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ABSTRACT

This document presents the results obtained and conclusions drawn during the performance
of a study entitled. "Application of Thermal Energy Storage Techniques to Process Heat
and Waste Heat Recovery in the Iron and Steel Industry". The study was performed by
Rocket Research Company. with support from team members: Bethlehem Steel Company
(Seattle plant) and the Lighting Department of the Oty of Seattle (Seattle City Light).

The system identified in this study operates from the primary are furnace evacuation *,stern
as a lieat source. Energy from the fume stream is stored as sensible energy in a solid medium
(packed bed). A steam-driven turbine is arranged to generate power for peak shaving (either
internal company load peaks or utility area demand peaks can be smoothed with the
system). A parametric design approach is presented since the overall system design. at
optimum payback, is strongly dependent upon the nature of the electric pricing structure.
Since utility rates are currently in a state of flux, this work was felt to have a greater future
value if that variable could he chosen for each specific case.

The scope of the project was limited to consideration of currently available technology so
that .industry-wide application could be . achieved by 1985. Slight additional scope
limitations we're found from the additional criterion that concepts and cgliipment must be
compatible with the heavy industrial environment.

A search of they literature, coupled with interviews with representatives of major steel
producers; served as the nicans whereby the techniques and technologies indicated for the
specific site are extrapolated to the industry as a whole and to the 1 985 time frame. The
conclusion of tiie study is that by 1985, a national yearly savings of 1.9 million barrels of oil
could be realized through recovery of waste heat from primary arc furnace fume gases on an
industry-wide basis,	

1.

Economic studies indicate that the proposed system has a plant payback time of
approximately 5 years. Due to the favorable economic and technical results in the program,
additional work . leading to a full-scale demonstration is recommended. This program would
be carried out iii five phases to prove the overall feasibility of the concept and provide
industry with the necessary data for nationwide implementation.
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1,0 INTRODUCTION

Traditional sources of inexpensive electric power are currently exploited to nearly the
fullest extent possible. Additional growth in electric power production may be accommo-
dated through operation of gas turbine systeIlls to carry the Leak loads, with the existing
thermal plants and hydroelectric facilities supp lying the baseload Veneration capability. This
high dependence upon petroleum products for peak power production is undesirable in the
current and future economic climate. In some instances, industrial waste ii at is of
sufficiently high grade to serve as a source for a peaking turbogenerator system, directly
displacing fossil fuel.

Currently, electric. energy is priced in a manner to share the cost of expensive peak power

over the entire baseload. Pricing structures which charge the user more nearly what the
utility must pay for its power (i.e., where baseload power is inexpensive and beak power is
substantially more expensive) are under consideration in malty areas of the country. The
details of how such a pricing structure filially becomes implemented will have a significant
effect upon the Cost and payback analyses of generation systems installed to supplant the
purchase of beak power.

The iron and steel industry is a likely field in which to search for opportunities to generate
electric power from waste energy, Two major factors contribute to this state:

1, Tile steel melting and forming processes occur over a high tem perature range;
hence, the waste energy streluus are of relatively high tirade.

''.	 Electric generation on Site is a relatively common practice . in thi!, industry, .

The purpose of the study reported herein is to investigate the application of energy sto rage
techniques to enhance the potential utilization of waste energy in the iron and steel industry
as a 11 leans for geIlerating peaking power. ElleI`gy storage plays a vital role in allowing the
time Of po\VCS' generation to coincide with the time of maximum demand. Only currently
available technology compatible with the heavy industrial environment is considered, so that
national implementation by the year 1985 is feasible.

During the conduct of the study, the Bethlehem Steel Corporation scrap metal refining
plant in the '^eattle area served as. a specific site about which detailed analysis was
conducted. This plant is typical of electric are furnace installations thrall-flout the United
States, allowing the results of this site-specific' study to be extrapolated to a National basis.
Bethlehem Steel also participated in measurements to quantify various waste energ y sources
and in analysis of print impsn and interface requirements for the waste heat recovery
system, Seattle City Light, the energy supplier for Bethlehem Steel, participated in the
program by providing data oil local and nationwide energy costs and the estimated
escalation rates for energy in the future..

u
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The project proceeded ill seven tasks. A survey of the published literature, coupled with
interviews with selected representatives fronn the industry, provided the baseline informa-
tion from which the overall effort proceeded, In the second task, a number of waste energy
streams and storage concepts were evaluated. The third task involved the measurement of
selected data of the industrial partner's site to more accurately assess the magnitude and
availability of the waste energy streams. Based upon the results of tile first three tasks, the
most promising concept was selected; the interface between this system and the existing
site/operations was defined during the fourth task. The major project effort went into the
fifth task, sizing and performance analysis. A computer model of the proposed system was
developed by which the numerous system tradeoffs could be analyzed and all optillium
approach selected from both teellnical and economic considerations, A preliminary design
for the application at the partner's site was developed during the sixth task. During the
seventh task, a plan was developed leading toward a future demonstration.



2.0 INDUSTRY SL IZVI-: '

'Pile initial task of the program in volved a survey of published literature in three areas ill the
iron and steal industry- the basie iron and steel making processes. the technical and
ecolionlic Climate in the industry, and the use of steel sla- as a thermal bed storage material.
A list of the references consulted is presented in .Appendix F. Interviews with selected
representatives in the steel industry served to expand upon and update the information
derived from the literature. This task of the propr:un basically shaped the overall study
efforts of the 11rc-►4*ram as the waste vnergy source to lie utilized was selected as a ttsult of
work in this task. The foliowing sections present the results of the literature search and the
industrial process and waste energy source selected for further study,

2.1 IRON AND STEEL MAKING PROCESSES

11.1 Iron illaking

Iron ors; is reduced to cast iron in , ► blast fur►race. Tile furnace is charged with iron ore.
limestone, and euke. and combustion is supported by a. blast of hot air. Each tin Lit' iron
produced requires approximately 2 tons of iron ore, l ton Of cake, 0.5 tarn of limestone.
and approximately ; tams of air. Cases which e\h the blast furnace are oornbustible, with
almost all blast furnace top arses being used in : ► "blast. furnace stove" (Reference`. 1). Tile
blast furnace stove is similar to .lit ordinary reeuperatorin function, but with the aL Wit ional
feature` that the hat gas is burned with ambient air. Tile resultin g, enemy 1s then utilized to
preheat the air utilized in the blast furnace. In the case of larger, high pressure (0 to 35
prig) blast furna"s, the mechanical oner,y of the comprCssed gas is recovered directly
througll an expansion turbine. Since this direct means for recovery of energy contained in
tilt: blast furnace top gms is already proven in its fossil fuel displacement capability, the
application of ail means (incorporating storage) can approach the current savii7_.*,s
only if there are no e norgy losses in the storage system,

11.2 Steel Makin,

Three types Of furallees exist fOr the n]akinp- of steel. These W:

1. Basic oxygen.  furnace (80F)
Open hearth furnace tOHl

5.	 Clectrie lire firrnace. (EF);

III
	 1, the annual steel production ill 	 United States is platted versus time since

1967, with prg1eetions shown to 1985. 111 the late open hearth steel production
accounted for over 10."r of the national production, with the basic oxygen process
contributing one-third of the total and electric are furnaces supplying the remaining 10 to
15e7.  In recent years. open. hearth steel production has been steadil y phased out in favor of
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the more modern electric are and basic oxygen processes. By 1985, the national steel
production will be shared between basic oxygen furnaces (72r7! ) and electric are furnaces
(28%). Since the open Hearth process is being phased out, only the BOF and EF processes
are investigated in this study.

Basic Oxygen Process — In the basic oxygen process of steel manufacture, the charge
consists of 70% molten iron and 30% cold scrap. Oxygen is forced through the mixture.
burning carbon dissolved in the iron, to provide the energy to heat and Melt the scrap. -Me
gases which exit from the furnace in the BOF process eontain a Ihitah percentage of carbon
monoxide which has the potential to be utilized as a fuel. There are a number of problems
concerning the handling of ale potentially explosive gas mixture which are currently under
investigation. To date, these problems have prevented utilization of carbon monoxide as a
fuel in the United States, although it is expected that these problems will be solved in the

future since the technology is very similar to that already in use in the handling of top gas
from blast furnaces in iron production. It is economically more attractive to utilize the gases
from tike BOF process as a fuel in a direct recuperation process than to store the energy for
subsequent use. As a result, the waste energy contained in BOF top gas was eliminated from
further consideration in tine study.

Electric Are Furnaces -- The charge for an electric arc furnace is 10T' , cold (nonnloiten)
scrap. Tile energy requirements to produce steel from scrap are significantly less than these
required to produce steel from iron Tire when all the energy required to produce the
internhediate molten iron is accounted for. As a result, the estimates presented in Figure I
for future electric are steel production may be conservative as escalating ener.y costs will
tend to make tike electric are process relatively more attractive.

In the electric ate furnace process, shown in Figure 1, an electric are is struck from the
carbon anodes directly to the scrap charge with the resistance of the metal generating
sufficient heat to bring it to the molten state. Various trace elements are added in order to
produce a desired grade of steel. Oxygen blows (I to 5 minutes each) are rased. While these
are similar in principle to the oxygen blowy in the BOF process, these are of a reduced
quantity, resulting in a low fuel value of the gases coming off the electric are Furnace.

In all electric arc furnaces above approximately 40-ton capacity, the furnace is hooded to
remove hot gases resulting from the process. These gaases. at an average temperature of
approximately 1,300 0F, must be quenched and routed to baghouses where particulate
matter is removed prior to exhausting to the atmosphere, The gases exiting the electric arc
furnace represent a good potential waste energy source.

2.1.3 Coke Making Process

The removal of hydrogen-bearing volatiles from coal to produce a smokeless carbon product
for the iron making and foundry industries is one of the largest energy users in tike iron and
steel industry. The volatiles driven off are captured and used as fuel in the process itself.
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:ygen may be in
to speed up car•

Win removal from the
rroilen metal.	 -

W

ELECTRIC FURNACE
STEELMAKING
A long-deserved reputation for producing alloy, stainless, tool, and

Otfte, specialty steels belongs to America's electric furnaces. Opera.
tor; have also learned to make larger feats of carbon steels in these
furnaces; this development helps account for the record trynnage

.. outputs of recent years.

The heat within the electric furnace is inten;e and rigidly controlled.

Mor!ern electric furnaces have top sections that can be moved away
so that special containers can charge strap into them from above.
Sometimes pig iron is also charged and prereduced iron ore, in vari•
ous forms, is rich enough in iron to be used as an electric furnace
.f..Ima^Y ino rh.1rOR_

Limestone and flu= are charged on top of the molten bath. Through
a chemical interaction, impurities in the steel rise into the molten
slag, which floats on top of the metal. The fumace is tilted slightly
and the slag is raked off. Electric furnace steel can be made either
with a single-stag or a double-slag practice in the double-slag
method, an oxidizing slag is first formed, raked off, and a reducing
slag formed,	 AL

Alloying elements, which come from r:earey part,
of the world, are usually added to the r-sOJW str.-
in the form of ferroalfoys. Tyr icai elemecludr
chromium from the Philippines, to	 from
br3r. l, nickel from Canada. and cobalt f	 lice.

When the chemical composil.c,-
Of VIe steel meets specification..
the furnace tilts forward so 1>;i!
molten metal may pour ck,l
through th.e spoul. The 6La1t cc 1.11
after ' he steel and Ser"es a% err
I-ating blanket during tart.

AMEPICAN IRON AND STEEL INSTITUTE PUBLICATION: "STEEL MAKING FLOW CHARTS"

29012-82	 0	 q  	 Figure 2
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(i
{However, a vary large eilergy kiss is associated with quenting the finished product. `rhe cake

quenching process is recognind as the largest ellergy loss ill tilt' illdllstry ., hence.
considoralile effort at improvement is under wily. Technology incorporating till mygotl^free
gas forced tltrt ugli the Ilot (1,7000F) coke until it is cooled below the point where* it will
support Combustion In all (300 0l') is terilled "dry gllellchitlt,". Such 11wealls are ill use ill
l?urope, especially the U.S,S,It. Quoting from Rel'ewiive l *, ".. , sui titig with a pilot plant
ill 11)(A the 'Soviet Union now 11as Over SO dry rluetiching histatlations 'ill operation, Ill
Russia, such tia6lities . ,are now mandatory for all new eoke ovon batteries , ... If tilt' (try
tilts mch process is developed ill the United States. the hest use for the hilt gases will be for
direct prelleating (if the coal Energy storage based systems using this source will not be
t^llnlpekttive,

,1.4 Rolling tint] l{ iuishing

The product flow lit ►tit from molten steel tea finished steel has several cal► balls and branches.
Ill the conventional method, the lilolten steel is cast into ingots, t'elicated ill soaking Fits to
uniform internal temperature, rolled to till Intermediilti' shape (bloom, billet, or shib),
ct^altad to maul temperattire, lnsliected for su faco, defects. processed to romove surface
defects it necessary; rt'hented lit a reheat furtwee, rolled to ti ►e desired sl ►tipe, cooled again to
room temperature, and shipped. At tilt' other end of the energy t.'fticlellcy Spectrum, 111t1Itoll.
steel is colltintlously cast, transferred directly to till` finishing mill, rolled to the desired
shape, cooled to amb ient and shipped. Interme diate betmen die`s two CaSeti tire Conditions
where ilitertiletliate slialles transfer directly from the blooming mill to it finishitilt dill, and
cases where continuously east forms retltlire reheating before the finishing* mill tour to delitys
011 ►YloW, Energy atilizat ioll varies by about it fatJor of three• from least to most emngy

vftiCiellt process, Since tile nitre energy-offi6ent processt% are proven working processes ill
Japan and hurope, it seems likely that progressivoly more U.& plants will convert to this
tecttilolo,gy as the prise of eitergy rises to approliel► that iii. jtlptill and FAlrope.

Tilts large slumber of o0iatls ill product flow processing tend ;t to make each steel makiltt,	 j
plant require a seitttrate analysis when considering energy savings ill the ralli ►ig anti fillishiug
processes, :thert'b	 preventing, tile. development of a waste 1`111'1'' collection ti s1	 y k	 ^	 t	 by	 tetlly^

applicable to the total industry,

'.	 'I'L3Cl3NU•I'.CGNONIIC" ?NVIRONNIENT IN'I'IIE STI;,'I 1:L INDt1STI2Y

.l Roles of Iute-orally Generated Power

Ott-Sits' generatioiltit' electrie power is it widespread 1)rattice in the itldush'y; henm tilt'
presence or tilt' skills required for oporatiort and maintenance of power generation "ystellls iti
pret;umed. tit many cast*,s, they ,fir compressors, for the blast ft ►rnttces.are also turbine driven.
Topping cycle generators are histalled ill malty plants which have it targe requiretillent fo r

*A11 rdl nLm is;,onsulted ;ire. stated tit Appeti(h r'
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lo'%V pressure steam, 'Millinuull difficulty is expected ill incorporation of a thermal storate,
peak shaving system with existing processes.

2.2.2 Capitalization Practice ill the Steel Industry

Traditionally, in the steel industry, opportunities for investment which Show a payback that
exceeding 5 years are considered attraethm. Ill recent years, )mandatory expenditures for
Pollution Controls have depleted the supply or capital to the poillt where even a l-Year
payback may not receive funding..Uthoup.11 the price of energy . to the steel industvv has
increased ill recent year's and now represents approxilllately 1 1x-C of the product S alles price,
the effect has not bomn as dramatic its the capital deplv't ion effect. Hence, expenditures for
energy conservation, although showing Some leverage over Competing demands for capital,
are not apt to be !]lads', spollta llo ously ill Sufficient ollla ntit^" to allow for sigllificallt national
energy savings Within the hear future.

1 3 . SLAG — SUITABILITY AS A SHNSIBLL STORAGE NIF'DIUM

sl alg, a by-product of steel Imanufacture, is eolmpowd of various metal oxides and Silicate`s.

I!1 Sallie cases, Sufficient Steel hiclaisio ns are )present to justify trushillt , Scleonintl and
nlagnetle Separation of tllr higher motalllie bearing fragments. Rejects are land filled or sold
as,  t'c)a1C1 511I'falclilt' imate!'ia11.

'file cllenlical nature of Slalt; fI'om electric furnaces is different from 1301'-produced Slat?,
BOF slag is frequently used as as road surfacing constituent. Fieetrie. flarmalce-prtoduced shi;,
may not be such a good material for this apt}licatio tl. 0110 instance of roadway use of
electric are furnace`slag biwkled and bloko up, The fault was attributed to poor dimensional
stability of the slag. Occasionally, electric furllm-pro uccd sl;it'.. will be introduced into a
BO V, resulting ill all e\trai heavy Stay" t0 meet road surfaciog, demalllds. Although a
particle of slag cove`t'ed with asphalt ,And otllvrwiso expoNed to the elements has a
Significantly . different envirc?oment than one convained within a thernial storage bed, alit.
illdieZ16011 ctif U.ustable dimensions ill one case must tie takeli as a w a►rnilat; signal for the other
aaittil the lirncesS is t0*1111V understood.

No measllrellients 01 . estima .tes of the thermal properties of sla t; (thermal eonduetivity,
thermal expansion, Specific heat) were. located. Thermal expansion is of considerable
interest as it 'effects the wall stress required of the storage bond contai imont and the
prc+pa atic+m of evistillg ytless Cracks within at As a lvsult of the
lack of data can the thermai properties of slat. measurements were made d uring this study
and are discussed in Appendix 1),

2.4 SELECTED PROCESS FOR WASTE ENERGA' RECOVERY

As a result of the discussion and conclusions in the previous scetio n% the electric :n •c furnace
process vas selected for detail study under the program. In the other iron and steel
processes, direct energy uttl.izaltion pin liell of stllra-110 .1ppea ►'s l)))ife eeollomically attractive,
tlius those processes were etiminalted from further consideration,

. 9:.	
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The following sections describe measurements of waste energy sources oracle within the
!Bethlehem Steel plant. Five waste energy streams were identified within the Betlilehem
Steel plant as follows:

1, Primary fume stream
^. Sonk pit stack gases
1 "Q-inch mill output shapes
4. Mill fum ace stack uses
S. Smaller mill output Shapes.

Tempkratures and flan= rags were measured for eaeli of these, allowing accurate calculation
of the energy content,

x.43 Primary Are Furnace Mime Stream

At the RetlileliemtSeattle Recycling Plant, primary Amw exits (lie furnace through a part in
the removable furnace hood and is turntid ilia ciqmQs iii the tuts Anne elbow tea proceed
downward in a refractory lined spray chamber. A series of water jets is arranged iii the stray
chamber to quench the primary fume to approximately 550 0F, wring furnace tapping
operations, the furnace, furnace hood, tap elbow and spray chamber rotate . as a unit, A
flexible elbow connects the spray chamber and the stationar y downstream duetwork.
Considerable additional flumes coaling occurs through tuixing with ambient air, drawn in
through gaps between the flexible elbow structural members.

Coaling primary fume througli water spray is not a coniuion wlinique in t1w steel industry,
More coninionly, the entire coaling effect is achieved thr ough ambient air dilution. In yin
efficient waste energy recovery system, the fume temperature must be Dept as high as
passible; hence, bath quenciiing means will be elim inated. Tl ierefore, the existence of till

atypical quenching means tat the specific example site will not influence tlae applicability of
the resultant techniques to the industry as a w1lole.

The example site `vats instrumented to measure primary fume temperaatu ro at the tap Wine
elbow, funie quench water flow rate, mix gas temperature at the bottom ( flexible) elbow,
and mixed gas total and static prc^stitii (downstream),

Prquench fine temperature shows samewliat more variation with time than was expected.
Figure 3 is an extimple of the raw data: Five full heats occur ola the eircular gra►pli, Many
spikes to 3 ,RQQ oF alre in evidence a- well as many "negative spikes" to 100 0K Table 1
presents estiniates of aveaage* temperattims for each Beat during the monitoring period, The
final system must cape with a st ►pply temperature wliicli (when averaged tl ► rougli a 3-11our
period) niny he as iiigli as 1,7500F .or as lain as 850013, ,!q well 

as perlodic excursions from
a*aanl tenitwrature to 3 00OF of 1 'to S minutes' duration, The average teinperaatuie of this
stream is 1,3000F.
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Ta blo I
AVERAGE TMIPERATURE AND DURATION ESTMI'ATES

OF RACY (BEFORE QUENCH} FUME

float	 Pour Average	
!

Date	 Furnace	 Heat	 Time	 Time	 Heat Temp.	 j

9/26/77	 #10	 l	 3 hr/05 min.	 10.. 1,050
? hr/45 n1in.	 ? 1,550_

3	 Thermocouple burnout during pour (??)
4	 Thermocouple replaced after start #4
5	 3 hr/ 10 mill.	 ? I,200

9/27/77	 #I0	 1	 hr/55 in in.	 10 1,350
2	 3 hr/45 In in.	 14 1,750
3	 3 llr/15 mill,	 15 1,050
4	 Thermocouple buniout
5	 Thermocouple burnout

9/28/77	 #10	 I	 2 br/07 n1in.	 30 1,450	 J

2	 '? hr/52 mill. 	 15 1,500
3	 2 hr/50 mill. 	 32 1,100
4	 2 hr/50 min.	 20 1,200
5	 211r/30miu.	 ? I,450	 1

9/29/77	 #10	 1	 311x/05 min.	 35
s

975
211r/45 111111. 1.1 50

3	 '^	 * 850	 }

4 950 !:
5	 Thernlocjouple burnout

Ting e-weighted average temp. 1.300oF }

NOTES

I)	 Instrument range I0O O	--°; 3,000OF

2)	 Thermocouple Burnout causes Full-scale indication

3)	 Measured teIllperatture swings full -scale several times per Merit

^1}	 II1dicated temperature during pour decreases to minimum indication

`	 Recorder off towards end of heat #3, on after 	 of heart #xl
^x

12 ^	 .



