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No. 2 - as shown, No. 3 - L500/5000 KVA, No. k4

4500/5000 KVA.
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INTRODUCTION

Safety has been and nust continue to be the inviolable modulus by which the
operation of a mclear reactor must be Jjudged. A malfunction in any reactor
may well result in a release of fission products which may dissipate over

a wide geographical area. Such dissipation may place the health, happiness
and even the lives of the people in the region in seriocus Jeopardy. As a
result, the property damage and liability cost may reach astronomical values
in the order of magnitude of billions of lollars. Reliatility of the
electrical network is an indispensable factor in attainir. a high order of
safety assurance. Progress in the peaceful use of atomic energy may take

the form of electrical power generation using the rmuclear reactor as a
source of thermal energy.

Production of fissionable materials and power must, however, be accamplished
as continuously and as efficiently as possible. The production of electri-
cal power would make the Hanford network an integral part of the power grid
of the Northwest which may require a rigorous compliance with utility
operating reliability. In view of these factors it seems appropriate and
profitable that a critical engineering study be made of the safety and
reliability of the Hanford reactors without regard to cost economics.

The author's charter was ‘to make this individual and independent technical
engineering analysis without regard to Hanford traditional engineering and
administration assigmments. The main objective has been to focus attention
on areas which seem to merit further detailed study on conditions which
seem to need adjustment but most of all on those changes which will improve
reactor safety. This report is the result of such a study.

SUMMARY

The study included all reactor areas except that the material for the

K areas was extracted from a previous report and included for convenient
references.(l§ Emphasis has been on the consideration of the electrical
engineering aspects of the problem viewed as an integrated network serving
highly hazardous locads. The trend in the nuclear reactor operation has.
been toward ever increasing production and, therefore, toward ever in-
creasing electrical power demand. As electrical equipment appgoaches its
maximum capability, more care and precision must go into the operation and
maintenance of the system. Each component must be scrutinized carefully
to be certain that it performs its function with precision and, if it does
not, to replace it. This report discusses the results of a critical engi-
neering investigation of the safety and reliability of the entire electrical
distribution system from Midway switching station of the Bonneville Power
Administration to the point of use in each reactor.

Every aspect of operation, control, protection, capability and -elisbility
of the electrical system was carefully evaluated by considering previous
documents, making field ourveys, discussing procedures with porsonnel,
studying and updating existing drawings and specifications and by actually
taking field data. This evaluation was then critically examined in the
light of rigorous safety criteria for conformity. A comprehensive bibliog-
raphy was preparod to support ocach saction of this report. Rocords of datn

| L
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were found to be not crmplete; drawings were found to be ocutdated so that
they did not reflect changes. Simplified one line diagrams, as accurate

as time would permit, were prepared and are included in this report with

the hope that they will aid and assist all concerned in a better understand-
ing of the electrical system. Some comments concerning personnel training
and administration have been included without supporting documentation where

such items seem to affect the safety and reliability of the electrical sys-
tem.

CORCLUSIORS AND RECOMMENDATIONS

The following salient conclusions are supported by detailed discussion in
the body of the report:

1. The 230 KV transmission lines are adequate for presently
predicted needs to 1965.

2. If power is to be exported from N Reactor then transmission

line capability mist be evaluated in terms of the generator
size finally selected.

3. Automatic reclosing after loss of 230 KV power offers definite
possibilities.

4, Present division of load on the three high voltage transmission
lines is inequitable.

S. Division of predicted future loads on the three high voltage
transmission lines will be inequitable with the present network.

6. Operation of the present loop under critical power conditions
is unsatisfactory.

T. Main 230/13.8 KV transformer banks are approaching critical
loading especially upon loss of a bank.

8. An intertie to the 115 KV Benton-Franklin transmission line
offers an alternate source of emergency pover of about 150 MVA
especially valuable in the event of complete ocutage at Midway.

9. Operation of the 13.8 KV synchronous motors could be improved by
grounding the neutral.

10. There have been sufficient stator failures in the 4500 HP
synchronous motor to justify rigaorous testing.

1l1. Automatic reclosing to at least two process pump motors
‘(4500 HP) after loss of power seems highly necessary.

12, An automatic emargency lighting system indepondent of the
BPA supply and the emergency generator is needed. The present
emergency portable battery lamp units should be considered as
last ditch evacuation lights only.
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The foilowing conditions not supported by documentary references seem
to prevail:

1. There is need for additional knovledge of electrical system
fundamentals on the part of thoce concermed with its operation.

2. There is need for additional understanding on the part of
operators of electrical equipment outside their immediate domain.

