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LE G AL NO®T ICE

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. Make any warranty or representation,
expressed or implied with respect to the accuracy,
completeness, or usefulness of the information con-
tained in this report, or that the use of any infor-
mation, 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 dis-
closed in this report

As used in the above, "person acting on behalf
of the Commission" includes any employee 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:

1.1



Report No. IDO-28550
AEC Research and
Development Report
UC-81: "Reactors - Power"
TID-4500 (15th Edition)

i. > .. ,, ,. ** , ) 1 J L I ")

THE ML-1 DESIGN REPORT

Published
16 May 1960

by

The Military Projects Division
Aerojet-General Nucleonics

San Ramon, California
A Subsidiary of Aerojet-General Corporation

Printed in USA. Price $3.45.
Available from the Office of
Technical Services, Department
of Commerce, Washington 25, D.C.

Approved by:

. A. Linenberge
Supervising Representative
Contract AT(10-1)-880

A' - i. ) U (2' U. 0 ' 'r , t





Report No- IDO-28550

DISTRIBUTION

UC-81 of TID 4500 (15th Eda)

Copies

3 Aberdeen Proving Ground
1 Aerojet-General Corporation

35 Aerojet-General, San Ramon (00-800)
1 AFPR, Lockheed, Marietta
2 Air Force Special Weapons Center
2 ANP Project Office, Convair, Fort Worth
1 Alco Products, Inc0
1 Allis-Chalmers Manufacturing Company

10 Argonne National Laboratory
1 Army Ballistic Missile Agency
2 Army Chemical Center
1 Army Signal Research and Development Laboratory
1 AEC Scientific Representative
1 AEC Scientific Representative, Belgium
1 AEC Scientific Representative, Japan
5 Atomic Energy Commission, Washington (Army Reactors Branch - 2 cys)
3 Atomics International
4 Babcock and Wilcox Company (NYOO-1940)
3 Battelle Memorial Institute (Don Keller 1 cy)
4 Bettis Plant
4 Brookhaven National Laboratory
1 Brush Beryllium Company
1 Bureau of Medicine and Surgery
1 Bureau of Ships (Code 1500)
1 Bureau of Yards and Docks
2 Chicago Operations Office
1 Chicago Patent Group
3 Combustion Engineering, Inc,
1 Convair-General Dynamics Corporation, San Diego
1 Defense Research Member
1 Denver Research Institute
2 Department of the Army, G=2
4 duPont Company, Aiken
1 duPont Company, Wilmington
1 Edgerton, Germeshausen and Grier, Inc., Las Vegas
1 Frankford Arsenal
1 General Atomic Division
2 General Electric Company (ANPD)
6 General Electric Company, Richland
1 General Nuclear Engineering Corporation
1 Gibbs and Cox, Inc0
1 Grand Junction Operations Office
2 Iowa State College
2 Jet Propulsion Laboratory
2 Knolls Atomic Power Laboratory
4 Los Alamos Scientific Laboratory
1 Mallinckrodt Chemical Works

V



Report No IDO-28550

DISTRIBUTION

UC-81 of TID 4500 (15th Ed )

Copies

1 Maritime Administration
1 Martin Company
1 Massachusetts Institute of Technology (Hardy)
1 Monsanto Chemical Company
1 Mound Laboratory
1 National Aeronautics and Space Administration, Cleveland
1 National Bureau of Standards
1 National Bureau of Standards (Library)
1 National Lead Company of Ohio
3 Naval Research Laboratory
1 New Brunswick Area Office
2 New York Operations Office
1 Nuclear Development Corporation of America
1 Nuclear Metals, Inc
1 Oak Ridge Institute of Nuclear Studies

10 Office of Naval Research
2 Office of Naval Research (Code 422)
1 Office of Ordnance Research
1 Office of the Chief of Naval Operations
1 Office of the Surgeon General
1 Ordnance Tank=Automotive Command
1 Patent Branch, Washington
7 Phillips Petroleum Company (NRTS) (V, V, Hendrix - 1 cy)
1 Picatinny Arsenal
1 Power Reactor Development Company
3 Pratt and Whitney Aircraft Division
2 Public Health Service
1 Sandia Corporation, Albuquerque
1 Schenectady Naval Reactors Operations Office
1 Stevens Institute of Technology
1 Sylvania Electric Products, Inc,
1 Tennessee Valley Authority
1 Texas Nuclear Corporation
2 Union Carbide Nuclear Company (ORGDP)
7 Union Carbide Nuclear Company (ORNL) (A, L Boch - 1 cy)
1 USAF Project RAND
1 U. S. Geological Survey, Albuquerque
1 U: S. Geological Survey, Denver
1 U. S. Geological Survey, (Stringfield)
2 U S, Naval Ordnance Laboratory
1 U. S. Naval Postgraduate School
1 U. S Naval Radiological Defense Laboratory
1 U, S. Patent Office
2 University of California, Berkeley
2 University of California, Livermore
1 University of Puerto Rico
1 University of Rochester
2 University of Rochester (Marshak)

vi



Report No. IDO-28550

DISTRIBUTION

UC-81 of TID 4500 (15th Ed.)

Copies

1 Walter Reed Army Medical Center
1 Watertown Arsenal
2 Westinghouse Electric Corporation (Schafer)
6 Wright Air Development Center
1 Yankee Atomic Electric Company

325 Technical Information Services Extension
75 Office of Technical Services, Washington
2 Engineer Research and Development Laboratories

(Lt. Col, John A. Hughes - 1 cy)
1 Chief, California Patent Group

vii





Report No0 IDO-78550

ML-1 DESIGN REPORT

CONTENTS

PAGE

ABSTRACT 1

I INTRODUCTION 3

II GENERAL PLANT DESCRIPTION 5

A. General Requirements 5

B. System Description 6

C. Plant Characteristics 12

III NUCLEAR REACTOR DESIGN 21

A. General 21

B. Core 21

C. Pressure Vessel 36

D. Shielding 43

E. Control Blades 51

F. Moderator Water System 57

G. Shield Water System 62

IV POWER CONVERSION SKID 65

A. General 65

B. Turbine-Compressor Set 65

C. Alternator - Starting Motor 71

D. Lubrication and Clean-Up System 73

E. Recuperator 75

F. Pre-Cooler, Moderator Cooler - 77

Oil Cooler Assembly

G. Main Piping System 77

H. Skid Structure Assembly 77

I. Electrical Switch Gear 79

ix



Report No 11)O-28550

PAGE

V CONTROL AND INSTRUMENTATION 85

Ao General 85

B. Control Cab 86

Co Power Plant Control System 86

Da Operational Instrumentation 96

Eo Analysis Instrumentation 102

F. Health Physics Instrumentation 102

VI SUPPORT EQUIPMENT 105

A. General 105

B. Gas Make-Up System 105

Co Waste Gas Storage System 105

Do Gas Evacuation System 107

Eo Water Make-Up System 107

F. Auxiliary Power Systen 110

Go Cable Reel System and Equipment 111

H. Fuel Element Replacement Equipment 111

Ia Reactor Drying System and Equipment 111

VII ML-1 POWER PLANT OPERATION 115

A. General 115

Bo Transport 115

C. Site Preparation 126

Do Field Installation 129

E. Field Operation 130

F. Refueling 133

G. Maintenance 135

Ho Instruction Manuals 136

Io Health Hazards Control 137

J. Test Facility 140

APPENDIX FOLLOWING PAGE

A. MILITARY CHARACTERISTICS 141

x



Report No. TDB _24550

TABLES

Table No. Page

1. Estimated Reactivity Requirements for ML-1 28

2. Sources and Magnitudes of Shutdown Dose 50

3. Excess Reactivity Requirements 56

4. Stabilized Shield Water Temperatures 64

5. Process Instruments 100

6. Analysis Instrumentation Parameters 103

FIGURES

Figure No. Page

1. The ML-1 Power Plant 4

2. Weights and Size of ML-1 Packages 7

3. Simplified Flow Diagram for the ML-1 8

4. Plot of Performance vs Ambient Temperature 10
for the ML-1

5. ML-1 Cycle Characteristics 11

6. The ML-1 Reactor Package 23

7. Radial Power Distribution in the ML-1 25

8. Radial Flux Distribution in the ML-1 26

9. Axial Flux Distribution in the ML-1 27

10. k vs Fuel Loading 29

11. The ML-1 Fuel Element 33

12. Elevation View of the ML-1 Reactor 37

13. Cross Section of the ML-1 Reactor 38

14. Tube to Tube Sheet Joint 40

15. Upper Plenum Assembly 41

16. Gas Duct Insulation Joint 42

17. Bellows for Gas Duct to Shield Tank Penetration 44

18. Shutdown Dose Levels for the ML-1 46

19. ML-1 Shutdown Dose Rate at 25 ft Without 47
Shield Water (10,000 hr)

20. ML-1 Shutdown Dose Rate at 25 ft Without 48
Shield Water (1000 hr)

xi



Report No, IDO-28550

Figure No.

21, ML-1 Shutdown Dose Rate at 25 ft Without
Shield Water (200 hr)

22. ML-1 Radial Flux Plot

23. ML-1 Reactivity

24. Reactivity Worth of ML-1 Control Blades vs

Angular Position of Blades

25. Control Blade System for the ML-1

26. Shield Water and Moderator Water Systems

27. Arrangement of Equipment on the ML-1 Power
Conversion Skid

28. The Axial Flow Turbine Compressor Set

29. The Radial Flow Turbine Compressor Set

30. The 500 kva Alternator for the ML-1

31. Schematic of the Lubrication and Clean-up

System for the ML-1

32. Recuperator Schematic

33o ML-1 Pre-cooler Schematic

34. Total Load Demands of Auxiliary Equipment

35. ML-1 Auxiliary Power Equipment Schedule

36. ML-1 Auxiliary Power Requirement Schedule

37. Electrical Power for the ML-1

38. The Control Cab for the MLOL

39. Mock-up of the ML-1 Control Console

40. Control Diagram for the ML-1

41. Block Diagram: Control System for the ML-l
Control Blades

42o Block Diagram of the Speed Control Servd'Loop
for the ML-1 System

43o Nichols Diagram of the Speed Control Servo Loop

44. Block Diagram of the Temperature Control

Servo Loop

45. Nichols Diagram of the Temperature Control
Servo Loop

46. Nuclear Instrumentation Block Diagram for
the ML-1

47. Mechanical Flow Diagram for the Gas
Handling System

48. The ML-1 Gas Make-up Skid

xii

Page

49

52

53

54

55

59

60

67

68

73

74

76

78

80

81

82

83

87

88

89

90

92

93

94

95

97

107

108



Report No. IDO-28550

igure No.

49. The Waste Gas Storage System for the ML-1

50. The ML-1 Cable Pallet Assembly

51. The Auxiliary Skid for the Beactor Drying
Equipment

52. Cross Country Test of the MI-1 Mock-ups

Mounted on an M-172 Trailer

53. Elevation View of the ML-1 Power Plant
on the M-172 Trailer

54. Elevation View of the ML-1 Power Plant
on the Proposed U.S. Army Trailer

55. Shock Load for Aircraft Emergency Landing

56. Tie Down System for the ML-1 Reactor in the
Lockheed C-130A

57. Tie Down System for the ML-1 Power Conversion
Package in the Lockheed C-130A

58. Tie Down System for the ML-1 Power Plant
in the Douglas C-133A

59. Shock Load for Railroad Handling

60. Fuel Element Field Replacement Tank and
Structure

61. Site Plan for the ML-1 Facility

xiii

Page

109

112

113

116

119

120

121

123

124

125

127

134

141





Report No IDO-28550

THE ARMY GAS-COOLED REACTOR SYSTEM PROGRAM

THE ML4 DESIGN REPORT

ABSTRACT

This report describes the design of the mobile
nuclear power plant being developed for the United States
Atomic Energy Commission and the United States Army Corps
of Engineers by Aerojet-General Corporation under Contract
AT(10-1)-880 and Contract DA-44-009-ENG-3252 The ML-1
is to be the prototype of a mobile, low-powered nuclear
power plant intended to furnish electrical power in remote
locations It is to be transportable by several types of
aircraft, ship or barge, railroad flatcar, and on standard
Army trailers.

The ML-l is a high temperature, gas-cooled, water-
moderated reactor coupled to compact power conversion
equipment This closed-cycle gas-turbine power plant will
have an electrical power generating capacity of 300 to 500 kw,
The design is reported in detail The ML-1 will be installed
at the National Reactor Testing Station early in 1961, and
initial criticality is scheduled for April of that year.
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THE ARMY GAS-COOLED REACTOR SYSTEMS PROGRAM

THE ML-1 DESIGN REPORT

I. INTRODUCTION

This design report describes the mobile nuclear power plant being
developed by the United States Atomic Energy Commission, the U. S. Army
Corps of Engineers, and the Aerojet-General Corporation under Contract
AT(10-1)-880 and Contract DA-44-009-ENG-3252.

The ML-1 nuclear power plant (see Figure 1, following page) is a
merger of a high-temperature, gas-cooled, water-moderated reactor with
compact power conversion equipment. This closed-cycle, gas-turbine

power plant.will have an electrical power generating capacity of 300
to 500 kw. The ML-1 will serve as an operating prototype for plants to
furnish electrical power at remote military installations. Facilities
that support the design and development of this plant include the Gas-
Cooled Reactor Experiment I (GCRE-I) at the National Reactor Testing
Station (NRTS) and the Gas Turbine Test Facility (GTTF) at Fort Belvoir,
Virginia.

The four major parts of the plant are the nuclear reactor skid, the
power conversion skid, the control cab for instrumentation and control,

and the auxiliary sub-systems used in start-up and shutdown. The plant
incorporates the military characteristics of Army field electrical
generating plants and is transportable on the C-124, the C-130, or the
C-133 military cargo transport aircraft; by ship or barge, by railroad
flatcar; and on standard Army trailers.

The ML-1 will be installed at NRTS (Idaho Falls, Idaho) early in
1961. Reactor criticality is scheduled for April of that year, and full
power operation is scheduled for several months later.

The report is divided into sections corresponding to the major parts
into which the power plant is separated for transport. These sections are
followed by a section on plant transport, assembly and operation. In-
cluded as an appendix are the military characteristics required of the
ML-1 power plant.

-3-
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II. GENERAL PLANT DESCRIPTION

A. GENERAL REQUIREMENTS

Following is a list of the
for the ML-1 mobile power plant as yet
Characteristics (Appendix A).

1. Electrical output

2. Weight

3. Design Lifetime

4. Radiation

5. Transport

As integral
package

Split packages

6. Size

7. Environment

8. Field Procedure
Requirements

Installation time

Preparation for
relocation from
aircraft

principal military requirements
forth in detail in Military

300-500 kw, 2400/4160 v, 3 phase,
50-60 cycle, at ambient tempera-
tures ranging from -65O to + 100 F

Approx. 40 ton total: 15 ton
max: pkg

10,000 hr between fuel changes
50,000 hr overall plant

15 mr/hr at 25 ft forward direction
24 hr after shutdown

M-172, M-172A trailer; rail, barge

C-130, C-124, and C-133 aircraft,
sled

As dictated by transport

Conformance with military shock,
vibration, temperature, and

atmosphere specifications

12 hr

6 hr

-5-
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B. SYSTEM DESCRIPTION

The ML-1 is a compact readily transportable, nuclear power
plant, designed to meet the military characteristics listed in Appendix A.
The power plant operates as a conventional Brayton closed-cycle gas
turbine plant utilizing a nuclear reactor as the heat source and oxygen-
ated nitrogen (0.5 vol 7. 02 + 99.5 vol 7 N2) as the power plant working
fluid. The power plant is capable of producing electrical power within
the range of 300 to 500 kw in ambient air temperatures ranging from
-65 to + 1000F. The power plant equipment is rated to produce a net
330 kw(e) at 1000F.

The power plant consists of two major skid-mounted power
plant packages and a control cab skid as follows:

(1) The reactor skid: this includes the reactor core,
shielding, and reactor auxiliaries.

(2) The power conversion skid: this includes the
turbine compressor set, recuperator, pre-cooler,
alternator, and electrical switchgear.

(3) The control cab skid: this includes the instru-
ment and control. console for remote plant start-up
and operation.

Auxiliary equipment( consisting of a cable reel for the power
plant controls and instrumentation, make-up water treatment equipment,
gas processing and make-up equipment, and drums containing bulk
chemical equipment) is skid mounted for ease of transport. (Figure 2
shows package weights and dimensions. for the ML-I plant.)

The reactor and power conversion packages are both mounted
on skids equipped with shock mounts. Both packages are rigidly coupled
during operation to form a complete power plant except for the instru-
mentation and control provisions located remotely in the control cab.
Each of the packages may be transported separately on their individual
skids or the reactor and power conversion packages may be shipped as
a single unit with the two skid structures bolted together. Figure 1

shows a representation of the reactor and power conversion packages

coupled into a single unit for transport.

The control cab can be located up to 500 feet from the
power plant during operation. The control cab is electrically con-
nected to the power plant skids by four armored control cables. The
control cab is an enclosed, compact central plant control station
equipped with shock mounts and skid runners.

The reactor is a heterogeneous, water-moderated type
fueled by enriched uranium dioxide (U02), The core consists of 61
fuel-bearing pressure tubes connecting the inlet (upper) and outlet
(lower) plenum chambers. The reactor heat is transferred to the

6-
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REACTOR

30,000 lb

EXTERNAL CONNECTIONS

2 - 10 in. gas ducts to power conversion

2 - 4 in. moderator pipes to power conversion

4 - electrical cables to power conversion

2 - water supply pipes during startup

WEIGHTS AND DIMENSIONS OF

ML-1 PACKAGES

93"\

168"13"

103.2"

POWER CONVERSION

EQUIPMENT

30, 000 lb

EXTERNAL CONNECTIONS

2

2

4

4

1

1

4

- 10 in. gas ducts to reactor

- 4 in. moderator pipes to reactor

- electrical cables to reactor

- electrical cables to control cab

- electrical cable to auxiliary
power source for startup

- electrical cable to load

- 1/2 in. gas lines to gas systems

D1
D]
El

Report No. IDO - 28550

81"

145"

82"

CONTROL CAB

5, 000 lb

EXTERNAL CONNECTIONS

4 - electrical cables to power conversion

AUXILIARIES EXTERNAL CONNECTION

CABLE REEL
6000 lb

WATER MAKEUP
900 lb

WASTE GAS SYSTEM
2000 lb

GAS SUPPLY
2000 lb

BORON COMPOUND
1200 lb

FIGURE 2

NONE

2 - PIPES TO REACTOR DURING STARTUP

3 - 1/2 IN. LINES TO POWER CONVERSION

1 - 1/2 IN. LINE TO POWER CONVERSION

NONE

-7 -



REPORT NO. IDO - 28550

SIMPLIFIED FLOW DIAGRAM FOR THE ML-1
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reference working fluid as it flows past the pin-type elements. At the
design condition of 10 0 F, the coolant enters the reactor at a nominal

8000F, and leaves at 12000F0 The de-mineralized water moderator surrounds
the pressure tubes and flows under forced convection counter-current to
the gas flow. An integral radiation shield surrounds the reactor to pro-
tect personnel during reactor shutdown. The cores, shielding, and pressure
vessel assembly are enclosed in a tank of borated water during operation
to provide additional neutron shielding.

Reactor control is effected by six pairs of semaphore-type
control blades placed near the circumference of the core. The control
blades are actuated by electro-mechanical devices in accessible cavities
in the periphery of the shield water tank. Five blades provide shim-
scram serviceand one is a control unit to regulate reactor outlet tem-
perature. All blades are fully inserted to scram the reactor.

Major components of the power conversion system are a turbine-
compressor set and reduction gear;alternator and starting motor; pre-cooler
with fans; recuperator; switch gear and connecting piping and valving. The
hot gas leaves the reactor at 12000F (Figure 3); expands in the turbine;
passes through the low pressure side of a regenerative heat exchanger (re-
cuperator) and through an air-cooled pre cooler where the waste heat is
rejected to the atmosphere. After being compressed in the compressor~the
gas is pre-heated to about 8000F as it passes through the high pressure
side of the recuperator; thence through the reactor to the turbine inlets,
completing the cycle. The turbine work drives the direct-coupled com-
pressor and the alternator through a gear box. The net useful output
from the turbine shaft drives the rotor of a brushless alternator operat-
ing at 3600 rpm. The equipment is mounted on a lightweights, shock iso-
lated skid. The doors of the structure are opened during operations to
permit flow of air through the pre-cooler.

For a reactor outlet temperature of 12000F, the lifetime of
the first ML-l core loading is estimated to be about 3000 hr, and is
limited by corrosion. At ambient temperatures less than 100 0F, it is
possible to achieve rated power output with lower reactor temperatures
(Figure 4). At an ambient temperature of 500F, it is possible to reduce
the fuel temperature and corrosion, thus about doubling fuel lifetime.

The state points of the cycle are shown in Figure 5 for am
bient air temperatures of 125 , 100 , 0 , and =650F.

The ML-l plant will operate initially at NRTS. A test build-
ing will be provided for maintenance and experimental operation. A con-
crete pad will be provided outside the test building for normal operation.
An auxiliary control building will also be provided for the analytical
equipment required for initial ML-l operation.

In addition to the ML-l, a typical power generating station
for military field use would require support equipment. This equipment
to be supplied by the Army, will included a 600 gph water purification
unit for initial startups, transport and handling vehicles, and auxiliary
electrical power (not to exceed 45 kw) for startup and shutdown.