Water flow rate to the spray nozzle banks in the fume quench chamber was successfully
measured. These data show than an average water flow of 8,6 gpm is demanded for each
furnace and that cold air in-flow through the joints of the flexible elbow is contributing to
quenching the fume stream. Between the two furnaces, approximately 10.9 x 10 6 Btu/hr is
transferred into the quench water to bring it to equilibrium downstream conditions. The
additional quenching effect of ambient air leakage is nominally estimated at 14.1 x 106
Btu/hr. Ambient air dilution is approximately 48%.

Total mixed gas flow rate is calculated from a series of total and static pressure
measurements taken across the duct at a convenient access port 350 feet from the furnaces.
At this point, approximately 13% of the duct cross-section is occupied by settled dust. An
area weighted average of the velocity survey measurements yields 40 ft/sec. Measured gas
temperature at this point was 376 0F, which yields a nominal mixed gas (funne, air, and
water) flow rate of 257,000 lb/hr. These figures are consistent with a 1,300 oF fume stream
of 125,000 lb/hr partially quenched by 17.2 gpm (8,590 lb/l ) of water, partially quenched
by 120,000 lb/hr of ambient air to an upstream (measured) temperature of 550 0F. Further
lost energy by radiation . and convection from the Inninsulated duct decrease the mixture
temperature to 376 0F at the plane of velocity measurement. These figures yield an available
energy of 40x 106 Btulhr.above 700F.

2.4.2 Soak Pit Stack Gases

Gases from the soak pits represent a low-grade heat source since the high temperature
streams are recuperated. The average temperature of gases leaving the recuperators is about
6000F. Gases entering the recuperators can be as hot as 1,800 017. Table 2 shows average
temperatures and flow rates of gases leaving the. soak pit operation and the recuperator, The
recuperation process recovers about 16 million . Btu/lnr on the average for all three batteries:
This reduces fuel usage by about 1201o.

T-ible 2
SOAK PIT DATA

Soak Pit A B C

-Combustion was flow, lb/hr 15,000 15,200 21,000

Recuperator exhaust gas temp., of 670 600.. 600

Recuperator inlet gas temp., of 1,720 1,550

CFNI of natural gas 322 325 448

Tons of steel heated per hour** 59 tons/hour

*Data not collected, but similar to "B" battery.
**Data collected for all. soaking pits.

13



At Bethlehem Steel in Seattle, the soak pits consist of three batteries of four pits each. 	 i F
These flatteries are designated A, B and C. The A and B batteries :ire similar in that they
each have foie brick recuperator associated with four soaking pits. The C battery has four
metallic recuperators, one for each soak pit.

The data collected in Table 2 is . averaged for each battery. Temperature recordings were
elude around each recuperator over -a period. A saniple of temperature recordings is
shown in Figures 4 and 5. Figure 4 is before the recuperator and Figure 5 is after
recuperation. As can lie seen, the temperatures are fairly constant. The overall, gas flaw rate

i
is calculated from the known fuel air ratio and measured fuel usage during the measurement
period at 53,000 lb{lir.

14.3 32-Inch Mill Output Shapes

The residual sensible energy in the output shapes (bloom, billet or slab) from the 32-inch
mill represents a rather large Beat loss. These shapes are typically about 25 square inches in
cross-section and 11 to 14 feet long. Cooling occurs on a angled bed with mechanical drives
to move the cooling shapes incrementally, making room for the next shape; Bence, the term
"walking ramp". Shapes approach the walking ramp at 1,750oF and cool (by radiation and
free convection) to 1,200 oF as measured by all pyrometer; This cooling allows the.
formation of a different crystalline structure tit the lower temperatures, so the shapes can be
moved by a magnetic carrier. Cooling times range from 30 to 60 minutes, depending on the
shape and type of steel. The average output of the mill based oil 	 last 3 years is about
600 tons per to-hour shift. This amounts to S million Btu's in Bout lost, mostly by radiation.

Measutements have been rnade to show temperatures of the supporting structure with and
without. radiation effects. Six thermocouples were placed along the bed .12 inches below the
shapes themselves. Figure b shows a typical plot of the thermocouple readings.
Thermocouple No. 4 was shielded and showed a rather loan (about IOO oF) consistent
temperature. All other thermocouples were affected by radiation and read higher. The
highest reading was on the order of 600 OF oil hot end of the tooling bed. These
measurements show that direct heat recovery from the bed structure itself would be limited
to low temperature as the dominant heat transfer niectianisms are radiation and free .
convection.

Since the. shapes cannot be "force cooled" without undesirable metallurgical changes,
radiation Beat transfer is the only means to recover the heat. While it may be technically
possible to arrange shrouds around this area to intercept the radiation, any such device
would interfere witli handling machine. ry access and is not felt to be practical.

2.4.4 Mill Furnace Stack Gases

There are two reheat furnaces at the Seattle Bethlehem. Steel plant in addition to the soak
pits. These furnaces supply Heated material to the 12- to 10-inch bar mill and the 22-inch

E
E
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"C'.
	 STACK GAS TEMPERATURE AFTER RECUPERATION
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mill. Exhaust gases from these furnaces were defined. Table shows the averaged data over
a 2•1-hour period. These temperatures var;^ more with time than those of the soak bits, due
to some cycling of mill operations. Flow rtes of exhaust gases were determined front the
fuel usage and known fuel-air ratio,

Table

REHEAT FURNACE DATA

1.M., to 10"
Furance	 liar Mill

Combustion gas flow, IbIhour	 41,900

U.xhaust temperature, oF	 1,62501

CFNI of natural gas	 886

Tons of steel heated per hour	 -

212" Mill

43,000

S20OF

90q

l

The 12- to I O-inch mull furnace has a relatively high temperature with a suitable flow rate.
Potential heat recovery from this source could be as high as 10 million Btu/hr. The .=' 3-inch
mill furnace is of lower availability and magnitude. Direct recuperator systems are likely to
show as better cost payback than storage systems, as a synchronized demand exists for any
energy which can be recLivered,

3,4.5 Smaller I1IM Output Shapes

The fifth waste energy stream identified is the sensible eIaergy in the secondary mill output
shapes. Temperatures of these products are can the order of 1,700 oF and outputs are. cyclic,
depending on production schedules. Data from the last 3 yeaars indicates 209 tons per S-hour
turn for the bar millmill operating at 15 turns a week. The structural mill (based on . years)
produces 137 tons per 84iour turn operatin g at 10 to 15 turps a week.

As the output shapes from these mills are final products, the cooling rates are even more
critical to motallur.-ical properties than are the cooling r ates .of intermediate shapes from the
blooming mill. The shapes themselves tend to be very tong land slender, thus the ever;^y is
dissipated in a very diffuse manner. Thus, while a sizable amount of energy is dissipated by
this paeans, recovery is not felt to tie. economically praetical.

1S



a.tl SYSTEM SELECTION

,F)w systelll identified by this study t•volyes from c %nsideratiou of four items:

I. 01"Ml4e of eilerg,: , sour4
Choice of eller y end tlse•
Choi" of energy ,"tma a nl4au",

.1, choi4 o of system flog arran,,elliont

l'ht• means of makln.: tilt` vcgldr4xl de6skins regardin g the al?ow Variables are' described Ili
the follow in paraigmiphs.

, .1 ENERGY SOURCE SIyLFCTION

Five energy flow paths me identified at the oxample Aw n'hie'h ; w high e'llough in loth
t."lnp;ratuve and e"nem, eontent to lNe of nitere,t. Faell of thest' Otle gy "trealils i^ ctirrt"ntly
dissipawd to the anlMent, hellty could vrve as, a Source for in en4`ggy storage. and reeovery
s^ stem. Three of these solll'4t', are heatOd pas strrralll s Wid two are N%nsilele enemy y contained
in tile pro. wt. T lbW it lists theist* Sources and shows thQ, lti'stllt of Imilled alx1rin;. agaillst
oach of four uu;jor stivdion criteria. I';lch energy stre. nl was %x3red on a scale of l to l U
lg:llntit t`:ltl l l`lterioil. 11' itll :i se'e?rc' or ltd iileli4'atiilg the strimm is Ct'r\ :irlCtlllttl,I-sous r.'iYiivi=.
to that irite'rion. the numerical wolx`S wem then sullmled tea a tight.' of merit for each
lmlerzg Anmiu. In file rolloxving paragraphs, these criteria arc discussed. to;,ettler With the
logic b6ind The assignment of each individual sQO us,

Table 4
Iil^i:F1' SOURCE 5k l^I<c'T1QN 1^.1^:^L1^:i.TION

c1111e^e
l equirement

For
Storage

FxpenNe
For

Devellllllllcylltlle•i"

Impuc; t to
bN-isting,

"ltioll

Confidences

of
S lle"cesc

'total

Primary fume stream 0 tA ^"

Soak pit stack 0 ilk Q -a

Z" lllill output shapes 4 1 5

Bar mill ttlrilae:t' stack p ees ^ o. "ti

Sulaller mill output shape's S 1

'They first criterion in dw evahrltion it, the requirement for stovi2w, or, in otlwr wtmlti , the
dggw t. of viariation in t inperatuiv or llt'at flow which proclud".. t1w.. use of Common

n^1.



steady-state recuperator technology. Both of the exhaust stack gas streams are substantially
constant in both temperature and . flow rate; hence, are capable of recuperative type energy
savings. In fact, a recuperator already is in service on the soak pits and the bar mill furnaces
are fitted with means to install recuperators. It is thus unlikely that the additional
complexity and thermal loss associated with storage of the energy in these streams would be
justified.

The second criterion is developmental expense associated with transfer of energy to a
transport fluid. Essentially, the three sources in gaseous form can draw upon a wide body of
existing experience, whereas little prior art exists for the capture of that energy which is in
the mill output shapes. Thus, although it may be feasible to transfer the heat from the mill
output shapes, the equipment required would be expected to require significant develop-
ment expense.

Impact to existing operations associated with means to recover the energy in the various
streams is essentially very much less for the three gas stream sources than for either solid
form source. In particular, the secondary mill output shapes are very long and slender and
would require a very large bulky system, inevitably interfering with materials handling
equipment in the vicinity. The same. problem at somewhat lesser magnitude exists for
primary mill output shapes.

The final criterion is the level of confidence expected for success in using the various
sources. In other words, what is the probability that fundamentally unsolvable problems
exist, irrespective of the amount of developmental money which could be utilized to
provide a workable system? There are no such problems foreseen for stack gas sources. The
furnace fume stream could potentially have such problems associated with its dust load and
is thus given a slightly lower score. Conflicting requirements for cooling rates from
metallurgical considerations and from heat transfer system requirements may have a higher
probability of producing fundamental problems for the cases of the solid shapes.

As a result of the above analysis, the arc furnace fume strearri is selected as the best energy
source for subsequent analysis. The two stack gas sources can be better utilized by
steadyitate recuperation. The two solid material sources will require significant further
research before a demonstration project would be warranted.

3.2 CHOICE OF ENERGY END USE

Four applications for stored energy were identified. These were:

1. Specialty steel ingot preheating
2... Combustion air preheating
3. Substituting of stored energy for holding fire
4. Peak electrical load leveling via generation.

The four end uses are discussed in turn in the following paragraphs.
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sPe'cialty .steal ingot pr'elleating ..-- While technictilly feasible, this appears to offer ai very low

energy utilization. Reheating of cold specialty steel ingots occurs infrequently, periods of
111011ths pass without its occurrence, Thus, this appl ication would require storage of a near
seasonal nature, resulting in a very large system. Ill addition, the investment of capital in a
facility which is seldom used is very unlikely to show an attractive payback period.

C'omhustive ah. prelleating and hold fire substitution	 Under. normal furnace conditions,
the steady-state energy stream in the relicat furnace and souk pit stack gases call the
required energy for air preheating. Thus, it is [filly during night-tin ge holding f'il'e Conditions,
when these shack gases are cooler, that providing sta yed energy for air preheating alight
show a cost competitive position with the less complex direct recuperation means. In the
limit, it might be possible to provide; the total ene=rgy required for holding, dente, the
combustion a ir preheating transitions smoothly to hold-fire substitution. A fundamental
flaw exists for these applications ill that at tinges the plant runs three", shifts per day, and
hence, there is no requirement for holding fire:. Traditionally, these full rapacity periods are
weeks to nlontlls in duration. I•Ience, unless very large storage systetlls'Were considered, the
energy storage system would have no use during the tin g es when the daily energy available is
the greatest. This end use concept is, thus, unlikely to show the most beneficial cost
payback analysis,

Peak lereling — Peak leveling through electric generation from stored ene=rgy remains the
most attractive end use for stared energy. There: is a demand for electrical energy -it any
generation level and duration compatible with the size of the energy source. Essential
turboLenerator equipment is available "off-the-shelf",

3.3 ENERGY STORAGE MEANS

In T'able 5, proven storage materials are listed together with peak tempera tu re .range's and
estimated costs. No fundaimentally different storage techniques have been found which
could be considered proven technology: hence, the storalgo m aterial must be selected from
Table S.

Water storage is clitninated because of the signific=ant loss of availability which would be
incurred due to the relatively low maximum temperature of these storage. means. the high
e\pellse of storage, and the significant hazard associated with tank rupture and the flashing
to steam of large quantities of superheated \vater. Similarly, petroleum based heat transfer
oil storage . systems must accept it significant loss in availability as the maximum temperature
consistent with long cl y canicni life are lower than the mean source temperature',. A secotld
severe difficulty with these materials arises from the anticipated results of a system leaf:.
Vapor pressure=s of these materials are significant clear their nlaxlmuni temperatures; thus, as
line rupture would Field large . quantities of vaporized material. A s the stee l-illaiking,,
environment is characterized by open surfaces at 3,Qt OOF or Nig gler, such vapors are dearly
certain to ignite. Suitable protec=tion against such an event is likely to push the storag es cost
well in excess of the $3.2241M situ listed in Table S. Anhydrous sodium hydroxide. also,
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Table 5
STATE-OF-THE-ART STORAGE MATERIALS

e.:

STORAGE
MEDIUM

STORAGE
CONTAINME11T

TEMPERATURE
RANGE

^^FI

TYPE OF
HEAT

COST
(SM Fltds)

53 'ATiIS ii1±Y.

WATER. PR	 UP.IZE:0 ABOVE GROUND T041D°F SENSIBLE 2ADO DESIGN DATA AVAILABLE, S
TANK, UNMERGROMM TANK EY.PERITA01TAL SYSTEMS

T:.fl

PRESTRESSED CAST-IPSlN SETIS[SLE 13,4}I►D
VESSEL

PETROLEUT"ASED OILS PRESSURIZED A3r'1/E IGROUI 13, TO 704dF SEfa	 ELE 3,224 DESIGIJ DATA AVAILABLE 45,49
IL.	 CALORIC THERMI VTOL) UNDERGROLMD TAMS

REFRACTORY BRIM INSULATED C NTAIRMEfIT TD i,SDD°F SEfiSIBLE 477 CPERATIONAL 42,43
di_E. rtgo) VESSELS

HOT ROCKS PACKED BED To 1,3DD'F SEUS1BLE 23-397 DESIGN DATA AVAILABLE 18,46
+4PEBBLE BEDS

frETAL.WGUTS WNE TOI,ZDDQF SEfiZIBLE 4,043 DESIG?k DATA AVAILABLE 45,44
Ii.E. IROT I, ALtif,7laUfhI

lip-am DRUMS TO 900°F LATENT 1 ,0-.5 DESIGN DATA AVAILABLE, 5,47
EY.PEPIRIENTAL DEVICE
?^STED



would require art undesirable decrease in the availability of stored energy through its
maximum temperature limitation of 900 0F. This may not be severe enough degradation to
cause outright elimination of NaOH systems, but certainly is an undesirable disadvantage. A
more severe disadvantage is the reluctance of steel personnel to consider Iarge amounts of
highly caustic material on their site. For 8 hours of storage from the system, approximately
200 tons of molten NaOH Would be required. The required safety precautions to preclude
the absorption of Water or accidental spillage of anhydrous molten NaOH would inflate the
cost of the system.

The several solid storage media have no problems foreseen with spills, fires, or steam
scaldings. Pressurized storage is not required. All have upper temperature limits equal to or
in excess of the rncan source temperature; hence, the medium properties do not require a
loss of availability per se from that of the source. A number of solid materials with various
thermal properties are available. The decision of which specific material need not be made at
this time, as the analytical studies can be arranged to simulate any solid material desired,
depending upon the specification of thermal properties.

3.4 SYSTEM FLOW ARRANGEMENT

The fourth choice to be made is the system flow arrangement. There are three criteria for
the flow arrangement:

1. The flow arrangement should be as simple as possible, as this will result in the
lowest costs.

W. The flow arrangement Hurst allow for most efficient use of energy.

3. The flow arrangement must avoid potential problem areas.

The steam loop for the turbogenerator is . not an independent variable in this series. the
assumption being that the turbine will be designed around the output from the heat
exchanger. Seven system flow arrangements were considered in the evolution of the
proposed system. Figure 7 details these in order of simplest toward more complex.

Arrangement No. 1 is the simplest in concept. Gas from the heat source floWS Continuously
through a storage bed and then to the baghouse. The bed is discharged by a heat exchanger
buried in the bed operating oil counter-flow. Such in arrangement would be versatile in that
a partially charged thermal bed could be discharged if desired.

Several disadvantages of this system hav4 surfaced during the work to date. The first of
these is that a very large buried heat exchanger will be required. To discharge the bed
progressively, yielding, constant output temperature steam, the exchanger must essentially
have sufficient area for the energy transfer in each of several zones down the Ted axis: As
the heat exi hanger is likely to be a very high cost item, a system which makes more efficient
utilization of the heat transfer surface Would be desirable. A second disadvantage to the
buried heat exchanger is the susceptibility to tube failure When the solid storage medium is
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charge (this especially is obvious when one considers using the scrap steel as the storage
medium). The system would have to be carefully built up on site, layer by layer. A third
disadvantage is seen in the expense of maintenance. Should a leak develop in the exchanger,
the whole system might have to be torn down and rebuilt with associated high costs.

Conceptually, the second arrangement arises from the first by removing storage material
from the heat exchanger. The heat exchanger can now be considerably smaller, as its area is
in a hot zone all the time. This arrangement could be applied to a continuous generation
system; however, the highly fluctuating temperature of the source will result in widely
fluctuating inlet conditions to the steam turbine. To avoid condensation in the turbine, it
must be designed for the minimum expected inlet temperature and flow rate. Excess in
temperature over the design value results in off-design turbine operation and lower
efficiency. Excess. steam production must be bled off to prevent over-stressing the turbine..
Thus, the turbine must be designed for minimum source conditions. In conclusion, system
No. 2 has avoided the problems associated with the buried heat exchanger, but suffers from
loss of turbine efficiency.

In system No. 3, a storage bed has been added to system No. 2. This bed acts to even out
the fluctuations of the plant heat source, so that the turbine can be designed for more.
nearly average energy stream conditions, resulting in considerably improved overall system
efficiency. There is no means to discharge this bed, however, as this is a continuously
operating system. Thus, the operational store, once up to temperature, acts as a heat source
for cooler than average source gas, a heat sink for warmer than average source gas, and stays
nominally at the mean source temperature.

These first three steps have been .limited to continuous duty, i.e., if the plant runs 16 hours
per day, the system generates electricity 16 hours per day. Systems 4 through 7 all
incorporate the ability to hold energy for a period and generate at a Higher power level over
a shorter duration.

The number .of simple closed form relationships may. be  derived which link the nominal gas
flow rates of these four systems with the relative duration of peaking bed charging and
discharging In any system designed to produce electricity for a shorter time than the
duration of the source, the system flows can be calculated noting six factors:

1: The total energy generated is nominally the same, no matter what the discharge
period.

2. Thus, short generating. times will yield high power levels and large equipment;

3. The bed charging flow rate is. the plant flow rate - a constant.

4. The largest generating time is the continuous charging system (in our analysis, 16
hours/day), and results in the smallest equipment. .

S. The gas temperature drop in the heat exchanger will be nominally the same as the
gas temperature rise in a peaking storage bed during discharge operation for

optimum storage bed utilization.
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6. The gas temperature drop in the storage bed during charge mode operation is the
same as the gas temperature rise in discharge mode operation.

Under these conditions, if a system is designed to charge the peaking storage bed for 8C
hours and discharge the bed in 9D hours, then the ratio of discharge flow rate to charge flow.
rate is 8C/8D. Since the charge flow rate is a constant for all systems, the ratio of hours
charging to hours discharging immediately sizes all the ductwork and equipment to a first
approximation.

System No. 4 incorporates a storage bed large enough to hold energy over whatever period is
desired, and the ability to discharge the storage bed to produce peaking power. A return gas
loop and fan is arranged so that when the peaking store is charged, a higher flow rate can be
arranged to discharge it. Charging flow and discharging flow are in the same direction
through the storage bed, so that plant source temperature variations will be damped out by
the storage bed.

