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Surge Generator far New EEV Test Center

This 85-foot, tower-type, 6400-kv surge generator has been installed at the
new Westinghouse EHV Center to test present and future circuit breaker de-
signs. The surge generator has provisions for an ultimate rating of 10 000 kv,

and switching surge circuitry.

Initially, the power transformers will be energized through a 500-kv trans-
mission line from the Westinghouse high-voltage laboratory, providing an
output of 1600 kv with provisions for later increasing this voltage to 2100 kv.

The rail siding leading into the area will permit many items to be tested
without unloading. The new center has sufficient land area for constructing

and testing full-scale towers and transmission line sections.
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Improved Cooling Increases Generator Capabilities

R. A. Baudry, Consultant, Large Rolating A pparatus Division,
Westinghouse Ilectric Cor poration, East Pittsburgh, Pennsylvania.

E. I. King, Development Engineer, Large Rotating A pparatus Division,
Westinghouse Electric Corporation, East Pittsburgh, Pennsylvania.

Modifications in the hydrogen inner-cooling
system make possible increased generator ratings
within present space and material limitations.

New developments in the hydrogen gas cooling system
for steam-turbine generators make possible significant
increases in generator capability. In a situation similar
to that of the late forties, the maximum capacity of gen-
erators has been approaching a practical limit within pres-
ent design techniques; and as before, an improvement in
cooling, so that existing materials can be used more ef-
fectively, is the key to advancement. Rotor cooling has
been improved by dividing the winding inner-cooling
system into a series of zones and introducing essentially
full blower pressure at each zone, so that cooling effective-
ness is independent of rotor length. Stator cooling has been
improved by increasing the number and revising the ar-
rangement of cooling ducts, and by adding an external
high-pressure compressor and heat exchanger. Thus, the
already proven hydrogen gas cooling system with these
modifications has extended machine ratings bevond past
space and material limitations.

Inner-Cooling

The inner-cooling principle, in which hydrogen gas is
forced through hollow conductors, was introduced in 1951!
and permitted generator sizes to increase in an orderly
fashion. The first Westinghouse generator to use the inner-
cooling principle in both rotor and stator windings was
placed in service in 1954% Since that time, 28 600 mva of
Westinghouse hydrogen inner-cooled generators have been
shipped, the largest with a capability of 535 mva. But
turbine generator ratings are again approaching the capa-
bilities practical within present space and material limi-
tations.

Operating experience with the inner-cooled machines
has proved the reliability of the hydrogen inner-cooling
system. Thus, the retention of hydrogen gas cooling for
both rotor and stator windings is a desirable goal in the
development of advanced designs. However, a cooling
1“Generator Coils Cooled Internally—Rating Increased by One Half,”
C. M. Lafioon, Westinghouse ENGIN EER, November 1951, p. 170-2.

2“Inner-Cooled Generators—A Progress Report,” C. M. Laffoon, Westing-
house ENGINEER, July 1954, p. 157-160.
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STATIONARY BARRIER / \ROTATING BARRIER

GAP BARRIER ARRANGEMENT consists of rotating and stationary barriers, which control the flow of cooling gas from a high-
pressure inlet zone to a low-pressure exhaust zone.
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svstem was needed that could materially increase the hy-
drogen mass tflow through both rotor and stator windings.
The effectiveness of any cooling system is fundamentally
a function of the mass tlow of the coolant, in which the
power consumption for moving the coolant is compatible
with the efficiency of the machine. The power require-
ments for larger mass flow increase as the first power of
the static pressure and the second power of the velocity
of the cooling fluid. It is, therefore, much more economical
to increase the static pressure of the gas in the machine
than to increase the blower pressure. However, the per-
missible increase in static pressure of the gas is limited by
the rotor windage losses. The first inner-cooled generator
was tested in the shop at a pressure of 95 psig, and could
have been operated continuously at that pressure if re-
quired. Thus, as larger generator ratings are required, a
gradual increase in the static pressure of the gas can be
utilized for the benefit of both stator and rotor winding
cooling. However, an increase in static pressure alone is
not enough. For future requirements of large capacities,
the flow rate of the cooling fluid must also be increased.

Rotor Cooling

With the present inner-cooled rotor ventilation system,
cooling gas enters the windings at each end of the rotor and
is discharged through outlets at the mid position of the
rotor. To minimize the length of the cooling ducts and the
required gas-pumping power, the winding extensions at
each end are cooled separately. This system has proven
effective. The use of an efficient high-pressure axial-flow
blower has made it possible to build rotors of the required
capacity with a very simple ventilating system.

But today, on the longer machines, a further improve-
ment in the mass tlow of the cooling gas is needed to in-
crease the ampere-turn capacity of the rotor for a given
gas-pumping power. This has been accomplished with a
new system of air-gap barriers, placed so that almost full
blower pressure can be developed across each of several
short axial sections of the rotor windings.

The air-gap barriers, shown in Fig. 2, consist of two
parts-—-a nonmagnetic ring shrunk on the rotor, and a
barrier of wedge sections made of Micarta, fastened to
the bore of the stator. The wedge sections are engaged
in a groove provided in each stator slot above the coil
wedge. In each slot, the complete assembly is tightly
wedged against the core by glass tape stretched to the
desired tension by a special pushbutton-operated jack.
The complete installation of each barrier requires only a
few minutes. A radial clearance of approximately !g inch
between the stator and rotor barriers minimizes gas leak-
age from the pressure zones, and provides a control for
the gas necessary to ventilate the gap for load and wind-
age losses.

In a conventional inner-cooled rotor employving open
gap cooling, the axial blower builds up gas pressure at
each end of the rotor. Gas is forced into the hollow wind-
ing at each end, and exhausted at the outlets at the mid-
point of the rotor.

With the new pressurized zone cooling syvstem, the
blower forces gas into the inlets at the ends, and also at
pressurized inlet zones positioned along the rotor. The gas
is exhausted at low-pressure zones between the pressurized
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zones. With this pressurized zone cooling system, the

cooling ability of the syvstem responds directly to the

pressure produced by the blower, and the efficacy of the R R

ventilation system is thus independent of rotor length. RIS 2. = S04 : =
The increase in rotor ampere-turn rating obtained with

the pressurized gap system with one, three, or five pressure ‘

zones is shown in Fig. 3. Thus, a rotor ampere-turn rating

with five pressure zones will be 1.68 times as great as the

conventional open-gap-cooled rotor presently used on

inner-cooled machines. \ \

-/

Stator Coil Cooling

»
The present inner-cooled stator coil, used since 1954, \‘ |
consists of four stacks of insulated conductor strands,
separated by a center stack of nonmagnetic high-resistiv- ¢
ity metal ducts, as shown at the bottom of Fig. 4. Cooling 2 I
gas is forced through the ducts by the pressure differential i |
produced between the ends of the coils by the shaft-
mounted axial blower. The basic simplicity of this system
and its low eddy losses resulting from the use of thin
strands makes an extension of this system desirable for
the larger generator ratings now required.
For a given accepted temperature rise at the end of
the coil, the conductor losses that can be removed by the
cooling gas can be increased by using two stacks of cooling
ducts, one at the center of each pair of stacks of stranded
conductors as shown at bottom of Fig. 4. Thus, with a
given conductor having four stacks of strands, which is
generally used, the heat flow density and the total thick-
ness of the insulation in the heat path can be reduced to
approximately one-half, while the cooling surface of the
duct is much larger. Thus, with the same gas velocity,
the heat removal capacity from the duct surface is nearly
doubled. Further improvement in cooling the ends of the
coils can be obtained by omitting the taping on the con-
nections between coils, thus exposing them completely
to the gas inside the casing. Adequate dielectric strength
is obtained between phase groups by nonuniform spacing
of the coil ends.
A major increase in hvdrogen mass flow and cooling
ability with low power consumption can be obtained by
circulating hydrogen inside the stator coils at high pres-
sure, 225 psi above the ambient stator pressure. This
pressure is entirely independent of the normal hydrogen
pressure inside the stator housing and is localized within
a relatively small system consisting of a small external
axial compressor and cooler, connected to the stator coil
cooling ducts. Using the new stator coil construction with
two stacks of ducts, tubular connections are used to
connect each end of the coil to a header located at each
end of the machine. Hydrogen gas is circulated by the
external compressor through the coils and through an
external hydrogen-to-water cooler (Fig. 5). Hydrogen
pressure inside the coil-cooling system is maintained auto-
matically, and any leakage from the connections will flow
harmlessly into the surrounding hydrogen in the stator
housing. This makes the system relatively easy to maintain.
The increase in stator coil rating made possible with
increased coolant mass tlow is shown in Fig. 4.

0.76%
Q.78
oo

Prototype Generator in Production

A 256-mva generator is now being built with pres-
surized, two-duct-stack stator cooling and pressurized

\World Radio History



gap zone rotor cooling. In this machine, the small cir-
culating blower for the high-pressure gas is placed at the
end of the main shaft, and connected to the stator winding
header by means of two 6-inch-diameter steel pipes.

The small compressor impeller is supported by two
bearings combined with gland seals supplied from the
generator gland seal oil system, which is provided with
an adequate number of emergency back-ups.

This pressurized stator-coil cooling system permits the
large capacity generator ratings that will be required in
the foresecable future, vet it maintains the fundamentally
simple, rugged and reliable stator coil construction that
has been used so successfully in the inner-cooled gen-
erators now in service.

Maximum Rating of Generators

With these improvements in cooling methods for rotor
and stator coils, the maximum generator rating is no
longer limited by thermal conditions, but rather, by other
performance requirements such as efhiciency and transient
reactance. This situation is illustrated in Fig. 6, where
the maximum rating of machines with several tvpes of
rotor and stator cooling systems is shown as a function of
generator efficiency and transient reactance. The lettered
curves show the efliciency as a function of rating with no
regard for transient reactance. The curves branching
downward from the lettered curves show the limitations
imposed by three values of transient reactance.

IFor the stated requirements and efficiency, but with
60 psig hydrogen pressure with a 40-inch-diameter rotor,
the ideal generator (Curve F on Fig. 6) could develop a
maximum rating slightly over 1000 mva. The maximum
ratings that could be obtained with the other tyvpes of
machines may be estimated from the factors given in
Fig. 6. In all the machines in Fig. 6, the rotors have the
same body dimensions but the stator outer diameter would
vary with the type of stator coil cooling and the air gap
dimension. Higher ratings can be obtained with lower
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voltage, lower short-circuit ratio, higher power factor, or
higher stator hydrogen pressure.

The maximum rating of a generator is limited by the
efficacy of the cooling of both the rotor and the stator
windings, which must be matched for optimum design.
For example, the generator of Curve C has a rotor ef-
fectively cooled with pressurized gap zones, and a pres-
surized stator winding. In this case, the use of water-cooled
stator coils, as shown on Curve D, results in only a rela-
tively small increase in rating. This is based on the stator
coil design with two stacks of ducts, which permits the use
of thin strands with resulting lower eddy losses and
improved performance as shown on Fig. 7.

Whereas the Curve C unit employs a pressurized stator
winding with coil connections and external blower, the
improved gas-cooling svstem shown by Curve B of [Fig. 6
has made it possible to obtain single-shaft-generator rat-
ings up to about 750 mva at 60 psig hvdrogen pressure
with no external stator cooling svstem and without in-
creasing the rotor size beyvond that already in service.
Five machines are now on order with this construction,
the largest having a rating of 733 mva.

Still larger ratings can be obtained with the improved
gas-cooling system by using increased rotor diameter,
increased length, increased gas pressure in the casing, or
pressurized stator coils as shown by Curve C of Fig. 6.
With these methods, a single-shaft rating of 1100 mva can
be obtained.

The foregoing estimates apply 1o 2-pole, 3600-rpm
generators. The same principles can be applied to the
4-pole, 1800-rpm generators, which can be built with
ratings even greater than those for 2-pole generators.

With the newly developed rotor and stator winding
and cooling svstem, the large turbine generator ratings re-
quired in the foreseeable future can be designed and built

with fundamentally the same components that  wesinghouse
have heen proved by ten years of reliable  ENGINEER
service. Nov. 1964
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The Economic Development of Mine-Mouth Power Plants,
EHV Transmission, and Nuclear Generation in the United States

J. K. Dillard, Manager, Eleciric Ulility Engineering Department,
C. J. Baldwin, Manager, Advanced Development,

Electric Utility Iingineering Department,

Westinghouse I'lectric Corporation, Fast Pitisburgh, Pennsylvania.

Major improvements in electric utility
economics will probably come from one of the
three areas mentioned above.

Some of the greatest opportunities for improvement in
electric energy economics in the foreseeable future lie in
three different developments: mine-mouth power plants,
500-kv transmission grids, and very large nuclear plants.

The trend in these directions is already under way.
Three large mine-mouth plants of capacities between 1000
and 1800 mw are under construction at locations of 130 to
400 miles from their major load centers; about 2000 cir-
cuit miles of 500 kv transmission are either under con-
struction or in the advanced planning stage; and six large
nuclear reactors in the size range of 395 to 515 mw are
on order, and a 1000-mw plant has been proposed.

This is a change from the historical pattern of im-
proving energy economics by reducing the heat rate of con-
ventional plants and reducing their installed costs relative
to the construction cost index. Results in this area have
been good; in the 25-year period from 1937 to 1961, the
average station heat rate has been reduced from a little
over 17 000 Btu/kwh to about 10 300. During the same
period, steam plant investment has risen from $110/kw to
$130/kw, as opposed to a more than three-fold increase in
the construction cost index for labor and material costs
for steam plants.

Further improvements in the traditional pattern are
still possible, such as the application of steam-gas turbine
combined cycles, but nevertheless greater potential for
economic improvement now lies in mine-mouth plants,
EHYV transmission, and large nuclear plants.

Energy Transportation Systems

Energy transportation is a key factor in the economic
selection of a mine-mouth plant over a conventional plant
or a nuclear plant. The primary energy resources of the
United States are not located in the areas of highest
population density. Consequently, some bulk transporta-
tion is required for most of the energy consumed.

Competition between the various fuel sources and ener-
gy lransportation systems accounts for some of the sub-
stantial improvements in energy economics in the United
States today. The construction of exceedingly large mine-

mouth plants with 500-kv transmission has had the effect
of forcing down the transportation costs of coal by rail.
Similarly, the application of nuclear power in the high-
fuel-cost areas has helped reduce the cost levels of fossil
fuels and their transportation media. As the costs of fossil
fuel come down, increased efforts are applied to reduce the
cost of EHV transmission and nuclear power.

The salutary effects of competition between energy
transportation systems and fuel sources is already being
felt by individual utilities. For example, one utility has
estimated it will save about $20 million per year in fuel
transportation costs from the application of the integral
train concept.

The recent substantial reductions in rail rates because
of the integral train concept have narrowed the spread of
fuel costs between sites in the United States. The reduction
in the delivered cost of fossil fuel makes it harder to
justify mine-mouth plants or atomic power. Nevertheless,
there is still a substantial transportation cost involved in
moving energy, and sizable fuel cost differentials still exist
between the energy source and use areas of the United
States. The geographical distribution of delivered fuel
costs is illustrated in Fig. 1. It is in this framework and its
long-range trend that mine-mouth power plants, 500-kv
transmission, and nuclear power must be justified.

Status of EHV Transmission

Transmission expansion in the United States has been
careful and measured. Instead of being a goal in itself,
each move to a higher EHV level has derived from eco-
nomic need.

Technology for moving to 500 kv has existed for many
years as a result of field testing programs carried on
continuously since 1946 at this voltage level. Tests today
are being made at the 775-kv level and are providing the
basic engineering data required for any voltage require-
ments of the next 20 years in the United States.

If a transmission system is to be develaped most eco-
nomically, the voltage level selected must be compatible
with the blocks of power to be transferred. The surge
impedance loading (SIL) concept defines the permissible
power transfer capability of any circuit for various trans-
mission distance.* Thus at 200 miles, for example, a 345-
kv circuit can transfer nearly 500 mw, a 500-kv circuit
can transfer nearly 1300 mw, and a 700-kv circuit about
2800 mw. The long-range need for capability as well as

*SIL=2.5 kv? for single conductor lines and 3.0 kv? to 3.9 kv? for bundled
conductor lines. Capability, in kilowatts, for a 100-mile line is 2.0 SIL, a
200-mile line is 1.5 SIL, and a 300-mile line is 1.0 SIL. Lines less than 100
miles long are usually thermally limited and may be loaded as high as 4.0 SIL.
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Table I—NEW UNIT CHARACTERISTICS

Forced Outage Rate . . Full-Load Heat Rate
. . Per Cent . . Fixed Operation Btu/kwh
Unit Capacity 4-Year Maintenance Cytle and Maintenance Cost

MW Immature Mature Weeks per Year Dollars per Year System A System B

400 3.5 2.7 3-33-6 510,000 8930 8570

600 4.0 3.0 3-3-3-6 840,000 8870 8520

800 4.5 33 3-3-3-6 1,040,000 8780 8130

1000 5.0 3.6 3-3-36 1,160,000 8660 8320

the immediate need for the project under study must be
carefully considered. Changes to a higher voltage level
are rarely justified by short-term projections.

