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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 employee 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

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

continued to be used for determining the friction factor and "hot channel"

factor of 19 closely spaced rods.

If this air system is operated at the same Reynolds number and Prandtl

number as the reactor helium system, the flow and the thermal performance

of the two systems are similar, and the performance of the helium system

is predictable from the results of the air measurements. Because the

test units are long in comparison with the equivalent diameter of the flow

passages, the measurements are made over a region of fully developed flow.

A preliminary study of the effect of reactor support mounting on

the stresses and reactions of the main coolant piping has been conducted

(1) to determine whether the reactor could be mounted on fixed supports

or whether it must be flexibly mounted with a single degree of freedom

fore and aft, and (2) to determine the values of stresses and reactions for

the fixed and flexible mountings.

An analysis to determine fuel-element conditions for a range of core

pressure drops for the Mark I reactor design point has been completed.

For a selected Mark I design, the effect of changes in the dimensions of

the hot channel has been calculated. It was determined that a 0.018-in.

increase in the distance across the flats of a fuel-element coolant-channel

hexagon, in a nominal distance of 1. 887 in., decreased the hot-spot

temperature 81 F from the design value of 1,700 F. A 0.018-in, decrease

in the dimension across the flats increased the hot-spot temperature of

181 F above the design value of 1, 700 F.

The significance of these data is that the internal dimensions of the

i
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fuel-element shroud, which define the flow duct, should have tolerances

of +0.010 in. and -0.

A study has been made of the feasibility of returning the high-

temperature core outlet gas back through a vertical center duct in the core

to a point below the core. This plan was intended to make use of a concentric -

duct arrangement mounted on the bottom head.

The design investigation program for the control-rod drive mechanism

has involved detailed examination of the following three concepts:

1. A mechanism employing a motor-driven ball-nut and lead-screw

for normal positioning and a pneumatic piston-cylinder device for

scramming. A constant scram force is applied during the total

scram stroke.

2. Similar to Concept 1 except that the scram force varies inversely

as the piston velocity. The over-all drive housing is approximately

10 to 12 ft in length, i.e., about 1-1/2 to 1-3/4 control-rod

stroke length.

3. A mechanism employing a motor-driven ball-nut and lead-screw

for normal positioning and a pneumatic motor for scram. Scram

velocity is controlled by throttling the pneumatic motor exhaust.

FLUID SYSTEMS AND PLANT ARRANGEMENT

The isothermal pressure-drop tests for air and helium have been

completed. The data, which represent approximately 700 individual runs,

cover a range of Reynolds numbers from 25, 000 to 500, 000.

A feasibility study was made for a system of separate reactor inlet

and outlet ducts, in which the high-temperature outlet duct is cooled by

an external tracer flow of helium taken from the high-pressure compressor

discharge. For this scheme, the design of the reactor outlet duct incor-

porates internal insulation and a narrow annular space to direct the cooling
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flow. Two tracer-flow arrangements appear to be feasible. In one of

these, a single cooling stream enters at the high-pressure turbine and

then flows to the reactor through the reactor stop valve. In the other

arrangement, two separate cooling streams enter at the reactor stop valve;

one flows to the reactor and the other flows to the high-pressure turbine

casing. The cooling gas flow required for either of these arrangements

is small; it represents only about 0. 5% of the total main-coolant mass flow.

Twenty-one conceptual designs were prepared for the main-coolant

stop valve, and two valve types were selected for further engineering study.

One concept is for a concentric valve and the other is for a "hot" valve.

The concentric-valve design has four pistons, which retract the reactor

side seat ring from the disk seat faces before the main piston moves the

valve into its opened or closed position. The hot valve is a pneumatically

operated, parallel seat gate type with seat faces and body walls that are

cooled with helium from the high-pressure compressor discharge.

A more precise estimate was made of the maximum surface tem-

peratures that would be reached in the reactor core as a result of a loss-

of-coolant accident at full power. The previous estimate based on graphite

as moderator indicated that the fuel surface temperature would

reach a maximum of 2, 000 F within about 3 min after a loss-of-coolant

accident. The new estimate indicates that the maximum surface temperature

will be 1, 800 F within about 2 min after the start of the accident, and will

then drop to a lower value as the rate of heat generation falls off. With

beryllium oxide as moderator (BeO has approximately twice the volume

heat capacity that graphite has), the maximum fuel surface temperature

will stay below 1, 8000F for nearly an hour after shutdown.

The computer program for the solution of the system transient

equations became operational during the quarter. Revisions that were

made in the program prior to its successful operation were (1) an improve-

ment in the mathematical description of the regenerator and (2) the
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incorporation of turbine maps that became available during the quarter.

The nuclear kinetic equations are part of the program and include the

reactivity contribution from both the fuel temperature and the moderator

temperature.

An evaluation study of separate- and concentric-duct arrangements

for the MGCR plant has been completed. Eight piping-arrangement cases

have been run on the IBM 704 computer to determine pipe stresses and

reactions.

From these studies, it was concluded that the most feasible arrange-

ments are (1) a concentric-duct arrangement connected above the core of

a movable reactor or, alternatively, (2) a separate-duct arrangement with

both inlet and outlet nozzles connected above the core of a movable reactor.

ROTATING MACHINERY

Performance characteristics of the MGCR turbines have been com-

puted in accordance with an IBM program for off-design-point conditions,

and turbine maps have been compiled on the basis of these results. These

maps indicate, with good accuracy, that both turbines will meet the MGCR

efficiency requirements. This is further confirmed by a design-point

blade analysis which shows that, with the existing blade design, an efficiency

of approximately 90% can be attained in both turbines at their design points.

Further study on the prototype low-pressure turbine design has

resulted in a reduction of the connecting shaft overhang from 48 in. to

24 in., with accompanying changes in critical speed. This improved

design was made possible by various other changes, such as the elimination

of the face-type end seals in favor of ring seals.

Three seal configurations have been tested: the floating oil-gas

seal, the Stein seal assembly, and the Stein seal with floating-ring

breakdown seal. A description of each type is given in Section III of

this report.
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Investigations of the operation of the constant-speed turbocompressor

established an allowable speed variation of 5%. Other studies indicated

that the turbocompressor system has satisfactory steady-state characteristics

over a range of sea-water temperature from 280 to 1000F and at reduced

reactor power levels, reduced plant inventories, and reduced reactor out-

let temperatures.

A reflux heat dump was considered for removing heat from the power-

turbine bypass stream. In this design, the bypassed helium passes through

tubes that are submerged in water. The closed vessel is filled partially

with water and partially with steam. The vapor space contains the con-

densing tubes, through which cooling water flows. The off-design char-

acteristics of this heat dump are such that for bypassing any amount of

gas at any power level, the reactor inlet temperature is held within

tolerable limits. Temperature control is not required.

REACTOR PHYSICS

Because beryllium oxide can be produced only in small blocks

(,60 in.3) and because the grinding of large quantities of BeO blocks to

close tolerances is prohibitively expensive, an aluminum structure was

designed to support the individual moderator blocks (BeO or graphite) and

fuel elements. The structural portion of the critical assembly is of

honeycombed aluminum constructed from 1/16-in, aluminum sheet and

assembled to form slots 1 in. wide by 6 in. high by 9 ft long. The total

aluminum volume will be about 12% of the core volume. Vertical slots

in the structure permit insertion of the safety rods, regulating rods, and

source.

Calculations have been made on the reactivity of the BeO critical

assembly under various conditions, for inclusion in the safeguards report.

These calculations show that there is not much difference in the worth of

the controlling device for the BeO- and graphite-moderated cores.
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The calculations for both cores pertain to the 6-ft-diameter by 6-ft-high

case.

The temperature behavior of the proposed BeO-moderated critical

facility has been investigated under various transient conditions. It was

found that the heat will essentially be contained within the fuel foils at all

reactor periods shorter than 1 sec. At longer periods, because of the

considerable heat capacity supplied by the aluminum structure, the total

heat release at the time the fuel reaches its melting point will be signifi-

cantly higher than in the previous graphite design. However, the air gaps

in the structure will provide sufficient delaying action to prevent heat

transfer to the moderator for periods shorter than 50 sec.

The Adler-Nordheim-Hinman resonance integral codes have been

reprogrammed for the IBM 704 by the Mathematics and Computing

Group. This was done to facilitate the large number of resonance com-

putations required for the BeO core survey. The new program will perform

the required interpolations and then will proceed to a calculation of the

resonance integral and the resonance escape probability for each particular

case.

Calculations have been made recently of the spatial variation of the

neutron temperature in the core on a gross radial basis. These calculations

were made using the ZOOM code, which is a multigroup, one-dimension

code for the IBM 704 that includes speeding up and slowing down between

all groups. Thus, the effect of the lower average neutron temperature

in the reflector is shown by the lower neutron temperature in the outer

regions of the core.

MATERIALS DEVELOPMENT

The primary fuel-development emphasis at General Atomic has

been placed on the development of dispersion-type metal-oxide bodies con-

taining 20 vol-% UO2 and having A12O3 as the matrix material. A very
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important consideration is that the fuel bodies must exhibit good fission-

product retention properties, as well as dimensional, physical, and

structural stability under conditions of irradiation.

Some evidence that fuel migration occurs during sintering of the

A12O3-UO2 fuel bodies has been observed. This evidence indicated that

the fuel migration might be associated with the concentration of impurities

that are present in the matrix phase, particularly sodium and potassium.

Therefore, an experiment was performed to determine at what level of

impurity this phenomenon may become a serious problem.

To obtain some indication of the effect of fuel-body composition on

thermal conductivity, a preliminary experiment was performed in which

the electrical resistance of UO2-Al 2O3 pellets was measured to assess the

effect of dispersion or continuity of UO2 when introduced as fine particles

('_' 1 p) or coarse aggregates (-'800 A). Results of the experiment showed

a resistance trend that is characteristic of a very finely dispersed, con-

tinuous-conducting (UO2 ) phase. This and the results of previous experiments

indicate that in sintered compacts some of the UO2 is dispersed as solution

in grain-boundary impurities that are introduced with the A12O3.

The general problem of fission-product release in a closed-cycle-

gas-cooled system was considered during the quarter. This problem may

be divided into (1) containing the fission products within the fuel element,

and (2) obtaining a knowledge of the extent to which and the location where

fission products may be deposited in the coolant system. Studies of the

fission-product release characteristics of fuel bodies, which have been

under way at General Atomic and at BMI for some time, and of the dif-

fusion of fission products through metallic claddings fall in the first

category. An exploratory experiment to define the parameters in the

second category of fission-product problems was initiated during the

quarter. This experiment consists of releasing fission products into a

flowing helium stream which is contained in a metallic tube that is main-

tained at a known temperature gradient. After a suitable period of time,
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the tube will be sectioned and specimens will be studied by radiochemical

methods to determine the temperature regions where plate-out of fission

products occurred and to identify the species that could become troublesome

in the reactor system.

Creep-rupture tests of Inconel 713C have been completed at 1, 300 F

and 82, 000 psi. Three tests were performed in helium plus 0.01 atm CO,

two were performed in helium, and one was conducted in air. The results

are summarized in Section V of this report.

Investigations are being pursued toward ensuring adequate compati~

ability of structural. materials to avoid self--welding in the various parts of

the reactor and propulsion plant.

Work began on the correlation of Professor Vodar's experimental

re sults on heat conductivity of helium at high pre assure. The experimental

re suits were obtained over a temperature range of 00 to 670F and a pre s -

sure range of 14.7 to 2,500 psia.

A correlation of the experimental results at atmospheric pressure

was also made based on statistical mechanics methods. It was found that

a small correction to the coefficient used in the statistical mechanics

relationship between the viscosity and heat conductivity, and using the

force constants determined from viscosity data, best represented the

experimental data. The Buckingham force potential was used as a model

with the value of a being 12. 4. It is expected that the correlated results

at atmospheric pressure are reliable to within 17o in the temperature range

from 00 to 700 F, increasing to about 57o at 1, 600F,



TENTATIVE MGCR DESIGN DATA

BeO-MODERATED CONCEPT*

Power
Power at LPT shaft

Power to auxiliary steam system
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
U235 loading

U2 3 8 loading
Enrichment

Fuel loading
Core life (at full power)

Prototype

22, 000 shp

(max)

806 hp
53. 3 Mw

30. 8%
32. 9%

Helium

800 psia
517.6 psia

752.70F
1,300 F

75.0 lb/sec

116 in.

3-1/4 in.
(SA-302B)

BeO

6. 37 ft
6. 37 ft

7 in. for

BeO

151 kg
2, 250 kg
6. 3%

1,580 days

Mark I

30,000 shp

59. 0 Mw
35%
37%

Helium

1,200 psia

881 F
1,5000F
75.0 lb/sec

116 in.

3-1/4 in.
(SA-302B)

BeO

6. 37 ft
6. 37 ft

7 in. for

BeO

151 kg
2, 250 kg
6. 3%

1,425 days

*
Further considerations concerning the BeO-moderated concept are

presently under study, and data generated will be inserted into design
specifications of subsequent reports.

ix



Prototype_

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

0.. 375-in.
OD rods;
19 rods per
bundle (18
fueled)

UO 2 -BeO
diluent

Stainle s s

steel,

Inconel X,

or Hastelloy

1, 5000F
292

Square array

Pitch, 3. 96
from center

to center

0. 375-in.
OD rods;

19 rods per

bundle (18
fueled)

U0 2 -BeO
diluent

1,7000F
292

Square array

Pitch, 3.96

from center

to center

Control Rods
Number
Material

16 (minimum)
Boron steel
or rare-

earth cermet

Turboma chine ry

Over-all length

Maximum diameter

Speed
LPC

HPC

HPT
LPT

Number of stages
LPC

HPC

HPT

LPT

Pressure ratio

LPC

HPC

HPT

LPT

30 ft
8 ft

12, 200
12, 200
12,200

8, 000

17
21
7

6

1.7
1.54

1.64
1.45

x

Mark I



Prototype

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

Tube size

Tube spacing

Tube material

Heat-transfer area

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

Reactor

Turbomachinery

Heat exchangers, piping, valves

Shielding

2
33 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

5/8 in.
(18BWG)

7/8 in.
70% Cu-

30% Ni
7,838 ft2

173.0 long
tons

30. 5 long
tons

107.3 long

tons

862.0 long
tons

xi

Mark I



xii

Auxiliaries

Propeller, reduction gear, shafting

Fluid loads

Total plant weight

Specific weight

GRAPHITE-MODERATED CONCEPT

Power

Power at LPT shaft

Power to auxiliary steam
system

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

Prototype

179. 1 long
tons

130.4 long
tons

270. 9 long
tons

1,753. 2 long

tons

196 lb/shp

22,000 shp
(max)

806 hp
54. 2 Mw

(max)

30, 3%
32. 3%

Helium

800 psig
308 psig

726 0 F
1, 3000 F

7Z. 8 lb/sec

10.4 ft

20. 5 ft
5. 75 in.

Graphite

6. 4 ft
6.4 ft
1. 0 ft

Mark I



xiii

Fuel
U 2 3 5 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

128 kg
20. 5%
Uniform

570 days

(approx)

Heterogeneous

1/4-in. -diam
rods; 19 rods
per bundle; 5

bundles per

moderator

element

UO 2 in BeO

Stainless steel

1,7000F
440

Heterogeneous
Square
7 in. x 7 in. x

8-1/2 ft long
(including
reflector)

Semihomogeneous

1 /2-in-diam
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

element

UC 2 in
graphite, or

UO2 in BeO,
or A12 O3

"A" nickel

1,700 F
88

Semihomogeneous

Square

7 in. x 7 in. x

8-1/2 ft long
(including
refle ctor)

Control Rods

Number

Material
16 to 25

Boron steel

or rare-

earth oxide

Turbomachine ry

Over-all length

Maximum diameter
30 ft
8 ft
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LPC
HPC
HPT
LPT

Heat Exchangers

Number
Shell OD
Over-all length
Tube length
Number of tubes
Tube size

Tube spacing
Tube material

Heat-transfer area

Speed

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

Regenerator

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

(20BWG)
5 /8 in.
Alloy steel

21,240 ft 2

No. of
Stages

17
21
7
6

Pre cooler

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

Pressure
Ratio

1.7
1.54
1.64
1.45

Intercooler

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

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

Reactor
Turbomachinery
Heat exchangers, piping, valves
Shielding
Auxiliaries
Propeller, reduction gear, shafting
Fluid loads
Total plant weight

Specific weight

173 long tons
16 long tons

125 long tons
976 long tons
315 long tons
177 long tons
235 long tons

2, 017 long
tons

226 lb /shp
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I. REACTOR DEVELOPMENT

AIR-FLOW TEST STAND (H. Hopkins)

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

continued to be used for determining the friction factor and "hot-channel'

factor of 19 closely spaced rods.

If this air system is operated at the same Reynolds number and

Prandtl number as the reactor helium system, the flow and the thermal

performance of the two systems are similar, and the performance of the

helium system is predictable from the results of the air measurements.

Because test units are long in comparison with the equivalent diameter of

the flow passages, the measurements are made over a region of fully

developed flow.

The units tested have consisted of a rod bundle with spiral spacers

(Model A) and rods with no spacers over the center test section (Models

B and C); these rods are on a triangular pitch to form a hexagonal outline

(see Fig. 1. 1). Uniform and nuclear-calculated radial heating distributions

were run to determine the effect on maximum surface temperature. These

test units were described and illustrated in the previous quarterly report

(GA.-1183).

The construction and testing of a 19-rod round bundle has been

initiated and the configuration is shown in Fig, 1. 2. The fuel-element

channels would be more simple to machine if the round configuration

proves satisfactory. Also, tests of the effect of operating the element

with no heat input into the center rod are under way to simulate the fuel-

element design in which the center rod is unfueled.

Friction Factor

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

Fig. 1. 3; the smooth-tube correlation is included for reference. Two

1
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SCALE 2/1

Fig. 1, 2--Diagram of 19--rod round fu.e 1 bundle with spiral spacers
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separate assemblies of Model A, shown as squares and circles, were

made and tested, using the same parts and assembled to the same size;

however, the data show that there were noticeable differences in the

measurements. The spiral-spaced rods (squares) were 5% to 10% higher

than the smooth-tube correlation. This indicates that tolerances in the

size of the fuel elements will have to be considered when establishing a

satisfactory design. The data for Models B and C, shown as a triangle,

indicate that the smooth-tube correlation is satisfactory for a rod bundle

over the range of spacing used. In all three models tested, the data were

correlated on the basis that the equivalent diameter is four times the total

flow area divided by the total wetted perimeter.

Preliminary friction data on a spiral-spaced round bundle indicate

that the result will be about the same as for the other units; however,

the round bundle has not been fabricated accurately enough to obtain

precise data.

"Hot- channel" Factor

A variety of 'hot-channel" and "hot-spot" factors are presented in

the literature as guides for the design of the thermal aspects of reactors.

The problem is particularly acute in gas-cooled systems because of the

large film-temperature drop and the large coolant-temperature rise. To

reduce the uncertainty in some elements of the hot-channel factor, an

electrically heated model using air as the coolant was constructed, and

tests on the model are being performed- In this model the Reynolds

number and Prandtl number, which were duplicated for the reactor and

radial heating distribution within the rods, are being varied to evaluate

this effect. Ideally, this unit could be used to assess the elements of the

hot-channel factor associated with the coolant temperature rise because

of variations in flow and mixing within the bundle and the local wall to

mean coolant temperature difference. However, the measurement of

local coolant temperatures is impractical because the sensing device



6

would interfere with the flow and thermal radiation or conduction from the

hot rods and would introduce errors. Without the local coolant tempera-

ture, the effect of the coolant temperature rise and the film temperature

drop are not directly separable. As a result, the available data consist

of surface temperature measurements by means of thermocouples and

temperature- sensitive paints.

