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1.0 OBJECTIVE AND SCOPE OF WORK

Work to be done under this Contract will continue the
technology development of the directly-fired high temperature
air heater (HTAH) for MHD power plants. The work will extend
the efforts begun under previous ERDA/DOE contracts, the most
recent being Contract DE-ACO1-78ET10814. The Statement of
Work specifies work to be done under three tasks as described
in the following.

Task 1 - Materials Selection, Evaluation, and Development

The objective of this task is to continue development
of ceramic materials technology for the.directly-fired HTAH,
The scope of the work under Task 1 will include éoﬁpilation
of materials data, materials selection for testing and design
studies, materials property determination, liaison with
refractory manufacturers and other organizations to encburage‘
development of materials and fabrication technology, establish-
ment of preliminary HTAH material specifications, analyses
of test materials, and development of criteria for thermal
stress limits for crack-tolerant refractory materials.

Task 2 - Operability, Performance, and Materials Testing

The objectives of this task are to demonstrate the
technical feasibility of operating a directly-fired HTAH
(including both the heater_matrix ané valves), to continue
obtaining,information on life and corrosion résistance bf'
HTAH materials, and to obtain -desicn information for full-
scale studies and future design work. The scope of the work
wili'include tests in the Matrix Tast Facility (MTF) and.
Valve Test Facility (VTF) built ani operated under contracts
EX-76-C-0N1-2254 and DE-ACOl-78ET10814, eémissions measurements
in the MTF and VTF, design of a diiatometer for performing
creep measurements in the directly-fired HTAH environment, and

- characterization of the effluent air stream from the MTF.

-1-




Task 3 - Full-Scale Design Concepts

Thé objectives of this task are to begin the identifica-
tion of HTAH control requirements and control System needs,
and to contlnue full- scale study efforts 1ncorporat1ng
updated materials and de51gn informatioR 'in order té identify .
development needs for the HTAHJdevelmeent program. The

scope of the work will include size/cost analyses and parametric

studies of design options-using a size/cost code and other
computer codes developed and réfined under Contracts EX-76- -
C-01-2254 and DE-ACOl-78ET10814, dynamic HTAH system performance
calculations using the SCAMP (System Cyclic Analysis of ‘
Multiple Preheaters) computer code developed under contract
DE-ACO1-78ET10814, preparation of system layouts and cost
estimates, screening and definition of control systems and
determination of operating methods, definition of requirements
for a future test facility to test matrix support concepts

at nearly full-scale, and development of design concepts for
alternative heater systéms angd electrical isolation of the

air duct from thé MHD combustdr.



2.0 SUMMARY

During the reporting period from January 1 through
December 31, 1980, work:was continued on,all three tasks.
The objectives and milestones: of the:contract as. originally
written were achieved prior to November 26, 12380. The
contract has been modlfled to include additional efforts on
ceértain subtasks delineated in the original contract and to
extend the peériod of performance until May 31, 1983.. The.
format of thisreport will follow the work plan submitted to
DOE under the original‘contract, including erk‘done,after
November 26, 1:981. Future reports will follow the work plan.

submitted to DOE following the contract modification.

The major-activities during the reporting period were
conducted under Task 2, and included the running of one test
each in the Matrix Test .Facility -(MTF) and Valve Test Facility
(VIF). The MTF simulates the performance of a matrix-of
"cored bricks in a directiy—firéd-HTAH. This facility was
operated cyclically with a reheat gas flow containing potassium
sulfate seed and Montana Rosebud ash for 300 hours during
the test denoted as Heat 203, following the numbering séquence
used under the previous contract. Fused cast magnesia-
spinel material continued to show good reSLStance to the
HTAH conditions as a matrlx material. Several other materials
were also tested in various matrix locations,; including
spinel castable, sintered spinel, and fused cast chromia.

The spinel materials, used in the lower portions of the

matrix, appear to have held up well while the fused cast

chromia was badly degraded at the top of the matfix. Performance
of these materials will be characterized through materials
analyses. Accumulation of deposits in the matrix flow

passages was observed over the course of the 300 hour test.

No attempt was made to remove the deposits through operation




in a "cleanout" mode; the MTF was operated under conditions
simulating normal operation of-a directly-fired HTAH.
Measurements of NOX concentration in the rehegt’gas flow and
of potassium carryover in the effluent air stream were also

made during the test.

The VTF simulates the performance of a directly-fired
HTAH gas inlet valve. - The test of the VTF during the reporting
period was denoted as Test 3, again continuing the numerical
sequence established under the previous contract. The
facility was operated for a total of 532 hours, including
375 total valve cycles. During 154thurs and 282 cycles,
the gas flow included potassium sulfate seed and Montana
Rosebud ash. Problems were encountered with the VTF hot gas
supply duct, requiring two intermediate shutdowns for modifica-
tions to this portion of the facility. ©No. problems were
encountered with the test valve during Test 3, however.
Leakage of the test valve remained small, and operation of
the valve was not inhibited by exposure to the simulated
radiant boiler exhaust gas stream. Calcium aluminate bonded
spinel castable continued to perform well as insulation in
fhe water cooled test valve. In addition, no evidence of
degradation of insulation materials in the VTF due to pressure
cycling was detected.

Design of refractory creep testing apparatus to perform
creep measurements in the simulated HTAH environment was
also completed under the Task 2 activities. Fabrication and
testing of this apparatus was not authorized under this

contract but is anticipated at some future date.



Activities under Task'l continued the development of
ceramic materials‘technology for the directly-fired HTAH.
Materials were selected for evaluation in the HTAH test
facilities, -and materials were selected and layup. schemes
were developed for evaluation in full-scale studies.

Analysis of materials from tests in the MTF and VTF under

this and the previous contract was continued. Liaison

efforts with :efractofy-manufacturers were continued and
material samples produced through developmental programs at
various companies were supplied for test evaluation at FluiDyne
and at Montana State University (MSU). Meetings and discussions
were held with personnel at MSU, MERDI, and Montana College

of Mineral Science and Technology, all of whom are doing

HTAH materials work under contract to DOE. Guidance and
coordination was provided to the Montana personnel with regard
to priority rankings -for the various property measurements and
as to materials and test conditions for which measurements are
- desired. Compilation of these property measurements and other
HTAH materials data in a formal data base and development of
procedures for establishihg specifications for HTAH materials

were begun.

Studies of full-scale heater systems were continued under
Task 3. An example HTAH for a 1000 MWe power plant was '
developed and used as a focal point for the full-scale studies.
This example system was used to make cost studies in which
the cost effectiveness of various material and insulation
schemes was examined. Four runs of the SCAMP computer code
were also made, examining dynamic performance and responsé
to a control technique for the example HTAH. Direction was
given by DOE to focus the full-scale studies on a 600 MWe
plant instead of the 1000 MWe example, and a new example HTAH

is being deveclopced.




Studies of ‘specific concéérns related to. the use of a
directly-fired HTAH were also made during the reporting
period, "including an examination of the effect of valve .-
life assumptions on HTAH reliability and an evaluation of
the effect of valve ledkage on the performance of the MHD .
plant. ‘

SN
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In addition to these major efforts under Task 3, a
concept was developed for .a test facility. to evaluate matrix .
support concepts at nearly full-scale, and concepts were
studied for-alternative:air heaters, specifically including
an intermediate temperature air -heater (ITAH) and an upflow- .
'type HTAH, -and for electrically isolating the HTAH from the
MHD combustor. : L

Details of the technical-prpg;ess during the repbrting;“V

period are presented in Section 3, and conclusions drawn
from the HTAH development work during the reporting. period
are discussed in Section 4. - S S



3.0 DESCRIPTION OF TECHNICAL PROGRESS .

3.1 Task.l - Materials Selection, Evaluation, arnd.Development

L . < . B L
L L7 . P AR

3.1.1 - ' Materials, Selection. and.Data Base. S

During the reporting period, selection of
refractory materials was made .for test evaiuationgin both_ the
MTF and VTF: - Materials -schemes$ were also proposed for . full-
scale studies 'of the directly-<=fired HTAH-and of a:.so-called.
intermediate temperature air heater. (ITAH).. . In addition to "
these " material selection activities, work. under this -subtask
included béginning to- cémpile.HTAH material properties in a
formal data base. ' : S

Materials Selection < Test Valve

InSulation‘maferial~for-HTAH hot ‘gas  inlet valves-‘must be-
resistant to attack by corrosion and erosion due to’ the
seed/ash-laden radiant boiler exhaust gases. Two insulation
materials had been tested in the test valve of the VTF
during Valve Tests 1 and 2 (Ref 6). One of these materials,
‘a calcium aluminate bonded stoichiometric spinel castable
(Norton LS-812), had shown good performance in the first
tests. This material was sele¢ted for further evaluation in
the test valve. All of the castable insulation in the test
valve was removed and replaced with theé Norton LS-812 castable
before valve testing was resuméd, as described in Section
3.2.2. No additional materials were selected for evaluation

in the test valve itself during the reporting period.




Materials Selection - Hot Gas Supply Ducts

Each of the test fac111t1es, MTF and VTF, includes a
hot gas supply duct having a length on the order of 3.7 m
(12 ft) which is required to properly simulate theé HTAH
reheat gas and deliver it to the test matrix or test valve.
Gas temperatures of 2030 K (3200 F) or greater and presence -
of solid and liquid seed and ash particles (as the 1n3ected
seed vaporizes and ash melts) combine to produce moré severe!
corrosion/erosion conditions than will exist in an actual
directly-fired HTAH. Materials used as the high temperature
liner in these ducts hadve generally performed poorly, and-
this has been a major difficulty in conducting tests with
the MTF and VTF. The size and configuration of the hot
liner and the refractory material used have been found to

affect its performance during tests. .

Based on the good performance of the Norton LS-812 castable
in the test valve and in previous tests as a matrix-hot liner
in the MTF, this material was selected for use in a portion of
the VTF hot gas supply duct. However, in this application, the
LS-812 castable showed significant reaction with and depletion
by the gas stream. It was deemed unsuitable for use in the hot

gas supply duct near the point of seed/ash injection.

Rebonded fused grain magnesia chrome (Corhart RFG) has
demonstrated the best corrosion/erosion resistance in the hot
gas supply ducts. RFG was selecteé for use in the VTF tests,
replacing the spinel castable material, and in the MTF test work
during the reporting period. Test specimens of fused cast
chromia (Carborundum Monofrax E), fused cast stoichiometric




spinel (Carborundqm Monofrax LS) and eute;tic spinel (Carbho-
rundum Monofrax LE), fused cast magnésiaéspinel (CorharE'X;
317), an alumina chrome.ramming mix (A.P. Green Jade Ram),
and the LS-~812 castéble~éoated,with an algmina chrome mortar
(A.P. Green Jade Set) wére aléo evaluatgd_in the hot»gas ? o
supply duct of the VTF,. but ﬁone 6f these,materials pepformed
as well as the RFG. - | |

Materials Selection - MTF

. Several materials were selected for.evaluatioﬁ'inr#he
MTF test run during the reporting period; Ih order to
minimize the cost of a full-scale HTAH, it will be desirable :
to use the most inexpensive mgterials which will pfoéide. -
sufficient. resistance to the service conditions. Siﬂce the
severity of these conditions varies somthat in the variOué
regions of the HTAH, it will be desirable to ﬁse the most
cost effective materials for each region of the heater. The
materials selected for evaluation in the MTF during- the
reporting period were chosen to begin addressing thié "matériégs
stratification" question, evaluating cdifferent materials.in V

different'areas.

Above the cored brick matrix in the MTF is a so-called
"target area," which serves és a meaﬁs for redirecting the
horizontally flowing reheat gas from the hot gas éupply,duct
vertically downward into the cored bricks. This target area
is subjected to severe erosion by the liquid ash particles
as well as corrosive attack by the seed and ash in the gas.
Fused cast chromia (Carborundum Monofrax E) was selected for
evaluation in the target area; this material was expected to
have superior erosion resistance compared to materials

previously used in this area. Although this type of material




is relatively expensive, if used only in certain high erosion
erosion areas of'a fu114§c§1§.§TAH the effect on total system.
cost would not be prqhibitiveQ‘lThe Monofrax E was.also
selected for use in thé uppermost 0.23 m;(?,in),qflthe cored
brick matrix, which héévéhown gvrglqtivgiy high dégree of
erosion in earlier tests. V *

During test evaluation in the MTF, the Monofrax. E

. demonstrated excellent,performéhce in the target region,
bearing out expectationé for ifs.exosion resistance. - The ..
Monofrax E matrix bricks, howevef,'were severely attacked .

and depleted. At this time, it appears that the Monofrax E
material is suitable for use as. an erosion wear sgrféce; but
is not suitable for usé as a cored brick, where a.large ‘
surface/volume ratio exists. Further analysis of -the material

is undervay.

The use of castable materials vwhere possible has been.
shown through full-scale studies to result in significant
HTAH cost reduction. Thus it is desirable to evaluate the
performance of castable materials in the test facilities..
Norton LS-812 castable was selected for use as the liner
surrounding the matrix over the entire length of the,matrix.
This material had been evaluated in the matrix liner applica-
tion in previous tests (Ref 6), but not in such a large
quantity. ©LS-812 castable was also selected for use as the
inner hot liner enclosing the gas stream in the regions above
and below tné corea brick matrix. The service conditions in
thege regions are not as severe as in the hot gas duct liner
for which the LS—alz had proved unsuitable as discussed above.
The performance of the LS-812 castable appeared to be generally
acceptable, but pqs;»test evaluation is still underway.

-10-




Fused cast magnesia-spinel (Corhart X-317) is the mater1a1
which has shown the best performance as a matrix: mater1a1 1n
previous tests (Ref 6). This material was seledted for use
as the bulk of the cored brick matrix. Previousiy'teétedvk;’
317 matrix bricks were reused, and some unused XQ§17 was also
used. Preliminary results indicate that the X- 317 materlal
performed satlsfactorlly, but substantial alteratlon of the
bricks 1mmed1ately below the Monofrax E matrix brlcks was
obse:ved Further analy81s of the X-317 material™is underway

Sintered spinel bricks (Norton SX-471) werekéelected for
evaluation at the bottom of the cored brick matrii, The
thermal conditions are least severe in this regidﬁyand the
superior properties of fusion cast material may not be required
Thus, evaluation of the relatively inexpensive 51ntered brick

was de51red. Post-test analy51s of this materlal ‘is underway.

The matrix'support mechanism for the directlf;fired HTAH
is of major importance. The material used must be\capable
of withstanding the severe thermal and corrosive eenditions as
well as the mechanical loads imposed by the need Ee support the
weight of the entire cored brick matrix. Complex'ﬁrick shapes
may also be required, as in one conce»t which involves a perfor-
ated support dome. LS-812 castable was selected fer evaluation
as the\matrix support brick in the MTF in order toibegin
evaluating materials and construction methods for the more

complex structure needed for a full scale HTAH.
A method was developed for caszing the MTF Suéport brick

in one piece with flow passages to match the matrix flow

passages. The mold developed for this purpose is shown in Fig 1.

-11-




wOoden dowel inserts were initially used for the flow
passages. This approach proved ineffective, however, because
of swelling of. the dowels which caused cracklng of the '
support brlck. Cardboard tubes were then chosen for the
flow passage inserts. The tubes were soaked in paint to
provide sufficient rigidity under the moist working conditions
during casting, while remaining flexible enough not to
inhibit expansion of the castable material. This approach
was successful, and a support brick w1th minimal cracking
was produced,as_shown in Fig 2. The support brlck is shown
being_installcd_ih Fig 3.

“This method could be used for producing pieces for a
full- scale HTAH matrlx support from a spinel castable.
Slgnlflcant cost savings could be realized by casting matrix
support pleces rather than requiring hot pressed or sintered
bricks in the complex shapes with flow passages requlred for
a dome type matrlx support Evaluation of the performance of
cast matrlx support pieces in HTAH test facilities will help

deflne whether thlS approach to the natrlx support is viable.

Materials Selection - Full-Scale HTAH Studies

Materials and insulation layups were selected for an entire
full scale HTAH system. The selection was made using materials
which had-been tested in subscale HTRH test facilities or for
which suff1c1ent data was available to make judgments of
performance 1u the’HTAH environment. Layups were chosen to
allow reasonable installation techrigues. The purpose of thlS
material selectlon exerc1se was to prov1de an updated choice
of materials and layups for full-scale HTAH systems, against
which the size and cost effectiveness of different materials
and layups can bé measured through full-scale studies. This is
done periodically in the course of the HTAH development program
in order to identify development needs for materials and
installation techniques. '

-12-




A summary of the 21 areas for which materials and‘laYups
were selected is given in Table 1. BAn example of one of
thése areas, the gas inlet duct, is shown in Table 2 in
order to illustrate the type of materials chosen and the'
extent of the selection process.

Materials Selection - Full-Scale ITAH Studies '

Materials were also se;ected for use in fﬁll-écale.
studies of alternate heater systems (see Section 3.3.7). 1In
particular refractory insulation schemes were selected for
use in the gas and air inlet and outlet manlfolds and ducts
of an intermediate temperature air heater (ITAH) The _
materials are delineated in Table 3. The materlals spec1f1ed
are generally more conventionél than the materials proposed
for the HTAH application except for the inner liner in the '
gas'inlet manifolds and ducts. Spinel castable is proposed
in this area for seed resistance. Since the materlals
temperatures in the ITAH are much lower than,for‘the HTAH;
development needs would be considerably reduced for a ceramic
ITAH.

Data Base

Work was begun during the reporting period on a formal
data base for compiling engineering data on}HTAH materials.
The data base will be arranged in a format such that it'is
accessible by FluiDyne's size/cost and performance computer
codes and is readily accessible for editing whenever'new or
updated data is available. The first information stored in
the data base includes, for each of the materials compiled:

1. Manufacturer's designation
2. Generic designation
3. ASTM designation (if any)

4. Method of fabrication
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5. _Manufacturer's name and address

6. HTAH application (including.service condition
restrictions)
7. Experlence to date in MHD testlng
8. Comp051tlon )
9. Mixing and curing instructions (for castables)
10. - Data-source and estimate of validity for engineering
calculations '
11. .Cost 1nformatlon
12. Materlals propertles 1nc1ud1ng den51ty, porosity;

temperature dependent values of modulus of elastl—
c1ty, Poisson's ratio, thermal conductivity,
spec1f1c heat, thermal stress limit, ‘thermal
expan51on coeff1c1ent, electrlcal conductivity,
'modulus of rupture, compre551ve strength critical
stress 1nten51ty factor (K

lc) !’
dependent values of creep rate.

This information will provide the basis for size/cost and
performance'studies under Task 3 and for future design of
HTAH systems.

Much of this data has been conpiled for five materials
as shown in Tables 4-8. These materials are Corhart x—317,
Norton LS—812dcastable, and Johns- Manv111e Yuma, C 22z, and
Superex 2000. Corhart X-317 is a'fusion cast magnesia—
spinel proposed for the directly-fired heater matrix and hot
liners. Norton LS-812 is a stoichiometric spinel castable
proposed for hot liners., matrix”support).or for. the matrix
at temperatures below 1589 K (2400 F). The Johns-Manville
materials aredpossible backup insulation, if no contact with
the directly-fired reheat gas is allowed. The data was »
extracted from Refs 1-5. If no reference is indicated in

‘Tables 4-8, the values represent estimates by FluiDyne.
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‘Information on these and other materials will be added to.
the data base as it becomes available. The information will be

continually reviewed and updated.

3.1.2,6 ProEerty Deterﬁination and Thermal

Stress Criteria

The objectives of these subtasks are to
define needs and test conditions for HTAH‘material property
determination work carried out at FluiDyne or at other laboratories,
to interpret. the results in terms of. the HTAH materlals data
base, and to develop crlterla relatlng stress and fracture to
‘thermal cycling. o '

A prlorlty system was establlshed in order
to provide basic goals for the overall property determlnatlon '
efforts. The suggested prlorlty ranklngs of propertles to be
Adetermlned and types of materlals for which ‘they are needed is
given in Table 9. The need dates given in this table reflect
the need to obtain materials data for development of the HTAH in
a program which will move from the present testing scale (0.25 -
0.5 thﬁ) to a Technology Development Unit of about-S thh’ in
which all HTAH components of a single heater are tested, and ‘
finally to design of HTAH systems at progressively larger scale,
for ekample at the CDIF and ETF MHD facilities. The work being
carried out at this time and in the near future will be directed

at meeting the Priority One requirements as specified in Table 9.

Discussions were held with personnel at
Montana College of Mineral Science and Technology, Montana State
Unlverﬂlty (MSU), and Montana Enercy anéd MHD Research and |
Development Institute (MERDI) to review and coordinate materials
property work being done in support of the directly-fired HTAH

development program. The most recent meetings took place
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Decehber 10-12, 1980. Following these meetings, the Montana

personnel were provided with priority rarkings concerning the

work now undefway and to be carried out in the current fiscal

year. »The’prio#ity rankings given the Montana personnel are:

Montana Tegh

Al.

Refractory creep under thermal cycling conditions

a. 'X-317, fused tast magnesia-spinel

'b. LS-812, stoichiometric spinel castable,

calcium aluminate bond phase

Determination of elastic properties using mechanical

technique at elevated temperatures:

a. X-317

'b. LS-812

Isothermal creep testing - anticipate work done in

parallel with 1 or 2

a.” '¥-317 - additional data points in range of
1.4 - 2.8 MPa (200-400 psi) load and 1823-
1923 K (2800-3000 F) temp.

b. . LS—812 - additional data at intermediate

temperature and load points to better determine

- creep model

c. Carborundum developmental materials -.dnly
after some thermal expansion under load
results available .

a. Insulating brick - only if all of 1,2, and 3
above have been complieted
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’ |
|

Castable refractory QA procedures for MSU testing-

‘Hot'compressive strength or hot modulus of rupture - -

= not needed at present; will have importance in

future years.

Montana State University

1. Electrical conductivity measurements at elevated
temperatures '
a. X-317
b. LsS-812
2. Thermal expansion under load
a. LsS-812 if needed.to support Montana Tech creep work
b. = Carborundum developméntal materials - prior:
to creep work
3. X-ray diffraction work as required to .determine
compositions in a timely fashion
4. Electrical conductivity cell for'MTSFF'reffactories
5. Investigate ?efractory material interactions fof
potential areas such as stratified matrix, dome/hot
liner, etc. A '
MERDI
1. .Pre- and Post-test microstructural analyses

a. SEM

b. Thin section work
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2. Pre- and Post-test phase composition work; X-ray

diffraction

3. Insqyating castable development

4. Thermal'diffusivity/conduétivity measurements for new
materials

5. Fractgre toughness (ch) at elevated temperatures

These priority rankings will be continually reviewed and
updated to insure that the property measurement work is

meeting the needs of the HTAH development program.

High temperature creep measurements at
Montana Tech have been completed for fused caét magnesia
spinel {(Corhart X-317) and.Calcium aluminate bonded spinel
.Castable.(Nortén 1.5-=812). The results of the X-317 measurements
are shown in Figs 4 and 5. The expérimental data is presented
in térms of measured steady sState creep rate vs. applied
StiéssL As séen in Fig 4, when pibtted in this fmanner, the -
creep rate appears to be indépendéht of Eémperature; in
Vfact, additional meaﬁurements will be required at stress
levels on the order of 1.4-2. 8 MPa (200 -400 psi) at tempera-
tures in the range of 1823-1923 K (2800 3000 F) to determine
temperature dependence of the creep rate. ’
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The results do indicate that at stresses

less than 1 MPa (145 psi) no measurable steady state creep
was observed even at temperatures as High as 1923 K (3001 F).
Mechanlcal stresses in HTAH refractory materlals have been
shown to be less than about 1 MPa (145 psi) at temperatures
up-to 1978 K (3100 F) in upper dome regions and ;less than .
about 1.4 MPa (200 psi) in lower temperature regions in \
full-scale designs considered to date. Various concepts for
design of large refractory ducts or heater domes, or so
called "alternative heater concepts" (see Sectioh.3.3.7),

may involve stresses and temperatures  in the range‘specified

above for additional measurements.

Pessible allowable creep ratesﬁare
indicated in Fig 5. _The Montana Tech measurements indicate
that under compressive stress below about 3.25 MPa (470 psi)
refractory pieces constructed from Corhart X-317 would
deform less than 1% over a 75,000 hour operatlng llfe.