Some economicstudiesof energy transportation svstems
have looked at the relative costs on a simple mills/kwh
basis for point-to-point energy transportation. Taken at
face value, these mills 'kwh comparisons make the eco-
nomic justification of EHV transmission difhicult unless
the distances are extremely short or the energy source is
hydroelectric.

The fallacy in this type of comparison is the neglect
of the operating benefits of an electrical grid. The elec-
trical grid permits transfer of large blocks of reserve power
and blocks of economy interchange energy in both di-
rections between power systems. These two factors have
played a key role in justifying the expansion of electrical
transmission in the United States.

Power Pooling in the United States

As recently as 1955, the electric utility industry in the
United States consisted of over 3000 independent oper-
ating systems. About 370 of these are investor-owned, but
they account for about 76 percent of the total installed
capacity, and the rest are cooperative, municipal, or other
governmental systems. In the period 1960-1963, the inves-
tor-owned group of 370 utilities coalesced into about 20
large planning and operating power pools. Some of these
investor-owned groups, by negotiating firm interchange

168

agreements with some of the larger governmental systems,
have extended the pooling to about 90 percent of the
nation’s installed capacity. While the bulk of the industry
has operated in parallel for many years, this recent pooling
marks the first extensive coordinated effort at planning
major new facilities as joint ventures, and it offers new
opportunities to make best use of energy resources.

Electrical transmission can be used effectively by power
pools to share installed reserve and thus delay new ca-
pacity installations. The delays in new capacity require-
ments can be attributed to the sharing of peak load di-
versities, outage diversities, and maintenance require-
menis between systems. The net result is a lower installed
reserve. The exact amount of reserve saving can be deter-
mined by probability methods.

Furthermore, larger generating plants can be installed
at their lower $’kw cost without increasing reserve re-
quirements. Neither of these henefits can be obtained with
nonelectrical energy transportation systems.

An clectrical transmission system also allows the ex-
change of economy energy in both directions between
power systems or pools. In this case also, a simple mills/
kwh evaluation of energy transportation methods fails to
give a complete economic evaluation. When systems are
tied electrically in pools, common economic dispatching
of all units reduces the total production expense. Another
fuel saving comes from the use of the larger pool units with
their improved heat rates. Thus a detailed simulation of

World Radio Histol




the future operation of the interconnected systems is
necessary to identify the potential savings from economy
interchange. In some studies of the economics of pooling,
the savings from common economic dispatch and two-way
energy transfer have amounted to nearly one-third of the
total savings. Total savings from pooling have totaled up
to 10 percent of the total fuel bill and investment charges
on the bulk power systems of the pooling utilities.

Cost Trends of Nuclear Power

Nuclear power is also improving energy economics. The
move to pooling and larger plant sizes has helped
establish a competitive advantage for nuclear power in
those areas where fuel costs exceed about 25¢ per million
Btu. This is because nuclear plants enjoy an economy of
scale beyond that of conventional plants, as shown by the
relative slopes of the curves of Fig. 2, caused by the
presence of relatively more components in a nuclear plant
that are not strictly a function of plant size. Fossil-fuel
plant installed costs vary widely because of differences in
design practices, cooling water requirements, fuel sources,
and labor costs. Thus they are shown as a wide band. The
nuclear plant curve is for standard designs in average
labor cost areas, based on guaranteed ratings. Besides
illustrating the economy of scale inherent in nuclear
plants, the curves show that the capital cost of nuclear plants
is only slightly above average-cost fossil-fuel plants being
built today.

In competing with mine-mouth plants and EHV trans-
mission, the nuclear plant has a definite advantage in fuel-
transportation and fuel-cycle costs. Nuclear fuel can be
transportable cheaply to almost any site, favoring plant
location near the load center. The only limitation at pres-
ent is siting restrictions imposed for public safety reasons.
However, engineered safeguards have been devised to
make siting feasible even in large metropolitan areas. For
such a plant, extra containment and shielding can add
five to six percent to the nuclear plant costs shown in
Fig. 2. Even so, such a plant can be economical.

The nuclear plant compensates for its slightly higher
first cost by very favorable fuel-cycle costs. Economic
comparisons made in this article assume nuclear plants to
have an average full-load fuel cost of the first six years
of life of 2.3 mills/kwh. This fuel cost decreases with time,
and plants have a fuel cost of 1.95 mills/kwh the second
six years of life, eventually reaching 1.7 mills. These values
represent very conservative forecasts. Values quoted in
recent negotiations are somewhat lower.

Economic Justification

The economic justification of mine-mouth power plants,
EHV tranmission, or nuclear generation generally requires
long-range projections of system growth, pooling arrange-
ments, and plant usage. Until recently, the calculations
necessary for accurate long-range projections were so
laborious that only superficial economic analyses were
possible. However, automatic planning techniques using
digital computers now permit accurate and rapid economic
analyses of expansion alternatives for a long future period.
Twenty-year studies are usually recommended. These new
methods of planning are by now well documented.

Table II-EXPANSION PATTERNS

Unit Capacity, mw .l
1
Base Pattern T Pooled [ :

Pooled Large

r
|
t
|
| Single System | Pattern P1 1 Unit Patterns P2, P3, P4
T 4
[ 400 400 [ 600*
| 400 600 |
I 400 400 600 [
| 400 600 [
400 400 600 |
| 400 600 ‘
’ 400 400 600
j 400 600
400 400 800
400 800 \
600 600 800 1
600 800 |
| 600 600 800 |
600 800 ‘
‘ 600 600 800 |
| 600 800
600 600 800
' { 600 800
’ 800 ' 800 1000 ‘
800 1000
800 1 800 1000 ‘
! 800 1000 |
800 l 800 1000 |
l 800 1000 ‘
800 800 | ‘
800 ' % ‘ |
| 800 | |
| 1000 | 1000 j
| 1000 ‘
t 1 !
*This unit is mine mouth for pattern P3 and nuclear for paltern P4.

Pooling and Mine-Mouth Generation

Up to this point, changes in energy economics in the
United States have been discussed qualitatively. The exact
nature of the savings available is shown best by a quanti-
tative analysis of typical utility situations. To do this,
two hypothetical utility systems will be compared and
their potential savings computed. The systems are typical
of today’s individual companies or medium-sized pools.

The two systems and their primary characteristics are
shown in Fig. 3. While identical in many respects, the
systems are geographically separated, with one having a
summer peak load and the other a winter peak load. If the
two systems operate as a pool, the pool will have a winter
peak. Seasonal patterns are different; consequently,
maintenance coordination is desirable.

The geographical separation of the two systems results
in a fuel cost differential of 10¢/million Btu. Because of
this historical difference in fuel costs, System B has been
purchasing installations with heat rates 4 percent below
those of System A.

If System B were to continue expansion separately, it
would continue to purchase the better heat rate equip-
ment at about a 2 percent premium on installed plant
costs. Installed costs for conventional units on System A
follow the dashed curve of Fig. 2. Outage rates, mainte-
nance rates, full-load heat rates, and fixed operation and
maintenance costs for new units are shown in Table I.
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Fixed charges on conventional plants are 12 percent; trans-
mission fixed charges are 10 percent. The proposed base
load expansion pattern for individual expansion of the
two systems is shown in Table II. The next unit for in-
stallation on each of the individual systems expanding
alone is of 400 mw size.

The first two columns of Table 111 show the installa-
tion dates for new units on each of the two systems if
they were to plan expansion separafely. These dates are
selected on the basis of a design service reliability as calcu-
lated by probability methods. Sufficient installed reserve
is planned to maintain a risk of insufficient installed
capacity no worse than one day in ten years. Columns
3 and 4 of Table 111 show the installation dates for new
units on the two systems with the assumptions they merge
inlo a pool and plan joint use of installed reserve. Columns
5 and 6 show the yearly capacity savings under the pooled
arrangement, which is designated pattern Plan 1. System A
averages 710 mw less capacity yearly, while System B
averages 840 mw less than with separate expansion. To
accomplish the reserve savings, tie lines must be built
between the two systems in the amounts of firm capacity
shown in columns 7 and 8.

The cost of the EHV transmission to accomplish the
pooling must be balanced against the savings in reserve
and the savings from possible economy interchange of ener-
gv. The voltage level selected for the tie depends on the
blocks of power to be transferred, not only in the earlier
years but in the later years as well. It also depends on the
relative cost of EHV transmission at different voltage
levels. Table 1V, using data from a recent Federal Power
Commission document, shows the cost assumptions for
installed EHV transmission at 345 and 500 kv. Both volt-
age levels were investigated as being reasonable selections
based on the blocks of power to be transferred. Trans-
mission system design dictated that enough circuits be
installed to allow transfer of Table III values with one

line out of service.

The annual revenue requirements of the necessary EHV
transmission system were balanced against the savings
shown in the first column of Table V to determine the net
economy of the pooling arrangement. Results are plotted
in Iig. 4 for various separation distances of the two power
systems. This figure shows that for a 10¢/million Btu fuel
cost differential, it is economical to reach as far as 550 miles
to accomplish the pooling if 345 kv is used. Selection of
500 kv permits an economical 650-mile reach. If the dis-
tance between the systems is short, below 125 miles, 345
kv is the more economical voltage level.

Most savings from pooling come from the sharing of
diversities and reserve reductions. Some additional sav-
ings, however, are available from the use of larger gener-
ating units sized for the entire pool. The evaluation of
Systems A and B was repeated for a modified expansion
pattern (Plan 2) using larger units. The pattern of Table II
was used, except expansion began with the first 600-mw
unit; the first five 400-mw units were omitted. The net
effect of using the larger units is to slightly increase the
savings with pooling, as indicated in the second column of
Table V. Also, the economical separation distance is
slightly increased. This is illustrated for 500 kv in Fig. 5 by
the curve labeled Plan 2.

Mine-Mouth Plants

The required transmission ties, as shown in Table III,
are sufficient to accomplish complete sharing of diversities
and reserves. They are, of course, available for the econ-
omy interchange of energy. The two systems were dis-
patched for maximum economy, and tie flows were
permitted up to the limits of the tie capacity between the
pools. However, no additional ties were installed strictly
for the interchange of energy. Since there is a substantial
fuel cost differential between the two systems, it is natural
to inquire into the economics of locating one of the System

Table III-NEW-UNIT INSTALLATIONS, SAVINGS, AND TIE REQUIREMENTS FOR EXPANSION ALONE AND POOLED

| T Expansion Alone i l Expansion Pooled, Pattern P1 | 4<
- 1

' . [ Unit Requirements, mw Unit Requirements, mw Savings, mw | Import Tie, mw |
| Column | 1 : - 4 = |
| Number | 1| 2 3| s | 5| 6 | 7 | 8
| Year System A | System B System A | System B System A System B System A System B
I e — — 1 _] ! 4 | -
| 1 400 400 | — ] — 400 400 | 500 | 300 |
S e e e e | 00 | s 00
' —_— E— | — JE—
[ 4 ‘ 2-400 | 400 : 400 ; 400 } 800 [ 400 [ 400 500
[ 5 — { 400 400 ' 400 ' 400 [ 400 l 500 600
| 6 00 | 00 | a0 | — 400 800 400 700
[ 7 ‘ 600 [ 600 | 400 400 600 1000 ‘ 600 800
{ 8 | — , — | 600 l 400 — ‘ 600 “ 600 400 !
| 9 [ 2- l 600 ' — 600 | 1200 ' 600 | 600 | 400
| 10 [ — | 600 ‘ 600 600 . 600 600 ‘ 600 800 ‘
( 11 [ 600,800 | 600 [ 600 \ — 1400 1200 600 1 1000
( 12 | — — 600 | 600 800 1 600 : 700 500 |
| 13 | — 800 | — ' 600 800 ‘ 800 700 ‘ 400
[ 14 [ 800 800 800 ‘ 800 ‘ 800 800 | 700 900

15 | 800 800 | 800 | — ' 800 | 1600 : 800 1300

16 — — 800 800 — 800 1000 | 600

|

} 17 i 2-800 800 — ‘ 800 ‘[ 1600 | 800 ; 1000 ‘ 700 |
[ 18 — 800 800 800 . 800 800 900 1200
{ 19 1000 1000 800 — 1000 1800 1100 | 1900 |
f 20 j 1000 1000 1000 L 800 l‘ 1000 ‘ 2000 ‘ 1100 J 1000 ‘
L B SR _ . 1 : 4
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WINTER PEAK

FUEL COST--20 CENTS
PER MILLION BTU

FOSSIL-FUELED

SUMMER PEAK

FUEL COST—30 CENTS
PER MILLION BTU

B units in lower fuel cost area A as a mine-mouth plant.
This may or may not be economical, depending on the
separation distances of the two areas and whether or not
the two syvstems are pooled.

If System B expansion is considered alone, and if its
first 400-mw plant is located in area A, the breakeven dis-
tances for a mine-mouth plant are those shown in Fig. 6.
Here enough firm transmission has been installed to permit
transportation of the mine-mouth plant energy to the load
area with one line out of service. This transmission is
used simply on a point-to-point energy transfer basis for
a 100-mw block of power. For this limited use of the energy
transportation system, the economical reach is 150 miles
with 345-kv transmission, and 345 kv is obviously the
correct voltage choice for fucl cost differences greater
than 8 cents. The economical reach for a 400-mw hydro
plant (at $200 'kw) is only 270 miles. The economical
separation distances are not greater because only a 400-mw
block of power is being transmitted for a single system.
Point-to-point transmission can be economical for dis-

Table 1V -EHV TRANSMISSION FACILITY
INSTALLED COSTS

Line Voltage
500 kv 345 kv
Terminal Iiquipment
Termination with Breaker 8§ 550,000 $3350,000
Transformer 50,000 33,000
Autotransformer
600 MVA $1,220,000 $970,000
500 MV A 1,130,000 855,000
400 MV A 1,030,000 765,000
300 AIVA 920,000 660,000
Line Cost per Mile S 99,000 $ 77,000
per km $ 01,516 47,845
! ) \\
20 R
| AN\
8 \\500 Kv
221
3 3 345 KV\\
[e]
ESRT =N
z©O \
Zw \
<z N
09 3 A\
N2 \
]
4 \
\ \
0 \\ \
—4

100 200 300 400 500 600 700
DISTANCE—MILES

SAVINGS BY POOLING with merged pattern P1, This pattern
uses the individual systemn unit sizes given in Table II. Savings
are shown for various system separation distances with connect-
ing transmission at 345 or 500 kv.
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Table V—PRESENT WORTH OF REVENUE REQUIREMENTS AND
EQUIVALENT ANNUAL SAVINGS FROM POOLING
(IN THOUSANDS OF DOLLARS)

Merged Pattern 1 Large Unit Pattern P2
Generating Plant Investment
System A alone $1,448,741 $1,448,741
System B alone 1,512,061 1,512,061
Sum $2,960,802 $2,960,802
Pooled 2,539,020 _2,514,7%)_
Savings (by difference) $ 421,782 $ 446,093
Levelized annual savings $ 24)707 $ 26,760

—— e 4

Production Expense

System A alone $1,535,507 $1,535,507
System B alone 1,900,961 1,900,961
Sum $3,436,468 $3,436,468
Pooled 3,380,873 3,366,040
Savings (by difference) $ 46,595 $ 69,828
Levelized annual savings 8§ 2,79 $ 419
Total Savings
Generating Plant Investment $ 421,782 $ 446,093
Production Expense 46,595 69,828
Sum of savings S 468,377 $ 515921
Levelized annual savings $ 27,563 $ 30,936

Table VI—-PRESENT WORTH OF REVENUE REQUIREMENTS FOR POOL
EXPANSION WITH LARGE UNITS AND WITH ONE MINE-MOUTH UNIT
(IN THOUSANDS OF DOLLARS)

Additional
Generating 500-kv Total Present
Plant Production | Transmission | Worth of Revenue

Investment | Expense Investment Requirements

Large-Unit P2 $2,514,709 | 83,366,640 — $5,881,349
Mine-Mouth P3

50 miles ( 80 km) $2,511,876 | $3,331,456 $§ 9,886 $5,833,218
300 miles (483 km) 2,511,876 3,331,456 53,073 5,896,405
600 miles (966 km) 2,511,876 3,331,456 116,573 5,959,905

Table VII--SYSTEM B EXPANSION ALONE WITH THE FIRST PLANT
NUCLEAR

Present Worth of Revenue Requirements
Thousands of Dollars
No Nuclear 400-mw Nuclear | 600-mw Nuclear
Plant Plant Plant
Generating Plant Investment $1,512,061 $1,523,199 $1,556,140
Production Expense 1,900,961 1,869,787 1,820,710
Total Revenue Requirements $3,413,022 $3,392,986 $3,376,850
Savings Over Base Plan
Present Worth — $ 20,036 $§ 36,172
Levelized Annual Savings — 1,202 2,170
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tances up to 400 miles if the block of power is 1200 mw
and the fuel cost differential is 15 cents. However, plants
this large would not be economical on a single 4300-mw
system at this stage of growth.

