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ABSTRACT

Advanced recuperative system technology for high and witra-high temperature
flue gases was Investigated, Several high temperature recuperator

system and component concepts were svolved and studied for the purpose

of fionding the schemes and designs that attain maxIimum fuel savings.

The mogt promising concepts for industrial application were pre-engineered
further to devise desipnz for adapration to existing steel mills.

The principal effort was aimed 2t steel soaking pit applications. The
conecept which provides the highest alr preheat temperatures and the
largest Foel savings for soaking pit application uweilfzing basic
getate-pf-the-art technology is a low alr pressore ceramic recuperator
operated in conjunction with a higher air pressure metallic recuperator.
Thie concept has the additional advantage that higher alr pressurag

can be attained at the burner than can be attained with an a1l ceramic
recuperator. These higher air pressuraes arve regquired for high momentom,
high efficiency burner performance, Tesulting in Ilmproved productivity
and additional! fuel savings. The technical feasibility of applying this
high temperature recuperation system to existling soaking plits was
egtablished.

TC-2
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I,

EXECUTIVE SIMMARY

Thaere are many industrial thermal processes in which very high
temperature flue gases containing large amounts of heat are sent
directly out of the stack. Rather than wasting all this heat energy,
it can be harnessed to preheat the combustion air to a very high
tenperature . High temperature heat exchangers

{recuperators) can be used to transfar the flue gas energy to
preheat the combustion air. The fuel savings that can be realized
are very large — up to 50%. Approximately .16 quads (1013 Bu) of
anergy are pregently being used annwvally in steel sosking pits alone.
Savings of .06 quads of anergy could be attained if all exieting
pits were retrofittad with high temperature recuperation.

The U.S. Nepartment of Enargy {DOE) has been very much interested

in finding and implementing improved methods of rvecwperation for the
steel industry. Midland-Ross was selected as one of DOE's recuperator
technology contractors with the apecifiec essigoment of developing a
ceramic/metzllic recuperation system for high temperature applicatiens
{particularly steel mill goaking pits). A cervamic/metallic recuperas-
tion system {ncludes bath a ceramic recuperatsr and a metallie
recuperator. These two high temperature recuvperators are uged
together in a favorszble system arrangement to preheat the combugstion
air with the waste heat from the high temperature flue gases. The
ceranmic recuperator provides low pressure, ultra~high tempersture
preheated air to the burner, and the netallic recuperztor provides
preheated air at the high pressures needed for the high performance
burner.

It i5 desirable to achieve tempevzturez 50 to 100% higher than prezsent
air preheat temperatures. Also, the amount of space availablae

to fit these high temperature recuperatorse was found to be wvery
restrictive. Thus, considerable technology development wis needed

to satisfy these difficult equipnent requirements. Midland-Roes

has effectively vtilized its background technology in enerpy con=
gervation in the development of concepts to achieve these operatiomal
goals,

Major conclusions from this high temperature recuperation system
development program include the fol lowing:

1. Large fuel savings in {industry through high temperature
recuperatlon are viable,

2. The technical feasibility of applying high tempéerature dual
recuperation systems to existing steel soaking pits was
established.
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Economic analysis indicates that retrofitting high
temperature recuperators on steel soaking pits shich have
no existing air preheat is substantially mere faverable
than retrofitting soaking pits that have some air preheat,

In general, thete 1s no existing commerclal ceramic
recuperator design which can be retroficted in the zvailable
space near exlsting steel soaking pits, due to the large
volume required by these designs to accoemplish high heat

TECVETY .

A compact and efficlent ceramic recuperator module, which has
the potential for building into multi=-module units for high
heat recovery, vet is compatible with minimum space availabilities,

hasgs been identified.

TC-2
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I1. FROJEGT STRIMARY

The purpese of this project was to develop and advance the rech-

nology for the ceramic (tile)/metallic recuperator concept. The

principal application is for the recovery of up to 70% af the

heat energy from ultra-high temperature steel sosking pit flue

EABEs,

Requirements

In order to attain the very large fuel savings pogsible with this

high temperature recuperatar system there are some very difficult

equipment requirements to satisfy. These requirements are:

a. Righ (up te 70%) energy recovery effectiveness.

b. Efficient combustion burner suicable for high temperature
{up to 1500°F) preheated air.

c, OSufficlently compact Tecuperators to be suitable for recrofit
applicacticn (to fic existing steel mill scakimng pit instzlla-
ticns).

d. Operation with a number of different fuels: mnatural gas,
residual fuel oil, coke oven gas.

2. Econcmy of coperacion - low capital costs and malncenance
COSLS.

Tasks

This ceramic {tile)/metallic recuperator development project

{sponsored by DOE) was comprised of five major tasks. These tasks

are summarized as follows:

l. Industry Survey and Bequirements
An industrial survey was the starting peint and basis for the
technical work carried out on this project. The initial survey
work in this preogram considered all industries and is described
Ain Section ¥, Industry Survey. Thirteen industries were
identified as viable candidates to benefit substantially from
high temperature recyperatlon. Four Industrial processes were
ldentified as major areas for very large energy savings. They
are: steel ingor he=t, steel reheatr furpmaces, steel forging
and glass melting.

)
TC-2
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At DOE's request, most of the suivey work was focused on stsal

. soaking plt applications, Results of this effort are des=

eribed in Section IX, Demonstration Site Acquisitfiom. The
survey Indicated that high temperature recuperation can
conserve .06 quads of energy annually in ateel scaking pits
alone,

The two major problems identified for steel scaking pit -
applications were:

1. Very limited space for the recuperator system in
exisring scaking pic facilities.

2. The payback period was too long for some steel companies.

Preliminary economic analysis revealed that the ateel scaking
pits having no existing recuperation would generally have the
shortest {and moat faverable) payback period in recrofitting
2 high temperature recuperator system.

Of che 43 scteel soaking pit installations surveyed, 10 were
found to have wno recuperation, It was further determined that
the older style tile recuperator would not £it into the soaking
pit area of any of these ten ipstallacions. Thia c¢learly
focused the area of =mphasis for the concept development work,
a najor reduction in the size of the ctile recuperator.

Thiz survey information alse indicated the need for a second
area ¢f investigation in che concept development work. This
was to find recuperator arrangements cr schemes that could
replace and fit Iinte the confines of existing tile or ceramic
recuperators without major fiald demolition and rebuilding
capital costs,

Development of Concept

The iendustry survey thus defined the major objective for concept
development work ag fellows: Filud the materlals and designs
that will be compatible with the existing space and confines of
soaking plt areas.

In conjunction with this major requirement It waz necessary to
optimize the entire recuperative system for minimm size and

cost. The starting point for the concept was the decermination

¢f the proportions of cowbustion alr to be preheated in the

tile and the metallic recuperators. It was determined that an ailr
aplit of &0/4) between the tile and the metallic recuperators

best satisfied all the system requirements. (This included
materials limitatlons at high temperatures as well -as other
factors explained in Section VI.)}

GEN-2
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Having oelected an air gplit ratio it was posglble to compara
various tile (or ceramic) recuperator materials and conceptual
designs on an equivalent bazts, Direct gize raduetion of

the exlsting surface (tile) recuperator was first investiga-
ted. Then a varisty of other ceramic recuparator design
concepts were Lovestigated, The most promising concept found
was based on a GTE Sylvania ceramie rocuparator. Major
changes to the recuperater were tequired to ajapt this concsept
to the enviromment af a steel seaking pit. A modifiad
recuperatar desilgn was concelved (Figure &) which pravides
large enough flue gas passages to prevent plugpging from
carryover contamination in the soaking plt flue gases, yet

1t iz considerably more compact than the tile recuperator.

Comparing the overall heat trangfer coefficients on a volume
basiz, the coefficient for the compact ceramis recuparator
concept desfgn i calculated to be 24 Biu/He="F-cubic foot,
whereas the tile recuperator cosfficient is 4 Btu/He~"F-cubic
foot. This permits a aignificant size reductien. '

Recuperator and Component Design

The operation of the ceramlic/metallic recuperator concept is
deseribed in gummary as folleows:

Figure 2 shows an arrangement for a typical soaking pit with

the addition of the proposed ceramic/metalliic recuperation
systen, The ceramic recupetator recelves high temparature

flue gases in exceass of 2000° F from a soaking pit and pre—
heats gecondary combuatlon air entering at ambient temperatura.
Flue gases are then passed on at about 1200° F to a metallie,
high surface area exchanger. Primary combustion air fs heated

in this second recuperatar. The primary and secondary combustien
alr gtreame are then mixed in a high momentum buener, with the
primary alr gtream used to =atrain the very high temperature
secondary air, This technique results in operatlen of the
ceramic recuperator in a near balanced pressure (the ailr pressure
is within very few Inches W.C. of the Elue gas pressure), low
leakage conf iguration, and results fn a workabla high efficiency
energy coenservatlon gystem,

Finally, each recuperator system has {t3 cwn contrel system

in ordar to gain maximum efficlency for each individual soaking
plt, This will permit faster heatup and Improved preoducetivity,
as well as the fuel gavings to be realized with the incorporation
ef this system, . '

TC-2
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The system preliminary design approach used provides a2 method for
degigning for a wariety of applications. However, to execute

a weanfngful degign {t was necessary to select a gpecifie ateel
soaking plr fngtallarion, and to design the high temperature
recuparative system for it. At the steel geaking pit installa—
tion selected there iz no existing combusticn alr preheatfing.

The firse design step was to establish the sfstem dagign
parameters, These are set forth in Figure 9 for beth high
ffre and low fire conditions, The system was designed for a

.20 MM BtufMr firing vate at hiph fire and a 60/40 air gplit

betwaen the ceramle recuperator and metallic recuperator. The
current high fire condition in aach pit is 30 MM Btu/Hr. A
lowver firing rate can ke uged because of increased efffeiency.

A conceptual desipn layout was made for installing a ceramic/
metallic recupatrator system in each of two goakiong pits. FPre-
angineering of the following principal ¢omponents and sub-
systems was carried out:

Ceramic Recuperatar

Matallic Recupaerator

High Temperatuie Integral Jet Pump/Burner
Control SBysztem

Flue Gags Exhauster

Combustion Air Blowers

Dueting and Flue Linae

Technical feasibility of adapting a high temperature ceramic/
matallir recuperator avatem into the available space of an
existing soaking pit was established.

The component which recefved the grestest engineering effort

wag the ceramic recuperator. A computer program was developed
and wrirten to relate heat trangfer parameters, pressure drop
parameters, dimenefons, and a variety of recuperator configura=
tions and arrangements. The selected design for this applieation
was a Four aiv=pass ceramic recuperator with I" x 10" flue gas
passages and 3/8" x 1" air passapes. Tts core dimensioms are

107 long x 7" wide x 6 1/2' high.

The major ecgineering problem fidentified wag that of gealing
and fastening the multi-module, multi-air pass ceramic recupera=
ter.

TC-2
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4.

Ceramic Recuperator Design, Fabrlcatlon and Laboratery Test

S$ince the mechanical design of this ceramic recuperator was
gao critical to the entire project, 2 plan was devised and
initiated o design, huild and test 8 multi=module, multi=
ajepass test unit, This unit was designed teo test the
critical sealing and fastening features required of a full
size ceramic recuperator,

Although the test unit ig smaller than the full size recuperator,
it haz the full size flue gas and ailr passages. Laboratory
preparation for the test was initlated and the fndividual
ceramic modules ware Fabricated.

Demonstration Site Acquisition

In order to demonstrate this high temperature recuperator
concept utilizing this very advanced technology, the United
States Department of Energy offered to consider sharing the costs
of designing, building and testing eurh a high temperature
recuperztor system. Consequently, Midland-Ross sought a steel
company hoet site from among the many who could benefit from
retrofitting this high temperature recuperator system into their
existing steel goaking pit installation., This host would be
required to ghare the costs of such 2 test demonstration.
Midland=Rose carried out pre—engineering investigations and
economic gtudies at several steel scaking pit installatioms.
These studies have been in suppert of securing am agrecment

that would satisfy the requirements of 211 parties involwved,

for the purpose of acquiring a high temperature recuperator

site for test demonstration. '

A ‘gpecific proposal to a steel company for a demonstration
program 1s presented in Appendix B. They found the high
temperature recuperator system proposed to be very attractive,
They, therefore, requested that the steps toward an actual

test demonstration be pursued. However, further techniezl dis-
cussions and negotiations were terminated until funding for the
test demonstration work becomes available.
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I1I.

INTRODUCT LON

Recant literature f5 replate with studies indicating the large
amounts of energy that could potentially be saved in industry
with recovery and use of waste process heat through high (air
preheat temperatures up to 1600 F) and ultra=high (air preheat
temperatures up to 240{0° F} tamperature recuperation, However,
producing hardware to accomplish these large energy savings at
affordable costs 1s gquite another thing. Such hardware does not
axist at the presaat time. Exieting recuparator systeme for high
temperature flue gases have various defined limitatfong with
respect to design cperating temperature, material durability or
overall system cogts. (These limitarions are presented at the
and of thiz eection.) On the other hand, recuperative systems
which will provide these large energy savings may he a lonpg way
off In time and money. It 1s degirable to develop technology

for this high and ultra-high temperature recuperation o attain
the large energy savings, with the lowest cost In time and money.
[n addition, the equipment and construction costs must be affordable.

There 1s a high temperature recuperator system concept that can
provide large energy savings with only 2 modast extension of current
technology. This is the ceramic (tile)/vecuperator concept. It

is bagsed on the same principle as the tile/metallic recuperator
system gold commaycially by the SURFACE DIVISION of Midland-Ross.
Thig esystem has provided preheat temperatures in the range of

L00D® F., Mechanical redesign of this syatem, including the combug=
tion system, with some limited development sould provide a more
aeffective heat recovery system.

Resmarch into high and ultra=high temperature racuperation wag
initiated by Midland-Ress in the mid 1970%z by the development of an
integral racuperator burner system €or steel soaking pies. The
system employed a unique low pressure case tile ceramic racuperator
coupled in tandem ta a high pressure metaliic recuperator. 8ased

on the system advantages, the United States Department of Energy
(DOE) in 1977 {then ERDA) indicated {nteresr fn spongoring further
devalopuent of the system For higher temparatures amd subsequent
industrial demonstration.

Phage I of this two-—phase DOE funded program was an R&D praject at
the Midland~Ross Technical Center to develop and advance the caramic
{tiled/metal Iic recuperator system. Phase IT of thie program wae to
becaome the actual demenstration of the system, 4e discussed later,
Phase I1 of the program khas not heen approved,

At the inception of the project, it was expected that some veraion
af thiz SURFACE DIVISION "tile" recuperestor wouwld Le used, However,
ans explained in Section VI {(Concept Development), due to space

TC-2
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limieations in existing steel acoaking pitz it was necessary
to {dentify and advance a "ceramic" recuperator concept that
would be far more compact.

Thus, in this report three kinds of cecamic {tfle) recuparators
are referred to:

1. Tile - This 1is the standard SURFACE DIVISION tile recuperater
that SURFACE has been bulilding for many years wich clay tile.

2. Ceramic ~ To distinguish the SURFACE tile recuperator from
the new recuperator work underway uweing a very promisfing
thermally shock resistant ceramic materisl, the term "ceramic"
is referred te 1n this report.

1. Ceramic = Qther older recuperaters, such as the Amzlar-Merton
ceramic recuperator, are referred to by name {n this report.

It is true, however, For all three of these recuperators that
they are all ceramic, and they are all constructed from ceramic
tiles, Thus, when referring to them in a system sense, either
term ~ ceramlc or tile = can be used to distingulsh these
non-metal lic recuperators from the metallic tecuperator.

Limitations of the various existing metallic or ceramic recuperator
gyatema made it necessary to develop and advance the new ceramic/
metallic concept, These limitations, summarized as Follows, were
congldered in developing the new concepe.

Metallic Recuperators

Limit in air pteheat temperatures attalnable
Reguire protection from over temperaturé flue gases
Material cetrrosiom :

Limited life

Ceramic RECEEE rators

= Excesslive cracklng of the ceramic

« Excessive gas leakage between alr and flue passapes

- High variability fn fuel savings due to the above design/
matarial problenms

The scope of work carried out to advance the continued ceramic/
metallic recuperator concept is presented in the follewing section.

in
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SCOPE OF WIRK - FHASE I - HIGH AND ULTRA-HIGH TEMPERATURE
RECUPERATION (HTR}

The scope of the work for Phase I of HTR ie summarized by five
distinct tasks as follows:

1. Industry survey and determination of recuperater requirements
for high and ultra-high temperature processes,

2. Development of the tile/metallic concept for high tempsrature
recuperation through analytical and experimental investigation
of tile and metallic recuperator components.

3. Deslgn investigation of high effectiveness tile/metallic
recuperator and camponents for high and ultra=-high temperature
Flue gases for general industrial application.

4, Design, fabricate and tesc in the laboratory a ceramic (tile)
reCUperator.

5. Obtaln the agreement of a steel mill to provide the steel
soaking plt factlities and to participate in a high temperature
recuperator test demonstration (Phase 1I), Thia task was made
a formal part of the project In May of 1978, subsequent to
signing of the indtial contract,

T1C-2

11




Technical Center - Capital  Goods

V. INDUSTRY SURVEY

A preliminary indeustrial survey was undertaken to {dentify possikle
applications for high temperature recuperation (HTR). This
ineluded the following aurvey steps:

1, Identify industrial processes that operate at ultra-high
temperatures and have large total energy usage.

2, Obtain current energy usage practices and process information
that relate to the application of high temperature recupera-
tion.

3. ldentlfy requirements for the wse of bigh efficlency recupera-
tors; i1.e., materials, unit size, configuration and maintenance,
in selected industrlal process operatlions,

INDUSTRIAL PROCESS CANDIDATES FOR HIGH TEMPERATURE RECUPERATION

4 preliminary list of industrilal procesaes with very high flue gas
tenperatures and with large energy consumptlon was formulated, primarily
from published literature. This list is presented in Table 1, The

table was used to start screening the best candidate industrial processes
for high temperature recuperation application.

The tahle shows that steel ingot heating, steel reheat furnaces, steel
forging and glass melting consume the largest amounts of energy (approxi-
mately .16 quads, .28 quads, .05 quads, and .2{} quads, respectively};

In addition, the flue gas temperatures are quite high. Therefore, these
industrial processes are identified as major areas for very large energy
savings.

-fﬁ'z 12
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TABLE 1

PROCESS CHARACTERISTICS PERTIMENT TO ATR

Process

Aluninum Casting
Brass Melting
Refpactury dlay
Copper Melting
Copper Refining
Stee]l NHormalizing
Steel Forging
Steel Ingot Heating
Reheating Steel
Sintering (Metal Powder)
Structural Clay
ﬂanttnuoﬁs Casting

Glasa Melting

Flue Gas
Temp.

(°F}

2000-2800
2000-2200
2300-2500
2100-2500
2300-2600
1700-1800
2000-2100
2100-2500
2000-2200
2000-2100
2800-3000
2000-2200

2600-~-3000

Annual

Enervgy
Consump tion
(109 Beu)

2},2

21.9
22,5

10,1

50,000
150,000

281,000

150,000
4,200
Bwer 200,000

13
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To further screen these various processes for high temperature recupera-
tion application, more survey infermation was required. The type of
information which was needed is listed ac Ecllows:

1. Type of furnace osed

2. Operating temperature

1. Flue temperature

4, Energy required per tan

5. Total annual energy consumed

6. Patential energy saviogs

7. Current energy practlces

2, Limitation in u=ze of HTR

9, Constraints

10, Cycle effectiveness

Based on thils accrued survey information, the results and concluaicns
for the preocesses that appearad to he the most promizing for HTR

application are discussed as follows:

STEEL FIRGLNG

The East Ohlo Gas Company sponsored a project to explere and investipate
the opportunities and problems in applying high temperature recuperation
to steel forging, This was done by setting up demonstration testing of
high temperature recuperation on a forging furpace in an Ohlo steel plant.
The two problems that appeared to confront companles considering high
temperature recuperation for forging furnaces at that time were?

