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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 ~~A/DOE contracts, the most 

recent being Contract DE-ACOl-78ET10814. The Statement of 

Work specifi~s 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 comJ?ilation 

of materials data, materials selection for testing and design 

studies, materials property determination, liaison with 

refractory manufacturers and other organizations to encourage . 

development of materials and fabrication technology, estetblish­

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 

(inciuding both the heater matrix and valves), to continue 

obtainihg information on life and corrosion resistance of · 

HTAH materials, and to obtain design information for full­

scale studies and future design work. The scope of the work 

will include tests in the Matrix T;st Facility (MTF) and. 

Valve Test Facility (VTF} built anC. operated under contracts 

:E:X-?fi-C:-01-225-1 and DE-ACOl-78ETlOS.l4, emissions measurements 

in the MTF and VTF, design of a dilatometer for performing 

creep measurements in the directly-fired HTkB environment, and 

characterization of the effluent air stream from the MTF. 
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Task 3 - Full-Scale Design Concepts 

The objectives of.this task are to begj,.n the identifica~ 
tion of HTAH ccmtrol requi~ements and ·control system needs·, 

and to continue full-sc·ale study efforts incorporating 

updated materials arid design information ·in order t6 identify . 

development needs for "the HTAH .. development program. The 

scope of the work w~ll include size/cost analyses arid parametric 
studies ot' design options·· ·using a size/cost cod~ and other 

computer codes developed arid ·refined under Contracts EX-76- -

C-01-2254 and bE-ACOl-78ET10814, dynamic HTAH system perfotinance 
calculations using the SCAMP (System Cyclic Analysis of 

Multiple Preheaters) computer code developed und~r contract 
DE-ACOl-78ETl0814-, preparation of system layouts and cost 
estimates, screening and definition of control system~ and 

determination of operating methods, .definition of requirements 

for a future.test facility to test matrix support concepts 
at nearly fuii-scale, arid development of design concepts for 

~lternative heatei sy~t~i:ns and el~ctr~cal isolation of the 

air duct from the MHD combustoi'. 
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2.0 SQMMARY 

During· the report~ng period f~om January 1 through 

December 31, 1980,. work_; was continued on, :~11 thre.~ tas,ks. 

The objectives .. · and milestone.~· of the: -con·t~act as. 6ri,gina],ly 

written wefre achieved p·rior to November. 2f? .. , ·1980. The 

cohtracf: has been -modified to include additional efforts. on . . .. . . . ~ . 

c·ertain suptasks. delineated in. th_e ·Origj,:pal contract and to 

extend the ·period of pe-rformc:mce u_ntil May 31, 1~;.8 3 ... The . 

format of this··:r.eport will fol.low the work plan .~ubmitt.ed .to 

DOE' under the origin'a-1 · contre3.ct, including work· done After 

November 26·, 1981. 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 val:ve .Test _Facility 

(VTF). The MTF simulates the· performance df a rnatri.x.-:of 

·cored bri.cks in a direct.iy-fired ·HTAH. This facii.i.t-y was 

operated cyqlicaily 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 sequence 

used under the previous contract. Fused cast magnesia-

spinel material continued to show ~6od resistance to the 

HTAH conditions as a matrix material. Several other materials 

were also tested in va~ious ma~rix locations, including 

spinel castable, sintered spinel, and fused cast chromia. 

The spinel materials, used ih the lower portions o·f the 

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

chromia was badly degraded at the top of the matrix. Performance 

of these materials will be characterized through materials 

analyses. Accumulation 6f deposits in the matrix flow 

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

No attempt was made to remove the deposits through operation 
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in a "cleanout" mode; the MTF was operated under conditions 

simulating normal operation· of·· a directly-fired HTAH·. 

Measurements of NO concentration in the reheat gas flow and X . 

of potas·sium carryover ih 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 o·f the VTF during the reporting 

period wa·s denoted as Test 3, again continuin·g the numerical 

sequence established under the previous ·contract. The 

facility was operated fot a total of 532 ho~rs, including 

375 total valve cycles. During 154:hours and 282 cyriles, 

the gas flow included potassiu..rn 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 val,ve was not inhibited by expo.sure to the simulated 

radiant boiler exhaust gas stream. Calcium aluminate bonded 

spinel castable continued to perform well as insulation in 

the 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. 
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Activities under Task 1 continued the development of 

ceramic materials technology for the directly-fired HTAH. 

Materials were .selected for evaluation in th~ 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 ana the previous contract was continued. Liaison 

efforts with r:efractory·manufacturers were continued and 

material samples produced throug~ .developmental programs at 

various companies were supplied f?r test evaluation at FluiDyne 

and at Mont~na 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 establishing 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 e£fectiveness of various material and insulation 

schemes was examined. Four runs of the SCAMP computer code 

were also made, examining dynamic performance and response 

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 developed. 
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Studies of ~pe6i!i6 conc~rns ~elated to.the use ·of a 

directly-fired HTAH were also made during the reporting 

period, · in¢ludirig an -~~all\in~ti()I1 of. the. ef.~~ct o~ .. ~alve . '·· 

life assumptions on HTAH reliability and an evaluation of 

the effect of va·lve l,e:akag~· on· th~. performance of~ the MHO . 

plant. 
. . '. . ... ~· 

r·n · addi tiort to· these major efforts under Task 3 .;, a 

concept was·developed ·for.a test facility.to evaluate matri)t " 

support·concepts at nearly :full-scale, and concepts were 

studied for··alternative: air. heaters, specifically inc],uding 

an intermediate temperature air· beater (ITAH) and an: up flow- .· 

type HTAH, .and· for electrically isolating the HTAH f:~:.Qm tl~e 

MHO combustor. 

Details of the technical pro.g;J:"es:s during th~ reporting, .. 

period are presented in Section 3, and conclusions drawn 

from the· HTAH development work dJ,lri:ng the reporting .. perio~ 

are discus.sed in .Section 4! . 

. ···' 

·.!. 
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3 ... 0 , . DESCRIPTION OF· TECHNICAL . ;E>,RQGRESS . 

.... -. 

3.1 Task .1 ..... Materials. Selection,. :Evalu~·tipn, arid :Development 
I'. 

' ••• r • •1 '::: ~: . 
3.1.1' .. Materi"al.s, ·Selection. and .~Da..:t.a Base ... 

During the reporting period, selection of 

refractory materia·ls · wa.s made .for test evaJ\lation. ,i:n p~~h: .the 

MTF and VTF·~···· Materials ·schemes wer,e also propo~~q. .. f.or.i'.fuJ.l ... 

scale studies ·.of the directly.,;;£ ired HTAH·,and of a · ... so-:called 

interm~diate temperature-air heater.-(ITAH)./. ·In a(lditj,QI) to·· 

thes~·'mat~~ial ~electiori'acti~ities, work.under this subtask 

included beginning to· compile-·HTAH material properties in a 

formal data base. 

Materials Selection ~ T~~t Valv~ ; . ' 

... ~ . . . 

Ihsula;tion ·material for HTAH hot ·gas inlet valve·s :must be 

resistant to attack by corrosion and erosion due to· the 

seed/ash-laden radiant boiler exhaust gases. Two insulat~on 

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 castabl~ 

(Norton LS-812), had shown good performance in the first 

tests. This material was selected for further evaluation in 

the test valve. All of the castable insulation in the test 

valve was removed and replaced with the Norton LS-812 castable 

before valve testing was resumed, as descr~bed in Section 

3.2.2. No additional materials were selected for evaluation 

in the test valve itself during the reporting period. 
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Materials Selectfon - Hot Gas Supply Ducts 

Each of the test facilities, !>ITF 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 the HTAH 

reheat g~s atid 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 injected 

seed vaporizes and ash melts) combine to ·produce more. severe:: 

corrosion/erosion conditions than will exist in an actual 

directly-fired HTAH. Materials used as the high 'temperature 

liner in these ducts have 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 selected for use in the VTF tests, 

replacing the spinel cas table material, and in the MTF test work 

during the reporting period. Test specimens of fused cast 

chromia (Carborundum Moriofrax E) I fused cast stoichiometric 
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spinel (Carborundum Monofrax LS) and eutectic spinel (Carbo-.. . . ' : ~ . 
rundum Monofrax LE), fused cast magnesia~spinel (Corharf·x:.... 

317), an alumina chro~e ramming mix (A.~. Green Jqde Ram), 

and the LS-:-81~. castable coated. with an al,umina chrqme mm;tar 

(A .. P. Green Jade Set) were also ev:aluat.ed. in the hot gas 

supply duct of the. VTF,. but none of these ~aterials pe~~ormed 

as well as the RFG. 

Materials Selection - MTF 

Several materials.wsre selected for.evaluation in the 
. I 

MTF test run du.ring t~e report.i..ng period.. In order to 

minimize the cost of a full-scale HTAH, it will be desirable 

to use the most inexpensive m~terials which will provide 

sufficient. resistance to the service conditions. Since the . . 

severity of these conditions varies somewhat in the various 

regions of the HTAH, it will be desirable to use the most 

cost effective materials for e~ch region of the .heater. The 

mat~r~als selected for evaluat~on in the MTF during· the 

reporting period were chosen to begin addressing this "materia~s 

stra~ification" question, evaluating differ~nt materials jn 

different areas. 

Above .the cored brick matrix in the MTF is a so-called 

"target area," which serves as a means for redirecting the 

horizontally flowing reheat gas from the hot gas supply.duct 

vertically downward into the cored ~ricks. This target area 

is subjected to severe erosioh by the liquid ash par~icles. 

as well as corrosive attack by the seed and ash in the gas. 

Fused cast chrornia (Carborundum Honofrax E) was selected for 

eval~ation in the target area; this material was expected to 

h~ve superior erosion resistance co~pared to materials 

previously used in this.area. Althou~h this type of material 
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is r~lativel~ ex~~q~ive, ~~ U$ed o~l¥ in ~ertain -~~9h erosion 
ero~ion areas of a full,.:...scal~ HTAH th~ e~fect o.n total systeJ1\. 

- . ' ; ·.. . . . . 

cost wo;1,.1ld n9t be pr~hi,l;>itive •. The ~onqf.r~·:?C ~ wa~. also 

selected for use :i,.n th~ uppe~meist 0 ~ 23 m.;. (~.·in) .-()~ the co,.red 

brick matrix, which ha_d sha~n a, r~.lc?;tiv~l~ high de_gree. of 

erosion in earlier tests. 

Du~ii1g test ev~l.v.ation in· .the MTF, th~ )1onofrax. E 

. demonstrated excellen,t performance in the ~arget region, 

bearing out expectations for its erosion resistai1ce .. The. 

Monofrax E matrix bricks, however, were severely .attacked. 

and depleted. At this tim¢, it a,ppear~ t~at the ·~on9frax E 

materi?;l is "Suitabl~ for use as. an ero~ic;m wear ~~rface, but 

is not suitable for use as a core4 brick, where a. la!ge 

su~~~s~/volwn:e r9.tio exists. Further analysis of the material 

is u~d,eJ;W.9-:Y· 

Tne u,se of casti3;ble material~ 'there J?P.ssiblE? h~s :peen. 

shown thro~gn :full-s~ale studi~s to ~e~~lt ~n signific~nt 
HTAH cost re~uction. Thus it is desirable to e.valuate the 

performa~ce of castable materials in th~ test facilities •. 

Norton LS-812 castable was selected for use as the liner 

surro~~qing the. ~at+ix over ~~e ~ntire length ~f the.~at+ix. 

This f!lqter~~t ~ad been ev?ll.uated in tJ;le rn.at:r~x lin~r, at;P~ic~:­

tion ip pf~Viops tests (Ref 6) , but n9t ip s~ch a large 

quant:~ty. LS-812 castable was also selected for use as the 
• • ~ • • • . :- • • • • • J • . • • 

inner ho-t:- liner enflosing q~e. ga~ $_"j:ream in the re.gio:n,~ above 

anq pelow the cored brick m~tri~. The s~rvice c?ndit:i,.ons in, 

the?,e regions 9-re not as se_v~re a~ in the. pot 9-as quct ~ine:J; 

for which the LS-al2. had pr~y~d ~ns~itable as d,iscus?ed above. 

The J?efformi3;nce of the LS-8~? castable ap~e.are~ to b~ ge~erally 

atce.ptable., but pqst test eval~a,tion is still und,e.rw~Y· 
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Fused cast magnesia-spinel (Corhart X-317) is the material .. 
' . '· ... 

which has shown the best performance as a matrix· inaterial·'in 

previous tests (Ref 6). This material was select:ed for {i5e 

as the bulk of the cored bri·ck matrix. PreviouslY tested·~~· 

317 matrix bricks were reused, and some unused x.:.::)·l7 was aiso 

used. Preliminary results indicate that the X-3i·7"material · 
.. . .. 

performed satisfactorily, but substantial alteration of the 
. . ~ . ..,."" 

bricks immediately below the Monofrax E matrix brfcks was· 

observed. Further analysis of the X-317 materiai<·is underway. 

•,"' •. 

Sintered spinel br~cks (Norton SX-471) wer~~elected for 

evaluation at the bottom of the cored brick matri~. The 
. •). 

thermal conditions are least severe in this regiori"and the 

superior properties of fusion cast material may n'dt be required 

Thus, evaluation of the relatively inexpensive ~i~~er~d brick. 

was desired. Post-te·st. ana:J_ysis of this mater~-9-i· "is underway. 

The matrix support mechanism for the directly~fired HTAH 

is of major importance. The material used must be capable 

of withstanding the severe thermal and corrosive conditions as 

well a·s the mechanical loads imposed. by the need to support the 

weight of the entire cored brick matrix. Complex brick shapes 

may also be required, as in one concept which fnvolves a perfor­

ated support dome. LS-812 castable was selected for evaluation 

as the matrix support brick in the ~lTF in order. to. begin 

evaluating mat~rials and construction methods for the more 

complex structure needed for a full-sc:::a,le HTAH. 

A method was developed for cas~ing the MTF support brick 

in one piece wit~ flow passages to I!latch the.matrix flow 

passages. The mold developeq for L~is purpose is shown i~ Fig 1. 
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Wooden dowel inserts were initially used for the flow 

passages.~ This approach proved ineffective, however, because 

of swell~ng of ... the dowe:ls which caused cracking of the 

support.brick~ 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. ¥d th minimal cracking 

was produc~d a~_ shown in Fig 2. Tne· support brick is shown 

being install~d.~n Fig 3. 

·This method cquld be used for producing pieces for a 

full-scale HTAH matrix support from a spinel castable. 
' • t • 

Significant c~s~ savings ~ould be realized by castirig matrix 

support pieces rather than requiring hot pressed or sintered 

bricks in the ,complex shapes with flow passages required for 

a dome type ~atrix support. Evaluation of the performance of 

cast matr.ix ~UPP.?rt pieces in HTAH test facilities will help 

define whether this approach to the matrix support is viable . . . 

Materials Selection - Full-Scale HTAH Studies 

Materials and insulation layu?S were selected for an entire 

full-scale HTAH system. The selection was made using materials 

which had been.tested in subscale HT~~ test facilities or for 

which sufficient data was available to make judgments of 

performance in the.HTAH environment. Layups were chosen to 

allow reasonable installation techr.iques. The purpose of this 

material selection exercise was to pro~ide 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 be measured through full-scale studies. This is .. 
d6ne periodically ih the course of the HTAH development program 

in order to identify development needs for materials and 

installation techniques. 
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A summary of the 21 areas for which materials and layups 

were selected is given in Table 1. An example.of one of 

these areas, the gas inlet duct, is shown in Table 2 in 

order to illu~trate the typ~ of materials cho~en and the 

extent of the selection process. 

Materials Selection - Full-Scale ITAH Studies 

Materials were also selected for use in full-scale 
. . . 

studies of alternate heater systems (see Section· 3.3.7). In 

particular refractory insulation schemes were selected for 

use in the gas and air inlet and outlet manifolds and ducts 

of an intermediate tempera·ture air heater (ITAH). The 

materials are delineated in Table 3. Th~ materials specified 

are generally more conventional than the materials proposed 

for the HTAH application except for the inner liner in the 

gas inlet manifolds and ducts. Spinel castable ·is propos.ed 

in this area for seed resi~tance. Since the materials 

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. Experience to date in MHO testing '. 
8. Composition 

9. Mixing and curing instructions (for castables) 

1"0. Data~source and estimate of validity for engineering 

calcu:la tions · 

11. Cost in~orma~ion 
. - ~ 

12. Materials properties includ.ing density.; porosity; .. ' 
temperature dependent valu"es of. ~odulus of elasti-

city, Poisson's.ratio, thermal conductivity, 

specific heat, thermal stress limit, thermal .. 
exp~ri~ion coefficient,· el~ctrical conductivity, 

f 

· moduius· of rupture·, ca'mpre"~sive strength, critical 
. . . . . 

stress_ intensity factor (l(~c>; and load and temperature 

dependent values of creep rate. 

This information will provide the ba'sis for size/c'ost and 

performance studies under Task 3 and for future design of .. -
HTAH systems. 

Much of this data has been compiled for five materials 

as shown in Tables 4-8. These materials are Corhart X-317, 

Norton LS-812 castable, and Johns-Manville 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 ~iners ·' matrix support, or for. the matrix 

a.t temperatures below 1589 K (2400 F). The Johns-Manville 

materials are possible backup insulation, if no contact with 

the directly-fired reheat gas is allowed. The data was 

extracted from Refs 1-5. If no refe-rence 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 w~ll be 

continually reviewed and updated. 

: ~-

3.1.2,6 Property Determination and Thermal 

Stress Criteria 

The objectives of these sub.tasks are to 

define needs and test conditions for HTAH. material property 

determination work carried o~t at FluiDyne or at other laboratories, 

to interpret. the. resul.ts in,. terms of. the HTAH materials data 
' - . . 

base, and to develop criter~~ relating stress and fracture to 

thermal cycling. ,. . 

A prior~ty sy~tem was esta~li~hed in order 

to provide basic goals for the overall propertx _d~termination 
I • ~ 

,efforts. The suggested priority rankings of properties to be 

determined and types of materials for which ·they.· are needed is 

given in Table 9. The need dates given in this table reflect 

the need to obtain material·s data for development of the HTAH in 

a program which will move ~rom the present testing scale (0.25 -

0.5 MWth) to a Technology Development Unit of about· 5 MWth' in 

which all HTAH components of a single heater are tested, .and 

finally to design of HTAH systems at progressively larger scale, 

for exa~ple at the COIF and ETF MHO 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 peisonnel at 

Montana College of Mineral Science and Technology, Montana State 

Univer::>ity (MSU), and Montana Energy and HHD 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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December 10-12, 1980. Following these meetings, the Montana 

personnel were provided with priority ra~~ings concerning the 

work.now l,lnderway and to be carried out in the current fiscal 

year. The priority rankings given the Montana personnel are: 

Montana Tech 

1. Refractory creep under therro~l cycling conditions 

a. X-317, fused cast magnesia-spinel 

b. LS-812, stoichiometric spinel castable, 

calcium aluminate bond phase 

2~ Determ{nation of eiastic properties using mechanical 

technique at elevated temperatures 

·a. X-317 

. b. .LS-812 

3. 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 - only 

a.fter some thermal e>..?a•·1sion 'l,mder load 

results available 

d. Insulating brick - only if all of· 1,2, and 3 

above have been co~pleted 
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4. Castable refractory QA:procedures for MSU testing 

5. 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 e.lE?Vated 

temperatures 

a. X-317 

b. LS-812 

2. Thermal expansion under load 

3. 

a. LS-812 if needed to support Montan~ Tech creep work 

b. Carborundum developmental materials - prior.: 

to creep work 

X-ray diffraction work as required to .determine 

compositions in a timely fashion 

4. Electrical conductivity .cell for MTSFF refractories 

5. Investigate ~efractory maierial interactions for 

potential areas such as stratified matrix,· dome/hot 

liner, etc. 

MERDI 

1. .Pre- and Post-test microstructural an~lyses 

a. SEM 

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

diffr·actibn 

3. Insul'ating castable development 

4. Thermal· diffusivity/condu6t~vity measurements for new 

materials 

s~ Fracture toughness (Klc) at elevated temperatures 

.These priority rankings will be continually reviewed and 

updated to insure that th~ property measurement work is 

meeting the needs of the HrAH development program. 

High temperature creep measurements at 

Montana Tech have L~en completed for fused cast magnesia 

spinel (Corhart X-317) and calcium alurn:Lnate bonded spinel 

castable (Nort6n ts~bl2). The resUlts of the x~317 measurements 

are shown in· Figs 4 and 5. The ·experimental data is presented 

in t~itns of meas·ured steady state creep rate vs. applied 

stress·. As se·en in Fig 4, when plott~.d in this manner, t.he 

creep rate appears tO be fridepehdeht of temperature; in 

fact, additional measurements 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). 