The decision of locating a System B plant in area A
is quite a different matter in the environment of the
power pool of A and B. To study this, the first B unit in
large-unit pattern Plan 2 was purposely located in area A
instead of area B. This might be thought of as a unit which
System B is obligated to provide for reserve, but which it
chooses to locate in area A close to the source of fuel. The
transmission needed between the systems will be increased.
The dollar effect of this mine-mouth location is shown in
Table VI for various separation distances between the
systems. The dashed curve in Fig. 5 shows that a mine-
mouth plant is economical in the pooled environment if the
systems are located 225 miles apart or less for a fuel cost
difference of 10¢/million Btu.

The economical distance for a mine-mouth plant based on
various fuel cost differentials between the two areas and
for both 345 kv and 500 kv is shown in Fig. 7. Whereas
345 kv was the economic choice when a mine-mouth plant
was considered for the single system, 500 kv is obviously
the choice in the pooled environment for all fuel cost
differentials. It permits the maximum reaching distance
between systems for the mine-mouth plant.

Nuclear Units

While nuclear plants can be justified on single systems
alone in 25¢ fuel cost areas or above, the savings are
greater when they are applied in a pooled environment. To
study this aspect of energy economics, System B was
expanded alone: (1) with the first unit of column 1, Table
II as a 400-mw nuclear unit; then (2) with the first unit
as a 600-mw nuclear unit instead of 400 followed by four
400-mw conventional units and the rest of the column 1,
Table II patterns. Table VII shows that the 400-mw
nuclear unit saves $1.2 million a year on System B alone,
compared with the all-fossil-fuel pattern. Savings with a
600-mw nuclear unit are nearly double those with a 400-
mw unit. Finally, a 600-mw nuclear unit was studied on
System B in a pooled situation without any 400-mw units
at all, pattern Plan 4 of Table II. When studied in the
pooled environment, the plan with the 600-mw nuclear

NUCLEAR P4

— 0.89
0.8 — .80 /
- MINE MOUTH P3
O —oes
Y 0.6 LEVEUZED
w VALUES CONVENTIONAL
= B ALONE
(¥}
K04
a.
<
(9]
0.2
0
2 4 6 8 10 12 14 16 18 20

YEAR OF STUDY

CAPACITY FACTORS for units installed in the early years.
After reaching maturity (year 6), the nuclear plant is limited
only by outages, while the fossil-fueled plants are unloaded by
newer base load units.

unit produced lower revenue requirements than even the
mine-mouth plan, Plan 3, if the separation distances of
the systems exceeded 75 miles with 500-kv transmission,
or 50 miles with 345-kv transmission (see Fig. 8).

There are several effects making the nuclear plan more
economical at system separation distances greater than 75
miles. One obvious saving is the elimination of the trans-
mission associated with the mine-mouth Plan 3. Another
less obvious effect is the improved loading of the nuclear
plant over the 20-year study period compared with either
the mine-mouth plant or a conventional plant in one of the
individual system expansion plans. This effect is illus-
trated in Fig. 9. After reaching maturity in its outage
performance, the nuclear plant remains at an equivalent
level 20-year capacity factor of nearly 0.9, while the
mine-mouth plant gradually is unloaded over the years by
newer base load units installed on the pool. A conven-
tional unit installed in System B expanding alone is un-
loaded even more quickly. The effective level 20-year
capacity factor of the mine-mouth plant is only 0.8 and
that of the conventional unit in System B only 0.65.

Examination of Figs. 5 and 8 shows that the mine-
mouth plant is favored over the nuclear plant for separa-
tion distances below 75 miles, while the nuclear plant has
greater savings for greater separations (for 500-kv trans-
mission). In fact, the nuclear plant shows savings at the
large separation distances even when compared with the
large-unit pattern Plan 2. This is indicative of the present
economy of atomic power in a pooled environment.

Conclusion

The scope of the justification studies described has
necessarily been limited. Economic analyses justifying
mine-mouth plants, EHV transmission, and nuclear plants
in the United States naturally involve the investigation of
many expansion plans and many more alternatives than
discussed here. Additional studies are needed to optimize
the exact size of plants, to determine the limiting amount
of mine-mouth generation that can be justified, and to
find the amount of nuclear capacity that can be kept at a
suitably high capacity factor over its entire life. The
illustrations presented are indicative only of the type of
long range analyses that are undertaken in the economic
development of these new generation sousces. However,
the results are indicative of savings for utilities.

Present trends indicate that there will be increased
usage of mine-mouth plants, EHV transmission, and
nuclear generation. However, transmission will not be
built to move large blocks of power from hydro or low-
grade fossil-fuel sources that are too remote. Five to seven
hundred miles is probably an upper limit considering
even the most favorable circumstances with regional pools
and 1000 to 2000-mw plants. Pooling will take place on a
regional basis and not on a national scale. Economies will
be realized by locating at least a large portion of the in-
stalled capacity relatively near the load centers. Plants
will be sized to match regional requirements. Large nuclear
plants will be applied in fuel cost areas of 25¢/million Btu
and above. Competition from nuclear plants and regional

mine-mouth plants will exert continued down-  wegngnause

ward pressure on coal costs and rail rates. The  ENGINEER
benefits of this competition will be substantial.
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Small Control Computers . . . A New Concept

F. G. Willard, Advisory Engineer, Computer Systems Division,
Westinghouse Flectric Cor poration, Piltsburgh, Pennsylvania.

The effective and economic process control
afforded by computer control systems has
heretofore been limited, by cost, to large
complex processes. A new smaller system now
extends the advantages of on-line computer
control to many more industries.

Many process operators who really need more advanced
process control have not been able to justify the cost of
large computing control systems; for economic justifica-
tion, they would have to extend computer control to addi-
tional functions other than the primary control function
or even to most of the plant. Such broad use is not always
feasible, so the economic difficulty has effectively pre-
vented use of computer control for thousands of the
smaller process applications.

Even for these relatively small processes, the large
wired-logic control systems often are no longer big enough.
Moreover, they offer little if any flexibility to accommodate
process changes, and they may not be able to provide the
required reliability. The result has been a void in indus-
trial process control between practical wired-logic systems
and computing control systems. Needed to fill this gap
was a relatively small and simple, yet powerful, comput-
ing control system, one that would be widely applicable
to keep equipment and programming costs low. Such a
system has now been developed to bring effective and
economic control to relatively small processes.

Advantages of Computer Control

Operators of large processes have had no difficulty
justifying well-planned computer control economically
through improved product uniformity, thriftier use of raw
materials, better productivity, and other process improve-
ments. The advantages of computer control that bring
these improvements also apply to smaller processes.

One of these advantages is the capacity for feed-forward
regulation: programmed with a ‘“model,” or set of equa-
tions describing the process, a computer can process
available data to predict other values that are not directly
measurable. These anticipated values then provide a basis
for taking control action at the appropriate time.

The speed of a computer is such that it can keep watch
on thousands of points in a plant constantly, giving
closer supervision than is economical with conventional
systems. Once available, the computer also proves capa-

174

ble of performing other control tasks—often minor in
themselves and not, individually, justifying a computer.

A computer system also communicates with the process
operator much better than conventional control systems
can. This is partly because it digests process informa-
tion and correlates the significant data instead of over-
whelming the operator with raw data. Moreover, it com-
municates with the operator at one convenient location
and in well-understood terms and concise form.

Unlike other control systems, a computer installa-
tion can be started step by step. One way of doing this
is by incorporating a few control functions at a time.
Another is by evolution of the control mode: start with
data-logging only, add monitoring and alarming, close the
control loops, and then activate fully automatic sequenc-
ing. Such flexibility also enables the operator to try a new
control strategy (‘“‘program’) without upsetting the wiring
of the system. If it works better, fine; if not, he can return
to the original program.

Finally, control equipment can be standardized. This
is a most important advantage of the new small general-
purpose control computer, which will be made in large
numbers because of its wide applicability. Much more
design effort can be put into a system that is to be pro-
duced in comparatively large numbers. The same is true
for the program and the engineering that produces it
(“software”) and for the written description of, and in-
structions for using, the equipment and software (“docu-
mentation”). Both can be more thorough, for a given
system price, because their cost will be spread over a
large number of systems. Moreover, mass production of
standard computer equipment (‘“hardware”) lowers equip-
ment cost and improves quality.

Standardization also makes installation and start-
up more routine. Maintenance and trouble-shooting pro-
cedures are simplified as well, partly because of the more
thorough documentation and partly because the pro-
cedures do not need to be intimately related to the process
under control. A computer fault is best located by a test
procedure that does not vary with the application.

Training of maintenance personnel can be more com-
prehensive and thorough when the control system and
maintenance procedures are standardized. Refresher
courses with standard paperwork problems are practical.

In sum, the advantages of computer process control
over conventional control methods are mainly economic.
The control computer permits the user to enlarge the
degree of control exercised over the process; it improves
communication between control system and operator; in-
stallation of the control is simpler, faster, and more




MODULAR CONSTRUCTION facilitates assembly of a Prodac
50 computing contrel system to fit each need. The taller cabinet
houses the main frame in this grouping, and two smaller cabi-
nets house input-output equipment and a multiplexer. Logic
circuits are checked by standard trouble-shooting routines (top).
Each computer circuit card (bottem) contains elements that are
functionally related.

PRODAC 50 COMPUTER CONTROL SYSTEM

The new small general-purpose control system operates
with 14-bit binary words and has 25 instructions, each with
indirect addressing option. Its add instruction running time is
18 microseconds. The memory is guarded; that is, words in
memory are not lost if power fails.

For flexibility, core memories of 4096 to 16 384 words are
available, along with 16, 32, 48, or 64 external interrupts, Up
te 64 input-output channels can be used, with up to 64 ad-
dresses per input-output channel. The number of analog
inputs per second can be 40, 80, 120, or 160. Analog signal
levels are 0 to 50 millivelts, 0 to 5 volts, or hoth. Paper-tape
systems of 10 or 60 characters per second can be used, as can
multiple logging and alarm printers.

All of the semiconductor devices are silicon types, and they
operate reliably up to 50 degrees C ambient temperature.
Functional packaging of components on large circuit cards
facilitates maintenance.

The pre-engineered programs available include interrupt and
input-output executives, library routines (such as arithmetic
and trigonometric), and standard application routines (such
as scan, monitor, alarm, three-mode control, engineering units
conversion, and digital blending).

error-free; and standardization contributes substantially
to control efficiency and economy. Where there is a suf-
ficiently large task or group of tasks to justify investment
in a computer control system, it can provide a greater
amount of control capability dollar-for-dollar than any
conventional control system

When to Apply Computer Control

Electromechanical systems (relays), wired logic (such
as the Westinghouse CYPAK system), and digital com-
puters are all capable of performing similar control func-
tions. However, each has certain economic limitations.

A good basis for comparison is control complexity
(Fig. 1). With relays, the cost of a minimum system is
small. However, increases in the volume of data to be
processed (and, therefore, in the number of relays needed)
cause directly proportional increases in the cost of the
system, until svstem engineering complexity begins to in-
crease the cost at a rate faster than the rise in capabil-
ity. In addition, since every large relay control system
is different from every other, the costs of drafting, wiring,
testing, installation, and checkout increase disproportion-
ately to the control function. The shape of the curve makes
it evident that there is a point beyond which electro-
mechanical systems become impractical, if not impossible.
Some monumental systems have been built with relays,
but at great risk for both the user and the manufacturer.

Static switching devices substantially increase the
amount of control information—and therefore the amount
of control—that a system can handle. Wired-logic systems
composed of these devices cost more, in small sizes, than
relay systems, but as size increases they cost less.

In short, some applications are most economically
handled by relay systems and others by wired-logic sys-
tems. The latter can be more complex than the former,
but even so the application eﬁgineering, custom manufac-
turing, and resulting complexities of large systems can
again create great risk for both user and manufacturer.

1 RELAY SYSTEMS WIRED-LOGIC

SYSTEMS

5 LARGE

S COMPUTER
= SYSTEMS
<

0

o

PRODAC 50
COMPUTER SYSTEM

LOG/LOG SCALE

CONTROL COMPLEXITY — INFORMATION PROCESSED PER UNIT TIME

CONTROL SYSTEMS CAN BE COMPARED on the basis of
control complexity and total system cost. (“Control complexity”
is the capability of a system expressed as the number of logical
decisions it can make per unit time.) Both relay systems and
wired-logic systems are economical for control of relatively
simple processes, but the more capable computer control sys-
tems are needed for more complex processes. The new Prodac 50
computer control system fills the former gap between wired-
logic systems and large computer systems.
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It is at this point that computers enter the picture,
because the processing of large amounts of information is
the forte of digital computers. The minimum installed
price for any computer is considerably higher than the
cost of a minimum wired-logic system, but a major increase
in the amount of control information to be processed adds
relatively little to the system cost (Fig. 1). Equally important,
the capability of the system is so great that it consider-
ably extends the limits of automatic control. The ease
with which additional functions can be added to a com-
puter control system stems from the computer’s inherent
ability to perform logical and mathematical operations;
the only additional cost involved is that of getting the
information into the computer and selecting the series of
operations to use it meaningfully.

Just as there is a “crossover” of the relay and wired-
logic curves in Fig. 1, so there is a crossover of the wired-
logic and computer curves—a point beyond which it
becomes more sound, economically, to use the more cap-
able system. This crossover, for most computers, occurs
near the practical complexity limits for static control
systems. The successful large control systems now oper-
ating, such as those for electric-utility systems, steel
rolling mills, and a large pulp mill, might not have been
possible at all without control computers. Maintenance
alone would have made wired-logic systems prohibitively
costly; in contrast, such control is relatively simple for
a computer.

The systems just cited are all large systems, neces-
sarily high in initial cost. Between them and wired-logic
systems has been a large gap. The new Prodac 50 system
is small enough to fill this gap while retaining the im-
portant computer characteristics that permit major in-
creases in function without corresponding increase in
cost (Fig. 1). It was especially designed for small or
subfunction control applications, but it is expandable by
adding more input-output and memory equipment and
expanding programs as the need arises.

Requirements of a Small Control Computer

The foremost design requirement is low cost, and an
important factor in total cost is system availability. In
a plant with a large throughput, lost production due to
control-system failure is serious or even catastrophic.
Availability consists of reliability (the inherent freedom
from failure in a system) and maintainability (the in-
herent ease with which a malfunction can be diagnosed,
located, and corrected). The chief determinant of re-
libility is the number of components involved. Quality
control, derating of components, and system testing are
important, of course, but for comparable systems the one
with fewer parts has greater freedom from failure. Be-
cause such a system has a long mean time between fail-
ures, the maintenance man has little opportunity to
practice. Maintenance procedures, then, must be kept as
simple as possible and documentation must be thorough.

In the large systems, the cost of application engineer-
ing is sometimes greater than the cost of the computer
itself. For most control applications, however, a large
fixed cost for application engineering is intolerable. One
solution is for the people most familiar with the process—
the users—to do the application engineering. Since this

work entails having all the necessary information about
the equipment, the control-system supplier must make
the information available in readily understood terms.
This is feasible only if the supplier has preengineered
much of the work and made standard packages of hard-
ware and software.

Expandability is essential so that the system can be
simple at first and then enlarged as it becomes economi-
cally feasible ta add to the degree and scope of control ex-
ercised over the process. Many industries have little
detailed information about what goes on in their processes;
they require a considerable amount of data-logging and
study before the computer can be given direct control.

The Prodac 50

The Prodac 50 computing control system is a stored-
program general-purpose controller (Fig. 2). Input to
the main frame, and output from it, consists of two types
of information: variable data and address. Data com-
munication is provided by up to 64 input and output
channels, each consisting of a 14-bit parallel path into
or out of the main frame. Address communication, used
to select and control the input-output channels and any
associated multiplexing units, is output by the main frame
at the same time that data is either input or output. The
addressing capability is sufficient to permit selection of
any of the 64 possible channels and, at the same time, any
of the 64 multiplexed devices for each channel.

External interrupt input is also provided, with up to
64 independent inputs available. For a signal applied to
any of the 64 interrupt inputs, a separate and unique
response is caused directly within the main frame without
need for additional input operations. Such direct response
allows interrupt input signals to be processed with little
main-frame duty cycle, making it practical to use these
nputs as control and timing means for other input-output
communications—for example, the “Data Ready” and
“Done” signals indicated in Fig. 2.

Analog input, contact input, contact output, and inter-
rupt input units provide the connections between the
plant and the main frame, as well as the noise-rejection
filtering and isolation required in most industrial environ-
ments. Noise is rejected from analog signals by inte-
gration within the analog-to-digital converter (Fig. 3).
Contact and interrupt inputs have RC filtering and trans-
former coupling to reject noise. Contact output is per-
formed by mereury-wetted relays. Telephone-dial inputs,
paper-tape readers and punches, and typewriters also can
be provided.

The Prodac 50 main frame is a stored-program, random-
access, parallel, binary computer (Fig. 4). It has been
designed around the requirements of low cost, high re-
liability, and adequate performance for use as a small
process controller.