System No. 4 will not show a high storage bed utilization (energy stored per unit mass) in
many charging time/discharging time conditions. Aar example clarifies this point. Suppose a
plant runs 16 hours per day, and one wishes to store energy for 8 hours and discharge the
bed for 8 hours, generating electric power at roughly double the rate of a continuous duty
system (like No. 3). Flow through the return Ioop will be nominally equal to the plant flow
rate, yielding a discharge flow through the storage bed double the charge flow. The
temperature to which the bed can be discharged, in the limit, is no lower than the inlet gas
temperature during discharge conditions: In system arrangement No 4, cooled gas from the
heat exchanger exhaust is mixed with hot fume directly from the furnaces, before entering
the bed, yielding a discharge inlet temperature halfway between the mean plant source
temperature and the heat exchanger exhaust temperature. The storage bed utilization for
this system will be about half what it could be, i.e., this system will require twice the storage
mass.

Arrangement No: 5 cares the low storage utilization of system No. 4 by arranging a second
bypass loop for the primary fume to bypass the storage bed during the discharge mode.
Thus, the inlet gas to the storage bed. is at the heat exchanger exhaust temperature. The
difference between . the charged temperature and the discharged temperature will be the
same as the temperature difference across the heat exchanger, yielding double the storage
bed utiliz4tion of the example used with arrangement No. 4. A second advaiitage to this
sytem arises from the lowered flow rate in she bed during discharge, yielding lower parasitic
power requirements.

The disadvantage of system No. 5 is that the storage bed must be designed.with exactly the
right dimensions. Too -,such bed material will cause inefficiencies as bad or worse than not
enough bed material. The phenomenon arises because. the charging and discharging flows in
the bed are in the same direction. As the bed is charged, the Iocus of high temperatures
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moves in the same direction as the charging flow. Tile transition' from low to high
temperature at any point in the bed takes place over a finite time. Hence, the transition
region from Iow to high temperature at any time as a finite thickness. As the transition
region passes through the downstream plane of the bed, the bed exhaust temperature rises.
Until it has risen to the bed charge temperature (i.e., all the energy contained in the thermal
transition Wave has passed), there will not be enough energy to run the turbine, lience, this
energy is wasted. The same phenomenon happens in reverse when the transition from low to
high temperature passes through the exit plane. Temperatures will decrease to the point
where the turbine can no longer be run safely before all the energy is extracted from the
bed. The above problem exists even for a bed of optimum length. The problem is very much
magnified when considering beds longer or shorter than optimum (as on days where the
source runs significantly .hotter or cooler than average, or conditions where a plant has a.
system designed for 16 hours/day operation and is running 24 hours/day). Essentially, the
flow arransgemen' No. 5 must be fully charged and fully discharged each cycle, with excess
energy from the source causing an early turbine startup, lower than average energy from the
source causing delayed turbine startup.

System flow arrangement No. 6 allows for more efficient use of the storage bed. During
storage bed charging; thf! fume gases are directed through the peaking store, then through a
"free wheeling" fan to the baghouse. During discharge operation, the alternate line valve is
opened, the "free wheeling" fast is driven, and flow is reversed through the peaking store. At
the "T", the flow mixes with that coming directly from. the heat source and the combined
gas streams led to the heat exchanger. At the second "T", gas is divided, with a portion
going to the baghouse, and a portion forming the discharge gas stream. As discharge flow in
the storage bed is in the opposite direction front the charge flow, the fined can be designed
with excess storage capacity so that the thermal transition wave in charging Sneed never pass
through the bed exit plane. In the discharge mode, the thermal transition wave seed never
pass through the inlet plane. This arrangement eliminates the largest source of losses for
solid thermal bed storage. devices.

The disadvantage of flow arrangement No. 6 is similar to that of arrangment No. 2. The
source is characterized by a. widely fluctuating temperature. When averaged over a given
3-Hour heat, the temperature may be as high as 1,750oF or as low as 850 01~. An example
system is chosen which charges the pealing store for 8 hours and discharges the store,
creating electrical power for 8 hours.

Flow through tine peaking Tied loop will be nominally the same magnitude as the plant flow
rate. Hence, the temperature at the heat exchanger inlet may be calculated from the known
fume temperature variation, and . the. assumption that the temperature of gas existing the
store will be very close to the mean fume temperature (1,3000F). A heat exchanger inlet
variation from 1,025 to I,2750F is predicted; The heat exchanger and turbine must be sued
based upon 1,025 0 F inlet conditions to the exchanger, , with excess energy dissipated in
higher heat exchanger exhaust temperatures and steam blowby.
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The seventh flow arrangement restores the ability to design the turbine and heat exchanger
for maximum utilization of the source stream, through incorporation of the operational
storage bed discussed under arrangement No. 3. The device operates in the same manner as
in arrangement No. 3, except that the degree to which temperature fluctuations must be
damped need not be as great for the operational store in configuration seven. The very
strongly damped flow from the peaking store will dilute residual temperature variations
passing through the operational store. This effect is quite strong, so that for system with
charging times longer than 12 hours, the design optimum operational storage bed size is zero
(it is not necessary). At the other end of the charge/discharge spectrum, a system which
operates continuously needs no peaking store, but the operational store must deliver a
greater damping.
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4.0 INTERFACE REQUIP.L;MENTS

Tile energy conservation syaem will interface with. both the physical site. and with the
steel-making procedure. A strong similarity exists between steel-making procedures at
different shops, so that Comments concerning the procedural inwrfaice are largely
representative to the industry its al whole, Dhsc mion colicernini; the ph ysical iliterface is
largely site specific. `They two allowable^ sites at Ilef llehem may represent, clear and far
bounds front. the industry Nvide viewpoint.

Impacts to the site and op erati oil represent e\jvns;y which acre very difficult to cjtlan 6%
The engineering approach, their, is to minimim such impacts to tin (intuitively) acceptable
level. To a certain extent, this taisk is sin plitled throue.11 the elimination of lla::ari ems
storiic:e Imperials. and tile avoidance of logistically coillplc`?a t`lle r^;\' uReS (lli^^tlt pi`c'ric' a til3g).

4.1 SYSTEM LOCATION

Discussions with Bethkhm personnel reveal that the closest signiticiliit vol time in whiel4 the
s tore driller be located has a volume btu by ."0 by IS feet (1vit-1 out oxca :ition) and is 8Q fora
from the furnaces, This area is beneath tilt` melt shop flo or, as shown in Figure S. The fmilo
duct currently passes through the center of this volome. Fitluty S shclw4 excavation. aill(m inn
iliore depth to tilt? system. Shou ld all; even lariver lvotume be indicated, all area o f nearly
unlimited dimensions c`cwld be ate c'.cllltliodated allother ISO feat dow list l'eailil (west) aliol lg
the eruct outside tilt melt shop . building- This a rea is shown in the general kiyout.drawing of
Figure tl

Space for the turbogenerator is available near either stole. location, ;without significant
impact tin steel-making, operations. Space for the t:ot denser is avaihible clear tilt .farther
store location. As the avarer titm locatOn presuppose, ai sma ller turbine. it Maiy be possible
to aiccolmnotlate the condenser ill a close coupled manlier to the turbine. The benefit of low
Collllmer prknti qures must be Cmded off alwg linst lon-ger distances to the iondt`31ser ill this eaw,

In establishing - the two locations for the enemy conservation system, several other
possibilities were discussed. One was the jlossdble use of the aloe is presently occupied by tile.
additive storaigc bill. Thiswouldbe tit coiilplisiled by nlovin these Dins to the east, if this
wise illlplenlentM, railroad track 11'ould be roam ngo1 .it the eastern Qnd of tilt' plaint (not
shown ill Figure 11): e"anai lerahk impact to plant operations would occur during this, phasc
of construction (zit more eatvlise), its well as rcquired Change-, from current melt sliop
practice, A tt'rpr0imillk-M - discussions, this area was eliminated from consideration,

A fourth po&,sibIQ location inside of the melt shop buiditl,9 is lovaltcd one bay over from the
smaller .ireal diticilmed previollsly, Flit` area is Currently ill use for anode cooling,
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Development of an alternate anode cooling site is estimated to require both excessive
expense and extensive modification to current melt shop operation, and was, therefore,
eliminated from further consideration.

4.2 PROCEDURAL INTERFACE

EIiminating troublesome store sites and awkward heat recovery concepts eliminates major
potential impacts to the ongoing operation. A few minor changes are unavoidable, however,
as discussed below.

The additional cooling tower load required by the condenser, for instance, may lower the
plant water flow rate or raise the water temperature a few degrees. Lowering the water flow
rate would impact the operation, but delivering the same amount of water at a slightly
higher temperature will not impact the steel-making operation. Most of the water used at
Bethlehem Steel in Seattle is for lubrication of hot ingots through the rolling mills. The
higher temperature would not matter here. The cooling operation supplied by water
generally are for very large temperature differences, and again a few degrees warmer; cooling
water would not effect the operations.

Another potential change to the existing operation may involve the handling of fume dust.
Equipment in the waste energy recovery system could be designed so that each piece is
"flushed" of dust at the end of a working day. If this were the case, special operations
would have to be set up to handle the additional collection points of fume dust at the
various locations. Another possible dust handling situation may involve a separating device
before going to the energy conservation system. This, again, would involve an additional
collection point for the dust.

No further permanent impact to operations is foreseen. Some temporary impact to
operations is inevitable, while the system is being built and connected to the existing
ductwork. During system construction, the impact will be minimal. System hookup and

.c heckout  will involve opening the existing ductwork, and must be accomplished when the
plant is otherwise not working. Furnace refractory linings are replaced periodically. This
process takes 4 days. The final hookup could be scheduled to coincide with the furnace
reline, or might even be accomplished during a normal 50-hour weekend.
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5.0 SIZING AND PERFORMANCE ANALYSIS

I'
The goal of the analysis performed in the fifth task was to establish the optimum tradeoff
between the peak-shaving system performance and the size and cost of the various sttem

	 i

components. The results will yield a system with the most favorable payback. While much
of the input data has been specific to the Beth!eliem/Seattle plant, it is believed that the
overall conclusions are applicable to the industry as a whole.

5.1 SYSTEM DESCRIPTION AND OPERATION

5.1.1 Waste Heat Recovery System Description

A schematic of the waste heat recovery system is shown ill Figure 10. The hot gases in the
primary fume evacuation system from a pair of electric air steel remelting furnaces serves as
the source of energy for the system. The nominal flow rate of this source is 129.000 lbs per
flour at :tn average temperature of 1,300 0 F, yielding an energy flow rate of 40 x 10 6 Btu's
per hour above the 70 OF ambient temperature.

Two energy storage beds are requked. The operational storage bed serves to time-average the
widely fluctuating temperature of the source. The peaking storage bed serves to hold energy
until the demand arises.

A counterflow cleat exchanger in the gas stream preheats water, raises steam, and superheats
the steam to the desired temperature and pressure. Steam is expanded through a turbine
which ill turd drives a generator, yielding electric power. Tile water/steam Cycle is
completed with a standard condenser and turbopunlp.

Four fans are arranged to overcome pressure drops occurring in the primary fume flow ducts
and equipment. Primary fume exits the system through the existing bagllouse filters to the
ambient.

5,1.2 Operation

The system operates in two distinct modes, depending- upon Nvllether energy is beitl g stored
in or withdrawn from the peakin g storage bed.

Charge Mode — Conditions during which ener gy is added to the peakitlg storage bed are
termed .charge mode operations. Referring to Figure 10, fume from the arc furnaces is
coIllbined to a single stream and led to the inlet of tile operational store. Tile operational
store will rise ill temperature to the mean of the fluctuating fume temperature. 'hereafter,
hotter inlet gasses will tend to be cooled in passage through the device, while cooler inlet
gasses will be warmed. The operational store is not ordinarily discharged, hence, stays at
nominal temperature between system cycles.
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uVlll exhibit u rolwhlorably damped thlle ternperaitllre flumliltion.

i?urilltl eliarrte nioav,. valve i. is . eloserl, hellce rill fum y is dirooted to the poaking storo. As
flit, tlalrre pm os through tho pwAing ~taro, its ellv ygy is last to the maser bed 111ateriall,
During any ttivien Oiartting %7 yolo, a tllortual front pasws' froill tho Inlot aisle of the oporational
;tore toward tho outlet onus, Upstuain of this front, the boil material has Nov. heated to tilt'
^"ystnl 111valrl torllpt,r;ltilro, Downstufirst of this tbint, thca Nd tomptp caturo vonialns It tho
i ioolor valtw ftom t114; previous disOWITAO Oxyclt% classy~ lAting tale Peaking storage lied Will,
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and flow to file Ileat exvlrantier, Ili the heart exolaaltlgt% t1w gas flows over three sets of Voils
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general analytical approach, using these two models, is presented in the following
paragraphs. Details of the model development are included in Appendices E and C,
respectively.

5.2.1 Independent Variables

Charge/Discharge Ratio The major independent variable for this analysis is the system
charge to discharge ratio $C/OD, the ratio of tune spent in the charge mode to time spent in
the discharge mode. All analyseswere performed parametrically with this variable, yielding a
series of design curves rather thaii an isolated design point. The logic behind this approach is
that the value of energy generated to reduce peak power demand is strongly dependent
capon the duration over which the power is generated, This effect is apparent in the trend to
time-of-day pricing of energy charges by electric utilities; It is possible to avoid an arbitrary
decision regarding the form of fixture time-of-day energy price by treating the 6C/9D ratios
as an independent variable.

Storage Bed Materials --„ Tlaree storage bed materials were carried along for the analysis: slag,
scrap steel, and silica brick. Each has its advantages and disadvantages. Slag is cheap, but
relatively untried, lower in thermal conductivity and specific heat, and has questions
concerning the thermal and dimensional stability. Scrap iron is next in cost, high in thermal
conductivity, though still relatively aantried. Depending upon certain site specifics (ease of
loading and unloading the bed), a'scrap bed could be considered a raw material stockpile in
temporary service, hence, a zero cost item (other Haan costs associated with loading and
unloading), There sire questions concerning the chemical stability of scrap in the flame
environment. Brick clieckerworks are the most expensive storage material considered, but
are well known by the industry and in common use.

5.2.2 Dependent Variables

Two criteria exist against which system . variations will be evaluated, The first of these is the
desire to conserve as much energy as possible. The second of these is to do so as
cost-competitively as possible. The final output system dependent variables are then, the
total system cost and the total energy savings, The ratio of these two is termed the Capital
cost factor (CCF) defined as follows:

-CCF
Total System Capital Cost	 $1000

Daily Energy Savings.. (MW-hr)/daay

The CCF is an interim variable used in the optimizing analysis. Cost of energy produced is a
convenient and straightforward indication of the most economical system, independent of
the subtleties of inflationary pressures, escalating fuel costs, and variations in the value of
electric energy by thne of day and geographic location.

5.2.3 Anal ► tieal Approacll

The overall energy conservation system will operate in steady state, both charging and
discharging the peaking storage bed. The short transient operation between . modes is not

3



expected to exert a strong influence oil the overall system design. The efficiencies of the
two energy storage Beds, however, can only lee fomid through transient analysis. Although
the whole system Could lie described in the transient mode, the result would tie a eery
complex computer program with attendant high ruunlni costs. An alternate approach, taken
in. this project, is to divide the steady-state (system) analysis and the transient (thermal
storage bed) analysis into separate computer programs. The details of theses two programs
:ire presented in Appendices B and C.

Figure I 1 illustrates the method by which the two models are used to predict the system
engh erring and economic performance. The major tradeoffs in component size are defined
using the system design model. The transient thernial losses from the two storage. beds are
initially estimated by an assutned energy loss equivalent to a decrease in system Mean
temperature from 1,.300 to 1,100013. Tlier result is it set of designs for various
charge/discharge ratios and ,storage bed materials, where the least a conomlc tradeoff between
major: system elements has bkl.en located.

The transient thermal storage_laed model is then used to predict more accurately the pealing
storage led losses. in thk, charge made. The energy savings from an increased length of the
peaking storage bed is then traded off against the resulting increased parasitic power to
define the peaking storage bead length.

Tire*. transient thermal model is then used to predict the Hotpot gas temperature
Charneteiristic with time from each storage led (peaking steerage lied in the dischar ge inode).
The temperature/time characteristicf of the mixed gas at the ina pt to the !teat exeltanger is
theta found and comp:u•ed to the original 1;10gp1~ asstumption. If the temperature is found
to tall helow 1,100 OF before the end of tite discharge tithe, theta the effective tinie of
production of turbine power is decreased to be consistent with the 1,WO OF heat exchanger
inlet condition (this is cowwrvative). Thereafter, they parasitic power for the fads which
overcome pressure drops in the storage lead is.calculated, as well as any revisions indicated in
tarn cast and storage lied cost. The predicted system cost and net power output may then be
calculated.

The analysis concludes with the calculation of economic criteria: payNiclt, net present
value, return on investment, and rate of return.

5.3 RESULTS OF SIZING AND PRRFOMANCR ANALYSIS

5.3.1 Turbine Inlet Design Conditions
Ttirline ink conditions are scat titrottlt tits desire :to getai;r:rte as tItttt`Il paver its possible, in
keeping with reasonable turbine cost and design. Higher inle t temperature and pressures will
yield groater turbine efficiencies. However, considerable itierease in turbine costs result
when the design must. ineorporate exotic, high-temperature materials; This offe.et occurs at
800 psig and 95001 for they turbine size range (I to 10 moga watts) under consideration.
Therefore, the study c-ontained herein selected a turbine inlet pressure and temperature or
800 psig and 9500 Fl respeetivelr

7
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5.4.1 The Opera tional Store

The purpose of installing the operational store bed, in the thermal energy storage system is
to reduce the temperature fluctuation of the hot fume stream from the steel plant. The
main concern in the design of the operational store bed is limiting of the amplitude of the
outlet air temperature fluctuation of the operational store. Although the transient model,
discussed in Appendix C, can be applied to find the outlet air temperature and thus the
amplitude of the fluctuation, a closed form theoretical analysis can more readily provide
some insight into the problem.

Assuming that the fluctuation of the inlet air temperature can be approximated with a sine
wave function, the outlet temperature fluctuation will .be sinusoidal at the inlet frequency.
The outlet fluctuation will lag behind the inlet fluctuation by an angle, 0, and will have a
smaller amplitude. Using the Laplace Transform technique, we can find the amplitude ratio
of AO/Ai. If Ti(S) is the Laplace Transform of the inletouch Ltiou, Tit^ = Ti - T,m, and
To(S) is the Laplace Transform of the outlet fluctuation, ATo = To - Tri1i then:

To(S) = G(S)
Ti(S).

where G(S) is the transfer function defined as the ratio of the Laplace Transform of the
responding variable to the Laplace Transform of the disturbing variable. (See Appendix ,A.
for term definitions.) G(S) is obtained by appropriate transformation of equations C-1 Ind	 }
C-2 of Appendix C.

To obtain Ilia amplitude ratio, we merely need to substitute jw in G(S) and take the
magnitude of the resulting complex number (Reference 31). Such an analysis leads to the
following result after nondiniensionalization:

AQ	 1	 / 1	 1	
Dp l	

l— L

Ai	
exp	 (a) (12
	 r	 Lg l'e (7)"

1	

g)2]

I

where;	 i

a
LB/VB	 Residence time	 i

RB CPBjli1► — Thermal time constant of packing

I /w	 Period of disturbance

AB`GFB/liv	 Thermal time constant of packing
a
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LBIVB	 Residence time

IN	 Period of disturbance.

Pa Cpa	 Thermal capacity of air
r --

~ pB CpB	 Thermal capacity of Iced

w = angular velocity of the disturbance,-radian/time,

J

The first term oil the right-hand. side is the damping effect ilue to the absorbing thermal
capacity of the packing, and the second; is the damping effect due to the axial thermal
conductioxi. Examination of this equation reveals. the following results regarding the design.
of the operational store bed:

.1. The amplitude ratio decreases with increasing f twtuation frequency. Amplitude
ratio approaches zero as w approaches infinity.

?, Amplitude ratio becomes smaller as the fluid residence time in the bed,LBJVB,
increases, A long bed helps damp out the fluctuation.

3

	

	 Small thermal capacity ratio of air versus solid particle gives better damping
effect;

4. As by becomes zero {ji --3 pa or affinity the damping effect contributed
by the pacicing` becomes negligible, Tile optimal value of liv depends on w. Since
liv is dependent oil the size .of the particle, it is important to have an accurate
estimation of liv as a function of-dp, The choice of dp licritical to the design of
the.operational store bed.

To ilhistrate.the application of the amplitude ratio equation to the design of the operational
store died, the dimensional and operating variables of the lied are:

dp = G", D = 15 ft, 1... _ .10  ft
S1iiIiplC ca,'',e

w = 150,000lbAir

For analysis cantparisoli purposes, the packing is assumed to be 6-inch spheres with a
thermal conductivity of 10 Btu/hr4t -0 Eased oil real data, the amplitude ratio from
the computer program STORE 1 is 16.86 1i'o. By using tiie approximation of the sine wave
function, the amplitude ratio is 10.1:0 if the period of the fluctuation is assunied to be 3
hours, and the amplitude ratio is 14.1;'a if the period is assumed to be 4 hours. In view of
the irregular fluctuation of the real, data, the .closed form equation gives a reasonably close
estimation of the amplitude ratio.
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The bed cost is derived as $40,000, using scrap iron as the storage material. The additional
fan power to overcome the pressure drop in the operational storage Iced is 0.156 megawatts.
As this fan runs continuously, 2.5 megawatt hours is added to the daily parasitic power
total.