1. The batch operatlons were frequently too small to justify HTR.

2. Space interferences arcund the forging furnace cause HIR retrofit
to be very difficult,

Industry so far has generalty been reluctant to incorporate high tempera-
ture recuperaticn in forging opevations. WFevertheless, with adequate
application engineering, it is believed that viable opportunities can

be fourd for high temperature recuperatlcon in steel forging operations.

la
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F

BTHFAT TIRXAUVEE

Cenziderahle interest wis found for steel reheat furnace recuperation.
Several zteel mills invited Surface Engineering and Midland-Rass to
digeugs the feaesibilitvy of recuperation for thelr large reheat furnaces.
Thav eould readilv zee the large energy losges thev were having from
lack of recuperation. The energy consumption on an individual furnace
“aziz for these furnaces 1s large - 1/2 hillien to one billion Rtu per
“our per furndce. Thisz of fers preat potentizl for very large energy
gavines through high temperature recuperation. It is worthy of further
arplication investipation In the near future.

CLASS MELTING

Regeneration ie uged for air preheating in the glass industry vhere
large guantities of glass are meltaed. It saves much heat énergy. Large
g.aes —elting operations do not generally appear to present good
croertunities for high temperature racuperation because of the nafavorable
ecencries corpated to exlsting regenaration,

Orn the other hand, smaller plags melting cperations gometimes referred
tc as "unit dav batches™, indicate good potential for high temperature
recuperation., Twpical dav batches for glass melting requlre approxi=-
rataely 10 ={i1lion Btu/ftom at 10 to 60 tons per day. Therafore, with
hundrede of srall zlass operations, there appears to be good opportunity
for laree energv savings through high temperature recuperaticn.

STEEL SOAVING PITS

Fipure 1 summarizes the large enerey zavings and dollar gsavings potential

Lagnd for HTR application in steel sesaking pits. Potentially, there are

aroroxiratelv 06 ovads of energy and 275 million dollare to be saved
anpuallwy,

EARLY INDUSTRY SIRVEY CONCLUSTONS

The two rost frequent limitatione in retrofitting a2 high temperature
recuperator in an existing steel mill for any of these steel processes
wvere found to ba:

1. There was insufflclent space avallahle in which to fit the HTR
eauipment.

2.  The pavback peried was too long (greater than l% to 3 years).

These two proklems thus dafined the work emphasis for this entire high
temperature recuperator project.

TC-2

15




Technical Center —Capital Soods

Because time was a limiting Factor an the project, it became apparent
that one manufacturing process sheuld be selected for further survey
work. This preliminary survey work confirmed the potentfal for
recuperation in steel soaking pits. In addition, DOE requested that
survey work and other project efforts be concentrated on steel soaking
pit recuperation., Therefore, steel sogking pit application feasiblility
investigative work comprised the principal portion of thiz survey and
thig project. The sgteel soaking pit survey work is presented in the
first portion of Section IX (Demonstration Site Acquisition).

16
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¥I. DEVELOPMENI OF CONCEPT

1.0 System Concept Design

The high cemperacure recuperator concept developed for steel ingor
soaking pit applicatlon is shown schematically in Figure Z. The
flue gazes from che soaking plt first pass through the ceramic
{tila) recuperator and then through the metallic recuperator. The
combustion air is passed in parallel through the two recuperators.
Part of the combusiion air is preheatad in the metallic recuperator
and part is preheated in che ceramic (tile) recuperator. The pro-
portion of air (referred to hera as air split) that is preheated

in esach recuperator and then mixed for combusclon 1o the burner,
has a major effect on the various temperatures.

1.1 Criteria and Approach

The principal criteria in developing a sysiem concept that must be
met for a high temperature tilefmetallic recuperative system are
summarized as follows:

1. Hinimum size and space requirement

2, Maximum fuel savings

3. Hinimmm overall ¢osi, and

4. Dependability and reliability of components and system.

Each of these criteria iz essential for the following reasons:

L. Minimum syscem equipment size 1s necessary in order that it can
be recrofitted into exiscing steel soaking pit installaciona.

Z. Haximum fuel savings are the ultiwmate purpose of this program.

3. Steel companies can justify high temperature recuperation
equipnent only if the capital investment 13 low enough to permit
an acceptable return on this investment.

&, Equipment must be reliable, and consistently do what {t is
supposed to do over a long period of cime without incurring
direct or indirect problems.

Specific valuesa for these criterlia can be developed for any
specific application.

Many wvariables, which have a major effect in meeting the system
concept criteria, ate comtaimed in che energy balance equations.
The concept development approach used required taking an energy
balance on the fiue gas aad the air for each of the twe recupevators

-2 17
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llz-

1.3

for various assumed recuperator air splits and recuperator charac-
teristics. (Sample calculatlons are presented in Reference 1.}

The resulting cewmperatures affect cother variables, such as pressure
drops, recuperater size, materlals and design. These, in turm,
determine the ability to sstisfy the criteria. Therafore, examina-
ticn of these temperatures and thefr relationship to each other

was carried out asz described below.

Summary of Development Steps

The air mix Cemperature was systematically evaluated to determine
the effect of various air splits. In summary, the concept was
developed using the [ollowing steps:

1. The appropriakte equations were derived to relate the folleowing
ceramic and metallic recuperator cempeératures as a functicn
of the air split between the two recuperators and various
assumed recuperator thermal characteristics:

- Flue gas in
= Tlue gas out
- Alr in
- Air out

Z. A computer anzlysis was used to quantify these relationships
in the form of temperature curvas. An example aof these
curves 1= presented in Figure 4. This example 1is described
in summary In paragraph 1.4.

3. Baged on optimum temperature relarionships, a recuperator
aystem specification was astablighed as an Inftial reference
design point.

The following two additional steps were carried out ac a later
date to evolve a more speciffe system design (Section VILIL).

b, Approximate recuperacor physical characteristics required to
provide the assumed thermal characteristics were datermined,

5. The raference deaign point was altered as judged necessary to
satlsfy the system criteria of paragraph l.l; and S5tep 4 was
repeated.

Results

The resulting final air mix cemperature, as a function of air split
between the two recuperstors based on the indicated aystem assump-

tioms is preésented in Figure 3. This is the parameter that dater-

mines fuel savings, which is the oltimate purpose of thiag program.

This figure iz discessed in the following section {(1.4).

13
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1.%

Alr and flue gas temperatures, to and from the two recuperators,
versus air split are presented in Figure 4. The parametric lines
are Eor various temperature differences (AHT's) between the flue
gas inlet temperature and the air exit temperature from the given
recuperator (metallic or ceramic)., AT values of 100° F., 2009 F.
and 300° F. are shown.

Figure 4 15 a very meaningful and useful graph for designing a
tile/metallic recuperator system. Other temperature combinations
were also considered in optimizing this recuperator system. Addi-
tional discussion is presented in paragraph 1.4.2 belaw.

TH.gcussion — Design Considerations

1.4.1 Relationship of Adr Mix Temperature Vs. Air Split Design
Interprecation

The curve in Figure 3 shows in theory that the maximum air
mix temperatures occur when only one recuperator is used,
whether metalilic only or ceramic only. However, this is
jimpractical at the present time when recuperator materials
are considered.

Figure 4 can be used te assist in determining the most
favorable air split. The left side of the graph is not a
practical area of gperation because metallic recuperators
cannot withstand the 1600% F or greacer flue pas tempera-
turas and high air preheat temperatures. Also, the right
side of the graph is not a practical area of applicacion

because none of the ceramic recuperators in existence today

have been proved to be capable of withstanding the combus-
tien air pressures needed for effective burner control
and turndown., Thus, in practice the ceramic/metallfc
recuperater concept will provide maximum fuel savings.

& jet pump iz used to aspirate the low preszure air from
the ceramic recuperator with the high preaszare air from
the metallic recuperator. For the jet pump to perform
properly, a4 maximum of 65% of the air can be put chrough
the ceramic recuperater (i.e., a 853/353 air split}. On the
other hand, if the air te the ceramic recuperator 1s Lo
low, the metallic recuperatcr material temperaturs is
driven toe high, especlally at lew fire when higher Tecu-

perator temperature levels prevail. Therefore, the mirimun

air threugh the ceramic recuperator is about 35% depending
upon the metallie recuperator materials, design and con-
structicno.

19
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1.4.2

Recuperatar Size and Cost

Bystem design requires that a recuperator alr split
gelection be made because recuperator size is a parameter
to be minimized, particularly the ceramic (tile) recu-
perator,

Figure 4 presents recuperator air mix temperature for
various combinations of recuperator AT's. The recuper-
ator size is directly dependent on recuperator AT, and
fuel savings are directly dependent on air mix tempera-
ture, From Figure 4, the rrade-off relationships can
be seen., Many graphs, such as Figure &4, were generated
and are presented in Reference 1., For a particular
application, it would only take one further step to
convert these relatlionships Inte costs. Once the recu-
perator is designed, a capital cost can be determined.
Fuel savings for a given air nix temperature and flue
gas temperature can be determined, Direct cost compari-
sons can then be made,

The considerations presented in this section ars neces-
sary In the determinatlion of the mest favorable recuper-
ator alr split. It is concluded that the above system
design approagch can be uzed in determining che mwostc
favorable air split to the two recuperators for any
given secaking pit application.

Foams Wam -
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2.0 Ceramic (Tile} Recuperstor Desipn

2.1 Criterfia and Approsach

The same desipgn criteria for the recuperator system
Iisted in Parapraph 1.1 apply to the ceramic {(tile}
recuperator. These desipn criteria are:

I. Miniowm size and space requirement

2. Mawimem fuel savings

1.  Minimum overall cost, and

4, Dependsbility and reliabiliry of components and syatem

Additional design requirements that must be applied to the
ceramic (tile} recuperatar are:

1. Maximum effective heat transfer per unit voluma.
It 1z eszential to subetantially reduce the recuperator
gfze in order that it can he retrofitted into the
limited epace near asxigting ingot soakicp pits.

2, Minfimumn air pressure drop and ailr pressure leval,
If the ailr pressure level is- tac high, the air leakage
hecomes unacceptably high as cracks in the caramic
and foints develop with time.

3. Minimum cracking, fracture, and air Ieakape. These
are the mast common and serious problems asgaciated
with ceramic (tila) recuparators.

Concept dezign analysis was undertaken to determine the
fol lowing: '

1. Beat transfer coefflecient and factktors afFfecting it
in exizting Surface Divipion tile vecuparators at
copndi tions identifiad for HTR. (These conditions are
speciffed in Figure 9.)

2, HMeang of substantially improving heat transfer in thie
Surface tile recuperator and thereby reducing recuperateor
gilze.

3. Alternative concept appreaches to optimize heat transfer
and recuperator volume.
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2.2 FResults

2.3

The results of the recuperator heat transfer and pressure

drop calculations are shown in Table 2 on the following

page®. 'This table includes the overall heat tranafer
coefficient for the standard Surface DHvisjion tile recuperator
in an existing scaking pit installation. It alse includes
overall heat transfer coefficient, pressure drop and volumes
at HIR conditions for:

a. A standard Surface Division tile recuperator,
and

b. An advanced conpact ceramlic recuperator conceptual
design.

Surface Division Clay Tile Recuperator

The Surface Division tile recuperators (Figure 5) have
been eéstablished as very dependable low leakage
recuperators. This is accomplished by maintaining a

lov and nominally matched pressure level hetween fhe

air side and the flue gas side of the recuperatoy

so that little air leaks chrough craciks which develop

in operation. 5Since these recuperators have proved to

be dependable and effective, it was desirsble ro determine
their efficiency by heat transfer analysis and their
potential for size reduction.

Overall Heat Transfer Cocfficient on an Exiscing Soaking
Pit

The determination of the overall heat transfer coefficient
{on a per tile basis) for the Surface Division low
pressure clay tila recuperator was completed. The
overall heat transfer coefficient was determined by two
means for an existing scaking pit inmstallarion. The
first mathod was to determine "0" from known socaking pit
conditions - namely, known racuperator size, heat transferred
and temperatures., The second method was by theoretical
heat transfer analysis. Good agraement betwesan the o
methods was found as avidenced by the results (1.7 and
1.8 B.t.u.

Hr-°F.-Ftl}
previocusly presented in Table 2 for these two methods.

kThase figures were for development of concept only. Although there are
similarities they should not be confused with the applicatrion design case
presented in Section VII. The differences are due to a 40/60% air split
rather than a 60/40% air split.

TC=-2
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TABLE 2

Tile Recuperator & Ceramic Recuperator
Heat Transfer Coefficient and Pressure Drop Performance

Classic Surface Division Clay Tile Recuperator

Overall Heat Transfer Coefficient on an Exieting Steel Soaking Fit on
Square Foot Basis

Theoretical Caleulstion Ug=1.7 B.t.u.
Hr—"F.-Ftl
= 1,8 B.t.u. ?

Fleld Data Basis u LFL % Y
; Hr-="F.=Ft

HTE Canditions

Czlculation Extrapolation U =1.,5B,%,u, 2
Hr-lF.-Ft

Ovarall Heat Transfer on Volume Basis T =4.1 B.t.u.
Hr="F.~Cubic Ft.

Recuperator Core Volume* 1580 Cubic Feet

Alir Preggure Drop H P = ] inch w.c:

Flue Gar Fressure Drop . _ HP = 02 inch w.c.

fonpact Ceramic Recuperalor

Owerall Heat Transfer Coefficient

Area Basis U =27 B.t.u.
Hr-th-'F.

Voluvme Basis ; U = 18.1 B.t.u,.
He="F.=Cubic Ft.

Eecuperator Core Yolume* 385 Cuble Feet
Air Pressure Drop : H P = 6.0 inch w.c.
Flue Gaz Pressure Drop - OP = .03 inch w.c.

*Far original HTE reference design point (407 air to ceramic {tila)}
recuperator & 60% air to
metallic recuperator)

- Te-2 23
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2.4

2.5

Design Change Congsiderations

It wvag noted that the rila recuperator has geveral
characteristics that contributed to poor heat transfer
and large size, These are:

1. Foor air side heat transfer coefficient due o
low air velocities.

2. Very large air side and flue gas silde passages.
3. Thick walls.

VYaricus design changes were considered Lo correct these
deficiencies. The most noteworthy factor, an increase

in air velocity, raises the alr pressure level when
large air velecities are intreduced to improve the heat
transfer coefficient. High air pressure in conjunccion
with any ceramic recuperater leaks has always eventually
resulted in unacceptable recuperator performance. However,
it was observed that new ceramic technology, applied with
somevhat higher pressure drops and pressure levels

than vsed in the Surface tile recuperator, may provide

4 much mere compact and workable ceramic recuperator
design, As a starting peint a neminal alr pressure

drop of 6.0 inch w.c. was selecred as a limit for

design purposes.

Ancther factor noted at the time that would permit a
more csompac cersmic recuperator design was the thin
walls in the ceramic recuperater that GTE Sylvania

was developing, With this information and these
conglderations a2 much more tompact recuperator was
conceived. This very pronising GTE ceramic recuperator
is described in Section VII.

Advanced Compact Ceramic Recuperator Concept

The large carryover of particulate matter and other
foreign matter in the flue gas from the soaking pit

can cauvse & problem in plugging the recupsrator flue

gas passages if these passages are too small. The mest
favorable flue gas hole size depends on the type of
application. However, considering 2 number of factors

such as plugging, i P, minimun size, ete., for preliminary
design purposes, it was judged that the flue pas hole sizes
could be reduced from the Surface tile hole size.

TC-2
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2.6

It was found that & multi-pass recuperator is essential
to obtain the high 2ir preheat temperatures required.

A simple cross flow heat exchanger will not previde the
heat transfer eifectiveness needed for this applicacion.
However, several air passes approach counterflew heat
transfer performance for maximun effectiveness.

The design configuration shown in Figure § was
conceived for performance analysis and for the
purpese of presenting to ceramic supplier/fabricators
for fabrication consideration and cost estimating.
This is a four air-pass arrvangement.

It should be noted that GTE recuperator material acd
the fabrication process have the potential for competitive
cost3. The physical design, including fabricatiom cost

conelderations are an important part of the recuperater

development and desdgn, including this dnilcial
concgptualizatian.

The thermal design is presented in Section VII, 2.0
and in Appendix 4.

Other Ceramic Hecuperater Design Concepls

Some initial consideration was given to other recuperator
design concepts - for example, a c¢ylindrical tile cencept
such as the one being developed by the British Steel
Company. (Beference 4,) However, with the GTE Sylvania
recuperator concept appearing to be wvery promising, further
engincering effcrt was directed toward the design problems
and opportunities asscciated with this concept.

3.0 Other Eysteﬁ Concepts Lonsidered

A2 stated previously the key to bringing high and ultra-high
temperature recuperation to reslity in existing steel soaking
pit applications iz finding means to wtilize the very limited
gpoce availzable. The zearch for means to maximize fuel savings
while minimizing capital investment ineluded comsideration

of these concept arrangements:

3.1

MPigevback" Merallic Recuperator

The "piggyback" congept was comsildered because it was noted
that exiseing Surface Division tile/merallic recuperators
in the field at least have the needed space for high
temperature recuperater retrofiec because the large tile
recuperator is already there, The "piggyback" approach
consiscs of adding a metallic recyperator to the existing
tile/metallic recuperator and using if to preheat

TC-2
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3.2

3.3

3.4

the combustion air prior o entering rthe tile
recuperator. Thermal calcularions (Reference 1}
revealed that only a 150° F. air preheatr temperaiure
lmprovement over the rather modest existing air
preheat remperature would result. The resuliing
fuel savings Improvement was not enough to justify
this concepi. Thus, this concept arrangemnent was
digcardad.

Eeplacement of Tile Recuperator with Ceramic Recuperator

The replacement of the tile recuperator wich the advanced
conpact ceramic recuperator was considered because of

the space awvailable in an installation whexre a large rile
recuperator already exista. In this case a compact
efficient ceranmic recuperztor having an overall heac
eransfer coefficient, "U", approximately four to five

times that of the existing tile cowld provide much greater
air preheat. Yer it could be installed within the envelope
of the exlsting tile recuyperator. Alr prehear could be
improved several hundred degrees. This approach is worthy
of further pursuit in the future. The time for this project
permitted development of only the ceramic {tile)/mecallic
recuperator concepr.

Replacement of Older Style Ceramic Recuperator

The Amsler-Morton type cersmic recuperator has been found
to eventually crack and leak, resulring in very larvge

fuel losses. Alr leakage has been exiensive enough to
force shutdown of scaking pits using this type of ceramic
recuperator. Some =feel companies report having simply
by-passed £his recyperator becsuse Chey judge it 1s more
trouble than 1t is worth. The compace, efficient ceramie
recuperator now under development could be an excellent
candidace, once developed and proved, to replace these
recuperators. This is worthy of further technical pursuit,

HTE Using A Single Ceramic Recuperator

If or when ceramic recuperators can be advanced to the pointc
thac cthey cano withstand higher air pressure levels, (approxi-
mately 15" ro 20" w.c.), without alr leakage, they would
provide excellent high temperagure recuperation. These
combusticn air pressures wouid be adequate for operation of
a high momentum burner; and the air preheat temperatures
could be as high or higher than rhe dusal recuperacor average
alr preheat temperafure. This would result in greater fuel
savings which is the purpose of this program. This single
ceramic recuperator concept would slso have great advantages
in simplicicy over the dual recuperztor System.