Core memory, which is available in capacities of 4096,
8192, 12 288, or 16 384 words, forms the heart of the
main frame. The accumulator and the program location
counter, as well as the 64 external-interrupt program-
origin control words, are kept in core memory to reduce
the number of flip-flops required. Cycle time for the
memory is 4.5 microseconds, and memory contents are
protected against loss in the event of power failure.
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Functional time-sharing is used extensively, with the
7 and X data registers and the address, or S, register used
both to process data and to perform internal control
functions as directed by the instruction or function code
held in the I' register. These are all single-level registers;
shifting, counting, and adding operations are performed
by transfer of data between the registers and through
the adder.

Twenty-five instructions have been included, provid-
ing the conventional add, subtract, load, store, input,
output, and various jump and jump-test operations. In
addition, several instructions affecting any location in
memory are used: right and left shift, decrement, and set
and clear most significant bit. Addressing of instructions
is in either direct or indirect mode, selectable by one bit
of the function code, for each instruction.

System reliability has been achieved by careful selec-
tion of components, wide-tolerance circuit design, and
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minimization of the number of components. In addition,
exclusive use of silicon semiconductors, widely separated
circuit cards, and forced ventilation keep temperature
rise down and thereby extend component lifetimes.

The large printed circuit cards contain most of the
logical interconnections, and circuits on any given card
are functionally related to make trouble-shooting simple.
For instance, one bit of each register, data path, and
adder are all on a single card. If trouble develops in the
processing of data, the maintenance man need only identi-
fv which bit is in error to be able to replace the defective
circuit. In addition, all tlip-flops have indicators at the
ends of their cards to aid symptom checking.

This design for reliability and maintainability gives
the system a calculated on-line availability of 99.9 percent.

Several characteristics of the Prodac 50 equipment
keep cost low. First, the gencral-purpose nature of the
system and its high degree of standardization and flexi-




bility permit volume manufacture of identical equipment.
Second, the modularity of the system makes for little
waste of capacity for small tasks while retaining good
capability for complex tasks. In fact, plug-in expand-
ability of inputs, outputs, external interrupts, and memory
permits accurate system sizing with no need for spare
capacity. Third, extensive time-sharing results in an un-
usually small number of components. Fourth, careful
signal treatment in the computer helps keep installed
cost low by eliminating the need for additional special
signal treatment and special plant wiring.

Application engineering cost is kept low by an ex-
tensive library of preengineered preprogrammed typical
control functions. Priority, input-output, and format-
control executive programs have been devised, as have
various arithmetic packages such as trigonometric and
exponential routines. In addition, application functions
such as scan, monitor, alarm, and three-mode control are
available. Programming of sequence-control logic gener-
ally requires more custom work than the other examples
cited; therefore, a standard decision-table technique has
been devised for straightforward creation of such logic
programs as may be required.

Application

Although design emphasis with the Prodac 50 has been
dual (minimum cost and maximum reliability), the main
application consideration with a small computer control
svstem is cost. The user can help keep cost low.

First, engineering content must be kept low; that is,
specialty console devices, unusual instrumentation, or
unusually stringent environment should be avoided if pos-
sible. The preprogrammed software packages should be
used in conjunction with the various pre-engineered equip-
ment subsystems provided.

Second, manufacturing cost should be kept low by using
the standard equipment without modification and by
avoiding unusual performance or test specifications.

Third, the application should be carefully defined.
Each feature added to the control system will increase
hardware, programming, or engineering cost (or all three);
each feature should be justified economically.

Fourth, the source of application know-how must be
selected intelligently. Often, it is less expensive for the
user to train his people to perform: most of the application
engineering than to teach the system vendor enough
about the process. Perhaps the best plan is with the user
serving as application engineer and the vendor as con-
sultant, providing back-up service.

Two typical applications for which the Prodac 30
computing control system is suitable are illustrated for
example purposes in Figs. 5 and 6.

Direct digital control (Fig. 5) is simply the controlling
of a number of plant devices (valves, for example) directly
in a digital, time-shared, sampled-data fashion. The con-
trol computer system handles the same task conventionally
performed by a number of electronic or pneumatic three-
mode controllers. Therefore, it has provision for meas-
uring pressures, temperatures, flows, levels, and other
variables as analog feedback signals; for accepting set-
point signals (by dial); and for driving the process valves
(by stepping motors). Calculation for each control loop

is performed within the main frame; it consists of summing
terms proportional to the difference between set-point
and feedback (proportional term), the integral of this
difference (reset term), and the derivative of this difference
(rate term) and transmitting the sum to the valve con-
troller. This calculation is repeated from once per second
to once per 20 seconds, depending on the dynamic proper-
ties of the quantity controlled by the valve.

In addition to the direct digital control task, limit
checking and interlock checking of the plant variable
signals are usually required. An alarm printer and various
alarm indicators warn the operator of variables out of
limits. One or more logging printers are provided for
data-logging and trend indication. Paper-tape reading
and punching equipment permits convenient entry of pro-
gram and mass data and output of data for analysis by
other, off-line, computing facilities.

Prodac 50 svstems can be readily justified economi-
cally for direct digital control in plants of about 30 to 150
control loops, depending on the nature of the loops.

The other example is a much simpler application, since
few inputs and no control output are used (Fig. 6). The
required task is to produce quality reports for completed
inspected coils of tin-plated steel, the raw material for
“tin” cans. Can manufacturers purchase tinplate by the
coil, paying one price per foot for prime grade, a different
price for mender grade, and nothing for scrap grade.
(Prime grade is entirely within specifications; mender
grade can be salvaged by reflowing; and scrap has such
defects as pinholes in the plating, off-gauge steel, and
incorrect coating thickness.)

To account for defects in a coil, the data-gathering
procedure must recognize that the various gauges and de-
tectors monitor material considerably ahead of the shear,
which defines the end of a coil. The system shifts all data
to model the progress of material through the inspection
stations, correlating it spatially to the location of the
shear. Otherwise, defects apparently at the end of a coil
would in fact be in the first part of the subsequent coil.
Furthermore, the system makes the accounting in inte-
gral feet so that multiple defects within a particular foot
will be charged as a single defect foot. The printout for
each coil usually includes total footage, prime footage,
and mender footage; it forms the basis for billing.

Summary

Most controlled processes are fairly simple, so the
availability of a small computing control system can ex-
tend the benefits of computer control to a great many
plants of all sizes. To keep the cost of such a system low,
it must be widely applicable to permit volume manu-
facture and cansequent economies. The system also must
be powerful vet simple, and its installation and use must
be simple and economical. Reliability must be high, and
maintenance procedures easy.

Such a system has been developed in the P’rodac 50
computing control system. Because its functional modules
can be assembled as needed in preengineered packages,
the control engineer can give his attention to the control
function rather than to the control hardware. yegingnouse
The task of selecting and installing a computer  ENGINEER
system no longer need be monumental. Nov. 1964
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A Comprehensive Approach to Product Reliability

T. A. Daly, Direclor of Reliability, Headquarters Ingineering Staff,
Westinghouse Ilectric Cor poration, Pillsburgh, Pennsylvania.

P. H. Ockerman, Director, Reliability Control,

Headguarters Manufacturing Controls,

W estinghouse Electric Corporation, Piltsburgh, Pennsylvania.

Achieving high reliability of industrial

products requires a comprehensive look at all

the elements that affect reliability. At
Westinghouse a corporate-wide program has
been instituted to assure continued improvement
in reliability.

Today, industrial products are continually being called
upon to perform a wider variety of functions, and perform
them faster and more efficiently. At the same time, be-
cause of increased costs, especially in downtime, higher
reliability is an economic “must.” These two factors,
complexity and reliability, do not naturally go together,
but the inherent contlict must be solved.

This situation has led manyv companies to a critical
look at reliability and all the methods formerly used to
ensure reliable product performance. At Westinghouse
this has resulted in the development of a more integrated
approach to the broad question of reliability and how it
is achieved; in 1963 a corporate-wide program was initi-
ated to assure the continued growth of product rehability
in its broadest sense.

The program takes advantage of all the pertinent work
done in the defense and space areas, where many useful
new concepts and techniques have been developed during
the past decade; however, it also recognizes that the re-
quirements and the economics of industry are often quite
different, and therefore require different approaches.

What is “Reliability?”

The word reliability, in itself, is unspecific and subject
to different interpretations. Therefore, the starting point
for any reliability program i1s a meaningful definition.

The most common definition is: “Reliability is the
probability that a product will satisfactorily perform its
functions under the specified environmental conditions
for a specified period of time.”

This is a perfectly valid definition; however, it is purely
quantitative, and for industrial purposes Westinghouse
felt that its definition should be more comprehensive, i.e.,
it should be qualitative as well as quantitative. This led
to the following definition:
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Reliability is the measure of customer satisfaction, evalu-
ated by how well products and services fulfill a customer’s
needs, for a useful life in the customer’s environment.

This definition scrves as the basis for the Westinghouse
Reliability Program. The most distinctive fact about the
program is its comprehensiveness. The basic elements are
outlined in Table 1.

In considering reliability methods, several other defi-
nitions are useful:

Reliability control is defined* as “the coordination and
direction of fechnical reliability activities through scien-
tific planning from a systems point of view.”

Reliability engineering is defined* as “a design adjunct
which assists in establishing a product design with high
inherent reliability.”

Lastly, inherent reliabilily is* “the reliability designed
into the product. It can be lowered, but never increased,
by manufacturing and control methods.”

A second distinctive clement is the reliability control
methods used in the program. Much has been written
about mathematical techniques for predicting and deter-
mining the probability that a given product will perform
its function throughout its intended lite. However, the
aspect of reliability control by management has frequently
been slighted or overlooked.

In the Westinghouse Reliability Program, line func-
tions such as marketing, engineering, manufacturing, pur-
chasing, and service retain their conventional responsi-
bilities for maintaining and improving reliability. The
salient features are: (1) the degree of formality of systems
for improving and controlling reliability; (2) the manner
in which product performance data is used; and (3) the
degree of management supervision of functions affecting
reliability.

Reliability Organizations

Generally, reliability management takes one of two
forms: line or staff, depending primarily on the company’s
customers, type of product, and existing organization.

In the line organization (I'ig. 1a), the Reliability Man-
ager, reporting to the General Manager, has directly
under him such functions as Reliability Engineering,
Quality Control Engineering, Inspection, Test, and, in
some instances, the Field Service functions. This organ-
ization is most prevalent in companies having a heavy mix
of government contracts and is used in a few Westinghouse
locations. In addition to its prime objective of exercising
control over the quality and reliability of products, this

*Definitions from Reliability Training Text, 2nd Edition IEEE-ASQC,
March 1960.




DIVISION
MANAGER

MANUFACTURING PURCHASING

MANAGER

MANAGER

ENGINEERING MANAGER

FAILURE INVESTIGATION

CORRECTIVE ACTION

DESIGN REVIEW

RELIABILITY PREDICTION
AND EVALUATION

RELIABILITY TESTING

PARTS CONTROL

DESIGN CHANGE CONTROL

RELIABILITY
MANAGER

MARKETING
MANAGER

ENGINEERING
MANAGER

RELIABILITY QUALITY CONTROL

MANAGER

VENDOR SURVEILLANCE

PROCESS CONTROL

AUDITS

VENDOR RATING

INSPECTION

TEST

QUALITY CONTROL
ENGINEERING

DATA COLLECTION AND
ANALYSIS

DIVISION
MANAGER

MANUFACTURING
MANAGER

PURCHASING
MANAGER

QUALITY CONTROL
MANAGER

Table [—RELIABILITY PROGRAM

1. Institute and maintain in each Division
an aggressive program to improve and
control reliability, coordinated at the
Division Manager’s staff level.

. Assign responsibilities to each functional
department for product reliability.

. Establish reliability goals with measura-
ble values assigned to elements affecting
customer satisfaction: life, service, and
ease of installation and maintenance.

. Develop and formally review conceptual
product designs to insure that they accu-
rately reflect and incorporate:

a. Customer reliability requirements.

b. Standardized components and sim-
plicity of design.

c. Results of performance data from
factory and field.

RELIABILITY
MANAGER

MARKETING ENGINEERING

MANAGER

MANAGER

1

RELIABWITY
PANEL

RELIABILITY MANAGER
PURCHASING MANAGER
MANUFACTURING MANAGER
MARKETING MANAGER
ENGINEERING MANAGER

AUDIT
FUNCTION

RELIABILITY
ENGINEER(S)

SERVICE MANAGER

QUALITY CONTROL MANAGER

RELIABILITY ENGINEER OR

QUALITY CONTROL ENGINEER

AS REQUESTED

5. Verify, through formalized procedures,
before releasing for volume manufactur-
ing, the design and performance of prod-
ucts and processes:

a. Considering conditions of installa-
tion, use, and service.

b. Including accurate and understand-
able instructions on installation,
operation, and servicing of the
product.

. Control specifications and drawings to
assure manufacture to current design
information.

. Establish and operate quality control
procedures to assure conformance with
engineering specifications, utilizing scien-
tific test equipment whenever practical.

. Encourage supplicrs to participate in the
Westinghouse reliability effort and pur-
chase from suppliers who consistently

'World Radio Histor

provide reliable material or components.

9. Audit the reliability program by:

a. Conducting the reliability testing on
each product to substantiate con-
tinued conformance with original
verification programs.

. Evaluating the cffectiveness of the
reliability programs in each man-
agement function.

. Gathering, interpreting and trans-
mitting to responsible personnel in
each functional department signifi-
cant product performance data from
factory and field.

10. Train each employe in the reliability con-
trol technique important to his job.

11. Maintain at the corporate level a reliabil-
ity resecarch and advisory function to
increase the reliability potential of the
Corporation.
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organization is also charged with responsibility for pro-
viding documentary assurance to the customer that all
contractual requirements have been met.

This line organization tends to centralize responsibility
for providing customer assurance and reduces the amount
of coordination between functions necessary in controlling
the documentation. Usual objections to this organization
are two-fold. One is possible duplication of effort; and the
other that this parallel organization tends to dilute the
responsibilities of the engineering and manufacturing
organization for designing and building reliable products.

The second form of reliability management —and the
type most commonly used at Westinghouse —places the
Reliability Manager in a staff capacity (Fig. 1b). His
elforts are directed toward planning, implementing, and
coordinating a reliability program to (1) formalize the
activities of the line functions that affect reliability; and
(2) check the performance of line functions in improving
and controlling reliability. In this organizational concept,
reliability engineers are appointed in the design engi-
neering sections to perform the functions shown in Fig. 1a,
and to train design engineers in the same techniques.
Quality control engineering, inspection, and test are in
the Quality Control Department and may be part of the
manufacturing organization. The reliability manager exer-
cises his coordinating {unction through a reliability panel
composed of the managers of marketing, engineering,
manufacturing, purchasing, and field service. He also may
have reporting to him one or more reliability engineers
who assist in the reliability audit function discussed later.

Advantages of this type of organization are: (1) It is
more efficient in that duplication of etfort is eliminated,
and (2) it places full product reliability responsibility on
those functions best able to control it. However, for this
type organization to be successful in promoting an ef-
fective program, strong support must be provided by the
general manager and his staff.

Frequently, modifications of these two forms of re-
liability management are used. For example, in some
instances field service is included as part of the Reliability
Manager’s responsibility. However, the control techniques
described are applicable to any type of organization.

Establishment of Reliability Goals

No reliability effort can be successfully controlled and
monitored without establishing targets, toward which

progress can be periodically assessed. These goals cannot
be of value unless they are stated in measurable units—
for example, i percent reliability, or in mean-time-
between-failures (MTBF). “Percent reliability” is a state-
ment of probability. IFor example, a statement that a
given model motor i1s 99 percent reliable means that on
the average 99 of every 100 motors of that model produced
will perform without failure in the manner specified over
a stated period of time in the environment specified. “NMean-
time-between-failures” is the inverse of rate-of-failure for
repairable equipment. For instance, to state that a tele-
vision set is to have a reliability goal of 1000 hours MTBF
means that the average operating time between failures
requiring service would be 1000 hours throughout the
design life of the set.

Establishing reliability goals is an extremely difficult
task, and certainly no hard and fast rules apply equally
to such dissimilar products as turbines and toasters.
Marketing considerations, such as customer expectations,
competitive status of products, and pricing must be con-
sidered. Process capabilities, materials availability and
cost, design state-of-the-art, and other design trade-off
considerations affect the goals. The goals established
have signiticant implications for the manufacturing organ-
1zation. Acceptance test programs and Acceptable Quality
Levels (AQL’s) of parts must be compatible with the
goals established.

In any statement of rehability, the elements of proba-
bility, time (or cycles), satisfactory performance, and
operating environment mus! be specified if the statement
is to be meaningful.

A high degree of subjective judgment is involved in
establishing mitial reliability goals. Commonly, they are
based on engineering judgment, historical knowledge of
product performance, and the best available information
on customer acceptance. As data from test and field per-
formance is obtained, and knowledge of customer accept-
ance is accumulated, the goals can he further refined.

This situation is not unlike that of setting target dates
for completion of new development projects. This is also
a difhcult task, but is done every dayv on the hasis of past
experience and engineering judgment. Some of these target
dates are missed, but progress of the project is far better
than if no goals had been set up.

