit would have to
be on the south side of the existing roadway.

Plant 2

At Plant 2 only the new kiln (which runs east to west) is being
used as a model; there are two old kilns to the north of it which
are still in use, and which limit the space on the north side of
the new kiln. To the south, however, there is open space all along
the kiln, i.e., next to both kiln feed and clinker cooler buildings.
The only inhibiting factor is a railway line that approaches to
within less than 50 ft of the electrostatic precipitator at . the ,
kiln feed end. This leaves insufficient room for a 60~ft-diameter
storage tank for the kiln exit gases. So, whether or not the 60-
ft-diameter liquid salt tanks are used, they will have to e moved
further west to a position alongside the kiin 1tsa1f - There is no
shortage of space at the clinker cooler end. I

Plant 3

At Plant 3 the kiln under consideration is the new kiln, which runs
east and west. The three old kilns lie to the north and prohibit
installation of TES units on that side. The control laboratory
and feed buildings restrict space.to the souti of .the feed end and

- the elinker cooler. The only suitable space lics to the south of

the center of the kiln. There is sufficient space for two heat
stores (i.e., 60%120 ft) in this position. So boih elinker cooler

and kiln exlt waste heat store would have ‘to be put there, adjacent
" to each other. ' Since the kiln is fairly short, tche lengthiof duct-

ing required,would: not be excessive.

- Plant 4

At this plant, kiins 22 and 23 are being considered; several older
kilns are also still in operation. The two kilns in question are

~-din parallel about 50 ft apart and running approx_mately north to.

south. There is insufficient space for TES units to the wvest, due
to the presence of oldetr kilns and associated buildings. However,
on the eastern side there are no buildings (although Lhere is a.

*dust pile within about 80 .ft of the firing end building) .. “There

is ample space for building. TES units for one or both of Lhe new
kilns on the esast side. :
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B. GENERAL, LAYOUT CONSIDERATIONS

It is clearly possible to find sufficient space for TES units at
all four plants. If the major use of the stored heat is to generate

electricity, then a waste heat boiler will be required and it will i

also have to be positioned close to the TES units; it should pref-
erably also be close to rhe main precipitator, since the gases will
have to be deducted after passage through the boiler. It is esti-
r mated that an 8 to 10 MW boiler using hot air as the heat transfer
medium would require a ground space of 98x46 ft (maximum). Thus,
there is sufficient space close to the precipitators at Plants 1,
2, and 4 to install a boiler without any problem. At Plant 3, 4
however, there is very little space and the boiler would probably
have to be south of the TES units, probably at least 200 £t from ' )
the gas take-off point at the preheater tower. Alternatively, the j

boiler could be next to the kiln, but the TES units would then have a

to be further away. The turbine building and associated cooling
tower for a 10 MY (max) generating system will require areas of
R 91x59 ft and 59x59 ft, respectively. However, these may be placed
5 : ‘a considerable distance from the heat source if necessary, since
. § the steam pipes can readily be imsulated as they are much smaller
' : in diameter than hot air ducts.

The liquid draw salt system has a smaller heat storage area require-—
ment than the solid pebble-bed system. A single spherical 60-ft-
diameter storage tank can be used, because it is possible to main-
tain a thermsl gradient in the tank. The pipes carrying the molten - -
salt can be fairly nmarrow and well insulated; thus distance is not

a serious problem. However, the heat exchange unit will be fairly
large (probably occupying a 30 ft length of 10x10-ft gas ducting).
The installation of such & unit will involve diverting kiln exit
gases if there is insufficient space in the existing ducts. With
the liquid draw salt system, the boiler itself can be smaller; it
will probably only require an area of 30x40 ft in total (three
10x40-ft areas for the heat exchangers). It should probably be-
placed close to the heat store to minimize heat losses, but this

is not absolutely essentdial.
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DETATLED INTERFACE ANALYSIS

Using the data given in the previous section and detailed plans

and elevations of all four plants, detailed intrerface drawings
for installation of both pebble-bed and liquid draw salt waste
heat storagef/utilization systems were prepared. These drawings
show the gas take—off points, dampers, and ducting required at
each plant, including the ducting required to convey the TES
exit gases to the dust collector.

Gas Duct Sizing

To obtain an idea of the size of gas ducts required for the rock-
bed systems, a relationship for pressure drop versus diameter for
circular ducting (using the formulas given in Fan Engineering
published by Buffalo Forge Company) for turbulent gas flow in
steel ducts was devived. ’

This relatlonshlp, assuming that the absolute pressure is close
to 1 atmosphere, is as follows:

Pressire drop (in. of water) _ 1.8 x 10-3(T + 460)'u0'16.vl'84p'

Length of pipe, (ft) - g92

- where

T = temperature, °F,
pl= relative demsity of gas with respect -to air, -

gas viscosity, 1b/ft/sec,

=
Il

v

It

gas flowrate, .lb/min,

‘d = duct diameter, in.

Tor a typical mazx tmum pressure drop per unit length of l-in. water
per hundred feet of ducting, the following relatlonshlp for the
minimom duct diameter was obtained:

1.84

0,16 }o .2033

¢0min) = l} 18(T + 460)u ."p’ ¥

Since d is only weakly dependent on 1, the viscosity of air was

‘used in all calculatlons, these values ‘are given in reference’ tables -

for various temperatures.
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The design of the rockbed uniis is such tnat pressure drop across E
the vnits should be less tham 10 in. of water umder normal operat- '
ing conditions. Therefore, the associated ducting was designed to
give a total pressure drop of less than 1 in. of water, if possible,
so as not to put too great a load on the existing I.D. fans. In
the following sections, the optimum location of TES systems at each
plant is considered in more detail.

. Piant 1.

o : Clinker Cooler - A detailed plan of the layout inside the clinker
. : cooier building is shown in Figure VI-7. There is already a duct
; in position for diverting a .small amount of waste air from the
clinker cooler to the coal mill, The remainder of the waste air
passas through a mechanical dust separator, and then along about
30 ft of divided ducting before entering an electrostatic precipi-
tator. In Tigere VI-7, take-off and return ducts. have been added
fa¢ use with the rockbed system. Since there are two parallel
& uq§§, two take-off and return ports are shown. They are separated
56* damper, which should be of the "guillotine" type (because
€$§S‘ O¥here is insufficient space for sideways-moving dampers).

Qes | N

. : - - »To Coal Hi11 .
. E {

— Hot air nu“)((a y : M) : T
v )

\_/ Lampers
— - . ) ( (Vertical) ;
) ) . : . : ‘Cverhead - . cood
\ b
—_— ‘ ; o ‘ ‘ | _ : ;
S T © Citaker Cooler q . N
) | /| | | Eleetrostatic ' ’ 1
. _ j 1 . ! ) i “Precipitator
. . B . ¥ .
- . o ___J\ o [ . . c
) /1 10 1 _
Dust Sepnrzir.urj
i Bampui Damper ;
i
:
: 17 I
i . E=
3 p y
= ?B; 4
& & ;
3l | ,
thure VIL

Iﬁterf&ce Drawing fbr Plant 1 Clinker CooZéﬁICAdqpted for Pebble-Bed TES Units)
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Gas Take-Dff
. /for TES .

Typical waste alr flows from the clinker cooler at this plant are
about 4,400 1b/min at 350°F. The total length of ducting to and
from the TES unit (as shown in Fig. VI-3) would be about 300 ft.
To achieve a pressure drop of less than 1 in. of water over this
length of ducting, the ducts must be at least 55 in. in diameter.

If the draw salt system is to be used, there is apparently suffi-
cient space in the existing ducting (between the mechanical dust
collectors and the precipitator) to install the necessary heat ex-—
change pipes without any serious difficulty.

Kiln Exit - Figure VI-8 shows an elevation through the kiln feed
end. The gases pass through a multicyclone dust separator and a
guiliotine damper before entering the electrostatic precipitator
unit. Tt would seem plausible, if a rockbed system is used, to
take off the kiln exit gas from the multicyclone unit, since some
dust will have been removed from the gases at that point, without
any great drop in temperature. A gas take-off port has been shown
on the side of the multicyclone unit, although the exact position
of this duct would depend on the internal details of the multi-
cyclone unit. The gas return duct has been shown entering the
electrostatic precipitator duct after the existing damper. Dampers

would, of course, be required in the take-off and return ducts as
well,

OR. Qﬁm Kiln Feeder
QE 20 Gas Return from TES

Elcetrostatic

Procipitater Gui.llé t 1ne.

Damper

oJife

Kiln

~s~Mul ticyelone

Init

VA

=t

Figure VI-8 Interface Drawing for Plant 1 KEZhVFEBd End

Assuming that the total duct length on the kiln exit gas storage
system would be about 200 ft, and that the kiln exit gas flow is
typically about 5300 1b/min at 1150°F, ducting of at least 66 in.
diameter for a l-in, maximum pressure drop would be required. An

‘additional 700 ft of 66-in. ducting would be required for the link-

age of the two storage modiles during discharge.
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If draw salt system at the kiln exit were used, then some modifi-
cation to the existing layout weuld be required. To install the
heat exchanger, which requirss a volume of about 3000 £t3, the
multicyclone unit and damper would have to be moved sllghtly
closer to the kiln exit. The heat exchanger could then be placed
in the ducting just before the electrostatic precipitator umnilt.

.3. Plant 2

Clinker Cooler - No detailed plan of the clinker cooler was ob~
tained from Plant 2. However, it is similar to the cooler at Plant
1, so there would be no difficulty in installing the inlet and out-
let ducts for the rockbed system. Ducting required for clinker
o cooler storage was estimated at 200 £t (60 in. diameter), with 700
’ ' ' ft required in linking the clinker cooler storage units to kiin
exit gas storage umits.

Kiln Exit - Details of the kiln feed end arrangement are given in-
Figure VI~9. There is a single-stage preheater consisting of two
cyclones in parallel. On the upper diagram, possible tzke-off
and return ports for the rockbed system are indicated.

R B o Take-OFf .. | - o
: | -Point Stack - —?ﬁ rII
| $ New Cy-Damper ' I l 3%

: Kiln ] _ _

 Feed = o | Nal

: Bin ) i

| : o , —

- § O O HICmh
C : : \ I walll=—— New Kiln -

o Kiln 4 VR
P Gas Feed-  Electro-Static  01d Kiln Feed Building
Back Point Precipitator
South Elevatlon B T .+ West Elevation

Fzgure VI-8 Intezuace Drawing for Plant 2 Kiln Fbed End

The typical kiln exit gas £low at.this plamt is about 2300 1b/min
- at 720°F. The kiln exit gases will have to traverse up to 300 ft
of ducting if the layout shown in PFigure VI-4 is used. For a
pressure drop of less than 1 1n., ductlng of 67 in. in diameter
would be requlred. : : :

If the draw salt system is to be used at Plant 2, it should be
fairly straightforward to enlarge the downcoming duct from the
preheater to permit installation of a heat exchanger (in a posi-
‘tion bekween the two take—off ports shown in Figure VI—9)
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4, Plant 3

Figure VI-10 shows the take-off points for the gas ducts, using
the rockbed system. If the draw salt system is to be used, there
is ample space for the installation nf a heat exchanger on the
downcoming duct from the preheater. A possible arrangement is
shown in Figure VI~-11.

(a) Elevation 35 ft South of Kiln

. *—TFrom Preheater
_===Tp ID Fan
TES (3)

-
From Cooler From Doilers

i 4 12
L1 /4
,;&J ,,2{ .'\To Boilers
To CC
Dust Collector
{(b) Elevation Along Ki]ﬂRIGII*TAn ?lk'ﬁﬂ m —
Preheater
Tower ~
Dust
. Collector
Clinker Cooler \\\\
Dust Kiln =% To TES
Collector Burner _ = = EFrom TES
1 Bullding : i )
‘ ID Fan
o} Cooler : \ v ¥4
[w} i
NN

N X
From TES‘ Tqﬂ?ES

Figure VI-10 Elevation Drawing for Plant 3 with Pebble-Bed TES Units

If the rockbed éystem is to be used at Plant 3, then the sizing
of the gas ducts will be as follows:

Kiln exit gas: wup to 400 ft of ducts; gas flow = 6,700 lb/min
at 800°F;: minimum duct diameter =78 in. for a l-in. pressure
drop.

Clinker cooler gas: up to 500 ft of ducts; gas f£low = 10,800 1b/

min of 350°F; minimum duct diameter - 86 in. for a l-in. pressure
drop. -
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- Kiln };ﬁ ’ i

Heat Ezchanger ‘ Q?*

TAguid Draw Salt
{ to and from
i Storage Tank

To Dust

#_ Collector
Pl _
A-TD Fan

Figure VI-11
Preheater Tower Adapted for Liguid Draw
Salt Heat Exchanger Uait for Plunt §

Plant &

Plant 4 differs from the other plants ia thait i: already has a
waste heat utilization syctem i cperation. Thus, the siting of
the boilers and turbine is already fixed, and only the interfacing
of the TES units need be determined. The présent study was con—
cerned only with the two newest kilns (Rilns 22 and 23).

The detailed interface is shows (for Kila 23) in Figure VI-12.

This is a plan of the existing boilder and Lkiln exit, to which
ducts have been added leading to and from the TES unit. Gas take-
off is from the feeder housing; hovever, the kiln feed pipe comes
down, vertically from the top of this housing, so the take-off duct

must be behind this pipe. The gases are returned to a point on

the side of the multicyclone unit, so the gases pass through this
unit and then out via the precipitator.  The air inlet is shown .

“for use during discharge.

The diameter of the ducting should be at least 72 in. ;. based on a
gas flow of 8,900 1b/min at 1500°F Lthugh 100 £t of ducts. Total
._esleated duct lengths are: . _
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1) Xiln exit pgas storage module: 300 £t
2) Clinker cooler storage module: 300 ft; ;

3)  Ducting to link the two modules: 700 ft.

ORIGINAL PAGH 1y
OF POOR QUALNCY

Air Inlet 7~ Kiln
& Damper " Feed
— Building

;

A A !

1 C
|

: :

' Duct to

: Multi- - rrm v et e e 7 2 ‘
ID“FanS cuci:;nes A E?OHO_ Boiler /Q L~ Kin L
&- .1.:e—- ¥ {miser | Tead i
cipitator ' v Pipe P

. Damper L L
Dampeay - §
:

Figure VI-12 Interface Drawing for Kiln Exit at Plant 4
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INDUSTRY AND GOVERNMENT ACCEPTANCE SURVEY

A survey in the form of a letter-questionnaire was prepared and
sent to 13 cement companies that represent approximately 60Z of
the U,S. productive capacity. This letter—questionnaire con-
sisted of material informing the companies of the type of study
being conducted by Marti: Marietta Aerospace/Portland Cement
Association/Department of Energy, and of questions relating to
their acceptance of the waste heat recovery/thermal st01age.sys~
tems under consideration.

1) Most plants would be interested in power generation from
waste heat if it could be shown to be economically attractive.
Many plants have considered it in the past but found it un-—
economical at that time.

2) Stabllzzatlon of clmnker cooler waste air and kiln exit gas
temperatures would be an advantage in many cases. Reduction
of these gas temperatures might aid dust collection and fan
operation; which would be an atitractive bonus. :

3) Partial dust, SOX, and NOx removal would be an advantage as

long as there are no deleterious_eﬁfmcts to. the TES units.

4) In some cases, stored heat could be used for drying coal or
preheating residual odl; this could be especially helpful when
starting up a kiln after a short-term shut down.

5) Some plants would be interested iam using the waste heat fox
space heatlng, in Whlch case a TES unit could glve added
 flexibilivy.- : : :

‘Another point that could be helpful during start-up after a
short—term shutdown is as follows., Since the charge time for
~ the clinker cooler store is appreciably shorter than. that for
the kiln store, heat remaining in the foxmer after discharge '
could be used for heating combustion air. This would have a
beneficial effect on the quality of the product imitially ob-
tained after start-up and would permit eaxrlier actuation. of
the electrostatic precipitator (since CO levels are reduced
at higher combustion air temperatures), thus eliminating po-

tential environmental problems.
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CONCLUSIONS

There is a vast potential for waste heat recovery and on-site power
generation in the cement industry. Only eight plants in the U.S.
are currently producing their own electrical energy requirements.
The reason for the lack of incorporation of these systems in the
past has been the availability of cheap power from the utilities.

Projected electrical energy costs and shortages in the futwure,

however, will force this industry to carefully examine on-site
power pgenerabion. Rockbed storage units can benefit the process

by:

1) Reducing particulate emissions;

2) Possibly reducing Nox and SOx emissions;

3) Damping temperature flﬁctﬁationé to baghéuées;

4y Allowing for combustion air preheat;

5) Most importautly-providing power for grinding opérati&ns and
faecility support during short kiln shutdewns. UTither the

rockbed or draw salit systems could be incorporated into the
plant process with minimal impact on operations.
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VII.

" and labor. Guthrie's method of "moduls

PRELIMINARY ECONOMIC ANALYSIS

A preliminary economic analysis was conducted for the conceptual
Storage system designs presented in previous chapters. These
analyses were used to determine the ¢conomic feasibility of the
selected systems in terms of stovaed energy costs versus currvent
and projected energy costs and the rate of return on investment.
Data from previcus effort on thia study were used for extra-
polating costs over z wide ranpe of vaviables. Specifically,
coskts were determined for thermal enerpy storage installation at
each of the four model plants. Energy savings in terms of elec-
trical power were estimated for the entive industiy.

Return on investment methodology woe daveloped under this phase
of the study. The methodology iuvoived the use of calculated
electrical power savings realized by producing the electrical
energy on-site and the capital investment. Capital costs were
estimated from literature references and vendor quotes. Invest-
ment for a waste heat vecovery system, turbogenerator, and ap-
propriate facilities (site~work, buildings, electrical, etc)
amount to $800 to $1000/kW. With the nresent industry-wide
average of 2.5¢ to 2.8¢/kWh, return on investment can be as ‘high
ag 80 to 90% considering an 117 escaleiion rate of electricity
over a 30-year system life. Investments of up to 20% of the
capital costs of on—-site power generation systems in thermal
energy storage can realize even preater return on investments.

A system without storage thus has a payout period of about 1.25
years. With storage the payout perind is even less. A complete
return on investmenc analysis incluling cost of capital has been
complete& and is included in this chanter.

Total rEJected heat from the cement 1ndustry using elther the long
dry process or the suspension preheater amounts to 8.11 x 101% Btu
per year. If 60% of this energy could be used for power genera~—
tion, an electrical produection capacity of 4.07 x lO MWe, industry-—
wide, for these processes would result.

CAPITAL COST ESTIMATION

'Capltal costs were estimated for the two systems, iockbed and draw

salt. Costs include both direct and indirect costs. Methods de~
veloped by Guthrie (Ref VII-1) have been adopied in determining
the total costs of installed ejuipmeni iacluding both materials

" costing includas. certain’
factors for each piece of equipment in sstimating total cost of
installation. These factors ave appre.mately broken down as:
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1) Direct Costs -
a) 'Eguigsent, F.0.B. Cost,
~h)- Materials (62% of Ffactor 1.a),
q)“*Labor [36% of factor 1 (a + b)]1;
2) Indlreet Costs {347 of factor l) -
a) 1 Frelght Insurance, Taxes (6% of factor 1),
b) Comstruction Overhead (18% of factor 1),
cii %ngieeering (10% of factor 1);
hh o A

3)*—Gontractor's Fee (87 of factors 1 and 2);

4) Contingéney' (10% of factors 1, 2, and 3).

ATl costs presented in this section are based on a Marshall and

Stevens (M&S) equipment. cost index of 500 which was the: chemical
1ndustry—w1de average for the second quarter of 1977.  Cost esti-
mates ‘have ‘a better than %20% acecuracy based on the guidelines
presented by the Ameriecan Assoclatlon of Cost Englneers (Ref VII—Z).
Installed equlpment costs, 1nclud1ng both direct and 1nd1rect costs,
were determined for the equipment previously sized for the rock-
bed and draw salt storage/waste heat recovery/and power generation
systems. ' Tables VII-l through VII~4 show the equipment schedules
and capital'costs required for each plant niodel and each storage
systemu\ Complete breakdowns of power cycle equipment are also
shown, These costs were verified with vendox quotes, internal

cost estlmates, ‘and Gufhrie's method. (Ref VII-1) for a 10 Mie
power plant. Costs for the power facilities at other model plants
were estimated using an exponential scale factor of 0.75 recom-
mended by Guthrie. FEstimated irvestments in rockbed storage
amount to! between 10.3 and 22.3%7 of the total system costs while

the draw salt’ storage system represents 30.2% to 36.9% of the total

draw salt: system costs depending on plant size.

Significant differences are evident in thé costs of rock storage
related equipment and the draw salt. - The cost of limestone at a
plant 1§ approximately $0.11/1b. Tank costs differ between the
two systems becaise only one tank is required for draw salt and

two tanks are ueed for rockbed storage. Waste heat recovery sys— -

tems in the form of a waste heat boiler for the rockbed system
and a three-heat exchanger unit for the draw salt do not vary
much in capltal investment required. As expected the installed
costs of piping are much less than the cost of dicting. However,

these costs represent a very small frac ton of total 1nvesLment.
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Table VII-1 FEquipment and Matertial Specifications for Draw Salt System

i.- Plant i Marl
No. Reqd | Equipment and Matexr:ial 1 2 3 4 Const
Storége
1 ST-1, Draw Salt Storage 8.35 |4.20 |9.14 |17.90]|AS
Vessel, £t3 x 1o% o o
Draw Salt, 1lbm x 106 8.77 | 4.41 |9.60 |18.8 | —
Piping Insulated: Traced, £t | 200 800 400 100 AS
P-1, Circulation Pump, gpm 425 225 |475 {100 | AS
! Power Conversion
A 1 F-1, Waste Heat Recovery 6.26 | 2.99 |0.784 |10.10 S5
L Heat Exchanger, £t2 x 10° _ ,
- B-2, Superheater, £t2 x 10% | 1.49 [0.743 |1,20 |3,67 |AS
E~3, Kettle-Type Boiler Shell | 2.77 | 1.432 {3.12 [8.90 |.cs .. -
and Tube, £t2 x 103
1 E-4, Preheater, £t? x 10%® | 2.19 | 0.587 |1.45 |5.40 | CS
1 Set of Soot Blowers for E-1 . . ”
1 Te-1, Turbogenerztor, MWe 4.0 0.9 2.4 10.1 | —
1 G-1, Condenser, Btu/hr x 108 | = - - .]1.0 | cC8
i CT—l Cooling Tower, Btu/hr - —= —-— 0.95 | C8
% 108 ' '
1 Deaerator - — —— —— -
P-2, GCirculating Water - - — 9000 ;.CS
7 Pump, gpm
- 1 P-3, Cooling Tower Makeup - _— - ~— 1280 |cs
f Pump, gpm : :
1 P-4, Condenser Makeup - - - 3 |cs
- Pump, gpiml S N
1 P-5, Condensate Pump, gpm e —— — 210 | C8
1 P-6, Boiler Feed Pump, gpm - — — 210 | cs
#Nomenclature: : -

C8 ~ Carbon Steel
- AS - Alloy Steel -
58 -~ Stainless Steel
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* Pable VII-2

Draw Salt System Uapztal Cost Ebtzmates - sttalled Gosts

(Dirvect and Indirvect)

Plant 2

Plant 4

109

Plant 1 Plant 3.
Equipment & Materials
Storage _ N _ _
Storage Tanks § 344,600 |$ 219,900 |5 344,200 % 479,000
braw Salt ) 970,200 490,600 | 1,061,500 2,069,100
Salt Cireulation Pump 24,800 16,100 27,900 44,600
Subtotal $1,329,600 |$ 726,600 |$1,433,600 ( $ 2,592,700
Power Conversion 7
Heat Exchangérs . :

Waste Heat Recovery $ 233,000 |$ 111,200 |$ 251,600 % 375,700

Superheate 44,600 22,300 36,000 110,100

Boiler 69,200 35,800 77,900 222,500

Preheater - 43,800 11,700 29,000 107,900
Soot Blowers 5,000 3,000 6,000 7,000
Power Generation Equipment - o _ : . o

Turbogenerator 720,000 162,000 (1 432,000 1,818,000

Condenser 451,700 184,600 332,500 787,400

Pumps - T 4,900 © 2,000 - 3,600 | 8,500
Cooling Tower and Pumps 157,800 64,500 116,100 275,000
Subtotal $1,730,000 [§ .597,100 $1,324,700 ([ § 3,712,100

| BUILDINGS/STRUCTURES ' '
Steam Generator Bldg .

& Foundation ¢ 158,000 [$ 75,000 |§ 122,000 % 250,000
Turbine Bldg & Foundation 598, 000 284,000 | 463,000 950,000
Cooling Tower Foundation 44,000 21,000 34,000 70,000
SITE WORK 10,000 10,000 10,000 10,000
PIPING INSULATION
Piping (pipes, valves,

tees, ste) Insulated

~Traced 6,500 | 26,200 13,100 4,500
Storage  Tank Insulation . 82,000 52,100 87,300 . 1365400
INSTRUMENTATION/ELECTRICAL ~714,000 | 492,000 | 628,000 900, 000
Subtotal | $1,612,500. |$ 960,300 | $1,357,400 | § 2,320,900
Contractors' Tee (8%) $ 373,800 |§ 182,700 |$ 329,300| $ 690,100 -
Contingeney (10%) 504,600 | 246,700 | 444,500 931,600
Total (MSS = 500, - o
~2nd Quarter 1977) 1$5,550,500 [$2,713,400 | $4,889,500 | $10,274,400
Totsl (M&S = 523, ' '
- 4th Quarter 1977) . | $5,805,800 |$2,838,200 | $5,114,400 | $10,718,800. | -
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Table VII~3 Eguipment and Material sy2cificaiions jor Rockbed System

Plant
Mtl
No. Reqd Equipment and Material 1 2 3 4 Const
Storage
L i $T-1, Low Temperature TES 1.02| 0.62 | 1.28 | 1.65 | cs'
Tank, ftd x 10° i
" I ST=-2, High Temperature TES 1.14 0.69 } 1.42 | 1.84 ; CS
i Tank, fr° x 10 : S8
1 ranite Reck {1.53-2.0 in. Z.2671 1.38 | 2.8L | 3.67 | -
dia), 1lbm x 107
1 Ducts, Insulated, fi L20G ] 1200 t 1700 | 1300 | @GS
Dampers (dia), ft 7 7 7 7
& _ : Power Conversion
| 1 WHE-1, Waste Heat Boiler, 5.38 | 1.26 | 3.43 | 12.52| cs
: lbm steam/hr x 10%
: 1 TG~1, Turbcgenerator, Mie 4.0 0.9 2.4 10.1 | —
: 1 C-1, Condenser, Btu/hr x 108 | —- — - 1.0 | cs
i 1’ CT~1, Cooling Tower, Btu/hr — -— - 0,95 f -
§ Deaerator —— —— - - -
E Circulating Water Pumr, gpm e —— - 9000 | Cs
Cooling Tower Makeup Pump, | —— - — 280 Cs
gpat .
1 Condenser Makeup Pump, gpm — —— —- -3 Ccs
5 11 Condensate Pump, gpm _ —_ - 210 cs
' 1 Boilar Feed DPump, gpm — — — 210 cs
*Nomenclature:
CS - Carbon Steel
85 ~ Stainless Steel
GS ~ Galvanized Steel

110




LI S

Table VII-4

Rockbed System Capital Cost Estimates

(Divect and Indivect).

