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Allied-Signal Aerospace Company &£ O DF K
Allied-Signal Aerospace Cbmpany

Garrelt Fluld Systems Divislon llied
1300 W. Warner Rd. Signal

P.0. Box 22200

Tampe, AZ 85285-2200
(6502) 893-5000

Talex: 187125 FSD TMPE
Facsimile: (602) 893-5123

May 5, 1992

Refer To:
S:DEC:0106:0580592

Dr. Akira Otsubo

Frontier Technology Section

Technology Development Division

O-arai Engineering Center

Power Reactor & Nuclear Fuel Development Corp.
4002 Narita-cho

Qarai-machi, Higashi-lbaraki-gun

Ibaraki-ken, Japan

Dear Dr. Otsubo:
Subiject: DEEP SEA RESEARCH FAST REACTOR PROGRAM

We appreciate the opportunity to review your technical summary "High Temperature
Fast Reactor System for Deep Sea Research" and are very pleased to respond to your
request for pricing on a Closed Brayton Cycie conversion system. In our review of

~ your technical summary we developed some detailed comments regarding ‘
thermodynamic cycle, working fluid, and the use of two conversion systems. Our
comments are presented to you in the attached white paper.

We are very interested in the concept you are proposing and in the use of a Closed
Brayton Cycle conversion system. Our goal is to provide the best possible design at
the best price to support your concept. As you can see from the comments on the
thermodynamic cycle, we want to ensure that the Closed Brayton Cycle system
provides the optimum performance and we are suggesting another possible set of
operating parameters for the Closed Brayton Cycle. We are interested in working
further with you on the concept and would be honored to work on developing the
conversion system operating parameters in support of your paper and proposal.

To address your main question on the cost of supplying a Closed Brayton Cycle gas
turbine for this application, we would of course need to better understand exactly what
equipment you wish us to furnish and what the applicabie program requirements will
be for the equipment (i.e., performance, size, weight, interfaces with other equipment, -

_...50_



PNC PNSGOO 93— 007

Dr. Akira Otsubo S:DEC:0106:050592
Power Reactor & Nuclear Fuel Development Corp. Page 2 .

environment, life, reliability, safety, etc.). Lacking these details, the cost can be
addressed only in the broadest terms. We will assume for now that you wish us to
supply the turboalternator, its associated speed/output control, and the recuperator;
there are many other components in the system that we could supply and would be
interested in discussing. Given this set of assumptions and assuming program
requirements similar to ones on previous programs a development program would be
estimated to be between $10M and $50M. This estimate is based on past program
experience and a major cost driver will be the aerodynamic component design and
development, particularly that of the compressor. If previously characterized
components can be- adapted without significant compromise, significant savings can
be realized. This appears to be the case for your system, in view of our extensive
prior experience on the 10 kW BRU. The price for delivery of two (2) units of
hardware will be $1M to $2M. The pricing for the development effort and the two
deliverable units is Rough Order of Magnitude in 1992 dollars. .

We apologize for the wide rangs of pricing provided but there are a lot of variables
which could affect a specific price. We do want to work with you to resclve these
variables, and to provide you with a well designed, cost effective, Closed Brayton
Cycle design. We trust this information will satisfy your immediate need and ook
forward to additional dialogue in the near future. If you have any questions or need
additional information please feel free to contact either our iocal representative, Mr.
Tom Mitchell at (03)3767-8551 or myself at (602)893-4421.

il i

awd E. Conrad
Product Line Sales Manager
Missiles, Space & Undersea

BesY Regards,

/mj
cc:  Tom Mitchell, ASASCO Tokyo
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ATTACHMENT: Discussion of

"High Temperature Fast Reactor System for Deep Sea Research"

Thermodynamic Design

The following temperatures are given in the paper:

Temperature T,°C T.°F
Compressor Inlet (Cooler Qutlet) ~ B3.0 127.2
Compressor Outlet 188.5 371.3
Recuperator Hi Oout (Heat Ex Inlet) 340.0 643.8
Turbine Inlet 535.0 994.8
Turbine Outlet 368.4 694.9
Recuperator Lo Out (Cooler Inlet) 217.0 422 .4

Using these numbers we "back calculated" the CBC system
parameters summarized in the following table:

CBC Thermodynamic Design

Temperatures, F Other Parameters
*comp in 127.2 *beta, % 93.5
comp out 371.1 *recup eff,% 84.5
recup hi out 644.6 *bleed, % .01
*turb in 994.8 *comp eff, % 80
turbh out 694.8 *turb eff, % g0
bleed out 371.1 *brg/sl pwr, kW 0
recup lo in 694.8 *frac abs,% 80
recup lo out 421.3 *pres ratio 2.05
*mol wt,#/mol 65
*output, kw 10

comp flo,#/s 1.876

turb flo,#/s 1.876

heat in,kWw 62.58

cyc eff,% 15,97
* = specified inputs

As you can see, the temperature values match the ones given in
the technical summary quite well, although slightly different
values of the "specified inputs" would do the same. The
molecular weight assumed for the -gas is discussed
subsequently. The low system efficiency is due primarily to
the modest value of the turbine inlet temperature and the high
value of the compressor inlet temperature. For the case
shown, 52.58 kWt must be rejected. Using an average h of 100
Btu/hr-ft?-°F on the seawater side (Perry's handbook), an
overall U of 26 Btu/hr-~ft?-°F ywas computed (including the 7 cm
wall mentioned in the paper, titanium material assumed). For
the 8.7 m? (93.6 ft?) of heat exchanger area quoted in the
paper, a AT of 73.7°F was computed which agrees well with the

Yalue listed above, since the sea water temperature at depth
is around 5Q°F.

At this level of performance, we would be concerned that the

system feasibility wmight be challenged. For example, a
Rankine (steam) conversion system operated at this temperature
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would show a significantly higher efficiency, and power
systems of this type have been operated extensively.

Oour understanding of liquid-metal-cooled reactors suggests
that considerably higher operating temperatures are feasible
(1375°K=2015°F)'. The limiting factor is the interface heat
exchanger; superalloy materials are limited to 1500~1600°F for
long lifetimes, this allows turbine inlet temperatures (TIT)
in the range of 1400-~1500°F. The effect on the system
performance is illustrated in the table bkelow for a
conservative 1400°F TIT. Note that the recuperator
effectiveness has been upgraded to a value more consistent
with previously demonstrated systems. The lower heat
rejection results in the lower compressor inlet temperature
shown (with the U given above, the 8.7 m® of heat exchanger
area yields a AT of 26°F).

CBC Thermodynamic Design
Temperatures, F Other Parameters

*comp in 76 *beta; % 94
comp out 298.6 *recup eff,% 94
recup hi out 960.2 *bleed, % 2

*turb in 1400 *comp eff,% 80
turbk out 1013.7 *turb eff, % 90
bleed out 450.7 *brg/sl pwr,kW .25
recup lo in 1002.4 *frac abs,% 80
recup lo out 354.1 *pres ratio 2.05

*mol wt,#/mol 490

*output, kw io
comp flo,#/s .502
turb flo,#/s .492
heat in,kW 28.34
cyc eff,% 35.28

* = gpecified inputs

We believe this cycle is fully attainable and recommend it for
your consideration.

CBC molecular weight

The 60%He/40%Xe mentioned in the paper summary can be
interpreted as follows:
60/40 by weight -> 54.9 gm/gm-mole

ﬁave_
ave

4.
60/40 by volume -> 6.5 gm/gm-mole

Which interpretation is correct? In the past, we have usually
?r?ed to pick (as a nominal)} one of the noble gases so that
1pltial testing could be done at lower cost. For this systemn,
elther argon {(mw=40). or krypton (mw=83.8) could be considered.

Use of two turbomachines
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If the plan is to run two 5 kKW engine continuously to achieve
10 kW output, this is less reliable than use of a single
engine (more critical failure modes). Also, the issue of
control for equal load sharing must be dealt with. If greater
reliability is needed than a single CBC can provide, two 10 kW
units could be considered, either operated in parallel or with
one in reserve. Failure detection and switching criteria are
issues for such an approach. Note that use of a single CBC
would allow significant space savings (a 3 to 4 ft dia by 8 to
10 ft length cylindrical pressure vessel could be used with
substantial weight savings).