An amplitude ratio of 16.86% yields an output temperature fluctuation of }76 0F about the
1,300oF mean, guaranteeing a minimum output temperature of 1,2240F. This is a suitable
design. far n 4-hour charge, 12-hour discharge systeni at the example site.

5.4.2 Peaking Store

Losses in the peaking store occur from radial heat transfer effects (surface losses), and from
axial heat transfer affects. The latter are evidenced by rising exit temperatures at the end of
the charge mode and falling exit temperatures at the end of the discharge mode, The axial
transfer effects can be reduced by extending the bed length at the expense of additional
parasitic power, and slightly increased capital cast for bed material, bed contaimnent, and	 j
increased fan capability. An optimum is found between these competing criteria.

Figure 14 presents an example of the prediction for the . combined charge and disclvagp-
thermal loss as a function of bed length increase from the lengtli selected by the simplified
component sizing model. Scrap iron is the example bed material.. Gauge/discharge ratio
shows a weal: effect. Adding the estimates for surface Beat losses . yields the total thermal
loss (Figure 15), a soniewhat stronger function of charge/discharge ratio. The additional
parasitic power required for various bed len gth increases is presented in Figure 16. Again,
scrap iron is the example material. The parasitic power is a strong function of bed length
increase as well as charge/discharge ratio.

III Figure 17, the optimization result is presented as capital cost factor versus bed length
increase. The location of the mininium is a very weak function of charge/discharge ratio, A
1 .1 to 20 percent bed length increase is,lustitied} yielding a 5 percent decrease in CCF for the
12;4 system or $percent decrease in CCF for the Msystem, and a 12 percent decrease in
CCF for the 4-12 system.

5.5 OVERALL S`s''STEA1 PREIACTIONS

After accounting for transient thermal affects, the overall system performance is calculated
assuming the indicated optimum increases 3n. bed length. Figure 1 18 shows power output
from the system as a ftuiction of discharge time. Different storage bed materials have almost
no effect upon system power output except at the very short discharge times. Overall
system capital cost is presented in Figure 19. The lower cost of containment for the higher
density scrap iron store nearly compensates for its higher bulk price, while brick storage is
Significantly more expensive for all but the smallest (near-continuous generation) systems,

Figure 20 presents a breakdown of the capital costs for the scrap iron storage system. The
major cast item is the turbogenerator system (including turbopump and condenser). It is
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approximately half of the total cost. The heat exchanger is the next Iargest cost. The
peaking store cost depends on the discharge time. The operational store cost is a small and
constant item, as was discussed in paragraph 5.2,1, At some point of decreasing discharge
time, the operational store will not be needed, For the 4-hour discharge tine, in all cases,
there was no operational store as the flow rate coming front the. peaking store would
dampen out the temperature fluctuations of the plant gas, since storage flow is three times
greater. Oil the graph, the operational storage cost is shown to decrease between 4 and 8
hours.

5.6 ESTIMATED NATIONAL ENERGY SAVINGS

An estimate of the savings in fuel oil from nation-wide application of the techniques of this
conservation system is fouled as the product of the estimated energy savings per ton of steel
produced at the example site, and the estimated national production in 1953. It is assumed
that the system displaces electric energy which would have otherwise been produced by gas
turbine-driven peak power generating plants, using fuel with a heating value of 18,500 Btu
per pound, having a specific: gravity of 0,34, and operating at an overall thermal efficiency
of 37 percent.

The net energy produced has been found to be a weak function of charge/discharge ratio,
and nearly insensitive to the Choice of storage material. Figure 18 shows these effects.
Higher energy Savings occur from the shorter discharge times as the larger turbogenerators
required for these systems operate at higher thermal efficiency. Choosing in 8-hour
discharge time as an example, all power generation of 3.4 megawatts is predicted for
the example site. (While this is not the most cost-effective choice for that site chosen for the
cost effectiveness calculation of Section 6.0, it is perhaps more ind.iccltive of the average
choice industry wide.) The 3.4 megawatts, generated for 8 Hours, yields 27.2 megawatt
flours displaced energy each day. The daily steel production at the site is 1,200 tons. The
specific energy savings is, therefore, 0,0227 megawatt hours per ton.

Estimates of the total national production by process type to 1985 , is shown fn Figure 1.
Electric steel production is estimated at from 440 51 million tons by 1935. The existence
of water-cooled refractory technology (Reference 6) allows the potential to double steel
}production from existing electric are facilities with very much less investment than building
new ones. This effect makes the higher end of the range more probable than the lower.
Assuming .50 million tons 'production in 1985 yields as estimated energy savings of 1.133
million megawatt flours.

Fuel with a specific gravity of 0.84 weighs 7.0 pounds per gallon. , or.294 pounds per barrel,
amid has a heating value of 5.44 x 106 .Btu per barrel. At 3.41 Btu per watt-hour, mid an
overall efficiency of 0.37, this fuel will produce 0.590 megawatt flours per barrel. Thus,
1.133 million megawatt froths displaces 1.9 million barrels of refined oil.



6.0 SYSTEM DESIGN AND COST

This section describes design conditions which must be met. by the components of the
energy conservation system, Several layout drawings are shown assuming installation at the
Bethlehem plant in Seattle. All economic study is also presented herein using the costs as
described in the preceding section (Section 5.0.). An example of time-of-day pricing is shown
which will affect the choice of `a particular charge/discharge ratio.

6.1 PRELIMINARY DESIGN

The system described in this section is the 4:12 charge/discharge ratio configuration
utilizing scrap iron as the peaking store and operational store material. Plant installation is
assumed to be at Bethlehem Steel in Seattle. Figure 21 is an isometric of the present fume
evaquation system. Figure 22 'shows the. 4:12 system installed with the condenser and
turbopump (not shown) located outside of the building, The drawings show the system as it
would be installed at the example site. The main body of equipment is located under the
melt shop floor just south_ of the arc furnace foundations, To install most of the system at
this location requires . some excavation to allow more height to the area for the storage
containers and ductwork.

As can be seen in Figures 21 and 22, geometric changes will be made on the existing
ductwork. The. two ducts coming from the are furnaces wilt "tee" together before entering
the operational store (in background of drawing), All new ductwork will be constructed;
interconnecting the pieces of equipment and entering the main duct outside of the building.
The existing ductwork leading to the bagIiouse will not change, as high temperatures will
not exist once the fume stream passes through the conservation system.

The existing ductwork leading up to the "tee" will either be modified to handle the high
temperature stream or replaced. Modification may be a difficult task with these ducts as
linings to insulate and protect the duct material may prove to be uneconomical to install,
Replacement of the ductwork and the sliding fume elbow appears more favorable, as proper
materials of construction can be selected to handle the High temperature.

The operational store functions at an amplitude ratio of 16,86% Billowing a minimum input
temperature of about 1,200pF (,is described in Section 5.0). The peaking store, which is
shown in the foreground, is slightly larger than the operational store, having dimensions of
19 feet in diameter by 22 feet high. The heat exchanger. which is the small "box" between
the operational store and the turbogenerator, is G feet in width and about 5 feet long. The
turbogenerator is shown in the left foreground. The condenser and turbopump are located
approximately 100 feet to the west of this system.
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The 4:12 system, as it would be installed at the Bethlehem plant in Seattle, would be built
up without interfering with the existing operations. The main components of the system
would be constructed and interconnected before tieing into the existing fume disposal
system. The new ductwork to be located between the arc furnaces and the operational store
would be prefabricated. By this series of construction steps, the actual implementation of
the system would require a minimum of shutdown time.

The 4:12 system cost will be 1.55 .million dollars (1978 dollars) as predicted by the analysis
method described in Section 5.0 and illustrated in Figures 19 and 20. The power output
with parasitic correction will be 1.76 megawatts of electric power for a I2-hour period (see
Figure 18), A savings of energy of 21.1 megawatt-hours per day is realized. The power
produced can readily be used for operation of the existing overhead pollution equipment.

6.2 SYSTEM ECONOMICS

The economics of energy conservation systems depend strongly upon the cost of displaced
energy. Energy cost depends upon a variety of factors but most strongly upon the
geographic location of the plant. Other factors include the ongoing nationwide energy Cost
escalation and variations among utility rate-schedules (such as time-of-day pricing schemcs).
The economic analysis presented in this section is based on a projected cost of electrical
energy to industrial users in 1985 of 77 mills/kw-hr. The escalation of energy cost is based
on the data shown in Figure 23, where a rate of 155o/year has been realized for the period
1970 through 1978, The potential effects of time-of-clay pricing are also evaluated. Figure
24 shows a time-of-day rate schedule which might be in effect for the Seattle Bethlehem
Steel plant in 1985. Economic effects of rate variations in this type are discussed in
subsequent sections.

AIso assumed isz ?!se of scrap iron for the peaking storage material which is intermediate in
cost between . the alternatives of slag or brick storage beds. Costs and power outputs derived
include the effect corrections for optimum peaking storage bed lengths.

The operating cost of the system consists most entirely of the cost of electrical energy for
powering the added fume-circulation fans. This cost is accounted for in the calculation of
net energy saved. Other operating and maintenance casts are estimated .to be small and
negligible for purposes of comparing, systems of differing 9C/81) ratios. System startup and
miscellaneous costs have been lumped into  aii estimated additional initial expenditure of 	 }
207o of the system capital cost (Reference 39).

i

The economic analysis . results presented in the following sections have been derived based
on pretax revenues because of the very wide variation in marginal income tax rates paid by 	 I
industrial organizations.

Table 6 summarizes economics data used in the analysis of the example BCIBD = 4/12 case.
The daily energy output (saving) and system 'capital costs are read from Figures 18 and 19 	 a
respectively, i

i.
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Table 6
ECONOMIC ANALYSIS EXAMPLE CASE

Charge/discharge ratio	 8C/OD = 4/I2

Starting year	 1985

Energy escalation rate 	 155elyear

1970 energy cost (1970 S) 	 9.5 mills/W

Current capital cost (1975 S) 	 51,550,000

1955 energy cost (1955 S)	 (9.5)(1.15)15 = 77 mill/kW hr = 77 a/NIW hr

1985 capital cost (1955 S)	 ($1,550.000)(1.05)7 = $2,,81,000

1955 daily energy saving	 (1.82 MNV)(I2 hr/day) = 21.8 MW/day

1985 annual energy saving	 (21.8 MIV/day)(517 work days/day)
(365 days/yr)	 5,680 MW hr/year

1985 annual revenue (1985 S)	 (5,680 MTV hr/year)(77 S/MW lir) = $438,000/year

1985 startup cost (1985 S)	 207o of $2,181,000 _ $436,000

Tile following sections show the application of several economic analysis techniques to the
example case and discuss the results of application of these techniques to systems of various
BC/8D ratios.

A net present value analysis was performed on each of four 8C/BD cases for various
economic plant lives. The results are summarized in Table 7 which shows that for very short
economic lives, the lower 8C/9D plants tend to pay back capital more quickly (Because of
their smaller capital investment); but for more realistic economic lives such as 10, 15, and
20 years, the greater energy output of the higher 8C/8D ratio systems overcomes the initial
capital cost disadvantage. At a 20 year life, the BC/BD = 818 system has the highest net
present value, The 12/4 system is an exception to the above because it produces slightly less
enemy than the 8/8 system but has a higher capital cost.

Time-of-- day pricing schedules will have an effect on the system tradeoff which will tend to
be very site-specific: For a time-of-day schedule such as shown in Figure 24, the 4/12, 818,
and 12/4 systems can all be operated to supply energy during periods of peak price, while
some of the discharge of the 0/16 system will necessarily be during off-peak hours.
Time-of-day schedules having shorter peak price times will tend to increase the relative value
of the shorter discharge time . (higher 8C/8D ratio) systems because of their greater
flexibility with respect to schedule variations.
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Table 7
PRETAX NET PRESENT VALUE (51000) COMPARISON

FOR VARIOUS BC/01) AND ECONOMIC LIFE

Charge/Discharge (9C/$1)) Ratios

Plant Continuous
Life Discharge

(Years) (0/16) 4/12	 8/8 12/4

°(1,490) (2,181)	 (3,040) (4,430)
*(300) (436)	 (610) (890)

5 414 —
10 3,166 3,022	 3,276 1,374
15 6,604 6,932	 8,080 5,017
20 10,897 11,817	 14,079 11,816

*Plant investment and startup costs

6.2.1 Net Present Value Analysis'(NPV)

The NPV of a capital investment is obtained when the sum of the present values of all
expenditures is subtracted from the sum of the present values of all incomes. The present
value is obtained by discounting at a rate representative of the opportunity cost of capital.
An assumption as to the life of the plant is needed to determine the overall NPV of the
plant. The expenditures of the plant are the capital cost (1985) and additional costs such as
contingent costs that occur. Table 8 illustrates the application of the NPV method to the
example case which shows a net present value of $6,932,000 assuming a 15-year economic
plant life.

6.2.2 Internal Rate of Return (IROR) Analysis

The internal rate of return is defined as that discount rate.which. equates the present value
of cash outflows with the present value of cash inflows over the expected economic life of
the plant. Table 9 illustrates the application of the IROR analysis to the example case and
shows a rate of return of 31.7% for a 15-year plant life.

An internal rate of return comparison is given in Table 10 for the four 9C/BD cases for
varying average energy prices. The calculation method and energy escalation rates are
identical to those of Table 9. The energy savings and capital costs areas read from Figures
18 and 19 for the respective values of 6C18 D

For any given average energy .price, the IROR is a. strong function of the initial investment
and is Highest for the 0/16 system. As discussed in the preceeding section, time-of-day
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Table S

PRE-TAX NET PRESENT VALUE ANALYSIS FOR BASELINE CASE

Year
Future Value of
Revenue (S1000)

1985 Value of
Revenue (S1000)

(Discounted at 10%/Year)

Net Present
Value

($1000)No, Calendar

0 1985' (2,617) (.617) ('_',617)
1 1985' 504 458 (,159)

1956 579 479 (1.680)
3 1987 666 500 (1,180)
4 1988 766 523 (657)
S I989 881 547 (1I0)
6 1990 1,013 57" 463°*
7 1991 1,165 598 1,060
8 1992 1,340 625 1,685
9 1993 1,541 653 2,338

10 1994 1,772 683 3,021
11 1995 -1,038 714 3.735
12 1996 2,343 747 4AS?
1 a 1997 2,695 78 l 5,263
14 1998 3,099 816 6,079
15 1999	 1 3,564 853 6,933

*Plant investment and startup costs incurred at start of 1985, revenues occur at year end.
**Value of original capital investment recovered in 5? years.
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Table 9
PRETAX INTERNAL RATE OF RETURN ANALYSIS FOR BASELINE CASE

Year Revenue
$1000

(15% Escalation)

Revenue $1000
Discounted at

IROR. = 31.7%**

Net Present
Value
$1000No. Calendar

0 1985 *1 (2,617)'. (2,617) (2,617)
1 1985' 504. 382 2,235
2 1986 579 334 1,901
3 1987 666 291 1,610
4 1988 766 254 1,355

. 5 1989 881 222 1,133
6 1990 1,013 194 940
7 1991 1,165 169 771
8 1992 1,340 148 623
9 1993 1,541 129 494
10 1994 1,772 113 381

it 1995 2,038 98 283
12 1996 2,343 86 197
13 1997 2,695 75 122
14 1998 3,099 65 57
15 1999 3$64. 57 0

*-Plant investment and startup costs incurred at start of 1985, revenues occur at year ends.

**The calculation procedure is iterative. A trial IROR is assumed, and the yearly revenues are discounted at the
IROR to obtain their present values. If the net present value after all revenues expected during the plant
economic Iite are accounted fords negative, a sma ller trial IROR is chosen and the calculation is repeated.
Similarly, if the final calculated NPV is >0, a larger trial IROR must be selected. The IROR which gives.a
final NPV ;:^s 0, is the correct IROR. The sample case IROR of 31.7% is the result of this iterative process,
and gives the required NPV of 0, as shown,

Table 10
PRETAX IROR COMPARISON FOR VARIOUS 8C/8D AND ENERGY COST

(FOR 15-YEAR PLANT ECONOMIC LIFE)

1985 Energy Cost
Mills/kW-hr`

Charge/Discharge Ratios, SC/BD

0/I6 4/12 8
^
/8 12/4 

(70)
/

50 26 23 21 14

70	 - 36 30 27
19

77 38 32 29 21

100 46 38 35 26

120 53 44 40 30
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pricing may strongly affect this trade-off. Any system which must discharge during an
off-peak-price period will Naturally lose some economic, value, and the 0/16 system is most
likely to suffer from these effects. Time-of-day pricing schedule effects will combine with
local operating constraints to create a very site-speci fie tradeoff to determine the optimum	 4'

system 6C19D.

6.2,3 Return on Investment (ROI) Analysis

An accounting method return on investment value is usually stated as an average rate of
return defined by:	 {

e

Average rate of return	
Average annual profit

Average investment

A simplified form, known as the operating return, is defined as:.

Operating return
Gross operating profit

=
Initial investrent

These methods provide a simple approach to investment evaluation by ignoring the timing
of cash flows and the time value of money.

The return oil investment is calculated as "operating return" for the various g C/d D systems.
For the example case, the ROI (operating return) is calculated from the data of Table 6 as:

$438,00.0
ROI (operating return) =	 = 16.7;$

$2,181,000 +$436;QOQ

ROI measured as operating return is shown in Table 1 1 for the four 0 C/o D ratios, .using the
same method as for the baseline case with energy savings and capital costs being read from
Figures 18 and 19. The comments of the preceeding section regarding time-of day price
scheduling effects apply to the ROI results.

6.2,4 Payback Period Analysis

Another simplified method of capital investment analysis is payback period analysis which
calculates the number of ye :rs from the time of plant startup to the point where the initial
investment is recovered,

Table l2 illustrates this method for the example Case; again using the basic data of Table 6.
For the payback analysis as for the preceeding ROI calculation, the 1985 energy cost is used
without escalation, and pretax revenues are used without discounting. Table 12 shows that
the payback period for the example case is 5.97 years.
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Year
Charge/Discharge Ratio

0116 4/12 8/8 12/4

1955 21.5 16.7 14,7 9.8

Table 12
ECONOMIC ANALYSIS 13ASELINE

Year Item
Costs

($1000)
Revenue
($1000)

Net of Costs
and Revenues

($100.0)

0 1985 Installed plant (2,181) (2,181)

0 1985 Startup cost .. (436) (2,617)

1 1986 438 (2,179)
2 1957 438 (1,741)

.3 1988 438 (1,303)

4 1989 438 (865)

5 1990 438 (427)

6 1991 438 111,

7 1992 438 449



Table 13 summarizes the payback periods calculated for the different systems for varying
average energy prices. As iii the previous section, the payback analysis shows the 0/16
system to be favored. if constant energy cost is assumed. Under time-of-day pricing
schedules, systems with greater flexibility due to shorter discharge times will become
relatively more favorable. As for the other indicators of economic value discussed
previously, the payback period versus sC/81) ratio trade-off will be very site-specific.

Table 13
PAYBACK PERIOD ANALYSIS

PAYBACK PERIOD . (YEARS) VS, ENERGY COST FOR VARIOUS BC/81)

19$S Energy Cost	
Charge/Discharge Raba..

Mill/kW-hr
0/16 4/12 8/8 12/4

50 7.2 9.2 10.4 15.7

70 5.1 6.6 7.5 11.3

77 4.6 6.0 6.8 10.2

100 3.6 4.6 5.2 7.9
120 3.0 3.8 .4.4 6.6
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7.0 SYSTEM ASSESSMENT AND PLAN FOR
RECOVERABLE REJECT ENERGY

Under the contract work described herein, the c6nceptual design has been established for a
reject energy recovery system for the Bethlehem Steel Plant in Seattle, Washington.
Literature searches were conducted of reject heat availability within the steel industry in the
United States, coupled with discussions with selected representative companies in the iron
and steel. industry. Results of the analysis of other iron and steel companies indicate that the-
recoverable reject heat from other United States plants is similar to that being analyzed at
the Bethlehem Steel Plant, and that the economics of utilization of the reject heat should be
as good or better than that of the Seattle Bethlehem plant.

Economic analysis of the reject heat recovery system within the Bethlehem. Steel plant in
Seattle, Washington, has shown a payback time of 5 to G years (Tables S and 12). Under
normal economic conditions in the steel industry, a proposed investment which shows a
payback of 5 years -or less will receive serious consideration, thus, it would be expected that
the proposed reject energy recovery system would be competitive for consideration for
implementation. Current conditions, where capital rationing is severe, may tend to delay
this implementation.

Historically, users of Iarge quantities of electric power have purchased that power under a
long-term contract from their suppliers at prices approaching baseload cost. The continued
growth of demand for electricity, coupled with demonstrated lesser growth in capacity, will
likely result in the price of contract power approaching that of retail power. Thus, by 1985,
the economic risk situation will most likely be suitable for the start of wide-spread
industrially financed implementation as .long as the technical risk is low (i.e., the
technology/feasibility has been demonstrated on a full-scale basis).

Based on resultant energy savings predicted for the Bethlehem Steel plant, the projected
energy savings has been estimated on a national basis.. Results of this analysis, discussed in
detail in paragraph .5.b, indicate the national energy savings per year , is equivalent to 1.9
million barrels of oil.

As a result of favorable economic payback and a significant energy savings, further
development of the reject heat recovery system appears warranted. No fundamental
problems/constraints have been identified which would prevent its implementation. There
are two major areas for which feasibility must be demonstrated prior to widespread
implementation of the utilization of reject heat froze the iron and steel industry. These two
areas are:



1. Resolution of potential technical problem areas associated with the utilization of
reject heat from the iron and steel industry

2. Demonstration of the technical and economic aspects of utilization.of reject Beat
by installation and demonstratian of a full-scale system which can be utilized as a
model for the rest of the industry.