Thus, Corhart X-317 appears to.be a suitable materlal for
use in HTAH designs from the standp01nt of requlred mechan1cal
loads.. Results of the measurements on Norton LS 812 are

still being analyzed.

Cycllc thermal stresses in the HTAH cored
bricks may have magnitudes many times greater than the
mechanical loads. An experiment was designed during the
reporting period to be carried out at Montana Tech in order .
to investigate the effects of cyclic thermal stresses on
candidate HTAH cored brick materials. The expériment was
designed to produce thermal stresses in a cylindrical sample
of refractory material by immersinc it in a furnace whose
temperature is varied in a cyclic manner. The prescribed
temperature cycle and the resultin¢ induced thermal stress'
are shown in Fig 6. The thermal stress levels approx1mate
the strésses which would be experienced in the webs of a

cored brick during normal operation oZ a HTAH.
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. A furnace was built and 25 mm (1 in)
diamete# ¢yliﬁders of Corhart X-317 were tested in the furnace.
Lam€& constants, which may be used to determine the elastic pro-
perties of materials, were ultrasonically measured before and
after the ekpdsure to thermal cycling. However, due to the -
nature of the material (microstruciturally very dense with largé
macroporoesity) the ultrasonic measurements could not be inter-
preted, and the technique had to be abandoned. For future
thermal cycling work, the material’properties will be measured

mechanically.

The emphasis oi the tﬁermal cycling measufe—
ments will also be changed. In orcer to study the interaction . |
of a steady applied load and cyclic thermal stresses, as would .
exist in an actual HTAH, creep measurements will be undertaken
at Montana Tech in which refractory samples are loaded mechanically

while being subjected to cyclic thermal stress as shown in Fig 6.
3.1.3 Liaison

Liaison with refractpry manufacturers and othen;l~
organizations is conducted primarily to encourage development of
suitable ﬁaterials,.as well as manufacturing and installation
techniques, for use in ‘the directly—fired HTAH. The most impor-
‘tant results of these efforts durirg the reporting period were

from the Norton Co. and the Carborundum Co.

Norton Co. began development work on a sintered

spinel brick type material, and surzplied bricks which were

tested in the MTF as the lowermost matrix bricks. The material
has properties similar to other hich temperature materials

manufactured by Norton with the adcitioral advantage of the ' |
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spinel composition, which has been shown in earlier test work to
be resistant to the corrosive directly-fired HTAH environment.
The material is more easily shaped and would be less expénsive
than fused cast materials. Preliminary test results have
indicated good performahce in the lowest matrix temperature

range as discussed in Section 3.1.1.

Carborundum Co. has undertaken development programs
concerning fused cast materials for use in directly-fired MHD
air heaters. One of these programs involves deVelopment of new
fused cast material compositions. Fused cast materials have
proved to be the most resistant to the corrosive HTAH environ-
ment, but many fused cast materials, which have very high density,
do not have sufficient thermal stress cycling resistance for use
in the HTAH. An exception has been Corhart X-317, in the MgO-
A2203 system, whose microstructure gives this fused cast material
good resistance to propagation of cracks induced by cyclic
thermal stresses. The intent of thevCarborundﬁm efforts is to
develop a material combining the higher melting point of fused
cast chromia with the better microstructure of fused cast magnesia-
alumina.  Several sampies were produced under the Carborundum
progfam during the reporting period. They did not become available
in time to be tested in the MTF, however. The samples were then
delivered to Montana State University because a simulated - |
directly-fired HTAH matrix will be tested at MSU before the next-
test of the MTF is run at FluiDyne. The test programs at MSU
and FluiDyne are designed to complement each other ahd provide
more information on the directly-fired HTAH than would be

available from either test program alone.

Development efforts are also underway at Carborundum
for the production of cored brick shgpes from fused cast materials.
This is of great importance to the HTAH development program,
since thec costs of wmachining and drilling fused cast materials
for full-scale heater matrix bricks may be economically-prohibitive.
The ability to obtain matrix bricks with the proper flow passages.
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and shapes at rez'sonable cost will insure that the use of fused
cast materials is ‘economically feasible.. ‘

-~

- Liaison efforts also included a number of other
refractory manufacturers concerningithe development needs. for
the directly-fired HTAH. Information was also shared with
' Babcock and Wilcox and Argonne National Laboratory, regarding
refractory material for use in the HRSR project. The primary :
goal of future liaison work will be‘to encourage development of -
materials resistant to corrosion and ‘thermal cycling, manufacturing
techniques for fusion cast materials, -and castable insulation .
suitable for the HTAH.

3.1.4° ~ 'Specifications

' The objective of this 'subtask is to develop
preliminary specifications for the refractory materials needed
in the directly-fired HTAH. These preliminary specifications
will be updated as additional information becomes available from
property measureménts as described in Section 3.1.2, and from
test evaluation at FluiDyne and MSU.

In order to determine the level of detail required
for preliminary material specifications, procurement specifica~ -
tions for other refractory heaters were reviewed. The objective
of work under this subtask is to prepare such specifications
for the various materials required in a directly-fired HTAH
in order to identify what information is required for HTAH
materials and to lay the foundation for future HTAH design work. .-
These specifications will be revised and upgraded as more infor-
mation on materials requirements and material properties becomes
available over the course of the heater development program.
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A gquality assurance program was initiated at,

FluiDyne's laboratory for use.initially with,spine; casteb;e
materials. ' An outline of the procedures involved in this
program :is shown in Table 10..: These procedures' are of the type
which would  be followed to. assure -quality of material purchased
for use in construction.of a HTAH. The- procedures will be '
followed as part of FluiDyne's laboratory work for two. reasons,
1) to eliminate Jpossible poor quality materials before use in.
the*test facilities and 2). to obtain data which .can be correlated
‘to.performance of spinel castable materials and eventually used

in developing the material specifications. . . - .

Similar procedures will be developed for other

materials over the course of the HTAH development.program.

3.1.5 Materials Analyses

-Materials analysis work completed during the
reporting period included analysis of pristine and exposed
materials and deposits from tests run- under Contract DE- ACOl-
78ET10814 as well as analy51s of materlal from VTF Test 3 and
collection of samples for analysis from MTF Heat 203.°

Analyses from Earlier Tests

Three spinel-based materials were analyzed in their pristine
forms as used in VTF Tests 1 and 2 and in MTF Heat 202 under the -
earlier contract (Ref 6). The results of these analyses are .
shown in Table 1l1. Norton LS-812 and Taylor X-13337 are -
stoichiometric spinel castables used as the test  valve insulation
for VTF Tests 1 and 2. The LS-812 performed well in these tests
and the X-13337 performed poorly. Corhart X-317 is the fused
cast magnesia—spinel material used to form the cored brick
matrix for MTF Heat 202 and the bulk of the matrix for Heat 203
as discussed in Section 3.1.1.
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A startllng result is the absence of phosphate in the
Taylor mater1a1 which has been called a "phosphate bonded"
‘castable. The analyzed sample was removed from the test valve by
the valve manufacturer prior to testlng The absence of phosphate
could well explaln the lack of green strength and subsequent poor
performance Qf_thls material as opposed to more favorable test
results which had been obtained u51ng samples of this material in
the MTF. The_ corundum" in this material may well have been
calcium”hexaiuminate which probably acted as the bonding agent
for casting'in‘the valve. Both of the castables differed
slightly from the actual stoichiometric ratio of 28% MgO to 71%
A1,0,. ' | |
Analysis\df material deposited in the matrix flow passages
during Heat 202 is shown in Tablenlz. It had been postulated
earlier that these deposits consisted of degradation producté
from the X-317 hot liner in the hot gas supply duct, which had
deteriorated badly and flowed into the matrix. The analyses'in
Table 12 verify this assumption. As in the case of deposits from
Heat 201, presented in previous reports, the magnesia content of
the deposits (37-47%) is far greater than that of Rosebud ash
(20%) in the deposits near the top of the matrix. Calcia and
iron oxide are also present in the deposits, but at levels (1-4%)
greatly reduced from coal ash (15% and 7%, respectively). Thus
the deposits are seen to consist of reaction products of the hot
gas supply duct liner and the injected coal ash. The character
of the deposits varied with position in the matrix, the alumina
content decreasing and the magnesia and silica increasing as the

deposits flowed toward the bottom of the matrix.
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Analyses of test valve refractories and deposits removed

after Valve Test 2 are shown 1n Table 13. A number of results.
can be observed. . The gate area, which is shlelded from the gas
stream during the gas phase, showed minimal chemlcal change to
the refractory insulation. The other areas of the valve, such
as the body and the follwer ring, which were exposed to the gas
stream all exhlblted a decrease in alumina and often showed
formation of pota551um alumlnum silicate (KAlSlO4). This’ .may be
due to reaction of K,0 with Al

2 2 3
in the Taylor castable alumina apparently plays a part 1n the

from the bond phase, 51nce even

bonding. The iron content is probably due to the presence of

steel reinforcing fibers in the valve insulation. Little unreacted
ash is seen, even in deposits on the floor of the gate cavity.
These deposits are seen to be degraded refractory, having reacted
with both seed and ash, and are thought to be the cause of

scratches on the valve seats (see Section 3.2.2).

Analyses from Current Contract Tests

_ As discussed in Section 3.1.1, calcium aluminate bonded
spinel castable (Norton LS-812) was used in a portion of the hot
gas supply duct of the VTF. This material degraded badly, in
contrast to excellent performance as a matrix hot liner in a
previous MTF test. Analysis of a sample of the degraded
castable was obtained from the manufacturer durlng the reporting

period. The manufacturer's report is summarized in the following:

"The evaluation from a ceramic point of view evolves around
the material's microstructure and the phase compositiong'
changes occurring at the reacting surface. X-ray diffrac-
tion and petrographic microscopy of the cross-sections were
employed in this determination.
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"The microstructure of the sample submitted is a high
denéity} low porosity spinel refractory. Porosity and
spinéilgrAin size do not appear to have changed in the
unreacted afea‘isee Fig 7) and at the reacted zone (see Fig
8).¢&}ikewise,’the amount of glassy phase . between the grains
doeé'ﬁdt appeéf‘to change between the unreacted zone and the

hot face of the specimen.

"The phase coﬁﬁosition of the hot face indicated the presence
oftméjor spinél, moderate amounts of forsterite (2MgO.Si02)
and enstatite';MgO.Sioz) and trace'amounts of alumina. The
unreacted area of the refractory hiZd major spinel and minor

amounts of alumina present.

"The mode of ﬁailure was characterized by attrition of the
refractory dufing 55 hours of exposure as evidenced by the
increase of inner diameter at the combustion zone. The
failure mode thus appears to be duve to the reaction of

silica in the coal ash with the reZfractory lining in the
combustion chamber. This reaction is indicated by the
presence of enstatite (MgSiO3)‘and forsterite (Mg,8i0,) in
the hot face sample. Since enstatite melts well below the
.temperatureAin the combustion chaﬁber, liguid (glass) would
be expected to:be fbund at the hot face. Fig 8 a photomicrograph
taken at the hét face, and Fig 7, :Zaken in the unreacted
refractory about 1.5 cm in the hot face, show equal amounts
of glass in both zones. The reason class is not observed is
that when it forms at the spinel crain and refractory surface,
it is swept from boundaries the reiractory Zface by the
turbulence generated in the combustion chamber. Therefore,
there was a constant attrition of the eprsed refractory
during the test. This reaction is more rapid where a smaller

grain size is presen:t at the hot fzce (Fig 9).
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"The reaction that occurs at the hot “ace can best be

1llustrated by the ternary phase diagram (Fig 10) of MgO—

Al2 5 8102

tory is at the spinel composition on the MgO- A1203 blnary

Assumlng the overall composition of the refrac-

Juncture at the base line, the composition moves toward the
Sloz‘apex. The bulk composition at the hot face becomesg
more silica rich and spinel reacts with the liquid at 1800 C
about half way through the spinel stability field to form.
corundum, forsterite and lquld With further meltlng,,the
more siliceous enstatite is stabilized. It appears that '
this is the reaction occurrlng along the hot face >f the":
refractory.

"The reaction is much more complex than this as there areit
other components present such as Cao, Fe203, K20, etc., “t
which would depress the meltlng point further.:  The above
mechanism is felt to be the principal reaction leadlng to

et

'er051on and eventual failure of the refractory "

. Thus it appears that an ash reaction is the primaryi
cause of failure of the spinel castable material. It appears
that in the region of the hot gas supply duct where.the seed
~has not yet vaporized the spinel material does not resist
the ash corrosion whereas in other test regions, includihé
potassium vapor,'this material has performed well. As
discussed in 3.1.1, rebonded fused grain maghesia chrome
(Corhart RFG) has performed well in the regions of the hot
gas supply ducts near the combustors of the MTF and VTF.

Samples of the exposed materials used ip MTF Heat 203
have been collected, including fused cast magnesia-spinel
(Corhart X-317) fused cast chromia.(Carborundum Monofrax E),
sintered spinel (Norton SX-471), and spinel castable (Norton
1Ls-812). Analyses’of the samples will be achieved primarily
through the Moﬁtana laboratories, although_éome work will
also be done at FluiDyne and throuch other laboratories as

appropriate. -
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3.2 TaskiéA- Operability, Performance, and Materials Testing

3.2.1 Matrix Test Facility (MTF)

During the reporting period the MTF hot gas
supply duct was redeSigned and tested, the MTF was reassembled,
Heat 203,was run, and the MTF was dissassembled for 1nspection.

: 9
Ce

o Earlier tests of the MTF (Heats 201 and 202) were
-complicated by degradation of the refractory materials in the
hot gas. supply duct The refractory duct linlng reacted, w1th
the seed/ash laden gas. stream and combined with the coal ash.
This ash—refractory combination was then carried into the /
matrix and formed deposits in the matrix flow passages. The
presence‘of this ash—refractory’material made it impossible to
determine whether the ash by itself would have accumulated in
the flow_passagesxover a long term test. Making this determina—

tion was a major objective of the matrix tests.

In order to eliminate the refractory degradation

problem, the hot gas supply duct was redesigned. As discussed
in Section 3.1.1, Corhart RFG was determined to be the best
material for the inner liner 'in the hot gas supply duct. 1In
addition, it was determined that the supply duct as used for
‘Heats 201 and 202 had been too small in inner diameter.

Thus, the duct was rebuilt with an inner diameter ofv0.28 m
(11 in.) rather than the previous 0.15 m (6 in.), primarily

in order to provide a larger volume for expansion of the

flame from the combustor and to reduce the severity of flame
and particle impingement on the refractory_surface. The
redesiéned duct configuration is illustrated in Fig 11. From
this figure; it can be seen that‘three sections of the duct

- were modified; the third section doynstream'of the main burner
included a transition'from the‘0.28 m (11 in.) diameter to the

previously used 0.15 m (6 in.) diameter. ' The fourth section
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was used in. the condition it was following Heat 202; this
section had a 0.15 m (6 in) inner diameter and a duct lining
of Corhart X-317.

The hot gas supply duct was tested durlng the
week of July 21 prior to attachlng the cored brick matrix, in
order to confirm that the rede31gn had successfully resolved the
refractory degradation problem. The conditions for the test-
were selected to match the planned operating conditions during
the gas phase for Heat 203, the next test of the MTF. The duct
was tested for 60 hours of continuous operation with a massiflow
rate of 0.13 kg/sec (1000 lbm/hr)'and a duct exit gas temﬁera—g
ture of aéproximately 1922 K (3000 F). A gas. temperature of
1978 K (3100 F) was the desired level but heat loss in the ductl'
was greater than anticipated, resu1t1ng in the sllghtly reduced
temperature; The solids 1njectlon rate was controlled to
produce a gas composition including 1% by weight pota551um (2. 3%
potassium sulfate) and 0.1% by weicht Montana Rosebud ash.

The test duration of 60 hours at test conditions
was selected so that the test could be .completed in one work week, -
including time required to reach operating cdnditions and to
shut down after completing the tes:, while still having'a long -
enough duration to assess the duct liner materials performance.
The test duration represented 30% of the time that the hot gas
supply duct would be operated with seed/ash injection during the
300 hour matrix test (Heat 203).

The results of the :test indicated that the
redesigned hot gas supply duct would not cause a recurrence of
the earlier experimerital problems over the course of running
Heat 203. The duct walls remained intact, with no significant
degradation of the magnesia chrome (Corhart RFG) material. In
addition, no significant amount of seed/ash material was deposited
in the duct.’
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) ReasSembly‘of the MTF was completed following the
duct test. The matrix was assembled using the materials deline-
ated in. Section 3.1.1. . The uppermost 5% of the 5.2 m (17 ft)
cored b;ick matrix was constructed from fused cast chromia
(Carborundum Monofrax E). The next 45% of the matrix was con-
structed .from magnesia-spinel (Corhart X-317) bricks which had
previously been used in the matrix during Heat 201, which had a
duration.of 420 hours, and Heat 202, which had a duration of 750
hours. Pristine magnesia-spinel was used for the next 40% of
the matrix. The lowermost 10% of the matrix was constructed
from sintered spinel bricks (Norton SX-471). The matrix support
was made from calcium aluminate bonded spinel castable (Norton
LS-812) .as described in Section 3.1.1.

The_objectives of Heat 203 were as follows:

1., Operation of the MTF for 300 hours without accumulation

of deposits in the matrix flow passages,

2. accumulation of additional testing time on the magnesia-

spinel bricks previously tested for 1170 hours,

3. evaluation of the fused cast chromia material for use
at the top of the matrix,

4. evaluation of the sintered spinél material for use at
»the bottom of the matrix,

5. evaluation of the castable matrix support,

6. emissions and chemical composition measurements as

discussed in Sections 3.2.3 and 3.2.5, and

7. evaluation of several high temperature instruments for
use as diagnostic and/or control instrumentation in
future test work and full-scale HTAH systems.
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Heat 203 was run during the month of October.
The total duration of the test was 446 hours, including .startup -
and shutdown of the facility. - Of this total duration, the MTF
operated at test conditions, operating cyclically with .séed/ash
injection during the gas_phese, for 303 hours. As in prévious
test work under the HTAH develepment program, the seed/ash
injection rate was controlled to produce reheat gas composition
inéluding 1% by weight potassium (2.3% potassium sulfate) and
0.1% by weight Montana Rosebud ash. '

Some of the test data from Heat 203 is presented
in Figs 12 through 19. The mass flow rates. through the cored’
brick matrix on gas and air phaees is shown in Figs 12 and 13.
The solid temperatures at the top and bottom of the matrix, as
measured with disappearing filament type optical pyrometers, are
shown in Figs. 14 through 17. The friction factor, or dimension-
lesetpressure ldss, across the cored brick matrlx at the end of

gas and air phases is shown in Flgs 18 and 19.

The initial test plan called fof operation with a
flow rate of 0.13 kg/s (1000 lbm/hr). However, due to the
increased heat loss in the gas supply duct dlscussed above, the
temperature of the gas delivered to the matrix was somewhat
lower than desired. In order to overcome this heat loss, the
mass flow was increased to 0.16 kg/s (1275 lbm/hr). (The combustor
flame temperature was also increased slightly, but a fuel-to-air
ratio of 0.06 and the correspondiﬁg flame temperature were
chosen as maximum limits to avoid damage to the gas supply duct
refractory lining.) Operating in this manner, top of matrix
solid teﬁperatures-averaging 1920 K (3000 F) were obtained at

the end of gas phase, as seen in Fig 14.
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"Observation of the top matrix brick showed that
it was being severely depleted under these operating conditions.
Theréforef after 160 hours of operation with seed/ash injection
the mass -flow was. reduced to approximately the oriéinal planned
level (see Fig 12) and the flame temperature reduced slightly in
_ordér to .lower the temperature of the top matrix brick. As seen
in Fig 14, the top of matrix temperature was reduced to approxi-
mately 1860 K (2885 F) under the adjusted conditions. However,
~this prbVed to have no discernible effect on the severe attrition
" of the top.matrix brick. .The seed and ash injection rates were
.adjusted. to maintain the proportions of seed and ash when the

mass flow adjustments were made.

. The only other_departu:e.from the planned test
prpcedure of'dperating‘cyclically for 300 hours under constant
conditions was due to a 1Aboratory power .failure which occurred
after 374 hours total elapsed time. The power failure resulted
. in shutdown of the MTF fans and burners for 17 minutes. The

A éeed/ash injection was halted for roughly 3.5 hours, however, to
aliéw the system to regain some of the temperature lost during
the brief power outage.

‘Following the completion of Heat 203, the MTF
was disassembled for inspection. Samples of refractory
materials and deposits were collected for analysis. A
discussion of the degree to which the test objectives: delineated
.above were met is given in the followinc, based on review of the
test data and on preliminary bbservations‘of the disassembled
. facility. Further interpretation of the results will be presented
after results of the deposit analyses are obtained. |
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The MTF was operated for 300 hours with no
attempt to remove any accumulated deposit by operating 'in. a
"cleanout" mode. However, accumulation of deposits did occur,
as evidenced by the friction factor, seen in Figs 18 and 19.
The friction factor increased steadily throughout the test. The
rate of increaée increased sharply after the mass flow was
reduced in order to lower the top of matrix temperature.. The
friction factor decreased very rapidly when seed/ash injection
was stopped due to the power failure, and .continued to-decrease
for roughly 8 hours after. seed/ash injection was resumed." The
friction factor then began to increase again and continued to do

so until the test was concluded.

. Deposits were evident in the matrix flow paséaées
when the MTF waé disassembled. The nature of the depoéits'muSt
be determined through analysis, but it appears that -the refractory
lining of the hot gas supply duct did not contribute to the |
formation of deposits in the matrix. Although the RFG liner had
degraded to some degree (as opposed to its ek¢ellent conditioh
foliowing the hot gas'supply duct test), depleted refractory f
material appears to have accumulated in the bottom of the duct
and not carried into the matrix flow passages. The degradation
of the RFG duct liner may have been due to the slightly higher
temperature and significantly higher velocity during Heat 203
relative to the earlier duct-only test resulting from the mass

flow'adjustments discussed above. .

It should be noted that due to the relatively
large heat losses in the MTF, the mass flow per unit area of the
matrix flow passages is Significantly greater than would be the -
case in a full-scale HTAH. The MTF has been operated in this
manner in order to overcome these heat losses and to achieve the
decaired solid temperabtures. Since the séed/ash loading is
maintained proportional to the mass flow, this also results in a
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significantly larger amount of seed/ash material supplied per

gnit area. For example, at the two flow rates used during.Heat'
203, the seed/ash loadihg per matrix flow area exceeded expected
full-scale HTAH values by factors of about 1.4 and 1.8. Thus

the rates of deposition observed in the MTF would also be expected
to exceed rates of deposition in a full-scale system under

similar operating conditions.

The X~317 material was exposed to an additional
300 hours under simulated HTAH sérvice conditions, bringing the
total for the reused X-317 bricks to 1470 hours. Visual inspec~
tion of the material indicates continued good resistance to the
HTAH environment except for the bricks immediately below the
Monofrax E material, which were significantly altered. This may

be due to the poor performance of the Monofrax E matrix bricks. .

The Monofrax E bricks at the top of the bed were
severely depleted in the 300 hour test. However, Monofrax.E
showed excellent performance as the "target" for deflecting the
reheat gas flow from the hot gas supply duct vertically downward
into the matrix. A possiblé explanation for this disparity.in
performance may be that the chromia is lost by vaporiZation; ‘
since the matrix material has a high surface to volume ratio it
could have been rapidly'depleted; whereas the target material
embedded in a sidewall has a low surface to volume ratio.
Analysis of the exposed Monofrax E material may help to clarify

this situation.

The sintered spinel (Norton SX-471) bricks and
the spinel castable (Norton 1LS-812) matrix support survived the
test satisfactorily. Analysis of the degree of attack is also

needed to assess the performance of these materials.
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The emissions and chemical composition measure-
ments were successfully completed during the‘course of the.test.
Results of these measurements are discussed in Sections 3.2.3
and 3.2.5.