-9)



PLOT OF PERFORMANCE VS. AMBIENT TEMPERATURE
FOR THE ML-1

1800

REPORT NO. IDO-28550

17504F

o

Fuel

1200 0F

oa

reactor

Power, KW

0 140 80 120

AMBIENT TEMPERATURE ( F)

FIGURE 4

1600

1)00- *

1200

1000

1400

300 .-

100

0
-80 -)4-

I 
I

1 I i

T

10



v REPORT NO. IDO - 28550

ML-1 CYCLE CHARACrERISTICS

TRecuperator

ArArA1TA1

By-PaC

Valve

Prey

Cooler Reactor

- B

ompresso Turbine

Ambient Temperature J 1250F 1000F

D

C ----- -

B -

A

S

007 -65 F

kw 276 330 330 330

ma8, lb 52 52 52 52

by-pass 5%1 1 1 1

A P, psia 123 117 97 97
T, P 156 132 25 25

B P 321 320 307 30'
T 388 366 270 270

C P 312 313 299 29
T 819 791 636 636

D P 292 289 280 280

T 1200 1200 1023 1023

P 128 120 102 102

E T 922 901 720 720

p
T

125
495

118
479

100
362

11

100
360

FIGURE 5
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CHARACTERISTICS

General

Design performance at 1000F

Gross electrical output

Net electrical output

Reactor thermal power

Cycle efficiency

Plant thermal efficiency

Coolant flow

Dose rate at control cab at
500-ft during full power
operation

Dose rate at 25-ft, 24 hr
after shutdown (direction
of transport vehicle cab
with P-C skid in place)

Overall plant dimensions

400 kw

330 kw

3.0 Mw to gas; total -
3.4 Mw

13.37

9.7%

95,000 lb/hr

5 mr/hr (with expedient
shielding as needed)

15 mr/hr

279- x 113- x 93-in, high

Overall plant weight and
dimensions Weight (lb)

Reactor package 30,000

Power conversion package 30,000

Control cab 5,000

Auxiliary equipment 11.600

Dimensions (in.)

111 x 110 x 93 high
(plus ion ex-
change column
on end)

168 x 113 x 93 high

145 x 82 x 81 high

- 12 -
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Operating supplies (startup
and 90 day operation):

Demineralized water

Nitrogen (with 0.5 volZ Oxygen)

Oxygen

Anhydrous boric acid (B2 03 )

Mixed bed ion exchange resin

Lubricating oil

Filter elements

Plant startup time

Auxiliary power requirements

Pre-startup

Normal startup

Normal shutdown

Emergency shutdown

Reactor drying

2. Reactor Thermal Characteristics

Power density

Maximum heat flux

Average heat flux

Heat transfer surface

Maximum-to-average heat flux
ratio

Maximum fuel center temperature

Maximum moderator temperature

Maximum surface temperature of
fuel cladding (nominal, average)

Maximum surface temperature of
fuel cladding (including hot
spot factors), reference

3. Reactor Nuclear Characteristics

Average thermal neutron flux
(fuel)

Average fast neutron flux (fuel)

Maximum to average thermal flux
ratio (fuel)

2900 gal

1800 scf

200 scf

1200 lb

900 lb max.

180 gal

6

12 hr

30 kw max

45 kw max

45 kw max, 3 kw ave

none

45 kw max

700 kw/f t3

130,000 Btu/hr/ft2

77,000 Btu/hr/f t2

133.5 ft2

1.7

21500F

200 F

1420 F

17500F

1.9x1012

1.7x10 1 3

2
neut/cm -sec

neut/c 2-sec

3.9

-13-
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Hydrogen to U-235 atom ratio

Core buckling

Fermi age

Square of thermal diffusion
length, L2

Thermal utilization, f

Infinite multiplication fact

Neutron lifetime

Keff, cold, clean core; no si
or burnable poison

Keff, cold, clean core, with
no burnable poison

Keff, cold, clean core, with
shims and burnable poison

Core life, full power

36

0.0053 cm- 2

92 cm2

or, k

hims

shims,

Burnup (U-235), average

Prompt temperature coefficient,
. k/k/0C

4. Reactor Vessel

Materials

Tube sheets

Pressure tubes

Gas ducts, plenums and baffle
supports

Outside diameter

Overall height

Pressure tube length

Design pressure

Design temperature

Wall thicknesses.

2.56 cm2

0.82

1.70

3.0 x 105 sec

1.102

1.043

1.021

3000 hr min; 10,000 hr
design

3.67 in 10,000 hr

(-0.81)xlO-6 @ 0 C

(-1.7+1)xlO 6 @ 90 C

Stainless steel, type
304, 3 inches thick

Stainless steel, type 321

Stainless steels, Types
304-L, 321 and 347

30.968 in. max. exclu-
sive of upper flanged
connection)

79.5 in.

24 in. between inside
surfaces of tube sheets

345 psia

4000F

Tubes .020 in.;
plenum 1.25 in.
min
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5. Refiector

Composition, top

bottom

radial

Total heat generation

Maximum power density

6. Biological Shielding

2 in. H,0; 3 in. stainless
steel; 3 in. W

3 in. stainless steel;
3 in. W

1.8 in. Pb; 2 in. W;
1800 segment
4 in. Pb; 1800 segment

6 x 105 Btu/hr

360 Btu/hr-in3

Composition

7. Core (excluding reflector)

iiauieter

Height

Number of fuel elements

Number of coolant passages

Number of coolant passes

Type and geometry of fuel
elements

Cold, clean critical mass,
U-235, no shims, no burnable
poison

U-235 loading

Enrichment, inner 7 pins

outer 12 pins

Core composition

Materials

UO2
Be
Stainless steel
Hastelloy-X
H20
Insulation
Gas void

Total

3 1/2 to 4 in. lead
plus 30 in. of borated
water (10 wtZ boric acid)

22 in. equivalent

22 in.

61
61

cluster of 19 pins

25 kg

49 kg

937. U-235 as U02
31 volV.U02 , 937. U-235,
69 wl BeO

Volume %

4.3
3.3
3.6
7.0
58.6
7.0
16.2

100.0

--15-
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8. Fuel Element

Dimensions

Fuel material

Number of pins per element

Pin outside diameter

Pin cladding material

Pin cladding wall thickness

Pin spacer

Heat transfer material

Pellet diameter

Type burnable poison

Reactivity worth of burnable

poison

9. Control Element

Type

Location

Number:

Shim-scram blades

Control blades

Absorber material

Shim-scram blades

Control blades

Cladding material

Dimensions

Reactivity worth of control

elements

Shim-scram blades

Regulating blades

Total

10. Moderator

Type

Reactor inlet temperature

Reactor outlet temperature

Pressure

Flow rate

1.72 in. OD x 32 in.

U02

19

0.241 in.

Hastelloy-X

0.030 in.

0.040 in. OD Hastell
wire

He

0.174 in. and 0.177

Cadmium .

oy

in.

2.27. at startup

Flat blades

Moderator

5 pairs

1 pair

Cadmium- indium- silver

Stainless steel

None

3.37 x 9.65 in. each blade

0.050

0.005

0.055

t k/k

L k/k

lk/k

Water

1800F

1900F

32.5 psi max

300 gpm

-16-
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Type of flow circulation

Purity:

Total solids

Resistivity

Total heat removal rate

11. Reactor working fluid flow

Working fluid

Reactor inlet temperature

Reactor mixed-mean outlet
temperature

Average velocity in core

Maximum velocity

Inlet pressure

Core AP

Reactor AP

12. Power cycle

Type

Total volume of working fluid
system

Total system working fluid
inventory full load at 1000F

Working fluid transit time

Cycle characteristics

Ambient emperature 100 F

Net power, kw 330
Reactor inlet, F 791
Turbine inlet, F 1200
Compressor inlet, F 132
Compressor inlet, psia 117
Compressor outlet, psia 320
Reactor inlet, psia 313

Forced

1 ppm

105 to 106 ohm-cm

1.5 x 106 Btu/hr

99.5 vol 7. N2+0.5 vol 7.O2

8000 F nominal

12000 F max

160 ft/sec

180 ft/sec

315 psia (max)

15 psi

22 psi

Brayton cycle with
regeneration

120 f t3

52 lb

2.0 sec

00F

330
636

1026
25
97

307
299

-65 F

330
636

1026
25
97

307
299

13. Turbine-compressor set

Speed

Turbine stages

Turbine rotor material

Turbine blade material

Radial Flow
Compressor

18,000 rpm

2

Incoloy 901

Inco 713

Axial Flow
Compressor

22,000 rpm

2

Incoloy 901

N 155

-17-
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Turbine stator blade
material

Expansion ratio

Compressor stages

Compressor material

Rotor shaft

Compression ratio

Case material

Seals

at journals

inters tage

shaft

Bearings

journal

thrust

Support

14. Alternator

Output

Rating

Voltage

Rotor shaft speed

Case

Diameter

Length

Weight

Temperature, operating

Incone1

2.38

2

AL 355 T71
(wheel)

SAE 4340

2.72

304 Stain-
less steel

Buffered
labyrinth

Plain
labyrinth

Buffered
labyrinth

Tilting pad

Kingsbury
type (in low-
press. area)

Overhung
turbine

60 Cycle
Operation

500 KVA

2400/4160 V

3600 rpm

N 155 or 19-9DL

2.29

11

403 Stainless
steel

SAE 4340

2.59

Low carbon
steel

Buffered
labyrinth

Plain
labyrinth

Double "L"
ring seal oil
buffered

Plain babbitt

Kingsbury type
(in low-press.
area)

Turbine and
compressor
supported be-
tween bearings

50 Cycle
Operation

417 KVA

2000/3467 V

3000 rpm

38 inches

34 inches

3600 lb

250 F internal max
(hot spot)

-18-
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15. Recuperator

Length

Outside diameter

Headers

High pressure inlet

High pressure outlet

Low pressure inlet

Low pressure outlet

Effectiveness

Pressure loss

High pressure b p/p

Low pressure Ap/p

Type

Tubes

Shell

Surface

Materials

16. Pre-cooler and Moderator cooler

Dimensions:

Length, overall

Pre-cooler

Moderator cooler

Oil cooler

Width

Thickness, overall

Core

Fans and plenums

Materials

Tubes and fins

Headers

Weight

Pre-cooler:

Header, inlet

Header, outlet

81 in. (with external
insulation)

45 in. (with external
insulation)

8 in.

8 in0

20 in.

14 in.

80.75%

1.61 7.

1.06 7

Shell and tube
regenerator

4 passes x 840 tubes

1 pass

External fins

300 series stainless
steel

168 in.

128 in.

27/ in.

12/ in.

113 in.

32 in.

15 in.

17 in.

Series 1100 aluminum

Series 2219 aluminum

6500 lb

One, 14 in.

One, 10 in.

-19-
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Effectiveness

Total A p/p

Air flow

Type

Tubes

Surf ace

Moderator cooler:

Headers, inlet and outlet

Total &dp

Water temperature:

In

Out

Airflow

Type

Tubes

Surface

Oil cooler:

Headers, inlet and outlet

Total 0 p

Oil temperature

In

Out

Oil flow

Air flow

Type

Tubes

Surface

93..

1.55 7

289,000 lb/hr

Fin fan air-to-gas
exchanger

1131 tubes,single pass

Internal and external
fins

4 in.

6.0 psi

1900F

180 F

78,600 lb/hr

Fin fan air-to-water
exchanger

84 tubes, three passes

External fins

16 in.

11.1 psi

1800F

150 F

19,380 lb/hr

29,400 lb/hr

Fin fan air-to-oil
exchanger

42 tubes, 2 passes

Internal and external
fins

-20-
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III. NUCLEAR REACTOR DESIGN

Ao GENERAL

The ML-1 reactor uses a heterogeneous, water-moderated core
of 61 fuel-bearing pressure tubes, The stainless steel pressure tubes
are arranged in a bundle and are fastened to a tube sheet at either end.
This tube bundle, together with the inlet (upper) and outlet (lower)
plenum chamers, forms the reactor pressure vessel, The reactor package
is shown in Figure 6o The gas coolant, under a nominal 300 psi pressure,
enters the reactor at 8000F and leaves at 120 0 F.

A lead shield around the pressure tube bundle is a fast-
neutron reflector. Six pairs of semaphore-type control blades are placed
near the circumference of the core. Aluminum-encased lead encloses the
reactor vessel to provide shielding from residual radiation during shut-
down and transport. The lead shield incorporates an annulus to contain
borated water during operation,

The reactor and its shield are supported within a tank 9-ft
in diameter. This tank is filled with borated water to provide the main
operational neutron shielding, It is drained before shipment to reduce
weight, Equipment mounted outside the reactor tank circulates deminer-

alized moderator water in a system separate from the shield water. The
tank is covered to prevent contamination, When fuel elements are to be
installed, or other maintenance is to be done on a "hot" core, an ex-
tension is added to the tank and filled with water to provide radiation
shielding for personnel working above the reactor core,

The shipping skid is a structural part of the reactor tank

bottom. Inner and outer continuous skirts separately transmit the main
reactor and tank loads to the shock mounts underneath. The reactor is
suspended in a canned lead shield with twelve aluminum ribs, Each rib

assembly is bolted to the inner and outer radial shields and to the outer

aluminum support ring, The aluminum support ring is, in turn, wedge-
bolted to the reactor tank inner support.

E. CORE

to General

The size of the ML-1 reactor core is governed by re-
quirements for shutdown dose rate and reactor weight, The shutdown dose

- 21 -
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rate at 25-ft from the reactor, 24 hr after reactor shutdown, must not
exceed 15 mr/hr in order to comply with military requirements for mo-
bility and maintenance. The maximum package weight must not exceed

15 tons in order to meet the weight limitations of the C-130 aircraft.
Within these limits, the maximum core size for the ML-l is about five

cubic feet.

The ML-l core is hexagonal. Each face is l19-in,
wide and has an active length of 22-in. This hexagon is approximated
for neutronic calculations by a cylinder having an ll.0-in,, radius~
The shielding weight requirements with this size core were met by sur-
rounding the core with material of high density to attenuate the gamma
rays produced by fission product decay. Therefore, the ML1 radial re-

flector is composed of lead and tungsten, where the latter material is
not precluded by its high neutron absorption, The axial reflectors
consist of the steel tube sheets backed up by tungsten. Water is used
to provide some additional axial reflection to reduce the leakage, and

thereby lowers the critical loading.

The choice of reactor types, within these core sizes
and reflector requirements and making allowance for cooling passages,
was limited to hydrogen-moderated or fast reactors, In a thermal re-
actor of this size, a minimum of 50% of the total core volume must be

filled with water or with a material of equivalent hydrogen density.
In addition to designing a fuel element within these space limitations,
it was considered desirable to2

1) Minimize coolant pressure drop. (A pressure drop of 1 psi
results in a loss of 7 kw in plant output )

2) Minimize the surface temperature of the fuel element, (The

lifetime of the ML-l fuel element is limited by surface corrosion,
rather than burn-cut, and hence is highly sensitive to temperature.)

3) Minimize uranium inventory, (This was accomplished by using
highly enriched uranium and by having a water volume-fraction of
over 50% to reduce neutron leakage and allow a reduction in re-
quired neutron utilization.)

4) Minimize the conduction of heat from the hot fuel into the
relatively cold water. (This heat must be dissipated as waste

heat and decreases overall plant efficiency.)

The design of the ML-l core represents a compromise
between these conflicting requirements. The design uses about 49 kg
of highly enriched uranium in the form of U0 2 and Be0=UO2 pellets. The
U02 is diluted with BeO., where required, to optimize power distribu-
tion within the fuel element. These pellets are sealed into helium-
containing cylinders to prevent the escape of fission products from the
fuel into the gas stream. The fuel cylinders (or pins) are grouped in

19-pin clusters to form individual fuel elements.

- 22 -
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THE ML-1 REACTOR PACKAGE
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2. Reactor Physics

A hydrogen (water) moderated type of reactor was chosen
for the ML-1 reactor in order to reduce operating hazards and lower the
uranium inventory. The geometric buckling of the small core with metal
reflection *is large. To achieve criticality, it was necessary to minimize
the neutron migration area during slowing down.

The reactor contains 61 fuel elements arranged in a
lattice. Fuel element spacing in this lattice is varied to flatten radial
power distribution in the core (see Figure 7). The power distribution ob-
tained in this way eliminates the need for extensively orificing the out-
let gas. This in turn reduces pressure drop in the system and improves
the overall system efficiency. Calculated radial and axial flux distri-
butions using four neutron energy groups, are shown in Figures 8 and 9,
respectively.

A burnable poison is employed to compensate for the
reactivity loss due to fuel depletion and fission product build-up. This
poison will burn out, increasing the system reactivity at approximately

the same rate as fuel depletion and fission products decrease the system
reactivity. Thus the excess reactivity required for operation is main-
tained within 0.5% of the initial value during core life.

extensive use was made of computer codes for the IBM-734
in calculating criticality and power distribution. Intracell flux distri-
butions were calculated using the P. approximation to transport theory.

Two-dimensional diffusion theory calculations, with four energy groups,
were utilized in the determination of criticality. All neutron cross
sections were appropriately weighted to compensate for variations in
spectrum and flux distribution in the various regions of the core. There
possible, these calculations were normalized to critical experiments per-
formed at Battelle Memorial Institute. estimated reactivity requirements
for the ML-l reactor are listed in Table 1.

It is essential, to minimize coolant pressure drop, to
operate the ML-1 with the full loading of 61 fuel elements. In addition,
the desired reactivity must be assured. The design calls for overloading
the core to insure the desired reactivity. The predicted k is 1.102
for a loading of 49 kg compared to the desired initial k eo 1.043. The

effcore, therefore, will be overloaded by about 6% in reactivity. This ex-
cess reactivity will be poisoned by shim liners placed around the outer
liner of the fuel elements. The shim liners make it possible to obtain
the exact excess reactivity desired, and can be installed in the field.
The liners may also aid slightly in flattening the radial power distri-
bution.

Different fuel loadings are used in the pins. to equalize
the surface temperatures of the seven inner pins and the 12 outer pins.
The amount of U-235 placed in each inner pin is 74.2 g, and the 12 outer
pins will each contain 23.0 g of U-235.

The predicted k is shown in Figure 10 as a function
elfof total fuel loading for the 61 element core to show the parametric

24 -
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RADIAL FLUX DISTRIBUTION
IN THE ML--1
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AXIAL FLUX DISTRIBUTION

AT CENTERLINE IN THE ML-1
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TABLE 1

ESTIMATED REACTIVITY REQUIREMENTS FOR ML-1

Initial Operating Conditions

kff

keff'

A k,
4, k ,

Ak,

Ak,

Ak,

cold and clean, without burnable poison

cold and clean, with burnable poison

xenon

xenon over ide

moderator temperature

nitrogen pressure

control margin

1.043

1.021

-. 010

-. 001

-. 004

-. 001

-. 005

10,000 Hour

A k,

A0k,

Operating Conditions

fission products

fuel depletion

burnable poison

-. 014

-. 008

+.021
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dependence of these quantities) Pin to pin power distribution was kept
constant in performing these calculations. (The estimated reactivity re-
quirements for full power operation of the ML-1 are shown in Table L)

7 A radium-beryllium source with a strength of about
3 x 10 n/sec is permanently mounted in a thimble near the center of the
core. The strength and lifetime of this source is sufficient to provide
start-upneutrons for the life of the reactor,

33, Thermal Design

as Operating Core Temperatures

At the design operating point, ML-1 fuel element

temperatures are calculated to be:

1) Pin metal wall temperature next to coolant:

Nominal maximum 1420 F

Hot spot maximum, reference 1750 F

2) Maximum fuel temperature

Hot spot maximum, U02  2500 F

Hot spot maximum, U0 2-BeO 2200 F

For ML-1 conditions, the highest nominal pin wall
temperature occurs at X/L = 0.678. At this position, the coolant temper-
ature is 1100 F and the film drop is 3200F,

Hot spot factors are used in order to define the
upper limits of temperature. Hot spot factors are established by con-
sidering all conditions tending to increase the core temperature) These
conditions include restriction of coolant due to orificing error or pin
size variation, error in the determination of the heat transfer co-

efficient, errors between calculated power and true power, effect of

control blades and other similar items,

The factors are evaluated separately and combined
to give what is termed "a reasonable combined effect". These factors are
then applied to the nominal case tc arrive at a prediction of hot spot
temperatures by a two-step calculation: First, the hot spot factors are
applied to calculate new higher gas and wall temperatures with a coolant
inlet temperature that is somewhat different from the nominal 800Fo

T = T. + C BLT (bulk nominal) + C AT (film nominal)
w inlet Bf

= 792 + 1,28 (308) + 154 (320)

= 792+394+494

= 1680 0 F
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Finally a correction is made for the reduction in

the heat transfer coefficient arising from the temperature difference be-
tween the gas and the wall.

T 0.575

ATf (hot spot) = AT \T
g = 494 1016

= 5730

This results in a hot spot temperature of:

T (hot spot) = 792 + 394 + 573 = 17590F
w

This is nearly the same as the reference 1750 F hot spot wall temperature.

Calculations of the preceding type are used to de-
fine upper and lower limits of temperature. However, in order to more
fully evaluate the effects of detailed power generation and coolant flow
distribution, a heat transfer code called HECTIC was used. This code per-
mits a detailed evaluation of temperatures both along and around individual
pins and includes the effects of pin wall conduction, thermal radiation;,
detailed power distribution, variation in channel size, and interchanne.
mixing of the coolant.

The code makes it possible to divide the pin
bundle into many subchannels of flow and associated heat transfer surfaces.

The code then divides the coolant among the various
channels such that pressure drops end to end are equal.

The code then proceeds in an axial stepwise cal-
culation of temperatures using conventional heat transfer correlations,

including the exchange of heat transfer between channels (mixing effect).
The code has provision for utilizing modified correlations as determined
by heat transfer tests. For instance, the heat transfer coefficient is

determined by using the Colburn equation. This coefficient is multiplied
by a constant to take care of differences between the predicted value and
the value determined by test. The code does not have provisions to make

T /T ratio corrections so these are applied to the results after the
calculation. Interchannel mixing was varied (normalized) to correspond
to test results, The code serves as a good calculational aid and permits

a much better evaluation of temperatures and the effects of varying
parameters than could be done by hand computation. Comparisons between

temperature prediction and test measurements are made wherever possible

and reasonably good agreement has been found (+ 50F for the IB-lc(T
in-pile test).

Fuel temperatures in ML-1 have been calculated to
be less than 25000F, Capsule tests at accelerated burnup rates (3 times
ML-1) to the equivalent of 3000 hr ML-1 operation have shown that there
is no problem with the ML-1 fuels and the associated pin material
(Hastelloy-X). The capsules were run at hot spot metal temperatures in
prototype geometry.
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b. Non-operating Core Temperatures

There are two shutdown conditions of interest:

1) Normal Scram: In this case pin wall temperatures peak at
1632 F, 590 seconds after scram.

2) Coolant Loss Accident: In this case pin wall temperatures
peak at 2210 F, 150 seconds after scram.