3. Effective and efficient handling of electrical system problems
would be significantly improved by centralized coordination.

It is therefore recommended that:

1. An engineering study be initiated with a view to interconnecting

the present system with the Benton-Franklin line through 230/115
KV transformers.

2. Serious consideration be given to the better utilization of the
existing 795 MCM-ACSR transmission line known as Ro. 3.

3. Automatic fast reclosing of transmission lines be favorably
considered.

L., KNecessary steps be taken so that electrical power be restored to

one or more main process pump motcrs with as little delay as
feas. “Hle following loss of power.

5. Serious consideration be given to increasing the 230/13.8 KV

transformer capacity especially at B-C area, D-DR area, H and
F area.

6. An emergency lighting system be provided in strategic operating
areas.

T. An educational seminar be inaugursted covering fundamentals of
electrical power systems and their operation.

CRITERIA FOR REACTOR SAFETY' *

The parameters of nmuclear reactor safety have never been defined on a
national basis or formulated in a set of standards such as the AIEE-ASA
Standards in common use in the electrical engineering field. 2) Engineer-
ing ¢riteria based on calculated risk and assigned factors of safety cannot
be applied to the muclear reactor because of the tremendous loss of life
and property vhich would ensue upon reactor excursion, runawvay and melt-
down. In the past, most reactor installations were isolated and restricted,
thereby forcing each to compose its own set of criteria for safety control
and safe shutdown in case of n.lmnctiotxj) The advent of E\}clm pavtg 6)
gcmnttn’ plants '“FS" Shippingport, Indian Point, Dreoaden,\ /!
Yankee, T/ and Permi, however, has focused sttention on the problem since
such stations will naturally be located near load centers and therefore
near heavily populated areas. Dresden, for example, 18 located A7 miles
from Chicage and will operste at a reactor thermal level of 626 megewatts.

- sy
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These plants must operate at a very high plant factor if they are to produce
electric power economically and they must do this without endangering the
life, health, and property of the public. Property liability from release
of fission products from a meltdown of a Hanford pile such as K reactor has
been estimated to be in the Eu‘?er of magnitude of from $1 x 109 to $10 x 109
(1,000 to 10,000 megabucks).\9) Ordinary factors of safety engineering can-
not be applied here. Probability and calculated risk are not acceptable
measures of reactor liability no matter what may be the end product of
operation. The one chance in a million or "once in 25,000 years" may happen
tomorrow with possible resultant catastrophe. Reactors must operate at

the same high plant factor as other mamufacturing equipment but with the
probability of release of fission products approaching zero as a limit.

This means safety protection in depth and, after all safety systems have
failed, the ability to shut down wi{.how)xt danger to life and damage to pro-
perty outside the reactor building. 10 Even under conditions of total
destruction of the reactor, fission products must be contained or confined
to the immediate reactor arga yithout danger to personnel. In a rather
pbilosophical paper, Carson 11 quotes from McCullough, Mills and Teller,(l‘?)
" . . . there is encountered the necessity for attempting to define the
notion of reactor safety, and what this notion shall include. Of cours: .
absolute safety is not possible and what is really meant in connection w..n
reactor hazards is the minimization of hazards until one has an accepted
calculated risk."” If both the requirements of contimuity of operation and
safety are to be satisfied, then it follows that the cooling system must be
as perfect as possible us,ilizing the best equipment available and the best
engineering pra.cticea.<13 Performance of such a system under steady state
conditions is dependent upon skill of the operators, maintenance, surveil-
lance, and power supply. Failure of power supply may be caused internsally
by lack of skill, poor maintenance or careless surveillance, or by ocutside
factors. Power failure may be either sustained or transient. long term

or sustained power failures must be corrected by substitution of an alter-

nate system, the secondary system, and if this fails, by a second alternate,
the tertiary system.

If the power supply of the primary system and the secondary system are both
electrical, the transition can be completely autamatic and with no time
delay if the secondary system is already paralleled and is of adequate
capacity. This also holds true if the secondary system is paralleled and
the load is switched down to the capacity of the secondary system by suit-
able relays. This presumes that the reactor is adjusted, that such re-
duced electrical load provides sufficient cooling.

This thesis has been used throughout this report in Judging the reactor
system reliability.

The Hanford Operatiica, in the absence of any generally accepted standards,
has developed its ownu set of criteria for rsactor safety, Thege criteria
have been most ably presented by Tnmble,(9 and ome“,(llhﬁ Sufficient
cooling of the fuel elements and control rods rust be provided under all
conditions of operation of the reactor. Present Banford criteria for
reactor cooling system reliability under all conditions except acts of

wvar and sabotage require three independent and dependable sources of
cooling as follows:
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l. Primary Cooling System

The primary cooling system shall provwide adequate reactor cooling
during all phases of operation and shutdown.