Several high temperature instruments were tested
for measuring gas and solid temperatures automatically.  An
infrared gas temperature instrument (Ircon Series Q) was deemed
unsuitable for use in the MTF environment; measured gas tempera-
tures generally were several hundred degrees lower than expected.
The iestrument could only-giﬁe_reasonable readings by artificially
redﬁcing the emittance setting. . Dlscu551ons ‘with the manufacturer
indicated that the need to view the gas in a hot cavity resulted
in the:poox performance. A fiber optic type infrared sensor
(Vanzetti TM-1) and an infrared'solid pyrometer (Ircon Series
2000) both gave results which eorrelated well with the die-
appearing filament type pyrometer. One or more of these

instruments may be purchased for use in future tests.

Plans for future work include modlflcatlon of the
fac111ty to improve the degree to whlch the MTF simulates an
actual directly-fired HTAH and additional tests of HTAH materials
and operating conditions. The test objectives and conditions
will be coordinated with experimental work at Montana State
University so that test work at FluiDyne and at MSU wili be
complementary'and will provide useful information for the HTAH

development program.

Modifications to the MTF will include enlarging
the flow area and incorporating a refractory dome type matrix
support. Selection of materials and operating.conditions will
1nclude consideration of the observed accumulation of deposits
'durlng Heat 203 as well as 1nformatlon from the next HTAH matrlx
test at MSU.
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3.2.2 Valve Test Facility  (VTF)

) During the reporting period, the VTF was
reassembled and Valve Test 3 was run. Several operational
problems were encountered with. the VIF hot gas supply and Test 3
was interrupted twice for modifications to the VTF. The facility
was operated for a total of 592 hours during three operating
periods (denoted Tests 3A, 3B, and 3C) including startups and
shutdowns. During this total operating period, the VTF was
operated in its test cycle including opening and closing the
‘test valve, pressurizing and depressdrizing for 375 cycleé.

Seed and ash were injected into the gas stream to.produce a
simulated radiant boiler exhaust including 1% by weight potassium
(2.3% potassium sulfate) and 0.1% by weight Montana .Rosebud ash
for 154 hours and 282 valve cycles during Test 3. The problems
causing shutdown of the VTF were not related to performance of

the test wvalve.

Following Valve Tests 1 and 2 (completed upder

. Contract DE-ACOl1-78ET10814, see Ref 6), several modifications
were made to the VIF. The castable insulation in the test valve
was completely removed and replaced with a new lining of calcium
aluminate bonded spinel castable (Norton LS-812). The valve

- seats were not resurfaced, however.

- The hot gas supply duct was alsolmodified.as
indicated in Fig 20. The inner diameter of a portion of the
duct was expanded to 0.28 m (11 in) to overcome a problem of
instability of the mair burner which had limited the achievable
mass flow during Tests 1 and 2. The LS-812 castable was used as
“the duct liner in this expanded diameter portion. A transition

to the previously existing 0.15 m (6 in) inner diameter duct
.lined with rebonded fused grain magnesia chrome (Corhart RFG)
was made by cutting the RFG bricks adjacent to the new LS-812

liner as indicated in Fig.20.
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The storage heater was also modified slightly.
‘Flange rings were ﬁade to better seal the pressure vessel around
supports which are needed for the internal heat storage tubes;
this change was made to alleviate leakage problems encountered
during Tests-l-and 2. A damaged stainless steel liner in+the
hot pressurization line from the storage heater to the upper
sections of the VTF was also replaced.

Once these modifications were completed, Test 3
was begun. The objective of Test -3 was to extend the operating
time of the VIF for a longer duration and continue the evaluation
of HTAH gas inlet valve operability and materials; valve -leakage
and heat loss, and performance of vessel insulation refractories

in response to pressurization/depressurization cycles.

Valve Test 3 was started on February 25.- The
full design flow rate was readily achieved with the hot gas
supply duct modification described above. However, after 55
hours of operation with seed/ash injection, the flow rate had
decayed to approximately 70% of the design flow and become very
erratic, accompaniéd by recurrence of a vibratidn-problem encountered
at high flow rates during Tests 1 and 2. The facility was shut
down for inspection at this point, and it was found that the
main burner opening had become partially blocked by a thin slag-
like layer and that the LS-812 castable has deteriorated and
eroded substantially. This first operating period was denoted
Test 3A. ' ‘
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Modifications were then made to the hot gas
supply-duct, as shown in Fig 21. The LS-812 was replaced with

an RFG liner, as:discussed in Section 3.1.1. Five test samples.
were .also included in the sidewall of the hot gas duct of various
materials-as discussed in.Section 3.:1.1 (see‘Fig 21) to investi-
gate the performance of these materials in the hot gas duct. -
application. These materials were fused cast stoichiometric
spinel (CGarborundum Monofrax LS) and eutectic spinel (Carbo:undum
Monofrax LE), fused cast magnesia-spinel (Corhart X-317), alumina
chrome ramming mix (A.P. Green Jade:Ram), and the LS-812 castable
coated with an alumina chrome mortar. (A.P. Green Jade Set).. In
addition, a cylindrical insert was added to the burner .outlet,
extending the burner throat by 0.15 m (6 in.) and providing an
area for accumulation of slag without restricting the burner
opening- as shown in Fig 21. LS-812.castable coated with Jade

set mortar was used for this insert.

Test 3B was started on March 24. However, after
50 hours of operating with seed/ash injection, the RFG hot liner
in the . tran51tlon section from the 0.28 m (11 in) combustion
chamber to the 0.15 m (6 in) duct cracked and falled. . The liner
‘bricks had been;qut to form the transition and were too thin at
the lower edge to provide sufficient sﬁrength. As a result, the
backup insulation material was attackea by  the hot, seed/ash
laden gas streem. Insulatlng firebrick flowed into the gas
supply duct, filling the slag accumulatlon region around the
cylindrical insert at the bottom of the test channel and depositing
on the walls of the gas supply Ruct and the test valve cavity
and seats.
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This insulation failure caused a second shutdown
of the facility. All sections of the VTF gas supply upstream of
(below) the test valve were removed,‘and the refractory was
replaced. The test valve gate was also removed for cleaning.and -
removal -of the firebrick deposits; the valve seats were-'still not’

resurfaced.

The slag tap was removed from the VTF at"this
point. The slag tap had been incorporated in the orginal design
to reméve slag which may have déposited on the walls of -the
water cooled test valve and flowed down the sidewalls of ‘the hot
gas supply duct. However, no material was collected in -the-tap .
in any of the tests to this point. The source of operational
diffichlty"was that some of the injected slag had- become disen~’
trained” from the gas stream below the slag tap and thus could
not be removed. Since the slag tap had been ineffective, and
since the hot gas supply duct now had to be repaired, the SIag

tap was” eliminated.

The new COnfiguration'of the VTF hot gas supply
duct is shown in Fig 22. The channel was expanded to the 0.28 m
(11 in) inner diameter for a large distanée, and the transition
to the 0.15 m (6 in.) size upstream of the test valve was made
with a sufficiently thick layer of RFG material. The "45°
"lateral" piece formerly used for the slag tap opening was moved
to the lowermost position in the duct; this was done in order.to
prepare‘for”a possible future modification in which the main
burner woﬁld be moved to fire thfough thé 45‘ leg. The siag
accumulation insert was made from a magnesia-chrome ramming mix

(Corhart K-29).

-30-




Having made this second set of modifications,
Test 3C was started on June 15. The slag insert cracked and
thus failed to rémedy the problem of accumulation of material in
the main burner, and Test 3C was stopped after 49 hours of
operation with seed/ash injection.. Due to budget limitations,
Test 3 was concluded at this point.
- 7 - The test objective of extending the operating
time of the VTF to continue evaluation of thé‘HTAH gas inlet
valve -and of refractory responsée to pressurization cycles. was
achiéved. - Original plans had called for a target of 300 hours
of operation with seed/ash injection; hdwever, the additional
costs incurred due to the required modifications resulted in
termination of the test after 154 hours with seed/ash injection.

The data from Test 3 has been analyzed in terms
~of leakage through the test valve. The procedure used to reduce
the leakage data is discussed in the following.

A During each pressurization phase, air phase, and
depressurization phase, strip chart recordings were made of the
pressure in the high préssure portion of the VTF and of the air
temperature in the upper spray chamber (see Fig 23). From
the strip chart recordings, the leakage through the test valve
can be reduced from the rates of decay of the system pressure
and temperature. The leakage mass flow is given by:

ew | 8% (E)
where = leakage mass flow
= preésure'
bulk average temperature
= pressurized volure
= gas constant for air

W< 30 B
1}
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Determination of the bulk average temperature, however, is
.extremely difficult since. the pressurized volume includes rair at
temperatures ranging from ambient at the pressurization. valve to
about 1922 K (3000 F) in the hottest temperature regions,.-

including temperature gradients along the storage heater. and
through the porous insulating refractories (Fig 23). Therefore,
the method chosen for determining the test valve leakage was to
monitor  the temperature at a single point in the 'system where
measurement could be accurately and reliably achieved over.the
course of an entire test and relate the measured temperature to
the bulk average temperature through empirical constants.: .., This

gives the leakage computation-in the form:

. v dp"‘ j2)
m= 0 o5 == - B &
RTm [dt Tm

where P T = measured temperature

The factors o and B then relate the bulk average temperature

and temperature decay rate to the measured values by:

Tm

o=~ - (3)
_ dT/dt ‘
B = o Tm/ac 4)

The values of a‘and B are not constant in time. The temperature
measured in the spray chamber will initially have a lower value
and a greater rate of decay than the bulk average temperature,
since the épray chamber has water cooled metal walls with no
insulation (spray gquench water is not introduced to the spray
chamber during the pressurization; air, and  repressurizdtion
phases). As the air phase continues, however, the decay rate

of the measured temperatures will eventually become smaller

than that of the bulk average temperature.
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If the VTF operates in a state of cyclic
equiliﬁrium, and if measurements of pressure, temperature, and
the values of a and B can be c0n51dered constant for that p01nt
_in the cycle. This assumption was made in order to compute the
leakage mass flow through the valve during operatlon of the VTF
from the raw measured data. '

In order to determine the values of a and B}
1eakage data measured in so- called "cold flow" tests was compared
with the strip chart recordings from Valve Test 1, in Whlch .the
VTF ﬁasroperated cyclically with clean flow (i.e., no seed(ash
injection). The cold flow tests were conducted with theuVTE at
ambient temperature, and the pressurizing air was unheated;' In

these~tests, the measured temperature closely approx1mated ‘the

bulk‘average temperature, so o and B were assumed to be unrty,
This adllowed a straightforward calculation of’the leakage mass
flow from the strip chart recordings.

A heat transfer analysis showed that, for leakage
flow rates less than about 0.01 kg/sec (0.022 lbm/sec), the.air
actually reaching the valve seats did not differ in absolute
temperature by more than 10% from the temperatures in the cold
flow tests regardless of the temperature level entering the main
valve cavity. This is due to heat loss by theAair to the water
cooled valve body and stems. Furthermore, calculations of mass
flow through a channel of abritrary dimension including the
effects of friction and heat transfer indicated that variations
of air temperature of even greater magnitude had virtually no
effect on the leakage rate due to the high rate of heat loss to
the cooled valve seats. Since the leakage rate during the
initial cold flow tests was only about 0.0015 kg/sec (0.0033
lbm/sec), it was concluded that the leakage flow during operation

of the VTF at elevated temperature would not differ from the
cold flow measurements during the early operation of the facility

‘before any changes in the valve sealing surfaces could occur. \
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The values of a and B were then empirically
détermined by selecting values which prbvided a-goed match '
bétween the ihitial cold flow measurements and the early
'measurements¥during the first test of the VTF.. " The values thus

determined were:

@ = 0.5 (5)

8 = 0.16 (6)

These values are also supported by estimates of the bulk aﬁerage
temperature which established an allowable range ‘into which the

empirically determined-values fit.

.The leakage mass flow results are shown in Fig 24.
Results from Valve Tests 1, 2, and 3 are shown in this figuré;
with the leakage plotted vs. number of valve cycles since the
test valve was received from the manufacturer. The cold flow
measurements made at various times during the conducting of the
valve tests are shown as well as the leakage measurements dufing
actual opération of the VTF including periods with and without
injectiqn of seed and ash into the hot gas stream.

A number of results are evident from the test
valve leakage data shown in Fig 24. During operation with clean
flow in Test 1, the leakage flow rate was qdite stable. When
seed/ash injection was begun in Test 2, the leakage increased
slightly. The sharp increase in leakage after 385 cycles was
caused by degradation of phosphate bonded spinel castable insula-
tion, which caused scoring of the val&e seats. As was shown in
Section 3.1.5, this castable material was lacking in the phosphate

bond phase and never attained sufficient green strength. This
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condition accelerated the degradation in the: presence of seed
and ash. The calcium aluminate bonded spinel castable insula-
tioh‘waszinStalledvin the test valve at this point before Test 3
‘'was bégun. The scored valve seats were not resurfaced.

The cold flow leakage measurements made immdediately
after Test 2 and immediately before Test 3 indicate’ that the:
leakage was reduced considerably after the valve was reassembled
with the new insulation. This waS‘peihaps due to slight misalign-
ment of the scratches on the body and. gate seats during- .reassembly.
The leakage quickly increased to the -Post-Test 2 level when Test
3 was begun. - At the point'when seed/ash injéction was begun
during Test 3, a‘dramapic reduction in leakage was observed.

The seed material appafently deposited on the seats and helped
to fill in the leakage gaps caused by earlier scoring of the
seats and allowed the valve to effect a better seal.

The leakage level fluctuated about a much reduced
level for about 75 cycles. The fluctuations may be due to
buildup and subsequent "washing out" of the seed deposits in the
leakage scratches. Operational difficulties resulted in a
" stoppage of the seed/ash-injection and the leakage ‘rapidly
increased to the highest value yet observed. This may have-
been due to abrasive action of wall deposits on the seats which .
were no longer protected by the powdery seedAmatérial:“ The
leakage again declined dramatically when the seed was restarted,

but the range of fluctuations in leakage over the next 'S0 cycles
was much greater. | '

The VTF was shut down at this point due to slag
accumulation in thé main burner, as discussed above. Test 3 was
restarted after some modifications were made tO'the hot gas
supply duct. Again the leakage decreased dramatically when
seed/ash injection was begun, but over the next 90 cycies, the
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leakage steadily increased; The VTF was again shut down at this
point when it was discovered that a severe insulation failure

had occurred in the hot gas supply duct, as,discussed'above.~‘
Insulating firebrick and slag were found to have;deposited,on»

the valve seats, preventing good contact of the sealing surfaces.
The cold flow measurements made after this shutdown indicated an
increase in leakage of a factor of 2.2 over the: cold flow measure-
ment made 100 cycles earlier. The valve gate was removed from
the valve and the slag/firebrick deposits rembvedwfrom the valve
body and gate, .and the hot gas supply duct was repaired. The

valve insulation refractory was not repaired or: replaced.

When Test 3 was -restarted for this test segment,
the leakage.-level had retﬁrned to roughly the same value as . :
before the duct insulation failure. Again the leakage decreased
when seed/ash injection was begun, and the leakage remained. .
roughly the same at an average value of about 0.005 kg/sec
(0.011 1lbm/sec) for the remaining 90 valve cycles.

Despite the considerable operational difficulties .
encountered with the VTF hot gas supply duct, the test valve .
leakage has not shown a large increase during normal operation
of the facility after a total of 780 valve cycles, including .
approximately 410 cycles with seed/ash injection. The peak
value in leakage during the last operating period was 0.011
kg/sec (0.024 lbm/sec) compared to the initial value of 0.0015
kg/sec (0.0033 lbm/sec) when the valve was received, a factor of
10 increase. The increase in leakage was caused by failure of
the initial valve insulation, which was shown to be defective,
by operation of the VTF without seed/ash injectioh during a
segment of Test 3, and by failure of the refractory insulation .
in the VTF hot gas supply duct. Despite these severe operationai
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problems, the final peak value of the leakage represented only
33% of the value which was allowed for leakage of the .gas inlet
valve at 827 kPa (120 psia) in thé.model,used in full-scale
studies, when corrected to the dimensions of the test valve.

At no time during Qperation_ofAthe.VTF did the test valve
leakage exceed the predicted value from the full-scale studies
model. Further information on valve leakage in a full-scale
HTAH is shown .in .Section. 3.3.1.

The valve test results to. date indicate that use
of a gate-type gés inlet valve for HTAH systems will be technically
feasible. LongAterm service life results must yet be obtained,
but the leakage measurements during Valve Tests 1, 2, and 3
indicate that even if substantial damage to the valve seats
occurs, the valve can effect an adequate seal due to the presence
of seed in the gas stream which condenses on the cooled seats.
However, the presence of seed and slag has not inhibited the
operation of the test valve due to buildup, of material on
‘the valve seats. Some material has accumulated in the valve
body during each of Tests 2 and 3, but not enough to inhibit
valve operation. |

Analysis of the test data also showed that the
measured thermal conductivity. of the refractory material in the
pressurized sections has not changed significantiy over the
course of operation to date. ' This indicates that the materials
have not been affected by pressure cycling. A final determina-
tion of the pressure cycling effects can not be made until the
refractories are removed at some future date, however.
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A‘concept was developed~f0rﬂeiiminating the
problem of ‘accumulation of material in the VTF main burner. The
concept will require redesign and modification of -the lower -
sections of the facility. This design work and the resulting
laboratory modifications will be done during the ‘next quarterly
reporting periocd. Valve Test- 4 wiil.be”started‘upon completion
of the modifications. The goal of Test 4 will again be to
extend the operating period of the VIF with the present test
valve and pressurized area refractory materials. The target
duration for Test ‘4 will be 1000 hrs/2000 Valveicycles. !

3.2.3 ' Emissions Measurements

Emissions measurements were made during Heat 203"
in the MTF. The intent of the measurements was éo determine
.whether or not the matrix in the MTF had any catalytic effect on
NOX in the reheat gas stream. ‘The measurements were made by
extracting samples of the gas with the water cooled probe shown
in Figs 25, 26, and 27 and analyzing the samples with flue gas .
analysis instruments. In~particular, NOx measurements were made 
with a DuPont Photometric Analyzer. Results of the measurements
16(0]

also included O and CO concentrations.

2! 27
Measurements of the NOx concentration were made
in the simulated radiant boiler exhaust gas at the entrance to
the matrix and at the exit from the matrix during periods of
operation before and after seed/ash injection was started.
‘Compafison of the NOX levels eptering apd leaving the matrix
showed a 15% increase in NO_ concentration across the matrix
with no seed/ash present and a 5% increase with seed/ash present.
All values exceeded the level at the entrance to the matrix
measured during Heat 202 (Ref 6). No effort was made to

explain this discrepancy.
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While it is unlikely that the NO_ level
actually increased as the gas passed through the cored brick
matrix, it was édncluded fhat no catalytic effect»for NOX
reduction was present. ' The slight observed increases may
have been due to temporal variations, since the measuréments
could not be made ‘at the same time due to the availability
of only one probe, or to measurement differences caused by
the different temperature levels of the sampled gas stream.

This subtask has been eliminated from the-
Statement of Work for continuation of efforts under this
contract, and no further effort will be made concerhing»NOx
measurements in the MTF.

L3

3.2.4 - Creep Testing Apparatus

Design of a dilatometer for making creep
measurements in the HTAH service environment was completed
during the reporting’period, Construction and testing of
theAdilatometer'have not been authorized under this Contract
but are anticipated at some future~date;

In order to be able to design'high_temperature

air heaters for MHD power plants, creep data will be needed for

the various matrix, hot liner, and insulation materials at the
service temperaturés. At present, creep data for most refractories
in unavailable at the high temperatures required. High temperature
creep measuremenﬁs are underway at Montana Tech for a number of

- HTAH candidate materials. Such measurements can only be made in
heated air, however. The gquestion of how the seed/ash laden MHD
gas affects the creep resistance refractories can be addressed in

such tests only by making measurements on samples which have
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been exposed to the HTAH service environment. 1In order to
confirm that this procedure correctly predicts the results of

' seed/ash eXposure on materials under load, it will be important
to make some creep tests in the HTAH service environment. For
this reason, a creep test apparatus was. designed .which can be
used to test materials under load while being subjected to the
simulated HTAH service environment of the. MTF..

The dilatometer design is shown in Fig 28. A

- brief description is given in the following.

Adaptation To Matrix Test Facility

The dilatometer has been designed for installation in the
hot gas duct of the Matrix Test Facility. The dilatometer duct
I.D. is 0.15 m (6 in). End flanges'are prOVided'to mate a
nominal 0.76 m (30 in) diameter pipe. This adaptétion is to
allow creep tests to be performed as piggy—baqk tests during
other MTF tests, thus reducing the costs of the creep tests.
The dilatometer may be mounted as a part of the MTF hot gas duct
through which the entire hot gas flow is passed. However,
erosion due to liquid ash particles may be a problem in this
configuration. Thus, the dilatometer will moét'likely bé mounted
as a bypass_leg or as a right-angle extehsion of the MTF hot gas
supply when creép tests are performed.

Horizontal Configuration

The dilatometer is designed with the hot gas duct oriented 3
horizontally and the the refractory test sample held transverse
to the gas flow and also in aiﬁorizontal position. This configu-
ration will keep the sample and the measurement components of
.the dilatomcter from being expused to liquid seed and/or slag-
which may be present in the bottom of the duct. ‘
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Measurement Symmetry

‘The function of the dilatometer is to measure the change in
length of a sample subjected to a compressive locad. The load is
also measured. - Perhaps the most unique feature of the design is
measurement symmetry, i.e., all components involved in the
measurement of the change in length of the sample are identical
at both ends of the sample. They are geometrically identical as
well as being similar in terms of their thermal environment.
This symmetry should greatly reduce the need for complex calibra-
tions prevalent in most existing dilatometers where at least one
of the rods translating the displacement of the sample to a
transducer is located in the test gas stream or the test cavity

of a furnace.

Access To Sample and Viewport

The upper portion of the dilatometer duct is a removable
sectiqn for access to the test sample. -This section of the duct
also contains an air-cooled viewport for observing the test
sample throughout the test.

Cooling Systems

The design has two primary cooling systems, one with air

cooling and one with water cooling.

The air cooling system has two inlets located near each of
the displacement transducers. The purpose of the air cooling is
two-fold. First, the air cooling keeps the transducers cool
and, secondly, it provides air -to purge the gaps around the
measurement .rods and the rams to prevent contamination by seed
or ash in the hot gas stream. The cooling air is discharged to

the hot gas stream.
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The water cooling system cools the jacket of thendilato?
meter duct including the access cover and the duct support -
- frame. The water cooling on the duct minimizes the amount
-0of duct insulation required and reduces thermal expansion of
all metal parts. The water cooling in the support frame
reduces thermal expansion in that component. The two water
cooling systems (duct including cover and support frame) may
be supplied in series at a fioQ rate of 0..015 m3/hr (4 GPH).
The estimated water temperature rise at this flow rate is
less than 5.6 K (10 F). -

Measurement Range and Samples

The dilatometer was designed for the capacity to make
creep measurements at stress levels up to the maximum encountesed
in full-scale MHD HTAH studies. The maximum stress levels
reached in various heater ?oncepts was approximately 1 MPa
(150 psi). The design can apply up to 890.N (200 lbs) on a
refractory sample having any diameter up to a maximum of
383 mm (1.5 in .) along the centerline with less than 0.08 mm
(0.003 in ) displacement of the centerline from rest. Each
transducer core has a tranélétion range of + 5.08 mm (0.200
in ). The transducer are Schaevitz Type E-200 whose maximum
operating temperature is 367 K (200 F). The load cell is a
standard 1.8 kN (400 1b) FluiDyne load cell, Drawing No.
020342A.

Consumables |

In the event of a fracture of a sample, it is probable
that the sapphire measurement rods and the ram end caps will
be damaged or broken. These same components could also be

damaged by chemical attack by the hot gas stream. These
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consumables would cost up to $10000 for a complete test set
based on a single order price. Quantity order (5 to 10
sets) could reduce the price by nearly 50%. These prices
are based on sapphire measurement rods approximately 152 mm
(6 in ) long,«uThe design provides for the shortening of
these rods by replacing the cool end with interchangeable
metal extensions.

3.2.5  Effluent Air Stream

Measurements of the:potassium céntent,of the.
effluent air stream from the MTF were made during Hea£ 203.
The interest in these measurements lies in determining the
level of potassium which is picked up by the air stream as
it passes through the cored brick matrix. This information

bears on the electrical isolation problem in a HTAH.