Mechanical stresses in HTAH refractory materials have. been. 

shown to be iess than about 1 MPa (145 psi) at temperatures 

up_.to 1978 K (3100 F) in upper dome regions and,le?s than . 

about 1:4 MPa (200 psi) in lower t~~perature regi9ns in 

full-scale designs considered to date. Vaiious concepts for 

design of large refractory d~cts or heater dome~, or so 

c~lled "alternative heater concepts" (see Section 3.3.7), 

may involve stresses and temperatures in the range. specified 

above for additional measurements. 

• . • ~l 

Possible allowable creep rates are 

indicated in Fig 5. The Montana Tech measurements indicate 

that under compressive .stress.belo\\T about 3.25 MPa. (470 psi) 

refractory pieces constructed from Carhart X-317 would 

deform less than 1% over a 75,000 hour operating life. 

Thus, Carhart x~317 appe~is to.be a suitable material for 

use. in HTAH des:i_gns froin the standpbint of required mechanical 

loads.. Results of the measurements on Norton LS-812 are 

still being analyzed. 

Cyclic:: thermal .stresses in.the HTAH cored 

bri~ks 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 therm~l stresses on 

candidate HTAH cored brick materials. The experiment was 

designed to produce thermal stresses in a cylind,rical sample 

of refractory material by immersing it ·in a furnace whose 

temperature is varied in a cyclic ffianner. The prescribed 

temperature cycle and the resultins induced therm~l st~ess 

are shown in Fig 6. The thermal st~ess levels approximate 

the stresses which would be exp·erie:1ced in the webs of a 

cored brick during normal operation o:= a HTAH. 
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A f.urnace was built and 25 mrn (1 in) 

diameter cylinders of Carhart X-317 were tested in the furnace. 

Lame constants, .:which may be used to determine the elastic pro­

perties .of mater~als, were ultrasonically measured before and 

after the exposure to thermal cycling~ However, due to the. 
·> 

nature of the material (microstructurally very dense with large 

macroporo!?ity) .the ultrasonic meast;.rernents 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 of the thermal cycling measure­

ments will a~so be changed. In or~er 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 refractory manufacturers and other 

organizations is conducted primarily to encourage development of 

suitable materials, as well as manufacturing and installation 

techniques, for use in ·the directly-fired HTAH. The most impor­

·tant results of these efforts during the reporting period were 

from the Norton Co. and the Carbor~dum Co. 

Norton Co. began deYelopznent work on a sintered 

spinel brick type material, and su;?lied bricks which were 

tested in the NTF as the lowermost matrix bricks. The material 

has properties similar to other hiq~ tenperature materials 

manufactured by Norton with the ad~itional advantage of the 

-20-



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 expensive 

than fused cast materials. Preliminary test results have 

indicated good performance 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 MHO 

air heaters. One of these programs involves development of new 

fused cast material compositions. Fus.ed 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 Carhart X-317, in the Mg0-

A~2o3 system, whose microstructure gives this fused cast material 

good resistance to propagation of cracks induced by cyclic 

thermal stresses. The intent of the Carborundum 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 samples were produced under the Carborundum 

program 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 and 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 shapes from fused cast-materials. 

This is of great importance to the HTAH development program, 

~inca the co3t.!5 of machining and drilling fused cast mater~als 

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 shape·s at rea:sonable cost will ins-ure that the use of fused 

cast materi"als is· ·e"conomically feasible •. 

· · · Liaison efforts also included a number of other 

refractory. manufac-turers COnCerning·Lthe development needS • for 

the directly-fi::ced HTAH. Information was also shared with .... 

Babcock.and Wilc;:ox and Argonne National Laboratory, regarding 

refracto~y-mateiial for ·use in the HRSR project. The primary 

goal of future iia"ison work will be ·~to encourage development of 

mater"i'als resis·tan't 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 pr_eliminary specifications 

will be updated as additional information becomes available from 

property measurements· as·described in-Section 3.1.2, and from 

test evaluation ~i FluiDyne and MSU. 

In order to determin~ the level of detail required 

for preliminary material specifications, procurement. sp~.cifica- ··. 

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 inforrn·ation 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 h~ater development program. 

-22-



. . A quality ass'l!rance program was initiated at;.., 

FluiDyne's lab?ratory for use.·initially with.spine~ castab;L~ 

materials. &~outline of the procedures involved in thi$. 

program .~is shown. in Ta}:)le lQ~, These procedures· a.~-~- of the type 

which .:would.· be followed· -to. as:?ure. qual~ ty of mate:~.i.al pu~c.ha.se.d 

for use in constr.uction .of a HTAH. The· procedure,s ,Will be .. 
. ~" ·' ' . . . . 

followed as part of FluiDyne ' .. s laboratory. work. f9r .. tv.;o r~~sons, 

1) to eliminate .possible poor. quality materi~ls q~f.ore use in ., 

the~test facilities .and 2) .to obtain data which.c~~ be corre~ated 

to.performance ot spinel castable materials and eventuall~.us~d 

in developing the mat~riaL sp~citications. , .· 

Similar procedures will ~e developed for other 

materials over the course· of the HTAH development,:program . 
. ' . 

3.1.5 Materials Analyses 
: 1 ~ •• 

· Material.s ana];.y?is. work completed .c?.-uring the 

reporting period included analysis of pristine and ~xposed 

materials and deposits from tests ~un under-Contract DE-AC01-

78ET10814 as well as_analysis of mat~rial from vrf Test 3 and 

collection of samples for analysis from MTF Heat 203. · 

Analyses from Earlier Tests 

'·• 

Threa ~pinel~ba~ed materials were analyzed in their pristine 

forms as used in VTF· ~e~ts 1 and. 2 and in ~TF Heat 202 under the.· 

earlier .contract (Re~ 6) . The results of these· analy_ses. are 

shown in Table 11. Norton LS-812 a"ld Taylor X-13337 .are 

stoichiometric spinel castables used as the test· ~alve ins~lation 

for VTF Tests 1 and 2. The LS-812 ·performed well in these tests 

and the X-13337 performed poorly. Carhart 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 startling result is the absence of phosphate in the 

Taylor: materfa·l which has been called a "phosphate bonded" 

castab'le. The .analyzed sample was·rernoved from the test valve by 

the valve manu':facturer prior to testing. The absence of phosphate 

could well explain the lack of green strength and subsequent poor 

performance of ·this material as oi;>posed to more favorable test 

results _whic.h -~~d been obtained using samples of this material in 

the MTF. The "corundum" in this material may well have been 

ca~cium.· hexaluininate which probably' acted as the bonding agent 

for casting in ~he valve. Both of the castables differed 

slightly from the actual stoichiometric ratio of 28% MgO to 71% 

Al 2o3 . 

Analysis of material deposited in the matrix flow passages 

during Heat 202 is shown in Table 12. It had been postulated 

earlier that these deposits consisted of degradation products 

from the X-317 hot liner in the hot gas supply duct, which had 

deteriorated badly and flowed into the matrix. The analyses in 

Tabie 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, .in Table 13. A number of resul.ts 

can be observed. The gate area, which is shielded from ~he gas 

stream during the gas phase, .. showed minimal chemical change to . . 

the refractory insulation. ,'J;'he other areas of the valve, such . . . . 
as the body and the follwer ~ring, which. were e:x;po~ed to the· gas 

stream all exhibited a decrease in alumina and often showed 

formation of potassium aluminum silicate (KA1Si0 4 ). This~~ay be 

due to reaction of K2o with Al 2o3 from the bond ~hase, s~nce even 

in the Taylor castable alumina apparently plays'a.part in the 

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 reac.ted 

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 during the reporting 

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

"The evaluation from a ceramic point of view evolves around 

the material's microstructure and the phase composition 

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 

density·, low porosity spinel refractory. Porosity and 

spin~l grain size do not appear to have changed in the 

unreadted area '(see Pig 7) and at the reacted zone (see Fig 

8) .. · .. ·Likewise(. the amount of glassy .phase .between the grains 

does not appear' to change between tl:ie unreacted zone and. the 

hot face of the specimen. 

"The phase co~position of the hot face indicated the presence 

of .TI:~ajor spinel, moderate amounts of forsterite (2MgO.Si02 ) 

and. enstatite ··~MgO.Si02 ) and trace 'amounts of alumina. The 

unreacted are~ o~ the refractory h~d major spinel and minor 

amounts of alumina present. 

"The mode of .failure was characterized by attrition of the 

refractory during 55 hours of exposure as evidenced by the 

increase of inner diameter at the combustion zone. The 

failure mode thus appears to be due to the reaction of 

silica in the coal ash with the ~e:fractory lining in the 

combustion chamber. This reaction is indicated by the 

presence of e.ilstatite (MgSi03 ) and forsterite (Mg 2sio4 )· in 

the hot face sample. Since enstatite melts well below the 

temperature. in .t:he combustion charrber, liquid (glass) would 

be expected to be found at the hot face. Fig 8 a photomicrograph 

taken at the hot face, and Fig 7, ~aken in the unreacted 

refractory about 1.5 em in the hot face, show equal amounts 

of glass in both zones. The reaso~ glass i~ not obp~rved is 

that when it forms at the spinel s::::-ain and refractory surface, 

it is swept from boundaries the refractor:y face by the 

turpulence generated in the combus~ion chamber. Therefore, 

there was a constant attrition of ~he exposed refractory 

during the test. This reaction is more rapid where a smaller 

grain size is presen~ at the hot ~ace (Fig 9). 
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"The reaction that occurs at the hot ~ace can best be · 

illustrated by the ternary phase diagram (Fig 10) of MgO:.:,;· 
. - ..... 

Al 4~3-sio2 • Assuming the overall composition of the r:~ft.ac-

tor~ ·.is at the spinel composition on the .t-1g0-Al
2

0
3 

biri~~~: 
jul!9ture a-t the base line, the composition moves towar·d::~he 
Sio2 . apex. The bulk composition at the hot face becom~~:: 

mo~~ silica rich and spinel reacts with the liqui~ at ~~cio C 
- .. "'. 

abo.~t half way through the spinel stability field to fd~ 
corundum, forsterite and liquid. \'lith further mel;ting~ :~~'he 

t .. '!> ., 

more siliceous enstatite is stabilized. It appears that,~·-· 
~ ·~ ; 

this is the reaction occurring along the hot face 'Jf the> 
refractory. 

"The reaction is much more complex than this as there are 

other components present such as CaO, F~2o3 , K
2
o, etc., :·: 

which would_depress the melting point further.· The above· 

mechanism is felt to be the principal reaction leading to 

erosion and eventual failure·of the refractory." . ' • 0 

Thus it appears that an ash reaction is the primarY" 

cause of failure of the spinel castable material. It appears 

that in the region of the hot gas supply duct where the s·eed 

.. has not yet vaporized the;! spinel material does not resist 

the ash corrosion whereas in other test regions, including 

potassium vapor, this material has performed well. As 

discussed in 3.1.1, rebonded fused grain magnesia chrome 

(Carhart 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 mate.rials used in MTF Heat 203 

have been collected, including f~sed cast magnesia-spinel 

(Carhart X-317) fused cast chromia .(Carborundum Monofrax E), 

sintered spinel (Norian SX-471), and spin~l castable. (Nortori 

LS-812) . Analyses of the samples ~ili be achieved primarily 

through the Montana laborator~es, although some work will 

also be done at Fl~iDyne and through other laboratories as 

appropriate. 
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3.2 Task. 2 Operability, Performance, and Materials Testing_ 

3.2.1 Matrix Test Facility (l-1TF) 

During the reporting period, the MTF hot gas 

supply .du9t was I:edesigned and tested, the MTF was reassembled, 
. . . . .. . . . . ~ . .. 

Heat 2Q3.was run, and the MTF was dissassembled for inspect;ion. 

E~~lier teits of th~ MTF (Heats.201 and 202) were 

· complic.a,t;~d by .degradation of the refractory materials in t_he 
' . . . 

hot gas_ ,supply d).l.ct. 
. . 

The refractory duct lining reacted with 
. . . .. : . ,, .. ~ 

the seeq/ash laden gas stream and combined with the coai ash .. 

This a_sl1:-refractory combination was then carried into the 
. . 

matrix _and formed. deposits in the _matrix flow passages. The 
. . . 

presenc~ of th~~_ash-refractory ~aterial made it impossible.~o 

determi;ne whether, the ash by itself would have accumulated in 

the flow _passages. over 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 det~rmined to be the best 

materiai for the .inner liner ·in the hot gas supply duct. In 

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 of 0.28 m 

(11 in.) rather than the previous 0.15 m (6 in.), primarily 

in order to provide a larger vol~~e for expansion of the 

flame from the combustor and to reduce the severity of flame 

and particle impingement on the refractory. surface. The 

redesigned duct configuration is illustrated in Fig il. From 

this figure, it can be seen that.thr~e sections of the duct 

were modified; the third section dov~stream of the main burner 

included a transition from the 0.28 m (11 in.) diameter to the 

previous.ly 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 l-i"nh1g 

of Corhart X-317. 

The hot gas supply duct was tested during the 

week of July 21, prior to attaching the cored brick matrix, in 

order-to confirm that the redesign had successfully reso"ived the 
' refractory degradation problem. The conditions for the test· 

were selected to match the planned operating conditions during 

the gas phase for Heat 203, th~ next test of th~:MT~. The duct 

was tested for 60 hours of cont:Lnuous operation ·with a ina.ss flow 

rate· 'Of 0.13 kg/sec (1000 lbm/hr) and a duct exi't gas tempera-' 

ture of approximately 1922 K (3000 F) • A gas temperatur~· ·of 
' ' 

1978 K (3100 F) was the desired level, but heat ·loss in the duct 

was greater than anticipa"ted, resulting in the slightly reduced 

temperature. The solids inject-ion rate was controlled to 

produce a gas composition including 1% by weight potassium (2.3% 

potassium sulfate) and 0.1% by weight Montana Ro-sebud ash. 

The test duration of 60 hours ~t t~st c6nditions 

was selected so that the test could be completed in one work week, 

including time required to reach O?erating conditions 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 ~est indicated that the 

redesigned hot gas supply duct would not cause a recurrence of 

the earlier experimental 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 materiai was deposited 

in the duct. 

-29-



Reassembly of the MTF was completed following the 

duct t~s.t •. The matri~ ~as assembled using the materials deline­

ated in. Section 3-.1.1. . The uppermost 5% of the 5.2 m (17 ft) 

cored br,::i,-ck matrix was constructed from fused cast chromia 

(Carborqn,dum Monofrax E) . The next .45% of the matrix was con­

structec'!-_.-.from magnesia-spinel (Corhart X-317) bricks which had 

previou_~l-Y been. used in the matrix during Heat 201, which haQ. a 

duration-,,qf 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 si:ntered spinel bricks (Norton S.X-4 71). The matrix support 
. ~ ' ' 

was ma<;le 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 .. 
at the top of the matrix, 

4. evaluation of the sintered spinel material for use 
the bottom of the matrix, 

5. evaluation of the cas table matrix support, 

6. emissions and chemical composition measurements· as 

discussed in Sections 3.2.3 and 3.2.5, and 

use 

at 

7. evaluation of several high temperature instruments for 

use as diagnostic and/or control instrumentation in 

future test work and £ull-scale HTAH systems. 
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Heat 203 was· run· during the month of October. 

The total duration of the test was 44 6 hours, including "·s·tartup. 

and ·shutdown of the facility .. · Of this tota-l duration·, fhe MTF 

operated at test conditions·, operating cyclically with :seed/ash 

injection during the gas phase, for 303 hours. As in· previous 

test work under the HTAH develo.pment program, the seed/ash 

injection rate was controlled to produce reheat· gas compo·sition 

including 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 pr~sented 

in Figs 12.through 19. The mass flow rates through the cored 

brick matrix on gas and air phases 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 pyrometeYS, are 

shown in Figs. 14 through 17. The friction factor, or dimension­

less pressure loss, acr'oss the cored brick matrix at the end of 

gas and air phases.is shown in Figs 1a and 19. 

The initial test plan called for 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 discussed above, the 

temperatur~ 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 slight'ly, but a fuel-to-air 

ratio of 0.06 and the correspon~ing 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 temperatures 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. 

Thereforei ~fter 160 hours of operation with seed/ash injectiori 

the mass ·flow was. reduced to approximately the original planned 

level (~ee Fig 12) and the flame temperature reduced slightly in 

order to,a..ower 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 prov.ed to have no discernibl'e 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 departure from the planned test 

procedure of'operating cyclically for 300 hours under constant 

conditions was due to a laboratory 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 

seed/ash injection wa-s halted for roughly 3.5 hours, however, to 

allow 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 ana~ysis. A 

discussion of the degree to which the test objectives· delineated 

.apove were met is given in the followinq, ba~ed on review of the 

test data and on preliminary observations. of the disassembled 

. facility. Further interpretation of the results will be presented 

after results pf 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, accurnul.ation of deposits ·did ·occur, 

~s evidenced by the friction factor, seen in Figs 18 and 19. 

The friction factor increased steadily throughout the test. The 

rate of increase increased sharply after the mass flow~as 

reduced in order to lower the top of matrix temperature;· The 

friction factor O.ecreased very rapidly when seed/ash in.jection 

was stopped due to the pow~r· failure, and continued to-decrease 

for roughly 8 hours after. seed/ash injection was .resurnep:. The 

friction factor then begari to increase again and continued to do 

so until the test was concluded. 

Deposits were evident in the matrix flow passa~es 

when the MTF was disassembled. The nature of the deposits must 

be determined through analysis,. but it appears that ·the ·refractory 

l~ning 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 ex~ellent condition 

following the hot gas supply duct test), depleted refractory , 

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 be~n operated in this 

manner in ord~r to overcome the~e heat losses and to achieve the 

desired solid terct:i?eL·dLUL'I::!!:i. Since 'Ehe seed/ash loading is 

maintained proportional to the mass flow, this also results in a 
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significantly larg.er amount of seed/ash material supplied per 

pnit area. For example, at the two flow rates used during Heat· 

203, the s~ed/ash loaqing per matrix flow area exceeded expected 

full-scale HTAH values by factor.s 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 syste~ under 

similar operating· condi'tions. 

The X-317 material was exposed to an additional 

300 hours under simu],ated HTAH service 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 

H':rAH enviroiUJ1ent except for the bricks i~ediately below the 

Monofra~ E material, which were significantly alter~d. 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 deple~~d in the 300 hour test. However, Mon6frax E 

showed excellent perfo~mance as the qtarget" for deflecting the 

~eheat gas flow from the hot gas supply duct vertically downward 

~nto the matrix. A possible explanation fqr this disparity in 

performance rriay be that the chromia is lost by vaporization; 

since the matrix material has a high surface to'volume ratio it 

could have been rapidly depleteo, V.'hereas tne target material 

embedded in a s~dewall has a low surface to volume ratio·. 

Analysis of the exposed Monofrax E ~.ate:tia-1 may help to cla:rify 

this situation. 

The sintered spinel (Norton SX-471) bricks and 

the spinel castable (Norton LS-812) matrix support survived the 

test sati~factorily. Analysis of the degree of att~ck is also 

needed to assess the performance of these materials. 
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The emis~ions and chemical composition mea.~ure­

ments were successfully c<;>mplet~d d~ri~g the course of th.e.test. 

Resu~t$ of these measurements are discussed in Sections 3. 2 .. 3 

and 3.2.5 . 

.,' · .. 

Several high temperature instrume:n,ts were tested 

for measuring gas and solid temperatures automatically._ An 

infrared gas temperature instrument (Ircon Series Q) was deemed 

unsu~_t.e~.ble ·for use in the MTF environment; measur_ed gas tempera­

tures generally were several hundred degrees lower than e~ected. 
. . . . ' . 

The instrument could only give.reasonable readings by artificially . . 
reduc~ng the emittance setting .. :Oiscussions with the manufacturer 

indicated that the need to view the gas in a hot cavity resulted 

in the _poo.;r performance. A fiber optic type infrared sensor 

(Vanzetti TM-1) and an infrared solid pyrometer (Ircon Series 

2000) both gave results which correlated well with the dis­

appearing fi+ament type pyromete~. Qne or more of th~se 

instruments may be purchased for use in future tes.ts. 

Plqns for f~ture work i~clude modification of the 

facility to improve the degree to whiqh the MTF simulates an 

actual directly~fir~d 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 will be 

complementary and will provide useful information for the HTAH 

development program. 

Modifications to the MTF will in~lude enlarging 

the flow area and incorporating a refractory dome type matrix 

support. Selection of materials and operating conditions will 

include consideration of.the observed acc:umulation of deposits 

during Heat 203 as weil as information fro~ the next HTAH matrix 

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 VTF hot gas supply and Test 3 

was in-~errupted twice for modifications to the VTF. The facility 

was operated for a total of 592 hours during three operat;i.ng 

periods (denoted Tests 3A, 3B, and 3C) including start~ps and 

shutdowns. During this total operating period, the VTF was 

operated in its test cycle including opening and ~losing ti:e 

.test valve, pressurizing and depressurizing for 375 cycles. 

Seed and ash were injected into the gas stream to.produce ~ 

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 valve. 