In any case, the reliability issue should be attagked at the
system level. Are data available to show that the EM pump has
a sufficiently high reliability that circulation of the ligquid
metal coolant is not an especially critical issue?

Is an alternate concept of any interest?

During the last few years, many power system studies have been
done wherein the CBC was powered by gas-cooled nuclear
reactors (GCR) employing a wide variety of fuel forms?., This
type of a system, where the working fluid flows through the
fuel form, solves two problems: 1) the CBC compressor is the
"gas circulator" for the entire loop, 'and 2) no heat source
heat exchanger with its temperature limit and pressure drop is
needed, the TIT can be essentially the same as the core
operating temperature. Such systems are being designed and
analyzed in France, Germany, and Great Britain as well as here
in the United States.

The following table illustrates the conceptual application of
the GCR to deep undersea power system. Helium is used as the
working f£fluid because of prior indications that the higher
molecular weight noble gases may have an adverse effect on the
core reactivity.

CBC Thermodynamic Design

Tenmperatures, F Other Parameters
*comp in 74 *bheta, % 94
comp out 295.8 *recup eff,% 94
recup hi out 1033.4 *bleed, % 2
*turb in 1500 *comp eff,% 80
- turb out 1092.9 *turb eff,% 90
bleed out 468.5 *brg/sl pwr,kW .25
recup lo in 1080.4 *frac abs,% 80
recup lo out 357.6 *pres ratio 2.05
*mol wt,#/mol 4
*output, kw 10

comp flo,#/s .044¢

turb flo,#/s .043

heat in,kWw 26.47

cyc eff,% 37.77
* = gpecified inputs
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FFILED8~4 8WeDREFHERNEESN, EFNICREIARNERTVS,

aBI L > TCHEBRLERRZB L0, FHOEFHBMIER [ #iF & L TPo-2102%
FHEN, CORITEHENN142kWi ke K&, DEOR [ iICk > TR
FEBLIILENTE, BMBROFEFHEMEESL I ENTESE, LML, Po-2100%REE
138, 3EEEVRDI, RFNEBHRFEASES LTRT->C L2EITT2ER
KRB ahic, £0%, SHMELLINPu-28BEXNZ LD, ZOR I IBEH
BAREFHBEROREL LTHEINE LT -1, BFICHBIN -FEHFEETHEM
IISNAP— 3BT, ZOHEIIPo-210%F 7-12Pu-2382E 0. 6mmDHERSUS —3 0
LICEH L7 v EL, SOTFT A 2MEIZES) 86mm DSUS—3 0 4 iIcFHEH
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AZh, HEREMHBESE (N FAU-B)hIREALTR IOy 7& Lk, 20T Oy
7 EBET VORI IERGSBEEIT 212, 10atn@HeF AR/ EN T B,
HREEFIpE L LTa%, nfBdE LTIZERMUPoTe THR SN, 2 THOMRE
HFVPBMT 0w 7OABIH > TRESN:Z, SNAP - IROARIZIZERIRT, O
WEE (SNAP-3B7)IZIBIE6HICTRANS I THEIZEHO T T B LiFohi,
HEEE CRFEHRAEBRELTT A VATHRAINEFHBENR L. 2I0RT.. &E,
FEHPEFRFHEMOM 4 KR ARECEGT 228FENEFESh, TV~ VOEEESE
BERAAVr—HEBRLD 1 0 0KELTAIENTERL I s, ZOBFIR, «
O ATEHAREBESG6 2, SWEtOT I b= LB (2P Pul,) "Ly F2EEM
BHRA — R o EEHICM LI b DT, LEMNEYE, GPHS (General Purpose Heat So
urce) Wb T 5,

fE4. 3IEGPHS% 2AE Y 2 — b LABEOREICCalRMSi-Ge &&DOEEE
Va—NESEV2—VEEBELABETHT()EARER2 - FOHRFE(D)TH
3, CORBEBRAEEEERTY VALIBOKERERARSh, FEBICLELE
BICISUTEREBR Iy MR LEABERTIAT IS EHNRESZE - v P TH 5,
REAE, TAVADT 2T F%ANE + AR=R&LV I M)y 712D 2 8 2We R
EEM I T G (Modular Isotopic Thermoelectric Generator) DF%iHIEkICL B &, ﬁ‘%
BEo-y PR 2EER, M8 2We (28V-10. DB BRERICT S &Ick5
T, BETHERLY%, HHEA10. 4We /legZ2BT0WE, £/, AEEEBA ) L AOD
BEIE, B4, 4IRTLIIS, GPHSHEFEEY 2~ 1 8B EOMM@EICSi-Ge BFEE
FF576 WEEL, 17729 4We (4 7H:ME, 25 0We), B3h3E6.7%, HHIIS.
3We . ke%i8 T3,