The results have been correlated in a dimensionless temperature

ratio ("f") containing the measured surface temperature (twx), a calculated

surface temperature (Twx), and the coolant inlet temperature (T0), as

follows:

twx - T

Twx - T
0

This ratio is of value in comparing different fuel-element geometries

and differences in performance of areas within an element, but there is no

logical way to apply it directly to the reactor design. Tests have been made

to evaluate the effect of certain variables on the "f" factor and the results

are presented in Tables 1. 1 through 1. 4.

The following is a detailed breakdown of fuel-rod configuration and

heat-distribution factors:

1. Fuel-element type (three 19-rod bundles):

a. Spiral-spaced bundle: rod pitch to diameter ratio 6 to 5;
b. No spacer bundle: rod pitch to diameter ratio 6 to 5;

full space rod to shroud ratio 0. 125 in. ;
c. No spacer bundle: rod pitch to diameter ratio 6 to 5;

half space rods to shroud ratio 0. 0625 in.

2. Radial heating distribution:

a. Uniform;
b. Nuclear

Relative Power

Center rod, A 1. 00

Middle rod, B 1. 14
Outer rod, C 1. 60

Outer rod, D 1.42

c. Nuclear with center rod unheated.
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Table 1. 1

'f' FACTORS FROM TEMPERATURE -SENSITIVE PAINTS

WITH UNIFORM RADIAL HEAT FLUX

Bundle Bundle Bundle
Rod (a) (b) (c)

Center, A 1.20 1.20 1.29 1.42 1.42 1.54 1.57
Outer, C

(inner surface) 1. 17 1. 12 1. 18 1. 46 1.45 1.46 1.56.
Outer, C

(outer surface) 1. 17 1. 12 1. 14 1. 42 1. 45 1. 42 1. 56
Middle, B 1. 30 1.21 1. 32 1.57 1. 53 1. 59 1.57

Table 1. 2

''f'' FACTORS FROM TEMPERATURE-SENSITIVE PAINTS

WITH NUCLEAR RADIAL POWER DISTRIBUTION
(from Physics Calculations)

Case
1. Calculated surface temperature based on average

conditions.

2. Calculated surface temperature based on average
coolant temperature and local film-temperature

drop.

3. Calculated surface temperature based on no mixing

of coolant streams and local film-temperature drop.

Case Case 2 Case 3

Bundle Bundle Bundle

Rod (a) (b) (a) (b) (a) (b)

Center, A 1. 05 >0. 94 1. 20 >0. 98 1. 29 >0. 87
Outer, C

(inner surface) 1. 29 1.80 1. 19 1. 54 1. 25 1. 59
Outer, C

(outer surface) 1.41 1. 80 1. 26 1. 54 1. 04 1. 60
Middle, B 1. 21 1. 66 1. 19 1. 54 1. 10 1.33
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Table 1. 3

f" FACTORS FROM THERMOCOUPLE MEASUREMENTS

WITH UNIFORM RADIAL HEAT FLUX

Bundle Bundle
Rod (a) (b)

Center, A 1. 20 1. 21 1. 18 1. 25 1. 14
Outer, C

(inner surface) 1. 09 1. 03 1. 04 1.03 1. 19
Outer, C

(outer surface) 0.93 0.93 0.91 0.98 1.46
Outer, D

(inner surface) 0. 89 1. 04 1. 07 1. 09 1. 49

Table 1. 4

"f" FACTORS FROM THERMOCOUPLE MEASUREMENTS

WITH NUCLEAR RADIAL POWER DISTRIBUTION

Bundle Bundle

Rod (a) (b)

Center, A 0. 94 0. 92 0. 89
Outer, C

(inner surface) 1. 17 1. 15 1. 33
Outer, C

(outer surface) 0. 91 1. 04 1. 61
Outer, D

(inner surface) 1. 03 1. 11 1. 50

3. Location of surface temperature within rod bundle:

a. Center rod, A;

b. Middle rod, B;
c. Outer rod, C (inner surface);

d. Outer rod, C (outer surface);

e. Outer rod, D (inner surface);

f. Outer rod, D (outer surface).

Method of calculating surface temperature:

a. Assume average conditions;

b. Assume local heat flux and average coolant temperature;

c. Assume local heat flux and no mixing of coolant.
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5. Method of measuring surface temperature:

a. Thermocouples;

b. Temperature-sensitive paints.

In addition, the Reynolds number has been varied for a particular

set of conditions to study the effect of flow on the "f" factor; Table 1. 5

presents the results.

To use the measurement in reactor design, an assumption is made

concerning the split of the "f" factor between the coolant-temperature rise

and film-temperature drop. From the friction factor measurement, and

employing Reynolds analogy, the value of the heat transfer coefficient can

be concluded to be about the same as for the flow inside the tubes, Other

work in progress at this Laboratory has indicated that peripheral variation

of the heat transfer coefficient is small for the spacing of the rods being

used. Therefore, the major portion of the "f" factor must be assessable

to the coolant-temperature rise. This is equivalent to assuming that the

calculated and the actual film-temperature drops are equal and that this

part of the hot-channel factor arises only from the flow distribution and

the lack of complete mixing within the bundle Table 1 6 presents the

same information as Table 1. 5 but includes the assumption that all the

measured hot-channel factors should be applied to the coolant-temperature

rise. The alternative assumption of applying all the measured hot-channel

factors to the film.-temperature drop is also represented in Table 1. 6.

The greater variation in "f" for the latter assumption indicates it is less

accurate.

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 a mineral fiber

insulation (Refrasil) was completed and the testing of a stainless steel

corrugated insulation has been initiated. The mean thermal conductivity

as a function of temperature and helium pressure for Refrasil is given in
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Table 1. 5

EFFECT OF REYNOLDS NUMBER ON "f" FACTOR FOR THE

SPIRAL-SPACED BUNDLE WITH UNIFORM HEATING

Reynolds Number

Rod 25,369 19,765 18,253 16,683 15,435 13,922 12,138 10,066
Center, A 1.21 1.18 1.18 1.19 1.19 1.22 1.22 1.20
Outer, C

(inner surface) 1.08 1.04 1.03 1.07 1.04 1.04 1.04 1.01
Outer, C

(outer surface) 0.93 0.91 0.92 0. 92 0.92 0.93 0.92 0.90
Outer, D

(inner surface) 1. 10 1.02 1..08 1.08 1.07 1.08 1.08 1.05

*
This value is based on a questionable thermocouple reading.

Table 1.6

EFFECT OF REYNOLDS NUMBER ON HOT-CHANNEL

FACTORS FOR SPIRAL-SPACED BUNDLE

Case

1. Assume all hot-channel factors applied to coolant

temperature rise,
2. Assume all hot-channel factors applied to film

temperature drop.

Reynolds Number

Rod Case 25,369 19,765 18,253 16,683 15,435 13,992 12,138 10,066
Center, A 1 1.35 1.33 1.34 1.35 1.34 1.39 1.38 1.28

2 1.38 1.38 1.42 1.42 1.42 1. 50 1. 50 1.35

Outer, C 1 1.10 1.08 1.06 1.08 1.06 1.08 1.05 0.95
(inner surface) 2 1.11 1.08 1.07 1. 10 1.07 1. 10 1.07 0.93

Outer, C 1 0.82 0.80 0.83 0.82 0.82 0.83 0.80 0.69
(outer surface) 2 0.80 0.82 0. 86 0.85 0.85 0. 87 0.85 0. 76

Outer, D 1 1. 13 0.81 1. 18 1. 16 1. 15 1. 19 1. 17 1..03

(inner surface) 2 1. 14 0. 83* 1. 14 1. 13 1. 12 1. 15 1. 13 1.02

*
This value is based on a que stionable thermocouple reading.
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Fig. 1. 4. Scme if the preliminary data points for the stamless steel

corrugated insulation are included for reference. The effect ,f pressure

on the mean thermal conductivity is clearly evident and is an indication

that convection is important in the transfer of heat. Large samples of

Insulation, as shown in F:.g. 1 5, are being tested to assure that the effect

of convection is being included,

Heater Tests

The testing of a high heat flux heater for fuel-element simulation

was compleLed during the quarter. Table 1. 7 is an operating summary

of the heaters.

Table 1.7

SUMMARY OF HEATER TESTS

Sur face

Tempera-

Time ture Heat Fu. x
r;,r)_(_F___ (Btu/(hr ft2

First Heater

0- 4 500 50, 000
24.-2 .5 1,.660 36.000

235- 247 1 .303 3 1, 000
r47--53 1,660 65;000

H eaten r
failed

Second Heater

Test termi-

1, 570 72, 000

HANFORD LOOP (H. C. Hopkins and E. C. Bennett)

The test element was pLaced in the in-reactor tbe en October 12,

1959. A, of December 10, the element had been irradiated at test conditions

._ . .. a ._.._ . ..
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(1, 500 0 F graphite surface temperature) for a total of 540 hr. Test con-

ditions were not maintained continuously because of reactor outages and

periods of loop operation without preheat, to evaluate the indications of

gaseous fission products and excessive 02 concentrations in the coolant

gas. The element was irradiated for 226 hr at 1, 2500 F graphite tempera-

ture and for 204 hr at approximately 8000 F or less. The element was

cycled from 700 fo 1, 5000 F three times during this period.

The fission products in the coolant have been identified as xenon and

krypton, and the total concentration expressed as Xe 33is less than 1 curie

at test conditions. No iodine has been detected to date. The fission-

product concentration is directly temperature dependent and can be easily

controlled by lowering the element temperature, if necessary. The analyses

to date indicate an 02 content of 100 to 300 ppm, with the amount of N2

varying up to 700 ppm. No CO2 has been detected and only occasional

indications of CO, up to 38 ppm maximum.

The coolant leak rate from the loop cannot be monitored directly

during operation. Static pressure tests during outages, however, indicate

a coolant loss from the loop of about 18% per day.

REACTOR DESIGN (K. A. Trickett)

Reactor Arrangement (R. Katz)

A preliminary investigation of the flow distribution in the thermal

shield coolant passages, with an inlet duct above the core in the vessel

shell section, was initiated to determine the feasibility of "bulging" the

reactor vessel at the inlet duct section, to provide more favorable cooling

distribution to the thermal shields.

The thermal shield coolant passage is between the reactor core and

the pressure vessel wall and is therefore defined by concentric cylinders.

Because the passage width is small compared with the radius of the core,
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any radial flow will be negligible. Consequently, the coolant is forced to

flow around the circumference and down along the thermal shields, which

is in essence a two-dimensional flow. It is imagined that the vessel is

"cut" axially at the nozzle section and "laid out " flat. The flow in one-

half of the vessel is the same as the flow in an L-shaped duct; the flow

enters one leg of the duct and flows out the other leg. The velocity distri-

bution through an L-shaped channel has been analyzed and the results are

shown in Fig. 1. 9. The line ED is the symmetry line and the velocity

ratio qED qBC is the ratio of the velocity along the line opposite the inlet

duct to the velocity along the line adjacent to the duct. The parameter k

can be varied to obtain information concerning the flow with various inlet

areas and this can be related to the degree of the bulge of the pressure

vessel wall. It can be seen from the figure that increasing the inlet area

causes the velocity ratio to approach unity more rapidly (more rapid

approach to uniform velocity conditions), but that the velocity distribution

over most of the channel length is not satisfactory for any calculated ratio

of inlet area to outlet area ratio.

It may be concluded from this simplified analysis that any reasonable

amount of pressure vessel bulge would not improve the velocity distri-

bution in the thermal shield coolant passages.

In order to provide uniform cooling to the thermal shield and core

barrel, it is necessary to provide what amounts to a header around the

vessel circumference to direct the coolant flow from the side inlet to all

points around the vessel. It appears feasible to provide such a header

inside the vessel by adding one or two barriers at the inlet duct section

which would define a channel for the inlet flow. By varying the area of

this channel, a uniform flow can be directed to all points around the

circumference with a negligible pressure loss.

An analysis of internal insulation and cooling of a single duct has

been completed to support the selection of a temperature for the main
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coolant pipe to be used in the piping stress analysis. This piping is

described in this report under "Insulation and Cooling of Separate Pipes"

for the MGCR.

The work of developing a reactor arrangement to suit the basic reac-

tor criteria and the general criteria is, of course, a process of continuing

refinement. Therefore, a program of more detailed analytical and experi-

mental work concerning reactor arrangement concepts is continuing and

will be reported on, in detail, in future quarterly progress reports.

Thermal Performance (J. T. Rogers and R. Katz)

An analysis to determine fuel-element conditions for a range of core

pressure drops for the Mark I reactor design point has been completed.

For a selected Mark I design, the effect of changes in the dimensions

of the hot channel has been calculated. It was determined that a 0. 018-in.

increase in the distance across the flats of a fuel-element coolant-channel

hexagon, in a nominal distance of 1.887 in. , decreased the hot-spot

temperature 81 F from the design value of 1,7000F. A 0.018-in. decrease

in the dimension across the flats increased the hot-spot. temperature of

181 F above the design value of 1,700 F. These estimates are based on

the assumption that only the hottest channel departed from the nominal

geometry and that this departure had a negligible effect on the core

pressure drop. The significance of these data is that the internal

dimensions of the fuel-element shroud, which define the flow duct, should

have tolerances of +0. 010 in. and -0.

In addition, the effect of departure from. these limits during the

installed life of the fuel-element assembly in the reactor put. a consider-

able premium on dimensional stability of the unit during its lifetime.

J. T. Rogers, Tentative Core Thermal Criteria for MGCR Mark I
Reactor, General Atomic Report GAMD-1071, November 4, 1959.
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For this reason, the shroud which defines the flow duct must form an

integral part of the fuel-element assembly and will be designed on this

basis.

A method has been developed for the thermal design and analysis of

reactor cores which minimizes or eliminates trial and error calculations.

The method is based o nondiinensional parameters specific to the type of

fuel elements used. It is intended for use in core parameter studies and

preliminary design calculations. It also provides a method for evaluating

the effects of variation in the factors that affect core thermal performance.

Fuel Element (R. W. Bean)

An evaluation of the use of pressure, temperature, and time to

prestress the fuel-element cladding has been made and reported. t The

report presents the results of a preliminary theoretical analysis of the

structural performance of the MGCR heterogeneous fuel-element sheath.

A method for prestressing the sheath in the circumferential direction is

examined, together with the effect of the prestress conditions on subse-

quent performance under reactor conditions. The analysis is applied to

three sheath materials, Hastelloy X, Inconel, and Type 316 stainless

steel. Comparative data have been obtained and evaluated and a tentative

conclusion has been reached that Hastelloy X appears to be the most

attractive of the three materials, for the conditions assumed in the report.

An experimental program has been started to study the predictions

made in the above GAMD-- 1130. For the first tests, four sheathed fuel

pins have been prepared, with Type 316 stainless steel cladding enclosing

UO2 fuel bodies. The specimens have been prepared without the spiral

spacers in order to evaluate the effects attributable directly to the spacers.

J. T. Rogers, Simplified Method for Core Thermal Design,

General Atomic Report GAMD-1049, November 17, 1959.

tR. W. Bean, Creep-Shrink Process Application for MGCR Fuel

Element, General Atomic Report GAMD-1130, December 17, 1959.
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The basic test cycle involves placing the pins under an external

pressure of 2, 000 psig, followed by a temperature cycle from room

temperature to a minimum of 1, 0000 F, in increments of 1000 F, while

under pressure. The outside diameter of the fuel pin is measured between

increments of temperature increase.

An examination of dimensional stability, sheath buckling,or necking

will also be made. Figure 1. 7 shows a typical test specimen.

5 UO2 FUEL PELLETS (EACH 3/4 IN. TO 7/8 IN. LONG) -

DIAMETRIC CLEARANCE f SPEC. NO. I = 0.003 IN.
SPEC. NO. 2 = 0.006 IN.

0.3 5 IN

- K- L/8 IN. END CAPS 0.O0O-IN.-THICK CLAD

41/2 IN.

MATERIAL:
TYPE 316 SS CLAD

TYPE 347 SS END CAPS

Fig. 1. 7--Specimen for creep-shrink tests of fuel elements

Performance specifications for a test installation consisting of a

high-pressure autoclave, heaters, pressurizing equipment and controls,

and instrumentation was prepared and issued during the quarter and pre-

liminary design was begun.

The autoclave will be rated at 2, 200 psig and will be large enough

to permit static structural testing of full-size fuel elements or of
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fuel-element subassemblies. The pressure range will also permit investi-

gation of the phenomena occurring during creep-shrinking, as well as

development of the process. The testing which is planned includes pressure

and thermal cycling of the fuel-element assembly and subassemblies, as

well as endurance-type testing under simulated reactor operating conditions.

It is to be capable of producing sheath-fuel temperatures to 2, 0000 F. A

schematic drawing of the system is shown in Fig. 1. 8.

Core Structure (K. A. Trickett, J. T. Rogers, and R. W. Bean)

A study has been made of the feasibility of returning the high-

temperature core outlet gas through a vertical center duct in the core to

a point below the core. This plan was intended to make use of a concentric-

duct arrangement mounted on the bottom head.

Calculations were first made for the pressure drop caused by

returning the outlet gas through the core in this manner. The analysis

indicated that with a faired inlet and a diffuser outlet the pressure loss

would be about 13 psi for a hole diameter of 7 in. Increasing the hole

diameter to 8 in. would reduce the pressure loss to about 7 psi. The

effect of increased core size and an increase in maximum-to-average flux

distribution with a central reflecting region made the concept seem unde-

sirable. An alternative plan for returning the hot outlet gas down through

tubes in the reflector was considered next. The degree of increased

complexity in the core support structure is evident, and on the basis of

this, consideration of the bottom inlet concentric-duct arrangement has

been discontinued.

Early data indicate that it may be possible to assume that BeO blocks

of full section and full core length may be fabricated in one piece. There

was confirmation of density variation in a square section, particularly at

the corners. Because a hexagonal section approaches the symmetry of

an annular ring, it is preferred to a square section. Unfortunately, the

resulting double Y-shaped control rod, which is necessary to fit the
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hexagonal configuration, leads to a greater number of control rods than

does the cruciform, which is suitable for the square block section.

To study the effect of section shape on thermal stress, a rudimentary

analysis was carried out. The objective of the analysis was to determine

if there was any significant difference in the thermal stresses in square

and hexagonal BeO moderator blocks of the same volume and internal

coolant passage dimensions. The analysis was based on a circular

geometry, with a greater radius assigned to the square blocks than to the

hexagonal blocks. The results of the analysis indicate that there is little

difference in the thermal stresses calculated for the two models. These

thermal stresses in the BeO moderator blocks (for typical conditions) are

5, 110 psi for hexagonal blocks' and 5,670 psi for square blocks. The

stresses are less than the ultimate stresses at the temperature in

question, by a factor of about three. Thus, it appears that either the

square or hexagonal blocks have acceptable thermal stresses. In view of

the desire to reduce the number of control rods, a series of experiments

is planned and the procurement of the BeO blocks is under way. It is

planned to investigate the development of thermal stresses in hexagonal

and square blocks and to study diffusion losses through the BeO, in a

radial direction. The experiment will cover:

1. The measurement of coolant loss from the pressurized channel

up to 60 psi and a temperature range from room temperature to

approximately 900 F.