Following Valve Tests 1 and 2 (completed under 

Contract DE-AC01-78ET10814, see Ref 6), several modifications 

were made to the VTF. 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 also modified as 

indicated in Fig 20. The inner diameter of a portion of the 

duct was expanded to 0.28 m (11 in) to ove+come a problem of 

instability of the maip burner which had limited the achievable 

mass flow during Tests 1 and 2.. The LS-812 castable was used qs 

·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 siightly. 

Flange rings were made 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· 1 ·and 2. A damaged ·stainless . steel liner itH the 

hot pressurization line from the ·storage heater to the upper 

sections of the VTF was also replaced. 

Once these modifications were completed, ~est 3 

was begun. The objective of Test· 3 was to extend the operating 

time of the VTF for a longer duration and continue the evaluation 

of HTAH gas· inlet valve operability and materials, valve -leakage 

and heat loss, anq 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/a~h injection, the flow rate had 

decayed to approximately 70% of the design flow and become very 

erratic, accompanied by recurrence of a vibration problem enco~ntered 

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 paitially blocked by i 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. als.o · included in the sidewall of the hot gas duct of. various 

materials::as discussed in .. Section 3.l.l·(see·Fig 21) to investi­

gate the performance of these materials in the hot gas duct.· ·, 

application. These materials were fused cast stoichiometric 

spinel (~arborunqum Monofrax LS) and_eutectic spinel (Carborundum 

Monofrc;t~ PE),· fusE:ld cast magnesia-spinel (Corhart X-317), alumina 

chrome ra,'J:Illl\ing Il)b~- (A. P. Green Jade: Ram) ,, and the LS~812 castable 

coated w:i,:th an .al:umina chrome mortar. (A.P. Green Jade Set) •. In 

ad,di tioz:l.,- .. a . cylind.rical insert was added t9. the burner .. outle~, 

extending thEl burner throat by O.lS•rn (6 in.) and providing an 

area for. accumulation of slag without re~tricting the ~urner 

opening-as shown in Fig 21. LS-812_castable coated with Jade 

set morta; 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 transitioA section from the 0.28.m (11 in) combustion 

chamber to the 0 ._15 rn ( 6 in) duct cracked and failed. . The liner 

bricks had been.cut to form the transition and were too thin at 
' ' 

the lower ~dge to provide sufficient streng_th. As a result'· the 

backup insrilation material was attacked b~ the hot, seed/ash. 

laden gas stream. Insulating firebrick flowe~ into th~ gas 

supply duct, filling the slag acc:::umulation region around. _the 

cylindrical insert at the bottom of the test channel and depositing 

on the walls of the gas supply duct and the test valve cavity 

and seat~. 

-38-



· This insulation failure caused a second shutdown 

of the facility. All sections of the VTF gas supply upst-r.eam of 

(below) the ·test valve were removed, and the refractory. was 

re_placed. 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 "·tliis 

point·. · .The slag tap had been incorporated in the orginal design 

to remove slag which inay have deposited on the walls of cthe 

water cooled test valve and flowed down the sidewalls of·-the hot 

gas su~ply d~ct~ How~v~r~ no mat~rial was collebted·incthe-tap. 

in ariy of the tests t6 this point. The source of·operatioftal 

difficulty·was that some of the injected slag hadbecome disen-· 

trained'· from the gas stream below the slag tap and thus could 

not be removed. Sin~~ the slag tap had been ineffective;~~nd 

since the hot·gas supply duct now had to be repaired, the slag 

tap·was·elirriinated. 

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 iri) inner diameter for a large distance, 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 lower~ost ~osition in the duct; this was dbne in order to 

prepare for· ·a possible future modification in which the main 

burner would be moved to fire through the 45° leg. The slag 

accumulation insert was made from a :.-:-.agnesia-chrome ramming mix 

(Corhart K-29). 
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Having made this second set of modifications, 

Test 3"C was started on June 15. The. slag insert cracked and 

thus fid-led to· remedy 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. 

· -.·'·· The test objective of extending the operating 

time of"the VTF.-to continue evaluation of the.HTAH gas inlet 

valve -and of re'fractory response· to pressurization cycles. was 

achieved. · Original plans had ca·lled for a target of 300 hours 

of. operation with seed/ash injection; however, the additional 

costs incurred due to the required oodifications resulted in 

termination of the test a~ter 154._hours wi~h seed/ash injection. 

The data from Test 3 has been analyzed in terms 

· of leakage through the test valve. The procedure used to reduc·e 

the leakage data i~ discussed in the following. 

During each pressurization phase, air phase, and 

depressurization phase, strip chart recordings were made of ~he 

pressure in the high pressure 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 redu~ed from the rates of decay of the system pressure 

and temperature. The leakage mass flow is given by: 

m v [ dp p \ ~nJ (1) = RT dt - T 

where m '= leakage mass flo¥~· 

p = pressure 

T = bulk average temperature 

v = pressurized voluce 

R = gas constant for air 
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Determination of the bulk average temperature, however, is 

extremely difficult since the pressurized volume includ~s ·.a.ir at 

t~mperatures ranging from ambient at the pressurization·y~l~e to 

about 1922 K (3000 F) in the hottest temperature .regions, ..... 

including temperature gradients along the storage· heater .. anq 

through the porous insulating re.fractories (Fig 43·). There~ore, 

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 ··temperat;.~~e :to 

the bulk average temperature through empirical col)stants •. ·:Th,is 

gives the le.akage computation· in the form: 

where 

m =· a v 
RT 

m 
T: (d:~) J 

T = measured temperature 
m 

(2) 

The factors a and B then relate the bulk average temperature 

and temperature decay rate to the measured values by: 

a = Tm 
T 

B = a dT/dt 
dTm/dt 

(3) 

( 4) 

The values of a and B are not constant in time. The temperatur,e 

measured in the spray chamber will initially have a lower value 

and a greater rate of decay than the bulk average temperature, 

since the spray chamber has water cooled metal walls with no 

insulation (spray quench water is tiot introduced tb the spray 

chamber during the pressurization; air, and·repressurization 

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 

equilii>OI::ium, and if measurements of pressure, temperature, and 

· deca{:tiites are always made at ~he same point in the VTF cycle, 

the v~lues of a and B can be considered constant for that point 

in the·<cycle. This assumption was made· in order to compute. the 

leakag'e ·.mass flow through the valve during operation of the VTF 

from the raw me~sured data. 

In order to determine the values of a and .~·, 

leakage data measured in so-called~ "cold flow" tests was .~·?~pared 
'. • • , c ... 

with the strip chart recordings from Valve Test 1, in whi~:~:.the 

.VTF \o/a·s .operated cyclically with clean flow (i.e. , no se~.~'!~sh 

injection). The cold flow tests· were conducted with the.yTF at 

ambient temperature, and the pressurizing· air was unheated .. · In 

these· ·tests, the measured temperature .closely approximat~¢i<:~be . . ~ . . . 
bulk ·average temperature, so a and 8 were assumed to be u:p.i~y . 

. This· ·allowed a straightforward calculation of the leakage _Inass 

flow from the strip chart recordings. 

A heat transfer analysis showed that, for leakage 

flow rates iess than about 0.01 kg/~ec (0.022 lbrn/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 c~yity. rhis is due to heat loss by the air to the water 

cooled valve body and sterns. 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 ieakage rate during the 

initial cold flow· tests was only about 0.0015 kg/sec (0.0033 

lbrn/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 ear~y operation of the facility_ 

before any changes in the valve sealing surfaces could occur. 
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The values of a and f3 we·re then empirically 

determined by _selecting values which ~rovid~d a.·.gqo.¢1· match 

between the initial cold flow measuremen·ts ~nd the ea.rly 

measurements during the first ·test of the VTF. · ·.The· values· thus 

determined were: · 

a = 0.5 

f3 = 0.16 

(5) 

. ( 6) 

Thes.e values are also sui?ported by estimates of the bulk average 

temp~ratur~ which established an allowable range ·into whi~h 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 figure, 

w~th the leakage plotted vs. number of valve cycles since the 

test valve was received from the manufacturer. The cold flow 

measurements m~de at various times durin9 the conducting of the 

valve tests are shown as well as the leakage measurements during 

actual operation of the VTF including periods with and without 

injection of seed and ash into the hot gas stream-. 

A number of results are evident from the test 

valve leakage dat~ shown in fig 24. During operation with clean 

flow in Test 1, the leakage flow rate was quite stable. When 

seed/ash injection was begun in ~est 2, the leakage increased 

slightly. The s~arp increase in leakage after 385 cycles was 

caused by degradation of phosphate bonded spinel castable insula-. ' . 

tion, which caused scoring of the valve seats. As w~s shown in 

Section 3.1.5, this casta~le 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

tion was'. installed·· in the .test: valve at this point before Test 3 

·was begun. The scored·valve seats were not·resurfaced. 

The'cold flpw leakage measurements made immdediately 

af.ter Test 2 and immediately before Test 3. indicate· that the· 

leakage was :reduced· considerably after the valve was re·assembled 

with ·the new insulation-. This was p·erhaps due to s'light misalign­

ment ·of the scratches on· the body and. gate seats durin"g.··.reassembly. 

The- leakage quickly increased to the ·Post-Test 2 level· when Test 

3 was begun. · At the point when seed/ash injection was begun 

during Test 3, a 'dramat.ic reduc·tion -ih leakage was observed. 

The seed material apparently deposited on the seats and helped 

to fill in the leakage gaps caused :_by earli"er scoring of ·the · 

seats and allowed the val~e 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 v~lue yet observed. This ~ay have· 

been due to abrasive action of wall deposits on the seats which 

were no longer protected by the· powdery seed material: ·· The 

leakage again declined dramatically when the seed was restarted, 

but the range of fluctuations in ;Leakage over the next··so cycles 

was much greater. 

The VTF was shut down at this point due to slag 

accumulation in the 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 wa·? again shut down at this 

point when it was discovered··.that a .sevei;e insulat;ion -failure 

had occurred :j.n the hot gas· supply duct·, as. discuss~d above.·· 

Insulating ·firebrick and slag were fo~d .to hav~_,deposited, on 

the valve seats, preventing good contact of the sealing surfaces. 

The c.old. flow measurements made after this shutdo_wn indicated an 

increase in .leakage of· a· factor of 2. 2 oyer the .. cold f1ow measure­

ment m<1de 100 cycles earlier. The valve ;gate w~s removed frqrtJ. . 

the valve.and ~the slag/fi;rebr.ick deposits z:-emov:~d-fr.om the valve 

body and gate., .and the hot gas supply duct· was rep.Lired. Th.e 

valve insulation refractory. wa_s not repa-ired or: ·replaced. 
' .. 

When ·Test 3 was-restarted for this t~st segment, 

the leakage.- level had returned to roughly t:he same value as .. 

before the duct insulation f~~lure. 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 lbm/.sec) for the remai:r:ling 90 val~e cycles. 

Despite the considerable operational difficuities 

encoun·tered with the VTF hot g~s supply duct, the test valve_. : 

leakage has not shown a large increase during normal operation· 

of the facility after a total of 780 valve cycies, 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 ini,tial value of 0.0015 

kg/sec (0.0033 lbm/sec) when the valve was received, a factor of 

10 increase. The increase in leakage wa~ caused by failure of 

the initial valve insulation, which was shown to be defective, 

by operation of the VTF without seed/ash injection during a 

segrnen~ of Test 3, and by failure of the refractory insulation. 

in the VTF hot gas supply duct. Despite these severe operation-al 
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problems, the final peak .value of ~he leak~ge represented only 

33% of the value which.wal?. allowed .for leakage of the ,gas inlet 

valve.at 827 k.Pa (120 psii;i) in the.model.used in full~scale 

studies, when· c9rrected to the dimen!3ions of the test valve. 

At no time during operation of the ,VTF did the test valve 

leakage exceed th~ predic:ted vai ue .from the full-scale studies 

model. Further informati,on on valve, lea~age in a full-scale 

HTAH is shown ,in .·?ection 3 .. 3. 1. .. ~' .. 

The valve tes.t resul-ts to. date indicate. that use 

of a gate-type gas inlet valve for HTAH systems will be technically 

feasible. Long term service life re?ults ~ust 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 adeq1.1ate seal due to the presence 

of seed in the gas stream which cond_enses on the cooled seat_s. 

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 showe~ that the· 

measured thermal conductivity of the refractory material in the 

pressurized sections has not changed significantly 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 ··for· -eliminating the 

problem of ·accumulation of material in the VTF main· burner~ The 

concept will require ~edesign·and ~odifib~tion 6£ -the low~r 

sections of the facility. This design work and the resulting 

laboratory modifications will. be done during the ·next quarterly 

repor:ting period~ Valve Test .. 4 will be<started ·upon complet-ion 

of the modifications. The. goal of Test 4-will again be to 

extend the operating period of the VTF wit:p the present test 

valve and pressurized area refractory materials. The target 

duration for· T~~t ·4 will be 1000 hrs/2000 ~alve cycles. 

3.2.3 Emissions Measurements 

Emissions measurements were made during Heat 203· 
• 

in ·th~ MTF. The intent of the···measurements was to determine 

. whether or· not the matrix in t.he MTF had any catalytic effect on 

NO in the reheat gas stream. The measurements were made by 
X 

extracting samples of the gas with the water cooled probe shown 

in Fig~ 25, 26, and 27 and analyiing the samples with flue gas 

analysis instruments. In ·particular, NO measu.rements were made 
. X . 

with a DuPont Photometric Analyzer. Results of the measurements 

also included o2 , co2 , and CO concentra~ions. 

Measurements of the NO concentration were made 
. . X 

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. 

Comparison of the NOx levels entering and leaving the matrix 

showed a 15% increase in NO concentration across the matrix 
X 

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 discrepanr.y. 
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While it is unlikely that the NOX level 

actually increased· as the gas passed through the cored brick 

matrix, it was concluded that no catalytic effect for NOx 

reduction was present. · The slight observed increases may 

have been due to temporal· variations, since the measurements 

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· 

Statem~nt of Work for continuation of efforts under this 

contract, and no further effort wilt be made concerning NO 
X 

measurements in the MTF. 

3.2.4 Creep Testing Apparatu·s 

Design of a dilatometer for making creep 

measurements in the HTAH service environment was completed 

during the reporting period. Construction and testing of 

the dilato~etei 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 plan.ts, creep data will be needed for 

the various matrix, hot liner, and irisulatiori materials at the 
"' 

service temperatures. At present, creep data for most refractories 

in unavailable at the high temperatures required. High temperature 

creep measurements are underway at Montana Tech for a number of 

HTAH ca.ndidate materials. Such measurements c~n only be made in 

heated air, however. The question of how the seed/ash laden MHD 

gas affects the creep re$istance refractories can be addressed in 

such tests only by making measure~ents on samples which have 
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been exposed to the H~AH service environment. In order to 

confirm that this. procedure correctly pred~cts .the results of 

·seed/ash exposure on materials under load, it will. be important 

to mp.ke 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 J:>eing 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 instal'lation 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 adaptation is to 

allow creep tes.ts to be performed as pig.gy-bac:k tests durin~ 

other MTF·tests, thus reducing the costs of the .cre~p 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 pe a problem in this 

config.uration. Thus, the dilatometer will most likely be mounted 

as a bypass leg or_as a right-angle extension of the MTF hot gas .. 

supply when creep tests are performed. 

Horizontal Configuration 

The dilatometer is designed wi~h the hot gas duct oriented 

horizontally and the the refractory test sample held transverse -· 

to the gas flow and also in a.horizontal position. This configu­

ration will keep the sample and the measurement, components of 

.thQ dilatomctcr from being expo~ed to liquid seed and/or slag 

which may be present in the bottom of th~ duct. 
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Measurement Symmetry 

The function of the dilatometer is to measure the change i~ 

length of a sample subjected to a compressive load. 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 enqs of the sample. They are geometrici;illy identical as 

well as being similar in .terms of their thermal environment. 

This synqnetry should greatly· reduce the need for. complex cal-ibra­

tions prevalent in most existing dilatometen:; where at least one 

of the rods translating the displacement of the sample to a 

transducer is located in the test gas s~ream or the test cavit~ 

of a furnace. 

Access To Sample ano Viewport 

The upper portion of the dilatometer duct is a removable 

section for access to the test sample. -This section of the duct 

also contains an air-cooled viewport for observing the test 

sample thro~ghout the test. 

_Cooling Systems 

The design has two primary cooling ~ystems, one with air 

cooling and one with water cooling. 

The air cooling system has two i~lets located near each of 

the displaceme~t transducers. The purpose of the air cooling is 

two-folq. 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 the dilate­

meter duct including the access cover and the duct support 

frame. The water cooling qn the duct minimizes the amount 

· of duct insulation required and .reduces thermal expansion of 

all metal parts. The water cooling in the support frame 

reduces thermal exp~nsion in that component. The· ·two water 

cooling·systems (duct including cover ~nd support frame) may 
. . . 3 

be supplied in series at a flow rate of o~.o1s m /hr (4 GPH). 

The estimated water temperature·· rise at this flow ·rate is 

le~s than s;S K (10 F).· 

Measurement Range·and.Samples 

The dilatome·ter was designed for the capacity to make 

creep measurements at stress levels up to the maximum encountc~ed 

in full-scale MHD HTAH studies. The maximum stress levels 

reached in various heater concepts was approximately 1 MPa 
• 

(150 psi). The design can apply up to 890.N (20D lbs) on a 

refractory sample having any diameter up to a maximum of 

38 rom (1.5 in ) along the centerline with less than 0.08 rnrn 

(0.003 in ) displacement of the centerline from rest. Each 

transducer core has a translation range of ~ 5.08 rnrn (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 lb,). 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 orde~ {5 to 10 

sets) could reduce the _price by nearly SO%. These prices 

are based.on sapphire measurement_rods approximately 152 rnrn 

(6 in) long~ ·-The 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.·potassiurn content.of the 

effluent air stream from the MTF were made during Heat 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 from the top of the 

matrix with the water cooled p~obe (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 dependence of the measurements. 

The results are presented in Fig 29. The 

measured data are represen·ted fairly well by an exponential 

time decay whereby: 

wt % K = 0.25 e-t/4 min ( 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 2·03. 

This information· may be used to _estimat~ the 

potassium· carryover in a full.- scale HTAH fo:t: the purpose of 

estimating the electrical conductivity of the air stream 

· leaving the HTAH system. The estimates are needed in 

order to evaluate electrical isolation techniques tor 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 Design Concepts 

3.3.1 Size/Cost Analysis and· Parametric Studies 

During the reporting period, the size/cost 

computer code was used tq conduqt a parametric study of the 

directly-fired HTAH for a 1000 MWe power plant in order to 

assess the implications of various design constraints, and 

art example HTAH system was defined as a focal point for the 
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full-scale studies. The cost effectivene~$ of various 

insulation and ~anifold_schemes wa~ then exami~ed fo~ this· 

basic example HTAH. Se~eral pe~formance parameters of an. 

individual heate.r in th~ example _HTAH were then studied with 

the STRHEX computer code. In addition_ to these bqsic heat.er 

size, cost, and_ perfqrmance studies, engineering studies of .. . - -

the effec.ts. of HTAH valve reliabi],i ty and leakage were made . . . . . . 

to assess the.impact o~_these concerns on the MHO plant. In 

addition, an evaluation_was made of the effect of.particulate ·. ' ·" 

matter in the MHO gas stream on r~diation heat loss ,in the 

HTAH system. 

Parametric Study and Example HTAH 

Flow rates and allowable press~re losses for a directly­

fired HTAH for a 1000. MW power plant were taken .from work e .. 
done by STO Engineering Corporation und~r subcontract to 

Fluioyne under Contract OE-AC01-78ET15602 (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 

STO work, however, to represent more reasonable expected 

performance of the low temperature air heater. 

The air inle.t temperature and the gas inlet temperature 

represent major operating constraints on the HTAH. Another 

major ~onstraint 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 could damage the ceramic 

heat storage medium. 
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Results of the parametric ·study ar·e''shown in Figs 30.,.. 

32. The con~traints ri~e~ were.that the ~ir ~nl~~ temp~rature 

was 922 K (1200 ·F), the maximuni bottom 6t'.·matrix·' ~olid 

temperature-must reach 1400 K {2060 F), arid ·the ·rr;axirnuni. 

al-lowable thermal stress was 25.5 MPa (3ioo psi)· a:s' calculated 

by the size/cost computer code·: ·The res'ul·t·s ar~ present·ed 

in. t~rrns of air· temperature delive·red tc('t-he co~bust'o~ vs. 

required bed height for various radiant-boiler outlet g~s 

temperature's and three different heat exchanger flow passage · · 

diameters. ·The cost relativeto the selected exa.'nlple HTAH 

discussed in the following) and heat exchanger effectiv~ness · 

are also indicated. 

As seen in Figs 30-32, for a given air temperature 

delivered 'to the combustor, requiring a lower gas temperature 

from the radiant boiler (as would be required if 'materials 

having insut'f·icient temperature service limits were used) 

results in an increase in required bed height and cost. 