TC-2
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With natural gas or #2 oil the flue gas passages

in thig ceramis recuperatoy ¢ould be kept small
enough to attain a relarively compact single
recuperator. The mechanical sealing problame at
these pressure levels place this concept farcher

away in time. However, fhis concept has great
petential. It should be pursued for other industrial
recuperator applications as well,

4.0 Hetallie Recupaerator Sub Praject

4.1 D.L.I.

4.1.1

Scope of Work

A subecontract was carried out by Des Champs
Laboraztories, Inc. for develeping a compact
high temperature metallic recuperator, as
presented in Appendix L.

Concept

The Des Champs metallic recuperator concapt
iz shown in Figure 7 as well as Appendix C.
The design is based on the azsumption thae

it can be mrde to be efficient and aconomical
and should be reliable because 1t is made up
of folded sheer metal. The flue gases are
passed cn one side of the sheet metal and the
air on the otrther zide in a counterflow
arrangement. The ends of the sheet metal are
sealed with a ceramic material. Considering
the importance of a recuperator with ainimum
space requirements, the D.L.I. compact recuparator
concept appears to have inreresting pocencial.

4.2 Other Metallic Recuperator Sources

Inquiries on the capabilities and performance of metallie
heat exchangers engineered and built by ather companies
were also made. For example, a multi-airpagss shell

and tube cype mecallic recuperator has shown good inherent
design features (reference Figure 7). Thermal Transfer
Corporarion 1= a supplier of rhis rype of heat exchanger.
Anacher proven high temperatrore metallic recuperator ie rhe

Hazen.

It utilizes a tube within a tube in which ro pass znd

to prehear the afr. Seme of the desipn advantages of both of
these metallic recuperators are!

27




Technicat Center — Capial

Goods

1.

The round tubes provide the inherently strong
configuraticn needed at very high temperatures,

With the multi-pass arrxangement heat transfer
periormance approaching counterflow efficiency
can be obtained,

Tubes at the flue gas fnlet, where the temperatures
are the highest, can be made of a material with
high temperature capability; and a less expensive
tube macerial can be used for che remainder of

the heatr exchaager.

Plugging and cleaning problems are very minimal.

Ho dependence on ceramic seals.

TC-2
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VII. SYSTEM AND COMPONENY DESIGN

The HTR system and principal cemponent preliminary engineering
design was undertaken. They are described as follows:

1.0 Soaking Pit Application

The steel coaking pit installation discugsed In Seetion IX

wag selected ae the basis for designing a typical HTE svetenm.
Hene of the steel gosking pits at this installation has any
recuperation or combugtion air preheating, On=gite ingpection
revesled that both a ceramic recuperator and a2 metallic
racyperator could probably be fnetalled in the space available.
The ceramic recuperator can be installed withim the existing
building by opening uwp the flue 1ine on the gide away from

the hattery centerline, Hote attached dravings D=4051~D and
D=4052=D (Fipures BA and 8R). The netallic recuperator

can be located just outsgide the building above the exhauat
Flue., (For a complete description see Appendix B.)

It was importent to assure that the design spproech used for
this task presents the practicality and “concreteness" of a
gpecific application, vet the flexibility and breadth to
readily extend the basiec dexign to other ¢onditions or
applications.

2.0 Degign Parameters

2.1 Alr Split

The atudy reported in the Concept Pevelopment Section VI
was utilized to selact the ceramic/metallic recuperator
combustion air gplit, In selecting an air split between
the two recuperators it was neted that a 60/40 air split
provides as high an air prehear mix temperature as a
40/60 air split. To eas= the very high temperature
requirsments on the metallic recuperator, and because
thers appeara to be adequate space for 8 ceramic Tecupera-.
tor sized for 60% of the combustion air flow, a 60740

air split was selected. Thus, utilizing the system design
curves previously generated, B new system design point

was defined. This point is presented in Figure 9.

TC-2
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z2.2 HiEh Fire Operation

The high fire thermal conditions are shown schematically
in Figure 10, The ceramic recuperator delivers 1300° 7.
air and the metallic recuperator delivers 100* F. air.
The average combustion air preheat temperature is 1480° F.

2.3 Low Fire Operation

Raving established a ceramic recuperator deslegn (Sectlon
¥II, 3.0), the low fire thermal conditions for the
recuperator were then determined. These arve presented
achematically in Figure 1l. The average combustion ailr
preheat at low fire is 1700° F.

2.4 0Other Svatenm Parameters

The component parameters follow from the basic system
paraseters presented in Figure 9, The component design
requirements are presented in each of the followling
principal component sections, as appropriate.

3.0 Ceramic Recuperator — Thermal Deaign

Congiderable a2ffort went into the thermal analysis of the
ceramic recuperater. The ceramic recuperator thermal design
analyais i3 summarized in Appendix A.

A computer program was developed ampecifically to perform an
vptimization atudy. The alr passage geometry and flue pas
geonetry which the computer optimlzation study Indicated to
be most advantageous for thia applicaticn weve determined,
The recuperator dealgn concept that was selected from the
concepts congidered is shown in Figure 12,

The sketch shown in Flgure 12 presents thls geometry. The
design embodies 2" x 10" flue gas passages and 1" x 3/8" air
passages. The outer core dimensions are 7' x 6 1/2' x 10',

The flee gases flow straight through the recuperator while

the air flow has four passes, The predicted themmal performance
this pecmetry will provide haa already been presented as the
design point (Figure 9), The air pressure drop is estimated

to be 5" w.c. and the flue gas pressure drop approximately 01"
w.c. The analytically predicted performance is good, although
not ag good as test data reported from cther wnlts teated.

How pood the actual thermal performance will he is yet to be

TC-2
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4,0

detemined., The tests planned at Midland-Ress on the
ceramlic test unit should provide the answer. These tests
are discussed in Section IX, :

Ceranfc Recuperator = Mechamical Design

No one has yet bullt and operated compact ceramic recuperators
on steel soaking plts that ace free of very hammful cracking
and leakage. Thus, the most cruclal HTR system design
requiremant is the mechanical desipgn of the sealing and
fastentng of a sizable, multi-module, multi-airpass, ceramic
recuperator. The ceramic vendor Is cpetvating swall single
module ceramtc recuperators In thelr production plants

without apparent cracking. However, the requirementa of

the ateel soaking pit applicatlon adds new dimenaiens to the
problen.

The units under development and test by GTE Sylvania were
manufactured as a single piece; whereas, the size necessary

for a steel scaking pit will require geveral ceramic modules

to be joined together. The seals hetween the ceramic modules
must remain Intact for the useful 1ife of the recuperator.
Anaother uncertalnty with ceramic recuperators relatea to alr
side seals. The multi-pass arrangement requires a flow
contaloment that directs the air from paas to pass., The seal
between the ceramlc core and the flow cootafnment ia considered
ta be a potential source of trouble, The best mecthed of making
this seal (with acceptable durabilfity) ts not known at this
time.

" Both the ceramic module seals and the air aide zeals are

complicated by thermal expansfon. The ceramics have a small
coefficlent of thermal expansfon (1,1 x 10=6 fn/in °F.) but the
large dimensicns (8 and 10 feet} and high temperatures {up to
2300° F.) result in a 1/4 inch thermal expansion of the
recuperator ceramic core. If the ceramic core is placed in

& metal housing there could be a considerable differential
expansion between the ceramic core and the housing. Temparature
digtribution and thermal expansion considerations will have

to be an integral part of any seal evalwation,
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5.0

These ceramic materials and single recuperator modules
vhich have bzen under development by GTE Sylvania are
presented as follows:

Material

Hagnesium - Alumina - Silicate Ceramic - MAS-B400

Called - Cordierite

Temperature — gaod to 2650 F,

Cost - inexpensive

Other materfial information fs presented fin the GTE Technical
Bulletina presented in Figures I3 and 14. The medule matrix
and agaembly can alao be seen In Figure 13.

Metallic Recuperator

The gpecifications for the metalllic recuperator were developed
and glven to Das Champs Laboratories, Inc. They are showm

in Tabkle 3. As a basia for comparison to DLI, other commarcially
available metallic recuperators for this application have

been found. As noted in Section VI, both Thermal Transfer

and Wazen have metallic recuperators that may meet all the
requirementa of this application,

The deslgn configurations of these three metallic recuperaters
are depicted in Figure 7. The physical configuration for
each of the three are seen to be quite different. In brief
these three dealpn confilgurations are:

1. Thermal Transfer — shell and tube

2. Hazen = tube within a tube

3. DLE = folded sheet metal

2
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TABLE 3

METALLIC RECDPERATOR SPECIFICATTIONS

Riph Fire Design Point 20 MM Btu/Hr/Pit
Flue Gas Temp. In 1200*° F.

Air Exit Temp. 1000* F.

Flue Gag Exit Temp. 900° F.

Afir Temp. In 77° F.

Alr Flow Rate 1520 g.c.f.m.
Flue Gas Flow Rate 4175 s.c.f.m.
Alr Pregsutre 5 p.s.1. static
Airn P 10 in, w.r.

Flue Gas Pressura Atmaspheric 2 .1 1in, w.c.
Flua Gas n F «25 1n, w.c.

Low Fire Operating Conditions

Flue Gas Temp. In 1500% F.

Air Exit Temp. L300% F.

Alr Praasure 5 p.g.f. gtatic
TC-2 13
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6.0

For this application the Hazen or the Thermal Transfer
metallic recuperator could be placed in the flue line
with a straight-through path for the flue gases. They
may have a maintenance advantage over the DLI tecuperator
in that they could be cleaned of flue gas carryover debris
or plugging quice readily. Alse, 1if s2ome rvbes become too
corroded or damaged, they could be replaced without having
to remove the whole unit,

It 1s not clear at the preszent time how the DLI recuperator
would be cleaned or repaired. It is conceivable that the
small flue gas passages with msny cbstructions would exhibit a
tendency to plug. Quotations wera cbtained for the Des Champs
recuparater and a comperable Thermal Transfer recuperator.

Combustion System and Controls

A burner and jet pump have been combined into an efficient
integral unit for ceramic/merallic recuperator application.
This integral jet pump/burnér unit has been under development
at Midland-Re==. It requires a unique control srrangement

for this ceramic/wetallic recuperator application. The control
design has been developed {gee Figure 15)}. It is rummarized
below. The reference control system is designed for both
meximum productivity and efficiency. (There is a Midland-Ross
patent application pending for the control system which was
previously developed usiug Midland-Ross funding.)

The pit temperature is used to generate a signal that controls
the cold sir flow to the metallic recuperator. The ceramic
recuperator zir flow is slaved to the metallic recuperator

air flow to give a constant flow ratio. The air flow to the
two recuperateors is summed and used to control the fuel flow.

Shonld the ceramic recuperator at some time begin to leak
alr into the fluwe gas stream, an auxiliary control system
hasz been provided to maintain the proper air/fuel ratia.
Uncompensated leazkz:ge wonld cause rhe combustion system to
operate rich since the ceramic recuperztor air is netered

on the inlet side of the recuperator. A flue gas oxyszen
analyzer and current proportioming output eoncreller will
call for additiomz]l air supply to the ceramic inlet to
compensate for the leakape and assoclated drop in flue gas
oxygen concentratien. This air will bypass the caramie
recuperztor air metering orifice in order to avoid upsetting
the fuel-following=—air feature. Cold metering of the air has
been selected as it avolds all of the problems assoeciated
with temperature compensation.

C-2
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7.0

The new burner will be capable of uttlizing average
prehear temperarures up to 1800 F, At high Fire
condftfong the combystion products will have high
momentum to glve efficient heat trangfer in the pit.

To accomplish this the aly gupplied throunph the méetallie
recuperator will be at asbout 5 p.z.i.g. and will be

wnsed ag the primary air inm a jet pump. The air supplied
through the ceramie recoperator will be at low pressure
and will be the secondary gas in the jet pump. The
burner will be capable of concentrating the supplied heat
at either end of the pit, controlled by the temperature
differential, At the present state of development, In
the low fire condition the burner can supply either high
nomentum combustion products utilizing medium temperature
preheated combugtion air, or low momentum combustion
products utilizing ultra~high preheated combustion air.

A cholce wag made to utilize the wltra-high temperature
preheated air to maximize fuel utilization, In some
applications it may be desirable to have high momentum to
provide hetter heat transfer to the work.

Selection of Other Principal Svystem {omponents

7.1 Flue Gag Exhausters

Flue Draft

The reference installation has one exhaust stack (120 ft.
high) that serves four pits. Por the design study it

was assumed (conslstent with the demonstration plan) that
two of the faur soaking pits will have high exhaust ghs
temperatures (no recuperaticn) and two soaklng pits

(with high temperatura recuperatfon) will have low exhaust
gas temperatuvres. Flue pas pressutre drop and stack

draft wera calculated for a number of pit firieg cases

in order to determine L there Is a case In which the
avallahle draft wight not be sufficlent. The results of
the principal cases calculated are presented In Table &,
Far the last case presented in the table, the available
draft is only .37" w.c. Thia calculation 1s for an
average high fira condition rather than for the time

in the cyele with the coldesr flue gas temperatute. Thus,
the stack draft would probably not be sufficient, and

an exhangter would be required.

TC-2
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One exhauster would be used for two plts. It
must be slzed ta handle dilution air that will
be uwsed to protect the metallic recuperators

from a high temperature excursfon. The principal
speclfications are:

1. Volume - 39,000 ACFM at 1200* F.
2, Draft - 3" w.c,
3. Temperatunre - 12{)* F.

The two types of exhausters shown in Figure 16 will
meet the requirements for this application. These are:

1, Centrifugal blower
2. Jet efector

The jet ejecter has a higher initfal cost and requires
more height to install than a fan. However, it 1is
expected that it will require less maintenance and 1t

will be able to withetand, for a short period of time,

an over-temperature excurslion that might eccur 1f there

13 a fault in the combustion afr system., A low temperature
fan may mot bHe able to withstand the temperature

excursion without dawmage and the maintenance will be mare
difficult since moving parts are located in the flue gases.
The first cholce 18 to utllize an exlating tall stack.

The choice of a jetr ejector or a centrifugal fan will
depend upon the particular locatifon. For the reference
design a jet exhavater was selected, principally on the
basis of maintenance and relfabllicty.

TC-2
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TABLE 4

FLUE GAS DRAFT FOR WARIOUS COMBINATIONS OF SO0AKIRG PITS AT HIGH FIRE CONDITIONS

Total Ko, Ko, 0f Pits Ho. Of Pits Ave, Flue Gas Total Theo. Available
Of Fits In Without With Recupera- Temp. (* F.)} Draft ("w.c.) Draft {"w.c.}
Operation Recuperation tion

2 2 ] 200 .39 77

P 1 1 1460 1,10 .92

3 1 2 1625 1.14 N1

3 2 1 1270 1,06 78

4 2 2 1460 1.10 37
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3.0

9.0

7.2 Alr Blowet
The basic vequirements of the diffevent types of air
blowers that are nged in the reference deaipn arve
summarized a8 Eol lows:

Blower Specification

Usa AP Yolume

Primavy Air 5 psip 1700 gefn
Secondary Ailr 8" w.e. 6000 gefm
Dilution Air 4" w.ec. 1500 acfn

Proposed Equipment and Sarvieces

The required equipment and services for installation of the
HTR zysten at the reference location have been fdentified.
They are presented in Appendix B.

Cost Fetimate

A prelimiﬁary cost estimate for the twe pit reference design
has been completed and is summarized in Figure 17. It is
noted that it 13 not fimal., It ie a budget estimate. The
eztimatad cost for thie two pit application is:

Engineering $ 180,000
Equipment and Fleld Labyr =====e==- $1,070,000

Total 81,250,000
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YIII CERAMIC BRECJPERATOR LABORATORY TEST

1.0

2.0

1.0

Test Plan

To help resclve the uncertainty about ceramic recuperators
and to cbtain parformance data that can be used for deslgning
a2 gteel spaking pit recuperator, a developmant test program
was plannad. The test plan was presented in Reference 1.

Tegt Modules

A tegt module was specified. Each module has overall
dimensions of approximately 10" x 15" x 14" (Figure 18).
There are four flue pag passages, each 3" x 10". This size
was baged on an earlier gystem recuperator specificatien,
Tha air vassages are 0.25" x 1". Four modules were planned
for the test as shown in Figure 1%9. This arrangement
requires all of the types of =zeals that will be required
in a full =i2e recuperator.

The tooling for thie concept was built and the individual
modules were fabricated.

Laboratory Test Apparatus

In the test the plan was to vse the ceramic recuperater to
represent a small segment of various locations in a full
geale vecuperator, Thie requires that the temperature of
both the flue gas and the air be controlled. The required
laboratory set-up for thla wes identified, uging existing
Midland-Bose equipment that can be modified for the purpose.

The instrument scheme and the planned laboratory test apparatus

are presented in Flguree 20 and 21, respectively.

TC-2
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IX.

DEMONSTRATION SITE ACQUISITION

As indicated in Secticn V, the two principal limitations
in the application of high temperature recuperation to ateel
soaking pits were fourd to be:

1. Space constraint for the recuperator syetem in existing
soaking pit facilities.

2. Payback period is inconsistent with corporate goals
of some steel companies,

Therefore, resolution of these two problems was a principal part
of all investigative work for most of the project.

1.0 Stesl Company Contacts

Forty=five steel soaking pit installations were contacted

by letter to promote ATR. {(Installation is defined here ssg
an entire gteel company diviesion complex of soaking pits.

It includes from 8 to 64 steel soaking pits per fnstallation.)
The introduction of HTR included a questfomnaire designed

to cvhtain fuel usage and recuperator related informatiom

for use by Midland-Ross to fdentify the installations that
could benefir mogt from HTR. Some of thege data are not
included in this report due to their identiffed confidentizl
nature. A typleal questicnnaire is Included in Figures 224
and 22B. Sufficient Information for Initial sereening purposes
was ohtained from forty-three of the forty=five fnstallations
contacted.

2.0 Responae From Stecl CEEEanies

2.1 Summary of Cuestlonnaire Data

Pertinent data from these quecticnnaires are summarizad
as follows:

Number of steel soaking pit installations
contacted 45

Mumber of fnstallaticms that responded 43
Number of imstallations with no teduperation 10

Typleal air preheat temperatures with _
recuperation BO0° F. = 1000° ;F.

TC-2
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3.2

Typical flue pax temperature
from soaking pit durimg soak 2000° F. - 2300° F,

Typical high fire rate per
soaking pit 15-?2 MM Btu/hr

Typical low fire rate per
goaking pit 5 = 10 MM Btu/hr

Az noted previocusly, the estimated potential anmual
fuel and dollar savings for sesking pit re:uperatiun
are presented in Figure 1,

In=tal letions With Ne Alr Preheat

Prior to making specific steel company contacts for the
purpose of acquiring an HTE Démonstration Site, pre=
liminary calcwlationz were made to determine return

or investment as a funetion of the prineipal factore
that affect 1it. (Om this project payback period was
used a5 the measure of peturn on investment. It 1s
later defined in Paragraph 3.0.,) Thease calculations
revealed in general, the eteel scaking pit imstallations
with no recuperation (no air preheat) have the greatest
potential to justify the cost of high temperature

recuperation equipnent. The data on the ten installations

with no recuperation are tabulated as follows:

A. HMomber of poaking pit installations
with no recuparation 10

5. Humber of soaking pit installations
with room for large, low leakage
tile recuperator and HTR nystem
retrofit 0

C. Number of Iinstallations with
pessible adequate room for advanced,
highly compact, high efficlency
high temperature ceramic racuperator
and HTR system retrofit 8

B, Number of Installations with
no interest or space for HIR 2

-2
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E. Number of Installations with
no interest {wlth space) for HTR 1

F. HNumber of installations with
possible space and interest
that were pursued immediately 4

G. Humber of installations remaining 3

Besults of Midland-Ress efforts to solicit participation
by ooe of the four companies (identified in Iitem F)

with DOE and Midland-=Ross in an HTR demcnstration

were as follows:

Company #1 - {in Ohio} = This company could not justify
the large capital investment for the extended payback
period. They declined any participation. HNo further
actions were taken.

