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LEGAL NOTICE
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Available from the Office of Technical Services,
Department of Commerce,

Washington 25, D. C.

This report was prepared as an account of Government sponsored work. Neither the United
States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accu-
racy, completeness, or usefulness of the information contained in this report, or thAt the use
of any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the
use of any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employed of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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SUMMARY

REACTOR DEVELOPMENT

During the first part of the quarter, studies were continued on a

prototype design which incorporates an outlet gas temperature of 1, 3000 F

and a graphite -moderated, graphite -reflected system.

However, further studies and evaluations showed that in both over-all

efficiency and economy, a BeO-moderated system is superior to a graphite

core. The outlet gas temperature at which the sea-going version appeared

economical was therefore raised to 1, 5000 F. In view of this major change,

a re-evaluation of prototype design criteria was undertaken.

As background for a "make or buy decision" on control-rod drives,

vendor solicitation was completed. A report of the findings is in preparation.

With a view toward simplification, design work has been continued at General

Atomic on drives to be located entirely external to the reactor vessel.

Studies are also being made of the problems of fuel loading and han-

dling equipment and reactor controls and instrumentation. The nuclear

instrumentation systems and subsystems to be incorporated into the MGCR

prototype have been studied in order to determine possible problem areas

and to set up priorities and schedules. Two major systems require develop-

ment: the instrumentation system for the reactor core and internals and

the fuel-failure detection system.

The air-flow test stand for simulating the operation of a fuel element

was used to test several 19-rod bundles, and the "hot channel factor" for

various conditions was calculated.

Other work included measuring the thermal conductivity of various

insulating materials in a helium atmosphere, investigating the feasibility

of using water, in place of inlet gas, as an emergency coolant for a graphite

system, and testing a high heat flux heater for the future thermal mark-up

of the fuel element.
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An IBM 704 code for determining the performance of the reactor core

was completed. Data are now being programmed to investigate the prototype-

core performance.

A series of thermal-cycling tests was run to determine the most

reliable type of fuel pellet and cladding assembly. On the basis of post-

cycling tests, several new designs were evolved for ensuring that the

cladding will not "buckle" or "neckdown" between the pellets during thermal

cycling.

The Hanford loop seal-ring test autoclaves, which were put into

operation in April, 1959, were opened for inspection. The 430 SS rings

showed no indication of self-welding to the in-pile tube segment. Those

430 SS rings which were coated with tungsten carbide showed some evidence

of sticking, but the cause has not been determined. On the basis of these

test results, it has been concluded that the 430 SS rings should be used in

the in-pile test assembly.

FLUID SYSTEMS AND PLANT ARRANGEMENT

Optimization of the three heat exchangers- -precooler, intercooler,

and regenerator- -is in progress, along with efforts to design them for

maximum capital recovery.

Revision and condensation of the system transient equations were

continued during the quarter; as turbine maps were revised, equations

describing the reactor nuclear kinetics were prepared, and the reactivity

due to core temperature was calculated.

Twenty-one conceptual designs of the main-coolant stop valve were

submitted by the Crane Company and have been reviewed.

The preliminary system diagram of the main-coolant system was

also reviewed and was modified to reflect the latest information.

Analysis of the heat-transfer test data is continuing, with the four-

phase heat-exchanger test program proceeding as planned.
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Work is continuing on the development of a computer program for

primary-shield calculations for use in determining the gamma-energy flux

which is referred to the center plane of the reactor core.

A further study of the tolerable impurity level for a helium-cooled

graphite-moderated core was made. This analysis was carried out to

determine the magnitude of the carbon transport that is caused by small

amounts of carbon monoxide when the rate is limited by diffusion of carbon

monoxide to metallic surfaces, where the reduction to carbon is catalyzed.

ROTATING MACHINERY

The analysis of the turbine flow path has been completed. A turbine

test model has been designed by Westinghouse and approved, and drawings

of a compressor model have been made.

One of the most promising methods of absorbing power generated by

the MGCR plant is by an air compressor. Therefore, a survey has been

initiated to determine what compressors are available and which of them

could be used for this purpose without excessive development.

A second-series program involving the testing and evaluation of seals,

bearings, and systems which are simplified and improved versions of those

tested in the first-series tests was initiated. Testing of full-size seals,

bearings, and associated equipment is expected to commence at the

Westinghouse Gas Turbine Laboratories early in 1960. These tests will

duplicate the prototype gas-turbine installation.

Tests on six lubricating oils were completed during the quarter.

Preliminary conclusions indicated that no serious lubricating-oil problems

should be encountered in the MGCR plant.

Constant-speed operation of the rotating machinery requires a revision

of the bypass concept. The steam generator is now essentially only a "hot

dump" and is not required to produce steam for power-plant operation or

for the start-up system. Starting is accomplished by an electrical generator
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which serves as a start-up motor until the machinery becomes self-sufficient.

The generator will then provide power to the entire plant.

REACTOR PHYSICS

The shielding work has been confined primarily to determining the

biological hazards associated with the loading and unloading of fuel elements.

During the quarter, the critical-experiments phase of the work centered

chiefly around the design, assembly, and development of a program for a

BeO critical facility. The transient temperature behavior of the fuel in the

MGCR critical facility has been investigated. Safeguards, both automatically

(by fuses) and normally operated, were also studied and evaluated.

BeO-moderator shapes were designed to permit fuel loadings greater

than those permitted in the graphite-moderated core as well as to allow

positioning control-rod type units.

The final design of the components to be used in the Hot Box critical

experiments was completed.

A survey of cores was undertaken in order to compare BeO and

graphite as moderators and to perform a preliminary optimization of the

BeO reactor. A program was evolved for the examination of two methods

of evaluating average thermal cross sections for use in few-group calcu-

lations (1) to determine the effects of geometry and enrichment on self-

shielding and flux depression and (2) to determine burnup. Surveys of BeO

cores were made to obtain fuel costs for incorporation into the over-all

economic analysis. The neutron fluxes and flux times, for beginning- and

end-of-life conditions, have also been estimated for the BeO preliminary

design.

MATERIALS DEVELOPMENT

A general survey of the U-O-Al ternary system is nearing completion.

A principal effort during this quarter has been placed on the development
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of oxide dispersion-type fuels. Problems concerning the "staining" of the

matrix in Al 03-UO2 fuel bodies during sintering and the effect of other

additives on the sinte ring behavior of high-purity alumina were investigated.

An analytical study of the factors affecting the choice of fuel-particle size

for distribution in the matrix was also conducted.

Under contract with General Atomic, Battelle Memorial Institute is

presently performing irradiation experiments for the MGCR program in

both the BRR and the MTR. At General Atomic, a capsule similar to those

irradiated at BMI is being prepared for a fuel-irradiation experiment in the

TRIGA reactor. The purpose of the experiment is to measure fission-

product diffusion through nickel cladding.

Much of the work on graphite-metal reaction has centered on the

development of the most satisfactory nickel-copper compositions for

graphite cladding for use under MGCR conditions.

A number of creep tests were run on Inconel 713C to determine

whether or not its high-temperature mechanical properties in air, which

are very attractive, are appreciably different in pure helium or helium

plus 0.01 atm CO. Results showed that two out of three specimens in CO

failed after 324 and 510 hr at 1, 300 0 F.

During the quarter, the Westinghouse metallurgical program was

concentrated in three general areas: the investigation of test sources,

mechanical testing, and the writing of a detailed metallurgical progress

report.

ECONOMIC ANALYSIS

Analysis was performed on capital, fuel-cycle, operating, and

system costs for the MGCR, as well as for other reactor concepts.

The capital costs of the nuclear power plants were estimated on the

basis of production units rather than prototypes, and the various components

were categorized. The results to date confirm the economic attractiveness

of the gas-cooled design.
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Fuel-cycle costs were computed for several MGCR concepts and

were projected to 1965 and 1970. It was concluded that the power plant

for the beryllia-moderated gas-cycle MGCR requires lower fuel-cycle and

operating costs than the other concepts investigated.



TENTATIVE MGCR DESIGN DATA

GRAPHITE-MODERATED CONCEPT

Power

Power at LPT shaft

Auxiliary power

Reactor (thermal)

Net shaft efficiency

Cycle efficiency

Cycle Conditions

Coolant

Coolant pressure

HPC discharge
LPC suction

Coolant temperature

Reactor inlet

Reactor outlet

Coolant flow (full power)

Reactor Vessel

Outside diameter

Height
Wall thickness

Reactor Internals

Moderator and reflector

Core (active lattice)

Diameter
Height

Reflector thickness

Fuel

U 2 3 5 loading
Enrichment

Fuel loading

Core life (at full power)

22, 000 shp

(nax)
806 hp
54. 2 Mw

(max)

30. 3%
32. 3%

Helium

800 psi
308 psi

7260F'
1, 300 F
72. 8 lb/sec

10.4 ft

20. 5 ft
5. 75 in.

Graphite

6. 4 ft
6. 4 ft
1. 0 ft

128 kg
20. 5%
Uniform

570 days
(approx)

vii
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Fuel Elements

Geometry and dimensions

Fuel-body material

Fuel-body cladding
material

Maximum cladding

temperature (with hot

channel factors)

Number of fuel assemblies

Moderator Elements

Geometry

Dimensions

Heterogeneous

1/4-in. -diameter

rods; 19 rods

per bundle; 5

bundles per

moderator

element

UO2 in BeO

Stainless steel

1,700 F

440

Heterogeneous

Square

7 in. x 7 in. x

8-1/2 ft long
(including
reflector)

Sernihomog eneou s

1 / 2-in. -diameter

rods inserted

in flat graphite

plates (7 rods

per plate)

3/4 in. thick

(approx) x 5 in.

wide x 6. 4 ft
long; approx 6

plates per

moderator

elem ent

UC 2 in graphite,
or UO2 in BeO,
or A1 2 O3

'A' nickel

1, 700 F

880

Semihomog eneous

Squar e

7 in. x 7 in. x

8-1/2 ft long

(including
reflector)

Control Rods

Number

Material

16 to 25
Boron steel

or rare-

earth oxide

Turbomachine ry

Over-all length

Maximum diameter

Speed

LPC
HPC

HPT

LPT

30 ft

8 ft

12, 200
12, 200
12, 200

8, 500



Number of stages

LPC

HPC

HPT
LPT

Pressure ratio

LPC

HPC

HPT
LPT

Heat Exchangers

Regenerator

Number

Shell OD
Over-all length

Tube length

Number of tubes

Tube size

Tube spacing

Tube material

Heat-transfer area

Precooler
Number

Shell OD
Over-all length

Tube length

Number of tubes

Tube size

Tube spacing

Tube material

Heat-transfer area

Inter cooler

Number
Shell OD
Over-all length

Tube length

Number of tubes

Tube size

Tube spacing

Tube material

Heat-transfer area

2

33 in.
24 ft 6 in.

47 ft
2, 440

3/8 in.
(20BWG)

5/8 in.
Alloy steel

21, 240 ft2

1

46 in.
25 ft 7 in.
20 ft 6 in.
2, 423

5/8 in.
(18BWG)

7/8 in.
70% Cu-

30% Ni
8, 083 ft2

1

47 in.
25 ft 3 in.

20 ft
2, 423

5/8 in.
(18BWG)

7/8 in.
70% Cu-

30% Ni
7, 838 ft2

ix

20

21

8

7

1.7

1. 54
1. 64

1.45
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Weight Estimate (for 20, 000 shp sea-going version)

Reactor 173 long tons

Tur bomachinery 30. 5 long tons

Heat exchangers, piping, valves 107. 3 long

tons

Shielding 862 long tons
Auxiliaries 17 9. 1 long

tons

Propeller, reduction gear, shafting 130. 4 long

tons

Fluid loads 270. 9 long
tons

Total plant weight 1,753.2 long
tons

Specific weight 196 lb/shp

BeO-MODERATED CONCEPT

Power

Power at LPT shaft

Electrical power generation

Reactor (thermal)

Net shaft efficiency

Cycle efficiency

Cycle Conditions

Coolant

Coolant pressure

HPC discharge
LPC suction

Coolant temperature

Reactor inlet

Reactor outlet

Coolant flow (full power)

Prototype

22, 000 shp
(max)

806 hp
53. 3 Mw
30. 8%
32. 9%

Helium

800 psia
517. 6 psia

752. 7 F

1, 300 0 F
75. 0 lb/sec

Mark I

30, 000 shp

59. 0 Mw

35%
37%

Helium

1, 200 psia

881 0F

1, 5000 F

Reactor Vessel

Outside diameter

Height
Wall thickness

Further considerations concerning the BeO-moderated concept are

presently under study, and data generated will be inserted into design

specifications of subsequent reports.



Reactor Internals

Moderator and reflector

Core (active lattice)
Diameter
Height

Reflector thickness

Fuel

U 2 3 5 loading
U 2 3 8 loading

Enrichment

Fuel loading
Core life (at full power)

Fuel Elements

Geometry and dimensions

Fuel-body material

Fuel-body cladding
material

Maximum cladding
temperature (with hot

channel factors)

Number of fuel assemblies

Moderator Elements

Geometry

Dimensions

Control Rods

Number
Material

Prototype

BeO

6. 37 ft
6. 37 ft
1. 00 ft for

graphite or

7 in. for

BeO

224 kg
4,470 kg

4. 7%

1, 600 days

0. 375-in. -OD
rods; 19 rods

per bundle

UO2 - BeO

diluent

Stainless steel

292

Hexagonal

array

Pitch, 4. 25 in.
from center

to center

16 to 32
Boron steel or
rare- earth

cermet

Mark I

224 kg
4,470 kg

4. 7%

1, 448 days

Turbomachinery

Over-all length
Maximum diameter

xi

30 ft
8 ft



Prototype

12,200
12,200
12,200
8,000

Speed
LPC
HPC
HPT
LPT

Number of stages
LPC
HPC
HPT
LPT

Pressure ratio

LPC
HPC
HPT
LPT

Heat Exchangers
Regenerator

Number

Shell OD
Over-all length

Tube length

Number of tubes

Tube size

Tube spacing

Tube material

Heat-transfer area
Precooler

Number

Shell OD
Over-all length

Tube length

Number of tubes
Tube size

Tube spacing

Tube material

Heat-transfer area

Intercooler

Number

Shell OD
Over-all length

Tube length

Number of tubes

2

3. 3 in.
24 ft 6 in.
47 in.
2,440
3/8 in.

(20BWG)
5/8 in.
Alloy steel

21,240 ft2

1
46 in.
25 ft 7 in.
20 ft 6 in.
2,423

5/8 in.

(18BWG)
7/8 in.
70% Cu-

30% Ni

8,083 ft 2

1

47 in.
25 ft 3 in.
20 ft
2,423

xii

17
21
7

6

1.7
1.54
1.64
1.45



Tube size

Tube spacing

Tube material

Heat-transfer area

Weight Estimate (for 20, 000-shp
sea-going version)

R eactor

Turboma chine ry

Heat exchangers, piping, valves

Shielding

Auxiliaries

Propeller, reduction gear,

shafting
Fluid loads

Total plant weight

Specific weight

Prototype

5/8 in.
(18BWG)

7/8 in.
70% Cu-
307o Ni

7,838 ft2

173.0 long
tons

30.5 long tons
107.3 long

tons

862.0 long

tons
179. 1 long

tons

130.4 long
tons

270. 9 long
tons

1,753.2 long
tons

196 lb/shp

xiii
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I. REACTOR DEVELOPMENT

REACTOR ENGINEERING (K. A. Trickett, R. Bean, and. J. T. Rogers, Jr. )

During the first part of the quarter, the prototype design criteria

were based on an outlet gas temperature of 1, 3000 F and a graphite-

moderated. and graphite-reflected system. The preferred fuel element

was a semihomogeneous plate-type configuration (see GA-1030) in which

metal-clad. uranium oxide fuel bodies were positioned through six flat

plates. The plate assembly and moderator were then enclosed in a box-

like structure 8. 37 ft long by 7 in. square; the active core section was

6. 37 ft. During this period an alternative fuel-element design was de-

veloped (GA-1030). This design consisted of five 19-rod fuel assemblies

of metal-clad UO2 with each rod having an external diameter of 0. 25 in.

The five assemblies, each comprising 19 rods, were located in a solid

moderator block with external dimensions identical to those of the plate-

type element assembly. The selection of the semihomogeneous plate-type

element was based on a number of factors, the most significant of which

was the large-capacity heat sink available with this design; this is helpful

in the event of a loss-of-coolant accident.

The plate-type element imposed severe conditions on reactor arrange-

ment because the design required that the internal channel pressure be

equal to or less than the pressure in the void between adjacent assemblies,

and that internal support be provided by the plates in order to reduce the

box structure stresses to acceptable levels. A higher internal pressure

would require structural continuity between adjacent. core elements. This

limitation was not considered practical because of fabrication and installa-

tion tolerances, power and temperature distribution (radially and axially)

over the core, and radiation-induced dimensional change in the graphite

during the life of the core.

1
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These design limitations made it necessary for the seals between

adjacent core elements to be located at the high-temperature outlet end of

the core. Thus, the reactor arrangement was based on a removable top

head for the vessel. For core fuel-assembly insertion and withdrawal

from above the core elevation, the seal location and core support at the

bottom of the core was preferred. The top support for these conditions

is not feasible. This reasoning imposes rather stringent requirements on

the design of the core structure. Therefore, the function of the structure

is to support and position the core in an environment of 1, 300 F outlet gas,

under loading conditions in which the pressure-drop loads are added to the

inertia loads through acceleration. In order to study adequately the prob-

lem of finding suitable construction materials and investigate concurrently

the design complexity necessary if lower-temperature materials that

require protection are used, the main effort was on two distinctly different

types of core supports.

The first type was a simple grid arrangement (Fig. 1. 1) with

possible construction materials derived from the iron-base, nickel-base,

niobium-base, and molybdenum-base alloys. The design stress level was

used to investigate these materials to determine the structural capabilities

for this application. The environmental conditions previously indicated a

design target lifetime of 100, 000 hr. More long-term data were available

on the iron-base alloys and nickel-base alloys. Extrapolation of short-

term data, using the Larson-Miller method, was completed for the alloys

for which no long-term data existed. Comparing these data with data

provided on Inconel X--plots of stress versus time, with temperature as a

parameter--indicated that a design lifetime of 20, 000 to 40, 000 hr would

be a maximum at design point conditions (see Fig. 1. 2). This support

would require internal baffles for proper flow distribution to maintain an

acceptable temperature and therefore stress distribution. Coolants,

including the working fluid in the system, as well as alternative coolants

not normally present in the reactor, were investigated. Although this type
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of support structure appeared feasible, it was complex when compared with

a structure exposed to a lower temperature environment, such as the inlet

plenum conditions.

As previously indicated, it was not possible to locate the core structure

in the outlet gas plenum as long as the semihomogeneous plate-type ele-

ment design was used.

At this point, work on the prototype development was deferred to

enable studies to be made on the advanced sea-going version of the MGCR

concept. Several significant suggestions emanated from these studies:

1. The pressure vessel size and weight were significantly reduced

by better packaging.

2. The outlet gas temperature at which a sea-going version appeared

competitive with conventional power plants was 1, 5000 F, with an inlet

temperature of 881 0 F. For these conditions, regeneratively cooling the

vessel with the inlet gas approached the limit of practicable design, with

respect to the allowable stress values for the higher shell-design tempera-

tures and vessel wall thicknesses. A significant reduction in vessel weight

and cost was indicated, if internal insulation could be utilized and thus

increase the allowable stress in vessel materials. Figures 1. 3 through

1. 9, together with Tables 1. 1, 1. 2, and 1. 3, show the results of this

analysis. It was recognized that for this condition the vessel may need

some form of external cooling and that the reduction in vessel temperature

is also limited by the ductile to brittle transition temperatures for the

materials con7c-idered. However, the availability of coolants which are

suitable for low-temperature structures and the economic advantage

implied by internal insulation favor the vessel insulation design, when

compared with the fluid-cooled concept.

3. Re-evaluation of the possible use of BeO as a moderator ma-

terial, factoring in inventory charges, fuel enrichment costs, plutonium

credit, and predicted fabrication cost for BeO in 1965, show that it is

reasonable to assume that a BeO core is economically superior to a

graphite core.
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FLANGES

t

SHELL HEIGHT (h)

3

CONCENTRIC DUCT

Active Core Vessel Vessel Shell Flange Volume
Dian, De Inside Diam Inside Height Height K(% of 4.V 1 +V 2 +V 3 )

(ft) (in.) (in.) (in.)(%)

3.37 80 101.7 61.7 55.7
4.37 92 125.8 79.8 45.1
5.37 104 152.0 100 38.8
6.37 116 181.0 120 28.6
7.37 128 204.0 140 28.4
8. 37 140 230. 7 160. 7 28. 2

Note: V1= volume of vessel top head of thickness t
11

V2 = volume of shell height and thickness t2

V3 = volume of vessel bottom head of thickness t
33

VFl = volume of flanges = K (V +V +V3) (see table)
Fl1 23

VD = volume of bottom duct

VV = total vessel volume = 2IV +V2+V3+V +V
V1 23 Fl D

The average density of steel of 489. 6 lb/ft 3 or 0. 2833 lb/in. 3
used for weight calculations.

Fig. 1. 5--Parameter study model
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Table 1. 1

PRESSURE-VESSEL PARAMETER STUDY

(Allowable stress, 20,000 psi)

Pressure ID t t t3 V 1  V2 V3 V Flange V Duct V Total Weight

(psi) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.3) (in.) (in.) (lb)

800 80 2.234 1.827 1.691 16,041 28,978 11,942 33,398 11,155 101,514 28,759
92 2.569 2.086 1.945 24,396 49,203 18,167 41,386 11,155 144, 307 40,882

104 2.905 2.345 2.199 35,253 78,345 26,245 54,259 11, 155 205,257 58, 149
116 3.240 2.604 2.452 48,915 116,434 36,409 57,703 11,155 264,616 74,966
128 3.575 2.864 2.706 65,716 164,842 48,923 79, 373 11,155 370,009 104,824
140 3.910 3.123 2.960 85,981 225,654 64,019 105,934 11, 155 492,743 139,594

900 80 2.515 2.050 1.903 18,213 32,604 13,528 35,840 11,155 111,340 31,543
92 2.892 2.342 2.189 27,698 55,392 20,577 46,754 11, 155 161,576 45,774

104 3.270 2.634 2.474 40,022 88,239 29,720 61,297 11,155 230,433 65,282
116 3.647 2.927 2.760 55,531 131,233 41,249 65,212 11,155 304,380 86,231

128 4.024 3.219 3.045 74,605 185,777 55,409 89,685 11, 155 416,631 118,032
140 4.402 3.512 3.331 97,632 254,451 72,512 119, 736 11, 155 555,486 157, 369

1,000 80 2.797 2.274 2.116 20,431 36,265 15,138 40,011 11,155 123,000 34,846
92 3.216 2.600 2.433 31,066 61,662 23,022 52,203 11,155 179,108 50,741

104 3.636 2.926 2.751 44,883 98,289 33,263 68,457 11, 155 256,047 72,538
116 4.055 3.252 3.068 62,273 146,203 46, 150 72,823 11, 155 338,604 95,926
128 4.475 3.578 3.386 83,678 207,061 62,017 100,183 11,155 464,094 131,478
140 4.894 3.904 3.703 109, 474 283, 625 81, 135 133, 734 11, 155 619,123 175, 398

1,100 80 3.078 2.498 2.329 22,674 39,946 16,772 44,221 11, 155 134,768 38,180
92 3.540 2.858 2.678 34,488 67,966 25,503 57,706 11,155 196,818 55,759

104 4.002 3.218 3.027 49,824 108,393 36,838 75,681 11,155 281,891 79,860
116 4.464 3.578 3. 377 69, 140 161, 299 51, 130 80, 529 11, 155 373, 253 105,743
128 4.925 3.937 3.726. 92,878 228,458 68,688 110,767 11,155 511,946 145,034
140 5.387 4.297 4.075 121,532 313,029 89,869 147,889 11,155 683,474 193,628

1,200 80 3.361 2.726 2.542 24,972 43,712 18,424 48,519 11,155 146,782 41,583

92 3.865 3.119 2.923 
37
,
9 7  74,377 28,019 63, 308 11, 155 214,835 60,863

104 4.369 3.513 3.304 54,856 118,656 40,470 83,025 11,155 308,162 87,302
116 4.873 3.907 3.685 76,119 176,616 56,154 88, 342 11,155 408,386 115,696
128 5.377 4.301 4.067 102,270 250,269 75,463 121,553 11,155 560,710 158,849
140 5.881 4.695 4.448 133,811 342,966 98,732 162,293 11,155 748,957 212,179

1,500 80 4.210 3.414 3.182 32,084 55,200 23.514 61,714 11,155 183,667 52,033
92 4.842 3.912 3.660 48,802 94,065 35,770 80,565 11,155 270,357 76,592

104 5.474 4.409 4.137 70,504 150, 160 51,667 105,664 11, 155 389, 150 110,246
116 6.105 4.906 4.614 97,821 223,623 71,687 112,435 11,155 516,721 146,387
128 6.737 5.403 5.092 131,438 317,012 96, 330 154,717 11,155 710, 652 201,328
140 7.368 5.900 5.569 171,965 434,580 126,033 206,587 11,155 950,320 269,226
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Ta ble 1. 2

PRESSURE-VESSEL PARAMETER STUDY

(Allowable stress, 13,250 psi)

Pressure ID t t2 3 1 v2 3 V Flange V Duct V Total Weight

(Pei) (in.) (in.) (in.) (in. ) (in.3 3 3 3 3 3) (lb)

800 80 3.38 2.74 2.56 24,900 43,944 18,400 48,594 11,155 146,993 41,643

92 3. 88 3. 14 2.94 39, 500 74,894 29, 600 64, 941 11,155 220, 090 62, 351

104 4. 39 3.53 3. 32 53,900 119, 250 38, 900 82, 275 11, 155 295, 313 83, 662
116 4.90 3.93 3.71 75,800 177,686 55,800 88,456 11, 155 408,897 115,840
128 5.40 4. 32 4.08 102, 750 251, 413 75, 722 122, 087 11, 155 563, 127 159, 534
140 5.91 4.71 4.47 134,536 344,101 99,400 163,006 11,155 752, 198 213,098

900 80 3.80 3.08 2.88 28,400 49,600 21,088 55,192 11,155 165,435 46,868
92 4.38 3.53 3.31 45,000 84,541 32,053 72,879 11,155 245,628 69,586

104 4.94 3.98 3.74 61,900 135,000 46,280 94,354 11,155 348,689 98,783
116 5.51 4.43 4.17 86,800 201, 127 64, 193 100,706 11, 155 463,981 131,446
128 6.09 4.87 4.60 117,100 284,600 86,216 138,568 11,155 637,639 180,643
140 6.65 5.33 5.03 153,315 391,065 112,780 185, 319 11, 155 853,634 241,834

1,000 80 4.24 3.44 3.20 32,400 55,638 23,650 62,210 11,155 185,053 52,426

92 4.87 3.94 3.68 50,900 94,765 37,500 82,607 11,155 276,927 78,453
104 5.51 4.44 4.16 70,000 151,260 50,500 105,443 11,155 388,358 110,022
116 6.14 4.94 4.64 97,900 225,231 71,900 112,979 11,155 519,164 147,079
128 6.77 5.44 5.12 132,162 319,274 96,703 155,671 11,155 714,965 202,549
140 7.41 5.93 5.60 173,066 436,884 126,801 207,764 11, 155 955,660 270,738

1,100 80 4.66 3.79 3.53 36,000 61,556 26,400 69,043 11, 155 204, 154 57,837
92 5.36 4.34 4.06 56,200 104,821 40,200 90,750 11,155 303,126 85,876

104 6.07 4.89 4.59 78,600 167,280 57,100 117,556 11,155 431,691 122,298
116 6.76 5.45 5.12 108,800 249,532 79,900 125,334 11, 155 574,721 162,818
128 7.45 6.00 5.64 147,206 353,618 107,802 172,849 11, 155 792,631 224,552
140 8.16 6.54 6.17 193,026 483,839 141,085 230,662 11, 155 1,059,767 300,232

1,200 80 5.09 4.14 3.85 39,800 67,521 29,026 75,945 11,155 223,447 63, 302

92. 5.85 4.75 4.43 62,400 115,212 44, 175 100,026 11, 155 332,968 94, 330

104 6.62 5. 36 5.00 87, 300 184, 150 63, 700 130,038 11, 155 476, 343 134,948
116 7.38 5.96 5.58 120,000 274,028 88,470 137,994 11, 155 631,647 178,946
128 8.15 6.58 6.16 163,223 389,480 117,400 190,.309 11, 155 871,567 246,915
140 8.91 7.18 6.74 213,455 533,507 155,631 254,531 11, 155 1, 168,279 330,973

1,500 80 6.38 5.23 4.82 51,828 86,403 37,404 97,828 11,155 284,618 80,632

92 7.34 6.00 5.54 78,862 147,411 56,852 127,689 11,155 421,969 119,544
104 8.30 6.76 6.26 113,965 235,220 82,088 167, 334 11,155 609,762 172,745
116 9.25 7.54 6.98 159,061 351, 165 114,765 178,747 11, 155 814,893 230,859

128 10.20 8.30 7.71 212,092 497,568 153,880 245,245 11, 155 1, 119,940 317,279
140 11.17 9.08 8.44 277,914 683,395 200,600 327,658 11,155 1,500,722 425,155



Table 1. 3

PRESSURE-VESSEL PARAMETER STUDY

(Pressure-Vessel Weight Versus Allowable Stress )

Allowable
Pressure Stress t t2 t3 1 V2 V3 V Flange V Duct V Total Weight

(psi) (psi) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (lb)

20,000 800 3.240 2.604 2.452 48,915 116,434 36,409 57,703 11,155 264,616 74,966
1,000 4.055 1.252 3.068 62,273 146,203 46,150 72,823 11,155 338,604 95,926
1, 200 4. 873 3. 907 3. 685 76, 119 176, 616 56, 154 88, 342 11, 155 408, 386 115, 696

18, 000 800 3.602 2.892 2.726 54, 794 129, 622 40, 712 64, 387 11,155 300, 670 85, 180
1,000 4.510 3.615 3.412 69,920 163,014 51, 698 81,405 11, 155 377,192 106,858
1,200 5.421 4. 349 4. 099 88, 127 197, 315 63, 006 99, 656 11, 155 459, 259 130, 108

16, 000 800 4. 056 3. 252 3. 069 62, 289 146, 200 46, 167 72, 831 11, 155 338, 642 95, 937
1,000 5. 079 4. 073 3. 841 79, 677 184, 370 58, 723 92, 312 11, 155 426, 237 120, 753
1,200 6. 105 4. 907 4. 615 101, 264 223, 665 71, 704 113,437 1-1, 155 521, 225 147, 663

13,250 800 4. 90 3. 93 3. 71 75, 800 177, 686 55, 800 88, 456 11, 155 408, 897 115, 840
1,000 6. 14 4.94 4. 64 97,900 225, 231 71,900 112, 979 11, 155 519, 164 147,079
1,200 7.38 5.96 5.58 120,000 274,028 88,470 137,994 11,155 631,647 178,946

8,500 800 7. 682 6.209 5.804 127, 119 286, 058 92, 425 144, 602 11, 155 661, 359 187, 363
1,000 9.635 7.859 7.273 165,834 366,965 119,355 186,516 11, 155 849,825 240,755
1,200 11. 600 9.563 8. 749 207, 590 452, 674 147, 932 231, 144 11, 155 1,050,495 297, 605

5,000 800 13. 182 10. 966 9. 936 243, 317 524, 887 179, 701 271, 101 11, 155 1, 230, 161 348, 505
1,000 16.571 14.076 12.473 326,426 690,250 227,069 355,711 11, 155 1,610,611 456,286
1,200 20.000 17. 370 15.032 420,053 873,349 287,553 452, 153 11, 155 2,044,263 579, 140

Inside diameter of vessel, 116 in.