The measurements were performed by extracting
samples of the effluent air stream frcem the tdp of the
matrix with the water cooled probe (as shown in Fig 27)

‘and bubbling the samples through impingers filled with
distilled water. The probe was then washed after completion
of the sample extraction. The impinger contents and the
probe washings were‘then analyzed for potassium content.
Samples were extracted over several segments of air phases

to investigate the time depéndence of the measurements.

The results are presented in Fig 29. The
measured data are represented fairly well by an exponential

time decay whereby:

[

-t/4 min

wt 3 K= 0.25 e (7)
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The measured potassium content represents the average concentra-

"tion over the time during which-a particular measurement is
made. The average value for each of the time periods that’
measurements were made was calculated by integrating Eq 7
over the time period and dividing by the time interval. A
comparison of the measured values with averages calculated
from Eq 7 is shown in Table 14. All of the data points
agree well with this equation except for the measurements
made over 12 minute intervals. Therefore, Eq 7 is felt to
be a reasonable representation of the carryover of potassium
to the effluent air stream during Heat 203.

This information may be used to estimate the
potassium carryover in a full-~scale HTAH for the purpose of
estimating the electrical'cdnductivity of the air stream
-leaving the HTAH system. The estimates are needed in
order to evaluate electrical isolation techniqgues for the
directly-fired HTAH.

This subtask has been eliminated from the
Statement of Work for continuation of efforts under this
contract, and no further effort will be made to measure

potassium in the effluent air stream in the MTF.

3.3 Task 3 - Full-Scale besign Concepts

1

3.3.1 Size/Cost Analysis and Parametric Studies

During the reporting period, the size/cost
computer code was.used,to conduct a parametric study of the
directly-fired HTAH fbr a 1000 Mwe power plant in order to
assess the implications of various designh constraints, and
an example HTAH system was defined as a focal point for the
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full- scale studies. The cost effectlveness of various
1nsu1atlon and manlfold schemes was then examlned for this:
basic example HTAH. Seyeral performance_parameters of an.
individual heater in the example HTAH were then studied with
the STRHEX comguter.coqe. In addition to these basic heater
size, cost, and performance studies, engineering studies of
the effects of HTAH valve rellablllty and leakage were made
to assess the 1mpact of .these concerns on the MHD plant. 1In
addition, an evaluatlon was made of the effect of .particulate
matter in the_MHD gas stream on radiation heat loss in the '
HTAH system. '

Parametric Study and Example HTAH

Flow rates and allowable pressure losses for a directly-
fired HTAH for a 1000 MW power plant were taken from work
done by STD Englneerlng Corporatlon under subcontract to
FluiDyne under Contract DE-ACOl1-78ET15602 (Ref 6) . . The
temperature of the inlet air to the HTAH was reduced to
922 K (1200 F) from the value of 1000 K (1340 F) used in the
STD work, however, to represent more reasonable expected

performance of the low temperature air heater.

The air inlet temperature and the gas inlet temperature
represent major operating constraints on the HTAH. Another
major constraint results from the requirement that seed and
slag be allowed to drain from the heater during each gas
phase; this requirement translates into a lower limit on the
maximum bottom of matri: solid temperature, i.e., the
temperature of the bottom of the matrix at the end of the
gas phase. The allowable thermal stress in the webs between
heater flow passages is another operating constraint on the
sYstem since high thermal stresses couldidamage the ceramic

heat storage medium.
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Results of the parametriC'study are”éhown ih‘Figs 30~
32. The constraints used were that the -air 1nlet temperature
was 922 K (1200 F), the maximum bottom of" matrlx SOlld
temperature must reach 1400 K‘(2060 F), and‘the maximum
allowable thermal stress was 25;5 MPa (3700 psifzasicalculated
by theé size/cost computer code. 'The results aré'presented \
in terms of air’ temperature delivered to the combustor vSs.
’required béd‘height for various radiant boiler outlet gas
temperatures and three different heat exchanger flow passagé
diameters. - The cost relative to the selected example HTAH
discussed in the following) and heat exchanger effectiveness
are also indicated.

5

As seen in Figs 30-32, for a given air temperature
delivered to the eombustor, rédquiring a lower gas temperature
from the radiant boiler (as would be required if materials
" having 1nsuff1c1ent temperature service limits were used) |
results in an 1ncrease in requlred bed helght and cost.
Thus, ceramic materials capable of w1thstand1ng the highest
possible temperature are of great importance to the HTAH
.development=program. A radiant boiler outlet temperature of
1994 K (3130 F) and a heater system gas inlet temperature of
11978 K (3100 F) are .considered the maximum achievable with
'commercially'available materials. Another limitation of the
ex1t temperature from the radiant boiler is NO decomp051tlon.
If a lower temperature is required, the heater bed length
must be increased and delivered air temperature decreased.

Figs 30-32 enable estimates of this trade-off to be made.

Another result seen in Figs 30-32 is that the effect of
requiring large flow passage'diameters is significant at A
delivered air temperatures greater than about 1550 K (2300 F).
The percentage increase in hed height and .cost Lequired tor

larger hole diameter is roughly the same for all temperature
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levels; as the bed height and cost become larger for the

higher delivered air  temperatures, the penalty due to larger
hole diameters becomes large. At present, 25.4 mm (1 in)

holes are considered the smallest feasible flow passéges.

I1f slag fluxing additives or operating techniques are developed
to allow the use of smaller holes.without fouling of the

flow passages; higher air outlet temperatures will be achievable
for the same bed height.

The matrix support is an item of major importance .in
the HTAH development program. The matrix . support mist be
capable of withstanding tempefatures up to 1400 K (2060 F)
to accommodate. removal of seed and slag from the directly-:
fired heaters, as discussed above. In addition, the matrix
support must have sufficient corrosion/erosion resistance .
and the support structure must withstand the cyclic thermal
stress imposed by regenerative air heater service. «COmhercial
experience in the area of secondary ammonia reformers has
demonstrated the feasibility of perforated ceramic dome type
supports which operate at temperatures in the range of
1280 K (1850 F) to 1310 K (1900 F) and at loads of about
200 kPa (30 psi). These supports have been limited to about
4 m (13 ft) in diameter.

The HTAH matrix support represents an extension of
state-of-the~art technology with respect to both seed/slag-:
removal and thermal cycling. A further extension of the |
technology in the form of increased diameter would add to
the risk. The major implication of limiting the diameter of
the individual heater beds is that a large number of heaters
will be required for large system flow rate requirements.

For example, a HTAH for a 1000 MWe power plant would require

28 active heaters plus one each for periods of pressurization
and'depressprization or a total of 30 heaters if the individual
heater beds are restricted to a diameter of 4.3 m (14 ft).
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The use of such a large number of heaters initially may
seem to imply reduced reliability due to -the large number of-
flow sequencing valves.required in the HTAH system. -. However,
the use of a large number of heaters results in.the diameter..
'of the valves being reduced if single valves are. used for
each heater duct. Restricting.the size.of valves.to approxi- -
mately the .present level of blast furnace valve technology
will very likely result in increased valve reliability over
the much larger valves required if fewer heaters were used.

If more than one. valve is used. for each heater duct due to
valve size limitations, the number of valves and thus, the.
overall valve reliability is not affected by the number of
heaters. Should larger diameter matrix support concepts' and .
valves be developed and reliability demonstrated, a reduction-:
in the total number of heaters  in the HTAH should be considered.

Based on the above consideéerations, a HTAH gas inlet -
temperature of 1978 K (3100 F),. corresponding to a radiant
boiler outlet temperature of 1994 K (3130 F), and a total of
30 heaters were chosen as inputs for the example HTAH. With
these inputs, as.well as the constraints of 922 K (1200 F)
air inlet temperature and 1400 .K (2060 F) maximum botton of
matrix solid temperature, the parametric curves shown in
Figs 33-37 were constructed. 1In these figures, bed diameﬁer,
bed height, thermal stress, cycle time, and cost relative to
the example case are shown. The example case was defined by
.requiring that the bed diameter not exceed 4.3 m (14 £ft) and .-
the bed height not exceed 6.7 m (22 ft) as implied by the
matrix support limitations discussed above, and that the
total cycle time be at least 30 min to limit the number of
cycles/year required of the sequencing valves. A flow
passage diameter of 25.4 mm (1 in) was also selected based
on expectations of seed/slag fouling prevention require-

ments. Specifics of the example HTAH are given in Table 15.
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The results are shown in Figs 33-37 as functions of

heat exchanger effectiveness, where
Tair our - TaIR IN (8)

TGAS IN - TAIR IN

EFFECTIVENESS (Air Side)

- It can be seen that the bed height, cycle time, and cost
increase sharply overithe example case values if the air
outlet temperature is .increased above about 1750 K (2690 F)
‘while the bed diameter is relatively insensitive to air
temperature. 'The increase in bed diameter with hole diameter
is due to decreased geometric porosity achievable with
larger holes and to the need to balance heat transfer and‘v
pfessure drop considérations. The thermal stress decreases
with increasing air témperature because the thermal stress
is the limiting design criterion at air temperatures less
than a particular value for a given hole diameter, i.e.,
1756 K (2700 F) for 19 mm (0.75 in) holes, 1833 K (2840 F)
for 25.4 mm (1 in.) holes, and 1878 K (2920 F) for 31.8 mm
(1.25 in) holes. Bed diameter and cost do not decrease
significantly for air outlet temperature less than the
ekamplé case value of 1788 K (2758 F) but the bed height and
cycle time show significant decreases. Based on the results
of the parametric study, the example HTAH as selected repre-
sents a reasonable vehicle to use for cost, performance, and
control studies in order to identify HTAH development needs
and define goals for the development program.

Comparison of the cost of an HTAH having the performance
and size requirements defined for the example case, but with
various insulation schemes, are shown in Tablé 16. These
comparisons demonstrate the importance of the insulation
scheme to the total HTAH cost and the need for development

of insulation materials to achieve the lowest potential cost.
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B The first column, lowést,risk brick, represents an
.insulation System in which all material layers arevéqnstructed
,Qf pricks having ample thicknesses for s;fucturai intégrity.
Iﬁ:addition,_hiéh density, seed resistanp;materiél§ are
spécified for use in all areas,whéré the&témpergturgiis
greater than 1289 K (1860 F) -as an assurance against attack
by:potassiﬁm containing vapors. . This system therefore has

~ the lowest risk of failure and correspopdingly,;the«highest_

cost of the systems considered.

- The second column in Table 16 represents a system in
which the brick thicknesses are reduced and the potassium
vapor problem is not considered beyond the so-called "hot
liner" surrounding the heat storage matrix. A large cost
reduction is realized, along with a corresponding greater
risk due to the uncertainty of structural integrity and the

possibility of alkali vapor corrosion.

An even greater cost reduction is seén in the third
system, in which monolithic or castable insulating refrac-
tories are used. This insulation system also has greater
risk than ?he most conservative brick scheme due to questions
of structural integrity, anchoring requirements, and alkali
corrosion resistance: A scheme utilizing brick and castable .
combinations, as shoWh in the fourth column, also represents
a cost reduction over the lowest risk brick system, although
not as great as for the higher risk brick or monolithic

insulation. schemes.
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The final column in Table 16 represents the insulation
materials selection discussed in Section 3.1. 1, in which
- four layers of insulation were proposed, 1nclud1ng an
insulating spinel brick and a high strength insulation brlck
capable of withstanding .the temperature andvalkalllcorr081on
resistance requirements .of the HTAH. Again, a significant
cost reduction is seenover the lowest risk brick insulation
scheme, but.nct .as great as for the other reduced cost

schemes.

These costiCOmpérisons show the. importance to the .
overall HTAH development program of developing insulation
materials and construction -techniques which will allow the
use of improved insulation schemes and result in- reduced
cost of the HTAH. Thus, a primary .goal of the work under
Task 1, Materials Selection, Development and Evaluation is
to select materials for testing and property determination
which will meet the criteria posed by the most cost-effec=
tive schemes illustrated in Table 16. Testing and evaluation
of'castable materials and high- strength insulating brick
have the highest priority for insulation materials. It must
be emphasized however, that even the lowest risk brick
insulation scheme would require subscale and large scale

testing under HTAH conditions to verify performance.

Another cost comparison is. shown in Table 17, in ‘which
reducing the size of the HTAH system manifolds is considered
as a potential cost reducing method. The magnitude ef cost
reduction is on the same order as that obtained by using
the four layer insulation scheme. In the case of manifold
size reduction, the benefits of decreased cost must be
balanced against effects on total system performence (see

Section 3.2.2) and possible duct erosion due- to higher.
velocity.
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Idealized Performance of Individual Heater:

A computer code denoted as STRHEX was developed-in .
earlier HTAH work to make calculations of the performance of
individual heaters in a system of regeherqtivewheat-exchangers.
The code is upgraded from time to time to add the capacity
needed for examining particular .concerns of the .HTAH, develop-
ment program. The code now has the capability .to handle 2-
dimensional (axial and radial) temperature fields; temperature:
dependent transport properties, arbitrary time functions of
the inlét air and gas stream flow rate and temperature and.
arbitrary -specifications of material properties -in the axial
dimension. It-was used to'calculate the performance of a
single heater in the example HTAH-described above, under the
assumption that the flow rates through and the perférmance
of all heaters is identical.

The sequence Of events through which an individual
heater in' the example HTAH would. pass is shown in Table 18.
The flow .rate through an individual heater based on this
seduence is shown in Fig 38. The ideal temperature history
for an individual heater is shown in Fig 39. The inlet gas
and air temperatures and‘flow rates include effects due to
heat loss in thé ducts and manifolds and mass loss due to
valve leakage and pressurization/depressurization. The
idealuperformance curves shown in Figs 38 and 39 were used
to assess the degree of variability in individual heater
performance determined from the dynamic system performance
model (see Section 3.3.2). Many computer runs have been
made with the STRHEX model; the result of these studies has
been to verify that individual heater performance can be
scaled by heat exchanger effectiveness in the same manner as
indicated in Figs 30-37. |
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Calculations of the thermal stress at inner surfaces of
the heater matrix flow passages are shown in Fig 40. The
cored brick material is ‘stressed in tension during the air
phase and in compression:® during the gas phase. = The most
severe thermal stress occurs at the bottom of the matrix
dring the first 40% of the air phase. This condition results
from the need to raise the bottom of matrix solid temperature
to a level of 1400 K (2060 F), at the end of the gas phase
to promote drainage of seed/slag from the matrix flow passages.
The low temperature, 922 K (1200 F), air which is 1ntroduced
at the bottom of the matrix then results in very high stress
levels, which decay as the solid temperature decreases. ,The
thermal stress levels are much lqye; at the middle~and‘tqp

of the matrix.

The thermal stress calculations are based on the assumption
that the bricks are a continuous, elastic medium. Thus, the
calculated stresses are indications of the maximum levels
' that could exist with idealized materials. Porous refractory
materials can withstand potentially high stress conditions,
however, due to the presence of gaps'in the material miérostrudture
- microcracks form which prevent the high stresses from
developing. Highly dense materlals, however, more closely
approximéte the continuous medlum. The calculations empha51ze
the need for thermal stress resistant materials, particularly
in the bottom region of the matrix where the variation in |
stress level over the course of a heater cycle is veryf
large. The fused cast magnesia-spinel, discussed éarlier,
has demonstrated the ability to withstand thermal cyclihg
due to its particular microstructure in spite of its hlgh
density.
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Calculations of the radial temperature profile.across
the cored brick matrix at the end of the gas phase are shown
in Fig 41. The three curves were computed using different
models for the thermal resistance of the flow passages;
models 1 and 2 represent upper and lower limits' on. the
thermal resistance of the flow passages while model .3 falls

_between these extreme values.

~ As can be eeen from these profiles, for the example
HTAH conditions, a temperature variation on the order of
19 K (35 F) can exist in the'matrix. This is especially
important to consider in HTAH design at the bottom of the
matrix, where a minimum temperature of 1400 K (2060 F) is
specified at the end of the gas phase for effective seed/slag
‘dralnage. To assure that the seed/slag material drains
effectiveiy at the outer edges of the matrix, a ‘temperature
as high as 1419 K (2095 F) may be requlred in the center of

the matrix.

HTAH Valve.Reliability

A Study of MHD .plant relidbility (Refs 7, 8, and 9) was
reviewed with respect to reliability,of the HTAH. In particular,
the queetion of valve life was considered, and it was shown
that using different assumptions for valve life dramatically
reduces the number of spare heater modules required in an HTAH
system to~achieVe a given HTAH unavailability requirement.
Changingvthe failure rates for individual-vaives, but foliowing
the same method outlined in Ref 8 for determlnlng HTAH unavaila-
bility, resulted in a decrease from 8 spare modules required to ;

only 1 spare required in order to achieve a 2% unavailability.
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In the study, summarized in Ref 7, the unavailability

"of the MHD plaﬁt’Was~c0mputed from unavailability or "effective-
forced outage rate” due to the various system components.

The HTAH unavailability was dominated by forced outage due

to valves. The valve failure rates assumed in the study

were based on early estimates of life in steel plant blast
furnace stoves.: More recent experience has shown much

longer valve life. Also, the analysis of Ref 7 assumed the -
same failure rate (equal to the worst) for each valve 'in the
"HTAH syétem. There are six valves for each heater and. their
service requirements vary widely. The influence of longer
valve life and individual -valve conditions.on HTAH avaiiability
were etudied_usihg the methods of Ref 7.

" The approach taken in Ref 7 was to assume a mean .valve
llfe based on early steel 1ndustry experlence with hot blast
valves and to compute from this a failure rate, Av’ for
individual valves in an indirectly-fired HTAH. This failure
rate was used for each of the six valves associated with
each heater vessel giving a total failure rate of A = 6X
for -each heater module. The fallure rate was arbltrarlly
"doubled for dlrectly—flred HTAH systems because of the

presumably more severe service env1ronment._

The mean life assumed in Ref 7 for steel industry hot
'blast valves was 2.2 years, based.on an estimated range of

.ii-5 years. This gave 'a failure rate for the indirectly-

. fired HTAH calculations of A = 0.5 (each valve every 2

years) The method used in determlnlng this value is summarlzed
A;n Table 19.

However, recent information on improved blast furnace

valve designs has indicated that valve life of up to 10
years has been achieved (Ref410). Ihe‘general blast furnace
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valve literature and discussions with blast furnace valve

" manufacturers indicate that the primary causes of wvalve
failures in the steel industry are warping and cracking

of cooled metal parts; this -is generally.due to fouling .of
the water cooling passages which results in a non-uniform
temperature distribution. Impurities and .particulate matter
in the cooling water are the causes of the trouble, since.
untreated river water is generally used:as thejboolantg The
10 year l1life quoted above resulted from the use of treated
cooling water. Since treated, boiler quality water will ‘be -
used in an:‘MHD electric power plant, it is reasonable. to

assume that clean water will be. available for valve cooling.

The HTAH hot gas inlet valve will have the most severe
conditions of the temperature and pressure (and gas stream
composition for the directly-fired case). The pressure and .
temperature are somewhat higher than for blast furnace hot
valves. Therefore, an estimated mean life of 5 yeérs'seems
reasonable. This results in a failure rate of Av = 0.22 for
a gas inlet valve in the indirectly-fired HTAH availability
analysis when the value of‘xv'from Table 19 is ratioed by
2.2 years/5 years.

As noted earlier, it was assumed in Ref 7 that éll
valQeS‘have the same failure rate. Since the severity of
service for some of the valves is much lower than that of
the gas inlet valve, lower failure rates should be used for.
these vaives. . For example, the air inlet valve will have a
service temperature of only 922 K (1200 F) with clean air
passing through it in its open position. Based on the value
of 0.22 for the hot gas inlet valve, failure rates were
estimated for the various valves in an indirectly-fired

heater. The estimated failure rates are shown in Table 20. .
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If the rate is doubled for the severity factor arbitrarily
assigned to the directly-fired heater, a rate of A = 2 x |
0.69 = 1.38.yr ©
x 6X, = 6 yr ' from Table 19. The value of 1.38 for the

failure rate results in a significant reduction in HTAH

is obtained rather than the value of A = 2

unavailability as shown in Fig 42. Time between MHD plant
shutdowns was assumed in Ref 7 to be exponentially distributed
about a mean period which was established on the basis of
data from coal fired base load power plants and on an assumed
overall MHD plant forced outage rate requirement of 16%.

All failed valves would be replaced during these plant
éhutdQWns for other problems in the MHD plant. Plant shut-
down would not be made in the event of HTAH valve failure; a
heater module including a failed valve would be off-loaded
and a spare heater module with all associated valves would

be brought on line until one of these repair opportunities
would arise due to shutdown for other plant problems. .Valve
failures were also assumed to be exponentially distributed

about the mean values.

A value 6f 2% HTAH unavailability was postulated as a
.requirement. In order to meet thié requirement, 8 spare
heater modules with all associated valves would be required
in a HTAH sYstem having 14 active heaters'according to Ref 8.
However, if the value of A = 1.38 is used, only 1 sparé
module would be required to meet the 2% unavailability
objective.

The effect of the assumed severity factor is shown in
Fig 43. A severity factor of 2 may in fact not be justified‘
~in light of the valve test results reported in Section
3.2.2. These results indicate that the presence of seed

material in the gas stream compensates for damage to the
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valve sealing surfaces. This may actually result in an

enhancement of valve life (severity factor < 1) as compared

to the steel industry experience. This situation will" '
become clearer as long term valve tests become available.

As can be seen in Fig 43, a moderate enhancement in the-assumed
mean valve life (severity factor = 0.84) results in reducing
the required number of spare heaters to achieve 2% unavail-
ability to zero, while an increase in the factor to.as much

as 3 results in a requirement of only 2 spare heaters.

The availability analysis of Ref 7 requires that spare
heaters be brought on line immediately in the case of valve
failures; if all spares are already in use, the HTAH is.
operated at reduced'capacity if a module must be off-loaded.
Maintaining a large number of spare heaters in a state of
readiness and bringing new heaters on line represent potentialiy
complex problems in the operation of a HTAH. Thus a minimum
number of required spare heaters is desirable from a HTAH.
operation standpoint as well as from the obvious capital
cost penalty viewpoint. However, as shown above, using
different estimates for HTAH valve failUre rates in the
analysis results in a requirement of only 1 or 2 spare
heaters at worst and shows that a 2% unavailability requirement
may be achievable without the use of any spare heaters in a
HTAH system.

Effect of Leakage and Pressurization/Depressurization Losses

The effects of mass loss due to valve leakage and
pressurization/depressurization loéses on the overall MHD
plant was studied. Valve leakage results in a loss of
pressurized combustion air; this leakage flow bypasses the

combustor, channel, and radiant boiler and passes directly
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to the components downstream of the HTAH. Pressurized air
is also lost to-the downstream components when the indivi-
dual heaters are depressrulzed after ‘each air phase by dis-
charging air to the gas outlet manlfolds. In addition, a
residual 1nventory of low pressure channel exhaust gas is
mixed with the pressurized combustion air after each gas

- phase as the heater is pressurized.

The effect of this overall mass 1oss‘oh the overall
plant is minimal. No penalty is‘incurred in the downstream
components; the air mass lost frdmvthe”HTAH can bé éompen-
'sated for by reducing the secondary combustion air which is
added upstream of the bottoming plant. Since combustion air
to the MHD combustor is lost, however, additional pressurized
air must be supplied to the HTAH in order to maintain the
required total channel flow and temperature. This additional
air impbses a penalty in the form of power required to
~compress the air whlch will be lost by leakage and pressurlzatlon/

depressurlzatlon.

The additional dompressor power required may be éstimated

by the following equation.