The Polaris missile launching svstem is a case in point.
No reliable historical fatlure rate data was available on

.
2: INTERMEDIATE DESIGN REVIEWS
PRELIMINARY A FINAL
DESIGN REVIEW [ 1 DESIGN REVIEW
v v <> vV Vv <>
CONCEPT OR DEVELOPMENT PRODUCTION PILOT
DEVELOPMENT
PROPOSAL TESTING DESIGN PRODUCTION PRODUCTION
DEVELOPMENT PRODUCTION PERIODIC
VERIFICATION VERIFICATION REVERIFICATION

DESIGN REVIEWS AND VERIFICATION MEETINGS are

held at various intervals during the progress of a product from
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concept to production. Solid triangles indicate additional design
reviews required, dependent upon produet complexity.




3a

AREAS ANALYZED AND DISCUSSED IN A DESIGN
REVIEW

Performance requirements

Environmental conditions

Design assumptions

Reliability goals

Failure rates and failure mode analyses

Parts and materials selection

Stress analysis

Manufacturability

Development, verification and reliability test criteria and specifica-
tions

Operability (human engineering)

Safety

Function vs. cost (value engineering)

Standardization

EKase of installation and maintenance

Vendor selection and control

Other items such as locking devices, finishes, complexity, compatibil-
ity with other systems and equipment, etc.

SECTION OF TYPICAL DESIGN REVIEW CHECK LIST

Not
Yes No Appl.

. Does the design specification include all customer

requirements?

. Does the design meet all functional require-

ments?

a. Are maximum stresses within limits through
full range of travel, load, voltage, etc.?

b. Is derating utilized, wherever possible, to
increase reliability?

¢. Does design represent optimum in simplicity?

d. Have failure modes of critical elements been
considered?

e. Are proper locking devices utilized?

. Is the design satisfactory for all environmental

conditions?

a. Temperature (operating, transportation, and
storage)?

b. Humidity (operating, transportation, and
storage)?

c. Vibration (operating and transportation)?

d. Shock (operating and transportation)?

. Corrosive ambients (salt air, sea water,

acids, etc.)?

. Foreign materials (dirt, oil, sand, grit, etc.)?

. Immersion (water, oil, inerteen, etc.)?

. Pressure and/or vacuum?

. Magnetic fields?

. Sound ambients?

. Weather?

. Radio interference?

m. Nuclear radiation?

o

— s e TI] .

. Has available data on similar designs been re-

viewed, including:

a. Factory test malfunction reports?

b. Field service trouble and failure reports?
c. Customer complaints?

. Have standard, time-tried parts been used wher-

ever possible?

. Are drawing and specification tolerances achiev-

able in production?

. Does the design minimize installation problems?
. Does the design minimize maintenance prob-

lems?

. Has a thorough value engineering or MATS

analysis been made?

Have all provisions for personnel safety been
included?

Has a study of product appearance been made?

many of the new pneumatic, hydraulic, and electro-
mechanical elements, nor was there time to perform com-
plete reliability tests on all items. Yet a very high relia-
bility objective was established for the system, and
equipment goals were allocated. Early field testing indi-
cated that the goals established were in fact attainable,
and subsequent in-service trials demonstrated reliability
surpassing the objective.

In the instances where it is not feasible or practical to
set a percent reliability or MTBF goal, other objectives
can be established, such as:

(a) Design margin (design strength/maximum stress)

(b) Total maintenance cost over a specified life

(c) Average annual cost to own (first cost plus oper-

ating and maintenance costs)

(d) Number of service calls over a specified life

(e) Warranty (e.g., 5 years or 50 000 miles)

Regardless of the terms in which the goal is specified,
progress toward its achievement must be assessed periodi-
cally during development, production acceptance testing,
and after the product is in service. Such checking uncovers
weak elements and permits additional effort to be con-
centrated on them.

Design Review

The review of designs to ensure maximum inherent
reliability is basically an analytical rather than a control
procedure. However, the use of formal procedures and
schedules is an important control technique. This provides
a positive method for ensuring that al aspects of the
design are considered at the concept stage, and at selected
points throughout the design cycle (Fig. 2).

The timing of design reviews varies with the product
and the sequence of events in the design plan. If the design
is being prepared in response to a customer invitation to
quote, the first review should be held prior to submission
of bids. A second review should be held after the contract
is firm. The design should be reviewed again after com-
pletion of a development model, and finally when design
work is complete, prior to release for production.

If the design involves developing and marketing a new
product, or modification of an existing product, the cycle
is somewhat different. Here the first review should be
held when the design is in the conceptual stage, before
performance and physical configuration are firmly estab-
lished. A second review should be held when development
models have been completed and process and test specifi-
cations have been drafted. A final review should be held
when the design is ready for release for manufacturing.

Sometimes, it may be desirable to subdivide the design
review activity into separate reviews for various com-
ponents or subsystems of the complete product, depending
on the complexity of the design and the duration of the
design cycle.

The review committee should include designers of high
competence and extensive experience in the engineering
fields invelved, as well as experts in the areas of marketing,
manufacturing (including quality control), and field
service. The group should be given the agenda, drawings,
specifications, and check lists at least ten days in advance
of the meeting, to allow advance preparation and shorten
the formal review.
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The purpose of the design review is to find flaws in the
design at a stage where changes can be made easily;
criticism must, of course, be constructive.

Design review check lists are extremely useful; these
are an expansion of the topics shown in Fig. 3a, and ensure
that no important details are overlooked. A section of a
typical check list is shown in Fig. 3b.

The review committee recommendations are subject to
acceptance or rejection by Design Engineering, since this
department is responsible for the design. Should serious
differences of opinion arise, the Reliability Manager is obli-
gated to present the matter to higher levels of authority.

The value of the formal design review has been demon-
strated for many years in defense projects. In the indus-
trial product area, one recent review produced 23 signi-
ficant improvements, eliminating design, manufacturing,
and installation problems which would have cost an esti-
mated $100 000 to correct after the equipment had been
assembled.

Verification

Product verification is a formal-procedure for establish-
ing by actual test that (a) the design meets all performance
and marketing objectives, and (b) manufacturing plan-
ning, tooling, and methods will satisfactorily produce
the product.

Product reliability is frequently compromised by in-
complete verification of design, manufacturing processes,
and tooling. Verification procedures should not be reduced
or eliminated because of testing cost or the pressure of
production release dates.

Verificition procedures—in various forms—have been
common for years in many companies. However, the
elements of control introduced by the Westinghouse Relia-
bility Program can ensure that (a) all verification pro-
cedures are formalized, (b) they are complete and techni-
cally correct, (c) all involved departments are represented,
and (d) all products and processes are verified prior to
release for production.

The development verification (after testing of proto-
types) and production verification (after tests of a pilot
run made with production tools and processing facilities)
should be incorporated in the overall development, design,
and production plans and schedules. Check lists (Fig. 4)
should be developed for use in the verification meetings to
ensure that all requirements of performance, environment
and installation are considered. Periodic reverification
is also recommended, using units taken off the production
line at regular intervals (see Fig. 2).

The design review and the verification procedure are
distinct sequential steps in the assurance of a reliable
product. Neither is a substitute for the other—both are
essential.

A newly developed technique called Verification of
Installation of Products (VIP)* takes this program beyond
the manufacturing aisles to the customer’s location. The
objective of this technique is to develop better installation
methods and to determine design modifications for im-
proving the installability of equipment. A similar techni-
que has been developed for verifying the serviceability of
products. These two techniques are powerful adjuncts to
reliability programs.
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Quality Control

A frequently asked question is: What is the difference
between reliability and quality control? The primary
difference is in the time realm. Quality control is concerned
with the conformance to drawings and workmanship
quality of the product at a given point in time, while
reliability is concerned with satisfactory performance of
the product throughout its useful life.

Thus, most quality control is concentrated in manu-
facturing and procurement of hardware, while reliability
extends beyond this in both directions, including marketing
considerations, design, and field service.

In the Westinghouse Reliability Program, emphasis is
placed on evaluating and upgrading quality control pro-
grams and fitting them properly in the overall program.
Quality control has two main tasks: To preserve the relia-
bility of the design by assuring that products consistently
conform to specifications, and to provide management
with information needed to keep unacceptable produets to
a minimum. Both of these tasks depend on collection and
analysis of data. For maximum effectiveness in preventing
deterioration of product quality and for optimum balance
in control vs. cost, the quality control effort should con-
centrate on preventing the purchase or manufacture of de-
fective material. This means that inspection and test
activities should be on a planned basis with the continuous
objective of determining and correcting causes of quality
deterioration. For instance, emphasis should be placed on
process control instead of depending only on final parts
inspection. Supplier quality control should concentrate
on supplier rating and selection based on receiving in-
spection results and supplier surveys rather than merely
sorting bad lots from good lots on receipt.

The quality control group should issue procedures af-
fecting each stage of quality control operation. The pro-
cedures should define the specific action to be taken in all
functional areas and operating situations of the depart-
ment. They normally are accumulated into a manual.

Auditing for Reliability

The word “‘audit” has financial connotations to most
people. Financial auditors check financial controls to
assure that procedures are adequate and that they are
being followed. The reliability auditor has the same re-
lationship to reliability functions.

In addition to auditing their own functions, some
quality control departments conduct audits of suppliers’
quality systems and procedures, and their manufacturing
performance. In the Westinghouse Reliability Program,
this technique is expanded in scope to include all functions
having responsibilities affecting the reliability of products.

The audit team consists of two to six members selected
on the basis of ability to analyze and evaluate the pro-
cedures of the department being audited. The Reliability
Manager is generally permanent chairman of the team.

As examples of functions that are audited and areas of
interest to the audit team, consider the following:

1. Does marketing have an adequate formal procedure
for supplying the engineering department with such neces-
sary information as customers’ use of products, environ-

*See ‘“Verifying the Installation of Products,” by R. L. Finch, Westinghouse
ENGINEER, July 1964.
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10.

11.

mental conditions at installation points, installation re-
strictions, etc? Are these procedures rigidly complied with?

2. In purchasing, are reliability and quality performance
used as criteria in selecting suppliers? Are there pro-
visions in the purchasing procedures for follow-up action
in instances of poor supplier performance?

3. In engineering, is there a formal design review pro-
cedure? Is there a procedure for establishing reliability
goals? Is there a formal step-by-step design and process

SECTION OF TYPICAL DEVELOPMENT VERIFICATION
CHECK LIST

Not
Yes No Appl.

. Is the design specification complete?
. Does the product meet all specification require-

ments?

. Operational requirements?

. Environmental requirements?
. Reliability requirements?

. Size limitations?

. Weight limitations?

. Installation requirements?

. Maintenance requirements?

. Appearance?

TR oemo A0 TP

. Were all development tests completed?

a. Test equipment accuracy verified?
b. Tests not limited by test equipment?
c. Tests covered range of operating tolerances?

. Are test prototypes true copy of production units?
. Detail cost breakdown available?

. New Production tooling required?

. New facilities required?

. Factory rearrangements required?

. New Process specifications required?

. Special inspection procedures required?

. Legal questions resolved? Patents, trademarks?

. Applicable IEEE, NEMA, ASA standards, etc.,

met?

. Applicable UL, NEC, pressure vessel codes, etc.,

met?

SECTION OF TYPICAL RELIABILITY AUDIT CHECK LIST

Not
Yes No Appl.
Purchasing

. Are suppliers encouraged to establish reliability

programs?

. Are suppliers impressed with the need for re-

liable products?

. Are bids evaluated on a fotal value basis, con-

sidering past performance and actual capabili-
ties?

. Is supplier asked to include Westinghouse repre-

sentative in his Design Review?

. Are surveys made on all prospective suppliers?
. Are the results of vendor surveys used in evalu-

ating suppliers?

. Are vendor rating system reports used in evalu-

ating suppliers?

. Do Purchasing representatives participate in

Design Reviews?

. Do Purchasing representatives have up-to-date

knowledge of the Reliability Program?

Are all defective item reports fed back promptly
to suppliers?

Is there an effective follow-up system to get
corrective action from suppliers?

verification program? Are all of these procedures followed?

Where this technique is used, a check list is prepared to
assure that all pertinent areas are investigated. Fig. 5 is a
typical check list for auditing a purchasing function.

Maintaining an attitude of objectivity on the part of
the audit team is one of the most difficult aspects of relia-
bility auditing. The team should look at the documented
procedures and at actual compliance from a customer
point of view. This question should be continually in mind,
“If 1 were a customer of this company, would these
procedures give me confidence in the reliability of its
products?” The purpose of the audit is to determine areas
for improvement—not to place blame for past mistakes.

A possible objection to the audit technique is that the
line manager should be responsible for reviewing his
procedures and performance to determine their adequacy.
However, two factors must be considered here. Practically
everyone has difficulty in making an objective self-assess-
ment. The other is that ope department’s procedures may
well affect the operation of several other departments.
Actually, the audit function does not change the line
manager’s basic responsibility; any corrective action must
still be taken by him.

Other Aspects of the Reliability Program

The reliability techniques outlined here are some of the
major methods as they apply to the broad spectrum of
products manufactured by Westinghouse. A complete
reliability program for a single division usually encom-
passes all of these, plus @additional ones applicable to the
division products.

Conversely, in the case of certain types of products a
formal reliability organization may be unnecessary, and
a simpler approach and simpler technique may suffice. The
nature of any effort to constantly improve reliability
obviously depends on the starting point, the type of
product, and the needs of the customer. Therefore, in ap-
plication, this corporate program usually must be modified.

No mention has been made of data collection and
analysis. This is a broad field and is beyond the scope of
this paper. The entire field of reliability is based on the
ability to predict and measure the performance of a
product over its life span. This prediction and measure-
ment must be based on information drawn from factory
testing and field experience. This implies a comprehensive
system for collecting, tabulating, and analyzing the in-
formation as well as communicating the information to
those groups who must take action.

As with any new management technique, there is a real
danger that the establishment of procedures may be con-
fused with or interfere with the achievement of actual
results. It is conceivable, although unlikely, that each of
the techniques reviewed here could be exercised to per-
fection and still result in no real control of the reliability
of products. These are the tools. For real control, full
management commitment to a systematized, active pro-
gram is the vital ingredient.

Most importantly, however, the various groups involved
in the reliability program must never let the system for
achieving reliability make them lose sight of the  yugingnouse
ultimate purpose—customer satisfaction with a  ENGINFER
well-designed and manufactured product. Nov. 1964
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A New Microscope for Microelectronics Research

I. M. Mackintosh, Ellioti-Automation, Lid., Boreham Wood, England *

J. W. Thornhill, Manager, Information Devices Depariment,
Westinghouse Research Laboratories, Piltsburgh, Pennsvlvania.

The scanning electron microscope produces
a composite view of physical topography and
surface potential.

The period at the end of this sentence is less than a
thousandth of a square inch in area, but it will cover a
considerable portion of a microelectronic circuit. With
the aid of a new scanning electron microscope, scientists
at the Westinghouse research laboratories are mapping,
in the finest detail, areas no larger than this on the surfaces
of microelectronic devices. The microscope’s resolution
and depth of focus, which provide clarity and detail to the
pictures it produces, are better than can be achieved with
the finest optical microscopes.

Of particular importance in microelectronic applica-
tions, the scanning electron microscope can also provide
basic information on the electrical performance of the
electronic devices under study. The combined structural
and electrical detail in scanning electron beam photo-
graphs have provided information about complex device
structures that could not be obtained with standard
visual inspection techniques. Furthermore, the instrument
offers a new technique for fabricating very minute devices
believed capable of extremely high-frequency performance.

Knoll in Germany, and later, scientists at Cambridge
University in England have worked on the scanning elec-
tron microscope. The device functions somewhat like a
closed-circuit TV system, with a camera inside the instru-
ment and a display tube outside for viewing. Pictures
can be displayed at magnifications as high as 10 000
times, which is about ten times better than is possible
with conventional optical microscopes. In fact, this is the
highest magnification that can be achieved directly on
a solid specimen, without drastically thinning the specimen
for inspection in a transmission electron microscope or
using replication techniques.

Microscope Operation

A block diagram of the Westinghouse scanning elec-
tron microscope and its associated pattern generator is
shown in Fig. 1. The main body of the instrument is a
vacuum chamber, which houses the electron gun and mag-
netic lenses. The two magnetic lenses can focus the elec-

*Previously Manager, Techniques R& D Section, Information Devices Depart
ment, Westinghouse Research Laboralories.
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tron beam on the specimen with a spot size as small as
0.1 micron. Scanning coils, also located in the column,
move the beam in a TV-like raster, adjustable from 250
to 1000 lines, over the specimen. The scanning coils are
driven by the scanning generator. This same scanning
signal is fed to the cathode ray tubes, one of which is for
viewing and the other for pattern generation. Thus, the
CRT tubes are scanned in synchronism with the primary
beam scanning the specimen.

With a 0.1-micron spot and a 1000-line raster, an area
as small as 100 by 100 microns can be scanned. The area
scanned can be increased up to two millimeters square
with an accompanying increase in beam spot size.

An aperture is located between the electron gun and
the first lens. Pulse-controlled coils near this aperture can
deflect the beam away from the aperture, thus turning
the beam on and off with respect to the specimen. This
arrangement prevents voltage transient effects in the
power supply and is more satisfactory than actually
turning the beam on and off during the various scanning
operations.