The difference arises due to cooling from the turbine-compressor set
coast-down. Accidents such as shaft seizure in the T-C set would give
intermediate temperatures. The core might be seriously damaged by a
coolant loss accident.

4. Mechanical Design of Fuel Elements

The ML-1 fuel element assembly (Figure 11) basically
is a cylindrical tube 32-in, long with an outside diameter of 1.720-in.,
and weighs about ten pounds. The active fuel length is 22-in. Each
fuel element consists of seven central fuel pins, loaded with fully en-
riched U02 pellets; and 12 pins in the outer ring, loaded with BeO-U0 2

pellets. The pins hang from an upper spider and are free to expand intc
a lower spider. Spiral wires running the length of the pin serve as
spacers. The pins are surrounded by an inner liner, a layer of insu-
lation, and an outer liner. The fuel pins, made of Hastelloy-X tubes,
are 0.241-in. 0.D. with 0.030-in, walls.

The fuel element is supported at its top by the upper
tube sheet of the reactor, and it iE restrained from moving upward by

the fuel element retainer plate. A seal is formed (similar to a valve
seat) between the tube sheet and the fuel element to prevent coolant
gases from by-passing the element. The coolant gas flows downward past
the fuel pins so that the forces of gravity and coolant pressure tend to
place the element structure and fue:. pins in tension. A spider supports
the pins at the top of the element. The spider has two levels to reduce
pressure drop.

Spiral wires wrapped four turns around the full length
of all except the center pin prevent lateral shift of the fuel pins.

The wire spacer is made of 0.040-in. dia Hastelloy-X and is attached to
the upper and lower pin plugs. The wire passes through a hole perpen'
dicular to the axis of the plug and is crimped over and spot welded to
the upper and lower pin plugs. The end plugs are pressed into the fuel
tube ends and Heli-arc welded to complete the enclosure of the fuel pins.
The lower spider spaces the lower ends of the pins and would keep the
pins from dropping into the lower plenum if the primary support of the
pins failed. The pins are not attached to the lower spider, but each
lower pin plug has a cylindrical section that slides freely through its
respective aperture in the lower spider so that differential thermal
expansion from pin to pin will not cause the pins to buckle. The lower
spider is offset to reduce pressure drop.
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It is desirable, for heat transfer reasons, to adjust the
power between pins to equalize the maximum metal temperature. Equal wall
temperature is maintained among the pins by placing more uranium in the
central pins than in the outer 12, since the thermal neutron flux is lower
in the center of the element. Thus the seven inner pins are filled with
fully enriched UO pellets (nominally 0.177-in.-dia by 0.325-in.-long)
and the outer 12 pins are filled with BeO-UO2 so that these pellets (nomi-
nally 0.176-in.-dia by 0.22-in.-long) are only 31 vol% highly enriched U02.
All pellets are cold pressed and sintered to about 96% theoretical density.

The insulation (Thermoflex) is cut from bulk sheets as
washers and stacked between the inner and outer liners. The inner liner is
Hastelloy-X 1.426-in. ID with O.OlO-in.-wall. The outer liner is a stain-
less steel tube (with 0.12-in., wall) welded to the upper and lower fuel
element closures. It supports the fuel element nose (bottom end closure).
The nose of the element may be orificed to allow minor adjustments in the
coolant flow to control fuel element temperatures in accordance with minor
variations in power distribution across the core. Thus all elements will
run, ideally, at the same temperature. The burnable poison, formed of a
cadmium alloy canned in stainless steel foil, is attached to the inside of
the outer liner opposite the lower half of the fuel. The poison is used in
this location to reduce the peak temperature of the fuel pin during the
first several thousand hours.

The fuel pins are assembled as follows: a lower plug is
pressed into the fuel pin and Heli-arc welded. Then 3/4-in. of MgO pellets
are placed into the fuel pin, and 22-in, of either BeO-U0 pellets or UO2

pellets are placed into the fuel pin. A BeO pellet is added, and a spring
spacer inserted on top of the pellet stack (to prevent pellets from moving
into the gas expansion chamber and to keep the gaps between the pellet ends
to a minimum during the reactor operation). The pin is then evacuated and
back filled with helium. The top end plug is pressed into the pin and Heli-
arc welded to the pin. The MgO pellets are used to reduce the temperature
of the weld that joins the lower plug to the tube. The BeO pellet at the
top of the fuel stack disperses the heat from the top fuel pellet thus
reducing the peak temperature gradient in the fuel pin at this point of
the fuel stack. The fuel envelope is made of Hastelloy-X.

Hastelloy-X was selected as a reference material for the
fuel pins since it displayed the best physical characteristics when screened
with other materials in gas corrosion tests (0.0035 in. corrosion per first
5000 hours under ideal conditions in reference atmosphere) and in creep
tests in the range of 17500F in the ML-1 atmosphere (nitrogen plus 0.5 vol %
of oxygen). The Hastelloy-X for the fuel pins has a cobalt content of less
than 0.1%. The low cobalt content minimizes loop contamination from
possible erosion of the cobalt 60 from the fuel pins and reduces parasitic
neutron absorption.

There is a large body of knowledge on the fabrication of
both UO2 and BeO-U02 pellets. In addition, the irradiation stability is
well-known to burn-ups of interest to the design of the ML-1 reactor.
There are several reasons for selecting BeO as a diluent for the 12 outer
pins; a lower fuel inventory is required; the BeO gives better thermal
conductivity and hence lower fuel temperature; and the BeO-U02 pellets may
have better fission gas retention than UO2 pellets.
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The fuel tubes are inspected with a Radac eddy current

testing machine. The end welds of the fuel pins are made on a semi-auto-
matic tungsten inert gas welder without filler rod. The welds are in-

spected with a helium leak spectrometer and by X-rays. Each fuel pin
assembly is checked with a gamma ray scintillation spectrometer to insure
that the U02 pellets are not mixed with BeO-U02 pellets.

5o Effect of Fission Product Release

The possibility of pin holes occurring in fuel pins is
recognized. The extent of the resulting contamination problem depends
upon many factors. The cases below are presented in order of incre fng
severity. The calculations for these cases were based on WAPD data
but limited testing of ML-1 pin specimen capsules indicates that the re-
lease of fission gases from U02 may be significantly less than predicted
if there is no oxidation of the U020

Case A: Consider first that the leak occurs in an average pin,
that is, one which runs at near nominal temperatures and has
average pellet properties. Furthermore, consider that the leak
is small, such that fission products leak but without the entrance
of appreciable quantities of cxygen0 In this case, the calculations
show:

Single Average Pin

Release of gaseous fission products l09 curies

Dose at truck cab after 24 hr shutdown 17 mr/hr

Case B: Conditions as in Case "A" except for a hot spot pin
(peak wall near 17500F)0 Calculations show:

Single Hot Spot Pin

Release of gaseous fission products 505 curies

Dose at truck cab after 24 hr shutdown 506 mr/hr

Case C: This case considers a hot spot pin and a leak big enough
(for example, 00 01-in0 diametEar) so that the reference gas causes

pellet oxidation and that operation has continued for 400 hr0  In

this case:

Single Hot Spot Pin after 400 hr in Air

Release of gaseous fission products 10 to 50 curies

Dose at truck cab after 24 hr shutdown 8 to 50 mr/hr

(1) Lustman, B. "Release of Fission Gases from UO2" WAPD-173, 1957
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Case D: Identical to Case "C" except the coolant is air

Single Hot Spot Pin after 400 hr in Air

Release of gaseous fission products 100 to 500 curies

Dose at truck cab after 24 hr shutdown 80 to 500 mr/hr

Tests of failed pins will provide better information on
the magnitude of the effects of fission product release.

If fission product leaks occur in service, it may be
possible to switch to pure nitrogen as a coolants The elimination of the
0.5 vol% oxygen would thus eliminate the oxidation of U0 2 and the high
releases associated with Cases "C" and "D"., Experiments are underway to
determine the effect of high purity nitrogen on fuel element materials
It is important to retain fission products within the sealed fuel pins
because the ML-l has a single loop and the power conversion equipment is
unshielded. For these reasons, special attention has been given to the
integrity of fuel pins to minimize the release of fission products.

C. PRESSURE VESSEL

1. General

The pressure vessel assembly is designed to operate at
stress levels within the material limits allowed by the ASME Pressure
Vessel Code. The basic relationships between various components of the
pressure vessel are shown in Figures 12 and 13

The shear ring (Figure 12) transfers the weight of the
pressure vessel assembly to a continuous stainless steel ring on the upper
portion of the inner lead shield assembly. Gussets in the shield con-
figuration transfer the load to the reactor shield tank structure.
Torsional loads created by the thermal expansion of the gas duct are
transmitted to the shield structure by shear keys at the top and bottom,
This device prevents the undesirable application of torsional loads on
the pressure tubes.

2 T e Bundle

Tre core shell is a bundle of 61 pressure tubes arranged
in a lattice (Figure 13) and held ii position by tube sheets, 3-in_ thick,
at each end The pressure tubes separate the primary coolant gas from the
water moderator, and provide precise positioning of the fuel elements:

The tubcs are made of AISI Type 321 stainless steel
(titanium stabilized to p::vent carbide precipitation). They have a
miinimum inside diameter ci 1 756-in and an 0.020-in. nominal wall thick-
ness. The tube sheets art forged integral with the plenum cavity side-
:rlls, thereby eliminating a joint These forgings are of AISI Type 304
stainless steel The carbon content of the forging is low enough to pre-
clude carbon precipitation when welding the tubeto tube sheet seal.
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The internal cooling passages (Figure 14) are counter-
bored with overlap between adjacent holes to provide adequate flow of
moderator water. These internal cooling surfaces are needed to minimize
thermal stresses in the ML-l tube sheets, In joining the pressure tubes
to the tube sheet, each tube is expanded into the bored hole by rolling
the tube to a pre-determined amount of plastic deformation, The rolling
is done in two steps: the back joint first, and then the front joint,

After tube expansion, the joint is machined flush to
the surface of the tube sheet and machine welded to insure a positive
seal. Exhaustive tests have been performed to insure the mechanical
integrity and seal capability of the reference joint design, These tests
included pull tests, thermal cycle tests, and thermal shock ( Lit of 4000F)
tests,

3, Plenums

The cylindrical portions of the plenum cavities, as
explained in the previous section, are forged integral with the tube
sheets, The lower plenum cap is lightly pressed into the lower plenum,
In addition, a series of press-fitted radial shear pins join the plenum
wall and cap0 The entire cap is then welded to form a gas-tight assembly0

The upper plenum cap is removable to permit access to
the fuel element array0  Therefore, it is joined to the upper plenum
(Figure 12) by a bolted flange and a Grayloc seal (manufactured by the
Gray Tool~Co,, Houston, Texas)0 The Grayloc design was selected because,
among other reasons, the seal ring is re-usable indefinitely and the joint
is unaffected by pressure variations. The pre-acceptance tests included
pressure and temperature leak tests as well as helium mass spectrometer
tests,

Internal heat-shielding is used to keep the metal at
low operating temperatures to reduce stresses in all plenum components.
The design (Figure 15) consists of an inner liner separated from the plenum
by three concentric, uniformly spaced, thin walled (0 015-in0) radiation
baffles0 Analytical studies, supported by test samples of various pro-
posed configurations, were used to determine the number and spacing of
baffles0 The tube sheet is insulated with a "Refrasil" blanket (manu-
factured by the H0 I0 Thompson Co0, Los Angeles, Calif0) similar to that
used in GCRE-I,

4, Gas Ducts

The upper and lower gas ducts (which direct the coolant
gas into and out of the fuel element array) are forged and welded stain-
less steel pipe manufactured to rigid specifications. The pipe is hydro-
statically tested and all welds are dye checked and X-rayed,

Internal insulation, similar to that in the plenums, is
used to maintain low pipe operating temperatures. The over-lapping scarf
joint (Figure 16) allows for axial expansion. The over-lap design of the
radiation baffles permits circumferential expansion0
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The inlet gas duct is designed with a Grayloc joint
accessible from the field servicing scaffold, since the duct must be
removable with the upper plenum cap The lower gas duct also incorporates

a Grayloc flange to permit assembly of the reactor into the shield tank.
The gas ducts penetrate the shield tank through flexible bellows (Figure 17).

D. SHIELDING

1. General

The shield design is based on the following criteria:

1) The maximum radiation level, with the water removed from the
shield tank, shall be 15 mr/hr 24 hr after shutdown at 25-ft hori-
zontally from the reactor centerline in the direction of the cab of
the transport vehicle.

2) The maximum radiation level vertically shall not exceed 1500
mr/hr 24 hr after shutdown at 25 feet0

3) The maximum radiation level in any other direction shall not
exceed 150 mr/hr 24 hr after shutdown at 25 feet0

4) The operational dose level shall be minimized consistent with
the shutdown dose level imposed by 1) above and the 15-ton reactor
package weight limitation.

These criteria impose rigid conditions on the tolerable
shutdown dose levels around the reactor package. As a result of these
criteria, the shield is primarily designed as a shield against core gamma
activity and the radiation from activation of shield components and
support structure. The operational dose level has been minimized only
after adhering to the shutdown dose requirements and after providing a
reactor package within the 15-ton weight limitation.

The requirements are met by:

1) Minimizing the size of the active core, and thus minimizing
the volume to be shielded;

2) Surrounding the core and end ducts with high density/high
atomic number materials to shield the gamma rays produced by fission
product decay and by activation within the core, plenum and shield
regions;

3) Providing an expendable borated-water neutron and gamma shield.
This shield affords operational shielding with minimum transportable
shutdown shielding weight; and,

4) Providing a small thickness of permanent neutron shielding to
attenuate the beryllium photoneutrons produced after shutdown.
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2. Shutdown Shielding

The reactor shielding for the ML-1 has a twofold function:
it must meet the basic nuclear shielding requirements for the reactor, and
it must structurally support the reactor package and control components.
The present shield design incorporates an optimum shield and structure
compatible with the 15-ton weight limitation for the ML-1.

The ML-l shield (Figure 6) consists of a lead fast
neutron reflector, 2-in, thick, surrounding the core in the radial direction.
Outside the lead reflector (in the forward direction) is about 2-in, of
tungsten. Both the lead and tungsten are integrally canned in stainless
steel (AISI Types 321 and 304-L) to prevent corrosion and to provide
structural integrity. Next to the reflector is about 2-in., of lead and a
3-in. annulus. The annulus is filled with borated neutron shield water
during operation. A second lead region surrounds the radial shield and
end ducting outside the water annulus.

The shutdown shielding in the axial direction consists
primarily of tungsten end plugs, each about 3-in, thick. The plugs are
streamlined and positioned within the plenums so the gas flows through the
reactor core with minimum pressure drop. An end shield of 2-in. of lead
is used to enclose the upper and lower stainless steel plenums and end
ducting.

The calculations of the shutdown dgse levels assume one
year of operation at a reactor power level of 3 x 10 watts (thermal).
An isodose plot giving the shutdown dose levels as a function qf distance
from the reactor centerline is shown in Figure 18. The values quoted are
the estimated dose levels at 24 hr after shutdown with the shield tank
drained. These levels are based on results of recent ORNL Lid Tank experi-
ments in which the shield was mocked up in slab geometry; and foil acti-
vation and operational neutron and gamma measurements were made. The
attenuation of the dose rate with time (broken down by source) is shown in
Figures 19, 20 and 21.

Power conversion equipment and all reactor equipment
outside the shield tank can be maintained with water in the shielding tank.
The dose levels with the tank filled is lower by a factor of 20 than the
values shown in Figure 18.

The shutdown dose in the direction of the cab of the
tractor at 25 ft is a result of contributions from various sources as

shown in Table 2, on page 50.

3. Operational Shielding

The operational shield within the limitations of
package size and weight reduces the neutron and gamma dose outside the
shield region to a minimum. It prevents radiation damage or activation
of components outside the reactor. (The 15-ton weight limitation refers
only to the transportable weight. It does not preclude the use of ex-
pendable or expedient operational shielding.)
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ML-1 SHUTDOWN DOSE RATE AT 25 FT. WITHOUT SHIELD WATER
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:L-1 SHUTDOWN DOSE RATE AT 25FT WITHOUT SHIELD WATER

AFTER 1000 HOUR OPERATION (.03 & .08 w/o COBALT IN STAINLESS STEEL)

K1

S. STEEL-'

ACTIVATIO

.1

--- TOTAL

NN

.\ N COBALT

10

CORE

Al CANNING

ACTIVATION

TUNGSTEN

4C"TIVAT ION

'N

K

N

1 /

.03 w/o
COBALT

PHOTO-NEUTRO

Be (T?1 )

I -1

1uU

TIMiaE AFTER SHUTDOWN - DAYS

FIGURE 20

48

N

54

0O

10

1.0

0.1

.

\ 

V 

\

_\

- -- - -

lU



REPORT NO. 1DO-28550

ML-1 SHUTDOWN DOSE RATE AT 25FT WITHOUT SHIELD WATER
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TABLE 2

SOURCES AND MAGNITUDE OF SHUTDOWN DOSE

SOURCE DOSE CONTRIBUTION (mr/hr)

Fission product gammas 5.0

Photo-neutrons 1.0

Activation of control blade shaft 3.5

Control blade slots 1.0

Plenum activation (fast neutrons) 5.1

Plenum activation (thermal neutrons) 1.7

Gas duct activation 6.0

Tungsten activation 0.8

Aluminum can (inner) 3.0

Aluminum can (outer) 1.1

Moderator duct 1.0

Inner stainless steel can 2.1

TOTAL * 31.3

* Effect of power conversion skid not included. The power con-

version skid will reduce the shutdown dose rate by a factor of 3
in the cab direction.

Although some benefit is realized from the gamma shield-
ing adjacent to the core, the primary operational shield consists of the
3-in.-thick borated water annulus, the surrounding 2-in, of lead, and the
2-1/2-ft of borated water surrounding the permanent shield assembly in the
horizontal plane.

The main contributions to the total operating dose level
come from capture gammas from thermal neutron absorption in the shield
water. Boron capture results in a 0.48 mev gamma. Hydrogen capture re-
sults in a 2.2 mev gamma.

The outer 2-in, of lead shielding minimizes the effect
of activation in the outer regions of the shield and pressure vessel com-
ponents, and adds to the operational shield effectiveness. Nearly all
the hydrogen and boron capture gammas originate within the 3-in, shield
water annulus; The lead thickness outside the annulus was determined
experimentally in the Lid Tank Shielding Facility at the Oak Ridge
National Laboratory.

In addition to attenuating the neutron flux to a safe
level f or personnel in the control cab (500 ft from the reactor) the
operational shield decreases the flux to a level so there is no radiation
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damage to, or high level activation of equipment located within and im-
mediately surrounding the reactor shield tank. (A flux plot showing three
different neutron energy groups throughout the gamma and neutron shield is
given on Figure 220)

The operational dose levels at various distances from
the reactor centerline indicate that it may be desirable to employ some
expediant shielding when operating the power plant in the field. Since
the operational dose is predominantly a result of neutron capture in the
shield water, and the operational neutron shield thickness is nearly uni-
form in all directions, the operational dose is nearly isotropic.

E. CONTROL BLADES

The ML-1 reactor is controlled by 6 pairs of semaphore-type
neutron absorbing blades located in the moderator between the fueled
pressure tubes. This control system was chosen to reduce radiation
streaming by minimizing clear passages into the core regions. The shut-
down radiation requirements could not be met by any simple reciprocating
mechanism. Therefore, the ML-1 control blades are driven by rotating
shafts, and are retracted into the reflector. There are 5 shim-scram
pairs worth a total of 5% negative reactivity. This 5% negative re-
activity provides a maximum k of 0.971 in an unflooded core, with all
shim-scram elements inserted n the core. The fine control blade pair
provides another 0.5% reactivity. Additional reactivity compensation is
supplied in the fuel elements by using a burnable poison (cadmium) to
balance fuel burnup, samarium buildup and low cross-.section fission
product buildup. (See Figure 23,)

The amount of excess reactivity controL required for the
reactor is 4.3% as shown in Table 3 , Reactivity Requirements for ML-1.
Burnable poison will account for 2.2% of this control, leaving 2.1% to
be supplied by control blades. Since the 5 shim-scram rods will supply
5% negative reactivity this means that 2.9% remains for shutdown. There-
fore, one or two pairs of control blades could fail to scram but shut-
down would still occur. If the 0.5% regulating blade worth be considered,
then as many as three other pairs of blades could fail and the reactor
would still shut down. As each control blade pair is completely in-
dependent of the others, it is highly improbable that more than one pair
would fail to function at any particular time.

The pair of regulating blades provides reactor power regu-
lation, They can be fully inserted or fully withdrawn in 10 seconds.
The five pairs of shim-scram blades are used to compensate for re-
activity changes that occur during the lifetime of the reactor and for
shutdown. Insertion or retraction requires four minutes. Under a scram
condition, all five pairs are inserted in 0.35 seconds. The regulating
pair is inserted more slowly. The control worth of the blades is shown
in Figure 24 as a function of position. The fully inserted condition
occurs at 100,

The regulating blades are of AISI Type 202 stainless steel.
The shim-scram blades are an alloy of 80 wt% silver, 15 wt% indium and
5 wt% cadmium, Each blade extends between the fuel tubes approximately
10 inches into the core. The blades are approximately 4-in, wide, 1/4-in.
thick at the tip and are tapered to 5/8-in, at the base.
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CONTROL BLADE SYSTEM FOR THE ML-/ REPORT NO. IDO - 28550
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i~~e TALE T 3 J? t.1i

(For 10,033 hr of full power operation of the ML-l)

Yenon fission products 1.1%

xenon override 0.1%

Samarium fission products 1.0%

Fuel depletion 0.8%

Low cross-section fission products 0.4%

Moderator temperatures 0.4%

?itrogen or air pressure 0.1%

Control for power changes 0.4%

Total k required 4.3%e: cess

Control, burnable poison 2.2%

Control, rods 2. + shutdown

Control, total 4.3%

The control blades are supported in a mount attached to the
upper and loner tube sheets of the reactor core as shoT n in Figure 25.
This figure also shows a Dian vie.: of the drive shaft, blade mount and
actuator. The two blades are connected by ball-bearing mounted gears.
One gear is joined to a drive shaft hich tangentially pierces the radial
shield and reflector. The mount is recessed into the reflector. The
blades are rotated from the vertical retracted position into the fully
inserted position through an arc of 300. The clearance between the blades
and the pressure tubes is nominally a minimum of 0.070-in. Proper align-
ment of the blades is assured in initial assembly by correctly position-
ing the gears to which the blades are attached. The 0.070-in, clearance
is ample to allow for thermal distortion of the blades or the support
structure.