TOMIZ, P Pul 2 ME LT AMERRTGE L TEW e ITO/NBERESVHFE SN
TWwWa, ThoDhT, 232Py0, 150 ~180mg DEIR&Bi-TeRMRBEET Y 2 —LEHL
FNEIRES (EEUEEHEEOTE 30, 2~0. imWeDHArESH, HYE
BOELDTAVAPTS VATRIMER—ZAA—H—DOBRELT, AMFIIEDIAZH
TW3, COBHEOHFEMTZIVET, 19710FICT7 5 ATHHTHEDAT I THI S, 19745
FTIC465 AlcbZE L TW 5,

BOETIR, HLNERICEBIZTIRTZHERTSENE S - T, BERFHIHER
REHRFTHRES N, BESrTi0 45T 2R ORI HES Ti0 DHEE XL v
FElED PV —RERETHETL TV S,
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N#E4. 1 BFHEMAR 1 HE

R ERM e | omen (SRR | e | AR
Co-60 5.3 8.7 59Co(#, 1) 65  17.4 & B 14 B
Ac-227 21.2 |« By | #Ra(m )| — 150 |- AcyOs 104 rh
Th-228 1.91 | a7 | 2Ac(n,7)| 24 17.0 ThO, 1270 B
U-232 74 ar | ®Pa(n, )| 26 4.8 U0, 33 2
Pu-238 89 a Np(n,7)| 30  0.56 Pu0, 5.6 | &
Cm-244 | 18 an | 2Pu(m, )| 30 2.8 Cm;0s 26.4 | =
MFP® | meta B, F.P —_ = b4 or| —
Sr-90°, 28 B (5.77%) | 150  0.98 |SrTiO; SrF, 1.05| &
Cs-137% | 30 B,r | (6.15%) | 207  0.42 | %5 A,CsCl 0.24) &
Pm-1379 | 2.67 A (2.6%) | 2270  0.32 | Pmy04 1.9 =®

a) BABSBLERS b) HAULRDH» S

L00— €8 0008Nd ONd
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[#4. 2 KETH EFORFIE

FETIERF REBBME |f,vavEg BFEFER |[HAHIW] 3 plc)
S5UFTAV P —THRREES '
1 SNAP 3 Transitd-A 6/61 2.7 HERES
2 SNAP 3 Transit4-B 11/61 2.7 "
3 SNAFP 9A Transit5-BN-1 9/63 26.8 "
4 SNAPY9A Transit5-BN-2  12/63 26.8 ”
5 SNAP9A Transit5-BN-3 4/64 26.8 |1 RTERM, #HE
6 SNAP 19 Nimbus B-1 5/68 28.1 T EW R, BuEEIR
7 SNAP 19 Nimbus [ 4/69 28.1 BB ED
8 SNAP 27 Appolo-12 11/69 73.6 B EEE
9 SNAP 27 Appolo-13 4770 73.6 |BEEREAHK BEXBELF
’ ERET
10 SNAP 27 Appolo-14 1/71 73.6 |BHEwRERE
{1 SNAP 27 Appolo-15 7/71 73.6 o
12 SNAP 27 Appolo-16 4/72 73.6 "
13 SNAP 19 Pioneer F/10 3/72 40.7 KEYEETS
14 RTG Transit 9/72 | 35.6 |BUBEES
15 SNAP 27 Appolo-17 12/72 73.6 |AEEXE
16 SNAP 19 Pioneer-G/11 4/73 40.7 KELFBEXEETS
17 SNAP 19 Viking-1 8/75 42.7 | KECEE
18 SNAP 19 Viking-2 9/75 42.7 "
19 MHW?2) LES8/9 3/76 158 BN RED
20 MHW Voyager | 8/77 155 ARBLLEREHTS
21 MHW Voyager [ 9/77 155 AE, +EBEREFRL, XEE
LEEERRTHD
BETFF#RZBR(1EOHRT L)
22 SNAP10A | SNAPSHOT 4/3/65 | 500 BB RS