2. The measurement of internal surface strains for steady state

and thermal cycling to the rupture point, by heating the blocks

on the outside and cooling them on the inside.

3. The study of the structural integrity of bonding BeO to BeO with

a binder.

Pressure Vessel (J. T. Rogers)

A preliminary analysis of the thermal design of the pressure vessel



23

shell at the core mid-plane has been made. The analysis shows that

internal insulation is necessary for the MGCR reactor pressure vessel

for an outlet gas temperature of 1, 5000 F and an inlet gas temperature of

881 0 F. Therefore, if reasonable limits for fabricated shell and head

thicknesses are assumed and if the steady-state mechanical and thermal

stresses are kept below 1. 5 times the stress allowable, the uninsulated

cases are not acceptable for construction.

The transient thermal stresses developed by the sudden introduction

of emergency cooling are greatly reduced with internal insulation, and

thus the materials for pressure vessel construction may be selected from

the carbon or low-alloy steel groups. Both SA 30B and SA 212B are

suitable materials for the MGCR, with internal insulation.

Insulation and Cooling of Separate Pipes (J. T. Rogers)

Prelimirary calculations indicate that temperatures which result

in acceptable thermal stresses, for the main reactor inlet and outlet

coolant pipes, can be obtained by using about ' to 2-1/2 in of Refrasil

for internal insulation. This thickness of insulation is for the high-

temperature pipes; for the low-temperature pipes, thicknesses can be

smaller.

Considering temperature levels only, no artificial external cooling

should be necessary as natural convection and radiation cooling should be

sufficient to keep the pipe temperatures below 500 F. However, with no

artificial cooling, the pipe temperature is somewhat sensitive to changes

in external conditions. In regions where such sensitivity would be a

problem, steps, such as the use of extended pipe surface, could be taken

to reduce the sensitivity. In the worst cases, cooling by a low-velocity

air flow will make the pipe temperatures quite insensitive to variations

in external conditions (see Table 1.8).
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Table 1.8

DESIGN CONDITIONS FOR PIPE INSULATION AND COOLING

Mark I Reactor Pipe Prototype Reactor Pips
Hot Cold Hot Cold

Helium temperature, F 1, 500 881 1, 300 753

Helium pressure, psia 1, 130 1, 170 740 780
Helium flow, lb/ sec 77. 6 77. 6 74. 3 74. 3
Insulation internal diameter, in. 18 14-1/2 18 14-1/2
Pipe wall thickness, in. 1 7/8 1 7/8

Method of Analysis. For an internally insulated pipe, the resistances

to heat flow from the hot gas to the surroundings are caused by

1. The internal boundary layer;

2. The insulation;

3. The contact between the insulation and the pipe;

4. The pipe;

5. The external boundary layer.

Considering these five thermal resistances, the total drop from the

gas temperature to the temperature of the surroundings is given by:

d d
1 1 i 1 1 0 1

L T =Qt + ln-+ + ln + 1(1. 1)T \<rd.k. 2nk. e d. +rrd U Zrk e d Ord h
11 in i p. c p p. p o

1 1 0

0

where LT = the temperature drop from the gas to the surroundings, F;
T Zo
Q = the heat loss per foot of pipe, Btu/(hr)(ft 2)(F);

d = diameter, ft;

k = thermal conductivity, Btu/ (hr))(ft)( F);

Uc = the conductance of the insulation-pipe interface,
Btu/ (hr)(ft2)(0F);

h = heat transfer coefficient, Btu/(hr)(ft2 )2 F);
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and where the subscript i = internal,

o = external,

p =pipe,

in = insulation.

Calculations for the forced convection turbulent flow of helium inside

pipes for each of the conditions considered, i. e. , the Mark I reactor high-

and low-temperature pipes and the prototype reactor high- and low-

temperature pipes, show that the internal heat transfer coefficients are

as follows:

Hot Pipe Cold Pipe

h. for Mark I reactor,
1 Z
Btu/(hr)(ft2 )(F) 311 427

h. for Prototype reactor
1

Btu/(hr)(ft )( F) 290 405

For values of h. of this magnitude, the temperature drop in the
1

internal boundary layer is negligible compared to the temperature drops

in the insulation and in the external boundary layer. Therefore, the first

term in Eq. (1. 1) may be ignored.

Similarly, the temperature drop through the pipe itself is negligible

compared with the temperature drops in the insulation and in the external

boundary layer for pipe thicknesses of about 1 in. and thermal conduc-

tivities of about 25 Btu/(hr)(ft2 )(F). Therefore, the fourth term in

Eq. (1. 1) may be ignored.

The contact conductance between the insulation and the pipe is

unpredictable. A value could be estimated by assuming a certain thickness

of helium-filled gap. Ignoring this contribution to temperature drop

results in higher calculated values of pipe wall temperature than would

occur if the gap resistance were considered. Therefore the third term in

Eq. (1. 1) is ignored.
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The resulting equation is
d
P. 1 1

AT = n +(1. 2)T Q 2nk. le d.1 +d h(12
in 1 p 0

The second term in Eq. (1. 2) is the temperature drop from the pipe

to the surroundings, AT . Solving for the ratio AT /ATT, the result is
~o o T'

AT

AT 0  kd d(1. 3)OT ,, ko d d( }

T o p p.
Sln + 1

2 k. e d.
in 1

For the radial heat flow in the cylindrical insulation, the actual

logarithmic variation of temperature may be replaced by an arithmetic

variation of temperature with less than 4% error, provided the ratio of

insulation thickness to insulation internal diameter is less than 0. 50.

Because this condition is always fulfilled, the substitution may be made

and Eq. (1. 3) becomes

AT

AT0h d (d -di.)(1.4)
T o p p 1

o 1 + 1
2k. d

in m

where d is the mean diameter of the insulation.
m

The following relationships hold:

d - d.
p. 1

1
=t. ,

2 in

d =d. + t.
m 1 in

d = d.+2t. +2t
p0 1 in p

where t. = the thickness of the insulation,
in

t = the thickness of the pipe.
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Substituting these relationships in Eq. (1. 4) and solving for t.,

the result is

2

S-d . a - pd. ad.

tin .= d + ( d + d ft (1.5)

where

AT kT in
T -AT ,h
, o / o

2t

p3= 1i+ .
d.
1

External Cooling. The required thickness of insulation to produce a

given wall temperature can be calculated directly for a given insulation

conductivity and given external cooling.

To determine the type of external cooling required, the pipe tempera-

ture was calculated for Refrasil insulation thicknesses of about 3 and 4 in.

for a range of external heat transfer coefficients for the Mark I reactor

hot-pipe conditions. The results are shown in Fig. 1. "a It is apparent

that outer heat transfer coefficients of about 3 Btu/(hr)(ft 2)(F) are

adequate to produce pipe temperatures below 5 0 0 F.

Maintaining temperatures below this level enables the full stress

value of the pipe material to be used in design and helps to reduce thermal

mismatches and resulting thermal .stresses. Of course, before a final

selection of the required pipe temperature is made, the piping layout must

be analyzed for thermal stresses at various temperature levels, consider-

ing both hot and cold pipes and such items as fixity or nonfixity of the

reactor. However, Fig. 1. O does show that reasonable pipe temperatures

should be obtainable for acceptable insulation thicknesses using external

heat transfer coefficients of about 3 to 5 Btu/(hr)(ft )(0F).

Further, there is little incentive to use external heat transfer
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coefficients greater than about 15 to 20 Btu/(hr)(ft )( F) since increasing

h beyond these values results in very small reductions in pipe tempera-

ture. Indeed, close to the reactor, pipe temperatures below about 3500F

would not be desirable because of the increase in brittle-fracture transition

temperature caused by irradiation.

Heat transfer coefficients of about 3 to 5 suggest that natural con-

vection and radiation cooling of the pipes would be sufficient to maintain

pipe temperatures in the desirable range. Figure 1 10 gives external

heat transfer coefficients as a function of temperature difference between

the pipe and the surroundings for horizontal and vertical (or inclined)

pipes, The full line gives the total coefficient due to both radiation and

natural convection, and the dashed line gives the natural convection

component. The contribution of radiation was calculated by assuming a

pipe emissivity of 0. 75, which should be obtainable with slightly oxidized

steel pipe.

Assuming that natural convection and radiation are the chosen

mechanisms of heat transfer for cooling the outer surface of the pipes,

pipe temperatures for various values of Refra:;l insulation thickness

were calculated by using Eq. (1 5) for hot and cold pipes. The results

are shown in Fig. 1. 1 1.
From a consideration of pipe thermal stresses and other factors,

the required insulation thicknesses to produce the desired pipe tempera-

tures can be selected by using Fig. I. I i

The heat loss from the insulated pipe, with an internal insulation

thickness of about 3 in,, is about 2 kw/ft for the Mark I conditions. The

total pipe length is about 130 ft, so the total heat loss from the pipe is

about 260 kw. This heat can be removed through the ventilation system

of the reactor compartment.

There may be some concern regarding the use of natural convection

W. H. McAdams, Heat Transmission, 3d ed. , McGraw-Hill Book

Co., 1954. p. 4 7 4 .
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and radiation for external cooling because of the relative sensitivity of the

pipe temperature to changes in external conditions in the range of

h = 3 to 5, as can be seen from Fig. 1. 9. For instance, if h decreases

25%, from 4 to 3 Btu/(hr)(ft )( F), the pipe temperature- would increase

from 4300 to 4650F for an insulation thickness of 3 in. Changes in the

surrounding conditions or in the emissivity of the pipe could cause h to
0

vary. Even if ho did not vary greatly, the pipe temperature would be

sensitive to variations in the temperature of the surroundings, approxi-

mately following such variations.

However, these problems do not present serious obstacles to the

use of natural as opposed to artificial cooling. As mentioned previously,

in order to reduce the sensitivity of h to changes in ambient conditions,
0

the value of h0 may be increased by applying extended surface to the pipe.

For instance, by assuming a fin pitch and a fin height of 1 in. with 1/8-in.-

thick fins, the natural convection component of h may be increased by a

factor of about 3. 5. (It is assumed, conservatively, that the radiation

component is not increased because the fins mostly "see" each other. )

For a value of AT of about 3500 F, the resulting value of h , using such

fins, is about 6:9 -Btu/ (hr)(ft )( F) instead of about 3. 8 Btu/ (hr)(ft )( F)

(see Fig. 1. 10). It can be seen from Fig. 1. 9 that such an increase in

h reduces the sensitivity of the pipe temperature to changes in external
0

conditions.

Even if fins were not applied to the entire pipe, they could be

employed in regions where the proximity of other components would tend

to reduce the external'heat transfer coefficient. To reduce the natural

convection component of heat transfer, other components would have to

approach to within about one diameter of the pipe. The local use of fins

could eliminate such reductions. Where locally a large component at a

*A. L. Brown and S. M. Marco, Introduction to Heat Transfer,

McGraw-Hill Book Company, 2nd ed. , New York, 1951, p. 139.



temperature greater than 1300F would reduce the radiation heat transfer

component, some compensation could be achieved by improving the natural

convection component in adding fins to the affected region.

If the local use of extended surface is not sufficient to eliminate hot

spots, local forced air cooling can be applied.

Finally, if the fluctuations in the ambient temperature and the

temperature of the surroundings are too large to permit natural cooling,

cooling by low-velocity air flow in an annulus outside the pipe would give

more positive control of the pipe temperature. Calculations indicate that

a flow of about 3, 600 ft /min in an annulus about 1/2 in. thick would

produce an external heat transfer coefficient of about 45 Btu/ (hr)(ft )( F)

for a total pressure loss of less than 10 psi and a coolant-temperature

rise of about 60 F. Such a value of h would produce pipe temperatures

about 300 to 400 F above the coolant air temperature, as can be seen from

Fig, 1. 3. This figure also shows that under such conditions the pipe

temperature would be very insensitive to variations in external conditions.

Internal Insulation. The thermal conductivity of Refrasil given in

Fig, 1. i ? is for a bulk density ol 6 lb/ft ~. Lower values of thermal

conductivity could be obtained by using a higher bulk density. Thus,

smaller thicknesses of insulation could be used for a given pipe tempera-

ture, other things being equal Use of smaller insulation thicknesses

would permit smaller pipe sizes for a given flow area and hence would

reduce the moments due to thermal mismatches.

Theoretical calculations predict that an insulation bulk density of

9 lb/ft would reduce the thermal conductivity by about 20% from the value

at a density of 6 lb/ft3, at equivalent temperatures. The method of

theoretical calculation was confirmed quite well by the test for atmos-

pheric pressure levels. It would be expected that the use of a higher

H. C. Hopkins and G. F. Poole, Thermal Conductivity of Refrasil
in Helium Static InsulationTest, General Atomic Report GAMD-1059,
October 23, 1959
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bulk density would reduce the effect of pressure level also, thus reducing

the pressure correction term. The reason for this is that the likelihood

of the existence of large connected regions which lead to natural convection

effects, and thus cause the pressure dependence, would be less for the

denser insulation.

It is suggested that the Refrasil insulation be applied to the pipes

by filling the region between an internal metallic liner and the inner surface

of the pipe with the Refrasil to the required bulk density. The internal

liner would be made of sections fastened to the pipe.

The predicted value of thermal conductivity for corrugated metallic

sheet type of insulation is about 2. 7 times as great as the zero-pressure

value of the Refrasil at the temperature levels considered. The results

obtained so far from the tests indicate that the actual thermal conductivity

is lower than the predicted value by about 40% at the temperatures in

question. This discrepancy is attributed to lack of perfect metal-to-metal

contact throughout the structure and to lower values of emissivity than the

conservative ones used in the predictions. The conductivity of the

Refrasil is given in Fig. 1. 12.

Figure 1. 13 shows the required insulation thickness for metallic

sheet insulation at various pipe temperatures, Curves are shown for

natural cooling for the predicted value and the measured value. Also

shown is a curve for forced air cooling for the measured value of

conductivity.

It can be seen that for a pipe temperature of 5000 F, about 2-1/2 to

3 in. of the metallic sheet insulation would be required. This is a

reasonable value and it appears that this insulation can be used even if

natural cooling of the pipes is employed.

Control-rod Drive Development

The design investigation program for the control-rod drive

mechanism involved the detailed examination of the following three

concepts:
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Concept 1. A mechanism employing a motor-driven ball-nut and

lead-screw for normal positioning and a pneumatic

piston-cylinder device for scramming. A constant

scram force is applied during the total scram stroke.

Concept 2. Similar to Concept 1 except that the scram force varies

inversely as the piston velocity. The over-all drive

housing is approximately 10 to 12 ft in length, i. e.

about 1-1/2 to 1-3/4 control-rod stroke length..

Concept 3. A mechanism employing a motor-driven ball-nut and

lead-screw for normal positioning and a pneumatic

motor for scram. Scram velocity is controlled by

throttling the pneumatic motor exhaust.

Several other concepts have been considered, but investigation is

proceeding only on the above three concepts. Concepts 1 and 2 are being

designed and the required stress analysis is being made A preliminary

safeguards analysis of the two designs is being made concurrently with

the design studies of the reactivity control, safety, and other instrumen-

tation systems.

The design of equipment for testing a typical bail screw drive in a

hot helium environment has been completed. The purpose of this test is to

investigate the materials behavior and operational characteristics of such

a sample ball-nut in an environment of very pure helium at elevated tempera-

tures. This test will be accelerated to simulate 5 yr of normal operation

of an MGCR control-rod drive at temperatures ranging from 2000 to 8000 F.

A design study is also under way to select a device for absorbing

scram energy. Concepts 1 and 2 feature a piston-cylinder arrangement

in which gas is trapped under the piston during scram, whereas Concept 3

uses a pneumatic motor is such a manner that snubbing at the end of the

scram wil be accomplished by progressive throttling of the pneumatic

motor exhaust.
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The Concept 1 design consists of a piston in a cylinder which has a

bleed orifice at the bottom. The mechanical design of the snubber unit

is such that a constant scram force is applied to the piston through the

snubbing stroke, as well as through the free-fall distance. Snubbing rates

are varied by changing the size of the bleed orifice. The results of the

calculations indicated the need for a 'cut-off" on the scram force to keep

the piston velocity from becoming excessive and the need for multiple

bleed orifices to provide more uniform deceleration. Concept 2 incorpo-

rated the required modifications, achieving the cut-off by means of a

choke orifice in the scram pressure supply line.

The calculational models and the analytical methods for Concepts 1

and 2 are described below.

The model for Concept 1 is shown in Fig. 1. 14. In this design,

the pressure was constant and equalized above and below the piston during

28. 32 in. of fall. A constant accelerating force resulted from a higher

scram pressure applied to the inside of the shaft, which was closed at

the bottom. During the snubbing portion of the stroke, a single orifice

located at the bottom of the scram cylinder restricted gas flow in such

a manner that the pressure under the piston increased and caused a net

deceleration. Different orifice sizes were used to give different

decelerations.

The following equations were derived to describe the snubber

performance. These equations take into account piston area, cylinder

volume, weight of moving parts, heat of compression, and orifice flow

characteristics. Inasmuch as an exact mathematical solution to these

equations cannot be obtained, it was expedient to program the equations

for solution on the IBM 704.

*
F. J. Liederbach Interim Report No. 1, Scram Energy Absorber

Study, MGCR Project, General Atomic Report GAMD-1102, November 30,
1959.
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ds=-

dt

dv (Pa - P) A + D
dt M

PV
T =,

ZRW

AP = (P - PA) or 0. 5119P (whichever is less)

dW -=Kd
2 [(AP)P]1/2

dt o ZT'

dV
-- = - Av,
dt

dp F1dV 1 dW

d P L t W dt '

where s = piston stroke, in.

t = time, sec

v = piston velocity, in. /sec

P = snubber ambient pressure, psia
a2

A = piston area, in.

D = net driving force, lb

M = mass of moving parts, lb-sec /ft

g = acceleration due to gravity, in. /sec 2

T = gas temperature below piston, 0R

V = gas volume below piston, in. 3

Z = compressibility factor

R = gas constant, in. -lb/lb- 0 R

W = weight of gas below piston, lb

K = constant

d = orifice diameter, in.
0

Typical performance curves for the calculational model for snubber

Case I are shown in Fig. 1. 15, wherein piston velocity, acceleration, and
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stroke are plotted against snubbing time. Note that the piston falls freely

for 28. 32 in. before snubbing starts. Three sets of curves are plotted

on Fig. 1. 15. Two of the sets compare the snubber performance with a

3/1 6 -in. orifice for reactor pressures of 815 and 14.7 psia. It is apparent

that the snubbing action with high reactor pressure is too rapid and the

piston bounces. With low reactor pressure, the snubbing action does not

occur soon enough since the velocity continues to increase after the piston

enters the snubbing portion of the stroke.

The third set of curves illustrates the effect of increasing the orifice

size to 1/4 in. for a reactor pressure of 815 psia. It is noted that

although the piston still bounces, the bounce point is farther down the

cylinder and the peak deceleration is less than for the 3/ 1 6 -in. orifice.

The fact that the piston bounced during the two high-pressure runs

indicates the need for a continuous bleed (multiple orifices) from the

lower part of the cylinder so that pressure build-up will be more gradual.