_ (y=1)/v
~h Cp T, - 2 :
SR P T P | -1 (9)
where: m is the additional mass flow required to

compensate for valve leakage and pressurization/

depressurization losses
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The following assumed

is. the

specific heat of air

‘is the compressor inlet temperaturé

is the compressor efficiency

is the
motor -

efficiency of a compressor drive

is the pressure ratio

is the ratio of specific heats for air

values were used:

?2/P1 =9

A small

= 288 K (519 R, 59 F)
= 0.87 (no intercéolihg)x

= 0.98

power recovery is‘realized by the bottoming plant:

since the compressor outlet temperature will be greater‘than

the stack temperature of the bottoming plant.

power can be

This recovered

estimated by:

Pp~m ¢p (T = Tstack) M8 (10)
where: T2 'is the compressor outlet temperature
TStack is the bottoming plant stack temp.
ng is the bottoming plant conversion efficiency

. =69-




The following ‘assumed values were -used
- T, = 578 K-(1040 R, 580 F)
Totack = 422 K (760 R, 300 F)
Ng = 0.33

The net additional power required to compensate for
valve leakage and.pressurization/depressprization losses is
thus given by. . |

Pret =.F = Py R . BENESY

The effect of this additional power requirement on the
overall plant efficiency is shown in Fig 44 for a 1000 MW
power plant.. Calculations were made for two cases, a plant
having an overall efficiency of 45% and a plant having an
overall efficiency of 50% (computed without accounting for
the additional power requi:ed to compensate for mass loss
duée to valve leakage and pressuri?ation/depressurization
losses).

The loss in efficiency is plotted vs. the time averaged
mass loss in Fig 44. Three values of the mass loss are
indicated. - First, a value is shown which represents a
calculation of the net mass exchange due to pressurization/
depressurization for the example HTAH discussed above. The
second value adds to this pressurization/depressurization loss
a total valve leakage wass loss estimated on the basis of
results of valve tests reported in Section 3.2.2. The third

value includes total valve leakage as'computed by the |

size/cost computer code for the example HTAH in addition to i
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the pressurization/depressurization loss. - It should be .
noted that these calculations of mass loss are all based on
the example HTAH which has 30 individual heaters. .A HTAH
having a smaller number of heaters would have a smaller
total mass loss. o

The effect on total plant efficiency is seen to be
quite small. For example a plant having an efficiency ‘of
50% when disregarding mass loss in the HTAH has ‘an efficiency
of 49.66% when the additional power requirement du€ ‘to: mass
loss is accounted for, based on estimates from the valve
testing results. Even when the more pessimistic "size/cost
computer code calculations are used, the efficiency is
reduced toﬂonly‘49 91%. Corresponding reduced effic1enCies
for a plant having 45% efficiency with no mass loss are
44.96% and 44.93%. The.use of a directly-fired HTAH can
raise the overall plant efficiency by 5 or more percentage

pOints over a system with oxygen ‘enrichment.and moderate preheat. -

Thus, efficiency reductions on the order of 0.04% to 0. 09%
are insignificant when compared to the overall effiCiency

advantage realized through use of the directly-fired HTAH.

Effect of Particulate Radiation

Due to the recent availability of material on particle
size and distribution and heat transfer in the MHD channel,
diffuser, and radiant boiler (Refs 11-13), the radiative
heat exchange model used in the size/cost computer code and
other HTAH computational models was revie 'ed. The contribu-
tion to the total heat transfer due to radiation exchange
between particulate'matter in the gas stream and duct or flow
passage walls has been estimated in previous work from’
assumed particnlate concentrations and size distributions. This
contribution has. been recalculated using information given in

Refs 11~13 for use°in future full-scale studies work.
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The results of these calculatlons are shown in Fig 45.
As can be seen 1n thls figure, the magnitude of particle
radiation is falrly small for small passage diameters, such
as the heat exchahge matrix flow passages. The magnitude of
the particle‘taaiatich:term increases toward a maximum value
as the passaée‘aiameter‘increases, for example in the large
manifolds carrying the radiant boiler exhaust gas to the
HTAH. Incorporation of the improved particulate radiation
term as shown in Fig 45 will 1mprove the HTAH simulation in
future full scale studles.

3.3.2,5 Dynami¢ System Performance Simulation
(SCAMP) and Control Systems

The SCAMP computer code was used during the
reporting period to make calculations of the dynamic performance
of the example HTAH for a lOOQJMWe‘power plant under various
conditions. A total of four runs of the SCAMP code were made,
in which the performance of the example HTAH was calculated
for the follow1ng conditions:

1. Large manifolds - gas and air inlet and outlet
manifolds sized to allow a velocity no greater
than 30 m/sec (100 ft/sec); 2000 sec gas phase and
800 sec air phase for each individual heater.

2. Step change in gas temperature - the transient
response of the system with large manifolds to a
step change of 111 k (200 Fi in the inlet gas
temperature.

3. Small manifolds - manifolds reduced in diaméter by
Y2 . to give maximum velocity of 60 m/sec (200
ft/sec); 2000 sec gas phase and 800 sec air phase
for each.individual heater. '
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4. Small manifolds with control - air and .gas phase
duratlons fixed individually for 1nd1v1dual heaters

to control max1mum bottom of matrlx SOlld temperature.

A brief summary of the results of these four
runs is given in the following. Further detalls w1ll be |
presented in a topical report on, the performance and control
studies of the 1000 MWe plant example HTAhJ

The sequencing of the example heater system _
for the performance calculations is summarlzed ln Tables 18,”
21, and 22. The events through which an individual heater
is cycled and the tlme scale are shown in Table 18. The"
‘example system as déscribed in Table 15 has 30 individual
small diameter heaters. The layout of the heaters (see
Section .3. 3 3) is symmetric such that it con51sts of two- identical
groups of lS heaters with the attendant manifolds, ducts,'
and valves.. The heater sequence selected for the performance
and control studles consists of a partlcular pattern which
is 1dent1cal for each of the 15 heater groups, but offset by
half of an individual heater cycle. Each 15 heater group
receives half the total gas flow and delivers half the
total air flow. This allows the SCAMP code to be run for
only a 15 heater system at greatly reduced computer cost
‘compared to a 30 heater system, and the total system output
is determlned by adding together two output curves skewed by
half a cycle.

’ ~Details of the sequence for each 15 heater
group are éiven in Table 21. This sequence is repeated for
each of the 15 heatérs. A summary of the total cycle for'
the 30 heater system is shown in Table 22. This cycle is
similar to the individual 15 heater group cycles except that
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pressurization or depressurization may be occurring in 2
heaters at the same. time in the 30 heater cycle. Fig 46
identifies-the/heaters and the secuence for one 15 heater
group. The idgal flow rates thfopgh an individual heater
based on,this heate;;Sequence were shown in Fig 38; this
situation wouldrreéglt if all heaters participated equally
in the flow distribution. | |

_ The temperature of the outlet air from the 30
heater system with large manifolds is shown in Fig 47. The )
temperature exhibits a short term ripplé of about 15 K :."
(27 F) with a period of about 1.5 min due to the drébp in
outlet air temperature from each individual heater. This.
ripple is superimposed on a longer term oscillation with a:
period of about 15 min due to'the location of the individﬁé;
heaters relative to the air and gas manifolds. The resulﬁiﬁg
temperature variations amount to roughly 2% of the average '

delivered air from a 30 heater system cycle.

The total system gas outlet temperature is
shown in Fig 48. The outlet gas temperature also shows the
short term ripplé and longer term oscillation, and a total
variation in temperature of less than 2%. Similar results
were observed in an earlier example casé with 10 heaters;
the periods of oscillation were longer and the total temperature
variations were somewhat larger.

The outlet air temperature shown in Fig 47
represents the discharge of the HTAH air manifold. The duct
needed to carry this air to the combustor will act to further:
damp the oscillation in delivered air temperature. Definition
of the air duct requirements and definition of allowable air
temperature fluctuations at the combustor will be needed in
order to establish the HTAH control needs and to assess the-
effectiveness of control schemes studied.
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The long term oscillation in the system

outlet temperatures is due to the fact that each "individual
heater in the systeﬁ does not receive the ideal flow rates
as shown in Fig 38 and thus does not exhibit the: ideal
performance shown in Fig 39. Unequal distribution of flows
results from pressure losses due to the required. branching
and manifolding as illustrated schematically in Fig 46.

For example, a heater which is far from the inlet gas manifold
will tend to receive lower than the ideal gas flow; if the
heater is also near thé inlet air manifold, it may receive
higher thaﬁ the ideal air flow. . The result will be a lower
thaﬁ ideal outlet air temperature from this particular

heater.

' In addition to the overall system outputs as
shown in Figé 47 and 48, the SCAMP code can be uéed to study
the performance of the individual heaters. For example, the
performance of a typical heater  (Heater 14) is illustrated
in Figs 49-52. The solid temperatures at the top and bottom
of the matrix are shown in Figs 49 and 50, and the outlet
air and gas temperatures are shown in Fig. 51. These tempera-
tures can be compared with the ideal temperatures shown in
Fig 38 to assess the degree of variation of each heater from
the ideal case. Similarly, the air and gas flow rates
through each individual heater,(illustrated for Heater 14 in

Fig 52) can be compared with the ideal flow rates in Fig 38.

The HTAH system pressure losseé are shown in
Figs 53 and 54. The system inlet air pressure is 867 kPa
(125.81 psia) and the gas inlet pressure is 107 kPa (15.58
psia). The air pressure loss shows a number of spikes
which are due to pressurization/depressurization of the
various heaters. ' These spikes represent changes in the

pressure loss on the order of 20% of the average pressure
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loss of 27.6"kPa- (4 psi)‘or pressure surges of about 0.7% of
the system ai¥“pressuré. Similar spikes are seen in the gas
side pressure™“16és on the order of 11% of the average 4.1 kPa
(0.6 psi) loss or surgés of 0.4% of the system gas pressure.

In addition'tQ;these sharp spikes, an oscillation of much
‘smaller amplifﬁdé is also seen in-thé air and gas pressure
losses. Again; definition of the preséure requirements at the
combustor will be needed to~estab1i5h control needs and

assess effectiveness of control methods. Figs 49-52 illustrate
the type of ﬁéffdrmancé calculations which can bé made with.the
SCAMP code in order to screen and define control sysfems and
operating methods.

_--In the second computer run, the HTAH:gas inlet
temperature was -.subjected to a step change of 111 K (200 F),
being reduced .-from 1963 K (3075 F) to 1852 K (2875 F): The
purpose of this run was to study the system responsé -to a
variation in temperature, such as might occur due to a load

change or an upset in MHD plant operating conditions.""

The HTAH system response to thé step change in
gas inlet temperature is shown in Fig 55. The results are
presented in the form of transfer functions n for the'outletA

air and gas temperatures where

T 7 TprnaL | .
no= g 7 (12)
INITIAL - "FINAL
T = temperature at time t
TINITIAL = temperature before step change
TFINAL = temperature system will reach after

transient period following sfep change
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The values of TFIﬁAL for both the outlet air and. gas tempera-

tures were computed by assumlng that the heat exchanger
effectlveness on the alr and gas sides remalned constant, i.e.,

TG in -~ TG out\ K . TG-in - TGfeut:\ e e
B L T ———— |FINAL  (13)
G in A in . INITIAL - '\ "G ‘in A-in. c

: B _ . oo . \ -
_TA out A 15\ TA,out TA 1n| L _
Je in " Ta 19/ inITIaL =\ G in - Ta. 19/ FINAL (14)

As can be seen in Fig 55, the outlet air and gas
temperature response can be lapproximated by an exponential detay
from the.initial state to the final state. .The -outlet air |
temperature response is much faster than the outlet gas tempera-
‘ture response. The transfer functlons have been reduced to less
than half of the 1n1t1al values within 2 cycles for the air
temperature and 3 cycles for the gas temperature. To reduce the
system output transfer functions to 10% of the- initial values
would requ;re .a total of approx1mately 5 cycles for the air
temperature and 12 cycies for the gas temperature. |

The transfer functions shown in Fig 55 may now be
used to estimate HTAH system response'to step changes in fluid
inlet temperatures without requiring a run of the SCAMP code.

The HTAH outlet air temperature for the two small

manifold cases is shown in Figs 56 and 57. Results from the
three steady state c¢computer rurs are summarized in Table 23.
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-The. air outlet temperature variation with
large manifolds is 24 K (44 F) and the gas outlet temperature
variation is 16- K (29 F). With small manifolds, the air
outlet temperature variation increases to 50 K (90 F) and
the gas outlet. temperature variation.increases to 31 K
(56 F). Thus. the reduction in manifol@ size, which reduces
the HTAH cost by..9% (Table 17), doubles the air and gas

outlet temperature variations..

The increase in outlet temperature variation
with decrease in manifold size arises from the.resulting
degree of variation in flow through the individual heaters
in the system. Comparing Figs 47 and 56, it is evident that
the short term (N'l.S minute) variations in air outiet A
temperature, which arise from the temperature droop in the
individual heaters, are essentially unchanged in the small
manifold case. However, the longer term (~ 10 min) '
variation in outlét temperatures is greater. This longer
term variation is due to the fact that the location of each
individual heater relative to the air and gas manifolds
affects the amount of flow it receives, since the pressure
loss in the manifolds is not insignificant relative to‘the
pPressure loss in the heater flow paséages. Heater-to-heater
differences in the flow rate produce heater-to-heater
differences in performance; thus different heaters préduce
different levels of air outlet temperature even through the

droop in tempefature remains nearly -the same. When the

manifold size is decreased, the pressure loss in the manifolds‘

becomes even more significant and differences in flow rate
are increased. The longer term variations in system outlet
temperature are then increased.
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In order to effectively drain seed/slag from the
heaters during normal operation of the HTAH, the bottom of
matrix solid temperatures must exceed the melting:point of seed
(1342 K or 1956 F for potassium sulfate) for a-sufficient period
of time during each gas phase. In order to assure that this
condition 'is realized, 1400 K (2060 F) has been'selected for the
cfiterion which the makimum'bottom of matrix témperature of each
individual heater should meet or exceed. Neither-the large 6r
small manifold System,'0perating with all heater cycles having
the same gas and air phase durations, meet this criterion
(Table 23,;third column). Some individual heaters have maximum
bottom of matrix temperatures as low as 1336 K (1944 F) for the
large manifold case and 1279 K (1843 F) for the small manifold
case. This is because of the variation in flow rates, and thus.:
heater performance, due to location of the individual heaters .

relative to the manifolds as discussed above.

For this reason, a control system was implemented
in the SCAMP model to determine whether the bottom of matrix
temperatufé criterion could be achieved. The boncept was to
allow those individual heaters which did not achieve the tempera-
ture criterion to operate with a lengthened gas phase and a
shorténed air phase, maintaining the same total heater cycle

time so that the heater sequence is not affected.

Thebmethod used to select the changes in gas and
air phasenduratidns was as follows. Several runs were made with
the STRHEX code, modeling an individual heater in the example
HTAH. The phase durations were systematically Varied to produce
duce the curve shown in Fig 58, which indicates the amount that
the phase duration should be modified to achieve a corresponding
change in maximum bottom of matrix temperature. The results

showed that the temperature would vary as a linear function of
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the change in phase duration. The durations of the éir and gas
phases for several heaters in the 30 heater systém were then
altered to achieve the desired result. Secondary effects due
to changes in phase duration of other. heaters in the system

were ignored for the first attempt at. implementing the control
concept.

As seen in Table 23, when this concept was
used with the SCAMP code for the small manifold HTAH, the
maximum bottom of matrix temperature;criterion for all
heaters was nearly achieved. A new chqice=of~phase durations
for the individual-heaters including -the secondary effects
‘could have been made in order to improve the bottom of
matrix temperatures further, but since the capability of the
control concept had been demonstrated, another SCAMP run was
not made in consideration of budget constraints. :

‘The air outlet temperature for the small
manifold HTAH with control system is shown in Fig.57..
The total variation in air outlet temperature is the same as
for the small manifold case without control, although the
form of the outlet temperature over time is différent. This
result demonstrates the capability to operate a HTAH in such
a manner as to .control a particular parameter, in this case
as required for heater operability, while maintaining the
overall HTAH performance.

This control concept could be readily used in
an actual HTAH system. Sensing of a temperature which is
too low or a pressure drop which is too high would result in
an adjustment of the phase times by the HTAH controller.
Study of the system response with regard to those parameters
which affect the overall MHD plant performance will be
required in order to evaluate the possible use of this or
‘other control concepts. Analysis of the SCAMP data from the
runs made to date and of future SCAMP data will be directed
toward this objective. )
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3.3.3 System Layouts

-The objective of this subtask is to prepare
HTAH system layouts for the purpose of integraﬁing"individual
component modeling or design studies.. The 1eve150f‘effort - T
for the layouts is consistent with that needed to identify
development needs which should be addressed in the HTAH

development program.

During the reporting period, a layout for the’
example. HTAH for a 1000 MWe plant was conceiﬁed'ahd:a concept
for providing for thermal expansion of the HTAH was developed.
The overall layout was arrived at through consideration ' ‘
of overall insulation requirements; compactness of the .
overall HTAH system; valve orientation, insulation, and A
installation requirements; manifold and duct design considerations;
individual heater vessel plenums, matrix support and arrange-
ment of flow passages; and problems related . to the intersections
of large diameter, refractory -lined ducts and manifolds. -

The development.of a thermal expansion concept
for the HTAH is'complicated primarily by the operating:
methods and the large phyéical size of components. Thermal
expansion accommodation must be provided during startup and
shutdown when very large thermal growth occurs, but the system
later stabilizes at operating conditions. At operating
temperature, smaller displacements between components occur
due to differences in temperature level. The second considera-
tion is the impracticality of locating expansion joints in
very large pipes and especially those whose cross-sections
are not circular or those which carry a relatively high

pressure.
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- The overall system layout. for the example

HTAH is shown in Fig 59. The size, shape, and operating

pressure for the major piping components are listed in Table

24. The equivalent outer diameter given is the nominal pipe

shell diameter.. All of the piping is insulated internally

and externally such that the pipe shell temperature.is

nominally 533 K (500 F) at operating conditions.

here is

1.

" The thermal expansion design concept proposed

guidéd by the following precepts:

1
Provide a set of fixed points in the gas mains
located at the intersection of the centerline of
the gas mains and the intersection of each gas

manifold.

Provide a rigid connection between the gas-in
manifold and the heater and allowing the heater to
move horizontally along the direction of a heater

run on a system of support rails.

Avoid expansion joints in the gas-in and gas-out
manifolds due to their catenary shape and avoid
expansion joints in the large, high-préssure air-

out manifold.

Relocate the air mains near the HTAH certerline
(between the gas mains) so that the iocatién of
their interface point with other MHD components
does not have large lateral moveménts during

startup and shutdown.

Assume that all pipe shells at any given time
differ in temperature by no more than + 28 K

(50 F), i.é., a relati&e difference not to exceed
56 K (100 F).
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A schematic diagram of the thermal expansion

design concept applying these guidelines is shown in Fig 60.
Expansion joints are located in the gas mains, the gas-out
ducts and the air-out ducts. .

From a fixed point in the gas-in main, the
gas-in manifold, the adjacent heater row, and the.air-out
manifold move as a rigid unit as thermal expansionibccurs.

It will be important to the design to maintain only a small
relative temperature difference between the shell of the

gas—in manifold and the air-out manifold. The total thermal
growth of these two manifolds is approximately 1b2 mm (4 in)

from 288 K (60 F) to the operating temperature of 533 K (500 F)
during startup. A relative temperature difference of 56 K

(100 F) between these two manifolds would result in approximately
6 mm (0.25 in) difference in thermal growth between each .

heater in a given row.

The gas-out and air-in manifolds are isolated from
the heaters by expansion joints located in the ducts. These
expansion joints are selected to accommodate lateral movement
due to relative differences in shell temperature. It is not
hHecessary to accommodate the overall growth during startup since
all four manifolds are parallel and expand egual amcunts. A

list of the required expansion joints is given in Table 25.

In summary, it is shown that a concept to
accommodate the thérmal expansion of the HTAH can be dévelobed
utilizing conventional engineering practices. However, with-
" out details of the actual methods of supporting thelmajor |
piping elements and the heaters, some difficult engineering
problems remain. The major remaining c¢oncerns are the
accommodation of thermal growth in the vertical direction,
partiéularly of the individual heaters, the restraint of
piping where large pressure-area forces or thrusts are
developed, and .the compatibility of the expansion of the
refractory insulation within the piping system.
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3.3.4 Cost Estimates

-+, During the reporting period, the algorithms
used to compute the HTAH cost in the size/cost program were
reviewed. In particular, the cost model for intersections of
ducts and manifolds was upgraded and incorporated in the
size/cost codehL.A.complete, éeparate cost estimate of the
example HTAH originally planned -was not completed. Since
the primary interest in cost estimates at the present time
is in relative costs for various HTAH'concepts, verification
of the level of:costs‘ffom the size/cost code to a greét‘

degree of accuracy is not considered important.

3.3.6 "Matrix Support Test Facility

The support for a full-scale HTAH cored brick
matrix presents certain unique development problems. 'The
matrix support structure must withstand the corrosive HTAH
service conditions and must be capable of supporting the
weight of the cored brick matrix while being subjected to
high operating temperatures and large stresses induced by
thermal cycling.. Tests in subscale test facilities can
provide information concerning the corrosion resistance of
potential matrix support materials and the ability to prevent
accumulation of seed/slag material in the matrix support

structure.

In order to study the capability of a support
structure to withstand the dead load and thermal cycling
loads to be encountered in a full-scale system, however, the
support structure must be tested at a sufficiently large |

scale to simulate the actual conditions to be encountered..
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Cored brick matrix diameters on the order of 4.3 m (14 ft)
are anticipated for full-scale HTAH systems. ' Larger dia-

‘meters are anticipated to be difficult to achieve.due to the
matrix support requirements. Thus, tests of matrix ‘support
structure concepts at approximately this size level will be
required in order to verify that a matrix support w1ll be
suitable for use in a full-scale HTAH.

_ . The objective of work under this subtask is
to identify a concept for a test facility which can. be used
to obtain the needed information as part of the. HTAH develop-
ment program. Such a concept was identified during the
reporting period, and the test facility was defined .in terms
of one matrix support concept, a perforated ceramic dome.
Other matrix support’concepts could also be tested in the
facility. The facility design effort was limited to a con-
ceptual level due to budget constraints.

- The concept developedAfor the matrix support
test fac111ty is to construct a support structure which is.
loaded from above to simulate the dead load of the cored
brick matrix. .This structure is then alternately heated and
cooled by a heated gas stream which flows vertically upward
through the matrix support to simulate the material tempera-
tures and the thermal stresses to which an actual matrix
support would be exposed. The gas stream would be clean,
since the intent of the tests is not to evaluate the corrosion
resistance of the material, but rather to study the mechanlcal
integrity of the structure. The use of clean gas will
significantly reduce the cost of the test fa0111ty Methods
to simulate the loading of the matrix support in the most in-
expensive manner were also sought in developing the facility

concept.
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~t Two different methods of loadlng the support
structure were con51dered The flrst loadlng method utilizes
a hydraullc load system while the second method ‘employs a“ ‘
static load. i These 1oad1ng methods are illustrated in Flgs
61 and 62. ‘ -
fhe concept of the .ceramic dome support was
developed .in. earller work (Ref 6) . The ~concept has been
applied in a subscale preheater through a design furnlshed
by FluiDyne to the General Electric Company (Ref 15). The
objective of the support concept i$ to control the thermal
expansion ' in the outer metal ring-in such a way that.-its-
movement compensates for the thermal expansion and contraction
of the refractory arch due to the-cyclic temperature.variations

to which the arch is exposed.

The basis of:the matrix support test facility
is to test matrix support concepts:with a limited facility.
which is less costly than constructing and testing an. entire
full-scale air heater module. The designs shown in Figures
61 and 62 have retained oniy the elements required to meet
the test objectives. In both desiga cases, the hot gas
which flows through the support arch is always directed
upward and temperature cycling iS'accomplished through
varying the inlet gas flow rate and temperature. Flow rates

and temperatures are indicated in Figs 61 and 62.

The load on the ring and arch which represents
the weight and load distribution of the full-scale HTAH matrix
.is simulated in the first case. by placing a short stack of
refractory bricks on top of the arch, then plac1ng a 1ayer
"of refractory pebbles (spheres) above the bricks and flnally
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4app1y1ng .controlled hydraulic loads to the pebbles. The layer
of pebbles is necessary so that the load surfaces of the hydrau-
‘lic cylinders do not block the flow passages 1n the cored brlck
stack. The cored brlcks ‘and pebbles may be made of 1nexpen51ve

materials since COI’I‘OSlOD reSJ.stance is not requlred.