- Installed Costes

Plant 1 Plant 2 Plant 3 Plant 4

Equipment & Materials

Stoxrags

.Storage Tanks $ 310,700 1% 227,500 |S 353,700 j8 487,600
Limestone Rock 8,090 4,800 10,000 12,800
Dampers 70,000 70,000 70,000 70,000
Subtotal $ 388,700 )% 302,300 |§ 433,700 & 570,400
Power Conversion

Waste Heat Boiler $ 803,800 % 262,600 (§ 548,000 |$1,610,000
Power Generation Equipment:. ' 1 S o

Turbogenerator ; 720,000 162,000 432,000 § 1,818,000

Condenser 453,700 184,600 332,500 787,400

Pumps 4,900 2,000 3,600 8,500
Cooling Taower and Pumps 157,800 64,500 | 116,100 275,000
Subtotal $2,138,200 | & 675,700 { $1,432,200 | 54,498,900
BULLDINGS/STRUCTURES )

‘Waste Heat Boiler ! _

Bldg & Toundation ‘§ 158,000 S 75,0008 122,000 |$§ 250,000
Turbine Bldg &

Foundation 598,000. 284,D00 463,000 830,000
Cooling Tower Foumndation C 44,000 |- 21,000 34,000 70,000-
SITE WORK 10,000 16,000 10,000 10,000
DUCTING/INSULATION - o _

Ducts, Insulated 86,900 86,900 | 123,100 94,100
Storage Tank Firebrick

Insulation 76,100 54,700 88,500 | . 104,900
INSTRUMENTAT TON/ELECTRICAL 714,000 492,000 | . 628,000 900,000
Subtotal . $1,687,000 | $1,023,500 | $1,418,600 | $2,379,000

Contractors' Fee (8%) § 337,100 & 160,100 | § 262,800 [§ 595,900
Contingency (10%) - 455,100 216,200 328,400 804,400
Total (M&S = 500, . _

an Quarter 1977) $5,006,100 $3,377,800 53,875,700 | 58,848,600

Total (M&S = 523, S e R
- 4thQuartey 1977) 85,236,400 | $2,487,200 | $4,054,000° $9,255,GQD
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Total capital costs of the waste heat recovery system and thermal
storage can be broken down into a per—-unit basis for system com-
parisons. Powver generation capital costs (direct and indirect),
including 8% contractor fee and 10% contingency), For wasie heat
boiler system and draw salt heat exchanger system are approximately
800 to 1300 $/kWe and 700 to 2000 $/kWe, respectively, without
storage. Assuming that 97% of the snergy stored in a draw salt
storage vessel can be used for power production and 90% of stored
energy in a charge cycle in a rockbed can be used, capital costs
for storage on a per kWe-hr unit basis range are:

"§/kWe-hr ' $/kWt—hr
Drav Salt  12.22-43.43  2.81-9.99
Rockbed '3.39-15.47  0.78-3.56

In the first column a thermal-to-electrical conversion efficiency
of 25% was used as a conservative value Lov these system sizess

SYSTEM OPERATION COSTS AND POWER UTILITY COSTS

Once capital costs had been estimated, a discounted cash flow
analysis was used to determine averags costs over the anticipated
system life., This method for profitability evaluation by dis-
counted cash flow takes into account the time value of money and
is based on the amount of unreturned investment at the end of.
each year over the estimated system life. A trial-and-error
method is used to determine the rate of return on a project. This
rate of return is applied to the yearly cash flow so the criginal
capital investment is reduced to zero (Ref VII~3). The rate of
return calealated from +#his procedure is then the maximum in-
terest rate of funds borrowed to fimance the project.

In our amnalysis, the discounted flow analysis was used in a some-
what hackward fashion to determine what is called "levelized bus-
bar energy'" costs given an interest rate.. Busbar energy costs

were determined for interest rates (called either capital cost rates

- or internal rates of return) varying between 0 to 15% after taxzes.

A computer program by JPL/EPRI/ERDA (Ref VII-4) for required
revenue methodology in the evaluation of utility owned solar power
system was exercised in determining the cost of the power gener-

~ated.: These costs were also estimated over a complete spectium -

of capital investment costs covering the estimated thermal energy
storage system costs previously documenied for the four model plants.
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- Enexgy Costs, mills/KiWh

By definition, the levelized bushar energy cost is the average
- electriety cost that must be charged to recovey all of the ex-
penses incurred over the projeet lifetime. These expenses in-
clude operating and maintenance charges, property and income
taxes, and interest and principal payments on borrowed capltal.
© ‘Shown in Figure VII-1 is the levelized emnergy cost, BBEC in
relation to the growing energy production costs of a system life.
The BBEC then represents the uniform costs over the system life-

time (y  toy,  + N) that has the same present value as the

growing distribution costs BBEC_-BBEC, present value. For more
details on this method the reader is referred to Ref VII-4, |

Begend:
BBEC = Levelized Busbar _ /J BBEC,
Energy Cost S
- ¥ . = First Year of
co )
Commercial
Operation
N = System Llfetlme
t = Time
BBEC ‘ %
BBEC
o}
L//
o

co S S - Tco
' Tim33 year_
Figure VII-1 : ' ' B
Cbmparzson of Levelﬁzed Eﬂergy Cost with Growzng Eﬂergy Costs

_ Thg~lEVEllzed;busbar:en&rgy“costs of ‘on-site powar generatlon were
" computed -for various intevest rates and capital investments. The
assumptions used (or inputs to the computer model) 1n,est1mat1ng

these costs are: -
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1) Costs include internal rate of return varying from 0-157 after
taxs

2) 30-year system Lifetime;

3) Depreciation method - straipht line ovex 30~year system life;
4) Income tax rate {allowing for depletion allowance) - 404

5) Other taxes and insurznee premiums - 0.0225% of capital invest-
| ment; '

6) Operating and waintsnance cost/vear -
a) TPower plant - 58.003/kle-hr generation,
b) Storage - $6.20/kle-Ly srorage capability;
.7) 'Escalation zates -
a) General inflation - 6%/year;
b) Capital costs — 6%/year,
c) Operating and maintenance costs - 6%/year;
8) -S—year'cdnsﬁruction'peribd to commercial operatiom.

Figures VII-2 through VII-5 show the levelized busbar energy costs
for power generaticn systems sized for Plante 1 through 4. After-
tax interest rates of 0, LG, and 15% are shown. For the 0.9 Mie

a capital investmeat of $1.5 w 10% and an after~tax cost of capital
of 15% would razsult in a Levelized 72 mills/kWh cost of producing
on-site power over a 30-year lifa. Oun the other hand, the 10 MWe
powel plant sized for model Platu 4 shows a cost of 42 mills/kWh
for a $10 million investment of 15% afier~tax cost of capital.
Agzip, these costs represent the average costs incurred over the
system life to reduce the original investment to zero. In a ‘
senae these costs would represent the maximum costs incurred to

an investor to raulize an after-rax return on investment of 15%
(25% befo re tah

The cost of on—site power generation must also be compared to pur—
chased power from a utility on a levelized basis. The costs for a
0.9 MWe and 10 MWe power plant wmust not be compared with present-

- day enexgy costs. Instead, levelized or averaged costs of purchased .

power must be compared with the conputsd ievelized costs of produc-
ing powar on-site. TLeveiized uriliicy costs ave shown in Table VII-5,
asguming = 67 gepevzl inflatior rate and e and 11% electrical power
gscalation vites oeoi a 30-yeer svetsw 1ifotim:. These costs are:
tabulated for various rraseal slectricel energy costs.
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_ On~§ite Power Productian Costs, miila/kih

COn=-Site Powes Produstion Costs, mille/KWh

o aiNAL PAGE 18
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Table VII-5 Utility Levelized Costs

Utility Levelized | Utility Levelized
Costs, mills/kWh, | Costs, mills/kWh,

Present Energy | 6% Power . 117 Power

Costs, mills/kith | Cost Escalation Cost Escalation

10 17.55 51.9

- 20 35.10 © | 103.8

30 52.65 | 155.7

40 | 7020 | 207.6

50 ' 87.75 259.5

Therefore, using our previocus example of 0.9 MWe plant on-site
energy cost of 72 mills/kWh, ome sees that present utility charges
of greater than 40 mills/kWh escalating at 6%/vear to a cement
plant would be required before an after-tax return on investment
of 15% could be realized. However, if electricity escalates at
11%/year over the next 30 years, present energy costs of between
10 to 20 mills/kWh would make on-site power generation attractive,
The industry-wide average of electricity costs in the cement
industry are currently 25 to 28 mills/kWh, indicating that on-site
power generation would provide even greater return than 15% after
tax in this case, Similar comparisons can be made for the 10 MWe
plant and show that the return is even better for investors. One
can. conclude that depending on the local rates of purchased power,
waste heat recovery systems for power production may be economically
vigble for suspension preheater systems as well as long dry proc-
esses. The rate of actual return can be expected to be higher for
the waste heat recovery system coupled with a long dry kiln. Ther~

‘mal energy storage advantages will become apparent in detailed

analysis of return on investment.

THERMAL_ENERGY,STORAGE RETURY ON INVESTMENT

~ Return on investment calculaiions using on~site power generating

costs with those utility costs likely to. occur over cement plant
life were performed. Rates of return were compared for waste heat

power generation systems only and - those having a thermal energy

storage capability. Resulits will show that a rockbed storage
system is an economically viable investment while the draw salt
storage system is marginal.
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A basic definivion of raturn on Investmznt for energy conservation
expenditures is energy savings divided by the sum of oviginal '
capital investment and yearly working capital. Energy savings are
realized when purchased power costs from a utility are greater '
than on-site produced power costs. Small amounts of working.
capital are required to pay monthly operating expenses, such as
salaries, wagee, and ray materials; zccounts payable; and taxes
payable. Other assumptions leading to return on 1nvestment
calculations are itemized below: :

1) No sales of electricity back to z utility;

2) Utiiity electricity cost escalation rate - 6% to 11%s

o

3) General inflation rate — 3%/year:
4) Investment tax eredits - 0%, 10%, 20%;”
5) Working capital - 0.005 of capital investment;

6) Electricity demand charge - add 50% of base féte-to base rate;.

N Storage utlllzatlon rate - lO?/ye‘r.

One of the benefits of Lhermal enelgy s*orage is the vmrtual
elimination of demand on tmme—ofsday charges. . These cusLs can be
substantial depending on a plant's location. An electrical rate
schedule for large power users in the State of- Colorado is showm
in Figure VII~6. If a cement plant has a power generating capa— -~
bility of 9 MWe and the kiln goes down while the plant still re—
quires 9 MWe for a period of 24 hovrs, the demand charge would be
approximately 1.4Z fimes the base commodity charge. In other areas
of the country, especially the northeast, vztes in excess of 1000%
of base rates for time-of-day schedules exist, (Ref VILI-5).

FWor the various model plants, return on. investments were determined
for on—site power plants only 2nd power plants with thermal energy

- storage. Equations were developed for rates of return in each

case. These equatlons are . llsteé below.

fRefutn'on"InvéStmenﬁV;_ LT x kile x 8760 BBECUT BBECON f SUT X BBECDUé]_

(Power Plani Only) =~ - Capltal Tnvestment +-Work1ng Capltal
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Colo. P.U.C. No. 5 Electric
Ninth Revised Sheet No. 143

o R

Cancels
Sub. Elghth Revised Sheet No. 143
LLECTRIC RATES Territory
' : Urban
LARGE LIGHTING AND POWER SERVICE Fringe
Rural
| SCHEDULE LLP RATE
AVATILABILITY
Available in the entire tevritory of the Company
APPLICABILITY |
Applicable to Large Lighting and Power Service Supplied at
primary voltage. Not applicable to standby, auxiliary, or resale
service. o : : ' '
MONTHLY RATE
Demand Charge: : v
First 25 kilowatts or less of billing demand . . . . . $ 98.00
Next 75 kilowatts of billing demand, pexr kW . . ., . . 3.64
Next 200 kilowatts of billing demand, per kW . . . . . 3.46
All over 300 kilowatts of billing demand, per k¥ . . 3.28
Commodity Charge: : : '
First 20,000 kilowatt hours used, per Wh . . . . . . .01910
Next 100,000 kilowatt hours used, per kWh . . . . « . .01596
Next . 160,000 kilowatt hours used, per KWh .. . .. . . .01488
Next - 220,000 kilowatt houis used, per dh . . . . . . .01407
All over 500,000 kilowatt hours used, pex KWh . . . . . . 01223
MONTHLY MINTMUM S .
The Demand Charge but mot 1ess than . . v & « ¢« & v . 4 98.00

FUEL COST ADJUSTMENT
This rate schedule is subject to the fuel cost adjustment
set forth on sheet number:280.

PAYMENT

Bills for electric service are due and payable ‘within ten.
days from date of bill.

DETERMINATION OF BILLING DEMAND - o o .
Billing demand, determined by meter measurement, will be the -
‘average kilowatts used during the fifteen minute period of maximum

demand during the month, or as set forth in the Industrial Rules
and Regulations. However, the billing demand for the current
month will be not 1ess ‘than seventy~f1va percent of the highest

- fifteen mlnute

(Contlnued on_ Sheet Ho 143A)

Figure VLI—G Cblaradb UﬁzZzﬁy waer Schedule fbr 1877
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[VII-2] Return on Investment

LF x ke x 8760 [%BECUT . BBEco&]
(Paower Plant + Storage) = Capital Investment - Working Capital

‘e

where!

LF = load factor of peak generation capability (since in most
cases on-site power can be used totally, this represents
the fraction of time the kiln is up to produce power),

kie

= peak.géneratiOn'capabiiiﬁy of on-site powervstatiqn, EW,
8760 = hours/yéar
ﬁﬁﬁEﬁT = levelized busbar energy costs purchased from a utlllty
- over system lifetime (base rate only),
‘EﬁﬁﬁbN = levelized busbar energy costs of on—site power station,
BBECD,,,, = levelized busbar energy costs of electricity under de-

ut mand or time-of-day chaxgg rates,

SUF = Storage utilization factor (represents the fraction of
power produced from energy storage to eliminate demand ox
time-of-day charges).

If tax credits are considered, the entire credit can probably be
claimed during the first year of operation, thus reducing the
original capital investment in the above equation by the amount
of ‘the tax c13d1t. That is, if a 10% tax credit could be claimed,
then a 310 x 10% investment would be reduced fo $9 x 108. Shown
in Fipures VII-7 through VII-10 are the calculated return on in-

vestments based on the. equatlons and assumptions dESCllbed above_-

for no tax credits.

Using Flant 4 as an example, the economic advantage of rockbed
thermal energy storage uvnits is readily apparent. In these cal-
culations a load factor (LF in Eq [VII-1]) of 0.9 was assumed ‘
for this plant as well as for Plamis 1, 2, and 3. In Eq [VII-2],
the load factor, LF, represents: 1.0 minus the energy that is

~ demanded for the manufacturlng operation diverted to- storage. I
ckilh gas 18 ‘diverted to storage during plant shifts when the power

requirements for plant opration are less than the on—-site pro-
duced power, then the load factor in Eq [VII~2] is 1.0. Such sit-

- uations exist during third shift of ‘a working day. "Also, for

plants producing & small portion of plant demand, such a situation
would be. realized by purchasing power from a utility during these
off-peak hours. Both of these example 51tuatlons are deplcted in

Figures VII-Il and VII -12;
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Pigure VIIT-11

Energy Storage for Time of Day Load Leveling for Large
On-Site Power Plant
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Energy Storage for sze of Day Load Leveling. for Small
On-Site Power Plant:
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This load factor in Eq [VII-1] represents the fraction of time the
kiln is operating during the year based upon historical operating

‘data for cement plants. The levelized cost of utility power,

BBECUT’ was calculated using the levelized costs shown in Table

VII-5 for an 11¥% power cost escalation. Levelized busbar energy
costs for on-site power generation, BBECON, were obtained for the

capital investments required for each system from Figure VII-5

for a 15% cost of capital. A storage utilization factor, SUF, _
of 0.10 was assumed. This factor represents the fraction of power
produced from thermal storage during the year. The levelized de~
mand charge, BBECDUi from a utility was assumed to be 1.5 times

levelized utility rate, BBEC, ' Capital investments of the waste

uT” _
heat recovery/power plant and waste heat recovery/power plant/
storage systems were estlmated and obtained f£rom Tables VII—Q and

VII-4,

The rate of return for the rockbed storage/power system is sub-
stantially greater than just a waste heat recovery/power plant

system for Plant 4. Figure VII-10 shows that for the current

industry-wide average of 2.8¢/kWh an additional 17% return on
investment can be realized with rockbed storage over the system
without storage. The .. salt system, however, provides no

-additional rate of retur: on investment over a system without

storage. These graphs also show that:

1) Return on 1nvestment increases W1th present energy costs (as
one would expect)..

2) Greater returns are realized with plants with larger re-~
jected heat from the kiln (i.e.; long dry process kilns offer
the largest incentive for investment).

3) Thermal energy storage utilization eliminatiﬁg demand charges
. when the kiln is down is economically attractive up to a capltal
" cost limit (approximately 20% of capital investment assumlng '
a l0% storage utilization factor).

4) . Draw salt storage fox this applleatlon shows marginal-to nega=

C tive reLurn on thermal storage 1nvestmenL.

5}  Rockbed storage offers greater return on 1nvestment due to
. ellmlnatlon of demand.charges. : R

' 6)  Return on investment depicted in these charts are returns after

cost of capital has been considered. That is, if a plant had a
minimum investment criteria of 15% after tax, then the graphs.-j
depicting 15% cost of capital could show a return on invest-
ment of 0% for their present energy costs and the imvestment
would meet the investment criteria.,
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Other economic benefits of thermal enexgy storage could not be
addressed due to their plant specific nature. The use of thermal
energy storage in conjunction with waste heat recovery focr power
production could increase production capacity of a plant. With-
out energy storage, large amounts of power during kiln shutdowns
or community brownouts may not be available to continue plant
operation, The potential benefit of using thermal storage gen-
erated hot air for combustion air preheat to shorten kiln startup
time can have a definite benefit on increased production capacity.
Thermal energy storage in leveling the power load and generation
during plant operation could have a definite benefit in increased
cement production. Specific operating data required for detailed
evaluation could not be obtained from a specific plant durlng
this study phase.

STATE OF THE CEMENT INDUSTRY AND POTENTTIAL ENERGY SAVINGS

Preseatly, the cement industry is in a dynamic state of develop-
ing- energy conservation methods. Wet kilns are being replaced by
dry process kilns with or without preheaters depending on raw
materials nad fuel burning properties. The preheater method re-
sults in annual savings in fuel requirements. However, the alec—
trical energy required in these new processes is greater than that
for their wet kiln predecessors on a kWh/ton of clinker basis.
The method proposed in this report to vealize further savings is
in on-site power generation. It is highly possible that with the
present trend of electrical power cost escalation rates exceeding
fuel cost escalation rates, on-site power generation may be more
advantageous thnan converting a long dry kiln to a suspension
preheater kiln,

Current costs of converting a long dry kiln to a four-stage sus—
pension preheater is about $30/annual ton of clinker for produc-
tion rates less than 700,000 tons per year and $£28/ton for pro- .
duction rates greater than 1 million tons per year. Therefore,
the costs of converting a 70-ton/hr long dry kiln would be approx-—
imately $18.4 million. The costs of installation of a waste heat

- boiler system with rockbed storage would be $9.8 million. One

system would be saving fuel costs and the other system would be

. saving electricity ecosts or ultimately utility fuel costs. Waste

heat recovery methods would involve about half the capital re-
quired of investment over preheater conversion methods. 4As a .
general trend, electricity costs will keep pace with and most
probably exceed escalation rates of fuel costs, making waste heat:

recovery/power generation schemes very attractive.

125

Ty -



it

i

REFERENCES

VII-1. K. M. Guthrie: "Data and Techniques for Preliminary
Capital Cost Estimating." »Modern Cost-Engineering Techniques.
McGraw-Hill book Co., New York, W.Y., pp 80-108.

ViI~-2. . R. H, Pervy and C, H. Chilton: Clhemicai Engineers' Hand-
book, 5th ed., HCGraw-Hill Bock Go., New Yoxk, N.Y., 1973, pp
15-25. o

VII-3,. M. 8. Paters and K. D. Timmerhaus: Plant Design and
Econeorv.cs For Chemical Evglneers, Mclraw-Hill Book Co., New Yorlk,
teqo, lgégn . -

. VII-4, 8. W. Doane, et al.: The Cost of Energy from Utility- -

Owned Soiar Electrical Systems. ERDA/IPL~1012-76/3, June 1976.

VII-5. Rocket Research Company: "Applications of Thermal Energy

Storage to Process Heat and Waste Heat Reovery in the Steel and
Iron Industry." Interim Review. Washington D.C., February 2,
1978. ' .

126




|
)

VIIL.

RECOMMENDED DEVELOPMENT PLAN

The results of the tasks discussed previously have shown that

the most cost-effective use of waste heat in the cemant industry
is to generate electricity, which can be used within the cement
plant. Therefore, no distribution system is needed and none of
the problems attendant to distributing energy to users outside
the plant are encountered. Our study showed that only the dry
kiln processes have the quantity and quality of energy to be
attractive for power generation, and the amount of energy that .
can be saved is considerable. For example, if all of the long
dry process kilns in the United States were converted to generate
electricity, 3.71 to 3.60 x 1013 Btu would be used and up to

2.43 x 10% MWh of electricity would be generated resulting in a
savings equivalent to 4.5 to 6.0 million barrels of oil per year.
1f the 42 suspension preheater kilns were converted, an additional
0.95 to 1.27 x 103 Btu could be saved. Thus from an energy con-
servation standpoint, the generation of electricity using waste
heat is wvery attractive. -

The system also affers an attractive rate of return on invest—
ment. As discussed .in the previous chapter, the rate is up to
80% for lomng dry kilns and aboui 35% for suspension preheat kilms,
depending on the present cost of electxicity at the plant site,

In addition, the system has no adverse effect on the envmronment

‘and does not impact the cement process.

The major drawbacks to power generation in the past lhave been:

(1) lov return on investment. compared to other alternatives; (2)
the availability and cost of power ‘during 15 to 20 times per year
that the kiln is shut down for emergency repairs; and (3) the fear
of loss of production due to failures i-: the power gemeration gys-
tem. The amount of potential return o investment has increased

'con51detably over the past few years due to the rapid increase in

cost of electricity. Therefore;, studies that in the past have
shown power generation to have low economic value may mnow resulk
in the opposite conclusion. : : :

The problem of obtaining powexr and the high cost of guaranteeing
the availability of that power for those periods of time when

‘the kiln must be shut down for emergency repalrs can be overcome

by the use of thermal storage. In fact, thermal’ storage can in-
crease the rate of retufn on invesitment. The problem qf an un-—
reliable steam generation system causing shutdown of the plant

can only be addressed through proper d351gn and the possible. use

of redundancy in certain components.

To promote Lhe use of waste heat powe1 generatlon in the cement
industry, it is necessary to prove that: = . - - :

127

T S R I S PP




X
.az

1) The system pruvides an attractive return on investment;
2) All technology problems have been solved;
3) The system operates reliably and will not increase down time. -

The program discussed in the following sections is designed to
accompligh these objectives. The program is separated into two
elements. The first consists of development testing of small-
scale storage systems, followed by testing of the selected stoxr-
age system in parallel with an actual plant process. The system
size woul. be sufficient to demonstrate thermal performance (1/4
scale) and would be installed on a plant with an existing power
generation system.

PHASE I1 - DEMONSTRATION PROGRAM

This phase consists of three major tasks: subscale testing to
prove feasibility of the rockbed storage concept; design and
analysis to select either the rockbed or draw salt storage sys-—
tem and design the full scale sysiem; and demonstration testing
in which a system (1/4 capacity) will be tested at an opexrating
cement plant. The task sequence is shown in Figure VIIT-1 and
the program is described in the following paragraphs.,

Pilot Plant Testing

The objective of this task is to determine whether the rockbed
storage systems will operate properly when subjected to fume
conditions typical of those found in a cement plant.

The testing will be performed using the 30 1b/hr pilot kiln that
is under comstruction at PCA. This kilm will be completed in
June of 1978 and will be available for use throughout the pro-
gram, A rockbed storage system will be designed and fabricated
to simulate the full-scale unit.

A schematic of the rockbed system is shown in Figure VIII-2.
Kiln gases are drawn through the rockbed storage unit using in-
‘duction fans for charging. Discharge of the storage system will
be simulated by drawing ambient air through thé bed. The flow
will be controlled by use of the dampers shown on the schematic.
The direction of flow through the storage bed will be reversed
from charge to discharge to take advantage of the particle re-
moval effect, The instrumentation indicated on the séhematic ,
will allow measurement of temperatures, pressures, and flowrate 7 i
throughout the system. The rockbed storage unit will be fitted ' :
with. a2 temperature rake to allow measurement of the thermocline
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Figure VIII-2 Subscale Test Layout Using Pilot Kiln

movement as a function of time. Chemiczl analysis and particulate
counts of the gases entering and leaving the storage unit will alse
be performed,

The storage system size is detrrmined by scaling from the system
designed for model Plant 1, the long dry kiln. Since the major
objectives of this test are concerned with plugging of the bed due
to particle deposition, heat transfer rates, and quantity of en-
ergy stored, appareat velocity was chosen as the scaling para-
meter, That is: '

W
A
A A

2]

where:
w o= gas flowrate, 1b/hx,
A = cross secticnal area of storage conitainer, ft2
p = sdbscrlpt cenotlng pllot plant. - 7 '

The container used will be eylindrical with a length-to-diametex
ratio of ome. These essumpticis resuli in a container of 3-ft
dizmeter by 3-fF icrg contalniLg ibour 1 ton of granite, lime—
stones, or cl-1&

130

Ay




Lk S

The tests perforimed will consist of cycling the bed a sufficient
number of times (approximately 40) to allow determination of the
performance over a 30-year life. A cycle is defined as charging
the bed using kiln exit gases until the temperature of the gas
leaving the storage bed is 2/3 that of the inlet gas temperature
(approximately 1000°F), then ‘discharging the bed using ambient
air until the temperature of the gas leaving the bed drops below
400°F. TForty cycles will be run to determine the effective life
of the bed. Pressure loss across the bed will be measured and
plotted versus cycle number and extrapolated to determine how
long it takes for the pressure losses to become excessive. After
completion of 40 cyeles, oxr when the pressure losses become ex—
cessive, the storage system will be disassembled and the lime-
stone will be examined for evidence of degradation due to tem—
perature cycling or chemical reactions. The effect on cycle life
will then he estimated from these test results. Samples of the
vontainer will be taken and analyzed on a macro and micro basis
for evidence of corrosion or stress problems to determine the
impact of these parameters on cycle life.

In addition, material tests on granite, clinker, or limestones,
both caleitic and dolomitie will be run. In this test, four
samples with varying amounts of dolomite, and possibly also
quartz will be subjected to temperature cycles between 400 and
1500°F, under conditions simulating kiln gas composition. This

test will determine whether the expansion of the quartz when it

makes the transition from o to 8 is large enough to break up the
stone; and also to ascertdin whether the dolomite is calcined.