Because Fig. 1. 15 is a plot of snubbing stroke only, it is not

apparent that the piston velocity entering the snubber is much higher than

necessary. However, the free-fall time is only 0. 34 sec, whereas the

time requirement is actually 0. 6 sec. Consequently, it is apparent that

a cut-off characteristic needs to be incorporated into the scram pressure

source so that the piston will not attain unnecessarily high velocities.

After preliminary results were obtained with the Case I snubber

model, the design of the mechanical mechanism was considerable revised

to reduce the sealing problems and to improve position indication.

Figure 1. 16 shows the configuration of the rod drive mechanism for

Concept 2, currently under investigation. During normal, steady-state

operation, the pressures throughout the cylinder are equalized. When a

scram signal is initiated, the volume below the piston is opened to a

lower pressure reservoir and the downward differential pressure across

the piston starts control-rod motion. As the piston velocity increases,

the pressure above the piston is controlled by the choking effect of the
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orifice in the supply line to the top of the cylinder. If the piston velocity

decreases, the driving differential pressure will increase to compensate

for the retarding forces. As in the first case, bleed orifices in the lower

part of the cylinder control the pressure and piston deceleration. The

calculational model includes orifices in the piston and in the bottom of

the cylinder to simulate piston-ring and shaft-seal leakage.

The equations for this model are similar to those for Concept 1 with

the exception that an additional term must be added to the equation for

dP/dt to account for the flow of gas at one temperature into a volume at

another temperature. This equation then takes the form

T. dW. dW
dP in 1 in 1 out 1 dv
dt T W dt W dt V dt

The computer program will comply with the following conditions:

1. Any number of orifices may be located in the cylinder wall.

2. The piston travel between cut-off and reopening of an orifice is

the same for all cylinder wall orifices.

3. In addition to the flow orifices in the cylinder, there will be an

orifice in the bottom of the cylinder to simulate shaft-seal

leakage. The shaft-seal leakage orifice will communicate

between the pressure underneath the piston and the reactor

pressure.

4. There will be only one orifice in the top of the cylinder.

5. All orifice flows will be considered reversible.

6. The orifice flow characteristics will not be a function of flow

direction.

7. The effect of ship list will be taken into account.

8. The possibility of piston bounce will be taken into account.

9. The effect of friction will be included as a constant retarding

force.
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In order to provide a target for the snubber analysis, curves of

theoretical snubber performance were prepared (see Fig. 1. 17).

Case A represents the ideal snubbing condition: A force is applied

for 0. 3 sec to maintain a constant acceleration and then sufficient velocity

is maintained for another 0. 3 sec to attain the remainder of 28. 32 in.

At this point, a constant net retarding force is applied (resulting in

constant deceleration), of sufficient magnitude to result in zero velocity

at the end of the stroke.

Case B represents the following snubbing condition: A constant

force is applied to maintain constant acceleration. The acceleration

results in attaining 28. 32 in. in 0. 6 sec. At this point, the same retarding

force as in Case A is applied for the remainder of the stroke (36 in. ).

However, the velocity at the end of the stroke is 70. 35 in. / sec, instead

of zero.

Energies for Cases A and B are shown below for a moving weight

of 200 lb:

Case A Case B

Energy attained, ft-lb 85. 5 192. 2
Energy absorbed, ft-lb 85. 5 85. 5
Energy remaining, ft-lb 0 106. 7

This illustrates the desirability of applying a larger accelerating

force for a shorter period of time.
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II. FLUID SYSTEMS AND PLANT ARRANGEMENT

HEAT-EXCHANGER TEST LOOP (H. C, Paulsen and B, Lund)

The objective of the heat-exchanger test program is to compile

and correlate sufficient experimental data for the aerodynamic and thermal

design of the prototype regenerator. These data will also be used in the

design of other power-plant heat exchangers of similar configuration.

The isothermal pressure-drop tests for air and helium have been

completed. The test data, which represent approximately 700 individual

runs, cover a range of Reynolds numbers from 25, 0 0 0 to 500,000. The

bare-tube friction factor calculated from these data is within 7% of the

commercial-pipe expression given by McAdams; it also shows excellent

agreement with the Oak Ridge National Laboratory GCR data. The use

of foil-shaped tube supports results in a flow disturbance and an increase

in the bundle drag area. Thus, with a complete array of foil-shaped sup-

ports, the over-all friction factor is approximately 50% greater than when

the unsupported tube bundle is employed. During bare-tube tests, wire-

type tube supports were installed in the U-bend of the heat exchanger.

The effect of these supports on the pressure drop at the U-bend indicates

that if the supports were installed in the straight sections of the heat

exchanger, the result would be an increase in pressure drop approximately

four times that which is obtained by distributing foil-shaped supports along

the tube, The Interim Report describes the technique for correlating

W. H. McAdams, Heat Transmission, 3rd ed, McGraw-Hill Book

Company, Inc. , New York, 1954, p. 155; see Eq. ( 6 -8e).

tGas-Cooled Reactor Project Semiannual Progress Report for

Period Ending December 31, 1958, Oak Ridge National Laboratory Report
ORNL-2676, Oak Ridge, Tennessee, 1959,

L, M. Casellini and H, C. Paulsen, II, MGCR Heat Exchanger

Test Program. Interim Report, Isothermal Air and Helium Tests,

Electric Boat Report MGCR-PS59-474, October, 1959.
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the pressure-drop behavior at the individual sections of the model heat

exchanger, i. e. , at the entrance, U-bend, and exit. A building-block

procedure is outlined to facilitate the use of these data in the design of a

prototype heat exchanger.

Over half of the helium heat-transfer tests have been completed.

During the analysis of the test data, some difficulty was encountered in

determining a satisfactory correlation between helium heat transfer and

heat transfer from condensing steam inside horizontal tubes. A literature

survey revealed very little published data on this mechanism of heat trans-
*

fer. The most effective correlation was a modification of Crosser's

method based on the condensing-steam data of Carpenter and Colburn.

A preliminary plot of Colburn j-factor versus Reynolds number is presented

here as Fig. 2. 1. This graph represents 240 helium heat-transfer data

points pertaining to the unsupported (bare-tube) inlet straight leg of the

model heat exchanger. Curve B represents the j-factor equation, based

on Colburn's relation between j and f and on the smooth-tube equation for

friction factor f. Actual test data are represented by curve A.

HEAT-EXCHANGER ANALYSIS AND DESIGN (W. J. Justusson and
B. Lund)

An engineering design analysis is being performed for the low-

pressure turbine components, i. e. , the bypass heat sink, regenerator,

precooler, and intercooler.

Water-cooled Heat Sink

The use of split flow for power absorption during bypassing has been

proposed. In this method, a portion of the gas flow from the low-

pressure turbine exhaust is ducted directly to the precooler inlet, and

the remaining bypass flow is channeled to the regenerator. The reactor

inlet temperature is controlled by proportioning this division of bypass flow.

Orrin K. Crosser, Condensing Heat Transfer Within Horizontal
Tubes, Doctoral Dissertation, The Rice Institute, 1955.



0.01

A0
*e

z

m
J
0 A: PRELIMINARY FIT OF INLET STRAIGHT - SECTION HELIUM DATA

B: EMPIRICAL EQUATION FOR SMOOTH TUBES, j = 0.023 N-RE.20

0.001 _ __L I I

10 I0C 10

SHELL-SIDE REYNOLDS NUMBER (BASED ON TOTAL PERIMETER), NRE

Fig. '. 1--Shell-side Colburn j-factor versus Reynolds number without tube supports



50

Evaluation of this method of bypass power absorption indicates that

the maximum tube wall temperature in the precooler rises about 500F

during such operation if the circulating-water velocity is unchanged. This

temperature rise would decrease somewhat if the circulating-water velocity

were increased during bypassing.

Work is being done to resolve whether this scheme will subject the

regenerator and other equipment to harmful thermal-shock effects, and

design studies will be conducted to develop methods for adequate flow dis-

tribution and for mixing the hot gases.

Duct Design, Development, and Testing (H. F. Curtis and B. Lund)

Work is in progress on the development and design of ducting to

transport the main coolant between the components of the MGCR power

plant, at a pressure of 800 psi and a continuous temperature of 1,3000F.

This ducting must have a potential for operating at 1, 5000 F. Additional

background data on this work are given in the previous quarterly report

(GA-1183).

Heat-barrier Tests. The heat barrier consists of an Inconel X

liner which forms a stagnant gas pocket that contains a multiple radiation

shield, This shield is 0. 005 in. thick and is made of dimpled stainless

steel or nickel foil that has been spirally wound to fill the stagnant gas

pocket.

The heat-insulation characteristics of the barrier are being determined

by passing hot helium through the inner duct and then measuring the heat

flow and temperature gradients, while maintaining the outer wall of the

inner duct at constant temperatures. These tests are conducted on a

reduced section of the concentric duct. Data obtained in November, 1959,

indicated that the effective conductivity of this heat barrier is about

0. 28 Btu/(hr)(ft2 )(oF) at a gas temperature of 5000F and at a pressure

of 450 psia. Additional data points will be taken over wider ranges of

gas density and temperature so that the barrier performance can be pre-

dicted for full plant operation temperatures.
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Ducting. A feasibility study was made for a system of separate

reactor inlet and outlet ducts, in which the high-temperature outlet duct is

cooled by an external tracer flow of helium taken from the high-pressure

compressor discharge. For this scheme, the design of the reactor outlet

duct incorporates internal insulation and a narrow annular space to direct

the cooling flow. Two tracer-flow arrangements appear to be feasible.

In one of these, the cooling stream enters at the high-pressure turbine

and then flows to the reactor through the reactor stop valve (see Fig. 2. 2).

In the other arrangement, two separate cooling streams enter at the reactor

stop valve; one flows to the reactor and the other flows to the high-pressure

turbine casing (see Fig. 2. 3). The cooling gas flow required for either of

these arrangements is small; it represents only about 0. 5% of the total

main-coolant mass flow.

Another design for separate reactor ducts was investigated, in

which internal foil insulation is incorporated on both the inlet and the out-

let ducts and in which natural convection of ambient air is employed to

cool the uninsulated external pressure wall of the pipe.

The results of these two studies indicate that forced cooling of the

reactor outlet duct will be required to maintain suitable pipe wall tempera-

tures and to limit the internal insulation to an acceptable thickness.

MAIN-COOLANT STOP VALVE (A. Wong and B. Lund)

Twenty-one conceptual designs were prepared and two valve types

were selected for further engineering study. One concept is for a con-

centric valve and the other is for a "hot" valve. The concentric-valve

design (see Fig. 2. 4.) has four pistons, which retract the reactor side

seat ring from the disk seat faces before the main piston moves the valve

into its opened or closed position. The hot valve (Fig. 2. 5) is a pneumat-

ically operated, parallel seat gate type with seat faces and body walls

that are cooled with helium from the high-pressure compressor discharge.
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Calculations show (1) that when the hot-valve seating is cooled with

approximately 0. 2 lb/sec of helium from the high-pressure compressor

discharge, its surface temperatures will be less than 800 0 F; and (2) that

a bellows--such as that shown in Fig. 2. 4--is feasible, provided that it

is fabricated from Type 316 or 405 stainless steel or from Inconel X.

The Crane Company's wear test machine has been modified and

completely checked out for the MGCR galling tests. The machine will test

pairs of material specimens in the form of 1-1/2-in. -diameter disks that

are relieved at the center to produce 3/8-in, -wide contact faces. During

testing, these specimens, which are loaded to 4,000 psi, are oscillated

with respect to each other through a 230 arc in a 1,3000F helium atmosphere,

which is maintained by the apparatus shown in Fig. 2. 6. A test featuring

Stellite 6 against Stellite 6 is expected to be completed in January, 1960.

This will be followed by tests with Stellite 1 against Stellite 6, Stellite 1

against Stellite 1, and Stellite 12 against Stellite 12. Each test run will

be terminated when the helium leakage between the contact faces equals

or exceeds 100 scc/rmin, or when 250 hr of oscillation at the rate of

340 cycles/hr have been completed.

LOSS-OF-COOLANT ACCIDENT (G. Webb)

A more precise estimate was made of the maximum surface temper-

atures that would be reached in the reactor core as a result of a loss-of-

coolant accident at full power. The previous estimate based on graphite

as moderator indicated that the fuel surface temperature would reach a

maximum of 2,0000 F within about 3 min after a loss-of-coolant accident.

The new estimate indicates that the maximum surface temperature will

be 1, 8000 F within about 2 min after the start of the accident, and will then

drop to a lower value as the rate of heat generation falls off. With beryl-

lium oxide as moderator (BeO has approximately twice the volume heat

capacity that graphite has), the maximum fuel surface temperature will

stay below 1,8000F for nearly an hour after shutdown.
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The two calculations were made by approximately the same method.

The reasons for the new result are as follows:

1. The heat-generation rate in the fuel was corrected for the fraction

of afterheat (about 40%) which is generated directly in the moderator.

2. The generation of heat in the inner rods of the fuel bundle was

corrected for the flux disadvantage factor.

3. The central fuel rod was assumed to be a dummy.

In other respects, the new calculation is the same as the old. The slight

correction for the time lag between the internal temperature and the surface

temperature of the moderator would be more than offset by the correction

for heat transfer by gaseous conduction from the fuel element to the

moderator.

Results of the new calculation, which were derived on the basis of

the proposed MGCR prototype dimensions, are shown in Fig. 2.7. Details

of the calculation are given in GAMD-1078.

PLANT CONTROL AND STABILITY (T. M. Silks, J. Kearns, and
A. McClure)

The IBM 704 code for the analysis of plant transient behavior has been

modified to include the reactor thermal equations and the neutron kinetic

equations.

Specific computation tests have shown that the regenerator can be

adequately represented by a segmented model with as few as five segments.

Further studies will be made to confirm the accuracy of this model.

Functions selected to represent performance of the compressors and

turbines at off-design points have shown close agreement with the tabulated

performance estimates used as a basis. These functions have been incor-

porated into the plant transient computation program.

A number of plant-control methods are being studied with regard to

G. B.*Webb, Approximate Surface Temperatures in MGCR Core
After Loss of Coolant, General Atomic Report GAMD-1078, October 8,

1959.
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their simplicity and adaptability to shipboard requirements. The following

method has already been explored for simple reactor-induced transients:

The reactor outlet temperature is held constant by raising or lower-

ing the inventory as required. The speed of the compressor shaft

for the high-pressure turbine (which also turns the auxiliary gener-

ator) is held constant by a valve that bypasses part of the flow to

the low-pressure turbine through a waste-heat boiler; the speed of

the low-pressure turbine is controlled by an exhaust valve. The

reactor power level is independently controlled by an operator in

order to minimize the flow in the low-pressure turbine bypass.

The effect of a reactor scram on operating variables during the first

minute or so after shutdown is depicted in Figs. 2. 8 through 2. 10. The

high-pressure turbine shaft holds its speed for about. 1 min and then gradu-

ally slows down. The reactor moderator temperature changes very little

during the first few minutes, whereas the fuel temperature rapidly

approaches the reactor inlet temperature. One significant result which

has been obtained from the study of this control method is that the auxiliary

generator will continue to furnish constant-frequency power for an appreci-

able period following an emergency scram.

Since a large fraction of the auxiliary power is used for services

which do not demand close frequency control, other control methods are

under study in which the high-pressure turbine shaft is permitted a certain

degree of variation in speed.

A computation program has been set up to provide input data for the

analysis of system controls, the determination of start-up conditions, the

design of protective instrumentation to cope with various accidents, and

the specification of limiting operating conditions for plant components and

supporting systems.

Neutron Source for Reactor Start-up

Initial start-up of the MGCR will require an artificial neutron source

for instrument indication. However, the presence of BeO in the core will
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assure a plentiful supply of source neutrons as Be (y,n) neutrons, after

the reactor has been operated at an appreciable power level. Figure 2. 11

shows source neutrons per second in the reactor core ver :us time after

shutdown, for various irradiation periods.

The fissions induced by this neutron source will constitute a negligible

heat source in the subcritical core. For example, the maximum estimated

source of about 1.9 x 1012 neutrons/sec at shutdown could produce a fission-

heat rate of only about 660 w in a core with k of 0. 96.

System Transient Studies (T. M. Silks and A. McClure)

The computer program for the solution of the system transient

equations became operational during the quarter. Revisions that were

made in the program prior to its successful operation were (1) an improve-

ment in the mathematical description of the regenerator, and (2) the

incorporation of turbine maps that became available during the quarter.

The nuclear kinetic equations are part of the program and include the

reactivity contribution from both the fuel temperature and the moderator

temperature.

The computer program is in effect a plant simulator. By varying

constants in the program, one can determine the effect of varying the plant

parameters. The variables whose values can be ordered with time in the

program are, in general, the same variables whose values can be ordered

in the actual plant. These variables are the propeller pitch, power-turbine

throttle valve position, control- rod motion, reactor outlet temperature,

and electrical load.

A number of transients have been run to answer questions of immedi-

ate urgency to other parts of the MGCR program. By using preliminary

values of plant parameters, the following information has been obtained:

1. The problem of inherent instability due to reactor temperature

feedback does not appear to exist. The temperature coefficient of reac-

tivity that is associated with the moderator is positive and approximately

equal in magnitude to the negative coefficient that is associated with
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the temperature of the fuel. However, during transients, the fuel temper-

ature changes much more rapidly than does the moderator temperature,

so that the positive reactivity contribution from the moderator temperature

is negligible in comparison with the negative reactivity contribution from

the fuel temperature.

2. After a reactor scram, the proposed constant-shaft-speed control

system can maintain the compressor shaft speed to within 5% of design

value for about 1 min. This control system opens a bypass valve around

the power turbine whenever the compressor shaft speed drops below a

specified value.

3. With the constant-compressor-speed system described above,

the turbine throttle valve can be moved from open to shut in 5 sec with a

tolerable variation in compressor shaft speed. This result indicates the

feasibility of constant- shaft- speed operation, although more complete

tests must be run at various inventories and power levels before complete

feasibility can be assumed.

PROPULSION-PLANT ELECTRICAL SYSTEM (W. V. Datkiw and B. Lund)

This work is presently limited to areas of system engineering design

or component construction that may require experimental verification,

special analysis, or development.

AC-power Distribution

Four ac-power distribution schemes were prepared for the prototype

site. These schemes utilize:

1. One high-voltage supply and 440-v distribution,

2. One high-voltage supply and 440 v/2. 4 kv distribution,

3. Two high-voltage supplies and 440-v distribution,

4. Two high-voltage supplies and 440 v/2. 4 kv distribution.

The scheme selected for the prototype will depend in part on the prototype

site selected.
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The effects of loss of electric power were investigated. It appears

that the reactor need not be scrammed if a loss of utility power occurs,

but that it can be shut down in an orderly fashion, provided that power from

a standby diesel generator can be made available within approximately

1 min. Although this diesel generator is adequately sized for an orderly

shutdown, it cannot support the entire power plant and site for continued

plant operation.

Ship Service Generator Drive

Six schemes for driving a ship service generator with reactor power

were studied. These schemes are described in Table 2. 1.