(JA
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It was, therefore, proposed to base the preferred design on a BeO

core, an insulated vessel, and an outlet gas temperature of 1 ,500 .F for the

Mark I sea-going version of the MGCR.

In view of these major changes, a re-evaluation of prototype design

criteria was conducted because it seemed logical that decisions on prototype

design criteria should emanate from studies of the sea-going ver sion. This

is essential if the prototype is to have a design capability that will enable

in-plant study of the problems envisioned for the sea-going version, and an

experimental capability sufficiently flexible to adequately demonstrate plant

reliability, safety, and economic attractiveness.

The evaluation of the effect of the studies on advanced versions of the

prototype design was focusedonthe fuel-element design, tne core structure,

and the effect of changes in these areas on reactor arrangement. A study was

conducted on semihomogeneous and heterogeneous fuel-element designs for

the 3eO system. This study showed that the heterogeneous fuel element is

economically superior to the semihomogeneous design. Required enricn-

.235
ment for the semihomogeneous design was 29 /o U , compared with 570 for

the heterogeneous system. 'his is a large difference when compared with

the inventory difference of 200 kg a s oppo sed to 208 kg ofU 235. The semiho-

mogeneous element considered in this study was essentially a 5 vol- /o UO 2 ,

95 vol-% BeO fuel body, 0.788 in. in diameter, encased in stainless steel clad-

ding arranged in a cluster of 19 rods. The heterogeneous element was a

3/8-in, pure UO2 fuel body, stainless steel clad, in a 19-rod cluster.

The semihomogeneous plate-type element was eliminated from con-

sideration during this study because it is difficult to fabricate from 3eO a

fuel element with the characteristics of this element. it was further deter-

mined that the semihomogeneous design was not suitable to the new conditions

because of additional considerations which implied unacceptably high thermal

stresses in a fuel-plate assembly of this type utilizing BeO. Furthermore,

the 3eO moderator has a larger heat capacity than the graphite. This means

that for a loss-of-coolant accident, the heterogeneous assembly in a BeO

moderator may lose heat, by radiation, to the bulk moderator volume at a
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rate sufficient to reduce the rate of temperature increase of the cladding.

Safety during a loss-of-coolant accident was a prime reason for selecting

the plate-type element.

The selection of a heterogeneous 19-rod-cluster fuel element, on the basis

of plant economics, was a sufficiently major change to require re-evaluation

of reactor arrangement. The main points of review were as follows:

1. Fabrication limits on the size of BeO moderator blocks require

that the blocks be supported against pressure and inertia loads to achieve

structural continuity of a moderator column. For load transfer out to the

vessel, it is necessary that the columns be structurally integral with the

core support at one end of the core and free to slide in the restraint struc-

ture at the other end of the core.

2. The concept of locating the core support in the inlet gas plenum,

thus reducing design and material problems in this area, is suitable.

3. Consideration of upflow (see Fig. 1. 10) versus downflow (see Fig. 1. 11)

shows that upflow is superior because the loads the structure has to oppose

are lower, since pressure loads oppose dead-weight loads and further upflow

permits insertion of control rods from the hot outlet end of the core.

4. insertion of control rods from the hot end is preferred because

the flux distortion effect leads to lower cladding temperatures than would

be the case for insertion from the colder inlet end.

5. Top-mounted control rods are preferred because, in addition to

the foregoing reasons, the rods would then be more accessible for mainte-

nance and would permit a lower relative position of the vessel in the ship

than would bottom-mounted controls.

6. The removable head concept was determined to be desirable

because it permits maximum access to the core region. In addition, the

complexity of design and cost of the equipment for fuel handling is less than

for a smaller access nozzle in the head.

7. For reasons previously indicated, an insulated vessel is preferred

to a regeneratively cooled vessel.

8. A stuly of the piping arrangement between the power-plant
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machinery and the reactor vessel showed that it is not immediately clear

whether an internally insulated arrangement of single ducts connected to a

fixed or movable reactor assembly is preferable to a concentric duct arrange-

ment for the same conditions.

It was decided that two basic feasibility designs should be completed

which would incorporate the design features previously indicated for both

the concentric and the single duct configurations. The design which meets

the above conditions for the single duct case is shown in Fig. 1.12. A study

has been initiated to determine the degree to which this design lends itself

to concentric duct connections with the power plant.

The use of graphite moderator or reflector structures in high-temperature

gas -cooled reactors has three significant areas of limitation which are usually

considered with the advantages of this system. The first is the limitation on

possible metals which can be used because of a carbonizing atmosphere in

which structural metals do not perform well. This requires a clean-up system

which is capable of limiting the quantity of CO in the system to approximately

10 ppm if structural lifetimes which are economically attractive are to be

achieved. Second, there is the disadvantage of carbon transport, which is

a result of small quantities of CO in the coolant. A third disadvantage is that

at the moderator temperatures for which the MGCR is designed, unprotected

graphite would burn freely if exposed to the compartment air. Since this con-

dition might be predicted for a lo s s -of -coolant accident in which the pressure -

containing integrity of the primary loop is lost, it is mandatory that the

moderator temperatures be significantly reduced prior to exposure to com-

partment air or that the graphite be protected. This imposes rather difficult

design requirements on the emergency cooling system during the time the

moderator temperature is being reduced. An alternative protection, such as

SiC coating or canning, must be used to protect the graphite from the oxidizing

atmosphere.

Although the primary design effort will be based on the use of beryllium

oxide, a minimum of effort will be expended on a graphite back-up design

(see Fig. 1.13) in the following areas:
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1. The substitution of a graphite reflector for the BeO reflector in

the feasibility design shown in Fig. 1. 12.

2. The substitution of a graphite moderator in this design, while

maintaining all other aspects of design similarity, so that it

would be possible to introduce a partial core loading of graphite

columns in the basic BeO design for study during the life of the

prototype.

DESIGN FOR CONTROL-ROD DRIVES (B. Hawke, W. Dougherty,
F. Liederbach, and C. McCormack)

For the purpose of minimizing over-all reactor height, the initial

General Atomic control-rod-drive design incorporates an arrangement in

which the mechanism is located partly within the reactor vessel. Changes

in pressure-vessel concepts have somewhat modified this original configu-

ration so that designs in which the drive is entirely external to the vessel

are being investigated.

Consistent with higher reactor-temperature requirements, consider-

ation has also been given to a drive cooling-system, particularly for the

drive shaft because it is now the only component of the drive which will

actually experience maximum reactor temperature.

Diagrams have been drawn showing the proposed methods of oper-

ation for four sets of conditions. Figure 1. 14 shows normal operation

with the reactor pressurized; Fig. 1. 15, scramming with the reactor

pressurized; Fig. 1. 16, normal operation at zero reactor pressure; and

Fig. 1. 17, scramming at zero reactor pressure. The scram system is

believed safe and reliable for the following reasons:

1. Scram gas pressure is applied only for the purpose of driving the

rod in against excessive friction such as maybe caused by control-rod

buckling in the core.

2. Electric power failure will cause a scram as the scram valve is

a normally open valve (to scram pressure). Protection against a false
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scram is proposed by supplying two parallel signals to the scram valve,

both of which must be removed to de-energize the valve.

3. Failure of scram pressure coincident with or preceding a scram

signal (reactor pressurized) will still permit a gravity scram, because

reactor pressure will be automatically fed into the scram cylinder through

check valve CV1 , which causes a pressure balance within the drive

mechanism.

4. Failure of reactor pressure will cause an automatic gravity

scram; no signal is necessary from the safety circuit.

5. Under zero-reactor-pressure operation, solenoid valves V1 and

V2 are normally open and will therefore allow a forced scram on receipt

of a trip signal or in case of power failure.

6. Under zero-reactor-pressure operation and zero-scram pressure,

solenoid valve V2 will open and allow a gravity scram in case of electric

power failure.

7. No latches, magnets, or mechanisms of any kind are required

before a scram can take place.

Plans have been prepared, in sketch form, as alternatives to the

pneumatic snubber in the event that later calculations indicate such a

system to be impracticable. One alternative is basically a multiple-disk

clutch, which converts linear motion of the drive to rotary motion through

a helix; a second is similar in function except that it uses shoe brakes

instead of a disk; and a third concept incorporates a pelletized snubber,

which has a wire mesh attenuation pad and a hydraulic arrangement. A

snubber evaluation report will be issued which will view all snubber con-

cepts under consideration for the MGCR drive.

Preliminary calculations indicate that a pneumatic snubber should

function over a range from zero to full reactor pressure. However, it is unlikely

that the stopping distance, or the distance traveled before the rod reaches

nearly zero velocity after completion of a 50% scram insertion stroke,

will be consistent over a wide pressure range without the addition of some
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peak snubbing pressure-limiting device. Whether this-ir critical or not,

from the aspect of reactor shutdown, has yet to be proven. Previous

experience indicates that once the rods have been inserted a sufficient

distance in the required time to shut down the reactor--in this case 50%

insertion--the remaining rod-travel characteristics are relatively

unimportant.

At this time, it is not known whether it will be necessary to operate

the reactor at zero pressure, in which case the performance range for a

snubber may be from full reactor pressure to some value greater than

atmospheric, say, 800 to 250 psi. However, the snubber must be capable

of arresting a falling or scrammed rod at atmospheric pressure, if only

for reactor check-out procedures.

The more or less instantaneous peak pressures attained when the

snubber operates at maximum reactor pressure could be attenuated by the

introduction of a pressure-sensitive or relief valve. Such a device would

be set to give similar high- and low-pressure snubbing characteristics.

However, it is hoped that by careful selection of a leakage orifice, and by

assuming that the point at which the control rod reaches nearly zero

velocity is relatively unimportant after it passes the core mid-plane, such

a pressure-limiting device will not be necessary. More refined calcu-

lations are being set up.

FUEL LOADING AND HANDLING EQUIPMENT (T. Lynxwiler and
F. Liederbach)

The fuel-loading and handling equipment has been separated into six

system designations as follows: (1) vessel-servicing system, (2) refueling

system, (3) underwater handling system, (4) transhipment system,

(5) materials-handling system, (6) general purpose equipment.

The refueling system for a graphite-moderated MGCR conceptual

design consists of the following major components: (a) spent-fuel transfer

coffin, (b) coffin carriage, (c) coffin carrier plate (with coffin-positioning
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mechanism), (d) biological shield, (e) carriage elevator, (f) periscope or

closed-circuit TV camera.

Refueling problems associated with a core using BeO instead of

graphite as a moderator will probably require the replacing of a larger

number of fuel elements. In order to accomplish this in a time lapse

comparable to a graphite system, it may be necessary to adopt a concept

for a spent-fuel transfer coffin, which incorporates a magazine-type

charging device. This would minimize the down time by decreasing the

number of trips the transfer coffin would have to make from the reactor

vessel to the spent-fuel storage facility.

The possibility of using BeO as a moderator material warrants a

re-examination of the practicability and desirability of flooding the pressure

vessel for refueling operations.

If it ultimately proves feasible to flood the reactor core, the equip-

ment to handle both fresh and spent fuel, at least for a land-based proto-

type installation, might be considerably simplified and the processes

significantly accelerated. One plan under study would use a continuous

monorail conveyor which would carry fresh fuel to and down into the

reactor and remove the spent fuel by passing it through an underwater

canal to a spent-fuel storage pool. Presumably, such a system for ship-

board installation would entail a shielded conveyor tunnel outboard and

overside to a gimbaled, shielded elevator which would deposit the spent

fuel in the refueling barge alongside. The relatively small size of the

fuel-rod bundle-type of element, as proposed for a BeO-moderated core,

makes such a fuel-handling conveyor system quite practicable. Such a

fuel-handling system might also allow a drastic reduction in cost of re-

fueling barges built in the future, as it would eliminate the requirement

for large-capacity floating cranes.
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REACTOR CONTROLS AND INSTRUMENTATION (W. Lones)

The following criteria are proposed for the design and layout of the

main panelboard and console:

1. Provide sufficient control instrumentation at the console to enable

operation of the reactor under both normal and abnormal conditions with-

out the operator having to leave his post. The scram setback and alarm

annunciator and the area and equipment radiation monitoring system are

incorporated on the console. The use of minimum-sized annunciator

windows, which are close to the operator, would be economical.

2. Insofar as possible, integrate the process and nuclear instru-

ments and place the most vital, irrespective of kind, nearest the operator.

3. Install most of the recorders in the wings of the main panelboard,

which would permit their omission from the shipboard installation without

extensive layout redesign.

4. Provide miniaturized duplicate meters and controls at the console,

which would allow instruments, such as power supplies, micromicroam-

meters, and amplifiers, to be installed on brackets inside the console or

panelboard, thus reducing front panel space.

In order to reduce the number of false scrams due to instrument

failures, the generally accepted procedure to date is to scram the rods

only when the signals from two channels of a three-channel system, moni-

toring the same variable, exceed preset limits. This allows the failure

of one instrumentation channel without causing a false scram.

Following is an outline of an instrument power system that meets

the reliability standards of a "two out of three' coincidence-type safety

system. Figure 1. 18 is a block diagram showing typical setback and

scram circuits and instrument loads.

One 20- to 40-kw power source will supply most of the instrument

load, machinery and auxiliaries breaker control, vital alarm bus, and

one safety-system channel. Two 7-1/2-kw diesel generators will be
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connected to each of the remaining two safety channels, each one of two

separate coils on the rod scram device (as yet unspecified). Both coils

will have to be de-energized to scram a rod.

With this system, no single power-supply failure will result in a rod

scram, which eliminates a major source of nonscheduled shutdowns. In

addition, the commonly used high-reliability battery power source, with

its attendant charging and maintenance problems, is deemed unnecessary

to supply the breaker controls and emergency lighting. Instead, automatic

transfer switches will switch the loads of any of the three generators on to

the main 110-v lines in case of generator failure, reducing the down time

of the connected instrument load to a fraction of a second and allowing the

servicing of the equipment.

A description of the nuclear instrumentation systems and subsystems

to be incorporated in the MGCR prototype was prepared in order to deter-

mine possible problem areas and set up priorities and schedules. There

are two major systems requiring development--the reactor core and

internals temperature instrumentation and the fuel-failure detection

system.

The system presently under consideration for the detection of fuel-

element failure consists of 'sniffer tubes' extending into the coolant outlet

of each fuel channel to withdraw a sample of the coolant gas flowing around

the fuel element. These tubes are tied into a grid system of horizontal and

vertical risers, which reduce the number of sampling operations from

n2 tubes to 2n risers, with attendant simplicity, and which allows the

unambiguous identification of one failed channel through increased activity

indications in two risers. More than one failure will result in removal of

the failed fuel elements, and also a number of normal elements which is

a function of the number of failures.

Because of the short coolant-recycle time (approximately 6 sec),

which results in a rapidly increasing background with each coolant pass

around the failed element, and also because of mechanical difficulties
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generally encountered in the operation of multiport solenoid valves, the

present concept proposes to use one detector and preamplifier per riser

and switch the output electrical signals from the preamplifiers rather than

the customary gas flows from the risers.

Another possibility under investigation is the use of silver-plated

wire mesh in front of a BF3 counter to react with I137 and Br87 fission

products which decay to Xe136 and Kr86, each of which emits a neutron.

Because the respective half lives of these processes are 22 and 55 sec,

respectively, the concentration of these elements on the mesh would, in

addition to increasing the signal amplitude, also increase the detection

time available.

The possibility of using the 'sniffer tubes" as vehicles for the

insertion of swaged MgO or A1203-insulated thermocouples, as well as

for withdrawal of gas from the channel, is being considered. Thermo-

couples would extend into the coolant channel and monitor the temperature

of the coolant stream from each channel.

AIR-FLOW TEST STAND (H. C. Hopkins, Jr.)

The air-flow test stand for simulating the operation of a fuel element

was used to test several 19-rod bundles, of various dimensions, during

the period, and the "hot-channel" factor for various conditions was calcu-

lated. The heterogeneous fuel element, consisting of 19 closely spaced

rods arranged on a triangular pitch to form a hexagonal cross section,

represents a simple, economical unit for the MGCR, but there is a techni-

cal uncertainty in the predictable "hot-channel factor" and friction pressure

loss. The units tested have consisted of spiral-spaced bundles (Model A,

Fig. 1. 19) and rods with no spacers over the center test section (Models B

and C, Fig. 1. 20). Model B differs from Model C only in the rod-to-wall

spacing. The results to date have shown that the initial assumed safety

factor for design calculations was on the conservative side with regard to

pressure drop and hot-channel factor. However, the hot-channel factor,
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particularly, has been shown to be sensitive to small changes in channel

size,so assembly tolerances must be considered when making quantitative

statements. The dimensional tolerances on the test units are estimated

to be 0. 0156 in. on the hexagonal shroud and 0. 010 in. on the rod spacing.

Friction Factor

The friction factor over a range of Reynolds numbers is reported in

Fig. 1. 21 for spiral-spaced rods (Model A); the smooth-tube correlation

is included for reference. Table 1. 4 summarizes the dimensions and

geometry of the three models of fuel elements.

DIMENSIONS AND

Table 1. 4

GEOMETRY FOR FUEL ELEMENTS

Rod Parameter

Number of rods
Rod pitch
Shroud shape
Rod diameter, in.
Type of spacing

Spiral pitch, in.
Rod-to-rod spacing, in.
Rod-to-wall spacing, in.
Flow area, in. 2
Wetted perimeter, in.

Hydraulic diameter, in.

Test length, in.

Hot-channel Factors

Model A

19
Triangular
Hexagonal
0. 625
Spiral wire
12. 5

0. 125
0. 125
4. 450
54. 5

0. 327

53. 5

Model B

19
Triangular
Hexagonal
0. 625
None

0. 125
0. 125
4.62

49. 4

0. 374
49. 5

Model C

19
Triangular

Hexagonal
0. 625
None

0. 125
0. 0625

3. 92
48. 7

0. 322
49. 5

Several sets of measurements on Model A were completed and con-

ditions were calculated. These included a uniformly heated bundle coated

with temperature-sensitive paints, a uniformly heated bundle with thermo-

couples, and a radially varying heated bundle with thermocouples. The

hot-channel factor is:
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measured surface temperature - inlet temperature

calculated surface temperature - inlet temperature

The hot-channel factor as a function of radial position is given in

Table 1. 5 for uniform and variable heat flux.

Table 1. 5

HOT-CHANNEL FACTOR AS A FUNCTION OF RADIAL POSITION

Conditions

Location' 1 2 3a 3b 3c

Relative

Power

Center rod, A 1. 29 1. 21 0. 92 1. 05 1. 19 1. 00
Middle rod, B 1. 32 ( *) ( * (**) ) 1. 14
Outer rod, C 1. 60

Inner surface 1. 04 1. 02 1. 14 1. 06 1. 06
Outer surface 1. 14 0. 93 1. 03 0. 96 0. 89

Outer rod, D 1. 42

Inner surface 1. 08 1. 08 1. 10 1. 08 1. 14

See Fig. 1. 22

Notes:

1. Values as

paint with

2. Values as

determined from temperature-sensitive

uniform heat flux.

determined from thermocouple measure-

ments with uniform heat flux.

3. Radial power distribution set by physics calculations

(temperature measured with thermocouples):

a. Calculated temperature based on average

conditions.

b. Calculated temperature based on average coolant

temperature and local film temperature drop.

c. Calculated temperature based on no-mixing

coolant temperature and local film temperature

0000drop.

No measurement.

From the data in Table 1. 5, it can be concluded that:

1. The variation in Reynolds number from 10, 000 to 20, 000 has

little effect on the hot-channel factor.
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2. The hot-channel factor varies with radial position such that the

higher heat fluxes on the outside produce a more uniform surface

temperature.

3. The temperature-sensitive paint indicates a slightly higher hot-

channel factor than the thermocouples, probably because the paint always

indicates the maximum temperature attained.

Testing of Model B and Model C has started. Model B (without

spacers) was run with uniform heating. The thermocouples and tempera-

ture-sensitive paint indicated that the hot-channel factors would be larger

than those for Model A. The surface temperature pattern was not as

regular as on Model A and the inside temperature was hotter, which

suggests that minor variations in the rod spacings could result in large

variations in flow and surface temperatures.

Before the results can be considered conclusive, a rerun will be

made with the rods rearranged to determine if the results are reproducible.

Insulation Test

The thermal conductivity of various insulating materials in a helium

atmosphere is being measured to provide design information for internal

insulation of the pressure vessel and piping.

The testing of the insulating properties of a Refrasil bundle in a

helium atmosphere has been completed. The test temperatures ranged

from ambient to 1, 3000 F and the test pressures ranged from 15 psia to

800 psia. The preliminary results show that pressure has a noticeable

effect. It is planned to try fitting a least-squares line to each pressure

range so that an extrapolation to higher pressure can be made.

Construction of a stainless-steel-wool insulation unit is nearing

completion. The delivery of the metal honeycomb unit has been delayed

because of a material shortage, but it is promised for next quarter.

Water-cooling Test

A test stand was completed and put into operation to investigate the
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feasibility of using water instead of inert gas as an emergency coolant

for a graphite system.

The first series of tests was completed during the present quarter

and the results are being summarized. The same graphite cylinder, which

was used as a mockup of a section of the core, was rapidly quenched by

water from initial temperatures of 3000, 5000, 7000, 9000, 1, 3000, and

1, 5000F with no physical damage or weight loss. The tests to date have

been designed to explore the possible effect of this type of cooling as an

emergency measure in the event of a plant failure. The results have been

so promising that a continued investigation of rapid cooling with water may

prove to be the solution to the entire emergency cooling problem.

Heater Tests

The testing of a high-heat-flux heater for the future thermal mockup

of the fuel element started during the quarter. The unit was tested in a

graphite environment at a heat flux of 50, 000 Btu/(hr)(ft2) for 24 hr;

however, the surface temperature was lower than desired. The unit was

then operated satisfactorily in air at a surface temperature of 1, 7000 F

and a heat flux of 35, 000 Btu/ (hr)(ft2) for 150 hr. Future plans include

operating the heater at a higher heat flux and at a surface temperature

of 1, 7000F.

HELIUM LOOP

Work on the preliminary design and cost estimate of the helium loop

to provide the reactor environment for out-of-pile testing of a fuel element

model was completed. No further work is planned at the present.

HANFORD LOOP (R. C. Howard)

The seal-ring test autoclaves put into operation in April were opened

for inspection. The Type 430 stainless steel rings showed no indication

of self-welding to the in-pile tube segment. The Type 430 stainless steel
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rings coated with tungsten carbide showed some indication of sticking, but

the cause has not been determined. Based on the results of these tests,

it has been concluded that Type 430 stainless steel rings should be used

for the in-pile test assembly. Inspection will be made in October, 1959,

of the duplicate test assemblies which were put into operation at the same

time as those just inspected.

The test-element mockup, which has been undergoing various

thermal and pressure cycling tests at General Atomic since May, 1959,

was inspected on July 7. The element showed significant loss of graphite,

embrittlement of the Inconel- sheathed thermocouples, cracking of the

graphite plate, and leaks in the fuel-cladding tubes. The embrittlement

of the Inconel and the loss of graphite has been attributed to the impurities

in the autoclave atmosphere resulting from the outgassing of the insulation

and from the loss of helium atmosphere, which occurred when the power

to the test area was inadvertently lost. The leaks in the cladding tubes

occurred at the end-closure welds and were caused by the axial restraint

of the cladding tubes. The cracking of the graphite plate resulted from

assembly clearances small enough to cause overstressing of the graphite

plate during the approach to operating temperature.

After an analysis of the data from this test, a series of simple

cycling tests was performed to determine the minimum safe clearance

between the cladding tubes and the graphite plate. It was found that a

0. 003-in. diametral clearance for the assembly was the lowest that could

be tolerated without cracking the graphite plate. The test element mockup

had been assembled with about 0. 001-in. clearance. Other tests have

shown that axial restraint of the cladding tubes consistently causes failure

of the welds. These tests had not been completed when the test element

mockup was fabricated. The loss of graphite and the embrittlement in

this test are not considered significant to the in-pile performance of the

test element because the element will not be subjected to the same type

or amount of impurities in the in-pile loop. Although the test element
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mockup did not perform well under the test conditions, information was

obtained which has increased our understanding of the forthcoming in-pile

test, as well as of the actual MGCR core.

Test Element

General Atomic was notified late in July that Hanford personnel had

doubts about testing the element using UC2 in graphite fuel pellets because

of the hazard associated with the possible high release of fission-product

gases from the UC2-C fuel bodies. If 10% of the fission-product gases

produced are released from the fuel body, a sudden failure of the fuel

cladding could result in activity levels in the coolant stream higher than

Hanford can tolerate. Although the results of a recent capsule irradiation

test done in the BRR with UC2 in graphite under similar test conditions

showed a release of only 0. 3%, it was thought that this was not sufficient

data to ensure a release of much less than 10%. On this basis, another

test element fueled with BeO-UO2 pellets, which can be expected to have

lower fission-gas release rates, was prepared. In this element 1/4-in.

BeO-UO2 pellets will be installed within a cladding of 1/2-in. OD seg-

mented graphite sleeve so that the external thermal and mechanical per-

formance of the fuel rod and graphite plate will duplicate that for the

UC 2 -graphite assemblies previously discussed. This element was

fabricated in August, 1959, and is scheduled for shipment to Hanford in

early October when the loop construction will be complete. Hanford has

indicated that they will accept a test element fueled with UC2 in C after

adequate modifications to the loop can be made.

Thermal Cycling of Test Element

A series of thermal cycling tests was run at General Atomic to

determine the most reliable type of fuel pellet and cladding assembly.

From the experience obtained in past cycling tests, several new design

concepts evolved for ensuring that the cladding will not "buckle" or "neck

down" between the pellets during thermal cycling. One approach is to use
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a cladding with a wall thickness small enough (0. 007 in.) to cause the tube

to buckle under 200-psi coolant pressure at room temperature. In this

way, the pellets would be firmly gripped by the cladding before the thermal

expansion began and would remain evenly spaced during the thermal elonga-

tion of the tube. This should prevent the collapse of the tube which occurs

when the spacing between two of the pellets becomes greater than the

spacing between the other pellets. Another approach is to machine 0. 030-in.

grooves around the outside of the pellets before installing them in the tube.

When these tubes are externally pressurized and heated, the cladding

should collapse into the grooves instead of into the 0. 006-in. gaps which

open up between the pellets. The pellets are thereby locked into place

and the 0. 006-in. gaps between the pellets cannot become larger and cause

the cladding to "neck down" between pellets. Tube and pellet assemblies

using both of these approaches were tested. The thin-walled tubing used

to test the first approach split axially after one thermal cycle. This was

probably caused by thin spots incurred when the tube was centerless

ground from 0. 010 to 0. 007 in. No "necking down" between pellets occurred

during the tests. The assemblies with the grooved pellets performed well

and showed no indication of failure. As expected, the cladding is squeezed

into the pellet grooves preventing buckling between the pellets. This

technique was used for the first in-pile test element.