2. Secondary Cooling System

The secondary cooling system shall be independent of the primary system,
except for common piping and shall be capable of providing adequate
shut-down cooling indefinitely under conditions of total loss of power
to the primary system. It is permissible for the secondary system to

contribute to the flow provided by the primary system during normal
operation.

3. MTertiary Bystem

The tertiary system must provide adequate flow indefinitely under
shut-down conditions with complete and concurrent loss of, K power to
the primary and secondary systems. It shall be independent of both

the primary and secondary systems including piping as far as the re-
actor manifolds.

An additional criterion specifies that failure of a single piece of equipment
shall not cause failure of the entire system. This criterion merits some
discussion because it is practically impossible to apply to the operation

of the electrical system without interpretative stipulations.

In general, sustained failure of a piece of electrical equipment has no
effect on the system except loss of function because such failure isolated
the stricken equipment quickly and completely. Here, quickly means 3 cycles
on a 60 cycle per second base or (0.05 second). Not all breakers operate
this fast, especially on the low voltages, but the time element is of this
order of magnitude for the major pieces of equipment involved in this dis-
cussion. In addition to this, the protective equipment may substitute an
alternate piece of equipment motivated by the same signal that shut the
stricken equipment down. In the case of transient faults, relays may per-
form an additional function of restoring the system through fast reclosing
of the protective circuit breakers. Speed of restoration is in the order
of magnitude of 17 cycles or 0.283 second. For example, a ligMftning strike
on a transmission line 1s dissipated ‘'n a few microseconds, so that reclosure
time 18 only limited by the duratig? of arc restrike conditions which is
usually not more than 17 cycles. The modified criterion for electrical
equipment indluding trunsmission facilities includes consideration of:

a. Speed and dependability of separation of the circuit involved.
b. Speed and dependability of transfer to alternmate equipment.
¢. 8Speed and dependability of restoration of the circuit involved.

Detailed steady state and transient stability studies are beyond the scope

of this report, but the é?ndnmcncal principles involved have beeniataken
into conaideration.(17,1

-11-
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Modern thermal-electric power plants using nuclear fission as the primary
heat source have all the electrical problems associated with conventional
plants plus many new ones peculiar to the use of the niclear reactor as

heat source. Conventional plants have an enviable record of continuity of
s2rvice built around assurance of fall-proof auxiliaries. This assurance
has been attained by technological lmprovement in fast and reliable relaying,
more dependable electrical switchgear and motors, elimination of human error
by automation and by advancement in intelligence and instrumentation equip-
ment. Assurance of continuity of operation based on these factors alone is
not adequate for the modern plant using high temperatures, super pressure,
and very l?rse unit ratings because of the rigorous requirements of safe
operation. ) These extremely exacting demands for continuous oper-
ation with safety have been met by a horizontal electrical back-up system
utilizing a mltiplicity of independent sources of electrical power. The
philosophy here has been that the power supply to auxiliaries shall not fail
but in the event of complete electsical failure and as a last resort to gc

to steam driven au:iliaries. 23 This mode of operation is regarded as
a shutdown "no other choice” or as a short term proposition enduring only
until electrical supply can be resto d e accent has been put on high
speed restoration of electrical poteg Over the years the records
show that the philosophy is sound.

Continuity of operation of the nuclear power plant for supply of electrical
pover to a utility network has suddenly focused attention on how to best
accomplish the rigid continuity requirements of the conventional thermal

plant and to satisfy the much more rigorous safety requirements of the nu-
clear plant as well.

In the nuclear portion of the plant "factor gf safegy Sngineering is not
enough even if the probability is 1: 25 x 10 In the case of
electrical power generating plants using nuclear reactors, the problem of
safety is even more acute than the Hanford reactors becaunf of the pro§imity
of these new plants to major population centers. Dresden, 30,31,32,33
180,000 XVA plant is located 67 miles southwest of Chicagp, Indian soint,
a 275,000 KVA plant, is located 24 miles north of New York City. 34 Dres-
den station, for example, has four sources of electric power to its auxilia-
ries, its own main generator buses, a transformer tied into the 13.8 KV
system and another tied into the 34.5 XV system ?r e Commonwealth EBdison
Company and a Diesel driven emergency generator. - Indian Poifit also
has four distinct power sources, its own main generator buses, transormers
connecting to the 13.8 KV system of the Consolidated Bdison Company, &
similar connection to another line of the same company, af% a3gra?70
connection to the lines of Orange and Rockland Utilities. s Ir an

emergency generator (house generator) is included in the des‘gn, a fifth
source will be available.