Thus, ceramic ciaterials capabl~ of withstanding the highest 

possible temperature are of great-importance to the HTAH 

development program. A radiant boiler outlet temperature Qf 

1994 K (3130 F) and a heater system gas inlet temperature of 

.1978 K (3100 F) are.considered the maximum achievable with 

commercially available materials. Another limitation of the 

exit temperature from the radiant boiler is NO decomposition·. 
}:{ . 

If a lower temperature is required, the heater bed len.gth 

must be increased and delivered air temperature decreased. 

Figs 30-3~ 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 

delivered air temperatures greater than about 1550 K (2300 F)~ 

The percentage increase jn bed height and .cost requir~d for 

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 deli vere·d 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 passages. 

If 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 wil.l be achievable 

for the same·bed height. 

The matrix· support is an item of major importance .in 

the HTAH development program. The matrix.support must be 

capable of·withstanding temperatures up to 1400 K (2060 F) 

to accommodate. removal of seed and slag from the directly-.· 

fired heaters, ~s 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. ·Commercial 

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 wo.uld require 

28 active heaters plus one each for periods of pressurization 

and depress~rization or a total of 30 heaters if the individual 

heater bed·s 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 la~g~_~umber of­

flow sequencing valves_ -required in the ijTAH system. -. However,:. 

the use of a large number of heaters res.ul ts in -:t,l).e _diameter.-_. __ 

·of the valves being reduced if single valves a·re. us~d 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:reli~p~lity, over 

the much larger valves required if fewer heaters were used. 

If more _than one. valve is used. for each heater duc-t due to 

valve size limitations 1 the number of· valves anp thU$ 1 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 considerations, a HTAH gas inlet 

temperature of 19.78 K (3100 F),. corresponding to a radiant 

boiler outlet temperature of 1.994 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 constructE: d. In these figures, bed diameter, 

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 diamet_er 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 effectiven~ss, where 

TAIR OUT - TAIR IN 
EFFECTIVENESS (Air Side) = 

TGAS IN - TAIR IN 

It can be see.n. that ·the ·bed height, cycle time, and cost 

increase sharply ov~r<the example case values if _the air 

outlet temperature is .increased above about 1750 .K (2690 F) 
} 

(8) 

while the bed diameter is relatively insensitive to .air 

temperatur.e·. ·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 

pressure drop considerations. The thermal stress decreases 

wi.th increasing air temperature because the thermal stress 

is the limiting design criterion at air temperatures less 

than a pa+ticular 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 

example 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 develop~ent needs 

and define goals for the development progr~. 

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 Table 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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The first column, lowest . risk brick, r.epres~nts an . 

. insulat.iop system in which all. II),aterial l§l.y~rs ar~ copstructeq 
. . . ,, . . 

. o.f b+icks having _ample thicknesses for s.~ructural j,ntegri ty • 

. I~- ~ddition, high density, seed resistan.:t; .x:nater.tal~ are_ 

specified for use in all areas where the temperature is . . 0.. '.. . ·. ". 

greater than 1289 K (1860 F) .as an assurance against attack 
. . ' ~ ·. . ' 

by .potassi urn containing vapors. . This sy?.:tem the.refore has '.. . ,, 

the lowest risk of failure and correspondingly, the h~ghest_ 

cost of the systems considered. 

The second column in Table _l.-6 represents a system in 

which the brick thicknesses are_reduced and the potaspium 

Vapor problem i~ not considered beyond the so-cailed "hot 

liner" surrounding the heat storage matrix. A large_ cost· 

reduction is realized, along,with _a corre?ponding g~eatet 

r~sk due to the uncertainty of structural integrity and the 

possibility of alkali vapor corrosion. 

An even_ greater cost reduction is seen in the third 

system, in which monolithic or castable insulating refrac­

tories are used. This insulation system also ha? greater 

risk than the most conservative _brick scheme due to questions 

of structural integrity, anchoring requirements, and alkali 

corrosion resistance. A scheme utilizing brick and castable 

combinations, as shoWn in t~e fourth collimn, also represents 

a cost reduction over the lowest +isk 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 represen-ts. the insulation 

materials selection discussed in Section 3.1.1, in which 

four layers. of· insulation were proposed, i.ncluqing an 

insulating ~pine~ brick and a high strength insulation brick 

capable of .wi ths'tahding .. the temperature and·. alkali corrosion 

resistance ·r-equirements .of the HTAH. Again, a significant 

cost reduction is seeri·,·over the lowest risk brick insulation . ' 

scheme, btit·-not -as grea:t as for the other reduced cost 

schemes. 
''. . 

These cost ·comparisons show the .. importance to the 
. . 

overall HTAH development program·of developing insulation 

materials a~d construction-techniques ·which will allow the 

use of improved insulation schemes· and result inreduc;~d 

cost of the HTAH." Thus, a primary.goal -of the work under 

Task 1, Materials Seiection, 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 l6. 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 of 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 performance (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 wa.s deveJopeq. in 

earlier HTAH work to make caiculations of the .pe~.formance of 

individual heaters in a system of regener~tive·heat· exchang~rs. 

The code is upgraded from time to time to add the. ca-pacity 

needed for· examining particular -concerns· of the .HT~H. 9-.~velop­

ment program. The code now has the capability-to hapqle 2-

dimensional (axial and radial) temperature fields; temperature 

dependent transport properties, arbitrary time fun-~tions of 

the inlet air and ·gas stream ·flow rate and tempe-rature and. 

arbitrary· specifications of material pr.operties -.in the axial 

dimension. It-was used to calculate the performance of a 

single heater in the example HTAH described aboye., under the 

assumption that the flow rates through and the perform~nce 

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 

sequence 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 the ducts and manifolds and mass loss due to 

valve leakage and pressurization/depressurization. The 

ideal' performance curves shown in Figs 38 and 39 were used 

to assess the degree of variability in individual heater 

performance determined from 

model ( se·e Section 3. 3. 2) . 

made with the STRHEX model: 

the dynamic system performance 

Many computer runs have been 

the result of these studies has 

been to verify that individual heater performance can be 

scaled by heat exchanger effectivenes$ in the same manner as 

indica~ed 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 comp-r-essi.on' during the gas phase.. The most 

~evera thermal· stress occurs at the bottom of the.matrix 

dring the first ··4·o %· 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 (~200 F), air which is intro.duced 

at the botto~ of the matrix then results in very high stress 

levels, which decay as the solid temperature decreases. The 

thermal stress levels are much lower at the middle and t,op 
' . . . 

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 microstructure 

- microcracks form which prevent the high stresses from 

developing. Highly dense materials, however, more closely 

approximate the continuous medium. The calculations emphasize 

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 very 

large. The fused cast magnesia-spinel, discussed earlier, 

has demonstrated the ability to withstand thermal cycling 

due to its particular microstructure in spite of its high 

density. 
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Calculations 'of the radial temperature profile.across 

the cored brickmatrix at the end of ·the·gc?.s 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 1imits·on.the 

thermal resistance of the flow passages while model .3 falls 

between these extreme values. 

As can be seen from these·profiles, for the example 

HTAH conditions, a temperature ·variation 9n the order of· 

19 K (35 ·F) can exist in the ··mat·rix. 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 

drainage. To assure that the seed/slag material drains 

effectively at the outer edges of the matrix, a·temperature 

as high as 1419 K (2095 F) may be required in the center of 

the matrix·. 

HTAH Valve Reliability 

A study of MHD plant reliability (Refs 7, 8, and 9) was 

review.ed with respect to reliabil'i ty of the HTAH. In particular, 

the question 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. 

Changing the failure rates for.individual.vaives, but following 

the same method outlineq in Ref 8 for determining 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 l;>lari·t· was ·computed 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 

we.re 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 failur·e rate {equal to the worst) for each valve ·in the 

HTAH system. 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 availability 

were studied using the methods of Ref 7. 

The approach taken in Ref 7 was to assume a mean .valve 

life based on early steel industry experience 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 = 6A . v 
for each heater module. The failure rate was arbitrarily 

doubled for directly-fired HTAH systems because of the 

presumably more severe service environment. 

The mean life assumed in Ref 7 for steel industry hot 

'blast valves was 2.2 years, based.on an estimated range of 

1-5 years. This gave a failure rate for the indirectly­

fired HTAH calculations of Av = 0.5 {each valve every 2 

years). The method used in determining this value is summ~rized 

in Table 19. 

However, recent information on improved blast furnace 

valve designs has indicated that valve life of ~p to 10 

years has been. achieved (Ref 10). The_ general blast furnace 
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valve literature and discussions with blast ·furnace valve 

manufacturers indicate that the primary c:a,uses of valve 

failure$ in the steel industry are warping and ·c.racking 

of cooled metal parts~ this -is generally.due tQ fou~ing,of 

the water cooling passages which results in a nqn-uniform 

temperature distribution. Impurities and_particulate matter. 

in the cooling water are the causes of the trouble, s.ince 

untreated river w·ater is generally used· as the :coolant._ The 

10 year life quoted above resulted from the use of treat~d 

cooling water. Since treated,· boiler quality wat:er will be 

used in an: ·MHD electric power plant, it is reasonable. to 

assume that clean water will ·be .. available for valve cooli,ng. 

The HTAH hot gas inlet valve will have the most severe 

conditions of the temperature and pressure (and gas stream 

compositidn 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 years seems 

reasonable. This results in a failure rate of A = 0.22 for v ' 
a gas inlet valve in the indirectly-fired HTAH ~vailabi~ity 

analysis when the value of ·>.v from Table 19 is ratioed by 

2.2 years/5 years. 

As noted earlier, it was assumed in Ref 7 that all 

valves have the same failure rate. Since the severity of 

service fbr some of the valves is much lower than that of 

the gas·inlet valve, lower failure rates should be used for 

these valves. 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 i~ doubled for the severity factor arbitrarily 

assigned to the directly-fired heater, a rate of A = 2 x 

0.69 = 1.38-yr-l is obt~ined rather than the value of A= 2 
. -1 . 

x 6A = 6 yr · f·rom Table 19. The value of 1.38 for the v 
f~ilure rate results in a significant reduction in HTAH 

unavailability as shoWn in Fig 42. Time between MHD plant 

shutdowns was assumed in Ref 7 to be exponentially distributed 

~bout a mean period which was established on the basis of 

data from coal fired base load power plants anc1. on an assumed 

overall MHD plant forced outage rate requirement of 16%. 

All failed valves would be replaced during these plapt 

shutdowns for ethel:' 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 value?. 

A value of 2% HTAH unavailability was postulated as a 

. re.quirement. In order to meet thi~ 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 spare 

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 va~ve 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 < l) as compared 

to the steel industry experience. This situation will 

become clearer as long term valve tests become (;ivailable. 

As can be seen in Fig 43, a moderate enhancement in the assumed 

mean valve life (severity factor= 0.84) results ln reducing 

the required number of-spare heaters to achieve 2% unavail-:­

abili ty to zero, while an increase in the fact:or. :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 potentially 

complex problems in the_operation of a HTAH. Thus· a minimum 

number of required spare heat.ers is desirable from a . HTAH. 

operation standpoint as well as from the obvious capital 

cost penalty viewpoint. Howeve.r, 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 losses 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 

-67-



to the components downstream of the HTAH. · Pressurized air 

is also lost to·the dqwnstream components when the indivi­

dual 6eaters are depre~sruized after each air phase by dis­

charging air to the gas outlet manifolds. In addition, a 

residual in-:ventory ot'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 loss on the overall 

plant is minimal. No penalty is incurred in the downstream 

components; the air mass lost from the HTAH can be compen­

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 imposes a penalty in the form of power required to 

compress the air which will be lost by leakage and pressurization/ 

depressurization. 

The additional compressor power required may be estimated 

by the following equation. 

- m Cp T1 -
p - ---=---- [ (:~) (y-1)/Y 

(9) 

where: m 

nm nc· 

is the additional m~ss flow required to 

compensate for valve leakage and pressurization/ 

depressurization losses 
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cP is. the specific heat of air. 

Tl is the compressor inlet temper at ure. 

nc is the compressor efficiency' 

nm is the ~fficiency of. a compressor drive 

motor 
, -

is the pressure ratio 

is the ratio of specific heats for air 

The follo~ing assumed values were used: 

P2/Pl = 9 

.Tl = 288 K (519 R, 59 F) 

nc = 0.87 (no intercooling) 

nm = 0.98 

A small power recovery is realized by the bottoming plant ·. 

since the compressor outlet temperature will be greater ·than 

the stack te.mperature of the bottoming plant. This recovered 

power can be estimated by: 

- m cP (T2 Tstack) ( 10) PR - - nB 

where: T2 is the compresso'r outlet te.mperature 

Tstack is the bottoming plant stack temp. 

nB is the .bottoming plant conversion efficiency 
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The following:assumed values were used 

.T · = 578 K · ('1040 R, 580 F) 
2 

T .. o•- = 42'~· K (760 R, . 300 F) 
stack 

n8 = o.33 

The .net, addi tion~l power required to .. cqmpen~a.te for 

valve l~~~qge and pressurization/~~pressurization losses is 

thus giv~n ·b:y. : 

, .. 

P net = .. P - PR (11) 

The effect of this additional power requirement .on the 

overall plant efficiency is shown. in Fig 44 for alOOO MWe 

power plan~ •. Calculations we~e made for two cases, a plant 

having an o~erall efficiency of 45% and a plant having an 

overall ~fficiency of 50% (computed without accountin~ for 

the additional power required to compensate for mass loss 

du~·to valve leakage and pressurization/depressurization 

losses) . 

The loss in efficiency is plotted vs. the time ayeraged 

mass los~ in Fig 44. Three values of the mass loss are 

indicated. First, a value is shown which represents .a 

calculation of the net mass e:x;change due to pressuri.za.tion/ 
. ' 

depressurization for the example HTAH discussed above,. The 

second value adds to this pressurization/depressurization los~ 

a total valve leakage :u1ass loss estimated on th~ 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 

-70-



the pressurization/depressurization loss. I_t should .be 

noted that these calculations of mass loss are all based on 

the example HTAH which has 30 individual heater~··: ,.A HTAH 

having a smaller number of heaters would h9ve a smaller 

total mass loss. I '"•, ' ', 

The effect on total plant efficiency is seen to be 

quite small. For example a plant ·having an"effic'iency·'of 

50% when disregarding mass loss in the HTAH ·has :·a:n efficiency 

of 49.66% when the additional power requirement du~~to·ma~s 

loss is accounted for~ based on estimates frbm the valve 

testing results. Even when the more pessimistic ··size/cost 

computer code calculations are used, the efficiency is 

r~duced to only'49.91%~ Corresponding reduced efficiencies 

for a plant having 45% efficiency ~ith no mass ioss are 

44.96% and 44.93%. The.use of a directly-fired HTAH can 

raise the bverall plant ~fficiency by. 5 or more percentage 

points over· a system with oxyge~ 'enri~hment.and moderate preheat •. 
' 

Thus, effibiency reductions on th~ 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 Phrticulate Radiation 

Due to the recent availability of material on particle 

size and distribution and heat transfer in the MHD channel, 

diffuser, ahd radiant boiler (Refs 11-13), the radiative 

heat exchange model used in the size/cost computer code and 

other HTAH computational models was·~evie ·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 particulate concentrations and size distributions. Thi~ 

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 calculations are shown in Fig 45. 

As can be seen ·in thi's figure, the magnitude of particle 

radiation :i:s fa.irly small for Small pas·sag·e diameterS 1 SUCh 

as the heat exchange matrix flow passages. The magnitude of 

the particl~ ·ra.d.iati6.n· term increases toward a maximum value 

as the pa~·sage 'diameter· increases, for example .in the large 

manifolds' carry"ing th~· ·radiant bo.1ler exhaust gas to the 

HTAH. Incorporation of the improved particulate radiation 

terin as shown in Fig 45 will improve the HTAH simulation in 

~uture·i~ll~~~~le studies. 

3.3.2,5 DynamiC' 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 exa~ple HTAH for a 1000 .MW power plant under various 
. - e 

conditions. A total of four runs of the SCAMP code were made, 

in which the performance of the example HTAH was calculated· 

for· the following conditions: 

1. Large manifold~ - gas and ~ir inlet an~ outiet 

manifolds sized to ~llow a velocity no gre~ter 

than 30 m/sec (100 ft/sec); 2000 sec gas phase and 

800 sec air phase for each individual h~atei; 

2. Step change in gas temperature - the transient 

response of the system with large manifolds to a 

step change of 111 K (200 F) in the inlet gas 

temperature. 

3. Small manifolds - manifolds reduced in diameter by 

~ . 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 p~ase 

durations fixed individually for individual heaters .. . . . . . . ~ . . . . . " 

to control ma~imum bo.ttom of matr,.i.x sol~~ t_e_mperature. · 

A brief summary of the resu~ t~ of. -~P:ese .f.our 
:',' 

runs is given in the following. Further details .will be. 
. . .. . . 

presented in a topical report on. the perfo~mance .and control 
- ~ , •• c • • .. • , • 

studies of the 1000 MW plant example HTAH. e .. 

The sequencing of the example heater sys~em 

for the performance calculations is summarized in Tables 18, 

21, and 22. The eve~ts through .~hich an individ~al heater 

is cycled and the time scale are . sJ:lown in Table ·18. The· 

example system as described in Tabie 15 has 30 individual 

small diameter heaters. The l.ayout of the heaters (see 

Section .3.3.3) is symmetric such that it consists of two identical 
. . . . ' 

groups of 15 heaters with the attendant manifolds, ducts, 
.. 

and valves ... The_ heater sequence selected for the performance 

and control.studies consists of a particular pattern which 

is identical 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 h~ater system at greatly reduced computer cost 

compared to. a 30 heater system, and the total system output 

is determined by adding together two output curves skewed by. 

half a cycl~· 

Details of the sequence for each 15 heater 

group are given in Table 21. This sequence is repeated for 

each of the 15 heaters. 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 ~roup c~cles except that 

-73-



pressuriz.qtion or d.epressurization may be occurring in 2 

heaters at the ~arne,. time in the 30 heater cycle. Fig 46 

identifies the heaters and the sequence for one 15 heater 

group. 'r:Pe ideal :f.low rates through an individual heater 

pased on this ~~ate~,sequence were shown in Fig 38; this 

situation would result if all heaters p~rticipated equally 

in the flow qistriqution. 

The temperature of the outlet air from the 30 

heater system with .large manifolds is shown in Fig 4 7. The 

temperature exhibits a short term ripple of about 15 K 

(27 F) with a period of about 1.5 min due to the droop in 

out~et 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 individual 

heaters relative to the air and 9as manifolds. The resulting 

temperature variations amount to roughly 2% of the average 

delivered air from a 30 heater system cycle. 

The total system gas outlet temperature is 

shgwn in Fig 48. The outlet gas ·temperature also shows the 

short term ripple and longer term oscillation, and a total 

variation in temperature of less L~an 2%. Similar results 

were ob~eryed in an earlier example case 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 fluctuet_tions 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 os~illation in the ~ystem 

outlet temperatures is due to the fact that each ··j,.ndividual 

heater in the system does not receive the ideal :f·~ow rates 

as shown in Fig 38 and thus does not exhibit the·. i.9.~al 

performanc~ shown in Fig 39. Unequal distribut.ion of flows 

results from pres~ure losses due to the required ~~anching 

and manifolding as illusirated schematically in fig 46. 

For example, a heater which is far from the· inle.t 9as manifold 

will tend to receive lower than the ideal gas f~9w; if the 

heater is also ·near ~he inlet air manifold, it may receive 

higher th~~ the ideal air flow. The result wilL.be a lower 

th~m ideal outlet air temperature from this particular 

heater. 

In addition to the overall system_outputs as 

shown in Figs 47 and 48, the SCAMP 9ode can b~ used to study 

the p~rforrnance of the individual heaters. For -example, the 

perfo~mapce of a typical heater. (Heater 14) is illustrated 

in Fi~s 49-52. The solid temperatures at the top qnd 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 deg.ree 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 losses are shown in 

Figs 53 and 54. The system inlet air pressure is 8q7 kPa 

(125.81 psia) and the 9as 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 pres~ure 
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loss of 27. 6'~'kP·a · ( 4 psi)· or pressure surges of about 0. 7% of 

the system a'ir>.pressure·. Similar· spikes are seen in the gas 

side pressure~' i6ss on the order of' 11% of the average 4.1 kPa · 

(0~6 psi) loss or surges of 0.4% of the system gas pressure. 

In addition t<;>:.these sharp spikes, an oscillation of much 

smaller ampli t-qoe. is als9· seen in·· the air and gas pressure 

losses. Again; definition of the pressure requirements at the 

combustor will be needed to establish control needs and 

assess effectiveness of control methods. _Figs 49-52 illustrate 

the type of p~if6rmance cialculations which can b~ m~ae with_the 

SCAMP code in. ·order to screen and define control systems and 

operating methods • 
. . . 