The mount, the gears, and bearings are made of 17-4 PH stain-
less steel for corrosion resistance, low wear, and low thermal distortion.
The driven gear is attached to the drive shaft by a female spline in the
gear. A universal joint allows for manufacturing tolerances and thermal
expansion between the blade mount, the reflector and the inner radial
shield to which the drive shaft housing is fixed.

The shaft housing is composed of two parts, one welded to the
moderator tank and the other joined by a flange to the first part and
attached to the actuator housing recessed into the neutron shield tank.
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The shaft housings can be assembled to the reactor with the radial shield.
They are supported near the outer ends by gussets from the reactor support
ring. The whole reactor assembly can be placed into the neutron shield
tank and the bellows at the end of the shaft housings connected to the
actuator housing. The shaft housing assembly is made of AISI Series 300
stainless steel.

Each actuator is suspended from its drive shaft housing. This
reduces the flexibility required of the coupling between the actuator and
shaft, and provides a compact arrangement. Each actuator is motor driven
through a gear train and an electro-magnetic clutch. When the reactor is
scrammed, the current to each actuator is'interrupted, releasing the clutch
and allowing double, clock-type springs to fully insert all blades. Scram
can be achieved with only one of the two springs operational. Each actuator
is provided with a water dashpot to absorb stopping shock. Moderator water
is sealed by a rotary face seal at the dashpot housing. The dashpot is
connected by a drain line to the moderator pump suction flange and by another
line to the moderator reservoir. Thus circulating flow will tend to keep
the dashpot free of foreign matter. The regulator actuators are identical
to the shim-scram actuators except that they have a 54/1. gear reduction in-
stead of 1272/1 reduction and a lighter scram spring.

The components of the system are mechanically indexed from the
control blades to the position indicator to maintain the same relative
position between the blades and the position indicator regardless of parts
replacement. The position indicator is a variable induction, angular
position transducer.

Each actuator is mounted in a housing recessed into the
shield tank outer wall. An actuator can be quickly and easily dis-
connected from its dashpot housing as a unit by removing a cover on this
wall. A mechanical stop prevents the scram spring from unwinding, and
an auxiliary spring on the drive shaft prevents movement of the blades
from the scrammed position when an actuator is removed. In addition, the
upper blade is heavier than the lower so that the blades rotate into the
core if the drive shaft is removed. With the actuator removed, the
moderator seal can be replaced. All servicing except shaft replacement
can be accomplished by maintenance personnel without special shielding.

F. MODERATOR WATER SYSTEM

1. General

Circulation of the moderator water is required during
and after operation of the reactor to remove the heat generated in, or
transferred to, the water inside the reactor, and in the shield tank.
The total volume of the system is 450 gallons. To minimize weight,
aluminum valving and piping is used where possible throughout the moder-
ator system. Stainless steel is. used wherever aluminum cannot bewem-
ployed. The moderator system is equipped with a bypass cleanup system
to maintain moderator water purity.
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Manually controlled drains provide complete drainage of
the moderator system exclusive of the reactor cored A separate drain
allows the core to be drained.

Temperature levels given in succeeding paragraphs are
for 1000F ambient temperature conditions.

20 Steady State Operation

The moderator water is circulated in a closed loop as
shown in Figure 25 by a 300 gpm, 10 hp, sealless, centrifugal pump operat-
ing at a total discharge head of 70 feet of water, about 303 psi.

The moderator water enters the reactor at approximately
180 F, removing 120 x 106 Btu/hr generated in, or transferred to, the
water inside the reactor as a result of fission product gamma heating,
neutron heating, and heat conduction through the walls of the pressure
tubes.

The moderator water leaves the reactor at about 190F
and enters the moderator water heat exchanger at 190 F0  Total pressure
drop across the reactor is equivalent to a head of about 25 ft of water
(10.8 psi). The path of moderator flow through the reactor is shown in
Figure l2.

The moderator heat exchanger is a compact, three pass,
cross-flow water to air unit of aluminum with a minimum heat transfer
capacity of 15 x 106 Btu/hr. The moderator water flows through layers
of externally finned tubes. Two fans supply 78,,600 lb/hr of cooling air0
The outlet temperature of the reactor is automatically controlled by
varying the opening of the heat exchanger louvers. In addition, reducing
the number of fans in operation provides coarse manual control at low
ambient temperatures. Total pressure drop across the moderator heat
exchanger is equivalent to about 14 ft of water. The moderator heat ex-
changer is located on the power conversion skid adjacent to the oil cooler
(Figure 27) because of the restrictions to reactor package weight.

The shield water heat exchanger is located inside the
shield tank and removes the nuclear heat generated in the shield water.
Total pressure drop across the heat exchanger (on the moderator side) is
equivalent to about 6 ft of water, The water leaves the exchanger at
about 1800F. This unit is discussed in more detail in Section III-Go

The moderator water next enters the upper surge tank,
an integral part of the shield tank extension, and then flows into the
lower surge tank. The lower surge tank is a circular tank located near
the top of the shield tank. The upper surge tank holds 200 gallons, and
the lower surge tank 110 gallons. The surge tanks provide the expansion
volume required by temperature changes, allow for any loss of moderator
water, and provide a heat sink for removal of afterheat in case of a
complete power failure.

The upper surge tank is vented to the atmosphere through
a line incorporating an air-cooled condenser. Non-condensibles, such as
dissolved oxygen, escape through the vent line0 Most of the water vapor
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ARRANGEMENT OF EQUIPMENT ON THE ML-1 POWER CONVERSION SKID
REPORT NO. IDO - 28550
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is condensed and returned to the tank. The upper surge tank is provided

with a level indicator to aid in filling the system and to detect leaks.

Moderator water leaves through the lower surge tank and
is routed directly to the suction side of the moderator pump, completing
the moderator circuit.

A low-flow alarm, located downstream of the moderator
heat exchanger, is incorporated in the moderator system. This alarm
automatically scrams the system if moderator flow rate drops below a
pre-set value (approximately 275 gpm). The low flow alarm is located as
far as possible downstream from the pump to detect system leak, rupture
or stoppage.

Approximately 3 gpm are continuously by-passed around
the moderator pump and passed through two mixed bed demineralizers to
maintain system water purity at about 1 megohm resistivity. The deminer-
alizers can be valved either in series or parallel, as determined by
initial operating experience. These mixed bed demineralizers use a
strongly acidic cation resin and strongly basic anion for removal of either
cationic and anionic soluble corrosion products. Water purity is con-
tinually monitored by conductivity indicators located on the inlet and
outlet sides of the demineralizers. The resin charge is removed from the
demineralizers for shipment.

A safety burst disk, set to rupture between 29 and 31
psig, is incorporated in the moderator system and is located downstream
of the reactor exit. The burst disk 'wil not permit loss of the
moderator water in case of rupture.

The control blade dashpot housing assembly is connected
to the suction side of the moderator pump and is vented to the lower surge
tank. This assures proper initial filling and provides a small amount of
circulation through the dashpot housing during steady state operation.
(See Figure 25 Sect. III-E.)

The neutron detection chambers located outside the
primary shielding are also connected to the suction side of the moderator
pump and are vented to the lower surge tank.

3. Scram Condition

Forced circulation is provided through the reactor core
following reactor scram by a standby pump to remove afterheat.

The power requirements of the main moderator pump pro-

hibit its use following a scram.

When a scram is imposed on the system, the main moder-
ator pump is shut off and the standby pump, operating on emergency power,
is automatically started. The standby pump is switched to standby power
when it becomes available.
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The standby pump is a 15 gpm, 1/8 hp, sealless, centri-
fugal unit operating at a total discharge head of approximately 8 feet of
water.

The moderator flow path during scram conditions is the
same as that described for the steady state condition.

4. Complete Power Failure

If a complete power failure occur, three solenoid
valves open to prevent damage to the system.

One of the solenoid valves vents the inlet side of the
reactor, bleeding any steam formed in the reflector-shield annulus. This
prevents a vapor trap and assures positive feed of moderator water into
the reactor core.

The second solenoid valve, located at the top of the
moderator heat exchanger, allows steam to escape from:thereactor core.

The surge tanks are sized to supply moderator water for
after-heat removal for a minimum of 24 hours after complete power failure.

The third solenoid valve opens and drains the moderator
heat exchanger to preclude freezing of the moderator water in the ex-
changer. The solenoid valve located at the top of the moderator heat ex-
changer prevents syphoning when the heat exchanger is drained,'and:.in
addition acts as a vent.

G. SHIELD WATER SYSTEM

1. General

The shield water tank contains the reactor pressure
vessel assembly and shutdown shield, gas ducts,..moderator and shield water
system piping, moderator surge tanks, and the shield water heat exchanger
(see Figure 26). The tank has a maximum diameter of 9 feet and including
the shield tank extension, holds 2500 gallons. The shield tank extension
is removed during fuel element removal and transport by airplane. The
shield tank lid can be interchangeably mounted on the tank extension or on
the main shield tank. During operation, the shield tank is filled with a
10% boric acid solution.

2. Startup

The shield tank is initially filled with a 27 boric acid
solution prepared outside the tank. The remaining solute required to make
up a 10% solution is added through the top of the shield tank. For a
description of the water makeup system, see Section VI-E.

Before and during reactor startup, the shield water is
well below saturation temperature (113 F). A 100 gpm, 14 hp, sealless,
centrifugal pump, operating at a total discharge head of 16 feet of water,

- 62 -



Report No0 TDO-28550

circulates the shield water slurry during this period0  The pump aids in
dissolving the solute as the shield water temperature rises and provides
forced circulation through the shield water heat exchanger during steady
state operation0  (See Figure 260)

30 Steady State Operation

Nuclear heat generates about 150,000 Btu/hr in the shield
tank under steady state conditions. The heat loss from an uninsulated tank
at temperatures above the saturation. point considerably exceeds the heat
generated under conditions of extreme cold and high winds0 However, with-
out wind, the heat loss from an uninsulated tank is less than the heat
generated, even under conditions of extreme cold, resulting in the liquid
boiling (See Table 4). It obviously is necessary to insulate the shield;
tank, and incorporate a shield water heat exchanger to assure satisfactory
all-weather operation.

The shield water heat exchanger is a compact, aluminum,
cross-flow, single pass, water to boric acid unit with a minimum heat
transfer capacity of 150,000 Btu/hr. The exchanger is connected to the
suction side of the shield water pump and draws water from the top of the
shield tank. The shield water, at maximum ambient temperature, enters
the exchanger at 190 F, and leaves at 187 F, It passes through the pump
and re-enters at the bottom of the :hield tank, encouraging natural con-
vective flow0  Total pressure drop across the heat exchanger (shield water
side) is equivalent to about 3 ft of water (about 1,3 psi)0

The shield tank i8 vented to the atmosphere at all times
to simplify mechanical design, The vent line incorporates an air cooled
condenser to minimize evaporation losses, The shield tank is also provided
with a level indicator, and a conductivity indicator is located in the
pump discharge line to indicate the amount of solute dissolved in the
shield water.

4, Shutdown

The shield water pump is shut off at scram, All external
lines and components containing shield water are heated to maintain the
boric acid in solution0 This will prevent fittings, bearings, etc., being
plugged with solute as would be the case if the fluid dropped below satu-
ration temperature (113 F)0 The thermostatically controlled heater re-
quires a maximum of 200 w standby power. The heater is not required during
steady state conditions0

The shield tank i3 insulated to maintain temperatures
in excess of 1130F for at least 24 ir after scram0  The reactor can be
approached after 24 hr and the tank drained if necessary. The shield tank
insulation also aids in bringing shield water up to saturation tempera.
ture during startup.
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TABLE 4

STABILIZED SHIELD WATER TEMPERATURES

(For various shield tank surface treatments, with and without the shield
'rater heat exchanger.)

VARIABLES UNITS

Ambient air temperature

Assumed moderator heat
exchanger outlet temperature

Wind speed

-65

160

mph

TANK CONDITION

Aluminum surface, no
insulation, no shield
water heat exchanger

Aluminum surface, no
insulation, with shield
water heat exchanger

Aluminum surface, " of
Johns Manville RF-300
insulation, no shield water
heat exchanger

Aluminum surface, " Johns
Manville RF-300 insulation
with shield water heat
exchanger

4
or
less

Boiling

163

-65

160

-30

165

80 4
or
less

+13 Boiling

140 169

-30 70

165 170

80 4
or
less

70 100 100

170 180 180

80 4
or
less

80

+48 Boiling +148 Boiling +178

153 177 167 187 180

Boiling >

168 166 172 171 179 178 189 188
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0

Pt

0
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IV, THE POWER CONVERSION SKID

A. GENERAL

The power conversion skid supports and encloses the power
conversion equipment during both operation and shipment. The three
major items of equipment are the turbine-compressor set (T-C set) which
includes a reduction gearbox; the alternator and starting motor; and
the recuperator and pre-cooler. The skid also contains a lubrication
system for the T-C set and alternator; a vacuum pump for purging aLl
interconnecting piping, including the control by-pass; and electrical
switchgear. The general arrangement of equipment on the skid is shown
in Figure 27, page 60.

The rotating equipment is located "in-line", and the out-
let from the turbine is connected directly to the recuperator. The
reduction gearbox is mounted to the compressor at the high-speed end,
and to the 500 kva alternator at the low-speed end. The gearbox also
provides a drive for the lubricating oil pump.

The recuperator is rigidly fixed to the structure of the
skid floor on the vertical centerline of the rotating equipment. The
alternator is mounted on sliding feet to accommodate thermal expansion.
The equipment is self-supporting between the alternator and the recu-
perator. The pre-cooler forms the roof of the skid. (The design
characteristics of the power conversion skid are summarized in Section
II-C.)

B. TURBINE-COMPRESSOR SET

The T-C set includes a compressor, a gas turbine, and a
reduction gearbox. Two types of T-C set are being developed for the
ML-l, an axial flow set and a radial flow set. The rotational speed
is 22,000 rpm for the axial flow set and 18,000 rpm for the radial flow
set. In both sets, the gearbox output drive shaft speed is 3600 rpm
for the alternator and 1800 rpm for the lubrication pump.

1. Axial Flow T-C Set

The principal components of the axial flow T-C set
are: a rotor assembly on which are mounted the rotor blades for the
axial compressor and turbine; a bearing housing for the compressor;



Report No. IDO-28550

the :ompressor inlet; the stator assembly for the compressor; the bear-
ing housing .for the turbine; the turbine exhaust annulus; and the re-
duction gear assembly. The T-C set, complete with the reduction gear
assembly, is structurally self-supporting and is housed in a barrel-
type pressure container 52-in-long by 28-in0 in diameter. The total
weight of the set, including the pressure container is 1800 lb. (The
T-C set is shown in Figure 28.)

The main shaft and compressor rotor is a single forg-
ing. The forged compressor rotor blades are mounted in circumferential
grooves in the rotor. The first-stage turbine rotor disc, and the
second-stage turbine disc including the stub shaft, also forgings, are
bolted to the compressor rotor. Pilot diameters on each part maintain
concentricity, and radial pins transmit torque. The forged, shrouded
turbine-rotor blades are mounted in broached "fir tree" slots in the
rotor discs. Two cylindrical labyrinths and one radial labyrinth seal,
at each end of the shaft, control gas leakage and prevent leakage of
oil into the nitrogen loop. The cylindrical labyrinths are opposite to
a stainless-steel honeycomb seal which is brazed to the case. The plain
radial bearings are of babbitt to ensure long life. The thrust bearing
is a tilting-pad bearing, similar to the Kingsbury bearing, sized to
accommodate the 4000-lb axial load for the long life required. The
lubrication system includes filters rated to remove particles above 25
microns. All the bearings are replaceable to facilitate maintenance.

The cast steel compressor-bearing housing contains
the compressor journal bearing, the thrust bearing, part of the laby-
rinth seal, and carries the necessary connections for lubricating oil
supply and drain. The stationary planet carrier of the reduction gear
is bolted to a conical projection from this bearing housing. The bear-
ing housing is bolted to the compressor inlet.

The compressor inlet is a steel casting which serves
as a mounting for the shutdown seal and two labyrinth seals. In addi-
tion, when it is bolted to the inlet bearing housing, the compressor
inlet supports the T-C set. Clean nitrogen from the compressor bleeds
is supplied to the labyrinth seals through internal porting in the
casting. The compressor inlet is bolted by its outer flange to the
barrel and separates the compressor inlet plenum from the gearbox. It
provides structural support for the turbine-compressor set.

The compressor stator case is a two-piece steel cast-
ing to facilitate assembly. The case incorporates cored manifolds to
permit high-pressure gas to be bled from the 3rd or 7th stages. The
stator blades are cut from a rolled strip, with a blade section common
to all stages. The blades are furnace-brazed into half-ring assemblies
which are slid into grooves cut in the stator case.

The reduction gear consists of the internal parts of
a standard DeLaval-Stoeckicht planetary reduction gear. To reduce
weight, the standard gear case has been eliminated. The case around
the turbine and compressor has been extended over the reduction gear
assembly so the case can be bolted to the alternator. The high-speed
sun gear is coupled to the rotor of the T-C set by a short sleeve with
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THE RADIAL FLOW TURBINE COMPRESSOR SET
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internal teeth. This sleeve can accommodate 0.002-in, of misalignment
due to dimensional tolerances between the planet carrier and bearing
housing. The pressure container around the whole T-C set and gearbox
is provided with lubricating oil supply and drain connections. These
external connections are at the alternator end of the pressure con-
tainer.

The compressor discharge volute bolts to the compressor
case and seals with a piston-ring-type seal at the outer case. The
volute assembly separates the compressor inlet from the compressor dis-
charge and turbine inlet region. A labyrinth seal is provided in the
volute assembly to control gas leakage between the compressor discharge
and the turbine inlet. The intermediate case bolts to the compressor
discharge volute assembly and to the turbine stator assembly. This
case has two perforations to allow access to the turbine inlet volute
and the compressor discharge volute.

The turbine stator assembly includes a diaphragm
separating the turbine inlet-compressor discharge area from the turbine
discharge. The stator blades are held in split-ring assemblies which
are supported to allow radial expansion. The four arms supporting the
hub assembly bolt to the turbine diaphragm as do four keys to support
for the bearing at the turbine stub-shaft. The keys fit into keyways
fastened to the outer case and provide for axial and radial expansion
of the T-C set relative to the outer pressure case.

The oil-cooled bearing hub contains two cylindrical
labyrinths, one radial labyrinth and a shut-off seal. Suitable inlet
and outlet connections are provided to supply nitrogen to the labyrinth
seals and the oil supply and drain lines.

The hub support arms and the plumbing lines pass
through the turbine exhaust diffuser annulus. Fairings, provided around
the support arms and the plumbing lines for insulation and streamlining,
divide the exhaust diffuser into four flow passages. The annulus is re-
formed downstream of the support arms. An extension sleeve is bolted
on the turbine exhaust flange to protect the diffuser. This arrange-
ment permits a piston-ring-type seal, located at the end of the diffuser,
to control the amount of cooling flow through this area.

2. Radial-Flow T-C Set

The radial-flow T-C set is a reaction-type, two-stage,
axial-flow turbine coupled to a two-stage radial compressor mounted on
the same shaft (Figure 29). The turbine is designed with a constant
blade-root diameter of 12.l4in. The mean diameters of the first- and
second-stage rotors are 12.90-in, and 13.20-in, respectively. Each tur-
bine rotor has 83 blades. The nozzle rings each have 79 blades.

The construction features of the turbine are as
follows: The turbine support structure is cylindrical, without hori-
zontal joints, to avoid thermal distortion. Axial thermal distortion
is minimized by locating the thrust bearing immediately inboard of the
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overhung turbine rotors. The turbine-nozzle ring assembly supports
the stator assembly and the wheel shroud rings. The turbine-nozzle
ring assembly and inner-stage diaphragm are supported by a conical
member mounted to, and located by, the thrust bearing support structure.
The turbine inlet duct, a non-structural member, has been designed to
minimize heat losses. The hollow wall of this duct will be evacuated
to further reduce heat transfer. An extension of this duct is a heat
shield between the turbine wheels and bearing,

The barrel-type main housing of the T-C set is cast
in stainless steel. The main bearing support is cast into the main
housing. The compressor bearing is installed in the gearbox housing.
The turbine and compressor wheels, mounted on a common shaft, are
supported by two tilting-pad radial bearings. Tilting-pad thrust and
anti-thrust bearings are also included. The T-C set is flange-mounted
to a recuperator without other supports. Three lugs are provided on
each housing casting to aid in handling. All stressed members in the
turbine are constructed of nitriding-resistant materials.

The turbine rotors are Incoloy 901 forgings. The
rotor blades are precision cast in Inco 713 alloy, a modified form of
Inconel "X". The blades are assembled to the rotors with bulbroot
attachments. The nozzle blades are precision cast in Inconel. The
nozzle rings and inter-stage diaphragm are welded assemblies. The
turbine rotors are bolted to the flanged ends of the hollow rotor
shaft.

An external connection is provided to supply working
gas (at separately controlled pressure) to a balance chamber fitted to
the downstream side of the second-stage turbine wheel. This balance
chamber exerts a thrust on the main shaft proportional to the controlled
pressure, reducing the load to insure axial stability. Gas passes
through the balance chamber labyrinths and along the second-stage tur-
bine rotor, serving to cool it.

Working gas is supplied under pressure to the cavity
inside the flanged end of the shaft. This gas flows through drilled
holes in the first-stage turbine rotor and through the turbine inter-
stage labyrinth. A close-fitting wheel shroud directs this gas along-
side both rotors. Thus, the gas cools both the labyrinth and the
rotors,

Lubricating oil is supplied to the turbine end bear-
ing through a double-walled feed passage. Seal-cooling gas passes
through the outer portion of the passage and insulates the bearing
lubricating oil from the housing, thus a minimum of heat is picked up
by the oil at the back end of the unit. Due to the materials and the
moderate working temperatures of this unit, no provision is made for
cooling either the turbine nozzles or the turbine wheel blades.