CORE PERFORMANCE CODE (COPE) (R. Katz)

The IBM 704 code for determining the reactor core performance

was completed during this quarter. The primary function of this code is

to determine the core performance, i. e. , coolant temperature, clad

temperature, and pressure drop, with actual three-dimensional flux

distribution over the complete range of cycle conditions and core life. As

a secondary function, the code will be used to determine the orifice distri-

bution necessary to maintain either constant outlet temperature or constant

maximum clad temperature.
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In order to calculate performance over the cycle conditions, provi-

sions have been built into the code to select the proper friction and heat-

transfer correlations based on whether the flow is laminar or turbulent.

Also built into this code is the flexibility to investigate the effect on

performance of hot-channel factors, variations in channel power density,

and variations in maximum-to-average power density within a fuel channel.

Data are in the process of being programmed to investigate the

prototype core performance.

TEMPERATURE ANALYSIS FOR SEMIHOMOGENEOUS FUEL ELEMENT

One of the design limitations for the semihomogeneous fuel element

is the maximum cladding temperature. An investigation of the effect of

varying the geometry on the maximum cladding temperature indicated

that there is an optimum plate-thickness to fuel-pellet pitch for minimizing

this temperature. This optimum geometry is expressed by

b 0. 6919
a D/b

where a = fuel-pellet pitch,

b = plate thickness,

D = fuel-pellet diameter.

This optimum is based on a given average coolant temperature,

T, and plate thickness, as well as constant conductivity and heat transfer.

Figure 1. 23 shows the variation in the maximum cladding tempera-

ture with fuel-pellet pitch for several pellet diameters.

This analysis was based on equal conductivities in the fuel and moder-

ator regions. Further analysis is necessary to investigate the effect of

varying the conductivities.
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Fig. 1. 23--Variation in maximum cladding temperature

with fuel-pellet pitch for several pellet diameters



II. FLUID SYSTEMS AND PLANT ARRANGEMENT

PLANT CONTROL SYSTEM (T. Silks, J. Kearns, A. C. McClure, and
D. R. Olding)

Cycle Analysis

An optimization study of the three major heat exchangers--precooler,

intercooler, and regenerator--is in progress and will supersede the study

completed in March, 1959. The purpose of this investigation is, to define

a family of optimized and balanced heat exchangers for operation over a

total heat-transfer area for a given cycle.

Recent friction-factor and heat-transfer correlations obtained from

the MGCR heat-exchanger test loop have been incorporated into the current

study. (Further friction-factor and heat-transfer data from the test loop

will be incorporated as they become available.) In addition, the equations

for selecting the design of the heat exchangers have been programmed for

solution on the IBM 704 digital computer.

Another phase of this investigation is the calculation of a capital-

recovery factor, with fuel cost and regenerator effectiveness as parameters.

This factor accounts for the capital costs of all equipment (including the

heat exchangers), annual operating costs, variable fuel costs, and income

for a selected reference ship and trade route.

During the quarter, high-temperature operation of the MGCR proto-

type plant was investigated. It was found that operation at a turbine inlet

temperature of 1, 500 0 F for a period of the order of 1, 000 hr is possible,

provided that modifications are made in blading and in operating procedures.

To avoid exceeding the design power level, helium pressure in the system

must be reduced. Disk and blade root cooling must be increased. Blade

life may be increased by removing shrouds or by increasing taper ratio.

In addition to these measures, it is desirable to limit turbine speed to the

design value (1) by reblading one or both turbines, which would result in

48
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increased efficiency, or (2) by throttling the turbine exhaust or bleeding

around the compressors, which would demonstrate the plant's operating

capability, but not its high-efficiency potential.

Low-pressure Turbine Bypass System (D. Putnam, P. Joslin, and
A. C. McClure)

Analysis to date indicates that it is possible to operate the power

plant at a constant compressor-shaft speed. This control would hold the

turbocompressor speed constant during maneuvering. An accurate speed-

control system would also permit an ac electrical generator to be geared

to the turbocompressor shaft. The study showed that not only is it possible

to run the turbocompressor at constant speed by back-pressure control,

but that over-all plant efficiency is higher with this arrangement than it

would be if a steam system were used for electric-power generation.

A steam generator that operates at approximately atmospheric pres-

sure has been considered for bypass service in the event that the bypass

steam generator need not furnish steam for electric-power generation.

In this design, the bypassed helium passes through tubes that are sub-

merged in water inside a closed vessel. Above the water is a vapor space

containing tubes through which cooling water flows. The condensing capacity

is such that when the full bypass condition prevails, the pressure in the

vessel remains at approximately atmospheric. Cost estimates indicate

that a steam generator of this type is considerably less expensive than

one which operates at higher pressure.

The use of an ejector to increase the pressure drop across the

steam generator is no longer being considered. Equations were written

for the case of the steam generator placed in a gas path parallel to the

regenerator. However, such an arrangement will not be employed unless

the constant-speed compressor shaft proves unsatisfactory in the transient

analysis.
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Transient Analysis (J. A. Larrimore, T. M. Silks, J. J. Kearns, and

A. C. McClure)

The equations for describing the transient behavior of the MGCR

power plant have been further refined. To simplify these calculations,

the total system volume, which had been condensed into seven volumes,

was condensed into four volumes. Improved equations describing the

thermal behavior of the reactor core were derived and added to the set of

system equations. Both digital and analog computer solutions have been

obtained for these equations. Equations describing the reactor nuclear

kinetics were also prepared, but these have not yet been added to the

system equations. The core thermal equations include a calculation of

the reactivity due to core temperature, and the nuclear kinetic equations,

when inserted into the system equations, will include the temperature

coefficient of reactivity.

Revised turbine maps, more closely representing turbine behavior,

have been added to the program of transient studies. A new curve-fitting

technique was employed for fitting these maps and the compressor maps.

This technique permits a better fit and will decrease the computer solution

time.

Regenerator Analysis

The approximate treatment of the regenerator proposed by Stenning

in GAMD-489(1) has been compared with a more exact treatment, in which

the regenerator has been divided into segments. The Stenning approxi-

mation may be adequate, but the analysis is being pursued further.

The more exact regenerator analysis follows that of Dusinberre. (2)

In this treatment, the counterflow heat exchanger is broken up into elements

such as that shown in Fig. 2. 1. The following equations may be derived

for the element in Fig. 2. 1:

2V - H 2V +H 1 H
1 H___H H H t+T H

2 1 2C H2 2C M CHT+T - 2 J C



2V - H

T 3 2Cc t

2V + H H

+T4 - 2C At + TMC At
C C

(T 1 +T2  HHAt\
M2 ,i wM

T3 + TH t)
+ 2 WM + TM L1 (H1H )At]L

where T , T2, etc. = gas temperature at stations 1, 2, etc.

T = metal temperature,

H = hA = heat-transfer coefficient times heat-transfer
area,

V = wCp = mass flow rate times heat capacity,

C = weight of fluid in element times heat capacity,

At = time interval,

and where subscript c refers to cold-side fluid,

subscript H refers to hot-side fluid,

subscript M refers to metal.

4 3

COLD GAS-

HOT GAS-

'INSULATED [W' ALL

METAL

/ 7'7~7~7~ T 7 7 7'~ 7 7-'/~
INSULATED WALL

AX .p

-COLD GAS

- HOT GAS

2

Fig. 2. 1--Heat-exchanger flow pattern

A primed temperature is the temperature at a station after a time

At has passed.

With known initial steady-state values for temperatures, flow rates,
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etc. , one variable, such as T1, may be changed with time in any manner,

and the behavior of all other variables (e.g., At , At ... At ) can be
1' 2.' n

calculated by iterative solutions of the above equations.

The gas space immediately over the reactor core contains about

one-third of the inventory of the entire loop. Depending on the design of

gas passages within the reactor, this region may or may not be mixed

with the inlet gas before going through the core. The equations have been

revised so that this volume now appears in parallel with the main stream.

Varying the mixing fraction in the plenum, f , from 0 to 1 permits

investigation of complete streaming to complete mixing. If system pres-

sure is to be varied, the plenum, acting as an accumulator, must be in-

cluded even when the complete-streaming case is considered. All volumes

from the high-pressure compressor to the plenum inlet and from the core

inlet to the high-pressure turbine are lumped in V2 . All friction drops

from the high-pressure compressor to the high-pressure turbine are

lumped in R2 .

P4' e4 f e mR

T f m T R2
HPC 5 m 4T6 P5 HPT

m V2  m 4  (1- f )m m3 2 4m 4 5

Continuity in volume V2 is shown as

de4

V 2 2 -=-m 3 -m4; (2. 1)

continuity in plenum volume V is shown as

de

V P=f m - m ; (2. 2)
pdt m4 r
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continuity at point A is shown as

M5= (1 - fm)m4 + mr ; (2. 3)

pressure drop across R2 is shown as

R T
2 av 2

p_-__ m ; (2. 4)
4 5 p4  5

perfect gas law in V is shown as

p4 = epRT . (2. 5)
4p p

Energy equation in V , with complete mixing assumed, is
p

d
V -(e T ) = f mt -mt . (2.6)
pdt pp m 45 rp

Energy equation at A is

m t = m (1 - f ) t + m t . (2. 7)
5 6 4 m 5 rp

By using Eq. (2. 2), Eq. (2. 6) may be rewritten as follows:

dt f m
p m 4

dt- =eV (t5 - t ). (2. 8)

p p

The average density in Eq. (2. 1) should be a volume-weighted aver-

age over the various volumes included in V2. The average temperature

in Eq. (2. 4) should probably be a pressure drop-volume weighted average

temperature for the entire leg.

With the semihomogeneous fuel element as a model for selection of

core parameters, the equations given below were developed to describe

the thermal and nuclear behavior of the reactor core. Corresponding

equations are being prepared for the beryllium-oxide-moderated, hetero-

geneous-fueled core.
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Core Thermal Equations. The input variables to the core thermal

equations are the coolant inlet temperature and mass flow rate and the

power-generation rate. The output variables, which affect the rest of

the system, are the coolant outlet temperature and the reactivity feedback

due to temperature coefficients of reactivity. The pressure drop in the

core can be considered separately, since it is small compared to the drop

across the turbines.

The core is divided into N lumps (arbitrarily designated as equal in

length), and the following energy equations are written for the jth lump

(changes in energy storage in the gas are neglected):

dT (j)

C1 dt -

=U QF(j)

dT 2 (j)

C2 dt = CY2 QF(jI)

dT 3 ()

C3 dt

- U 1 [T1() - T 2 (j) ,

+ U (j)- T2 (j)] - U2 T2 (

cY 3 QF(j) + U 3 Tcj) - T3 (j),

MC T (j) -T. () = U 2 2[(j)
pLe out in 2e2

- Tc (J)J U 3 T(j) - T 3 (j)I.

Auxiliary equations are

T (j) = 0. 5 T. (j) + 0. 5 T (j),
c in out

T. (j) = T (j-1); T. (1) + T. ; T (N) = Tin out in inlet out outlet

U T2
1 2

U
S

T
S

U T U T
c c 3 3

0 A.....A.... Au- AA AAA A I\A0-

Lumped core model

(2. 9)

(2. 10)

(2. 11)

(2. 12)

(2. 13)

(2. 14)
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T = average fuel-pellet temperature in lump, F;

T2 = average plate moderator temperature in lump, F;

T3 = average box moderator temperature in lump, 0F;

T = average coolant temperature in lump, F;
C

T = average plate surface temperature in lump, F;
S

U = transfer coefficient between T2 and T0, Btu/(sec)(0F);

U = transfer coefficient between T and Tc, Btu/(sec)( F);2 2 c
U = transfer coefficient between T and Ts, Btu/(sec)(0F);3 c 3'
U = transfer coefficient between T and T , Btu/(sec)( F);
s 2 s

U = transfer coefficient between T and T , Btu/(sec)( F).
c s c

N

F(j) = 1 , (2. 15)

j=1

U. = U.(total core)/N; C. = li(total core)/N; i = 1, 2, 3; (2. 16)
i 1 1

C = mass-specific heat of fuel region, Btu/ 0 F;

C2 = ass-specific heat of plate moderator region, Btu/0F;

C3 mass-specific heat of box moderator region, Btu/ 0 F;

M = total coolant flow rate, lb/sec;

th
a. = fraction of lump power liberated in i region;

1
th o

T. (j) = coolant inlet temperature to j lump, F;in t
T (j) = coolant outlet temperature from j lump, F;out
T. = coolant inlet temperature to core, F;

inlet
T = coolant outlet temperature from core, F;

outlet
Q = total core power-generation rate, Btu/sec;

F(j) = fraction of total power liberated in jth lump.

To determine the number of lumps needed for the transient analysis,

the core thermal equations and the thermal reactivity-feedback equations

have been programmed for the IBM 704.

Reactivity Equations. For use in the neutron kinetics equations to

calculate short-term transients, the net reactivity may be expressed as the

sum of the temperature feedback and the control-rod reactivity insertion:
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p = p(thermal) + p(control) (2. 17)

Temperature Feedback. The reactivity due to an arbitrary change

in the temperature distribution in the-core is

p(thermal) T (r)J 6T(r) dr , (2. 18)
core

where 6T(r) is the change in temperature from a reference temperature

distribution (e.g. , full-power steady-state values) at the point r.

For the core thermal model described earlier, radial variations are

averaged and the axial direction is divided into N lumps. The integral in

Eq. (2. 18) is replaced by the sum in Eq. (2. 19) as follows:

N

p(thermal) = E ST (j) 6T(j) . (2. 19)
j=1

The MGCR Physics Section is using an equation given by Weinberg

and Wigner(3 to calculate (S p /6 T) for a uniform temperature rise through-

out the entire core. Two-group fluxes and adjoints have been obtained from

the PDQ code for the homogenized core. If we define a = (6p/6T) , and

th core
a(j) = (6p/5T)., where the integration is performed over the j lump, then

N
p(thermal) = j a. 6T(j) . (2. 20)

j=1

By defining

N

WF(j) = (a./a), > WF(j) = 1 ; (2. 21)
j=1

N

AT= >7 WF(j) 6 T(j) ; (2. 22)
j=1

we have

p(thermal) = aT (.(2. 23)
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Temperature coefficients can be conveniently calculated for the fuel

region and the total moderator region. It is not presently possible to dif-

ferentiate between the plate and box moderator-temperature coefficients.

Thus, there are two thermal reactivity terms, one due to changes in the

fuel-region temperature and one due to changes in moderator temperature.

Letting X be the fraction of the moderator (by mass) in the plates, we

have (using previous notation):

N
T ss

AT 1 =" [T 1 (j) - T 1 (j)j WF(j) , (2. 24)

j=1

N
AT2 3 X FT2 (j) -Ts(j)] + (1 - XT(j)- T s(j)]WF(j)

j=1 (2. 25)

p(thermal) = a1 AT + a2 3 ,AT 3.(2. 26)

Equations (2. 24), (2. 25), and (2. 26) are the required equations for

the digital-computer program. Steady-state temperature values in each

lump can be calculated from Eqs. (2. 9) through (2. 14).

Control-rod Reactivity Insertion. The following simplified treatment

of the flux-control loop is probably adequate for the present. An ion

chamber gives a current signal proportional to the power level, Q, which

is compared with the desired power, QS, and the error signal, A, is com-

pared to the deadband setting, DB. If the error signal exceeds the deadband

setting, the regulating rod is driven in with a constant speed, RS. If the

error signal is below the deadband, the rod is driven out with a constant

speed. Otherwise, the rod is stationary. (It is possible that intermittent

rod drive will be considered in the future. ) Inertia in the rod and lags in

the motor have been neglected. A reactivity-insertion curve for the regulat-

ing rod in the presence of the rest of the rods is required.

The equations describing this model are as follows:

A= Q - QS. (2. 27)
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dz
If(A-DB)>0, -- =RS;

dt

if ( + DB) < O, -- =-RS ; (2. 28)

otherwise, d = 0

DB
p(control) = - g(z) , (2. 29)

where g(z) is taken from the reactivity-insertion curve.

Preliminary results are as follows:

1. The response of the propulsion loop to step changes in reactor

power output has been determined. Figure 2. 2 shows the plant

response to a 20% increase in reactor output during a 2-sec period,

followed by a period of steady output at the higher level. The

cycle temperatures approach their new steady states, without

oscillation, within about 5 sec. Thus, the propulsion loop tends

to follow closely any changes in reactor output. Furthermore,

the loop tends to counteract increases in reactor power level.

For example, the sudden increase in reactor outlet temperature

of about 1000F causes an increase in reactor inlet temperature

of only about 15 0 F.

2. The response of the reactor core has been determined for arbitrary

changes in coolant inlet temperature, coolant flow rate, and

reactor power. The results are given in Figs. 2. 3 through 2. 11.

Figure 2. 3 shows the reactor outlet temperature versus time

following a step increase of 100 0 F in reactor inlet temperature.

The reactor power level is assumed to stay constant during this

transient, although the negative temperature coefficient would

tend to counteract the temperature rise. The time required for

the reactor core to approach a new steady state is around 3 min.

This interval can be compared with the 5-sec period required for

the propulsion loop to approach a new steady state. This result



REACTOR OUTLE l TEMPERATURE

1,300-

1,200 F-

HPT OUTLET TEMPERATURE

OVERSPEED OF LPT AND HPT

OVERSPEED OF LPT AND HPT

REACTOR HEAT OUTPUT-/ II
LPT OUTLET TEMPERATURE- 7

-

I.-

I-
0

Q
w

8I

0
20 c

110 Wr

00

90

80

70

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

TIME (SEC)

Fig. 2. 2 -- Temperature and reactor heat output versus time; 100% gas inventory U-

K400

LL

w
I-

H

1,100

1,000

-r
900

800

i I1_ __ I I



1,326 QN

1,324

1,322

1,320

1,318
FULL FLOW

1,316
w

k 1,314

w 1,312

w 8 LUMPS

1,310 4 LUMPS

W 3 LUMPS

1,308
0

1,306

1,304 HALF FLOW

1,302 8 LUMPS

4 LUMPS
1,300

1,298
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

TIME (SEC)

Fig. 2. 3--Outlet temperature response to 1000F increase in inlet temperature at t = 1 sec;

UC2 -C (max)



-1.6
FULL FLOW

-1.4

3 LUMPS

4 LUMPS

8 LUMPS
o -1.0

HALF FLOW

-0.8 -

-0.6
3 LUMPS

4 LUMPS

-0.4 8 LUMPS

-0.2

0 1 I 1 1 1 11 1
0 4 8 12 16 20 24 28 32 36 40

TIME (SEC)

Fig. 2. 4--Reactivity response to 100 F increase in inlet temperature

at t = 1 sec; UC 2 -C (max)



1,328

1,326

FULL FLOW
1,324-

1,322

1,320

1,318

W 1,316 4 LUMPS

c- D HALF FLOW

Q 1,314 8 LUMPS

g 1,312
W

4 LUMPS

1,310
W

D 1,3088 LUMPS

S1,308-
0

1,306

1,304

1,302

1,300

1,298
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

TIME (SEC)

Fig. Z. 5--Outlet temperature response to 10% step power increase at t = 1 sec;

UC2-G (max)



-1.2

- 1.1-

FULL FLOW

-t.0-

-0.9

-0.8 8 LUMPS

0

x -0.7 4 LUMPS

HALF FLOW

-0.6

o -0.5 8 LUMPS
Q

-0.4 4 LUMPS

-0.3

-0.2

-0.1

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

TIME (SEC)

Fig. 2. 6--Reactivity response to 10% step power increase at t = 1 sec; UC2 -G (max)

QW



1,375 0N

1,370 FULL FLOW

1,360

1,350
4 LUMPS

(r 8 LUMPS HALF FLOW

Q 1,340
W

2 4 LUMPSw
~ 1,330

8 LUMPS

0

1,320

1,310

1,300

SI I I I
0 4 8 12 16 20 24 28 32 36 40

TIME (SEC)

Fig. 2. 7--Outlet temperature response to 20% step power decrease in mass flow

at t = 1 sec; UC 2 -C (max)



- 6

FULL FLOW

- 1.4

-1.2

-1.0 8LUP4 LUMPS HALF FLOW

-1.0-

0

> -0.8

> 8 LUMPS

L4 LUMPS

-0.6

--0.4

-0.2

0
0 4 8 12 16 20 24 28 32 36 40

TIME (SEC)

Fig. 2. 8--Reactivity response to 20% step power decrease in mass flow

at t = 1 sec; UC2 -G (max) n



I,400
FINAL TEMPERATURE =1,399* F

1,380 FULL FLOW

U-
0

w

1,360

w 8 LUMPS
a.
w
~ 1,340-
w
J

0

1,320

1,300

0 16 32 48 64 80 96 112 128 144 160 176 192

TIME (SEC)

Fig. 2. 9 Outlet temperature response to 1000F step increase in inlet temperature at t = 2 sec;

UC 2 -C (min)



67

-4.0 -

-3.0 F-

I LUMP
2 LUMPS

3 LUMPS FULL FLOW

8 LUMPS

I I I I I I I I I I I

0 I 2 3 4 5 6 7

TIME (SEC)

8 9 10 II 12 13

Fig. 2. 10--Reactivity response to 1000F increase in inlet

temperature at t = 2 sec; UC2-C (min)

0
x

I-

o -2.0
W

-1.0 H

0 .



68

1,400

8 LUMPS

FULL FLOW
1,300

1,200
t = 196 SEC

t = 48 SEC
LL
0

1,100
w

0- 1,000

W

t = 4 SEC

900

t = 0 SEC

800

700
0 25 50 75 100

DISTANCE ALONG CORE (%)

Fig. 2. 11--Coolant temperature after 100 0 F step increase in

inlet temperature at t = 2 sec; UC2- core (minimum values)



69

applies to the semihomogeneous fuel element. Similar calculations

will be made for the heterogeneous design.

The following tentative conclusions can be made on the basis of the

results obtained thus far:

1. The power loop appears to be stable toward step transients in

reactor output as large as 10% and reaches its new condition with

a lag time of around 5 sec.

2. The reactor appears to be stable toward step changes in inlet

temperature, coolant flow rate, and power level and has a charac-

teristic lag time of several minutes.

3. The large difference between the lag times of the reactor and the

propulsion loop suggests that the two systems can be treated

separately. Thus, the propulsion loop can be assumed to be at its

steady-state condition during reactor transients, and the reactor

can be considered to be stationary during propulsion-loop tran-

sients. This conclusion must be verified by further studies of the

reactor system, with the reactivity feedback taken into account.

PRIMARY LOOP COMPONENTS

Coolant-piping Optimization (I. Kabler)

An optimization study of the main-coolant piping was completed. The

results verify the pipe sizes previously reported and are given in Table 2. 1.

Main-coolant Stop Valve (A. Wong and B. Lund)

The Crane Company has started design development of the main-

coolant stop valve and has submitted twenty-one conceptual valve designs.

During the quarter, the following concepts were reviewed:

1. Three designs (one angle poppet and two gate) suitable for the

single-hot-valve arrangement (with outer duct cooling).

2. Five concepts (one conical plug, one gate, and three poppet type)

for the single-hot-valve arrangement (with or without internal

insulation).
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Table 2. 1

RESULTS OF COOLANT-PIPING OPTIMIZATION STUDY

Piping

Low-pressure turbine to
generator shell

Regenerator shell to precooler

Precooler to low-pressure

compressor

Low-pressure compressor to
intercooler

Intercooler to high-pressure

compres sor

High-pressure compressor to

regenerator tube

Regenerator tube to outer duct

Outer duct

Inner duct

Low-pressure turbine bypass

Nominal
Length
(in. )

Wall
Thickness

(in. ) Comments
-t 9

28
22

20

18

18

14
16
30

20
10

1. 261
0. 625

0. 593

0. 719

0. 719

0. 750
0. 843
1. 493
0. 500
1. 125

Nonstandard

2-in, parallel

2-in. parallel
Nonstandard

Minus thermal barrier

3. Twelve designs (nine gate, one poppet, one ball, and one conical

plug) for the concentric-duct valve arrangement.

4. One design for a double hot gate valve which simultaneously opens

the emergency cooling valve and closes the main-coolant stop

valve.

All of these valves featured pneumatic piston-type actuators, except the

conical plug and ball designs, which were shown with pneumatic rotary-

vane actuators.

On the basis of the Crane Company's detailed evaluation of the above

concepts, two valve designs were selected for further study:

1. A gate valve with concentric ducts, single plate, retractable seat,

cylinder operation. In this valve, sliding contact between seating

surfaces is eliminated by moving the body seat away from the

gate seat prior to opening or closing the valve.

I' N I 'r
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2. A hot gate valve for a nonconcentric-duct arrangement. This

valve employs seat cooling and internal thermal insulation.

Design layout studies are in progress for these two types of valve.

Valve Leakage. A test conducted at the Crane Company demonstrated

that a valve which had qualified as "exceptionally tight" for pressurized-

water reactor service had an unexpectedly low helium leakage rate. A

14-in. cylinder-operated gate valve made of forged stainless steel was

pressurized with helium in the bonnet and cylinder, with both disks in

seated position. Both seats were observed simultaneously. The maximum

leak rate was 1. 5 scfh with a 5-psi differential pressure and 0. 5 scfh at a

100 - to 1, 000 -psi differential.

The maximum allowable leakage rate for the main-coolant stop valve

had been specified as 6 scfh. However, as a result of an upward adjustment

in the helium volume of the reference reactor, it was possible to allow

19 scfh maximum leakage, and the specification was so modified.

Pressure Drop. In the present layout studies of the main-coolant

stop valves, a venturi type of flow path is utilized. The valve seats are

located at the throat of the venturi, which has a 13-in, diameter. The

frictional pressure drop through each channel of the valve is estimated at

0. 1 to 0. 2 psi at maximum flow, which is considered acceptable from the

viewpoint of plant economics.

The design criteria have been revised to specify that the stop valve

shall be capable of closing with a pressure differential of 130 psi across its

disks, in lieu of the previously specified 90 psi.

Valve-material Tests. Plans have been prepared for modification of

the Crane Company's wear-test machine in order to explore the galling

characteristics of valve seating and bearing materials in a 1, 3000 F pure

helium atmosphere. It is anticipated that these tests will begin soon.

In the test apparatus (see Fig. 2. 12), the materials specimens are

rubbed against each other in a slow, oscillatory, rotating motion while a

nominal bearing pressure of 4, 000 psi is maintained. These conditions
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simulate the valve seat action. A gas pressure differential applied across

the wear surfaces serves to purge pure helium through the apparatus and

is a means of assessing -the degree of galling.

The initial test specimens will be various combinations of Stellite

1, 6, and 12, which are conventional seat materials for high-temperature

valves. Other metals will be tested as needed during this program.

Control Valves

A survey of vendors who are interested in furnishing control valves

for helium service has been completed. Thirteen of the 21 vendors con-

tacted have indicated such an interest.

Valves 4 In. and Smaller

A report covering the findings of the small-valve survey will be

issued soon. It will contain a brief description-Of each valve and will

recommend that a selected number, listed in Tables 2. 2 and 2. 3, be

selected for qualification testing.

For practical reasons, emphasis will be placed on the evaluation

testing of .articular features of each valve, e. g. , seat, stem seal, bonnet

joint, or pressure rating. It is expected to combine the best type of each

of these features into a final valve design.

Duct Design, Development, and Testing (D. W. Carreau, H. F. Curtis,

and B. Lund)

The objective of this work is to develop and design ducting to trans-

port the main coolant between the components of the power plant at a

maximum pressure of 800 psia and a maximum temperature of 1, 3000F.

The ducting must also be designed to operate for a limited time at tempera-

tures up to 1, 5000F.

Most of the ducting carries helium gas at temperatures below 1,000 F,

and consideration of the high-temperature creep properties of the materials

is not required. However, the reactor outlet duct and the low-pressure



Table 2. 2

1/2-IN. GLOBE VALVES RECOMMENDED FOR TESTING

Vendor

Edward Valves, Inc.

Robertshaw-Fulton Controls Co.

Dragon Engineering Co. , Inc.

Combination Pump Valve Co,

Rockwood Sprinkler Co.

James Pond Clark

R-P and C Valve Div.

of American Chain

and Cable Co. , Inc.

Grove Valve and Regulator Co.

Alloy Steel Products Co.

TOTAL

Design
T

Stem Seal

Packed

Bellows

Forged stellite,

seat and disk

Cast stellite,

disk and seat

Teflon seat

Bar stock glass

filled Teflon seat

Cast bronze nylon,

disk screwed bonnet

Ball-type forged

SS ball

Brass ball

Plug-type O-ring
seal bar-stock

Metal-to-metal

seating

Screwed bonnet

Nylon O-ring seat

internal body and

bonnet forged steel

Gate Teflon seats

P-T Rating

i

r 1

Sizes
(in. )

1/4-4

1/2-4

1 /8-1

1/4-2

3 / 8-2

3/8-2

1/2-3.