· ·.In the second computer run, the HTAH . gas irilet 

temp~rature .was·.subjected td a step change of 111 ~ (200 F), 

being reduced .from 1963 K (3075 F) to 1852 K (2875 Fh The 

purpose of this ·run was to study· the system response>to a 

variat1on in temperature, such as might occur due to a load 

change or an upset in MHD p1ant operating conditions~-·· 

The HTAH system ·response to the step ~hange in 

gas inlet temperature is shown in Fig 55. The resul"ts are 

presented in the form of transfer functions n for the outlet 

air and gas temperatures where· 

n 
T - TFINAL 

= 
TINITIAL - TFINAL 

-. (12) 

T. = temperature at time t 

TINITIAL 

TFINAL 

= 

= 

temperature before step change 

tempe~ature system will reach after 

transient period following step change 
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The values of TFINAL for. both the outlet .air and, gas temper.a­

tures were computed by assuming that the .. heat .exchanger . 
. . . ' . . . - . t . . . . 

effectiveness on the air and gas sides remai~e.d · cqnstant, ;i... e. , 

TG ou;\ 
TA . l.n INITIAL 

~ .. 
INITIA~ 

. (TA.out 

= TG in 

TG·'. t.\ ·. 
·OU 'FINAL. 

T . ) A··. i:n-· · · 

. "' . '· 

T ·- . ·.\ . 
J\·. ~1) I 

T .. 'J 
1\ .. l.n) FINAL. 

(13) 

.. ( 1;4) 

As 6an be seen in Fig 55, the outlet air and gas 

temperatu;e response can be :approximated by an exponential deca'y 

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 functions have been reduced to less 

thanhalf of the initial values within 2 cycles for the air 

temperatu~e and 3 cycles fo~ the gas temperature. To reduce the 

system output transfer functions to 10% of the initial values 

wou14 req:~ire .a total of app1=oximately 5 ·cycles for the air 

temperatur.~ and 12 cycles 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 stea_dy state computer ruris are summarized in Table 2 3. 
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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 manifold size,. which reduces 

the HTAH cost Jciy, .9_% (Table 17) , doubles the air and gas 

out-let temper_ature variations .. 

. The increase ih outlet temperature variation 

with decrease in manifold size arises from the resulting 

degree of variation in flow throug~ the indi~idual heaters 

in the system. Comparing Figs 47 and 56, it is evident that 
-' 

the short term (~ 1.5 minute) variations in air outlet 

temperature, which arise from the temperature droop in the 

individual heaters, are essentially unchanged in the $mall 

manifold case. However, the longer term (~ 10 min) 

variation in outlet temperatures is greater. This ionger 

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 

pressure loss in the heater flow passages. Heater~to-heater 

differences in the flow rate. produce heater-to-heater . 

differences in performance; thus different heaters produce 

different levels of air outlet temperature even through the 

droop in temperature 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 

heate·rs during normal operation of the HTAH, the bottom of 

matrix solid temperatures m~st 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 

conditiori ·is realized, 14ob·K (2060 F) has be~n·s~lected for the 

criterion which the maximumbottom of matrix t~mperature of·each 

individual heater should. meet or exceed. Neither· "the. large or 

small manifold ~ystem, ·~perating with ~11 heater cycles having 

the same gas and air pha~e durations, meet thi~· 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 Fi for th~ small manifold 

case. This is because of the variation in flow ra·tes, and thus. : 

heater per~ormance, 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 

temperature criterion could be achieved. The concept was to 

allow thoie individual heaters which did not achieve the temper~­

ture criterion to operate with a lengthened gas phase and a 

shortened .air phase, maintaining the same total heater cycle 

time so that the heater sequence is not affected. 

The method used to select the changes in gas and 

air phase durations was as follows. Several runs were made with 

the STRaEX 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 

showild that thP rP.mpFrrature would va;~;v as a linear function of 
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the change in phase duration. The durations·of the air and gas 

phases for several heaters in the 30 heater system were then 

altered to achiev~. the desired result.. Secondary effects due 

to changes in .ph.~se 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 qf.-.matrix temperature :criterion for all 

heaters was near~y.achieved. A new choice·of phase durations 

~or 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 ruri 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 temp~rature over time is different. 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 pos~ible use of this or 

other control cqncepts. 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 

HT~H system layouts for the purpose of integrating·individual 

component modeling or design studies .. The levelof·effort 

for the layouts is consistent with that needed to identify 

development needs which should be addressed in the HTAH 

d~velopment program. 

During the r~p6rting period, a la~o~t fo~ the· 

example HTAH for a 1000 MWe plant was conceived· ahd a concept 

for providing for thermal expansion of the HTAH was developed. 

The overall layout was arrived·at th~ough consideration' 

of overall insulation requirements; compactness of the 

overall HTAH system; valve orientation, insulation, and 

installation requirements; manifold and duct design consideration!?,; 

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 physical 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, smal~er displacements between components occur 

due to .differences in temperature level. The second considera­

tion is the imp,racticality 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. 

-81-

'1 



· The overall system layout. for the example 

HTAH is shown· in Fig 59. Th~ size, shape, and operating 

pressure for tpe major piping components are listed in Table 

24. The equivalent outer diameter given is the nominal pipe 

shell diamete~. :~All of the ~iping is insulated internally 

and externally such that the pipe shell temperature.is 

nominally 533. K ·.('500 F_} at operating conditions. 
•• j. 

· .. 
The thermal expansion design concept proposed 

here is guided by the following· pre'cepts: 

· 1. Provide a set of fixed points in the gas mains 

locat~d at the intersection of the centerline of 

the gas mains and the intersection of each gas 

manifold. 

2. Provide a rigid connection between the gas-in 

manifold and the heater and allowing the heater to 

move horizontally along the direction of a h~ater 

run on a system of support rails. 

3. Avoid expansion joints in the gas-in and gas-out 

manifolds due to their catenary shape and avoid 

expansion joints in the large, high-pressure air . ..:.. 

out manifold. 

. .. 
4. Relocate the air mains near the HTAH centerline 

(between the gas mains) so that the location of· 

their interface point with other MHO components 

does not have large lateral movements during 

startup and shutdown. 

5. Assume that all pipe ~hells at .any given time 

differ in temperature by no more than + 28 K 

(50 F), i.~., a relative 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- ga-s-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 expansion: occurs. 

It will be important to the desigri to maintain only a small 

relative temperature difference between the shell of the 

gas-in .manifold and the air-out manifold. The to,tal thermal 

growth of these two manifolds is approximately 102 rnrn (4 in) 

from 288 K (60 F) to the operating temperature of 533 K (500 F) 

during startup. A relati.ve 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 seiected to accommodate lateral movement. 

due to relative d~fferences in shell temperature. It is not 

necessary to accommodate the overall growth during startup since 

all four manifolds are parallel and expand equal amounts. A 

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

In summary, it is shown 'that a concept to 

accommodate the thermal expansion of the HTAH can be developed 

~tilizi~g conventional engineering ~ractices. How~v~r, With­

out details of the actual methods of supporting the major 

pip-ing elements and the heaters, some difficult engineering 

problems remain. The major remaining concerns are the 

accommodation of thermal growth in the vertical direction, 

particularly 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 insulati6n within the piping system. 
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3.3.4 Cost Estima·tes 

· ·. During the reporting· period, the algorithms 

used to compute'. ·the HTAH cost in the size/cost· program were 

reviewed. In part·icular, the cost model for ·intersections of 

ducts and manifolds was upgraded and inc·orporated in the 

size/cost code .. :.A complete, separats qost estimate 6f 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 from the size/cost code to a great· 

degree of accuracy is not considered important. 

3.3.6 · Mat·rix Support Test Facility 

The support for a full·-scale HTAH cored brick 

matrix presents- certain unique development problems. ·The 

matrix support structure must withstand t~e corrosive HTAH 

service conditions ~nd 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 c~n 

provide information ~oncerning 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 sufficiehtly large 

scale to simulate the actual conditions to be· en·countered •. 

-84-



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 dif.ficult to achieve ,'due· to the 

matrix support requirements. Thus, tests of matrix· ·support 

structure concepts at approximately this S·ize leve'l.will be 

required in order to verify·that a matrix support ·will be 

suitable for use in a ~ull-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 developed for the matrix support 

test facility 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 mechanical 

integrity of the structu·re. The use of clean gas will 

significantly reduce the cost of the test facility~ Methods 

to simulate th.e loading of the matrix support in the· most in­

expensive manner were also sought in developing the facility 
concept. 
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' .. 
Two di'fferent methods of loading the support 

structure were considered. The .ffist loading. method utiLizes 
' -- : t 

a hydr.aulic' 'load system while the s~cond m~thod ~mploys a' .. · 
: ] '-. ,-. . ' ,., 

static load. ,_T?_ese loading methods are illustrated in Figs 

61 and 62. 

~.: . , ,;, . -
. >>:rh_e concept o.f. th~ :ceramic dome support_ was 

developed .in .. ea,rl.ier work (Ref. 6) •. The concept has been 
" .. ~ . . .. . ' ·. ·. . ; 

applied in a subscale preheate:r:. tbp(ugh a design furnished 

by Fluipyne to the General Electric Company (Ref 15) . The 

objective of.""bhe-support concept is 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 conbepts:with a limited f~c~lity. 

which is less costly than constructing and testing ap. entire 

full-scale ~ir heater module. The designs shown in Yigures 

61. and 62 have retained only the elements required to meet 

the test objectives. In both desig~ cases, the hot gas 

whi6h flows through the support arch is always directed 

upward and temp~rature 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 placing a layer 

of refractory pebbles (spheres) above the bricks and finally 
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applying .controlled hydrauli~ loads to the pebb~~s. The layer 

of J?ebbles is necessary so that the load surfac.es of the hydrau-

lie cylinders do not _block the flow passages in ·-~h~ 'cored brick 
• • .·: • ,1. • 

stack. The cored bricks and P.ebbles may be made pf ·inexpensive 

materials since corrosion resistance is not req~·i'red. . . 

Further evaluation of this loading technique will 

be required. It is possible ·fhat individu~l-peBbies may block 

the corE;d brick flow hoies. It is. also possible ··that some 

weaker pebbles could .fracture'·:'under the loading ... -.'·· ·· 

The static load case is similar to~an·actual air 

heater in the sense that the load is applied by an·actual col~n 

of bricks. ~Again, inexpensive· materials would be ·u~ed 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 

flexibiliti:of the hydraulic load cas~. Desired changes in the 

test load would require significant time and effort. A further 

considerati6fi is that in the event· of failure of the matrix 

support assembly being tested, major facility repairs would 

be necessary:~ 

Preliminary cost estimates for construction of both 

facility co,nc.epts 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 t'he contract. '!'here­

fore, no further efforts will be expended en design of a matrix 

support test facility at this time. Design of a facility follow­

ing the concept d~veloped 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 tull-scale H'l'AH can be 

developed. 
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3.3.7 Alternative Heater Systems 

. ' ~ ... 

. e.· .. · .The objective ·of·work under this subtask is 

to identify>design.conc.::pts for ·full-scale MHD air heaters 

which may -serve.·,as alternatives·- to the regenerative heater 

concept being.ptirsued as the basis of the HTAH development 

program. ·.Those concepts which show promise may be co"nsidered 

for future full~scale designs·. sh~uld certain aspects of the 

HTAH .as conceptualized in the development program prove to 

be technica-lly<or economically unfeasible. 

··':Three alternat~ve~heater·c6ncept~, all·of the 

ceramic, regenerative type, were examined during the·reporting 

period. These·.concepts were: (1)-'.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 integ~ated ITAH and HTAH: system 

for heating air from compressor discharge temperature to 

1788 K (2758 F). 

Concepts were. first ipentified 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 direct·ive was 

received from DOE to focus the full-scale studies on heater 

systems for a 600 MWe plant. Thus, the alternative heater 

systems were nominally sized for a 600 MWe plant. 
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For comparison purposes, an example HTAH for 

a 600 MWe plant was first defined following th:e same basic 

criteria used to define the __ ~_xample HTAH for a· :1000. MWe 

plant as described .in Sectio~ 3. 3 .• 1. System s.tudies of MHO 

plants were not used in order to size the HTAH-;·, the flow 

rates used for the 1000 MWe·plant example were .simply scaled·~ 

by 60%. The parameters of th~ ex.ample HTAH for·. a·. :600 MWe 

plant are shown in the first. column of Table 2·6 ~<'identical·· 

flow rates were used for slze/co~~ studies of the·aiterna- ·· 

tive heater systems. System studies would be required of 

course, in·order to realistiqally·define flow rates for 

these alternat~ systems since the levels of preheat· are· 

different.and since oxygen .enriched air would probably be . ' 

used in c~rtain of the concepts. However, for ~he pre-

liminary ex~,ination desired, :the level of effo:i:d:··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, 6r first generation 

MHD power plants, in which oxygen enriched air will be used 

to fire the .combustor. A ceramic; regenerative heater of 

this type .c.ould find application at an early stage in the 

MHO program _since development ·needs 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 ~b that seed and ash remaining in the gas 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 t.emperature 

ot 1289 K (1860 F) was chosen for the heat and seed recovery 

boiler exhaust and the inlet gas temperature to the ITAH. 

-89-



The temperatu;e of the oxygen enriched air entering the ITAH 

· · · was assumed to ··be equal to a compress0r dis·charge temperat'\lre 

of· 589 K (GOQ·f.). Low cost material was chosen for the 

cored brick heat storage matrix, since r~sistance to alkqli 

vapor and liqpid coal ash are not required in this system. 

· · · · A metallic matrix support was used due to the modest bottom 

· · · · of· matrix terq:perature. Insulation materiqls as specified in, 

.. Section 3.1.1 w~re also used. 

· · As seen i:rt Table 27, when compared to a HTAH, the 

ceramic heate~· cost is reduced by 77% if the ITAH is used. 

This does not represent a total plant cost reduction, however. 

A plant incorporating the I.TAH would have corresponding cost 

increases since the radiant boiler would be replaced by a 

larger HRSR ·boiler and an oxygen plant would also be re­

quired. The 'ITAH would have a¢ivantages over the HTAH, 

disregarding these differences in the remainder of the 

plant, due to. this reduced heater cost and due tQ the lack 

of need for extensive developme:pt. Experimental evaluation 

of erosion of inexpensive Gored brick materials by solid 

seed and ash particles ~nd choice of appropriate ~aterial repre­

sents the only technology development need for the ITAH. 

Several distinct advantages of the ceramic ITAH over a 

metallic ITAH are evi~ent. A significantly higher pre~eat 

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 

temperature, in this case 278 K (500 F) would significantly 

reduce the requir~d level of oxy9en enrichment and thus· the 

cost of the o~ygen plant. Reduceq size of the oxygen plant 

will also result in increased power plant efficiency~ The 

hi9her allowable HRSR boiler exhaust temperature for the 

ceramic heater would also allow reduced cost of the HRSR 

boiler. 
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Upflow HTAH 

. The concept of passing the- radiant boiler exhaust gas 

vertically .. downward through the- I:J.TAH cored brick··rriatrix was 

chosen earlier in the HTAH deve!lo.pmemt program as·the basic 

HTAH configuration which would be· addressed· through fu.ll­

scale studies and subscale tests. · This choice wa··s··· based 

primarily on the requirements for support of the Cored brick 

matrix. A ceramic or cooled metallic matrix suppo·rt must 

have sufficien.'l7 strength at the·· operating· temperature to 

support the matrix without undergoing excessive deformation. 

The likelihood of developing materials with sufficdeht 

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 

decid.ed 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 temperature 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 operate the HTAH without 

accumulation of seed/slag material in the cored brick matrix 

flow passe1ges. 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 it·s visc·os.ity is· cont.inual.ly .reduced. This may· allow 

the .heater t·o· ·be operated without .accumulation of ·deposits 

more easily.sinde deposits ~ill tend to be more free flo~ing. 

Furthermore,· -drainage of material from the flow passage·s 

will be able to ·occur at al.l tirnes·.·throughout the operation 

·Of the· HTAH •. · ·,· .. c 

The choice of a ceramic dome ·type .matrix support was 

made for this -alternative heater ··concept. Results ·pr·esented 

in Section 3.1~2 indicate that~fu~ed cast magnesia~spinel · 

has sufficient.~reep resistance to:be used as a matrix 

support material at temperatures as high as about 175-0 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 dreep resistance at lo~ stress 

levels, but more data at higher stress levels is needed to 

clarify the situation. 

Two cases were studied for the upflow HTAH. In.the two 

cases reheat gas inlet temperatures of 1700 K (2600 F) and 

1589 K (2400 F) were chosen. In both casei 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 are 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 temperatures 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~~esulting decrease in 

required insulation, both in-ducts.and manifold&.and in the 

heater vessels. 

The upflow system thus· .is :seen to· have . advantages over the 

downflow HTAH. The cost of t.he heater .itself is ·reduced signi­

ficantly. Furthermore, the need ·for a low tempera.ture heater 

is eliminated, resulting in a further MHO 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 an oxygen plant 

would not be required. Some ·offsetting penalty would be caused 

by the requirement to reduce·,·the radiant boiler exhaust tempera­

ture, .thus increasing the cost of the radiant boiler. The 

overall plant efficiency would also be reduced due to the lower 

preheat temperature. If fused cast magnesia-spinel or another 

material is shown to have sufficient creep strength· to allow·. 
reheat.gas:inlet temperatures-as high as achievable-for the down­

flow HTAH,.however, these two penalties would not be applicable. 

The development needs for an upflow HTAI:i are similar to 

those for the downflow HTAH with regard to materials and 

operability. Should it become evident that operation of a down­

flow HTAH without accumulation of deposits presents too 

difficult a problem, or that the presentlY anticipated 

temperature level for air preheat.with a downflow HTAH can not 

be achieved due to material temperature limits; the upflow 

HTAH should be considered an option for further design studies 

and for subscale testing. 
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Integrated ITAH' ·and HTAH . 

The th:ird'.alternative heater concept involves combining the 

ceramic, regenerative ITAH with a HTAH in order to take advant;.age 

of the ceramic ITAH features. ·In·this integrated heater system, 

the ITAH heats combustion air from ·,compressor discharge tempera­

ture to ·1172-·i< (1650 F) and the HTAH further heats 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 reqpirement to raise the·bottom of matrix temperature to 

1400 K (20~0 F) to prevent accumulation of deposits. A sec0nd 

advantage of the integrated design i~ that the arrangem~nt 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 

quench the exhaust gas from.the HTAH to 1283 K (1850'F), thus 

providing a gas stream containing only dry particulate·· 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· deve·lop~d ·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 c~n be seen from Table 28 that 
. . . . . , 

the i,.ntegrated system, which elit:nina1:.es th~·need·for .a metallic 

low temperat~re heater while provid~ng the maximum envisioned 

preheat level, had a total cqst of th~ individual heaters only 

57% greater than for the ind~vidual heaters in a HTAH alone. 

Furthermor~, the. total numbe:t;"._<;>f valyes required is reduced from 

96 f9r a siJ1gle 16 heater HTAH.system to only 40 for the inte­

grated ITA.H/HTAH system, (see. Table 29) which would result in a 

significan~ valve cost reduction~ 

I'. 

Conclusions from Alternative Heater Studies 

This subtask has been e;timinated from the Statement of Work 

for. continuation of efforts under this contract. Therefore, 

development of additional alternative heater concepts will be 

disconti11ued. However, certain advantages ·Of the system concepts 

developed during the reporti~g period have been demonstrated and 

are worthy_of further consideration in the heater development 

program. 

Jn 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 indicate~ that prevention of 

accumulation of deposits in the downflow HTAH will be economically 

unfeasible, or that the reheat gas temperature will have to be 
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limited to· a lower level than presently anticipated, or if 

"property measurements show that potential matrix ahd matrix 

support materi~ls h~ve sufficient cr~ep resistance at tempera­

tures greater than presently_ anticipate~, 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 t:;.me. ·Should such a system be shown to 

be advantageous to the overall MHO program, further study will be 

considered. 

3.3.8 Electrical Isolation 

The objective of work under this subtask is to 

identify developmenL needs concerning electrical isolation of the 

HTAH from the MHO combustor. Since the combustor will in all 

likelihood be maintained at the same electrical potential as the 

upstream-end of the MHO.channel, and the.HTAH 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 carryover to the air ~tream from the heater 
. . . 

matrix poses any $pecial problems requiring technology deveiop-

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 electrical 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 various 

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 th~.conductivity 

of the air stream would be on. the order of 1. 6 x 10.-} mho/m. 