a) REBLERSUATA Y F—7HEOEHK (Multi-Hundred-Watt) OREF - T 5.
b) B, FEEwEM (1986418) L, BERLRTH.
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77 X3 75 =7 b
=N F
o]
=
R N %
] 90 SrTiOs
™ ST aRE: I
i |2 L RT
mer ) | G ET " R
#h : RI
EEM*}E\“'"\ ; e B
4
| Il

Rlds o774y v —7DRE
M 6.19 A bwyFy a-00(0SrTiOp %
#iE & T 5 RELE (SNAP-7B)

4. 2 S raxBuicEFE
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Tk =y h-038 H—HKEEY
(EEEEA0HT)

He Bk
(b) BEABEFT

M 620 $EMNFEAMRE= = b BEXRITFRETED

4. 3 FEFHEM= vy FRUREE
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HiE R E 4 #IEE ¥ 2 —IL(GPHS)
W%%ngjﬁ/ i /u/¢7ﬁﬁﬂﬁ
/ )

- \\ \\ o )-* T 1\
_ SEEGRIF) >~
%‘%’E%lﬁlm\giﬂ v \qng%xze‘/{%ﬁ,a

Bhi
TI Y HANER @’%‘L BEET
-6.21 AEEEEYY VAOBBICER TS 282W SR EEE

4. 4 KEJ"“%F&?‘J )] Vﬂ‘ﬁﬁﬁ?ﬁ’f’
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fI% 5 BIESBOBEIC OV TOEE

AIEYE DS OB E LTiE. Li. Na, NaK, Pb, HgEdhifonb,
LITEERSIRODVTHERFT 2T,

FTNaTHEM, Chidth EOBEOERFICBVWTHEBEN TV S, NaZrii
FOBEIE LTRWABSOMBERAIR., fF5. 1IERTEIICHEANIRCT, ZR
TEETHB I ETH B, > TEBFICBVWTHFEHFILBWTH, BHBFEIELA
BBEST2BAIE. BEON a2HEMT 2 0ENH 5, BEBMESINa I BEL
PRBREOVEAEESEPRELETVEICTILEND S, 5 ThhE, BREMFEEILE
FRENaREELEWE D ICBIRAFEEAET 2 4ENRH S, ILI&IF. Li. PbHK
WiZPbB i&2KK>VWTHEL 3,

PbobiIAVHETHERFHEBKEBECHEAINTVWELDTHS, PbidEEMICH L THESE
KREMENEY, JOL ) EEEE/RuMEIE., RFHEKED & 5 iIcERA RS
HEWEHEESNIEEENOBSICRIFERTETH. RiMkchIz» TERAT 2EME
PO R#EMRICER T RENE S hida o liv, PhOEEEEE LTIH Y ETIRMEMN
EH-2TOa5 LW, §0& IAKRKLTHLEY, COFAEMEOLDIC, o0
TEEABFHEBKEORBEENT-TEETHIE, BKAEMACEP b E2FEHTE S
ELThH, EEHRA 2 — 4 FRICE A FERAEMDIZSICIEIAETH S, HYVET
PoaEMEALAOIE, BEEZIHRE Uiz, BIBFE VA7 LAORBERR & L EFA1EK
BTha0Mc, NaK-—KRIGEBITHATPbEFEALIEEZ NS,

Hg k2O TRHBEVES BERETEELSORBRIGEHTH S, F£5. 1IKRTLD
KRN 1KETI 15 CEERBEONRETH 2, EBPOESE,. 2REN—TO—
FERARLTEYD, #-TCHERREAZTATETH 3., COFEEZLHEAT400°C
ERAL, BTFEHOBEEX4 00 CELTEBEAT VA P A 7 VOBSRETE LK
AT, WAABEVWHSERMEBESNTVWS, Na®PNaKEHWEEOHBHNROH
1/6S00WEE, ->THgZAWAESICE., BRNICREBEEIZH Kk We &/h X
TRIERNKES,