Table 2. 1

METHODS OF DRIVING SHIP SERVICE GENERATOR

Electrical

Energy Source Drive System

HPT Gear (using dc generator) dc

HPT Gear (using dc generator and dc-ac motor-

generator set) ac
HPT Toric transmission (tilting-wheel friction

drive) ac
HPT Planetary gear (with auxiliary hydraulic

system) ac
HPT Hydraulic pump and motor ac
Bypass boiler Steam turbine ac

At the time that most of this investigation was conducted, the pre-

liminary plant control scheme assumed a 2:1 variation in high-pressure

turbine speed with power level. The present plant control scheme is,

however, based on maintaining a nearly constant high-pressure turbine

speed, which means that a simpler type of transmission--or possibly

direct connection of the generator to the high-pressure turbine (with

appropriate reduction gear)--can be considered.
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In connection with nearly constant speed operation of the high-pressure

turbine, several approaches to frequency control are being evaluated on

the basis of their technical feasibility, cost, and effect on plant thermo-

dynamic efficiency. These approaches are as follows:

1. Continuously controlling high-pressure turbine speed by regulat-

ing back pressure with the low-pressure turbine bypass valve.

2. Allowing some speed variation and trimming the generator speed

with a simple transmission, such as an eddy-current clutch.

3. Allowing some speed variation and providing special power

sources for loads that are particularly sensitive to frequency.

PRELIMINARY DESIGN FOR POWER-PLANT ARRANGEMENT:
SHIELDING AND STRUCTURE

Plant-arrangement Studies (I. Kabler and A. McClure)

The present concept of the MGCR main machinery compartment is

that of a land-based prototype which is applicable to future shipboard use.

The design flexibility required for such a concept is provided by the fore-

and-aft arrangement of the reactor and rotating machinery.

An evaluation study of separate -and concentric -duct arrangements

for the MGCR plant has been completed. Eight piping-arrangement cases

have been run on the IBM 704 computer to determine pipe stresses and

reactions. These cases involve four piping arrangements, each of which

was solved for a fixed and a movable reactor. The designation "movable

reactor" refers to the design of a reactor support which will allow fore-

and-aft movement of the reactor during thermal expansion of the high-

pressure turbine-reactor duct.

The cases were evaluated on the basis of the following considerations:

1. Pipe stresses and reactions.

2. Fixed versus movable reactor.

3. Limiting design details.

4. Effect of arrangement on plant efficiency.
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5. Accessibility.

6. Safety.

7. Cost and weight comparison.

From these studies it was concluded that the most feasible arrange-

ments are (1) a concentric-duct arrangement connected above the core of

a movable reactor or, alternatively, (2) a separate-duct arrangement

with both inlet and outlet nozzles connected above the core of a movable

reactor.

The present duct arrangement allows the precooler and intercooler

to be stacked horizontally on the starboard side of the main machinery

compartment. The rotating machinery is located high in the compartment

for ready access, with all piping connections extending downward from

the lower half of the casing. Sufficient space is available throughout the

entire compartment for maintenance and accessibility.

Structural Studies (I. Kabler and A. McClure)

The foundation design for the MGCR rotating machinery features

separate forward and after sections. The after section has been relocated

from below the high-pressure turbine crossover section to the after-

compartment bulkhead, and the forward section has been relocated below

the high-pressure compressor-low-pressure compressor casings. As a

result, the foundation is unobtrusive, it maintains shaft alignment of the

power turbine and power absorber, and it allows satisfactorily small

bending of the machinery bedplate.

Shielding (R. Gulino, J. B. Paniszczyn, and A. McClure)

Primary-coolant Fission-product Gamma Sources. A pact 1A (FPP-1)

code was compiled to refine the preliminary results listed in Tables I and

II of the MGCR quarterly progress report for July through September,

1959 (GA-1183). The code results have been used for a secondary-shield

design.
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Secondary- shield Calculations. Secondary- shield calculations to

determine the maximum shield thicknesses for the source data of Table 4. 1

(operating time = 3 x 106 sec) and the documents and plans as described

in GA-1183 were completed. A summary of the results is plotted in

Figs. 2. 12 and 2. 13, which show maximum dose rates at the surface of

the secondary shield as a function of shield thickness. The results are

presented in two parts: the dose rate due to all fission products except

Br 87, and the dose rate due only to Br.87 Because of its relative abun-

dance and higher photon energy, Br87 activity results in dose rates con-

siderably higher than those produced by all the other fission products

combined. However, the short half life (56 sec) of Br87 will reduce its

relative contribution to essentially zero in less than 10 min, with the

integrated dose being equal to no more than 0.0225 times the initial dose

rate.

Gamma and Neutron Streaming. Calculations were made to deter-

mine the neutron and gamma-ray streaming from the concentric duct.

The results indicate that after 1, 500 hr of operation at full power, the

coolant stop valve was not activated, but because of radiation stream-

ing from the concentric duct, the reactor compartment was not accessible

during reactor operation, even if the primary coolant activity was of no

consequence.
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III. ROTATING MACHINERY

PRELIMINARY DESIGN OF ROTATING MACHINERY (R. Carver,

B. Kazarinov, A. McClure, and J. McDonald)

The major objectives of this work are (1) to develop a preliminary

design for the turbomachinery (including bearings, seals, and lubricants),

(2) to conduct an analysis of the power cycle for the MGCR plant, and

(3) to develop a preliminary design for the power-absorbing unit which

is to be used with the land-based prototype.

Aero-thermodynamic s

Performance characteristics of the MGCR turbines have been com-

puted in accordance with an IBM program for off-design-point conditions,

and turbine maps have been compiled on the basis of these results (see

Figs. 3.1 and 3.2).

The configuration of these maps represents results which are typical

for the case of lightly loaded turbomachinery operating at low Mach numbers.

The maps indicate,with good accuracy, that both turbines will meet the

MGCR efficiency requirements. This is further confirmed by a design-

point blade analysis which shows that, with the existing blade design, an

efficiency of approximately 90% can be attained in both turbines at their

design points. Further analytical work with the turbine blade flow field

aralysi s, on the oasis of associated boundary layer characteristics, has

yielded pressure--loss coefficients, including the effect of downstream

mixing loss (Fig. 3. 3). Since three independent National Advisory Committee

for Aeronautics methods were used to check the analysis, these calculated

losses are considered to be quite accurate.

An analysis of off-design compressor performance has been carried

out to determine the effect of changes in stagger angle and in solidity on

cascade and stage characteristics. It was shown that the rotors and stators
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are matched for any stagger angle. The wall-stall factor was calculated

for a range of stagger angles. The methods of analysis that were developed

in the course of this study will be applied to the interpretation of test results.

A decision has been made to design the MGCR test compressors with

a wall-loading factor, P/q = 1 - (W2/W2), limited to 0.45. Because wall

stall is generally thought to occur when the wall-loading factor is between

0.45 and 0.50, this limit represents a compromise between possible

improvements in compressor design (e. g., reduction of the number of

stages) and a design which might be subject to excessive wall stall.

Turbomachinery and Models

Further study on the design of the prototype low-pressure turbine

has resulted in a reduction of the connecting-shaft overhang from 48 in.

to 24 in., with accompanying changes in the critical speed of the shaft.

This improved design was made possible by various other changes, such

as t- elimination of the face-type end seals in favor of ring seals. The

modifications to the sealing and lubrication system have been incorporated

into the Westinghouse lubrication- and sealing-system diagram.

Metallurgical Program

Endurance-limit testing of turbine blade and disk specimens has

proceeded. At present, a complete Goodman diagram can be made for

INCO-713C in a helium atmosphere, and a nearly complete diagram can

be made for the D-979 material.

Starting and Control

In an effort to reduce space requirements, a study is being made to

develop a side-mounted motor-generator gear drive.
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BEARINGS AND SEALS (C. P. DeCarlo, R. Palmer, H. E. Holmes,
and A. McClure)

Second-series Test Program

The second-series test rig and system were described in the first

quarterly report for 1959 (GA-1030). The sealing method is outlined

under "Description of Seals" below. The oil-gas mixture is drained at

high pressure to separators, where the gas is separated from the oil

and then is returned to the test-rig barrel. A smooth disk impeller is

mounted on the shaft to provide the head required for circulating the seal

gas around the test loop. The test system closely resembles the system

that is proposed for application to the MGCR gas turbine.

Description of Seals

Three seal configurations have been tested, or are scheduled for

test, in the second-series program. A fourth configuration, which

incorporates a journal-bearing-fixed-bushing -seal combination, was dis-

carded after the discovery of oil whip in the journal bearings.

The three configurations are shown in the order in which they were

tested in Figs. 3.4 through 3.6.

Floating Oil-Gas Seal (Fig. 3.4). The primary sealing element is

a bronze ring with labyrinths machined on the bore and a drain cavity in

the center. The oil side of the seal has a 1/4-in. -wide land, which

constitutes the principal surface for the hydrodynamic oil film between

the seal and the shaft surface. The secondary seals are O-rings on each

face of the seal. The plain journal bearing serves the added function of

a fixed bushing seal and withstands the full 500-psi pressure drop.

The static seal is located between the bearing and the floating seal.

Its function is to prevent the escape of gas from the machine when it is

stopped and under pressure and to prevent the entrance of air into the

machine when it is stopped and under vacuum.
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The static 0-ring seal is engages, by applying helium at a pressure about

20 psi greater than the gas pressure ii, the machine. The O-ring is thus

forced down against the shaft and against the sides of its groove. The

seal is disengaged by venting the pressure on the OD of the seal. Since

the O-ring ID is larger than the shaft OD, this clears the shaft so that

rotation may be initiated.

Stein Seal Assembly (Fig. 3. 5). As with the floating oil-gas seal.

the pressure-breakdown seal function is performed by the journal bearing.

The low-differential-pressure oil seal is a narrow floating bushing. The

bushing has springs to effect a seal against the land at low-pressure dif-

ferentials. Diametral clearance of the ring with the shaft is about 4 mils.

A fixed windback on the gas side is machined on its bore with a

continuous spiral that resembles a screw thread. Windage of the gas

that is revolving with the shaft forces any oil droplet: thf a re tending

to progress along the shaft to move back along the spiral to the oil-gas

mixture drain.

Stein Seal with Floating-ring Breakdown Seal (Fig. 3. 6). This

configuration was devised to test the performance of the narrow floating

bushing with a 500-psi differential pressure acting across it. Westinghouse

has proposed that floating rings be employed irn the gas turbine for this

te st.

A step has been incorporated in the shaft between the oil seal and

windback seal to simulate the actual configuration of the gas-turbine

shaft extension. The journal bearing has been removed, and the shaft

support has been assumed by a ball bearing (not shown in Fig. 3.6).

High-pressure Drain and Gas-return System

The oil and gas mixture which drains from the seals is first cooled,

and then is led to two oil-gas separators. There the bulk of the gas is

separated from the mixture, after which it is returned through an activated-

charcoal filter to the inlet of the impeller that is mounted on the test-rig
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shaft. A closed loop for circulating the seal gas is thus maintained,with

the required head being supplied by the impeller.

Figure 3.7 is a sketch of a separator. The oil-gas mixture drains

from the inlet elbow into a cylindrical container that is composed of two

linen bags, one inside the other, and is surrounded by a coarse wire mesh

for support. The gas bubbles are filtered and caused to coalesce by the

two layers of fine mesh cloth. Most of the gas is released within the bags;

it then flows upward and out the top of the separator. The oil travels in

a thin film downward along the outside of the bags, where additional fine

gas bubbles are released. A float valve maintains the oil level in the

bottom of the separator and drains the oil to the reservoir at atmospheric

pressure.

Wire-mesh de-misters are installed above the inlet to remove liquid

oil droplets from the gas.

Test Results

Test data are still being assembled and correlated. Although final

and detailed results will be given in a future report, the following preliminary

information is presented here as advance information.

Floating Bushings. Floating oil seals with low pressure differences

across them have shown good performance, with none of the damage experi-

enced in the first-series tests., Their performance as pressure-breakdown

seals has yet to be evaluated.

Journal Bearings. Vibrometer tapes taken during a vibration analysis

that was made in conjunction with an assembly balance of the rig indicated

the characteristic wave shape of an oil-whip vibration. The instability

was observed over most of the running range, i.e., from 2,000 rpm to

operating speeds of 13, 000 to 15, 000 rpm.

Although balance of the machine was excellent, the oil whip produced

an objectionable level of vibration, which caused some difficulty in carrying

out the tests. The light bearing load and consequent low eccentricity ratio
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undoubtedly contributed to the instability. The rotor weight--about 80 lb--

resulted in an average pressure load for the bearing of only 13 psi. The

test schedule prevented an investigation of the effects of higher bearing

loading and changes in bearing design. Therefore, it was found expedient

to choose pivoting pad bearings for test in the full-size test rig at Westinghouse.

Oil-Gas Separators. A perfect separator would remove all entrained

gas and foam from the seal oil. The oil in the sump of the separator would,

at the most, be saturated with gas, but would contain no gas in bubble form.

The oil draining from the separator through the float valve would carry

this gas to the reservoir where, because of the pressure release from

500 psi to atmospheric pressure, the major portion of gas would be ex-

pelled. In the gas-turbine installation, this gas would be returned to the

cycle; in the test system, however, the gas is not recovered, but is vented

into the room.

Theoretically, since all other gas is circulated continually by the

impeller, the gas consumed by the test rig should be made up entirely

of the gas that is carried by the separator drain oil. Gas-consumption

measurements to date indicate that the separators are doing a nearly

perfect job of gas separation. The performance of the de-mister section

is also excellent, as is evidenced by the analysis of gas samples that

have been bled from the separator outlet. The se analyses indicate that

the oil-vapor concentration in this gas is well under the specified maximum

of 2 ppm by volume.

Oil-pressure Regulating Valves. The two Mason-Neilan valves for

regulating oil supply pressures have functioned very well in maintaining

the differential pressure between the oil supply and the system gas pres-

sure. With a constant oil-pump discharge pressure of 600 psi, this

differential pressure varies only about 3 psi while system pressure is

varied from 100 to 500 psi.



LJBRICANT STUDY (I . Huppert, H. Wallman, and A. McClure)

Three paraffin-base oils and three synthetic oils were tested. A

comparison of the pertinent data for these oils is given in Table 3. 1.

Since the synthetic oils did not demonstrate any advantage over the

paraffin-base oils, they were eliminated on the basis of their higher costs.

Although all three paraffin-base oils have very nearly the same properties,

Mobil Oil DTE 797 exhibits a slight margin of superiority. Because of

their low vapor pressures, none of these oils need be pretreated. Tenta-

tive MGCR specifications call for a maximum hydrocarbon-in-helium

concentration of 2 ppm, and with the paraffin oils, it is possible to meet

this specification. All three of the oils have similar helium solubilities

and foam times and are insensitive to dissolved helium.

PROPULSION-PLANT CYCLE STUDIES (A. McClure and D. F. Putnam)

Constant-speed Turbocompressor Operation

Electrical-power generation considerations have established an

allowable speed variation of 5%. Other studies indicated that the system

has satisfactory steady-state characteristics over a range of sea-water

temperature from 280 to 1000F and at reduced reactor power levels,

reduced plant inventories, and reduced reactor outlet temperatures.

Transient analysis established that at full load the turbine throttle

valve can be moved from full open to shut in 5 sec with a tolerable variation

in compressor shaft speed. It is anticipated that equally satisfactory

performance will result from closing and opening the turbine throttle

valve under other load conditions.

Inventory Control System

In an effort to extend inventory control over as large a power range as

possible, the arrangement of Figs. 3. 8 and 3. 9 is being considered. Normally,

PA l is maintained by the pump at a value at or below the minimum pressure



Table 3. 1

PROPERTIES OF VARIOUS LUBRICANT OILS TESTED

I .r
uilibrium

apo ration
Rate Solubility
200 0 F (ml He at

ig/g-hr) sc/100 ml oil)

Natural Base Oils

0. 075 94. 9

0. 070

0. 123

(at 200 0 F)
35. 3

(at 100 0 F)
84. 5

(at 2000 F)
43.7

(at 100 0 F)
89. 4

(at 2000 F)

Change in
Viscosity

due to Dis-

solved He

(%)

0

0

0

Si- -

Foam

Clear -
ance

Time

(min)

4. 0

5. 4

4. 6

Entrained-

gas
Clearance

Time

(min)

20. 0

35. 0

38. 5

Synthetic Oils

Ucon DLB
200EX

Esso
Turbo 35

Monsanto

OS-81

1. 97

2. 53

32

30

0. 05

0.04

0. 022

0. 015

1. 75

35. 3

(at 100 0 F)

These data are intended for comparison purposes only and should not be used without consulting the refer-
ence report for limitations (GA-1030). Apparent inconsistencies in vapor-pressure data are caused by differences
in the amount of volatile matter that was removed before taking measurements.
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Pressure
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1. 90
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Vapor
Pressure

at 275 F

(mm Hg)

0. 08

0. 09

0. 09

Mobil
DTE 797

Esso

Teresso

43

Texaco
Regal A
(R O)

Cost

($/gal)

0. 70

0. 70

0.70

28. 5

0

4. 0

14. 0

16. 75

13. 5
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3. 50

8. 50
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-
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desired for compressor discharge pressure (P4), and PAZ is kept above

the maximum value of the suction pressure (P1). Regardless of what

the normal pressure in PAZ might be (and it may be several times greater

than the suction pressure), a series of power changes could drain it

faster than the pump could replenish it. PAl might then tend to exceed

PAZ. In this event, the full accumulator volume (in both vessels) would

be utilized as a passive receiver with a flow through a check valve to

equalize pressure in the two accumulators.

Heat Dump

A reflux heat dump was considered for removing heat from the

power-turbine bypass stream. In this design, the bypassed helium passes

through tubes which are submerged in water. The closed vessel is filled

partially with water and partially with steam. The vapor space contains

the condensing tubes, through which cooling water flows.

The off-design characteristics of this heat dump are such that for

bypassing any amount of gas at any plant power level, the reactor inlet

temperature is held within tolerable limits. Temperature control is

not required.

An alternative heat-dumping system which is under study consists

of a bypass line around the regenerator. After bypassing the regenerator,

the hot gas is cooled in the precooler. The bypass flow is regulated by

temperature.

POWER ABSORBER AND POWER-REVERSING METHODS (A. McClure
and B. Kazarinov)

It has been found that an eddy-current absorption dynamometer,

made by Eaton Dynamatic Company and presently owned by the Air Force,

is well suited in terms of speed and capacity for use as a load absorber

for the MGCR prototype. The performance characteristics of the dynamometer

are shown in Fig. 3.9.
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An alternative is to use a jet-engine compressor operated with a

reduction gear. C omme r cial. compressors have been found to be much

more expensive to purchase and adapt than the aircraft engine.

The various reversing schemes that were investigated included

clutched reversing gears, reversing turbines, a radial inflow turbine

with movable nozzles, controllable -pitch propellers, and turboelectric

drives. Of these, turboelectric drive and controllable-pitch propeller

are being considered for the MGCR.

Electric drive offers the following advantages:

1. The generator can be used as a power source for cargo pumping.

2. The arrangement of the unit is flexible, because the turbogenerator

location is independent of the propelling-motor location.

3. Propeller reversal is accomplished quickly and easily without

changing the direction of turbine rotation.

4. Maximum power is available for astern operation.

5. Propeller vibrations are not transmitted to the turbine.

6. There are no design limitations on the amount of power trans-

mitted. Motors may be used in tandem or parallel in order to

reach any power level desired. One turbogenerator can supply

power to several motors.

7. The turboelectric system is known to be highly reliable and to

require little maintenance. All maintenance can be accomplished

without dry-docking.

The initial cost of the controllable-pitch propeller is somewhat

lower than that of the turboelectric drive, but this device has not yet been

developed in the required size. The reversing turbine concept is considered

impractical, because the idle turbine would have to operate in a low-pressure

space to avoid high parasitic losses. The design of such a space would

pose difficult and expensive valving, sealing, and evacuation problems.