Company #2 - {(Far West)} - Thie company is interested in
HTR. Their engineering is in basic agreement with the
concept. For participation consideraeion an executive
summary and preliminary desipgn and installacion concapt
were presented to their corporate management. Staps
toward a formal decision of participation were starred.
However, further technical discussions and negotiacions
were terminated until funding for the test demonstration
work becomes available.

Company #3 - {South) = Interest was expressed by corporate
officfials based on a need to upgrade their facility -
either by HIR or continuous casting. Thelr interast was

at first oriented more toward continuous casting. However,
they subsequently considared the following fartors regarding

HTH:

a, With a more advanced sfficient and smaller caramic
recuperatrar tha HIR can be retrofitted into their
soaking pit installation.

b. With increagipng fuel prices and lower installarion
¢@3ts than anticipated, the payback period may be
gshort enough to justify HIR (2 to 3 years).
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2.3

The responsible corparate afficlal (President)
requested a submittal of & proposal with re-
examinacion of che capital coste for a twe pit
retrofic. Ome of their two-pit batteries would
very readily lend itself co an HTE demonsiration
installacion and rest. This installation was
investigated carafully. Note the technical
proposal in Appendix A which was submitted to chis
company. IThis iz discuased in Paragraph 4.0 of
thia section. .

Company #4 - (Middle West) - No response on which
to base further contact was made.

Relevant information on the three remaining installations
(from the above summary tabulation - Item G} that
have no existing recuperatlon is as follows:

Company #5 - (Midwest) - The kind and quantity of
steal this company processes (stainless steel ar less
than 40% of the time in production) would not yield
sufficlent fuel savings to justify an HTR investment.
Therefore, no further action was taken.

Company #6 - (West} - This company has expressed much
interest in recuperation. They have been inclined toward
installation of metallic recuperation only. However,

if the advanced ceramic recuperaror cap be developed

to use in an applicacion such as they have, there could
be HTR recrofit opportunities for many steel soaking pits
at this imstallatlon.

Coumpany #7 - (Southwest) - This company was recelving
natural gas at below market price. Therefore, no
immedlate incerear was exhibited ac che cime of inquiry.

Installations With Existing Recuperation

Payback calculations based on fuel savings {only} revealed
that high existing alr preheat temperature reduces the
attractivenpess for HTE investment, However, there are

a number of factors or situatlions that can juscify
investment in an HAIR system to obktaln higher air preheat
temperatures than currently achieved.

GEN-2
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In addition to fuel savings there are:

I. Productivity Iimprovement resulting eithet in
increased capacity or cost savingms, or both.

2. Replacemant of Ffaulty aquipment that causes large
fuel and/or productivity loss - for example,
exiating leaky ceramic recuperators that result
in large fuel loases.

For these reasons some companles with existing
recuperation were queried further; and solicitation
of one company in particular was pursued. It was
fourdl that this company (alao in Ohio) using Amsler-
Morten ceramic recuperators, leses more fuel than they
gave by recuperation.

The cracks, fractures and leakage with these ceramic
recuparators have bacome so extensive that these
recuparators muat be completely torn out amd rebuilt

every three years, However, the alr laakage through

the eracks and breaks in the tile becomes very large

in mech lags than three years. The plit heat=up time

goon bacomes much slower, The ner result 1z that more
total fuel 13 used per heat (or per ton) becausze of in-
sufficient air than if no recuperator was uged to prahesar the
air. Many companies recognize this and simply by=pass this
older type of ceramic recuperatar,

Thus, although there are coapanies that are on record
as already having recuperation, some are viabhle candidates
for HTR recuperation (with equipment that works reliably).

3.0 Payback Analysils

The most common method of considering return on investment (ROI)
in the steel industty 13 years of payback, It ia defined simply
ag!

Payback = Capital Invegtment
Savinge Per Year

General payback relatfomshipa were determinad at the outeet

of this spaking pit demonstration site acquisition task.

For a capital expendfture puch as High Temperature Recuperation,
the gteel! companies at the present time generally requira a
pavback period of 1 1/2 to 3 years.
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The calculation of pavback pericds for various HTR applications
axhihit inherent imprecisions due to the level of accuracy of
data obtained from industrial sources. Estimates of baseline
data are based on individual asgumptiong, and therefore, can be
controvarsial. Yet pavback caleulations are essential in
justifving ecapital expenditures. Ewmamples of payback caleculation
input agssumptions that can vary considerably are:

1. Yaximum aceeptabla paybaeck peried.

2. Projected cost of fuel or enetrgy.

3.  Productivity improvement,

4.  aApplicable productivity Improvement savings,

5. Flue gas temparatures ov air preheat temperatuTes.

A, Hat savings,

7. Cost of HTR agquipment, demelition, construction and
engineering.

3.1 Pavback Based On Fuel Savings

Payback amalysis must ke dome for each specific site
spplication. A sample payback dats sheet for such a
specific application is shown in Figure 23,

Payback analysis was made to assess the fseters that
would have the greatest effect on payback pariod.
Using previcusly generated capital cost estimates

as a base, pavback periods were caleulated for varicus
firing rates under situations of retrofitting celd air
pits and also for pilts presently using preheating air
at 800" F. Estimates were made azsuming one, two, and
four soaking pits based on fuel savings only. Savings
For productivity improvemant were not included. The
results are shown on the graph in Figure 24, Tt can he
noted that the payback period appears acceptable where
there is no existing air preheat. If the existing air
preheat is sbove BO0® F., the payhack pericd on fuel
savings alone is poor.

iCc-2
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1.2 Cost Savingg From Increased Productiom

In addition to fuel cost savings, savings frow improved
productivity with application of HTR can be very large.

A productivity increasze of 15X to 208 can be expectad

fram the combined effact of higher temperature gases,
better convection Erom higher gag wveloelities, and

better pit temperature uniformity from "front to back"

pilt temperature control. Productivity increazes can reduce
payback period as follows:

1. FHumber of pits vequiring HTR retrofit.

2. Increased manufacturing capacity 1f the scaking pit
is a production bottleneck.

3. Reduced labor and overhead,

For example, If the scaking pit s the limiting facter for
production, savings from increaged productivity can be
greater than savings from reduced fuel requirements. Studies
of one major steel company 1llustrated this.

4.0 Detailed Proposzal To A Steel Company

One particular company having no existing recuperation

{in the Scuth} was selected for a more detziled proposal
and design analysis (note Sectiom VII). The favorable
gituation this company has, lends itself to being 2 good
candidate for a demonstraticon site. With the advent of

a4 more compact ceramic recuperator {compated to the

tile recuperator) there is sufficient space to install the
HTR system, The addition of a high temperature vrecuperation
syatem to two of the four pits in group would permit
direct comparigen of the HIR ayatem with the current non=
recyperated ayatenm,

Conoiderable effort was expended on this project in evalving
a warkable HTR equipment deszign concept that can be adapted
to the space available at thig installation, The following
three items comprised the technleal portion of this
proposal:

1. A preliminary design layout.

2., A definitiom of the equipnment and field laber required.

3. A preliminary cost estimate,

TC-2
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5.0

A description of the equipment end services that were proposad
to be gupplied to this steel company is presevted in Appeudix B
of this report. The cost estimate is presented in Figure 17,

Upon examination of this proposal this company was wvery much
interested in hosting and participating in the demonstratiom
of this high temperature recuperation syatem, At the present

time, however, it appears that DOE funding for Phase 11, HTR Teat

Demonstration, will be pastponed for two years,

Economic ﬁnalzsig

Payback calculations have been made for this application based
on fuel savings only., As indicated above, there are other
substantial potential smavingas resulting from the increased
productivity possible with this high temperature recuperative
system, Figure 23 presents the input assumptions and the
resulting yeare of payback for this prespective demonstiration
slte. ’

The payback for two diEFferent cases considered for this
ivstallation are:

Case ! — Demonstration site at 25% participation -
2.0 years

Cage 2 — Future HTE systems 100X funded by the steel company -~
3.5 years

On final analysis for a specific application of the RIR,
cost benefit resulting from increased productiviiy. can

be identified. This can be a major factor in reducing the
payback period in the application of HTE.

Posaible HTR Applications

Copalderabhle benefit was derived from this Demonstration Site
Acquisition Task in identifying application problems and
opportunitles as well, This task effort included applications
analysis, preliminary sizing and laycut, preliminary

costing and proposal preparation.

Based on this work it became apparent that there is a

need for a compact, highly efficient ceramic recuperator

that can fit dnto relatively tight spaces., BSuch a recuperator
would permit the Following kinds of HTR retrofit applicaticna
in sateel soaking plts:

1. This single ceramic recuperator unit couvld it within
the confines of existing tile recuperators with much
higher recuperator performance at modest retrofit costs,
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Z. Retrofit to replace existing older style faulty and
leaky ceramic recuperators with this advanced, more
reliable unit, would be possible,

3. Retrofit of a complete HTR system, which Incorporates
-~ the dual recuperator concept {as propesed in this pregram).

In addition, other kinds of steel processing could utilize
this compact, highly efficient single ceramic recuperator.
While contacting these numerowns steel coppanles in this
demonstration slte acquisition task, considerable Interest
was expressed in recuperation for steel reheat furnaces as
well as for seaking plt recuperation,

TC-2
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X.

1.

z.

CONCLUS IONS

Large fuel savings in industry through high temperature
recuperation are viable,

The classic tile recuperator ie too larpe for retroficting
into a steel soaking plt which has no exizting preheat.

For HIR steel soaking plt retrofit zpplicatiens, an advanced
compact ceramic recuperator ig eszential to fit in the limited
apace avallable. HNo such recmerator, which meets all the
necessary application requirements, 1% svailable at the
present time.

Considarable ceramic recuperator design/development and test
work is needed to ‘advance and prove a design which has ne
cracking and leaking, and is practicable for industrial use.

There are great fuel saving opportunitie=s for adapting this
compact, efficient ceramic recuperator to many other applica=-
tions within and cutside of the =teel lninstry.

The technical feastbility of zpplying hiqh temperature recu=
peration systems to existing steel scak.ng plts wae established.
It i3 based ¢on the preliminary engineer:ng, design layout,
equipment definition and coet estimate ior the reference

desgign desgcribed herein.

Industry does not feel the concern at the present time of

haing sharply curtalled due to the energy shortage that wae

falt thres yaars age when this program was concelved. Therefore,
2 high temperature recuperation system must compete for
invesement funds solely on.the basis of ROE.

Payhack analysis indicates that HTR retrofit of steel soaking
pite with no existing air preheat 1g much more favorahle than
retrofftting soaking pits with existing preheat.
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EIGURE L

STEEL MILL SOAKING PIT
RECUPERATION SURVEY

Steel Mill Soaking Pit Installations Surveyed
(8 to 64 soaking pits at each installation)

Number of Installations with no Recuperation

Number of Installations with 500° F. (typical)
Air Preheat

Number of Installations with 9009 F. (typical)
Air Preheat

Annual Energy Consumption - Current

Energy Savings Anticipated Assuming Retrofit of
Al Existing Pits with High Temperature Recup-
eration

Annual Fuel Savings Estimated by Early 1980"s

Capital Investment

43

10

15

1B

.16 Quads/yr.

.06 Quads/yr.

8225 Million

$800 Million
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FIGURE 2

TILE-METALLIC RECUFERATION
PADPOSED SOAKING PIT ARRANGEMENT
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Technical Center — Capital Goods
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FIGURE 9
Technical Cenier - Capital Goods

HTR REFERENCE DESIGN POINT

High Fire

Firing Rate 20MM Btu/Hr

Fuel Natural Gas

Excess Air 10%

Air Split Ceramic Recuperator 60%
Metallic Recuperator 40%

Ceramic Recuperator

Flue Gas Temperature In 2000°F

Adir Temperature In 71°F

Adir Temperature Uut 1800°F

Flue Gas Temperature Out 1200°F

Air Flow Rate 2280 scfm

Flue Gas Flow Rate (Both recup.) 4180 scfm

Metallic Recuperator

Flue Gas Temperature In 1200°F

Air Temperature In 77°F

Air Temperature Qut 1000°F

Flue Gas Temperature Out 900°F

Air Flow Rate 1520 scfm

Low Fire

Firing Rate 5MM Btu

Fuel, Excess Air, Air Split, Adr Supply Temp.
(Same as High Fire)

Flue Gas Temperature In 2200°F

Alr Flow Rate - Ceramic Recuperator 570 scim
Metallic Recuperator 380 scim

Flue Gas Flow Rate 1045 scfm

£11 other thermodynamic parameters are result of recuperator geomerry

and materiale selected and the above selected values,

GEN-2 86




FLUE GAS TN
T = 2000°F
20 MM BTU/HR
4180 SCFM

BTR REFERERCE DES]GH POINT

High Fire

FIGURE 10

COMBUSTION AIR
THIX = 1480°F

|

EXHAUST
k
SECONDARY AIR OUT PRIMARY AIER OUT
T = 1800°F T = 1000°F
! [}
CERAMIC FLUE GAS METALLIC
RECUPERATOR. 1200°F RECUFEFATOR 300°F

SEGGHD%RY AIR IN
T=T171"F
22BQ SCPM (80%)

61

]
FRIHARY AIER IN
T = 77°F
15230 SCFM (40%)




EIGURE 11

ETR REFERENCE DESIGN POINT

Low Fire
COMBUSTION AIR
TMIX = 1700°F
|
EXBAUST
I
SECONDARY &IR OUT PRIMARY AIR QUT
T = 2100°F T = 1100°F
'
FLUE GAS IN ' )
T = 2200°F | cEramic FLUE' GAS METALLIC
5 4 BTU/HR | RECUPERATOR |1 500 1210°F | RECUFERATOR B60°F
1045 SCFM
SECONDARY AIR IN PRIMARY AIR IN
T = 779F . T = 77°F
570 SCFM {60%) 380 SCFM (40%)
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FIGURE 12

CEXAMIC FECUFEZATOE GEOWETEY

FLMENSIONS &
I Ll
_FLUE HO\E# 2° = tn; FLUE IN

WALL THICEWNESS 125"
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FAYY: | 2 3 4 o
AR HOLES 58O $8O 870 870 PA%5 & "
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CHEMICAL AND ur:rnumm
NEW PRODYG!

FIGURE 13

CERAMIC RECUPERATORS FOR WASTE HEAT RECOVERY

i w..qqnﬂﬂﬂﬁﬂiffﬂ!" i
| ["1 um “!ﬂ HHIHUH |=|
m' i

e

APPLICATION
Recovery of "waste" exhaust heat from furnace stacks and recycling recovered heat to:
(1) Preheat the combustion air to high-temperature burners.

(2) Return the heat to the furnace, thereby reducing the quantity of fuel consumed.
{3) Heating of plant.

ADVANTAGES

High-temperature capability — can be used without cooling to 2700 °F.
Chemically inert.

Corrosion resistant.

Will not thermal shock.

High heat transfer efficiency.

Long life.

Distortion free.

Light weight.

Simple installation.

Less costly than exotic metals.

Safety - loss of power and loss of cooling air will not affect unit.

Thermal cycling does not affect mntet‘ia].ﬁﬁ




FIGURE 14

SIZE AND SHAPE CAPABILITY

Computer design model program enables uptimization of varisbles for individual applications.
Standard module dimensions of 2 ﬂ3Fand 6 3. Virivally any size by zanging modules.
Wall Thicknesses; 0.040 to 0.060".

|
Hydtanlic diameters from 0.615" to {".

!

r

TECHNICAL SPECIFICATIONS
Material; Magnesiurn-Alumina-Silicate Ceramic - MAS-8400.,
Paszage Geometry: Reclangular.

I
|
Wall Thickness:  0.050". E
i
|
1

Buk Density:  Matrix 50 lbﬂ’ft;
Marerial 137 lhsfit
Modulus of Ruptire {solid bars}; BOOD psi.

Thermal Expangsion:  (0-800 C) infin./°C 2.0 x 100,

Thermal Shock Resistance: Excellent.

.5
)r
“f

CM-957 (2/78) |

Melting Point, 2750 °F.

The infarmatinn ad recomimendalicns conipired n | hig publication ane baeed wpon dala colitctéd by GTE Svivania 1ncorporated snd bilikved to be correct.
Hioweewir, N0 QUBCANIEE OF Vvatrarity Of ary kind, expretsed oo ialisd, it madE wwith respect Bo the inlarmgtion canyained hertin, and GTE Sy lamia a.
covporated @R Ne oty for the resuls of the use of hrn-ﬂucu ond procenrs dacerdsmd hargin. Mo (LALENERTS ar FacorerEnd 2l icemy rrads hevein
are 0 B Somrued b induCBEMEntE [ inlringd ity rélewint panear, bnwm RErdafter im e xirance.

_F

Precision Matarials Group/Gheamicel & Metallurgicel Division/Towsnda, Pa.

J!- ) O NVERS: HARTFORAD: Hi." hOE LA
I q

100 Endicoll St, Lt Santlltution Plaza Parksice A véfiun
A iy, Mg, 01923 Hyrilgrd, Conm. QELO3 Philgagiphiy, Fonna. 18131
CHARLOTTE: CLEVELAND: | DAY TON: LIS ANGELES: BAN FAARCISCO:
. JALL W DdvloEan S, dgdE v¥. 130th 51, A3 W, FIrst Sirsal G502 €, Garhart S1reak 1911 Adrian Roeg
FIELD SALES  Crganigiie, LG, 28204 CMerglant, Ohls #3135 Daylen, Onbo 48402 Lot AngeleE, CA0L S00T1  Burlingsme, Caiil, S40LE
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NATURAL DRAFT
STACK

o
L]
i
Presgure Rime: 1" w2,
Horsepower: 0
Cost: (Exiscing)

COMPARISON OF DEAFT TYPES

JET TYPE

FAN TYPE (2)

" e,
30 HP =ach
$14,000 each

91 F4N214




FICUEE 17

PRELIMINARY COST ESTIMATE

Engineering § 133,230
Purchasing 350,900
Factory 192,352
Erection Supervieion 83,293
Fraighe 15,000
Insurance

3,877

Subtotal wfc Field Labor $ 779,352
BLS Escalation (10%} 4 77,935
Erection Field Labor 175,335

Service Beserve (1.1%) 11,359

Total $1,043,9581
G&A 205, 664

Total Contract Sales Price 51,249,645

Conversion of twe (2} Scoaking Pits to Ceramic/Metallic
Recuperation .

Technical Center
9/20/758

Not to be used, typical only.
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FIGURE 19

AR OUT / [
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LABORATORY CERAMIC RECUPERATOR TEST ASSEMBLY CONCEPT
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SAMPLE QUEST IONNAIRE

Techmcal Center = Capital Goods Mar 192

DEMONSTRATLON SITE QUESTIONNAIRE FIGURE 22A

HIGH TEMPERATURE RECUPERATIVE SYSTEM

The information ¢m these two sheets will be helpful in answering these
three key questiona relevant to applicability of s High Temperature
Becuperative System lnstallation.

l. 1s adequate space avallable for installing a High Temperature
Recuperator?