1 /8-1

-1

3, 600 psi at 100 F

1, 500 psi at 1,230 0 F

500 psi at 1, 000 F

300 psi at 325 0 F

6, 000 psi at 150 F

3, 000 psi at 2750 F

600 psi WOG

300 psi WOG

150 psi at 1500 F

10, 000 psi at 150 0 F

475 psi at 1,00 0 F

3, 000 psi at 150 F

600 psi at 250 F

i

-4

II

Plan or

Cat. No.

2224

3221
series

3000
series

Mod. 816

No. 182

Fig. 202

Fig. 101

9200
se ries

1060

1060

T-2
series

Fig. 66

Bull. 7

Approx

Cost

$140.00

214. 00

41.00

5. 10

57. 00

7.88

7. 88

20. 00

9. 4?.

9. 42

23. 50

50. 00

$605. 40

4

1/4-1/2

1/8-1/2

O-ring seals

O-ring seals

Teflon chevron

Buna N O-ring

Buna N O-ring

High-tempera-

ture packing

O-ring seal

Hycar O-ring
seal

Teflon chevron

packing

J 1 l I



Table 2. 3

CHECK VALVES RECOMMENDED FOR QUALITY TESTING

Sizes Plan or
Vendor Design P-T Rating (in.) Cat. No. Cost

Sealol Corp.

Combination
Pump Valve Co.

James Pond Clark

Edward Valves, Inc.

Grove Valve and

Regulator Co.

Republic Manufacturing Co.

Darling Valve and

Manufacturing Co.

TOTAL

In-line

hard seat

soft seat

In-line

soft seat

O-ring seal

In-line

O-ring seal

Lift- spring
loaded-stellite

seat and disk

Cr-Mo

In-line

expandable
rubber tube

In-line

mini-check

ball type

Lift-ball
cast body

3, 000 psi at 4000F

5, 000 psi at 2500F

0-3, 000 psi at 2500F

3, 600 psi
1, 500 psi

at 100 F

at 1, 050 F

300 psi at 2000F

5, 000 psi at 4000F

500 psi WOG

1/4-4

1/4-2

1/8-2

1/4-4

1/2-2

1/4-1

1/2-4

1 hard seat

1 soft seat

Cat. 59
No. 121

200 series

DWvg.
BE.4199-2

Fig. 2278

Dwg.
W-61-A09-P

418-8

404LFG-1/2

Pg. 117
Darling Co.
Cat.

$15.00
15. 00

35. 00

56. 00

108.00

13. 00

10. 00

25. 00

$277 00J. _ ___ ___ ___ ___ ____ __ __ ___ _ _ ____ ___ ___ _ _ ___ ___
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turbine bypass duct will reach maximum temperatures of 1, 5000F and

1, 210 0 F, respectively.

Previous studies have indicated that from a duct-design standpoint,

it is desirable to combine the reactor outlet and inlet flows into a concentric

duct, so that the high-temperature gas passes through the inner duct while

the cooler gas flows in the annulus. The full system pressure is thus

carried by the outer duct only, which operates at a temperature below the

high-temperature creep range of the material. A specially designed heat

barrier on the hot-gas side of the inner duct provides sufficient insulation

to maintain the structural wall of the inner duct at a temperature only a few

degrees in excess of the 800 0 F gas temperature in the annulus.

Whenever possible, the ducting will be constructed with welded joints.

However, some mechanical joints will be used to permit convenient dis-

mantling for inspection, modification, and maintenance of the rotating

machinery. Preliminary design studies have revealed that a flange-type

joint is suitable for this purpose.

Heat Barrier

The heat barrier shown in Fig. 2. 13 consists of an Inconel X liner

which forms a stagnant gas pocket containing a multiple radiation shield.

The radiation shield is constructed of 0. 005-in. -thick dimpled stainless

steel or nickel foil, spirally wound to fill the stagnant gas pocket. The

liner is made in short sections and is attached to the pipe wall at the end

of each section by means of a conical-shaped thermal sleeve.

As was previously reported, an experiment to verify the performance

of the heat barrier has been conceived. The heat-insulation characteristics

will be determined by passing hot helium through the inner duct and measur-

ing the heat flow and temperature gradient through the heat barrier, while

maintaining the outer wall of the inner duct at a constant temperature.

A concentric-duct test section has been completed and tested for

strength and leaks. The heat-exchanger test loop is now being prepared

to receive the concentric-duct test section. It is expected that the test
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assembly will be installed in the heat-exchanger test loop in time to start

the heat-transfer tests in October, 1959.

Gasketed Joints

In order to specify flange layouts for the preliminary design of com-

ponents in the MGCR power plant, it is necessary to establish:

1. The desired type of flange joint,

2. The desired type of gasket,

3. The relative size of flanges in relation to standard commercial

flanges,

4. The proposed method of designing a bimetallic joint in the

low-pressure turbine bypass line.

The first flange calculations were made for the low-pressure turbine

outlet connection. Minimum dimensions allowed by the ASME Unfired

Pressure Vessel Code were computed for a flange that could use interchange-

ably a spiral-wound asbestos-filled gasket, a ring gasket, or a seal weld.

Figures 2. 14 and 2. 15 illustrate the relative size of the calculated

flanges in relation to a 28-ips standard flange (shown in phantom).

Industry was surveyed to obtain information on gasketed joints. The

results of this survey, the flange calculations mentioned above, and the

decisions reached on these components will be issued in a future report.

The use of either welding-neck flanges or lap-joint flanges is per-

mitted by the Marine Engineering Regulations and Materials Specifications

CG-115, dated March 1, 1958. The welding-neck flange was selected

because:

1. The pipe end does not have to be forged.

2. The flange is smaller than that of a lap-joint flange.

3. There is more room for a seal weld.

A bimetallic weld will be made downstream of the flange connection

of the low-pressure turbine bypass line (see Fig. 2. 16) to accommodate the

transition from 1-1/4 Cr-1/2 Mo to stainless steel. This is necessary,
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Fig. 2. 14--Minimum dimensions allowed by the ASME Unfired Pressure

Vessel Code for a flange joint using a spiral-wound asbestos-filled

gasket with a backing ring and a seal weld
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because the gaskets cannot absorb the differential expansion which would re-

sult if the transition occurred at the flanged faces. A thermal shield will ex-

tend through the flanges and past the bimetallic weld on the inside of the duct.

Cooling gas will flow between the thermal shield and the duct, so that no

1-1/4 Cr-1/2 Mo material will be exposed to temperatures higher than 9500 F.

As soon as the pipe stresses, forces, and moments are determined

for the ducting in the area where the flanges are to be located, detailed

calculation will be made for each flange in the power plant.

DEVELOPMENT OF FLUID-MECHANICAL SYSTEMS (M. R. Fishkind

and B. Lund)

The objective of this work is to perform the engineering necessary to

develop and design the prototype power-plant fluid-mechanical systems and

the equipment comprising these systems. The scope of work includes:

1. Preparation of system specifications and engineering diagrams,

2. Preparation of system descriptions,
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3. Identification of areas of system design that may require experi-

mental verification or special analysis,

4. Action to ensure timely completion of all items with long lead

times, such as those noted in (3) above.

Main-coolant System

The preliminary system diagram was reviewed and modified to

reflect the latest information.

System volumes were revised to incorporate the latest estimated

reactor volume of 777 ft3. The revised volumes are shown in Table 2. 4.

System charging and discharging times were determined for several sizes

of pipe. This study indicated that the largest size of charging (or discharg-

ing) pipe required for these operations will probably not exceed 1 in. ips.

Rapid system changes in power level (and inventory) during power-plant

transients were used as a basis.

Table 2. 4
*

ESTIMATED VOLUMES OF MGCR MAIN-COOLANT SYSTEM

Coolant Coolant

Volume Weight

Component (ft3 ) (lb)

Piping 458 104

Reactor 777 183

Regenerator (shell side) 623 70

Regenerator (tube side) 185 58
Precooler 81 14

Intercooler 55 17

Bypass steam generator 30 4

High-pressure turbine 16 2

Low-pressure turbine 7 1

High-pressure compressor 6 2

Low-pressure compressor 7 2

TOTAL 2, 245 457

The volume of the emergency cooling system is

not included.
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A comparison was made between main-coolant-system operation with

and without reactor isolation valves. The comparison included considera-

tions such as (1) emergency shutdown (with or without emergency cooling

operation), (2) normal shutdown (requiring access to the main-coolant

system), (3) leak detection and testing of the main-coolant system, and

(4) mechanical means for temporarily isolating the reactor (other than

through the use of permanently installed isolation valves).

The following considerations require careful analysis:

1. Minimizing the effects of a nuclear incident, such as a fuel-

element failure.

2. Minimizing the entrance of oil vapors and/or cracked-oil products

into the reactor, in the event of a shaft-seal failure in the gas-

turbine machinery.

3. Minimizing the entrance of steam or water vapor into the reactor,

in the event of a heat-exchanger failure, with the main-coolant

system depressurized.

4. Minimizing the loss of coolant from the reactor (and emergency

cooling system), in the event of a rupture in the main-coolant

system.

5. Permitting rapid deceleration and shutdown of the gas-turbine

machinery in the event of an emergency condition requiring such

action.

6. The length of time that the gas-tight integrity of the main-coolant

system must be kept inviolate, prior to access for maintenance

and repairs, in order to avoid core damage from decay heat.

An estimate was made of the differential pressure build-up across

the main-coolant stop valve during isolation of major leaks. The curves

shown in Figs. 2. 17 and 2. 18 illustrate five cases of pressure drop across

the valve resulting from different diameters of leaks, for various closure

and travel times. In Case I, the valve starts to close at the instant the

leak occurs; in Case II, it starts to close 5 sec after the leak occurs; and
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in Case III, it starts to close 10 sec after the leak occurs. In all three of

these cases, the following conditions are assumed: (1) a valve travel time

of 3 sec, (2) a portion of valve travel time where differential pressure

build-up occurs in the last 1/2 sec, (3) a sonic flow through the leak, (4)an

isentropic flow, and (5) a stagnant system. In Case IV, the valve starts

to close at the instant the leak occurs; in Case V, the valve starts to close

2 sec after the leak occurs. In both Cases IV and V, the same conditions

prevail as in Cases I, II, and III, except that the valve travel time is only

1 sec and the portion of the valve travel time where differential pressure

build-up occurs lasts only 1/4 sec.

An estimate was made of the flow area of the main-coolant stop valve

as a function of valve travel and time required to shut the valve. The

curve in Fig. 2. 19 is a plot of flow area versus time and can be applied to

any given valve bore and travel (or position).

Oxygen-bearing Impurities in Helium (D. Ragone)

Further studies were made in order to arrive at a tolerable impurity

level for a helium-cooled graphite-moderated core. An analysis was carried

out to determine the amount of carbon transport caused by small contents

of carbon monoxide, where the rate is limited by diffusion of carbon mon-

oxide to metallic surfaces when the reduction to carbon is catalyzed.

The numerical case given below was chosen to represent MGCR con-

ditions. Deposition of carbon would be expected to occur in the regions of

piping and machinery in which the temperature drops from reactor outlet

level (1, 3000F) to 1, 000"F. It is assumed that at temperatures below

1, 000"F, the reaction rate becomes limiting and that further deposition of

carbon is negligible. The result of the calculation is that an impurity level

of 1 ppm of CO would cause a transport rate of 0. 27 mole of CO or about

3. 2 lb of carbon per year. Since the rate of transport is proportional to

the square of the impurity level, a content of 10 ppm would cause a trans-

port of 27 moles or 320 lb of graphite per year.



780

750

700

DEPRESSURIZATION CURVE FOR 3-IN.-DIAM
LEAK HOLE, VALVE WIDE OPEN

-w 650
U)

w

r 600
CUTOFF

DEPRESSURIZATION CURVE)

550 VALVE SHUT

ADDITIONAL DISK
TRAVEL TIME AFTER CUTOFF

500 1 I I 1 I 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

TIME (SEC)

Fig. 2. 19--Typical basis for evaluation of differential pressure build-up (OP)
00



88

On the basis of this diffusion-rate study, it is thought that the toler-

able impurity level could be increased above 1 ppm, but not above 10 ppm.

The result is strongly affected by the temperature at which the reaction

rate is assumed to become limiting, since lower temperatures correspond

to larger equilibrium contents of CO2 and, consequently, to greater trans-

port rates.

Rate of Transport of CO to a Surface in a Flowing Stream

This calculation assumes the CO to be a small, impurity in a helium

stream that is flowing isothermally in long tubes. The composition of the

flowing stream is assumed to remain constant down the length of the tube,

i. e. , the reaction never approaches equilibrium. The CO diffuses through

the boundary layer to the wall, where it reacts and assumes its equilibrium

concentration.

Rates of mass transport to walls canbe expressed as follows:

m = kA(Ps - Pw) ,

where m = rate of transport in moles/sec,

k = mass-transport constant,

Ps = partial pressure of CO in the flowing stream,

Pw = partial pressure of CO at the wall,

A = wall area.

This can also be written as

m = kAP (x - x ) , (2. 30)
CO C

s w

where P = total pressure,

xCOs= mole fraction of CO in the flowing stream,

xCOw = mole fraction of CO on the wall.

The factor k can be correlated using the Colburn method [see

Eqs. (2. 32) and (2. 33)] as follows:

kMP 2/3
j = G (Sc) , (2.31)
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where M = average molecular weight of gas,

P = total pressure, atm,

G = mass flow rate, lb/sec/ft2

Sc = Schmidt number,

Re = Reynolds number,

and j can be taken as

j = 0. 023 (Re)-02 . (2. 32)

Combining Eqs. (2. 30), (2. 31), and (2. 32) yields

m = 0. 00575 GA 0 (x - xC 0  ) (2. 33)
2/3 0.2 CO C

(Sc) (Re) s w

From stoichiometry and the assumption that xCO is the equilibrium
w

concentration of CO with the activity of carbon set at unity, we derive

x s - x w=
CO CO CO '

s w 2

where xCO2 is the equilibrium CO2 concentration.

2AssumingG = 70 lb/sec/ft ,

A = 100 ft2

Re = 105

Sc = 6,

then

m = 7. 6 10 7 xCO2 moles/yr.

A plot of xCO2 versus T (0 F) is given in Fig. 2. 20 for various oxygen

impurity levels. These levels are expressed as

OT = weighted sum of mole fraction of oxygen-containing materials,

xCO + 2xCO2

o -6 -7 -9
For example, at 1, 000 F with O = 10 , rn = (7. 6 10 ) (3. 5 10 )

T
= 0. 27 moles of CO could be transported to tube surfaces in a year with

the conditions assumed.
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By using Eq. (2. 33) and Fig. 2. 20, calculations for other conditions

can be simply performed.

The Schmidt number, ( / pD), was calculated as follows:

p = viscosity of He-CO mixture and was assumed to be that of pure He, or

6. 93 X 10~ T( F)0. 674 (lb-hr/ft),

4[4601 3
p = density =6 (P) (lb/ft3)

359LT( R)J

D = diffusivity in ft 2 /hr.

The diffusivity was evaluated as outlined by Sherwood and Pigford, (4)

using the following equation:

-3 T 3/1
D=6.9X 10 3/2 1 +

1/3 1/3 2 M M '
P(V +V ) CO He

He CO

where T = temperature, F;

P = total pressure, atm;

V.= atomic volume of component i;

M. = molecular weight of component i

The following values were taken:

VHe = 15 ,

VCO = 30.7 .

Accordingly,

-3 3/2
6.9 X 10 (0.532) T

31.4 P

Therefore, the Schmidt number is

Sc = 1. 15 T0. 174

at 1,00 0 F = 1,460 F

Sc = 6. 1

The equation relating j to the Reynolds number was taken from
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Sherwood and Pigford(4) and is applicable in the region of turbulent flow.

Other forms are given as follows:

j = 1. 82(Re)-0. 51 ReK< 350 .

j = 0. 989 (Re)~0.41 Re > 350 .

The above values are for beds of granular solids and might be used

in calculations on beds of spheres. Note that

D G
Re=

where D = diameter at particles, ft;
p2
G = mass flow rate, lb/hr/ft2.

p = viscosity, lb/hr/ft.

A correction for porosity is given by Brown. (5)

PROPULSION- PLANT ELECTRICAL SYSTEMS DEVELOPMENT
(W. Datkiw and B. Lund)

Four basic single-line diagrams of the ac power-distribution system

for the prototype plant and site were prepared. These diagrams show for

electric power sources either one or two high-voltage utility lines, a main

diesel-generator set, and three small continuously running diesel-generator

sets for instrument and safety systems.

The load analysis for the prototype plant was revised to reflect the

latest design developments. The load requirements for various plant con-

ditions are given in Table 2. 5.

Preliminary sizing of the prototype-site substation, switchboards,

control centers, and generators was accomplished to determine the build-

ing dimensions required to house this equipment.

A study was made of the feasibility of continued plant operation after

a loss of utility power for a period sufficiently long to start the main diesel-

generator set, put it "on the line," and restart certain vital auxiliaries.

This would avoid a scram and its possible deleterious effects on plant

components, as well as allow an orderly shutdown.
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Table 2. 5

RESULTS OF REVISED PROTOTYPE LOAD ANALYSIS

Load Requirement

(kw)

Steady state (100% power). ............. 1,830

Idling (zero power, reactor critical) . . . . . . 1, 170

Start-up. . . . .. .. . ......................... 1, 480

Loss of site electrical power . . . . . . . . . .. 690

Peak load (100% power, maneuvering) 2, 470

The degree of reliability to be designed into the electric power-

distribution system and the limitations on the tolerable number of emergency

shutdowns were reviewed. In the absence of firm information about these

limitations, it was decided to proceed with a 2-out-of-3 coincident-type

safety system and to provide three small continuously running diesel-

generator sets for instrument- and safety-system power.

HEAT-EXCHANGER TEST LOOP (F. Anderson, H. Paulsen, and B. Lund)

The objective of experiments utilizing the heat-exchanger test loop

is to compile and correlate sufficient experimental data for the aerodynamic

and thermal design of the prototype main-coolant regenerative heat exchanger.

These data will also be used in the design of other power-plant heat

exchangers of similar configuration.

The test loop consists of the model heat exchanger, gas cooler, and

gas-circulating blower with associated equipment. The model heat

exchanger is of a U-tube, counterflow design. The shell side is unbaffled,

which allows flow parallel to the tube-bundle axis.

The frictional and thermal characteristics of a tube bundle with air-

foil type supports are being compared with those obtained for unsupported

"bare" tubes. These air foils are intended to offer distributed tube sup-

port, while increasing the heat transfer by acting as extended tube surfaces

and keeping frictional pressure losses to a minimum.
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Test Program

The test program consists of four principal phases:

Phase I, air isothermal pressure-drop tests,

Phase II, air heat-transfer tests,

Phase III, helium isothermal pressure-drop tests,

Phase IV, helium heat-transfer tests.

Each phase includes two series of tests, which differ only in the configura-

tion of tube supports within the model heat exchanger.

Formal testing began on April 13, 1959. To date, Phases I and III

testing (isothermal runs) have been completed, and the 'bare'-tube bundle

series of Phase IV testing is nearly concluded. Phase II testing will begin

after the completion of the Phase IV program. Since Phases II and IV are

heat-transfer tests that involve tube wall temperatures up to 700 0 F, the air

tests (Phase II) have been deferred to prevent premature tube and shroud

scaling.

Data Reduction and Analysis

A heat-exchanger test interim report, including all isothermal

pressure-drop correlations, is under preparation.

Correlation adjustments were made in the description of pressure

losses at the entrance and exit sections of the model heat exchanger. The

initial methods for expressing the pressure-drop phenomena at the entrance

and exit were replaced by new parameters based on terminal-velocity head

of the model. These new expressions exhibit adequate agreement between

isothermal air and helium test data.

Analysis of the heat-transfer test data is continuing. The difficulty

in determining a satisfactory correlation for heat transfer from condensing

steam inside horizontal tubes necessitated an extensive literature survey.

It was found that very little published data exist on this mechanism of heat

transfer.

The most acceptable method of evaluating the steam-side (tube-side)
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heat-transfer coefficient is evolved from methods described by

(6) (7)
F. G. Carpenter and A. P. Colburn and by 0. K. Crosser. The

adequacy of these published steam-side correlations plus a modification

of Crosser's method has been tested in preliminary calculations in which

several selected sets of test data were used. The most effective technique

was a modification of Crosser's method based on the Carpenter-Colburn

condensing-steam data.

The balance of the test data from the 240 runs completed to date

will be processed by the IBM 704 digital computer. The computer program

is designed to eliminate data which do not comply with the steam-side

Reynolds-number restrictions of the modified Crosser correlation. This

discriminating feature will ensure that only acceptable data will be processed.

HEAT-EXCHANGER ANALYSIS AND PRELIMINARY DESIGN

(W. Justus son and B. Lund)

Parametric studies of the bypass steam generator were conducted

for various tube sizes, gas velocities, tube lengths, and heat loads. The

results are summarized in a series of curves which describe families of

steam generators. Heat loads considered were the turbogenerator steam-

generator load (19. 7 x 10 Btu/hr), the bypassing-operation, steam-

dumping load (57. 7 x 106Btu/hr), and the turbogenerator plus bypassing

steam-generation load.

A typical tube layout was made for a dual-purpose hockey-stick-type

steam generator; i. e. , one which accommodates both turbogenerator and

bypassing steam-generation tubes in a common shell, but in separate tube

bundles. In addition, alternative lower-head designs were sketched to

reduce the effect of thermal stresses during the bypassing operation.
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PLANT-ARRANGEMENT AND STRUCTURAL STUDIES

Structural Studies (I. Kabler and A. C. McClure)

The preliminary foundation design for the rotating machinery consists

of separate forward and after sections. Each section supports the machinery

bedplate independently of the other and satisfies MGCR design specifications

for a three-point support.

The after foundation is located below the high-pressure turbine cross-

over section and extends to the after bulkhead. This is a two-point support

with the bedplate pads located as specified by Westinghouse. Use of a two-

point support in this section in conjunction with deep fore-and-aft bedplate

girders ensures turbocompressor shaft alignment by divorcing the girders

from panting or flexing of the main structure (ship or building). Vertical

shock supports and athwartship sway braces complete this foundation section.

The forward foundation is located below the low-pressure compressor

and extends to the forward bulkhead. This single -pad foundation consists

basically of a vertical support for vertical shock, an athwartship sway

brace, and a fore-and-aft sway brace.

The bedplate design is being further investigated. The present concept,

which calls for two deep fore-and-aft beams with several truss strengtheners

and cross braces, appears to be too flexible. Methods of increasing its

stiffness will be studied.

Plant-arrangement Studies (I. Kabler and A. C. McClure)

The present quarter has been devoted to bringing plant-arrangement

concepts up to date. Primary effort has been devoted to the layout of the

main-machinery compartment on the basis of the concentric-duct concept.

However, use of separate reactor inlet and outlet ducting would not require

major modifications

The results indicate the desirability of moving both the reactor and

the rotating machinery from the ship centerline, with the reactor being

located on the port side and aligned with the high-pressure turbine nozzle
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centerline. This arrangement would result in a shorter but wider compart-

ment, with an over-all decrease in volume.

To achieve constant-speed operation of the rotating machinery will

require a revision of the bypass concept. The steam generator is now

essentially only a ''heat dump'' and is not required to produce steam for

power-plant operation or the start-up system. Starting is accomplished

by an electrical generator that serves as a start-up motor until the

machinery becomes self-sustaining. The steam generator will then provide

power to the entire plant.

Propulsion-plant Shielding (R. Gulino, R.. Bagley, J. Paniszczyn, and
K. Hall)

Data relative to the gamma-ray sources in the core and primary

shielding of the MGCR are necessary for the design of the primary shield.

A method has been developed for calculating the gamma-ray sources created

by the neutron flux in the reactor core and the various laminae of the

shield. The sources that were considered are

1. Prompt fission gammas (operating),

2. Fission-product decay gammas (operating),

3. Neutron-capture gammas (operating).

4. Fission-product decay gammas (shutdown),

5. Neutron-capture decay- gammas (shutdown).

The gamma-source energy spectra have been divided to conform to

the nine gamma-ray energy groups that will be used in the primary-shielding

calculation.

The appropriate equations have ;een worked out for programming the

above method for a digital computer.

Primary-shield Calculation. Work is progressing on the development

of a primary-shield computer program that will be used to determine the

gamma-ray energy flu-, referred Lo the center plane of the reactor core.

The calculation accounts for the degradaticn of the gamma spectrum as the

gamma rays traverse the shield lamninae. The differential scattered energy
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spectra given by Czapek, et al. ,(8) are being utilized. The gamma spectrum

is split into discrete energy groups to facilitate an individual group

analysis; a maximum of nine energy groups is being used. The resultant

gamma flux will be used to determine dose rates, heating rates, tempera-

ture distributions, and thermal stresses in the primary shield.

Computer Codes. Three digital codes have been obtained and sample

problems have been run to assure that they are operational:

1. MUFT IV (fast-neutron spectrum),

2. WANDA 4 (few-group multiregion neutron diffusion),

3. FLIP (one-velocity multiregion neutron transport).

Three additional computer codes have been obtained, but have not

yet been used to calculate sample problems:

4. SIMPL I (few-group multiregion neutron diffusion),

5. SIMPL II (one-velocity multiregion neutron transport),

6. GRACE I (gamma attenuation).

Primary-coolant Fission-product Gamma Sources. The curves of

Blomeke and Todd were used to calculate the gamma-energy release

rate of individual fission products in the MGCR at the time of fuel-element

rupture, for operating times of 105, 106, and 3 x 10 sec. Gamma transi-

tions for this calculation were classified in the following energy groups:

Group I, 0. 00 to 0. 25 Mev,

Group II, 0. 26 to 1. 00 Mev,

Group III, 1. 01 to 1. 70 Mev,

Group IV, 1.71 Mev and above.

At the time of fuel-element rupture, it was assumed that 0. 10% of all

the nuclides, with a boiling point of less than 1, 5000 F, instantaneously

escaped into the coolant stream. The gamma energy released per group,

as a function of operating time, was calculated for (1) no plating out of

fission products and (2) plating out instantaneously when the temperature

of the coolant-system component is below the boiling point of the nuclide.

The preliminary results of calculations (1) and (2) are given in Tables 2. 6

and 2. 7, respectively.
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Table 2. 6

TOTAL GAMMA SOURCES IN COOLANT WITH NO PLATING OUT

Operating

Time Group I Group II Group III Group IV
(sec) (Mev/sec) (Mev/sec) (Mev/sec) (Mev/sec)

5 13 41415
106 3.68 x 1013 4.63 x 10 6.06 x 10 1.12 x 1015

10 6 5.25x101 3  7.43 1014 6.52x104 1.15x10
3x10 7.03x10 7.71x10 6.54 x 10 1.15x10

Secondary-shield Calculations. The IBM 704 gamma-shield program

for 6-Mev sources has been modified and checked to compute dose rates

using fission-product source energies. Source-strength datafrom Tables 2.6

and 2. 7 will be used to determine the secondary-shield requirements for

maintaining levels within specified dose rates. On the basis of current

arrangement and component data, source data have been prepared for

specific activity per component, location, and orientation and for self-

attenuation due to pipe wall thickness and geometry. Other data, such as

shield orientation, equipment shielding effects, and location, are in the

process of being prepared. The results will establish tentative maximum

shield thicknesses of the secondary-shield envelope for the source conditions

specified in Tables 2. 6 and 2. 7.

TEMPERATURES IN CORE AFTER LOSS-OF-COOLANT ACCIDENT

(W. I. Thompson and G. B. Webb)

The period after normal or emergency shutdown, including approxi-

mately the first hour, is under detailed study as a basis for establishing

certain emergency equipment and procedures. Included in this study are:

1. Calculation of the 'quasi-equilibrium" fuel surface temperatures

after a loss-of-coolant accident, based on radiation of heat from

the fuel to the moderator.
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Table 2. 7

COOLANT-SYSTEM GAMMA SOURCE DISTRIBUTION WITH PLATING OUT

Region

High-pressure turbine

Regenerator

Precooler

Gas in loops

High-pressure turbine

Regenerator

Precooler

Gas in loops

High-pressure turbine

Regenerator

Precooler

Gas in loops

Ope rating

Time

(sec)

105

105

105

105

106

106
106

10 6

1 x

3 x

3 x

3 x

3 x

10 6

106

106

106

Group I

(Mev/sec)

2. 448 x 1012

-----------

8. 72 x 1011

3. 347 x 1013

2. 476 x 10 1 2

-----------

8. 72 x 1011

4.913 x 10 1 3

2. 476 x 1012

-----------

8. 72 x 1011

6. 698 x 1013

Group II
(Mev/sec)

1. 295 x 1014

2. 063 x 1014

5. 54 x 1013

7. 177 x 013

1. 318 x 104

4. 814 x 104

5. 54 x 1013

7. 397 x 10 1 3

1. 366 x 1014

5. 05 x 1014

5. 54 x 1013

7. 397 x 1013

Group III
(Mev/sec)

3. 05 x 1014

2. 631 x 1014

-----------

3. 773 x 1013

3. 10 x 104

3. 04 x 104

3. 773 x

3. 10 x 1

3. 066 x

--- 3

1013

014

1014

3. 773 x 1013

Group IV
(Mev/sec)

4. 88 x 10l3

3. 857 x 1014

4. 812 x 1014

2. 07 x 1014

4. 88 x 10

4. 154 x 104

4. 812 x 1014

2. 07 x 10 1 4

4. 88 x 1013

4. 167 x 1013

4. 812 x 1014

2. 07 x 1014

- --
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2. Calculation of fuel surface temperatures at low coolant flow rates,

where the Reynolds number will be in the streamline range.