'~ Upon conclusion of the test, a report documenting'the'équipment

used, method of performance, and test results will be prepared-
and submitted for approval.

Design and Analysis

The purpose of this task is to define the system requirements,

_ conduct trade studies and optimize the design councept for each:

type of storage system, and select one of these systems.

The requlrements for fhe thermal storage system w;ll be derived

u51ng a - cement plant with an ex1st1ng waste heat power generatiom - -

capability. Thig ulant will be used for the system demonstration
testing to avoid the cost of installing the power generation
equipment. The requirements to be defined will include kiln gas

- ‘conditions (temperature, pressure, flowrate,’ cliemical tcomposition,

partlcla quantity, ete), storage umnit performance (total heat

stored, discharge rate, heat loss), system design life, mainte- -
_ nance; reliability, safety, workmapship, etc. These requirements
“will then be -documented in a thermal st01age system design cri-

teria document..
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Using this criteria document, a baseline design will be prepared,
and design tradecifs and optimization studies will be conducted on
each system. JIn choosing between alternative designs, low life-
cycle cost will be the major criterion. Othexr factors considered
will be reliability, performance, availability, and maintainabil-
ity. On completion of the optimizatio.. studies, a detailed cost
estimate and economic analysis of each system will be performed.
Supplier quotations will be obtained for each component and item
of raw material. Estimates of the site preparation, assembly,
and installation cost will be obtained from an architectural and
engineering, firm. Operation and maintenance costs will be esti-
mated. These estimates will then be used to calculate the rate
of return on investment for each system. From the results of
these analyses, the system to be used in the remainder of the
program will be selected.

System Demomnstration Testing

The objective of this task is to obtain operating and pexformance
data on a reduced-scale storage system installed at an operating
cement plant, designed so that it will not impact the cewent manu-
facturlng process.

The system shown in Flgure VITI-3 will 1nclude clinker cooler
gas storage module, a kiln gas storage module, interconnecting
ducting, and an induced draft fan. The storage capacity is 1l/4
the size of a full-secale system. However, the interfaces with
the kiln, interconnecting ducting, and dampers will be £full scale.
The shaded areas of the figure indicate the equipment that must
be added to convert to full scale. A single storage tank on the
clinker cooler and kiln will be used. These tanks will be 1/4
the length of the required units. Thus, the slipstream units
can be left in place and easily converted to a full-scale sys—
tem. :

Although the storage capacity is 1/4 of the full scale, the flow-
rate will be full flow in oxder to maintain the gas velocity
through the bed equal to that required for the full-scale unit.
The unit will be able to provide 100% of the power for 6 hr.

The testing will consist of normal and high Flow cyclic'testing

Four cycles at normal charging flowrates. (5% of kiln gas flow): B
will be run to verify operating procedures, thermal stress, charge

and discharsze rates, pressure losses, and thermal cyecling effects.
The span time for these tests will be about four days each. To
maximize the number of cycles, the charging flowrate will be in-
creased to 40% of the kiln gas flow thus reducing the chalge time
by a factor of 8 to about 10 hr,  The discharge time is about 12
hr at normal flowrates resulting in a total cycle time of approx-

 imately one day.  Thirty cyecles would be run .to demonstrate

the equivalent of l‘ yvears of actual plant operation. _Irom.tﬁe
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standpoint of'determining'the effect of particles on thes perfor~
mance of the bed, the testing provides some design margin be- -

‘cause the velocity of the charging gas.is 8 times that during

normal operation and will carxry the particles further into the
bed. S8ince the discharge flow velocity is the same as normal,

the particle removal may not be as effective as antjcipated in

a full-scale systen.

In addition to determining the effect of particles on storage

.. system performance (i.e., pressure losses, charge and discharge

rates), thermal cycling effects will be deterxmined., These ef-
fects will also be magnified by the charge rate. FPexformance
will be compared against the oviginal cycles by running two more

'During the 4-month test program, thé'probability-of a kiln shut-

Stack

Pumps and Heaters

= !
L_ e | ID%I-}
— A
Condenser
Feedwater
“'"Rock ' _ _ ;”3,* Rock ﬁ
Bed Bed :
Storage Storage || Turbine Generatox
e e a—— )

down is very high. To demonstrate the capability and the inter-. . -

charge of the storage system, it will be capable of generating
100% of the normal power for up to 6 hr. A minimum of two of .

- these cycles will be planned whén the kiln is shutdowm for

emergeEney repairs.
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REPORTING

Monthly reports summarizing technical and financial status will
be submitted. A final report documenting the work performed
and the results of the program will be prepared.

To assist in commercialization of the system, a short program
summary will be distributed to all cement companies.
articles will be submitted to the industry publications during

and ar the completion of the program.

SCHEDULE

The program schedule is shown in Figure VIII-4. The pilot kiln
testing is completed in the first 6 months of the program to
demonstrate technical feasibility of the rockbed storage system.
Trade studies, design optimization, and system selection are com~
pleted within the same time span. Design of the full-scale sys-—
tem and the 1/4 capacity system for the demonstration test will
span 5 months. Procurement lead time is estimated at 4 to 5
months and construction time of 5 months is based on Martin Mari-
etta's experience on the program with Georgia Power and Light
Company. This program imvolved design, fabrication, and test of
a combined oil-molten salt thermal storage system of 2 MWt capac-
ity. Testing of the system at the cement plant wiil take 4
months. Testing is followed by a 2—munt¥ oeriod forx preparation

of the final report Jdraftc:

In additidn,'
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IX.

CONCLUSTION

This study has shown that the use of thermal energy storage in
conjunction with waste heat power generation in the cement in-
dustry can save up to 6.7 million barrels of oil per year and
provide an attractive rate of return cn investment. Specific
conclusions reached in each portion of the study are discussed in
the following parvagraphs.

Sources of iwWaste Heat - The dry process kilns were determined to
be the only practical sources of waste heal as opposed to the
wet process kilns whose lost energy is at too low a temperature
toe be of major use within the plant. Of the types of dry process
kilns, the long dry kilns have the highest quality and quantity
of recoverable energy, followed by the single-stage suspension
preheater, and the four-stage suspension preheater. Of the
sources of waste heat in each plant, the kiln exit gas was by
far the best source. It contains 80% of the waste heat and is
the highest tewperature source in the plant. The clinker coolexr
exhaust gas was also found to be a practical souwrce of heat used
in conjunction with the kiln exit gas system. The healt in each
of these sources is concentrated and easily recoverable.

Uses for the Waste Heat - The use of the kiln exit gas and clinker
cooler gas to generate electricity for use in the cement plant
was found to be the most cost effective of the method considered,

Storage System Selection - A rockbed-type storage system was
found to be the most economical type of storvage. This system
could use granite, cemeni: clinker ox limestone as the storage
medium. A system using moltenm salt as the storage medium was
the next besL and is recommended for large plants if technical
problems develop with a rockbed system.

System Size and Performanece - System size and performance was
determined for both types of storage systems using the four typi-
cal plant models. The size of the equipment was within that
normally -fabricated for other uses and the performance can easily
meet the requirements of the plant operation. No problems wexe
encountered in physically locating and dinstalling the system in
any of the plants. The system could be installed with only a few
days or weeks of halted production, :

- Eeonomie Analysis - Generation of electricity using waste heat is ~

egconomically attractive for long dry and single-stage preheater
kilns. Assuming an l1% escalation rate in the cost of electricity,
a 15% after tax cost of capital and a 25 mil/kWh of electllclty,
the ROI is 44% for the long dry kilan (Plant 1) and 31% for the
single-stage preheater kiln (Plant 3). When rockbed thermal
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storage is used, the RUI increasesg to 507 for Plant 1. The rock-
bed storage/power system RUL is 30% for Plant 3. The analysis of
Plant 2 (0.9 MWe) shows that for small power genervation rates,
thermal storage is not desirable if the required power during kiln
shut down can be purchased on short notice.

Alternative Fossil~fired power genervation systems were evaluated
for comparison with energy storage systems to be used for power
generation when the kiln is shut down for vepairs. It has been
showm (Section IV. TF) that the capital investment in the selected
storage systems of rockbed or draw salt are less than the fuel

required for the alternative methods of auxiliary boilers, gas tur-—

bines, or diesel engines. In addition, the fossil-fired alterna-
tive methods do not have the rapid response times required for con-

tinuous cement plant operatiom. Canversely- theriral energy storage

devices demonstrate rapid response which is cruclal when the kiln
is shut down for unscheduled repairs. :

Some technlcal questions ex1st‘relat1ve to the feasibility of the
rockbed and draw salt storage systems. The draw salt storage con-
cept is being developed under anothel contract related to solar

- electricity power generation. It is recommended that & program.

such as that described in Chapter VIII be undertaken to answer

“those technical questions pertaining to the rockbed system and

then to demonstrate commercmal operatmon with a % scale system in

- a cement’ plant.r
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APPENDIX A ROCKBED SYSTEM MODEL

A computer'model was developed to aid in the evaluation and perfor—
mance assessment of rockbed thermal energy storage units coupled
with the cement manufacturing process and the end use application-

power generation. . The model predicts material and. energy f£lowrates

through the storage units and power generation loop based upon the
conservation laws of mass, momentum, and enexrgy. This model also.
analyzes the performance of various heat exchanger components in
the system. Time-dependent output enables the user to evaluate
system performance over anticipated charge and discharge cycles.

Two rockbed performance options were considered in the formulation
of this model. One method, developed by Dunkle (Ref A-~1), uses
nondimensional variables in predicting bed outlet temperatures for
a given inlet gas temperature. This formulation relies heavily on
empirical correlations derived from performance data from actual

rockbeds. However, the model mandates that the bed be isothermal:

to begin calculations, limiting Its utility over charge and dis-
charge analysis. The other option is a wmore rigorous one-dimen-
sional nodal network that is developed and computer coded. This
option predicts and stores temperatures at axial-locations in tlie
bad as gases are passed through the rock. Inlei temperatures to
the rockbed can be varied at any time during the performance cycle.
This program is written in FORTRAN TV and was formulated for. exe-
cution on CDC computers. A listing of this program is included at
the end of this report section.

A simplified flow diagram of the rockbed system model is shown in

Figure A-l. The program begins by reading input data and initializ—

ing variables. Using the inputs, an analysis of the elinker coolex
excess air thermal energy storage module is first performed. Any
number of beds per module may be specified. Knowing the number of
beds per module, gas flowrates through the beds are calculated.
Using inputs for bed dimensions and the number of temperatule nndes,
an axial thermal network is constructed

: .Currently, Lhe Dunkle formulatlon is not 1nteﬂrated into this model

so the finite difference method is the only option. However, the
Dunkle formulation has been coded into a separate model and a pro—

-gram listing is included at the end. of this -appendix..

The finite difference method of rockbed performance predietion was
derived from differential equations in which temperature is a func-—

» tlon of both axial distance and tiwme. ' Using nodal network tech-
niques, a finite difference technique was developed to predict nodal
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temperatures dependent on time and distance. Up to a maximum cf 100
equidistant nodes can be used to determine rockbed temperatures.
Both gas and rock temperatures are predicted at each node. The
clinker cooler performance is completed when the charge/discharge
time limit (input) is reached.

. Upon completion of the low temperature storage amalysis, the kiln

exit gas thermal energy storage module performance is conducted.
The Ffinite difference solution is performed in a similar manner
as described previously for the low temperature bed. The exit gases

. (during charge) are passed partially through the. storage system and

partially'thrqugh the waste heat boiler, or are passed in their
entirety (during discharge) to the waste heat boiler. A detailed
heat exchanger analysis is performed for the waste heat boiler

- using the inlet gas temperature and flowrate and the input steam

saturation conditions and flowrates., Using inputs of heat exchanger
configuration and heat transfer coefficients; inlet and exit stream
temperatures are predicted for the three heat exchanger modules of

the waste heat boiler. The power generation is then calculated u51ng

the superheated steam conditions, feedwater temperature, steam £low-
rates, and user input thermal—to—electric conversion efficiencies.
Upon. completion of the calculations in the program, the nodal net- .
work in the beds. are inverted to analyze the next cycle when the gas
flow through the bed is reversed,

This model hag been generalized both for inputs and styucture. Rock-
‘beds of various compositions:and geometry can be assessed, The model

is not confined to a system analysis with the cement manufacturing
process or for power applications. Thus, a general analysis of

rockbed performance may be conducted with this model.

INPUT

Input to the model is in,thé-formrof namelist ipmput. The ipput is
organized into various sections for user ease-of-use. Some input

Tvalueg;have_defaults codedvinto_the-prqgram:(see:pxogram.input)[
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Calculate
gas flowrate
thru hed for

low temperature
module '

t solution
" subroutine

Dunkle

Calculate
superheater |—
performance

Finite
difference
model
subroutine

¥ 3

Heat exchanger
performance .
subroutine
(ENTU)

3



it

P -

" Determine

Determine

Finite dif-

Lo dule-

' 'Fz,gure a1

FRockbed Modez Smp?:&fzed Flow Magrm

o f Ma'm Pz’ogrmﬂ

"

numbey of
I;Eg i:gmetry time steps ference
temperature and - temperature model
o dgle nodes for F.D. subroutine
solutior :
leulate Determine Caleculate Determine ,
s flow number of
te thru bed gecmetry} .|waste heat time steps and
4 for high for high boiler heat tem ef:atire ' ( ) -
nperature temperature - exchanger no dz for F.D.
module surface area colution e '
, Prééaré
' v finite
- eulate’ Calculate Calculate » - difference , ‘
lexr - economical pover @ - dnodes for next‘
‘formance performance generated | charge or 1
’ dischaxge
ecycle
I v 4 f ‘
R ‘Heat - !
exchanger exchanger a
- tmanee performance
. utine subroutlne

PR T

b

b



]
h‘
3

NAMELIST TEP - THERMOPHYSIGAL PROPERTIES OF GASES AND.LIQHIDS

The purpose of this group of data is to define the kiln exit gas and clinker cooler air

thermophysical properties, Properties dimput include demsity, viscosity, thermal con-

ductivity, and heat capacity as funcltionsof temperatures and pressures. The program

uses two dimensional interpolation techniques to predict properties at specified con~

ditions of temperature and pressure.

COMMENT CARDS

VARTABLE
FORMAT CODE
(18A4) CMMAT(L),
T=1,72
gTeP
MAX. NO. DEFAULT OPTTONAT,
VARTABLE OF INPUTS VAT.UE VALUES
NTRL 1 1 1-10
NPRL 1 T 1-5
TPR1(T) 10 1500 -
TTP1(L) 5 14.696 -
RHOGL(I,T) I = 10 0.0217 -
J= 5
NTV1 - I 1 1-10
NEV1 1 1 1-5
TTVL 10 1500 -
TPYL 5 14,696 -
VISCG(I,J) I = 10 0,0223 -
J= 5
‘NTGL . .- 1 T 1 - 1-10
_____ 14

“tsbles

DESCRIPTTON
Case Identification
{4 cards)
ORIGINAL PAGE IS
OF POOR QUALITY

DESCRIPTION UNITS
Humber of temperatures for -
kiln gas density tables

Number of pressures for -
kiln gas density tables '

Kiln gas density temperature F
tables

Kiln gas density pressure PSTA
tables '

Kiln gas density lb/ft3

Wumber of temperatures for = -
kiln gas viscosity tables

Number of pressures for -
kiln gas viscosity tables _
Kiln gas viscosity temperature OF
tables :

Kiln gas_visgosity prassure . PSTA

Kiln gas wviscosity b/t sec

J_thbar.of-témpéfatﬁres for -
kiln gas thermal conductivity

Jpr
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VARIABLE

WPC1

TTCLLL) -

.T261(I)

| CONDEL(T,T)

NICPL
NECPL

TTCRL(T)

 TRGPL(T).

CPGL(T,T)

. NTR2

WPRZ

zTR2 (1)

fTPRZCI)_J'

RHOG2 (I,J) -

'NTVZ .

.r#"

v
TRV2
VISGE2(T,J)

MAX, NO.

OF_INPUTS

i

10

H

tn

. -
o

=

[
=L
w

pay

10

=
| [ [ I, ¥

=

o

1=

10

Li_’f—vlv:"v ’
n.u
wn

=

DEFAULT
VALUE

1.

1500

14.696

c.03

1500
14.696

0.28

i

1500

14.696

0.0808

97,0
14.696

0.018

13

OPTIONAL

VALUES

1-5

1-10 .

“{ables -

DESCRIPTION

Number of pressures fox
kiln gas thermal con-
ductivity tables

Kiln gas thermal con-
ducthLty temperature
tables

Kiln gas thermal con-
ductivity pressure
tables

Kiln gas thermal con-
ductivity

Number of temperatures

city tables

Number of pressures for
kiln gas heat capaclty
tables

Kiln gas heat capacity

" temperature tables
. Eiln gas heat capacity

pressure tables

¥iln gas heat capacity
Number of temﬁéiatﬁres
for air density tables

Number of pressures for

air density tables

Air density temperature
tables
Air density pressuxe

Airx density

Number of temperature

. ONITS

¥

PSTA

'Btu
Hr»Fi.OF

- for kiln gas heat capa=~

PSTA -

Btu

The"F

- BSTA .

Lb/Ft3

for air viscosity tables

Number of pressures
for air v15c051ty tablas

Adr viscosity temperatuxe °F

tables

Adlr v1sc051ty pressure

. tables

Adx vmscosity, :

 thber_qf'#empe;atures
for air thermal com-
ductivity tables

PSTA

_Lb/FtﬁSeﬁ

[
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.
(=)

[ el

A L

st

DEFAULY

MAX. NO. GETTONAL
VARTABLE, OF TNZUTS VALUE VAIIES
NPC2 1 1 1-5
TTCZ(L) 10 77,0 -
TRC2 (T) | 5 14.696 -
CONDG2 (.0 = 1§ 0._015 -
NTCP2 1 1 1-16
NECE2 1 1 1-5
PTCP2 (L) 10 77.0 -
TPCP2 (Ij 5 14.696 -
CPG2 (1,J) = 10 0.24 -

= 5
$END
L4

DESCRIETION UNITS

" Numbar of pressures for air -

thermal conductizity tables
Q,

Aiy thermal conductivity T
temperature tables
Air thermal conductivity PSTA
pressure tables
L1y thermal conductivity Btu
Hr~Pt-9F

TTumber of temperatures for -
air heat capacity
Number of pressures for air -
heat capacity '
Air g=mat capacity Op
temperacure tables
Air heat capaciity pressure P5IA
tables
Air heat capacity Btu

. LbeOF

At

SR

R



L

b 2SR I

T

o

 NAMELIST STORE - THERVAL ENERGY STORAGE DATA

' This grovn of data is used Eo deFine the charmecteristics of the rockbed thermal
storage units and the 1nterface requirements with the emergy source and appllcatlons.

Data input 1nc1udes initial bed temperatures, storage vessel s1zes, and duct Iengths.'

.
Specific bed prnperties such as rock particle size, void fraction, and specific heat ﬁj
~are also inpuk. é ]
#STORE, : &
- MAX. NO. ~ DEFAULT  OPTIONAL e 3 T _ 7
VARIABLE . - OF TINPUTS - VALUE - VALUES DESCRIRTION BNITS _
ASVVOL(T) 2 0. - SLorége vessel volume (I = fts Dy
o ' l clinker cooler bed,. I = b
. , kiln gas bed) ' :
ASVDII(TI) R S ¢ - Storage vessel 1nternal ft
. - : .dlameter_'_' o : o
ASVDIO(L) 2 - 0. ' - Storage vessal outside” ft
: diameter ’
CASVL(TY) _ 2 S ' - -_Storage vessel helght or. B =
. : length
ASVIT(I) : 2 0. -  Storage vessel 1nsulatlon in.
. _ . ' o T " thickness. - P
ATRTNR(T) 2 0. ) - Storage tank thermal - . _ Btu
. conduct1v1ty Hr FL F
-ANSV(I) 5 . 0. R Number of sLorage vessels- -
per -month :
AEEs(I) 2 - _ . .. Rockbed void fractiom =~ 7“_._]"_ __;'i
ARHOB(I) 2 - - _ : 7Roékbed particle demsity 1b/£t3 : 3
DP&RT(I)_ .2 ) ,'— _ - Rockbed partlcle in . . in a
T SR e e : ORI dlametal R - e
NNODE(I) 2 o - S - - Numbay of thermalrnetWo:k e l
: nodes in roclbed (Max. = - |
TNODE (I,J,K) I = 100 - - CTnitial temperaturgé at QF ' :
- ' J=4 rockbed nodes |
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VARTABLE

TSOMAX
TSOMIN

OPTION

ATHETA (I)
ADETS (L)
 ADLFS (I)

AEQULT (T)
| AEQULF (L)

APTDIT(T)
- APFDIO(I)

ATHINS (T)

£}

o]

OPTLONAL
VALUES

0.

146

DESCRIPTION

Maximum expected rockbed
temperature

Minimum expected rockbed
temperature

Rockbed pexformance
calculation option:

Tharmal nodal network
used - finite difference
technique

Dunkle analytical Form-
ulation used (not opera-
tional)

(Not functional)

One storage module will be

analyzed only

Two storaga modules will
be analyzed connected in
series :

Maximum bime limit for
rockbed storage solution

(charge/discharge internal)

- Length of ducting to stourage

module

Length of ducting from skox-
- age module

Equivalent length of ducting
for bends, fittings, etc. to

storage module

Equivalent ieﬁgth of ducting

for bends, fittings, ete,
from storage module

Duct inside diameter to
storage module

Duct: outside diameter from -

storage module

Duct insulation thickness

t

Hrs

£t

ft

ir

£t

fr

£t

“in

g

==

T
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MAX, RO, DEFAULT OPTIONAL

VARIABLE OF TWPUTS VALUR _VALUES _ DESCRIPTION

DISTAB 1 - - Distance of duct between
clinker cooler bed and
kiln gas bed

ABINS ' 1 - - Insuiation thickness on

: duct: between clinkex

cooler bed and kiln gas
bhed

WEAS (T) 2 - - Gas flowrate through.
storage bed module

TCCAIR 1 - - Clinker cooler air
temperature

TAMB I - - Ambient air temperature

WVELO 1 - - Wind velocity

HOAIR 1 - - Air-container wall £ilm

o o o coefficient e
$END
C 147
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NAMELIST WASTEB - WASTE HEAT BOILER PERFORMANCE

This group of data describes the waste heat boiluy heat exchanger configuration.

ngrali heat transfer coefficients and heat ekchanger-conﬁiguratioﬁ options are

input, The specific configurations are:!

1.

Counter current

Parallel flow

Grossflow - hot unmixed’

Crossflow - cold unmixed

' Crossflow - both unmixed (not functional)

1 shell pass = 2" {4; 6, 8, ete.) tube passes, Paraliel -

counterflow - shell side mixed, tube unmixed

Multishell pass -~ wmunltitube pass overail éounteiflqw '

$WASTEB _
L - MAX. NO,  DEFAULT OPTTIONAL
VARTABLE = OF TNPUTS VALIE . - VALUES -
NCONT (1) 3 ' - 1~-8
FUBL (L) 3 2 -
“TUBDO (1) 3 - -
TUBDL(L) 3 - -
 NEBCP (L) 3 - .
EXTSU (L) 3 - -
CwRoW(L) 3 - -
- NPASS (T} 3 - -

_ One shell pass, one tube pass - baffled crossflow

" DESGRIPTION - -

Hedt exchanger configura-

tion option

(See above list)

TFirst input is_for Super-

~ heater, second-boilex,
'-thirdéprehaqter_

Heat exchanger tube length

-Tube outside diameter . .

Tube inside diameter'

- Number. of tubes pex,
"~ heat exchange section -

Numbeir of tubés in center

- plane of exchanger

' Extended surface area per

tube

" Number of tube rows -

Nﬁmber of tube passes

£t°
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VARTABLE

PITCH(L)
EBSH(T)
NSHLE(I)
0@ (1)

| NBAF(T)

RRATIA(T)

BI(TL)

BE(I)

PHI(T)

MAX, NO,

OF TNPUTS

DEFAULT OPTIONAL
VALUE VATUES
149

DESCRIPTTON

.. Tube pitch

Tube surface roughness
Number of shell passes

Overall heat transfer
coafficient

Number of baffles in
heat exchanger

Tube side mass recirculation

ratio

Friction correction factor
for tubeside

Friction correction factor
for shellside

Correction factor for non-
isothermal flow

in

in

Btu
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NAMELIST STEAM - POWER GENERATION CYGLE

The data input for this group is for calculating the generated power from the

steam generation equipment.

4STEAM
VARTABLE
NICE

NPCE

TTCE(I).

“PPCE (T)
GEFF(IL,J)

WSTEAM

PSTEAM

TSSAT

SHOT

TWIT

SEND

MAX, NO.

OF INEUTS .

1

10

Ui

€y i
mo
U=

j=

Steam/water flowrates are input as well as tables of

DEFAULT
VALUE

- OPTTONAT. -
VALUES
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- power generation efficiencies for various turbine throttle conditions.

DESCRYPTION
Number of temperatures for
cycle efficiency tables

Number of pressures for
cycle efficiency tables

Temperaturés for éycle'
efficiency tables

Pressures for cycle
efficiency tables

Cycle efficiencies
(thermal to eleectric)

Steam/water flowrate N
through waste heat boiler

. Steam pressure at

turbine throttlev

Saturatdion temperatura of
steam

‘Estimated superheater steam

outlet temperature

Feedwater inlet temperature to F
-waste heat boiler o

Ei
|
[47]
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1b/hr
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NAMELIST GNTL - PROGRAM CONTROL

The purpose of these inputs are to control the printout of data and the time

-of computation.

SCNTL

‘ MAY ., NO. DEFAULT OPTIONAL
VARTABLE OF INPUTS _ VALUE VVALUES
DELT 1 - -
PT 1 +False+ STrue.

: : «False.

IPR i - -
gEND
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DESCRIPTION

Time step interval for
finite difference rock-
bed solution

Printout of temperatures
for each node in finite
difference solution

Printout interval for

regulay output (10
recommended)

sec
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ROCKBED STORAGE SYSTEM MODEL - PROGRAM LISTING

PROGRAM MA[N(INPUF;DUTPUT,IAPE?,TAPESz1NPUT;TAPE6=DUTPUT)

HEAT STORAGE MODEL FOR ROCK BED/WASTE HEAT BOILER SYSTEM
DEFAULT VALUES ARE FOR GRANITE STORAGE UNITS .

SYSTEM CONSISTS OF 7WO MODULES OF ROCK BEDS ’65?45

A. LOW TEMPERATURE ROCK BED {)S00 DEG F)
B. HIGH TEMPERATURE ROCK BED (#500 DEG F) MR

AND WASTE HZAT BOILER SYSTEM CONSISTING OF =
A. SUPERHEATER = SV e

& O

8. BOILER _
C. PREHEATER (OR ECONOMiZER) 4@?

'ENERGY AND MECHANICAL ENEHG? LDSSES ARE DETERMIMNED FDR
THE TRANSPGRT SYSTEM AND STORAGE SYSTEM

FRUGRAMMERS. DG BESHDRE (MMC DEPT/0482)
.0 BUNTTNG lMMC DEPT/0482) DUNKLE RTN

FLUID ND.
FLUID NO.