2. What are the potential energy savinga?
3.  What 418 the pavback period?

Pressnt Siruvation

Existing Recuperation: Tile NN E Metallic  NINE

!

Rominal Air Preheat Temperatura amb,= nt.

s
Flue Cas Temperature 1 o0gg Tx J-s0°F

Pit Btu Rating 30 &00 C00O

Pit Actual Btu Usage: High Fire 38,000 020 Soak {2,408 020

Time Period: High Fira 2 hrs Scak  Hd hrs

Estimated Process Energy Efficlenty 2,2 MABATVY */ Ton

Total Annual Energy Consumed by Plcs 55;5"!{ & T HLB TV /'? r

funber of Pits i Number of Batteries “4

Present Use Factor j2 ¥ hr*fw l“:

Primary Fue: Naltvral Gas Alternate Fuel ¥2 Fuel o)/
Pit Capacity tous/heat %O
¥ Hot Tops _ vl £ Cold Ingats 10

e
Preaent Pit Condicion

- -~
Preszen. secupevator Condition

Space 4vallability SUITABLE FAR ONE RECUPESR ATOR. THUY
PER WV
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Filz¢ ©e 72 °

Futura for Pits A L Elﬁ/ﬂzﬁfﬁ ‘:f;;; f’:z-‘".’.'}ﬁc{c; 1
Fi

Other Racyperator Ratrofit Congiderations and Constralnts

-
=

Qi rmraL FLLfE SE AN Muwelw-T5
CONVENTIONRL f1ig YAy, o RECVPERATS | NSTALLATIY

Alcernate Solutlon to Wew Tlile Recuperator Installation

NIE ik RELUPkr ATO R owe~ - 2F5 /zn‘/f-'ﬂ.v.-:rfr

Producclvity Increase

What value would you assign to a 5% production increase _5 -?.I B0 i

10% production increase s, /€8 £4

&,

20% production increase JsZ. KS¥ g
i

Baxia for Pavback Calculationg

”
e sent  ANET S j,f-‘f.i'/f"r",ﬁ T
Projected Fuel Costs WP rpes 2% 2. 'f?/"gfﬁfﬁ

Estimacad % Fuel Savings

Other Pozsiblie Future Considerations
Lrmamic Frdre ooy sEoesrtort

Lomnenta

Sekr e ot Fonars :r;;fww/é,r simrl Adi Hoee ¢
Twe recettrelis s

Jack Reicz '
Hidland-Roaw Corp.fF.0. Box 985, Toleda, Ohio 43694/(419) 537-623%
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HI&H TEMPERATURE RECUPERATOR FIGURE ?

DATA SHEET .o 4
Company : ¥unbexr of Pite 2
Input

High Fire Low Fira
Flus¢ Gas Temperature . 2000°F 2200°F
Mixed Adr Preheat Temperature L480°F 1700°F
Existing Preheat Tenperature Hone Kone
Time Frackion 173 2/3
Annual Fael Deage 150,000 ¥ BTT
Prasent éﬂil Cagt (5!HHIltu} 2.79 {011)
Projected Fuel Cost (504 Biu} 53.75
Bigh Fire Rate (M Btu/hr) k2
Low Fire Rate (4 Btu/hz) y . 10
Total Operating Hours per year
Pit Btu Rating (MM Bou/hr) 30
¥umber of Pits 2

Results

{verall Percent Fuel Savingpe ,&3%
Fuel Cost Savioge per Year per 2 pits § 282,000.00
Cepital Cost - DOE Subsidized Cost Shared 2,300,000.00
Cost to Steel Co. @ 75 X - DOE Cost Shared 515,000.00
Capital Cost — Future Systens 1,000, 000.00
Years Payback - DOE Cost Shared : 2.0
Years Payback - Future Systens 3.5

Note: JPaged on fuel savings only., Increased savinps or reduced capital
coet from increosed productivity nor included.
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PAYBACK (YTaRs)

L

GRAPH OF PAYBACK PERIOD VS. FIRIMG RATE

B0O0°F PRESENT AIR PREHEAT = 1600°F

AXIR PREHEAT {l LOWFIRE TIME = HIGHFIRE TIME
LOWFIRE BIU/HR = % HIGHFIRE BTU/HR
TOTAL HOURS PER YEAR = 6570
COST OF FUEL = £5.135/MM BTU
KO EXESTING L PIT
ATR PREUEAT 2 PITS
4 PITS

1 PIT
2 PITE
4 PITS

$ Srp— e amm— 4 e } e } e ——— |

é 4 6 8 0 12 ¥ i 8 20 22 24 26 28 30 N

FTRING RATE {MM ATU}
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APPEHDIZ A

CERAMIC RECUPERATOR THERMAL DESIGM
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OBJECTIVE:

. The objact of this heat transfer analysis was to design a minimum volume,
high tesperature caramic recuperator for skeel soaking pilt applicacions,
Principal design requirements include:

1. A mawimum air side pressure drop of 6 inches W.C.
2. A maxioum flue side pressure drop of .2 inches W.(.

3. Flue gas passages must not plug with carryover particulate magccer
from the soaldap pie,

SLMMARY *

The purpose of thie study was to establish an optimized ceramic recuperator
comflguration from che various plausible desipns. The performance require-
ments for the ceramic recuperator for a selected installation, which is
rapresentative of feasible steel scaking pit applications, is presented

in Figure 9 (in the body of this report).

Mast of the recuperator optimizarion was performed at the high fire point
because it presents the most severe thermal and pressure drop requirements.
The low firing rate performance requivements of the ceramic recuperator
were not as difficult to achieve because of the lower air and flue flow
rates. Duting low firing conditions, there is less flue gas flow than at
the high fire condition, and therefore lower pressure drop and higher air
preheat temperaturs.

A computer program was developed to expedite the performance calculatioms
of approximately 45 different recuperator configurations. The progtam
can accommodate variations in the recuperator's passage geometries and
configurations, flow rates and temperature levels. The geometry which
best satiafies the selected design point utilizes 2" x 10" flue gas
passages and 1" x 3/8" air passages in a four-air-pass configuration.
{See computer run No. 45).

DISCUSSION OF RESULTIS:

A tabulation of the thermal and pressure drop results of six selected com-
putar Investigations of candidate recuperator designs 1s presented in
Table A of this appendix, The mest favorable of the design configurations
were the three-flue-pass and the selected four-alr-pass configuracions
{computer runs 34 and 45, respectively). The three-flue-pass version

was abandoned primarily because occcasicnal cleaniog of fouled flue gas
passages would necessitate removal of the yelatively complicated mani-
Eolds.
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Configurariens in seme computer runs exhibired excellent thermal perfor-
mance but had excesgive pregsure drop. The confipurations in runs 34
and 44 had satizfactory thermal and preszszure drop performance. However,
the volume wag too larpe. ’

For the high fire condition, the predicted aecondary air temperature is
approximately L7602 F, which is quite close to the EBOOOF abjective regquired
Air side pressure drop 19 predicted to be about 3.5 inches W.C. and flue
sida about .006 inches W.C. This meets the design point requirements of

6 inches W.C. maximum and .l inchea W.C., respectively.

CONCLUSTONS:

1. A very acceptable degipn configuration and peometry has bean found
Eor a selacted steal goaking pit application.

2. TIf the recuperator is to be used in a clean Elue pas environment,
as from narursl pas, then amall flue gas paszages may be used.
Thiz resulerz in a smaller, more efficient recuperator. Flue gas
gide pressure drop with somewhat smaller passages (say, 1" x B™)
would not be a problem. 1If, however, the recuperator is subjected
to a direy flue gas enviromment, as from coke oven gas, then larger
passages would ba more appropriats than small ones.

3. Multipassing is an effective means of increasing thermal performance
by virture of increased gas velocity and by approaching counterflow
performance. The numbar of passeg should be a3 high as pressure
drop limitations and gtructural capability permits.

4. Increased thermal performance is most responsivea to an increase in
gas velpeitfy, but thers is alsn a corregponding increase in pressure
drop. If it ¢an be shown that the ceramic recuperator is capable
of tolerating larger pressure differences between its air and £lue
gas sides than iz preszently assumed, then larges air side pressure
drops would be permigzible; and a zignificant increase in the thermal
performance is possible. '
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GOIDE TG TARULATED RESULTS

Alr Qut Air In
Tl'ﬂ' T TE,
|
Zone 1 Zone 2 Zone 3 Zone 4
Flue In
Ty ——= Ty —— Ty =1 Flue Cut
To — ™1
Paas & Pazs 3 Pags 2 Pass 1
Tg Ty

Recuperator Zones 1, 2, 3 and 4 are the same as air
passes 4, 3, 2 and 1.

Temperatures T; through Tg correspond to.the flue gas
inlet and outlet temperatures of each zone.

Temperature Tg through Tig correspond to the air inlet
and outlet temperatures of each zone.

Re - Reynolds Bumber

hc_- convection coefficient

h. - radiation coefficient

U - overall heat tranzfer coefficient
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TABLE A

RN

Adr Side Hole Size

Holes,
Heles,
Holes,
Hzlas,

Zone 1
Zona 2
Zone 3
Zone &

Flue 5S5ide Hale 5ize

Heles, Zone L
Holez, Zone 2
Haoles, Zane 2
Holes, Zone 4

Tetal Avea (Ft.Z)
Total Volume (Ft.3)
Area/Volume

Side Making Passes

Alr 5ide Re, Zone
afir Side Re, Zone
Air Side Re, Zone
Air Side Re, Zone

£roLa b2

Flua Side Re, Zone 1
Flue Side Re, Zone 2
Flue Side Re, Zone 3
Flue Side Re, Zone &

Alr Pres. Drop ("w.c.}
Flue Pres. Drop ("w.c.)

15

1.00"x, 25"

2200
2200
2200

10"x3"
X}
62
63

2888

440.1
6. 56
Flua

794
949
1446

3902
4019
4057

. 887
.043

TYPICAL CERAMIC RECUFERATOR THERMAL COMPUTER CALCULATIONS

8

1.00%x. 75"

15
420
5315
630

3.00"x10,00™

16¢
160
160
1a0

2200
385.5
5.711
Alr

3952
3182
3092
az7o7

1518
1560
1535
159

2.859
. 002

39

L7520
315

-

. 75", 30¢
300

QE\H
[

L5
« 111

42

1.00"x. 50"
1775
1775
1735
175

1.00"x3, 00™
1215
1215
1215
1215

5568

437.4
12,73
Adr

805
863
1074
1554

807
846
878
919

. 187
+036

44

1.00"x, 375"
230
930
930
930

2,00"x10, 00"
240
240
240
240

1666

427.4
.58
Alr

1667
1746
3lzs
4674

1358
1417
1473
1550

5,027
.06

45

1.00Mx. 375"
810
B0
580
580D

2.00"x10. 00"
224
224
224
224

3422

405.5
8.44
Alrx

1756
1877
3368
5014

1456
1518
1577
1657

5.452
. 006
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TABLE

" RUN

A {Continued)} Page 2 of 2

alr Side h,, Zome 1
Alr S5ide he, Zone 2

Alr Side hg,

Flue 5ide h.,
Flue Side hg,
Flue Side hy,
Flue Side he,

Flua 3ide h,,
Flue 3ide hy,

Flue Side

hy,

Fluye Side hy,

U, Zone 1
U, Zone 2
U, Zone 3
U, Zone &4

Temperature
Temparaturs
Temperatura
Temperature
Temperature
Temperature
Temperature
Temperature
Temperaturs
Temparature

Zone 4

Zone
Zone
Zone
Zone

Zone
Zone
Zone
Zone

Alr Side hy, Zone 3

£ o b

£ b

34

2000
1813
1553
1260

70
725
1281
1672

a8

8.67
.32
5.23
&.15

k)X
2,60
2,09
1.67

LT7
LA
. 89
.09

Pt P L L

LTG0

.46
.92

= P L

1599
1755
1556
1299
5
654
1085
1330
1602

715

L=
[

o I ) Lol I o
w3 B LA Oh £ o b I
[ iy w3 ==J La LN

- * = &

- 1.66

1.52
1.30
.99

2000
1874
1697
1473
1230
73
618
1102
1473
1734

&4

4.21
3.81

.99
97
A7
.18

(R LY

.1l
B4
.24
.47

ol L

.21
04
.89
LA2

b2 b b2 2

2000
1888
1730
1501
1210
79
725
1215
1546
1777

LB I )
T

e
Tt
£

M2 P2 k22
L]
L]

2000
1888
1732
1505
1220
80
714
1199
1525
1758
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APFEND1X B

Proposal

For

ULTRA HIGH TEMPERATURE RECUFERATION SYSTEM -

Prepared For

A SOUTHERN STEEL COMFANY

Frepared Ry
Contract Research and Development
Tachnical Center—Lapital Goods
MIDLAND=-ROSS CORFORATION
Tolada, Ohie

October &, 1978
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SOUTHERK STEEL CORPORATION

RECUFERATOR SYSTEM FOR ULTRA-HIGH TEMPERATURE FLUE GASES

1.0 SERVICES AWD EQUIPMENT TO BE PROVIDED BY MIDLAND=-ROSE

The equipment and services to be provided by Midland-Ross are
sunmarized below in Section 1.1, Descriptions of the equipment,
demolition and installation, and engineering follow in Sections
1.2 throegh 1.4%.

1.1 LIST OF SERVICES AND EQUIPMENY 10 BE.PRUVIDED EY MIDLAND=ROSS
1.1.1 HMaterials

a. Soaking Pit Burner

b. Alr and Fuel Flping and Valvez

c. Fabricated and Flain Stee]l

d. Befractories and Insulation

€. Advanced Ceramic Recuperator

f. Metallic Recuperator

2. Combustion Alr Blower, Motor, Starter
h. Flue Gas Exhaust Ejector, Moter, Starter
i. Exhaust Ductwork

i Instrumentation and Control Equipment
k. Safety Alde

1.1,2 Field Labor and Demclition

a. Craft Lebor to Install Wew Equipment
b. Field Wiring Material and Craft Labor
c. Brection Tocols and Equipment

d. Superintendent of Erecticn

1 M 1 M 3 E“EinEEri!g

a. Demolltion Drawings

b. Deslgn Drawings

Cu Detall Drawings

d. Installaticn Drawings
e, Calculations

f. Operating Instructions

B4
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1,2 DESCEIPTION OF EQUIPMENT

Ceneral Arrangement

The general arrangement of the sozsking plt area (pits Wo, 7
and Ho. 8} and the new equipmert to be swpplied by Midland-
Ross iz as shown in attached Midland-Ross dreawings Wo. D 5051D
and Wo, D 5052D. The ceramic racuperator for each plt will
be located inside the building hetween column rows € and

C1, at elevation 132'-1 1/2". The flue width will be widened
cutward From the battery centerline to accommodate the
ceramlc recuperator width. The existing pit damper will he
left intact. The metallic recuperator for each pit will be
located immediately outslde the exigting building above the
existing flves. Flue ducting and a ccommon jet exhauater for
the two pits will also be lecated outslde, just past the
existing battery flue manifeld, A lean-to enclesure approxi-
meteiy 20' x 22" will be required to house the jet exhavater
blower, the two primary (high pressure} air blowers, and the
two metalilic recuperater dilution adr fans, including all of
thelr woters,

Ceramic Recuperator

The ceramic recuperator concept Is shown in Figure 3. Thig
advanced, high temperature, high efficiency recuperatar will

be manifolded to have four air passesz. The flue gas passzages
{2" x 10" crogss sectlon) will be cne “stralght shot™ through
the tecuperator. Thils large cross sectlon and straight shot
will permit use of an air lance should it be necessary to clean
out these flue gas passages. Bach recuperator will be assembled
in place uging 15 prefabricated prefired ceramic meduoles
manufactured by a ceramie supplier. The recuperator alr
manifglding, insulation and structure will alse be assembled

on the site,

Metal lic Recuperator

The metallic recuperator is in development at the present time
by Des Champs Laboratoriea, Ine. It will be a highly efficient,
compact recuperator. The metal for the heat resistant portions
of the unit will be type 309 gtainless steel, Separation of

the flue gases from the primary combustion air will be by means
of the patented "2" duct construction, The™hetalllic recwperator
will be suitable for a nominal combostien alyr pressure of 5,0

psig.

|
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(1) Temperature Controllet

This ingtrmment receives Input from a plt thermocouple.
This controller vltimately determinez the total input
¢f heat to the pit via coobustlon air and afr/ffuel
ratlo control syatems, described helow,

{(2) End Differentfal Heating Controller

This instrument racelves themmocouple inputs from
thermocouples at both ends of the plt. The comtroller
coatrols the burner characteristics so the larger
poction of the hot combustion products are directed

to the "colder" end of the pit.

{3} Hi-Limit Temperature Controller

This controller provides a conventional two—position
relay output to shut down the combuation syatem ia the
event of excessive pit temperature. The input is from
a pit themmocouple used only for this purpase.

Combugtion Alr System

The combustion air centrel ayatem provides metallic recupevator
flow control, metallic/ceramls flow ratio control and blower
surge control. The afgnal generated by the pit temperatura
coantroller 1s converted to a pneumatic ailgnal which operates
the pneumatic control wvalve on the cold air side of the
metallic recuperator. The metallic afr flow 4g thus adjusted
according to the pilt temperatuve level, the ceramic air flow

1s slaved to the metallic alr flow by a controller which acecepts
Input from an orifice in the metallic recuperator cold air
imput line and operates a valve in the ceramiz recuperator

caold alc input line,

An anti-surge device will be added to the existing combustion
air blower which will supply alr tc the cevamic recuperators.
Antf-gurge devices of the motor current sensing and venting
type are also planned for the new metallic high pressure air
blowers.

Afr/Fuel Ratio and Oxygen Control Systems

The ceramic aund metallic alr flow signals {described above} are
further proceased to provide control of natural gas or light
fuel oil inputs. The individual air flows toc the metallice

and ceramic recuperators are summed and the resulting sum is
the 1nput to a fuel flow controller., The fuel flow 1s thus
slaved teo the teotal air Flow.

38
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Burner

A new burner 1s presently belng deslgned for uwae with
ultra-high temperature preheated combustlon alr. It will
be capable of firing on natural gas or No. 2 fuel oil,
conslstent with cuerent fuel regulrements for wour scaking
pita 7 and 8, One such burner will be installed in each
pit, The centerline of the burner will be at the same
elevation as the burner presently emploved., The maximm
firing rate for each burner will be 20,000,000 BTU's per
hour while firing with a preheat air temperature of 1500
to 1700° F.

The new burner Incorporates an Integral jet pump to agpirate
the low pressure secondary air flow into the high pressure
primary air. The wvelecity of the primary air flow ia used

to create a momentum force in the combuation gases leaving
the burner., This system will be capable of providing tempera-
ture control from the front to the back of the mocaking pit

by adjusting the monentum on high fire.

Combustion Control Syatem

Midland-Rose will supply a new instewrentatlon and control
system for each soaking pit. The system is shown schematic-
ally on Drawing Ho. D 4047D. The control system will control
the following:

a, Soaking pit temperature

b. Combustion air flow — both primary air {to metallic
recuperater) and aecondary air {to ceramic recuperator)

G. Total atrf/fuel ratlio

d. Mlution alr cooling ayastem

e. Safety alds

f. Procesa recording systems for temperature recording,
flow recording and 02 recording

Thege coantrol systems are briefly deacribed as followa:

Thermal Input Control System

The soaking pit temperature is contrelled by three different
conttollers working in conjunction with each other, TYhesge
are;

TC-2
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Should the ceramic reacupsrator begin, at some time, to
leak air inte the flue gas stream, an auxiliary control
system has been provided to maintain the proper airf/fuel
ratio. Uncompensated leakape would cavse the combustion
system to operate rich zince the ceramic air is metered

on the inlet side of the recuperator. The filve gas oxygen
content would thus drop. A flue gag oxygen analyzer and
current proportioning output centroeller would fall for
additional air supply to the ceramle¢ recuperater inlet to
compenszate for the air legkage. This air weuld bypass the
ceramic recuperator 2ir metering orifice in order to aveld
upsetting the fuel-fol lowing-air feature.