Since axial length available at the turbine exit is
limited, a set of vortex generator vanes is installed in the turbine
exhaust to diffuse the gas discharge. Tests of these vortex generator
vanes have shown that satisfactory diffusion can be achieved.
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The compressor wheel diameters are 11.9 and 11.2-in.
with eye diameters of 7.4 and 6.7-in. Twelve full-length and twelve
half-length blades are used in each impeller.

The compressor support structure is cylindrical to
ensure accurate alignment of the inter-stage passages, diffusers, and
seals. The shrouded impellers are precision cast in aluminum. The inte:-
stage baffle plates, diffusers and return guide vanes are fully-machined
aluminum castings. The compressor wheels are pinned to shaft spacers
which are, in turn, keyed to the rotor shaft.

Incorporated withia the main turbine-compressor housing
is a complete reduction gear unit. Power from the T-C set is transmitted
to a helical pinion. The pinion is mounted directly on the T-C set shaft.
The helix angle was chosen so that the gear thrust will be opposed to the
normal turbine thrust. Meshing with the pinion are three secondary re-
duction gears on shafts, equally spared around the pinion center. Helical
pinions on three shafts mate with the low-speed gear, A: double reduction
gear was.chosen. Radial loads normally fund in a straight double reduction
system are balanced out by locating the pinions equally around the center
of the high-speed gear. Load sharing of the gears is ensured by axial
shimming to obtain uniform tooth contact. A drive shaft at right angles
to main shaft is provided to supply the auxiliary power take-off for the
lubricating oil pump. The main support plate for the gearing pilots into
the main turbine-compressor housing and carries the compressor end bear-
ing of the turbine-compressor set. The secondary gearbox supports are
Ainned to the main support plate. Gear units are removable as complete
assemblies. Gearbox supports are aluminum alloy castings. Gears are
manufactured from certified alloy steel forgings. Gear profiles are
;recision generated by grinding.

C. ALTERNATOR - STARTING MOTOR

The ML-1 Alternator is a totally enclosed, electro-mag-
netically excited, brushless, synchronous alternator. At 3600 rpm. it
will generate 500 kva of electrical power. It is designed to operate as
a 400 kw, 0.8-pf, 60-cycle, 3-ghase, 2400/4160 volt, continuous-duty

generator in ambients from -35 F to +100 F, and can be externally con-
nected to operate in either a wye connection or a delta connection. (The
alternator is shown in Figure 30.) At 3000 rpm, the generator will pro-
duce 333 kw at 0.8-pf, 50 cycle, 3-phase, 2000/3467 volts of electrical
power. The brushless alternator design best meets the requirements for
maximum reliability and minimum maintenance. An axial-air-gap version
best met the requirement for absolute :minimum length.

The alternator is housed in a gas-tight case flange-mounted
to the gearbox case. Also enclosed in the gas-tight case is a 480-volt
line-to-line, 3-phase, 60-cycle 50 hp starting motor mounted orn a
generator shaft. This starting motor is capable of rotating the T-C set
and alternator up to rated speed.
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The drive-end housing and the gearbox are the heat sink for
the stationary field coil mounted on the drive-end housing. The armature
is isolated behind an 0.100-in, thick diaphragm so it can be submerged in
transformer oil. This results in a maximum temperature difference of
1250F between the alternator housing and the hottest spot in the armature.
A system of fins and shrouds maintains the housing temperature at less
than 250F above ambient air temperature.

The alternator is separately excited during the starting
transient, but is self-excited in operation.

A transformer delivers 480-v, 50/60 cycle, 3-phase power to
a three-phase, full-wave, bridge rectifier. The rectifier, in turn, de-
livers d-c power to the field through a magnetic amplifier voltage regu--
lator. The voltage regulator incorporates voltage-regulation, field-
forcing, and current-sharing circuits, but does not control load sharing.
The load sharing is accomplished by the characteristics of the T-C set
speed controller.

D. LUBRICATION AND CLEAN-UP SYSTEM

The lubrication system supplies oil to the .turbine-com-
pressor set, including the gearbox and the alternator. The Stratos
system shown schematically in Figure 31, is typical of the two systems.
Oil is supplied to the system by a gear-type pump driven by the gearbox
at 1800 rpm. An auxiliary pump (motor-driven) provides lubrication
during start and stop operation to prevent bearing damage. Regulators
are utilized to maintain a pressure differential of 30 psi across the
bearings.

The dual filtration circuit (parallel connected) provides 25
micron oil filtration with a provision to permit changing each element
during operation.

The oil is passed through an air-cooled oil cooler on the dis-
charge side of the pump to reduce the oil temperature to approximately
1500F. The cooler is capable of removing 293,000 Btu/hr.

The entry of bearing lubricating oil into the gas cycle is
prevented by two stages of labyrinth seals at each bearing on the T-C
set shaft. The seals are supplied with regulated nitrogen from the
compressor discharge through external connections. The oil in the
bearing exit cavities is maintained at a lower pressure and, therefore,
cannot enter the working gas. Individual feeds and drains are provided
for each bearing, and individual feeds and vents are provided for each
seal. It therefore is possible to hold each bearing cavity and its
adjacent seals at any desired pressure level.

Nitrogen is supplied to the labyrinth seal by an auxiliary
compressor during startup and shutdown when main compressor gas is not
available. When the system compressor develops a minimum of 45 psia, the
auxiliary compressor will automatically shut off.
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SCHEMATIC OF THE LUBRICATION AND CLEAN-UP SYSTEM FOR THE ML-1
REPORT NO. IDO - 28550
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The nitrogen bleed gas is purified after it leaves the seals
and then returned to the loop. The clean-up system includes a separator
and a filter. The separator mechanically separates bearing oil from the
nitrogen and returns the oil to the sump. The nitrogen is filtered, to
reduce the oil content to acceptable limits, before it is returned to the
system. A small-capacity nitrogen compressor is used to return nitrogen
to the separator from the oil sump. This is necessary because nitrogen
is continuously carried in solution by the oil as it is returned to the
sump. Nitrogen is also supplied to the alternator case and flows across
the alternator seals to the sump to prevent -the entrance of oil.

The lubricating oil will have a viscosity equivalent to SAE 20,
and a minimum flash point of 400 F. The maximum operating temperature of
the oil will be 1800F, eliminating any fire hazard if there is leakage of
oil. It is estimated that about 60 gallons of lubricating oil and two
replacement oil filter cartridges will be required every thirty.days of
operation.

E. RECUPERATOR

The recuperator is a gas-to-gas regenerator that transfers
heat from the turbine discharge stream to the compressor discharge
stream, thus pre-heating the gas entering the reactor, as shown in
Figure 32. This exchanger is a shell-and-fin, tube-type consisting of
four tube passes and one shell pass. The high-pressure gas flows through
the tubes, and the low-pressure gas flows around the tubes on the shell
side. The recuperator is constructed of AISI Series 300 stainless steel.
The recuperator core is made up of 3/8-in. OD tubes. Each tube has
three 1800 return bends making a four-pass serpentine. There are 840
tubes per pass or a total of 3360 tube passes. Each tube pass has an
effective length of 44-inches. The tubes are welded into the tube sheet.
The 8-in, diameter, high-pressure headers are contained entirely within
the shell. The low-pressure inlet nozzle is a 20-in, pipe connected
directly to the turbine exhaust. The turbine exhaust diffuser protrudes
2-in, into the recuperator shell.

The low-pressure gas, as shown in Figure 32, is deflected
around the end of the shell by internal baffles, The gas then flows
directly across the tubes to the outlet duct, The high-temperature end
of the shell will be internally insulated to maintain a temperature of
approximately 450 F.

The recuperator has an overall length of 81-in, including the
1/2-in, thick insulation on the heads, and a maximum outside diameter of
49-in., including the 1/2-in, thick insulation, The calculated heat ex-
changer effectiveness is.80.75%. The calculated pressure drop on the
high pressure side is 1.61% ,p/p and the pressure drop on the low
pressure side is 1.06% np/p.

The recuperator is supported by a fixed system which allows
the turbine-compressor, generator and recuperator system to expand toward
the generator. The recuperator flange supports the T-C set. The re-
cuperator longitudinal support point occurs at the recuperator mount
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located on the extended centerline of the turbine-compressor. The
minimum allowable shut-down pressure is one inch of water (0.036 psi).

F. PRE-COOLER, MODERATOR COOLER, OIL COOLER ASSEMBLY

The pre-cooler, moderator cooler and oil cooler are on the
same frame. The overall length of the three exchangers is 168-in, and
the overall width is 113-in. It is 32-in, thick - 15-in, for the ex-
changer core and 17-in. for the fan plenums. Of the total length, the
pre-cooler accounts for 128-in., the oil cooler for 12-1/2-in., and the
moderator cooler the remaining 27-1/2-in. The general configuration and
relative locations of these exchangers is shown in Figure 33. The total
weight is about 5800 lb.

The pre-cooler is a single-pass, cross-flow exchanger with
nitrogen gas inside the tubes and atmospheric air outside the tubes. The
pre-cooler is constructed of aluminum: the headers are of aluminum Type
2219 alloy; and the tubes of Type 3003 aluminum, an extrudable alloy.
The tubes are 3/8-in.-OD with six, 0.040-in., longitudinal, internal fins
and eleven external circumferential fins per inch. These external fins
are 0.012-in, thick and 1-1/4-in.-OD. The core contains 1132 tubes dis-
tributed in 13 horizontal layers. Eight 7.5 hp fans are located under
the exchanger core. Rated air flow is 289,000 lb/hr. Controllable
louvers are located on top of the exchanger. Air flow across the ex-
changer can be controlled by adjusting the louver opening and by operat-
ing combinations of the fans,

G. MAIN PIPING SYSTEM

The main components are connected by stainless steel piping,
with the exception of the pre-cooler inlet and outlet stubs. Aluminum
ducting is provided at these points. The piping contains a bellows ex-
pansion joint wherever it is necessary to absorb thermal expansion.
The expansion joints are pressure-balanced to eliminate pressure forces
on the equipment and structure. Thus the only piping forces on the equip-
ment are due to the spring constants of the bellows.

Gas by-pass plumbing - with control valve, overspeed valve
and pressure relief valve - is provided between the compressor discharge
pipe and the pre-cooler as part of the speed control system.

Tubing and piping is provided between the bearings of the
rotating components and the various components of the lubrication
system. This includes the oil sump (located on the skid floor below the
alternator), main and auxiliary pumps, and oil separator.

H. SKID STRUCTURE ASSEMBLY

There are three main sub-assemblies to the power conversion
skid structure: the floor structure, the truss assembly and the cover-
ing assembly. The floor of the skid is made of 6061-T6 aluminum box
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beams and angle sections on which the main components are mounted. The

floor is covered with thin-gauge aluminum sheeting. The sides and ends
of the skid are composed of tubular aluminum members assembled in a truss
pattern to support the pre-cooler and to resist any loads imposed on the

system. These members can be removed for access to the recuperator as
well as to the control centers for the electrical motor and the generator.

Aluminum honeycomb sandwich material covers the exterior
surfaces of the skid to provide a weather-tight enclosure. These sides
swing out on hinges to provide intake of cooling air for the pre-cooler.
The openings are screened to prevent the entry of foreign matter.

I. ELECTRICAL SWITCH GEAR

The output of the three-phase, 2400/4160 volt, wye-connected,
60 cycle, 400 kw, alternator is fed through a circuit breaker to the ex-
ternal load and parallel stations, The power for the plant auxiliary
equipment is tapped off at the alternator side of the main circuit breaker
and is transformed down to 480 and 120 volts, three phase. Figure 34 is
a curve showing the total auxiliary equipment load demands. (Details are
are shown in Figures 35 and 36.) Nearly all of the auxiliary motors and
heaters operate at 480 volts, A transfer switch located on the secondary
side of the 4160/480 volt transformer allows the auxiliary equipment to
be driven either by the main alternator or by an auxiliary power supply
(See Figure 37).

The alternator is protected from internal and external faults
and from motorizing off-parallel generators by using static protective
relays. The plant lightning protection system is self-contained within
the switchgear.

To conserve weight and space, all switchgear (except the trans-
formers, which radiate heat) are open type and mounted in two weather
tight aluminum enclosures,
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ML- I AUXILIARY POWER REQUIREMENT SCHEDULE

ARBITRARY

TIME SCHEDULE

1 FILL MIXING TANK

2 MIX BORIC SOLUTION M101

3 PUMP INTO SHIELD P-501

4 FILL MODERATOR TANK

5 MODERATOR CIRCULATING
PUMP P-201

STARTING

1 TURN ON CAB INSTRUMENT
POWER

2 EVACUATION SYSTEM C-301 P-301

3 PRESSURIZE SYSTEM

4 HEAT T-C SET LUBE OIL

5 SHIELD CIRCULATING PUMP

6 CHECK & RUN OIL RECIRCULATING SYSTEM

7 SEAL PRESSURE BIAS SYSTEM

8 SEPARATOR COMPRESSOR

9 STARTING MOTOR

10 3 PRECOOLER FANS

11 MODERATOR PUMP P-201A

12 CHECK SCRAM INTERLOCKS

13 CHECK MAGNETIC CLUTCH INTERLOCK

14 PULL SAFETY #1

15 PULL SAFETY #2

16 PULL SHIM #1

17 PULL SHIM X2

18 PULL SHIM #3

19 PULL REGULATING ROD (PUT
TEMPERATURE ON AUTO)

20 BEING REACTOR TO 10% POWER

21 BRING TEMPERATURE, POWER,
AND SPEED TO NORMAL

22 MODERATOR PRECOOLER FAN

23

24

MAIN GENERATOR EXCITER
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TO POWER GENERATOR

O 1 2 3

O .VA OEA O KVAI [ VA I KA

.851VA. .85KVA .85KVA .85KVA .8VA

.85KVA .85KVA .85KVA 85A 85V

S OKVA

11KVA

5 6

9.0 KVA 3.0 KVA 9.0 KVA

7.8 KVA

6 KVA

3.3 KVA

7j KVA

6.2 KVA

3.75 KVA

20 KVA

SSPEED 4.12 KVA FULL SPED 33. KVA.

I 11 KVA

El
El
El
Dl
El
Dl

-81-FIGURE 35

7 8

FULL SPED 4.8 KVA

10 KVA

3.3 KVA



ML-1 AUXILIARY POWER REQUIREMENT SCHEDULE

ARBITRARY
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V. CONTROLS AND INSTRUMENTATION

A. GENERAL

Instrumentation and cor..trol circuits for the ML-1 are de-
signed to use transistors and military quality relays to assure relia-
bility, ruggedness and minimum weight. All control circuits are inter-
locked to provide safe control seqi.ences during calibration and opera-
tion. The control blades cannot be withdrawn from the core until all
safety conditions are satisfied. The safety controls include run-safe
switches; controls for temperatures, pressures and liquid levels; and
a count rate sensor to establish that a neutron source is in the core.

The control cab is connected to the power plant by four
550-ft cables, including one control cable, one low-level signal control
cable, one low-level power cable, and one high-level power cable. The
transducers produce signal levels sufficient for transmission through
the 550-ft cables, or pre-amplifiers are used where the signal level
is extremely low. The cables are designed to minimize signal attenu-
ation and meet ML-l environmental conditions.

The cables are stored on a skid containing two reels. The
reel skid is placed near the control cab. and the cable pulled to the
power plant for operation. Connections are made at fittings provided
on the power conversion skid and the control cab. The cables will with-
stand abrasion and bending without any change in electrical characteris-
tics. Each signal cable is self-shielded to reduce electrostatic pick-
up. Low impedance circuits are used for signal transmission.

Circuit breakers for the generator, pumps and other large
motors are mounted on the power conversion skid. Heavy duty, aircraft-
type breakers are used to reduce weight.

Instrument racks in the control cab are shock mounted so
the instruments meet the shock and vibration requirements listed in
Appendix A.

When the power plant is shut down, a 3 kwhr battery inverter
system supplies power to the following instrumentation: neutron monitors
in the intermediate channels, control blade position indicators, ampli-
fiers for the reactor outlet temperature thermocouples, blade position
motors, and pressure indicating systems.
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B. CONTROL CAB

The design of the control cab satisfies the following criteria:
one man operation; controls within easy reach; logical grouping of con-
trols; ready accessibility to all rack-mounted instruments; controlled
environment; 2 -ton maximum weight; dimensions compatible with the bed of
an M-35 truck; and acceptable dose rate for the operator.

The instruments, controls and power circuits in the control
cab allow the operator to control the reactor and power generating equip-
ment, and include: the nuclear amplifiers and meters; the blade position
indicators; the safety circuits and interlocks; process indicators for
flow, temperature, pressure, liquid level in the tank, and radiation
level; and all indicators and controls for electrical power distribution.

The cab structure is sirrilar to the shelter shown in Figure
38. The shelter meets Signal Corps and Air Force requirements for land
and air transport shelter. The shelter weighs less than 1200 lb empty;
has a capacity of 6300 lb; has inside dimensions of 134-in, long by 76-in.
wide by 73-1/2-in, high; and an inside volume of 433 cu ft. Air con-
ditioning, heating and lighting is installed in the shelter to provide
for optimum operation of temperature-sensitive equipment.

The control console is designed to group all instruments and
controls within easy reach of the operator. Figure 39 shows a photograph
of the control console mockup. The console is designed as a unit and
has three major panel.assemblies: process panels (graphic and secondary);
a nuclear instrumentation panel; anc power instrumentation and control
panels. The assemblies provide accessibility from the front to minimize
maintenance work behind the console. The console desk also contains
switches, indicating lights, blade position indicators and other controls
for power plant operation.

C. POWER PLANT CONTROL SYSTEM

The power plant control system consists of three automatic
servo-loops with two corresponding safety circuits in addition to the

scram circuits (Figures 40 and 41.) The control system is based on the
concept of maintaining a constant irventory of working fluid in the system

(constant mass). Plant leakage is balanced by admitting gas from the
makeup system through the manually operated admission valve.

Direct manual control is used during startup and shutdown
operations. Normal automatic power plant operation is accomplished by
a speed control servo-loop, a reactor outlet temperature servo-loop, and
a moderator temperature control servo-loop. These loops are designed to
give long-term service requiring only monitoring from the operator.

The first automatic loop, turbine speed control, is
controlled. by by-passing a portion of the coolant flow from the dis-
charge of the compressor to the inlet of the pre-cooler. Approximately
20% coolant flow by-pass will compensate for full electrical load drop.
The by-pass valve is controlled by signals from. an inductance pickup
mounted in the gearbox. The block diagram of the transfer functions,
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CONTROL DIAGRAM - ML-1
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BLOCK DIAGRAM: CONTROL SYSTEM FOR THE ML-1 CONTROL BLADES
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incorporated in the speed controller, is given in Figure 42. The Nichols

plot, shown in Figure 43, is based or. this block diagram, The first
factor of the controller gain, (1.+ 1 ) contains the proportional and

a 5
re-set corrections, In addition a lead network is provided in the con-

troller to compensate for the longest lag time in the loop,

Analog computer analysi; was performed to evaluate the speed
control servo-loop for speed error and speed of response, A by-pass
valve with a speed of response in tie 0,5 to 10 sec range and a turbine
shaft assembly polar moment of inertia of approximately 2 ft-lb-sec2 will
give the desired speed control, For steady state, a 1/3% speed variation
can be easily maintained. For a 50i full load variation, the speed vari-
ation will not vary more than 3% with speed recovery in 4 sec0

A safety feature of the speed control system is the turbine
over-speed by-pass valve, The valve is in parallel with the turbine, and
is set to open at 110% rated speed level. A broken load shaft would cause
the turbine to increase in speed to 110% in 0,16 sec and to 1257 in U.40 sec
if no valve action were provided. To prevent excessive overspeed, a
solenoid valve with a 0,1 sec time constant is incorporated in the system.

The second automatic servo loop, the reactor outlet tempera-
ture loop, controls the reactor outlet temperature by positioning the
regulating blades, A block diagram of transfer functions for the tempera-
ture control loop is given in Figure 44, A Nichols chart, plotted from
the transfer functions (Figure 45) indicates the stability of the loop,
The controller gain was calculated to be 2 x 10-4% reactivity/®F reactor
outlet temperature This servo loop can control the 12000F exit tempera-
ture to within - 25 for 15% step coolant weight rate change which results
from a full load change, The weigh. rate change is produced by auto-
matically closing or opening the by -pass control valve, The temperature
recovery occurs within 40 seconds after the disturbance,

The temperature loop is provided with a safety circuit to re-
set the regulating blades to a position 30% withdrawn at steady state,
The shim blade compensates for the Irift of the regulating blade from its
30% position by slowly moving in response to a position signal from the
regulating blade, This insures that the regulating blades will never
control more than 0033% positive reactivity and that they never reach the
limit of travel,

The third automatic loop controls the moderator and shield
water temperature by changing the position of the dampers regulating air
flow through the moderator cooler. If the temperature drops below minimum
with the dampers fully closed, the fans are shut off as well,

Since recording equipment is not provided, the operators will
log meter readings at regular intervals during reactor operation,

There are three types o: information available to the operator,
each of which is logically grouped in a particular console area, These
are:
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NICHOLS DIAGRAM OF THE SPEED CONTROL SERVO LOOP
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BLOCK D/A GRAM OF THE TEMPERATURE CONTROL SERVO LOOP
(TRANSFER FUNC TION BLOCK DIAGRAM)
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NICHOLS DIAGRAM OF THE TEMPERATURE CONTROL SERVO LOOP
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1. Neutron Measurements

Reactor neutron flex (as measured by the seven neutron
detectors) will be displayed directly over the center console section
that contains the control blade drive switches, control blade drive auto-
matic controls, and position indicators. Meters provided are log count
rate, reactor period, Log N power, and high level power. The annunciating
panel to alert the operator (visually and aurally) when a malfunciton
exists in some portion of the system is also located in this area.

2. Process Loop Parameters

The process loop parameters are the main loop flow rates,
pressures, and temperatures. Set point controls and dynamic controls for
these process variables are located adjacent to their respective indicators
on a graphic panel which illustrates the process loop.