FLUID "NO.
FLUID ND

- KILN ‘GAS
— AIR

- WATER '
- STEAM

TooOoQatonnaoOnoOoaoanDOoOOQoO0n
AW Ed D e
Ll
.(ah
.

LDGICAL KUP PE : '
DIMENS ION RMAT(?E), AJK(29), TDCC(10000)

‘COMMON /STR/ ASYVOL{2), -ASVDII(2), ASVDIO{2). ASVL(2)}, - ASVIT(2),
1 "ANSV-{2),  AEPS(2},. ADLTS(2), ADLF3(2), AEQULT(2}
g (AEQULF(2), APTDIE(2), APTDIO(Z2), APFDLI{(2), APFDIO(2)
'3 © . ,ATHINS(2), ATKINS(2), ATKTNK(R]), WGAS(E), WAIR(2},
4 GBED KBAR, = RE, B : '
4 TSDMAX(2), TSOMIN(Z), DPART(2). ARHOB(2), ATHETA(2)
5 (MNODE(2), TNODE(100,4,2), CPB(2)

- COMMDN /PROP/. RHOG1(10,5),. v,sce1(1o 5), CONDG1(10,5), CPGI(10,5),
| TTR1{10); IPRA(BY, - o TTVI(10); . - “TPVI(8)},.
2 TTC1(10), TRC1(S), CTTCPi(10)}), TRCPi(5),

3 RHOG2(10,5), VISCG2{10,5), CONDG2(10,5), CPG2(10,5),
4 TTR2{10), TPR2(S), TTVR2{10), TRV2(5},
5 TTC2(10}, TRCA(5), TTCPR(10), . TPCP2(5),.
B NTR1, - NPR1, - .. NTVL, . . 7 NPVUT,
7 NTCT, NPC T, NTCP1, NPCPT,
B NTRZ, NPR2, NTVEZ, -~ NPV2,
] NTC2, NPC2, NTCP2, NPCP2
COMMON /HEAT/ TUBL(3), TURDO(3), TUBDI(3), NPASS(3),  NCONF(3),
t§ s 0 -0 NSHLP(3}y, PITCH{3), FET{8), - FES(2), - .CONTL3):. .
2 yo(3), _NTUBi1(3), NTBCP(3), EXTSU{3},
3 “-MROW(3), . EPSH(3), . BI(3), . BO(3), BHI(3),
4 RRATTO(3), NBAF(3) - o

COMMON /STMC/ CEFF(10,5), TTCE{10), TPCE{S5), NTCE, NPCE
DATA  JK/20+1/, P1/3.14159/, GC/32.174/, PSTP/14.59&6/
NAMELIST /TPP/ RHOG1,VISCG1,CONDGT,CPGT, '
TTRY, TPR1.NTR1 NPR1,TIVI, TRV, NTVI, NPV1, .
TTC1 FPCT (NTCA . NPC1 | TTCP1, TRCP1, NTCP1 NPCP1,
RHOG2,VISCG2, CONDG2 | CPGZ,
- TTR2,TPRZ,NTRZ, NPRZ,TTV2,TPV2,NTVI,NPV2 ,
TTC2,TPC2 NTC2, NPC2, TTCP2, TPCPZ,NTCP2 NPCP2
NAMELIST /STURE/ ASVVOL, ASVD11 ,ASVDIO, ASVL ASVIT,ANSY, AEPS, ARHOB,
ADLTS . ADLFS, AEQULT. AEQULE, ATHETA. . -
APTDII,APTDID,APFDII, APFDIO, ATHINS,DISTAE, ABINS
NNODE, TNODE, DOPTION. DPART,
WGAS, WAIR , TAMB, WVELO, HOAIR, CPB,.
ATKINS, ATKTNK , TSOMAX, TSOMIN, TCCAIR
NAMELIST /wASTEBf TUBL, TUBDD.TUBDI,NPASS NSHLP,PITCH,FFT,FFS, EPSH,

mamm*
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1

CONT,UD,NTUBT,NTBCP, TKG, WKG ,NROW,EXTSU,
RRATIO, NBAF, NCONF, BI, BO, PHI
NAMELIST /STEAM/ CEFE, TTCE.TFCE NTCE, NPCE WSTEAM,PSTEAN,SHOT
FWIT, THSAT
NAMELIST ZCNTL/ DELT,PF.‘IPR

INITIALIZE DTWPUT DATA AND DEFAULT VALUES FOR STDRAGE MODEL

ITAPE=S
1PR=10

~ NTR1=NPR1=NTVi=aNPVi{=NTCi= NPC%_NTCPI‘NPuP1-1

1

1
2

NTR2=NPRI=NTV2=NPV2=NTC2 =NPC2=NTCPA=NPCPA=1
TTRI{1)=TTCI (1)=TTVI{§)=FTCP1(1)=1500.
TPR1(1)=TPCI {(1)=TPVI(1)=TPCP1{ 1)=14.G96

RHOG1 ( 1,1)20.,0217

VISCGT ¢ 11}=.0223

CONDG1 (1,11= 0.03

CRGI(1,1)=0.28

TTR2(1)=TTC2 (1)=TTC2(1)=TTCP2($)=77.0

TPR2(1)=TPCA (1)=TPC2(1)=TPCPR( 1)=14,696

RHOG2( 1,1) = 0.0808

VISCG2(f,1)= 9.018 :
cunuaz(i;1)= 0.015

CPG2(1,1)=0.24 ﬁ\
HOAIR = —1.0 <€§§

ASVVOL{2)=ASVDII{2)=ASVYDIO{2)}=A8VL(2)=0,0

ASVVOL (1)=ASVDII(1)=ASVDIO({)=ASVL(})=0.0" @ﬂ"w\@
KUP=, TRUE. ﬁﬁ?
- - @@

BF =.FALSE; -
READ INPUT DATA

READ(5,15) AMAT
IF(EOF(S)) 10,2
WRITE(G,18) AMAT
READ( I TAPE, FPP)
" READ(5,STORE)
READ(S ,WASTEB)}
READ(S ,STEAM)
READ(S4CNTL)
WRITE(G,TPP)
WRITE( G,STORE) .
WRITE(B,WASTEB)
WRITE(G,STEAM)
WRITE(G,CNTL)

- CHARGING CYCLE CALCULATIONS FOR KILN GAS STORE"

CLINKER COOLER BED CALCULATIONS

" WGASA = WBAS(1)/ANSV(1)

1F{ASVVOL(t).LE.0.0) ASVVDL(1)- PI*ASVDII(1)**2.*ASVL(t)/4.B
IF(ASVDII(1).LE.0.0) ASVYDII(1}= SQRT{4. O*ASVVDL{1]/(PI*ASVL(i)})
IF(ASVL(1).LE.0.0) ASVL(1)= 4.0*ASVVOL(1)/(PI*ASVDII(1)*¥2.)
NTSTP = INT(ATH;TA(1)/DELT)

WRITE(6,1000)

TIME = 0.0
QTOT = 0.0

DELX = ASVL(1)/FLOAT(NNODE(1)—1)
TBOUT = TNODE(NNODE(1),3,1)
IZPR = O R

1z = 1
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, 16T = INT(ATHETA(I]/DELT} - IPR o : o &
; DO 300 1=1,HTSTP _ , N
, IF{OPTION, NE . 1) GO 7O 200 _ o ‘ _ o (§¢

DUNKLE SOLUTION €§$* G

—— i,
onooaoaa

i G0 To 402 , = .
. ‘ 200 CONTINUE S (fb
i _ _ TBAVG = (TBOUT+TCCAIR)/2.0
Ehat oy o : _ CONCC= GINTRP({TBAVG,TTC3(1},NTC2,PSTR, TP02(1) NRC2, CONDG2{1, e
; 1 10,JK¢1),dK{2),0)
e i VISCC = GINTRP(TBAVG TTV2(1),NTY2,PS5TR, TPV2(1)},NPV2,VISCG2(1, 1),
t‘ ‘ ; 1 40, JdH(3),JK(4),0)
? CPCC = GINTRP(TBAVG,TTCP2(1}, NTCP2 PSTP, TPCP2(1),NPCP2 cpGaa{i.1),
: 1 10, dK(5),uK(B),0)} ...
CALL F!h!TE(TBGUT 05,DELP, TCCAIR,PF,1,CPCC, v;scc coNCe , wGASA,
e 1 DELX,DELT,i¥)
! . : TOCC(I) = TBDUT
QTOT = QTOT + QS
- QTOTN= QTOT+*ANSV(1)
400 TIME = TIME + DELT
IF{IZ.GE.IGT) GO TO 3B0
IF(IZ.LT.1ZPR) GO TO 350
IZPR = 12PR 4 IPR
38C WRITE(6,1020) TIME,TCCAIR,TBOUT,QS, QTDT QTDTN DELP, WGASA wGA5(1)
_ Eo - 350 CONTINUE _ o
SR _ 12 = 12 + 1
: 300 CONTINUE
IF(DPTION.EQ.3.0) GO TO 1

ST S

KILN GAS STORE - CHARGE CALCULATIONS

aoaon

WGASBE = WGEAS(2)/ANSV(2) '
IF{ASYVOL(2).LE.D,0) ASVVOL(2)=PI+ASVDII(2}**2.0%ASVL{1)/4.0
IF(ASVDII(2).LE.0.0) ASVD1I{2)=5QRT(4. O*ASVVDL(E)/(PI*ASVL(E)))
IF(ASVL(2).LE.0.0) ASVL(2)=4.0%ASVVOL(2)/(PI*ASVDII(2)%+2.0) -
IF{OPTIDN.NE,4.0) NTSTP=INT{ATHETA(2)/DELT)
IF(OPTION.EQ.4.0) WKG= WGAS(1)
TIME = 0.0 .
RTOT = 0.0
TBOUT. = TNODE(NNDDE(Z2),3,2) _
DELX = ASVL{2)/FLOAT(NNGDE(2)-1)
AHTR1 = NTUB1{1)*TUBL(1)*(PI*TUBDD(1)/12 +EXTSU(1)) ‘
AHTX2 = NTUB1(2)+TUBL(2)+(PI*TUBDO(2)/12,+EXTSU(2))
AHTX3 = NIUB1(3}*TUBL(S) (PI*TUBDO(S)/TQ +EXTSU(31T
1Z-=14 .

- ; S 1ZPR = 0 :
i L 16T = INT(ATHETA(2)/D;LT) - IPR

: WRITE(S,1030)

PO 600. 1=1,NTSTP. o
IF(OPTION.EQ.4.0) TKG=TOCC(I)
1F(OPTION.NE.1) GO TO 700

© DUNKLE SOLUTION

oo

G0 TO 800
700 CONTINUE

;54%:
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wWUMERICAL SOLUTION

aon

i TBAVG = (TBOUTHTRG) /2.0

. CONKG = GINTRP(TBAVG,TIC1(1),NTCY,PSTP,TPCI(1),NPC1,CONDGI(1,1),

o 1 10,uK(7),dK(B},0}

’= VISKG = GINTRP(TBAVG,TTV1(1),NTVi,PSTP,TPVI(1),NPV1 PVISCE1 (1, 1,
1 10,uK{9),dK(10),0)

- CPKG = GINTRP{TBAVS,TTCP1(1) NTCP1,BSTP,TBCPI(1) NPCR1 CPGT(1,1),

v 1 10, JdK(11),JK(12),0)

\CALL FINITE(TBOUT,QSB,DPB, TKG, PF.2,CPKG,VI5KG, CONKG,WGASE, DELX,
- 1 DELT,1)

g0c Q@TOT = QTOT + QSB
RTAOTN = QTOT+ANSV(2Z)

F
v oeid

DETERMINE POWER GENERATION DURING CHARGE

aan

o

CPSHS = CPS( (TSSAT+SHOT)/ 2.0} j
TAVGKG = TKG + WGAS(2)x( TBOUT~TKG)/WKG .

CPKG1 = GINTRP(TAVGKG.TTCP1(1) ,NTCP1,PSTP,TPCP1(%),NPCP1,

1 CPGI{1,11,10,JK{11),uK(12),0)

GALL ENTU{SHOT ,TKGO1,0QSHA, EFSH,XNTUSH,RSH,TSSAT,TAVGKG,CPSHS,

1  CPKG1,WSTEAM,WKG,UD(1),AHTX1,NPASS(1),NSHLP{1) ,NBAF (1},NCONF(1)

2 +3)

BOILER CALCULATIONS

oo

1 CPGH(1,1).10,JK(11),dK(12),0) )

CALL ENTU(TIST,TKGD2,0QBA,EFB,XNTUB,RB,TSEAT,TKGO1 ,9888.,CPKG2,
1 WSTEAM«RRATIO(2), WHG UG(E) AHTX2 NPASS[”] NSHLP{2) NBAF(2),
2 NCONF{2),1)

ﬁ_ : CPKG2 = GINTRP{TKGO1,TTCP1(1),NTCR1,PSTP.74CP1(1),NPCP1,

PREHEATER CALCULATIDONS

aao

CALL CPSW{(TSDMIN(2)+TI5T)/2.0,CPWE)

CPKG3 = GINTRP{TKGO2,TTCP1(1),NTCP1,PSTP, TPCP1(1).NPCP1,
i1 CPGI(1.%),10,dK(11),dK(12),0)

CALL ENTU({TFW,TKGO3,QPH, EFPH, XNTUPH,RPH, TIST, THGO2 ,CPWE,CPKG3,
{1 WSTEAMYRRATIO(3).WKG,UD(3), AHTX3 ,NPASS({3) ,NSHLP{3)  NBAF(3),
2 NCONF(3),1)

TIME = TIME + DELT ..

OST = QSHA + QBA + QPH

CALCULATE POWER GENERATED

aana

. CF = GINTRP(SHDT,TTCE(1) NTCE, PSTEAM, TPCE(1) ,NPCE,CEFF(1,1),"
f 10,UK{13),uK(13),0)
PGEN = QST+CF/3413.

. o . IF(1Z.G1.1GT) GO TO 880
R ' IF(IZ.LT.12ZPR) GO TO 850
1ZPR = 1ZPR + IPR
880 WRITE(6,1040) TIME,TKG,TBOUT,Q58,QTOT,QTOTN,DPB, WGASE,
i TAVGKG, TKGO1, TKGG2, TKGO3, WK G, SHOT, TSSAT, TIST, TFW,QS T, PREN, CF
B50 CONTINUE
1z = 1z + 1
900 GONTINUE
600 CONTINUE
J = NNODE{1)
K= NNODE(2) _
LIMIT=NNODE(4)
po 110 1=2,LIMIT
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120 CONTINUE

o000

BrErEsRo K o]

TNODE{ 1,1,1]
TNODE[ },3,1)
J=d -1

110 CONTINUE
PO 105 i: :.ur
TNDDE{ 1,2,1)
TNODE(1,4,1}

105 CONTINUE
LIMIT =.NNODE{2}
DO 100 1=2,LIMIT :
TNODE(1,1,2) = TNODE(K,2,2) ;
TNODE{ 1,3,2} = TNODE(K,4,2) - 4gm
K=K -1 _ N N
100 CONTINUE . : _ §§5 &
DO 120 I[=2,LIMIT ‘ L ‘ : LR
TNODE( 1,2,2) = TNODE(I,1,2) & C§>
TNODE{1.4,2) = TNOBE(I,3.2) v _ {55

TNODE(J,2,1)
TNODE{J,8,1)

a

TNODE(1,1,1}

MIT
= TNODE(I,3.1)

D O
G0 TO 1
10 sTOP - R o ‘ B (§§'~<} _

FORMAT STATEMENTS

15 FDRMAT (18A4)
18 FORMAT (1Hi1,18X,1BA4,3(/, 19X, 1BA4))

1000 FURMAT(1H1.IOX."CLINKER CDDLER AIR STDRAGE PERFDRMANCE“,///,

1 BX,"TINE",9X,"TCCAIR",8X,"TBOUT",10X,"QBED",8X, "OBEDTOT",7X,

2 "QBEDSTOT %, BX, "DELP" Qx "GFLDW",BX,"GFLGWTDT",/ 3X, "(HOURS)",

3 7X, "(DEG F}".7X "{DEG F]" 8X,"(BTU)",8X, “(BTU)",QK,“(BTU}"

4 gx "(PS]A)".?X,"(LB/HR)" 7x'"(LB/HR}") .
10280 FORMAT(Q(E1d 4})
1030 FORMAT (1H1,10X,"KILN GAS ENERGY STORAGE PERFORMANCEY,///.
4%, "TIME" ,10X,%TKG",9%,"YBOUT",BX,*QBED" ,8X, "QBEDTOT",5X;
"QBEDSTOT",6X,"DELPY ,9X,"GFLOW" , 7X,"TAVGKG" ,7X, "TOKGSH" , 8%,
/3%, "(HOURS)",6X,"(DEG. F)" ,BX," (DEG F}",7X," (BTU}" BX, " (BTU)",
BX, "{(BTUI ", 7%, "(PSIA)",7X," (LB/HR)Y,6X,"(DEG F)",6%,"(BEG F)",
//.GX,"TOKGB", 7X, "TOKGPH", 7X, "WKGTOB" ,BX,"TDSSH", 8X, "TOSB" ,9X%,
“TDWPH“.BX,“TIWPH“,?K,"0TRANS“,BX,"PUWER“.BK1“CEFF",
/5%, "(DEG F)",8X,"(DEG F)",6X,"(LB/HR)",6X," (DEG F)",6X%,
"(DEG F}* ,8%,"(DEG F}",GX, '(DEG F}", SX "(BTU/HR)“ EX,
PKWATTS Y™, 5%, " (E/THER)Y)
1040 FORMAT((10(E£13.4),/,2X,10(E13. 4)]]

END

SUBROUTINE FINITE{TOUT,QS5,DELP,TIN,PF,NT,CP, VIS, COND, WG DELX DELT,

1 NCD) -

FIMITE .DLFFERENCE ROUTINE" (DELTA"X DELTA—TIME} T0 DETCRMINE
ROCK BED OUTLET GAS TEMPERATURE AND BED TEMPERATURE PROFILE

OWM-~16E LW N -

PROGRAMMER: D G BESHORE (MMC- DEPT/04B82)

LOGICAL PF : ' . R : L .
COMMDN /STR/ ASVVUL(2). ASVDII(2), Asvnln(z). ASVL(2), T OASVIT(2}), ¢
ANSV(2), AEPS(2), ADLTS(2), ADLFS(2), AEQULT(Z2)
+AEQULF({2), APTDII(2), APTDIOQ(2)}. APFDII(2), APFDIO(Z2}
,,ATHINS(2), ATKINS(2), ATKTNK(2), WGAS(2), WALIR({2),
- GBED, KBAR, RE, S o S
TSUMAX(2). CTSOMIN (2], DPART(Q),"ARHDB(z),-wATHETA(zq
LNNODE(2), TNODE(100,4,2), CPBE(2)
COMMON /PRDP/ RMOG1{10,5), vxscs1(1u 5), CONDG1(10,5), LPG1(10,5),
TTR1(10), TPR1(5), TTV1(10), C TPV (B),
TTCi{1i0),  'TPC1{S), - “TTCPi(10), TPCP1(5),
RHOG2({10,5), VISCG2({10,5), CONDG2(10,5), CPG2{10,5),
TTR2(10), TPR2(E), TTVZ(10), TRV2(S),

(i SN AR S R
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TTC2(10), TPC2(5), TTCP2(10), TPCP2(5),
HTRY, NPRI1, ' NTVL, NPV,
NTC1, NPCH, NTCP1, . NPCPY,
NTR2, NPR2, NTVZ2, NPYR,
NTZ2, NPC2, NTCPZ, NRCPZ

DIMENS 1™ dK(12J

' DATA uoK/t2+1/, PI/3.441597, GC/32.174/, PSTP/14.696/

200
100

300

400

e

CALCULnTt PHYSICAL PROPERTIES BASED ON AVERAGE CONDITIQONS

AC
GO

PI*ASVDII{NT)}+:7,0/4.0
WG/AC
0,34446 = 1./(F*60* i2+6.72E~04
RE = 5.7411E-03+GO+*DPART{NT)/({1. 0~AEPS(NT))*VIS)

2.4192 = 3600%6.72E-04
PR = 2.41924CP*VI5/COND
1F{RE.LE.50,) HB = 0.9*RE++*(~0.51)*PRA*(~2, /3 y*CPB(NT ) *G0O
IF{RE.GT.50.) HB = 0.61+RE**(~0,41)+PR**{~2./3,)*CPB(NT)*GD
KBAR1 = WG*CP
KBARZ2 = 72.»HB*{1,0-AEPS{NT)})*AC*DELX/DPART(NT)
GBED = AC*DELX*(1,0-AEPS(NT))*ARHOB(NT }*CPB{NT)
IF(UK(NT).NE.1) GD TO 100
JK(NT) = ©

LIMIT=NNODE(NT)

DO 200 I=1,LIMIT 5
TNODE(1,2,NT} = TNDDE(I,1,NT) q§§$3~.{§15
TNODE(T,4,NT) = TNODE(I,3,NT) ‘qgﬁsh {ng
CONTINUE ﬂﬁéB -u1;;CL

UE | © ‘§§3
CONTIN ot

LiMIT=NNODE(NT)
DO 300 I=1,LINIT
TNODE(1,1,NT) = . TNODE(I,2,NT)
TNODE( 1,3,NT) = TNODE(I,4,NT) "
CONTINUE
TNODE{1,3,NT) = TIN
NNM1 = NNODE(NT) - 1
DO 400 I=1,NNM ‘
TNODE( I+1,2, NT)=TNODE(I+1,1,NT )+DELT+KBAR{ *KBARZ* ( TNODE(L,3,NT)~
§  TNODE{1+1,1,NT))/{GBED*(KBARI+KBAR2])
TNOBE( 1+1,4, NT)= (KBAR1*TNODE (I, 3,NT) +KBAR2* TNDDE[I+1,h.NT))/
i (KBAR1+KBARZ2) -
CONTINUE
TOUT = TNODE (LIMIT,4,NT)
LIMIT=NNODE(NT)

© . TNODE(1.,4,NT) = TIN.

QS = WGYCP+{ TNODE(!,4, NT}-TNODE(LIMIT 4,NT})«DELT

IF(PF) WRI1E(6,1000)

IF(PF) WRITE(5,1010) (TNODE(I 4,NT),1=1, LIMIT) '
RHDF=GINTRP( (TNODE(1,4 NT)+TNODE(LINMIT,4,NT))/2.0, TTR.(1) NTRz,
1 - pSTP,TPR2(1), NPRZ,RHOG2(1,1),10, JK(S) JK(4), 03 .
IF{NT.EG.2.AND.NCD.EQ.1) - ,
1RHOF=GINTRP( (TNODE{1,4 ,NT)+TN", L=(erzr 4,8T)) /2.0, TTR1(1] NTR1,

2 PSTP,TPR1(1), NPR1 RHOG1(1 1),10 dK(S] JK(B) 0)

DELP = GO**2.*ASVL(NT)*(1.0-AEPS(NT})%(25. /RE+ . 75}/(Gc*
1 RHOF¥DPART(NT)*AEPS(NT)¥*3.0%1.5552E408)
RETURN

' 1000 FDRMAT{1OR.“TEMPERATURES AT NUDES“)
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:

[sRe R 2]

1010 FOhwaT(10E12.5)

END

. *DECK ,DENST

"FUNCTION DENST(TEMP,PRES]

DETERMINES THE SPECIFIC DENSITY OF STEAM
BASED ON FORMULA OF KEYES, SMITH, AND GERRY
TT =(TEMP i 459.}/1.8 _
PP = PRES/14.696
TAU = 1.0/TT

B0 = .1.B9 -2641.62+TAU=10,#+{B0870, «TAUR*2)

1

GIT = B2.545%TAU ~ 1.6246E+05% TAU*2,
B2T = 0.21828 ~ 1.2697E+05*TAU=+2.
G3T = 3.635E-G4 - G.7GBE+G64+TAUxx24,

BETA = BO + BUO*BO#S1T+TAU+PP 4+ BU**4*G2T*TAU**3#PP**? - ED**13*
G3T+TAUY +12*PP=x12

VOL = 4.55504*%TT/PP + BETA

DENST = 62.335/V0OL

RETURN

END

*DECK ,VISCT

QAo

i

FUNCTION VISCST(TEMP PRES)

DETERMINES THE VISCOSITY OF STEAM({CENTIPOISE)
. BASED ON FORNMULA OF KEENAN AND KAYES ..
(TEMP + 459,171, 8
PP = 0.07031+PRES ,
TAU = 1.0/TT
VISCO = 1,501E-05+TT#%0.5/(1,0 + 445.B*TAU)
VISC = VISCO.- +1.0E-04+(TAU*(6.36-2.31E~03%10=* (1340, wTAU) )PP 4 R :
3,89E~02k10%%(~5,476E~03%TT ) *PR*PP) ,
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v _ : )
VISCST= VISC/100, of ket
RETURN
 END
+DECK , DEW
FUNCTION DEW({TEMP)

DETERMINES THE DENSITY OF WATER
BASED ON FORMULA BY SMITH AND KEYES

0060

T
TC
e

{TEMP -~ 32)/1.8
374,11
3.1995
0 fC = 1T '
l Vs (VC-0.315154B%TD**({1./3.)~1.203374E~03*TD+7,48008E~13%TD*x4)
: ' 1 Z{1.0+0,1342488+TDh*=*(1./3,)~3.846263E~03+*TD)
' ; DEW = 82.335/VS
RETURN . :
END i
*DECK , ENPHY
SUBROUTINE ENPHW(T, R, XH)
IF{T,GT.650.0) GO TO 10
IF(T.LT. 32.0¢) GO TO 11 " i
1F(T.GT.375.0) GO 7O i3 - [
C CURVE FIT FOR ENTHALPY OF SATURATED WATER BETWEEN 32DEGF AND 400 DEGF ;
AD = -3,22199E+01 ’

noworowy

= Al = 1.00988E490

; o A2 = =1.09370E-04
E ; A3 = 3.22G58E-07 S i
' % XH = AQ#A1+THw{+AZ+THeQLABFTHA3 ;
RETURN : : - i

13 CONTINUE ' ' B o o ' : -5;
T CURVE FIT FOR ENTHALPY OF SATURATED WATER BETWEEN SSDDEGF AND B50DEGF

BO = 5.B0A2BE+02 , : i
81 = -7.33017E+00 E
B2 = 4,70552E-02 . _ . o - : S RS
B3 = -1.41586E-04 .~ SRR _ : SR B
B4 = 2.39875E-07 .
BS = ~=2,1G885E-10
B6 = B.21180E-14 f
XH = BOlBi*T+82#T**2+BS*T**3+34*T*"4+BawT**5+BB*T**G _ b
: RETURN _ : _ : IR _ , !