Calculations of the electrical conduct~vity 

of typical hot liner refractories at air outlet manifold 

temperatures were also made.. · These calculations showed that 

the innermost refractory materials are conductive 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 formation in the duct w~re 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 viewof. the moderate level of conductivity 

anticipated for the air stream and duct refractories as shown 

in the studies dtiring the reporting period,. extensive 

development in the electrical isolation area is not expected 

to be ne~essary before design of an actual directly-fired 

HTAH can be accomplished. Further analysis and testipg of 

isolation concepts may be required at some future date, 

howeve+. 
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4.0 CONCLUSIONS 

'r~sts.in the Valve ·Test-Facility. have indicated that a 

refractory lined-, water cooled, gate-type valve w.ill prove 

to be suitable for use as the gas inlet valve for the directly­

fired HTAH. "'Results -to date indicate that valve leakage is 

minimal and that the p~esence of seed material in the gas 

flow decreases leakage. Operation of the test valve has not 

been i~hi~ited·by exposure to simulat~d seed/ash bearing 

radiant boiler exhaust gas. ·Longer term tes.ts will .. be 

required ana· a:re planned in future work to cle1rify tll.ese 

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 heaLer 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 valv~ life are made. Also, mass loss in a f~ll-scale 

HTAH due to valve leakage and pressurization/depressurization 

losses was shown to result i~ a reduction of MHD plant efficiency 

of less than 0.1%. When compared to the gain in efficiency 

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

Cored bricks of fused cast magnesia-spinel {Carhart X-

317) have continued to· demonstrate good resistance to the 

directly-fired HTAH s.ervice conditions in tests of the 

. Matrix Test Facility! In pddition, measurements at Montana 

Tech have shown that this material has sufficient creep 

resistance to withstand HTAH design lo.ads with no sig~~ficant 

deformation. 

Material property data· is being collected in a fo.rmal 

materials date1 .base. Cooperatiori of outside organizations 

such as Montana Tech,. MSU, and MERDI in performing measurements 

-98-

e 
I 



according to test requiremerits established by FluiDyne has 

proved to be extremely useful in assembling this information 

and will be needed in the future to insure that t~e- data 

bq.se. requiremet:lts are achieved. Liaison with refractory· 

manufacturers has been effective·, resulting in sev~ral 

programs for development of HTAH materials and fabrication 

techniques. 

A pqt~ntial cost-saving method for con~truction pf a 

fu.ll-scale matJ;"ix ·support was· identified .t;.hrough selection 

of a 9astable mat~rial for th~ matrix support in t~e MTF ana 

development of a technique for. installing l.t. Siz~/c.ost 

computer code studies have shown that the select~on 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 lJSing castable. insulat-ion materials. 

Analysi.s.of HTAH.system and individual heater performap,ce 

has demon$trated the capability to coptrol HTAH performance 

parameters using a concept und.er wh~ch the lengths of time 

tha.t individual' heaters are on gas and air phases are varied 

as required while a constant total cycle time is maintained~ 

Design of a dilatometer for making measurements of 

refractory cr·eep in the directly-fired HTAH service en­

vironment has been compl~ted. Con_struction and testing of 

this device at a futur~ time in the HTAH develop~ent program 

will allow confirmation of creep information inferred from 

the conventional cre~p tests (at Montana Tech) of pristin~ 

material samples and samples. which have be~n expqsed to the 

HTAH environment. A concept for a test facility to test 

matrix support concepts at large scale has also been d~veloped. 
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Construction and testing at a future time will provide 

needed information on "the ·requireme"nts.for and capabilities 

of high temperature matri~ support ~oncepts. 

Prelimin:ci:~y studies ·of alte·riiative heater concepts have 

identified possibie advantages. in .:'the use of a ceramic, 

regenerative intermediate temperature air heater :(ITAH) for 
early MHD plari·t~ with -oxygen. enrichment. The ITAH will be 

considered further in full-scale studies. The upflow.HTAH 

may be con~ide~ed for further stud~.and for_ exP,erimental 
evaluation at,· a future time· in th~ heater development program. 

Measureme-nts made· l.n .··the MTF ·during the reporting period 

indicated that the cored brick matrix did no~ have a catalytic 

effect on NOX in the r.eheat gas stream. Thus, a reduction of 

NOX due to contact of the MHD chanrtel exhaust gas with the 
·directly-fired HTAH cored bricks should not be con.sidered in 

computing NOX emissions from a MHD powe'r· plant. 
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TABLE J. (Continue~). ,. 

SUMMARY OF. MATERIALS SELECTION FOR FULi:..:-SCALE HTAH . . . . ' . . . ~ ... "' ..... 

·Gas 
Ar!'!a Temp. -Di'ameter · 'Heat ·FlUx Cost* 

K (F) ·: m (ft) 

* 1980 Dollars/Shell surface Area 

-105-

Layers 
Inside 
Shell 



TABLE 2 

iiTA!q;~s: ·;rNLET DucT.·-·. ·REF~cT.oRY LAYuP coNcEPT 

Descriptioii:: :<'2 ·.18 in (.'86: in~h) Inside Diameter Verticc;tl Duc.t 

· ·.<:~arrying<MHD. Exhaust"<Gas ~.rom Manifold. to Heater 

Thermal 
ni~Il!~ter Conductiyi~y 

m (in) w/m-K . (Btu-·i.n/hr-ft 2 -F) 

2.18 (86) 
'. 

l. 76 ·,' (12. 2) 

2.41 (95) 

l. 35 (9.4) 

3.02. (119) 

0.50 (3.5) 

3.25 (128) 

0.14 (1. 0) 

3.43 (135) 

Shell 0.14 (1. 0) 

3.48 (137) 

External Coating 0.07 ( 0. 5) 

3.51 (138) 

Q = l051 w;m
2 

(333 Btu/ft
2 

hr) 

2 2 
Cost = $2614/rn ($243/ft )+ Labor 

el 
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TABLE . 3 

~n$~latio~ $cq~~$$ fo+ ~TAH 
(Bqsed on P.+ane Wall) 

Interface 
Temperature 

. K (F) f'iaterial 

1311 (1900)------~~~~--~------~ 

Norton LS-~12 
(Spinel Castable) 

12 3 0 ( 17 54)----,------------------..,--'-'---,-,----

s~periser No. 72 
(acid re$istant cement) 

36 7 ( 2 00) ___;_ ______ ___;_ ____________ ___;__ 

Shell 

1311 ( 1900) --.,..,---------'~..,--------,...,---~~ 

A.P. Green Lo Ab:t;'ade 
(Castabl~) 

ll 06 ( 15 3.0) ___ ;_;_ ______ ..,_,..,io-:_,.,-, :--..,--..,--...,..--;--,-. 

A.P. Green Casta.ple 
~o. 20 (Fi~eclay) 

36 7 ( 2 00) -------,--..,.,.,-------~-----:-------r 

Shell 

755 

Thickness 
m (in.) 

0 .. 15 (6) 

0.30 (12) 

0.~;; ( 6) 

0.23 (9) 

Sa~erei~en No, 7~ 0.13 ($) 

(a9id +~sist~nt c~ment) 

36 7 ( 2 00) :-. -------,.,.-,.,-.,------,-__,.,-~...,.,-

Shell 
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Gas Inlet 
Manifold/Ducts 

.. Q = 918 W/m2 

.. <?91 Btu/hr-'-ft2 ) 

Air outlet . ~ ; 

~ani folds/Ducts 
q :;:::.9.31 W/m2 

(295 Btu/hr-fd) 

Air Inlet and 
G~s Ou,t;l~t 

Man.t:fo'ldS~/[1uct~ 

9 = 994 W,(m2 

(315 ~t.u/hr-ft2) 
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TABLE 4 
HI\TERIALS 01\TI\ 81\SE INFORMATION FOR CORIII\RT X-317 

Generic Designation:. Fusion Cnst Magnesia 35\ Alumina 1\STH Designatidn: None 

Method.of Fabrication: Fusion Cast from 1\rc Furnace into Steel or Graphite Molds 1\nnealed.and Diamond sawed 

Manufacturers Name and 1\ddress: Corhart Refractories Co., 1600 West Lee St., Louisville, KY 40210, (502)778-Hll 

Application: Direct-Fired MilD 1\ir lleater Matrix and r.iner 

HIID/IITI\JI' Experience·: 1100 llours HTF lleat 201, 202 

Composition: 64\ Magnesia, 34% /\lumina, 1\ Silica, l\ ·other 

Mixing/Curing Instructions (castables~: 

Data Source and Validity: MP-asuremcnts·, Milnufacturer's Data; and FluiOyne Estimates·.· 

Creep Data is Valid only (or 500 psi, 2600.°F. 

Density: 2963 kg/m
3 

(lAS · lbm/ft3) Porosity: 15.0 ·volume \ 

Data Valid from 294 K (70 F) to 2033 K (3200 F) 

Tern era'ture, 

Property 294 811 1033 1256 
(70) (1000) (14001 (18001 

Modulus of Elasticity, 172 
10

6
1 

172 
10

6
1 

172 
1061 

172 
1061 GPa (psi) (25 X (25 X (25 X (25 X 

Poisson's Ratio • 29 • 29 . • 30 . .32 

Ther.mal·Conductivity 1 
10.44 7.49 6.20 5.19 

W/ln··K (Eltu/hr-ft-F) (6.03) (4 .33) (3.58) (3.00) 

Specific llcat 1 
921.0 1214.1 1256.0 1297.8 

J/kg·K (ntu/lbm·F) (. 220) (.290) (.300) (. 310) 

Thermal Stress Limit 31.0 31.0 31.0 31.0 
MPa (psi) (4500) (45001 (4SOOI (4500) 

Thermal Expansion Coeff. -6 . -6 -6 -6 9.54 X 10 9.54 .x 10 9.54 X 10 9.54 X 10 K-1 (F'-1) (5.3 X 10-6 ) (5.3 x lo-6) (5.3 X 10-6, (5.3 x· 10-6,. 

~lodulus of Rupture 3 
31.0 31.0 31.0 31.0 

MPa (psi) (4500) (4500) (4500) ( 4500) 
Compressive Strength 

2' 
138 138 138 124.2 

MPa (psi) (20,000) (20,000) (20,000) (18,000) 

Critical Stress Intensity Factor 3 
'.00462 .00462 .00462 .00462 

MPa·m1/2 (psi·in1/2) (4. 2) (4. 2) (4.2) (4.2) 
Creep Rate Under Load, %/hr 

2 

@ 0.2 MPa (' 25 psi) l.Oxl0-.1 4 . -13 -12 -11 1. OxlO l.Ox10 l.OxlO 
@ 0.7 HPa ( 100 psi) l.OxlO-ll l.Oxlo-12 

1. OxlO -11 
l.Ox!O -10 

@ 3.4 MPa ( 500 psi) l.Oxlo-12 l.Oxlo-11 
1. Oxl.O 

-10 
l.OxlO 

-9 

@ 6.9 MPa (1000 psi) l.OxlO-ll l.Ox10-lO l.OxlO -9 l.OxlO 
-8 

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

• 

·,' 

K (F) 

1478 1700 
(2200) (2600) 

166 159 
1061 (24 X 106) (23 X 

.35 •. 38 

4:59 4.0,7 
12.65) (2. 35) 

1360.6 1381.5 
(.325) (.330) 

31.0 30.4 
(4500) (4400) 

. . -6 -6 9.90 X 10 10.26xl0 
(5.5 X 10-6 ) (5.7xlo-6) 

31.0 30.4 
(4500) (4400) 

103.5 82.8 
(15,000) (12 ,000) 

.00462 .00451 
(4.2) (4.1) 

-10 
1. OxlO . l.OxlO -9 

l.OxlO -9 
l.OxlO -8 

l.OxlO -8 
1. OxlO -7 

1. OxlO 
-7 

l.OxlO 
-6 

1922 2033 
(3000) (3200) 

145 
10

6
1 

124 
X 1061 (21 X (18.0 

.40 .42 

3.63 3, 41 
(2:10) (1.97) 

1402.5 1423.4 
(. 3351 (. 340) 

29'. 7 27.6 
(4300) (4000) 

-6 -6 10.80xl0 11.34xl0 
(6.0xl0-6 ) (6.3xlo~6 ) 
29.7 27.6 

(4300) (4000) 

55.2 41.4 
(8,000) (6,000). 

.00440 .00418 
(4.0) (3.8) 

l.OxlO -8 
1. OxlO -7 

l.OxlO 
-7 

l.OxlO -6 

l.OxlO 
-6 

l.OxlO -s 
-s l.OxlO. l.OxlO 

-4 
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Generic Designation: 

TI\BLE 5 
MATERIALS DATA BASE INFORMATION FOR NORTON LS-912 

Spinel Castable 

Method of Fabrication: Fused Spinel Grains are M.ixed with Calcium Alwninate Cement 

ASTH Designation: None 

Manufacturers Name and Address: Norton Co., 1 New Bond Street, Worcester, HA 01606, (617) 953-1000 (r~uis Trostel) 

Application: Direct-Fired MHO llot Liner, Do Not Use for Matrix 1\bove 2400°F 

HIID/HTI\11 Experience: MTF Heat 207. llot Liner Six-Inch ZJ Valve 

Composition: 73\ Alumina, 24\ Magnesia, 2.4\ Calcia, 1\ Silica 

Mixing/Curing Instructions ·(castables): Ni~e Pints Water Per 100 lbs, Use Paddle Mixer, see Norton Bulletin s-1\P-Gl 

Data Source and Validity: Measurements and FluiDvne Estimates 

Data is for Material Fired to 2500~F 

Density: 2499/m3 (156 lbm/ft
3

) Porosity: 30.0 

Data Valid from 294K (70 F) to 2033 K (3200 F) 

Property 

Modulus of Elasticity, 
GPa (psil 

Poisson's Ratio 

Thermal Conductivity1 

W/m·k (Btu/hr-ft-F) 

Specific lleat1 

.• T/kg ·K (lltu/lbm• F) 

Thermal Stress Limit 
MPa (psi) 

Thermal Expan~~on Coeff. 
K-:1 <r-l) . 

~rodulus of Rupture 
MPa (psi) 

2 
Compressive Strength 

Ml'a (p~;i) 

Critical Stress Intensity Factor 
l/2 J./2 

MPa·m · (psi·in ) 
Creep· Rate Under Load, \/hr 

t1 0.2 Mra ( 25 psi) 

t1 0. 7 Ml'a (100 

@ 3.4 HPa .(500 

psi) 

psi). 

@ 6.9 MPa (1000 psi) 

294 
(70} 

104 
(15 X 106) 

.29 

5.76 
(3.JJ) 

921.0 
(.220) 

13.5 
(i950) 

9.0 X J0-6 

(5.o·x w-6 , 

13.5 
(1950) 

41.4 
(6000) . 

811 
(1000) 

104 
(15 X 106) 

.7.9 

).55 
<2.05) 

1214.1 
(; 290) 

13.5 
(1950) 

-6 9.0 X 10 
(5.o x to-6 .1 

13.5 
(1950) 

·. 41.4 
(6000) .. 

1
• superscripted Numbers Refer to References at End of Text. 

Volwne \ 

103) 
(1400) 

104 
(15 X 106) 

.)0 

3.06 
(1. 77) 

1256.0 
(. 300) 

13.5 
(1950) 

9.0 X 10 -6 

(5.0 X 10-6) 

13.5 
(1950) 

27.6 
(4000)'. 

K (F) 

1256 1478 1700 
(1800) (2200) (2600) 

97 90 8) 
(14 .x 106) (13 X toG) (12 X 106) 

.)2 .35 .39 

2.69 '2. 34 2.08 
. (1.55) (1.351 (l. 20) 

1297.9 1360.6 13Rl.5 
(.310) (.325) (. 330) 

12.4. 10.4 R.l 
(1800) (lSOO) (1200) 

. -6 10-G -6 9.0 X 10 · 9.0 X 9.0 X 10 
(5 .0 X 10-6) (5.0 X 10-6) (5.0 X 10-6) 

12.4 10.4' 8.3 
(1800) (1500) (1200) 

20.7 17.9 13.8 
(3000) - ;'" (2600) (2000) 

1922 20)) 
()000) (3200) 

' 
76 69 

(11 X 106
) (10 X 106) 

.40 .42 

1.73 1.60 
(1.0) ( .925) 

1402.5 1423.4 
(. 335) ( .340) 

6.9 4.8 
(1000) (700) 

-6 lo-6 9.0 X 10 9.0 X 
(5.0 X 10-6) ·(5.0 X 10-6) 

6.9 4.9 
(1000) (700) 

10.4 6.9 
(1500) (1000) 
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Tl\BLE 6 

MI\TERIALS DATA BASE INFORMATION .FOR JOIINS MI\NVILLE YUKI\ 

Generic Designation: High Strength Insulating Firebrick 

Method-of Fabrication: · Sintered with Fugitive Organic Filler 

ASTM Dcsigno tion: No no 

Manufacturers Name. and Address: Johns ~lanvi11e, _Inc., Ken Caryl Ranch, Denver, CO 80217, (303) 979-1000 

Application,· Backup, Do Not Expose to MHO Gas 

MHD/IITAII Experience: None 

Composition: 39.3\ Alumina, 56.3\ Silica, 1.6\ Ferric Oxide, 1.6\ TI02 , .27% CAO, 31% MGO, .53% Alkali 

Mixing/Curing Instructions (castables) : 

Data -Source and Validity: Manufactt•rP.r' s Dal:a (not ver.i fied) and FluiDyne Estimates 

kg/m
3 

(61 lhm/ft
3

) Density:. 977 

Data Valid from 294 K (70 F) to 1644 K (2500 F) 

Property 294 
(70) 

Modulus of Elasticity, j4.s 
GPa (psi) (5.o··x 1061 

Poisson's Ratio .20 

Thermal Conductivity 
5 

W/m·k (Otu/hr-ft-FI 

specific neat 1256.0 
J/kg·K (OtU/lhm•[") (.JO) 

Thermal ·stress Limit 2.07 
MPa (psi) (300) 

Thermal ExP-ansion Coeff. 9.0 .x lO-G 
K-1 (F-1) (5.0 X 10-6 ) 

Modulus of Rupture 5 
2.07 

l~l'a (psi) (300) 

Compressive Strength5 3.80 
MPa (psi) (550) 

c:ri tical Stress lntensi ty Factor .00011 
. . . 1/2 1/2 . (·.11 Ml'a·m · (psi·in ) 

Creep Rate Urider Load~ %/hr 

@ 0.2 MPa 2Spsi) 

@ 0,7 MPa lOOpSi) 

@ 3.4 MPa ( SOOpsi) 

@ 6.9 MPa lOOOpsi) 

Porosity: 60. 

533 
(500) 

34.5 6 
(5.0 X 10 ) 

.20 

.405 
(. 2342) 

1256.0 
(.301 

2.07 
(300) 

0 -6 
9.0·x 10 

(5.0 x· 10-6 ) 

2.07 
(300) 

3.80 
(550) 

.qoo11 
. ( .11 

1 • superscripted, Numbers Refer to References at End of Text. 

Volwne \ 

Tern erature K (F) 

811 l08'J 1367 
(1000) (1500) (2000) 

34.5 6 
(5.0 X 10 ) 

27.6 6 
(4.0 X 10 ) 

20.7 6 
(3.0 X 10 I 

.2o .20 '.20. 

.424 .453 .488 
(.2450) ( .2617) .( .2817) 

1256.0 1256.0 1256.0 
( .301 (. 30) (. 30) 

2.07 2.07 l. 73 
(300) (300) (250) 

9.0 X 10-6 
9.0 X 10:..6 9;0 X 10_.6 

(5.0 X 10-6 ) (5.0 X 10-6) (5.0 .X 10-6 ) 

2.07 2.07 1. 73 
(300) (300) (250) 

3.00 3.00 3.11 
(550) (550) (450) 

.00011 .00011 .00011 
( .11 ( .11 ( .1) 

.:· 

1478 
(2200) 

13.8 6 
(2.0 X 10 I 

:2o 

.51.9 
(.300) 

12s6·.o 
(.301 

1. 38 
(200) 

9.0 X lo-6 

(5.0 X l0-6 ) 

1. 38 
(200) 

2.42 
(350) 

.00011 
(.1) 

1589 1644 
(2400) (2500 

6.9 6 
(1.0 X 10 I 

. 3. 5 5 
(5.0 X 10 ) 

.20 .20 

.536 ·'.554 
(.310) (.320) 

1256.0 1256.0 
(.30) ( .301 

1.04 .69 
(150) (100) 

9.0 X lo-6 9.0 X 10-6 

(5.0 X l0-6 ) (5.0 X 10-6 ) 

1.04 .69 
(150) (100) 

2.07 1. 30 
(300) (200) 

.00011 .00011 
( .11 ( .1) 
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TABLE? 