3. Electrical Power Load

Meters to measure electrical output to the transmission
line, frequency, voltage and current; the overload relays; fault detectors,
and synchroscope will all be mounted adjacent to each other. Switches to
control the moderator system, lubrication system, lighting system, alter-
nator loading adjustment, load transfer switches, etc., are provided at
the console. An intercommunication system connecting the reactor area
with the control cab will be located at the operation console.

D. OPERATIONAL INSTRUMENTATION

1. Nuclear Instruments

Nuclear instruments use both transistorized circuits
and electromechanical relays to provide monitoring and safety control for

the reactor. The circuit has fail-safe features so that malfunctions
that compromise safety cause the reactor to shutdown. Minor troubles
are indicated to the operator. Corrective action may then be taken with-
out jeopardizing the system or the safety of personnel and still permit
power generation. The four safety features included in the nuclear control
system are: fail-safe design; use of monitoring and test circuits; use
of duplicate channels and comparison of signals between channels; and use
of highly reliable components.

Fail-safe circuitry used on the instrument control cir-
cuits causes the output signals to indicate abnormal conditions, When the
failure occurs in a sensitive portion of the safety circuits, these abncr-
mal conditions cause the control and safety rods to be inserted into the
reactor.

Monitoring switch positions are available to determine
that the control circuits are operating properly. This includes checkirg
voltage and current in the important stages of instrumentation.
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Duplicate channels to measure the same variable initiate

signals that may be used to check one channel against another in pre-start

and intermediate power ranges. Three channels are used to measure neutron

flux for the high level reactor safety circuits, two of which must be

tripped to initiate reactor shutdown. This type of coincidence circuit

is combined with fail-safe designs to provide a control system that will

keep the power plant operating except when a malfunction exists that would

be injurious to the reactor and the power system. There are seven channels

of nuclear information and safety (Figure 46). The proportional counter

channels are duplicated because a start-up accident is the most serious

probable type of accident. The neutron detectors are located in water-

proof housings mounted in the shield water immediately outside the lead

shield. The signal and voltage leads from the chamber are encased in a

waterproof metallic hose. A pulse amplifier is mounted on the power con-

version skid to amplify signals to be transmitted to the control cab. At

the control cab, the pulse is received by the linear amplifier dis-

criminator. The discriminator rejects pulses of small magnitude - such

as those caused by gamma flux - and passes those of large magnitude caused

by neutron flux. The pulses from the linear amplifier are integrated and

the logarithm of the current amplified in the log count ratemeter circuit.

A source interlock trip circuit, part of the log count

ratemeter, permits withdrawal of the control blades only if the neutron

source in the reactor is sufficient to permit safe start up. The signal

from the log count rate stage is differentiated and amplified to produce

a period signal. Reactor period and the log count rate are both displayed

on meters on the control console. Two channels of period safety trips are

provided to effect a reactor shutdown if the reactor period becomes po-

tentially dangerous. The controls can be adjusted over a wide range of

settings. The adjustments can be made only from behind the front panel

of the instruments, thus inadvertent misadjustment is prevented.

The proportional counter is protected by a circuit in

the counter power supply that disconnects the high voltage to the counter

if the flux is in the intermediate or high level range, and re-connects

the voltage when the reactor is decreasing in power. The start-up channels

cover a range from 1 to 100,000 counts per second and overlap the inter-

mediate channel by a decade. A calibrating circuit injects pulses at a

known rate through the pre-amplifiers for monitoring and calibrating the

instruments. The period trip circuits have a built-in time delay only in

the start-up channels. This time delay averages out the noise and statis-

tical variations of neutron flux. The reactor is scrammed if the instru-
ment continues to indicate a reactor period shorter than the set point

after a reasonable time delay. A scram signal removes the current from

the blade solenoids in less than 50 milliseconds.

The two intermediate range (or Log N) channels use

gamma-compensated ionization chambers as neutron detectors. These de-
tectors are housed in waterproof housings mounted outside the reactor

shield. The Log N amplifier has a range of seven decades, from 10-11 to

10-4 amperes, and a trip level that can be used for low flux level ex-

periments.
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A period circuit differentiates and amplifies the log
current and provides a signal to the period meter and safety trip cir-

cuits0 The meter indicates from -30 seconds to infinity to +30 seconds0
Suitable calibrating signals are provided to check the log extraction

stages and period stages as part of the instruments to monitor and check
the circuits,

The high level safety channels use three uncompensated
ionization chambers as neutron detectors0 Each chamber transmits a signal
(proportional to the neutron flux of the reactor) to three separate stages
of amplification and safety control. The high level channels have a
range of three decades, including a one decade overlap with the inter-
mediate channels0 Calibration signals can be applied to supply currents
above and below scram levels, thus checking the operating characteristics
of the circuit0  Each channel can be. tested separately0  Scram signals
from the individual trip circuits are accumulated in a coincidence circuit
so that two of the three signals must be present before the reactor is
scrammed0 A decreasing signal is used for each trip so that a power
failure (producing a decreasing signal) will result in reactor scram0
Once a scram trip occurs, a lock-out circuit is energized to prevent re-
energization of the solenoids until the circuit is manually re-set by the
operator0 Meters are provided to monitor the solenoid current and voltage
A scram signal in-put produces a response in less than 20 milliseconds.

20 Process Instruments

The first process instruments included in the design
were those required to measure and control those parameters needed for
plant safetyrand control. The next chosen were those parameters needed
to diagnose malfunction of the main plant components0  The process instru-
ments are listed in Table 5 on the following page0 The process instru-
ments were limited to the above0  Scme additional analysis,ihstrumientation
is included for experimental operation at NRTS. This analysis instrumen-
tation is not prototype.

A graphic panel representing the main piping loops,
appropriate meters and controls will be mounted on the control panel in
front of the operators The set poir.t potentiometers for the two main
automatic servo loops,and the reactoroulet temperature and the turbine
speed controllers are all located near the center of the graphic panel
and directly under the corresponding indicators0  The louvers for the pre-
cooler are controlled by switches lccated at the pre-cooler symbol on the
panel0

The position of t1.e by-pass control valve, the two ex-
treme pressures and the two extreme temperatures of the main nitrogen loop
can be read from indicators also located on the graphic panel0 On the
right of the operator will be a smaller graphic panel for the gas make-up
loop. Switches controlling the solenoid valves will be mounted on this
panel0 The visual irfdiiation will permit the operator to switch in the
correct piping for a variety of operations. About 16 solenoid valves will
be operated by switches on this panel, and six or more functions will be
performed,

A large group of meters above this panel indicate lubri-
cation oil pressures at various points, temperatures of the bearings, and
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'Table 5: Process Instruments

'Identificatiort

PIA

PI

P IA

PI

TIC

TIA

TI

TIA

TIC

TI

TIA

vi)C

QA

V1i

SA

SIC

LIA

LIA

LIA

FA

CIA

CIA

101

102

301

302

101

102

601

602

201

202

203

101

101

101

1W.

102

601

201

201

201

201

201

Description

Compressor outlet pressure indicator and alarm

Compressor inlet pressure indicator

Gas make-up press indicator and alarm

Gas evacuation system

Reactor outlet temperature controller and alarm

Compressor inlet temperature indicator and alarm

Lube oil cooler te:itpernture indication

Bearing temperature indicator and alarm

Mode :a toy: wte : temperature indica tor and control

Moderato;: outlet temperi ture indicator

Shield wa to tempera turn indicator and alarm

Nitrogen admission valve position indicator controller

Conpresuor vibration larm

By-pass valve position indicator

Turbine high speed alarm

Turbine speed controller

Sump oil level indicator ;.nd larwn

Moderator surge tank level iudicati: and alarm

Shield water level indicator and alarm

Moderator water flow alar

fode::.:to: water cunductiviyLv indiCto: and alarm

Shield water colductivity i<icato:d 1 alarm

Prc-crr.e- louver po-itiv- 1.n cat n:nd control.

Yicoderato .- ouve po:itioC (iii L i)l y)

Ii

'a

b1

b

.T 101

Z11- 201

0-450 psia

0-450 psia

0-2500 psia

0-100 mm-hg

600-1500 F

-45-175 F

0-200 F

100-300 F

32-250 F

32-250 F

32-250F

0-100% upen

0-2000 cps

0-- 100% open

110% overspeed

0-25000 rpm

0-100% full

full to -10"

full to 10"

80% flog

0-100 piiin

0-10%

full open to
full closed

0- 2
fll
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similiar parameters of the minor loops.

The annunciators are also located on this panel. Six
of these critical parameters will also initiate a scram. One, the tur-
bine overspeed, shuts down the rotating machinery by throwing the over-
speed by-pass valve in case the speed controller fails allowing the tu:-
bine speed to increase above 110% of rated value. The remaining annun-
ciators do not perform any automatic function.

Two racks on the right of the annunciators contain the
electronic units required for process transducers and indicators.

3. Electrical Instruments

Electrical instrumentation is provided to monitor the
plant output and to provide switching for the load shifts of the genera-
tor system. Each of the three phases of generated power has a voltage
and current measuring system for balancing phase loads. The meters for
monitoring the system are as follows:

1) One synchroscope to insure that the phase rotation speed arid
voltage of the ML-1 alternator matches that of the distribution
network to which the plant is connected.

2) One frequency meter to insure that the frequency of the sys-
tem will work in synchronization with other supplies.

3) One voltmeter to read the output voltages of the synchronous
generator. This meter reads the line to neutral voltages in eacl
of the three phases.

4) Three ammeters to read the current of each phase of the three
phase system. Three meters are required for ML-1 application to
determine any instantaneous variation of load due to unbalanced
conditions.

5) One polyphase wattmeter to determine the total power out-
put of the synchronous generator. In addition, the power reading
obtained is used in computing the average power factor for the
system.

6) One polyphase varmeter to determine the reactive power out-
put of the synchronous generator. This indication is used with
the readings obtained from the wattmeter to compute the average
power factor of the plant.

7) Three single-phase (two quadrant) power factor meters to
measure the power factor of each phase. Each phase is monitored
because the polyphase power factor meter reads correctly only. under
balanced conditions, not necessarily the operating condition of
this system.

8) One watthour meter to record the total output of the system.
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High power disconnects are provided to protect the alter-
nator from sudden load short-circuits,

E. ANALYSIS INSTRUMENTATION

A facility is provided at the NRTS test site to house ana-
lytical instruments necessary only for the protorype power' plant. These
instruments receive and record or indicate such information as the neutron
log count rate from a start-up channel, reactor period, Log N power,
reactor outlet temperature, recuperator and pre-cooler pressure drop, etc0
The data collected are used to prove that ML-1 meets operational specifi-
cations and to improve the basic design of ML-1A0

Readout instruments include an eight-channel direct writing
oscillograph, a digital voltmeter, an oscilloscope, and null-balance type
recorders, A list of parameters is given in Table 6. In designing the
additional analysis instrumentation, maximum use has been made of the ex-
isting prototype measurements. The redundance in measurement assures
analytical accuracy. The analysis instruments are installed in 9 racks,
Space for spare racks is provided for additional instrumentation)

F. HEALTH PHYSICS INSTRUMENTATION

The ML-1 plant requires a minimum of health physics instru-
mentation for radiological safety in the field, A ten-channelremote area
monitoring (RAM) system is provided to indicate gross changes in the gas
coolant activity during operation, to monitor the radiation level in the
control cab during operation, and tc monitor power plant equipment radi-
ation levels at shutdown0

One detector is mounted in the control cab and nine detectors
are located near equipment on the pcwer conversion and reactor packages0
The signal and power leads for these detectors are routed in the main
power and signal cables to the control cab, One indicating meter, with
selector switch, is provided for readout of any of the 10 signals0  In
addition, a neutron-threshold and highrange momma detector for personnel
dosimetry will be provided in the event of a nuclear excursion0

The activity of the gaseous and particulate matter leaving
the operating site will be monitored by instruments located near the

power conversion skid (pre-cooler monitor), The readout device will be a
two pen recorder located in the auxiliary building at the ML-1 site0 The
pre-cooler air monitor will continuously monitor the air leaving the pre-
cooler to detect fission product gas and particulate activity from the
reactor coolant system0 An air sample is routed through an activated
charcoal bed and moving filter paper0 Fission product iodine will be
absorbed on the activated charcoal bed, and particulate matter, such as
strontium-90, will be collected on the filter paper0 The activity will be
measured by scintillation counters with the outputs recorded in the
auxiliary instrumentation building0 Experience gained at NRTS will de-
termine whether this system is necessary to augment the remote area
monitoring system in the field0
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TABLE 6: ANALYSIS INSTRUMENTATION PARAMETERS

Item Measured Parameter

1. Turbine inlet temp.

2. Turbine outlet temp.

3. Recuperator (low) out temp.

4. By pass valve temp.

5. Compressor outlet temp.

6. Compressor inlet temp.

Range

600 to 1300

600 to 900 F

400 to 600 F

200 to 5000F

100 tO 400 F

-50 to 150 F

7. Recuperator (high) inlet temp. 100 to 400 r

8, Comp:essor inlet .differientao 0-0.5 psi
pressure from pitotstatic tubes

9.

10.

Compressor outlet pressure

Compressor inlet pressure
from pitotsraric tube, total

11. RUactor differential press.

12. Pracooler differential press.

13. lhcupera to? (high) differ, -
tial press.

14. R c uperator (laou) differential

15, T-C speed ecror

16. Turbiac spad

17. Reactor outlet temp. erroL

18, Reactor outlet temp .

19. By-pass valve position

20. Bypass valve position

21. Indicating watt-hour meter

22. Genera tor frequency recorder

23. $ecording wattmeter

24. Recording varmeter

25. Recording voltmeter

26. Ambient air temp.

27. Compressor inlet pressure

28. Turbiue inlet pressure

0-350 psia

0-350 psis

0'50 psis

0-5 psi

0-30 psi

0-5 psi

U to 6% t

0 LO 2 2r00 rm,

0 to 1000Fe

O - 12 0 0F

0 to 1UU%

0 to 10%

0 to 2500 kth

56 to 64 cycles/se:;
45 to 55 cycles/sec

0 to 600 kw

0 to 500 Kvc

0 to 3 kv

-30 to 100 F

10-100 psia

100-300 p ls

Meas. Accuracy Comments

Sensor described in process
inatriizentation section

+ 1.0% Mount 3, thermocouples 1200 apart

1.0% Inlet temp. assumed same as
turbine outlet temp.

S 1:0% Temperatures required for measure-
ment of precooler inlet temp.

+ 1.0% Two thermocouple probes.

+ 1.07 Resistance element described in
process instrumentation section

1.0% Recuperator (high) outlet same as
compressor outlet temperature

1.0% Measures velocity required for flow
calculation (3 each)

0.5%

0.5% Used to calculate compressor effic-
iency from three separate probes

1.0%

1.0%

f]1.0%

S1.0%

I 2.0%

+ .. 0'''"

+ _.0%

f2 1,

2 20%

2. 2.0%

signo1

ighIO

signal

aigna

a ignaL

fror control

fLCom Control

from control

irom control

from control

cab

cab

cab

cab

cab

Measures generator net output

+ 1.0% Measures either total or net poly.-
phase power

1.0% Measures either total or net poly
phase reactive power

+ 1.0% Measures line to neutral volts.

Required for precooler effectiveness
calculation.

0.5% Requireu for compressor efficiency
calculation

_h 0,5% Required for turbine efficiency
calculation

Moisture in Li .an coolant

Hydrocarbons in main coolant

U- 10 ppia

0--10 ppm

t 5.0%

2.0% Required for evaluation of T-C seals
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The other health physics equipment needed for operation at
NRTS includes:

1) Twenty-four self-reading slow-neutron dosimeters and a
charger;

2) Film badges with X-ray, gamma, beta, and neutron combination
film packs (the film badges serve as a check on the dosimeters and
yield more accurate long term exposure data);

3) A hand and foot counter located in the test building and
used for making rapid surveys of personnel leaving the test building;

4) Two portal monitors, one in the auxiliary instrumentation
building, the other in the test building (this equipment will be
used to rapidly survey personnel);

5) Two line operated rate-meters: one in the "cold" change
room of the test building so personnel can make a final personal
check after showering; the other in the auxiliary instrumentation.
building (at the air conditioner filter) to monitor the air entering
this building;

6) The GCRE-I scintillation well counter and 100 channel ana-
lyzer are used to make routine checks on the filter paper and
activated charcoal traps; and,

7) Special safety equipment including ultra-filters, air-paks,
and disposable clothing.

- 104 -







Report No. IDO-28550

VI. SUPPORT EQUIPMENT

A. GENERAL

Maintenance supplies and certain support equipment is required
for the ML-1 power plant. Space and weight limitations make it impossible
to locate this equipment on the three major packages. Such support equip-
ment includes make-up water treatment equipment; the nitrogen gas make-up
system; waste gas storage equipment; cable reel, bulk anhydrous boric
acid (B 2 03 ) and ion exchange resin, There are certain supplies needed
during operation, including spare ion exchange resin; spare filter cart-
ridges; miscellaneous hand tools; protective clothing; and air masks.
In addition, special equipment is neededir changing fuel elements in the
field and for drying out the reactor after fuel replacement. The latter
category of special equipment is no:: carried as standard ML-1 cargo dur-'
ing movement from one site to another because it is needed only for
fuel element replacement.

The ML-l auxiliaries are mounted on individual bases equipped
with suitable framework, shock mounts and runners. The separate packages
provide maximum flexibility and allow a number of simultaneous operations.

For example, the borated water solution can be added to the neutron shield
tank with the make-up water equipment while the cable is being unrolled
from the cable reel, and the gas systems are being connected.

Auxiliary gas handling equipment is required to supply gas

to the main power loopy to evacuate the loop during initial startup, and
to store potentially ccntamirnat:ed g:s during shutdown, A process flow

diagram of the various systems is shown in Figure 47,

B. GAS MAKE-UP SYSTEM

Leakage rates of the reference coolant are expected to be
from 0.05 to 0.01 scfm. A nine-bcttle manifold of reference gas (99.5
vol% N 2 + 0.5 vol% 02) will furnish one charge and make-up for 60 days
at the maximum (0.01 scfm) expected leak rate. An additional bottle of
oxygen is provided to make up for oxygen depletion due to oxidation. The

operating position of the gas make-up skid is near the power conversion.
equipment skid. The connection for adding oxygen to the nitrogen manifold
is located to provide a common feed Pine to the main gas system. ThesE
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valves will reduce the gas pressure to slightly above the compressor
inlet pressure. A manual, remotely-operated admission valve is pro-
vided in the gas make-up line. This valve is operated manually in the
control cab whenever oxygenated nitrogen or pure oxygen is admitted to
the main gas system. Figure 48 shows the make-up system assembly and
skid base structure. This equipment will weigh about 2000 lbs.

C0  WASTE GAS STORAGE SYSTEM

The gas storage system will store two complete sys-
tem charges of reference gas and will permit loop depressurization in
about five hours. The ML-1 plant may be started at reduced system mass
because of the size of the start-up motor. Accordingly, each time the
power plant is shut down, the gas would be transferred to the storage
system before startup. ML-1 experience may prove that radioactive gas
can be discharged directly to the atmosphere and that plant shutdowns
are infrequent enough to eliminate the need for large amounts of nitro-
gen for system charging0  If such is the case, the gas storage system
will not be included in future plants.

A diaphragm compressor, rated at 2 scfm and 3000 psig
discharge, is utilized for transferring the gas to small 3000 psi
spherical storage tanks. The compressor is operated remotely from the
control cab and has local start-stop control0 A re-cycle line is pro-
vided for re-cycling the gas back to the loop through the admission
valve. The storage tanks and gas transfer compressor are located on a
common skid (Figure 49). The storage system will weigh about 2000 lbs.

D. GAS EVACUATION SYSTEM

An air-cooled vacuum pump, nominally rated at 30 scfm
and capable of drawing 5 mm of vacuum on the power plant circuit, is
provided on the power conversion equipment skid. This pump will be used
to evacuate the system during initial system charging and during decon-
tamination operations when fission product gasses have escaped from
leaking fuel elements. The outlet of the vacuum pump is manifolded so
that the pump may discharge either to the atmosphere or to the suction
side of the transfer compressor. A small surge tank with a volume of
about 1 cu ft is provided between the vacuum pump and compressor to
eliminate unstable operation when the two units are coupled together.
A single pump down-evacuation cycle gives a gaseous decontamination
factor of about 900.

E. WATER MAKE-UP SYSTEMS

There are three basic applications for water in the ]ILI-1
plant: the neutron shield water, the moderator water, and the reactor
flooding system. All three applications require filtering and deminer-
alizing the raw water to remove suspended and soluble matter. This t::eat-
ment of the moderator and the neutron shield water prevents fouling of
heat transfer surfaces, prevents stress corrosion and pitting corrosion
(certain to occur with high chloride concentrations), and minimizes water
decomposition as well as radioisotope production from neutron activation
of impurities. Treatment of the water used for reactor flooding prevents
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FOR THE GAS HANDLING SYSTEM
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THE ML-1 GAS MAKE-UP SKID
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THE WASTE GAS STORAGE SYSTEM FOR THE ML-1
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undue formation of film on fuel element surfaces (and subsequent hot spots)

and insures ater of the high clarity needed for the fuel replacement

cpertion.

water to be used for neutron shield water receives further

treatment after filteration and demineralization. sufficient quantities

o5 -ater soluble boron compound will be added to this water. (anhydrous
boric acid, 30) to attain the 10 wt? boric acid concentration required

for operationalVshielding. The solution must be heated to achieve the

solubility temperature of 120 F under cold ambient conditions. The neutron

shield tank is initially filled with 2 wt% boric acid solution, prepared

in batches in an auxiliary water tank. This solution contains sufficient

boron to prevent a nuclear excursion in case the gas passages are in-

advertently filled with water when the moderator passages are flooded

with water. Boron capture of the neutrons offsets the moderating effect

cC the water.

Once the tank is filled, the solute required for a 10 wt% boric

acid concentration is added through the top of the neutron shield tank.

reactor heat raises the temperature of this slurry above 1200F, at which

temperature all the B2 ̂  will be in solution.
2 3

Filtered water will be furnished in the field by either a 600
or 1500 gph mobile army Tater plant or some other source of pure water.
The 1L-1 make-up ecui:ment will be used to demineralize this water and
prepare the boric acid solution for the neutron shield tank. 5 gpm

damineraliser and transfer pump is mounted on a skid base. : 521 gal

collapsible tank is used for boric acid make-up. Flexible hse is used

for transferring -'ater. A flow sheet of the make-up water system is

shown in Figure 26, page 59. This eqiuipment (excluding the initial
supply of ion exchange resin and boric acid) veighs about 95. lb. bout

12C0 lbs of anhydrous boric acid .:il be reuired to obtain the 10 tY

concentration. i ma::imum of 9C0 lbs of ion e::change resin will be re-

quired for demineralizing high solids water.