NaKicoWTid, EBETHETHD., Bolsid T8 5°CEEV, > TEBIRHE
LTRELEBN TV, THFEAOBAIKR., YAFLLD OHMRRENFBFOEE L
DEHRICTIHENSZOT, LiZFEHTIER LD S0, COESBEIICE~S
LIl | OBHEOMBEBRT 2 08N H B, JOBHIZ, Y AFLO—HIZN a K&
ALt — A TERAVBRAFEDERINTVWE,

PrEokdic, BEFELTRNaKFRHER TV S, FEARICRARTRENAK
ML RERERE LTIRL 1 2BV, & SRicB3EFAEBEEORWN a DR ICH
LT, BicNa—-SEilhe LTEREIhTHE 02 1o,

ITHEDHRBICEAOEBKAEROBAEFEILTENaKEFL LGN
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EVIHIBICHIEL T, PbAAVABEOBHEF Y A7 AOEERIC DLW THRETLTA
3, - |

H3. S5iImd20kWe YRAFLDBEICIE., BEMNaKOEEIEZ3I 1 2 ® TH
ADOT. BEREEEMES. |OEZFERLTROL IS,

(11. 3—-0. 9) £/kgx31£=322. 4kg

B13. TRUMSI. 9IRT MWL, 200 kWe AT LOEEIE., BIIFEEIL
0. 42m* YV THLOTERBIZIROLSIZHS,

(11. 3-0. 9) £/kgx4202=4, 368kg
- TID& S REEREE RAATEATEER 2R INIT. PbOEMLATHETSH 5.

BHIC1 95 0ERISKET. B e FEME LTHERALALN a gl F4a%
BAEE L CHBL BT ABKENBEINAEREE0T, I THEICEANTS
(14} .

EFFESIR Mark AEFENBLOT, fIE5. 2ITRT LS KEFHRK
ESeawo | fici#iahs, ME5. 1LBEFHEKESeawo | f 2T,

Seawo | [ REKRELDEGRBITbOl, Ll IOMCEIRESTKD
EEAREL. CORETEICEBOAENNELE N -7, JOSEETL TBKELE
#HLNautilushBERIATORA, Naut il us OMEEENIEEICEBNM -1
7o N a igEMRERIE &8 - ke, BURKETRIEFHEKEICREKFOANFEFREINT
W3,

DS eawo | f OERICEL->TEH., EFRPCETFIMEGLIES. FROK
HMN a #87KRICEHT 3 2 & bELATORS L, Na — KRS T 3BT ik
BORSEAIERT A1-H0D. Na—KkKEIERBNTHII D,
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M 5. 1 kS BOBMA - s« L\

&R ARC #HRC | ZRTOLE ke/l
Li 180 1, 336 0. 53 (s)
N a 98 883 0. 97 (s)
NaK —12. 6 785 0. 89 (1)
Hg |-39 357 13. 6 (1)
Pb 327 1, 755 | 11. 3 (s)
Bi 271 1, 420 9. 8 (s
(s) : @& (1) :#ix
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Table 2.

)5 J4E H

¢

a
&
IILEH

Navy Nuclear Propulsion Program in 1953

Water-Cooled Reactor

Sodium-Cooled Reactor

AEC Field Office
AEC Contractor

Land Prototype

Nuglear Submarine

Shipyard

Pittsburgh
Westinghouse
{Betlis Labaratory)

Submarine Thermat
Reactor {(STR) Mark |,
National Reactor
Testing Station,
ldaho

Nautilus SSN 571
STR Mark 11

Electric Boat
Division, Groton,
Connecticut

Schenectady

General Electric
(Knolls Atomic
Power Laboratory)

Submarine
intermediate Reactor
{SIR) Mark A, West
Milton, New York

Seawolf SSN 575
SIR Mark B

Electric Boat
Division, Groton,
Connecticut
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26. Preparations at 7:30 A.M., July 21,
1955, for a dual ceremony at Electric
Boat. Keel laying of the Skate (SSN-578)
is 1o take place in the building way at
the center, and the Seawo/f {SSN-575) is
to be launched at the right.

T 5. 1 JR-FJ78KE Seawol f