10 WRITE(G.1) _ _ _ !
1 FORMAT(33H WATER TEMPERATURE EXCEEDS 50 F) - - o Lo
GO TO 12 o T |
11 WRITE(G,2) _ S . ' i
2 FORMAT (331 WATER TEMPERATURE LESS THAN-32 F} . . = 0. . o .
12 ngTINUE : o ‘ i

E

§ . xDECK,ENPHS e : .
‘ SUBROUTINE ENPHS (TEMP, P. HTOTAL}
T =(TEMP = 32.0)/1.8 o

TAU= 1’/(2?3 16 + T}
p1= P/14.696

P : . BO = 1.89-2641.62+TAU%10. D**(BOB?G Q. TAU**Q)
: S G1 =82.546+TAU = 1,G246E5+TAU¥*2

G2 = 0.21828 -1 .2697ES5*TA*k*3.

G3 = 3.6358 <4 ~ B.7GBEGA*TAU+* 24°

SY1=B0%+2 +«G1 * TAU
‘ "5Y3=BO%+4- G2 4 TAU®*3
: SY12=B0%*13+G3% TAUx*12
BDP); ~26401,82%10. %% (BOBTO*TAU*#2)»{2,0+80870, Ok TAU+*2xALOG(10. )+
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G1P = 82.540 =2+%1,B624E5»TAU
G2P = ~1,2BU7ES5 » 2.0+ TAU
G3P = -G,706REBA 24 .0+ TAU*+23

; SY1P =2,0%BU+BOP+G1+TAU+B0v+2+G1PxTAU+BO » 2+G1
N ) SY3P =4,0+Buixe3+BOP*»GA+TAUY+3+BO* ¢4 G2P*TAU**3+80%4uG243, 0xTAU*%3
SY12P=13.«B1+*12+BOP*G3+ TAU++1 2+80%* 13*GAP*TAU*+12+B0x *134G3+12, *
1TAUR =11, 0
F = BO +TAU~ BOP ,
Fiz= SY1 + TAU% SY1P , o
F3= §Y2 + TAlU* SY3P qv
- F12=5Y12 + TAU* SY12P L5
XH =F+P1 + F1/2.0 +Pi%%2,+F3/4 ,%Pi*si +F12/13. »Pi*x13 ggr ad
T1 =1/TAU
YH = 1.4720<(T1-273.16)+7.5566E-4/2.%(T1+*2-273,16%+2) +47.836* G
1ALOG{T1,273.16) + 2502.36 ¥y
HTOTAL = XH+,0435578+ YH + .42993 S
RETURN Q o
END & 4. S
*DECK, FRIC é% S
FUNCTION FRIC(RE,EPS,DIA) :
A =(2.457+ALOG(./({7./RE)*+D.0+0.274EP5/DIA)) )% *16. |
8 = (37530, RE)**16 *
FRIC =((8.0/RE)**12.+(A+B)¥¥(=1.5))*+0.08333
RETURN
: : END
| : *DECK ,UDVER
- FUNCT10ON UOVER(DI,DO,DOINS,HI,HO,TKP, TKE,FFI,FFO)

c CALCULATE EACH RESISTANCE BASED ON OUTSIDE DIAMETER E

poo = DOINS ‘ ;
IF(DOINS.LE.DG) DOO = DO

RDI = DOD/{DI%HI}

RDO = DUOeALuG(uU/DI)/(24 +TKP)
IF(DOINS.GT.DO) RDOI = . DOD+ALOG{DOINS/DD)/(24.%TKI) R

CALCULATE OVERALL HEAT TRANSFER COEFFICIENT

aaoo

UQVER=1.0,'(RDI+FFI>DOD/D1+RO0O+1.0/HO+FFD) T
IF(DOLINS.GT.DO) UOVER= 1.,0/(RDI+FFI+*DD0/DI+RDO+RDAI+1. 0/HD+FEQ) .
RETURN
END

+DECK ,HTXDRT S
SUBROUTINE HTXDPT(DPT,RE,EPS,DI,WDOTT,NTPASS,RHOT,B1,PHIT, NTUBE,
1 XLTUBE,VISC) !
DATA GC/32.174/. P1/3.14158/

CALCULATE TOTAL FLOW AREA, MASS FLUX, AND PRESSURE DROP .

aaoon

AREA = P1+D[+DI/576.*NTUBE o
GFLOW = WDDTT/AREA : o
RE = GFLOW+DI/VISC+0.,03445 ]
FF = FRIC{PE,EPS,DI/12,)
DPT = FFYC LOW*+2+XLTUBE*B1+NTPASS/ (540000 .+GCsRHOT+DI*PHIT)
RETURN
END

*DECK, HTXDPS

~ SUBROUTINE HTXDPS(DPS,RE,DD,WDOTS,NTPASS,RHOS, B0 NTUBCP , XLTUBE,

1 VISC,PITCH,NROW)

SUBROUTINE DETERMINES THE PRESSURE DROP ON SHELL SIDE OF
HEAT EXCHANGERS

Qaana

160
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"-“}’.\ o

-

ooa -

=

DATA GO &2, 1747, PI73.14159) : : o
BAFL = 11 HiE;NTPASS : :
FAREA - NMUBCPs{PITCH~DO)%BAFLA12, o ﬁsg?
GFLOW ¢ W' 'UT5/FAREA
RE = GFLOW+"Q/VISC¥0.03445 : 9@ '%
FI % 0.23 + 0,11+ PITEH/D0=1.0)%% (~1.08) vRE**{~0.15) ﬁﬁj)'
DP5 = g ﬂ&%:*FF%NRUW*uFLDW**Q;(GC*RHUS*G 4BEOE) {ﬁﬁ
B | <+ B0
RETURN
EMD
*DEGK , CPS
FUNGTION CPS(TEMP)
TW =(TEMP+ 458.7)/1.8 o :
CPS= 0:4033 + 0. 12767*TW+1.E=3 + O0.D15672% TWxTW=1 .E=6
RETURN
*DECK, ENTH _
SUBROUTINE ENTU(T3,T4,Q,E,XNTU,R,T{,T2,CPC,CPH, WC, WH,UD,AD,NTP,
1 NSB,NBAEF,OPTION NTOPR} .
INTEGER OPTION - |

C
c SUBROUTINE CALCULATES THE HEAT EXCHANGER EFFECTIVENESb oF
C VARIOUS CONFIGURATIONS ~ DETERMIMES THME EXIT TEMPERATURE
G OF HEAT EXCHANGER KNOWING OTHER 3 TEMPERATURES OF STREAMS
o .
e - OPTIONS? ] :
c £ . - 1 -~ COUNTERGURRENT OR" COUNTERFLOW
© 2 — PARALLEL FLOW
C 3 -~ CROSS FLOW ~ HOT UNMIXED
c 4 ~ CROSS ELOW - COLD UNMIXED
] 5 - CRDSS FLOW =~ BOTH. UNMIXED (NOT AVAILABLE) -
c 6 = 1-2(,4,6,8,ETC) PARALLEL-CODUNTER FLOW - SHELL MX
c 7 ~ MULTIPASS ~ DVERALL COUNTERFLOW
c ~ ONE SHELL  PASS, ONE TUBE -PASS,: BAFFLED CROSSFLOW
¢ EQUATIDNS UBTAINED FROM [COMPACT HEAT EXCHANGERS{, KAYS AND
G LONDON, 1958
g PROGRAMNER: D.G, BESHDRE(MMC D/04B2 )
KPASS = 1
CH = WHICPH
CC = WC*CPRC
CMAX = AMAX1{CH, CC)
CMIN = AMINI (CH,CC)
R = CMIN/CMAX
ANTU.= UO+AD/CMIN
© o+ - BOD TO (10,20,30,40,50, 80, 70 eo +90) aPTION
o
t 'GOUNTERFLOW HEAT EXCHANGER
c
10R = (1.v - EXP(-XNTU*(% D-R)))](1 0*R*E&P[-XNTU*(1,0-RJ))
. .GD TO .BUO .
e
c PARALLEL FLOW HEAT EXCHANGER
o
20 &= (1,0~EXP(~ xNTU4(1 0+R))){(1 o+R}
; GD TO aon -
CROSSFLOW — HOT STREAM UNMiXED

30 IF((CMAX-CC).LE,0.000%1) GO TGO 35
3l E =1, 0~EKP((EJ¢P(-XNTU*R) 1, n;/m

i GU TO BOO -
35 E = (1.0~ EKP((EXP(bXNTU) 1. Oj*R})/R B
G0 D 80O B
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c ;

o CROSSFLOW ~ CULD STREAM UNMIXED §

¢ :
40 IF{(CMAX-CH).LE.0.0001) GO TO 35 .
. GD 7D 39

C

c CROSSFLOW - BOTH UNMIXED

c

50 WRITE(S5,100)
100 FORMAT("0 OPTION 5 NOT AVAILABLE")

e CALL EXIT
; | ¢
c 1.~ 2(,4,6,8,ETC) PARALLEL COUNTERFLOW HEAT EXCHANGER
c . -
60 GAMMA = XNTU*SQRT({.0+R%+2)
£ = 2.0/(1.0+R+SQRT({1.0+R**2)% (1.0+EXP(~GAMMA))/{1.0~EXP(~GAMMA) })
GO 7O 800
€
c MULTIPASS — OVERALL COUNTERFLOW HEAT EXCHANGER
c
8006 IF(OPTION.EQ.7.AND.KPASS.EQ.2) GO TQ 200
IF(OPTION.ER.B.AND.KPASS.EQ.2) GO TO 200
1F(DP™ION.EQ.9.AND.KPASS,EQ.2} GO TO 200
GD TO S00
c £
: c MULTISHELL PASS - EVEN NUMBERED TUBE PASS HEAT EXCHANGER é?’ .
¢ ) -
70 XNTU = XNTU/NSP LA
MTD = NSP :
KRASS = 2
&0 TO 60
c ,
c ONE. SHELL PASS ~ ONE TUBE PASS BAFFLED HEAT EXCHANGER 3
c : |
80 IF(KPASS.EQ.2) GO TO 200 L
XNTH = XNTU/NBAFF o v .
NTO = NBAFF : ' :
KPASS = 2
GO TO 40
C
c DETERMINE EFFECTIVENESS OF MULTIPASS HEAT EXCHANGERS
90 RETURN
200 EFF. = E
IF(R.GT.0.98) E = EFF*NTO/(1.0+(NTO-1.0)*EFF}
IF{R.LE.0.98) EPP ={{1.0-EFF*R}/(1.0~ EFF))**NTO
IF{R.LE.0.98) E = (EPP~1 0)/(EPP-R) " '
c .
c CALCULATE EXIT TEMPERATURE OF FLUID STREAM o
c .

500 CONTINUE , i : , . ;
‘GO TO (510,520,530) NTOP L - L _ _ ;

510 T3 =(CC+T1 — EXCMIN*T2)/(CC ~ E*CMIN)
@ = cCH{Ti - T3)

T4 = T2 - Q/CH ]

GO TO GOO j
520 T4 = (ExCMIN*T{ ~ CH#T2)/({E4CMIN = CH)

Q@ = CH*(T4 - T2)

T3 = T1 + Q/CC 1

GO TD 800 3

530 CONTINUE
. T3=T{+EXCMIN*(T2~T1)/CC
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i

Q =uMINI(T2=T1}+E
TA4=T2+E+CMIN*{T1~T2)/CH

500 RETURN

*DECK,CPSW

13

10
i

1"

2
12

c
c
c .
G
c

50

-~ Bl

LF(T.GT.650.0) GO TO 10 L \0) 1§§3§”
IF(T.LT.32.0) GO TO 1% oo o (3@;,"
1F(T1.GT7.375.0) GO TO 13
AQ = =32,2199 - '
Al = 1.00988
A2 = =1,09370E-04

A3 = 3.22658 E-07

CP = A1 $AZ+2.08T 4 AG¥E,O0NTHY2

RETURN

CONT INUE
B0 =-.a1287E+01

§.27331

~8,30018E~04

1.00122E-06

0.0

0.0
BG = 0.0

CP = BI+B2+2.0%T+RA+D, 0K TH+a4B444, 0*7**3
$ $B5+5 . 04T+ A4BE*E ., 04T+ %5

PETURN

WRITE{G,1)

FORMAT (32 WATER TEMPERATURE EXCEEDS 650 F )

GO TG 12 :

WRITE(G,2)

FORMAT (33H WATER TEMPERATURE LESS THAN 32 F )

CONTINUE

END

"

Il &«

B2
B3
B4
B85

tHdN NN

*DECK, LOCFAC

SUBROUTINE LUCFAC(UK X TX NX, uX FX)
IF Jit ER, 1. CHECKS DRDER OF TX ARRAY (NX ITEMS) FOR
CONSISTANTLY INCREASING OR DECREASING VALUES.
FINDS LOCATION OF FIRST (OR ONLY) ARRRY ITEM FOR SCALING
-LOCATION OF X FROM TX(JX)

CALCULATES SCALING FACTOR FX = (x—rxzdxl) / (TX(ux+1)—TX(JX))

DIMENSION - TX(1)
JX o= 1
FX = 0.

- IF(NX.LE.1) GO TO 200 .
5 =1,

20

TF(TX( 1) GT.TX(NX)) 5 = —1.

XR2 = ABS(TX(NX)=TX(1))*#0.5

IF(UK.NE.1) GO TO 90

K00 -

IF(S GT.0.) GO TO 30
B0 20 1=2,NX. .
TF(TR(1).GT.TX(I=1)) GO TO 50
CONT LNUE

. . GO .T0O 80
© 30

40

‘80

70
Bo

‘RO 40 I=2, NX : )
IF(TX(1). LT TX(I 1)) GO TO ‘50
CONT INUE :
GO 7O 90
WRITE(G,60) . . ;
FORMAT { 1 H1 41K 27HE R R D R I N T A B L: E )

WRITE{G,B0) . X, (TX(I),I=1,NX)"
FORMAT(1HO 41X B7HREFER. TO SUBROUTINE LOCFAC //

1 5X 3HX = 1PE15.4 / 4X 4HTX = BGE15.4 / (BX GE15.4) )

163.

END - | o+
SUBROUTINE CPSW{T,CP} ’ - (Ecs ‘
o= |

007840

a07850
G07860
007870
007880
007890
007900
0ovai0
007920
007330

007240

007650
007960

007970
... 007980
- 007990

008000

noBato”

008020
008030

008040,
. 00BO50 .

0080606

“00BO7O
008020
008080

008100

-00B110

008120

N R R P U
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C dFdkokskdd kv NO SYSTEM SUBROUTINE ERRTRA LELEE AL
C CALL ERRTRA
N T T YT E T EY TS TN ‘ ' o e ok M koK
CALL txIT ocB14g
stap 008150
890 NX1 = 2 Qo8160 r
IF(NX,LE.20) GO 7D 110 . Q08170 ;
0O 100 I=10,NX,10 : . © 00B180
Ux = 1 : 068190
IF((TX{I}~%X)*5) 100,200,110 aoB82C0o
100 NX1 = I + 1 008210
110 Do 120 I=NX1,NX ) ) : 00B220
JX =1 ' ) - 008230
IFLETX(1)=K)}*5) 120, 200 130 ooe240
a ; 120 CONTINUE 003250
- 130 IF(UX.GT.1} dJX = JX—i 00B260
FX = {(X=TX(JX)} / (TX(JX+1}-TX (X)) 00R270
B IF(X LT .AMINT{TX(1),TX(NX))=-XR2) GO TO 1850 . . 003280 S
X : IF{X . GT.AMAXT(TX{1), TX(NX})+XR2) GO TO 180 008280 ‘
GO 10 290 008300 ‘
160 WRITE(6,160) 008310 o
160 FORMAT{1HI 22X BAHE R R O R =~ EXTRAPGLATIUN aF TABLE IS BEYDND R00B320
{EASONABLE LIMITS ) 008330
GO TQ 70 ) 008340
200 RETURN o ) 008350
END ) 008360
*DECK,GINTRP
: FUNCTION GINTRP{X!,T1,N1,X2,7T2,N2,YT,N.JK1,JK2,L} . - 00B380
C ’ ’ : : 08330
_ Cc 008400
5 c ‘GEMERAL INTERPOLATION ROUTINE —-—~ INTERPOLATES ONE AND 008410
' c TWO DIMENSIONAL ARRAYS AND BYPASSES PREVIOUSLY SCALED 008420 ]
c - INDEPENDENT VARIABLES 008430 ) D
¢ _ SR - : : 008440 ' O
¢ PROGRAMMER: 'D G BESHORE : 008450 o]
Cc . 00B460 - :1
‘ DIMENSION T1(1),T2(1),YT(1)} 008470 D
C L 1% BYPASS INDICATOR . _ _ . 008480 . : o
o TF(L.EQ.1) GO TO 10’ R o . - -008490 Co R
CALL LOCFAC({JKY,X1,T1,N1,11, Fi) . 008590 o
CALL LDCFAC{JUK2,X2,T2,N2,12,F2) 008514
F3 = 1.-F2 008520 :
111 = (i2-1)*N + I1 o . 608530 4
ig1 = 111 + 1 - - T ’ © 008540 .
I12 = I11 + N 00B550
122 = 112 + 1 00B560
D{ = 1. 008570
D2 = 1. ) : 008580
o . IF{I1.GT.N .0OR. I2.GT.1000) GO TO 30 - - . : . - Q08590 E
10 IF(F1,LT.1.E~BO) F1 = O, o - 008600
IF(FY.EQ.0.) GO TO 20 00BB1L0
DI = YT(I21}-¥T(111) Q0BG2G
IF(F2.EQ.0) GO TO 20 : 806830
co .2 = ¥YT{122)-¥T{112) . : o . . o o - - 008640
20 GINTRP = YT{I11) + Fi=Di ' 7 © 008650, - o ]
IF(F2.L7.1.E-50) F2=0. : . : 008660 )
TIF(F2.NE.0.) ~ GINTRP = F3*@INTRP + F2*(YT{I12)+F{~D2} ' Q08670 N F
RETURN : 008680 1
30 WRITE(6,40) I1,N,12,X1,82 - . : ) - 008630 - - ‘
40" FDRMAT(iﬂX.“-ERRDR DETECTED IN' GINTRP ....11 %L 13,24, N-o=®, X5, ‘Q0B700 A
1 -3%," 12 =¢,I5,3X," X1 =",E12.6,3K," X2 =" Eiz.s} 008710 :
B T owomnkskkackk ok Wk ok ok . - !
c CALL ERRTRA o
SO ek kRN " REMOVE CALL TD SYSTEM SUBROUTINE ERRTRA . TG :
CALL EXIT ' . . c ’ . ) 0GS730
: 7 stap , : 00HT4D
) END ) QOB750
E- . o R L . o . L .
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c
500
c
505

510

1
1
i
1
1
1
1
1 .86,.93,1,,1.,
1
1
1
1
1.
1
i

DUNKLE ROCKBED STORAGE MODEL PROGRAM LISTING

PROGRAM MAIN(INPUT.DUTPUT.TAPES=INPUT.TAPEG:OUTFUTJ
REAL L,N,M ,LAM, MU : :
DIMENSION TZY(16),TY(11),TAUC1E,11)
DATA oK1/, UK2/17 KTZY/ 16/ ,KTY/ 11/
DATA rzw;.o:..1..2.m3..4..5..6..7,.5..9.1..1.1.1.9.1.3.1.4.100./
DATA rv,ts..zo.,so..ao..50..60..70..80..90..t00,.10000./
DATA Tai: .9012,.013..038..048,.064..08,.]5,.24,.31,.38,.5,.59,

1 .B9,.80,.84,.88, : LT '

1 .0011..or..02..03..04..osr.1o..20,.27..33..5,.52..74..aa,.a7..91.
.ooos?..ooﬁ..012..oia,.024..03..08,.14..22..29,.5..65..8..35..9.
.95..0064..0058..0116..0|74..0232..029,.07..1..2,-285..5..68,
.B3,.88, ,94,.99, , _ o
.00062.LOOES.,0112..Q1SE.~0224..028,.068,.09,.1?5}.28..5;.7..84,'

.90..97.1‘..OOOE..0054..0108,.0!62..0216..027..055..08..15,.275,
+5,.71,.85,.092,1,,1.,
.00058..0052..0104,.0156..0208..925,.054,.075,.13,.27..5..73.

.0056..005..01.;015..02..025,.052,.07..11..285..5,.?5(,87,595,-'

1.0,1.0, . )

.0053..0048,.0095;.0144..0192..024,.06;.055,.09,.255..5,.75..875.
.965.1..1...00051..0046..0092..0138..0184..023,.055,.06.
08,.25..5..78..88..98L1..1.. : o
.00049..0044,.0088,.0132.,0178,.022..054,.055,,075,{245..5,.8,-
-89,.99,14,, 1,2 . " ‘

READ IN THE BED PARAMETERS

READ(S ,500) L.D,CM,E,DP,RHGA;N.NX

FDRMAT(?EIO,S.IS)

READ IN GAS CONDITIONS

READ(S ,505) MyP,TIN,TM, THETA

FORMAT (5E10, 3)

WRITE{G,.510) : . o g : :

FDRMAT(IOX.1HL.13X.1HD.12X.2HCM,13X,tHE,!2Ru2HDP,12X.4HRHDA,BX'

1 1HN, //)

515
520

525
H

c

i

529

- 530

WRITE(&,515)L,D,CM,E,DP, RHOA, N

FORMAT {5X,7(E10.3,4X)) _
WRITE(6,520) . _ S :
anmnr(tOx.1HM.1ax,1Hp.13x.3HTIN,13x,2HTM,13x.5HTHETA,//)
WRITE[G,525) M,P,TIN,TM, THETA

FORMAT (5X,5(E10.3,4X))

COMPUTE GAS VISCOSITY

Mu=(5.HE2E-5*((S./9.)*(TIN+4GO.]J**1.5)/(110-B+(5;/9,)*(TIN+450,))-

- COMPUTE DIMENSIUNLESS_BED'LENGTH ANO REYNOLDS NUMBER

RE = (MYDP+.)/({MU%3.142«NvD*x2, )

LAM = RE++0,3/%9.4

Yo=  LZ(DPLAM) S

COMPUTE APPARENT DENSITY DF BED, GAS SPECIFIC HEAT,AND MASS FLUX

RHOM = (1. - E)xRH@A . - - ' SRR -

CP = (1030.1-0,19762%(5. /9. )+ ( TIN+460. )+ 3.947E-4»((5. /9. )% (TIN
+460.))++2,)/3a91,6

G = {M*4.)/(3.142%xDus2,)

RHOG =(2.70 + P)/{TIN + 460.)

WRITE(S,529) ~ . 70 .. S

FORMAT(:ox;anour.13x.aHTAu;13x.5HTRETA.13x,qHDELP,//)

COMPUTE PRESSURE DROP , S
BETA = (RE+¥0.65)+((8,75+RE + 725, )%10.5) ST
DELP = ((1.658E~6 * Y)/RHOG) {(BETAs MU/DR)*x2.) L .¢f§$3<j$*~
DO 10 I=t,nx .. 0T CRTEEIAY S S ot
Z¥ = (THETAXCPYG¥80.)/(RHOM+CMvL) L ﬂgfsh o
USING 2¥ AND Y PERFORM LINEAR INTERPERLATION FOR TAU - O R

STAU = GINTRP(zv.Tzv(1).KTzv.m,TV(1},K?Y.TAU(1.1),11,ux1.ux2. , <éj*

TOUT = TM = STAU%(TM ~ TIN) : _ _ -

WRITE(6,530) TOUT,STAU, THETA,DELP T T “(SE
FORMAT (SX,4(E10.8,4%)) @ . - . . : _ U
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10 THEIA = THETA + 5,
WRITE(6,5351
535 FORMAT(10%, 1HL, 13X, 4HTOUT, //)

DL = 0.1%L .
COMPUTE TEMPERATURE LEVELS ALONG LENGTH OF BED
Do 20 [=1,10

Y = L,oreLAM)
Z¥ = {THETA x CP + B0. % G)/(RHOM * CM x L) .
STAU = GINTRP(ZY,TZY(1),KTZY, Y TY(1)} KTY, TAU{1 1)y 11'dK1 JK2 0)
TOUT = T® - STAU * (TM - TIN)
WRITE(E,5401L,TOUT :
540 FORMAT (5X,2{E10.3,4X})
20 L. = L ~ OL
STOP )
END

*DECK , LOCFAC

anooon

SUBROUT INE LDCFAC(JK X, TXNX, JX,FX)
IF JH EQ. 1, CHECKS. DRDER QF TX ARRAY {NX ITEMS) FOR
CONSISTANTLY INCREASING OR DECREASING VALUES.
FINDS LOCATION OF FIRST (OR ONLY) ARRAY ITEM FOR SCALING
LOCATION OF X FROM TX{uJX)
CALCULATES SCALING FACTOR FX = (X=TX({JX)} / (TR{UX+1)=TX{JX))
DIMENSION.  TX(1)
JX = 1 ' .
FX = D. .
IF(NX.LE.1) GD TQ 200
s =1.
IF(TX(1).GT.TX(NX)) 5 = -1.
KR2 = ABS{TX({NX)-TX(1)}*0.5
1F{JK.NE. 1) GO TO 80
JK- = 0
IF{§.GT.0.) @GO 0 30
DO 20 1=2,NX
S IF(TXR{D).GT.TX(I=-1):} GO TO 50
20 CONT INUE : : :
GO TO 90 <
30 DO 40 I=2,HX
IF(TX(L). . LT.TX{I~ 1)) GO TO 50
40 CONT INUE
GO TO 90
50 WRITE(&,60)
60 FORMAT(iHt 41X 27HE R R OR I N TA B L E ')
70 WRITELG,B80) X, (TX(I),I=1,NX)
80 FORMAT ( 1HO 41X 27HREFER TD SUBRDUTINE LOCFAC //
1 5X 3HX = 1PE15.4 / 4X 4HTX = BE15.4 / {8X BZ15.4) )
CALL ERRTIRA )
CALL ~ EXIT
570p )
ap NX1 = 2
IF(NX. LE,20) GO TO 110
PO 100 I=10 NX,1O
JX = 1
TIF(({TX(I)- X)*S) 100 200 110
100 NX1 = 1 +.1
110 DO 120 I=NX1,NX%
J¥ = 1
IF{(TX({L}~ x)*S) 120 200 130

120 CONTINUE
130 IF(X.GT.1) JX = dx—1

(R=TX(UX)). /2 (TR(IXK4+1)=T (uX)) :
TR(X. LT AMINA (TX(1),TX(NX))~XR2) GO YO 150
IF{X.GT.AMAXI (TX(1}, Tx(N ))+XR2} GO TO 150

GO O 200 R
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007840
007850
007860
007870
007880
007890
007300
007910
007920
007230
007940
007950
007960
007970
007280
007990
008000

~ 00BO1O:
- o089520

008030
D084
008050
00805¢
0080790
00BORO

. 008Ca0
. 008100

a08110
008120

‘008130
. 008140
008150

008160
068170
008180

. 00Bteo
00B200° -

008210
068220
008230
008240
008250
008260
008270
008280
008280
008300

e
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3
150 WRITE(6,160) 008310
i 160 FORMAT(1H1 22X GAHE R R O R - EXTRAPOLATION QF TASLE 1S BEYOND R008320 i
. 1EASONABLE LIMITS ) 008330 !
Go TG 70 008340
200 RETURN 008350 ;
" END o : . : 00E360
c 0DB370
' FUNCTION GINTRP(X1,T1,M1,%2,72,N2,¥T N, JK1 ,JKZ, L) 008380
c 008390
c 008400
. c GENERAL INTERPOLATION RDUTINE ~-—- INTERPOLATES ONE AND 008310
N c TWO DIMENSIONAL ARRAYS AND BYPASSES PREVIODUSLY SCALED 008420
o c INDEPENDENT VARIABLES pOB430
o C 008440
] c PROGRAMMER: D G BESHORE oogakbo
¥ c : _ 008460
DIMENSION T1(1},T2{1),¥T(1) 008470
¢ L 1S BYPASS INDICATOR WERED]
‘ IF{L.EQ.1) GO TO 10 . 008490
- CALL LOCFAC{JK1,X1,T1,N1,11,F1) < 008500
CALL LOCFAC(UK2,X2,72,N2,I2,F2) _455; DO8510 T
F3 = 1.-F2 s ,@& 00B520 i
111 = (I2~1)sN + I gyx ‘btsiF 008530 _
121 = 111 + 1 . Gﬁ Q : 008540 = - Fo
i 192 = 111 + N ' {jg& o% 008550
; , 122 = 112 + 1 e 008560
F g ol o= 1. s 08570
[, ‘ D2 = 1. 008580
- : IF(I4,GT.N .OR, [2.GT.i000) GO TO 3D . : : . 008590
10 IF(F1.LT.1.E-50) Fi = 0, c 008690
IF(F1.EQ.0.) GO 7O 20 008610
D1 = YT(I21)=YT(I11) 00BG20 . '
IF{F2.EQ.0) GO TO 20 008630 :
D2 = YT(122)-¥T({I1R) _ . _ o 00BGA0 - Lo
20 GINTRP = YT(T11) + F1+*Di . ' 008650 :
IF(F2.LT.1.E~50) F2=0. DOBGEO : 3
TF(F2.NE.O,) GINTRP = F3*GINTRP + F2¥(YT(Ii2)+Fi2D2) 00BG7D ‘
RETURN 008680
30 WRITE(6.,40) Ii,N,I2,X1,%2 . 008690
A 40 FORMAT(10X,° ERROR DETECTED IN GINTRPv....I1 =%,I3,3%X,* N =*,I3, 008700
. ' {f 3x,% 12 =",15,3%," X1 =",E12.8,3%," X2 =" ,E12.6) 008710
- CALL ERRTRA 008720
CALL EXIT 008730
5T0R . oDeT4e ﬁ
END . o _ _ . o 008750 3
SUBROUTINE ERRTRA j
C AL EL L RN Aok ko ok UK Rk KR 5
c ;
i c DEFUNCT SYSTEM SUBRDUTINE ;
c E . 5
' I **wu**uﬁg* ' O ok ok ok R ?
8900 FORMAT ("0 DEFUNCT SUBROUTINE ERRTRA") 3
WRITE( 6,200) _ ;
RETURN
j s : - END- - _ RN o S
LT 49, 49. - ,24 . - ¢ .80 L1687 ©  1.BB E02 2. 100

e e e am g

7.60 ED2 {.47 EOY 1.500 EO03 3.50 EO02 5.0
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DRAW SALT STORAGE SYSTEM MODEL
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APPENDIX B DRAW SALT SYSTEM MODEL

This computer model was formulated to evaluate the performance of
draw salt storage units coupled with the cement manufacturing proc-
ess and steam generation equipment. The model calculates the heat
loss in the piping system as well as the storage vessel based on

conservation of energy formulations. Detailed heat exchanger anal-

ysis is performed for the wast heat recovery exchanger, and the
three-unit steam generator--superheater, boiler, preheater——based
on equations developed in Ref B-1l. Pressure drops are calculated
for the draw salt loop and the steam/water flow through the steam
generator from correlations presented in Ref B-2.