Metallic Recuperator Auxiliary Cooling Syatems

Overtemperature protection for the metallie recuperator will
be provided. This will be a low pressure blower to deliver
dilution air into the fluve gas flow upstream of the metallic
recuperator when needed. The blower will be controlled by

a controller with input from a thermocouple in the flue gases
just upstream from the recuperator.

Fuel anmd Air Trains

Suitable safety aids are to be applied on fuel, atomizing

air, and combustion alr sources., These will provide system
shutdown in the event of power intervuption, excessive or
inadequate pressures or excessive plt temperatures. Interlocks
will be provided to establish the proper sequences for light-off,
nomal operation and shutdown of the system.

Flame Supervisiun

Ultra-violet supervision 1s to be applied te the main burner
flame and interfaced to the fuel and air trains. A 1400° F
contact will be provided, such that the supervision system
acts as an indicator only vhen plt temperatures exceed this
value.

Process Recording Equipment

Three strip chart recorders will be provided for the recarding
of process variables in each plr,

{1} Temperature Recording
{2} Flow Recording
{3) Flue Gas Oxygen Concentratlion Recording
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1.3

The controller applied to the oxygen analyzer will contain
a strip chart recorder for this purpoese,

Pit Pressure Control

The existing instrumentation, recorder, opevator and water
cooled damper will continue to provide pit pressure control
in existing form.

Afr Blowera

Wew blowera will be required by each pit for the primary
combustion air and for the metallic recuperator dilution air.
The high pressure primary afr to be preheated in the metallic
recuperator will be supplied by a 5 paig, 1700 SCFH blower
{one Far each pit). The dilution air will be supplied by a
150 SCPM blower at 3" w.c. {one for each pie).

Low pressure air to be preheated in both ceramic recuperators
will be supplied by the exfsting Worth American combustion air
blower. & flow rate of 3000 SCFM at B" w.e, will be required
for each of the caramic recuperators.

Jet Exhauster

The one exhauster will exhaust both of the pits in this battery.
The exhaust from the two pits will be brought together into this
one exhauster after the metallic recuperators, as shown in layout
drawing D 5051D. The jet exhauster is rated at 3" w.c. and
38000 ACPM at 1200° F. It f£s powered by a 60 HP centrifugal air
blower.

DEMOLETION AMD TNSTALLATION OF EXISTING AND NEW EQUIMMENT

Midland-Ross has estimated the cost for the demolition of existing
equipnent required to install the new recwperatora, blowers,
burner and finstrumentatlon. Midland-Ross will vemove the
existing flues and piping as required to accommodate the new
equipment. It i= antlefpated that the exfating stack will be

left in place and blocked off from pits No. 7 and No. B. It

will continue to be used For pits No. 5 and Wo, 6. It will be
neceggary to shut down all four pits to this stack for approxi-
mately two weeks to build this block-off wall,

The new equipment, including piping and wiring, will be installed
by Hidland-Ress or ite subcontractora. The equipment has been
laid out to minimize any modification or demolition required to
the scaking pit buildings and foundations. The plt burner wall
will be madified to form the new burner pert,
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Midland-Ross will restart the new squipment and amticipates
being on the site for the time required for the initilal
dats collection and evaluation. Widland-Ross will be
returning to the site pericdically after the crigimal
gtartup to evaluate the performance of the recwupzration
over a4 norwal operating period on the scaking pits.

1.4 ENGINEERING

Midland=-Ross will provide complete engineering for the entire
project. They will supply to the Steel Company a complete
set of arvangement and asgenbly drawings required for the
constructlon and malntenance of the new equipment, Certaln
detail and assenbly drawings will be wmaintained by HMidland-
Ross because of thelr propriletary nature, A cooplete set

of cperating imstructions and maintenance manuals will be
provided with the equipment when inetallation 18 complete,

2, SEEVICES AND FACILITIES TO BE FROVILED BY THE STEEL COMPANT

The faciflitles and servicea that will be necessary for The Steel
Company to provide are Iisted below:

2.1 LIST OF SERVICES AND FACILITIES TO BE FROVIDED BY THE STEEL

COMPANY
.1.1 Test Site
a. Access to site - gscaking pite #7 and #8
b, TUse uf_aite for tests
€. Place for location of teat monltoring gear
d. Office space for techniclans
2,1,2 Utilities

a. Construction adaptatien to tie inteo basic
: utilitiea as regquired

b. Use of fuel, power, water and control air
during test pericd

2.1.3 Data Acquisition

Production data and process data from 2 plts with
recuperation and 2 pits without recuperation,

4. Data recording

b. Tata reporting

TC2
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.2

2.1.4

2.1.5

Technical Aid

Instcument calibration and installat{ion

Site Modifications

50% of cost of alteratfons to permanent buildiags -
Teal property.

DESCRIPTION OF PRINCIPAL SERVICE OR FACILITY ITEMS

Further clarification of service or facility items listed
above 15 as follows:

2.2.1

2,2.2

Test Site

The two pits which were indicated as being the

most favorable pits for retrofit to high temperature
recuoperation are pits #7 and #8. The two non-
recuperated pits that would be monitored for

pracess and production data for comparisen with

pits #7 and #3 are pits #5 and #6.

Data Acquisition

Process data and production data will be required as
related to measuring fuel usage, Fuel savings,
productien rate, productfvicy and recuperator
leakage, Thus, required data will include ingot
data, tons of steel, temperatures, flow rates,

%2 in flue gas and time,

TE-2
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APPENDIX C

PHASE I
VUltra=High Temperature Recuperator Program
Metallic Recuperacor Design

(Work Completed During Phase I)
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INTRODOCTION

Thie program was initiatad in Mareh 1978. It was performed se & eubcontract
t0 Midalnd Ross Corporation mnder Government Contract ¥o. EC-77-C=-07-1672.
The purpose of the program wae to design a metallic recuperator to operata
in series with an ultra-hlgh {emperature tile recuperater to give a high
sfficlency systen for supplying preheated combustlon air to burnera oo e
ateel mill sosking pit. |

Several sets of oparating paramaters wvers given during the course of the
program. The firat set of conditions waa inveatigated in Tesk I, Thermo—
dynani¢ Analyeis. The second set of conditions together with the thermo-
dynamie computer program and oubtput date sppear as Appendix I. The doveloped
copputar program permits a matallic plate-type recuparator design satiafying

any f{low and thermodynamic design constrainta.
The work statement delineating the program is gliven balow:

Task I - Thermodynawle Deaipn

a. Define thermodynamie design paranetara,

b. Design thermedynamic oonfiguration.

¢. Deriva flow and thernal characteristica of deaign as function of

tenperature, pressure drop, flovw rates and f£low ratics based on an
alr anslyeis.

Task II - Mechenical Doaipn
a. 'Doaign the heat transfer matrix to satisfy Task I
b. Deaign structural houaing to satl=fy pressure temperature and otber

anvironmental conmstralnta.

Task III - Materiels Selection
a. Select matrix material to bagt withstand exhaust products st temperatures
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of operation with ¢coneideration glven to ecomckics and eass of fabrication.

b. Belact refractery sealant.
c. Selsct thermal insuletion.

d. GSeleest caging material.

Task IV - Materiala end Component Teating

4. Teat heat transfer plate secticn under pressurs differentlsl and
teoparature, )

b. TFabricata and test in the laboretcry cther recuperater components as
roguiired to enable DLI to ¢stablisgh final design parsmetera.

Task ¥ = Control System
Degipn a thermal control aystem to prevent the metallie recuparator

from ovarheating.
Task. VI - Optimize Unit Size
Tagk ViI - Propars Prawings, Specification and Cost Eatimate.

Task VIII - Prepara report that ineludes results of laboratory tests,
justifieation for materinls selacted, anticipated performance
under demonstration unit opsretion and definitlon of post-

aperation materiala tests.
The following waa completed prior to work stoppage:

Tagk I - Tharmodymamic Design Complete

a. Defined thermodynamic design parsmeters.

b. Dezigned thermodynamie configuration.

c. Derived flow and thermal characteristics of dezipn as function of

temperature, preszaure drop, flow rates and flow ratloa.

Tagk II - Mechanical Dssign Complete

8, Designed the heat transfer matirix to satisfy Task I.
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b. Degigned structural housing tc astisefy pressurae, temperaturs and other

environmental conetraints.

Tagk III - Materlials of Constructlion were Selected _
a. Selected core matrix materisls to best withetand exhaust products st

tepperaturs of operetion with consideratlon given to economics and eape
of fabricaticn.

b. Selected refractory sealant.
c. Selected therwsl inevletion.

d. OSelected casing material.

Teak IV - Determined Techniques and Matérials for Testing

a. Met with Midlend-Ross personnel to determine method and materisl samples
raguired for thermal shock and materials integrity teata.

b . BSelected sand initiated tezts at DLI in determine affects of pressure,

tenperature and potentisl corrosion on atructural integrity of core metrix.
Tagk VI - Optimized Tnit Size for latest Intended Applicatlion

Task VIT - Prepared Overall Design Drawvings, Specificaticna and Cont Estimates
for Specific Job.

The work remaining to be performed under the Phase I Statement of Work 1z as

follows:

Task IV - Materials and Compsnent Teating
Fabricate samples for teat at Midland-Ross.

Tagk V -~ Control System

Design a thermal control ayatem to prevent the metallic recuperator

from overheating.
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Task VIII - Prepare Final Report that includes Results of laberatory Tests and

Dafinitlon of Post Operation Materialm Tests.




METALLIC RECUPERATOR

TASK I

Thermodynamic Analysis
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HIGH TEMPERATURE METALLIC RECUPERATOR

1. Thermodynamic Design
1.1 Introduction
A high temperature plate~type metallic recuperator is to be designed

in modular form to satisfy the following conditions:

Flue gas temperature, °F 1400

Heat transfer effectiveness, % 70

Firing rate, BTU/hr 25,000,000
Air flow rate, SCFM 1710

Flue gas flow rate, SCFM 4500

Flue gas static pressure, inches w.c. +0.5 to -0.5
Air side static pressure, psig 5

Flue gas pressure drop, inches w.c. 1.0

Air side pressure drop, inches w.c. 15.0

In addition, consideration will be given to flue gas temperatures to

1900°F and air side delivery temperatures from 900°F to 1400°F.

The basic plate heat exchanger concept to be used in this program
has been used extensively in the past on low to medium temperature
applications (-50 to 1000°F) and at relatively low pressures

{to 50 inches of w.c.). Thermodynamic parameters established at
these less extreme conditions will be extensively used to arrive at

the thermodynamic and flow parameters for the present program.

Before proceeding into the thermodynamic design, a brief description

of the physical concept of the proposed recuperator will be given.

Figure 1.1 illustrates a sectional view of the proposed recuperator

. with the hot exhaust gas on one side of a formed and folded metallic
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HERE'S HOW THE Z-DUCT WORKS

Exhaust air
Fresh air [cool) [cooled)
—_— >~ —
e
[
: 1
|
il
il
L
1
1
1
H
L]
]
L}
[}
[}
] i
|\ /‘ il
e o E Exhaust air
D Warm fluld resh air (warmed) -: 3 {warm)
L] cold fuig
Gould connect to Conneats 10
make-up air hester, unit heatar, exhaust blowear.

heating or cooling cail

Figure 1.1
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plate and the fresh combustion air on the other side. The plate
that separates the gas streams in this unit is continuous. That
is, instead of using many individual plates and welding them
together at the seams to give the desired flow passages, as is
done in conventional plate recuperators, the I-E:rm:t':F“'}I concept
uses a large continuous coil of material. The material is drawn
from the coil, run through a press where strengthening ribs and
spacing dimples are formed into the material, and then fed to a
mechanism where the plates are folded one upon another. The
extreme ends of the formed coil are welded to the recuperator
casing. The lengthwise edges of the folded material are
subsequently embedded into a structurally reinforced refractory

cement to prevent leakage between gas streams as shown in Figure 1.2.

To complete the basic recuperator module, a cover plate must be
added to direct the gas flow down into the interstices of the core

matrix.

1. 2.0 Gas Flow Pattern within Z-Duct
When designing a high efficiency recuperator., the first constraint
that must be considered is that the gas flows should be in opposite
direction to each other as they pass through the unit. A counter-
flow device having infinite length would be capable of transferring
the total available energy. Whereas, if the flow were to be
parallel it would be capable of transferring a maximum of 50 percent

of the available energy, as shown in Figure 1.3
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Figure 1.4i1lustrates the approximate flow pattern and siream 1fnes
within the Z-Duct channels. As the ratio of H/W increases, the flow
approaches that of a counterflow recuperator. Typical ratios for
Z~Duct units are 2,15 to 4.5. The ratio propesed for the present

recuperator is

-Ml
36 2.156

=|=

Each of the flow streams, for either of the gas flows, has an equal

pressure drop through the heat exchanger which is expressed by

AP G2 +T-v2 + 2 (¥2.1 A v 1-w2.
T @ h S P A I Ke}’ﬁ
B ¢ D

where: A 15 the entrance effect
B {5 flow acceleration
C is core friction

D is axit effact
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For a first order approximation of the velocity distribution it will

be assumed at this point that the exit and entrance losses are the
same for a)l flow streams and that the flow is at constant temperature.
The above relationship then reduces to

which cap be Turther reduced to

.5,)’5

E

where £ is the approximate flow stream lenoth and can be expressed as

¥V =

£=3.02X% + (KB~ 1.124)
and ¢ is a constant for a given set of thermodynamic and design conditioms.
For a unit depth of heat exchanger

4]
d¥ol = \¥dx = ft¥/sec

a
= W
ol ng [m. +ﬂx-1m¢]‘e
)

Solving
v VI ]
Vol = 0,641 C% [ W+H - VH-1.12U
2

1)
o __2 Vol

0.601 [V + H ~ V- 1124

Tharefare, the velocity of any flow stream can be approximated for a

given configuration and flow through the Z-Duct

O
2 Vol V 3.12% + B - 1.

0.641 f\!zu TH - v - 1.12w]

Yy =
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The shortest and most direct flow stream is the one at which x = 0.
To design the recuperator to satisfy the pressure drop constraintg
this path will be analyzed. The pressure drop along other flow
paths will be essentially the same.

1,3.0 Recuperator Heat Transfer and Flow Friction Design

1, 3.1 Effectiveness
The primary constraint imposed on the metallic recupérathr in this

program is that it must have an "exchanger heat transfer effective-

ness” of 70 percent. Effectiveness, E, is defined as

E=£= o . Ch {th-;in.' th’ﬁut ] _ cﬂ [tcrﬂlﬂ - tt.'in}

g max € mip {th,in - tc,in! C min (th,in = tc,in

It is to be noted that, given the operating cenditions t,in, tes i,
Chs and cc, the magnitude of £ completely defines the heat transfer
performance. If ch = Cpips then E = {th,in - ﬁh_out}I[th,fn - tein)s
which i5 a "temperature effectiveness" for cooling the hot fluid.

But if cc = Cmins then E = tc,out - tc,in}/{th,in - tc,in} which is
‘the "temperature effectiveness” for heating the cold fluid. -However,
the gehera1 definition of effectiveness, as given above, i5 not a

"temperature effectiveness,” but rather a "heat transfer effectiveness”.

1. 3.2 MNumber of Recuperator Heat Transfer Units
The number of heat transfer units Npy is a nondimensional expression
of the "heat transfer size" of the recuperator. It is defined by

C min

Figure. 1.5 gives the relationship between E and Nty for a counterflow

recuperator.
-8-
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From paragraph 1.1 the values of cpip and cpax for this program are:

Gmin = 1710 13 x 0,075 1b_ x €0 min x 0.25 btu = 1924 bHtu
min T3 hr bF hroF

Cmax = 4500 x 0.075 x 60 x D.26 = 5265 btu
* FrOF

The gas temperatures are:
th,in = 1400 F
te,in 70F

Therefore,

£ = 0.70 = 5265 {1400 - th, oy}
1924 {1400 - 70)

and
th,out = 1060°F
From air enerqgy balance
tc,out = JO0OCF
The value for Wy, from Figure 1.5, for a value of E = 0.7 and
Cmin/Cmax = 0.37, is 1.44, Therefore

1.44 = Hf‘ Al avyg
924

ar

UR ayg = 2771 = 2771 =3260
Ny 0.8

Where Ny is a factor that takes intoe consideration potential fouling as
well as non-effective heat transfer area within the recuperator. It is

assumed for this design that Ny has a value of 0,85,

This value of A Uayq Must be attained in order to achieve the desired
minimum recuperator effectiveness, The area, A, for a plate re-

cuperator is the total value of the effective plate transferring

-11=
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heat which, for this design, is assumed to be the entire area of the
folded and formed I-Duct matrix, Uayq is defined by

1 * 1 + a + 1
Uavg fh,avg Kavg Ne,avg

and s the overal)l average heat transfer conductance. The term "a"

i5 the plate thickness and K is the thermal conductivity of the plate.

The convective film coefficiencts ho and by, are complex functions of
the surface geometry, fluid properties, and flow conditions, For the
I-Duct core matrix the convective film coefficient has been determined
by experiments to follow the relation

h = 0,03448 K (Re)0:8 (py)0.333
Up

where K is the thermal copductivity of the fluid.

Since this recuperator design is based on an air analysis the
following is a tabulation of the approximate average fluid conditions
existing within the proposed recuperator.

tein = 70°F ; tc,out = 1000°F tc,avg = 70 +21DDD - §350F

a
-

th,in = 1400°F 3 th oyt = V0B0OF : th . 4= 1400 : 1060 = 1230

Cp,c = 0.25 btu tp,h = 0.26 btu

Ke = 0.025 btu ; Ky = 0.0363 htu
RFFEF T
]2~
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Pe=0.0801b 3 Fn=0.023 1
3 o ftd

Me=192x10°1_; Un=267x1051
secft secft

Pr,c =0.68 ; Pr,h=10720

0,333 0,333
Pr,c =0.,8 : Pr,h=0.890

mp * 5.625 1b_ ; mg = 2.1375 1b_

sel SeL
Cmin = 1924 bty = 5265 btu
n hrOF X eF
Cmin
x| 0¥
=13=
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As a result of the pressure drop constraints placed on the recuperator,
as well as potential fouling preblems on the hot gas side, the gas flow
channels, at this point, are assumed to have the configuration as shown
in Figure 1.6 The exhaust channel has a plate spacing of 0.5 -inch
and the combustion air channel has 2 spacing of 0.125-inch. This
configuration, together with an H value of 34.5 inches and & W value of
16 inches will be investigated to determine if 1t meets the thermo-

dynamic design criteria.

The procedure will be to determine the size of the recuperator to
satisfy the heat transfer requirements and then to determine if the

pressure drop on the exhaust side falis within the maximum value of

1.¢ inch w.c.

For the flow channals the hydraulic diameter, Dj, is
Dh,h = 4 Ac L = {4) (0.48) (16} {34.5) = 0.0B ft
[ 2) {34.5 ?