The objective of these calculations is to determine the maximum time

available after shutdown for start-up of emergency cooling equipment and

to set the minimum pumping capacity for the emergency loop.

PLANT CASUALTY ANALYSIS (M. Kantor, W. Lones and G. B. Webb)

A preliminary listing of accidents was made as a basis for the design

of control and safety equipment. For each accident, the listing includes

a description of the component or instrument failure, the resulting

transients and instrument indications in the rest of the plant, automatic

safety action, and recommended action by the operator. In general, a

failure of any component in the primary loop will lead to scram of the

reactor. On the other hand, instrument loops, which are somewhat more

vulnerable to failure, will be designed so that emergency action will be

taken only if two circuits out of three indicate an unsafe condition. This

design approach reduces the number of false scrams and permits service

work to be carried out on individual instruments without locking out the

safety system.
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III. ROTATING MACHINERY

ROTATING MACHINERY (R. W. Carver, A. C. McClure, and
F. E. McDonald)

Aerodynamics

An analysis of the turbine-blade-path flow field has been completed

by Electric Boat Division. The results were in general agreement with

the Westinghouse results and indicated that the turbines will meet the

design conditions. The blades for the turbine test model have consequently

been approved for manufacture.

The study of compressor aerodynamics has centered on the question

of blade loading. It has been established that the range of loading of

interest for the MGCR compressor can be covered in the test program by

small variations in blade stagger angle.

Model Tests

The turbine test model has been designed and approved. This will

be a two-stage model of the same diameter as the prototype but with the

blade-path taper modified to permit testing in air. Testing will be carried

out in the Westinghouse turbine test facility. Construction of the model

was begun during this quarter.

Compressor model drawings were also approved. This will be a

four-stage model to be operated in air. Testing will be carried out in the

Westinghouse wind tunnel. Construction was started during this quarter.

A preliminary test specification was prepared by Westinghouse and sub-

mitted for comment and approval.

The first high-pressure turbine inlet scroll model is nearly complete

and should be delivered early in October.

Ducting, transition pieces, flow straighteners, and instrumentation

have been prepared. Testing will commence soon after the receipt of the

103
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model. A detailed test specification prepared by Westinghouse has been

approved.

Power Turbine Study

Westinghouse completed a design analysis of the power turbine similar

to that previously conducted for the high-pressure rotor. Included in the

optimization of the turbine was a study of the corresponding marine-type

reduction gear. It was found that the minimum total cost of turbine and

reduction gear occurs at turbine speed of 8,500 rpm. The power turbine

blades are similar to those used in the high-pressure turbine, thus enabling

both turbines to be designed from the same test data.

The power turbine design tentatively selected has seven stages, a

hub diameter of 18. 3 in. , and hub-tip diameter ratios of 0. 732 at the

inlet and 0. 692 at the outlet. A layout drawing of the power-turbine rotor

and casing has been started. In order to make the turbomachinery capable

of operation at 1, 5000F turbine inlet temperature, an eight-stage low-

pressure turbine may be required. Studies on this point are continuing.

High-pressure Rotor and Casing

The casing of the high-pressure rotor (high-pressure turbine and high-

pressure compressor) has been revised several times during the quarter.

The casing in this area is jointed on the horizontal centerline to facilitate

inspection and removal of the rotor. A diaphragm has been worked in

between the compressor and turbine, which will reduce external pressure-

stress on the turbine scroll and facilitate control of cooling gas to the

turbine. External piping connections have all been moved to the bottom

half of the casing to make a more compact piping arrangement and to

permit ready removal of the upper half of the casing.

Power Absorber

One of the most promising methods of absorbing power generated by

the MGCR plant is by means of an air compressor. A survey has been
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initiated to determine what compressors are available and which could be

used for this purpose without extensive development. Aircraft engine

compressors appear especially promising because their high running

speed may obviate the need for reduction gears.

Information is also being obtained on other types of power absorbers,

such as water brakes and electric dynamometers.

BEARINGS AND SEALS (C. P. DeCarlo, H. E. Holmes, and A. C. McClure)

Second-series Test Program

The second-series program involves testing and evaluation of seals,

bearings, and systems which are a simplification and improvement over

those tested in the first-series program. As described in the third

quarterly report, GA-1099, the performance of the first-series system

was unsatisfactory, principally because of an instability in the floating

bushing seals which produced vibration in the test-machine and caused

continual damage to the seals themselves.

The second-series system, also described in GA-1099, is the

simplest and most basic approach yet found to the sealing and bearing

requirements of the MGCR rotating machinery (see Table 3.1). In its

simplest form, it incorporates plain journal bearings, which also serve

as high-pressure breakdown seals. A fixed-bushing seal is built into the

bearing structure to seal off the oil in order to maintain a moderate pres-

sure differential of 3 to 10 psi. Gas leakage is controlled and limited by

orifices installed downstream from the seal location. Thus, there is no

requirement for rings or bushings floating on the shaft. This configuration

would be the most desirable because of its lack of moving parts and short-

length requirement.

However, because one of the gas-turbine rotor shafts runs at nearly

three times its first critical speed, the possibility of an oil-whip instability

problem exists. It is therefore necessary that the stability of the plain
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Table 3. 1

INITIAL TEST DATA FOR SECOND-SERIES TESTS

Flows

Journal bearings.............

Seal leakage, oil . . . . . . . . . . . .
Nitrogen flow from separators . . .

Nitrogen make-up............

Pressures
Bearing oil supply . . . . . . . . . . .
Gas in barrel (simulates buffer gas

Pressure differential across seals

Temperatures

Bearing oil supply . . . . . . . . . . .
Bearing oil drain . . . . . . . . . . . .
Bearing babbitt . . . . . . . . . . . . .

Seal drain . . . . . . . . . . . . . . . .
Drain cooler outlet . . . . . . . . . . .

Dimensions

Shaft and bearing diameter . . . . .
Bearing length . . . . . . . . . . . . .

Bearing clearance . . . . . . . . . . .

Seal clearance, oil seal . . . . . . .
Seal clearance, gas seal.........

Power and Speed

Total power input to shaft . . . . . .

Speed . . . . . . . . .... . . . . . . .

journals be tested. If oil-whip is

substitute pivoting pad bearings.

supply).

1.1 gpm
0. 1 gpm
0.01 lb/sec each
0. 14 scfm

535 psi
530 psi
2.3 psi

145 F
210 F
2100F
180 F
100 F

3 in.
1 in.
0. 004 to 0. 005 in.
0.006 to 0.0065 in.
0.07 in.

26. 8 hp
15,000 rpm

encountered, it may be necessary to

Floating rings will then be required as

oil seals. Their performance will be proven by test.

Tests Completed

Circumstances made it expedient to test the systems utilizing float-

ing bushing seals first; i. e. , the configuration required for use with the

pad bearings. Test of the simpler, fixed-seal system will take place upon

conclusion of the bushing tests.
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The initial tests proved the proposed method of sealing entirely

practicable. Performance of all components was satisfactory. The float-

ing oil seals and journal bearings were operated without difficulty at a

test speed of 15,000 rpm. A total of 25 hr at 15,000 rpm has been logged

to date.

Westinghouse Test Program

Testing of full-size seals . bearings, and associated equipment is

expected to commence at the Westinghouse Gas Turbine Laboratories

early in 1960. Components such as seals, bearings, shaft details, and

drain cavities will duplicate the prototype gas-turbine installation. Actual

operating conditions anticipated for the gas turbine will be closely simulated

in the test unit. The seals and bearings to be installed and tested in the

full-size unit will be determined by the tests described above conducted by

Electric Boat. Design of the test equipment for these tests has been

approved and fabrication has begun.

Lubricant Study (I. Huppert, H. Wallman, and A. C. McClure)

Tests on six turbine oils for application to the rotating machinery

were made during the quarter. Three of the oils were paraffin-base

mineral oils; the other three were synthetic types.

The testing effort was shared by the Electric Boat Division's chemical

laboratories and two oil company research laboratories. The sample oils

were investigated for the following properties:

1. Helium solubility in the oils at 600 psig and 10001 and 2000 F,

2. Effect of dissolved helium on viscosity at 100 F and 20 0 F,

3. Evaporation rates of the oils at 1000F and 2000F .

4. Foaming characteristics of the oils containing dissolved helium,

5. Vapor pressure.



108

Results of Tests

Helium Solubility. At a pressure of 600 psig, helium solubility was

found to be 40 ml He/100 ml oil at 100 F and 90 ml He/100 ml oil at 200 F.

Helium volume is referred to standard temperature and pressure. No

significant variation in helium solubilities was found in the oils tested.

Effect of Dissolved Helium on Viscosity. There was no measurable

change in viscosity of any of the oils due to dissolved helium at the test

temperatures of 100F and 200 F.

Evaporation Rates. Evaporation rates varied from 0.01 mg/g-hr

at 200F to 0. 07 mg/g-hr at 200 F for the natural base oils. At 1000 F most

evaporation rates were less than 0. 005 mg/g-hr.

Foaming Characteristics. Foam times were taken upon release of

pressure from 500 psig to atmospheric pressure. Clearing of surface

foam (froth) required 4 min at 100 0 F and 3 min at 2000F. Clearing of

entrained gas bubbles required 15 to 40 min at 100 0F~and 15 to 33 min

at 200F.

Vapor Pressure. There is a difference between the initial vapor

pressure of the oil and the pressure after some of the more volatile prod-

ucts have been stripped off. It was discovered that a large part of the gas

expelled initially from the oil was water vapor and not hydrocarbon vapor.

MGCR plant specifications limit the concentration of hydrocarbon

vapors to 2 ppm. This corresponds to an equilibrium vapor pressure of

roughly 10 mm Hg. Tests indicated that all of the oils tested would meet

this requirement after a preliminary stripping operation.

Conclusions

The test data are undergoing analysis and correlation, and a com-

plete report is being prepared. This report will recommend one of the

lubricants tested. Some conclusions, however, can probably be reached
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in advance. Most of the tests indicated no serious lubricating oil problems

in the MGCR plant. The low helium solubility, low vapor pressure, and

the absence of viscosity effects with helium are all favorable. The

synthetic oils did not demonstrate any advantages over the petroleum-

base oils; hence, their higher cost rules them out.



IV. REACTOR PHYSICS

BIOLOGICAL SHIELDING (J. M. Stein, H. A. Vieweg, and J. Seibold)

The shielding study has been confined primarily to determining the

biological hazards associated with the loading and unloading of fuel

elements. It includes (1) the activation of the pressure-vessel head,

(2) the need for shielding the inside of the pressure vessel, (3) the refuel-

ing shielding requirements, and (4) the design of removal casks.

The flux levels at the pressure-vessel head are being calculated by

using the GNU code with subsequent geometric corrections. The major

induced activity in the head was found to be from the 46-day Fe59 component.

In addition, the 2. 58-hr Mn55(n, y) Mn56 showed a relatively high activity

at the time of shutdown; however, after a period of two days it was reduced

by a factor of 4 x 105 because of its short half life. Preliminary results

indicate that provisions for remote handling and storage of the pressure-

vessel head will be necessary.

Some consideration was given to placing part of the biological shield-

ing in the pressure vessel, to reduce the radiation when the pressure-

vessel head is removed. This has been temporarily abandoned because of

complications due to penetrations for control-rod drives and because of

the need for shielding materials compatible with the high-temperature

environment.

The refueling shielding requirements have been determined from the

standpoint of the thickness of the shielding required after the pressure-

vessel head is removed.

The problem was solved for thicknesses of both iron and lead. The

estimates were based on the following:

1. Graphite semihomogeneous reference design.

2. Reactor operation for 573 days at 49. 7 Mw.

110
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3. Cover located approximately 5 ft from the source.

4. Build-up factors estimated from previous calculations for iron

and lead, respectively.

5. The dose rates shown are a maximum occurring on the surface

of the shield in line with the central axis of the core.

Figures 4. 1 and 4. 2 illustrate the variation in dose rate with shield

thickness for iron and lead, respectively. If it is assumed that this condi-

nn holds also for the top biological shield, the thickness necessary for

adequate shielding would be 9. 6 in. of lead or 16. 6 in. of iron.

The design of the removal casks is under way, based on the shielding

requirements determined for the heterogeneous and semihomogeneous fuel

elements. For removal two days after shutdown, the thickness of lead

required for the casks for the two cases is 9. 4 in. for the heterogeneous

elements and 10. 6 in. for the semihomogeneous elements. These figures

are based on a dose rate of 10 mr/hr, 3 ft from the surface of the cask.

The survey of the economics of using BeO included a study of the

cost of primary shielding for reactors of various sizes. The results are

shown in Figs. 4. 3 and 4. 4. Since the primary shielding depends princi-

pally on the pressure-vessel size and thickness, the significant data are

the total cost of the primary shield and pressure vessel, and the internals.

The costs are shown for 800 and 1, 200 psi and for various power levels

and reactor diameters (core plus reflector).

CRITICAL FACILITY DESIGN AND ANALYSIS (S. H. Levine, E. M. Gillette,
J. M. Stein, H. A. Vieweg, L. Amyot, A. McWhirter, and A. J. Goodjohn)

Work on the design and the safeguards report for the graphite critical

experiment was nearly complete when the use of BeO as moderator for the

MGCR began to receive serious consideration. Therefore, the last month

of the period was devoted to designing an assembly and developing a pro-

gram for a BeO critical experiment. The details of the graphite and the

BeO critical experiments are discussed in the following sections.
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Graphite Critical Assembly

Temperature Behavior during Transients. The transient temperature

behavior of the fuel in the MGCR critical facility has been investigated.

For values of the reactor power period less than 1 sec, the heat is essen-

tially contained within the fuel. No appreciable amount of heat is trans-

ferred to the graphite for values of a period less than 20 sec. However,

the total energy release increases rapidly at periods longer than this; and

in order to keep the energy release below a reasonable value, either fuses

or the manual scram must be employed to terminate the accident.

Safeguards Report. An addendum to the preliminary draft of the

Safeguards Report outlined major changes in the design of the nuclear and

safety instrumentation, the operating rules and procedures, and the hazards

analysis. It included minor modifications to the ventilation system, source

drive mechanism, emergency and manual scram, and listed all of the inter-

locks, scrams, and overrides. In addition, more data on the nuclear fuses

were included, as well as an outline of a program for testing, controlling

manufacturing processes, and installing the fuses to ensure high reliability.

The procedures carefully specify the rules for core alteration, as-

sembly operating conditions, and checkout procedures. For example, the

procedures now limit excess reactivity to 0. 4% Ak/k, require at least

4% Ak/k shutdown in all control rods, and require at least 0. 5% Ak/k in

cocked rods during loading. In general, all aspects affecting safety are

well within established safety limits.

The section on hazards analysis was revised to include the effects of

the manually operated safety rod (worth approximately 0. 5% Ak/k) and of

the eight BF3 fuses (worth approximately 2. 5% Ak/k) in case of a nuclear

excursion. Calculations revealed that both of these mechanisms would be

capable of terminating an excursion before ultimate melting or vaporization

of the fuel plates would take place. Although no credible accident could be

visualized that would make the reactor prompt critical, the addition of fuses
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does give confidence in the ability of the critical assembly to withstand

very large accidental reactivity insertions.

The energy releases corresponding to various reactivity insertions

were recalculated on the basis of accident termination by any of the safety

devices, and all accidents were reclassified according to the energy release

to be expected. The hazards to personnel on the site and to surrounding

areas were calculated.

In case of an accidental reactivity insertion, the first line of protec-

tion is provided by the nuclear safety instrumentation. If this fails for

more than a few seconds, the manual scram can be actuated to terminate

the excursion. In case of failure of this scram, or for periods less than

prompt critical (V'200 msec), the fuses will provide complete protection.

In case of failure of any of the above systems for conditions less than

prompt critical, the melting of the fuel will terminate the accident. For

periods faster than 200 msec, the fuses will either terminate the accident

or reduce the period to less than prompt critical,at which point fuel melting

will again terminate the accident. Two of the eight fuses, combined with

fuel melting, will provide protection against periods as fast as 20 msec.

All eight fuses are capable of terminating accidents involving step increases

of reactivity as large as 2. 5% Ak/ k.

In order to extend the range of reactor power periods over which a

shutdown mechanism can safely be relied upon and, in articularr, to take

care of prompt criticality conditions, in which fuel meltdown would not

have time to operate, eight "double-diaphragm" reactor safety fuses have

been added to the assembly design. The fuses are of the type developed

by Atomics International.

To date, five double-diaphragm safety fuses have been tested in the

Special Power Excursion Reactor Testing Facility, SPERT- 1; all of them

operated satisfactorily. Out of some twenty devices tested by Atomics

Stephen H. Fitch and Thomas H. Springer, Safety Device Tests in

SPERT- 1, Atomics International Report NAA-SR- 3045, October 1, 1958.
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International, in out-of-pile experiments, only one failed to function; this

defective device was an experimental model. Another cause of failure

that can be anticipated and prevented by careful inspection is loss of pres-

sure in the storage chamber due to the corrosive action of the boron triflu-

oride. X-ray inspection of the inner surfaces will ensure that there is a

sufficiently thick oxide coating to prevent any chemical reaction between

the BF3 and the aluminum walls. Helium leakage from the middle chamber

may produce spurious scrams.

Arrangements have been made to build an exact replica of the control

rod, control-rod guide, electromagnet, and shock absorber to test the

proper functioning of a control rod in its guide tube. Dehumidifiers are to

be placed in the critical assembly building to maintain the relative humidity

between 60% and 70%. Also, the data will be carefully scrutinized to

assure that no slow creep or sudden change in the criticality of the assembly

has occurred.

BeO Critical Assembly

Safeguards Report. The change from graphite to BeO as a moderator

for the MGCR core has necessitated some major modifications to the

Safeguards Report. However, all references to core design have been

made consistent with the new proposals. The experimental program has

been altered to include experiments involving smaller, subcritical assem-

blies driven by a carbon-moderated core, when these assemblies are sub-

critical. Many safety calculations have to be repeated; these have been

delineated and are expected to be completed during the next quarter.

Backup designs for the control-rod shock absorber were completed

during this quarter and arrangements were made to build a stand for testing

the control-rod guides, magnets, and the first design of the shock absorber,

i. e. , the design as now described in the preliminary Safeguards Report.

BeO-moderator shapes were devised which would permit fuel loadings

greater than those permitted in the graphite-moderated core, as well as
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permit positioning of the control-rod type units. The sizes were specified

for standard tolerances to keep the price of the material at a minimum.

The source drive has been modified to permit the drive to be disen-

gaged from the source when material has to be placed near it in the core.

The design of the manual rod drive is 90% complete. This design

prevents resetting of the scrams unless the manual rod is in position and

the cable used to hoist the rod into position has been disconnected from

the rod.

The BeO blocks available for the moderator and reflector will be

6 in. square by 1 in. thick. Tolerances will be 0. 015 in. in thickness,

0. 30 in. in width, and 0. 060 in. in flatness. These rather loose toler-

ances, coupled with the high cost and difficulty of machining beryllium

oxide, would make it difficult to build a self-supporting BeO structure;

accordingly, it was suggested that the fuel and moderator should be

enclosed in aluminum containers that could be depended on for structural

strength and stability.

This core containment, in the design under consideration, will be

composed of aluminum box-like sections each of which, when empty, can

easily be lifted into position by one man. Horizontal plates will divide

each section into four parts (each -6-1/8 in. high) and, together with a

series of equally spaced vertical plates, will provide each section with

slots approximately 1-1/16 in. wide, into which moderator blocks and

fuel channels can be fitted. This uniform grid pattern will allow flexibility

in the choice of the unit cell.

The external walls of each section and the horizontal partitions will

be 1/8 in. thick, and the vertical joints will be 1/16 in. thick. Stress

analysis shows that the aluminum structure will have sufficient strength

to support itself and the contained fuel and moderator. Box-type struc-

tures are usually weakest in compression, but it is estimated that a safety

factor of five against buckling can be assumed.
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Reflector blocks will be distributed in similar aluminum containers

around the core. However, if it should become desirable to investigate

larger assemblies, part of the reflector could be laid on top and along the

sides of the stack. To take care of this eventuality, a steel plate will be

placed on top of the stack and supported on steel columns running along

the sides of the stack. In addition to its primary function of carrying exter-

nal weight, the steel frame will provide horizontal restraint on the pile.

The total volume of the aluminum structure will be about 12% of the

core volume, a value considered compatible with the nuclear requirements.

The design of the aluminum structure for supporting the moderator

and fuel is 88% complete. Experiments with techniques for constructing

the aluminum shelf-like boxes have been started.

Schematic drawings of the electrical wiring and the arrangement of

the electronic components in the assembly control building were started

during this quarter.

All 3, 983 fuel foils at General Atomic were checked for dimensional

tolerances. A few hundred were found to be 1 mil thicker than the purchase

specifications and twenty were 2 mils thicker. A variational analysis of

the errors involved in assaying the U235 content of the foils has been

started.

Hot Box Critical Experiments

The final design of the components to be used in the Hot Box critical

experiments have been completed. Ten-mil-thick stainless steel tubes

will be used as containers for the uranium oxide, aluminum oxide, and

rare-earth materials; these tubes will be 1/2 in. and 1/4 in. in diameter.

The two sizes have been chosen to study the self-shielding of fuel or poison

rods. Studies of the epicadmium neutron absorption at room temperature

will also be made by covering the tubes with 0. 030 in. of cadmium. The

method for fabricating the cadmium-covered tubes will be determined

during the next quarter.
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Permission to perform these experiments at the AEC Nevada site has

been formally requested from the AEC. MGCR personnel have been work-

ing closely with the operating staff of the Hot Box Critical. The Hot Box

is located at the Nevada Test Site and is operated by the Lawrence Radia-

tion Laboratory.

NUCLEAR DESIGN OF REACTOR CORE (J. Stein, H. Vieweg, L. Amyot,
A. Goodjohn, A. McWhirter, and J. Seibold)

The work during this quarter has consisted mainly of methods devel-

opment, the survey of cores for the comparison of BeO with graphite as a

moderator, and a preliminary optimization of the BeO reactor.

Emphasis was placed on thermalization and a means for incorporating

its influence in the survey calculations. This has been accomplished by

casting the thermalization effects into a hardening formula.

The rmalization

A short-term program was evolved for examining two methods for

evaluating average thermal cross sections for use in few-group calculations.

One method involves an analytical self-shielding treatment at each energy

in the spectrum code; the other an iterative procedure using the SNG code.

These methods will be applied to analysis of the Hot Box data and to the

core design.

As a part of the survey of BeO-moderated cores, the thermalization

codes developed by the physics group at General Atomic were applied to

cores moderated with BeO. In order to expedite the investigation, scatter-

ing kernels of BeO were computed by using the free-gas model. The more

accurate crystal model, which is applicable at low moderator temperatures,

is under investigation at the present time and will be incorporated in the

study of BeO when codes are available. The free-gas scattering kernels

for BeO were computed by properly combining the individual scattering

kernels for Be and O.
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Thermal neutron flux spectra were computed by using the free-gas

scattering kernels and the infinite medium spectrum codes developed at

General Atomic. Spectra are being compiled at the present time for vari-

ous moderator temperatures and varying amounts of absorbing material.

These will serve as a basis for computing few-group thermal cross

sections for criticality and burnup studies.

The above computations involve a lengthy and tedious compilation

and analysis. In order to arrive at some reasonable way of handling the

large number of cores which must be investigated in the survey, a harden-

ing formula for predicting the neutron temperature for various core load-

ings in botmi graphite and BeO cores is as follows:

T E(kT )
= 1 + 1. 26

m s

where T = moderator temperature,

T = neutron temperature,

E (kT ) = total absorption cross section (including leakage) evaluated
t m

at the moderator temperature,

n 
s = moderator slowing -down power.

This formula has been tested for a range of parameters that bracket

the MGCR core surveys.

The shape of the thermal flux spectrum in the cases under consider-

ation can be approximated by a Maxwellian distribution and a l/E tail.

Some hardening factors for several absorbers are being prepared, which

will give the thermal-group cross sections averaged over such a spectrum.

Resonance Absorption

The major tool used for calculating resonance absorption for the

MGCR is the Adler-Nordheim-Hinman code for calculating resonance

F. T. Adler, G. W. Hinman, and L. W. Nordheim, The Quantitative

Evaluation of Resonance Integrals, General Atomic Report GA-350,

September 1958.
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integrals. Although the code is not designed for computing broad overlapping

resonances, it has been used for this purpose to appraise the resonance

absorption in fissionable material. It is also being used for computing reso-

nance absorption in rare earths, such as dysprosium, samarium, and gado-

linium, which are being considered for control-rod materials.

As an aid in determining absorption in the rare earths and absorption

due to low-lying resonances in plutonium, a separate code for Doppler broad-

ening was developed. The Doppler-broadened cross sections can be handled

by analytical techniques for quick estimates of resonance absorption.

As part of the reactor survey, some of the resonance data obtained for

U238were used to develop parametric curves as a function of cell size, fuel

geometry, and composition. An analytical expression, normalized to the re-

sult of the Adler-Nordheim-Hinman code, was used for interpolation and

extrapolation. The code is not fully mechanized and requires a relatively

long time for preparation of input. It is expected that this will be corrected

during the next quarter.

Self-shielding and Flux Depression

A survey was run to determine the effects of geometry and enrichment

on self-shielding and flux depression. The fuel-element bundle was consid-

ered as a cylinder of radius r, surrounded bya moderator annulus with

radius R. Values of the self-shielding and flux-depression factors (K and K)
s Q

were then calculated for various values of r, the ratio R/r, and enrichment,

for use in reactivity and lifetime calculations.

A series of S8 cell calculations has been initiated for both the hetero-

geneous and semihomogeneous designs. These results are being usedto deter-

mine self- shielded microscopic cross sections for use in the infinite-medium-

spectrum code to evaluate the average core cross sections for the thermal group.

Based on three of the cell calculations for energies of 0.06, 0.07,

and 0.08 ev, effective concentrations of materials were derived and inserted

in the infinite -medium- spectrum code. A cross plot of the S8 and the
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spectrum-averaged cross sections was made to attempt a correlation

between cell calculations, at an average neutron temperature, and spectrum

results with equivalent homogeneous core composition. This correlation

will be checked by the more rigorous treatment of obtaining spectrum-

averaged cross sections based on self-shielded microscopic cross sections

at each energy point in the thermal range.

Preliminary calculations using the S8 code with no scattering in a

strong absorber give results at variance with the analytical calculations,

which are exact for this case. This casts some doubt on the validity of the

results of S8 and is currently under investigation.

Core Burnup

Burnup calculations during this period were made by machine and

hand calculations. The hand calculations necessarily involved some

approximations. Two approximations were used, one giving a pessimistic

estimate of core life and the other an optimistic estimate. A periodic

backup of this data was made by using the isotopic number densities given
*

by the Pigford-Shanstrom codes. These codes were not used in their

entirety because of the way in which equilibrium poisons and neutron

leakage are handled (see Table 4. 1).

Future survey work on burnup will use the proper isotopic data from

the Pigford-Shanstrom codes in conjunction with a new code for end-of-life

criticality. The adaptation of the Turbo code for two-dimensional non-

uniform burnup to the IBM 704 will be made.

Leakage in Survey Calculations

The need for handling core-life calculations in surveys, with a simple

thermal-neutron economy model, requires an assessment of the proper way

to include neutron leakage for strongly reflected cores. This has been

*
T. H. Pigford and R. T. Shanstrom, Calculation of Reactivity Life-

time for Thermal Reactors, General Atomic Informal Report GAMD-244,
November 7, 1957 (General Atomic Private Data).
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Table 4. 1

BURNUP CALCULATIONS

Core Life

Conditions Method (yr)

No (n, 2n), (n, a) No 240, conversion ratio not 2.8

reactions in Be influenced by Pu build-up

No (n, 2n), (n, a) No 240, conversion ratio 5. 4

reactions in Be changing with Pu build-up

No (n, 2n), (n, a) Isotopes handled accurately 2. 5
reactions in Be

(n,2n), (n,a) Isotopes handled accurately 4.0

reactions taken
into account

4

investigated and a procedure established. The fast leakage and resonance

escape probabilities for the composite reactor were expressed in terms of

two factors: (a) the resonance escape probability for the reactor, p; and

(b) the nonleakage probability for fast neutrons, pth. These are

po+ [ac/(1 - af)] B2-
p =,

1 + [ac/(1 - af)] B2

1 + [a/ (1 - af)] B2
f f

~th =2
S+ B TU

where p = resonance escape probability as computed for an infinite

medium of core composition,

a = conversion albedo of reflector,
c
af = fast albedo of reflector,

B 2f = composite buckling for the reflected core,

7 = Fermi age.

J. M. Stein, Effect of Reflectors on Resonance Escape Probability,

General Atomic Informal Report GAMD-610, December 5, 1958.
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If the p and pth factors are used, a positive thermal leakage allows a

straightforward application of neutron balance to burnup problems.