As the primary electron beam scans the specimen,
secondary electrons are emitted from the specimen sur-
face. These low-energy electrons are collected, amplified,
and fed as a control signal to modulate the brightness of
the viewing cathode ray tube.

In the amplifying process, the secondary electrons are
actually converted to pulses of light by a scintillating
crystal, and then back into electrical pulses by a photo-
multiplier tube. This two-step process provides the re-
quired noise-free amplification.

Ignoring obvious factors such as mechanical vibration
and imperfect power supplies, the resolution of the dis-
play image is determined by attainable beam current,
scattering effects in the specimen, and by the signal-to-
noise ratio of the secondary electron collection system.
Optimization of these factors has led to resolutions that
are limited mainly by the beam spot size to values of
about 0.1 micron, since anything smaller than roughly
0.6 times the spot diameter cannot be resolved.

Scanning Electron Micrographs

As the primary electron beam scans the specimen sur-
face, the number of secondary electrons emitted is a
function of specimen material, surface topography, and
the angle of incidence of the primary beam. Thus, when
secondary emission from the specimen is optimized, the
image obtained on the cathode ray tube is easily inter-
preted in terms of the physical structure of the specimen
surface. A characteristic of scanning electron micrographs
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is the enormous depth of field, as can be seen in Fig. 4.

One of the unique features of the scanning electron
microscope is its ability to detect potential differences
between adjacent areas of the specimen surface. How this
effect is obtained can be explained briefly as follows.
Upon leaving the specimen surface, the trajectories of the
slow secondary electrons are determined primarily by
the potentials existing between the specimen and final
lens, and between the specimen and collector, as shown
schematically in Fig. 2. For this particular arrangement,
the variation in a typical secondary electron path is
shown for specimen potentials ranging from +15 to —15
volts. Therefore, if the effective width of the collector
aperture is made small, the secondary electron current
collected becomes a sensitive function of specimen poten-
tial at the particular point of incidence of the scanning
electron beam.

With a suitable geometrical arrangement of the sample
surface, collector and other electrodes in the specimen
chamber, the scanning beam image produced will be a
superposition of the physical topography of the specimen
and the potential differences across its surface.

Under special conditions, potential differences as small
as 0.1 volt should be detectable with this technique. The
present instrument has detected potential differences
down to 0.2 volt with no difficulty.

In the Westinghouse instrument, the scanning beam
has an energy of from 5 to 50 kev, with current ranging
from 0.001 to 1 nanoampere (one nanoampere=10"°
ampere). Thus, the beam is nondestructive (no lattice
damage occurs at these energies), but because the probe
current is so small, a scanning electron micrograph must
be recorded over a period of time to avoid shot-noise
effects. The scanning time can be varied from one-half
second to about four and a half hours, but the usual
scanning periods are one to three minutes.

A scanning electron micrograph of an NPN silicon
power transistor viewed at an angle of about 45 degrees
is shown in Fig. 3. The thermocompression bonded leads
are clearly in focus, thus demonstrating the great depth
of focus of the instrument. Considerable information
about the device can be obtained even without the appli-
cation of external biases (Fig. 3a); with biases applied
(Fig. 3b), an essentially complete picture of device per-
formance is obtained. The topography of, and voltage
variations in, the device surface show clearly, even though
much of the surface is covered with a passivating (insu-
lating) layer of silicon oxide. The improvement over an
optical micrograph (Fig. 3c) is clearly evident.

One of the interesting possibilities emerging from this
work is the possible correlation of device failures (in
actual use or in reliability studies) with marginal faults
detected by this instrument. For example, aberrations in
PN junctions that were previously undetectable by opti-
cal means but can be Jocated with the scanning electron
microscope may have no adverse effect on the initial
device characteristics, but might lead to hot spots and
hence to early failure.

The scanning electron microscope also can be used in
the same way that optical devices are used for detecting
imperfections or contamination in processing. For ex-
ample, a common process used in the fabrication of in-
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NPN SILICON POWER TRANSISTOR is viewed at an angle
of about 45 degrees (a); with biases applied (b), the picture
becomes a composite of topography and surface potential.
Optical micrograph (c¢) of the same deviee demonstrates the
superiority of the scanning electron micrograph.




tegrated circuits is the etching of oxide diffusion windows;
any residual oxide left in the windows may drastically
affect the subsequent diffusion and yield an incorrect
impurity profile. There are indications that the scanning
electron microscope can provide positive and rapid de-
tection of any residual oxide film because the ‘se¢ondary
electron emission from a silicon dioxide surface is larger
than from bare silicon. At the same time, the instrument
can be used to examine the oxide pattern by comparing
the window locations and boundaries with a standard
pattern.

Fabricating Semiconductor Devices

The scanning electron beam can produce another effect
that suggests an application to the fabrication of ex-
tremely minute devices. The electron beam can replace the
light normally used to expose the photosensitive emulsion
that is used to coat the surface of a semiconductor ma-
terial during some of the processing. The beam produces
chemical changes in the emulsion, which is then treated in
a standard fashion to produce an etch mask. Because of
the limited energy in the electron beam, back-scattering of
high-energy secondary electrons is limited, especially in
ultra-thin photosensitive films. Thus, with 0.2 micron
photoresist films now being perfected, edge sharpness of
the image should be about 0.14 micron.

By way of comparison, the resolution obtainable from
optical systems is limited by the diffraction of light to
about 0.5 micron; further losses of resolution arise from
the slight blurring of the edges of the pattern in the origi-
nal optical mask and from scattering effects in the photo-
sensitive emulsion, so that the practical edge sharpness
obtainable from optical exposure is about 1 or 2 microns.

In making an electron beam exposure, the pattern
generation system (Fig. 1) can be used to make the primary
beam scan the specimen in a predetermined pattern. An
optical mask of the desired shape is placed between the
screen of the pattern generation oscilloscope and a photo-
multiplier unit, the output of which is connected to the
pulse generator, which actuates the “off-on” coils in the
scanning electron microscope column. The system is ar-
ranged so that a transparent region in the mask leaves the
beam on, while an opaque region turns the beam off. An
image of the mask can thus be transposed in minified
form to the specimen, to cover an area determined by the
particular raster size used.

An example of the definition possible with this scan-
ning beam exposure of photoresist is shown in Fig. 5.
These aluminum lines on an oxidized silicon substrate are
about 1.0 micron wide with an edge sharpness of about
0.2 micron. They were made by exposing a photosensitive
etch resist film of about 0.5 micron thickness with a scan-
ning electron beam of about 0.5 micron diameter, develop-
ing the resist layer, and then etching the aluminum. Thus,
it is evident that polymerization of a photosensitive etch
resist film by high-resolution electron beam can provide a
significant increase in edge sharpness over optical ex-
posures. The development of thinner films or of other
materials that undergo chemical change under electron
bombardment may increase the superiority of the elec-
tron beam method even further.

SCANNING ELECTRON MICROGRAPH of a 500-mesh nickel

microscope grid viewed at 45-degree angle.

| 4

ALUMINUM LINES about 1.0 micron wide with an edge
sharpness of about 0.2 microns were made with a scanning
electron beam.
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SCOUT (Surface-Controlled Oxide Unipolar Transistor) and
its equivalent cireuit.
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The one limitation of electron-beam film polymeriza-
tion is the time consumed in making the exposure. Ex-
posure time is determined by the charge density required
for effective polymerization of the film and the current
density available in the beam. For example, with present
techniques and photosensitive resists, a one square inch
slice would require an exposure time of about 60 hours.
This is obviously enormous in comparison with present
optical techniques, although in some cases the tremendous
increase in recording detail may compensate for the extra
time required. As the technology advances, improvements
in scanning techniques, electron optics, and photosensitive
materials could improve this situation.

The potential benefits that could come from the use of
high-resolution electron-beam techniques can be demon-
strated for a typical device, the surface-controlled oxide
unipolar transistor (SCOUT) shown in Fig. 6. The theo-
retical frequency response of this relatively simple device
can be calculated, but it is difficult to achieve because of
dimensional variations during manufacture. With optical
techniques, the channel length (L.), a critical dimension,
is subject to variations of about + 1.7 microns. Thus, if
reproducibility of 10 percent in total channel length is a
realistic requirement for quantity production, optical
techniques cannot be used for channel lengths of less than
about 17 microns. However, with electron beam polymeri-
zation techniques, variation in total channel length should
be reduced to +0.35 micron, so that channel lengths
could be as low as 3.5 microns. Since frequency response
in this instance is approximately proportional to the
square of this dimensional ratio, frequency response with
a smaller device could be increased by a factor of about 25.

Another motive for reducing the size of solid-state
devices is the need for higher packing densities in micro-
electronic systems. Of course, other limitations, such as
power dissipation, may offset or prevent the benefits of
reduced size. Considerable attention has been paid to the
packing density problem, and it has recently been sug-
gested by some that a linear dimension of about 10 microns
is the practical limit imposed on any device that must be
made in large numbers and at high yield. As the foregoing
discussions indicate, even this limit is not yet practical
with conventional optical techniques; however, it is well
within the reach of electron-beam techniques.

Conclusions

The experimental work with the scanning-beam elec-
tron microscope is still new, but the instrument has al-
ready demonstrated its capability for conventional micro-
scopic applications.

In studies carried out for the U. S. Air Force under
contract with the Electronic Technology Division, Aero-
nautical Systems Division, Wright-Patterson Air Force
Base, high-resolution scanning electron beams have de-
monstrated several effects applicable to solid-state device
technology. Additional interesting implications for future
solid-state device applications can be extrapolated from
present work. There have been enough encouraging results
to suggest that these new techniques are likely to become

important and that the scanning electron micro-  westinghouse
scope will become a valuable tool in solid-state  FNGINEER
device technology. Nov. 1964
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Technology in Progress

Ultrasonic Energy Improves
Iron-Ore Beneficiation

Taconite, a hard rocky iron ore, requires considerable
processing to concentrate its iron content sufficiently for
blast-furnace use. The processing, or beneficiating, consists
essentially of crushing the ore and then increasing the ratio
of iron oxides to waste material (“gangue”) by a series of
magnetic-separation treatments. Unfortunately, the iron
oxides, because they are magnetic, tend to form clumps
that trap gangue and carry it through the separators,

Recent investigations in the application of ultrasonic
energy to taconite beneficiation have resulted in an im-
provement to the process that reduces the amount of
gangue carried over and thereby increases the value of the
processed material. The improvement, worked out by the
Westinghouse General Industries Systems Department,
consists of adding powerful ultrasonic transducers to the
processing line between magnetic-separation stages. In-
tense ultrasonic energy directed into the flowing material
induces violent forces in the clumps that break them up,
releasing trapped gangue for separation at the next stage.
The transducers could either be added to present beneficia-
tion lines or included in new lines.

In the laboratory, the use of ultrasonic energy has re-
duced the gangue content more than 14 of one percent.
This would be a significant improvement in an actual plant,
since the unwanted gangue in the processed material re-
duces the material’s value an estimated 33 cents per ton
for each percent of gangue content. In a plant producing
ten million tons of beneficiated taconite a year, for exam-
ple, such an improvement could save almost two miilion
dollars a year.

Liquid Potassium Cools
and Lubricates Space Generator

A S50-kilowatt working model of a space-vehicle electric
generator that is cooled and lubricated by liquid potassium
has been built and is being tested. (See photograph.) Be-
cause it operates at temperatures and speeds higher than
any attempted before for such a generator, it represents
significant steps forward in materials and design tech-
nology. The generator, designated LMCD-I1, is part of the
SNAP-50/SPUR program for development of space power
plants. (Planned rating of the SNAP-50/SPUR generator
is 330 kilowatts.) The work is being done by the Westing-
house Aerospace Electrical Division for the Atomic Energy
Commission through the U. S. Air Force, in cooperation
with AiResearch Manufacturing Company.
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Rotating electric generators are promising power sources
for many projected space missions because they appear to
be the most practical type for applications that need large
amounts of power. (Such applications might include un-
manned planetary probes propelled electrically, lunar-base
power, and military space vehieles.) Studies have indicated
that a rotating generator driven by a high-temperature
turbine using potassium as its working fluid would have a
high power-to-weight ratio and a long operating life. De-
sign requirements in the SNAP-50/SPUR program include
operating life of 10 000 continuous hours and specific
weight of about 20 pounds per kilowatt of output power.

The LMCD-II is an inductor generator, a type that has
a solid rotor to eliminate the problems that would be en-
countered with rotating windings at high speeds and tem-
peratures. Its coolant temperature is about 600 degrees F,
it operates at 24 000 rpm, and it produces power at 3200
cps, 120/208 volts. Power factor is 0.75 lagging.

A ceramic winding insulation was developed to help
achieve long life at high temperature. In addition, a
ceramic rotor-cavity seal protects the stator insulation
from potassium vapor. It is an alumina cyvlinder brazed to
metal end pieces, which are welded to the generator frame.

In operation, liquid potassium passes through the gen-
erator’s cooling system to carry heat away. The metal also
lubricates the two tungsten-carbide pivoted-pad bearings.
This tvpe of bearing was selected for its stability at high
speed and at the loads anticipated in zero gravity. A spe-
cial seal system keeps liquid metal out of the rotor cavity;
at the speed the rotor travels, it would be damaged by
impact with a droplet of metal.
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Data-Logging and Computing Equipment
for Enrico Fermi Nuclear Plant

An automatie data-logging and computation system has
been installed at the Enrico Fermi nuclear power station
of the Societa Elettronucleare Italiana (SELNI) in Italy.
The power station includes a pressurized-water reactor
(primary system) and two turbine-generator units (second-
ary system). It will supply 270 mw of electric power. The
data-logging and computation equipment serves both the
primary and secondary systems.

The computer automatically performs any computa-
tions necessary to present all variables in engineering units.
This includes linearization, scale factoring, zero suppres-
sion, ranging, span and zero adjustments or both, and
averaging as required. The computer is programmed to
compare analog input signals, in digital form, with stored
low and high alarm settings. If an off-normal condition is
encountered, the computer initiates an alarm printout,
giving time, location, and value, and an audible alarm.

For the primary system, the equipment furnishes logs of
all analog inputs and selected calculated values every 60
minutes or on demand. Perturbographic logging (post-
mortem review) is initiated automatically by the closure
of external contacts or manually from the operator’s
console. Forty-two analog inputs are scanned every 10
seconds, and the last six values of these readings for each
point are stored and continuously updated in the computer
memory. A scram signal or contact closure from the
operator’s console ‘“‘freezes” the updating of selected analog
inputs and initiates the storing of 18 additional readings.
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Sequence-of-events recording is initiated by the closure
of one or more of 13 interrupt inputs. The sequence of the
first 10 contact closures or of the contacts closed within 60
seconds after the first contact closure, whichever occurs
first, is recorded on the perturbographic-log typewriter.
Time interval between each recorded contact closure is
printed in multiples of cycles.

Calculations are performed on line for reduction and
analysis of reactor temperature data and for determination
of total thermal power and gross efhiciency. Calculations for
thermal calibration of the steam generators are performed
on demand.

Secondary-system performance calculations are being
developed and programmed by the operating organization.

The basic element in the data-logging and computing
system is a Prodac 510 digital computer with an 8192-word
core working memory and a drum auxiliary memory of
65 536 words. Input-output peripheral equipment pro-
vides for 464 analog inputs, 163 contact-closure inputs, 24
process-interrupt inputs, and 100 contact-closure outputs.
The computer’s memory contents are protected against
loss during turnon, turnoff, or power loss in the primary
(ac) or internal (dc) circuits regardless of sequence.

Thin-Film Transducers Vibrate
at Ultrahigh Frequencies

Piezoelectric transducers, which convert electrical pulsa-
tions into mechanical vibrations, ordinarily consist of a
thin wafer of a crystalline material such as quartz. To
achieve high frequencies, these ordinary piezoclectric crys-
tals must be made so thin that thev shatter under the
vibrations they generate; they are so fragile, in fact, that it
1s nearly impossible to handle them without breakage.

A new way of making crystal wafers produces trans-
ducers that are much more durable. These transducers
have been operated at frequencies up to 735 000 mega-
cycles, and the technique should eventually provide fre-
quencies approaching a million megacycles.

The transducers are thin films of cadmium sulfide de-
posited on a substrate from vapor in a vacuum chamber.
Conditions are controlled so that the atoms of cadmium
and sulfur build up in an orderly fashion to form nearly
perfect single-crystal films. The transducers that operate
at 75 000 megacycles are only 300 angstroms thick.

Because the transducers are being used to study the
structure of such crystalline materials as ruby and sap-
phire, they are deposited directly on the surface of a block
of one of those matcerials. The technique replaces the
former method of cementing a conventional thin fragile
transducer to the block.

In use, a short pulse of high-frequency microwaves is fed
to the thin-film transducer. Mechanical vibrations of the
same frequency are set up in the transducer, which trans-
fers them to the entire block of material. These vibrations
reflect back and forth inside the block and eventually die
away; their velocity and lifetime vield basic information
on the physical perfection of the material under study.