The potential technical problems w1iich RRC believes must be resolved prior to. pro cceding
with demonstration efforts on the program are:

1. Development of techniques for removing dust frain the funk gas stream and/or
demonstrating the ability. of the thermal storage bed to operate with the dust in
the fume gas,

2	 Development of design criteria for sizing of thernnal beds utilizing conventional
high-temperature storage materials (i.e., rocks, steel slag, scrap steel, brick, etc.).

3. Development of design criteria for predicting the transient behavior of thermal
beds operating in the charge and discharge modes.

4. Effect of residual dust ill fume stream oil heat exclianger performance.

S. Electrical transient problems associated with bringing turbogenerator up to speed
and tying in output into existing electrical grid.

Tile proposed program leading to full-scale implementation is divided into five phases, as
shown in Figure 25 These rive phases are

PHASE II	 -- TECHNOLOGY DEVELOPMENT

PHASE III	 --- PILOT PLANT DETAIL DESIGN

PHASE IV --- FABRICATION, ASSEMBLY AND TEST OF PILOT PLANT

PHASE V	 - DETAIL DESIGN OF DULL-SCALE DEMONSTRATION SYSTEM

PHASE VI — FABRICATION, ASSEMBLY AND TEST OF FULL-SCALE
DEMONSTRATION SYSTEM

The following sections describe each of the above program phases iii detail.

7, l PHASE. 11 —TECHNOLOGY DEVELOPMENT

The proposed technology development, program in Phase II is broken into four tasks as
fellows:

Task I	 Development of Thermal Storage Bed Design Criteria

Task II	 Development of Techniques for Removing Dust from Fume Stream

Task III	 — Evaluation .of the Effect of Dust ill Fume Strearn on Heat Exchanger
and Storage Bed Performance

Task IV	 Establishment of Optimum Design Criteria for Tying Generated
Power into Steel .Plant

Each of these tasks are described in the ensuing sections.
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7.1.1 Thermal Storage Bed Design Criteria

High temperature storage is a major element of the iron and steel reject energy utilization
system. With such a storage device, the energy of heat streams may be stored during
off-peak hours and then used to generate electric power during on-peak periods, thus
avoiding the resistance of utilities to purchase of off-peak surplus power. Sensible Beat
storage in granular packed beds is clearly the mo ,t feasible technique in the near term for
high temperature storage and has the least potential problem with environmental
constraints.

The heat transfer and fluid flow phenomena in packed beds have been described by many
authors since early studies circa 1928, directed generally at predicting the operation of blast
furnaces and chemical reaction columns. Of prim e  importance are the assumptions which
have been made in these analyses, which severely limit the confidence with which these past
analyses can be applied to the design of the thermal storage bed. Assumptions which limit
the applicability of the analyses include:

1. The thermal expansion of the fluid flowing through the packed bed is neglected,
i.e., the fluid is assumed incompressible, This is a reasonable assumption for a
liquid reaction column, and likewise, a low temperature energy storage device.
For a device which handles gases over the 500O F to 1,750oF range, however,
density variations by a factor of 2 will be experienced.

2, Thermal conductivity in the axial direction (flow direction) within the bed is
neglected, This, again, is a reasonable assumption when the system under
consideration composes a liquid flowing .through a packed solid, as the energy
transported by convection in the liquid will likely overshadow the conduction
through the solid-to-solid contact points. If the flowing fluid is gaseous, the
assumption is still perhaps not too bad, if the granules are small, as many such
point contact resistances will be met in a unit length. For a gaseous medium
flowing in a bed of larger solid masses, however, axial solid conduction may act to
decrease the overall efficiency of the storage bed..

3. Temperature differences between the surface of the solid particles and the center
(or bulk temperature) are neglected, i.e., particle conductivity is assumed infinite.
This assumption, loo,. is reasonable. for the small particles normally under
investigation. If, however, other physical constraints require larger granule sizes,
the finite conductivity of real material may further decrease the efficiency of the
storage device. For instance, Reference l found it necessary to propose different
correlation equations for his measured dicta, depending upon whether the bed, was
being heated or cooled by the gas stream. Commentators upon this paper
presented good arguments that this was precisely what to expect from the finite
size/finite conductivity of.the.bed materials. (Individuals up to 7.6 . cm. diameter,
with a mean diameter of 4 cm for at least one test, other tests used still smaller
fragments.)

-;I,.	 -I
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4. Heat loss from the .bed is usually -neglected. This assumption can result in
prediction of higher Ted efficiencies than those which .will result in actual
application.

5. The granular bed is usually assumed to be composed of spherical or cylindrical
particles or particles of a geometry. which .has been thoroughly studied. For the
iron and steel industry, use of scrap iron or slag is being strongly considered, and
the properties and- shapes of these materials may vary markedly from past analysis
assumptions.

The above simplifying assumptions are made in most analytical studies. Experimental
investigations to date have been designed, generally, to check the analytical models. Thus,
regular shapes (spheres, etc.) are used by all but Reference 1. In general, rather small spheres
(^ 1/4-inch nonmetal to 1-1/2-inch metal) have been used which tends to mask the effect of
material conductivity. Most experiments have been of laboratory scale ( — I 8-inch diameter,
3-ft long), and only a few have operated at temperatures in excess of 1,0000F.

A gap thus exists in bath analytical and experimental treatments to date, namely realistic
scale studies of large, granular masses in the high :temperature region (approaching 1,5000F),
using a gaseous medium as the flowing: fluid.

During this task, a detailed analytical model will be developed for the thermal storage beds
using conventional materials (hot rocks, steel slag, scrap steel, brick, etc.). This model will
be constructed to eliminate simplifying assumptions made in prior models which limit their
usefulness for high-temperature applitcations, and will treat troth transient and steady-state
operating conditiors. Experimental studies will be conducted. to verify the models, and a
design manual will be published wiii-.li gives equations and criteria for sizing of the thermal
storage beds.

7.1.2 Task u — Development of De€sign Techniques for Removing Dust From
Fume Stream

Since the advent of mandatory pollution controls, high temperature, particulate laden gas
streams. are commonly cooled to temperatures consistent with filter materials and cleansed
of their dust in Iarge filtering facilities commonly termed baghouses. The energy content of
these. streams pose problems to the plant operators as: I) either massive volumes of ambient.
air must be entrained to dilute the . gas down to reasonable temperatures, or 2) water must
be sprayed into the stream to "quenc:h" the gas temperature. In either case, a much greater
volumetric capacity of the filters and fins is required. As shown in this report, the energy
content of these gases can be recover(,d for electrical generation. The presence of dust and
particulates; however, will force sucH designs to incorporate rather large granules in the
thermal storage beds to avoid clogging ,, problems and/or the dust must be removed from the
gas stream prior to flowing through t :he bed. This problem has not . been covered in. any
detail by theoretical and experimental work to date and must be resolved to permit reject
energy recovery in the steel industry During the Task II .program, approaches will be
evaluated for resolving the dust problem i..
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7.13 Task III — Evaluation of Heat Exchanger Performance in Funie Stream

The dust in the fume stream poses the potential problem of particulate buildup in the heat
exchanger and potential corrosion of the heat exchanger material due to gas/particulate
products in the fume stream. Task III is aimed at evaluation of the severity of this problem
and at establishing design solutions if a problem exists.

Task II of the program will quantify the dust which is in the fume stream or that which may
renlain after separation techniques are imposed, Task III will utilize this data to conduct
additional studies.

7.1.4 Task IV -- Establishment of Optimum Design Approach for
Utilization of Generated Electricity

Depending upon the final selection of charge (dischurge ratio for operation of the reject heat
utilization system, the turbogenerator will produce several megawatts of electrical energy.
Task IV will study the optimum approach for utilization of this energy and will consider
direct use within the plant, or grid-feeding cogeneration-type applications.

7.2 PHASE III — PILOT PLANT DESIGN

In Phase III, detail design will be conducted of a pilot plant to prove feasibility of the
system approach prior to proceeding to full-scale work. The goals of this phase are two-fold;

1. Complete a detailed design of a pilot plant system that will demonstrate the
technical and economic aspects of the heat recovery and power generator
subsystems.

2. Use pilot plant detailed design to update Phase I conceptual design and evaluate
national economic impact.

To achieve these goals and provide adequate program control, the Phase III program is
accomplished in five tasks.

7.2.1 Task I Pilot PIant Requirements

During Task I, a complete study to . establish the pilot plant .design requirements will be
conducted. The cyclic demand levels will be fixed and the interface requirements with the
steel plant will be established.

An interface specification will be prepared to summarize the findings of the above study.
Provisions for maintenance will be specified, based upon the steel plant operational
constraints. Also during this task, the location of the store will be finalized, along with the
turbogenerator aild associated ducting. The storage system capacity will be specified during
this task.
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Task 11 — Component Design -- After establishing the interface and performance
requirements of the pilot plant system in Task I; the detailed design of the pilot plant
system wiII be initiated. Tile three major components that comprise this system, tile plant
heat exchanger, store, and the turbogenerator, will be analyzed and designed in detail.

Plant Heat Exchanger Subsystem Design — Detailed design drawings of the pilot plant heat
exchanger will be prepared. All necessary materials, manufacturing processes, and code
requirements will be specified. A structural analysis will be conducted to ensure that the
effects of induced vibration and thermal stresses will not alter system life expectancy.

Ducting — The ducting includes all piping, fittings, valves, fans, etc., necessary to connect
the fume stream. plant heat exchanger, store, and turbogenerator. Utilizing the design
requirements established in Task I, the system layout will be completed. Thermal/
performance analysis will be conducted to determine duct and fan sizes for the network.
Detailed working drawings of the ducting, fans, and valving will be prepared and a
preliminary construction specification will be completed. This information will be used to
prepare Phase IV system costs.

Storage System - Tradeoff studies will be conducted to finalize store size and material
necessary to provide acceptable temperature fluctuations to the Beat exchanger and to
finalize the store size necessary. Detail analysis will be conducted of store heat losses and
efficiency to assure proper sizing is conducted. During this task, the storage tank and
components of the pilot plant wiII be designed in detail, and existing components will be
utilized where appropriate.

Turbogenerator -- Detail analysis will be conducted to define the turbogenerator
requirements and a detail procurement specification will be written. A major goal will be to
use an existing industrial turbogenerator.

Controls said Instrumentation — Several sets of. controls are required in this system to
maintain system optimization, reliability, and prevent operational problems. During this
task of the total steel waste heat demonstration program, those controls necessary to assure
proper pilot plant operation will be defined. Pilot plant instrumentation will be established
based upon performance requirements. Since the prime purpose of a pilot plant is to
determine if predicted performance is achieved, the design effort will specify type and
location of instrumentation to assure adequate data recovery for system analysis.

7.2.3 Task III — Review of Full -Scale System Design and Economics

During this task, the Phase I conceptual design will be reviewed and changes incorporated
based. upon the. detailed plant design.. Changes to operational constraints will be made where
appropriate. Cost modification to the system will be incorporated based upon current

E^
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state-of the-art technology. It is the intent of this task to reanalyze the economic studies
conducted during Phase I and determine if fulI•scale system economics remain favorable
with projected displaced energy costs.

7.2.4 Task IV — National Economic Impact Analysis

Upon completion of the Task III cost update, a cost study will be conducted on utilizing
this waste heat recoveryfapplication system for the United States steel plants. Cost studies
will be similar to the Phase I cost study effort. Systems will be sized by plant capacity and
electrical energy rates and effect of peaking rate requirements. The information retrieved
during the Phase I surveys will be used to conduct a system cost study for selected plants.
Information to be determined during this phase includes the fallowing for the various
locations:

1. System capital cost per plant
2. Energy displaced per plant
3. Projected payback periods
4. Energy generation

7.2.S Task V — Program Plan for Fabrication, Assembly, and Test of Pilot Plant

During this task, the program plan to construct and test the Phase IV pilot plant will be
established. Detailed cost and schedule information will be prepared and the team members
to implement this phase will be selected. A work statement will . be prepared and submitted.

7.3 PHASE IV - FABRICATION, ASSEMBLY, AND TEST OF PILOT PLANT

During this phase, fabrication and testing of the pilot plant designed in Phase III will be
implemented. It is anticipated that this phase will be divided into four tasks representing the
major subsystems of the pilot plant.

7.3.1 Task I — Fabrication, Assembly, and Test of Plant Heat Exchanger

The heat exchanger designed in Phase III will be fabricated per design specifications.
Performance testing will be conducted prior to installation. After achieving satisfactory
operation and performance of the heat exchanger, the unit will be installed in the selected
location.

7.3.2 Task II — Fabrication, Assembly, and Test of Storage Plant

In parallel to the Task I effort, the selected storage system will be fabricated and tested. The
unit will be built at the designated location, and testing will be conducted with controlled
input gas temperatures.

7.3.3 Task HI — Fabrication, Assembly, and Installation of Ducting, Fans and .Valving

In parallel to Task I and Task II, the required ducting, fans and valving will be fabricated
and installed.

I
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7,3.4 Task IV -- Pilot Plant Operation

Final assembly of the pilot plant will be completed. Controls will be installed per pilot plant
design requirements and system performance will be monitored. Test data will be reduced to
verify predicted performance parameters for nominal and off-nominal conditions.

7.4 PHASE V — FULL-SCALE SYSTEM DESIGN

Pilot plant operational data will be utilized to optimize the design of a frill-scale
demonstration system. The final product from this phase will be the detailed drawings and
specifications of the full waste heat utilization system.

7.5 PHASE VI — FABRICATION, ASSEMBLY, AND TEST OF DEMONSTRATION
SYSTEM

This phase will entail construction of the demonstration system and performance
monitoring. Data will be available to assess total system cost, component size/performance
sensitivity on total system cost, And economic payback. Component design information will
be of sufficient detail to implement system construction at other economically attractive
locations.

7.6 OVERALL PROGRAM SCHEDULE

A summary schedule showing the estimated duration of each program phase is shown in
Figure 26.

75
ii



PROGRAM SCHEDULE
ru

a
MONTHS

4sh	 0	 'f 2	 24	 36	 48	 60	 72	 $^

PHASE It
TECHNOLOGY
DEMONSTRATION

PHASE III
P.1 LOT PLANT
DETAIL DESIGN

PHASE I V
FABR[CATION, ASSY, &
TEST OF PILOT PLANT

PHASE V
DETAIL. DESIGN OF
FULL-SCALE
DEMONSTRATION
SYSTEM

PHASE VI
FAB, ASSY., & TEST OF	

CONSTRUCTIONFUL L-SCALE
DEMONSTRATION
SYSTEM .

OPERATION & EVALUATION
C
m



8.0 SUMMARY AND CONCLUSIONS

A study has been performed to identify applications for near-term thermal energy storage
technology applied to waste energy recovery in the iron and steel industry. A number of
waste energy streams from this industry were considered. Those energy streams which could
be more effeciently utilized without energy storage were eliminated from the final selection
process even though the application of storage techniques might have shown reasonable
efficiency. Based on the analysis of these energy streams, the primary fume gas collected
from the electric are steel remelting furnaces was selected as the optimum energy source for
detailed study.

The study evolved a waste energy collection system design in which high temperature
(approximately 1,300 0F) energy is collected and stored in a bed of solid material as sensible
energy. Upon demand, this energy is utilized to generate steam which drives a
turbogenerator to produce electricity for peals power shaving. A preliminary design of this
approach was studied in detail for the Bethlehem Steel plant in Seattle, Washington.
Application of this approach to all electric are furnaces in the United States yields a
projected savings of 1.9 x 10 6 barrels of fuel oil per year, which could commence as early as
the 1985 time period is an all-out implementation program were started immediately.

Detailed analyses were conducted on the economics of the aforementioned approach. The
payback for the proposed application will be a strong function of the value of the energy
displaced. This value currently varies by a factor of over ten (from 9 mills to 90 mills),
depending upon customer size anri geographic location. Time-of-day pricing is under strong
consideration in many localities and already adopted by a few. This adds another variable to
be considered in the economic analysis of the most cost-effective system. The imple-
mentation of time-of-day pricing will result in showing a strong economic benefit for the
waste energy conservation system described herein. Due to the significant state of flux in
the electric price structures in force nationally, the cost payback analysis (hence, all
technical analyses as well) have been done parametrically against the duration of area peals
price differential. This was done since this duration and price difference are the major
considerations in the selection of an energy storage system for peak shaving as opposed to a
continuously generating system for simple electric energy conservation. Traditionally, the
steel industry considers a 5-year payback as a reasonable investment criterion. For the
example site (Bethlehem Steel Comapny, Seattle plant), using retail electric price. schedules
postulated for. the 1985 time frame, payback times of approximately 5 to 6 years are
predicted.

Due to the favorable fossil fuel displacement predicted by this system and the results of
economic studies which show favorable investment returns, further development of the
system approach is recommended as described in Section 7.0. The first phase of this effort
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would be technology-oriented work aimed at resolving design criteria necessary to
accurately sire the thermal stowage  bedsalld to utilize ttte system with . cite heavily dust-laden

fume gas stream. Following Successful definition of design mlutions in tI ow, areas. a pilot
plant demonstration of the system is ireconinieuded followed by a lull-scale system
demonstwtion, Ill manner, work leading to the fall-scale feasibility may be
incretn4titctlly ftunded and technical assessnlcllts made at each pltaw to avoid a largcc initial
investment prior to all teeltnology being dealowwttnted:

Analysis indicates that the t4i linology work ttncl the demonstration programs can be 	 1
accomplished to provide sufficient clttta to allow start of implementation on a national basis
by 1985.	 i1
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APPENDIX A
GLOSSARY OF TERMS

ACHx	 free flow area of gas through heat exchanger, ft2

Afre	 frontal area of condenser, ft2

AfrHx	 frontal area of the heat . exchanger, ft2

A oc	 shell side heat transfer area in condenser, ft2

AOHx	 total shell side heat transfer area in heat exchanger, ft2

Aox	 heat transfer area for section x of the heat exchanger, ft 2 x = 1, 2, 3

A.rc	inside cross-sectional area of one tube in condenser, ft2

Aw	surface area of wall, general application, ft2

a, b	 constants used in the turbogenerator sizing equation which are functions of P3 and
T3 derived from Reference 30 (mixed units)

a 1 , b 1	constants used to determine T from N n E dependent on TS/Do and derived from
Reference 17, dimensionless

a3	constant for axial direction heat transfer calculations in a packed .bed, dimensionless

B;	 vector representing the temperature profiles at time 8i

Ca	 thermal fluid capacity rate, gas side of .a heat exchanger, Btu/hr of

Ch	 fluid capacity rate of the hot fluid in a heat exchanger device, Btu/hr of

CH20 x	 thermal fluid capacity rate of steam in the heat exchanger for section x, Btu/hr
O F x=1,2,3

Cmax	 maximum fluid capacity rate of a heat exchanger device, Btu/hr of

Cmin	 minimum fluid capacity rate of a heat exchanger device, Btu,/hr of

Cmin c.	 minimum fluid capacity rate in condenser, BfL,!hr OF

Crain x	 minimum fluid capacity rate of section x in the heat exchanger, Stu/hr of x=1,2,3

Cr	 ratio of Cmin/Cmax, dimensionless

CPa	 specific heat at constant pressure

CPC	 specific heat of water (liquid), Btu/lb of

CPP	 specific heat.of thermal storage bed material, Btu/lb of

C	 specific heat of water side fluid in the heat exchanger for section x, Btti/lb OF
x-1,2,3
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D B diameter of packed bed, ft

DC condenser diameter, ft

Do diameter of duct, ft

l,C inside diameter of condenser tubes, ft

D f. Hx inside diameter of heat exchanger tubing, ft

Doc outside diameter of condenser tubes, ft

Da' HX outside diameter of heat exchanger tubing, ft

D 
diameter of particle, ft

D ec log mean diameter difference for condenser tubes, ft

D LHX log mean of the inside and outside diameters of tubing used in the heat exchanger, ft

E, effectiveness of a heat exchanger device, used both for the condenser and heat
exchanger, dimensionless

f friction factor, general application, dimensionless

f$ friction factor for packed bed, dimensionless

fd friction factor for ducts, general application, dimensionless

G mass flow velocity, general application, lb/hr ft2

GsH
mass flow velocity of steam in section x of heat exhanger, (lb/ft 2 hr)

ox mass velocity of gas in section x of heat exchanger,(lb/ft 2 hr)	 x = 1, 2, 3

96 Newton's conversion factor, 417 x 10 6, (ft-Ib/lbf - hi-2

Heighth Heighth of heat exchanger, ft

h,G internal heat transfer coefficient, Btu/hr ft2 of

hI. internal heat transfer coefficient in section x of the heat exchanger, (Btu/hr ft2 OF)X
x=1,2,3

hay external (shell side) heat transfer coefficient for condenser tubes (Btu/hr ft2 0F)

h o, external (shell side) heat transfer coefficient for heat exchanger tubes of section xX
(Btu/hr ft2 o F).	 x = 1, 2, 3

hp horsepower t

HStaAm base enthalpy of steam at specific conditions, a generalized term used in determining
AH 3 in the heat exchange calculation (Hsteam is determined at constant pressure,
P2, and at inlet condition, T03, and exit condition, T32, in section 3), (Btu/Ib OF

by heat. transfer coefficient based upon bed volume

Pill
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4M3	 section 3 heat exchanger change of enthalpy for steam, Btu/Ib