Further evaluation of this loading technique will
be'required.‘ It is possible that individual pebbles may block
the cored brick flow holes. It is. also p0551b1e‘that some
weaker pebbles could fracture “under the loadlng.

The static load case is similar to.:an actual air
heater in the sense that the load is applied by an -ractual column
of bricks. *“Again, inexpensive materials would be used for the
column of bricks. This case is better than the hydraulic load
case in terms of simulation of actual load, and is .simpler in
concept. However, the static load case does not have the testing
flexibility'of the hydraulic load case. Desired changes in the
test load would require significant time and effort. A further
consideratiotn is that in the event of failure of the matrix
support assembly being tested, major facility repairs would

be necessary:.

L]

Preliminary cost estimates for construction of both
facility concepts indicated that the cost of a column of bricks
would be roughly comparable to the cost of a hydraulic load sYstem

and its attendant cooling system.

'This subtask has been eliminated from the Statement
of Work for continuation of efforts under the contract. There-
fore, no further efforts will be expended cn design of a matrix
support test facility at this time. Design of a facility follow-
ing the cencept developed should be undertaken at a future time
in the HTAH development program in order to ensure that a matrix
support concept suitable tor use in a full-scale HTAH can be

developed.
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3.3.7 Alternative Heater Systems

The objective of work under this -subtask is
to identify -design conccpts for full-scale MHD air heatérs
which may serve-as alternatives-to the regenerative heater
concept being. pursued as the basis of the HTAH development
program. ‘Those concepts which shbw'promise may be considered
for future'full'scale designs' should certain aspects of the
HTAH as conceptuallzed in the development program prove to
be technically:or economically unfeasible.

':Three alternative-heater concepts, all of the
ceramic, regenerative type, were examined during the reporting
period. These-concepts were: (1l)‘.an intermediate temperature
air heater. (ITAH) for preheat of air or oxygen enriched air
to 1200 K (1700 F), (2) a HTAH incorporating upflow of the
radiant boiler exhaust gas .for heating air from compressor
discharge temperature to a level in the range of 1400-1500 K
(2060 - 2250 F), and (3) an integrated ITAH and HTAH system
for heating air from compressor discharge temperature to
1788 K (2758 F). o

Concepts were first identified which would .
provide alternative solutions to certain HTAH development
problems. Modifications were then made to the size/cost:
computer code in order to treat these concepts, and the code
was used to make a preliminary examination of each case.

The -actual computer runs were made after the directive was

received from DOE to focus the full-scale studies on heater
systems for a 600 MW_ plant. Thus, the alternative heater

systems were nominally sized for a 600 Mwe plant.
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For compariSoﬁ purposes, an example HTAH for
a 600 MW_ plant was first defined following the same basic
criteria used to define the example HTAH for a':l'OOO‘MWe
plant as described in Section 3.3.1. System studies of MHD
plants were not used in ofder to size the HTAH;'. the flow
rates used for the 1000 MWe-plant example were.simﬁly scaled .
by 60%¥. The parameters of the example HTAH for.a. 600 MWe
plant are shown in the first.column of Table 26..: Identical’
flow rates were used for size/cost studies of~the'élterna—
tive heater systems. System studies would be required of
course, in order to realistically define flow rates for
these altethéte systems since the levels of preheat- are
different and since oxygen enriched air would probably be
used in.certain of the concepts. However, for the pre-
liminary examination desired, -the level of effort required

to obtain such studies was not justified.

ITAH for 1200 K (1700 F) Preheat -

This type of heater would be applicable to MHD demon-
stration facilities, such as the ETF, or first generation
MHD power plants, in which oxygen enriched air will be used
“to fire the combustor. A ceraﬁic; regenerative heater of
this type could find application at an early stage in the
MHD program.since development'heeds are minimal, as opposed
to the directly-fired HTAH. The ITAH would be fired directly
with the exhaust from the heat and seed recovery boiler (HSR
or HRSR). The temperature of the reheat gas would thus be
low enough so that seed and ash remaining in the gaé stream

would be in the form of dry, solid particles.

The parameters of the system as conceived in this study
are shown in the second column of Table 26. A temperature
of 1289 K (1860 F) was chosen for the heat and seed recovery
boiler exhaust and the inlet gas temperature to the ITAH.
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The temperature of the oxygen enriched air entering the ITAH
was assumed to be equal to a compressor discharge temperature
of 589 K (600 F). Low cost material was chosen for the

cored brick heat storage matrix, since resistance to alkali
vapor and liquid coal ash are not requirea in this system.

A metallic matrix support was used due to the modest bottom
of matrix temperature. Insulation materials as specified in
Section 3.1.1 were also used. ‘ ‘

As seen in Table 27, when compared to a HTAH, the
ceramic heater. cost is reducéd by 77% if the ITAH is used.
This does not represent a total. plant cost reduction, however.
A plant incorporating the ITAH would have corresponding cost
increases since the radiant boiler would be replaced by a B
larger HRSR boiler and an oxygen plant would also be re-
guired. The ITAH would have advantages over the HTAH,
disregarding these differences in the remainder of the
plant, due to. this reduced heatex éost and due to the lack
of need for extensive development. Experimental evaluatioh
of erosion of inexpensive cored brick materials by solid
seed and ash particles and choice of appropriate material répre—

sents the only technology development need for the ITAH.

Several distinct advantages of the ceramic ITAH over a
metallic ITAH are evident. A significantly higher preheat
temperature will be achievable from the ceramic heater. A
limit of 922 K (1200 F) is generally considered the maximum
achievable from a metallic ITAH. The increased preheat
femperature, in this case 278 K (500 F) would significantly
reduce the required level of oxygen enrichment and thus the
cost of the oxygen plant. Reduced size of the oxygen plant
will also result in increased power plant efficiency. The
higher allowable HRSR boiler exhaust temperature for the
ceramic heater would also allow reduced cost of the HRSR
boiler.
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Upf}gw HTAH

. The concept of passing the. radiant boiler exhaust gas
vertically,down&ard through the.HTAH cored brick'matrix was
chosen earlier in the HTAH developmént program as-the basic
HTAH configuration which would be addressed through full-
scale studies and subscale tests.- This choice was-based .
primarily on the requirements for support of the cored brick
matrix. A ceramic or cooled metallic matrix suppoert must
have sufficient strength at the -operating temperature to
support the matrix without undergoing excessive deformation.
The likelihood of developing materials with sufficient
strength and creep resistance at temperatures approaching
1978 K (3100 F). and also capable of withstanding the corrosive
HTAH environment was perceived to be small. Thus it was
decided to concentrate on the downflow concept, in which the
highest material temperatures are experienced in the region
of minimum load and lowest temperatures in the region of

maximum load.

A HTAH incorporating upward flow of the radiant boiler
gas, reduced to a lower temperéture than for the downflow
HTAH, was considered under the alternative heater studies.
This system offers an advantage over the downflow heater
concerning the requirement to operéte the HTAH without
accumulation of seed/slag material in the cored brick matrix
flow passages. In order to meet this requirement, the
downflow HTAH must be operated in such a manner that the
bottom of the matrix exceeds the seed freezing temperature
for some portion of each cycle, as discussed earlier in this
report. Additional requirements may also be identified

through ongoing experimental work.
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- In the case of the upflow HTAH, however, -the thermal
‘gradient*and.the'gravitational gradient in the heater act in.
the same direction. Thus if seed/ash material is deposited
on the flow passage walls it will flow in a direction such
that its viscosity is continually . reduced.  This may allow
the heater to be operated without .accumulation of -deposits
more eaSily,éinCe deposits will tend to be more free flowing.
Furthermore, -drainage of material from the flow passages
will be able to'occur at all times.throughout the operation
.of the HTAH. . ..~ . L - '

The chdice of a ceramic dome type matrix support was
made for this .alternative heater concept. Results'présénted
in Section 3.1.2 indicate that_ fused cast magnesia-=spinel
has sufficient.creep resistance to.be used as a matrix
support material at temperatures as high as about 1750 K
(2700 F). The upper temperature limit may be even higher
than this; measurements at temperatures of up to 1923 K
(300 F) showed excellent creep resistance at low stress
levels, but more data at higher stress levels is neéded to

clarify the situation.

Two cases were studied for the upflow HTAH. 1In.the two.
cases reheat gas inlet temperatures of 1700 K (2600 F) and
1589 K (2400 F) were chosen. ' In both cases the air inlet
temperature was chosen to be 589 K (600 F); the combustion
air is fed directly from the compressor outlet to the top of
the air heaters. Parameters of these systems arée shown in
columns 3 and 4 of Table 26. The matrix and insulation
materials were the same as used for the reference HTAH
system. Air preheat temperatﬁres of 1508 K (2255 F) and
1411 K (2080 F) were found for the two upflow HTAH cases.

As seen in Table 27, the cost of these systems was reduced

by 22-23% over the cost of the reference HTAH, primarily due
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to the overall lower temperature and resulting decrease in
required insulation, both in ducts.and manifolds.and in the
heater vessels. |

The upflow system thus-is seen to have advantages over the
downflow HTAH. The cost of the heater itself is-reduced signi-
ficantly. - Furthermore, the need for a low temperature heater
is eliminated, resulting in a further MHD plant cost .reduction.
The level of preheat, while-'not as high as proposed ‘for the
downflow HTAH, is high enough that oxygen enrichment would not
add to the plant efficiency (Ref 14) and thus ah oxygen plant -
would not be required. Some*dffsetting penalty would be caused
by the requirement to reduce.the radiant boiler exhaust tempera-
ture, . thus increasing the cost of the radiant boiler. Thén‘
overall plant efficiency would also be reduced due to the lower
preheat~temperaturé. If fused cast magnesia—spinel}br another
material is shown to have sufficient creep strength to ailow;
reheatAganinlet temperatures:as high as achievable for the down-
flow HTAH, . however, these two penalties would not be applicable.

The development needs for an upflow HTAH are similar to
those for the downflow HTAH with regard to materials and
operability. Should it become evident that operation of a dqwh-
flow HTAH without accumulation of deposits’presents too
difficult a problem, or that the presently anticipated:
temperature levél for air preheat with a downflow HTAH can not -
be achieved due to material temperature limits; the upflbw ‘
HTAH should be considered an option for further design studies

and for subscale testing.
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Integrated ITAH '‘and HTAH

The third‘alternative heater concept involves combining the
ceramic, regenerative ITAH with a HTAH in order to take advantage
of the ceramic ITAH features. -In-'this integrated heater system,
the ITAH heats combustion air from'compressor discharge tempera—
ture to 1172 K (1650 F) and the HTAH further heaté the air to
1778 K- (2742 F). The higher temperature of the inlet air to the
HTAH simplifies the operation of - the  heater, lessening the impact
of the requirement to raise the bottom of matrix temperaturé to
1400 K (2080 F) to prevent accumulation of deposits. A second’
advantage of the integrated design is that the arrangement signi-
ficantly reduces the total number of valves required for the

heater system, affecting a large cost reduction.

A flow schematic is shown .in Fig 63 and the heater arrange-
ment is illustrated in Fig 64. A quench gas flow'is provided to
guench the exhaust gas from the HTAH to 1283 K (1850 F), thus
providing a gas stream containing only dry particulaté-as was
assumed in the earlier discussion of the ceramic ITAH. The HTAH
and quench gas thus serve to perform part.of the contribution to
gas conditioning which the HRSR boiler would perform in a plant
with oxygen enrichment. The reheat gas bypass flow serves to
reduce the flow through the heater system as required in order to
balance the heater system energy. This flow could be modulated
in order to add heat to the HTAH system if required to remove
seed/slag deposits. Mixing details for these flow loops have not

been considered in this cursory study.
System parameters are shown in Table 28. Modest diameter

constraints for the HTAH vessel, related to matrix support

considerations and system valves, were imposed in the system
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sizing. Relative cost information was developed only for the

heater vessels, since the novel layout envisioned for the inte-
grated system made an assessment of the manifold .and other costs
beyond the scope of the study. It can be seen from Table 28 that
the integrated system, which eliminates the need. for a metallic.
low. temperature heater while. providing the maximum envisioned
preheat level, had a total cost of the individual heaters only
57% greater than for the individual heaters in a HTAH alone.
Furthermore, the total number. of valves required is reduced from
96 for a single 16 heater HTAstystem to only 40 for the inte-
grated ITAH/HTAH system, (see. Table 29) which would result in a
significant valve cost reduction.

g

Conclusions from Alternative. Heater Studies

This subtask has been eliminated from the Statement of Work
for continuation of efforts under this contract. Therefore,
development of additional alternative heater concepts will be :
disdontinued. However, certain advantages -of the system concepts
developed during the reporting period have been demonstrated and
are worthy of further consideration in the heater development

program.

In view of the need for a decision to be made concerning the
‘use of a metallic or ceramic ITAH to be used for demonstration
facilities with oxygen enrichment, further study of the ceramic
ITAH will be conducted. The ceramic ITAH will be considered one
of the design options for consideration under the subtask des-

cribed in Section 3.1.1.

In addition, if experimental work conducted under Task
2 and at Montana State University indicates that prevention of
accumulation of deposits in the downflow HTAH will be economically

unfeasible, or that the reheat gas temperature will have to be

-95-




limited to a lower level than presently anticipated, or if
property measurements show that potential matrix and matrix ‘
-.support méterials have sufficient creep resistance at tempera-
tures greater than présently.anticipated, the upflow HTAH will be
considered for further: study and experimental evaluation. .

‘The integrated ITAH/HTAH system is presented for possible
study by systems analysts,. and further work on this concept is
‘not anticipated at this time. - Should such a system be shown to
be.advantageous’to the 6verall MHD program, furﬁher<study will be
considered. ' | o .

3.3.8. ‘ Electrical Isolation

The objective of work under this subtask is to
identify development needs concerning electrical isolation of the
HTAH from the MHD combustor. Since the combustor will in all
likelihood be maintained at the same electrical potential as the
upstream-end of the MHD channel, and the HTAE will probably be at
ground potential, the duct carrying the heated air from the HTAH
to the combustor will have a large potential difference from one
end to the other. Efforts were undertaken to determine whether
the presence of'seed_carryovér to'the;air stream from the heater -
matrix pdseé any‘speéial problems requiring technology develop-
ment before an electrical isolation system for the directly-fired
HTAH can be designed.

 Two considerations were investigated in this -
context. Information was obtained on the eiectrical conductivity
of potassium-containing air and of refractory material which
could be used for lining the duct carrying heated air from -the
" HTAH to the combustor.
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Electrical conductivity of air at wvarious
temperatures and with various degrees of potassium.contamina-
tion was determined with: assistance from Dr. R.H..Eustis at
Stanford University. Results are. shown in Table 30. Using
the test data reported in Section 3.2.5 and assuming-that

the average delivered air temperature would be 1755 K (2700 F)
and that all heaters would have a'15 minute air phase, ‘a
rough interpolation from Table.30 shows that the.conductivity

of the air stream would be on. the order of 1.6 x 1073

mho/m.
Calculations of the electrical conductivity'
of typical hot liner refractories at air outlet manifold
temperatures were also made. These calculations showed that
the innermost refractory materials areAconductive'enough to
present an isolation problem if the isolation seCtion is
very. short. Thus, a gap in the refractory insulation will
probably be required for electrical isolation'if a short
isolation section is required. If a moderately long length
of duct is acceptable, however, the refractory conductivity
does not present a concern. . Several concepts for avoiding
arc forﬁation in the duct were also discussed with Dr.

Eustis.

This subtask has been eliminated from the
Statement of Work for continuation of efforts under this
"contract, and further efforts will not be made at this time
to study electrical isolation concepts for the directly-
fired HTAH. In view of the moderate level of conductivity
anticipated for the air stream and duct refractories as shown
in the studies during the reporting period, extensive
development in the electrical isolation area is not expected
to be necessary before design of an actual directly-fired
HTAH can be accomplished. Further analysis and testing of
isolation concepts may be required at some future date,

however.
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4.0 CONCLUSIONS

Tests in the Valve Test.Facility have indicated that a
refractory lined, water cooled, gate-type valve will prove
to be suitable for use as the gas inlet valve for the directly-
fired HTAH. "'Results -to date indicaté that valve leakage is
minimal and that the presence of seed material in the gas
flow decreases leakage. Operation of the test valve has not
been inhibited by exposure to simulated seed/ash bearing
radiant boiler exhaust gas. -Longer term tests will be
required and are planned in future work to clarify these
observations; the test valve has-been operated for a total
of 780 cycles to date.

Studies of full-scale HTAH systems also have shown that
at most 1 spare heater module with associated valves would
be required in a system of 14 active heaters in order to
assure a 2% HTAH unavailability rate, if reasonable assumptions
for valve life are made. 2also, mass loss in a full-scale
HTAH due to valve leakage and pressurization/depressurization
losées was shown to result in a reduction of MHD plant efficiency
of less than 0.1%. When compared toAthé_gain in efficiency

resulting from use of a HTAH, this penalty is negligible.

Cored bricks of fused cast mégnesia-spinel (Corhart X-
317) have continued to- demonstrate good resistance to the
directly-fired HTAH service conditions in tests of the
. Matrix Test Facility. 1In addition, measurements at Montana
Tech have shown that this material has sufficient creep
resistance to withstand HTAH design loads with no significant

deformation.

Material property data is being collected in a formal

materials data base. Cooperation of outside organizations

such as Montana Tech, MSU, and MERDI in performing measurements
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according to test requirements éstablished by FluiDyne has
proved to be extremely useful in assembling this information
and will be needed in the future to insure that the data
base requirements are achieved. Liaison with refractory
manufacturers has been effective, resulting in several:
programs for development of HTAH materials and fabrication

techniques.

A potential cost-saving method for construction of a
full-scale matrix’support~was‘identified‘through selection
of a castable material for the matrix suppoﬁt in the MTF and
development of a technique for installing it. Size/cost
computer code studies have shown that the selection of an
insulation scheme for a full-scale HTAH is a major factor in
determining HTAH cost. A four-layer insulation scheme
selected for full-scale studies was shown to result in a
cost lower than the lowest risk insulation scheme but

greater than schemes using castable insulation materials.

Analysis of HTAH system and individual heater performance
has demonstrated the capability to~control HTAH performance
parameters using a concept under which the lengths of time
that individual heaters are on gas and air phases are varied

as required while a constant total cycle time is maintained.

Design of a dilatometer4for making measurements of
refractory creep in the directly-fired HTAH service en-
vironment has been completed. Construction and testing of
this device aﬁ a future time in the HTAH development program
will allow confirmation of creep information inferred from
the conventional creep tests (at Montana Tech) of pristine
material samples and samples which have been exposed to the
HTAH environment. A concept for a test facility to test

matrix support concepts at large scale has also been developed.
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Construction and testlng at a future time will provide
needed 1nformatlon on the requlrements “for and capabllltles

of high temperature matrix support concepts.

Prellmlnary studles of alternatlve heater concepts have
identified p0551b1e advantages in the use of a ceramic,
regeneratlve 1ntermed1ate temperature ‘air heater (ITAH) for
early MHD plants with oxygen enrlchment. The ITAH will be
considered further in full-scale studies. The upflow HTAH
may be con51dered for further study and for experlmental
evaluatlon ‘at’a future tlme in the heater development program

, Measurements made in - the MTF’during the reporting period
indicated that the cored brick matrlx digd. not have a catalytic
effect on NO in the reheat gas stream. Thus, a reduction of
NO due to contact of the MHD channel exhaust gas with the
‘dlrectly—flred HTAH cored bricks should not be con31dered in

computing NOx emissions from a MHD power plant.
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TABLE 1~~~
SUMMARY OF MATERIALS SELECTION'FOR FULL-SCALE HTAH '

Gas Layers
Area Temp. - - Diameter ... _ Heat Flux Cost* Inside
’ | K.(F)-, m(£0) W/m® (Btu/hr-£t7) $/m°  (s/£c5) Shell
1. Gas Inlet Duct 1963  2.18 1051 333 2614 243 4
: " S {3075)  (7.2) : SR
2. Gas Outlet Duct 1333 1.83 1011 321 17 109 2
. . (1940) (6.0). ' - :
3. Air Inlet Duct 920 0.79 - 402 127 - 85 8" 1
o (1200)  (2.6). - e ‘
4. Air outlet Duct 1787  1.07 904 287 1994 185" 4
_ (2760)  (3.5) :
S. Pressurization 920 0.36 381 121 85 8 1
Duct (1200) (1.2) :
6. Depressurization 1333 0.41 1018 1323 ‘1165 108 -2
_ Duct (1940)  (1.3) o »
7. Vessel Center 1875  4.27 1009 320 12673 248 4
(2915)  (14.0)
8. Upper Plenum 1875  4.27 1009 320 2673 248 4
(Master) (2915) (14.0)
9. Upper Plenum 1875 2.18 992 315 2295 213 4
(Max. Nozzle) (2915) (7.2)
10. Upper Plenum 1875 1.07 905 287 .2295 213 4
: (Min. Nozzle) -+ (2915) (3.9) ’ )
11. Lower Plenum 1333 2.74 834 264. 2271 211 3
(Master) (1940) (9.0) ' ’
12. Lower Plenum 1333 1.83 1011 321 1171 109 2
(Max. Nozzle) (1940) (6.0)
13. Lower Plenum 920  0.79 453 144 1171 109 2
(Min. Nozzle) (1200) (2.6)
14. Gas Inlet Manifold 1963 3.10 - 1053 334 3003 279 4
Small End (3075) . (10.2)
15. Gas Outlet Manifold 1333 2.59 1010 320 1548 144 2
Small End (1940)  (8.5)
16. Air Inlet Manifold 920  1.12 . 490 155 85 8 1
Small End (1200)  (3.7)
17.  Air Outlet Mani- 1787 1.52 268 307 2299 214 4
fold, Small End (2760)  (5.0) ,
18. . Gas Inlet Manifold 1963  6.20 1120 355 3011 280 4
Large End (3075)

(20.3)

* 1980 Dollars/Shell Surface Area
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TABLE 1 (Continued) .