MI\TERII\LS DATI\ BJ\SE INFOJUV\TION FOR JOHNS MI\NVIJ,LF. C-22Z 

Generic Designation: High Strength lnRulating Brick ASTM Designation: 

Method of Fabrication: Sintered with Fug.ttivP Org;~nic Binder 

Manufacturers Name and Address: Johns Manv.l11e, Inc., Ken Caryl Ranch, Denver, CO 80217, (303) 979-1000 

Application: Back-up Only, Do ·Not Expose to Combustion Gas 

MilD/liT All Experience: None 

Composition:_ ?4.1\, ·M.2o3 ,, 5.~.4~ s·io2, ._B% Fe2o
3

, 1.2\ Tio2 , .3.4\ Cl\0, .2\ MGO, 1.0.\ Alkali 

Mixing/Curing I~structio~s (c~stables) : 
Data.Source.and Validity: Manufacturer's Data (not verified) and FluiDyne Estimates 

Density: 

Data Valid from 294 K (70 F) to 1367 K (2000 F) 

Property 

Modulus of Elasticity, 
GJ',, (psi) 

Poisson's Ratio 

Thermal Conductivity 
5 

W/m·k ( Dtu/hr- ft-F) 

Speci fie Ilea t 
J/kg·K (Btu/1bm·F) 

Thermal Stress Limit 
MPa (psi) 

Thermal Expansion Coef!. 
5 

K-1 (p-1) 
5 

Modulus of Rupture 
MPa Jpsi) 

5 
Compressive Strength 

~1Pa (psi) 

Critical .Stress Intensity Factor 

HPa·m 
1/2 . 1/2 

(psi·in ) 
Creep Rate· under Load, %/hr 

@ 0. 2 MPa 

@ 0.7 MPa 

@ · 3.4 MI'a 

.. @~. ·: 6. 9 HPa 

25 psi) 

.1oo psi> 
500 psi) 

( 1000 psi) 

294 
(70) 

.34.5 6 
(5.0 X 10 ) 

.20 

2.51. 
(1.45) 

1256.0 
( .30) 

1.45,-
(210) 

10-6 9.0 X 

(5.0 X l0-6) 

1.45 
(210) 

2.28 
(330) 

.00011 
( .1) 

Porosity• 65 

533 
(500) 

34.5 . 6 
(5.0 X 10 ) 

.20 

2.80 
(l.G2) 

1256.0 
(. 30) 

1. 45 
(210) 

. -6 
9.0 X 10_6 (5.0 X 10 ) 

1. 45 
(210) 

2.28. ' 
(330) 

.00011 
(.1) 

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

Volume \ 

911 922 
(1000) (1200) 

34.5 
106) 

27.6 6 
(5.0 X (4.0 X 10 ) 

.20 .20 

3.55 
(2:05) 

1256.0 1256.0 
(.30) ( .30) 

1. 45 1.38 
(210) (200) 

10-6 10_6 . 
9.0 X 9.0 X 

(5.0 X 10-6 ) (5.0 X 10-6 ) 

1.45 1.38 
(210) (200) 

2.28 . 2.21 
(330) (320) 

.00011 .00011 
( .1) (:1) 

(F)' 

1033 
(1400) 

20. 7· 6 
(3.0 X 10 ) 

.20 

1256.0 
( .30) 

1.24 
. (189) 

10-6 9.0 X 
(5.0 X 10-6 ) 

1.24 
(180) 

2.07 
(300) 

.00011 
. ('-.1) 

None 

1144 1256 1367 
(16'00) (1800) (2000) 

13.8 6 
(2.0 X 10 ) 

6.9· 6 
(1.0 x.lO. ) 

3.5 5 
(5.0 x.lO) 

.20 .20 .20 

1256.0 1256.0 1256.0 
(.30) (. 30) (.30) 

1.04 . 76. .41 
(150.3) (110.0) (60.0) 

io-6 10·-G 10-6 9.0 X 9.0 X 9,0 X 

(5.0 X 10-6) (5.0 X 10-6 ) (5.0 X l0-6) 

1.04 .76 .41 
(150) (110) (60) 

1.86 L59 1.24 
(270) (230) (180) 

.00011 .OOOll .OOOll 
( .1) (.1) ( .1) 
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TABLE 8 

MATERIALS DATI\ BASE INFORMATION FOR JOHNS MANVILLE ~Ul'EREX. 2000 

Generic Desiqnation: 2000°F nlock Insulation ASTM Desiqnation: 

Method of Fabricationi Sintcrc<l 

Manufacturers Name and Address: Johns Manville, Inc. , Ken Caryl Ranch,· Denver CO 80217, (303) 979-1000 

Application: Backup- Only 

MilD/liT All Experience: None· 

Composition: 74.8% sio
2

, 4.3\ Al
2
o

3
, 6.0% CAO, 2.0% Fe2o

3
, .3% TI02, .8% MCO, 2.7% Alkali 

Mixinq/Curinq Instructions icastables): 

·Data Source and Validity: Manufacturer's Data (not verified) and FluiDyne Estimates 

Density: 364 3 kq/m 

Data Valid from 294K (70 F) to .1367 K (2000 F) 

Property 294 
(70) 

Modulus of Elasticity, 6.9 6 
GPn (psi) (l.O x 10 ) 

Poisson's Ratio .20 

Thermal Conductivity5 .0678 
W/m.K (Btu/hr-ft-F) (.0392) 

Specific Jleat 1256.0 
J/kg ··K (Btu/lbm· F) (.30) 

~1crmal Stress Limit .3p 
Ml'a (psi) (45.0) 

Thermal Expansion Coeff. -6 
9.0 X 10_6 

k-1 (F-1) (5.0 X 10 ) 

Modulus of Rupture 5 .311 
MPa (psi) (45.0) 

Compressive strenqth 5 .697 
MPa (psi) (130) 

Cri ticafJftress. In\~o;i ty Factor 
MPa·m (psl"in ) 

Creep Rate Under Load, %/hr 

tl 0.2 MPa 25 psi) 

@ 0.7 MPa 100 psi) 

tl '3;4 MPa 500 psi) 

tl 6.9 MPa I 1000 psi) 

Porosity: 65.0 Volume \ 

Tem.eerature1 
367. 478 569 

(200) (400) (600) 

6.9 6 6.9 6 6.9 
106) (l.O x 10 ) (1.0 X 10 ) (1.0 X 

.20 .20 .20 ·! 

.0722 .0779 .0651 
(.0417) ( .0450) (.04921 

1256.0 1256.0 1256.0 
(.30) ( .30) (.30) 

-.311 .311 .311 
(45.0) (45.0). (45.0) 

. -6 -6 -6 9.0 X 10 9.0 X 10~6 9.0 X 10_6 (5.0 x 10-6) (5.0 X _10 ) (5.0 X 10 ) 

.311 .311 .311 
i45.0) (45.0) (45.0) 

.897 .897 .697 
11301 1130) (130) 

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

K (F) 

700 
(BOO) 

6.9 
X 106) Cl.O 

• 20 

.0922 
(.0533) 

1256.0 
(.30) 

.311 
(45.0} 

-6 9.0 X 10 . 
(5.o·x lo-6) 

.311 
(45.0) 

.897 
(130) 

None 

811. 
(1000) 

.69 
X 105) (1.0 

.20 . 

.0995 
( .0575) 

1256.0 
(.30) 

.276 
(40) 

10-6 9.0 X 
(5.0 X l0-6) 

.276 
(-40) 

.028 
(120) 

--------------'------------------

1069 1367 
(1500) (2000) 

.069 4 
(1.0 X 10 ) 

.0069 3 
(1.0 X 10 ) 

.20 .20 

.1168 .1341 
(.0675) (.0775) 

1256.0 1256.0 
(. 30) (.30) 

.207 .069 
(30) 110) 

9.0 X 10-6 lo-6 9.0 X 
(5.0 X 10-6 ) (5.0 X 10-6 ) 

.207 .069 
(30) 110) 

.690 • 345 
(100) ISO) 
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'FY 82 

FY 83 

FY 84 

FY ·as· 

FY 86 

rt-"' 
VI r:: nl .... 

>o u 0 u > 
>o "" ·~~ 

r:: ..-II ..... ..... ......... -~ •j . , "" .... 0 auto IIW Ill VI a ~ .... Ill ·Ill 0 ,g .... .... e Ill "" "" Ill 
,!1. Ill 0 Ill ::s Ill .... U-"' Cll~ 

u .... 
r-4 r:: ~ . nl '0 ..... "" Cll r:: > Cll nl CII!:J Cll a. Cll Ill 
::s Q.l e. r-4 0 ~·11 iS8!1 ·0. Cll iS(/) ~~ r;1& Material IXlO ral:E: (I) :X: 

Matrix 1 1 1 1 1 1 1 1 

Hot Liner 1 1 1 1 1 1 

Insulation 1 1 1 

Matrix 2, 3 2, 3 2, 3 2, 3 . 2, 3 2,. 3 2, 3 2, 3 

Hot Liner 2, 3 2, 3 2, 3 2, 3 2, 3 2, 3 

Insulation 2, 3 2, 3 2·, 3 3 

Matrix 3 3 3 3 3 3 3 3 

Hot Llner 3 3 3 3 3 

· Insulation 3 3 3 

Matrix 3, 4 3, 4 3, 4 3, 4 3, 4 3, '4 3, 4 3,.4 

Hot Liner . 3, 4 3, 4 3 3 3, ·4 3, 4 .3 3, 4 3, 4 

.Insu1a'tion 3, 4 3, 4 3, 4 

Matriz 5 5 5 5 5 5 5 5. 

llot Liner ,5 .5 5 5 5 5 5 5 5 

Insulation 5 5 5 5 5 5 
' ... 

CODE& 
1 - Preliminary.Data for Subscale Tests and Design Studies 
2 - Data for 5 HW Technology Development Unit 
J - Updated Data for Design Studies 
4- Data· for·Final Long Duration Subacale Test 
5 - Data Base for· Design at Increased Scale 

to ~ 

r-4 -~ Cll Cll 
~ ·VI ~"" 

a~ 
. ::s .a Cll 

B~ u ~ 
~·~ g.rg nl 1-l 

1-l n1 
p;:~: ra.Pt 

1 1 1 

1 

2, 3 2, 3 2 

2 

3 3 3 

' 

3, 4 3, 4 3, 4 

3, 4 

5 5 5 

5 5 5 

5 

TABLE 9 PRIORITY· SYSTEM FOR MATERIAL PROPERTY DETERMINATION 

> :X: r:: Cll .... Cll r:: u 
~'fi -~ E ·0 r:: .... ~ 
Cll 0\ a.e ·VI 
1-l r:: a. ·0 Ill 
O.CII Cll ~ ·~ ·~ .... 
5!:1 Q.l 1-l Ill 

1-l ljtj 8& UU) u 

1 1 1 

1 1 1 

1 1 

2, 3 2 ,. 3 2, 3 

2, 3 2, 3 2, 3 

2, 3 2~ 3 

3 3 3 3 

3 3 

3 

3, 4 3, 4 .4 3 

3, 4 3, 4 3 

3, 4 3-, 4 

5 5 5 5 

5 5 5 5 

5 5 
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I ...... ...... 
.p. 
I 

Item 

1. 

2·. 

3. 

' -4. 
.. 
.. 

5. 

: 

6. 
: 

7. 

8. 

.TABLE 10 

Test ·Program 
For. Spinel Castables 

Type f 0· Test Possible Diaqnostic Uses 

Sieve analysis Affe.cts bulk density, strength, dimensional 
changes after firing .• Gr-oss differences 
may indicate improper cement: aggregate ratio 

wa,ter used to cast (i.e. , _to attain Influencei by amount and. qu~lity of cement 
proper b.a11-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 quality 
variations • . 

Bulk dens.it;y of test bars after drying ·Relatively insensitive: to minor ,quality 
variations • 

Strength after dry.ing (preferrably Affected by amount· and· q~ali ty of cement 
M.f{.I.R.) ! in mix and,. to lesser e_xtent, ag,gregate 

size distribution .• -
Linea·r dimensional change after Affected by factors listed under Item 5 
firing to 2900.°F w/5 hour soak plus chemical purity. 

Strength (preferably M.¢..R.) after Same as Item No. 6, but M.f{.I.R. test· is more 
firing. to 2900°F w/5 hour soak sensitive to quality changes 

Chemical. analysis· (CaO, MgO, Fe2o3, Very important influence on performance 
Si02 ,. and alka·li s.) at the highest temperature 

ASTM No. 

·. c 3·71 

c 860 

c 134 

c 1.34 :· 
.• 

c 133 

c 134 

c 133 

Various 

--~-----------------------------------------



Oxide 

AR-203 

CaO 

Fe·
2

o
3 

MgO 

P205 

sio2 

TABLE. 11. 

COMPA~I~ON OF . CALCIUM ALUMINA~E BONDED SPINEL CAS TABLE 

(NORTON LS-8l2) , PHOSP_HATE BONDED. SPINEL CASTABLE · 

(TAYLOR ·x-13337r AND FUSION CAST SPINEL (CORHART X-.317) 

;•,, 

Method Norton Taylor Cor hart 

We.t 73.9% 65.2% 18.5% 

·-· 
wet 3.0 0.9 

.. .d. 4 
',I 

.•, 

Wet 0.1 0 .• 2 .. . 0. 2 

·wet 22.3 32.0 79.3 

wet N.D. N.D. * N·.o. 

Wet 0.40 0.52 .. 0.1 .. 

MgAR.
2

o
4 

Spin~l ·xRD 65%' 65% 30% 

_Corund\un XRD 3Q% 15 

MgO Periciase ·xRD 5.% 55 

Amor-Phous . XRD 15 

N.D. Beiow Detecti.on Limits of. 0.3% and '*O.dl"' 

-115-



TABLE 12 

ANALYSIS OF MATRIX CORE DEPOSITS 

Melting 
Oxide Method Point 

K 

AR-203 Wet 2323 

cao Wet 2853 

Fe
2

o
3 

Wet 1838 

MgO Wet 3075 

/ 

Si02 Wet "'2000 

K
2

0 Flame 

MgAJ!.
2

o
4 

Spinel XRD 2378 

MgO Periclase XRD 3075 

Ng2Si04 Forsterite XRD 2:1.63 

CaNgSio4 
Montecellite XRD 1923 

-116-

FROM HEAT 202 

Distance from 

0.4 1.4 

52.2 38.4 

1.7 .3.1 

0.9 1.9 

36.6 45.6 

7.7 10.7 

0.02 0.3 

65 55 

20 35 

15 

10 

To,e of Matrix 

4.1 

17.7 

. 3.6 

·1.4 

47.1 

30.0 

.0. 03 

40 

40 

5 

(rn) 

I 
. I 

• 



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

Oxide Method Sliding Gate (T) 
.Valve BOdl£ Follower · Lower Lower Gate Upper Follower Gate 

Ring Throat T):lroat Cavity Throat Upper Lower Upper Lower Throat Lining (T) Lining (T) Deposits Lining (N) Surface Suxface Surface Sur,face (Inner (Inner (Interior) . (Inner Surface) Su::-face) surface) 

Wet 3G.9 49.2 39.3 43.1 58.5 30.7 61.9 64.1 38.4 
. 11'1203 

:Wet· 5.5 4.2 2.0 4.2 0.8 6.0 o.e 0.8 2.7 
CaO 

Wet ... 6 5.4 3.3 3.4 0.3 4.1 2.7 0.3 4.6 
Fe2o

3 

Wet 21:-.5 11.0 20.9 25.0 37.6* 29.8 32.3* . 33.2 33.8 
,MqO 

Wet . c .3 :0.4 0.15 0.4 N.D. 0.4 N.D. N.D. 0.3 
P205 

1-' 

. Wet 23.4 21.9 7.8 15.6 o.7 23.8. 0.6 0.6 11.6 
1-' :si0 2 ...... 
I 

](20 Flame· 8.9 7.) 15.0 8.0 2.1 5.3 i.7 1.0 5.3 

HgA1
2
o

4 Spinel XRD 15: 35 15 40 70 30 80 80 30 
.HqO Periclase XRD. 15 10 30 30 30 5 10 20 7 
KAts

1
o

4 <al!!:ilite XRD 20 15 10 10 

Mg2Si04 :o-orsteritc XRD 15 

CaHqS!o4 ftontecellite XRD 30 15 20 
K

2
so

4 Arcanite .XRD 15 

• , By Difference 

T, Taylor Spinel 

N, Norton Spinel 



.. Time Period,. 
'. :·· . · ... · ... ~ -~ ! . • ... ·:.. •. . ...... 

0-~ 
:' ·"":t. ~ 

min. 
,'r•• 

4-9 ·min'.'· · ··· 

7-1:2 min: 

6-12 

0-12 

. ,.., 
min: 

. ""/":"'. 
min.· 

.. ·" .. ,, :; 

' . .,..'\. 

I • ,,.• 

'·• I' : . ~ ' 

. ·.·:· 

TABLE 14 

Calculated Avg., 
from wt. ,

1
=
4

·· · · 
0;25 e-t 

• 143% 

~- ~129%·:.~ 

' :. 052% :! . . .. 

.025% 

.029% 

• 07~% 

.·· ..• .079% . 

;' ...... , .. ! : 

~ .: . 

I • I . 

-118-

. Measured 
Wt % 

f'; 

.148% 

.123% 

.048% 

.026% 

.029% 

.050% 

.053% 

; '• 

,. 
• , I' . 

.. ' 

. .. 



TAB+-E 15 
·, ? 

... · ... .. DESCRI.PTION 0~ EXAMPL~. DIRECTLY-FIRED 
.\ .:· .. :. . . . . . . .. ~ ,.. .. . 

HTAH FOR 1000 MWe PLANT 

Item 

Flow in 

Flow Out 

T. _l.n 

T out 

p 

Vessels 

-~. ·. 

Flow Duration 

Heat Duty 

Bed Diamater 

Bed Height 

Thermal Stress 

Hole Size/Web 

P/DP Units 

Inlet Valve Diameter 

Outlet Valve Diameter 

Heat Loss 

~.,;. ~· 
. . ~ ... i ... ; .... , . 

MHo· Gas .-~· ·.·. . .. 
. •· 

(1'844f·''~ ... · .. ,.· ' 836" '683 

849 (1872); .. · .. 670 
_..· ... , j'•-

1978 (3iOO),, ·· ... 
. .. ~ .00> ·.~ .. ~ 

919 

1326 (1926) .. 1788 

869 (126) 7· 108 

4.5 (0.65) :" ,,., 17.2 

20 8 

2000 800 

706 (6. 7 X 105 ) 

4.3 (14) 

6~7 (22) 

25.5 (3700) 

25/14 (1.0/0.55) 

2 

2.2 (86) o.8 

1.8 (72) 1.1 

6 

-119-

Air 

(1506) 

(1478) 

(1200) 

(2748) 

(15.6) 

(2. 5) 

(31) 

(42) 

.. _;, ., . 

Units 

kg/sec (lbm/sec) 
_('.(:.\: .~'···''; . 

K (F) 
,, ~- . . . ~ •. 

K (F) .:· .. .. .. . ' .. 
kPa (psi) 

• J " ~. ~· "· • 

kPa (psid) 
··~ .. . .. 

Heaters 
..... ~ .l ~-· . 

Seconds .. ~· .. r ~~·., 

MW (Btu/sec) 

m (ft) 

m (ft) 

MPa (psi) 

mm (inches) 

Vessels 

m (inches) 

m (inches) 

Percent 



.· .. 

HTAH . ~.. . ~ 

Co onent 

Heater Vessels 
{Including ~~trix) 

Manifolds 

Support Structure 

Other 

TABLE. 16 

HTAH Cost .Comparisons for 
Various Insulation Schemes 

Insulation Scheme 

Lowest 
.Risk 
Brick 

.44 

~31 

.08 

.17 

Highe·r. 
Risk 
Brick .Monolithic 

.35 .31 

.14 .09 

.05 .05 

.16 .16 

Combined 
Brick/ 
Cas table 

.39 

;.16 

·• 0 7 

• l 7· 

Total Reiative Cst. 1.00 .70 .61 .79 

4-Layer· 
Insulation 
{Ref. 4) 

.42 

~25 

.06 

.17 

.90 

Does not include collector manifold{s) from radiant boiler 

-120-



HTAH 
Component 

TABLE 17 

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

• I ' 

.. 
Large·-· Small 
Manife.ld· ·Manifold 

" System . System 

- .. 

Heater Vessels 0.44 0.44 
(Including Matrix) I' o • o < 

Manifolds 0.31 o. 23 

·support Structure 0.08 0. 07 .. 

Other 

Total 

0.17 0.17 

1.00 0.91 

oo·es ·not ·include collector manifolds ( s) from 
radiant boiler 
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TABLE 18 

<;Y(;LE EvENTS FOR E~+..E HTAH - !ND~V~DU~ HEATER 

~4-pnj,ng [)elt~ Time, 
J::vent .. Tim~~ ·?ec;. s~cc;mds 

"On Air" 0 BOO 
.. 

Air Valv~ Fu:).l Open 7 
. . 