Ka 	thermal conductivity of air (Btu/hr ft OF)

Ke 	effective thermal conductivity of packed bed (Btu/hr ft OF)

Ka 	static effective thermal conductivity of packed bed (Btu /hr fit OF)

Km 	thermal conductivity of tube material for the heat exchanger and the condenser
(Btu/hr ft OF)

K w 	thermal conductivity of wall for storage devices (Btu/ft hr OF)

Kx	thermal conductivity of the water or steam stream in section x of the heat exchanger
(Btu/ft hr o F) x 1, 2, 3

K 1 	thermal conductivity of individual layer in wail (Btu/ft hr OF)

K 	 thermal conductivity of individual layer in wall (.Btu/ft hr OF)

L
B
	length of storage bed, ft

L
C
	condenser length, ft

L_a 	equivalent length of duct section, general application, ft

Lx 	length of section x in the Feat exchanger, ft x = 1, 2, 3

MW 	 megawatts of electric power

ma 	flow rate of gas used for fan power calculations, lb/hr

me	 cooling water flow rate in the condenser, lb/hr

mgt 	mass flow rate of cooling . water through one tube, lb/hr

mo	 flow rate in an individual section of duct, lb/hr

m yx	 gas flow rate to heat exchanger, lb/hr

ms	 steam flow rate throughout system, lb/hr

mpignc	 gas flow rate from plant source, lb/hr

mstore	 gas flow rate from peaking store during discharging, lb/hr

NC 	number of tubes in condenser, dimensionless

NNu	 Nusselt number, dimensionless

NPe	 Peclet number, dimensionless

NPR	 Prandtl number, dimensionless

NP x 	number of steam-side passes in section x of heat exchanger, dimensim less x = 1, 2,
3
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NRE!	 Reynolds number, 	 application, dimensionless

Nns.*	 Reynolds number based on 	 surface area, dimensionl ess

Nns.	 Reynolds nuOlburbased uDoorb^e 	 dimension^s^
'

N =	 Reynolds number of water or steam in section x of the heat exchanger,—°	
dimensionless x= 1, 2,3 '

Nrow	 number of tubes ^ one row of the heat  exchan ger, dimensionless 

NTU	 number of transfer units required inmheat exchanger device, dim$nsion|ess
|

NTU 	 number of transfer units in condenser , dimensionless 	 ^
`

NTUx	number of transfer units for section x of the heat exchanger, dimensionless x= 1,
3,3

Po	 pressure ofsteam in condenser, 1/4pnia
|

P' _	 operat i ng prosSunmof system, ' -
'

nn	 `-'-

^w~DF^	 turbuounlp exit pn^^pressure, l`v."-

P^	 section 2 heat exchanger vaporization average pressure for steam ,
'
 psia

P-	 ̂section 3 heat mxohangerex average	 |	 ^Arnonuna /heat exchanger exit pressure and
turbine inlet pressure) for steam, psi a

^^/̂^^AP	 ro^nu d	 |pressure drop, ^rn^ 	 `	 '

^AP B.	 pressure drop of	 bad,(b/ft^- `
^xŶ^^1 P	 d	 i	 duct	 |P D	pressure [op in 	 section, ^/z^

^w~^AP^	 pressure drop in a total	 o ^ k/hmQ to one fan, l"'.`3
'	

^^~^^^P-	 pressure drop for steam side hluoct^'nxofheat	 |`v.`- w=1,2,3
'

^APX	shell side pressure drop in section xofheat	 |"/.^/^`- x= 1, 2,3

q ,	 heat loss through wall, general 	 Btu/hr

'
[o. ~*x 	 hydraulic  radius shell side cross-sectional area per wetted perimeter in the heat

'nxnhangar, ft 
	
' 

rhm	 hydraulic radius for tubasldn . pfhaot exchanger, ft 
	

.

S,	 external por^co surface area per unit volume nf bed, st.-?

T^	 nxofQasjnouokedbod,oF	 , . -	 -' 	 '

T-^	`averageUnu temperature used for fan power calcu l ations, oF
`
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TBC	 bulk temperature of cooling water in the condenser, of 	 i

TD	temperature of steam in condenser, 115oF

TIn,	 inlet temperature of cold fluid to a heat exchanger device, of

T In, Co	
temperature of cooling water entering the condenser, or

T
1n, h	

inlet temperature of hot fluid to a heat exchanger device, of
i

T	 temperature of cooling water exiting the condenser, of
out, co

f

Tout,li	 exit temperature of hot fluid : from a heat exchanger device, OF	
f

TP	particle temperature within the packed bed, of

Ts	 condensing steam temperature, of

TS	 tube spacing in the condenser, ft

TSHx	 square pattern tube spacing distance for the heat exchanger, ft

Tw	wall temperature of tubes in condenser, of

TV	 thickness of wall, ft

T03	 inlet temperature to section 3 of heat exchanger (inlet to heat exchanger), of

T2	 section 2 heat exchanger vaporization temperature for steam, of

T3	section 3 heat exchanger exit temperature (heat exchanger exit temperature and
turbine inlet temperature) for steam, of

T1 .0	 exit temperature from section 1 of . heat exchanger (exit from heat exchanger), OF

T2 1 	temperature of gas between sections 1 and 2 of heat exchanger, OF

T32	 temperature of gas between sections 2 and 3 of heat exchanger, of

Td	 temperature drop across wall, general application, of

U11	 overall heat transfer coefficient of condenser based on shell side, Btu/hr ft2 of

U
ox	

overall heat transfer coefficient based on the shell side of section x in the heat
exchanger, Btu/hr ft2 o f x=1,2,3

A	 velocity of air, ft/hr

VB	superficial bed velocity, ft/hr

.Vc	 fluid velocity of the cooling water in the condenser, ftAec

VQ	velocity in the duct, ft/hr
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V5C	 velocity of incoming steam to the condenser, ft/sec

VX 	 velocity of water or steam in section x of the heat exchanger, ft/hr x = 1, 2, 3

VOLC 	 volume of condenser, ft

vi , vz , v 

	

	 specific volume of fluid, subscripts 1, 2, and m refer to inlet, exit, and mean
conditions, ft3/lb

Width	 width of heat exchanger, fit

XwC:	 wall thickness of tubes in the condenser, ft 	 I

xwHX	
thickness of the tube wall in the heat exchanger.

Z	 axial distance in the packed bed, ft

0-0. FIX	
shell side heat transfer area per unit volume of the heat exchanger, ft-1

a.0	 shell side heat transfer area per volume of the condenser, ft-1

e	 void fraction in packed bed, dimensionless

E)C 	charge time, hr

Qo	 discharge time, ht

A C 	heat of vaporization for steam in the condenser, Btu/Ib

A	 section 2 heat exchanger heat of vaporization for steam, Btu/Ib

Pa	 viscosity of gas, lb/ft-hr

AX	 viscosity of the water or steam stream in section x of the heat exchanger, lb/ft-hr
x-1,2,3

P,	 density of gas at a particular point in the system, IEa/ft3

Rs	 bulk density of storage bed material,.lb/ft3

pX	 density of the water or steam stream in section x of the heat exchanger, Ib/ft3
x-1,2,3

S
pw	 density of liquid water, Ib/ft3

P1, 
Hx	 tube side free flow area per frontal area of heat exchanger, dimensionless

°o, Hx	 shell side free flow area per unit frontal area of heat_ exchanger, dimensionless

doc	 shell side free flow area per frontal area of heat exchanger, dimensionless 	 I

T	 group factor - {N N U ) (0 PH) 2/3

*X	 group factor for gas in section x of heat exchanger, dimensionless x = 1, 2, 3
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APPENDIX B
SYSTEM DESIGN MODEL

Major elements of the energy conservation system shown in Figure B-1 are;

1. Heat exchanger	 5. Fans
.2. Peaking store	 6. Turbogenerator
3. Operational store	 7. Turbopump
4. Ductwork	 8. Turbine condenser

With the exception of the two storage beds, these items are essentially steady-state devices.
The system design model is written to describe steady-state relationships between the
various elements of the system. Cost equations for each elements as a function of important.
dimensions are developed from manufacturer's data and from Reference 38. In the latter
case, costs are carried to installed costs by factors accounting for materials, labor, etc.
Reference 38 also recommends an additional indirect cost factor to cover subcontractor
administration, profit, etc. The indirect cost factor was not included, as in all likelihood the
actual installation of the system would be performed by on-site maintenance crews.

Specific item costs are summed and net energy savings are calculated. Overall system
economic parameters may then be calculated directly from the computer program outputs
and assumptions concerning the value of energy saved in the future, the future cost of
capital, and the inflation rate.

A generalized flow diagram of the design model is presented in Figure B-2 Table B-1 lists
the major dependent and independent variables in the model.

The following paragraphs are denoted to the specific engineering and economic relationships
incorporated in the model.

BA HEAT EXCHANGER

In the design model, the heat exchanger sizing is the most complex calculation performed.
The method of calculation follows that of Reference . 17. The major assumptions are as:
:follows;

I. Three separate calculations performed - one each for liquid preheater. boiler
section, and. . superheater, due to the fundamentally different heat transfer
processes entailed.

2. Constant temperature and flow rate operation (inlet and outlet for each section).

3. Linear heat transfer coefficient with temperature through each section.

4. Heat losses to outside of exchanger are negligible.
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STEEL ARC FURNACE ENERGY RECOVFRY SYSTEM SCHEMATIC
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ROCKET RESEARCH COMPANY

T ble B-1
MAJOR INDEPENDENT VARIABLES IN MODEL

• GAS FLOW RATE

• GAS TEMPERATURE

• STORAGE DISCHARGE TEMPERATURE

• TURBINE INLET TEMPERATURE

• TURBINE INLET PRESSURE

• TURBINE DISCHARGE TEMPERATURE AND PRESSURE

• CHARGE/DISCHARGE RATIO

• STORAGE MATERIAL

• HEAT EXCHANGER GEn""STRY

• CONDENSER GEOMETRY

4 LOCAL ELECTRIC RATE SCHEDULE

MAJOR DEPENDENT VARIABLES IN COMPUTER MODEL

• CAPITAL COST FACTOR

•	 HX AREA (SIZE)

• CAPITAL COST

• POWER OUTPUT

• STORAGE SIZE

• TURBINE SIZE



5. Countercurrent flow between water and gas.

G. For calculations, the gas is assumed to be air.

All three sections of the heat exchanger. are sized in the same manner except that one
section determines the cross-sectional dimensions. This section is the superheating section,
and a velocity of gas must be input to start the sizing calculation for this section. Tile other
two sections use the same cross-sectional dimensions as determined in the c=-uperheating
section. Figure B-3 represents a typical temperature profile for the two fluids, and Figure
B-4 illustrates the geometry for the entire heat exchanger.

As Figure B-3 shows, the superheating section is numbered as section 3, and the liquid
preheater and boiler sections are numbered I and 2. This diagram represents a waste heat
recovery boiler. Figure B-3 shows a design condition often referred to as the pinch point.
This occurs between sections 2 and 3 of the heat exchanger. It is important to note this
condition, due to the calculating procedure for this piece of equipment. Since the steam
(and water) flow rate is calculated from the mean temperature difference across Section 3,
and then the lengths of Sections 2 and I calculated from the required total heat transfer,
and the mean temperature differences, the analytical possibility exist for a negative
temperature difference at the pinch point. If a negative pinch point is calculated, the
program halts; and a message is printed that the exit tenuperaturE, from the heat exchanger
must be greater than a particular value to run the case. The pinch point then becomes an
important optimizing parameter because it has the economic effect on how much heat can
be removed from the gas stream and at what cost of the heat exchanger.

Figure B-4 represents the geometry of the heat exchanger. The assumption that the flows
are countercurrent as opposed to cross-flow are justified due to the number of passes that
the water side makes. From Reference 17, four passes closely approximate countercurrent
flow. The heat exchanger in the simplified model has a pass for every row of tubes, thus
exceeding four passes by a considerable multiple in all cases. The flow, then, is
countercurrent.

The tube spacing selected reflects engineering desi gn conditions. A square pattern with
unfinned tubes has more design information as opposed to stag gered, finned tube
arrangements. Additional justification for the simple tube geometry is found upon
consideration of the potential for eventual cleaning of the heat exchanger. In the heat
exchanger model, tube spacing, tube outside diameter. and tube inside diameter can be
changed to obtain a properdesign of the heat exchanger without extrapolating heat transfer,
characteristics. Data fits almost any arrangement of the geometry in a simplified manner.

The geometry variables to determine are sigma (ap	 ), alpha (¢p * HX), and the hydraulic
radius (rim, O. JjX)
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TEMPERATURE PROFILE IN HEAT EXCHANGER
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MEAT EXCHANGER SCHEMATIC
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This assumes a square ended beat exchanger as shown in Figure B-4.

For the beat transfer characteristics of water, a general expression is used which was derived
front Reference 17. The expression applies to tubes and is a function of N- (Reynolds

number) and NPR (Prandtl number),

Number of tithes in a row - Nrow 
Width

TSli1	 .

(This calculation is only performed once in section a of the !teat excllattger.)

Vx
4 iii,

` Px Nrow 7r D!, EN

D1. 11^ V, PN
NRFx _

:\

NNU . = f (NPR. NRE)

For the individual lical tr ulsfer coefficient can the , %%n r side in secti hs 1 and .	 1
i

NI\Tu x l:\
Di, 11X

For section ' hip = 1.000 Btu/ft' hr-°F is assumed (this assumption is justified, since it
does ttnt Have much effect on the overall coefficient).

1

The heat transfer characteristics of :fir are determined by the Treat excittuiger geometry. The
constants used in the following equations are Nnetions of the TSHXjDq, i-H1 ratio:

The individual heat transfer coefficient is than:

x Gx. C'Pa
ho, x

N1 R"/

The overall }neat tiansfer cocffielent is of the oandard farm:

1
Va .Do HX	 x1v,^L1	 Da, i ,IIX	 1

Di, RX llix	 bill	 DUIX	 hox
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where

DoHX - D1HX	 _ .

DLFIX =

	

	
i

Ln (DoHZ/DiHX)

DoHX - DiHK
xWHX

and Km = thermal conductivity of the tube material.

The heat transfer wren and the exchanger length for the section are as follows;

AoX NTUx Cmin x

Uox

Lx =
Aox

aoHX AfrHX

When all three sections have been sized, the lengths and heat transfer areas are summed.
Also done simultaneously is the pressure drop calculation for each section which will he
discussed in paragraph B.I.I. A check is made to determine if the assumed pressure drop of
water (of S%) is close to the pressure drop calculated after finding the pent exchanger
length. The difference must be less than 0.117Q or the calculation is done again at the
calculated pressure drop. For the air pressure drop, the difference must be large to change
the overall heat exchanger dimensions (on the order of W"o). The water pressure drop
controls the looping of the program due to the shift of the pinch point. 	 i

B,1.1 Heat Exchanger Pressure Drops — Water and Gas

The pressure drop through the heat exchanger is calculated after determining heat exchange
dimensions from an assumed value of water pressure drops. For a water pressure drop, h
friction factor (f) is calculated for each section of the e=xchanger. Fora fluid inside of tubes,

f = 0.046 NRE-0.2 when NRF, > ? 100

f = 16/NRE when NRE C 2100

For ench section of the heat exchanger, the AP is determined differently for the water side.
For section 3;

G^s3 V1 I	 V2
1 +	

(width)(NP3) Vm
©Ps3 = ^--	 ( a w

l , Hl;	 - l^ + f --l---- -V1
gc	 1	 V1	 V118^1

ORIGINAL ftgrh ►
OP POOR QUAt,;<' Y
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where:	 ! ,

NP3 W TSHX

	

ir Dj-I.IX	 ORIGINAL FACT, IS
	ai, Hh W 2	 OF ^'C^(,zR QUA.LrIT4 TS^I^i1

Di, MX

4
a

The section 2 pressure drop for the bo iling water h as been assumed to be the same as for 	 E

section 3. This assumption yields it higher pressure drop value tlian What Would actually

occur in section '?.

The section. l pressure drop is determined by

AP	
G2s l v f (width)tNP I )

s l  gc	 Ills

As can be seen, the pressure drop calculation must start with Section 3 of they heat exchanger

where the Outlet pressure of water (stemill is tin input.

They iweassure drop for air is dare for each section by the following equation,

AN. ., G~x V I 1 Q 2V' l k t 
Aox Fill

W 	 ge	 o$ 
H\) (VI	 ACl3X V 1

The pressure drop of air is always small Hess Ellin 10° e.) and does not cause the lieitt
exchanger calculation to loop for redetermination.

11.1.2 Heat Excbanger Cost

The heat exchanger cast , is based oil the overall heat transfer area for the gas side of the
tubes. References 3S data was-ase:d to derive tile- following equation for 1070 base cost. This
cost is for a floating head velocity type heat evilant;er operating at 800 psig an they tube

side. Shell pressure is low. The material is carbon steel.

1070 $ = 405 (Aali`)0 67

This cost is uninstalled. For inst- iation. a multiplying Motor of 1,86 is used. A h igher ni for
is generally used to indicate piling hookups, but the cast of ductwork installation ravers
this factor.
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An escalation index is entered into the program to luring up the rest to 1975 dollars. This
factor is 1.6. The factor is based on an average 6Fi? per year inflation rate.

B.2 PEAKING STORE SIZING

The pealing storage bed is sized in a simplified manner in the overall model. The diameter
(DB) is all input, and the length (LB) is determined by one equation,

	

_ 111plallt ^`pa	 4
L13` PB	 (Cpp	 ^. rr DB a

Where:

pS = Bulk density of bed

Clip =	 Bull: lient capacity of lied

Oc = Charge time

The input of diameter ha6 been specified equal to the length for the design m odel. This is a	 f

logical choice as a starting point, as the external surface arca is kept near a I ihiil11um.

13.2.1 PeaRing Store Pressure Drug

Pressnre.drops in the peak ing store; lied are calculated bath for the charge and discharge
modes in operating the system. In the charging nude, the plant gas flow rate is used iii the
discharge mode, the flow rate defends on the charge and disOiarge times. The diseliarging
flow rate through the Iced is determined from Oc and Od:

8c
nlstore^ = ^d) iilplant

The pressure drop is determined by the following sequetice of equations:



As can be seen by. this series of equations, the void space in the tied Maas a txinsiderable effect
on .\P, The particle diameter has a proportional effect,

B-.'e,.2. Makin- Store Costs

The storage container in the design computer model .is made of two layers (if brick. One
layer is an insulating- layer of Kaolin insulating firebrick, and the ether layer is a struct11rc1I
super-duty bri4k, Costs are derived from manufacturer's prices for . large quantities of
material for Ik)78 dollars. The installed crest of the container is bawd till the surface area of
the  container. Tile container cost is as f0lltmvs;

1478 S = .3.474 DBLB + DB^

This lognation shows in installed cost of X23.474 per seluam fboc

Tito cast . of the installed storage material is fed ill as an input of dollars per 100 platinds of
material. From the volunv o of the feed and the bull: density, the materi;ll cast is Qaleulawd,

I3.3 OPERATIONAL STORE SLING

Sizing the operational store is fundamentally a Mansient analysis. As the design model is a
steady-state nlKedei, it IS ass►nneti that the daiUp#alg coefficient of the opela^tional stlere is
unity, beat losses from tll.t' operational store art' sunlnled with those of tilt' peaking store
and approximated by a 2000F decrease ill the mean source telnperaltmve The Imssure drop
ill . the operational store' is .in identical %'aleulaltion to that for the peaking st[aro, The
transient allaly sis of the starage beds is presented ill Appendix C

133.1 Operational Start Cost

The tmst of the operational share fc-ollows tho nWthod of the peaking store preselated ill
paragraph 2112.

B.4 TURBOGENERATOR AND ASSOCIATED EQUIMMENT

Tile turbine. gonerator, pump, and condenser form flit` major elements of the power
gencraltion system. The turbine and generator farm a1 M 111'le item.

B.4.1 Turbogenerator Siring

Once tilt steam flow rate has been de'ter.inined from the' energy balance ill till' twat
ex-changer (and the pinell Point temperature t'ht ckod), tile l?omvr output of t1w tur4ine call
tie calculawd. It is aaszwtued that the diseltar e prassure is 3,0" Mg absotute.

Data obtained from Reftormce 31D --ais taut into equation form to yield the follh_lre=iaig for
electric power output ial it egawatt& MNVe;
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i	 1

^	 f

1+b
ms	

;

11^^Ve = 1000,

P.

The constant used (a and b) are derived from the inputs of temperature and pressure for the
steam turbine. The constants are derived from Reference 30 data and when incorporated
into the overall equation, can result in a negligible error of *2`="0. Conversion of megawatts to
megawatt hours is accomplished by multiplying by the discharge time,

13.4.2 Turbogenerator Cost

The major variable influencing the cost of a turbogenerator is the design steam flow rate, 	 i
Secondary effects of temperature and pressure exist but act more as limits, that is, the
influence is very slight to a given value, then nearly prohibitive thereafter.

i
The equation for turbine cost was developed from tabular data received from Reference 30.

1978 turbogenerator cost = 734 (ms)0.65 	 ff

The equation fits the tabular data to within t I 5 over the turbine size range of interest.

Tabular data covered an inlet pressure range from 265 psis through 815 Asia for
"off-the-shelf" units. Higher inlet pressures would require special manufacture at con-

siderably higher cost and were eliminated from further consideration.