The factor a /(1 - a), as computed for slabs, is shown in Fig. 4. 5
c f2

for BeO Sand graphite reflectors. The Bf " is obtained from PDQ or equiv-

alent calculations for the reactor configuration in question. The product

PPth, as a function of core diameter and reflector thickness, is shown in

Figs. 4. 6 and 4. 7. These calculations are of considerable value in deter-

mining the best use of moderating materials.

A number of subroutines have been added to PDQ to get these factors

accurately. These subroutines involve alternately allowing the slowing

down in core and reflector to be zero and computing the change in leakage.

A comparison of a /(1 - a) obtained in this manner with that computed
c f

for slab reflectors is shown in Table 4. 2

Table 4. 2

A COMPARISON OF THE a /(1 - a) RATIOS
c f

PDQ Analytical
Reflector ac/(1 - a) ac/(1 - af)

1 ft graphite 0. 382 0. 410
1lft BeO 0. 542 0. 590

PPth graphite 0. 645 0. 650

PPth BeO 0. 668 0. 677

The BeO core is 6. 37 ft.

The influence on ppth indicates that the analytical calculations can

be used in surveys without much error.

Core Survey

Various surveys of BeO cores were made to obtain fuel costs for

incorporation into an over-all economic analysis. The variables used in

the survey are shown in Table 4. 3. The first of these was rather unrefined
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in method and established only the broad regions of interest. The need for

additional refinement altered the nature of the surveys to the extent that

currently the complete analysis is being coded for use with the IBM 704

computer.

Table 4. 3

RANGE OF VARIABLES FOR CORE SURVEY

Shaft horsepower. ...

Reactor outlet

temperature . . . . . . .

Fuel cycle . . . . . . . . .

Pressure drop . . . . . .

Core diameter . . . . . .

Reflector thickness . . .

Core and reflector

materials . . . . . . . . .

Fuel elements . . . . . . .

Cladding . . . . . . . . . .
Shroud .................

20, 000; 30, 000; 40, 000

1, 5000 F; 1, 700 0 F
Uranium and thorium

10 to 50 psi (1, 200 psi system pressure)

4 to 8 ft
1/2 to 2 ft

BeO and graphite

1/4-in. and 3/8-in.rods, 19 and 37 rods
per bundle

0 to 15 mils

With and without

Surveys of heterogeneous, semihomogeneous, and homogeneous dis-

position of fuel will be made. Calculations on the influence of diluent,

BeO costs, and secondary variables will be made as needed. Design opti-

mization will be based on varying the fuel loadings and enrichments as,

needed. The calculations can be divided into the following categories:

1. Constants. This covers the calculation of macroscopic parameters

from microscopic data, the calculation of self-shielding, flux depression,

thermalization, and resonance absorption. The code for these constants

is nearing completion.

2. Isotopic Content. The change of isotopes with'burnup will be

computed by using the Pigford-Shanstrom code.

3. End-of-life Criticality. The output of categories 1 and 2 will be

used to determine lifetime by the use of a new code.
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4. Fuel Costs. The results of categories 2 and 3 will be used in a

fuel-cycle cost code that is being prepared.

Neutron Fluxes

The neutron fluxes and flux times have been estimated for a BeO

reference design, and the specifications of the reactor used in the analysis

are shown in Table 4. 4.

Table 4. 4

REACTOR SPECIFICATIONS

Shaft horsepower

Thermal power .

Core . . . . . . . .

Reflector . . . . .

U 2 3 5 loading . . .
U 2 3 8 loading . . .

Core life ......

. 30, 000
. 59Mw

6. 37 ft BeO
. . 1 ft graphite

208 kg
. . .3, 950 kg

5. 25 yr

The neutron flux has been determined for the beginning- and end-of-

life conditions and is shown in Table 4. 5. The thermal flux is the same at

Z39
both points due to the build-up of Pu which compensates for the burnup

of U235. The fast flux is higher at the end of life because of the higher

Table 4. 5

AVERAGE CORE NEUTRON FLUX

Beginning of Life End of Life

(neutrons/cm 2 -sec) (neutrons/cm 2 -sec)

Thermal flux, -13 -13

0 to 0. 625 ev

Fast flux,

0. 625 ev to 10 Mev

Ultra-fast flux,

1. 35 Mev to 10 Mev

1. 62 x 10

14
1. 48 x 101

13
1. 10 x 10

i. 62 x 10

1. 59 x 1014

13
1. 18 x 10
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v value for Pu239. The fast flux above 1. 35 Mev was obtained by using the

group cross sections reported by Meneghetti and Hummel.

The integrated thermal flux shown in Table 4. 6 was obtained directly

from the core life and cross sections. The integrated fast flux was normal-

ized to the average of beginning- and end-of-life conditions.

Table 4. 6

AVERAGE INTEGRATED FLUX FOR ONE CORE LIFE

Thermal flux . . . . . . . . . . 2. 52 x 1021 neutrons/cm 2

Fast flux . . . . . . . . . . . . . 2. 39 x 1022 neutrons/cm 2

Ultra-fast flux . . . . . . . . . 1. 78 x 1021 neutrons/cm 2

Temperature Coefficient

Preliminary calculations have been made to determine the reactivity

temperature coefficients for a BeO-moderated reactor. The specifications

for the reactor considered are given in Table 4. 7.

Table 4. 7

REACTOR SPECIFICATIONS

Core diameter . . . . . . . . . . . 6. 37 ft

Core length. . ... ............. 6. 37 ft
U 2 3 5 loading, initial . . . . . . . 208 kg

U2 38 loading, initial . . . . . . . 3, 950 kg
U 2 3 5 loading, end of life . . . . 109. 5 kg

Pu 2 3 9 , end of life . . . . . . . . . 30. 6 kg

The prompt coefficient due to Doppler broadening in U238 is negative,

with a value of -0. 25 x 10~. The total coefficient .(OK/K)/ C is negative

D. Meneghetti and H. H. Hummel, 'Effect of (n, 2n) and (n, a)

Reactions on Age Calculations for Beryllium, ' Nuclear Sci. and Eng. ,
Vol. 6, 1959, p. 57.
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under hot operating conditions at beginning of life, but may become positive

near the end of life due to the build-up of Pu239. Thc prompt coefficient

is still negative at end of life and the stability under fast transients is

maintained.

The end-of-life coefficient may be favorably influenced by the large,

low-lying resonance in the Pu240. This influence and the temperature

coefficients under cold conditions will be determined.



V. MATERIALS DEVELOPMENT

DEVELOPMENT OF MATERIALS FOR THE REACTOR (W. P. Wallace)

Basic Research on Fuels (U. Merten, L. Dykstra, P. Winchell, and

J. M. Dixon)

A general survey of the ternary system U-O-Al is nearing completion.

The pseudobinary UO -Al 0 section was found to contain no new compounds
2 2 3

or measurable ranges of solid solution. The oxygen-rich side of this binary

section has been investigated by using UO 3 and A123 as starting materials.

Uranium trioxide is known in several crystal modifications of varying

stability and it has been reported that Al 03 reacts with UO3 to form a

uranate. Commercial UO3-H20 was dehydrated by heating in air at 4000

to 500 0 C. This dehydration resulted in a simultaneous loss of oxygen, and

an X-ray examination showed the final product to be U3 08. This product

was sealed in a thick-walled quartz reaction tube and heated to 5500 to 600C

at 25- to 30-atm oxygen pressure. After 3 hr at this temperature, X-ray

analysis showed that hexagonal alpha UO 3 had formed. After 40 hr under

the same conditions, the alpha modification was converted to an orthorhombic

beta form which is apparently the most stable form of UO3. Pressed

mixtures of dehydrated UO and Al 0i were heat treated under the same
- 3 2 3

conditions, but no evidence of a reaction between the two was observed.

In addition, pressed compacts of dehydrated UO3 and Al2 3 were

heated _n 1 atm of oxygen at. about 1, 0000C for a prolonged period. As

before, rio new phases were found. The orthorhombic U308 structure in

the end product had a lattice parameter approximately 1% smaller than that

reported. for stoichiometric U30 This decrease in lattice parameter is
3

very likely caused by an excess of ox: gen in the structure. This hypothesis

was tested by heat treating dehydrated UO compacts simultaneously, and

they showed the same lattice parameter, within 0.1%, as the Al2O3-containing

sample s.

132
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There is some indication in the literature that an excess of oxygen

in the UO2 lattice favors the solution of Al203. Pressed compacts of

UO2-A12O3 mixtures, as well as pure UO2 compacts, were heated between

1, 4500 and 1, 5000C in an oxygen atmosphere of 1 mm Hg to investigate

this possibility. This pressure is sufficient to dis-solve an excess of oxygen

up to the composition UO2. 2. The compacts were held at temperature for

1 hr and then quenched. All of the compacts, with and without A12O3, had

a lattice parameter for the UO2 structure approximately 0. 1% smaller than

that of stoichiometric UO2. This slight shrinkage of the lattice is caused

by excess oxygen. The A12O3 structure was identical to that of pure alpha

A1 2 03 . Apparently no new compounds or measurable ranges of solid solution

exist on the oxygen-rich side of the binary A12O3-UO2 section.

Fuels Development at General Atomic (D. Johnson, F. Lofftus, B. Czech,

N. Baker, M. Tobin, and A. Miller)

The effect of four additives on the sintering behavior of high-purity

alumina was investigated. The results obtained are shown in Table 5. 1.

Significant increase in the sintered pellet density occurred when additions

of more than 0. 1 wt-% of Nb2 0 5 were made. Pellets that contained additions

of Cr2O3 were too porous to permit reliable density determination, and no

data are reported for these specimens. Additions up to 0. 1 wt-% of the

manganese oxide resulted in a slight increase in the sintered density of

the alumina pellets. Similar results were obtained with additions up to

1. 0 wt-% of calcium oxide. Larger additions of either oxide to the high-

purity alumina resulted in densities lower than those obtained when no

sintering aid was added.

One of the objectives of the fabrication development effort has been

to devise techniques for producing fuel bodies that exhibit excellent fission-

product retention. Neutron activation testing of representative specimens

is therefore an important tool for the evaluation of these fabrication methods.

The results of neutron activation tests of two pairs of A12O 3 -UO 2 pellets
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were obtained. The pellets were fabricated from Battelle Memorial

Institute (BMI) alumina and Mallinckrodt ceramic-grade UO2. The test
133 2

results indicate that 0. 96% and 0. 64% of the Xe was released during

annealing at 1, 400 C for 20 hr. The second pair of pellets differed from

the first pair in that the grains of UO2 had been washed with ethyl alcohol

to remove loose dust before the UO 2 grains were mixed into the alumina.

Table 5. 1

DENSITY DATA FOR HIGH-PURITY ALUMINA PELLETS

CONTAINING Nb205, Mn 2 0 3 , AND CaO

Additions to High- Average
purity Alumina Pellet Density

(wt-%) (g/cm 3 ) Remarks

Nb205
0.00 3.69
0.01 3.67
0. 1 3. 81 Gray

1. 0 3. 83 Gray-black
5. 0 3. 83 Black

M2 3
0.00 3.69
0.01 3.69
0. 1 3.71

1.0 3.60
5. 0 3. 63 Light orange

CaO

0.00 3.69
0.01 3.64
0.1 3.69
1.0 3.70

5.0 3.38

The grains of UO2 used in the first pair of pellets were not washed. From

other information concerning these tests, it appears that the results reported

above indicate a trend only and that the magnitude of the effect is somewhat
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larger than the data indicate. The density of the pellets tested was approxi-

mately 98%0 of theoretical.

Dilatation data for additional alumina pellets that contain 20 vol-%

UO2 were obtained during the quarter. These data are reported in Table 5. 2.

Table 5. 2

DILATATION DATA FOR A12 3 -20 vol-% UO2 FUEL PELLETS

Expansion of Samples from Room Temperature to Test Temperature

Temp (x 10- 6 / C)

( C) 1-2 1-3 1-4 2-2 2-4 3-2 3-3 3-4 4-3 4-4 4-5;4-6

500 5.7 4.7 5.9 5.7 6.8 5.3 4.9 4.4 4.4 5.1 5.0 5.0
600 5.8 5.6 6.5 6.0 7.3 5.8 5.1 5.2 5.2 5.6 5.9 5.9
700 6.7 6.2 7.0 6.7 7. 7 6.5 6.1 5.8 5.8 6.4 6.6 6.6
800 7. 0 6. 3 7. 3 7. 0 8. 0 6.8 6. 1 6.2 6. 2 6. 5 6. 6 6.8
900 7.3 6.7 7.6 7.1 7.9 7.1 6.4 6.2 6.6 7.0 7.1 7.1

1,000 7.8 7.4 7.8 7.5 8.4 7.5 6.4 6.5 7.2 7.2 7.8 7.8

The work on ceramic-type MGCR fuels has included the sintering of

metal oxide powders in a hydrogen atmosphere. However, the sintering

of alumina in a hydrogen atmosphere has not been extensively reported in

the literature. To determine whether or not the reducing atmosphere

influences the sintering behavior of alumina, twelve pellets were sintered

in an oxidizing atmosphere and twelve pellets from the same lot were

sintered in a hydrogen atmosphere. The sintering time was 2 hr and the

sintering temperature was 1, 700 C in each case. The average density

for the pellets that were sintered in a hydrogen atmosphere was 93. 7% of

theoretical. The average density for the pellets that were sintered in an

oxidizing atmosphere was 93. 2% of theoretical. This difference is considered

to be within the limits of experimental error. It was concluded that the

sintering of alumina in a hydrogen atmosphere does not result in markedly

increased density as compared with sintering in an oxidizing atmosphere.

An analytical study of the factors affecting the choice of fuel-particle
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size for distribution in the matrix was made. The factors considered

were (1) the effect of fuel-particle size on the temperature drop from the

center to the surface of the particle with enrichment as a parameter, (2) the

effect of fuel-particle size on the release of fission products from the

particle during annealing tests, and (3) the effect of fuel-particle size on

the escape of fission products from the particle by recoil, with recoil range

as a parameter. The results of this study indicate that the most desirable

range of fuel-particle sizes for the enrichments considered are as shown

in Table 5. 3.

Table 5. 3

SUGGESTED OPTIMUM UO2 FUEL-PARTICLE SIZES

FOR SEVERAL U235 ENRICHMENTS

Enrichment Particle Diameter

(%) (p)

90....... ..................... 200 to 400

50....... ..................... 250 to 500

30....... ..................... 300 to 600
20....... ..................... 350 to 800

Fuels Development at Battelle Memorial Institute (D. Johnson and M. Tobin)

The materials being studied at BMI include dispersions of UO2 in

graphite and dispersions of UC2 in graphite. Representative pellets from

BMI fabrication development were tested by neutron activation techniques.

The results of these tests are shown in Table 5. 4. All annealing treatments

were for 24 hr in vacuum at the temperature indicated; during this time

the volatile fission products were collected for analysis.

Irradiation Program

Irradiation Programs at Other Sites (W. Kosiba, D. Johnson, and

M. Tobin). Battelle Memorial Institute, under contract with General

Atomic, is performing irradiation experiments for the MGCR program in



Table 5. 4

DATA ON FISSION-PRODUCT RELEASE FROM BeO-UO2 PELLETS

Specimen[

No.

A-4
A-5
C-6
C-8
C-10

D-2
D-3
D-4
D-5

C-9
A-3

B-3

Density

(o of theoretical)

96. 1
95. 0
98. 0

97. 8
98. 3

98. 3
98. 3
96. 3

96. 8
98. 0

94. 6
92. 9

Sintering Treatment

Temp.

(0 F)

2,800
2,800
3,000
3,000
3,000

3,000
3,000
3, 001)

3,000
3,000
2,800
2,600

Time

(hr)

1
1
1
1
1

4
4

4
4
1
1
1

Annealing

Temperature

(0F)

2,000
2,000
2,000
2,000
2, 000

1,800
1,800
1, 800
1,800
1,800
1,800
1, 800

Burnup 6

(atomic %: x 10

3. 07
2. 72
2. 29
2. 15
2. 06

0.615

0. 63
0. 566
0. 535
2. 12

3. 3
3. 76

Fission-gas Release

(%)

Xe
1 3 3

0. 69
0. 63
1.74
1.79
1.86

0.21
0. 12
0. 20

0. 17
0. 55
0. 46
1. 17

1133

1. 37
1. 14
4.07
3.49
4.60

0. 28
0. 23
0. 30
0. 33
1.07
0. 38
1.24

Questionable values.

I1I_____III



138

both their own reactor (BRR) and in the MTR.

The capsule which was irradiated in the BRR was opened at the BMI

hot cell in June. No fission gas was detected, indicating that there was no

release of fission gas through the 316 stainless steel fuel cladding. Fission

gas (Kr85) was found inside the cladding in each of the three samples tested.

Gas release and other data are given in Table 5. 5.

Three capsules of the same design were inserted in the MTR on

July 16, 1959. They will be irradiated for 10 to 19 reactor cycles at an

estimated unperturbed flux of 5. 2 x 1013. The estimated clad-surface heat

flux is 200, 000 Btu/(hr)(ft2). The operating temperatures of the cladding

were taken at four points along the length of each capsule and were measured

on September 14, 1959. The test data are given in Table 5. 6.

Two of the pellets from the irradiation completed on June 30, 1959,

were annealed at 2, 5000F (1, 370 C) for 4 hr in helium flowing at 15 ft 3/hr.

The purpose was to determine whether the unclad fuel pellet would swell

or disintegrate because of irradiation damage associated with -1. 5%burnup

of the U235 in the fully enriched fuel.

The BeO-20 vol-% UO2 pellet showed no apparent change and edges

remained sharp. The length and diameter were essentially unchanged by

the high-temperature anneal. The measurements before annealing were

0. 2219 in. in diameter and 0. 1813 in. long; after annealing for 9 hr, the

measurements were 0. 2217 in. in diameter and 0. 1812 in. long.

The graphite-20 vol-% UC pellet disintegrated. This was probably

caused by oxidation which resulted from too high an oxygen content in the

helium.

Battelle is attempting a measurement of the rate of release of Xe1 3 3

from another of the BeO-20 vol-% UO2 pellets that have about 1. 5% burnup

235
of the U atoms. The purpose is to explore the possibility of an

effect of integrated exposure on the fission-product release rate.

Irradiation Program at General Atomic (M. Tobin, C. Mungle,

W. Kosiba, A. Miller, J. Bokros, D. Guggisberg, and J. Buchanan). A

capsule similar to the one which was used for the high-temperature



Table 5. 5

BRR FUEL IRRADIATION CAPSULE DATA

Specimen

No.

-5 1
9

3t

It

8

4

Fuel

Loading
Material (g U 2 3 5 )

UC -C 1.46
2

UC-C 1.44

UO2 -BeO

UO2 -BeO

UC-C

UC -C

1. 35

1. 35

1.44

1.46

Estimated

Clad- surface

Temperature

(OF)

1,520

1,560

1,550

1,510

1,430

1,270

Surface Fission-gas

Heat Flux Release

LBtu/(hr)(ft 2 )] (% Kr 8 5 )

204,000 - - - -

198,000 1.18, 1.31

179, 000 0. 32, 0.48

165,000 ---- ----

156,000 ---- ----
132,000 0.96, 0.38 {

Change in
Burnup Diameter

(% U 2 3 5 atoms) (%)

1.58-----

1. 56

1. 50

1. 39

1.23

1.01

-1-1/2%

None

-1-1/2%

-1%

In connection with the metallography, no change in the microstructure of any of the three types
of fuel resulted from irradiation; no carburization of the Type 31 6 'stainless steel fuel cladding was
observed; and no significant difference was found in fuel-cladding microhardness for the three types
of fuel.

Density of UO2-BeO specimens was approximately 89% of theoretical.

Wj

i

1
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Table 5. 6

TEST DATA FOR CAPSULES IRRADIATED IN THE MTR

Supplemented

Electric
Calculated Exposure Goal Ap

( F) (w) Cycles Weeks (% U235) Bu

1, 500 415 14 28 20 Ma
1,4401

1, 370:

1, 130

1, 395 2, 100 19 38 12 Ap
1,425

1,495

1,410:

1, 4101 2, 550 10-11 20-22 8 Jar

1,495

1,475

1,410

proximate

rnup Date

ir. 1, 1960

r. 1, 1960

n. 1, 1960

high-pressure irradiation at BMI is being equipped for fuel irradiation in

the TRIGA reactor. This capsule will be referred to as the "gas release

capsule. " The purpose of this experiment is to measure fission-product

diffusion through the nickel cladding.

The gas release capsule was tested in the laboratory for two weeks

before it was inserted in the reactor. It was equipped with three separate

1-kw electric heaters, each of which was capable of raising the fuel temper-

ature to 1, 5000 F. However, two of the heating elements failed during the

test. Another gas release capsule was built as a laboratory mockup; it

has been operated successfully, and it is now being assembled for insertion

into the TRIGA reactor. Auxiliary equipment for the TRIGA gas release

capsule is being assembled and tested for collection and counting of the

released fission products.

Capsule.

No.

31-1

31-2

31-3

i I
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Concurrently, a panel of temperature-recording, temperature-

controlling, and power-proportioning devices was built for use in the

development of various irradiation capsules. In conjunction with the panel,

a heat-transfer hydraulic mockup was constructed, which is satisfactory

for simulation of thermal conditions in tank-type reactors such as TRIGA

and the BRR. Internal capsule temperatures of 1, 7000 F (-925 C) have been

obtained at about 2 kw electric power in one of the capsule designs tested.

A capsule has been tested in the heat-transfer hydraulic mockup for

the proposed irradiation in the BRR and is described in Report GAMD-880.

The results of the tests indicated the successful operation of the basic

capsule design without any modification, using 16-gauge Nichrome heating

elements. A capsule of this design containing samples of A12 03 -20 vol-%

UO2 fuel, fully enriched, was built, tested, and delivered to the BRR on

September 25, 1959.

Figures 5. 1 and 5. 2 show photomicrographs and photomacrographs

of an end of each of two representative pellets which were included in the

capsule. These areas will be examined again after the irradiation has been

completed.

A fully equipped dummy capsule of the type described above is being

assembled for use in the General Atomic hot laboratory for practice in

disassembly. Modifications suggested as a result of practice with the

dummy capsule will be factored into the design of future capsules.

Two pellets of A12 03-20 vol-% UO, containing natural uranium, were
23 2' 133 o

tested by neutron activation for retention of Xe at 1, 400 C for 20 hr.

The release was about 1% for each sample. Two pellets of BeO-20 vol-%

UO2 were also tested; about 2% of the Xe133 was released from each sample.

The fission-gas counting equipment has been calibrated by releasing

a known amount of Xe 33 in irradiated UO2 . The Xe133 was released by

fusing the irradiated pellet with a mixture of KNO3 and Na2CO3. The

*
J. Martin Tobin, A Plan for Irradiation of an A1 20 3 -20 v/o U02

Fuel Material, General Atomic Informal Report GAMD-880, July 23, 1959.
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46
pA

16X 150X

Fig. 5. 1--End of Al 03-UO2 pellet fabricated from BMI alumina

16X 150X

Fig. 5. 2--End of Al2 3 -UO 2 pellet fabricated from Atlas Chemical
Company alumina

I
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released xenon was collected and counted in the charcoal trap. The total

xenon present in the sample was determined by counting the La.40 The

sensitivity of the present method for the determination of Xe133 release

has been found to be 0. 003% of the Xe 33 formed. Since the release rates

are expected to be considerably less than 0. 003%, a higher sensitivity is

required and can be achieved by using enriched fuel and higher burnup.

DEVELOPMENT OF NONFUEL REACTOR MATERIALS

Coolant-materials Compatibility (W. L. Kosiba)

The metallic samples from the tori are being re-examined in the

BMI hot cell in an attempt to explain the dark area in the center of the

niobium specimen irradiated at 1, 5000F with no getter. The samples are

being repolished, re-etched, and rephotographed to determine whether the

dark center is a real effect and whether it is radiation induced since no

such results were obtained in the niobium specimen which was not irradiated.

Graphite- Metal Reactions

Development of Optimum Nickel-Copper Composition for Graphite

Cladding (J. C. Bokros, W. H. Ellis, and D. G. Guggisberg). The MGCR

semihomogeneous fuel-element design requires that a 0. 010-in, cladding

material operate in contact with graphite without becoming embrittled by

carburization. Nickel forms no stable carbides in the temperature range

to 1, 700 F, but does dissolve about 0. 25 wt-% carbon at 1, 700 0 F. Subse-

quent reduction of the temperature results in graphitization or precipitation

of graphite. Repeated thermal cycling can therefore cause a continuous

build-up of graphite in the microstructure. Alloying nickel with copper

reduces the graphitization rate by: (1) reducing the solubility of carbon in

nickel, and (2) reducing the rate of precipitation of graphite from nickel

supersaturated with carbon.

The decreased graphite precipitation rate in Monel is shown by the

aging curves in Fig. 5. 3. The ultimate tensile strength and hardness of
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Fig. 5. 3--Ultimate tensile strength and hardness versus aging temperature

for carburized "A" nickel and Monel aged for 1, 000 hr
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Monel (70 Ni-30 Cu) and of ''Anickel saturated with carbon at 1,7000F has

been plotted against aging temperature. The hardness and strength of "A "

nickel decrease above 800 0 F, whereas those of Monel do not. The micro-

structures of nickel show considerable graphite precipitation above 1, 0000F.

The microstructure of Monel does not show such precipitation.

Because the melting point of the nickel-copper mixture is continuously

lowered by the addition of copper and the coefficient of expansion is corre-

spondingly increased, it was necessary to determine the optimum amount

of copper to be added to nickel to produce a cladding for graphite that would

be satisfactory under MGCR conditions. Hence, a series of binary nickel-

copper alloys was prepared in which the copper content varied from 0% to

50%. These alloys were saturated with carbon by heating in contact with

graphite and CO for 1, 000 hr at 1,700 F. Specimens were taken from each

alloy and aged for 1,000 hr at 1,200"F--a temperature at which graphite

precipitates rapidly from nickel. The carbon content of the carburized

alloys versus copper content is shown in Fig. 5.4. It will be noted that the

carbon content decreases slowly with increasing copper content. Since the

presence of carbon in solid solution in these alloys confers a significant

hardness increase, the precipitation of carbon can be followed by observing

the hardness decrease during aging. The hardness decrease which occurred

in these alloys due to aging at 1,200 F for 1, 000 hr is also plotted in Fig. 5.4.

A large hardness decrease occurred in all alloys below 30%o copper; a con-

siderably smaller change occurred in alloys containing 30% or more copper.

The microstructure of these alloys showed no graphite precipitation before

aging; the microstructure after aging is shown in Fig. 5. 5. The graphitiza-

tion is evident in all of the alloys containing less than 30% copper; the quan-

tity of graphite precipitated decreased with copper content.

These results indicate that the commercially available Monel composi-

tion (~70 Ni-30 Cu) is about optimum for the cladding application.

Cycling Test. Two test fuel assemblies containing four nickel-clad

alumina pins and three nickel-clad graphite pins were removed after 150
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Fig. 5. 4--Carbon content of alloy in contact with graphite after 1, 000 hr

at 1,700 0 F versus copper content, and hardness change due to graphite pre-

cipitation during 1, 000 hr aging at 1, 200 0 F
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cycles from room temperature to 1, 7000F in 500 to 1, 000 psi helium.

Two of the nickel-clad alumina pins and one of the nickel-clad graphite

pins had very small leaks. A metallographic examination revealed that

the graphite precipitate previously described was quite profuse (see

Fig. 5. 6). Two new assemblies containing Monel-clad graphite pins will

be cycled 5 hr at 1, 800 F followed by 5 hr at 1,0000 F. The 1, 000 F tem-

perature is being used as the low temperature to give the graphite an

opportunity to precipitate, i. e. , this cycle will be much more severe than

the cycle previously used.

Graphite-Metal Compatibility (J. Bokros, J. Barry, W. Ellis, and

D. Guggisberg). Metallographic results for graphite-metal reactions at

1,850 F are summarized in Table 5. 7. Specimens of 'A" nickel, "D"

nickel, Duranickel, permanickel, nickel plus 10% copper, and nickel plus

20% copper all show the formation of the graphite precipitate discussed in

previous reports. This spheroidal graphite precipitate has, in some cases,

grown to 1. 0 mil in diameter when exposed for 2, 100 hr at 1, 850 0 F. Monel

specimens show only a few graphite particles 0. 1 to 0. 2 mils in diameter

in a metallographic section and nickel-50% copper shows no graphite pre-

cipitate after 1, 200 hr at 1, 850 0 F. Figure 5. 7 shows the microstructure

of a Monel specimen after 2, 100 hr at 1, 8500F in contact with graphite.

These results for nickel and nickel-copper alloys, together with the data

above, clearly indicate that Monel (70 Ni-30 Cu) is superior to nickel with

respect to graphite precipitation and should be strongly considered as a

graphite-cladding material for use up to 1, 7000F in the semihomogeneous

fuel-element design. Alloys containing more copper than Monel are also

being evaluated for this application, but have the disadvantage of lower

melting points and higher coefficients of expansion.