IV. REACTOR PHYSICS

CRITICAL FACILITY DESIGN AND ANALYSIS (J. Stein, S. Levine, and
L. Amyot)

The moderator for the MGCR prototype reactor was changed from

graphite to BeO at the beginning of this period. Consequently, the critical

assembly had to be redesigned and the safeguards report had to be com-

pletely revised.

Critical Assembly

Because BeO can be produced only in small blocks (~ 60 in. 3) and

grinding of large quantities of BeO blocks to close tolerances is prohibi-

tively expensive, an aluminum structure was designed to support the

individual moderator blocks (BeO or graphite) and fuel elements. The

structural portion of the critical assembly is of honeycombed aluminum

constructed from 1/1 6 -in. aluminum sheet and assembled to form slots

I in. wide by 6 in. high by 9 ft long. The total aluminum volume will be

about 1Z.% of the core volume. The aluminum structure, together with the

associated equipment, is shown in Fig. 4. 1. Vertical slots exist in the

structure to permit insertion of safety rods, regulating rod, and source.

Shock Absorbers and Safety-rod Drives

The shock absorbers have been redesigned to incorporate Met-L-Flex

(a mesh knitted from stainless steel wire) as the shock absorbing material.

The shock absorption of a scrammed safety rod commences when the rod

is approximately 8 in. from the bottom of the core. At this point the shock

arm engages the shock absorber, allowing the rod to descend 10 in. more.

Without bouncing, the rod repositions itself 5-1 /2 in. above the lowest

point of its descent. Thus, the normal scram position of the safety rod is

approximately 3-1 /2 in. above the bottom of the core, and this position is

independent of the fall distance of the safety rod.
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The safety-rod drive now employs a motor-driven drum and cable.

The drum is grooved to prevent overlapping of the cable. The safety-rod

drives are also shown in Fig. 4. 1. The pulley and modified AMF drive

have been eliminated.

Source Drive

The honeycomb assembly will permit loading of fuel and moderator

from either end. The source drive, as originally designed, inserted the

source horizontally into the core; this introduced complications when the

core was to be loaded on the side where the source drive was located. For

this reason, the source drive is to be placed above the assembly and the

source is to be driven into the core from the top.

Fuel-loading Channel

The two aluminum extrusions used to contain the fuel shims and

boron-steel shims have been modified. The difficulties of handling two

separate long thin aluminum extrusions are many; therefore, a single

aluminum extrusion has been designed to replace the original design.

CRITICAL FACILITY ANALYSIS (J. Stein, S. Levine, H. A. Vieweg,
A. D. Mc Whirter, A. Goodjohn, and L. Amyot)

Calculations have been made on the reactivity of the BeO critical

assembly under various conditions, for inclusion in the safeguards report.

These calculations show that there is not much difference in the worth of

the controlling devices, between the BeO- and graphite-moderated cores.

Specifically, the reactivity worths for the graphite and BeO criticals are

given in Table 4. 1. The calculations for both cores pertain to the 6 ft

diameter by 6 ft high case.

The prompt neutron lifetime for the BeO core was calculated to be

2.42 x 10~ sec; for the graphite core, this was 2. 2 x 104 sec. The

conclusion is that the response of the BeO critical assembly to various

accidental reactivity insertions will not be significantly different fromthat
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calculated for the graphite critical assembly. In particular, the with-

drawal rates of the safety rods and five control rods will remain the same.

Table 4. 1

REACTIVITY WORTHS OF THE MGCR CRITICALS
(BeO core reflected radially only; graphite core reflected
radially and axially; reflector is 1 ft of graphite in both cases)

Graphite BeO
Worth (%/) (%)

Four boral safety rods -6.6 -7.8
Five control rods -0.4 -0.32
Eight BF3 fuses -2. 5 -2.4

Water flooding, 8. 97 of core volume ---- +10

Water flooding, 2% of core volume +4 +3.5

The presence of water in the assembly appears to be capable of

leading to the most serious accident. With 9.8% flooding, the prompt

neutron lifetime is reduced to 1.75 x 10~4 sec. Calculations of the asymp-

totic reactor periods, following step function insertions in reactivity,

show that the reactor period is substantially reduced for the water-

flooding case (see Fig. 4. 2). The worth of the fuses in terms of the step

increase in reactivity that they will handle is also reduced. In other words,

the energy release for a water-flooded core will be greater than the

same accident, in terms of reactivity insertion, in a dry core.

In addition to the above calculations, an estimate was made on the

minimum critical dimensions for a core containing only a 5-mil thickness

of boron-steel shim in each fuel channel. Such a core would be approxi-

mately 3 ft in diameter by 3 ft high, with a 1-ft graphite radial reflector

and no axial reflector.

Also, calculations pertaining to the reactivity effect due to the fuel

slumping into a less reactive configuration were repeated, in view of the

various arrangements of fuel channels and moderator blocks. The
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percentage change in thermal utilization between slumped and unslumped

fuel configurations was calculated as a function of boron-steel shim thick-

ness, The percentage change increases (with increasing boron content)

varied between approximately 9% for a shim thickness of 0, 01 cm to 22. 5%

for a shim thickness of 0. 10 cm, The percentage change in reactivity

should be almost equal to the percentage change in thermal utilization,

particularly for large thicknesses of boron-steel shim.

The temperature behavior of the proposed BeO critical facility has

been investigated under various transient conditions. It was found that

the heat will essentially be contained within the fuel foils at all reactor

periods shorter than I sec, For longer periods, because of the consider-

able heat capacity supplied by the aluminum structure, the total heat

release at the-time the fuel reaches its melting point will be significantly

higher than in the previous graphite design. However, the air gaps will

provide sufficient delaying action to prevent heat transfer to the moderator

for periods shorter than 50 sec.

The average temperature of the aluminum at the time the fuel reaches

its melting point, at reactor periods of 10 sec and more, was estimated

to be above 300 C. Such a rise in temperature should be large enough to

cancel the built-in safety factor of five in the mechanical strength of the

cold structure,. Butthe neutron flux, under these conditions, will always

be sufficient to trigger the safety fuses provided the reactor period does

not exceed 5 min.

NUCLEAR DESIGN OF REACTOR CORE (J. Stein, H. A. Vieweg,
A. D. Mc Whirter, A. Goodjohn, L. Amyot, and J. Seibold)

Core Survey

A nuclear survey of BeO-moderated systems for the MGCR was

made, To c-:ver a fairly wide range of core sizes and fuel loadings,

automat~in of the survey calculations was deemed necessary.

Machine Programs. Five programs for the IBM 704, written by
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members of the MGCR Physics Group, were coded, debugged, and placed

in operation during this quarter, as follows:

1. HOMOG II. Computes thermal group cross sections for heter-

ogeneous rod-bundle type fuel elements.

2. SIGMA II. Computes resonance scattering cross sections and

thickness parameters for input to the Adler-Nordheim-Hinman

resonance integral code.

3. HOMOG III. Combines thermal cross sections from HOMOG II

and resonance integrals from Adler-Nordheim-Hinman calcula-

tions, to yield equivalent thermal cross sections and resonance

escape probability for burnup calculations.

4. End-of-Life. Uses output from a one-group GA burnup code to

determine the end-of-life composition.

5. Fuel-Cycle-Cost. Computes fuel cycle costs.

Late in this quarter, the End-of-Life and Fuel-Cycle-Cost codes

were combined into a single program. A program called HOPE-I, com-

bining HOMOG III, isotopic burnup equations, End-of-Life routine, and

Fuel-Cycle-Cost, was placed in production late in this period. Work is

continuing on integrating the remaining codes, HOMOG II, SIGMA II,

and the Adler-Nordheim-Hinman resonance integral codes, to provide a

single program for completing the survey work.

The Adler-Nordheim-Hinman resonance integral codes have been

reprogrammed for the IBM 704 by the Mathematics and Computing

Department. This was done to facilitate the large number of resonance

computations required in the BeO core survey.

Parameters in Survey. The range of parameters to be covered in

the survey is shown in Table 4. 2.

Survey Results. Several uranium fuel cycle cases have been com-

pleted for seven BeO-moderated reactor cores ranging from 5 ft to 7. 5 ft

in diameter and length. The cores are described in Table 4. 3. All cores

in this series contain BeO as a diluent and are operated at'an average
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Table 4. 2

PARAMETER RANGE FOR MGCR

Parameter

Fuel cycle . . . . . . . . . . .

Moderator . . . . . . . . . . .
Reflector . . . . . . . . . . . .

Diluent . . . . . . . . . . . . ..
Outlet gas temperature . .

Core diameter and length

Reflector thickness . . . . .

Fuel element . . . . . . . . . .

Rods per bundle . . . . . . .

Fuel rod OD............

Cladding material . . . . . .

Cladding thickness . . . . . .
Shroud material . . . . . . ..

Shroud thickness . . . . . . .
Shaft horsepower . . . . . .

Pressure drop across core

NUCLEAR SURVEY

Range, Material, or Type

Uranium and thorium

BeO and graphite

BeO, graphite, beryllium
BeO, A1 2 O3
1,3000, 1, 5000, 1, 700 0F

5 to 7.5 ft
6 to 18 in.

Heterogeneous rod-bundle

19 or 37

0.25, 0.375, 0.5 in.

Variable; stainless s-eel,

Ha stalloy

0 to 0. 015 in.

Variable

0 to 0. 015 in.

20, 000 to 50,000
Low, intermediate, high

(9.7 to 38.8 psi)

moderator temperature of 1,450 F (0. 0914 ev) and at a power level of

59 Mw. Volumetric compositions for these cases are given in Table 4.4.

Figures 4.3 through 4. 9 show fuel-cycle costs and lifetime as a

function of U235 inventory for each of the seven cores and for each of the

U238 loadings for which results have been obtained to date. Completion

of the remaining cases at other U238 loadings is expected early in the

next quarter.

Figure 4. 10 shows the relationship between minimum fuel-cycle cost

and U238 loading and between enrichment at minimum fuel-cycle cost and

238
U loading for the6. 37-ft, low pressure drop core, for 0.250-in OD and

0. 375-in. OD fuel rods. These curves are derived from the curves in

Figs. 4.3 and 4.. 4.

Figure 4. 11 gives minimum fuel-cycle cost and enrichment at

minimum fuel-cycle cost as a function of U238 loading for the 5-ft, low

pressure drop core with 0. 375-in, OD fuel rods. Similar information is

."
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Table 4. 3

DESCRIPTION OF SURVEY CORES

(BeO-moderated, BeO-reflected, 19-rod bundle, center rod unfueled, 1,5000F)

Core Diameter Fuel Rod Pressure Cladding Shroud Reflector

Core and OD Drop No, of Fuel Thickness Thickness Thickness

No. Length (in.) (psi) Elements (in.) (in.) (in.)

1 6.37 0.250 Low 440

2 5,00 0.3250 Low 526

6 6. 37 0.37 5Low 292

7 5.00 0.250 High 306 0.010 0 7.0

8 5, 00 0.250 Interm. 424

9 7.50 01 375 Low 255

10 5,00 0,375 Low 352

Table 4. 4

VOLUME FRACTIONS OF SURVEY CORES

Moderator Cooling

Core Fuel Plus Spacer Wires Fuel Cooling Plus Control Rod

No. Moderator Diluent and Cladding Void Void

1 0.,81515 0,07569 0.01576 0,07340

2 0.68945 0,.14685 0.02918 0.11452

6 0,77325 0,11966 0,01427 0.07282

7 0, 81793 0,08543 0.01686 0,05978 0.02000

8 0. 74958 0.11838 0, 02313 0,.08890

9 0. 84240 0, 07651 0. 00974 0.05248

10 0.60299 0.23416 0,02829 0.11458

C
C
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being obtained for the 0. 250-in, OD rods in this size core and for 4- ft and

7.5-ft-diameter cores.

A few trends are becoming clear from the incomplete information

available at this time. Figure 4. 10 indicates very little difference

between the 0, 250-in, rods and the 0, 375-in, rods in the 6. 37-ft core.

Optimum U235 and U238 loadings and fuel-cycle costs are almost the same.

Reflector Design

The change in emphasis from graphite- to BeO-moderated cores

has opened the possibility for a change in the reflector material and

dimensions. A comparison of the reactivity worths of various reflectors

indicates that a 7 -in. BeO reflector is equivalent to a 1-ft graphite reflector.

All of the core survey calculations include either a 7-in. BeO or a 1-ft

graphite reflector. In the case of the graphite reflector, it may be

desirable to clad the graphite in some way to minimize the carbon transport

problem, The cladding material will act as a poison and reduce the

reflector effectiveness. In order to compensate for this, it will be neces-

sary to increase the reflector thickness. Specifically, for a 15-mil clad-

ding of stainless steel around each 8 in. by 8 in. graphite block, the

reflector would have to be increased to 13-1/2 in. to be equivalent to 7 in.

of BeO. If, instead of canning each graphite block, a steel barrier is

interposed between the core and the reflector, a similar increase would

be required. However, the thickness of such a barrier would have to be

greater than 15 mils, for structural reasons. For a 1/1 6 -in. barrier,

the reflector thickness would be 16-3/4 in., and for a 1/8-in, barrier, it

would go to 24 in. The thickness of the reflector for the selected design

will actually be determined by the power distribution requirements com-

patible with good economy. The power peak at the center of the core is

greater than the peak at the core-reflector interface, for both the 7-in.

BeO and 1-ft graphite cores. If it is desired to bring these power peaks

equal to each other, and thus reduce the hot-spot factor to a minimum,

the reflector thickness should be increased in both cases.
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Neutron Thermalization

Calculations have been made recently of the spatial variation of the

neutron temperature in the core, on a gross radial basis. These calcula-

tions were made using the ZOOM code, which is a multigroup, one-

dimension code for the IBM 704 that includes speeding up and slowing

down between all groups. Thus, the effect of the lower average neutron

temperature in the reflector is shown by the lower neutron temperature

in the outer regions of the core. Figures 4. 12 and 4. 13 show this varia-

tion for cylindrical graphite- and BeO-moderated cores.

The net effect of the spatial variation in neutron temperature is to

reduce the calculated average neutron temperature for the core as a whole

over what would result from an infinite medium calculation, such as

SPECTRUM. The spatially averaged neutron temperature can be computed

by calculating the reaction rate for a 1/v absorber averaged over the core,

and then determining the cross section for that same absorber in the

average core flux that will produce the same reaction rate. Such a

calculation has been performed for two cases, as shown in Figs. 4. 12

and 4. 13. Table 4. 5 gives the results of these calculations

Table 4. 5

COMPARISON OF CALCULATIONS OF CORE NEUTRON TEMPERATURES

Moderator Infinite Medium Average from

Temperature Calculation ZOOM Calculation
Core ( K) (Tev) (Tev)

Graphite 830 0. 102 0. 0976

BeO 1, 060 0. 130 0. 127

A technique for introducing this effect into the hardening formula

used in core survey calculations has been developed and is being compared

with the results of ZOOM calculations

A. D. McWhirter, Thermalization Studies in MGCR Cores,

General Atomic Report GAMD-1031, October 13, 1959.
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Reactivity Effect of (n, 2n) and (n, a) Reactions in Beryllium

Investigation on the effect of the (n, 2n) and (n, a) reactions in.

beryllium on the reactivity and lifetime of BeO-moderated cores was con-

ducted during this quarter. The major portion of this work has been

reported. Initial estimates indicated a beginning-of -life reactivity

addition, due to the combined effect of the above reactions, of slightly

greater than 8%, with a subsequent loss of most of this reactivity during

6
the lifetime of the reactor caused by the build-up of Li . More accurate

calculations, taking into account the competition between beryllium reactions

and all other reactions and the effect of changes in the fast neutron spectrum

leaving the rods in the heterogeneous core, indicate a significantly lower

initial reactivity effect. A reasonable estimate for the combined effect of

the (n, 2n) and (n, a) reactions in beryllium and the (n, a) reactions in

oxygen appears to be between 6% and 7%. The poisoning effect of Li and

He3, both of which are formed as a result of successive neutron activation

of Be, appears to be more significant than in the initial estimate. In

6
particular, the Li concentration will saturate in the BeO moderator and

result in a reactivity effect of -5. 4% at saturation. The build-up to satu-

ration depends on the average thermal flux in the moderator. For an

average thermal flux of 2 x 1013 neutrons/cm2-sec, the reactivity effect

reaches 90% of the saturation value in eight years. The He3 concentration

does not saturate but is slower in building up. Again, for an average

thermal flux of 2 x 1013 neutrons/cm2-sec, the reactivity effect due to

3
He is approximately -1. 3% assuming the gas does not diffuse out of the

moderator. Therefore, the combined reactivity effect caused by Li and

He3 effectively cancels the increase in reactivity due to the (n, 2n) reaction

at a lifetime of about eight years.

A. J. Goodjohn, The Effect of the (n, 2n) and the (n, a) Reactions
on the Reactivity of MGCR Beryllium Oxide Moderated Core, General
Atomic Report GAMD-1157, December 28, 1959.



V. MATERIALS DEVELOPMENT

FUEL MATERIALS (W. P. Wallace)

Basic Research on Fuels (L. Dykstra, Jo M. Dixon, and U. Merten)

Investigations of the UO2Al 203 system have confirmed that the

pseudobinary UO 2 -A1 2 O3 is a simple eutectic system. Pressed mixtures

of 50 atm-% UO -50 atm-% Al2O3 were heated to 1, 6000 to 1,8500 C and

then X-rayed after cooling to room temperature. To minimize the pos-

sibility of complete segregation during cooling, similar specimens have

now been melted and quenched. Pressed buttons of the mixture were

suspended in a vacuum furnace by means of a small frame of thin tungsten

wire. Each button melted at about 2, 3000C and a droplet of the melt fell

onto a cold molybdenum plate. The shape of the quenched specimens indi-

cated that the droplets were still liquid at the time that they hit the plate

and the quench was apparently extremely rapid. Although previous

investigations indicated that UO2 and A12O3 were completely miscible in

the melt, the quenched specimens showed only the presence of pure

UO2 (a = 5.469) and pure Al2O3 , indicating the absence of solid solutions

and new phases in the solid state.

A convenient starting point for determining the various phase fields

in the low oxygen region of the U-Al-O system is the intermetallic compound

UAl2 which melts at 1, 5900C. A first attempt to study the oxidation at

8000C, in low oxygen pressures in the high-temperature X-ray camera,

failed because of the slow kinetics of the reaction. Oxygen pressures

as high as 1 mm were kept over the sample for more than 1 hr with only

slight oxidation of the powdered alloy.

A new series of experiments is under way in which fine UAl 2 powder

is sealed into a quartz tube with the proper amount of oxygen and kept at

1,0000 F for extended periods.

115
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Fuels Development at General Atomic (D. Johnson, J. F. Quirk,

F. H. Lofftus, B. A. Czech, N. Baker, and K. F. Powell). The objective

of this work is to develop techniques for producing fuel bodies for use in

the MGCR. The primary emphasis at General Atomic has been placed on

the development of dispersion type metal-oxide bodies containing 20 vol-%

UO 2 , with Al O3 as the matrix material. It is anticipated that many of

the techniques developed during the work on alumina will also be applicable

to work with beryllia. A very important consideration is that the fuel bodies

should exhibit good fission-product retention properties as well as dimen-

sional, physical, and structural stability under conditions of irradiation.