7 /14 

Air Valv~ Starts to Close BOO 
' 
I 14 

Air Valve· Closed 814 

Depressurization Valve 
Starts to Open Bl4 6 

'. De~r~ss~~i~ation Valv~ 
Full Op~n B~Q ~~ 

Depressurization Valve· 
S1;~;rts to c;lose BBl ·6 

Dep~~ssurizat~on V&:).ve 
Full Clo~~q B87 0 

Ga~ Valve Star-ts tp Open ~81 13 /4q 

"On Gas'l 900 2009 

Ga~ Valve Full OJ?en 91;3 13 /22 

Gas Valve $ta;r:ts to Close 2900 26 

Gas Valve Full Closed 2926 0 

:P.:r:essu:r.::ization .. ···-· . . Valve 
S~art~ to Op~n 2926 6 

Pfessl.p:~zat,ion Valve 
Full Qpen ' :~: 

2~3.2 55 

PreSS\Jfization Valve 
Starts to Close ~91?,7 ~ I.·. • 

Press~:rization Va+ve 
ful~ c;+.a!?e9-· 299~ Q 

~i~ Valve Start!? to Open 299.~ i /l.4 
~·on l\ir" - Enq of Cyc+e 3000 Q 
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Table 19 

BASIS OF AIR HEATER UNAVAILABILITY DUE TO VJ..LVE::FAILURES • . •. #.. . -.. . -

{Extracted from Reference-e) 

A.· Failure Rate AssW!l-.>tions 

• Steel Industry Experience 

.Quoted life of blast valves.,.·: 1 - 5. years 

.Average. duty = 6000 cycles/year· 

Geometric mean life = Is "" 2.2 years or 13,400 cyctes 

• Separately-~ired Heater Assumptions 

.. J:.ssumed mean life = 2.2 r.e<tr~ '7 ),.3,400 cycles 

Expect~d ~uty = 8760 (0.7~) ~ ~,5,70 cycles/ope~ating year 

Mean life m :;:: 13400/6570 = ~. 0 o·per~ting years 

AV = 1/m = 0.5 failure/year 

Module failure rate = 6AV = 3. 0/'years · 

Range·= -1 1 - 5 year 

Direct-Fired Heater Assumptions 

Assume£3, "environmental s~verity fq.ctor" (recuction in life) = 2 

Mean vatve life m = 1.0 operating· years 

~V = 1.0/year failures/year 

Module failure rate ~ 6~V 

-1 Range = 2 ~ 10 year 

6.0 failures/year 
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TABLE 2o·-

ESTIMATED VALVE FAILERE RATES FOR SEPARATELY-FIRED HTAH 

FAILUF..E R.~TE, YR-l 

VALVE REF _5 CURRENT· 

Gas Inlet .5 .22 .. 
. '· 

.il Air· Outlet .5 

Gas·out1et .5 .11 

Depressurization ,5 .11 

Air Inlet ·• 5 .07 

Pressurization .5 I .07 

Total For 1 A 3 
-1 A 0.69 

'-1' = yr = yr 
Heater 
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TABLE 21 

DETAIL OF EVENTS FOR 

Event 

Air Valve starts to open 
- HTR A 

Number 
of 

Heaters 
On Air 

4.0 

EXAMPLE HTAH - 15 HTR GROUP :U/2 FLOW) 

Number 
.of 

Heaters 
·· On Gas 

10.0 

Time, sec •. 

-7.0 
Start of Air Valve 
Overlap 

Air Valve 1/4 Ope·n 
- HTR A 4.25 . 10.0 -3.5 

HTR A Air Valve 1/2 Open 

HTR B Air Valve starts 
to Close 

HTR A Air Valve 3/4 Open 

HTR B Air Valve 1/4 Closed · 

HTR A Air Valve FullOpen 

HTR B Air Valve 1/2 Closed 

HTR B Air Valve 3/4 Closed 

HTR B Air Valve Full Closed 

HTR B Depress. Valve Opens 

4.5 

4.5 

4.5 

4.25 

4.0 

4.0 

HTR B Depress. Valve Full Open 4.0 

HTR B Depress. Valve Closes 4.0 

HTR B Depress. Valve Closed 4.0 

HTR B Gas Valve Opens 

HTR B Gas Valve 1/4 Open 4.0 

HTR C Gas Valve Closes 

HTR B Gas Valve 1/2 Open 4.0 

HTR c Gas Valve 1/4 Closed 

HTR B Gas Valve 3/4 Open 4.0 

10~0 0.0 

10.0 3~5 

10.0 . . 7. 0 

10.0 10~5 

],0.0 14.0 

10.0 14.0 

10.0 20.0 

10.0 81.0 

10.0 87.0 

10.0 87.0 

10.25 93.5 

1o.so· 100.0 

. 10 ~so . 106. 5 

-125-

End of Press/Valvin9 
.Sequence - HTR A 

:start ·of Depress/Valving 
Sequence - HTR B 

End of Air Valve Overlap 

Start of HTR B Depress. 

End of HTR B. Depres~. 

Start of Gas Valve Overlap 

Start of Press/Valving 
Sequence - HTR.C 

End of Depress/Valving 
Sequence - HTR B 



TABLE 21 (Continued),, 

DETAIL OF EVENTS ~FOR . EXAMPLE. HTAH ·. - ~iS HTR GROUP {l/2 FLOW) 

Event • '.'! 

HTR C Gas Valve 1/2 Closed 

HTR B Gas Valve Full. Open 

HTR C Gas Valve 3/4 Closed 

HTR C Gas Valve Full Closed 

HTR C Press. Valve Opens 

HTR C Press. Valve Full Open 

HTR C Press. Valve Closes 

HTR C Press. Valve .Closed 

HTR C Air Valve Opens 

HTR'C Air Valve l/4 Open 

HTR D Air Valve Closes 

HTR C Air Valve 1/2 Open 

HTR D Air Valve 1/4 Closed 

HTR C Air Valve 3/4 Open 

HTR D Air Valve l/2 Closed 

HTR C Air Valve Closes 

HTR D Air Valve 3/4 Closed 

HTR D Air Valve Closed 

Number 
of 

Number 
of 

Heaters .. Heaters. 
on Ai:r; . ... .on q.~,s~., <' 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.25 

4.5 

4.5 

4.5 

4.25 

4.0 

10.4. 

10.25 

10.0 
··-:; 

10.0 

10.0 

10.0 

10.0 

10~0 

10.0 

10.0 

10.0 

10.0 

10.0 

(Sequence repeats through 15 heaters.) 
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Time, sec •. 

113.0 

119.5 

126.0 

126.0 

132.0 

187.0 

193.0 

193.0 

196.5 

200.0 

203.5 

. 207.0 

210.5 

214 

·i'·· .. 

•, 
End of Gas Valve OVerlap 

Start ~f HTR c Press. 

End 6f HTR c Press. 

Start 'o'f Air Valve Overlap 

Start of Depress/Valving 
Sequence - HTR D 

End of Press/Valving 
SequenGe - HTR C 

End of Gas Valve Overlap 



TABLE 22 . -

SUMMARY OF TOTAL. ·CYCLE- FOR 30 HTR CONFIGURATION"·- EXAMPLE HTAH 

FOR 1000 MW PLANT . e 

Time, sec 

0.0 

3.5 

6.5 

7.0 ., I 

10.5 

13.0 
... 14.-.0 

;. . 19 • .5 

20.0 

26 

32 

81 

87 

9'3. 0 

.93. 5 
'" 

'96 .. 5 

100.0 

Nlln\l;>e:r of··. 
Heaters on Air 

~ . .. ... ... 

8.5 

8.5 

.8·. 5 

8.5 

8__.25 
' '· 

8.0 

8.0 

8.0 

8. o· 
8.0 

a.o 
8.0 

8.0 

8.25 

8.5 

-127-

Number of 
Heaters on Gas 

·., .. . . ~ ~ . 
20.5 

:> ' .. 20.5 

20.5 

.·. 20.5 

20.5 

20.5 

20.25 

. 20.0 

20.0 

20.0 

20.0 

20.25 

20'-.5 



TABLE· 23 

Outlet Fluid Temperature Variation and Maximum 
Bottom of Matrix Solid Temperatures fro~ SCAMP 

Computer C_ode ~\ID,S 

- . Range of Individual 

Large 
Manifolds 

Small 
Manifolds 

small Manifolds 
with control by 
Air/Gas Phase 
Duration 

Total variation· Total variation Heater Maximum 
in Outlet A~r · in Outlet Gas Bottom o~ Matrix 
Temperature Temperature Solid Temperature 

K (F) K (F) K (F) 
-. 

24 (44) .16 (29) . 1336-1393 
(1944-2047) 

50 (90) 31 (56) 1279-1446 
(1843-2143) 

51. . (92): 21 (38) 1379-1451 
(2023-2152) 

*Maxi~um Bottom of.Matrix Temperature of at least 
1400 K (2060 F) is desired for each individual 

. peater to promote ·effective- seed/slag drainage 

-128-

* 



Mains Gas-In 

Gas-Out 

Air-In 

Air-Out 

Manifolds Gas-In 

Gas-Out 

Air-In 

Air-Out 

Ducts . Gas-In.· 

Gas-Out 

Air-In 

Air-Out. 

TABLE 24 MAJOR FACILITY PIPING 

Equivalent 
O.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. o.-s. 8 (10-19j 

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) 

,, 

Cross-Sectional 
Shape 

Double Arch 

Double Arch 

Round 

R<:>~nd/Ca tenar:(,: 

· Catenary 

Catenary 

:Round 

Rowid . 

Round 

Round 

Round 

Round. 

.-129-

Max. Opera tin~ 
Pressure, kPa (psia) 

110 (i6} 

110 (16) 

869 (126) 

869 (126} 

110 (:1.6) 

110. (16} 

869 (126) 

869 (126) 

110 (16), 
" 

110 (16) .!" 

869 (126) ~-

869 (126) 

1··' 

{ \ 



TABLE 25. EXPANSION JOINT REQliiREMENTS. 

No. Req'd Location Type 

Main Gas-In 2 Between Heater Rows ·Flexspan-Series 500 
'(12 in. face-t'o- face•) 

Main Gas-out 2 Be.tween Heater Rows Flexspan-Ser.ies 500· 
(12' in. face-to-face) 

I 30 Valve & .G·as- Met.:il .... Duct Gas-Out Between 
w Manifold (12 Convolutions)' 0 Out 
I 

. Duct Air-In 30 Between- Valve & Air- Metal 
In-Manifold U6. Convolutions) 

* Expansion Jo.int Limj,t 

Axial _Mc~:v.ement* 
. , - mm • (':i:rr)< 

89 (3. 5) 

89· {3'. 5) 

.. 

136.4 (5.37) 

~, ' 
,.,, . ... ~ . ~ 

72.1 (2. 84) 

Lateral Movement* 
; " ~ (in")·.: . 

64 (2.5), 

6'4 (-2. 5) 

10.7 (0.42) 

8.1 (0. 32). 



Reheat. G.:1s Flow 

Air/oxidize~ Flow 
I 

Gas Inle-: Temp ...... 
w ...... 
I Gas Outlet TemF. 

Air/Oxidizer Inlet Temp. 

.Air/Oxidizer Outlet Temp 

Total ·Nwtber 9f Hea.ters 

Heaters an Gas 

Heater.s on Air/Oxidizer 

Heat Duty 

Bed Diameter 

Bed Height 

TABLE 26. 

Comparison of Alternative Heater Concepts 
.for 600 MWe Plant 

Refere.nce Up flow 
HTAH ITAH HTAH 1 

504 (1112) 504 . (1112) 504 (1112) 

'408· (900)· 408 (900) 408 (900) 

1972· (3089) 1289 (1860) 1700 (2600·) 

1349 (1~69) 8.40 (1053) 1034 (140=1) 

922' (120'0) . 589 (600) 589 (600) 
·,' .·. 

178.8' (2758) 1200 (1700) 1508 (2255) 

16 .6 16 

11 4 11 

4 1 4 

422 {14.4~) 279 (953) 431 (14.73). 

4". 4 (14.6) 7.5 (24.5) 4.3 (14.0) 

6.5 (21.4) 8.1. (26.7) 6.8 (22.2) 

Up flow:. 
HTAH 2 . Units 

504 (1112) kg/sec (lbm/sec) 

408. ·, (900) kg/se·c (lbm/sec) 

1589 (2400). K (F) 

9.92 (1327). K (F) 

589 (,600) K (F) 

1411 (2080) K (F). 

16 

11· 

4 

383. ''ll'3h~> MW ·':J: ':r(~o6 Btu/hr) 
· : ..; I .. t ;~ 7 . . ' ·: i' "l ~ ·• :· ... ·. . ~. 

4. 2" (13.8) m (ft) 

6.8 (22. 2') m (ft) 
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' ' TABLE 27 

RELATIVE COSTS OF ALTE::lliATIVE HEATER 

~ 

Heater Vessels 
{Including Matrix) 

Manifolds 

Support Structure 

Valves 

Other 

Total Relative Cost 

CONCEPTS. FOR 600 

':1." 

Reference 
HTAH 

0.45 

0.26 '. 

0.07 

0.17 . 

0.05 

1.00 

-132-

M"1'1e PLANT 

Up flow 
ITAH·· HTAH 1 

0.14 0.38::. 

0.06 0.14 .. 

0.04 0.16' 

0.06 0.05 . 

0.03 o.o4> 

0.33 0. 78. 

Up flow 
HTAH 2 

, . 0.37 .. 

-: 0.10 "·' 

0.16 

0.05 
,n' 

0.04 

0. 72 



Item 

Reheat Gas Flow 
I 

Air .... Flow w 
w 
I Gas Inlet Temperature 

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 · 

Inte2rated ITAH/HTAH 

Reference ITAH · HTAH 
HTAH Section Section 

504 (1112) 400 (882) 365 (805) 

408 (900) 408 (.900) 408 (900) 

1972 (3089) 1366 (1998) 1978 (3100) 

1349 (1969) 734 (862) 1366 (1998) 

922 (1200) 589 (600) 1172 (1650) 

1788 (2758) 1172 (1650) 1778 (2740) 

16 5 15 

4.4 (14. 6) 8.1 (26.6). 4.4 (14.3) 

6.5 (21.4) 10.4 (34. O) ,, 7. 7 (25. 4) 

1.0 1.19 0.38 

(1. 57 for Integrated System) 

Units 

kg/sec (lbm/sec) 

kg/sec (lbm/sec) 

K (F) 

K (F) 

K (F) 

K (F) 

m (ft} 

m (ft) 



No. 

Type of Valve 

Gas Inlet 15 
I ..... Gas Outlet 15 w 
~ 
I 

Air Inlet 15 

Air Outlet, 15 

Pressurization 15 

··oepressuriza tion 15 

TOTAL 90 

TABLE 29 

. Valves ·Required for Integrated 
ITAH/HTAH Syste~ for 600 MW~ Plant :. 

' 

ITAH Only HTAH Only 

Temperature No. · Temperature: 

K (F) K (F) 
.. -.· ~ ·~~·. --~~ ,; "' 

1978 (3100): 5 1283 (1850): 
-

1367 (2000) 5 . 733 (860'); 

1172 (1650) 5 589 (600) 

1778 (2740) . 5 1172 (165pl· 

1172 (1650) 5 589 (600) 

' 
1172 (1650) . .·:, 5 589 

.. 
(600)'. 

. 30 ·:. ~ 
. ~. 

,':._. 

Integrated ITAH/HTAH. 

No. :Temperature 

K. . (Fj 
. - " 

15 1978 (JlOO) 
... 

.. 5 733 >(860) .. ., ' ... 0 ·; . ' ' 5 589 (600) 

5 1778 (27~0) 

.. 
5. 589 (600) 

5 589 -.(600) 

40 . -
,- .. · 



r Stream 

TABLE 30 

E1ect~ica1·conductivity_of Air·streamwith 
-..... . . ! ~ 

va~ious ~eve1s of Potassium:c6ntamin~tion 
' 
i wt% 

,., 
-·~ ..... K '" -' ' . - .. . ' . ' ' : • 1 

0.01% ' 0~1% Ai 
T< em'Perature 0.001% 

. 
1J a e .146 1J /"" 

~ 
.146 1J - .• 138 e . 

1550 K 7.88 X: 1014 I . 15 
7.78 x io15 n .. ne '!"' 2.43 x/10 ne .. 

e 
•, ... -5. . .. -5 .. ... . ' 4 a a 1.84 X 10 ·(1 .. 5.68 X 10 . a a 1.72 X 10 

"• .. 
.151 " .150 

., ' 
l.Je •: : .• 145 1J • 1J - .. e e -

1700 K 5.62 ~ 1015 1.76 X 1016 I ' 16 
n • ne • ne •. 5~65 x 10;, e 

a"" 
: . -4 

1.36 X 1() a- 4.24 x.10 
-4 ·· .. :. .;;.3 

a • 1.31 x 10· 

J,i a .156 1J' - .155 1J • .152 e e e 

1850 K ne .. 3.i4 X 1016 
ne a 9.90 X 1016. ne • 3.17 X 1017 

a- -4 7.84 X 10. a- 2.46 X 10 -3 7.72 X 10-3 
- a-

1J • .162 l.J'. .161 1J • .156 e e e 

2000 K ne • 1.40 x. 1017 
ne -4.43 X 1017 

ne • 1~42 X 101~. 

a. . -3 
3.64 X 10 a- 1.14 X 10 -2 a. 3.54 X 10-2 

Pressure • 10 atm 

Max. wt % K in sas: 

1550 K 

0.0078% 

1700 K 

0.050% 

Interpolated values for maximum a at each temperature: 

1850 K 

0.23%· 

) . .1550 K 

s.o3 ~ 1o-5 

1700 K · 1850 K 

Max. a • 
. -4 2 

9.33 X 10 1.13 X 10-

NOTEs E1ectr. ic4l mob.ility i 2 · 1Je n m /weber 
Number dendty De in r3 
Electrical conductivity a ia mh~/m 

-us-

1.0% 

ll • . e .104 

ne '!I 2.91 X 1016 

a· .. 4.85 X 10-4 

1J .. e .1U 

ne • 2.13 x 10 
17 

a- 3.79 x'10-3 

: 

1J • .117 e 

ne • 1~19 X 1018 

. a • 2.22 X 10-2 

1J -e . ~123 

ne -5.22 X 1018 

a • 1.03 x 10 

Stream Saturated 
with K2S04 

2000 It 

0.77i 

2000 It 

9~12 x u;-2 

-1 
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FLUIDYNE ENGINEERING CORPORATION 

r ,,,,., .... . ... ,. 
. ~·:: . 

.. ~~ 

FIGURE l 1-10LD FOR CASTING H.~TRIX SUPPORT FOR HTF 
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FLUIDYNE ENGINEERING CORPORATION 

FIGURE 3 MATRIX SUPPORT BRICK BEING I NSTALLED IN MTF 
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Pristine Samples (420 hrs - MTF Heat 201) 

A -
<>-
0 -
0 -
o-
v-

400 

1573 K (2371 F) 4t - 1773 K (2731 F) 

1623 K (2461 F) 

1673 K (2551 F) 

1773 K (2731 F) 

1823 K (2821 F) 

1923 K (3001 F) 

Plotted 

600 800 1000 1200 1400 1600 1800 
Stress 

FIGURE 4. STEADY STATE CREEP RATE OF CORHART X-317 
(DATA FROM MONTANA TECH MEASUREMENTS) 

2000 2400 (psi) 
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1 3 
0 ..... ....... 

1 

Exposed Sample 
Pristine Samples (420 hrs - MTF Heat 201) 

A- 1573 K (2371 F) • - 1773 K (2731 F) 

<>- 1623 K 

0- 1673 K 

0- 1773 K 

0- 1823 K 

v- 1923 K 

( 2461 F) 

( 2551 F) 

(2731 F) 

(2821 F) 

(3001 F) 

Allowable 
Rate for 10% 
Deformation 
75,000 hrs 

\ 
~-~-~-- ----=~-

,_1_ - - - - -- -
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0~-e~~~._--------~------~~_.------~----------
0 2 3 4 5 (MPa) 

0 100 200 300 400 
Stress 

500 600 700 (psi) 

FIGURE 5. STEADY STATE CREEP R.~T:C: OF CORHART X-317 COMPARED 
WITH ALLOWABLE CREEP R.Z.TES OVER LIFE OF HTAH 
MATERIALS (DATA FRQ.!o~ MONTANA TECH MEASUREMENTS) 
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FIGURE 6 . CYCLI C TENPERATURE AND STRESS FOR THERMAL STRESS 
CYCLING EXPERIMENT 
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Figure 7. 

Unreacted interior of LS812 - 72X 

Figure B. 

Hot face of LS812 from Valve Test 3 
-143-
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Figure 9 

Hot face of LS812 from Valve Test 3 
Showing Penetration Solution or Refractory 
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( E.t·~~,, ,:.,rc,.) 
MgO·Sr~ 

WEIGHT 'f. 

60 

Fi.gure 10. Phase Diagram for the System MgO-Al20J-Si02 
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MAIN BURNER 

INSULATING FIREBRICK 

ALUMINA INSULATING CASTABLE 

~ RFG HOT LINER 

~ X-317 HOT LINER 

TO SPRA QUENCH 

• . , .. 
• • • • • • • • • • • • 

FIGURE 11. MTF HOT GAS SUPPLY DUCT CONFIGURATION 

TO MATRIX 
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MATRIX SUPPORT TEST FACILITY CONCEPT WITH HYDRAULIC LOAD 
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