Copper-plated niobium was exposed to graphite for 1, 200 hr at

1, 8500 F. Copper 1 to 2 mils thick afforded complete protection against

carburization, and little diffusion between niobium and copper was observed

(Fig. 5. 8). Copper-plated niobium is being evaluated further in the cycling

tests.
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Table 5. 7

METALLOGRAPHIC RESULTS FOR GRAPHITE-METAL REACTIONS

IN HELIUM ATMOSPHERE AT 1, 8500F AND 2, 000 PSI

BEARING PRESSURE

Material

"A" nickel

Duranickel

"D" nickel

Pe rmani ckel

Ni + 10% Cu

Ni + 20% Cu

Monel

K-Monel

Time

(hr)

900

2, 100

900

900
2, 100

900

2, 100

900

2, 100

1, 200

1, 200

1, 200

900

2, 100

2, 100

900
2, 100

Maxim

Penetrz

(mil

Zr

Getter

1. 0

1. 0

30

1. 0

1. 0

1. 0

1. 0

1. 0

2. 0

2. 0

1. 0

1. 0

1. 0

lum

nation

s)

No

Getter Remarks

1. 0 Uniform graphite precipitate,
0. 5 nmil diam

1. 5 Uniform graphite precipitate,

0. 5 to 1. 0 mil diam

6. 0
5. 0

1. 5

1. 0

1. 5

3. 0

2. 5

1. 0

3. 0

5. 0
6. 0

Internal oxidation; graphite

precipitate, 0. 2 to 0. 4 mil diam

Internal oxidation

Internal oxidation; uniform graphite

precipitate, 1. 0 mil diam

Uniform
0. 3 to

Uniform

0. 5 to

Uniform

0. 3 to

Uniform
0. 5 to

graphite precipitate,

0. 5 mil diam

graphite precipitate,

1. 0 mil diam

graphite precipitate,
0. 5 mil diam

graphite precipitate,
1. 0 mil diam

Uniform graphite precipitate,

0. 6 to 1. Omil diam

Uniform graphite precipitate,

0. 4 to 0. 6 mil diam

No graphite precipitate

Widely dispersed graphite

precipitate

Widely dispersed graphite

precipitate, 0. 1 to 0. 2 mil diam

No graphite precipitate

Internal oxidation

Internal oxidation; widely dispersed

graphite precipitate

i

l

i

I1

1
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Table 5. 7--continued

Maximum

Ma Cie ial

Ni + 50% Cu

Inconel X

Niobium

Cu-plated Nb

Nb + 1% Zr

Nb + 5% Zr

Nb + 10% Zr

Nb + 5% Ti

Nb + 8% Ti

Nb + 10% Ti

M oly b d e num

Cu + Mo

Mo - 1/2 Ti

Time

(hr) C

1, 200

900
2, 100

900

2, 100

1,200

900
2, 100

2, 100

1, 200

1, 200

1,200

1,200

1, 200

900
2, 100

1, 200

900
2, 100

Penetration

(mils)

Zr No

Getter Getter

1 _ 1 2 N rra

>3

>3

>

. V

0

0

1. 2

2. 5

0. 1

2. 0
2. 0

2. 0

0.4

0. 3

0. 3

1.7
0. 8

1. 5

1. 3
0. 5

30

>30

3. 5

1. 5

<0. 1

1. 0
1. 5

>30

6. 0

1. 3

1.7

>30

3. 5

3. 5

3. 0

3. 5
5. 0

Remarks

hite precipitate

Heavy carburization

Heavy carburization

Carbide layer
Carbide layer

No attack under 2. 0-mil copper

plate

No copper diffusion

Carbide layer
Carbide layer

1. 2-mil carbide layer; internal

oxidation

1. 2-mil carbide layer; 6. 0-mil pits
6. 0-mil surface layer contaminated

0. 4-mil carbide layer;

2. 0-mil solid-solution layer

Carbide layer

Carbide layer and 1. 7-mil regions

of eutectoi.d decomposition

Grain-boundary carbide

Carbide layer

Carbide layer

Carbide layer; copper plate

disintegrated

Carbide layer
Carbide layer

1,200 <0. 1 1. 6 Copper plate partially
disinteqrated

Cu GM +

/ .

g p 
lQr
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Fig. 5. 6--Photomicrograph showing
precipitates in "A" nickel-clad alu-
mina pin cycled 147 times from 1000 to
1,700 0 F in 500 to 1, 000 psi helium

(500X)

Fig. 5. 7- -Photomicrograph showing
microstructure of Monel after 2,100 hr
in contactwith graphite at 1,850 0 F and

a pressure of 2,000 psi (250X)
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Graphite- Nb C and NbC
Metal Metal-Copper

Interface

Niobium

Fig. 5. 8--Photomicrograph of copper-

plated niobium heated for 1, 200 hr at

1,8500F in contact with graphite (250X)

Strength and Oxidation Resistance of Non-fuel-bearing Core Materials

(J. C. Bokros, W. Ellis, and D. Guggisberg)

Since Type 430 stainless steel has good carburization resistance up

to 1, 5000F and has a low coefficient of expansion, it is of interest as a

potential graphite-cladding material at moderate temperature. It is well

known that iron-chromium alloys are susceptible to 885 0 F embrittlement.

To evaluate the type of embrittlement of 430 stainless steel, several tensile

specimens were aged for 1, 000 hr at 6000, 8000, 8850, 1, 0000, and 1,2000F.

The tensile properties and hardness of these aged alloys were measured

and have been plotted as a function of aging temperature (see Fig. 5. 9).

As anticipated, the embrittlement occurs at about 885 0 F. Figure 5. 10

shows the temperature dependence of this embrittlement. The embrittled

material does not recover its normal ductility (above 20% elongation) until

it is heated above 9000F. Because further aging will probably result in a

further decrease in ductility, it is recommended that this material no

longer be considered for applications that require high ductility.
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DEVELOPMENT OF MATERIALS FOR THE PROPULSION PLANT
(D. W. Carreau, M. J. Donachie, N. Pompilio, R. Shepheard, and
B. Lund)

This work is being conducted to ensure the proper choice and handling

of nonreactor structural materials and the selection of safe design stresses.

The alloys will be employed in the construction of high-temperature helium

ducts, rotating-machinery casings, pressure vessels, heat exchangers,

and valves. As previously reported, the potential materials for operating

temperatures to 1, 000F are 1-1/4 Cr-1/2 Mo steel and 1-1/4 Cr-1 Mo

steel; for operating temperatures above 1, 000 F the materials are

Type 316 stainless steel, Inconel X (investigated by Westinghouse Electric

Corporation), and hard surfacing materials for valves.

Creep, Stress-rupture, and Fatigue of Turbine and Piping Materials

(J. C. Bokros, W. Ellis, and D. G. Guggisberg)

Because Inconel 713C has very attractive high-temperature mechani-

cal properties in air, a number of c:.eep tests are being run to determine

whether the properties are appreciably different in pure helium or helium

plus 0. 01 atm of CO. Six tests are being run at 1, 3000 F, using a stress

(82, 000 psi) which would normally produce failure after 1, 000 hr in air.

One specimen is being run in air, two in pure helium (total impurities,

<5 ppm), and three in helium plus 0. 01 atm of CO. Two of the three

specimens in helium plus CO failed after 324 and 501 hr, and the third

specimen is well into third-stage creep. A curve showing creep strain

versus time for one of the 713C specimens tested in CO is shown in

Fig. 5. 11. The other three specimens being tested in air and pure helium

show very similar creep strains after 400 hr and are still in second-stage

creep.

Carbon Mass Transport (H. E. Shoemaker and R. M. Earle)

Results obtained to date in the carbon-transport experiments are

summarized in Table 5. 8. In brief, no CO disproportionation was observed
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Fig. 5. 11--Curve showing creep strain versus time for Inconel 713C
in helium containing 0. 01 atm of CO at 1, 300 F and 82, 800 psi



Table 5. 8

CARBON MASS-TRANSPORT EXPERIMENTS

Temperature of
tests

Inlet gas

Outlet gas

Carbon transport

Effect on nickel

and Monel

Effect on 430 SS
and 316 SS

Inconel and
Inconel X

Chrome steels

Niobium alloys

2 ppm CO 2 at 50 atm 200 ppm CO at 50 atm 20, 000 ppm CO at 50 atm
or 104 atm PCO or 10-2 atm PCO or 100 atm PCO

Constant at It500 and 1,7000 F

H2 and O2 = trace; N 2
CO2 100 p'pm

4 ppm;

H2 and OZ = trace; N 2 = 4 ppm;
CO2 = not detectable; CO = 200 ppm

Not detectable; materials carburized;
no carbon deposit

Slight weight loss; decarburized at
1, 5000 and 1, 7000 F

Carburized at 1, 700 F

Slight carburization at 1, 5000
and 1,7000F

Considerable carburization at
1,7000 F; carburized less at
1, 500 F; oxidized also

-Temperature gradient
1,7000 150F

CO2 = not detectable;
CO = 1%

CO 2 = not detectable;
CO = 1%

Not detectable; materials
carburized; no carbon

deposit

Slight weight loss

Slight weight gain; no
carbon deposit

Slight weight gain; no
carbon deposit

Carburized

Temperature gradient 1,7000 - 150 0F

CO, = not detectable; N2 = 0. 2%;
CO = 99. 8%

For steels: CO 2 = 1%; N 2  0. 2%;
CO = balance

For niobium alloys: CO 2 = 0. 5%;
N) 0. 2%; CO = balance

Above 1, 00 0 F, steels catalyzed CO

to produce considerable carbon

deposit, identified as graphite;
niobium alloys carburized, but
no free carbon formed

Sooty carbon deposit above 1, 000 F

Carbon deposit at 1, 100 F and higher
on 316 SS; none at1, 300 F on 430SS

Carbon deposit above 1, 000 F on
Inconel; none on Inconel X up to
1,6000F

Disintegrated above 1, 500 F;
gained weight above 800 0 F

Carburized; no carbon deposit

U7l
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-4 -2
in the experiments conducted in 2 x 10 or 2 x 10 atm (P + 2P ).co CO2
Above about 1, 000 F the stainless steels and chromium-bearing nickel-base

alloys were oxidized in CO and formed Cr2 3 and spinel. In addition,

these allots were carburized to varying de-grees (see Table 5. 8). In the

experiments conducted in 1 atm of CO (99. 8% CO, 0. 2% N2 , 0. 0005 ppmH2 O),

a large amount of CO disproportionation was observed on the clean metal

surfaces of low-alloy steels above about 1, 000 0 F. Much less was observed

on the iron- and nickel-base alloys which formed stable surface oxides in

CO. Carbon deposits were not observed on niobium-base alloys.

After the investigations of CO reactions, the apparatus was remodeled

to permit the controlled mixture of two impurities in the helium stream.

A Loenco Chromat-O-Flex chromatograph was connected to the system to

permit direct gas sampling. The instrument was calibrated and found to

have a sensitivity of 5 ppm for oxygen, nitrogen, and carbon monoxide,

and 3 ppm for carbon dioxide. Since the thermal conductivity of hydrogen

is so near that of helium, a gas chromatograph using a Thermal-conc1uctivity

detector cell would have a very low sensitivity for hydrogen. This sensitivity

is observed when a 3 cm3 sample of gas is used for analysis. If a large

sample is used and the impurities concentrated as in an activated-charcoal-

liquid-nitrogen trap, the increase in sensitivity is proportional to the

increase in sample size. A moisture monitor has been installed in the sys-

tem to permit monitoring of both the inlet and exhaust gas streams.

Tests are under way to study the effects of various partial pressures

of hydrogen on the disproportiona.tion of CO on graphite, iron, nickel, copper,

niobium, molybdenum, and other alloys. The first 100-hr exposure of

molybdenum, niobium, niobium alloys, nickel, nickel alloys, and steels in

-3 -3
helium plus 5 x 10 atm CO and 5 x 10 atm H2 have been completed.

2 -l
Various steels, nickel, and nickel alloys were also tested in 5 x 10 atm

-l
CO with 5 x 10 atmH 2 .

Visual observations indicated no significant reactions in 100 hr with

the low impurity levels. The gas analyses of the inlet and exhaust streams
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showed no change in H O, N2, CO, CH4 or CO2 except in the case of

molybdenum, in which a trace of CO2 was observed in the exhaust. In all

cases, the slight trace of oxygen plus argon in the inlet, which was around

10 atm, was reduced to a slightly smaller value in the exhaust. The

molybdenum was bright, but it had a weight gain as high as 0. 15 mg/cm 2

at 1, 7000 F. The niobium and niobium alloys were bright, but their weight

gains were much greater than the molybdenum. In the tests with steels,

nickel, and nickel alloys in 5 x 10~1 atm CO and 5 x 10~1 atm H2, there

was measurable weight gain. The inlet gas contained 45% 5% CO,

70 10 ppm O2 plus argon, 700 100 ppm N2 40 ppm H2O, and the

remainder was hydrogen. The exhaust gas contained 5 5 ppm 02 plus

argon, as much as 3% CO2, 1% CH4, over 1, 000 ppm H2O, and no signifi-

cant change in the other constituents. The rate of maximum disproportiona-

tion was observed visually at approximately 1, 000 F. At this temperature,

the tube was filled with a carbon deposit. The tests will be further evaluated

and continued for an additional 400 hr.

fect of Coolant and Impuritie., in Coolant on Materials (J. Bokros,

Snowmaker, and R. Earle)

Effect of 1 Atm of CO on Niobium-base Alloys. The results of expo-

sure of niobium and five niobium-base alloys to 1 atm of flowing CO have

been summarized in Table 5. 9. Above approximately 1, 0000 F, a thin

surface layer, identified by X-ray diffraction to be a mixture of carbides,

developed on all alloys. The carbide layer in no case exceeded 0. 2 mil in

thickness and was not accompanied by embrittlement. The alloys containing

5% zirconium and 5% or 10% titanium exhibited, in addition to the thin car-

bide layer, a zone on the surface which appeared to be a contaminated solid-

solution layer. The 8% and 10% titanium alloys gained the most weight

during the exposure, but these weight gains were small.

These results indicate that niobium and these particular niobium-base

alloys perform quite well in pure CO. The carburization that occurred

resulted in a thin surface carbide layer which protected the alloy from



Table 5.9
0"

SUMMARY OF RESULTS FOR NIOBIUM ALLOYS TESTED IN 1 ATM CO 0

Max. Carbon Content Hardness Weight
Time Temp. Penet. (wt-%) (DPH) Corrosion Change

Material (hr) (oF) (mils) Initial Final Center Edge Product (mg/cm2) Remarks

(NbC)s(Nb
2 C)m

(Nb
2 C)

None detected

None detected

Niobium 500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

Carbide surface layer139

984

96. 5

100

143

109

150

102

1450

1050

530

115

1620

1490

1140

b30

140

1610

1410

970

440

110

lo10

1570

1350

890

330

1630

1520

1210

730

170

1620

1550

1290

810

230

0. 2

( 0. 1

<0. 1

<0. 1

0. 2

0. 1

0. 1

<0. 1

<0. 1

7.0

1. 5

<0. 1

<0. 1

<0. 1

4. 5

7.0

2. 0

2. 0

2. 0

4. 0

3. 0

(0. 1

(0. 1

(0. 1

4. 0

4. 0

3. 0

1. 0

2. 0

Nb + 1% Zr

Nb + 5% Zr

Nb + 5% Ti

Nb + 8% Ti

Nb + 10% Ti

0. 001

0. 001

0. 001

0. 001

0. 004

0. 004

0. 004

0. 004

0. 004

0. 020

0. 020

0. 020

0. 020

0. 020

0. 015

0. 015

0. 015

0. 015

0. 015

0. 030

0. 030

0. 030

0. 030

0. 030

0. 022

0. 022

0. 022

0. 022

0. 022

0. 040

0. 023

0.002

0.001

0. 068

0. 072

0. 023

0.006

0. 005

0. 137

0. 070

0.061

0. 023

0. 021

0. 098

0. 152

0. 046

0. 019

0.017

0. 36

0. 28

0. 068

0. 035

0.033

0. 18

0. 23

0.04

0. 23

0. 24

+0. 300

+0. 060

+0. 033

+0. 013

+0. 80

+0. 43

+0. 08

+0. 04

+0. 007

+0. 36

+0. 66

+0. 09

0. 000

-0. 010

+0. 75

+0. 73

+0. 51

+0. 062

+0. 020

+1.70

+1. 25

+0. 22

+0. 064

+0. 015

+1. 30

+1. 65

+0. 31

+0. 07

+0. 02

(NbC) (Nb
2 C)s

(NbC) (NbC)s
s .. 5

(NbC) (Nb 2 C)
w de w

None detected

None detected

(NbC)s(Nb2C)

(NbC) (Nb C)wm 2w
(NbC) (NI ,C)

None detected

None detected

(NbC) (Nb C)
a m

(NbC) (NbC)
s ... s

(NbC) (Nb
2 C)

(NbC) (Nb 2 C)

(NbC) w(Nb2 C)(TiC)

(NbC) s(Nb2 C)m(TiC)m

(NbC) (Nb 2 C)(TiC)

(NbC)W(Nb2C) (TiC)W

s 2 m m

None detected

(NbC) (Nb2 C)m(TiC)w

(NbC)s (Nb2 C) (TIC)

(NbC) s(Nb2 C)m(TiC)w

(NbC) (Nb 2 C) (TiC)

None detected

Carbide surface layer

Carbide surface layer

Carbide surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

Solid solution surface layer

135

138

135

153

114

170

201

219

217

233

1 37

135

133

154

190

177

169

146

168

160

180

186

181

183

227

176

247

130

124

110

240

294

212

222

205

179

157

185

198

264

206

203

245

181

203

180

215

256

213

270, , ,
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further carburization, and in no case was embrittlement observed, as

measured in a bend test. There seems to be no particular advantage in

using any of the niobium alloys in pure CO since unalloyed niobium shows

weight changes equal to or less than those observed for the niobium alloys,

and the hardnesses, after exposure, revealed no oxygen contamination.

The hardnesses, weight gains, and microstructures of the alloys suggest

that some oxygen contamination may have occurred.

Effect of 1 Atm of CO on Iron- and Nickel-base Alloys. Above about

1, 200 0 F, all of the iron-base alloys containing 9% Cr, or less, were badly

carburized by 1 atm of CO and were covered with a thick graphite deposit.

Figure 5. 12 is typical of this type of attack. The microstructure contains

a large percentage of carbide and the surface is covered by a thick layer of

graphite. The outermost white layer is nickel plating put on after exposure

to preserve the corrosion product during metallographic preparation.

These results are summarized in Table 5. 10.

Type 430 stainless steel was carburized at 1, 5000F and above, where-

as Type 316 stainless steel carburized at 1, 3500F. These alloys, as well

as Inconel and Inconel X, were oxidized by the CO which formed spinel and

Cr2O3 on the surface of the alloys. Like the low-chromium steels, ''A''

nickel and Monel catalyzed the CO disproportionation and were covered with

a thick graphite deposit at 1, 3800 F and above. Figure 5. 13 shows the

graphite deposit which formed on Monel during a 500-hr exposure at1.500F.

These results indicate that the low-alloy steels, nickel and Monel,

are very good catalysts for the disproportionation of CO, whereas those

alloys which form stable surface oxides (spinel and chromium oxide) are

much less effective. Inconel X is particularly outstanding in that is does

not catalyze the disproportionation. In any event, a 1-atm partial pressure

of CO is too carburizing to these materials at 1,5000F to be permitted in a

high-temperature reactor system. At this CO level, the carbon deposited

on the Monel cladding in a semihomogeneous fuel element would probably

rupture the graphite-fuel plate.



Table 5. 10

SUMMARY OF RESULTS FOR IRON- AND NICKEL-BASE ALLOYS EXPOSED TO 1 ATM CO N

Max. Carbon Content Hardness Weight
Time Temp. Penet. (wt%) (DPH) Corrosion Change

Material (hr) ( F) (mils) Initial Final Center Edge Product (mg/cm 2 ) Remarks

1/4 Cr

1-1/4 Cr-1/2Mo

2-1/4 Cr-1 Mo

5 Cr-1/2 Mo

C-1/2 Mo 500 +24. 9

+1.87

-0. 02

+20. 0

>+20. 0

+0. 58

+0. 01

+0. 02

>+20

>+20

+0. 08

+0. 01

1550

1430

1270

300

1590

1450

1110

470

180

1600

1290

800

130

1610

1250

810

130

1510

1440

970

200

>30 0. 12

0. 12

0. 12

0. 12

0. 10

0. 10

0. 10

0. 10

0. 10

0. 09

0. 09

0. 09

0. 09

0. 09

0. 09

0. 09

0. 09

0. 12

0. 12

0. 12

0. 12

Graphite - carbides

Graphite - carbides

Graphite - carbides

None detected

Graphite- carbides

Graphite- carbides

None detected

None detected

None detected

Graphite- carbides

Graphite - carbides

None detected

None detected

Graphite - carbides

None detected

None detected

None detected

Graphite -carbides

None detected

None detected

None detected

281

153

174

501

435

161

159

176

579

343

179

192

490

224

139

182

205

174

238

2. 07

0. 268

0. 012

6. 21

>30

>30

:0. 1

>30

>30

<0.

(o.

<0.

500

500

500

500

500

500

500

500

500

500

500

500

100

100

100

100

500

500

500

500

235

182

188

505

298

142

158

136

425

254

158

164

494

235

155

178

221

182

254

:30

>30

<0. 1

<0. 1

2. 9

0. 1F

0. 05

0. 1

10. 61

2. 3

0. 1~

Completely carburized;
50 mil graphite deposit

Completely carburized;
30 mil graphite deposit

Completely carburized;
0. 5 mil graphite deposit

Completely carburized;

10 mil graphite deposit

Completely carburized;

10 mil graphite deposit

Completely carburized;

7. 0 mil graphite deposit

Completely carburized;

10. 0 mil graphite deposit

Completely carburized

Grain-boundary carburization

Completely carburized

+1. 01

+0. 07

+0.03

52

0

1

1

1

1

>30

2.

<0.

<0.

>30

(0.

<0.

0. 094

3. 61

0. 148

0. 09

0. 094

0. 22

0. 12

0. 13<0. 1

8

8

98

1

1

1

1

I



0. 08

0. 08

0. 08

0. 08

0. 08

0. 08

0. 08

0. 08

0. 08

9 Cr-1 Mo

430 SS

316 SS

Inconel

Inconel X

''A'' Nickel

Monel

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

>30

<0. 1

<0. 1
(0. 1

>30

>30

<0. 1

<0. 1

<0. 1

1570

1300

950

170

1540

1500

1 370

820

190

1580

1350

1130

870

1580

1350

930

400

1590

1 390

770

150

1600

1020

550

120

1500

1470

1380

860

250

0. 016

0.016

0. 016

0. 035

0. 035

0.035

0. 035

0. 011

0. 011

0. 011

0.011

0. 096

0. 096

0. 096

0. 096

0. 096

0. 015

0.019

0. 015

0. 086

0. 030

0. 030

0. 044

0. 52

0. 078

0. 083

0. 076

0. 35

1. 08

1. 15

0. 084

0.081

0. 12

0. 11

0. 086

0. 18

0. 24

0. 085

0. 091

0. 07

0. 30

0. 17

0. 075

0. 044

206

176

170

213

198

217

258

189

164

296

237

177

138

207

188

170

426

376

404

221

128

135

164

176

130

150

159

138

158

198

180

178

182

194

268

238

192

182

341

207

180

256

213

207

207

426 (Spinel)s([Cr
3 Fe] 20 3 )s

457

391

238

142

131

1 60

155

128

151

170

176

151

None detected

None detected

None detected

Graphite

None detected

None detected

None detected

Graphite

Graphite

Graphite

None detected

None detected

Graphite-carbides

None detected

None detected

None detected

(Spinel) (Cr2 O3 )

None detected

(Spinel) (Cr 2 O3 )

None detected

None detected

(Spinel)
S

(Spinel)
S

(Spinel) (Cr0 0
w 2 3 w

None detected

(Cr2 O 3) graphite

(Spinel) (Cr 20)
s 2 3s

None detected

None detected

+1. 3

+0. 04

+0. 01

+1. 0

+2. 0

+0. 01

+0. 02

-0.01

+1. 6

+0. 96

+0. 08

+0. 02

+17. 7

+0. 90

+0. 019

+0. 006

+1. 57

+0.01

+0. 01

+0. 01

+4. 30

+0. 1

0. 000

0. 000

+4. 0

+17. 1

+16. 9

+0. 013

+0. 02
A ______ A. L _______ A. ______ 1- 1. ________ I

Completely carburized;
50 mil graphite deposit

Completely carburized

Completely carburized

Carburized; 0. 2 mil surface oxide

Grain-boundary oxide

Completely carburized;
2. 5 mil grain-boundary oxide

Grain-boundary oxide

Grain-boundary oxide, no

carburization

Massive graphite precipitate

Graphite surface deposit

Graphite surface deposit

Graphite surface deposit

10. 0 0. 045

0. 045

0. 045

0. 045

0.016 I1 0.097

5. 0

0. 1

0. 1

>30

3. 5

<0. 1

<0. 1

1. 8

<0. 1

<0. 1

<0. 1

>30.

<0. 1

<0. 1

<0. 1

1. 0

2. 0

2. 0

<0. 1

<0. 1
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-Nickel plate

--Graphite

-Carbide

.Fig. 5. 12--Photomicrograph showing
microstructure of 1/4-Cr steel exposed
to 1 atm of CO for 500 hr at 1, 450 0 F

(250X)

t
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Fig. 5.13--Photomicrograph showing

microstructure of Monel exposed to

1 atm of CO for 500 hr at 1, 5000F

(250X)
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Effect of Helium Plus 0. 02 Atm (PCO + 2PCO2 ) on Materials

(J. C. Bokros, H. Shoemaker, and R. Earle). This series of experiments

was conducted to determine the effect of CO and CO-CO2 mixtures

(0. 02 atm) on niobium, iron, and nickel-base alloys. During the first

100 hr of this exposure, 0. 01 atm of CO2 was introduced into the purified

helium stream, reacted with graphite at 1, 700 F, and passed over the metal

corrosion specimens, also at 1, 700 F. During the second 400 hr of

exposure, 0. 02 atm of CO instead of CO2 was introduced into the helium

stream, reacted with graphite at 1, 700 F, and passed over the metal

specimens. The new alloy specimens, which were added after the first

100 hr were exposed only to 0. 02 atm CO. The corrosion results are

summarized in Table 5. 11.

Niobium-base alloys. The niobium-base alloys preent in 2:e first

100 hr were badly oxidized and carburized by the CO-CO 2 mixture and had

lost all their ductility (see Fig. 5. 14). The hardness of these alloys after

exposure was very high (see Table 5. 11). The alloys which were exposed

only to CO in the last 400 hr were carburized but retained their ductility.

Those alloys present during both exposures formed surface oxides in the

first 100 hr and these oxides were reduced by the CO in the last 400 hr.

This was evidenced by the relative intensity of the X-ray diffraction patterns.

Very strong oxide diffraction patterns were obtained after the first exposure

to CO-CO2 and either disappeared or became very weak after the second

exposure to CO.

These results demonstrate the tolerance of these alloys to pure CO

at these temperatures and show their sensitivity to very small concentra-

tions of CO2 (or 02). As yet, no niobium-base alloy has been found which

could be considered for use in the MGCR reactor system.

Iron- and nickel-base alloys. Type 430 stainless steel was consider-

ably carburized in 0. 02 atm (PCO + 2Pc 0 ) at 1, 700 F (see Fig. 5. 15)
S2

and Type 316 stainless steel was carburized at 1, 400 and 1,700 F when

exposed for 500 hr. The nickel-base alloys, Inconel and Inconel X, showed



Table 5. 11

SUMMARY OF P ESU.LTS FOR METALS EXPOSED TO 2 x 10 ATM (P + 2P )
CO CO2

Corrosion Products

Niobium

Weight

Change
(mg;'cm

2
)

500

500

100

100

500

500

100

500

500

400

400

400

400

400

400

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

500

Nb + 1% Z r

Nb + 5 o Z r

Nb + 5% Ti

Nb + 8',oTi

Nb + 10% Ti

430 SS

316 SS

Inconel

Inconel X

"A' Nickel

Monel

a'N

Remarks

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700

1700
1700

840

1400

1700

1700

1700

1700

1700

1700

1320

1700

1700

1250

1700

1700

1470

1140

Temp.

(OF) Zone*

Max.
Petet.

milss)

Carbon Content
(wt-s)

Lnitial Final

Ha rdne ss
(DPH)

Center EdgeMate rial

18. 0

14.0

6. 0

12.0

>30

23C"

3. 0

3.0

15

10. 0

6.0

0. 1

U. 1

4. 0

5. 0

>.30

.30

< 0. 1

0. 8

0.8

2. 0

1.2

1.0

1.8

1.5

6. 0

(0. 1

0. 1

(0. 1

3. 0

7. 0

.0. 1

(0.1

0.001

0.001

0. 001

0. 304

0. 004

0. 004

0. 020

0.020

0. 020

0. 015

0. 015

0. 030

0.030

0. 022

U. 022

0. 08

0.08

0. 045

0. 045

0.045

0.045

0.016

0.016

0. 035

0.035

0.035

0. 011

0.011

0.011

0. 096

0. 096

0. 096

0. 096

Time
(h r)

2.40

1.90

1.21

1. 29

0.24

0. 23

0. 107

0. 137

0.28

3. 34

0.20

0.23

0. 122

0. 08

0.077

0. 104

0. 121

0. 078

0.030

0.026

0. 067

0.075

0.22

0. 008

0.037

0.074

0. 028

0.035

0. 049

0. 096

291

294

572

295

511

487

652

493

662

149

151

232

173

176

253

253

183

183

313

304

292

238

429

279

347

289

288

566

279

511

487

610

593

579

168

174

235

216

189

225

260

189

201

312

329

217

243

225

234

343

965

156

135

114

(NbC) (NbO)m

(NbC) (NbO )
s 2m

(NbC) (NbO) (NbO.,) (Nh,.