' Gas o Layers
Area L. B Temp. . -Diameter - 'fHeat'Fltx Cost* = - Inside
K (F) © m (£8) - W/m> (Btuhr-£t2) $/m>  (s/£t?)  Shell
19. Gas Outlet Manifold 1333  5.18 933 . 296" 1543 143 2
Large End , (1940) (17.0) - el ,
20. Air Inlet Manifold . 920 1.57 464 147 - . 85 8 1
Large End . (1200)  (5.1) o . . .
21. Air Outlet Mani- 1787 '2.13 - 1032 - 327 - . 2299 214 4
fold, Large End (2760) (7.0)

* 1980 Dollars/Shell Surface Area
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TABLE 2
R HTAH GASINLET DUCT.-- REFRACTORY LAYUP CONCEPT

D'escript-ioﬁf 2,18 m (86 1nch) Inside Dlameter Vertlcal Duct

'»Interface e R Thermal

‘Temperature o ‘Material .-, Diameter Conductivity
X () o : " m (in)  W/mK (Btu-in/hr-ft’-F)
1963 (3075) s SR .. 2.18 . (86)
' Dense Spinel Brick . 1.76 . . (12.2)
1860 (2888) . S 2,41 (99)

~Insulating Spinel . . -
Brick . 1.35 (9.4)

-1554 (2338) L L ~3.02. (119)
High SFrengﬁh . )
Insulation Brick 0.50 (3.5)

1286 (1855) . ©3.25 (128)
Block Insulation 0.14 . (1.0)

577 (578) | 3.43  (135)
Shell | ' A 0.14 (1.0)

3.48 (137)
External Coating . 0.07 (0.5)

3.51 (138)

o = 1051 W/m’ (333 Btu/ft> hr)

2
Cost = $2614/m ($243/ft2)+ Labor

-106-




TABLE '3

Insulation Schemes for ITAH
(Based on Plane Wall)

Interface . .
Temperature * . Thickness
"K (F) " Material m . (in.)
1311 (1900) — — \ |
' . Norton LS-812 . 0.15 (6) K
(Spinel Castable) ‘
1230 (1754) - ————— ‘ 5 Gas Inlet
Sauerisen. No. 72 ) 0.30° (12) Maﬁlgiédéﬁzgts
(acid resistant cement) ' -Q =9l ..
. ) (291 Btu/hr-ft?)
367 (200) o
Shell
1311 (1900)— e — \ ~ Air Outlet )
A.P. Green Lo Abrade 0.15 (&) |- Maf*ggid;;DECts
(Castable) - 9 T oaaL w/m ,
s (295 Btu/hr-ft3)
1106  (1530) : —— ?
A.P. Green Castable 0.23 (9)
No. 20 (Fi;eclay)
367 (200) ; /
Shell
" Air Inlet and
. _ _ Gas Outlet
735 (900) T o Man;fdldg/ngcts
Sayereisen No, 72 0.13 (5) Q= 994 W/m
(agid resistant cement) (315 Btu/hr-£t2)
367 (200)-
- Shell
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TABLE 4
MATERIALS DATA BASE INFORMATION FOR CORHART X-317

ASTM Designation:

Generic Designation: Fusion Cast Magnesia 35% Alumina None
Method-of Fabrication: Fusion Cast from Arc Furnace into Steel or Graphite Molds Annealed.and Diamond Sawed
Manufacturers Name and Address: Corhart Refractories Co., 1600 West Lee st., bouisville, KY 40210, (502)778-3311
l\ppucauon- Direct—Fxred MHD Air fleater Matrix and Liner
MID/ITAH Experience: L1100 liours MTF Heat 201, 202
Composlu.o_n: 64% Magnesia, 34% Alumina, 1% Silica, 1% Other
Mixing/Curing Instructions (castables): '
Data Source and Validity: Measurements, Manufacturer's Data, and FluiDyne Estimates- . . e, ] L
Creep Data is valid only for 500 psi, 2600°F.
Density: 2963 kg/m3 (185 '_1bm/ft3) Porosity: 15.0 ‘Volume %
Data Valid from 294 K (70 F) to 2033 K (3200 F)
Temperature, K (F)
Property 294 811 1033 1256 1478 1700 1922 2033
(70) (1000) (1400) {1800) (2200) (2600) (3000) (3200)
Modulus of Elasticity, 172 6 172 6 172 6 172 6 166 6 159 6 145 6 124 6
GPa (psi) (25 x 10} (25 x 10) (25 x 10) (25 x 107) (24 x 107) (23 x 107) (21 x 107) (18.0 x 10)
Poisson's Ratio .29 .29 .30 .32 35 .38 .40 .42
‘l'hermal Conductivity 10.44 7.49 6.20 5.19 4:.59 4.07 3.63 3.41
W/n-K (Btu/hr-£t-F) {6.03) (4.33) (3.58) (3.00) (2.65) (2.35) (2.10) (1.97)
Specific Heat 921.0 1214.1 1256.0 1297.8 1360.6 1381.5 1402.5 1423.4
J/kg-K (Btu/lbm-F) (.220) (..290) (. 300) (.310) (.325) (.330) (.33%9) (.340)
Thermal Stress Limit 31.0 31.0 1.0 31.0 31.0 30.4 29.7 27.6
MPa (psi) (4500) (4500} (4500) (4500) (4500) (44100) (4300) (4000)
Thermal Expansion Coeff. 9.54 x 10°° 9.54 x10°® 9.54 x 10°® 9.54 x 10°® 990 x 10 10.26x107° 10.80x10_° 11.34x10°°
-1l (5.3 x 10%) (5.3 x 1076) (5.3 x 1076) (5.3 x 1076) " (5.5 x 107%)  (5.7x1076) (6.0x10™%) (6.3x10”%)
Modulus of Rupture’ 31.0 31.0 3.0 3.0 31.0 30.4 29.7 27.6
MPa (psi) (4500) (4500) (4500) ( 4500) (4500) (4400} (4300) (4000}
Compressive st:r:ength2 138 138 138 124.2 103.5 82.8 55.2 41.4
MPa (psi) (20,000) (20,000) (20,000) (18,000) (15,000) (12,000) (8,000) (6,000) -
. 3
Critical Stress Intensity Factor . 00462 .00462 .00462 .00462 .00462 .00451 .00440 .00418
MPa.ml/2 (pgi.inl/2) (4.2) (4.2) (4.2) (4.2) (4.2) (4.1) 4.0) (3.8)
Creep Rate Under Load, !/mr2 ]
@ 0.2 MPa (25 psi) 1.0x10” 14 1.0x10" 13 1.0x10"+2 1.0x10" 1 1.0x1071¢ 1.0x10”° 1.0x107° l.ox10”"
-13 -12 -11 ~-10 -9 -8 -7 -6
@ 0.7 MPa (100 psi) 1.0x10 1.0x10 1.0x10 1.0x10 1.0x10 1.0x10 1.0x10 1.0x10
» - - - - - - -6 -5
@ 3.4 MPa (500 psi) 1.0x10"12 1.0x107 1! 1.0x107 10 1.0x107° 1.0x1078 1.0x10"" 1.0x10 1.0x10
@ 6.9 MPa (1000 psi) 1.0x10” 11 1.0x10” 10 1.0x10"° 1.0x10°8 1.0x10"" 1.0x107° 1.0x107° 1.0x10”%

1. Superscripted Numbers. Refer to References at End of Text.




-601-

TABLE §

MATERIALS DATA BASE INFORMATION FOR  NORTON LS-812

Generic Designation: Spinel Castable ASTM Designation: Nope

Method of Fabrication: Fused Spinel Grains are Mixed with Calcium Aluminate Cement
Manufacturers Name.and Address: Norton Co., 1 New Bond Street, Worcester, MA 01606, (617) BS3-1000 (Louis Troste])
Application: Direct-Fired MHD ilot Liner, Do Not Uée for Matrix Above 2400°F
MID/HTAH Experience: MTF lleat 202 Hot Liner Six-Inch 2J Valve
Composition:  73% Alumina, 24% Magnesia, 2.4% Calcia, 1% Silica

Mixing/Curing Instructions ‘(castables): Nine Pints Water Per 100 lbs, Use Paddle Mixer, see Norton Bulletin S-AP-Gl
Data Source and Validity: Measurements and FluiDvne Estimates

Data is for Material Fired to 2500°F

Density: 2499/m> (156 lbo/€td) Porosity: 30.0 Volume %
Data valid from 294K (70 F) to 2033 K (3200 F)
Temperaturé, K (F) -
Property 294 611 1033 1256 . 1478 1700 1922 2033
' (70) - {1000) (1400) (1800) (2200) (2600) {3000) (3200)
Modulus of Elasticity, : 104 104 104 97 90 .- 83 .76 6 69’ 6
GPa (psi) (15 x 109) (15 x 109) (15 x 10%) (14 x 109) (13 x 106) (12 x 10%) (11 x 107) (10 x 10°)
Poisson's Ratio .29 .29 .30 .32 .35 .38 .40 .42
Thermal Conductivityl 5.76 3.55 3.06 2.68 2.34 2.08 1.73 1.60
W/m-k (BEu/hr-ft-F) (3.33) (2.05) (L.77) -(1.55). (1.35) (X.20) (1.0) (.925)
Specific neat! 921.0 1214.1° 1256.0 1297.8 1360.6 13R1.5 '1402.5 - 1423.4
3/kg-K (Btu/lbm-F) (.220) (:290) (.300) (.310) - (.325) {.330) (.335) (.340)
Thermal Stress Limit 13.5 13.5 13.5 12.4. 10.4 ' 8.3 6.9 4.8
MPa (psi) (1950) {1950) (1950) (1800) {1500) (1200) (1000) (700)
Thermal Expansion Coeff. 9.0 x 10': £ 9.0 x 10:2 9.0x10° 9.0%10% 9.0x10° 9.0« 1078 9.0 x 107° 9.0 x 1078
k-l (r-1) (5.0 x 1077) (5.0 x 1077) (5.0 x 107 (5.0 x 107®) (5.0 x 10-6) (5.0 x 1076} (5.0 x 107%) (5.0 x 109
Modulus of Rupture 13.5 13.5 13.5 12.4 10.4 8.3 ' 6.9 4.8
MPa (psi) (1959) {1950) {1950) (1800) (1500) (1200) (1000) (700)
) _ ! _ '
Compressive Strength 41.4 ) .41.4 - 21.6 20.7 ) 17.9 13.8 10.4 6.9
ura (psi) (6000) - . (6000) - (4000).. . . (30000 "7 (2600) (2000) (1500) (1000)
Critical Stress Intensity Factor ' :
/2
MPa-ml/z (psl'ln’/ )
Creep Rate -Under Load, %/hr
@ 0.2 MPa (25 psi)
@ 0.7 Mra (100 psi)
@ 3.4 MPa (500 pst)
€ 6.9 MPa (1000 psi)
1.

Superscripted Numbers Refer to References at End of Text.
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TABLE ¢

MATERIALS DATA BASE INFORMATION .FOR JOINS MANVILLE YUMA

Generic Designation: Iligh Strength Insulating Firebrick ASTM Designation:  None
Method-of Fabrication: ' Sintered with Fugitive Organic Filler
Manufacturers Name and Address: Johns Manville, Inc., Ken Caryl Ranch, Denver, CO 80217, (303) 979-1000
Appllcatldn! Backup, Do Not Expose to MHD Gas ’
MHD/NTAH Experience: None
Composition: 39.3% Alumina, 56.3% Silica, 1.6% Ferric Oxide, 1.6% TIO,, .27% CAO, 31% MGO, .53% Alkali "
Mixing/Curing Instructions (castables): '
Data .Source and Validity: Manufacturer's Data (not veiified) and Fluibyne Estimate§ L. ;
Density: 977 kg/m3 (61 lhm/fts) Porosity: ¢p. Volume %
Data valid from 294 K (70 F) to 16{14 K (2500 F)
Temperature, K (F)
Property 294 . 533 5 811 1089 1367 1478 1589 1644
. (70) (500) (1000) (1500) (2000) (2200) (2400) (2500) _

Modulus of Elasticity, 34.5 6 34.5 6 34.5 6 27.6 6 20.7 6 13.8 6 6.9 6 3.5 5

GPa (psi) (5.0°x 10) (5.0 x 10) (5.0 x 10) (4.0 x 107) | (3.0 x 107) (2.0 x 107) (1.0 x 10) (5.0 x 107)
Poisson's Ratio .20 .20 .20 .20 :.20 . .20 .20 .20

5 -’ A '

Thermal Conductivity - . 405 .424 .453 .488 .519 .536 ".554

W/m+k (Btu/hr-ft-F) (.2342) {.2450) (.2617) (.2817) (.300) (.310) (.320)
Specific Hleat 1256.0 "1256.0 1256.0 1256.0 1256.0 '1256.0 1256.0 '1256.0

J/kg-K (Btu/lbm-r) (.30) (.30) (.30) (.30) (.30) (.30) (.30) (.30)
Thermal Stress Limit 2.07 2.07 2.07 2.07 1.73 1.38 1.04 .69

MPa (psi) (300) (300) (300) (300) (250) (200) o (150) (100)
Thermal Expansion Coeff. 9.0 x 10:2 9.0'x 10:2 9.0 x 10:2 9.0 x 10:2 9:0 x 10:2 9.0 x 1022 9.0 x 10:2 9.0 x 10:2

K (F ™) (5.0 x 10 7) (5.0 x10 ) (5.0 x 10 ) (5.0 x 10 ) (5.0 x 10 ) (5.0 x 10 ") (5.0 x 10 ) (5.0 x 10 )
Modulus of Rupture’ 2.07 2.07 _2.07 2.07 1.73 1.38 1.04 .69

MPa (psi) (300) (300) (300) (300) (250} (200) (150) (100)
Compressive Str'engths,. 3.80 3.80 3.80 3.80 3.11 2.42 2.07 1.38

MPa (psi) ' (550) (550) (550) (550) (450) (350) (300) (200)
Critical Stress Intensity Factor .00011 .00011 .00011 .00011 .00011 .00011 .00011 .00011

(psi-in1 2)
Creéep Rate Under Load, %/hr

MPa-m

@ 0.2Mpa ( 25psi)
@ 0.7 Mpa ( 100psi)
@ 3.4 Mpa ( 500psi)
€ 6.9 Mpa ( l000psi)

* Superscripted Numbers Refer to References at End of Text.

.1)

(.1

(.1)

(.1)

(.1)

.10

(.1)

(.1)
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TABLE 7

MATERIALS DATA BASE INFORMATION FOR JOHNS MANVILLE C-22Z

Generic Designation:

ASTM Designation:

High Strength Insulating Brick None
Method of Fabrication: Sintered with Fugitive Organic Binder
Manufacturers Name and Address: Johns Manville, Inc., Ken Caryl Ranch, Denver, CO 80217, (303) 979-1000
Application: " Back-up Only, Do Not Expose tb Combustion Gas
MIID/HTAH Experience: None
Compos?it“ifon{ 34.1%, ‘A,03, 59.4% S;0p, .8% Fe,0,, 1.2% TIO,, 3.4% CAO, .2% MGO, 1.0% Alkali
Mixing/Curing Instructions (castables) : ' '
Data.éoutce‘and validity: Manufacturer's pata (not verified) and FluiDyne Estimates
Density: 753 kg/m3 (47 lbm/ft3) Porosity: 65 " Volume %
Data valid from 294 K (70 E) to 1367 K (2000 F)
Temperature, K (F)
ﬁtbpex‘ty ' 294 533 811 922 1033 1144 1256 1367
(70) (500) (1000) (1200) (1400) '(1600) (1800) (2000)
Modulus of Elasticity, 34.5 6 34.5 34.5 6 27.6 6 20.7 6 13.8 6 6.9 3.5 s
Gra (psi) (5.0 x 10) (5.0 x10) (5.0 x 10) (4.0 x 107) (3.0 x 10) (2.0 x 10") (1.0 x.10) (5.0 x.107)
Poisson's Ratio .20 .20 .20 S.200 200 .20 .20 .20
Thermal Conductivity 3 2.51 2.80 3.55 - - - - -
~ W/m-k (Btu/hr-ft-T) (1.45) (1.62) (2.05) . ;
Specific Heat : 1256.0 1256.0 12.’;6.0 1256.0 1256.0 1256.0 1256.0 1256.0
J/kg-K (Btu/lbm.F) (.30) (.30) (.30) . (.30) - {.30) (.30) (.30) (.30)
Thermal Stress Limit 1.45. . 1.45 1.45 . " 1.38 1.24 1.04 .76, . . .41
MPa (psi) (210) . (210) (210) (200) (180) {150.3) (110.0) {60.0)
5 - - - - -6 . - .6 ’ -6 -
Thermal Expansion Coeff. 9.0 x 10_2 9.0 x 10_2 9.0 x 10_§ 9.0 x 10_2 9.0 x 10_2 9.0 x 10_2 9.0 x 10_2 9,0 x 10_2
k1 (rly (5.0 x 10 ) (5.0 x 10 ) (5.0x10 ) (5.0x 10 ) (5.0 x 10 (5.0 x 10 ) (5.0 x 10 ) (5.0 x 10 )
. 5 L. : .
Modulus of Rupture . : 1.45 1.45 : 1.45 1.38 1.24 1.04 .76 .41
MPa (psi) (210) (210) : (210) (200) (180) (150) (110) (60)
5 . .
Compressive Strength 2.28 2.28 -.. ¢ 2,28, . - 2.21 2.07 1.86 1.59 1.24
MPa (psi) (330) (330) (330) (320) (300) (270) (230) (180)
Critical Stress Intensity Factor .00011 ’ .00011 .00011 .00011 .00011 .00011 .00011 .00011
wea-m/? (psi-int’? (.1 €1 ©LD (:1) “(.1) (.1) (.1) (.1

Creep Rate Under Load, %/hr

@ o0.2MPa ( 25psi)
@ o0.7MPa ( .100 psi)
@ - 3.4Mra  { 500 psi)
€7 6.9 MPa

( 1000 psi)

1. Superscripted Numbers Refer to References at End of Text.’
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TaBLE B

MATERIALS DATA BASE INFORMATION FOR  JOHNS MANVILLE SUTEREX 2000

Criticall/zstress lnﬁeﬂsity Factor
)

MPa-m {psi-in

Creep Rate Under Load, %/hr

@ 0.2 MPa ( 25psi)
@ 0.7 MPa ( 100 psi)
@ 3.4 MPa ( 500psi)
@ 6.9 MPa ( 1000 psi)

Superscripted Numbers Refer to References at End of Text.

-Generic Designation: 2000°F Block Insulation NSTM Designation: None
Method of Fabrication: Sintered : . ,
Manufacturers Name and Address: Johns Manville, Inc. , Ken Caryl Ran(_:h,' Denver CO 80217, (303) 979-1000
Appliqation: Backup-' Only ' '
MID/HTAH Experience: None’ o . :
' Composition: 74.8% S5,0,, 4.3% AR.0,, 6.0% CAO, 2.0% Fe,0,, .3%.TIO,, .B% MCO, 2.7% Alkali
Mixing/Curing Instructions {castables):
‘Data Source and Valildity: Manufacturer's Data (not verified) and FluiDyne Estimates
Density: 384 'kq/m3 (24,0 lbm/f't3) Porosity: gg. o Volume %
Data Valid from 294K (70 F) to .1367 K (2000 F)
Temperature, K (F)
’ Property 294 367 - 478 589 o 700 811 . 1089 1367
(70) (200) {400) {600) (800) {1000) (1500) (2000)
Modulus of Elasticity, . 6.9 6 6.9 6 6.9 6 6.9 6.9 6 .69 s .069 s .0069 3
GPa (psi) (1.0 x 10} (1.0 x 10) (1.0 x 10") (1.0 x 10) (1.0 x 107) : (1.0 x 107) (1.0 x 10 ) (1.0 x 107)
Poisson's Ratio .20 .20 .20 .20 * 20 .20 - .20 .20
Thermal Conductlv:ltys .0678 .0722 .0779 .0851 .0922 .0995 .1168 .1341
W/m.K (Btu/hr-ft-F) (.0392) {.0417) (.0450) (.0492) (.0533) (.0575) {.0675) (.0775)
Specific Heat 1256.0 1256.0 . 1256.0 1256.0 1256.0 1256.0 1256.0 1256.0
3/kg-K (Btu/lbm-F) {.30) (.30) {.30) (.30) (.30) {.30) {.30) (.30)
Thermal Stress Limit .311 311 -.311 o.311 .311 .276 .207 .069
MPa (psi) _ (45.0) (45.0) (45.0) (45.0) (45.0) (40) (30) (10)
Thermal Expansion Coeff. 9.0 x 10:2 9.0 x'm:z 9.0 x 102'2 9.0 x 10:: 9.0 x 10:2. 9.0 x 10:2 9.0 x 10:2 . 9.0 x 10::
k-l (F-l) (5.0 x 10 (5.0x 10 ) (5.0x 10 ) (5.0 x 10 ) (5.00%x-10 ) (5.0 x 10 ) (5.0 x 10 ) (5.0 x 10 )
Modulus of Rupture> .311 .31 . .31 )1 276 .207 .069
MPa (psi) (45.0) (45.0) (45.0) {45.0) (45.0) (40) (30) (10)
Compressive Strengths .897 .897 .897 .897 .897 .828 .690 . 345
MPa (psi) (130) (130! (130) (130) (130) (120) (100) (50)
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Z Q Material .38 & 'l-l‘g Sa 583 n & lsw f«é - tE 1 & E ) A own | U Urﬁ 83'3
Matrix 1 1 1 1 1 1 1 1 1 1 1
"FY 82] Hot Liner 1 1 1 1 1 1
Insulation - 1
Matrix | 2, 312, 3] 2, 3|2, 3|2, 3 2,31 2, 3 2, 3| 2, 302, 32
FY 83| Hot Liner 2, 312, 3 2,3 |2, 3 ' 2, 3| 2, 3| "2
Insulation 2, 312, 3 2, 3 3
Matrix 3 |3 | 3 3 3 | 3 3 3 3 |3 | 3
FYy 84| Hot Llner | 3 3 : 3 3 ‘ 3
- Insulation 3 3 . : 3
FY 85| Matrix . | 3,4 |3,4]3,4]3,4] 3 3, 3,4 |3,4 3,4 (3,4 (3,4
Hot Llner | 3,4 |3,4| 3 | 3 3,4 (3,4 3 3,4 (3,4 |  [3,4
Insulation | 3,4 |3,4 3,
Y 86 Matrix
Hot Liner 5 'S |8 5 5 5 5
Insulation 5 [ S 5

CODE: : .
1 - Preliminary bata for Subscale Tests and Design Studies
- Data for 5 MW Technology Development Unit
-~ Updated Data for Design Studies
-~ Data for Final lLong Duration Subscale Test
- Data Base for Design at Increased Scale

NdWwN

TABLE9 PRIORITY SYSTEM FOR MATERIAL PROPERTY DETERMINATION
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TABLE 10

Test ‘Program
For Spinel Castables

$i0,, and alkalls)

at the highest temperature

Item Type of Test ___Possible Diagnostic Uses ASTM No.
1. Sieve analysis Affects bulk density, strength, dimensional C 371
: changes after firing. Gross differences : :
may indicate improper cement: aggregate ratio
2. ‘Water used to cast (i.e., to attain Influenced by amount and quality of cement C 860
proper ball-in-hand consistency) and, to a lesser extent, by aggregate size
) ' distribution. Also influenced by care and -
skill used to prepare test pieces.
) Linear dimensional change after drying Relatively insensitive to minor quallty C 134
: varlatlons. )
4. Bulk density of test bars after drying Relatively insensitive to minortquaiity C 134°
variations. )
5. Strength after drying (preferrably Affected by amount and guality of cement C 133
M.@g.R.) in mix and, to lesser extent, aggregate
size distribution.
: 6. Linear dimensional change after Affected by factors listed under Item 5 C 134
firing to 2900°F w/5 hour soak plus chemical purity.
7. 'Strength-(preférably M.@.R.) after Same as Item No. 6, but M.g.R. test is more C 133
firing,to 2900°F w/5 hour soak sensitive to quality changes
Chemical analy51s (Cao,. Mgo, Fe,03, " Very important influence on performance Various

s



TABLE 11.

COMPARISON OF CALCIUM ALUMINATE BONDED SPINEL CASTABLE

(NORTON LS-812), PHOSPHATE BONDED. SPINEL CASTABLE

(TAYLOR X-13337) AND FUSION CAST SPINEL (CORHART X-}l?)

Oxide

A2203

Ca0

MgA£204 Spinel
Corundum
MgO Periclase

Amcrphous

Method

Wet
Wet

Wet

" Wet
-~ Wet

‘Wet

" XRD

XRD

. XRD

3

Norton

73.9%

65% "
30% -

5%

Taylor

65.2%

0.9

65%

15

N.D. Below Detection Limits of. 0.3% and *0.01%

~-115~

Corhart

30%

55

15




_ TABLE 12
ANALYSIS OF MATRIX CORE DEPOSITS FROM HEAT 202

Méltiné
Oxide Method Point Distance from Top of Matrix (m)

K - 0.4 1.4 4.
A2.0, o Wet 2323 S 52.2 ;8.4 S 17.7
cao Wet - 2853 . 1.7 ° 3.1 . 3.6
Fe,0, Wet 1838 0.9 1.0 1.4
MgoO ' Wet 3075 6.6 45.6 47.1
5,0, ' Wet 3000 7.7 10.7 ~ 30.0
K20 ' Flame - 0.02 0.3 .0.03
MgA£204 Spinel XRD ' 2378 65 ‘ ~5§ 46
MgO " periclase XRD 3075 20 35 40
Mg28i04 | Forsterite XRD 2163 15 - 5‘ 5
CaMgSiO4 Montecellite XRD 1923 | - ' 10 . -

-116-
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TABLE .13
ANALYSIS OF REFRACTORIES AND DEPOSITS FROM TEST VALVE AFTER .TESTS 1 AND 2

Sliding Gate (T)

*, By Difference

T, Taylor Spinel
N, Norton Spinel

Oxide Method Valve Body Follower Gate Follower
" Lower Lower . Gate Upper - Ring
Throat Throat Cavity Throat Upper Lower Upper Lower Throat
Lining (T) Lining (T) Deposits Lining (N) Surface Surface Surface Surface {Inner
(Inner (Intexior) . {Inner Surface)
Surface) C Surface)
.I\'9.203' Wet. 30.9 49.2 39.3 43.1 58.5 30.7 61.9 64.1 38.4
“cao et - 5.5 4.2 2.0 4.2 0.8 6.0 ‘0.8 0.8 2.7
Fe,0, Vet 4.6 5.4 3.3 3.4 0.3 4.1 2.7 0.3 4.6
Mgo : Wét 2€.5 11.0 20.9 25.0 37.6* 29.8 32».3" . 33.2 33.8
PO Wet c.3 0.4 0.15 0.4 N.D. 0.4 N.D N.D. 0.3
5,0, . Wet 23.4 21.9 7.8 15.6 0.7 23.8 0.6 0.6 11.6
X,0 Flame a.9 7.3 15.0 8.0 2.1 5.3 1.7 1.0 5.3
MghL 0,  Spinel " XRD 15 35 15 40 70 30 80 80 30
- MgO . Periclase XRD 15 10 30 30 30 5 10 20 7
KAESIO/‘ alsilite XRD . 20 - - 15 - 10 - - 10
Mgzsiod Torsterite XRD - 15 ) - - - - - - -
Cansiod Montecellite XRD 30 15 - - - - - - 20
l(2504 Arcanite . XRD - - 15 - - - - - -



WT % POTASSIUM

Mm
R -
h R T B -

0-6 min.
4—9'miﬁftf”
6-12 min
0-12 miﬁ;

' 0-12 min.”