Tabular data covered a range of inlet temperature from 500 through 7500F. Extrapolationg	 p	 t;	 p
of the data to 950oF is expected to decrease thy equation accuracy to ±65C, however.
turbine design inlet temperatures in excess of 950 OF will require exotic Made materials and
a significant cost increase (Reference 30).

The factors recommended . by References 30 and 38 to cover turbogenerator installation
costs are at considerable variance. A value interniediate to the two recommendations, at
1.257, was the multiplier used.

B.4.3 Turbopump Sizing
f;

Calculations involving the turbopump are its follows:

rnsPIlip	
550 Rw.

f,

With an efficiency of 60% and converting to megawatt hours for a parasitic. power
determination..

MIV Iirs	
kip

.60 
x 7.457 x 10-4 x. 6 D.0

10O



The turbopump parasitic power is subtracted from the turbogenerator output along with the
fan power usage to determine the overall power output of the system.

B.4.3.1 Turboptunp Cost

The turbopump cost is derived from Reference 38. Casts are based on volumetric flow rate
and developed head. Tile following expression is used for installed 1978 dollars:

Installed 1978 Dollars = 69.72 ( gpm x psi).453

In this expression, an installation factor of 2.1 is used along with a 1.6 escalation index. The
installed cost does not cover associated piping as the more costly condenser installation
factor ineludes this factor.

B.4.4 Condenser Suing

The condenser suing calculation uses the same relationships as that of the main heat
exchanger. A single heat transfer mechanism is in effect so that multiple section calculations
are unnecessary, and the complexity associated with internal pinch points is avoided. The
following calculation assumes that all the steuu conning from tine turbogenerator is saturated
at 1150 13 , and the cooling water is enterin g; at 60OR This condenser geometry is based on a
hexagonal pattern where only tube spacing. tube OD,OD, and tube 1ST are needed as inputs to
define the geometry. Tate geometry calculations for a0c, cjoe.., and yhoe are as follows for
the steam side:

Do.
floc = free flow area/frontal area = 1 - 0.9069 (TS 4

C

floc. = heat transfer area/volume = 3.6276 Doc

(TSc)2

'Yhoc = hydraulic radius =
ao, c

Flow in the condenser is true countercurreut flaw along the tubes for the calculation. The
NTU effectiveness method is used for tine calculation of the overall condenser dimensions.
The following series is followed in the computer model;

Flaw rate of cooling water, mc;:

lc ms
me _	 .

Cps (Tout, CO -Tin, co)

The ratio of CmiII/Cmax = 0, since there is a phase change. The effectiveness. E, and NTU
values tire found by::

l

k
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TOW, t - Till, %'

Till, I, - Till, C

In l - F)

';;Ile individual heat transfer etivfficiellv; .Ire. determined by rolatiolls given in Deference 12,
'me relations are.

1: w3+ 3.ISas+1,

1' Doe (T., + r%v)

11ie = 1 (ti:; Ve t)• 85 r i + 0.01 04 TBC)
Wilffe \ IZF 3000 for Ili.

The wall winpordtl w its assumed tO I le the bull. toI11pimiture OF Tile \^Iv+rl^; water. The
r't^lt^cif\` for tilt` cr(ilili f111it1 i. itlplIt st y tll;lt tilt' R^^y'noltis nllinbel', NR F, is .,l\v.l\ s are:lter
thall 3,00

.
0 ^a velcvity equal to Z	 NDI= ,))taut equa l to 10,00ft

The overall el^eftl iellt for the cOlI jelMr is determined by a 5t.lndard forill etlll.ltioll of flit`

\!Oc
21-le + t—v I)tiic + t

I lc Il ls 	K ill Die	 llt^,

rite Steam Slid` Ilellt trallster area eall till`), I)e detor111111ed b\' the ti-1 11mvin1' expix'shi ill`.

(\TLTc C'lllincAVk;

whore..
C1. lu1
	 C11C lire for tilt, cold side ecioli,lg rvatcr,

Tile overall t'lillIellsi011s of the cimndtnsor.114' determined froll, tilt' illt?ut t'elocity t)f ct)ojill',.
Water and tilt  gt`t' nletr i' 1:lriablt's:

14T 
DiQ2

)flat = P\\v \'c A TC	 t

too
try ^^

l
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Ne.	

mct	
ORTGNAL P'A F i;;

VOLc = Aoc
aoc

AfVe = 0,866 N, (T5,)2

Dc = 4n Afvc

VOLc

LC r Afvc

'Mis calculation assumes a circular cross-sectional area of the condenser.

Since the :pressure in the condenser is small, a pressure drop calculation is not performed in
the condenser. A check on tile incoming velocity of steam is performed to determine if this
is reasonable.

_	 nls _

Vsc Ps aoc AN x 3600

The current velocity of incoming steam is calculated at less than 100 ft/sec, so the pressure
drop would be small. Tile turboptimp calculation assumes the pressure at the exit of the
condenser to be zero. There is negligible error, since the pressure is only a few psi iii relation 	 j
to 100's of-psi going into the cleat excliangrer.

B.4.4.1 Condenser Costs

Condenser costs are based on the heat transfer area calculation shown in the above section,
The relation is derived front Reference 38. 	 {

Condenser cost = 92.5 (Aoc)QC'? 1

The equation yields condenser cost in 1970 dollars before installation. The Basis is a shell 	 f
and tube condenser operating at below atmospheric pressures in the shell and below 100
psig in the .tubes..The inaterial is carbon steel, and the exchanger is a U-tube type.

l
The installation factor used in 2.3. To bring the cost tip to 1978 dollars, all escalation index
of 1.6 is multiplied by the installed cost. With the high installation factor used ill tile model.
associated steam and cooling water piping is included in the 1978 installed price.

i
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B.S DUCTWORK SIZING

Ductwork sizing parameters (length and diameter) are program input specifications.

B.S.1 Ductwork Pressure Drops

The pressure drop in the ductwork and the baghouse is all calculated on an equivalent length
basis. The equivalent lengths are input to the computer program. The calculation repeats for
each section of the ductwork:

V = ma 4
a

^Aa^ ^DoZ

AVD
N^ = A

0.316
fD NRE0.25 if NRE > 2100

f _
	 64	

if N	 ^.
D	 NRE	

RE G 2100

M L	 2	 ^.
OPD	 ( D 1 /Pa Va }

 DD ! 2

These calculations are performed for both the charge and discharge modes of operation in
the system.

B.S.1.1 Ductwork Costs

Costs of ductwork are also ni anti facturer's derived costs. The computer model bases the cost
on the equivalent length used in the pressure drop calculations. The equivalent length covers
fittings used in the system such as elbows, tees, and valves. The diameter of the ductwork is
also considered. Ductwork already present downstream of the system is not costed.

The expression to calculate installed cost is:

1978 dollars	 76.8 (LD)(DD)

The cost assumes minor strUCtural supports, and insulation is included in-the price.

The material of the ductwork can either be a somewhat exotic metal or a Kaolin brick-lined 	 ,;V
arrangement. The costs do not differ significantly in these types . of materials.

FI .
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B.6 FAN SIZING
Vair, are sized to deliver a dosil l t'loW rate at a give n presstlrc drop. l ach fall k designated
to supply. the required pressure drops that occur ill a sllc►.cWe portion of the system. 'lable
13-2 shows the designations for both charging and discharging modes. Figure 13- y dhows the
nomenclature of the schematic shown in Figm 13- 1, `rlli^ individual pivssure drops that are
calculated are summed for the various fall hors power determinatiows, Fan number i; is
oversbwd, shice it 1, leased otl the entire heal: storage Row rate alld not Jim makeup air, Ill
all probability, this fall would not twist in a wal systeill, lint since it is pre,elitly, ill the
computer model, it i, inehlded here. The equation for the horsepower (Ill)) is as follows-.

lip = 4 1 156 \ 10.7 1
	

1 (•1601- Ta	 }irl (61.
` fall

'ne equation is a.modif'ied version of a general form equatium foetid ill Rdemnce 40.

The tle\t step ill the Calculation simply converts horsepowor over to megawatts at it 7":,
t`fficielley for the fall 1110tor. For 11 practical parasitic power considoratioll, the megawatts
.uw multiplied by the respoctivcdiar*,e tier discharge tinge to ^^t^u ill megawatt hours. `l'iht ran
requ irements In ltlegawatt liouri aw sunimod and the total power usai re subtracted froill the
turhhle output (also in megawatt lhours), When all parasitic power is i onsidercd, the total
output of tile sr' ytem can be determ ined

`faille 13-
F AN AP DESIGNATIONS

Fan No.	 orlt Lengths	 Equipment

I_'h.ttgill^;

.', 1 ,2 Peak store
8 Inactive dur ing charge:
c^ 4,

11 ti (Include's Nighothse in equivalent lt)llrtll)

i^i^C lltlr;^illg

1.:3 I10at Q\^^ltzulilrr

S
, .l leak stow

l 1 6 (Ineludvs bar.lhoust, i ll equivalent lohht.th)



BAI Fall Costs	 L.

Fans are costed by Reference 38 tit loNv pressure droops Lased oil volumetric: flow in CFM.
The base eq uatioll is.

Fill, Cost =. 9.0 (CFM)0.68

Units are 1970 dollars, uninstalled. Installation of a fall is assumed, from Reference 38, at
I 0 1."a. To brine the cost up to I978 dollars, the installed cost is multiplied by 1.6.



APPENDIXNDIX L

THERMAL STORAGE BED COMPUTER PRQC'rltrlM

The Mlowinf: sections present a coltlplOe description of tiles thernl,ll storagw bed computer
program. This program may tits used for both types o f stonage devices ill till* system
toperational and peaking), s 'lne'e it maps out the temperature (if the bed and the gas with
tinge. A sample eomputer.outpllt is presented at tilt end of tile, teelmical diseussioll.

t',l I^R^SSUI.I'a I:)RpI' ^,CRpSS `T'^°Ii: k'r^:t^fwlap t3LU

The pressure drop across the packed bed is cale'ulated in a similar rvay to that across an
empty tube. It is still based on the concept of the velocity head, i.e.,

D I) .

However, for flow through a packed boil, tilt prossui'e dvop is mainly due to-the friction
between the fluid and the p article rattler than that between the fluid and tile, tube wall.
Tilu& it modification 11111 it bC made hl the above. equation try include ternm for the effective
cross-seetional area available to the flow passage: and tile' lia , draulie radius or the packing.
parti,AQ. Si'wral equations have lleetl proposed in the literature to calculate the pressure
drop twross the packed bead. Among them, the most widely accepted one, is the Fxgull
equation (Reference .12) which can be written in the following forim

2.

1	 `f
kill)	 NC	

VB

NRE, p
I

Here, NRI'., p is &fined as;

_ Pa VB DII
N REL h	 3

In the alliWe Nli116011S. VB is based on they superficial cross•ie'ctionat area of tilt beset. Tile
effect of the Voidage on file flow roslstance. is aecoullte.d for Ilya Separate term, tilt' .term (t
01 10 in tile* l faun equation and the terlll I - t in the fb ettuatie)ll,
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C.2 SURFACE HEAT LOSS FROM STORAGE BEDS

The radial thermal conductivity losses are based oil heat loss through the wall of the storage
container. For the data presented here, no insulation is assumed and these conductivity
losses are on the order of 1.0 to 2.0''0, depending on bed size. Thermal conductivity losses
are based on an average temperature of the bed and the double layer of brick forcing the
container. The average temperature is based on 1,1000F and the storage discharge
temperature. The thermal conductivity of the wall, K Nv, is 0.046 Btu/lir-ft~OF, The radial

loss equation used is:

Kw Acv ATw

tw

Tile heat loss rate, q, is converted into a percentage. by dividing by the hourly heat input
from the plain at 1,100OF, discharging at TR for the various cases.

C.3 Bed Axial Effects

The heat transfer mechanisms in packed beds are very complicated (Reference 33),
especially in those used for the energy storage. For one filling, the Eked is a heterogeneous
system with two different phases; gas and solid particles. Secondly, the heat transfer under
study is a transient process, In order to undertake any theoretical analysis, certain
assumptions must be made to simplify the system, but not at tile expense of distorting the
physical phenomenon Occurring in the system. The following assumptions are made in the
present analysis:

1. All the physical properties of air and solid particle are independent of
temperature.

2. For axial heat transfer calculations, radial Beat transfer efforts are ignored. Over a
given. cross-sectional Area of the bed, the fluid has one. temperature and the solid
has another.

3, The temperature gradient within the particles is neglected: This is due to the fact
that, compared to the transfer of heat from fl ► iid toy solid, the transfer of heat by
conduction within the solid particle itself is much faster. This assumption is valid
at least for small or high thermaI conductivity packing particles. For large low
conductivity particles, the nonuniform temperature within the particle then must
be taken into the consideration experimentally.

4. Tile transfer of heat in the axial direction is restricted to the fluid phase. The
transfer of heat through. the solid call 	 neglected.

Tile last assumption heeds some explanation. Tice heat transfer data in pocked beds can
generally be classified into two groups. The first group accounts for the local fleat transfer
between the fluid and the particle. The second group accounts for the heat transfer through
the bed as a whole. The data of the second group assumes that the bed is a homogeneous
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system, and an effective thermal conductivity, he, is used to lump together the various heat
transfer mechanisms through the heel. Key e:an he expressed in the form. of:

Ke.jKa = KeOlKa + X13 N RE, l' NPR

This first term oil right-hand side of the ;shove equation is the static thermal conductivity
of they bed when no fluid flows through the bed. it results from a cot zhplex thermal
conductio n network, including thermal co nductions through solid, through tile. contact
points between narrticles, through the fluid film shear the contact surface between particIes,
and through the fluid in the void space of the packing (Reference 33). Ke(} depends oil
thermal ,conductivity of the packing particle. For steel halls, Kc O jK l is around 13
(Reference 34). Tile second term oil they right-hand side of the equation. is the heat transfer
contributed by the fluid mixing. Ill the axial directioll,. "113" assumes .a value of 0.50 for gas,

wihile ill file radial direction, it tales a value of 0.10 (Reference 35). As the flow rate of the
fluid increases, the mixing effect controls the heat flow in any packed tied. As in
illustration, consider as packed tied of steel balls, At NRFIP  00,

heat tlansfeI due to mixing _ 	 (a30R , p)(NpR)	 _ (0.5)(200)(0.63)	 p

total heat transfer rlhte	 Ke"/Ka+013)(NRE,p)(NPR) I +(0.5)(200)(O.c,S)

For the range: of NRt,,p treater than 200, whie:ll are the eases encountered in the present
study. the contribtation of the t1aid mixing.caan he even greater. Therefore, it is a valid
assumption to neglect the ltetht tratnsfer through the solid particles and consider only the
heat transfer through the void space of tile packing:

Based on tilt above assumptioaas, the equations which govern the performance of a packed
lied thermal storage: system can he written as:

Pa epa c BTaa + F^aa Cpa ^r]3 
aaT`; 

-- Ke 
a21a1 + 

11%,. (T1} - Taa)	 (C'-1 )

DT,
I)p Cpp (I - e) ao 	 liv ( T ah - Tp)	 (C-')

Tile first equation above represents the thermal ener gy. balance for the air fluid while the
second represents the solid particles. 5chiam, has derived analyt:-:al solutions for Ta t and
Tp which tire xvidely" cited in t11"e literature (l erere:nce 22), However, there are several
limitations can his solahtions:

I,	 Tile inlet air temperature is held constatat.
2, The, initial temperature is uniform throughout the bed,
3. 'no axial thermal conduction is neglected.
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To provide more general solutions to the above equations, two sets of boundary Conditions
are of interest; we refer to these cases as STORE I and STORE :. In STORE 1, the inlet air
temperature is allowed to vary with time, but the calculation is eithe r for charge or
discharge mode. In STORE 2, the inlet air temperature is fixed at one value during the
Charge anode and at the other during the discharge mode, but the Calculation Cali be set lip
for cycles of Charge and discharge modes. In either case, the initial temperatures are not
necessarily uniform for the whole iced. The basic formulations of the algorithms are the
same for either case. They are outlined below,

We must transform . the equations which govern the performance of a hacked bed thermal
storage system into finite difference equations in order to solve them numerically with a
computer. Two representations are usually Used to transform a differential equation into a
difference equation — tile forward or emplicit representation, and the backward or implicit
representation (Refererce 37). Which of these two representations should be chosen
depends on the problem under investigation. for the packed tied heat transfer problem, the
backward representation is preferred because it gives a more accurate solution with tlue same
amount of the computation time than does the forward representation.

Now consider the nodal diagram for the hacked bed (see. Figure C-1). The bed is divided into
"N nodes. "N" must be an odd integer as the first node is for the inlet air and the
tenzainiltg nodes are in pairs. Node 2 throug. Node (N+I )/2 are for the air fluid in the
different sections of tite bed, ~while Node (N+3)/2 through N are'for the Corresponding solid
particles. Using the backward representation, we may write down the following finite
difference equations:

Node l

Ti+l, i = inlet airtemperature = Tin (ei+l)

Node 2

Ti+ l, ? ~ Ti, ?	 Ti+I . L - Ti+l . 1 _	 Ti+l . 3 ? i+l , 2
(/'a Cpiu E ) •	 + ( a Cpa V$)	 (Ke)	 . .A8	 Az	 (t z)2

N+3
	by (Tip-!	

2
- Ti+ 1, ?^

1

NCI
Node 3 through Node

( f'a Cpa e) 
Ti+1,1 Ti. j + (Pa Cpa VB) Ti+I ,1 - Tip 1, j-1

AO	 Az

(Ife)
Ti+1,j+! ~''Ti 1^ I^`Ti t1,.i- ! 

+(N) (Ti+I;j+N l̂ °Ti+1,j
Az)	 1	 -

IIO
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3

n+3

n+S

n 1

2
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y

Node N 1

N +1	 N	 N+i	 N-1
Ti+1, 	 - Ti , M	 Ti+1, 

2
.. Ti+l,

(P`! Cpa 
E)	

A8	 + (pa Cpa VB)	
Az

N+1	 N-1

- (Ke)
(Q

 }.^	 + (Ilv) ^Ti+1, N -Ti+l, N ^ I
z

Node 
N 

—+3
3 

through N

(Pp Cpp) (1 -e) 
Ti+l, j - Ti ,j 	(hv) (Ti+ 1 , j _N

-=1 -Ti+l, j
AB

i
Rearranging the above equations, we then obtain:

Node !

Tl+1, 1	 T in (Bi+l)

Nadi:

Pa Cpti VB 1.	 + Pa Cp^^ F h Pa Ci^<i. VB + Ke 
+ It T'+l ? - 

Ke. 
T

Az	 1 i+l, 1	 AO	 Az	 (Az)?	 V^ ^ . ' 	 (pz)? i*1, 3

(110 Ti+1, N
1 3	 Pa
 AO

+3
	

e 

Ti, ?I

Node 3 through Node N 1

Pa Cpa VB + Ke^ Ti
p l,J- 1 + pa C

Pl 
c + pa C^a VB + ^ K ^ +by Tip' l j

A	 A B	 Az	 (Az)2z ( z)-'

	

Ke 
Ti+1, j+l - Clty) Ti+1, j
 N-1 	 P C a E .i, j

(A7

	

-	 AE_
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Node 
N 

1

J.I	 +	 Ti+] N-1 	
PaCpa EE ,r Pa CoIt'^B + ^:e + h Ti+] N11

Az	
ao

fl 
T,	 Paz C a r

AO	 I, ,

N+3
Node ; through N -

pp Gpp (1 - 0Ap C:pp (1 - C)
Oiv) T]+ t, j . N 1 +	 X18	 + by TW , j	 p	 Ti, j

AO

In all the above equations, the terms on the left-hand side depend an the temperatures at 0
s i+l, while the terms on the right-hand side depend on the temperatures at 6 = B'. Putting

in it more compact forth.

A Ti+l	 Pi or Ti+1 = A- I tai

where T1+1 is the vector containing all the nodal ternileratures. tat 9 = $ 1+1, A represents the
Characteristic$ of tilt~ thertnai network, and Bi depends on the nodal temperatures at 6 = 6i
and the inlet air tenlperatttre at 0 = Bi+l, With the inlet temperature being atleeifiedi it is a
straillltforward calculation to find the future temperature from the present temperature. It
should be noted that since all the Oements in nuttrix A do not depend oil temperCttUl'C and
time, tile. matrix Inversion of k l is performed only once throughout the calculation. The
basic selaenle of the Plow charts for program STORE 1 and STORE ' is shown in Figure C?.

The axial therm ai conductivity, Re used in the above etilculation is fouled from the equation
shown in Section C,3, Assuming that the fluid mirin g is dominant, then.