" This program prov1des Speclflc 1nformat10n on temperatule degra—

dation of the salt in storage during charge and discharge cycles.
Although the solution of equations in this model does step in

~time, the steady-state output is useful in projecting total heat

losses during charge and discharge cycles. This program is written
in FORTRAN IV and was formulated specifically for execution on CDQ
computers. A listing of thls program 13 included at the end of
this appendix.

A simplified flow diagram of the computer podel is shown in Figure
B-1l. The program starts by initializing values of variables and
reading input. The waste heat recovery exchanger performance is
determined by using a detailed heat exchanger analysis subroutine,
based on the equations developed in Ref B-2.  Both heat loss and
pressure drops are calculated on the insulated pipe between the
salt storage vessel and the wast heat recovery heat exchanger.
Pressure drops through the waste heat recovery exchanger both on
the draw salt tube side and the kiln gas side are them computed.
After the vessel size and shape have been determined, the heat -
loss from a fully charged and discharged tank are calculated.

The program then calculates the perfdrmancé of'equipment-aSSDQiatedv
- with the salt loop between the storage vessel and the steam gener-—

ator. Heat losses and pressure drops are determined in the salt

- transport. lines. - A detailed heat exchanger analysis is then per-—

formed on the three unit steam generator. Inlet and exit Stream
temperatures are calculated based on user specified heat exchanger
configuration and size. Pressure drops on the salt and steam sides

are also determined for each exchanger in the steam generator module.

As a final calculation, tlie power generated is calculated using the
steam conditions produced from the superheater, the feedwater -con-
ditiens entering the preheater, the steam flow rate, and user 1nput

: Ethermal-to—eleetrlc conversion efficiency. ' The program then re-

turns to the beginning of the program for the next case.
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" Initialize
input data

Start-—w and default

values

Read input
data

(see input
data list)

EOLP—‘?%M[!

ORIGINATL! PAGE 19
QF EOOR QUALITY,

On

Calculate

storage vessel
geometry

Calculate
heat loss
from fully
charged ox
discharged
storage tank

—
Am?-:—_ln-.!_n—!m PE—1 n..al o

|
X
|
|

Write
Storage
perfcrmang
output

Write steam
generator
performance

Determine
pressure
drops thru

steam

¥

generator

Write heat
exchanger
pressure
drap




]
.
d
:

Calculate
pressure and

Jetermine heat loss in Calculate pressure
jaste heat salt transport|{ |drop on shell and g - :
recovery | lines between {—»i tube side of waste : 1
sxehanger storage and heat recovery output
werformance waste heat exchanger
F - 'recgvery - = . K '
y exchanger 02_, .
:at Exchanger i .EOL.%.QU%
wformance S _ =
broutine " ORIG o .
NIY) OF nggn PAGE 1§
Calculate
pressure and
heat loss in Write Calculate Calculate Calculate '
salt transport n mout * {;\
lines between tFansport 1 superheater boilex pr%heater \>/
storage and .11118 output | performance performance performance
steam ' ' v i Y4 ] A
generators Heat Heat Heatl:
exchanger exchanger exchanger
performance | |perxformance pexrformance
subroutine subroutine subroutine.
(ENTT) (ENTU) (ENTU)
© Calculate
power
generated

" Figure B-1  Draw Salt Model Main Program Simplified Flow Diagram =
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INPUT

Input to the model is in the form of namelist input. The Input is
organized into various sections for user ease-of-use. Some input
values have defaults coded into the program (see program input).
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VAMRLIST TPP - THERMOPHYSICAL PRDPERTIES OF GASES AND LIQUIDS

The purpose of this group of data is to define the kiln exit gas and draw salt

thermophysical properties. ¥Froperties input include density, viscosity, thermal con-

ductivity, and heat ecapacity as funciionsof temperatures and pressures. The program

uses two dimensional interpolation techniques to prediect properties at specified con-

COMMENT CARDS

FORMAT

{18A%)

$TPP

VARTABLE

NTRL

NER1
TTRL(L)
TTRL(L)
RHOGL(T ,J)
NIV1

¥evL
o mmn
o TPYL

. VISCE(T,T)

NIC1

ditions of temperature and pressure.

VARTABLE

CODE -
AMAT(CL),
I=1,72

MAX. ¥O.  DEFAULY  _ OPTIOUAL

OF INPUTS VALUE VALUES

1 1 1-10

1 1 1-5

10 - 1500 -

5 14.696 -

I =10 0.0217 -
J= 5

1 1 1-10

1 1 1-5

10 . 1500 - -

5 14.696 -
I=10" 0,0223 -
J= 5.

I 1

1-10

- 173

DESCRIETION

Case Identification
{4 caxds)

DESCRIPTION

Number of temperatures for -
kiln gas density tables '

- Number of pressures for

kiln gas density tables

Kiln gas density temperatufe
tables

Kiln gas density pressure
tables

"Kiln gas density

Number of temperatures for

"kiln gas viscosity tables

Number of pressures for
kiln gas viscosity tables

Kiln pas viscosity temperature
‘tables

Kiln gas'viscosity pressure

‘tables

Kiln gas viscosity

Number of temperaturss for

~kiln gas thermal conducktivity

op

- PSTA
16/t sec

e e B




{ -4

ey

MAX, NO, DEFAULT OPTIONAL
VARIABLE  OF INPUTS VALUE VALUES
NEGL 1 1 1-5
TTC1(1) 10 1500 -
TPGL(1) 5 14,696 -
CONDGL(IL,T) I = 10 0.03 -
I= 5
NTCP1, 1 1 1-10
NPCP1 1 1 1-5
TGP (L) 10 1500 -
TPCP1(L) 5 14.696 -
CRGL(L,T) 1=10 0.28 -
J= 5
. NTR2 1 6 1-10-
NPR2 1 1 1-5
TER2 (L) 10 500, -
600.
700.
- 800.
'900.
1000.
174

DESCRIPTION

Number of pressures for
kiln gas thermal con-

~ductivity tables

Kiln gas thermal con-

~ductivity temperature

tables

Kiln gas thermal con-
ductivity pressure
tables

Kiln gas thermal con-
ductivity

Number of temperatures
for kiln gas heat capa-
city tables

Number of pressures for
kiln gas heat capacity
tables

Kiln gas heat capacity
temperature tables

Kiln gas heat capacity
pressure tables

Kiln gas heat capacity
Number of temperatures

for draw salt density
tables

Number of pressures fox
draw salt demsity tables

Draw salt density tempera-

ture tables -

PSIA

Btu

Hr.FL. :F

Draw salt density pressure

tables .

PSTA

Btu

Ib-."F

PSTA

B P T

A T S



MAX. NO.

VARTABLE OF _TNPUTS
RHOL2(Z,J) L =10
J= 35
TRl
L
- NEV2 1
NPV2 1
. TTV2 10
TPY2 5
VISCGE2 (I,J) I=10
J= 5
NIC2 1

DEFAULT
VALUES

120.5

118.0

- 115,5

113.6

111.1

108.6
6

500.
600,
700.
800,
900,

1000,

15.0

4.0

 OPTIONAL
VALUES DESCRIPTION UNITS

- Draw salt demsity presswre PSTA
tables

1-10 Number of temperature -
' for draw salt viscosity
tables

1-5 Number of pressures for -
draw salt viscosily
tables

- Draw salt viscosity T
‘ temperature tables

- Draw salt viscosity PSTA
pressure tables

- Draw salt viscosity Centipoise

1-10 Number of temperatures -
for draw salt thermal
. conductivity tables
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MAX. NO. DEFAULT OF ¢ TONAT,
VARTABLE OF _INPUTS VALUE VALDES
NPC2 1 1 1-5
TTC2 (1) 10 800. -
TPC2(T) 5 15.0 -
CONDL2 (T,J) 1=10 0.33 -

J= 5

NTCP2 1 1 1-10
NECP2 1 L 1-5
TICP2 (T 10 800. -
TPCP2 (1) 5 15.0 -
CPL2 (T H) 1= 10 0.37 -

=5
JEND
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DESCRIPTION

Numbey of pressures for draw
salt thermal conductivity
tables

Draw salt thermal conductiv-

ity temperature tables

Draw salt thermal conductiv-
ity pressure tables

Draw salt thermal conductiv-
ity

Number of temperatuvres for
draw salt heat capacity

Number of pressures for heat
capacity

Draw salt heat capacity
temperature tables

Draw salt beat capacity
prassure tables

Draw salt heac capacity

UNTTS

=

PSTA

Btu

Hr.FL.OF

PSIA

Btu
Lbe"F

e S 0 b a2

e i
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NAMELIST STORE -~ THRRMAL ENERGY STORAGE DATA

This data group is wused to define the chavacteristics of the draw salt thermal

storage units and the interface requirements with the energy source and steam

generation equipment.

Data input includes storage vessel size, pipe lengths, and

heat exchanger size and configuration.

gSTORE

MAX. WO.
VARTABIE OF INBUTS
SVVOL 1
SVDTIAL 1
SVDTAD 1
SVL 1
SVIT 1
TKTANK 1
TKINS _ 1
DLTS 1
DLFS 1
DLTB 1
DIFB 1
EQULE 1

DEFAULT
VALUE

OPTIONAL

177

DESCRIPTION
Storage vessal volume

Storage vessel internsal
diametexr

Storage vessel outside
diameter

Storage vessel height or
length

Storage vessel insulation
thickness

Storage tank thermal con-
ductivity

Tnsulation thermal con-
ductivity

Distance of pipeline from
gas-salt (waste heat

ONITS
it

£t

Lt

in

Btu
Hr«Ft T

Biu

Hy.Ft-°F

Tt

recovery) heat exchanger to

storage

Distance of pipeline from
storage to gas-sallt heat
exchanger

Distance of pipeline frOm

‘storage ro steam genervator.

Distance of pipeline from
steam generator to storage

Equivalent length of fit-

e

ft
ft.

£t

tings, valves, bends, ete.

from storage to steam

_generator . . ..




MAX . NO. DEFAULT OFTIONAL

VARTABLE OF INPITS VALUE VALUES DESCRIPTION UNITS
EQUFB T - Coe Equivalent length of - £t

fittings, etc. from
steam generator to
storage

EQULS 1 - - Equivalent length of £t
fittings, ete. from
gas~-salt heat exchanger
to storage

R EQUFS 1 - - Equivalent length of £t
: fittings ete., from
storage to gas-salt hest

exchanger
PTSDIL 1 - - Pipe to storape internal in
diameter
| PISDIO 1 - . - Pipe to'storage cutside in
t diameter
: PFSDIT 1 - - Pipe from storage internal .in
diameter
PFSDIO 1 - - Pipe from storage outside in
diameter . o
THIPCL 1 - - Insulation thickness on in

cold pipeline

CTHTPHL 1 - : - Insulation thickness on in
hot pipeline

EPSLT _ 1 - - Pipe surface roughness on ft

: ' ' cold pipelirne

EPSHT 1 - - Pipe surface roughness on  ft
hot pipeline

TSTORH 1 - - - Hot salt storage tempera~ . OF
ture estimate :

TSTORL R . - _ Cold salt storage tewpera- °OF

s - S ' ;- ture estimate : = s

WLTK 1 - - Mass flowrate of salt to  lb/hx
the gas-salt heat exchan-

WLTS L S - - Mass flowrate of salt 1b/ar

diverted to storage
AMCLS ] - " TInitial mass of cold salt  1b
: in storage tank
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_ MAX. NO, DEFAULT OPTIONAL
-'-4:"‘3’“ : VARTABLE QF _INPUIS VALUE VALUES DESCRIPTION UNITS
; AMHLS 1 - - Initial mass of hot salt in 1b
* storage tank ;
CHTIME 1 - - Charge cycle time hrs j
: 4
DITIME 1 - . Discharge cycle time hrs P
: . , D
TIMELG 1 - - Time lag between charge and hrs :
' discharge cycles
TAMB 1 - - Ambient air temperature °F .
) WVEL@ 1 - - Wind velocity ft/sec i
;
HOAIR 1 - - ‘ Convective heat transfer Btu 3
coefficient of mirtank Hr«Ft“~F i
~surface ;
b:
i
‘ ?
i
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NAMELIST HTX HEAT EXCHANGER PERFORMANCE

Lo § This group of data describes the waste heat recovery heat exchanger and steam generator

L configuration. . Overall heat transfer coefficient and heat exchanger configuration options

are input. The specific configurationé are:

A _ - 1. GCounter current

??__ é 2, Parallel flow
3. Crossflow - hot unmiged
4., Crossflovw - cold unmixéd
5. Orossflow - both_unmixed_(not functional)

6. 1 shell pass - 2.(4, 6, 8, etc.) tube passes, Parallel -

counterflow - shell side mixed, tube unmixed
7. Multishell pass - multitube pass overall counterflow

8. One shell pass, one tube pass - baffled crossflow

gHTX
MAX. NO. DETAULT OFTIONAL ‘

VARTABLE OF TNPUTLS VALUE VALUES DESCRIETICN URITS

NCONF(I) 4 - 1-8 Heat exchanger configura- -
tion option
(See above list) .- ' -
First input is forgas-salt
heat exchanger, second. - super-
heater, third - boiler, fourth-

. . preheater o ‘

TUBL(I) & B - - Heat exchanger tube length  ft

TUBDO(I) A 4 - - Tube outside diameter in

TUBDI(L) 4 - - Tube inside diameter in

NTUBL(L) 4 _ - - Number of tubes per -

: : . : © heat exchange section.
j NTBCE (I) & - - Number of tubes in denher -
i plare of exchanger '
CExmSU(D) 0 & R - '=© . Extended surface area per ftz'.g

tube i

NROW(TY . 4 - - Number of tube rows -

NPASS (1) 4 - 180 " © Number of tube passés -

§ i . e aia v - ———— - [P RSUCEES S a1 e e ot s £ - i s ¢ 1 n

R

B iiesa e



w1 -Ta

FELL

VARTABLE

PITCH (L}
EPSH(L)
NSHLE(T)
ug(T)

NBAF{I)
RRATT@(I)
BI(T)
BE(L)

PHI(L)

HAX. NO.
OF_INBUTS

DEFAULT
VALUE

OPTIONAY.

A

4

4

&

VATLUES

181

DESCRYPTION INYTS
Tube pitch in
Tube surface roughness in
Number of shell passes -
Overall heat transfer Btu
coefficient Hr-Ft2«OF

Number of baffles in
heat exchanger

Tube side mass recirculation
ratio

Friction correction factor
for tubeside '

Friection correction factor
for shellside

Correction factor for nomn-
isothermal flow

1
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DRAK SALT STORAGE SYSTEM MUDEL PROGRAM. LISTING

*DECK ,MALN
PROGRAM MAIH(INPUT earpyl  TARE 7, TAPES INFUT, TARES=0UTRUT)

HEAT STORAGE MDDEL FOR L]QUID SEMSIBLE TES AND BOILER SYSTEW®
DEFAULT. VALUES ARE FOR DRAwW SALT STORAGE
SYSTEM CONSISTS OF FGUR HEAT EXCHANGERS —-—-
1. GAS-HEAT TRANSFER LIQuUID
-2, STEAM-HT LIQUID SUPERHEATER
3. STEAM/WATER=HT LIQUID BOILER
4. WATER-HT LIQUID PREHEATER
ENERG? LOSSES{THERMAL AND MECHANICAL) ARE ALSO CALCULATED
FOR ENERGY TRANSPORT SYSTEM

S PROGRAMMER: D G BESHORE (MMC, DEPT-0482) ¥ S
‘ | WRITTEN: DECEMBER 1977 . - 4-g%$ AR
FLUID ND.1 = GAS Q$$§§;,C%
FLUTD NO.2 ~ LIQUID STORAGE MEDIA qé& ©
FLUTD NO.3 - WATER : OY_¢
FLUID ND.4 ~ STEAM _ , RS

NOOO0O0aONANONANNONNON

LOGICAL KUP,FSTOR
DIMENSION AMAT(72), JK(20)
| CONNON /HEAT/ TUBL(4), TUBDO(4), TUBDI(4), MPASS(4); NCONF(4),

i NSHLP(4), PITCH(4), FFT(4), FFS(4),

2 CONT(4),  bat4), NTUB1(4), NTBCP{4),

3 NROW(4), EPSH( 4), 8I(4), Ba(4}, --PHI(4},
4 EXTSU(4), NBAF{4)

v : CONMMON /PROP/  RHOG1(5,3), VISCG1(5,3), CONDG1(5.3), CPG1{5.,3),

1 RHOL2(7,3), VISCL2(7,3), CONDL2(5,3), CPL2(5,3),

2 VISCL3(5,3), CONDL3(5,)), VISCG4(S5,3),

3 CONDG4(5,3) A : :

4 TTRY(5), TPRI{3), TTV1(5), TPV1(3),

5 TTC1(5), TPC1(3), TTCP1{5), TPCP1(3),

8 TTR2(7), TPR2(3)," TIV2(7), TRV2(3},

7 TTC2(5), TPC2(3), TTCP2(5), TPCP2(3),
.8 TTV3(5)}, TPV3(3), TFC3(5), TRC3(3), .

g TTVa(5), TPv4(3), TTc4(5), TPCA(3),

X NTRI1, NBR1, NTVT, NPV,

% NTCH, NPC1, NTCP1, NPCPI1,

X NTR2, NPR2, NTV2, NPV2,

X - NTCZ,. - NPC2, - ¢ NTCPZ2, . NPCP2,

X NTV3, NPV3, - NTC3, - NPC3,

% NTVA, NPV4, NTCA, NPC4

COMMON /STMC/ CEFF(7,5), TICE(7), TRPCE(5), NTCE, -NPCE

NAMELIST /TPPR/ RHOG1,VISCGI,LONDG1,CPGT,

"~ RHOLZ2,VISCL2,CONDLZ,CPL2, - .

VISCLS CUNDL3 VISCGH ,CONDGS Y o
TTRi,TBR1,TTVH TFV1VTTC1,TPCi,TTCP1.TPCP1,
TTR2,TFR2.TTV2,TPV2.TTCQ.TPC2,TTCP2,TPCP2,
TTV3,TPV3,TTC3,TPC3,TTV4,TPVYE,TTCY,TPCY,
NTR1,NPR1,NTVI,NPV1 NTCT NBCT1,NTCP1, NPCPT,; -

"NTRZ.NPR2 ,NTVZ,NPV2 NTC2 ,NPC2NTCPZ, NPCP2,
© NTV3,NPV3,NTC3,NPC3, NTV4,NPVE NTC4E,NPCH

MAMELIST /STORE/ . DLTS,.DLFS,DLTB,DLFB,EQULB,EQULS,EQUFS,EQUFB,
; THIXHL, SVVOL ; SVDIAT,SVYDIAO,SVL,SVIT,
PTSDII,PFSDII,PTSDIO,PFSDIO, THIPCL,

- TSTORH,TSTORL ,EPSHT,EPSLT HOAIR, =
WLTK,WLTS,CHTIME,DITIME, TIMELG,

AMCLS AMHLS TAMB,WVELQ, TKINS TKTANK o

NAMELIST /HTX/ TUBL, Tueoa.ausol NPASS NSHLP,PITCH,FFT, FFS,EPSH,

D~T @ WS R -

L FCNAR L S
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1 CONT,U0,NTUB{ NTBCP, TKG, WKG,DCAREA, NROW,
2 NCDN¥ EXTSU,NBAF,BI, GO.PHI
NAMELEST ,STEAM/ CEFF,WSTEAM, PSTEAM,SHOT, FWIT
+ITCE, TPCE, NTCE, NPCE, TSHAT.
DATA JK /20~1/, P1/3.14159/, GC/32.174/, PSTP/14.686/

INITYAUIZE INPUT DATA AND DEFAULY VALUES FOR DRAW SALT,

ITAPE=5 .

NTR1=NPR1=NTC1=NPC1=NTCP1= Npcp1carv1 NPVi=1
NPR2=NPVI2=NTC2=NPC2=NTCP2=NPCP 2=}
TTRI(1)=TTC1{1)=TTVi{1)=TTCPi{i)=1500.
TRPRI(4)=TPC1(1)=TPV{{1)=TPCP1(1)=14.686
RHnG1{1.1) 20,0217

VISCGT (1,102 2.23" 2. QL2353

CONDG1(1,1}= 0.03

CPG1(1,1) = 0.28

NTR2=NTV2:=6

TRR2(1)=TPR2 (1)=TPC2(1)=TPCP2(1)=15,0

TTC2(1)=TTCP2(1)= BOO.

CONDLZ (1,1)0.33

CPLI(1,1)=0. ?7)::.- L g;ufm& PAGH 1§
TTR2(1)=TTv2 (1)=500.

TTR2(2)-TTv2(2)=600. OOR QU.AIm

TTR2{3)}=TTv2(3)=700.
TTR2{4)=TTV2(4)=800.
STTR2(5)=TTV2(5)=900. -
TTR2(6)=TTVv2(6)=1000.

RHOL2(1,1) = 120.,5
RHOL2(2,1) = jlia.4 ME.O0
RHOL2(3,1) = 115.5
RHOL2(4,1) = 113.8
RHOL2{5,1) = 111.1
RHOL2(6,1) = 108.6
VISCLA(1,1) = 4.0
viscL2(2,1) = 2.8
VISCE2(3,1) = 2,05
VISCL2(4.1) = 1.85
VISCL2{5,1} = 1.45
VISCL2(6,1) = 1.00 .
KUR =.TRUE.

FSTOR = .TRUE. L
SVvOL = SVDIAL = SVvL:= 0,0

HOAIR = -1.0
WLTK = 0.0 .
WLTS = 0.0
WLTB = 0.0

READ INPUT DATA

READ(S,15) AMAT
IF(EOF(5)) 10,2
WRITE(G,18) AMAT -
"READ(ITAPE,TPP)
READ(S , STORE)
READ (5 ,HTX)
READ(S ,STEAM)
WRITE(G,TPP)
WRITE{6,STORE)
WRITE(6,HTX)
WRITE(G,STEAM)

IF(HOATR.LT.0.0) HOAIR = 1.6 + 0.29#WVELD.

183

5

2 e M s -, 5 armnsid

ot e




o000

Qo

OO0

aoaoon

IFy.NOT.KUP} GO TO 100
CALCULATE THE ENERGY TRAMSFERED FROM KILN GAS

IF(WLTK.LE.O0.0.AND.SVVOL,GT.0.0) WLTK = SYVOL*RHOS/CHT IME

TAVGIS =(TSTORH+TSTORLY/2,
CPSS = LINFQR{TAVGIS,TYCP2(1) ,NTCP2,FSTP,TPLP2{1), NPCP2 CPL2(1,1),
1 §,JKi1),JK{2),0)

RHOS = uINTRP(TSTGRH TTR2(1) NTR2,PSTR, 1PR2[1) NPRZ, RHDL2{1 1},
i 7,0K(3),JK(4),0)

Q75= NLlK9C9SS*(TSTURH-TSTGRL)
AHTRY = NTUB1(1)*PI*TUBDD(1)*TUBL(1)/12.
i +EXTSU{ 1)¥NTUB1(1)=TUBL(1)

CALCULATE HKi{LN EXIT GAS TEMPERATURE

CPKG = GINTRP({TKG,TTCP1{1),NTCP1,P5TP,TPCP1(1),NPCP1, cpe1(1 1),

1 5,uX(11),uK(12),0)

TOKGE = TKG — OTS/[WKG*CPKG)

CPKG = GINTRP((TKG+TOKGE)/2.,TTCP1{1) ,NTCP1,PSTP,TPCPT (1),NPCP1,
1 CPG1(1,11,5,JK{11),uK(12),0)

CALL ENTU{T3TORA,TOKG,QKGS,EFKGS XNTUKG, RKG, TSTORL, TKG, CPSS CPKG,
I WKG,WLTH ,UO(1),AHTX] NPASS(1) 'NSHLP (1) ,NBAF{1) -

2 NCONF{1},3)

TSTORH=TSTORA

CALCULATE MECHANICAL AND THERMAL ENERGY LDSS IN TRANSPORT
70 STORAGE

VISS = GINTRP(TSTQRH.TTV2(1).NTva.psrp.rpvati).NPRQ.VISCL2(1,1),
1 7,JK(5),UK(6),0)
RE1S = 19. q41*WLTK/(PI*PTSDII*VISS)

. FFACS = FRIC(RE1S,EPSHT,PTSDILI/12.)