Dp,c = {8) (0.105) (1) (34.5) = 0.0176 Ft
T RN

Substituting the above values fnto the relation for the heat transfer
coafficient, h, yields

hy, = 0.03448 (0.0363) ( 0,08 } 0.8 ()08 (n,7)0.333
ZEIx10 >

hp = 8,39 G,0.8
he = 10,108 6.0.8

1 = 1 + 0,020 + 1
ﬁavg 3.9 Ehﬂ'a (1o} (32) 10.104 Ecn'ﬂ

-12-
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Assuming various lengths for the recuperator (basing the median length

on pressure drop data from the Z-Duct commercial heat exchangers, See
Figure1.7), G and A can be calculated resulting in values for Ua?g
and hence the required Uyyg A values. Figure1.8 gives these values
as well as pressure drop and effectiveness as a function of Reynolds
number. Effectiveness, hot side pressure drop and UyyqA are plotted
as a function of hot side Reynolds number. Cold side pressure drop is

plotted as a function of cold side Reynolds number.

For the conditions given in paragraph 1.1, the length required to give
a 1.0-inch pressure drop on the exhaust side is 62 inches. The
effectiveness for this length is 78 percent and the cold side pressure
drop is 6.2-inches water column. An overall recuperator core matrix
of 16 X 34.5 X 62 inches satisfies the requirements of this specific

program. Therefore, referring to paragraph 1.3.1.

E = c¢ (tc,out - te,in)

Cmin (Eh,in = teyin)

te,ou¢ = 1037 + 70 = 11070F

This temperature for t.,out is higher than used to determine the

average properties but it is close enough not to repeat the procedure.

Note - See Appendix I for additional information on Thermodynamic
Analysis.

=15-
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Figure 1.7 Frictlon factors for flow through
Z-Duct plate heat exchanger from experimental

data (The Wing Company, 1976).
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Figure 1.9 High temperature (1200 F) and high pressure (75-inches of
water column) 7-Duct recuperator for an iron foundary application. Unit
has 4.5 plates per inch, 0.010-inch thick 309 stainless steel core matrix.
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Figure1.9 (cont'd) Bottom view of high temperature recuperator(top)
and ash retrieval system(bottom).
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Nomenclature

Most of the nomenclature is defined as it is introduced or else is obvious from the
eontext of its use. However, it is summarized here for convenience.

Any consistent dimensioning system may be used. All the heat transfer and
flow-friction parameters are presented in nondimensional form so that a shift 1o a
preferred system of dimensions presents no complications. However, the dimensions
of actual test surfaces, and also the illustrative examples, are given in the English

Tysiem.
English Letter Symbols
A Exchanger total heat transfer area on one side
A, Exchanger minimum free-flow area
Ag Exchanger total fin area on one side
Ap Exchanger total frontal area
Az Cross-sectional area for longitudinal conduction

- L] [ -1
o ABEIP o ??wgq nffpppnvv

Sa

Plate thickness

Shart side of a rectangular flow passage

Plate spacing

Long side of a rectangular flow passage

Flow:stream capacity rate [ We,)

Flow-stream capacity rate of cold-side fluid

Flow-stream capacity rate of hot-side Auid

Coupling-liquid capacity rate

Minimum of €, or C

Masimum of C, or Cy

Rotor capacity rate of a rotating periodic flow exchanger (rotor mass times
specific heat times rph)

Rotor capacity-rate ratio (Cr/Cuin), dimensionless

(Cr0/ 8y, min), dimensionles

Fluid heat capacity within exchanger {Cfy)

€4 for minimum-capacity-rate fluid

Wall total heat capacity (exchanger core mass times specific heat of core
material)

Cw/Cunta, dimensionless

Specific heat

Specific heat at constant pressure

Specific heat at constant volume

Inside diameter of a circular tube

Hydraulic diameter of any internal passage (Dy = 4ra = 44.L/4)

Outxide diameter of a tube in a tube bundle, crossed-rod matrixz, or a pin in
pin-fin surface

Friction power expended per unit of surface heat transfer area

Correction factor to log-mean rate equation, dimensionles

Mean friction factor, defined on the basis of mezn surface shear stress

=20~
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Nomenclature

F Fuel-zir ratio

5 Lacal fricticn factor, defined an the hasia of local surface shear stresy

Jeoe Apparenl mean friction our

G Exchanger flow-stream mam vebocity {W/A4,)

[ £ Proportonadity Exctor in Mowton's sccond law

Hs/C Hydrogen-carbon ratio lor hydrocarban fuels

A Unit sonduotance For theimal-converton beat tranafer

K, Contraction lost coefficent for Bow at heat-exchanger entrane
dimension ke

K Momcniwn flux cormection Facior, » dmonsionies

K, Expangion low cocfhicient fir flow an beal exchanger exit , dima
sionbea

k Unit thermal conductivity

L Towal hest-exchanger Bow leagrh; alo Bow length of uninterrupred Fin

) Fin length from noot 10 center

M bdctocular weight

m A An zffectivensss parareir \‘-"ZW, \fﬂfﬁ

» 2

Slope of operating Gne (C/00), dimensionles
Muinber of pasyes in 3 muoltpass heat exchanger

Fresjure

Porgeity of a matrix wurfacg, dinmaionbos

Heatl ransfer rate

Heat flux, heat transfer rate per tmit of vurface area
Universal gas cooseant

Heat wanafer resistance

Resisrance: on the cokd-Auid side of a heay exchanger
Resitance gn the hot-Buid side of a beat cuchanger

Heat transfer resistamce ratio, (R on Cgp, side) /TR on {pn; 2ide)
A radial eoordinare

Hydraulic radius (ALfA)

Innver radiuy of an anmuli or incer radius of 3 circular fio
Crater radiur of an anouli or outer radiug of a drcular fin
tefre

Absalute eemperature

Temperatart 4o any arbitrary scake

Cold-Auid-ade pamperanire

Hot-fluid-side temperature

Unit gverall thermal comduclance

Velocivy

Volume

Specific volume .
Mag flow rate

Parameter in the log-1mean rate squaton approach o hesr-exchanger design

Specific-heat correction fecitr for bamidicy and products of combuston
Denuiry correstion factor for humidiey and products of combustion
Axial Row cooedinaie

Axdal flow coordinate {=/L), dimergiotley

RN REYRROSAS TGS AS Cmnanuasr
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2.

HKIGH TEMPERATURE METALLIC RECUPERATOR

Mechanical Design

2.1 Introduction

Parzgraph 1.1 of Task I outlines the required thermodynamic design
parameters for the metallic recuperator (NDTE: - A more recent set of
specifications were presented to OLI on August 25, 1978, a copy of
whick i5 included as a part of this report together with the
thermodynamic design data resulting from these specifications).

The recuperator mest be designed to sa?isfy these thermodynamic
constraints, but even more importantly, it mest be capable of
withsianding the mechanical demands placed upon it by the environment
of a steel mill spaking pit. The combination of high effectiveness
(greater than 80 percent), high pressure différentia1 between gas
streams (5 psi), high temperature {up to 1500%F),-and the requirement
for less than 0.25-inches w.c. pressure drop on thelf1ue-ga5 side

of the recuperator demands a unique design if the unit is to be

cost effective. A tube-type recuperator would hé extremely large

in size if it were to achieve the 80% effectiveness. A standard
plate-type unit would require a considerable number of welded jﬁints
to satisfy the effectiveness requirement as well as require

relatively thick plates to stand up to the pressure differential.

The 2-Duct design concept, set forth in Task I meets these objectives.
Starting with a modified version of the basic Z-Duct core concept
and "packaging" it to meet the mechanical requirements of this

program is the ebjective of Task Il.

Figure 2.1 shows the core matrix (the heat transfer surface) that

must be packaged in a manner that allows 1t to withstand the forces,

-2 3=
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thermal expansion and wear. The core is a formed and folded continuous

coll of material.

Material is fed from the cotl to a press that forms the dimples and
reinforcing ribs into a 16-inch X 36-inch wide section of the material.
The press is retracted and another 16-inch section is fed under the
press. The reinforcing ribs do mot go the entire 16-inch length,
consequently this results in a weak line across the 36=fnch width
which allows folding to be performed at a well defined location., As
the material folds uﬁan itself, the dimples automatically space the
gap for the two gas streams; inm this case 0.48-inches for the flue
gas side and 0.105 for the combustion &ir side. Flag 2 in Figure 2.1
shows the exhaust passageway spacing dimple which has a height of
0.24-inch. F1ag 1 is the combustion &1r spacing dimple and 1t has

a height of 0.053-inch. Flag 1 shows the reinforcing ribs.

Figure 2.2 shows the prupnéed packaging for the core matrix. 1t
shows 2 Flue gas passage width of 0.480-inch and a combustion afr
width of 0.105-inch. Core material thickness is 0.020-inch. A

high temperature refractory cement (KS-4 manufactured by A.P. Green
Company}, capable of operating at temperatures up to 2600°F, is

used to seal the ends of the core. The folded ends of the core are
exhedded approximately 374 of an inch into the refractory. Weld
studs and expanded meta) mesh are a proven technique for maintaining
the seal integrity between the core and the refractory as well as

between the metallic end-cap and the refractory.

The sealed core matrix then has a welded thermal expansion joint
connecting its lower periphery to the outer structural casing. This
allows the core to expand in all horizontal directions. Support is
pravided from the downward force of the combustion air pressure by
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2.2

the heavy guage structural member under the cere. This member is
welded at one end to the lower exterfor channel base. The other end

is allowed to slide on an angle suppart.

The c¢ool combustion air enters at point (1) through another expansion
Joint (vertical). This joint also directs the entering air into the
core and prevents bypass around the matrix. By using the expansion
joints as shann; the case can be internally insulated, thereby

allowing the case to aperate at near ambient temperature and better

withstand the large forces from the internal pressure.

It should be noted, with the design as shown, that bhoth end caps are
under positive pressure. This has the effect of having a net force
pushing the end caps against the matrix., This force assists the

design in maintaining seal integrity.

Structural Consideration

An important factor to consider with a plate recuperator is the
forces on the core matrix plates resulting from the 5 psi pressure
differential between gas streams. Z-Duct, because of {ts patented
formed plate, can be designed to accommodate this pressure by having
the correct combination of materfal thickness, dimple spacing,
meterial strength and structural rib design. Figure 2.1 shows the
dimple and rib pattern proposed for this program, Figure 2.3 is

an enlarged view of the-structﬁra] rib that is used for increasing
the corss sectional moment of inertia of the plate, The ribs rum

transverse to the bulk gas flow and are placed on 1-inch centers.

At a flue gas temperature of 1200 to 1500°F and a resulting maximum
metal temperature of 1100 to 1400°F, the most probable mode of

-27-
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structural failure {other than possibie corrosion) will be long term
treep of the core matrix plates. The ribs m2in purpose is to increase

the mament of inertia of the plates and therby reduce this problem.

With the rib section of Figure 2.3 a calculation will be made to
determine if the stress exceeds the value that would cause excessive
creep over a period of 7 years with a maximm of 1300°F average metal

temperature.

o™
L =]
n

0.0259 inches

e
uw
L]

—
Jnz
[T
|

=7 3
-¥ (<L b1 hi3 (5902 Af)
=1 712

Where: y; = |¥ - ¥i|
4.47 x 10-5 in.?

Ixg

= -1 Peg = =1 (Spsi) (2") (2"}
”max ﬁ ﬁ P

* = 1.66 in. -1bs.
c= 0.120 - 0,0259 = 0.094 inches

Smax = Me = {(1.66) (0.094) = 3494 psi
Txg A.87 x 10~5 '
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Therefore the maximum stress to be expected within the rid s 3494 psi.

From Figure 2.4 it can be seen that for type 309 stainless steel, at
ISGﬁ“F, a creep rate of 1% per 10,000 hours will result at 4000 psi.
The maximum stress within the core matrix will therefore result in an

allowabhle amount of creep.

The dimples are also under stress. There are 288 dimples covering
576 square inches and with 5 psi acting over the entire surface eath
dimple supports 10 pounds of force. The maximum stress in the dimple

is

S5=F = 10
A {SIN EEEiiTriiD.EEEIU.DEGi
5 = 807 psi
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——_ P& —
z2°
_3[]-

130




TET

-IE-—-

20000
naunu\
10000
3202 ~
2 7000p> S
* 5000 NN AN
2 50000 N \.\
1]
E N
% 2000 AN N
E. L R
£ s o
S 2000}
e
S 500
§ 100D P,
& 900 \‘\
a B8ook \
% 700F INCONEL alloy 601 C
g eool INCONEL alloy 600 d
® sook IHEDHEL.a1lny 617 - N N ;‘ﬁmhﬁ_
INCOLOY alley BOZ N
sonl INCOLOY alloy 800 ' \\‘a\\b\
Aﬂny 330 bata Seurce -
300~ Tjrpe :H]g T Hun.tinqtnn Alloy's Laboratary dita T
TIP:‘-‘ 3101 ¢ dat and Manufastyrer's publiched data.
200 not avallenie =

Figura 2.4

CREEP _/HENGTH

(" Min. Creap Rate/10,000 Mrs.)

&

&

S S & &£ &£

TEMPERATURE'F




HIGH TEMPERATURE METALLIC RECUPERATOR

3. Materials Selection
3.1 Hetals

Proper selection of the optimum grade of stainless steel for a
particular set of environmental conditions presents a challenging
problem in the design of metallic recuperators. Consideration
must simuitaneously be given to the high;tEMperaturE strength and
- structural stability. the corrosion resistance to the flue gases,

and the economics of return on invesiment.

A recént report by Dak Ridge National Laboratﬁrytl} indicates that
type 430 or 446 stainiess steel would be selected for applications
in the tomperature range 1200-13009F metal temperature while
aystenitfc steels (300 series) would be used in applications up

to 1800°F, For temperatures above 1200°F hijh-nick&l content
alloys such as Incolloys (Huntington Alloys Co., Division of
International Nickels Co.} and alloys containing 14% Cr and 4% Mo
have been found to have the bast creep resistance. High vanadium
contents in flue gases would generdlly dictate use of stainless
steel containing at least 18% Cr, also with the lTowest possible
nickel content because of the relatively high incremental cost
assoclated with high-nickel-content stainless steels. Applications
in five gas atmospheres having high sulphur contents generally
favor use of the ferritic staals of the 400 series, which have zero
or very 1ow contents of nickel, because of the tenden:} for

corrdsion of austenitic type steels via nickel-sulfur reactions

(1) V.J. Tennery and G.C. Wei, "Recuperator Materials Technology
Assessment", ORNL/TM-6227, 1978.
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at high temperatures. In flye gases from patural gas, however, the
corrosion rate for both 309 and 446 type stainless steels is 3 mpy

at EEGD“F{E}. Several manufacturers of re:uperaturs{l} have Indicated
that any recuperator application involving No. 6 fuel] oil ax a fuel
should be limited to metal temperatures below 1150°F. Higher metal
temperatures in the presense of the vanadium, sulfur, and other
impurities in the combustion gas from Mo. B fue) ofl have resulted in
raptd corrosion of ferritic stainless steels. Type 446 stainless
steel has also been observed to become very brittle when operating

in radiation units producing 1300°F air,

For the steel soaking pits being considered in this program natural

gas is the primary fuel under consideration. The higher strength

at metal operating temperature combined with its corrosfon resistance
up to 1500°F puts type 30¢ stainless steel in the foremost posftion
for use in the metallic recuperator program, It 45 readily available,
mediun priced, and has a yield strength four times greater than

type 446 at the 1400-1500°F maximum metal temperature. Using type 309
alloy it is predicted that the proposed metallic recuperator witl
function continuously for & to 8 years before replacement is necessary.
This Tife could be increased by using superalloys but economics favor

replacement instead of the high initial cost.

The replacement time i& arrived at by wsing corrosion rates of 1 to 2
mpy for type 0% stainless steel in the temperature range of 1200 to
1400°F(2), with a 20 wil thick core matrix the integrity of the
recuperator should be maintained for the above menticned period of

time,

(2) Sourcebook on Stainless Steels, ASME, 1976.
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3.2

3.3

With 23% chromium content and 12-15% nickel content alloy 303 stainless
steel should offer maximum scaling resistance as indicated in Figure
3.1, Figure 3.2 irdicates corrosion rates for stainless steels in
various gases. 309 atloy is not shown but in 2 flve gas environment
at 1200-1400%F it should be better than type 304 which has a corrosion
rate of less than 1 mpy: Table 3.1‘gives the corrosion rate for both
446 and 309 for natural gas flue exhaust at 1500%F. The table shows
that 446 and 309 have comparable corrosion rates in the expected
atmesphere. Figure 3.3 gives relative hot strength characteristics
for various grades of steel. As can be seen, the austenitic grades
have considerably higher allowable 1imits than the Martensitic and
Ferritic grades at 1200 to 14DD%F. Figure 3.4 gives the short-time
tenstle strengths. Again it illustrates the lack of strength fer

type 446 above 10Q0°F as compared to type 309.

Refractory Sealant

Past experience with DLI recuperators has shown that a refractory
castable as manufactured by A.P. Green Refractories and designated
a5 K5-4 wil] meet the requirements of this program. KS5-4 is a dense,
strong castable refractory sclentifically compounded for use in
applications up to 25509F. It combines high strength with good
abrasion resistance and is excellent for thin castings. It has a
fire clay aggregate with a density of 118 lbs/ft3. When cast around
an expandad metal mesk matrix it offers gﬁnd thermal shock and

mechanical integrity,

Thermal Insulation
Cer-blanket thermal insulation will be used throughout for this
sroject. With (3} l-inch layers of B 1bs. density insulation the

outer skin temperature should be approximately 150°F above ambient
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at the low fire condition. This will result in a thermal loss of
about 150 BTU/hr ft2 of air-side casing area which translates into
less than 3000 BTU/hr per heat exchanger or 4°F temperature loss.
The manufacturer's data sheet gives the characteristics of Cere-

blanket.
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Figure 3,71 .
Effect of Chromium Content on Scaling Resistance
(At 1800 F or 982 C) (2)
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Figure taken from stainless steel industry data.
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Figure
Corrosion Rates in Various Gases (7)

3.2

Corrosion Rate
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Comparative corrosion rates of stainless stesls in steam al 1250 F (677 C), flue-gas at
1200 101400 F (649 to 760 C), and an at 1400 F (760 C) (Exposure lime was 6950
houwrs for steam and flue gas, 1260 hours for air )
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Figure

from:

P. Eberle, F. G. Ely, and J. 5. Dillon,
"Experimental Superheater for Steam at 2000
psi and 1200 F, Progress Report after 12,000
Hours of Operation," Transactions ASME, 76
(1954), pp. 665.
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Table 3.1
CORROSION RATES OF STAINLESS STEELS IN FLUE GASES
(EXPOSURE 3 MONTHS) [18)

Material Corrosion Rale =
AIS Coke Oven Gas. Coke Oven Gaa “HaturalGas |
Type (1500 F) (B16C) (1BODF) (982 C) (1500 F (BIEC)

mpy mmpy mgy mmpy mipy mmay
430 a1 231 2364 800 12 0.30
446(28 Cr) an ore 40 1.02 4 010
44628 Cr) 2r 0&9 14 Dag 3 008
aonz2e 104 264 225¢% .00 - -
309s ar* o4 a5 1.14 3 ooa
3105 38" 087 25 064 3 ooa
34 23 .58 94 238 3 0oa

* Pilted specimens—average pil depth t Specimens destroyed

Table from:

W. F. White, Materials Protection, 2(1963).

General comparison

Figure 3.3
Hot-Strength Characteristics (2)
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CERABLANKET*
Alumina-Silica Ceramic Fibers in Blanket Form

DESCRIPTION:

Cerablanket is a ceramic fiber blanket made without
binder from long Cerafiber® ceramic fibers pro-
duced from the purest raw materials. It is available
in & wide variety of thicknesses and densities,
Cerablanket is particularly suitable for continuous
exposure to 2300°F in normal oxidizing combustion
conditions; it has the greatest strength after heating
of any of the J-M felts or blankets, and also has
good strength prior to heating,

Cerablanket has excellemt resistance to chemical
attack, as it is essentially unaffected by all chemicals
except hydrofluoric and phosphoric acids, and
strong alkalies, If wet by oil or water, its thermal
and physical properties will be fully restored after
drying. Its sound absorption ability is far greater
than other dense or insulating refractories.
Cerablanket can be supplied on special order with
very low water leachable clements on the fiber
surface. A J-M Representative can supply additional
information for applications requiring this charac-
teristic,

TYPICAL APPLICATIONS:

Furnace and Kiln Linings: Three important features
of Cerablanket make it ideal for the hot-face lining
of furnaces and kilns. The Cerafiber ceramic fibers
used to manufacture Cerablanket are thermally
stable to high temperatures. Cerablanket has
excellent strength after heating to assure it will
stay put on the furnace lining anchors. s good
strength prior to heating means it will resisi
damage while installing it. Cerablaikel can be used
in some furnace lining applications 1o a5 high as
2400°F,

Further information on furnace lining applica-
tions is contained in Johns-Manville's Furnace Lin-
ing Hardware Product Information Sheet (IND-
3047) for Anchoring Accessories, and our Ceramic
Fiber Furnace Lining Guide (1N[-3134) for instal-
lation recommendations,

Even the mos! extreme temperature changes will not
alter Cerablanket’s ability 1o insulate and stay
where it is placed.