F. Au:ILIY POZR SYSTEM

t. 45 k auxiliary dieseL-generator or other auxiliary power
supply will be used to start the power plant and to supply power for

support equipment during normal startup and shutdown. This generator se -

hIL Spec. MIL-G-14609 (CE) - will be furnished by the Army.

The generator set is complete with starting batteries, start-

ing motor, fuel tank, control panel, etc. The engine is started from a

pushbutton on the control panel and is provided with a winterization

system for starting at temperatures below -25 F.

The power output of the generator is 480 volts, 60 cps, 3

phase, 4 wire neutral grounded, wye connected. The current is fed from

4 studs located on the control panel, through a 550 ft cable to the power

conversion skid. The power is distributed to the rest of the ML-1 system
from there (See Figure 37, page 83).
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G. CABLE REEL SYSTEM AND EQUIPMENT

A power-operated cable reel assembly is provided on a skid
with runners (Figure 50), Two reels on the skid store four 550-ft lengths
of power and instrumentation cable for the ML-1 during transport. The
cable reel skid is unloaded and placed adjacent to the control cab during
plant set-up operations. The power drive clutch is disengaged and the
cable is pulled off of the reel by a jeep or similar small vehicle. The
cable ends are then pulled to the ML-1 plant. During plant shutdown, be-
fore relocation, the power drive clutch will be engaged and the cables
rewound on the reels using power furnished by the auxiliary generator.
The cables will be completely detached from the reel during plant operation.
The cable reel and cable weigh about 6000 lb.

H. FUEL ELEMENT REPLACEMENT EQUIPMENT

A 10-ft extension to the neutron shield tank, work platform,
hoists and special handling tools are provided for use during replacement
of fuel elements in the field. Use of this equipment is covered under
Section IX-C.

I. REACTOR DRYING SYSTEM AND EQUIPMENT

After flooding the reactor for replacing fuel elements;, the
gas system of the reactor is dried by open-cycle flow of hot air. The hot
air is supplied by a 36 kw electrical heater and a 236 cfm (1000 lb/hr),
2 hp rotary type blower. This equipment is transported as part of the
fuel replacement kit and weighs about 900 lb. This equipment is all mounted
on a common base equipped with shock mounts and runners (Figure 51). When
most of the water has been removed from the system by this process, the
vacuum pump is used to remove the last traces of moisture. Vacuum drying
may suffice for ML-1, and the blower-heater unit may not be needed for the
ML-lA plant. Tests of both vacuum and hot air drying of the ML-1 are
scheduled at NRTS.
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THE AUXILIARY SKID FOR THE REACTOR DRYING EQUIPMENT
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VII ML-1 POWER PLANT OPERATION

A. GENERAL

The ML-1 power plant has been designed to serve as an
operating prototype of plants to furnish electrical power at remote
military installations. It incorporates many features to insure sat-
isfactory performance under extreme conditions. The operation of the
plant is described as it would be in military use. However, as the
prototype will be operated at the NRTS the test facility is also de-
scribed.

B. TRANSPORT

1. General

Military field use requires that the power
plant be transported primarily by the U.S. Army M-172 trailer for high-
way or overland movement, and, secondarily, by rail, ship, barge, or
aircraft. Each method has been investigated, and tests have been made
of loading and unloading methods, tiedown systems, and shock reduction
devices, Full-scale mock-ups of the reactor and power conversion pack-
ages were fabricated for use in these tests.

a. Trailer

Tests were made of loading and trans-
porting the coupled reactor and power conversion mock-up packages on
an M-172 trailer pulled by an M-52 tractor during September 1959.

The coupled packages are loaded on the
trailer as a unit by using the 20,000 lb winch on the M-52 tractor to
pull the unit up an inclined ramp. The trailer bed and ramp were
covered with greased shoring, 3-in, thick. The package is so big it
must be placed over the trailer wheels which extend through open wheel
wells. Sections of inverted channel were placed over these wells to
allow vertical axle movement. The unit was tied down with chain and
subjected to extensive cross-country tests over hilly terrain (Figure
52).

These tests demonstrate that loading
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and transporting the ML-1 on an M-172 trailer is feasible, although
there are several problems. When the coupled unit is mounted with the
reactor to the rear, the rear double-axle bogie is loaded to 57,000 lb.

This is 11,000 lb over the allowable highway load limits in California.
When the unit is loaded so that the reactor is to the front, the load-
ing on the rear is reduced to 55,700 lb, still more than 10,000 lb over
the California maximum allowable axle loading. (California is used as
an example because it has nearly the highest maximum of all the states:
Thus the problem is more severe in other locations.)

The overhead clearance limitation for
military vehicles overseas restricts the overall height of the unit,
including trailer and shoring to 132-in, from the road. The 93-in.
reactor package height plus 3 in, of shoring subtracted from 132 in.
leaves 36-in, for the trailer bed. Static load tests on an M-172
trailer indicate that the loaded bed height is 36-in, with recommended
tire pressure (80 psi). The M-172A trailer has a nominal bed height
of 39-in. Its height must be reduced 3-in, to meet the minimum over-
head clearance requirements. This can be done by reducing the tire
pressure to 50 psi before passing under restricted overheads. (A tire
pressure of 40 to 50 psi will lower the bed 3-in. and is not consider-
ed detrimental for short runs.) Figures 53 and 54 show the M-172
trailer and a proposed trailer loaded with the coupled packages.

b. Aircraft

Tiedown restraint for all aircraft
loads must conform to MIL-8421A (General Specification for Air Trans-
portability Requirements). It specifies the following static tiedown
restraint.

Forward 8 g

Aft 3g

Vertical (up) 3 g

Vertical (down) 4.5 g

Lateral 1.5 g

(Forward and vertical - down - loadings are
emergency landing conditions; others are
in-flight loads.)

The ML-1 can be secured with standard
Air Force tiedown chains and procedures, but the ML-l would not neces-
sarily be operable after an 8 g emergency landing. In addition, it is
difficult to equally distribute tiedown restraint throughout the many
tiedown fittings on the aircraft. Improper load distribution could re-
sult in the package tearing loose during high shock loads.
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An alternate method was investigated using an
elastic tiedown system with nylon ropes. This method assures system
operability following an 8 g emergency landing. (This method is il-
lustrated in tiedown diagrams referred to in later sections.) Each
rope is 1-1/8-in, diameter and 5-ft long with a minimum breaking
strength of 30,000 lb, Tieiowns for lateral and vertical restraint
use 2-ft sections of nylon rope to allow freedom for fore and aft tie-
downs. Each rope is in series with appropriate aircraft chain tiedown
devices (D-1, MB-2, C-2, or MB-1). When the load must split to
smaller capacity deck fittings, it is done through a whiff letree load
distribution system.

In addition to nylon rope and whiffletrees,
the tiedown hardware includes clevises at each package to receive
individual ropes, and hand jacks having a 24-in. take up to pre-tension
(1000 lb) the rope before securing it to the aircraft. The jack is
released and removed after tiedown is complete.

A comprehensive analysis of an aircraft
emergency landing shock was made, using data from the nylon rope
dynamic shock tests. The analysis was based on an emergency landing
speed of 100 mph imposing a de-acceleration pulse of 8 g for a minimum
of 0.1 sec on the aircraft. These conditions represent a realistic
situation for an emergency landing and result in a "worst case" analy-
sis from the standpoint of input energy0

It is concluded that twelve 5-ft lengths of
nylon rope will isolate an 8 g emergency landing shock to less than
5 g with rope temperatures down to 0 F (Figure 55). (Since the cargo
compartments of all of the transport aircraft are heated, rope temper-
atures will not fall below 0 F0)

The shoring beneath the packages is greased
to allow loading and to put the bulk of shock absorption on the nylon
rope in an emergency landing. Grease permits the package to return
nearly to its initial position after a shock.

The tiedown system will be used in all air-
craft. The following paragraphs briefly describe situations peculiar
to each aircraft.

The Lockheed C-130A has a nominal cargo capa-
city of 30,000 lb. It can carry a single 30,000 lb ML-1 package about
2900 statute miles. Hence, three aircraft are required to transport
the entire system. Figures 56 and 57 show the reactor and power con-
version packages in place in the C-130 aircraft. In the C-130, a
clearance of 18-in, is desirable to allow the crew to pass in the
event of an emergency bail-out. This clearance is not available with
the power conversion package. The Department of the Air Force has
stated, however, that existing equipment (proven air transportable,
but not in conformance with clearance criteria) will be transported.

A passage 18 in, wide and 45 in. high is available with the reactor
package in the C-130.
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ELEVATION VIEW OF THE ML-1 POWER PLANT ON PROPOSED U. S. ARMY TRAILER
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The packages are loaded and unloaded directly
from the M-172 trailer by backing the trailer to the lowered ramp and
resting the ramp toes on the trailer. Greased 2- x 12-ino shoring is
placed over the ramp and aircraft floor and the package pulled aboard
using the tractor winch. The C-130 treadway area can support a static
unit load 20 lb/sq-in., and a running load of 4000 lb/sq-ft0  The
treadway extends from 15- to 50-in, on either side of the aircraft
centerline. The power conversion package elastomer width is 50 ino
(package centerline to elastomer centerline), Since either package
may be placed several inches off center within the aircraft, the pack-
age undercarriage is designed to meet the deck dead load limit of
1080 lb/sq-ft when the package is resting on two inches of shoring,

The Douglas C-133A has a cargo capacity of
120,000-lb and can carry the entire 82,000-lb ML-1 system about 2150
statute miles. Figure 58 shows the system tied down within the air-
craft using an alternative procedure in which the packages are coupled,
The packages can be loaded and unloaded directly from the M-172
trailer by backing the trailer up to the aircraft ramp, partially
raised to mate with the trailer bed. The ramp is supported by wood
blocks. Greased 2- x 12-in, shoring is laid on the ramp and aircraft
deck. The unit is pulled aboard by the tractor winch,

The C-133 treadway area can support a dead
load of 50 lb/sq-in0 The treadway extends from 19-1/2- to 60-in0 on
each side of the aircraft center linen The off-treadway area can
support a dead load of 30 lb/sq-ina Compartment load limitations are
met for the ML-1 system by the use of the standard shoring,

The Douglas C-124 has a cargo capacity of
50,000-lb for the C-124A series, and 55,000-lb for the C-124C series,
Operating necessities, however, have reduced this to about 35,000d4b.
Thus the ML-1 system will be carried in 3 separate lifts.

It is not practical to load the package
directly from the M-172 trailer, The package must be unloaded from
the trailer onto shoring on the runway and then winched on greased
shoring up the 170 nose ramp and into the aircraft. The clearances
on the incline and within the aircraft are limited, so extreme care
must be used to keep the packages aligned during the loading operation
Off loading requires restraining the package with a winch while it is
sliding down the ramp,

The C-124 treadway areas have a dynamic (3 g)
load limit of 50 lb/sq-in0 and extend from 25- to 54-1/2 in, on each
side of the aircraft centerline. Outside the treadway area the allow-
able dynamic loading is 30 lb/sq-in. These conditions are met by the
use of standard shoring.
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TIEDOWN SYSTEM FOR THE L'L-1
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TIE DOWN SYSTEM FOR THE ML-1 POWER CONVERSION PACKAGE IN THE LOCKHEED C-130A
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TIEDOWN SYSTEM FOR THE ML-1 POWER PLANT IN THE DOUGLAS C-133A
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c. Rail

The L-1 reactor and power conversion

packages are coupled when transported on a standard rail flatcar. The
standard rail flatcar is 53 ft long, has a capacity of 140,000 Ibs,
and a bed height of 42 in. This type of car was used in the rail load-
ing tests conducted.

The coupled packages are loaded on the

flatcar from the ground by backing the trailer to the rail car and
bridging the gap with ramps and using winches, or by lifting the entire
unit with a crane. Then loaded on the flatcar the unit rests on greas-
ed shoring and is tied down with a nylon rope system to isolate shock
during humping and switching operations. Four ropes per package are
for longitudinal restraint (3 ropes per coupled unit). Lateral re-
straint is provided by one short (2 ft) rope per package per lateral
direction, or a total of two ropes.

The tests showed that the units were
shock isolated to a maximum of 2-1/2 g in longitudinal and 1 g verti-
cally or laterally, under the severest of humping operations (Figure

59).

C. JJTE PJRE2Y&TIDN

minimum or site preparation is required to set up
the power plant for operation on norm terrain and under any but ex-
treme cold weather conditions.

1. Normal Provisions

Under normal weather conditions the erection
of the power plant for operation requires a flat (within 5 of horizon-
tal) smooch surface approximately 25- by 12-ft for the coupled power
conversion and reactor packages. Ln additional area 14- by 10-ft is
required for the control cab. The control cab may be as far as 500 ft
from the power plant. _.n additional flat area about 10- by 20-ft ad-
jacent to the power plant is required to accommodate auxiliary equip-
ment, such as the gas handling and storage equipment and waste storage
tank.

The cable reel and 45 kw auxiliary generator
require a space about 10- by 15-ft near the control cab.

The mobile power plant is not required to
distribute the electrical power from . the local distribu-

tion panel on the power conversion skid to external load demands. :ll
power distribution lines to power use locations will be supplied by the
military, user.
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20 Cold Weather Provisions

a. Shelter

A heated shelter will be required for
ML-1 start-up and maintenance under extreme environmental conditions,
This is not normally provided as a plant auxiliary0 It will also be
necessary to pre-heat the reactor before operation0 The shelter will
be a portable frame and panels capable of being erected under arctic
conditions. The frame will be lightweight spider-type, positive link
and pin construction in sections to permit end-to-end construction0
The roof may be assembled without shelter sides, Large positive link
and pin connections will facilitate rapid erection by personnel wear-
ing arctic-type clothing.

The panels will have a nominal thickness
of 2-in, with a balsa-wood or honeycomb core0 The panels will be pro-
vided with loosely interlocking edges to facilitate field erection.

A foundation will be necessary to ade-
quately support the reactor over extended periods of time0 This may
be done one of two ways: Plant heat may be insulated from an ice or
permafrost base to preclude plant settling or shelter temperatures may
be kept near ambient by venting the shelter during reactor operation0
The latter approach appears to be the most feasible for ML-1 operation

The first step in erecting the shelter
is to locate base frame members on prepared foundation bearing points0
When the base frame is in place, the shelter frame is assembled, work-
ing from end to end0 The roof and the shelter exhaust will be inter-
locked panel construction with positive mechanical indexing where re-
quired. It is expected it will take seven men about eight hours to
erect the shelter in adverse weather without power equipment0 It is
possible to erect this shelter with semi-skilled labor,

b. Heating Shelter and Reactor

Shelter heat losses will total about
210,000 Btu/hr for 1050F difference between inside and outside of the
shelter0  Two heaters will be supplied with the shelter0  One heater,
rated at 216,000 Btu/hr, will be used for direct application to prheat the
reactor to + 400F. The other heater, rated at 366,000 Btu/hr, will be
used as a space heater0 The Air Force type skid-mounted heaters con-
sist of a blower (gasoline engine driven) supplying uncontaminated air0
These heaters will start at -65 F and operate at full output for eight
hours on one re-fueling, Warm filtered air will be circulated through
the moderator passages of the reactor until moderator water can be
added,

co Transporting and Sheltering the Heater

Shelter and heaters will comprise an
arctic kit and can be transported by Army 2-1/2 ton trucks, C-133,
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C-130 :or C-124 aircraft. The shelter weighs approximately 5,000 lb
and two heaters about 2,600 lbs.

3. Mobile Configuration

The power plant can be operated for short
periods without removing it from the M-172 trailer, but the trailer
must be shored up during operation. Space for the control cab and
auxiliary equipment must be prepared as for normal operating conditions.

D. FIELD INSTALLATIONS

The ML-1 power plant can be operated either on a
leveled site or while tied down on the M-172 series trailer. Site
will be leveled within five degrees (50) of horizontal, using a bull-
dozer if necessary. Trailer operation of the ML-1 affords the great-
est degree of mobility. For extended periods of operation, the trail-
er will be lowered on shoring by adjusting the landing gear and re-
ducing tire pressure. Tires and wheels may be removed if necessary.
Only 4-in of vertical travel is necessary to lower the trailer on an
18-in. (3 layers of 6- by 6-in, shoring) foundation.

The procedures for trailer operation are:

1) Prepare the site.

2) Spot trailer at site and remove tractor.

3) Place shoring under trailer bed.

4) Lower trailer onto shoring.

5) Connect external and auxiliary power lines.

The above is estimated to take about one hour.

The ML-1 can be unloaded from the M-172 trailer in the
field by using the winch on the M-52 tractor. The coupled packages
can be winched onto shoring at the site in approximately 1-1/2 hours.

The main packages will be transported uncoupled in the

aircraft. The packages will be unloaded separately at a landing strip,
coupled together and loaded on the M-172 trailer for transport to the
site.

Coupling the reactor package to the power conversion
package will be done by pulling the packages together with a winch
or load binders. Two bottom guide pins will facilitate coupling, and
the packages coupled with ball-lock shear pins. Adjustable top coup-
ling junctions will be provided to expedite the coupling operation.
Precision placement of the packages is not required.
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Auxiliary packages will be connected to the reactor
and power conversion skids through flexible hoses and quick disconnect
couplings.

E. FIELD OPERATION

1. Operating Manpower Requirements

The minimum crew required for routine field
operation of ML-l consists of a supervisor (commissioned or non-
commissioned officer); four power plant operators, one each to cover
a four shift operation (average 42 hour work week); an electrical-
instrument technician; and a mechanical technician. All personnel
assigned to operate the ML-1 will be trained in the various phases of
ML-1 operation and maintenance. Additional specialists may be assign-
ed during the initial operation at NRTS to assist in evaluating plant
performance. Trainees will be assigned by the U.S. Army to the ML-1
site at NRTS.

2. Normal Power Plant Startup

The following system and component operations must

be completed to start the ML-l. It is assumed that the work described
previously has been completed.

1) Layout and connect all instrumentation and control
cables.

2) Set up and operate the auxiliary generator unless

another external power source is available,

3) Prepare borated shield water solution and circulate.

4) Fill moderator system and circulate.

5) Evacuate gas loop and pressurize with nitrogen.

6) Check out T-C set lubrication system, activate reser-
voir heaters and seal pressure bias system.

7) Complete all component and system check lists, correct-

ing any malfunctions which may occur.

8) Complete the reactor check list and insure that all

conditions are normal.

9) Bring the reactor to criticality using the standard
rod withdrawal procedure under manual control.

10) Increase reactor power manually to approximately 5 kw.
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11) Turn on the auxiliary lubricating oil pump and 3 pre-
cooler fans (group one) to one half speed. Observe that
pressures and flows are normal.

12) Turn on the starting motor and observe tachometer for
normal speed.

13) Increase reactor power gradually until reactor outlet
temperature reaches 600 F.

14) Adjust the temperature demand until the temperature
error meter indicates zero error between the outlet tempera-
ture signal and the temperature demand setting. Turn the

temperature control switch from "manual to "automatic".

15) Adjust the speed demand until the speed error meter
indicates zero. Turn the speed control switch from "manual"
to "automatic".

16) Increase the reactor outlet temperature set point
slowly to 9000F. Self-sustaining conditions should exist
within the plant at this time (i.e., high enough turbine in-
let temperature and high enough cranking speed).

17) Observe that the by-pass valve has opened indicating
that self-sustaining conditions have been reached. The auto-
matic disconnection of the starting clutch itidictes'that the
self-sufficiency point has been passed.

18) At approximately 6000 rpm on by-pass control with the
reactor outlet temperature between 900 and 1000 F, increase
compressor outlet pressure manually to 70 psia by admitting
gas from the make-up gas system or waste gas storage system.

19) Alternately, increase the reactor outlet temperature
set point in approximately 25 F steps and speed set point in

approximately 1000 rpm steps until rated temperature and rated

speed are reached.

20) Transfer the internal plant load to the generator load
bus.

21) When the no load condition of the plant is reached,
the parameters will read: (Approximate values at 100F)

Turbine inlet temperature 1200 F

Compressor outlet pressure 300 psig

Speed 18000 rpm
or 22000 rpm

- 131-



Report No. IDO-28550

By-pass valve position *607 open (20%
mass flow)

Electrical load zero

The plant now is operating automatically and is ready for an external
electrical load,

3. Normal Shutdown Procedure

The tentative normal shutdown procedure is as
follows:

1) The external load is removed and the by-pass valve
automatically opens.

2) The internal electrical load is then transferred to
the external power supply.

3) The reactor outlet temperature is gradually reduced
to about 950 F (50 F above the estimated self-sustaining
temperature) while the T-C set is maintained at rated speed.
At this point, the T-C set speed is reduced from rated speed
to about 307 speed, at which point the system is barely self-
sustaining.

4) The starting motor is turned on to maintain flow.

5) Control is transferred to manual and the reactor power
is reduced slowly to a power level less than 10 kw at which
point the reactor is scrammed. After the starting motor is
turned on, the waste gas transfer compressor may be turned on
to transfer the reactor coolant to the waste gas system.

4. Emergency Shutdown Procedure (without
auxiliary power)

Rapid shutdown may be required to protect the
reactor or because of component failure, The reactor is scrammed and
simultaneously the generator is open-circuited to remove all turbine
load, With this operation, the pre-cooler fans are stopped. To
effect a reactor scram, all of the shim-scram blades are rapidly in-
serted. The reactor heat generation is reduced to about 257 of the
steady state value in the first second. Thereafter the heat genera-
tion decays to about 5% of steady state value in about 60 seconds.
During this transient the inertia of the system allows the rotating
system to gradually coast down, Full gas flow is maintained for the
first 20 seconds after scram and then the flow is decreased to about
1% in 3 minutes. At the time of scram, both pre-cooler fans and
moderator cooler fans are stopped. Natural convection cooling occurs
in the pre-cooler (at an estimated 18,000 lb/hr air flow) as the
principal means of discharging reactor after-heat during the initial
3 minute post-scram period.
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Following the 3 minute flow decay of the re-
actor gas coolant, the moderator system becomes the principal heat
sink. The reactor after-heat, although continuing to decay, causes

the moderator water to boil with subsequent release of steam through
a pressure controlled vent valves The moderator water surge tank
supplies water for cooling for 24 hours.