TLENTH = DLTS + EQULS
DELP:.DDﬂ?bF?*FFACS*WLTK**2?TLENTH/(PI*PI*PTSDII**S*GC*RHDS)

DOIN = PTSODIO+THIPHL*2.0

cpsp GINTRP(TSTORH, TTCP2{1),NTCP2,PSTP, TPCP2(1),NPCPR,CPL2{1,1),
1 JK(1),dK(2),0)

cnnns = GINTRP(TSTORH,TTC2(1),NTC2,PSTP,TPC2(1),NPC2,CONDL2(1,1),
1 5,JK(9).JK(10),0)

PRNTLS = CPSP*VISS+2.4182/CONDS

IF(RE1S.LE.10000) HIS =22.32+CONDS/PTSDII+(REIS*PRNTLS+PTSCI1/
1 DLTS)**(1./3.)

IF(RE1S.GT.10000.) HIS = 0.276+CONDS/PTSDII*RE1§4%0,8x PRNTLS 4
1 (1./3.)

VOP = UQVER(BTSDIO,PTSDII,DOIN,HIS,HOAIR,CONT(1),TKINS,FFT(1),
1 0,}

QLLOSH = UDP*PI*DOIN*(TSTORH-TAMB).

GLOSHT = QLLDSH+DLTS

CALCULATE LOSSES FROM COLD TRANSFER LINE

RHOSL = GINTRP(TSTDRL TTR2(1) NTR2,PSTP,TPR2(1) .NPRZ, RHDL2(1 1)7

1 7.JK(3) ,JK(4)

VISSL GINTRP(TSTDRL,|TV2(1),NTV2,PSTP.TPV2(1),NPVQ,VISCL2(1,1),

1 7.UK(5)0 JdK(8), 0)

REISL = 19.B41*WLTK/(PI*PFSDII*VISSL)

FFACSL = FRIC(RE1SL,EPSLT,PFSDII/{2.)

TLENTL = DLFS + EQUFS :
DELPL-.0042657*FFAC5L*WLTK**Q*TLENTL/(PI*PI*PFSDII**5¥GC*RHUSL)
DOINL PFSDI0O + THIPCL*%2.0 ’
CPSPL GINTRP(TSTURL,TTCP2(1)'NTCPQ'PSTP,TPCP2(1).NPCP21CPL2(171}
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1 ,5,dK(1), JK{2), 0}

CONDSL = GINTRP(TSTOPL,TTC2{1) ,NTC2,PSTP,TRC2{1],NPCZ,CONDL2(1,1),
1 5,uh(9), JK(10),0)

PRTLS). = 2.4192+CPSPL*VISSL/CONDSL

IF(RETSL.LE. 10000, )} HISL =22.32+CONDSL/PFSDII*(RE'SL*PRTLSL*PFSDIZ
t /DLFBYe-01,73,)

IF(RE{15L.GT.10000,) HISL=0.276*CONDSL/PFSDII*RE]SL**0, 8*PRTLSL %

1 {1./3.)
UDPL = UOVER{PFSDIO,PFSDII,DOINL,HISL,HDAIR,CONT(1),TKINS,FFT{1},
2] 0.) ’

QLLOSL = UGPL*PI+DOINL+*(TSTOSL-TAME)

QLOSLT = QLLOSL*DLFS

WRITE QUTPUT FOR HEAT EXCHANGER NO.1 AND ENERGY TRANSPORT TO
STORAGE VESSEL

CALCULATE PRESSURE DROP IN HEAT EXCHANGER NO, 1
RHOSAV = GINTRP(TAVG1S,TTR2{1),NTR2,PSTP, TPR2(1},NPR2, RHOL2(1,1),
1 7,dK(3),1K(4),0)
VISCAY = GINTRP(TAVG3S,TTV2(1),NTV2,PSTP,TPV2(1) ,NPV2,VISCLA(1,1),
1 7,dK(5),1K(6),0)
CALL HTXDPT(DP1T,RE1T,EPSH{1),TUBDI(1),WLTK NPASS(1)},RHOSAV,BI(1),
1 PHI(1),NTUB1(1),TUBL(1),VISCAV)
TAVGIG = (TKG + TOKG)/2.0
RHDGAV = GINTRP(TAVC1G,TTR1(1),NTR1,PSTP,TPR1({1),NPR1,RHOGI(1,1),
1 5,dkl11),0K(12),0)
VISCG = GINTRP(TAVGIG,TTVi(1),NTV1,PSTP,TRR1(1),NPR1,VISCGI (1,1},
1 - 5,UK(13},JK(14),0) ‘ '
CALL HTXDPS(DP1S,RE1SS, TUBDO(1),WKG,NPASS(1),RHOGAY,BO(1),NTBCP(1)
1 ,TUBL(1),VISCG,PITCH(1),NROW(1)) .
WRITE(6.1320)
WRITE(G,1000)
WRITE(G.1120) WLTK,TSTORL,TSTGRA,WKG,TKG, TOKG
WRITE(6,1430) UO(1),AHTX1,NPASS(%) ,NSHLE(1 ) ,NBAF (1)} ,NCONF(1),
1 QTS,QKGS, EFKGS, XNTUKG , RKG
WRITE(6,1070) ‘
WRITE(6G,1030)
WRITE{G,1040) WLTK,TSTORH,RE1S,DLTS,EQULS,PTSDIO,PTSDI T, THIPHL,
1 UOP,QLLDSH,QLOSHT,DELP
WRITE(G,1080)
WRITE(G,1040) WLTK,TSTORL,RE1SL,DLFS,EQUFS ,PFSDIC,PFSDII,THIPCL,
1 UOPL,QLLOSL,QLOSLT,DELPL

DETERMINE STEAM GENERATION HEAT EXCHANGERS PERFCRMANCE DURING
CHARGE, DISCHARGE, AND/DR TIME LAG

CALCULATE STORAGE PERFORMANCE AND MEAT LOSS WHEN FULLY OR
PARTIALLY CHARGED

100 IF{SVVOL.LE.0.0) SvvOL = PI*SVDIAI‘*Q.*SVL/4.C

IF(SVDIAI.LF.0.0) SVDIAI = SGRT(4.0=SyVOL/(PI*SVL})
IF(SVL.LE.0.0) SVL = 3.0+SVVOL/(PI«SYDIAT+*2.)
VTCLIN = WLTS/(RHBS =*PI+SYDIAI**2./4,0)

HTHFI = 4.0+AMCLS/(PI*SVDIAL++2*RHOS)

TIMECH = HTHFI/VTCLIN

CALCULATE HEAT LOSS FROM STORAGE WHEM FULLY CHARGED- AND
DISCHARGED

DOT = 245VIT + SVDIAO

SVAREA=PI1*DOT*DOT/4.0+PI+DOT*SYL
uoT=1,0/(1.0/HOAIR+(SVDIAD-SVDIAL}/{R.*TKTANK)+SVIT/{12.+#TKINS))
QTANKH = UOT*SVAREA*(TSTORA-TAWME)
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OTANKL - UNi+SVAREA+{TSTORL - TAMB) ps i
: AREA ! G pd
TRATEH © GTANKH/!SYv 0t «RHOS+CRSR) G (jﬁig;
TRATEL 9 ANKL/{SYYULsRHUSLCPSPL) . , -cﬁasgg.
s , _ : §-
PRINT OLTPUT FOR STORAGE PERFORMANCE >

WRITE(G,1050)
WRITE(6,1060) SVVOL,SVDIAI,SVDIAQ,SVL,VICLIN,HTHFL,TIMECH, SVAREA,
1 uoT,QTANKH,QTANKL, TRATEM, TRATEL

DETERMINE HEAT EXCHANGER NO .2 (SUPERHEATER) PERFORMANCE

IF(WLTB.LE.0.0) WLTB=SVVOL¥RHOS/DITIME
IF(KUP.AND.FSTOR) WS5TOB = WLTK — WLTS
IF(-NOT.KUP) WSTOB = WLTB
IF(.NOT.FSTOCR.AND.KUP) WSTOB = WLTK
IF(.NOT.FSTOR.AND. ,NOT.KUP). G0 TO 1

CALCULATE ENERGY AND MECHANICAL ENERGY- LOSSES TO/FROM BOILER -

RHDS = GINTRP(TSTORH,TTR2(1),NMTR2,PSTP,TPR2(1),NPR2,RHOL2(1,1),

] 7., dK(3Y,dK(4),0)

VISS = GINTRP(TSTGRH TTV2(1), NTV2 PSTR, TPV2(1J NPR2,VISCL2(1, 1/,
1. TiJdKIB) JK(B),0) -
RE1S = 19. 841*WSTDB,(PI*PTSDII*VISS)

FFACS5 = FRIC(RE1S,EPSHT,.PTSDII/12.)

TLENTH = DLTB + EQULB

DELP=0 ,0042567+FFACS*WSTOB* 2+« TLENTH/ (PI*PI*PTSDII**5*GC*RHOS)
DOIN = PTSDIO +. THIPHL*2 .

CPSP = GINTRP(TSTORH,TTCP3(1),NTCP2,PSTP, TPCP2{1),NPCP2,CPL2(1, 1),~
1 S,JK{1),JK(2),0)

CGNDS = GINTRP(TSTORH, TTC2(1),MT02 PSTP,TRC2(1),NPC2,CONDL2(T,1),
1 5,JK(9),JK{10),0)

PRNTLS = CPSP*VISS5+2.4192/CONDS

IF{RE1S.LE.10000.) HIS = 22, 32*CDNDS/PTSDII*(RE1S*PRNTLS*PTSDII/
/  DLTB}¥%{1./3.}) _

11F{?Eis GI 10000,) HIS = 0.276+CONDS/PTSDII*RE{S5*+0,B*xPRNTLS**

: 1. .

UDP = UUVER(PTSDID PTSDII DDIN HIS HDAIR CDNT(1) TKINS, FFT(1),

1 0.).: .

QLLGSH = UUP*PI*DDIN*(TSTURA TAMB)
QLBSH = QLLOSH+DLTRB

CALCUL_ATE LOSSES IN COLD TRANSFER LINE FRDM BGILER

RHOSL = GINTRP(TSTORL,TTR2(1),NTR2,PSTP, TPR2(1),NPR2, RHBL2(1 1},
1 7,JK{3),dK(4),0)
VISSL=GINTRE (TSTORL,TTV2(1),NTVZ,PSTP, TPV (1) ,NPV2,VISEL(1,1),
1 7,JK(5),JK(6),0)

- RE1SL = 18. 841*WSTDB/(PI*PFSDII*VISSL)

FFACSL FRIC(RE1SL,EPSLT,PFSDII/12.)

TLENTL DLFEB + EQUFE -

DELPL=0. 0042557*FFACSL*NSTDB**2*TLENTL/(PI*FI*PFSDII**S*GC*RHDSL)
DOINL = PFSDID + THIPCL*2

_CPSL GINTRP(TSTORL,TTCP2(1), NTCP2 PSTP.iPCP2(1} NPCP2 CPL2(1 1)

WM

A s IR (1) aK(2) . D)
" CONDSL = GIMTRP(TSTORL, TTC2(1) NTC2,PSTP, TPCQ(1) NPca CBNDL2(1 1,

i S, dK(9),JK(10),0)
PRTLSL = 2. 4192*CF5L#VISSL/CDNDSL
IF(RE1SL.LE,10000.) HISL = 22. 32#CDNDSL/PFSDII*(RE1SL#PRTLSL*

" 1 PFSDIL/DLFB)**(1./3.)

IF(REi?L .GT.10000.) HISL . 276*CGNDSL/PF5DII*RE1SL**O B*PRTLSL**
1 (1./8.) ,
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U0kL = UDVER(PFSDLO,PFSDIT,DOINL,HISL HOAIR,CONTE1), TKINS, FrT (1},

1 0.) o
QLLOSL = yYOPL*PI*DOINL=*( TSTORL-TAME)
RLOSL = 9t .OSLYDLFB g

PRINT OLPUT FOR LDSSES IN ENERGY TRANSPORT TO/FROM BOILER

WRITE(6,1070)

WRITE{6,1030)

WRITE(6,1040) WSTDB,TSTORH,RE1S,DLTS,EQULE, PTSDIG,PTSDIL, THIPHL,
1 UDP,QLLOSH,QLOSHT,DELP

WRITE(G,1080) _

WRITE(G, 1040 )WSTOB, TSTORL ,RETS L, DLFS, EQUFB, PFSDIO,PFSDIT, THIPCL,
1 UOPL,0LLOSL,QLOSLT,DELPL

DETERMINE WHIGH HEAT EXCHANGER TG BEGIN CALCULATIONS (lRIGHﬁngz
IF(FWIT.GT.0.0) GO TO 200

S : . : sk
CALL ENPHS{TSSAT,PSTEAM ,HSSAT) : - R Qo%ﬁ
CALL  ENPUS(SHOT,PSTEAM, HSEHT) _

DELH = HSSHT ~ HSSAT

@SHT = DELH*WSTEAM

CALCULATE ACTUAL HEAT TRANSFER AND TOQUT-SALT, TIN-STEAM OF 5H

AHTX2=NTUB1 { 2)+PI*TUBDO( 2)*TUBL({2)/12.

1 +EXTSU(2)*NTUB1 (2) *xTUBL(2)

CPSHS=CPS{ | TSSAT+SHOT)/2.)

TSOEST = T5TORH - QSHT/(WSTOB+CPSR) -

CPSSH=GINTRP ( { TSTORH+TSOEST)/2. ,TTCPA(1) NTCP2, PSTR, TPCP2(1),
1 NPCP2,GPL2{%,1)},5,JK({1),JK(2),0) -

CALL ENTU(SHOT,TSAQ,QSHA ,EFSH, XNTUSH, RSH, TSSAT, TSTORH,

1 . CPSHS,CP35H,WSTEAM,WSTOB, U0 (2}, AHTX2, NPASS(2) , NSHLP(2) NBAF(2),
2 NCONF(2),3)

WRITE(G,1110) :

WRITE(6,1120) WSTOB, TSTORH, TSAD,WSTEAM, TSSAT,SHOT
WRITE{G,1130) UO{2),AHTX2,NPASS(2Z) NSHLP(2), NBAF(Q} NCDNF(2),
f OSHT,QSHA,EFSH, XNTUSH , RSH

IF{TSAU.LE.YSSAT) WRITE(B 1100) TSAU TSSAT
IF{TSAD.LE.T55AT) GO TO 1
CALCULATE BODILER HEAT TRANSFER AND STREAM TEMPERATURES

CALL  ENPHW( TSSAT,PSTEAM,HWSAT)
DELHB = HSSAT. — HWSAT

QB = DELHB+WSTEAM : ' L

AHTX3=HTUB1{ 3)+PE+TUBDO(3) *TUBL{3)/12. - 3
CPST = CPS{iSSAT) _ :
CPSB = GINTRP(TSAD,TTCP2(1),NTCPR; PSTP TPCP2(1),NPCP2, cPL2(1 e S o
t S,JK(1),dK(2),0) _ _ .
CALL ENTU(T5TBI,TSABD,QBA,EFB,XNTUB,RB, TSSAT,TSAD,

1 9999.,CPSB;WSTEAM, WSTOB,UO( 3), AHTX3, NPASS (3) , NSHLP(3),NBAF(3) ,
2 NCOWE(3),1)

WRITE(G,1156) o .
WRITE(G,1120) WSTOB,TSAD,TSABO ,WSTEAM, TSTBI TSSAT S ' ' : o
WRITE(6,1130) UD(3),AHTX3,NPASS(3),NSHLP(3), NBAF(S).NCUNF(a). , ' %

1 QB(QBA,EFB,XNTUB,RB : L

 IF(TSABD.LE.TS5AT) = _WRITE(6,1100} TSABD TSSAT .
IF{TSABO.LE. TS5AT) GO-70 1
CALCULATE PREHEATER HEAT" TRANSFER AND- STREAM TEMPERATURES

‘QPH = WSTOB*CPSB*(TSABO - TSTORL) ,
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AH1%4=NTUB1{4)}*P1*TUBNDO(4)*TUBL(4) /12. -

3 FEXTSUC)*NTUBY (4)* TUBL(4)

CALL CPSW{T>TORL,CPWB}

CPSPH = GINFRP((TSASO+TSTDRL)/2..TTCP2(1) NTCP2,PSTP,TPCP2(1)},

{  NPCP2,CPL2{1,%1),5,JK(1),UK(2)},0)

CALL ENTU(TWPHI,TSAPHD, QPHA, E FPH, XNTUPH, RPH, TSSAT,

1 . TSAEM,UPWB,CPSPH, wSTEAM wsroa uot4y, AHTKG HPASS({4), NSHLP(q).

2 NBAFIA), NCONF(4) 1)

WRITE(G,11B0) ‘ :

WRITE(6,1120) WSTOE,TSABD,TSAPHO,WSTEAM, TWPHI, TSSAT

WRITE(6,1130) UO(4),AHTX4,NPASS(4), NSHLP(4) NBAF(4) , NCONF({4),
1 QPH,QPHA, EFPH, XNTUPH RPH

200 CDNTINUE

DETERMINE PRESSURE DROP ACROSS HEAT EXCHANGERS 2 THRU 4

TSAAVG
RHOSSH
1 T dKlB).dK(4) 0)

VISSH - GINTRP(TSAAVG TTV2{1), NTV2 PSTP, TPV2(1] NPV2,VISCL2(1,1),
i 7 JK(S).JK(G) 0)

CALL HIXDPS¢DP3S,RE2S,TUBDO(2) ,WSTOB,NPASS(2) RHOSSH, BO(2),

1 NTBCP{2),TUBL{Z), VISSH PITCH(2) NRDW(Q])

TSTAVG = {SHDT+TSSAT)/2. !

RHOSTH = DENST{TSTAVG,PSTEAM)

VISSTH = VISCST(TSTAVG PSTEAM)

FALL HTXDPT(DP2T,RE2T,EPSH{2}, TUBDI(2),WSTEAM, NPASS(!) RHOSTH,

i3~ BI(2},PHI(2), NTUB!(z) TUBL(z) VISSTH) :

(TSTORH + TSAD)/2.

TSAAVG = (TSAD+TSABO) /2.

RHDOSSH = GINTRP(TSAAVG,TTR2(1}, NTR2 RSTPR, TPR2(1) NPR2, RHOLZ(1,1),
| T JK(S).IK(4} 0)

VISSH GINTRP(TSAAVG TTV2(1) NTV2, PSTP TPV2(1) NPV2, VISCL2(1 1).
I JK(S) JK(6),0)

CALL HTIXDRT(DP3T,RE3T,EPSH(3), TUBDI(3), wSTDB NPASS(S) RHUSSH,

1 BI(3),PHE(3), NTUB1(3) TUEL(S) VISSH)

RHOSTH = DENST(TSSAT,PSTEAM)

VISSTH = VISCST(TSSAT,PSTEAM) . - .

CAL!, HTXDPS| DP3S,RE3S, TUBNO(3}, wSTEAM NPASS(5), RHDSSH Bn(a),

i ATBCP( 3}, TuaL(s) VISSH, PLTCH(3] Nnuw(s))

TSAAVG (TaABD+T5APHD)/2. C ' '
- RHOSSH = GINTRP(TSAAVG, TTR2(1),NTR2 PSTP, TPR2(1] NPR2 RHOL2(1 1),
1 TyUK(3),JK(4),0)

VISSH = G!NTRP(TSAAVG TTV2(1) NTVZ, PSTP, TPV2(1), NPV2 VISCL2(1 1),
1 7,4K(5),dK(E),0) .

CALL HTXDPS(DP4S,REAS,TUBDO(4) ,WSTOBR,NPASS(4),RHOSSH, 30(4),

1 WNTBCP(4),TUBL(4),VISSH, PITCH(4) NRDW(A )

CALL HTXDPT(DPAT, REaT EPSH(AT, TUBDI(q) WSTEAM, NPASS(4) 55.0,

1 . BI(4),PHI(4), NTUB1(4) TUBL(A). 0)
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WRITE HEAT EXCHANGER PRESSURE DROP

wRITE(s 1080)
WRITE(E,1000)
WRITE(6,1210)
. WRITE(6,1220) DPisS, RE1S,WKG, TUBDD(1) NPASS(1) NTBCP(1) TusL(1),
1 BTTCH({) ,NROW(1); BG(1) e _ ) _
WRITE(6, 1230 ) ' _
WRITE(6,1240) DP1T,RE1T,WLTK, TUBDI(1) EPSH(1) NPASS(i) TUEL(1).
i BI(1}.PHI(1)
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ORTGr NAE_, I!A
G Piinn %

WRITE(G,1110) 4

WRITE(G.,1210)"

WRITE(6.,1220) UDE: RE2S, WSTOB, TUBDO(Z2), NPA55(2) NTBCP(2) TUBL(2),
1 PlTCH[?).NRDW(z) BO(2}

WRITE(6,1230)
~ WRITE(6.1242) DP2T,RE2T,WSTEAM, TUBDI{Q) EPSH(2) ansslz) TUBL(z).
3 BI(21,PHI{2)

WRITE(6,1150)

WRITE(6,1210}

WRITE(6,1220) DP3S,RE3S,WSTEAM,TUBRDO(3) ,NPASS(3) NTBCP(3),TUBL(3),
1 PITCH(S!.NROW(S) BD(S)

WRITE(6,1230)

WRITE(6,1240) DP3T,RE3T,WSTOE, TUBDI(3), EPSH(S) NPASS(S) TUEL(S),
1 BI(3),PHI(3}
: WRITE(B,1180)
! WRITE(6,1210)
‘ “WRITE(6,1220) DP45,RE45,WSTOB, TUBDO(4), NPASS(4), NTBCP(4J TUBL(4},
1 PITCH(41.NRUW(4) Bu(q\'

WRITE(6,1230)

WRITE(6,1240) DP4T,RE4T,WSTEAM,TUBDI(4),ERSH(4), NPASS{q] TUBL(4),
1 BI(4),PHI(4)

2

i
+
.
I
.

WRITE DUT SYSTEM ENERGY BALANCE SUMMARY

Qa0

DPST DP2T + DP3S + DPAT

DPTT = OP{T + DP25 + DP3T + DP45

QTOTTS = QLOSHT + QLOSLT + QLOSH + QLOSL
WRITE(B,1300) DOPST,DPTT,bP15,0TOTTS,QTANKH,QTANKL

CALCULATE POWER GENMERATED

aaoan

STEFF = GINTRP(SHOT,TTCE(1),NTCE,PSTEAM, TPCE(1)},NPCE,CEFF(1,1),
1 7,JKk{11),dK(12),0)

CALL ENPHW(TWPHL,PSTEAM, HPHIN)

CALL ENPHS(SHOT,PSTEAM,HSSHT)

PGEN = STEFF*(HSSHT-HPHIN)*WSTEAM/3413.

WRITE(6,1310) PGEN,STEFF ,SHOT, PSTEAM, WSTEAM,HSSHT HPHIN, TWPHT
GO TO 1

10 STOP

FORMAT STATEMENTS

[2Re N e

15 FURMAT(1BA4J
18 FORMAT(1H1,1BX, 1EA4 3(/ 19%, 1EA4)] y
1000 FUHMAT(/// 1UK.“KILN GAS-—~ TRANSFER FLUTD HEAT EXCHANGER PERFURMANCE
1
1020 FURMAT(1H1 10X, "ENERGY TRANSPORY BETWEEN KILN. GAS HEAT EXCHANGER A
1IND STORAGE VESSEL — ENERGY LOSSESY) ‘
1030 FORMAT(//,15X,"HIGH TEMPERATURE TRANSFER LINE")
1040 FDRMAT(// 20X, "SALT FLOWRATE (LBM/HR)",29%,1PE15.4,
/7, 20X, "SALT TEMPERATURE (DEG F)",27%,E15.4,
//,20%,"SALT REYNOLDS NO.",34X,E15,4, : )
oAV 20Ki"LINE LENGTH ((FT)",35X,E15.4,
~f/ 20X, "EQUIVALENT LENGTH -~ FITTINGS/BENDS (FT)*'TQX E15. 4,
/720X, "PIPE OUTSIDE DIAMETER {IN)v,25%,E15. 4,
e QOX."PIPE INSIDE DIAMETER (IN)",26X,E15.4,
) // 20X, "INSULATION THICKNESS (IN)",26X,Ei5. 4,
/7. ROX,"OVERALL HEAT TRANSFER CDEFFICIENT (BTU/HRFFTz*DEGF)
’ |E15 4, '
J£ 20X, "HEAT LOS5. PER FT (BTU/HR*FT)".23X E15.4,
//,20%,"TOTAL LINE HEAT LOSS (BTU/HR)",22X,E15.4,
//,QOX,"TUTAL PRESSURE DROP (LBF/INZ)",ZQX,51$-4)

;ﬂmbmmummhdn*
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10B0 FORMAT{//,15X,"LOW TEMPERATURE TRANSFER LINE")
1050 FORMAT('H1,10X%,"STORAGE VESSEL PERFORMANCE™)
1060. FORMAT(,;.iJX "STDRAGE VESSEL VOLUME (FT3)%,38X,1PE15. 4,
,IBX,"STORAGE VESSEL INSIDE DIAMETER (FT)",30X,E15.4,
/..1fx "STORAGE VESSEL OUTSIDE DIAMETER (FT)",29X,E15.4,
TSV Y%, CSIDRAGE VESSEL HEIGHT (£7)¢,39X,E15.4,
/7,154, "THERMOCLINE VELOCLTY DURING‘CHARGE (FT/HR)}", 23X,
E15.4,
f/ 15%, "THERMOCLINE INTTIAL HEIGHT (FT)" 34%,E15.4,
/£ 15X, "TIME TO FULLY CHARGE (HR)",40%, E15.4,
//.15x."5TunAGE VESSEL SURFACE AREA (FTZ)",32X,E15.4,

11X,E15.4,

// 15X, "HEAT LOSS FROM FULLY CHARGED TANK (BTU/HR)",23X,
E15.4, :
/7. 15%, “HEAT LOSS FROM FULLY DISCHARGED TANK (BTU/HR}", 20X,
E15.4,

//,15X,"TEMPERATURE DEGRADATION IN FULLY CHARGED TANK (DEG
GF/HR)",9X.E15.4, .