*Johuns-Munville Trademark

JMB

Johns-Manville
Refractory
Products

Other Applications:

Removable insulating blankets for steam and gas
turbines

Insulation wrap on investment casting molds

Reusable insulation blankets for field stress relieving
of welds

Flexible high temperature pipe insulation

Sound absorption applications at high temperatures

Gilass furnace crown insulation

High temperature gasketing

Low velocity stack linings

Back-up insulation to ceramic fiber boards

Temporary repair of refractory furnace linings and
roofs

Pressure vessel fire protection

Furnace door seals

Annealing eover bottom seals

High temperature filter media

Muclear insulation applications

ADVANTAGES:

Low Shrinkage

Cerablanket has good shrinkage properties at
elevated temperatures—to 2300°F

Excellent Thermal Stability

The high purity fibers have good resistance to di-
vitrification. Cerablanket is used to 3000°F in some
single use applications

Good Cold Strangth

Cerablanket resists damage in applications like
furnace linings where it is subjected to & great deal
of handling

Excellent Hot Strength
Cerablanket will “stay-put™ on fastening devices
after exposure to high lemperatures

Low Heat Storage

Cerablanket stores approximately 959 less heal
than dense firebrick and approximately 7557 less
heat than insulating firebrick

Thermal Shock Resistance

Even the most extreme lemperature changes will
not alter Cerablanket’s ability 1o insulate and stay
where it is placed

Sect. 110
Date 376

Part 20
Cancels 7176
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PROPERTIES: Tharmal Conduetivity BTU/In. HR_ Sq FL."F
Censny. Lbs/Cu Ft
Color Whita 3 4 L a
Lolor Cods Narvt W500F mean (amg 062 054 043 (38
Maiting point, ‘F mors than 3200 1000°F 126 117 D88 072
Normal sarvigo tomparature, 2300 15080°F 216 19% 181 124
'F (oxidizing stmosphere] 2000°F 179 311 282 10%
Spwcific l:unt. BTUW/LB,"F
@{g‘%. g g‘g Chamical analynis, %
000" 07 Alumana A0, 47 O
Sibca G, 58
Specific gravity 7 65 Fare Do Fe, 002
Parmanant lingur chenga, Tuama T, om
4 hours @1 EXF scaking temparature -16 Magnese Mgl o002
2000'F _31 Cacium Oxide Cac 005
2200°F ~28 Abicalies Na, O & K, 015
2A00°F _Eh Bonc Anhvydrids 8,0, om

t‘l'hh parmarand Enesr chanps 18 4 34 haur el iy rapressnidiee of
» SOkl 1hat will b prpordenced In Achunl sarvscs.
Faur-hour test aala B net represeninbva. MILITARY SPECIFICATIONS:

MIL-1-2312BA, GRADE B
antra charge for kot testing required.

Daformation, % Parmanani
Credlection daformeuch,
LnesEq In Load under load koard 1emowved STANDARD SIZES:
5
; §§ i g g Thicknass, Dungny, Lbs/Cu Ft
3 an o 1189 Inchus 3 4 & 8
4 419 137 a XX
5 48 6 151 * X X X X
6 517 163 ! X x x X
7 54 2 173 1% X X X
8 56 4 187 Widths: 24 » 48 inches
g Bl 3 190 Langth: 25 fae1 o rofly
10 &§00 194
STANDARD SAMPLES  All & inches » B inches
Tanalla Strangth, Lba/Sq In Sample Numbar Contants
Dansity, Lbs/Cu Ft 1968-1 1pc %™ x Aibsfen h
3 4 & ] 1pe % x4 lbsjey ft
% thicknesa - ER 1] 12 1pe %" x6ibsfou ft
1in 4 Ll T B 1pe ¥ xBlbsfouft
1968.2 1pc 1" xdIbsfeo fL
1pc 17 % 8 Ibsfcn Tt

Alr Flow, CFMAn H O /5. Fr/bn .
Denaty. Los/Cu F Byl R S A g

3 8 :ﬂi w-ﬂ. o m:rn’l mmt?rlrim yana-

* H. e nd [ ] -1 b
10057 9 d6z gp 57 sum by G iy O
2000'F 18a N8 64 47 cunam indarmatian.

For informahon on other J-M Thermal lnsutatons and Systems, wnte theJohns-Mamalle Insulahon Canter,
Drrawer 171, Denver, Colorado 80217 or call {303) 7 70-1000 Ext Ext 3111

Johns-Manville

Grewnawnod Plazs + Oenvar, Coloreds 80217

Sales Oftices in Principsf Citisg
4 ‘1 Lilhg in USA
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HIGH TEMPERATURE METALLIC RECUPERATCR

Y. Materials and Compenent Testing

4.1

4.1

Introduction

Thare are twe major arems requiring component testiog for this phase
of the mstallic recuperator program; the first is the integrity of
the rafractory end-seal during thermal ahoek and eycling and the
socond ia the ability of the flat plats pripary surface ts withatand

the presaurs forgee at desipn temperaturs.

Seal Intagrity

Baal intagrity will be investipgated by fabricating three zample
unite having overall plate dihensions identicsl to those planned

for the full gize wnit. The material will be 300 stainlesa stesl
having a thiclness of 0.010-inch as opposad to the 0.020-1nch thick
material propesed for the full sige unit. Flate spacing will be
gqual for both gee eireans and ba approxipately 5 plates per inch
(presont press and dies do not permit heavier gaugs matarial or
variation in plate spscing). There will bs 20 plates per unit giving

cors matriT dimensions of 16 X 36 T 4 inchaes.

The sealing technique and materia) will be identlcal to that proponed
for the full size unit {as described in Task III). Fabrication of
the unita will be by DLI; testing will bte perforped by Surfase

Divigion of Midland Roes, at their Toledo faeility.

Since the object of the test 18 to determins thermal shock, M=K
will performp therasl testa that wlll ensure thet the rate of
temperaturs change within the recuparator sample acd the temparature

variations will asomewhat duplicate the expected sconditions.

=i 3-
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k.2

During operaticn, the gas temperaturea sntaring and leaving ths
recuperator at low fire are eatimated to ha: Ty = ?U“F?
Tp = 12009F, T3 = 1500°F awd Ty = 100C°F.

The rate of temperaturs chapge will be determined by M-R and will

ba comslstant with the propoped syatem.

After the thermal shock teste are conplete, the unite will be
¥iszually ingpected for gross detsrioraticn mnd then pressure
tested to determine leskage rates acroes the seal. Due to the
poroaity of the refractory, a small amount of leakage is to be
expected even bhefore the thermal ghock testa.

Tha units ghonld be considered satisfactery, from the stend point
of esropa contemination, If the Leskage et 5 psi differential
pregaure ip meintained at below 1% of combumstion atr flow. The
aample units will withstand a maximum of only 3 pai (at operating
temperature}, therefore an extrepolation procedure must be ueed to
deternine cotimated leskage at 5 pel. Alsoc, the unite should be
leak tested ai operating tenperature with a pressure exerted

iowvard ¢n the end capa as would be the cage in actual operation.

Plate Prespure Tests

Eafural small samplez of plate aaterial will be fabricated having

a thicknesa of 0.010, 0.015 and 0.020-inch and a dimple/eorrugation
degign ae degoribed in Taek III. Sanmples will bs tested for

300 howre at 1200°F, and 1500°F at a preasurs of 5 pei exerted aver
the surface. The testa will be performed in a amall high tenperatura

oven .4t DLI.

Each gample wvill messure % X 3 inches &nd have & dimples embosged

-hb-
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4.3

for plate paparation. A schematic of the tast semple is zhown in

Figure 4.2. The 4 X 3 sample has & 1-inch thick layer of Tesiliant
high-tsmporature refractory thermal insulation placed on fop of it.
Vhen & 4 X 3-inch 60 pound weight 1s placed on top of the insulation,

a prapsure of S pal is exerted over the surface of the sample.

Before and after each test, messurements will be made teo determine

the plate spacing and dimpls helght. Also after the tests, measure-

nenta will be made to deternine the amount of =sag or sreep betwesn

dimplea. By using thres different thicknesses, it will be poszible

to estimate the effects of reduced thickness, resulting from corrosion,

on the integrity of the heat exchanger sora., That 13, in a soaking

pit enviromment, it iz predicted that 309 stainless stezl will corrode

at a rate of approximatsely C.0C1=inch per year. The corrosion is

pradoeminantly pitting but the tests om the ¢.010 and 0,015-inch thick

paterial will allow a fairly good prediction of tha life expac%ancy i

of the recuperator.

Preszeure Drop Test

A 24-inch long sawple using the proposed flue gas side dimple/corrugation
pattern will bes used to detarmine a ztandard temperature alr pressurs
drop. The measurements will be used to check the pressure drop as
pradicted in the Task II Thermal Deaign. If discrepancles sxizt, then

the test data will Le used to correct the tharmal analysls and recuperator

deaipn so that the design poals will be achieved.

-h5-
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August 25, 1978

METALLIC RECUPERATOR SPECITICATIONS

High Fire Design Point

Flue Gas Temp. In
Air Exir Temp.

Flue Gas Exit Temp.
Air Temp. In

Air Flow Rate
Flue Gas Flow Eate

Ajr Pressure
Air AP

Flue Gasz Fressure
Flue Gaz AP

Low Fire Environment

Flue fas Temp. In
Alr Exit Temp.
Air Pressure

48
148

20 MM Btu/Ur/Fit

1200°F

1000°F {1145°F if necessary)
S009F
779%

1520 ‘scfm

4175 scfm

5 psi statice

10 in w.c.

Atmospheric + .1 in. w.e,

.25 i w.c.

15000F
1300°F
5 psi static




rogram Listing
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B3 #LELE i oL £5e . -8 |
BG4 BfL7 LB . 2 Pz -
BAS  Ffo Sf PT 1] | i |
fbe ' ~5E AL £ e |
BGF R(LT 3 6+ REI (HE gl |
8ES ' -35 agd L ! !
e o s i L
1] 4 L4 e g wé [
ai; i £3 #a7 g (%3 .
Ar2 5 -24 fo; ¥ -3% f
Air iTh Sl Bo 2 . =2
14 KJL7 G e r BE
MS Fils I 04 a2 v éd
0ig > -5® g7 7 L3
6.7 Ei7 6B Bri ¢ -7
l [H x =35 B74  RCLR 36 ot 3
[ (] 7 a: R CLA 361!
! e z az e - =I5
2 z —Ew 877 ¢ i
#2z &TO: I3 g2 &'r E £
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24 Flul 36 J F-7 ) z ~in
a8 x =35 8t . -
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QEE 3 a3 954 LS e
azd 5 -2 TL.L 53
Axp ETOS 35 65 #88 " =357 |
Al R{LE ¢ ba esF RELE iz &
632 ROLS A BER T ¢ =i [
A33 + -21 83 FRTX T-i4 i
83 5T 3 asg  FLL: o i
P33 RILS 8 BT fLT) . -5 [
P35 ' 35 g52 3 e 3
[ T St Ra a3 i HH i
g Pl It B g4 ¥ EH 1
pIa - =51 a4 a a5 1
pg F K T3 . B
B = -l Bas ] [ [
B4 ' SF ] é88 g% =i i
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a3 a o e [HE -IF
a4z ¥ -5 141 -5
T P 35 14 182 kLT 3B 6
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as: 6 oy T [
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Program Listing

STER NEY ENTRY KEY CODE GOMMENTE STEP KEY ENTRY KREY CODE COMMENTS

h T I+ 158 PCLL 38 =6
114 ' -s2 L ot

I 18 5 ot 1787 oM =22

: 116 z X 172 5TEE it 26

K i Ny £ 1T ORL %6 &2

i e x -35 174 KiL® 36 6r
1ia  FP* 16 2T 4k s T s -24

] 26 CTOB 22 12 176 T80 35 40
120 GToe a3 ™ (ks -z
e TV S I F e ! 8.
;23 STOR. 3F 4 72+ -55
i PRIY -14 188 » -I%
125 CFO 16 27 £4 T 181 e 33
25 Teal 15-5. FEX I -2z
EOETOZ b} 183 $T0F 3= a5
173 slELC M43 {54 . al
R S Ky 35 it 165 0+ -z
173 PRIX -i4 124 BILT 6 a5

i 1Tt RCLS 3¢ be T OI5F RfLM 36 11
17z z az S E x -3
133 £ $6 1287 ! !
i3 T8 €3 TTse T -5
13¢ F o0 151 = =4
176 5Toe el 132 §T6i 35 61
137 N -1 193 PRI -1%
38 RCLT 7 .5 T Y I [6=51
133 » -33 135 KCLe 36 08

. Mg Pl 16-5, 136 P35 15-5!
141 5T 33 8 [E N 3 1 Ir 97

[ 14z 3TGE 35 1 138 RCLG 36 6¢

i HT O FMe 36 ée H LR -4

i ‘44 POLA 35 11 206 FiL) i€ a1

i A3 k] ~35 ZA] " =25

i i45  RCLP 33 s 20 FiLe 3 o

i T ¥ -35 263 . -35

i 145 5703 35 83 24 e 35 8-

- 48 STD 35 i 285 FILD 3 14

1 150 ROL2 5 g2 205 z -c4

i iF e 16~ 27 ML 3E 89

[ =2 G705 - 208 T -55

i £3 L2y 41 295 FPT. -14

i 154 sT0: 35 8 26 STON 75 a:

F 155 ROLE 3 i “211 RiL4 3¢ 94
19 ETES 3% 53 21z FOLE 3 15
157 4LELS I Gt " 213 z -2:

[ ;T3 FLTB 3 i 34 CHt -

1 135 RCLE g el 215 AL? 3 a3

h e > -35 21 + -55

I 15: RCLP k- Tl 2T FFTX ~i5

i 162 ROLL I T 21§ PL ¥ bi

1 167 - ~55 M&  RCLA 35 GO

I 64 = =54 22p - -45

[ 16T RELT I a3 22 ELLA H
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METALLIC RECUPERATOR - HIGH FIRE

Cold Bide Hot Sidae

Adr Flua

oebbe € pogc,opa; 11 apd T, OF

AR 4 g&aronpy 0 T2 amd Ta: of
f.1856 TN Plate Spacing, d, Inches

1é.0a6g 3 16, Obos Cors Depth, W, Inches

W, 5966 4 T4, 5a38 Core Helpht, H, Inches

W, 5008 5 T SEGH Flow Length, 1, Inches
LooaEs € = I|&; Flow Rate, m, Ib/Ssc

2M.BAE T 263, aaap Humber of Flow Paseages for ench Flow
£,853% § 3,342 Speeifie Voluwe, Ft3/Lb, et TOOF
G.etrw = Fa 595D Prandtl NHo.
0.08820 % 5,950 N/C
R WP o N/c
L L A E:S N/C
c.2560 b . 252 Spacific Feat Air Slde
LT D] €. 26 Spacific Beat Flus Side
alop I b, Fyap Fouling Factor

Mmber of Flow Ghannels i¥G. Bo0E 158, Zip0 200, ¢RI6

Pregsures Drop Alr Side, In. w.c. T 1, 9875 1, 65%5)
Reat Tranafer Coefficlent Air LS B 10, #4868 T
Preassure Drop Flue Side, In. w.c. L. 733 f. 275 P.o2id
£

Hoat Transfer Coefficlent Fluwe LT 5. 5515 28
Effectivenens, % B, E55 ¢, EEd5 B, 5585
Ta, [Fd), 535 1048, | 344 BT
Ty, P BBZ, 2F 7 364, 6753 256,670
Heat Hecoversd, BTU/Hr 1642568, 50T 1ES0T41. 758 1R7POTE, 494

See Pigure 2.2 for definitions of symbela.

22, St

RSkl
8. 5¢50
A N
a4
£, 8042

1858, 7255
852, 2347
L M

£dB, OO0

1.1853
b.l080
(P EL
4. 5218
G.6772
] 3
k3

IEER354. 224




EXELARWI—61  ATHAA0 DNILNIEA LETHNYEAGS 2 0

METALLIC RECUPERATOR -

Cold 5ide Hot Side
Alr Flun

I8R50 g 15cK,. 0080
L. UL I B P-FL T Ty
G g50  Z €. 4570
‘s ERie 3 16, 50"
34, 5300 ¥ S TSRO
oo, S = S, SEod
14198 ¥ LT P
rGA, BRPG P | Y L
a, 35 B 17, C408
AT L C.e~50ia
(IO ) H P, 8820
$.8°2% & 9, 8770

. 1315 r = IBIS
L2560 0 6. =560

d, Jogn E g, 2aftl

G, 2560 | §. 550k

Number of Flow Channela

Fressure Irop Adr Side, In. w.c.
Heat Tramsfer Coofficient Alr
Pregsure Drop Flus Side, In. w.e.
Heat Transfor Coefflcisnt Flue
Effectiveness, %

T2, °F

Ty, °F

Hest Recovered, BIU/Hr

IOW FIRE

T4 and Ty, °F

To and T, oF

Plate Spacing, d, Inches

Core Depth, W, Inches

Uore Helght, H, Inchea

Flow Length, 1, Inchan

Flow Hate, m, 1Lb/Sec

Kunber of Flow Passages for each Flow
Specific Volume, F4t3/Lb, at F0°F
Frandil No.

K/C

B/C

N/C

Speacifis Heat Mr Side

Spacific Heat Flus Side

Fouling Factor

1%, Ginde 180 BLE ZOg, 20D [
ll-l.f.:: 1.*”5' --1'-1'.-:
LA | 49, 5537 5 N
LS £, 1%k £olels
3B -k 4,380
(e . Bdpd A E3e

1030, 2047 1330, +8gs [T44, 8427
1ded, oy 13%3. 050 1856, 1255
irfedie ol 1617505, H¢ ivdol 36, 802

220, BOGk

0, 29:3
Y
B..770

S BERS

W B50C

[ 355, ohbp
54,1072
1£354 50,878

L

RANE T

Lo

P LY
LTI
KPR
LR
IIFG.7T85
1052, 2387
16349465, 511