F. RE-FUELING

Because maximum fuel element lifetime is less than the
lifetime of the entire plant, the reactor must be shut down to re-
place fuel elements. This operation is performed in the field by
using special equipment such as an extension for the neutron shield
tank (shown schematically in Figure 60), a work platform, a hoist,
and remote handling tools. It is assumed that no operations will be
performed near the reactor until 24 hours after shutdown,

The field removal of fuel elements consists of the
following steps:

1) Disconnect and separate the reactor and power con-
version skids.

2) Drain the borated shield water from the shield tank
to prevent borated water from entering the gas side of the
pressure vessel when the upper plenum cap is removed, and to
prevent the crystallization of boric acid from solution-as
the shield water continues to cool during fuel element
changing.

3) Drain moderator water from the reactor core,

4) Connect moderator section to the auxiliary water pump
and water tank, Prepare 2 wt% boric acid solution in tank
and re-circulate the solution through the moderator section.

Filling the remaining moderator volume with borated water
prevents a nuclear excursion in case a pressure vessel tube
leaks,

5) Block off the gas ducts outside the shield tank with
blind flanges.

6) Fill the shield tank with fresh demineralized water,

7) Fill the gas side of the pressure vessel with fresh
demineralized water through the fill and drain valve.

8) Remove the tank cover.
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9) Install the 10-ft tank extension and the work plat-

form above the reactor tank.

10) Fill the 10-ft tank with fresh demineralized water.

11) Loosen the pressure vessel closure clamp with remote
handling tool,

12) Loosen the inlet gas duct coupling with the remote
tool.

13) Remove the upper plenum cap with submerged hoist,

14) Remove the fuel element in the following steps:

a. Lower transfer coffin into extension tank.

b. Remove upper and lower caps of transfer
coffin,

c. Load three fuel elements into coffin using
remote handling tools.

d. Replace upper and lower caps.

e. Withdraw coffin from extension tank and load
into transporter.

15) Repeat this procedure with additional transfer coffins
until the entire core has been removed,

The installation of new elements is performed above water to shield
personnel from activated reactor structural components. The trans-
fer coffin is not required for this operation.

G. MAINTENANCE

The ML-1 plant has been designed for 10,000 hours
operation between fuel changes and for a 50,000 hour overall plant
life. The gas loop is essentially all welded except for the joints
that must be broken to separate the skids or to remove major compo-
nents. With the conservative operating conditions employed, major
component failures are not anticipated. Spare parts will be provided
for smaller components such as valves, relays, switches, instruments,
etc.

Preventive maintenance will consist mostly of changing
lubricating oil, lubricating oil filter cartridges, gas filter ele-
ments, demineralizer resin, etc. Prototype operation will determine
the required frequency for replacement of parts and normal servicing.
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Performance records of individual components will be
kept. From these records it should be possible to predict the main-
tenance required for future plants.

H. INSTRUCTION MANUALS

The instruction manuals to be written for the ML-1 will
consist of the material needed to check out, operate and completely
evaluate the over-all power plant and associated equipment. The spe-
cific documents are described below. These instruction or operating
manuals will be written for the prototype power plant at NRTS and will
not necessarily indicate the manuals applicable for field use,

1. ML-1 Facility Manual

This manual will describe the ML-1 facility
and the installed utilities and equipment. It will include instruc-
tions for operating the equipment, including fire control and evalua-
tion procedures, radiological health and safety procedures, and pro-
tection and accountability during normal operation as well as during
postulated emergency conditions.

2. ML-1 Power Plant Operating Manuals

These manuals will provide sufficient informa-
tion to check out and operate the ML-1 power plant. The power plant
will be described in detail, using system drawings and schematics.
The ML-1 operating manual will be divided into three basic sections:

1) Reactor

2) Power Conversion.Equipment

3) Auxiliary Systems

The documents will contain a system descrip-
tion, checkout and calibration procedures, standard operating proce-
dures, operating limitations, and maintenance requirements.

3. ML-1 Test Program and Procedures

In addition to the above instructions, it will
be necessary to establish certain tests with specific procedures out-
side the scope of standard power plant operation. These tests are
necessary to evaluate the design of individual components as well as
to evaluate the power plant as a whole. These procedures are the
only ones required in addition, or in place of, the standard procedures.

The general categories included are:
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1) Initial proof and functional tests of the system;

2) Initial criticality, control blade calibration, and
reactivity coefficient measurements;

3) Power calibration with catcher foils and nuclear
instruments;

4) Miscellaneous performance tests of auxiliary systems;

5) Radiation shielding test measurements (operating and
shutdown);

6) Special turbo-machinery startup and shutdown tests
including self-run;

7) Thermodynamic power calibration and performance evalu-

ation including heat exchanger performance measurements;

8) Automatic control system tests;

9) Endurance tests; and,

10) Handling and logistic tests.

This document will cover each test in detail
and will specify the data to be collected from each test.

I. HEALTH HAZARDS CONTROL

The radiological safety of ML-1 operating personnel
and persons in the surrounding area has been assured by careful design,
strict fabrication practices, and thorough radiological procedures.
Operation at NRTS will prove the adequacy of the radiological safety
provisions and waste disposal techniques, and will point out any
simplification or modification needed for field operation. The operat-
ing manuals for ML-1 will cover the following procedures:

1) Personnel control, protection, and accountability for

maintenance in a radiation field;

2) Personnel control and accountability before reactor

startup;

3) Operational area surveys for direct radiation and air-
borne activity and daily log;

4) Area and power plant shutdown dose surveys and daily

log;

5) Individual operating personnel radiation exposure log;
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6) Plant effluent activity log;

7) Decontamination procedures for equipment and personnel;

8) Emergency procedure after a major power plant failure
or accident;

9) Radioactive waste control and disposal procedures;

10) Clean and hot fuel control, handling and accountability
procedures; and,

11) Fuel loading and unloading procedures, using field
replacement equipment and techniques.

The radiation hazards associated with operating the
ML-1 in the field appear to be reasonably low. Shielding calculations
indicate an operational dose of approximately 30 mr/hr will exist 500
feet from the power plant when the reactor is being operated at full
power. Self-shielding of the power plant by the power conversion
equipment is expected to attenuate the operational dose by a factor
between two and ten. The amount of expedient shielding required can
only be determined after operating the ML-1 at NRTS.

Shutdown dose levels in the preferential shielded
direction with the shield tank drained are expected to be 30 mr/hr
25 feet from the reactor after one year operation. Doses are approxi-
mately 10 times higher in the opposite direction. The power conver-
sion equipment is expected to provide additional shielding by a
factor of at least two, bringing the dose below the acceptable level
of 15 mr/hr. With shield water present, the dose level will be about
1 mr/hr in the preferential direction. These shutdown radiation
levels are for the system without fission products release through
defective fuel element cladding. During normal operation, neutron
activation of the gas coolant and its impurities will produce certain
radioisotopes. The principal radioisotopes are argon-41 and carbon-14.
Approximately 1 curie of carbon-14 will be produced per year but this
isotope does not constitute an external radiation hazard since it is
only a beta emitter. Personnel disconnecting parts of the coolant
system will wear fresh air masks to prevent inhalation of the carbon-
14 and other isotopes, The argon-41 isotope is a gamma emitter but
will be produced in such a small quantity (less than 01 curie per
year) that it will have little effect on plant radiation levels0

Precautions will be taken to prevent fission product
contamination of the gas loop. Cleaning procedures will control outer
surface contamination of the fuel cladding material by uranium dioxide.

In addition, the pin tubing and pin welds will undergo intensive in-
spection for pinhole leaks. However, in-service leaks must be antici-
pated and calculations, using experimental diffusion data, have shown
that release of fission product gases from U02 pellets at typical ML-1
operating temperatures is not excessive. (See Page 32 et, seq.)

- 138 -



Report No. IDO-28550

Leakage into the plant of the loop gas does not appear
to present significant radiological problems. All but two piping
connections are located on the power conversion equipment skid so that
the major leakage is expected to be sucked up into the pre-cooler
fans, diluted with the pre-cooler air mass, and dispersed to the at-
mosphere. If gross leakage did occur at the two main piping connect-
tions between the reactor and power conversion packages, under the
most unfavorable weather conditions the resultant gaseous fission
product activity concentration in the air at the cab would be 0.2kUc/
cc/sec, assuming complete release of all the fission products from a
leaky pin into the atmosphere. This number is under the recommende 2 )
maximum permissible values of 10/4 c/cc/sec for emergency conditions
by a factor of 50.

The ML-1 plant is equipped with radiation detectors
located at strategic locations on the power conversion skid. During
operation, these detectors will indicate an increase in background
radiation due to fission product release in the reactor coolant system.
Experience gained in operating ML-l at NRTS will indicate what per-
centage increase in radiation dictates plant shutdown. Removal of
gaseous fission products can be effected by slowly releasing the gas
coolant to the pre-cooler fan inlet and allowing the pre-cooler air
mass to disperse the radioactivity. This is the desired disposal
technique and.will be done at the discretion of the plant supervisor.
The ML-1 plant will contain a waste gas storage system. One evacua-
tion cycle into this system,or to atmosphere, will reduce gaseous
activity by a factor of about 900. The dispersion characteristics of
the ML-1 pre-cooler fan effluent will be checked under various atmos-
pheric conditions by using a smoke generator or similar device.

Approach to the ML-1 plant immediately after shutdown
will be directed by the plant supervisor. The local radiation detect-
ors (RAM System) will display the progress of radioactive decay. The
system will be evacuated as required (to storage or to the atmosphere)
before personnel approach the plant. All disconnects of the plant
piping circuits will be made by personnel wearing air masks0  Radiation
surveys will be made before making any disconnects to determine the
allowable maintenance time. During any plant maintenance, protective
overalls, shoecovers, gloves and air masks will be worn by the per-
sonnel working on the equipment. Surveys will be made of all person-
nel after the maintenance procedure. Standard operating procedures

for ML-1 operation will guide the plant supervisor.

The pre-cooler air will be monitored during operation
at NRTS to determine the level of gaseous and particulate radioactivity
escaping into the environment. In addition, periodic area surveys
will be made by personnel using fast neutron and beta-gamma emitters

(2)A/conf. 15/p/430 "Exposure Criteria for Estimating the Consequences
of a Catastrophe in a Nuclear Plant."
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to augment the information supplied by the pre-cooler monitor. Activa-
tion of impurities in the neutron shield and moderator water will be
minimized by using only demineralized water. Calculations indicate
that the neutron shield water can be dumped without treatment. Moder-
ator water is expected to be over maximum permissible concentrations
by a factor of 1000 from sodium-24 production. This concentration re-
quires storage and/or dilution before ground disposal. Concentrations
of corrosion products from stainless steel and aluminum appear to fall
below tolerances but can only be determined by NRTS experienced Water
samples will be taken at NRTS to analyze the radioisotopes produced as
a function of timed This information will influence disposal tech-
niques ultimately used in the field.

J. FACILITY

The ML-1 facility is located about one-half mile north
of the GCRE-I facility at the National Reactor Testing Station0 The
facility consists of the minimum accommodations necessary to provide
shelter for operating personnel, support equipment and analysis in-
strumentation. The facility (Figure 61) consists of three main build-
ings: A test building, about 40- by 63-ft; a change room, about 26- by
55-f t, near the test building; and an auxiliary control building, about
18- by 50-f t, located about 500-ft south of the test building.

The test building primarily is provided for shelter
from the weather during the initial development and evaluation tests
of the power plant0 It also will act as a "warm shop" to accommodate
component maintenance on the power plant0 A concrete pad is immediately
in front of the test building to provide an approach to the test cell
and to act as an outdoor platform for certain environmental tests0

The change building provides a means of controlling
low level contamination inside the test building. Access of personnel
to the test building will be through the change building0 It will
house lockers, benches and health physics equipment. Counting equip-
ment in this building will be used to check personnel for contamination<

The auxiliary control building houses the analysis in
struments used for the initial evaluation of the power plant systems

and components. It will also provide space for office equipment
sufficient for data and performance analysis. The control cab will be
adjacent to the auxiliary control building to provide direct communica-
tion between the power plant operator and the observers monitoring the
analysis instrumentation and performing initial analysis of data0

It is assumed that the AREA and GCRE=I. facilities will
be available to aid in maintaining the ML-l power plant0 The ANP hot
shop capability, if required, will also be available to support the
ML-l power plant operations0
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APPENDIX A

MILITARY CHARACTERISTICS

MOBILE NUCLEAR POWER PLANT, ML-1

November 30, 1959

I. Title: Mobile Nuclear Power Plant, 300-500 KW, ML-1

II. Security Classification:

A. Existence of Project: Unclassified

B. Military Characteristics: Unclassified

C. Reactor Design and Performance: Unclassified

III. Proposed Use: There are requirements within the military services
for general purpose portable nuclear power plants
with electric power outputs in the range from 300
to 500 KW, The ML-l is the prototype of field units
which will be procured to meet these requirements.
Examples of military operations requiring a power
source without dependence on continuous fuel or cool-
ing water supply are: support of tactical missile
systems, air head operations including field hospi-
tals, remote locations, etc.

IV. Environmental Characteristics: The plant shall have the inherent
capability for acceptable performance under the
Basic Operating Conditions, Extreme Cold Weather
Operating Conditions, and Extreme Hot Weather Operat-
ing Conditions as established in paragraphs 7a, 7b,
and 7c of AR 705-15; and shall be capable of safe
storage and transportation under conditions as
established in paragraph 7d of AR 705-15.
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V. rcwei Charactcriti'c

A, Nominal Output at "Design Conditions" (Ambient temperature
-65 F to 1000F)

(1) Electrical power output in the range of 300500 KW,
,8 Power Factor

(2) 2400/4160 volts, 3 phase, 60 cycles per second

B. Output at "Off Design Conditions"

(1) Net output of the system in the event of hot weather
(> 1000F or high altitude operation) shall be limited
only by precooler performance and/or moderator coolant
heat exchanger performance,

(2) Operation shall be possible up to 500 KW net output
except as limited by precooler performance,

C4 Power Quality

(1) Objective: Steady state and transient frequency and
voltage control characteristics as specified by
MIL-G=14609 (CE)..

(2) Minimum requirement: Steady state and transient fre-
quency and voltage control characteristics as specified
by MIL G-10328A (CE).

D. Other Requirements:

(1) Automatic power level control is required:

(2) The power plant shall operate satisfactorily in

parallel with other units of similar rating.

(3) The power plant shall be capable of 50 cycle operation.

(4) The power plant shall be treated for the eliminations
of interference with radio communication in accordance

with applicable Signal Corps specifications.

VI. Field Operating Characteristics:

A, The plant shall be assembled on a standard military semi-
trailer (M-472 or M-172A1) and all preparations completed
for relocation to an operating site within six (6) hours
after unloading from any aircraft.

B. The plant shall be capable of being installed and delivering
rated power within twelve (12) hours after arrival at an
operating site
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C. The plant shall be capable ot relocation to a new site begin-
ning twenty-four (24) hours after reactor shut down follow-

ing operation for extended periods at full power

D. Nuclear Radiation allowed:

(1) Allowable radiation, twenty-four (24) hours after shut-
down at twenty-five (25) ft from the reactor in the
direction of the cab (withcut water shield), is fifteen
(15) mr/hr

(2) No personnel shall receive greater than 3 rem/quarter,

E. Equipment may be operated in any plane within five degrees

(50) from level

F Control of the power plant will be from a separate shelter
which shall be transportable as a unit on a standard 2 ton
truck (M-35) which, during plant operation, shall be connected
to the power plant by quick disconnect electrical cables of
sufficient length (up to 500 ft) to permit flexibility in
the relative locations of the power plant and control shelter,

G Plant design shall include necessary safety features for
protection of personnel in the immediate area from results
of reasonably conceivable mechanical, electrical, or nuclear
malfunctions

H= During plant operation, radiation shielding integral to the
plant may be supplemented by field expedient materials
(earth, gravel, wood, water) sufficient to reduce radiation
levels outside the combined shield to within dosage levels
prescribed by the Surgeon General, D/A The integral plant
shield (excluding supplemental expedient shielding) shall be
adequate to reduce the residual radiation level following
full power operation for extended periods to safe levels in
time to permit relocation twenty-four (24) hours after
reactor shutdown

I. The operating crew for three-shift operation of the field
unit shall consist of no more than seven (7) men (one
operator per shift plus mechanic-electrician, radiological
safety technician and officer or NCO in charge). The crew
will be specially trained for operation, maintenance, and
plant installation at the site

VII. Transportability Characteristics:

A. Objective: Capability of being transported overland (highway
and cross-country), by rail, by water, and by aircraft in
accordance with AR 705-8, Transportability

B: Requirements: The ML-1 plant shall be consistent with the
following transportation requirements:
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(1) General: The "power plant unit" is defined for trans-
portability as the complete integral power
plant including reactor, shutdown shielding,
power conversion equipment and skid mounting.
Control unit, auxiliary power unit, auxiliary
equipment package and trailer are not included
in this definition. Required modes of trans-
port are indicated below.

(2) Primary mode of transportation:

(a) The primary mode of transport of the power plant
unit shall be overland on standard military semi-
trailer. Power plant unit integrity is required,

(b) The control unit shall be one package which can
be transported intact and which is suitable for
both operation and transport on a standard military
24 ton truck.

(3) Secondary modes of transportation: (power plant unit
integrity required).

(a) Secondary modes of transport for the power plant
unit where unit integrity is required include:

1. Normal railway freight service U.S. and foreign.

2. Water freight by ship or barge.

(b) In addition, when necessary and where satisfactory
clearances can be arranged, the power plant unit
shall be transportable trailer-mounted on the above
transit types.

(c) Similarly, when truck-mounted, the truck and
control unit shall be transportable as one package
when necessary and where satisfactory clearances
can be arranged for the above transit types.

(4) Secondary modes of transportation: (power plant unit
integrity not required)

(a) The power plant unit may be separated into two

packages for transport by:

1. USAF C-130.

2. USAF C-124C.

3. Sled,

(b) Trailer mounting is not required for (a) above.
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(c) Thc control unit hall be Lransp rtable intact
Truck mounting is not required for (a) above:

(d) The complete power plant including the control
unit and auxiliary equipment shall be transport-
able in one USAF C-133,

(5) Other Requirements:

(a) The power plant shall be transportable in Phase
III of airborne operations.

(b) Design for air transport shall conform to re-
quirements of USAF Specification MIL A-8421A for
transportation of material in military cargo
aircraft.

(c) Provisions shall be made to permit rapid loading
and unloading of each unit by standard weight
handling techniques:

(d) Shock and vibration protection shall be provided
integral with the plant consistent with each
transport type as indicated below:

to Shock loading in transit by rail, semi-trailer,
or ship without loss of serviceability:

Direction Load Factor, g Duration of versed sine pulse,
sec.

Fore & Aft 15 .030
Lateral 2 0030
Vertical 4 030

The maximum shock load transmitted to components in either direction will
be reduced to 8g, fore and aft, by shock mounts provided on the skid,

2. Emergency landing shock loads during transit
by air, with questionable plant serviceability:

Horizontal m- 8g for 1 sec.
Vertical -- 4.5g for .A sec:
Lateral 1.5g for a1 sec:

3. Emergency landing shock loads during transit
by air, without loss of plant serviceability:

Horizontal -- 5g for 1 seca
Vertical -- 45g for ,1 seca
Lateral -- 1:5g for l1 sec.
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4.o Sieady vibrations in transit, without loss
of serviceability:

Source Peak Amplitude, Inches Frequency, cps

Railroad Flatcar >12 20-30
Semi-trailer >05 > 20
Ship .05 15-20
Aircraft 205 > 20

(e) Weight:

L Heaviest package for air transport is 15T,

20 Trailer load (M-172 or M-172A1) is 30T.

3a Control Shelter is 2.5T.

(f) Size:

1. Largest package shall be transportable on
C-124, C-130, and C-133 aircraft; and on
railroad with limits as prescribed by the
Berne international Clearance Diagrams.

L Reactor and power conversion skids shall be
transportable as a unit on the M-172 or M" 172A1
semi-trailer:

3> Maximum height when trailer-mounted is 150
inches. Pcwe~r plant height when trailer-
m7unted may be reduced to 132 inches for the
purpose of passing low clearance obstacles
outside CONUS..

4. Length and width shall be compatible with a
standard military semi-trailer (M-172 to
M= l2Al')

(g) When trailer-mounted and in transit, the plant
shall have the capability of shallow fording in
fresh or salt water, as defined in SR 705-125-10
Extreme caution must be taken to avoid a nuclear
accident due to core flooding.>

VIIi. Logistical Characteristics:

A. The plant shall operate with no more than periodic field
maintenance service for 10,000 hr between major overhaul,

B. The plant shall have 50,000 hr total life..

SA6-
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C. The plant shall be capable of full power operation for 10,000
hours between refueling operations Refueling may be accom-
plished in the field.

D. The plant shall be capable of operation without a continuous
water supply Any initial quantity of water (for shielding
or reactor moderator) will be kept to a minimum and of a
quality which can be supplied by standard military purifica-
tion equipment capable of delivering 600 GPH.

E. Radioactive waste from the plant will be kept to a minimum:
Disposal of radioactive waste will be in accordance with
field procedures approved by the Chief Chemical Officer,
(NOTE: Disposal will be subject to AEC approved procedures
at NRTS).

F. The plant will be completely self-sufficient to permit steady
state operation without the need for auxiliary equipment:
For startup and shutdown operations, the plant should require
no more than a 45 KW diesel generator and necessary construction
equipment for erection of the supplemental expedient shield.
Equipment for expedient shield construction shall not be part
of overall plant equipment.

G. The power plant shall be equipped with all special purpose
tools required for normal maintenance and startup, but not
for refueling. Special equipment and procedures required
for field refueling shall be specified0 The plant shall be
equipped with complete operating manuals (AR 310-3) defining
detailed operating, maintenance, installation, and relocation
procedures