Some evidence that fuel migration occurs during sintering of the

UO2-A12O3 fuel bodies was observed during the previous quarter. The

evidence indicated that the fuel migration might be associated with the

concentration of impurities present in the matrix phase, in particular

sodium or potassium. An experiment was therefore performed to deter-

mine at what level of impurity this phenomenon may become a serious

problem. Pellets were made containing 0%, 0. 01%, 0. 05%, 0. 1%, and

1. 0% by weight of Na2O in the A12O3 matrix phase. The pellets were

sintered in hydrogen at 1,7000F for 2 hr. Visual examination of the

sintered pellets indicated that severe migration of the UO2 occurred at a

soda concentration of 1%, and that the density of these pellets was signifi-

cantly lower than for pellets containing smaller soda additions. At the

0. 1 % soda concentration some fuel migration occurred, but the densifica-

tion of the pellets during sintering was not impaired. For soda concentra.

tions below 0. 1%,no evidence of fuel migration was observed. Representa-

tive specimens are being prepared for microscopic examination. The data

for this experiment are presented in Table 5. 1.

Because of the evidence that the presence of soda in the alumina

accelerates fuel migration during sintering, some effort was expended

on ball-milling high-purity alumina to improve the density of sintered

pieces made from this material. The results are shown in Table 5.2.
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These data indicate that ball-milling the high-purity alumina for times

up to 4 hr does not materially affect the final sintered density of the pellets.

Table 5. 1

EFFECT OF SODA ADDITIONS ON FUEL MIGRATION AND PELLET

DENSITY FOR Al 03---20 VOL-% UO2 FUEL PELLETS

Na2 O Addition Sintered Density Shrinkage
(wt-%) (g/cm3) (% T. D.) (%) Matrix Color

0 4.95 92.8 20 White
0.01 4.98 93. 3 19 White
10.05 4.96 93. 1 19 White
0. 1 4. 94 92.7 18 Light reddish brown

1.0 4.87 90.2 17 Dark reddish. brown

Table 5. 2

BULK DENSITY DATA OF Al2O3 -20 VOL-% UO
232

PELLETS MADE WITH BALL-MILLED

HIGH-PURITY ALUMINA

Ball-milling Sirtered Density
Time

(hr) (g/cm 3 ) (% T. D.) Shrinkage

0 3.69 92.8 21.4
1 Porous ---- 19.0

2 3.68 92.8 19.9
4 3.72 93.8 21.2

In another attempt to improve the sintered density of high-purity

alumina pellets, additions of a readily sinterable alumina powder were

made to the high-purity alumina powder. The readily sinterable powder

was purchased from Battelle Memorial Institute (BMI) several months

ago and can be sintered to 98% of theoretical density at 1, 600 C. However,
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additions of this material in concentrations up to 16 wt-% resulted in

unchanged or decreased final densities in the high-purity alumina pellets.

It has been reported that UO2 powder in micronized form is being

manufactured by the Atomic Energy Commission plant operated by

Mallinckrodt Chemical Works. This powder is said to be readily sinter-

able to high density. A small sample was obtained, but the material appeared

to be scrap from a pellet fabrication operation; test pellets that were

fabricated at General Atomic from this sample, were entirely unsatisfactory,

with densities ranging as low as 86% of theoretical. A further effort is

being made to obtain a sample of readily sinterable micronized material.

Previous work at General Atomic has indicated that additions of

titania to alumina result in marked increases in the sintered densities of

the alumina pellets. It has also been reported in the literature that addi-

tions of titania to UO2 result in increased sintered density. An experiment

was, therefore, performed to determine if a significant increase in the

sintered density of UO 2 pellets made from ceramic-grade powder can be

obtained with additions of TiO2. Additions of 0. 01, 0. 1, 1. 0, and 5. 0 wt-%

TiO were made. Additions of 1.0 and 5.0 wt-% titania resulted in a severe

reaction between the pellets and the alumina grog that was used to cover

the pellets during sintering. An addition of 0. 1 wt-% titania resulted in

markedly decreased pellet densities. The addition of 0. 01 wt-% titania

did no'. result in a significant effect.

Efforts to improve the sintering behavior of UO2-Al 03 mixtures

by the addition of fluxes and mineralizers, such as Fe2O3, TiO 2 , SiO2 ,

were generally unsuccessful and have been concluded. Future experiments

will be concerned with methods and techniques that are directly applicable

to the development of BeO-UO2 ceramics for fuel cores.

During October, the requirement for a completely new fuel became

apparent from calculations made by the Reactor Engineering group. This
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change followed the decision to shift primary emphasis from graphite to

beryllia as the MGCR moderator. The most desirable fuel composition

now appears to lie in the region of 50 to 80 vol-% UO2. Although nuclear

considerations have changed, other reasons for including a diluent in the

fuel body remain unchanged, i. e. , to provide improved thermal conductivity,

fission-product retention, radiation resistance, and heat capacity, as

compared with pure UO2 bodies.

In order to obtain some indication of the effect of fuel-body compo-

sition on thermal conductivity, a preliminary experiment was performed

in which the electrical resistance of sintered UO -A123 pellets was

measured to assess the effect of dispersion or continuity of UO2 when

introduced as fine particles (Vl i) or coarse aggregates (~800 ). Results

of the experiment (summarized in Table 5. 3) showed a resistance trend

that is characteristic of a very finely dispersed, continuous-conducting

(UO 2 ) phase. This and the results of previous experiments indicate that

in sintered compacts some of the UO2 is dispersed as solution in grain-

boundary impurities introduced with the Al203. Additional experiments

will be made to test this conclusion and to control migration of UO2 in the

ceramic.

Fuels Development at Other Sites (D. Johnson). BMI has been

engaged in the fabrication, development, and testing of MGCR-type fuel

bodies under the terms of a subcontract. During the present quarter, this

work was concerned primarily with the completion of neutron activation

tests of selected fuel pellets having a composition of 20 vol-% UO2 in a

BeO matrix. The results of the tests are presented in Table 5.4.

From these data, it appears that the use of the combination of

UO2 and BeO as the starting material yields fuel bodies having better

fission-product retention properties than when Be(OH)2 or UO 3 was

substituted in the fabrication process.
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Table 5. 3

ELECTRICAL RESISTANCE OF SINTERED

UO2-A123 FUEL CORES

A1 2 03  Estimated Electrical Bulk Density
Content Resistance
(vol-%) megohmm) g/cm 3) (7 T. D.)

Fine U0 2 , Fine A1 2 Q3

0 0.02 10.31 94.0
10 0.02 to0.3 9.22 90.0
20 0.03 8.77 91.3
30 0.02 to0.4 8.12 91.5
40 0.05 to0.6  7.55 92.5
50 0.06 to 0.90 7.01 95.0

100 10 6  3.69 93.0

Coarse UO2 , Fine Al2O

10 0.09 9.15 89.3
20 0.1 8.66 90.1
30 0.2 to 0.5 8.02 90.4
40 j 0.1to 0.8 7.45 91.3
50 1.0.to 1,000 6.89 93.4

Irradiation Program

Irradiation Programs at Other Sites (D. Johnson and J. M. Tobin).

Three capsules containing BeO-20 vol--%/o UO2 , graphite-20 vol-% UC,

and graphite-.20 vol--% UC2 were fabricated by BMI and these capsules have

been undergoing irradiation in the MTR since July 26. The specimen

cladding temperatures for these capsules are given in Table 5. 5. These

temperatures were recorded approximately midway in cycle No. 129

(mid--October ).

Preliminary results have been obtained at BMI that indicate the

diffusion of fission products (specifically, cesium, barium, niobium, and
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Table 5. 4

DATA ON FISSION-PRODUCT RELEASE FROM UO -BeO PELLETS (BMI)

Fission-product --
Release

Spec. Density Sintered Burnup Xe133 a131
No. (%) T(OF) t(hr) (atm-%) (%) (%) Remarks

77-C-1 94.8 3,000 1 17. 12 x 10-7 1. 15 1.98 Starting materials,

BeO and UO
77-C-2 94.4 3,000 1 7. 04 x 10-7 1. 11 2.07 Starting materials,

BeO and UOa
77-C-3 94.2 3,000 1 7. 25 x 10-7 1.06 1. 87 Starting materials,

BeO and UO2
77-D-2 90.7 2,600 1 7. 21 x 10-7 4. 38 7. 98 Starting materials,

Be (OH)a-UO2
77-D-3 90. 3 2, 600 1 7. 21 x 10-7 4. 10 8. 22 Starting materials,

Be (OH)2-UOa
79-A-2 89.8 2, 800 1 6 . 44 x 10-7 5.28 8. 52 Starting materials,

BeO and UO3
79.-A-3 89.4 2,800 1 6. 58 x 10~ 4.95 8.55 Starting materials,

BeO and UO3
79-B-1 89.4 3,000 4 6. 65 x 10-7 2.31 4.02 Starting materials,

BeO and UO3
79-B-2 91.6 3,000 4 6. 70 x 10-7 2.88 5. 18 Starting materials,

BeO andUO 3

Fission products were collected during a post-irradiation anneal at
1,8000F for 24 hr.

Table 5. 5

DATA FOR MGCR FUEL CAPSULES BEING IRRADIATED IN MTR

Electric Specimen Cladding Temperatures as Indicated
Power to by Thermocouples (oF)

Capsule Capsule Top No. 2 No.3[)No. 4 No. 5 No. 6
No. (kw) (UC 2 -C) (BeO-UO 2 ) (UC-C)[(UC-C)J(BeO-UO2) (UC 2 -C)

Temperatures recorded midway in cycle No. 129 (mid-October)

31-1 0.67 out 1,520 1,490 1,465 1,270 out
31-2 2.2 1,410 out 1,450 out 1,525 1,470
31-3 2.88 1,420 1,525 out 1,510 out 1,470

Temperatures recorded on November 2, 1959

31-1 0.8 out 1,500 1,475 1,460 1,280 out
31-2 2.22 1,390 out 1,420 out 1,495 1,455
31-3 2.61 1,450 1,495 out 1,455 out 1,440
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zirconium) through "A" nickel cladding. Nickel foils about 0. 010 in. thick

were irradiated in contact with an enriched uranium foil to obtain fission-

product recoils in the nickel. After removal of the uranium foil, a metal-

lurgically bonded sandwich of the nickel foils was formed under pressure.

The sandwich was annealed in a quartz container at 2, 0000F for two weeks.

After annealing, a considerable amount of activity was found on the opposite

walls of the quartz container, apparently from vapor deposited during

annealing. Subsequent tests on the nickel foil, using selective dissolution

techniques, indicate that cesium and zirconium are present throughout the

volume of the nickel sandwich.

Irradiation Programs at General Atomic (J. M. Tobin, C. R. Mungle,
R. C. Miller, D. G. Guggisberg, J. D. Buchanan, J. C. Bokros,
B. A. Czech, and D. Johnson). The static irradiation capsule containing

UO2-A12 3 fuel has been operating successfully for nine weeks in the

BRR. The temperature of the fuel cladding for the first cycle was raised

to about 1, 6200 F by using 1. 5 kw electric power. However, the electric

heater burned out during the week of October 26, and the specimen surface

temperatures could not be maintained at the design level of 1, 5000 to

1, 7000 F. The temperatures recorded by the thermocouples are given in

Table 5. 6.

Table 5. 6

TEMPERATURES FOR UO2-A12 3 SPECIMENS AS RECORDED

BY THERMOCOUPLES ADJACENT TO THE CLADDING

Thermocouple Position

No.4 No.12 No.8 No.5 No.11 No.3 No.9

Before heater

burnout 1,428 Not read 1,618 out 1,500 1,370 1,298
After heater

burnout (4 days) 1,198 I Not read 1,362 out 1,222 1,095 1,028

Since Oct. 26 1,27011,435 1,470 out 1,340 11,200 1,120
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The expected peak burnup is 1. 5%. The heat flux is 160, 000

Btu/(hr)(ft2). A cask has been obtained for the return of the capsule to

General Atomic after one week of cooling-off of the fission products.

Because a reliable heater will be needed in all of the planned irradia-

tion tests on the fuel and the moderator, the design of the electrical heating

element which failed in the BRR reactor, in the above irradiation capsule,

has been modified extensively. The redesigned element is undergoing

rigorous mechanical and thermal-hydraulic endurance tests. It has been

operating for 680 hr at 1, 6000 F with 2 kw electric power. There is no

indication of deterioration or breaking of the insulators.

The fourth design of the gas-release capsule was tested for endurance.

It lasted 75 hr at 1, 8000F before shorting. The difficulty is still in the

inner heater of the coaxial heater system. The problem has been traced

to the difference in expansion between the nichrome wire and the graphite

on which it is wound. The graphite will be replaced with stainless steel.

A cabinet of temperature recording and control units is being assembled

for use with this capsule in the TRIGA reactor.

The construction and assembly of the portable pure helium source

and the fission-product collection systems for use with the gas-release

capsule began during this quarter.

A method of fusion dissolution of irradiated UO2-A1 2O 3 pellets for

subsequent burnup analysis is being studied. A method has been found

which is very successful with unirradiated pellets. It involves oxidizing

the fuel to a powder which is followed by alkaline fusion at 1,0000 C for a

few hours. This method will be adapted for operation in the General Atomic

hot-laboratory facility.

A well-counter-type charcoal trap was built and tested for increasing

the sensitivity of the neutron activation tests by an estimated factor of

10 to 50. The actual sensitivity will have to be measured.

Development work on a high-response-rate, high-temperature

furnace for use in fission-product release studies was completed during
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this quarter. The required parts for two prototype furnaces were received

and the assembly of one furnace is about 90% complete.

The calibration test runs of one furnace were made using a Pt- Pt-10%

Rh thermocouple and a tungsten-rhenium thermocouple to monitor the

temperature. A maximum temperature of approximately 2, 2500C was

reached; the temperature measurements were made with an optical

pyrometer. A power input of about 3 kva was required to reach the maxi-

mum temperature. During a subsequent test run a temperature of 1, 3000C

( 30C) was maintained, as measured with aPt-Pt-10% Rh thermocouple.

Similar results were obtained at 1, 6000 Cwith atungsten-rhenium thermo-

couple. A detailed report describing the construction and operating

characteristics of the furnace is being prepared.

The general problem created by the possibility of fission-product

leakage into a closed-cycle gas-cooled system was considered during the

quarter. This problem may be divided into (1) containing the fission

products within the fuel element and (2) obtaining a knowledge of the extent

to which and the location where fission products may be deposited in the

coolant system.

Studies of the fission-product release characteristics of fuel bodies,

which have been under way at General Atomic and at BMI for some time,

and of the diffusion of fission products through metallic claddings fall in

the first category. An exploratory experiment to define the parameters

in the second category of fission-product problems was initiated during

the quarter. The experiment consists of releasing fission products into

a flowing helium stream which is contained in a metallic tube that is

maintained at a known temperature gradient. After a suitable period of

time, the tube will be sectioned and specimens will be studied by radio-

chemical methods to determine the temperature regions where plate-out

of fission products occurred and to identify the species that could become

troublesome in the reactor system. It is anticipated that additional ex-

periments will be required to determine the effect of various metallic
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materials on the deposition rate of the fission products.

NONFUEL REACTOR MATERIALS

Graphite-Metal Reactions (J. C. Bokros, W. H. Ellis, andD. G. Guggisberg)

To compare the graphitization rates of "A" nickel and Monel, three

pins clad with "A" nickel and three identical pieces of graphite clad with

Monel were inserted in a graphite assembly and cycled 100 times from

1, 0000 to 1, 8000F (one cycle every 10 hr) in 1, 000-psi helium. The low

temperature of 1, 000F was selected to allow time at a temperature where

graphitization can occur rapidly. Metallographic examination of these

pieces after 100 cycles revealed a graphite precipitate in "A" nickel,

but the microstructure of Monel showed little, if any, such precipitate

(see Fig. 5.1).

A single graphite pin clad with 0. 010 in. Monel was exposed for 500 hr

at 1, 9000F in 1, 000-psi helium. After this exposure no leaks could be

detected with a helium leak detector. Metallographic examination revealed

no evidence of attack, or graphitization, and there was a good mechanical

bond between the Monel and graphite (Fig. 5.2).

Two sets of alloy specimens exposed to graphite coated with Si-SiC

at 1, 6500F was removed after 1, 800 hr. One set was exposed in ungettered

helium and the other set was exposed to helium which had been purified

with a zirconium getter. The specimen chambers also contained uncoated

graphite at the test temperature. The following conclusions were drawn

from metallographic examination:

1. Nickel reacted with the Si-SiC layer to a maximum depth of

10 mils.

2. Monel reacted (melted) to a maximum depth of 20 mils.

3. Niobium plus 5% Zr and niobium plus 10% Ti increased con-

siderably in hardness near the edge exposed to Si-SiC. Some

specimens showed surface layers which penetrated to a depth

of 5 to 10 mils.
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Fig. 5. 1--Microstructures of "A
1, 0000 to 1, 800 0 F in 1, 000-psi

" nickel and Monel after 100 cycles from
helium in contact with graphite (500X)

Fig. 5.2--Monel-clad graphite
pin heated 500 hr at 1, 9000 F in
1, 000-psi helium. No evidence

of graphitization (100X)
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4. Inconel reacted with the Si-SiC layer to a depth of 8 to 10 mils

and carburized completely, No benefit from the zirconium

getter was observed.

5. Types 430 and 430 Ti stainless steel reacted with the Si-SiC

to a depth of about 5 mils and was completely carburized.

No benefit from the zirconium getter was observed.

6. Types 304 and 316 stainless steel reacted with the Si-SiC to

a depth of 2 to 5 mils and were completely carburized. No

benefit from the zirconium getter was observed,

7. Molybdenum formed a surface layer 3, 0 mils thick No benefit

from the zirconium was observed.

Figures 5. 3 through 5. 6 illustrate the nature of the Si-SiC layer and

the attack which occurred on these materials. These results indicate

that Si-SiC is not effective in serving as a barrier to carburization, and

in many cases reacts with the alloys tested.

A topical report su mma ri zing2 the evaluation of nickel- copper alloys

for use as graphite cladding wall be issued. Nc further work is planned

in this area.

Control-rod Materials (J. R. Lmdgren, R, Langei, and B Turovlin)

One of the difficulties encountered in evaluating gadolinium oxide as

a control-rod material has been the inability to retain the specified particle

size (-.150 to +200 mesh). Reaction of the gadolinium oxide with carbon

dioxide in the air results in reducing the particle size below this range.

Recently received samples of gadolinium oxide and a mixture of gadolinium

oxide and samarium oxide stabilized by the addition of 0. 1% calcium

chloride have not exhibited this difficulty and have retained the specified

particle size.