Ke/Ka ^ 113 NRE, P NPR

The inverse of "a3" is usuaily referred as the Peelet number in the literature, ^ 1kh
represents the relative significance of the 1 eat transfer du to forved convection verstts tillit
due to mixing: "h`r" is calculated from the following correlations (Reference 36);

K

^. lea

	

	
tNPR03 = 0.91N . RE, A'

0 Is I  (N RE, A < 50)
a Pa. VB

0.61 NRE, 1 0.41 (NRE A > 50)

113
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and	 iplll.GIN.AL PAGI' 1h

pF, PpO QUOM
by	 (Se) (ha)

where.

factor for heat transfer

Se	 =	 external particle surface per unit volume of bed

Pa NIB
NRI, t1 `"	 S.epa

"li"t" is the meat transfer coefficient lased on tilt surface of the jmcking,. Multiplying; "hq"
by "Se" , gives

C,5 TABLE C-1 DESCRIPTION

The first page of Table C-1 is self-explanatory listing they inputs to the program and some
hiternal calculations. The napping nunibers shown in Table C-1 indicate 1. 41-node output
sy=stem. Only on ,cy6e is shown, but any nlinlba cif cycles e'ati be run. The cl^s3r^;a mode is
listed first followed by a fractional heat Ioss for the chaQe cycle. The disc-liarge mode is
then listed. In each set of 41 nodes, the top, number is a gas hiput condition, excludhig the
initial bed temperature 'set. The next - rows are gag temperature then tied temperature,
These are the temperatures at the time indicated ut some cross-section hi the bcd,
Essentially, the Eyed length. is divided into 20 Darts ill this ex-mu le. From this data, lied
output temperatureltime relationsllipS are defined; sired further nalysis can be performed,
eliminating study-state assumptions used in they desi gn 1110del.



t Table C-I

PARTICLE DENSITY(LU/CUHIC M-4731.00 	 PARTICLE THER14AL CAPACITY(BTU/LB wF)=	 ,09 Q
PARTICLE DIAMETER(FT)	 .I?5n	 PED DIAMFTER(FT)m 111.84	 BED.LENGTH(FT)s 22.61
NI1,	 nx	 ONPI ( ATICIN C YLLth= . 	3

^j HOT AIR TEMPERATURE(F)-	 1308.00	 REJECTED AIR TEMPERATURE(F )x	400.00

NO. OF ,TIME NDOES =, 	Bt)	 NO. OF SPACE NOOES- 41

a LTOTA	 MASS FLOW RATE W AIR(LR/MR} n 	 1370p0
F'AFS5l1RE- ' DR0PI0SII'='... .979--`•-	 --PEPS- 15 25:dT	 -- -- »... ..	 ^._.	 ..	 ..	 ...	 «.^,...-...^ __.—_...._..	 ..r..: -
HEAT TRANSFER'COE!°F(B7U/F-HR-CUBIC FT)= 	 2 =74.84 i

I
0 NO.:OF TIME N(1j)ES= 	 2411	 No. OF SPACE NOnES n Al

TOTAL MASS tLOW RATE uh 'AIR ( LR/HR)c	 45657_

^-^--PHFS9 ( IRE -

HEAT TRANSFER COEFF I UTU/F-HR-CUDic FT)-	 154.20 0

E

#Q A

O

O

a O
i ^

io



Table C _I f Continued 0
W.

LyCL& W.	 1
... ..-..T- - -- •T..

^ r ?

O CHZi+GE WOOF 0

MITTAL RED 7EHPERATUFft

^. 406...0	 4^OD ►AO	 ,400000 400.00 400.00 400.86' 600.00 !r0Ae00 Aaa.00 -400000
464.00	 400.00	 40a.130 400.00 400.00 400000, 400.00 400.00 400.00 400.00

^`k
'tOh- Off - -^--'460;UD--4U U:j)r

IV 4
00s0fj

00_0.__. 4."60r 
00..._.. ,

400.60
. .
406.04

._	 .
48}0.00

._ _ 40040
... .

400.116 ^ .
41Jtl.DO	 400.00_	 400.00 400.00 400.00 400.00 40000 0 400.00 . 4 00 .13 0 440,00

TIrR F. [Ha1= 	 1.0a -	 - -------
1t`^P.3js	 111,t.nA7	 1043,17 p0 913.04 70'1.7? f,H3.44 591+.51 534.4,3 48151t3b 456.!hE.
435.36	 421.63	 412.93 40T.bb 404.44. 402.54 401.43 400.80 400.44 400.24

"""" '236:h4°	 II31Si5	 T194i7T^' 1fF5iT13^ 74 T.VIJ "'F rr3s9(}'Sb[s.7T`-TSjtls Jirr kTlil{T-444..63 __
4?7.39	 .416.47	 409.77 405.65 403.23 401 ►62 401.01 400.5& 400.30 400.16

=	 ;: TIPS [Ha1=	 ZOO

1Tqh.2[+	 1204.86	 1259.79 1?1,907 115h + BK 10$4.69 1600.25 911.36 823.61, 741.70 O
668.69	 606.2$	 .554.83 513.78 481.97 457.96 440.27 427457 +418,53 412.44
295;I?'""""'I78G.-FiS*'i^Ei^yli"`.Tè 03:'ZFa^l'137':3T'""'iL57:a6-"-"^Ib4.'23'-."'-87&.5'J'_^'" ?4T.19.•._..._,"7i1.32"`.,' ,
641.57	 683.06	 535.66 448.46 470.03 448.98 433.65 422.15 +415.15 410.07

TirtE [H::1=	 3.06
ffD:AtT '.' .T -

^} 1299.67	 12qRs2N	 1264.76 1 1096.E& 1?72.42 1249.23 1215.76 1171.4$ 1117.04 1054.18
989.43.	 913.74	 042.12 7'13.22 7D9.2b 652.52 601403 .557.98 522.17 49305

-^I --' 728a	 ice'-"'729?:'4^` 	 1293:	 IcP4:F0--fZ67 ZT=240_89''" 7263.64	 ris5,3r--I 097.I5'"'"1033.i3""
^: 969.15	 667.33	 815.67 .747.74 685.47.; 630.12 572.27 541.96 508.88 4$2.9h 0

TJWE CYPP ='	 4.00 M

0 1P.99.97	 ;.299.83	 1299.36 1298.15 1795.56 1290 ►40 1281.62 1247.84 IZ47.78 1220.50
11314,51	 I.1ti2rf3Fi	 1993.31 1038.01 97$.62 916.99 055.04 794.54 737.14 686.07 ► ^

12FS8.59 12773.49-`-1262.88 ' ^32R0.Sk - 221DsbY	 _.. 5 ^^^""_-.-^
4

12'19^9fl`"'Y2 +J'J.fi^s -"1299.22 "_ 1277 T+r ' 	 294• 7'.'._'-
1177.77	 1.177.31	 1075.15 1017.71 956,70 $94.79 832.17 772,19 715,86 685.21 (^^ 1^ Q

^^^^ JS' J%t1 ^1Ctf.'tt'">sEk7'= °':T159[+'^.. __ .. . _ _	 ^. ,_ ..

4
_000_0_____ „_	 ,^ F .

Q' 1..1714E bE0 7St^a eH :^TIPub
^

0
uDe.aD +x;'^."-"S^5-,.OT._""".737.'l^"-'?4G';^^'1?55:. ►I^"r'_*IFG'.^'f-."rf7S:b7,"1D31J;01 ^ _3093.3T`•'_'^4Z,"8S"'^.TH5.51'"-._-..^^.._--^--^
1?24,50	 1?47.771	 12b7.84 1?41.62 1290.40 1295.50 1298.15 1299.36 129943 1299.97 r -
6FS.?l	 715.116	 772, I f) P32.17 1194.21 1,56.78 1017.71 1075,15 1127.31 1172.77

t?Yr[;6k`- 1 1297.74•". 129 ;L.7I•- IZ99;.713 -2299:96__...-^..
TIVE1 14PI z 	 1.08

^04.Da
A75:r+'1",_'_1181:76 - -"fr43:^F- °719:Sfs-^7a7;^r1 -_ bS3.Aa -: 71R.a9 _....c17T.lD - 1835.0'!aESAs75_ __ _^-,-
113Fi.N4	 11711.35	 1712.77 !240.05 1260.65 1275.42 1245.43 1251.8? 1295.65 1291.78 f i49?.01	 SP.3.?6	 664.79 717.06 AfJ4.00 rjoa.31 930.94 591.47 1048.7[1 1101.43

^'^^""?Ike;27`^"l^rf'•:7.f1"^t22FJ:4^.^"17.^rtt.r3k-^-2.7466°.7 _`"127[1.95 --- -1707.[13' 1293.35..__ 127.'1.57' ^2298,.^,2'--°-__...,^-.___,..---̂ -^_•..^._.

7h AEtHa1-	 2,00 •
401).00
x77:?3'"""".•77:8'5 ^'"'s^.3`.si^	 b?5:^.!`+ `J5F,7.34- -75f49r3 ---- 823* 96" - FI HS.39 956.13 1Q08.6I
1067.h5	 1112.16	 1155.40 1192.13 1245.M3 1263.66 12.76.53 1245,42 1291.17
432.9h	 4['9.29	 559.81 F90.32 744.26 779.37 839.73 rrD3.66 964.60 1022.40

RY1T5.7Y^"lt7'. sf7	 Ytb*.t1, "^ 1?aII.^4"°" ""?"??9:33 1251.4 6 1267.9I'- -•1279.61__--121.7..3'- -1292.59."" - -
-

r 7iVfrHPY=	 3086
4018.09

r



Table GI (Concluded)

f's
	 0

767. 5 - 43 .-9 7.18-- °544:x$^" 661.1.4- 7P@.87 - "`^^3^-60 86ti.^5'- ^f22.77 -
9R1.90 1037.06	 I087.43 1132.28	 1171.09 1203.64 1230.04 1250.72 1266.33 1277,42
41?.21 440.61	 485.97 543.94	 609.05 676,89 744.78 811.30 875.71 937.45
O r14.n4 1050,413	 1094.11 11 4 z. r)0	 11110.19 11'11.37 12:11,.32 1255.64 1270.06 1280.17

TIME.(HR)= 4 .00
400.00

. . .	 .^v6-"577	 I - -- 639.42 -"`_703.86"" -7680 .99 .._..- 83329439 c;.65 955,21	 1011.17 1062.59	 1106.94 11 49.66 1104.48 1213.41 1236.72 1254.42
404.65 417.89	 443.57 402.42	 53?.5N 590.43 653.4E 719.01. 784.89 848.40
91n.34 -- 969.25. -1024.31'_-1'074.75' °1119.91 1159.30 1192.74 1220.28 1242.27 ' 1258.81

TIMEMR)= 5.04
. 400.00 ----CDT:52	 U&-.6!;i	 A	 4171;5'1'-- '513:487_ 564.02 520.86 - '681.68-- 744.43-

F+07;40 069.?5	 92R.R7 9x5.31	 1037.77 1Oh.r+.42. 1127.67 1164.76 1195.99 I2?11.95
461.01 407.77	 421.20 444.58	 478.04 523.23 575.80 634.16 695.95 759.16

--- R22: p0- °ae3:Ut ---""9#2 417-"- '998:62--'-1°050 : 10-- =1096 . 69---II37.92- °-rl73.50 "-1203.41 - -71227.13 ---
TIME (HFT= 6.00

400.00`OR:6t-'402,67`-4011;T4-7(?U:'atc-440:10"' 468.72-- 506.43--552.29---' 1604.73'--- 661.88---
721.88 783.03	 843.98 903.16	 959.072 1012.95 1061.6.0 1105.79 1144.51 1176.71

E 40n.72 403.35	 410.04 423.14	 444.59 475.33 515.18 562.97 616.98 675.27a 735.96 -747.x4----658;15---9 1 37 22----R73n8---1U25.49 ----2073.33--1116a19--1153.69 -1184.69 "-
TIMEIMP)= 7.00

400.00
^^" 00:25 --^k81^2	 ^	 0:25--421x65" '439.85-'-- 465.91-- '500.72--542:01-59a..50-'

644.10 70I.P1	 760.23 819.70	 0.78.29 934.85 988.42 1038.18 1083.43 1122.30
400.29 461.44	 404.67 411.65	 424.24 444.02 471.92 508.06. 55.1.77 601.82----fsrs5:64----71	 692.90- 940.113`1001:05 -1049.93--1094:15'131.94 -"

0 TIME(HR1= 8.00
400:00

- ---4UR'	 Cd`:5r3--fi41:A6 +F05:Ug---Al'1:95-422i3t1-7'439.23 532.86-..--
0 577.79 628.04	 682.25 736.96	 796.7(j 854.37 910.55 964.28 1084.61 1059.09

40-0.I2 40.0.b2	 4D2.15 405.74	 4.12.76 424.79 443.11 468.63 501.65 541.82--^-598.8----63' 7'} -^59fi;99 -75x:1 - {)1 1: 6--867.91 --923.77 ---976; 94 --- 1026.5l- 1070.12""'
0 TIME ( HR)= 9.40

40n.00
-AF"-.06;	 9--4R2:k3--405,KE-.12.12 ' -	 422.58-----438.37 - 460:39 ---- 489.15 -

^} 524,62 566.35	 613.46 664.82	 715.15 775.13 831.48 (167.00 940.53 989.10
400.05 400.27	 400.99 402.78	 406.58 413.55 424.97 441.99 465.48 495.81------448;-46--- 56^&--624^g T---E7f.84-731:89 - 788.27 -' 11.4.73--900.07---- 953.17----1001.14 -

Q TiMEfHR)= 10.00
400.00
400:02 -400:10' 400:38„- I;QY.-Tfr "	 4-02.93-4045.43 ' 412.63 - 422.60_-"437'^36 ---- 457.75-".

^}. 484.30 517,13	 555.96 600.15	 646.76 .700.69 754.73 809.65 664.IT 914.96
400.0? 400.12	 400.44 401.33	 403.32 407.22 414.04 424.88 410.75 462.46---.90;4(4-524:73 -., 56502--610:4 .7-----660.14---- -712:86°" 767.41 -1.722.55-- -- 877.03 - -- 927.55-

C) TIME(HR)= 11.00
40n.00

-^---41D0:01-- 500:04	 *On.17----400.55----401.45--- 403:35`-406.90 ---412.98------422.43 ----436.25
455.20 479.86	 510.28 546.49	 5A7.96 633.95 683.49 735.51 788.75 839.67
40n.01 400.05	 400.20' 400.63'	 401.65 403.77. 407.71 414.33 424.60 439.43859;581- 485.51	 '5.1?. 3r, ---55x.92--597.6. - 644.70 695.11) 747.72	 - 1x01.29 - €152.29,

TIME(HR1= 12.00
400.00.110,00 '-^OD:02V4OO;p0-400:?tr -400;71--- 401.71 ----4D3.70- '	 407.25 413.12 422.13	 -

(^ 434.09 452.74	 475.61 503.97	 537.79 576.75 620.24 667.46 717.31 766.31
400.00 40.0.02	 400.09 400.30	 460.81 401.94 404.14 408.06 414.46 424.19----a3R;0Er-^------456.62 585.84°--- 630.41' -° 678.51 - -729.03 778.45
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APPENDIX D
OPERATIONAL DATA COLLECTION

Operational data . needed to design a system for energy conservation within the iron and steel
industry was collected from the Bethlehem Recycling Plant in Seattle. This task also
involved the measurement of physical properties for slag produced in the two electric are
furnaces at the Seattle plant,

D.1 SLAG PHYSICAL PROPERTY MEASUREMENT

In precontractual studies, the baseline system utilized a slag bed lieat storage system. To
properly estimate the performance of such a system, the physical properties of slag were
measured. The determined properties were the density, specific heat, and the thermal
conductivity.

D.1.1 Density and Specific Heat of Slag

Three specimens of slag were chosen for 1) high porosity, ?) low porosity, and 3) high steel
content. These were subjected to specific heat measurement at two (relatively low)
temperatures and to specific gravity measurement. Specific gravity was measured by
immersion; hence, internal voids and small pores would not be filled with water. The results
of these tests are presented in Table D-I. Measurement of specific heat at higher
temperatures are not possible using existing equipment. An average specific heat of 0,11
Btu/lb-°F is cautiously inferred from this data. This value is low as most metallic oxides acre
of the order of 0,20. One of the expected advantages of slag was a relatively high specific
heat, and it was felt this would compensate for the expected low thermal conductivity
(compared to metals). On an overall properties basis, scrap steel With a specific heat of 0.10
Btu/lb-o1= , as thermal conductivity of 10 Btu/lb-017, and a density of between 250 and 420
Ib/ft3 may well provide a more advantageous system, depending upon the scrap supply
lo oistics. A scrap steel filled storage bed could be considered as a stockpile of reserve ra\v
material; Bence, ac low first cost item.

Table D-I
DENSITY, SPECIFIC GRAVITY AND SPECIFIC HEAT OF SLAG SPECIMENS

Specific Specific
Spe: 's Density Heat Heat
Cc•	: y Ib/ft3

137

at 70OF

0.10

at 212OF

0.13I Porous 11)

2 Nonporous 3.6 32S 0.11 0.10

3 Magnetic (moderately porous) 18 175 0.12 0.10

119



D.1.2 Sing Thermal Concluctivity 1l ten surements

The measurement s for thermal conductivity Involved determining thermal conch ► ctivity of a
packed Nd as well as that of a single solid specimen, The data for these tests is presented in
Table D-?, The packed bod test apparatus is shown in Figure D-1, and the solid specimen
test apparatus N shown in figure D--I..

Table l`7•2
SLAG THERMAL CONDucTiviTY RESULTS

Larvae
Particle

Hed

Small
Particle

Bed

Solid
SaaanpIe

Void SIXICe	 includes internal porosity of
particle void spa^^^	 • erodes 111terma) d

porosity of p;trticlQ. 41 4Of:[' Q

Na mbor of particles »SS 1.355

Average weight/piarticie 23S lbloa 0.58 lb/ea

Thermal eoaaduc.t ivity, Btulft-o r-hr 0,0 . 0.17 1.»	 I5+':

Density. lb/ft 107 137 ; »S

l^.i,.^.l	 Slag Gecl `Tl►ei'lnial ^i]Iaclucilvit^ 'Testing,

The overall thermal conductivities for packed beds composed tai Oxo different size particles
were obt;aiaccl, Vigurt. D-1 shows the location of thermocouple instrumentation. C)vcr=all feel
thermal conductivity was calculated u sin g overall ImIt triansferred from the central core to 	 l
the (hater Cylindrical surface and the temperature profile measured at the mid-plane. Some
free Convection effects were nowd during the test are indicated by the deviatio n in the	 4
isothermal surtiaees fropi the expected cylindrical form shown in Figure D-3. The over:alI 	 l
resutts of bed testing are shown in Table 1)_

1),1,?,Z Solid Slag Thermal Conductivity Testing;

Figure D-» %haws the apparatus tirr;angement used to determine Ehe thermal conductivity of
to singli^ slag speOmcn A relatively large mass or stag Was Selected at random and rcduced to
l,t)•inch thick slabs using commercitil lapidary oluipinelat. These slabs were prone to
fracture as I) the solidifiv;atiaai process tutil tiaallsC`(tnt^nE llaaal(lli y]g inilatt:es consicter;atile
crazing and M) the dirNrent sawing properties of slat , matrix and stect inclusions causes
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SLAG BED ARRANGEMENT

FLOW METER TIN
' 2

314" PLYWOOD

6	 TRANSITE

DRAIN
7	 112" ALUM TUBE

O
1

V1	
TDUT,1	

SL^Ggs

	
X

	

i	 B

X.

	

D5' Dg 9
	

DEVcON"

X X x "5
DOWTHERM FILLED

Di D2 D3 D4

5^PG La
p 	HEATER 400-600°F

V2

	

	 TOUT,2	 D11	 D12	 .51.PO$sp	 METALTUB£

DRAIN+—
X	 X I	 55 GAL DRUM10	 11	 1

114" TRANSITE

314" PLYWOOD
TIN, 1BRICK

NOTES;

(1) INSULATION TO BE INSTALLED AROUND ENTIRE TEST ARRANGEMENT.

(2) TEMPERATURE PROBES IN BED ( 1 -12) ARE PUT ON SLAG SURFACE.

(3) ALUMINUM TUBE CAN OUTSIDE OF BARREL IS SET UP FOR COUNTERCURRENT WATER
FLOW (TWO SYSTEMS).

(4) ALL PROBS DISTANCES (D .1 — 01 2) ARE TO BE KNOWN.
(5) HEATER MUST BE CENTERED IN BARREL AND MUST MAINTAIN A CONSTANT TEMP AT

STEADY STATE.

29016-59	 121	 Figure D-1

I.t



SOUR SLAGARRANCEMENT

MAIN SET.Up

(SEE DETAIL
T2 FOR	 DRAIN NOTES,
PLA CEMENT)SEE DETAIL ( 1) SYSTEM TO QE FULLY INSULATED

p F AL!!A9 COIL 121 AT STEADY•STA'i'E T
kV, $- T4V, 1 =.. OF

1/4" T	 '•^•,NICK FLOW.
ALUMINUM •.?•	 METER	 LINE

H

'•"'
•••	 SAMPLE (1" THICK)

"•:HOT PLATE
,::^ •^:METAL FILLED I;pOXY BOND

HOTPLATEBODY :::•:	 1

^•^'• • v
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CONVECTION EFFECTS IN SLAG BED

NOTE: gTOTAL IS THE HEAT PICKED UP BY THE WATER
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considerable chatter during the sawing process. The largest slab produced had skies nearly
perpendicular to the sawn faces. This slab was tested with its "as-sawn" irregular perimeter
rather than risking additional fractures in an attempt to create a simple geometric shape. The

ffective Beat transfer area wits calculated as the average of the ar^its ok th y° two faces, as

determined by a, radial planimeter.

To demonstrate the rellability of this test, a sample with ;i known thermal conductivity
(aluminum) was prepared with the same irregular shape to verify this test. The test was
completed with some varying results. The measured thermal conductivity of aluminum wits
lower than the actual value by about 15%', Since aluminum has at very high thermal
conductivity, heat pickup by the xuater coil would be more difficult than in the slag sample.
Tile reported thermal conductivity of 1,2 Btu/ft-oF-hr for slag is Felt to be accurate to
within a• d S{"^.
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