(NbC) (N bO) (NbO ) (Nb O)s s 2 s 2 S m
(NbC) (NbO) (NbO2)

S ws 2s

(NbC) (NbO )
s 2 m

(NbC) (Nb C)m(Nb) bs 2 )s(bOm(Nb 2 s
(NbC) (Nb C) (NbO2)

2 mw

(NbC) (Nb2C)
s w

(NbC) (Nb C) (TiC)o 2 m m
(NbC) (Nb C)

s 2w
(NbC) (Nb C) (TiC)s 2 w w

(NbC) (Nb C) (TiC)o 2 m m

(NbC)s(Nb C) (TiC)

s 2w

(Spinel) (Cr2 O.)

(Spinel)s(C r2 0 3)w

(Spinel) (IC r, Fe] 03)s
(Spinel) (Cr20 0)

(Spinel)s

(Spinel)s

(Spinel) ( Cr,Fe) 0
r 2 3m

(Spinel) (CrFe) 0 )m
m 2 3 m

(Spinel)s(ICr, Fe, 03)m
(Spinel)([Cr .Fe) 2 03m

None detected

None detected

None detected

None detected

None detected

None detected

None detected

None detected

+23. 0

+25. 0

+5. 25

+10. 06

+21.0

+17 0

+8. 8

+9. 5

+8. 7

+2. 45

+1. 32

+1. 42

+ 1. 28

+2. 17

+1.75

V0.4i5

+0.265

+0.07

+0.73

+0.25

+0. 34

+0. 415

+0.435

+ 1. 30

+1.22

+1.09

105

161

142

136

-0.03

-0. 06

-0.01

+0. 13

+0. 15

+0. 01

+0. 09

Oxide-carbide surface layer

Oxide-carbide surface layer

Pits

Grain-boundary attack

Grain-boundary attack

Pits

Oxide-carbide layer

Pits

Solid solution surface layer

Solid solution surface layer

Carbide layer
Carbide layer

Solid solution surface layer

Solid solution surface layer

Completely carburized

Completely carburized

Intergranuiar oxidation

Intergranular oxidation; scaling

Pits; scaling

Intergranular oxidation

Intergranular oxidation

Intergranular oxidation

Intergranular oxidation

Carburized; 1. 5 mils intergranular
oxidation

Fine grain-boundary precipitate

Fine grain-boundary precipitate

1

3

4

4

Zone I = inlet
Zone 4 = exhaust

1

L I 1 1 l l 1 lI I
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IF

(a)

a
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A

.K _

(b)

W

(c)

Fig. 5. 14--Photomicrograph showing microstructure of (a) niobium,
(b) Nb + 1% Zr, and (c) Nb + 5% Zr exposed to helium containing

0. 02 atm (PCO + 2PCO2) for 100 hr at 1, 700 0 F (500X)

%
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no metallographic evidence of carburization at 1, 700 F. However, the

carbon analysis (Table 5.;11) before and after exposure revealed small

carbon increases after 500 hr at 1, 700 0 F. An Inconel X specimen exposed

for 500 hr at 1, 320 0 F showed definite metallographic evidence of carburiza-

tion (see Fig. 5. 16). "A" nickel and Monel were affected very little by

this exposure.

All of the stainless steels, Inconel, and Inconel Xformed surface

oxides containing strong spinel and chromium oxide lines (see Figs. 5. 15

and 5. 16); Inconel and Inconel X exhibited a tendency toward intergranular

oxidation. These results reveal that this level of CO can be carburizing

to stainless steels and the heat-resisting nickel-base alloys. Consequently,

considerable caution must be exercised before they are selected for opera-

tion in the hottest region of the core. The choice of a BeO core with a cooled

graphite reflector will, of course, eliminate this problem.

Creep-rupture Tests

Elevated temperature creep-rupture tests were continued on the

chrome-molybdenum materials and on Type 316 stainless steel in high-

purity helium to determine its effects on their strength properties. The

results and status of this program are shown in Fig. 5. 17 and Table 5. 12.

Testing of 1-1/4 Cr-1/2 Mo steel and Type 316 stainless steel specimens

in helium is continuing at the New England Materials Laboratory. For

periods up to 1, 000 hr no significant difference has been observed in helium

and air-rupture strengths for (a) normalized and tempered 1-1/4 Cr-1/2 Mo

steel at a test temperature of 1,000 F, and (b) solution heat-treated Type 316

stainless steel at 1, 3000F. Longer tests and tests at a second temperature

(200 F higher) for each of these alloys will be run.

One normalized and tempered 2-1/4 Cr-1 Mo specimen is approaching

5, 000 hr at the stress which produced rupture of an as-received specimen

in 36 hr. The favorable results obtained with 1-1/4 Cr-l/2 Mo material

have, however, led to a de-emphasis of the 2-1/4 Cr-1 Mo program.
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V 4 1

Fig. 5. 15--Photomicrograph showing
microstructure of Type 430 stainless
steel exposed to 0.02 atm(PCO+ 2PCO2)

for 500 hr at 1, 700 0 F (500X)

Fig. 5. 16--Photomicrograph showing
microstructure of Inconel X exposed
to 0. 02 atm (PCO + 2PCO2 ) for 500 hr

at 1, 320 0 F (500X)
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Fig. 5. 17--Creep-rupture test results for air versus helium
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Table 5. 12

CREEP-RUPTURE TEST DATA FOR TYPE 316 STAINLESS STEEL

AND CHROMIUM-MOLYBDENUM STEEL IN HELIUM

Spec. Temp.

No. ( F)

Stress

(psi)

Time

(hr)

Type 316

F45

F46
F48.

F49

1, 300
1, 300
1, 300

1, 300

22, 000 I
18, 000
15, 000

12, 000

8. 4

47. 0
287. 0

1, 500

Elong. R. A.

Remarks

Stainless Steel

52.4 '43.7 *F

27.6 26.6 F

-- - ----

--
- I 1___ _ __ _ _ ___ _ _

BX2 1,000

BX3 1, 000

BX6 1,000

58, 000

45, 000

35, 000

1-1/4 Cr-1/2 Mo Steele

19.6 15.2 42.8

554.7 ---- ----

1,049.0 7.6 7.2

racture bright

racture bright

lack adherent film, frac-
ture bright

cheduled to run 5, 000 hr

right (slight blue tint),
fracture bright

adherent blue oxide, frac-

ture bright

Additional tests will be made at 1, 500 F and 15, 000 psi for 100,
500, and 1, 000 hr.

'Additional tests will be made at 1, 000 F and 50, 000 psi for 100 hr
and at 25, 000 psi for 5,000 hr; 1, 200 F at 25, 000 psi for 5,000and100hr.

Welding Procedures

it was found earlier that the short-time stress-rupture life of

1-1/4 Cr-1/2 Mo and 2-1/4 Cr-1 Mo steels was strongly influenced by

heat treatment. Several specimens loaded to produce rupture in 1, 000 hr

at 1, 000F failed after approximately 1/2 hr. Further work showed that

the short--time stress-rupture properties were fully restored by normaliz-

ing heat treatment at 1, 7500F followed by an anneal at 1, 100 0 F. This

fluctuation in creep strength thus became a matter of concern with reference

to the heat-affected zone of welded joints. It was, therefore, decided to

establish a reference procedure for the welding of piping and pressure-

vessel joints in order that creep specimens of typical welds could be made

and investigated.

-.- -- T-

.

- -
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Test welds have been made in 1-1/4-in. -thick 1-1/4 Cr-l/2 Mo steel

which was previously normalized at 1, 7500 F and tempered at 1, 150 0 F.

The root pass was made with an Electric Boat consumable insert of

1-1/4 Cr-1/2 Mo composition, using a technique established on 1/2-in.

plate. Two joints were made; one was stress relieved at 1, 1500F and

the other evaluated as-welded. Both were satisfactory on the bases of

guided bend, tension tests, radiographic inspection, and macrostructure

examination.

The same welding procedure was used in making two joints in a

4-in. -long, 0. 675-in. -thick wall, 1-1/4 Cr-1/2 Mo steel pipe in the

normalized and tempered condition. These welds are being evaluated. If

they are satisfactory, creep-rupture test specimens will be prepared for

comparison of weld-rupture properties with base-metal properties.

Self-welding and Galling in Helium at Elevated Temperatures

It is considered that the helium environment will tend to encourage

self-welding of materials in the high-temperature zones of the plant. Pre-

parations have, therefore, been made for studying this effect and develop-

ing a method for its prevention.

Flat circular specimens or "buttons? (see Fig. 5. 18) will be held in

loaded contact with each other in a helium atmosphere at temperatures

and surface contact pressures representative of plant operating conditions.

It is intended to test specimens from the following areas of the plant:

reactor core and support structure, pressure vessel, rods and rod-drive

mechanisms, blades and disks of turbomachinery, and high-temperature

valves and ducting. Design of the test fixture is nearing completion, and

tests will be performed in an existing autoclave.

Westinghouse Metallurgical Program

During this quarter, effort was concentrated on the investigation of

test sources and mechanical testing.

Test Sources. The stress-rupture equipment modification at the
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New England Materials Laboratory is essentially complete. These modifica-

tions will make it possible for NEML to conduct tests on the same basis

as those being carried out at Westinghouse and General Atomic. To date,

one test in helium has been completed and five are in progress. An addi-

tional test frame has been assigned to the program at the Westinghouse

Performance Laboratory, K-70. Three frames are being used to evaluate

W545 and Inco 713C prepared by the double-vacuum-melting technique.

In addition, twelve frames at the Westinghouse Steam Division Laboratory

are being prepared for helium stress-rupture tests.

Stress-rupture Test Results. The stress-rupture tests on Discaloy

and Inconel X are complete. The scheduled tests for W545, D979, ' and

Inco 713C and the results obtained to date are shown in Table 5. 13.

The results on W545 suggest a reversion point where the rupture life

is longer in helium than in air. For example, as shown but item 3 in the

table, at 80, 000 psi, the ratio of the helium rupture life to the air rupture

life is 0. 614. However, as shown by item 7, at 70, 000 psi, the ratio is

1. 397. Additional tests, at different stress levels, are in progress or are

scheduled to verify this observation.

One test in helium at K-70 on D979 failed in 115 hr, as shown by

item 20. A comparable air test at 1, 2000F and 85, 000 psi failed in 215 hr,

item 18. The ratio of the helium to the air rupture life is 0. 535. Further

testing of this alloy is scheduled.

Several high-stress tests on Inco 713C at both K-70 and NEML

indicate that the rupture life of this alloy is not severely lowered in helium

at 1, 3000F. Items 35 and 36 show air rupture lives of 213 and 355 hr at

90, 000 psi. In helium at 90, 000 psi and 86, 000 psi, items 37 and 40, the

rupture life was 315 hr and 492 hr, respectively. These data were obtained

on air-melted argon-cast material. For double vacuum prepared material,

*
Alloy composition was Cr, 14.0%; Ni, 26.0%; Mo, 1.75%; Mn, 1.85%;

Ti, 3. %; Fe, 51. 5%; others, 1, 6%.
Alloy composition was Cr, 14.5%; Ni, 42.5%; Mo, 3.7%; W, 3.5%;

Ti, 2.9%; Al, 1.0%; Fe, 31.9%.



Table 5. 13

STRESS-RUPTURE TEST RESULTS

Smooth Notch Test

Temp. Stress (elong.)
M iterial Item I/d (

0
F) (psi) Atm. (hr) (%) (hr) Ratio Source Remarks

Wv 545 1 014 1200 80, 000 Air 69 12.0 Steam
2 014 1200 80, 000 Air 97 1 5. 0 Steam
3 H-22 1200 80, 000 Helium 51 20.7 0. 614 K-70

4 039 1200 75, 000 Air 191r Steam In progress
5 H--10 1200 75, 000 Helium 290+ K-70 In progress

> 031 1200 70, 000 Air 627 15. 1 Steam
7 H-23 1200 70, 000 Helium 876 10.4 1. 397 K-70

8 054 1200 o6, 000 Air 400+ Steam In progress
9 H-28 1200 66, 000 Helium K-70 Scheduled

10 016 1200 62, 000 Air 1942. 0 10. 6 Steam
11 H-29 1200 62, 000 Helium 400+ K-70 In progress

12 064 1200 55, 000 Air Steam Scheduled

13 H-29 1200 55, 000 Helium K-70 Scheduled

D979 14 018 1200 90, 000 Air 65.7 7. 7 NEML
15 048 1200 90, 000 Air 50. 8 9. 7 NEML
16 H- 38 1200 90, 000 Helium NEML Scheduled

17 040 1200 85, 000 Air 124. 7 4. 5 NEML
18 049 1200 85, 000 Air 215. 0 5. 0 Steam
19 H-34 1200 85, 000 Helium 12. 5 11. 5 NEML Over temperature
20 H-35 1200 85, 000 Helium 115. 0 5. 0 0. 535 K-70 Items 18 and 20
21 025 1200 76, 000 Air 391 NEML Ground specimen
22 091 1200 76, 000 Air 556 NEML 0. 003 in. removed
23 051 1200 76, 000 Air 665 3. 7 Steam Second heat treatment

24 0100 1200 76, 000 Air 801. 3 3. 6 Steam Machined bar
25 H-36 1200 76, 000 Helium Scheduled

26 050 1200 65, 000 Air 3148 2. 8 Steam
27 H-41 1200 65, 000 Helium NEML Scheduled

28 053 1200 62, 000 Air Steam Scheduled
29 -- 60 1200 62, 000 Helium NEML Scheduled



Table 5. 13--continued
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30
31

32

33
34

35

36

37

38

39

40

41
42

43

44

45

46

47

48

49

Inco 713C
Air melt
Argon cast

Inco 713C
Double vacuum
prepared

D9 79 H-63

H-43

026

044

042
045
046

H-81
H-30

H-31

H-32

032

H-33

067
H-40

061

H-67

H-69
H-67

035

H- 17

037
H-45

066

H-19

H-44

H-25

1200
1200

1300
1300

1300

1300

1300

1300

1300

1300

1300

1300

1 300

1300

1300

1300

1300

1300

1300

1300

1300

1300

1300

1300

1300

1300

1300

58, 000
58, 000

90, 000
90, 000
90, 000
90, 000

90, 000
90, 000

90, 000
90, 000

86, 000

82, 000
82, 000

76, 000
76, 000

70, 000
70, 000

67, 000
64, 000

90, 000

90, 000

86, 000
86, 000

82, 000
82, 000

76, 000

72, 000

213
355
315
262
162+

492

1329
16+

Helium
Helium

Air

Air

Air

Air

Air
Helium
Helium
Helium

Helium

Air

Helium

Air
Helium

Air

Helium

Helium
Helium

Air

Helium

Air

Helium

Air

Helium

Helium

-Helium

2. 0
3. 0
3. 0

3. 0

3. 6

3. 1

3. 0

2. 5

22. 0
10. 0
37. 0

920. 0

1600. 0

Source

NEML
NEML

NEML
NEML
Steam
Steam

N EM L

K-- 70

NEML
NEML

NEML

NEML
NEML

Steam
NEML

Steam
NEML

NEML
NEML

K-7 0

K-70

K-70
K-70

K-70
K-70

Remarks

ScheduIed
ScheduLC

Ground

Ground

Ground

Machined
0. 003 in. removed
Machined
Grip failure
In progress

Machined specimrer

Ground specimens

In progress

Scheduled, if need-c
In progress

Ground specime e
In progress

Scheduled
In progress

In progress
Scheduled

in test

Scheduled

Scheduled

Item I/d

Temp.
( F)

Smooth Notch Test

Stress

(psi) Atm. (hr)
(elong.)

(%) (hr) RatioMaterial

109+

184+

87+

224

488

372+

590
600+

50

51

52

53
54

55

56

I
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items 49 and50, at a stress of 90, 000 psi, and air rupture time of 224 hr

was obtained; in helium the specimen lasted 488 hr. In air, at 82, 000 psi,

a specimen lasted 590 hr. In helium and at the same stress, the specimen

has accumulated 600 hr to date.

Fatigue Results. The mechanical fatigue results indicate an effect

of helium onthe endurance limits of Inco 713C, W545, and D979. These

results are in the form of SN curves shown in Figs. 5. 19, 5. 20, and 5. 21,

respectively.

All air fatigue data were obtained on the flexure-type machine, and

the helium data were obtained on the axial-type machine. This was neces-

sary because the axial-type machines were not available for air tests and

the atmosphere could not be controlled on the flexure-type machines. Thus,

there is some difficulty in interpreting the results because flexure data

are generally higher than axial data. Past studies of the correlation of

data from the two types of tests have shown that a 15% difference in the

endurance limits can be assumed. The endurance limits are shown in

Table 5. 14. Using the 15% factor, the smooth-bar endurance limit of

Table 5. 14

FATIGURE TEST DATA ON INCO 713C, D979, W545

108 Endurance
Temp. Limit Machine

Material ( F) Atm. (psi) Type Ratio Notch

Inco 713C 1, 300 Air 42, 000 Flexure Smooth
Inco 713C 1, 300 Helium 26, 000 Axial 0. 619 Smooth
Inco 713C 1, 300 Helium 19, 000 Axial KT -39

D979 1, 200 Air 55, 000 Flexure Smooth
D979 1, 200 Helium 44, 000 Axial 0. 800 Smooth

W545 1, 200 Air 51, 000 Flexure Smooth
W545 1, 200 Helium 33, 000 Axial 0. 647 Smooth
W545 1, 100 Air 60, 000 Flexure Smooth
W545 1, 100 Helium 40, 000 Axial 0. 666 Smooth

- -~ ~ _______________jI _____ _____ _______________. ___________________ _____________ ________________
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Fig. 5. 19--SN curves for Inco 713C in air and helium at 1, 3000F
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W545 at 1, 1000 and 1, 200F was lowered by 18% to 20% in helium. The

endurance limit of D979 at 1, 200F was lowered by 5%, and Inco 713C by

23%. The values for W545 and D979 are based on only a few helium tests

and will be augmented by additional data.

Notch-bar tests indicate that the notch strength of Inco 713C is not

severely affected in helium. At 1, 300 F, the notch-bar endurance limit

is 19, 000 psi, using a concentration factor of 39 as compared with the

smooth-bar endurance value of 26, 000 psi (see Table 5. 14).



VI. ECONOMIC ANALYSIS

SCOPE OF ANALYSIS (A. I. Chalfant, G. W. Cummins, B. A. Engholm,
T. B. Pearson, and R. C. Potter)

During the present quarterly period, extensive analysis was performed

on capital, fuel-cycle, operating, and system costs for the MGCR, as well
*

as for other reactor concepts. The results to date confirm the economic

attractiveness of the gas-cooled design.

CAPITAL COSTS

The capital costs of the nuclear power plants were estimated on the

basis of a production unit rather than on a prototype plant. For convenience,

the components of the various plant systems were relegated to the following

five categories:

1. Nuclear reactor.

2. Shielding and containment.

3. Instrumentation.

4. Propulsion system.

5. Auxiliary systems.

The weights of the nuclear-reactor components and of the shielding and

containment components were determined, and costs per unit weight were

applied to determine the capital costs of these two groups of components.

The instrumentation necessary for each system was listed and the capital

costs were estimated. The capital costs of the main propulsion machinery

and of the auxiliary-systems components were derived from quotations

from vendors.

The capital costs of these five groups of components were added to

*
B. A. Engholm and R. C. Potter,Economic Studies of Various

Marine Nuclear Power Plants, General Atomic Informal Report GAMD-1007,
September 29, 1959.
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obtain the total material cost; the cost of installation was estimated to be

42% of the total material cost. These two subtotals were then added to

obtain the total direct cost. The cost of engineering and design was esti-

mated to be 14% of total direct cost. Contingency-and-fee cost was estimated

to be 10% of the sum of the total direct cost and the engineering and design

cost. All of these costs were then added to obtain the total capital cost of

the reactor.

The total capital costs for four MGCR concepts are given in Table 6. 1.

Table 6. 1

MGCR CAPITAL COSTS
(in thousands of dollars)

Concept Concept Concept Concept

A B C D

Working Fluid Gas Steam Gas Gas
Moderator Graphite Graphite Beryllia Beryllia

Gas temperature (0 F) 1, 300 1,300 1,500 1,700
Gas pressure (psia) 800 800 1, 200 1,200

Rated power (shp) 30, 000 30, 000 30, 000 30, 000

Capital cost (system

components)

Reactor 1,105 1,105 1,515 1,515

Shielding and containment 487 487 414 414
Instrumentation 320 320 320 320

Propulsion system 2, 244 3,614 2,328 2,324

Auxiliary systems 1, 419 1, 274 1,419 1,419
TOTAL MATERIAL COST 5, 575 6, 800 5, 996 5, 992
Installation 2, 342 2, 860 2, 549 2, 548
TOTAL DIRECT COST 7, 917 9, 660 8, 545 8, 540
Engineering and design cost 1, 108 1,350 1,207 1,206
Contingency-and-fee cost 902 1, 101 983 982
Prorated fuel-barge cost 60 60 60 60

TOTAL CAPITAL COST 9,987 12, 171 10,795 10, 788
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FUEL-CYCLE COSTS

Fuel-cycle costs were computed for several MGCR concepts and for

both 1965 and 1970 time periods. Results for four MGCR designs, based on

the capital-cost computations in Table 6. 1, are given in Table 6. 2. Although

plutonium credits of both $12/g and $30/g are shown, it is doubtful that the

latter figure will apply by 1970.

SYSTEM COSTS

The preceding capital and fuel-cycle costs were combined to obtain

the following:

1. Power-plant total operating costs.

2. Vessel capital costs.

3. Total operating costs.

4. Cargo costs.

These data are presented in Table 6. 3 for a tanker having 30, 000 shp and

60, 000 dwt and executing a 20, 000 nautical-mile voyage. Such a voyage

might consist of a route from the East Coast of the United States to the

Persian Gulf via the Suez Canal and from the Persian Gulf to the East

Coast of the United States via the Cape of Good Hope.

COMPARISONS WITH OTHER REACTOR TYPES

Economic analyses similar to those presented in Tables 6. 1 through

6. 3 were performed for several other reactor types that are currentlybeing

proposed for maritime application. Insofar as possible, consistent unit

costs and calculational methods were used to assure results which are

correct in a relative sense, if not in an absolute sense. From this phase

of the study, it is concluded (1) that the beryllia-moderated, gas-cycle

MGCR power plant displays lower projected 1965 fuel-cycle and operating

costs than the other concepts investigated; (2) that a reduction of plutonium

credit from $30/g penalizes the other systems more than it does the MGCR;

and (3) that the MGCR mayhave greater future economic potential than the other

concepts which were considered.
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Table 6. 2

COMPUTATION OF MGCR FUEL-CYCLE COSTS

Concept Concept Concept Concept

A B C D

Working fluid Gas Steam Gas Gas

Moderator Graphite Graphite Beryllia Beryllia
Gas temperature (OF) 1, 300 1, 300 1,500 1,700
Gas pressure (psia) 800 800 1, 200 1, 200
Rated power (shp) 30, 000 30, 000 30, 000 30, 000

Estimated time period 1965 1965 1965 1970

Operating data

Net efficiency (%)

Reactor power (Mw)

Burnup (Mwd/Mtu)

Load factor

Lifetime (full-power days)

Lifetime (calendar years)

Shp-hr/core

Initial U235 enrichment (wt-%)

Initial loading (kg)

U 2 3 5

U2 3 8

Final U235 enrichment (wt-%)

Final loading (kg)

U2 3 5

U2 3 8

Pu

Average conversion ratio

Unit cost data
235

Make-up UF 6 ($/g U )
235

Depleted UF 6 ($/g U2)

Conversion and pelleting

($/lb UO2)a

See notes at end of table.

32. 9

68

61, 000

0. 83

563

1. 86

4. 05 x 108

20. 4

128. 3

500

14. 75

84. 4

487

10. 3

0. 25

16. 12

15. 78

24. 00

31

72. 2

61, 000

0. 83

530

1. 75

3. 82 x 1

20. 4

O8

128. 3

500

14. 75

84. 4

487

10. 3

0. 25

16.

15.

12

78

24. 00

35

64

24, 000

0. 83

1, 563

5. 16

1. 13 x10

5. 0

207. 7

3, 947

2. 9

116. 3

3, 868

49. 1

0. 53

13. 95

12. 40

13. 00

37. 8

59

24, 000

0. 83

1, 690

5. 60

1. 22 x 109

5. 0

207. 7

3, 947

2. 9

116. 3

3, 868

49. 1

0. 53

13. 95

12.40

9. 10
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Table 6. 2--continued

Concept Concept Concept Concept
A B C D

Unit cost data

(continued)

Fabrication (103 $/core) 206 206 206 176

Shipping ($/kg fuel) 8. 80 8. 80 8. 80 8. 80

Reprocessing ($/g fissile
material 1.00 1.00 1.00 1.00

Reconversion ($/kg U) 32. 00 32. 00 5. 60 5. 60

Fuel costs (mills / shp-hr)

Burnup 1.83 1.94 1.30 1.19

Conversion and pelleting 0. 09 0. 10 0. 12 0. 08

Fabrication 0. 51 0. 54 0. 18 0. 14

Shipping 0.01 0.01 0.03 0.03

Reprocessing 0. 23 0. 25 0. 15 0. 13

Reconversion 0.04 0.04 0.02 0.02
b

Inventory-

Reactor 0. 38 0. 38 0. 53 0. 53

External 0. 19 0. 20 0. 09 0. 09

Fabrication 0. 04 0. 04 0. 04 0. 03

SUBTOTAL 3. 32 3. 50 2. 46 2. 25

Pu credit, $10. 50/g -0. 27 -0. 28 -0. 46 -0. 42

TOTAL 3. 05 3. 22 2. 00 1. 83

Pu credit, $28. 50/g -0. 72 -0. 77 -1. 24 -1. 15

TOTAL 2. 60 2. 73 1. 22 1. 10

Based on 1965 and 1970 estimates supplied by Malltrickrodt Nuclear Company,
b
-Reactor inventory is figured at 4% per annum; external inventory is based on

330 days holdup; and fabrication charges are figured at 8% per annum over a period
equal to 50% of the reactor calendar lifetime, plus 50% of the fabrication time, plus
100% of the spare fuel-inventory time.

Allows $1. 50/g for conversion of nitrate to metal.
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Table 6. 3

SYSTEM COSTS FOR MGCR

Concept Concept Concept Concept
A B C D

Working fluid Gas Steam Gas Gas

Moderator Graphite Graphite Beryllia Beryllia

Gas temperature ( F) 1, 300 1, 300 1, 500 1, 700
Gas pressure (psia) 800 800 1, 200 1, 200

Rated power (shp) 30, 000 30, 000 30, 000 30, 000

Power-plant operating cost

millss / shp-hr)

Capital charges a 5. 31 6. 47 5.78 5.78
Wages, subsistence, stores 1.35 1. 35 1.35 1.35

Fuel-cycle costs- 3. 06 3. 22 2.00 1.83

Power-plant total operating cost 9. 72 11. 04 9. 1.3 8. 96

System capital cost (103 $)
Power-plant capital cost 9, 987 12, 17 1 10, 869 10, 862

Hull and outfit cost 1 3, 890 1 3, 890 1 3, 890 13, 890
Hull, outfit, and power-plant cost 2 3, 877 26, 06 1 24, 7 59 24, 7 52

Owner's cost 4  708 741 721 721

System total capital cost 24, 585 26, 802 25, 480 25,473

System fixed charges ($/calendar

day)
Wages, subsistence, stores 1,795 1,795 1,795 1,795

Insurance and maintenance 2, 349 2, 564 2, 436 2,436

Amortization 5, 384 5, 870 5, 580 5, 579

Fuel capital coste- 254 254 341 338

Total fixed charges 9, 782 11,481} 10, 152 10, 148

Voyage cost ($/round trip)

Port and canal charges 21, 160 21, 160 21,160 21, 160

Fixed charges 528, 1 10 565,960 548, 100 547, 900
Variable costs 8 3, 760 88, 890 45, 920 40, 220
Total cost 6 33;30 676, 010 615, 180 609, 280

Cargo cost ($/long tons) 10. 56 1 1. 27 10. 25 10. 15

a
-Annual charges of Z2. 347o for insurance, 8. O00% for amortization, and 1. 25% for

maintenance and repair, as applied to the capital costs in Tahe 6.
b
-Based on an engine-room1 ( rew of 25.
c

For a plutonium credit of $12, g.
d
-Defined as 1. 5% of the cost of the hull, outfit, and power plant, plus $350, 000.

-Reactor inventory and fabrication capital charges.
f
--Fuel-cycle cost, minus charges listed in footnote e.

ABased on a cargo weight of 60, 000 long tons.
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