The thin-film transducers were developed at the West-
inghouse Research Laboratories in a cooperative project
under contract with the U. S. Air Force’s Cambridge Re-
search Laboratories, Cambridge, Massachusetts.
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engineering for the Sunnyvale (Califor-
nia) Divisions, where he planned and
administered reliability and quality as-
surance programs for the Polaris Launch-
ing and Handling System. His present
assignment is Director of Reliability for
Westinghouse, in which job he is respon-
sible for the implementation and coordi-
nation of the corporation’s Reliability
Program.

Ockerman attended both the Univer-
sity of Kentucky and Morehead State
College, and earned his BS degree in
mathematics and physics from the latter
in 1950.

He soon became a laboratory super-
visor in mass spectroscopy and isotopic
analysis for the Union Carbide Nuclear
Corporation at Oak Ridge, Tennessee,
and Paducah, Kentucky. Ockerman
joined Westinghouse in 1955 at the Bettis
Atomic Power Laboratory. He became
manager of quality control at Bettis in
1960. In 1963, he moved to the Head-
quarters Manufacturing Control Depart-
ment, as director of reliability control,
his present assignment.

Ian M. Mackintosh and Jay W.
Thornhill are coauthors of the scan-
ning electron microscope article in this
issue.

Mackintosh received his B.Sc. and
Ph.D. degrees from the University of
Nottingham in 1953 and 1956. He joined
the Bell Telephone Laboratories at Mur-
ray Hill, N. J., to do research primarily in
the fields of silicon switching devices and
solid state diffusion techniques.

Mackintosh came with the Westing-
house Research Laboratories in 1962 to
be manager of the integrated devices
laboratories. Here, he was responsible for
research programs on new device con-
cepts and phenomena, and for develop-
ment of integrated devices and new solid
state techniques and processes. Later in
1962, Mackintosh was appointed man-
ager of the information devices depart-
ment where he was responsible for research
and development of semiconductor and
dielectric devices, and for device fabrica-
tion and measurement techniques.

In july 1964, Mackintosh resigned his
position with Westinghouse to return to
England, where he joined Elliott-Auto-
mation, Ltd.

Thornhill graduated from Penn State
in 1942 with a B.S. in physics. After mili-
tary service, he did graduate work at
Purdue University, and obtained his M.S.
in physics in 1950. Thornhill came to the
Westinghouse Research Laboratories in
1963 as manager of the techniques R & D
section. He is presently manager of the
information devices department.

Prior to joining Westinghouse, Thorn-
hill held supervisory positions with Texas
Instruments and Sylvania Electric P'rod-
ucts, Inc. Thornhill has done research
and development on a variety of new
semiconductor devices and techniques,
including germanium thin films, ger-
manium diodes and transistors, silicon
diocles, silicon rectifiers, silicon trans-
istors, photosensitive devices, silicon
functional and integrated structures,
and piezoresistive devices.



Not the surface of the moon, but a germ’s-eye view of a pollen
grain (nutmeg geranium), magnified some 5000 times. The un-
usual photograph was made with a scanning electron micro-
scope, a new type of electron microscope that forms detailed
images of tiny surface areas by scanning them with a fine

electron beam. The beam causes the specimen to emit secondary
electrons in numbers determined by the shape and nature of the
surface. The resolution and depth of focus possible with the new
microscope provide much better detail than can be obtained
with conventional optical microscopes.
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A

Aerospace. See Aircraft; Arc plasma; Fuel
cells; Radar; Satellite; Space; Thermo-
electricity.

Air Conditioning
centrifugal chilling system. P1. Sept 1964.

pl133.
See also Heat pump.

Aircraft, power systems lor supersonic
transports. R. D. Jessee and R. A. Mintz.
July 1963. p98-103.

Annealing. See Induction heating.

Arc plasma
jet. Sept 19641. Qutside back cover.
jet, radiative energy source. TP. May

1963. p94.

Arc Welding. See Welding.

Arithmetic, modular. R&D. July 1963.
pl12-4.

Arrester. See Lightning protective devices.

ASTOR. See Torpedo.

Atomic particles. See Nuclear particles.

Atomic power. See Nuclear energy.

Author. See Author Index. p6 of index.

Autoplot. See Computer.

B

Biography. See Biography Index, p7 of
index.

Blast furnace. See Control.

Brazing, test method checks joints. TP.
Nov 1963. pl90.

Bridge. See Lighting.

C

Calorimeter. See Laser.
CANMIP 11. See Control, numerical.
Capucitor
distribution. PI. Sept 1963. pl160.
distribution assembly. PI. May 1963.
pY6.
Carrier. See Power-line carrier.
Cement
plant power and control. A. C. Lordi.
July 1964. p98-104.
See also Control; Drive.
Chesapeake Bay Bridgze. See Lighting.
Circuit breaker

500-kv SFg. Mar 1963. Outside back

cover.

Grand Coulee, 230-kv SFs. TP. Sept 1963.
pl157.

VEPCO, 500 kv SFs. TP. Sept 1964.
p152-3.

See also Fuse; Laboratory: Power system;
Switchgear.

Circuit diagrams, produced with key-
board machines. TP. May 1964. p78.
Clean room
design. Jan 1963. p32.
walk-in booth. PI. Mar 1961, p59.
Columbium alloys. R&D. Sept 1963.
pli6-7.
Computer

Autoplot, for oceanographic research.
J. T. Laing. July 1963. pl09-11.

manufacturing inspection reports. TP,
Sept 1963. pi57, 159.

program for determining building energy
requirements. TP. May 1963. p93.

programs for generation, transmission,
and distributign. E. L. Harder and C.
J. Baldwin. May 1963. p82-6.

industrial control

all-digital utility svstem (Prodac 510).
TP. Mar 1964. p56.

basic oxygen steelmaking. E. J. Borre-
bach. Mar 1963. p40-3.

paper-mill digester. TP. Jan 1964. p30.

small system (Prodac 50). F. G.
Willard. Nov 1961. p174-9.

See also Arithmetic; Control; Marine;
Nuclear energy; Power system; Trans-
portation system.

Contactor, static. P1. Nov 1963. pl192.
Control
all-static drive for cement-plant convevor
svstem. TP. Jan 1963. p29.
digital programming for blast furnace
(Prodac). TP. Julv 19614. pll15.
light-duty ac magnetic crane system. PI.
July 1961. pl17.
solid-state speed, for fractional hp mo-
tors. PI. Jan 1961. p32.
strip-mill automatic gauge system. J. W.
Wallace. Mar 1961. p34—410.
T-100 regulator system for paper mill.
R. P. Derrick and W. H. Watson.
Jan 1963. p8-12.
thyristor drive syvstem for small motors.
J. C. Taylor and F. P. Weigold. Sept
1964. pl46-9.
unit-design center. PI. Nov 1964. p192.
numerical
CAMP 11 programming system. D. C.
Cumming and C. M. Knarr. May
1963. p70-5.

computer-assisted numerical. July 1964.
Inside front cover.

principles of. J. R. Jowett. May 1963.
poo-T1.

See also Cement: Computer: Governor:
Marine: Nuclear energy: Power system;
Steel mill: Supervisory control; Ther-
moelectricity; Transportation.

Converter, frequency, national emer-
geney alarm repeater. TP. Nov 1963.
pl92.

Corona. See Inspection.

Crane. See Control: Steel mill.

Crystal. See Solidification.

D

Deepstar. See Marine.
Diagram. See Circuil diagrams.
Diode. See Rectifier.
Disposal, refuse. See Refuse reclamation
system.
Drive
adjustable-speed, static AV-S. PI. Jan
1961. p32.
cement kiln, all static. TP. May 1963.
p96.
mine hoist. C. B. Risler and W. E.
Thomas. July 1963. p115-9.
traction (Tracpak) system. TP. Mar 1963.
p48.
See also Cement; Control;
Marine; Motor; Steel mill.

Inverter;

E

Economies, enginecring
financial concepts for studies. P. H.
Jeynes and C. J. Baldwin. Jan 1964.
p8-14.
financial mathematics for studies. P. H.
Jevnes and C. J. Baldwin. Mar 1964.
p41-7.
methods of economic comparisons. P. H.
Jeynes and C. J. Baldwin. July 1964
pl22-8.
Electric furnace. See Glass.
Electric walk. See Transportation.
Electromagnet, superconducting. See
Superconductivity.
Electron diffraction camera. July 1963.
Inside front cover.
Electron microscope. See Microscope.
Electronic diagram. See Circuit diagrams.
Electronic tube. See Tube, electronic.
Engineering
verifving the installation of products
(VIP). R. L. Fineh. July 1961. pl18-9.
optimization of problems. C. Zener and
R. Duffin. Sept 1961. p151-60.
Engineering economies. See Economics,
engineering,.
Environmental control. See Clean rooms.
Evaporator. See Flash evaporator.
Excitation. See Generator: Motor.
Extra-high veltage. See Power system;
Relay; Testing; Transmission line.



F

Film, low density. See Thin film.
Filter, electronic. A, I. Zverev. Mar 1963.
p>39-64.
Flash evaporator, cost of seawater con-
version reduced. TP. Jan 1964. p30-1.
Freezing. See Solidification.
Frequency converter. See Converter.
Fuel cells
for space, solid electrolyte. TP. Jan 1964.
p3l.
oxygen detector. May 1964. Inside front
cover.
Functional electronic blocks. See Mo-
lecular electronics.
Furnace. See Control; Glass.
Fuse, high-voltage power. F. L. Cameron.
May 1963. p90-3.

G

Galvanizing. See Steel mill.
Garbage disposal. See Refuse reclama-
tion system.
Gauge control. See Control.
Gemini. See Radar.
Generator
brushless excitation system. D. B. Hoover.
Sept 1964. pl41-5.
improved inner-cooling. R. A. Baudry
and E. 1. King. Nov 1964. p162-6.
large frame machining center. TP. Sept
1964. p150-1.
lightweight, compact. July 1964. p120-1.
testing, inner-cooling. TP. Mar 1963. p47.
See also Power plant; Space; Super-
conductivity.
Glass, electric furnaces. C. R. Olson. Sept
1964. p130-4.
Governor, electric prime mover. PI. Sept
1964. p153.
Gyroscope, solid state. Jan 1963. Outside
back cover.

H

Hall generator, devices. PI. July 1964.
pll7.
Heating
Corox heavy-duty bolt heater. Pl. Jan
1964. p32.
See also Induction heating.
Heat pumps
packaged, and air conditioners. PI. Sept
1963. pl60.
See also Thermoelectricity.

1

Induction heating
annealing metal strip. C. E. Peck. Sept
1963. pl152-6.

Induction heating (continued)
annealing steel strip. TP. Jan 1963. p27.
tin reflow by conduction-induction. TF.
Jan 1963. p28-9.
Infrared
high-resolution lens system. TP. Nov
1963. p190.
See also Molecular electronics.
Inner cooling. See Generator.
Inspection, nondestructive by coroma
measurement. TP. Nov 1963. p191.
Instrument
taut-band suspension. PI. Sept 1963.
pl60.
See also Measurements.
Insulation. See Motor; Power system;
Switchgear.
Integrated circuits. See Molecular elec-
tronics.
Inverter
adjustable-frequency power systems. C.
G. Helmick and K. Lipman. Nov 1963.
pl67-71.
static power modules. TP. May 1963. p94.
lon engine. See Space.

K

Kitt Peak solar telescope. See Telescope.
Kromarec. See Time capsule.

L

Laboratory, high power circuit breaker.
Mar 1963. p34-9.
Lamp
fluorescent performance improved. TP.
Sept 1964. pl51.
mercury vapor without external ballasts.
TP. Sept 1964. p153.
See also Power supply.
Laser
calorimeter measures beam energy. TP.
Mar 1963. p47.
experimental ruby. May 1964. Outside
back cover.
Lens. See Infrared.
Lighting
Chesapeake Bay bridge-tunnel. TP. July
1964. p116-7.
George Washington bridge. TP. Sept
1963. p158, 159.
Lightning, prestrike theory. S. B. Gris-
com. Nov 1963. p172-8.
Lightning protective devices, valve ar-
resters. PI. Sept 1964. p153.
Lunar base. See Moon base.

M

Magnet. See Maser; Superconductivity.
Magnetohydrodynamics. See Power
plant.

Magnetron. See Tube, electronic.
Management
communications and the engineer. J. W.
Simpson. May 1963. Inside front cover.
See also Economics, engineering; Re-
liability.
Manufacturing. See Generator.
Marine
adjustable-voltage drive for cargo-ship
winches. TP. Mar 1964. p58-5.
bow thruster drives and controls. J. L.
Pinson. May 1963. p87-9.
central engine-room control for cargo
ships. R. E. Stillwagon. May 1964.
p86-9.
Deepstar deep-sea vehicle. TP. Jan 1963.
p30-1; Mar 1964. Inside front cover.
electric system for survey ship. TP. Sept
1964. pl51.
oceanographic survey vessels with cen-
tral engine-room «¢ontrol. TP. July
1963. p125.
propulsion control for electric submarine.
TP. Jan 1963. p29.
ship navigation with satellites. E. S.
Keats. Jan 1963. p23-6.
test facility. TP. Sept 1963. p159.
ultrasonic instrument measures tempera-
ture. TP. July 1963. p127.
See also Computer; Navigation.
Maser
70-kmc wave uses superconducting mag-
net. TP. Nov 1963. p190-1.
96-kmc millimeter wave. R&D. Nov 1963.
pl84-6.
Mathematics. See Arithmetic; Economics,
engixileering; Engineering.
Measurements
liquid level gauge. PE. Mar 1964. p59.
magnetic-tape demand recorder. PI. Nov
1964. p192.
velocity-deviation instrument. PI. Sept
1963. p160.
See also Fuel cell; Laser; Marine; Micro-
balance.
Metallurgy
metal forming press. July 1964. Outside
back cover.
ultrapure metals and alloys. H. G. Sell.
May 1964. p94-6.
See also Columbium alloys; Induction
heating; Solidification; Steel mill; Time

capsule.
Metek, filter seal watthour. PL. July 1963.
pl28.
Microbalance, quartz-crystal. PI. Nov
1963. p192.

Microelectronics. See Microscope.
Micr{)scope
pollen grain micrograph. Nav 1964. Out-
side back cover.
scanning electron. Jan 1964. Inside front
cover; TP. Jan 1964. p31.



Microscope (continued)
scanning electron, for microelectronics
research. I. M. Mackintosh and J. W,
Thornhill. Nov 1964. p186-90.
Microwave. See Maser.
Mining. See Drive.
Modular arithmetic. See Arithmetic.
Molecular electronics
functional electronic blocks. TP. Mar
1963. p47.
production plant. Nov 1963. Inside front
cover.
radar and infrared tracking systems. TP.
Sept 1964. p152.
subminjature receiver. TP. Sept 1963.
pl58.
techniques and integrated circuit design.
E. A. Sack. Jan 1964. p2-7.
television camera. Nov 1963. Outside
back cover.
See also Microscope.
Moon base, model. TP. July 1964. pll6.
Motor
compressor drive, 400-cycle. PI. Mar
1963. p49.
dual-frequency compact. PI. July 1964.
pli7.
high-temperature insulation in ac. R. F.
Woll. Mar 1964. p50-3.
pumping, Colonial Pipeline. TP. July
1963. p127.
synchronous, starter and static excitation
system. PI. Sept 1963. p160.
two-speed industrial drive. PI. Nov 1963.
plo2.
See also Control; Drive; Marine; Relay.

N

Navigation
satellite system. E. S. Keats. July 1964.
pl05-9.
See also Marine.
NERVA. See Nuclear energy.
Noise, fundamental. R. Fox, M. Garbuny,
and R. Hooke. Mar 1964. p60-4.
Nuclear energy
chemical shim control for nuclear reac-
tors. P. Cohen and H. W. Graves. May
1964. p90-3.
data-logging and computing equipment
for SELNI. TP. Nov 1964. p191.
engine for rocket vehicle (NERVA). Sept
1964. Inside front cover.
SCOTT-R development program. J. H.
Wright. Mar 1963. p50-3.
SELNI fuel assemblies. Jan 1964. Outside
back cover.
See also Power plant; Power system.
Nuclear particles, simple structure pro-
posed. R&D. Mar 1964. p50-3.
Numerical control. See Control, numeri-
cal.

O

Oceanography. See Computer; Marine.
Optimization. See Engineering.
Oxygen detector. See Fuel cell.

|

Paper mill
continuous pulp digester. Mar 1964. Out-
side back cover.
See also Computer; Regulator.
Photovoltaic energy converters. See
Solar cells.
Pipeline. See Motor.
Plasma jet. See Arc plasma.
Porcel-Line. See Switchgear.
Power-line carrier
test set. PI. Nov 1964. p192.
transistorized for protective relaying. H.
W. Lensner. Sept 1963. pl42-5.
Power plant
Sewaren generating station. TP. July
1963. p126-7.
working fluids for power generation cy-
cles. R&D. Jan 1963. p16-7.
See also Power system.
Power supply
short-arc lamp. PI. Mar 1963. p49.
See also Welding.
Power system
automatic digital dispatch and processing
system. H. W, Lydick and J. F. Suther-
land. May 1964. p66-71.
mine-mouth plants, EHV transmission,
and nuclear generation. J. K. Dillard
and C. J. Baldwin. Nov 1964. p167-73.
VEPCO 500-kv. J. A. Rawls and J. K.
Dillard. Sept 1963. p130-5.
See also Aircraft; Computer; Relay;
Thermoelectricity.
Prestrike theory. See Lightning.
Prodac. See Computer; Control.
Programming. See Computer; Control;
Transportation.