A 5 in. diameter by 12 in. long billet containing a cruciform of

25% ZrO2 that was clad in 304 stainless steel and dispersed in a 304

stainless steel matrix (see Fig. 5.7) was extruded to a 1-1/8 in, diameter
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n

Fig. 5. 3--As-received Si-SiC

coated graphite (150X)

a

Fig. 5.4--Inconel exposed to
Si-SiC for 1, 800 hr in helium

at 1, 650 0 F; bearing pressure
2, 000 psi. Completely carbu-

rized (150X)

d F 1+V t-i MA1 7I" { e

A

Fig. 5. 5--Type 430 stainless steel

exposed to Si-SiC for 1, 800 hr in

helium at 1, 650 0 F; bearing pressure
1, 000 psi. Completely carburized

(150X)

Fig. 5. 6 -- Type 304 stainless steel
exposed to Si-SiC for 1, 800 hr in
purified helium at 1, 650 0 F; bearing
pressure 2, 000 psi. Completely

carburized (150X)
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rod, reduction ratio 22:1. The billet was preheated to 1, 7500F and extruded

using both Dag 240 and Fiberglas as lubricants. The resulting rod (18 ft

9 in..long) was essentially straight, with no obvious surface defects. Four

1/2 in. specimens taken at equal distances along the length of the extrusion

were polished and examined. This examination revealed that the bond

between the 304 stainless steel cladding and the matrix was excellent and

that the dispersion of ZrO2 was uniform. Examination of the cruciform

after removing the mild steel filler, by pickling, showed that the blades

were not exactly perpendicular and that some nonuniformity of blade

thickness existed (see Fig. 5.8). These defects were essentially uniform

over the entire length of the extrusion. The extrusion was also twisted

in some localized areas; fixtures were built and the extrusion straightened

at 1, 400 0 F. Figure 5. 9 is a photograph of three sections of the extrusion

after straightening.

REACTOR STRUCTURAL MATERIALS (P. D. Wright)

A survey of existing data on high-temperature metallic materials,

for possible application as MGCR core internals, was conducted. The

detailed results of this study have been reported.

Figure 5. 10 is a graphic summary of the present technology of

high-temperature metallic alloys. This graph expresses the stress-

rupture properties of the materials at MGCR conditions of 10, 000-psi

stress for 100, 000.-hr life, extrapolated from the longest duration stress-

rupture data available in the literature. From this data the following

conclusions may be drawn:

1. Exposure of a core support structure to inlet gas conditions

(i.e. , a temperature range from 8800 F to 1, 0500F) would

allow the use of iron-base alloys as core internals.

Paul D. Wright, Possible Metallic Materials for MGCR Applications,

General Atomic report GAMD--1037, October 19, 1959.
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Fig. 5. 8--Control-rod extrusion cruciform
after removal of mild steel filler, by pickling

Fig. 5.9--Three sections of the extrusion
after straightening
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2. Exposure of a core support sturcture to exit gas conditions of

the pr 0e MGCR Mark 1 (i, e. , a temperature of 1, 500 F)

could necessitate the use of at least a nickel-base alloy such as

GMR~'3 -D 713C or '113 .LCM,

3. Exposure of a core support structure to exit gas conditions for

the proposed MGC:R Mark II (i. e. , a temperature of 1, 7000 F)

would probably necessitate the use of a refractory metal-base

Selecting any of these materials for use as core internal structures

is hindered by a complete lack of irradiation data. Since most of these

high-temperature materials have been developed for use in jet engines,

the existing data are based on relatively short-time tests. This indicates

the need for long-time creep tests and for irradiation testing of these

alloys, to develop the confidence necessary for selection of the best alloy.

BeO-MODERATOR DEVELOPMENT (J. F. Quirk, J. M. Tobin, D. Johnson,
F H, I offtus N. Baker, and K. F. Powell)

BeO specimens provided by commercial suppliers for irradiation

testing were inspected and measured, and some of the hot-pressed samples

wre annealed, The cylindrical specimens were then ground to proper

size in preparation for encapsulation and testing in ETR. Controlled

temperature irradiations with integrated fluxes of about 10 are needed

to establish the irradiation stability of BeO ceramics.

Specimens of sintered and of hot-pressed BeO were tested to

estimate the water absorption that might occur during emergency flooding

3
of the MGCR. For specimens with bulk densities of Z. 80 and Z. 90 g/cm3

the water absorption was negligible, being less than 0. 03 wt-%.

W ork was continued on the development of specifications for BeO

bl ocks needed for the critical experiment. Conferences with prospective

suppliers have indicated the need for extensive revision of the original

specification to obtain the greatest economy. Subsequent use of these
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blocks in the side reflector of the MGCR prototype is considered feasible.

MATERIALS FOR THE PROPULSION PLANT

This work is being conducted to ensure proper choice and handling

of nonreactor structural materials and to select safe design stresses.

These alloys will be employed in the construction of high-temperature

helium ducts, rotating machinery casings, pressure vessels, heat ex-

changers, and valves. As previously reported, the possible materials are

as follows for operating temperatures to 1,000F:

Materials for heat exchanger tube supports

1-1/4 Cr-1/2 Mo steel,

2-1/4 Cr-1 Mo steel.

Materials for turbine blading and disks

Type 316 stainless steel,

Inconel X.

Hard surfacing materials for valves.

Creep-Stress-Rupture and Fatigue of Turbine and Piping Materials
(J. C. Bokros, W. H. Ellis, and D. G. Guggisberg)

Creep-rupture tests of Inconel 713C (an air-melted argon cast heat)

have been completed at 1, 3000F and 82,000 psi. Three tests were per-

formed in helium plus 0.01 atm CO, two were performed in helium, and

one was performed in air. The results are summarized in Fig. 5. 11.

The important features of these data are:

1. The test performed in pure helium exhibited the longest life.

2. The specimens tested in air showed a creep-strain-time curve

which was very similar to that observed for the specimens tested

in helium, except that premature failure occurred.

3. The specimens tested in helium plus 0. 01 atm of CO exhibited

a very short region of second-stage creep, a long third stage,

and premature failure.
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Fig. 5. 11--Creep-strain versus time curves for Inconel 713C in pure helium,

helium plus 1% CO, air, at 82, 800 psi and 1, 3000 F



136

Metallographic examination of the failed specimens revealed very

little evidence of chemical attack on the microstructure of the specimens

exposed to helium plus 0.01 atm CO or on specimens exposed to pure

helium; however, the specimen exposed to air showed considerable internal

oxidation. This internal oxidation was predominantly associated with the

second phase which occurs at the gain boundaries and was effective in

starting cracks as illustrated in Fig. 5. 12.

These results suggest that

1. The specimen tested in air was internally oxidized, which

initiated the premature fracture.

2. The specimens tested in helium plus 0. 01 atm of CO were

carburized, which probably decreased the strength and ductility

at the surface and initiated an early onset of third-stage creep.

Since beryllia has been chosen as the reactor moderator, no further

creep testing is planned in helium plus CO. In the present design, the

impurities present will probably be oxygen and nitrogen, which can cause

internal oxidation, as mentioned above. Subsequent testing, therefore,
-6 -6

is being done in pure helium (O <10 atm and N < 5 x 10 atm) and in

helium containing 7 x 10 atm of air. This corresponds to about 80 ppm

nitrogen and 20 ppm oxygen in the reactor system (70 atm).

Four tests of Inconel 713C have been completed at 1,500 F and

55,000 psi. Two were in pure helium and two in helium containing

7 x 10-3 atm air. The results are plotted in Fig. 5. 13. No effect of the

air impurity is evident. The rupture lives observed are consistent with

tests conducted in air which predict a life of 100 hr at 1,5000F and

55,000 psi,

Macro-examination of the specimens tested in helium plus air

reveals thatanoxide was formed on the surface which appears to be

outlining the grain boundaries (see Fig. 5. 14), No effect on the rupture

life is apparent in 100 hr. Two additional tests are being run at 1, 500 F

and 45,000 psi--one in helium plus 7 x 10-3 atm air and the other in pure
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Ai

Fig. 5. 12--Inconel 713C creep tested at 1, 3000 F
and 82, 000 psi in air. Internal oxidation of the

second phase and the initiation of a surface crack
by one such area is evident (500X)
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Fig. 5. 13--Creep-strain versus time curves for Inconel 713C in pure helium,

helium plus 0. 007 atm air, at 55, 000 psi and 1, 500F
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4 7

Fig. 5. 14--Macrophotograph of Inconel 713C creep
specimen tested at 1, 500OF and 55, 000 psi in helium

plus 7 x 10-3 atm air. Corrosion product tends to

outline grain-boundary network. Cracking is inter-

granular (15X)
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helium. The creep curves are identical up to 250 hr.

Hanford Loop Tests

Testing and Evaluating Materials for the Hanford Loop (J. F. Haran,

E. Moore, J. R. Biddlecome, and B. Turovlin), Tests of seal rings of

four materials have been completed and the results are shown in Table 5.7.

The seal rings were held at 1,4000F in commercially pure helium for

seven months in contact with 304 stainless steel.

Table 5.7

TEST OF SEAL RING MATERIALS

Seal Ring Effect of Test

1. Graphite . . . . . . . . . . . . . . . . . . . . . Broken on removal; too

fragile
2. Tungsten carbide flame- sprayed

on stainless steel . . . . . Welded to 304 stainless steel.

3. 430 stainless steel.................... Unchanged except for slight

discoloration.
4. Beryllium.......... . . . . . .. .9. . .Considerable surface oxi-

dation, but did not weld to

304 stainless steel.

The Hanford loop helium purity ranges from 200 to 300 ppm of

oxidants. From these results, it has been concluded that of the four

materials tested only 430 stainless steel would be completely satisfactory

in service.

Fabrication of Materials. Fabrication, instrumentation, and testing

of two irradiation assemblies for the Hanford loop has been completed.

Each of these assemblies contains two 1/2-in. -diameter, 0. 010-in. -wall

tubes loaded with 42 UO2-BeO pellets. The tubes are encased in graphite

slabs, One assembly contains "A" nickel tubes and the other contains

Monel tubes. After fabrication, each assembly was subjected to a series

of thermal cycles; during each cycle the assembly was heated to 1,700 F
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in a helium atmosphere (250 psi) and held for three hours. Each assembly

was instrumented for the loop and the "A" nickel assembly has been shipped

to Hanford. In addition to the active test assemblies, a mock assembly with

no fuel materials was made for use in setting up hot-cell examination

technique s.

Studies of Steels

Creep-rupture Testing. Creep-rupture tests in helium of

1-1/4 Cr-1/2 Mo steel and Type 316 stainless steel are continuing at the

New England Materials Laboratory. Tables 5. 8 and 5. 9 contain the

results of helium tests, which have been run to date, on the normalized

and tempered Cr-Mo steel and on the solution heat-treated stainless steel,

together with air test results for the same materials and scheduled tests,

which will aid in extrapolation of the present data to longer times. These

data are plotted on logarithmic coordinates in Figs. 5. 15 and 5. 16 and

show that for rupture times up to approximately 1, 000 hr, at 1, 0000 F

and 1, 3000F, respectively, the Cr-Mo steel and the stainless steel are

not significantly affected by the helium environment. Further work will

include a second temperature for each alloy, and some long-term tests

up to 5, 000 hr. Helium atmospheres containing impurities will also be

studied.

During this period the possibility was considered of employing

beryllium oxide as the reference reflector material in lieu of graphite.

Elimination of all graphite from the reactor will remove the major source

of helium contamination by carbonaceous compounds. Graphite employed

only as a reflector could also be canned.

In exploring the effects of contaminated helium atmospheres on

elevated temperature stress -rupture and fatique properties, it was decided

to defer testing in CO and CO2 impurities and to give priority to experiments

utilizing air contamination. Preparations were made for testing in helium

with air added to 0. 007 atm partial pressure, at a total mixture pressure
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Table 5. 8

CREEP-RUPTURE TEST RESULTS

(1-1/4 Cr-1/2 Mo Steel, Normalized at 1, 750 0 F for 1 hr;

Tempered at 1, 150 0 F for 1 hr)

Conditions Results

Rupture
Spec. Temp. Stress Est. Life Time Elong. R.A.

No. ( F) (psi) Environment (hr) (hr) (%o) (%)

BX9 1,000 70,000 Air 10 8.7 19.5 40.7
BX4 1, 000 58,000 Air 100 69.0 12.1 27.4
BX2 1,000 58,000 Helium --- 19.6 15.2 42.8

RBIIIR-2 1, 000 50,000 Air --- 259.4 14.1 18.7

BX11 1,000 50,000 Helium 250 Running (approx. 100 hr)
BX1 1, 000 45, 000 Air --- 660,6 7. 1 12. 1
BX3 1,000 45,000 Helium --- 554.7 ---- ----

BX6 1,000 35,000 Helium 1, 000 1,049.0 7.6 7.2

RBIIIR- 1 1, 000 30,000 Air --- 2, 162.0 17.0 32. 3
BX8 1,000 25, 000 Helium 5,000 Running (approx. 1, 000 hr)
BX12 1,200 12, 000 Helium 100 63.9 34.9 76.0

Table 5. 9

CREEP-RUPTURE TEST RESULTS
(Type 316 Stainless Steel Solution

Heat--treated at 2, 100 F for 1 hr

and Water Quenched)

Conditions Re sults

iRupture

Spec. Temp. Stress Est. Time Elong. R.A.
No. ( F) (psi) Environment (hr) (hr) (%o) (%O)

F41 1, 300 '25,000 Air - - - 3.7 24.4 36. 1

F44 1, 300 25,000 Air ---. 3. 1 26. 6 24.4

F45 1,300 22,000 Helium 10 8.4 52.4 43. 7

F21 1,300 20,000 Air --- 37.5 17.8 27.0

F46 1, 300 18,000 Helium 100 47.0 27.6 26. 6

F47 1, 300 15,000 Air - - - 522.6 56.3 40.7
F48 1, 300 15,000 Helium 500 287. 0 ----
F49 1,300 12,000 Helium --- Running (approx. 3,000hr)
F50 1,500 10, 000 Helium 100 63. 0 53.5 68._7
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145

of 19. 7 psia. The Electric Boat Division prepared cylinders to yield this

mixture and shipped a supply to Westinghouse Electric Corporation.

Welding Studies for 1-1/4 Cr-l /2 Mo Steel. Satisfactory welds were

made in 1-1/4-in. -thick plate and in 4-in. , 0. 6 75-in. -wall pipe, based on

code standards and utilizing Electric Boat consumable inserts for the root

pass (see Figs. 5. 17 and 5. 18). From these welds, and from information

obtained from the General Electric Company, it is apparent that little

difficulty exists in welding this material. Creep-rupture tests will be

conducted (in air) to determine transverse and longitudinal rupture

properties of Cr-Mo weldments.

Other Activities. A section of 1-1/4 Cr-1/Z Mo pipe from the

Electric Boat Division test loop was examined after approximately 1,500 hr

of service in helium and in air. No significant difference in the micro-

structure or hardness was observed between this section and a section

from an unused portion of pipe. It was indicated, however, that these

pipe sections were not of identical origin as there were minor structure

and hardness differences.

Self-welding in Helium at Elevated Temperature.

It is considered that tie helium environment will tend to encourage

self-welding of materials in the high-temperature zones of the plant.

Work is, therefore, being pursued toward ensuring adequate compatibility

of structural materials to avoid self-welding in the various parts of the

reactor and propulsion plant.

Modifications of the autoclave facility which are necessary for

performing these tests are nearing completion and include the specimen

holders, the thermocouples, and the helium flow control system, which

are used to maintain desirable operating temperatures and proper helium

environment. Depending on the application of individual materials, test

temperatures ranging from a few hundred degrees to 1, 5000F will be

selected. The initial environment will consist of pure helium at a pres-

sure of 5 psig. Figure 5. 19 shows the autoclave assembly.
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Fig. 5.17--Development procedure for welding 1-1/4 Cr-1/Z Mo

steel pipe
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Approximately 25 different materials will be used for these investiga-

tions. The first test will incorporate the following specimens which are

now being machined:

Materials Application

Inconel X . . . . . . . Reactor structure

316L stainless steel. . Reactor structure

Inconel 713C . . . . . . Turbomachinery

D979... . . . . . . . . Turbomachinery

W545 . . . . . . . . . . . Turbomachinery

Stellite No. 1 . . . . . . Valves

Stellite No. 6 . . . . . . Valves
Stellite No. 12 . . . . . Valves

Westinghouse Metallurgical Program

Stress, Rupture, and Fatigue Test Results. Inconel 713G. Based

on several short-time stress-rupture tests, the rupture life of this alloy

is not appreciably affected in helium at 1, 300 0 F. Long-time tests are in

progress to verify this conclusion.

The smooth-bar 108 endurance limit for this alloy has been

established as 26,000 psi in helium at 1, 3000F. The notch-bar endurance

limit (KT,= 3. 9) is 19,000 psi. These endurance limits are lower than

those of the normally used blade material and efforts are being made to

increase these limits. Arrangements have been made with a casting

supplier to provide test bars with controlled grain size. Cast material

with smaller, uniform grain size usually exhibits better fatigue properties

than material with coarse, nonuniform grain structure. These tests will

be performed within the existing fatigue program.

A combined load curve (A = 0.25; alternating stress equal to 1/4

mean stre';s) has been established for this material at 1,3000F in helium.

These date are currently being reviewed in detail.

D-979. Several short-time stress-rupture tests have been completed

in helium. The rupture life in helium was approximately 50% of the air

rupture life. Long-term tests on this material will also be performed.

The smooth-bar 108 endurance limit in helium at 1, 200 F has been
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established at 44,000 psi. Tests are currently being performed to

establish the notch-bar endurance limit.

Since little is known :-bout the machinability of this material,

broaching experiments are being designed to evaluate this important

characteristic.

W545. Four stress-rupture tests have been completed on this

material at 1, 2000F in helium. The longest test time is 2,000 hr.

These bars were not discolored during the tests. The data permit a plot

of the stress-rupture curves as shown in Fig. 5.20. At high stresses,

the rupture life is lower in helium than in air. However, at the lower

stresses, the rupture life in helium is slightly superior to the air rupture

life.

The smooth-bar 108 endurance limit in helium is 33, 000 psi. The

notch-bar (KT = 3. 9) endurance limit is 14, 000 psi, indicating marginal

notch sensitivity of this particular heat of W545 in helium,

Gas Analysis

The mass-spectrometer gas-analysis technique developed at the

Westinghouse Research Laboratory is being utilized to determine the

impurity level of helium gas during the fatigue tests at K-70.

Helium Studies (L. H. Chen, C. Wilson, and A. C. McClure)

Work began on the correlation of Professor Vodar's experimental

results. The experimental results included a temperature range of 00 to

670 F and a pressure range of 14.7 to 2,500 psia.

A correlation of the experimental results at atmospheric pressure

was also made based on statistical mechanics methods. It was found that

a small correction to the coefficient used in the statistical mechanics

relationship between the viscosity and heat conductivity, and using the

force constants determined from viscosity data, best represented the

experimental data, The Buckingham force potential was used as a model

with the value of a being 1Z. 4. It is expected that the correlated results
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at atmospheric pressure are reliable to within 1% in the temperature

range of 00 to 7000F, increasing to about 5% at 1,6000F.

An attempt to correlate the heat conductivity pressure effect

utilizing the Enskog theory of dense gasses failed, as did the empirical

relationships derived from this theory. The pressure effect was finally

correlated using the Keyes empirical relationship (which assumes that the

differences between the heat conductivity at a particualr pressure and

atmospheric pressure is independent of temperature), together with some

graphical techniques. The results agree with experimental data within

27 in the temperature range of 00 to 7000F and are expected to be reliable

to within 5% at 1, 6000 F.

The Prandtl number has been calculated and at atmospheric pres-

sure agrees to within 1% in the temperature range of 00 to 1, 100 0F. The

pressure effect decreases the Prandtl numberby approximately the same

percentage as the pressure effect on the heat conductivity It is expected

that the Prandtl number is reliable to within 3% in the temperature range

of 00 to 7000F and within 6% in the temperature range of 7000 to 1, 600"0F.
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