H /¥115%, “TEMPERATURE DEGRADATION N FULLY DISCHARGED TANK (D

MMUONPODTO DN -

- IEG F/HR)™ ,6£,E15.4)
1070 FDRMAT(lHl.TGK,"ENERGY TRANSPORT BETWEEN STORAGE VESSEL AND BOILER
1 SYSTEM - ENERGY LOSSESY)
1090 FORMAT (1H1,10X,°HEAT EXCHANGER PRESSURE DROP CALCULATIUNS"}

1100 FORMAT(////\ "HEAT EXCHANGER PINCH POINT EXCEEDEP=~CHECK HEAT EXCHA

iNGER DESIGN* /" DUTLET TEMPERATURE OF SALT (DEGF;™,1PE15.4,5X%,
"2 "INLET S1EAM TEMPERATURE (DEGF)*,E15.4)
1110 FORMAT (1H1,10X,"HEAT EXCHANGER NO.2 (SUPERHEATER) PERFGRMANCE“}
1120 FORMAT(//.15X,“FLOWRATES AND. TEMPERATURES",
i QJK."SALT FLOWRATE (LBM/HR)".1DX.1PE1S 4, :
/7, 20%, "INLET SALT TEMPERATURE (DEG, F)*,2X,E15.4,
/{,20%,"OUTLET SALT TEMPERATURE (DEG F)*, 1X.E15 4,
/7 20%,"STEAM FLOWRATE (LBM/MHR)",9X%,E15, 4,
Al EOX,“INLET STEAM TEMPERATURE (DEG F)",1X, 515 q,
//,20%4,"O0UTLET STEAM TEMPERATURE (DEG F)",E15.4)
1130 FORMAT(///.15%,"HEAT EXCHANGER PERFORMANCE AND CONFIGURATION"'
//v20%,"OVERALL HEAT TRANSFER COEFFICIENT (BTU/HR*FT2*DEGF)
© 31PELG. 4, - =
/7204, "HEAT TRANSFER SURFACE AREA (FT2)" 19X,E15.4,
F4 20K, "NUMBER OF TUBE PASSES",40X,0PI5, .
/20X, "NUMBER OF SHELL PASSES“,BQX,IS,
/7 20X, "NUMBER. OF BAFFLES",44X,15,
// 20X, "CONFIGURATION OPTION NUMBER",34X,15,
/7 20%,"DESIRED HMEAT TRANSFER RATE (BTU/HR)“.TEX 1PE15.4,
/7. 20%,"ACTUAL HEAT TRANSFER RATE (BTU/HR)",17X,E15. 4,
/720X "HEAT EXCHANGER EFFECTIVENESS",23X,E15.4,
//.20%X,"NUMBER OF TRANSFER UNITS (NTU)".zix E15.4,
/7 204, "RATIO OF CAPACITY FLOWRATES (CMIN/CMAR}" 12X,
: 1F515.4|
1150 FORMAT (1H1,10X%;"HEAT EXCHANGER NO.3 {BDILER] PERFORMANCEP) _
1180 FDRMAT(1H1.tox "HEAT EXCHANGER -NO.4 (PREHEATER) PERFGRNANCE*)-.'
1210 FORMAT(//,15X,"SHELL SIDE PERFORMANCE")
1230 FORMAT(//,15X,"TUBE SIDE PERFORMANCE") -
1220 FORMAT(// 20X,"PRESSURE DROP ( LBF/INZ)",3X, 1PE15 4,
- “.J{+20%, "REYNOLDS NUMBER",11X,E15.4, .
[/, 20%,"FLUID FLOW RATE (LBM/HR)" 3%, E15. 4,_
//,20%,"TUBE GUTSIDE DIAMETER (IN)" E15 4,
//,20%,*TUBE PASSES";25X,0PI5,
/720X, "NUMBER OF CENTER PLANE TUBES".Sx 15,
1l 2ox,"Tuaa LENGTH (FT)",10X,1PE15.4,
£7,20%  "TUBE PITCH “(IN)™,11X, 1PE15 4, o :
//.20% ,"ROWS OF TUBES FOR SHELL FLUID FLOW" zx Is.
// 20X, “FLOW CORRECTION FACTOR, BO",Ei15.4)
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ORIGINAL! PAGE I8
OE POOR QUALITY,

1240 FORMAT(//,20X,"PRESSURE DROP (LBF/INZ)",4X, 1PE1S. 4.

mumm&&nﬂ

SO DAL UPEEHGLDE SURBERY 12X, [ %L,

A 20K "FLULL FLOW RATE (LBMW, HR)".JK E15.4,

£7.20X,"TUBE INSIDE DIAMETER (IN)".2X,E15. 4,:.
F7.20K, “TUBE SURFACE ROUGHNESS glN)".E15 4,
J’ PoX, TUBE PASSESY ,26X,0PLS,

1/.20X.“TUBE LENGTH lFT)“.11X.1PEiS.4.

£/ 20X, "FLOW CORRECTION FACTOR, BI",1X,E15.4,
//.20%,"FLOW CORRECTION FACTOR, PHI",E15.4)

1300 FURMAT[1H1 10X,"TOTAL SYSTEM PRESSURE DROP AND HEAT LDSSES",

D@30 Ul A -

)l(QCJQG‘IUlhOJM-‘-

[/ 15X, "BOILER SYSTFM STEAM PRESSURE DROP (PSIA}", 3X,
{PE18. 4,

//,1BX,"SALT LOOP PRESSURE DROP (PSIA)",13X%,E15.4,

[/ 15X, "KILN GAS PRtSSURE DRDP ON SHELL SIDE (PSIA)“

E15. 4,

Iy 15X "ENERGY TRANSPDRT HEAT LOSS (BTU/HR)”.SX E15.4,

/715X, "ENERGY LOSS FROM CHARGED TANK (BTU/HR)",5X,E15.4,

/715X, "ENERGY LO5S FROM DISCHARGED TANK (BTU/HR)",2X.

£15.4)

1310 FORMAT (iH1,10X,"POWER GENERATION CALCULATIONS",

/7 ISX“ELECTRICAL POWER GENERATED (KILUWATTS}"SX,
"1PE15.4,
//+15%,"POYER CYCLE EFFICIENCY {ELECTRICAL/THERMAL)*,
E15. 4,
// 15X "TURBINE THROTTLE TEMPERATURE (DEG F)",7X,E15.4,
/715X, "TURBINE THROTTLE PRESSURE (PSTA)",11X,E15.4,
// 18X, "STEAM FLOWRATE (LBM/HR)",20X,EIS5.4,
//,15X."STEAM SUFERHEAT ENTHALPY (BTU/LBM)",9X|E15.4
// SR, "FEEDWATER ENTHALPY (BTU/LBM)",15%,E15.4,
77y ISX,"FEEDWATER TEMPERATURE (DEG F)".14X E15 4)

1320 FDRMAT(IHi)

END

*DECK | DENST

c
c
c

ooO0nn

FUNCTION DENST(TEMP PRES]

" DETERMINES . THE . SPECIFIC DENSITY OF. STEAM .- . =
BASED ON FORMULA OF KEYES SMITH, AND GERRY
TT =(TEMP + 4889.}71.8
PP = PRES/14.68%
TAU = 1,0/17
-BO = 1,83 -2641., 62*TAU*1D **(80870 *TAUS*2)

G1T = 82.546+TAU -~ 1.624GE+05+TAUx*2,
G2T = 0.21828 ~ 1,2697E+05*TAUA*2,
G3T = 3.B35E-04 ~ G.76BE+GA*TAU**24,

BETA = BO + BD*BD*G1T*TAU*PP + BD**4*GQT*TAU**3*PP**3 - BG**tB*
1 GITH*TAUS# 124PP*x42 -

an =, 4.55504*TT/PpP + BETA

DENST. = 62,335/v0L - _ P

RETURN R

END

_¥DECK,VISCT . -

FUNCTION VISCST(TEMS,PRES) .

DETERMINES THE VISCOSITY OF STEAM(CENTIPDISE)
‘ BASED- ON- FDRMULA DF KEENAN AND . KAYES

TT = (TEMP + 459.)/1.8

PP = 0,07031+PRES - -

TAU = 1.0/TT

VISCO = 1.501E=05#TT#%0,5/(1.0 + 446. B*TAU)

© VISC = VISCO +1.0E=D4*(TAU*{6; 56-2. F1E~03+10%+(1340. *TAU))*PP F
i 3. BQE—02¥10**(~5 476E~03+TT } xPP*PP)
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YIsu§T= viSC/100, w
RETURN ' N ) ﬁpcgl
' END 3 S S A R
+0ECK , DEW \ @‘&

FUNCTION DEW(TEMP) v,

C
c
c . DETERMINES THE DENSITY OF WATER :
c : BASED ON FORMULA BY SMITH AND KEYES
¢
TT =(TEMP - 32)/1.8
TC = 374.11
NC.= 3.1975. _
™ = TC ~ TT o - o
VS = (VC-0. 3|5154B*TD**(1 /3.)=1.203374E=03*TD+7 . 48908 E~13~TD**4)
1 - /(1.0+0,.1342489TD**(1./3.)~3.946263E~03*TD)
DEW = B2, 335/vs :
RETURN
END

*DECK , ENPHW
SUBROUTINE ENPHW(T, P, XH) .
IF(T.GT.650.0} GO TO 10
IF(T.LT. 32.0) GO TO 11
- IF{T7.GT7.375.0) @O TO 13

C CURVE FIT FOR ENTHALPBY OF. SATURATED WATER BETWEEN 32DEGF AND 400 DEGF

AD = -3.22199E+01

A1 = 1.0098BE+00

A2 = ~1.09370E-04

A3 = 3.20658E-=07 .

XH = AO+A1*I**1+A2*T**2+A3*T**3
RETURN -

13 CONTINUE

C CURVE FIT FfOR FNTHALPY DF SATURATED NATER BET%CEN 3500EGF AND SSODEGF

BO = . 5.80426E+02
B1 = ~7.33017E+00
B2 = 4.705%2E-02
B3 = ~1.41586E~04
84 = 2,39875E-07
B5 = -2,16585E—10
B6 = 8.211B0E-14
AH = BD+B1*T+B2*T**2+BS*T**3+B4*T**4+BB*T**5+BS*T**B
- RETURN

10 WRITE(6G,1)
1 FORWAT (32H WATER TEMPERATURE EXCEEDS 650 F) .
. GD TO 42 -
11. WRITE(6,2) ’
2 FORMAT{33H WATER TEMPERATURE LESS THAN 32 F)
12. CONTINUE
END .
*DECK,ENPHS =~ - ST
SUBROUT INE ﬁNPHS(TEMP P, HTOTAL)
T ={TEWNP - 32.0)/1.8 . .
TAU= 1. /(273,16 + T)
Pi= P/14.696

BO = 1.,89-2641. 62*TAU*10 O%* (8 0870:.,0 % TAU**Q}
G1 =B2.546¥TAU — 1.624BES*TAUx*2

G2 = 0.21828 —1.2897ES5*TAU**2 .

G3 = 3.635E -4 - 6.7G6BEG4*TAUx* 24

SY1=BO#**2 *G1 * TAU
‘SY3=BO**4 *G2 * TAU»*3 -
SY12=p0+¥13*G3* TAU**%12

11.0)
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BOP = -2541.62*10.**{BOB?O*?AU**Q)*(2 0*80870 0*TAU#*2*ALDG(1D )+
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Git = 82.514 ~2+1,624E5%xTAU
G2P = ~1.,2617E5 v 2.0v TAU
G3P = ~L.768BEB4 #24.0% TAU»+23
SYIP =2,0%B0*BOP*G1*TAU+BO**2*GIP*TAU+BO¥*2%G1
-SYSP =4, 0500#*3*BOP*G2*TAU* %3+ BO*+4 *G2P+TAU**3+BO¥% 4% G243 .0+ TAU=*2
svizp=13. *BO**12*BGP*GB*TAU**12+BD**13*GEP*TAU**12+BD**13*63*12 *
1TAU**11 4]
F = BO +TAur BOP
Fi= SY1 + TAU=x SY1p
F3= SY3 + TAU* SYap _
F12=5Y12 + TAU* SYi2P i B
XH sF*P{ + Fi1/2.0 *P1x*2. +F3/4. *Phwl +F12/13. *P1x%x13
Tt =1/TAU
YH = 1.4720#(T1-273.16)+7. 55688~4/2 *(T1**2-273 16**2}+47 835*
1ALOG(T1/273.16) + 2502.36
HTOTAL = XH+,0435578+ YH * ,42993
RETURN
END

" %DECK, FRIC

FUNCTIDN FRIC{RE,EPS,DIA)
-(2 457+ALOG(1. /((7 JRE)*%D, 940, 27*EPS/DIA)})**1B.
{37530, /RE)**16
FRIC ={(8.0/RE)**12 . +{A+B}**(~1.5)) #*x0.08333
RETURN
END

*DECK,UOVER =~

FUNCTION UDVER(DI Do, DUINS HI HD TP, TKI FFI FFO}

C
c CALCULATE EACH RESISTANCE BASED. ON OUTSIDE DIAMETER
¢

DOO = [3INS

1F(DOINS.LE.DPO) DOQ = DO.

RDI = DOO/(DIxHI)

RDO = DOD*ALOG(DO/DI)/(24,%TKP) .

IF(DOINS.GT.DO)  ROOI = DDD*ALGG(DOINS/DD)/(24 *TKI)

' CALCULATE OVERALL HEAT TRANSFER COEFFICIENT

UDVER=1.0/({RDI+FFI*DO0/D I1+RD0+1.0/HO+FFO)}
1F(DOINS.GT. nu) UDVER= 1. 0/(RDI+FFI*DDD/DI+RDD+RDDI+1 0/HD+FFG)
- RETURN L _ _
END _
*DECK, HTXDPT

SUBROUTINE HTXDPT(DPT,RE,EPS,DI,WDOTT,NTPASS,RHOT,BT,PHII,NTUBE,
1 XLTUBE,VISC)

_ DATA GC/32.174/, P1/3.14158/

e _ . - -
c CALCULATE TOTAL FLow AREA, MASS FLux, AND PRESSURE DRDP
c
AREA = PI*DI*DI/S?G +NTUBE
GFLOW = WODFT/AREA
RE = . GFLOW*DI/VISCx0.03445
FF = FRIC(RE,EPS,DI/12.)
DPT = FF*GFLUW**2*XLTUBE*BI*NTPASS/(540000 *GC*RHDT*DI*PHII)
RETURN
END _ _ _
*DECK,HTXDPS . - - e
SUBROUTINE HTXDPS(DPS, RE DO, WDOTS, NTPASS RHBS ,B0,NTUBCP, XLTUBE,
1 VISC,PITCH,NROW)
SUBROUT INE DETERMINES THE PRESSURE DHUP ON SHELL. SIDE oF
: L HEAT EXCHANh=R5 o S

193




e e

!F?ff.iy

DATA GC/32.174/, P1/3.14159/
BAFL = XLTUBE/NTPASS

FAREA = QNTLUBCP+(PITCH-DD)*BAFL/12.

GFLOW = WDOTS/FAREA

RE = GFLOW-0O/VISC+0.03445

FF = 0.23 + 0.11*({PLICH/DD-1.0 }**(=1,08)*RE*x*(-0.15)}
BPS. = N1PASS *FFENROW=~GFLOW* %2/ (GC*RMOS=6,48E08)
| * B0

RETURN

END-

*DECK, CPS

FUNCTION CPS(TEMP)

TW ={TEMP+ 459,7)/1.8

CPS= 0.4031 + 0.12767xTW+1,E-3 + 0. OiS?Q*TW*Tw*1 E-6
RETURN

END

#DECK,ENTU

CoaoGQoOoOOoOOO0ODO0O00

oo

ono

noon

SUBROUTINE ENTU(T3,74,Q,E,¥NTU,.R,T1,T2, CPC CPH,WC,WH ,UDAQ,NTP,
1 NSP,NBAFF,OPTION, NTOP]
. INTEGER GPTIDN :

SUBROUTINE CALCULATES THE HEAT EXCHANGER EFFECTIVENESS OF.
VARIOUS CONFIGURATIONS — DETERMINES THE EXIT TEMPERATURE
DF HEAT EXCHANGER KNOWING OTHER 3 TEMPERATURES OF STREAMS

OPTIONS: ’ i f

COUNTERCURRENT OR COUNTERFLOW

PARALLEL FLOW

CROSS FLOW - HOT UNMIXED

CROSS FLOW - COLD UNWMIXED

CROSS FLDW ~ BOTH UNMIXED (NUT AVAI'ABLE]

113001 3

MULTIPASS — OVERALL COUNTERFLTW

- ONE SHELL PASS, ONE TUBE PASS, BAFFLED CROSSFLOW

EQUATIONS OBTAINED FROM [COMPACT HEAT EXCHANGERS{, KAYS AND
LONDON, 1058 S

PROGRAMMER: D.G. BESHORE (MMC,D/0482)

QN0 DWN—-

KPASS = 1°
= WH+CPH
CC = WC+CPC

. CWAX = AMAXI1{CH,cC)

10

CMIN = AMIN{ (CH,CC)

R = CMIN/CMAX

XNTU = UO+AQ/CMIN

GU TO (10,20,30,40,50,60,70,80,90)} UPTIUN

CDUNTERFLDW "HEAT EXCHANGER

= (1.0 = EXP(-XNTU*(1.0- R)}]/(1 o~ R*EXP(“KNTU*(1 0~R}))
GD 7O BOO

FARALLEL FLDW HEAT EXCHANGER

20 E = (1.0-EXP(~XNTU*(1.0+R))Y/(1.0+R)
G0 TO BOO
' CROSSFLOW — HOT STREAM UNMIXED
30 IF({(CMAX-CC).LE.0.0001) GO TO 35

31

©. B85

E'= 1.0~ EAP((EXP(—XNTU*R)"1 0) /R)
_GD TO 800
= (1 0=EXP( (EXP(=XNTU)~1. o;*n))/n

.GD TG B0OO
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500

‘540
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520
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CROSHFLOW — COLD STREANM UNMIXED

IF((CMAX-CH) .LE.0.0007) GD TO 35
GG TO 31

CROSSFLOW - BOTH UNMIXED

WRITE(6,100)

" FORMAT("0 ORTION 5 NOT AVAILABLE")

CALL EXIT
1.- 2(,4,6,8,ETC) PARALLEL CGUNTERFLDW HEAT EXCHANGER

| GAWMA = XNTUXSQRT{1.0+R#*2}

E = 2.0/(1.0+R+SQRT(1.0+R¥%2)+ (1.0+EX2{~-GANMA) )/ (1.0-EXP(~GAMMA)))

GD TG 800

MULTIPASS - OVERALL COUNTERFLOW HEAT EXCHANGER

IF(OPTION.EQ.7.AND.KPASS.EQ.2) GO TO 200
IF(OPTION.ER.B.AND.KPASS.ER.2) GO TO 200
IF(OPTION.EQ.9.AND,.KPASS.EQ.2) GO TO 200
GO TO 500 :

MULTISHELL PASS - EVEN NUMBERED TUBE- PASS HEAT EKCHANGER

XNTU = XNTU/NSP
NTO = N5P
KPASS = 2
G0 10 6O

ONE SHELL PASS — DNE TUBE PASS BAFFLED HEAT EXCHANGER

IF(KPASS.EQ.2) GO TO 200
XNTU =. XNTU/NBAFF

NTO = NBAFF

KPASS = 2

GO TO 40

DETERMINE EFFECTIVENESS OF MULTIPASS HEAT EXCHANGERS

RETURN

EFF = E . o : S L
IF(R.GT.0.98}) E = EFF*NTO/(1.0+(NTO-1.0)*EFF)
IF{R.LE.0.9B) EPP =((1.0-EFF*R}/(1.0-EFF)}#**NTQ
IF{R.LE.0.98) E .= (EPP-~1.0)/{EPP-R)

. CALCULATE EXIT TEMPERATURE NF FLUID STREAM

CONTINUE
GO TO (510,520,530) NTOP
T3 =(CCHTI = E*CMIN*TZ)/(CC - E*CMIN]

0 = CCH(TY - T3)
= T2 = Q/CH
GO TO 600. :

T4 -= (E*CMIN*T] - CH*T2)/(E*CMIN -~ CH)
R = CH*(T4 - T2)
T3 = T1 + Q/CC

GO .TO B0OO

CONTINUE

T3“T1+E*CMIN*(T2“T1)/CC

S 195 ¢
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§ =CMINA(TZ~T1)*E
TAsT24ESCMIN*(T1-T2) /CH

600 RETURN

END

«DECK ,CPSY

[elsNoNels]

SUBROUTINE ~PSW(T,CP)
1F(T.GT.#50.0) GO TOD 10
IF(T.LT.32.0) Go TO 11
TF(T.GT.375.0) GO TO i3

AD = ~32.2199
Al = 1,009BB
A2 = =-1.,09370E~04
A3 = 83.22658 E-07
CP = A1 +A2r2.04T + AZ=3,0%T*%2
RETURN
13 CONTINUE B
BO.=-6.41287E+01 . -
Bt = 1.27331
B2 = ~8,3944BE~04
B3 = 1.00122E-06
B4 = 0.0
B =.0.0
B6 = 0.0
CP = B1+B2*2,.0*xT+B3*3 .04 T#*2+(444,0%T*%3
1 1B5+5 .04 TH*x4+BE*6 . 0% T*u 5
RETURN
10 WRITE(B, 1} ' ‘ o
A FORMAT (32H WATER TEMPERATURE EXCEEDS 650 F )
GO TO 12
11 WRITE(G, 2)
2 FORMAT {334 WATER TEMPERATURE LESS THAN 32 F )
12 CONTINUE . . .
END ’
*DECK LOCFAC
SUBROUTINE LOCFAC[UK, X,TX,NX, dJd¥%, FX)
IF JK EQ. 1, CHECKS DRDER OF TX ARRAY {NX ITEMS) FOR
. - CONSISTANTLY. INCREASING OR DECREASING VALUES..
FINDS LOCATIEN OF FIRST (DR UNLY} ARRAY 'ITEM FOR SCALING
LOCATION OF X FROM TX({uJX}
CALCULATES SCALING FACTOR FX = (X‘TX(JX)) / (TX(UX+T )=-TX(JK})
DIMENSION TX(1)
JX = 1
FX = 0. ) o
IF(NX.LE.1} GO TO 200
=1,
IF(TA(1).6T.TX(NX)) 5 = ~1.
KR2 = -ABS{TX{NX)-TX(1))*0, 5 .
'IF(dK NE.. 11 GO TO. 90_::_‘ .
Gk .= 0 .
IF(S GT’O,) GO TO 30
00 20 I=2,NX
S IF(TX(I). hT TX(I 1)) GQ T0 50
-2 0 CONT INUE - o
GO To B0
a0 DO 40 1=2,NX
o IF(TX(L}.LT.TX(I-1}) GO TO 50
40 CONT INUE
o GO TO 90 . ) ) el . ]
B0 WRITE(B.UO) C ’ e o ’ S
60 FORMAT(iH1 41X 27ZHE R R B8R . I N T ﬁ B LE)-
70 - WRITE(6,80) X,(TX(I),I=1.NX)
801 FDRMAT(1HO 41x 27HREFER TO SUBROUTINE LUCFAC /7

5X.3HX = 1PE15.4 / AX 4HTx = BE15, 4 / (BX 6E15.4) )
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007840
007850

007860

007870
007880
007890
007900
007910
007920
007930
007840
007350
007960
007970
007980
007920
008000
008010

‘008020 "
008630 -

008040
08050
008060
00BO70

008080

008090

‘008100
008110
008120
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EREE AN AR NO SYSTEM SUBROUTINE  ERRTRA R 5 EDO
ALL ERRTRA _
*E*kk**bu*vy*##*tiit* : Lok REERRREEE R QUALITY
CALL EXIT 008140
sTop 008150
NX1 = 2 008160
IF(NX.LE.20) GO TO 110 008170
DO 100 1=10,NX,10 008180
U = 1 DOB{90
IECCTX(I)-X)=*5) 100,200,110 00B200
NXt = 1 + 1 o0B210
DO 120 I=NXi, NX 008220
Jx =1 008230
IF((TX(1)-X)*5) 120,200,130 008240
CONTINUE 008250
IF(UX.GT.1) dJX = dx—1 008360
FX = (X-TX(JX)) / (TX(JUX+1)-TX(dX)) 008270
IF(X LT AMINI(TX(1),TX(NX})~-XR2) GD TO 150 008280
TF(X.GT AMAXT(TX (1), TX(NX))+%R2) GO TO 150 008290
GO T 200 008300
WRITE(6,160) oog310
FORMAT(1H1 22X 64HE R R O R = EXTRAPDLATIUN OF TABLE IS BEYOND ROO83:0
1EASONABLE LIMITS ) poe3assn
" @eo To 70 . 008340
RETURN -p08350
END 008360
FUNCTION GINTRP(X4{,T1,N1,X2,72,N2,YT,N,UK1,UK2,L) 008380
' ' S ' R 008350
00B400
GENERAL INTERPOLATION ROUTINE ==~ INTERPOLATES ONE AND 008410
TWD DIZENSIONAL ARRAYS AND BYPASSES PREVIOUSLY SCALED 008420
INDERPENDENT VARIABLES 008430
_ _ _ 008440
PROGRAMMER: D G BESHORE 002450
: 0084650
DIMENSION T1(4),T2(1),¥YT(1) 008470
L. 1S BYPASS INDICATGR 008480
- IF{L.E®.1) €GO 7O 40 aoB430
CALL LOCFAC{UK1,%T,T1,N1,11, Ft) 008500
CALL LOCFAC(UK2,X2,T2,N2,12,F2} 008510
F3 = 1.-F2 008520
I11 = (12-1)#N + I1 008530
121 = 131 + i 008540
112 = I8 4+ N 008550
128 = 112 + ¢ 008560
B1 = 1. DO8570
02 = 1, 008580 -
CIF(I1.GT.N .OR. I2.GT. 1000) GO TO 30  DOBS90
IF(ET. LT, E—50) Fi = 0. S - 008600
IF{F1.EQ.0.) GO TO 20 008610
DI = YT(121)=-YT{I11) 008620
IF(F2.EQ.0) GO TO 20 008630
D2 = YT{I22}-YT{I12}) 008640
GINTRP = YT(E41) + Fi*D3 O0EE40
IF{F2.LT.1.E-50)} F2=0, 008660
IF(F2,NE.0.) - GINTRP = F3*GINTRP + Fa*(YT(I12)+F1+D2) 00BE70
RETURN - 00B680
WRITE(6.40) I1,N,I2,X1,X2 _ _ . 00BB20
FORMAT (10X, ERRUR DETECTED IN GINTRP,....It1 =",13,3%,* N =r,I3,; 008700
1 3%," 12 =v,]5,3X," X1 =",E12.6,3X," X2 =",E12.8) 008710
Aok i sk sk ok **********
CALL ERRTRA
***gztiw ik REMOVE GALL TO.SYSTEM SUBROUTINE ERRTAA S
_ _ e _ HBROUTT -RRTRA oeisag
L, 3TOP 008740
END . DOB750
197

P S Ry

S TP T S R S T U £ V- S

et s

—



REFERENCES

B~1 W. M. Kays and A. L. London: Compact Heat Exchangers, MeGraw-Hill
Book Company, New York, N.Y., 1964,
B-2 M. S. Peters and K. D. Timmerhaus: Plant Design and Economics for
wr Chemical Engineers. McGraw-Hill Book Company, New York, N.Y., 1968.
t
]
b
I
P
- 198