TABLE 14

Calculated Avg.

from Wt %= 7.
0;25 e"'t/4A

1438
BERS PI TS
05287
. .025% ¢
?.029%*"'"“:
L0798

T .079%
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IN EFFLUENT AIR STREAM, MTF - HEAT 203

. Measured

Wt =

.148% -
.123%
.048%
.026%
.029%
.050% .- -
0538




s DESCRIPTION OF EXAMPLE DIRECTLY—FIRED

TABLE l:

;‘ .

HTAH FOR 1000 Mwe PLANT

P

Item Mﬁbjcés'?ufiéit”:'Air Units

Flow in 836”(1@44)f€”ﬁﬁﬁgs3 (1506) xg/sec’ {Tbmyséc)
Flow Out . -. 849 (1872);. - . 670 (1478) kg/sgpyé}km{gec)
T, N 1978 (3100) .-, 919 (1200) K (F)

T ot - 1326 (1926) - - ., 1788 (2748) K (F),

P 869 (126). . 108 (15.6)  kPa (psi)

Ap 4.5 (0.65) -, 17.2 (2.5) kPa_(psid)
Vesseis 20 8 Hea%ggs

Flow Duration 2000 800 Se??q§§ -
Heat Duty 706 (6.7 x 10°) MW (Btu/secj
Bed Diamater 4.3 (14) | m (ft)

Bed Height 6.7 (22) m (£ft)

Thermal Stress 25.5 (3700) MPa (psi)

Hole Size/Web 25/14" (1.0/0.55) mm (inches)
P/DP Units 2 | Vessels

Inlet Valve Diameter 2.2 (86) _ 0.8 (31) ™ (inches)
Outlet Valve Diameter 1.8 (72) 1.1 (42) m (inches)

Heat Loss 6 Percent
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TABLE 16

HTAH Cost_Comparisons for
Various Insulation Schemes.

Insulation Scheme

. % .. Lowest = Higher = = A Combined 4-Layer-
HTAH sei. | URisk Risk ° 3 Brick/ Insulation
Component : Brick Brick _ Momolithic Castable (Ref. 4)
Heater Vessels .44 .35 .31 .39 .42
(Including Matrix)
Manifolds - 231 . 14 .09 216 .25
Support Structure- .08 .05 .05 © .07 .06
Other .17 .16 .16 .17 17
Total Relative Cst.| 1.00 .70 .8l .79 .90

Does not include collector manifold(s) from radiant boiler
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TABLE 17

HTAH Cost Comparison for Large and Small
Manifold Design, Lowest Risk Brick Insulation

: - Large -- - - Small
HTAH Manifold- ~ . Manifold
Component System .. System
Heater Vessels 0.44 0.44
(Including Matrix) | - L.
Manifolds 0.31 0.23
‘Support Structure 0.08 0.07.
Other 0.17 0.17
Total 1.00 0.91

Does ‘nmot ‘include collector manlfolds(s) from

radiant boiler
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CYCLE EVENTS FQR

TABLE 18

EXAMPLE HTAH - INDIVIDUAL HEATER

Running Delta Time,
Event _ Time, Sec. . . Seconds
“On Air" 0 o 800
. Air Valve Full Open 7 R 7 /14

Air Valve Starts to Close 800 T, 14
Air Valve Closed 814 ' ' -
Depressurization Valve - ‘

Starts to Open 814 SR 6.
Depressurization Valve !

Full Open 820 ’ 61
Depréssurization Valve:

Starts to Close 881 ST * -6
bep;gssurization Valve :

Full Closed 887 . -0
Gas Valve Starts to Open 887 ' ‘ 13 /26
"On Gas" 900 2000
Gas Valve Full Open 913 ' 13 /22
Gas Valve Starts to Close 2900 ' . 26
Gas Valve Full Closed 2926 0
Pressupizétion Valve

Starts to Open 2926 . 6
Pressurization Valve

Full Qpen 2932 55
Pressurization Valve

Starts to Close 2987 ‘ 6
Pressurization Valve ,

Full Closed- 2993 » ) 0
Air Valve Starts to Open 2993 4 7 /14
"On Air" - End of Cycle 3000 . 0
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Table 19

BASIS OF AIR HEATEK UNAVAILABILITY DUE TO VALVE FAILURES

" (Extracted from Reference 8)

A. Failure Rate Assumptions

Steel Industry Experience
Quoted life of blast valves = 1 — 5 years
Average duty = 6000 cycles/year

Geometric mean life = /5 = 2.2 years or 13,400 cycles

Separately-Fired Heater Assumptions

- Assumed mean life = 2.2 years = 13,400 cycles
‘Expected duty = 8760 (0.75) = 6,570 cycles/operating year
Mean life m = 13400/6570 = 2.0 opersting vezrs

A
Y

1/m = 0.5 failure/year
Module failure rate = le = 3.0/yvears:
Range= 1 -5 year—l

Direct-Fired Heater Assumptions

Assumed "epvironmental severity factor™ (reducfion in life) = 2
Mean valve life m = 1.0 operating years

AV = 1.0/year failures/year

Module failure rate = 6ZV = 6.0 failures/vezr

Range = 2 - 10 year"'l
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. TABLE 20 ~

v 3

 ESTIMATED VALVE FAILHRE RATES FOR SEPARATELY-FIRED HTAH

FAILURE RATE, YR -
VALVE =~ _ REF 5 , CURRENT"
Gas Inlet .5 .22 .
" Air outlet - .5 55! -
.GaS'Outlet .5 .ll'
Depreséurizatibn ¢S5 .11
Air Iniet .5 .07
Pressurization ' .5 .07
« -1 T RS
Total For 1 A =3 yr A = 0.69 yr
Heate; ’ ’ . S
7
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TABLE 2] - A
DETAIL OF EVENTS FOR EXAMPLE HTAH - 15 HTR GROUP (1/2 FLOW)

Number

-10.50

-125-

Number
‘of of =
: Heaters Heaters ' :
Event On Air -~ On Gas Time, sec. -
Air Valve starts to open B : ‘ ' ' start of Air'Valve
-~ HTR A 4.0 10.0 -7.0  Overlap '
Air valve 1/4 bpén v S S
- HTR 2 4,25 -10.0 .. -3.5
HTR A Air Valve 1/2 Open End of Press/Valving
o “Sequence - HTR A
HTR B Air Valve starté' s S . iStart of Depress/Valving
to Close ' 4.5 10.0 - 0.0 - Sequence - HTR B
HTR A Air Valve 3/4 Open
HTR B Air Valve 1/4 Closed . . 4.5 10.0 3.5
HTR A Air Valve Full"Open
HTR B Air Valve 1/2 Closed 4.5 10.0-. 7.0
HTR B Air Valve 3/4 Closed 4.25  10.0 . 10.5
HTR B Air Valve Full Closed 4.0 10.0 14.0 = " End of Air Valve Overlap
HTR B Depress. Valve Opens 4.0 10.0 - 14.0
HTR B Depress. Valve Full Open 4.0 10.0° 20.0 - Start of HTR B Depress.
HTR B Depress. Valve Closes 4.0 10.0 - 81.0 End of HTR B Depress.
HTR B Depress. Valve Closed 4.0 10.00 . 87.0
HTR B Gas Valve Opens 1 4.0 '10.0' 87.0 sta;t'of Gas Valve Overlap
HTR B Gas Valve 1/4 Open 4.0 10.25  93.5
HTR C Gas Valve Closes Start of Press/Valving
o N , ~ Sequence - HTR.C '
HTR B Gas Valve 1/2 Open 4.0 10.50' 100.0 End of_bepress/Valving
o ‘ : : Sequence - HTR B
HTR C Gas Valve 1/4 Closed
HTR B Gas Valve 3/4 Open 4.0 .106.5




TABLE 21 (Continued)..

DETAIL OF EVENTS !FOR EXAMPLE HTAH -.15 HTR GROUP (1/2 FLOW)

- Number
of

Number
of

Heaters ... Heaters.

(Sequence repeats through 15 heaters.)
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End of Gas Valve Overlap

Start of HTR C Press.

End of HTR C Press.
Start 'of Air Valve Overlap

Start of Depress/Valving
Sequence - HTR D

End ofIPress/Valving
Sequence - HTR C

Event Y On Air. ; On Gas . Time, sec..
HTR C Gas Valve 1/2 tiéééé- i
HTR B Gas Valve Full Open 4.0 1Q;{i 113.0
HTR C Gas Valve 3/4 Closed 4.0 10:25 119.5
HTR C Gas Valve Fﬁli Closed 4.0 10.0 126.0
HTR C Press. Valve Opens 4.0 10;6' 126.0
HTR C Press. Valve Full Open 4.0 10.0 132.0
HTR C Press. Valve Closes | 4.0 16.6“ 187.0
HTR C Press. Valve .Closed 4.Q 16;9 193.0
'HTR C Air Valve Opens 4.0 10.0 '193.0
HTR C Air Valve 1/4 Open 4.25 10:8 196.5
HTR D Air Valve Closes |
HTR C Air Valve 1/2 Open 4.5 10.0  200.0
HTR D Air Vélvé 1/4 Closed
HTR C Air Valve 3/4 Open 4.5 10.0 203.5
HTR D Air Valve 1/2 Closed
HTR C Air Valve Closes 4.5 10.0 $207.0
HTR D Air Valve 3/4 Closed 4,25 10.0 210.5
HTR D Air Valve Closed 4.0 10.0 214

End of Gas Valve Overlap




TABLE 22 . -

SUMMARY OF TOTAL '‘CYCLE. FOR 30 HTR CONFIGURATION" -~ EXAMPLE HTAH
FOR 1000 MWe PLANT ‘

Numbet of

Number of

‘Time, Sec Heaters on Air ~ Heaters on Gas
0.0 8.5 20.5
3.5 8.5 '20.5
6.5 8.5 5. 20.5

L . 7.0 8.5 . 20.5

T 10.5 8.25 20.5

13.0 - 20.5
- 14.0. . ,
.. 19.5 : 20.25
20.0 . |
26 . £ 20.0
. 32 . 20.0
81 . 20.0
87 . " 20.0
93.0 :

. 93.5 : 20.25

' 96.5 8.25

100.0 8.5 20.5"
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TABLE - 23

Outlet Fluid Temperature Variation and Maximum
‘Bottom of Matrix Solid Temperatures from SCAMP
Computer Code Runs :

Total Variation’
in Outlet Air

Total Variation
in Outlet Gas

Range of Individual

Heater Maximum
Bottom of Matrix

Temperature Temperature Solid Temperature
X (F) ‘ K (F) " K (F)
Large - - 24 - (44) 16 (29). 1336-1393
Manifolds - : (1944-2047)
Small 50  (90) 31 (56) 1279-1446
Manifolds ' ' (1843-2143)
Small Manifolds 51 (92).. . |- 21 (38) 1379-1451

with control by
Air/Gas Phase
Duration

(2023-2152)

*Maximum Bottom of Matrix Temperature of at least
1400 K (2060 F) is desired for each individual
. heater to promote effective seed/slag drainage
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Mains

Manifolds

Ducts.

Gas-In
Gas-Out
Air-In

Air-Out

Gas-In

Gas—Ogt

Air-In -

Air-Out

_Gas—Inf..

Gas-Out

Air-In

Air-out

TABLE 24 MAJOR FACILITY PIPING

Equivalent
0.D., m (£ft)

15.2 (50)

12.2 (40)

1.5-3 (5-10)
2.6-4.6 (8.5-16)

4.6-7.6 (15-25)-
3.0-5.8 (10-19)
1.5-2.0 (5-6.5)
2.6-3.2 (8.5-10.5)

3.5 (11.5)
2.3 (7.5)
1.1 (3.5)
2,1 (7)

=129-

Cross-Sectional

Shape

Max. Operating

Double Arch

Double Arch .
- Round

‘ qund/CatenarYH

" Catenary

Cateﬂary

iRound

VRouhd".

Round

Round

Round

Round.

110
110

869
869

110
. 110.

869

869

110

110

869
869

Pressure, kPa (psia)

(16)
(16)
(126)
(126)

(16)
(16)
(126)

(126)

(16).
(16)

(126)
(126)
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_Main

Main

Duct

-Duct

"Gas-In

Gas-0Out

" Gas-Out

Air—In

TABLE 25. EXPANSION JOINT REQUIREMENTS

No. Req'd Location Type o Axia1~quémeht* Lateral Mo?ément*
C - mm c(in) " mm (in)
2 Between Heater Rows .Flexspan-Series 500 89 (3.5) 64 (2.5)
' (12 in. face-to-face)
2 Between Heatexr Rows Flexspan-Series 500 .. 89 (3.5) 64 (2.5)
(12° in. face-to-face)
30 Between Valve & Gas- Metal 136.4 (5.37) 10.7 (0.42)

Out Manifold

30 - ' Between Valve & Air-
In -Manifold

* Expansion Joint Limit

(12 Convd;gtiqns?

Metal
. (16. Convolutions)-

e L7

72.1 (2.84)

8.1 (0.32)
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Reheat Gas Flow
Air/OxidiZer«Flow

Gas Inle: Temp'

Gas Qutlet Temg .
Air/Oxidizer Inlet Temp

.Air/Oxidizer Outlet Temp

TotallNumbei of Heaters

- Heaters an Gas

Heaters on Air/Oxidizer

Heat Duty -

Bed Diameter

Bed Height

TABLE 26

Comparison of Alternative Heater Concepts
.for 600 MWe Plant

Refergncé Upflow Upf low?
HTAH ITAH _ HTAH 1 HTAH 2 . Units
504 (1112) 504'»(1112) 504 (1112) 504 (1112) kg/sec (lbm/sec)
‘408 (900) 408  (900) 408 (900) 408 . (900) ..  kg/sec  (lbm/sec)
1972 (3089) 1289 (1860) 1700 (2600) 1589 (2400) X (F)
1349 (1969) 840 (1053) 1034 (1401) 992 (1327) K (F)
922 (1200) ‘589 (600) 589  (600) 589  (600) K (F)
1788 (2758) 1200 (1700) 1508 (2255) 1411  (2080) X (F).
16 6 16 16
1 11 11
s 1 4 4 | S
422 {1442) 279 (953) 431  (1473). 383 (1307) | Mi_ " 7(106 Btu/hr)
4.4 (14.6) 7.5 (24.5) 4.3 (14.0) 4.2 (13.8) m  (f8)
6.5 (21.4) 8.1 (26.7) 6.8 (22.2) 6.8 (22.2) m (£t)



v

TABLE 27

RELATIVE COSTS OF ALTEINATIVE HEATER

Heater Vessels
(Including Matrix)
Manifolds

Support Structure

Valves -

Other

Total Relative Cost

CONCEPTS. FOR 600 Md, PLANT

Référenﬁel' o Upflow Upflow
_HTAH _ ITAH - HTAH 1 HTAH 2
~ 0.45 0.14° 0.38. .  0.37
0.26- _ 0.06 0.14° . 0.10
0.07 0.04 0.16" 0.16
0.17 - 0.06 0.05 °  0.05
0.05 0.03 0.04% ~ 0.04
~1.00 0.33 0.78 " 0.72
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"Item

Reheé; Gas Flow

Aix Flow

Gas inlet Temperatﬁre
Gas Outlet.Temperature
Air Inlet Temperature
Air Outlet Temperature .
Total Number of Heaters
Bed Diameter ' '
Bed Height

Relative Cost of Heater
Vessels (Including Matrix)

TABLE 28

Comparison of Reference HTAH and

- Integrated ITAH/HTAH for 600 MWe Plant

Integrated ITAH/HTAH -

Reference ITAH
_HTAH Section
504 (1112) 400  (882)
408  (900) 408  (900)
1972 (3089) 1366 (1998)
1349 (1969) 734  (862)
922 (1200) 589  (600)
1788 (2758) 1172  (1650)
16 5
4.4 (14,6) 8.1 (26.6).
6.5 (21.4) 10.4 (34.0)

1.0 1.19

(1.57 for Integrated System)

- HTAH
Section.

‘Units

365  (805)
408  (900)
1978 (3100)

1366 (1998) -

1172 (1650)
!

1778 (2740)
-15

4.4 (14.3)
7.7 (25.4)

0.38

kg/sec (lbm/sec)
kg/sec (lbm/sec)

K

~ " xR

3

(F)
(F)
(F)
(F)

(£} -
(ft)
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TABLE 29

. Valves 'Requiréd for Integrated A »
ITAH/HTAH System for 600 MWe Plant . o i
ITAH Only HTAH Only Integratéd ITAH/HTAH
‘No. ‘Temperatuxje . _I\&_ f Temperat\iref No. : ‘Temperature
Type of Valve ) K (F) K (F) K. (F)
' Gas Inlet'_ ' 15 1978 (,3100){ 5 D:i'2'83“ i (‘195'0‘)} 15 ‘1§7é | (310‘0)
Gas outlet 15 1367 (2000) s 733 (860;); 5 733, f;(8“6.0)»'
‘Air Inlet 15 1172 (1650) s osee (660'; R 5:8A9 ’ "(60’0)?
Air outlet, 15 1778 . (2740) 5. 1172 (.1'6'55'))? s 1778 ~ (2740)
Pressur’izatiori' 15 1172 (1650)_3 5 589  (600) ‘5" - 589 ‘(6(_\)'0)
"Depressurization 15 1172 (]'.650)4' %5 589 -"‘(600){ 5 589 ‘. -:(6?0)
.:TO'I‘AL 90 30 % - 40



: TABLE 30 )
Electrical Conductivity of Air Stream withA

Various Levels of Potassium Contamination
13 .

! LT . oWt Z K ez
Air Stream 0.001%  0.01% U 0:1% 1.0%
Temperature ?ﬁ . _
U, = 146 ue,a .146 He =‘-;"_.138 M, = .104
1550 R | n, =7.88 x 10 || n_ =243 x20'% | o = 7.78 x 10'% | n_ = 2.91 x 10
0=18x107 ]| ‘o=568x10" | 0a1.72x10 o= 4.85 x 107
Mg 151 | Mg = 4150 1 M= o145 u, = .11
1700 X | n,=5.62 x 10" | n = 1.76 x 10" [| n_ = 5.65 x 10'® | n_ = 2.13 x 10"
0=1.36x10% | o=4.20x10" | 0=1.31x107" 0=3.79 x1073
U = .15§ o H, = .155 | | u, = .152 N e .117
1850 R | n, = 3.16 x 10" | n_ = 9.90 x 10" | n = 3.17 x 10" || n, = 1.19 x 10
0=7.84x10% | o0m2.46x102 | 0-7.72x103 ]| 0e2.22 x 107
Mp =162 . | wgeael | w = 56 || ve = 22
2000 x | n, = 1.40 x 107 | n_ = 4.43 x 2077 | n, = 1.42 x 10*® || n, = 5.22 x 20"
Ow3.66x10° | om1,04x102 | 0=3.5x102|| om=1.,03x107t
Stream Saturated
Pressure = 10 atm vith K280,
1550 K 1700 K 1850 K 2000 K
Max. wt % K in gas: | 0.0078% 0.050% 0.23% 0.77%
Interpolated values for maximum O at each temperature:
. ' ‘1sso K 1700 K- 1850 X 2000 X
Max, 0 = 5.03 x 107 9.33 x 1074 1.13x10%  9.12 x 107
NOTE: Eleétrical mobility " e 4n ol /webcr
Number density ne in a3 '
Electrical conductivity o {p mho/m
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FLuiDyNE ENGINEERING CORPORATION

FIGURE 1 MOLD FOR CASTING MATRIX SUPPORT FOR MTF
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FrurDyNE ENGINEERING CORPORATION

FIGURE 2 CASTABLE SPINEL MATRIX SUPPORT BRICK FOR MTF
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FrurDyNE ENGINEERING CORPORATION

FIGURE 3 MATRIX SUPPORT BRICK BEING INSTALLED IN MTF
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FIGURE 4. STEADY STATE CREEP RATE OF CORHART X-317
(DATA FROM MONTANA TECH MEASUREMENTS)




Creep Rate (10-4%/hr)

Exposed Sample

Pristine Samples (420 hrs - MTF Heat 201)
6
A - 1573 K (2371 F) ® - 1773 K (2731 F)
0 - 1623 K (2461 F)
[0 - 1673 Kk (2551 F)
S e
O -1773 x (2731 F)
O - 1823 x (2821 F)
V -~ 1923k (3001 F)
4-
3-
Allowable
Rate for 10%
Deformation in
2k 75,000 hrs
5%\
1
——ﬂ—T——;l ——-J—----
2 3 4 5 (MPa)
3 1 » i 1 ale?, ] L L
0 100 200 300 400 500 600 700 (psi)

Stress

FIGURE 5. STEADY STATE CREEP RATE OF CORHART X-317 COMPARED
WITH ALLOWABLE CREEP RATES OVER LIFE OF HTAH
MATERIALS (DATA FROM MONTANA TECH MEASUREMENTS)
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FIGURE 6. CYCLIC TEMPERATURE AND STRESS FOR THERMAL STRESS
CYCLING EXPERIMENT
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Figure 7.
Unreacted interior of LS812 - 72X

Figure 8.

Hot face of 1LS81l2 from Valve Test 3
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Figure 9

Hot face of LS812 from Valve Test 3
Showing Penetration Solution or Refractory
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2MgO-Si0;

Figure 10. Phase Diagram for the System Mg0-Al1203-Si02
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FIGURE 63. . .SCHEMATIC :FLOW .DIAGRAM "FOR INTEGRATED "ITAH/HTAH SYSTEM

Reheat Gas
Y T = 1978 Kk (3100 F)

Preheated Air _ Flow = 504 kg/sec (1112 lbm/sec)

to Combustor » | L .

T = 1778 K (2740 F) K

© Flow '= 408 kg/sec | P
(900 lbm/sec)
~REGENERATIVE
HTAH o o Reheat. Gas Bypass
- " Flow = 139 kg/sec (307.1bm/sec)
[T = 1366 x (1998 F)
T = 1172 K .
(1650 ..F)A» : e M
: yr=183 k80 F |G |
oy o ’ ' i Quench Gas
T‘ T = 422'K (300 F)
_ i A Flow = 35 kg/sec
RE ) R
GENERATIVE (77 1bm/sec)
. ITAH '
T = 589 K:
(600 F) - ‘
: T =.1064 K (1454 F) T Fan
Ambient Air e iiiggélgiss:g{sec h ‘ Stack
“Flow = 408 kg/sec b+~ Compressors —
(900. 1bm/sec) .
BALANCE OF
— , ; -
STEAM PLANT ’
' Exhaust Flow = 504 kg/sec
' (1112 lbm/sec)



Air
Inlet
Manifold

——
—
—

‘Press. Valve

—— t——

. N
— E———— — a———

| - . K

Gas , : . - Gas Aix
Ou§let , _ ' - . Inlet Outlet
Manifold _ . ' Manifold Manifold

FIGURE 64. SCHEMATIC ARRANGEMENT OF INTEGRATED
ITAH/HTAH HEATERS ' -

<198~ 2U.S. GOVERNMENT PRINTING OFFICE: 1981-740-145/2127