R

Radar
Gemini rendezvous. B. H. Vester. Jan
1964. p19-23; Sept 1963. Inside front
cover.
low-power circuits for Gemini. TP. Jan
1963. p27.
See also Molecular electronics.
Radio. See Molecular electronics.
Radio interference. See Transmission
line.
Rapid transit. See Transportation.
Reactor, current limiting, housings.
PI. Sept 1964. p153.
Reactor, nuclear. See Nuclear energy.
Receiver. See Molecular electronics.

Reclamation. See Refuse reclamation
system.
Rectifier
silicon, 250-ampere. PI. Sept 1963. pl160.
silicone diode assembly. PI. Nov 1963.
pl9z.
Refuse reclamation system. H. G. Fur-
low and H. A. Zollinger. May 1964. p80-5.
Regulator
pole-mounted single-phase feeder voltage.
PIL. Jan 1963. p26.
See also Control.
Relay
load-saving. PI. July 1963. p128.
motor protection. PI. Jan 1963. p26.
protection for EHV systems. J. L. Black-
burn. May 1964. p72-7.
selective load-shedding system. G. D.
Rockefeller. Nov 1963. p187-9.
See also Power-line carrier.
Reliability control, product. T. A. Daly
and P. H. Ockerman. Nov 1964. p180-5.
Research. See Electron diffraction camera;
Metallurgy; Microscope; Space.
Resin. See Transformer, power.
Rocket. See Nuclear energy.

S

Salvage. See Refuse reclamation system.
Satellites
motion simulator. Sept 1963. Outside
back cover.

S-52 program. E. W. Hymowitz and H. M.
Watson. Nov 1963. pl62-6.

S-52 structure. May 1963. Outside back
cover.

See also Marine; Navigation; Radar.
Seawater conversion. See Flash evap-
orator,
Sewaren generating station. See Power
plant.
SELNI. See Nuclear energy.
Semiconductor. See Hall generator; Mo-
lecular electronics; Rectifier.
Ship. See Marine.
Silicon. See Rectifier.
Solar cells, photovoltaic energy converters,
K. S. Tarneja and R. K. Riel. Nov 1963.
pl79-83.
Solar energy. See Thermoelectricity.
Solar telescope. See Telescope.
Solidification, freezing of crystals from
liquids. R&D. Mar 1963. p44-6.
Sonar, high-resolution scanning system.
TP. May 1964. p79.
Space
ion engine research prototype. July 1963.
Outside back cover.

potassium-cooled generator. TP. Nov
1964. p190-1.

test facility for pewer components. TP.

July 1963. p127.



Space (continued)
See also Fuel cells; Radar; Satellite;
Thermoelectricity.
Spectroscopy. See Tube, electronic.
Speed reducers. PI. July 1964. p117.
Starter. See Motor.
Steel mill
electrical system for tinplate. TP. Sept
1963. p157.
galvanizing line. G. J. Hay. Sept 1963.
pl36-41.
rolling mill for lightweight tinplate. TP.
May 1963. p94-5.
stripping crane. TP. Sept 1963. p158.
See also Computer; Control; Induetion
heating.
Storage. See Warehousing.
Sulfur hexafluoride (SFg). See Circuit
breaker.
Submarine. See Marine.
Superconduectivity
generators for electromagnets. TP. July
1964. pl114.
electromagnet. TP. Mar 1963. p48-9.
See also Maser.
Supervisory control, turbine instru-
ments. J. H. Bednarek. Jan 1963. p18-22.
Surge generator. See Testing.
Switch
disconnect, extra-high-voltage. TP. Mar
1963. p4a9.
See also Contactor; Power system.
Switchgear
porcelain insulation system (Porcel-Line).
T. F. Saffold. July 1963. pl04-8.
See also Fuse; Laboratory.

T

Telescope, Kitt Peak solar. G. F. Gayer.
May 1963. p76-9; Jan 1963. Inside front
cover.

Television. See Molecular electronics;
Tube, electronic.

Testing
surge generator for EHV center. Nov

1964. Inside front cover.
See also Brazing; Inspection; Marine;
Powerdine carrier; Space.

Thermoelectricity
heat pumps. PI. May 1963. p96.
space power system stores solar energy.

TP. May 1963. p95.

Thermoelectricity (continued)
temperature control. T. D. Merritts and
J. C. Taylor. July 1963. p120-4.
Thin film
amplification with low density. R&D.
May 1963. p80-1.
transducers vibrate at ultrahigh frequen-
cies. TP. Nov 1964. p192,
Thyristor. See Control; Rectifier.
Time capsule
Kromarc construction. TP. Mar 1964,
pS7.
New York World’s fair. Mar 1963. Inside
front cover.
Tinplate. See Steel mill.
Torpedo, ASTOR Mark 45. Mar 1964.
p54-5.
T'racpak. See Drive.
Transducers. See Thin film.
Transformer
EP dry-type. PI. Mar 1964. p59.
miniature current instrument. Pl. Mar
1963. p49.
prefabricated stress cone. PI. Mar 1964.
p59.
distribution
cast coil construction. H.
July 1964. p110-3.
protection kit. PI. Sept 1963. p160.
zero-percent impedance. J. J. Astleford
and R. J. Radus. Sept 1963. p148-51.
power
cast resin design. J. H. McWhirter,
N. C. Foster, D. Berg, and C. F.
Hofmann. Jan 1963. p13-5.
Transit expressway. See Transportation.
Transmission line
case for EHV. J. K. Dillard and E. W,
DuBois. Mar 1963. p54-8.
Radio interference on EHV. TP. Mar
1963. p47.
See also Power-line carrier; Power system.
Transportation
computer program to simulate rapid-
transit operation. TP. Sept 1964. p150.
electric walk. PI. Jan 1963. p26.
transit expressway. C. Kerr. Jan 1963.
p2-17.
wayside control system for rapid transit.
TP. Mar 1964. p57.
Trash disposal. See Refuse reclamation
system.
Trinistor. See Control; Rectifier.

W. Book.

Tube, electronic
beam power pentode. PI. July 1963. p128.
high-power magnetron. PI. May 1963.
p96.
hollow cathode for absorption spectros-
copy. TP. Jan 1963. p27.
SEC-vidicon camera. TP. Mar 1964. p56.
television, low Ga. TP. Jan 1963. p27.
vacuum gauge. PI. Mar 1963. p49.
Turbine, gas. See Power plant.
Turbine, steam
increased ratings of single-shaft. R. O.
Brown and J. E. Donahue. Jan 1964.
pl5-8.
See also Supervisory control.
Turbo-Graf. See Supervisory control.

U

Ultrasonie energy
improves iron-ore beneficiation. TP. Nov
1964. p190.
See also Marine; Thin film.

Vv

Vacuum gauge. See Tube, electronic.
Vidicon. See Tube, electronic.
VIP. See Engineering.

W

Watthour meter. See Meter.
Warehousing, mechanized and automated.
H. A. Zollinger. Jan 1964. p24-9.
Welding
ac-dc industrial welder. PI. July 1963.
pl28.
power supplies. E. F. Steinert. Sept 1964.
pl35-40.
semiautomatic system. PI. Jan 1963. p26.
silicon rectifier supply. PI. July 1964.
pli7.
World’s Fair. See Time capsule.

X

X ray, portable industrial unit. PI. Sept
1963. pl60.

Z

Zone melting. See Solidification.
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Reclamation of Refuse. May 1964. p80-5.
Garbuny, M.
Fundamental Noise . . . The Limit of Ob-
servation. Mar 1964. p60-4.
Gayer, G. F.
A New Solar Telescope. May 1963. p76-9.
Graves, H. W,

Chemical-Shim Control for Nuclear Re-

actors. May 1964. p90-3.
Griscom, S. B.

The Lightning Prestrike Theory. Nov

1963. p172-8.
Harder, E. L.

Programs for Power System Computing.

May 1963. p82-6.
Hay, G. J.

Modern Galvanizing Processes. Sept 1963.

pl36-41.
Helmick, C. G.

Adjustable-Frequency Power Inverter Sys-

tems for Industry. Nov 1963. pl67-71.
Hofmann, C. F.

Cast-Resin Power Transformers. Jan 1963.

pl3-5.
Hooke, R.

Fundamental Noise . .. The Limit of Ob-

servation. Mar 1964. p60-4.
Hoover, D. B.

Brushless Excitation System for Large

AC Generators. Sept 1964. pl41-5.
Hymowitz, E. W,

The UK-2/S-52 International Satellite

Program. Nov 1963. p162-6.
Jessee, R. D.

Electric Power Systems for Supersonic

Transports. July 1963. p98-103.

Jeynes, P. 1.

Financial Concepts for Economic Studies.
Jan 1964. p8-14.

Financial Mathematics for Economic
Studies. Mar 1964. p11-7.

Methods of Economic Comparisons. July

1964. p122-8.

Jowett, J. R.

Numerical Control. May 1963. p66-71.
Keats, E. S.
Ship Navigation with Satellites. Jan 1963.
p23-6.
A New Concept for a Navigation Satellite
System. July 1961. pl05-9.
kerr, C.
The Transit Expressway. Jan 1963. p2-7.
King, E. I.
Improved Cooling Increases Generator
Capabilities. Nov 1964. pl162-6.
Knarr, C. M.
The CAMP II Numerical Control Pro-
gramming System. May 1963. p70-5.
Laing, J. T.
The Autoplot Computer-Plotter. July
1963. pl09-11.
Lensner, H. W,
Transistorized Power-Line Carrier for Pro-
tective Relaying. Sept 1963. pl42-5.
Lipman, K.
Adjustable-Frequency Power Inverter Sys-
tems for Industry. Nov 1963. pl67-71.
Lordi, A. C.
Trends in Cement-Plant Power and Con-
trol. July 1964. p98-104.
Lydick, H. W.
Automatic Digital Dispatch and Process-
ing System. May 1964. p66-71.
Mackintosh, 1. M.
A New Microscope for Microelectronics
Research. Nov 1964. p186-90.
McWhirter, J. H.
Cast-Resin Power Transformers. Jan 1963.
pl3-5.
Merritts, T. D.
Thermoelectric Temperature Control. July
1963. p120—-4.
Mintz, R. A.
Electric Power Systems for Supersonic
Transports. July 1963. p98-103.
Ockerman, P. H.
A Comprehensive Approach to Product
Reliability. Nov 1964. p180-5.
Olson, C. R.
ElectricGlass Furnaces. Sept 1964. p130—4.
Peck, C. E.
Induction Heating for Strip Annealing.
Sept 1963. p152-6.
Pinson, J. L.
Bow Thruster Drives and Controls. May
1963. p87-9.
Radus, R. J.
Distribution Transformer with Zero-Per-
cent Impedance. Sept 1963. p148-51.



Rawls, J. A,
A System Engineering Approach to 500
Kv. Sept 1963. p130-5.
Riel, R. K.
Improvements in Photovoltaic Energy
Converters. Nov 1963. p179-83.
Risler, C. B,
Mine Hoist Drives. July 1963. p115-9.
Rockefeller, G;. ).
A Selective Load-Shedding System. Nov
1963. p187-9.
Sack, E. A.
Molecular Electronics and the Circuit
Engineer. Jan 1964. p2-7.
Saffold, T'. F.
A New Insulation System for a New
Line of Switchgear. July 1963. pl104-8.
Sell, H. G.
Ultrapure Metals and Alloys. R&D. May
1964. p94—6.
Steinert, E. F.
Arc-Welding Power Supplies. Sept 1964.
p135-40.
Stillwagon, R. E.
Central Engine-Room Control for Cargo
Ships. May 1964. p86-9.

Sutherland, J. F.
ADDAPS .. . Automatic Digital Dispatch

and Processing System. May 1964.

p66-71.
Tarneja, K. S.
Improvements in Photovoltaic Energy
Converters. Nov 1963. p179-83.
Taylor, J. C.
Thermoelectric Temperature Control. July
1963. pl120-4.
Wide-Range Speed Control for Small
Motors. Sept 1964. pl46-9.
Thomas, W. E.
Mine Hoist Drives. July 1963. p115-9.
Thornhill, J. W,
A New Microscope for Microelectronics
Research. Nov 1964. p186-90.
Vester, B. 1.
Gemini Rendezvous Radar. Jan 1964.
pl9-23.
Wallace, J. W.
Strip-Mill Automatic Gauge-Control Sys-
tems. Mar 1964. p34-40.
Watson, H. M.
The UK-2/S8-52 International Satellite
Program. Nov 1963. p162-6.

bi()graphy index (Biographies appear on the inside back covers.)

Astleford, J. J. Sept 1963.

Baldwin, C. J. May 1963; Jan 1964;
Mar 1964; July 1964; Nov 1964,

Baudry, R. A. Nov 1964,

Bednarek, J. . Jan 1963.

Berg, ). Jan 1963.

Blackburn, ). L. May 1964.

Book, H. W. July 1964.

Borrebach, E. J. Mar 1963.

Brown, R. . Jan 1964,

Cameron, F. L. May 1963,

Cohen, P. May 1964.

Cumming, D. C. May 1963.

Daly, I'. A. Nov 1964.

Derrick, R. P. Jan 1963.

Dillard, J. K. Mar 1963; Sept 1963;
Nov 1964.

Donahue, J. E. Jan 1964.

DuBois, E. W. Mar 1963.

Duffin, R. J. Sept 1964.

Finch, R. L. July 1964.

Foster, N. C. Jan 1963.

Fox, R. E. Mar 1964,

Furlow, 11. G. May 1964.

Garbuny, M. Mar 1964.

Gayer, G. F. May 1963.

Graves, 1. W. May 1964.

Griscom, S. B. Nov 1963.

Harder, E. L. May 1963.
Hay, G. J. Sept 1963.
Helmick, C. ;. Nov 1963.
Hofmann, C. F. Jan 1963.
Hooke, R. Mar 1964.
Hoover, D. B. Sept 1964.
Hymowitz, E. W. Nov 1963.
Jessee, R. D. July 1963.
Jeynes, P. H. Jan 1964; Mar 1964;
July 1964.
Jowett, J. R. May 1963.
Keats, E. S. Jan 1963; July 1964.
Kerr, C. Jan 1963.
King, E. 1. Nov 1964.
Knarr, C. M. May 1963.
Laing, J. T. July 1963.
Lensner, H. W. Sept 1963.
Lipman, K. Nov 1963.
Lordi, A. C. July 1964.
Lydick, H. W, May 1964.
Mackintosh, I. M. Nov 1964,
McWhirter, J. H. Jan 1963.
Merritts, T. 1. July 1963.
Mintz, R. A. July 1963.
Ockerman, P. 1. Nov 1964,
Olson, C. R. Sept 1964.
Peck, C. E. Sept 1963.
Pinson, J. L. May 1963.

Watson, W, H.
‘The T-100 Regulating System. Jan 1963.
p8-12.
Weigold, F. P.
Wide-Range Speed Control for Small Mo-
tors. Sept 1964. p146-9,
Willard, F. G.
Small Control Computers . . . A New Con-
cept. Nov 1964. p174-9.
Woll, R. F.
High-Temperature Insulation in AC Mo-
tors. Mar 1964. p50-3.
Wright, J. H.
The SCOTT-R Development Program.
Mar 1963. p50-3.
Zener, C.
Optimization of Engineering Problems.
Sept 1964. p154-60.
Zollinger, H. A.
Mechanized and Automated Warehous-
ing. Jan 1964. p24-9.
Reclamation of Refuse. May 1964,
p80-5.
Zverev, A. .
Filters in Electronics. Mar 1963,
p>9-64.

Radus, R. J. Sept 1963.
Rawls, J. A. Sept 1963.
Riel, R. K. Nov 1963.
Risler, C. B. July 1963.
Roekefeller, G. . Nov 1963.
Sack, E. A. Jan 1964.
Saflold, T. F. July 1963.
Sell, H. ;. May 1964.
Steinert, E. F. Sept 1964.
Stillwagon, R. E. May 1964.
Sutherland, J. F. May 1964,
Tarneja, K. S. Nov 1963.
Taylor, J. C. July 1963; Sept
1964
Thomas, W, E. July 1963.
Thornhill, J. W. Nov 1964.
Vester, B. H. Jan 1964.
Wallace, J. W. Mar 1964.
Watson, H. M. Nov 1963.
Watson, W. H. Jan 1963.
Weigold, F. P. Sept 1964.
Willard, F. ;. Nov 1961.
Woll, R. F. Mar 1964,
Wright, J. H. Mar 1963.
Zener, C. Sept 1964,
Zollinger, H. A. Jan 1964; May
1964,
Zverev, A, 1. Mar 1963.

-3



Published by the Westinghouse ENGINEER
Box 2278, Pittsburgh, Pa. 15230