With the advent of production of electrical power from NPR, the Hanford
electrical system (%él bscome a part of the Bonneville Power Administration
high voltage grid. The BPA system is an integral part of the North-
west Power Pool. BEven though the original generating unit will dbe small,
operation must be intagrated into the notvork and the HAPO electrical asystewm
should be examined in the light 'of modern electrical system practices.
Progress in the peaceful use of nuclear energy may result in all reactors

at Hanford being examined for the possibility of utilizing heat energy not
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now utilized for production of electrical energy at least on a dual basis.
At the present thermal level and a reasonable thermal-to-electrical con-
version ratio this wouid represent a significant contribution of badly
needed non-hydroelectric energy to the northwest electrical system. Whether
electrical power production will proceed beyond the present plans for NPR

is problematic; nevertheless, it is a possibility and the electrical system
should rnt be a deterrent factor.

The philosophy evolved in the preceding discussion as applied to the Hanford
reactors would require that the high voltage network be restored as fast as
possible after loss of 230 KV pover. The ideal would be to restore the en-
tire electrical network after such a failure fast enough so that there would

be no perceptible pause in electrical supply and no tripout of electrical
equipment.

REACTOR COOLING

Nuclear reactor safety discussed in the preceding section depends upon a
continuocus and adequate supply of suitable(ﬁgot?gt during starting, during
2

A classic delineation of
the situation was made by Trumble:

"A disaster at Heanford would, by definition, involve the large scale

release of radiocactive fission products to the surrounding country-

gside. Such a release can occur only if the fuel elements (slugs)
"melt, and perhaps oxidize, in the reactor ¢ . @

"It is believed that no disastrous release of airborne fission
products is possible as long as adequate cooling water can be
supplied to a Hanford reactor. Conversely, loss of cooling water
(unless the reactor has been shut down for a very long time prior
to the water loss) will almost surely result in destruction of
the reactor and probably in the large scale release of fission
products. This destruction will occur even though the reactor

is made sub-critical by insertion of the safety rods immediately
upon loss of water.”

Recent modifications to B, D, DR, H, F and C reactors has made the situa-
tion even more imperative, in vienh o the increased production amd conse-
quent increased heat release.(h3: The incentjive ﬁgr tge modification has
been the demand for increased output of product.(5,46,47) e gignificance

of the changes as reflected tﬂ }ncreased vater fow is graphically illustrated
by the following tabulation: 2
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BEFORE PROJECTS AFTER PROJECTS
Flow Pover Flow Power
Rate Leval Rate Level
Reactor GPM M GPM M
B 48,000 900 4,000 1,800 max.
c 83,000 1,700 88,000 2,000 max.
D 53,000 1,000 4,000 1,800 max.
DR 50,000 1,000 4,000 1,800 max.
F 47,000 1,000 4,000 1,800 max.
H 57,000 1,200 4,000 1,900 max.

Details of the motor driven pump units to provide the flow listed above are
shown in tabulated form in Section VI along with the driving motors. Basi-
cally B, D, DR, F and H reactors are almost the same as far as the main
process motors are concerned. C reactor has a unique arrangement. Both
types of main pump units will be alsa illustrat:d in Section VI. Simplified
process water flow diagrams were drawn and are shown in Appendix B as Figure 1
for C reactor and Figure 2 as typical of B, D, DR, H and F reactors.

The shut-down flow is extremely important as indicated previously because
scrams generally result from some malfunction. The water flow requirements
are sized by the shut-down transient. A generalized curve is shown in Ap-
pendix B, Figure 3 and graphically illustrates the extreme importance of
the time element in dealing with coolant supply. The coordinates used are
Reactivity in inhours as ordinates, and Time after shutdown as abscissae.
The flows demanded by the reactor corresponding to the shut-down transient
and presuming loss of electrical power are shown in Appendix B as Figure &i.

DESCRIPTION OF THE HAPO ELECTRICAL DISTRIBUTION SYSTEM

The power supply for the Hanford Atomic Plant is beftgs.lly a part of the
network of the interconnected Northwest Power Pool. At the present

time this consists of all the transmission and generating facilities of

the geographic region from the Continental Divide west to the Pacific Ocean
and from Canada (including Brit!sh Columbia Blectric) Jouthward to Califorria.
The generation is predominately hydroelectric and badly in need of thermal
generation plant back-up ecg-use of the adverse seasonal flow of the princi-
pal rivers in the region. 19) The backbone of the transmission gr.l? is the
345 and 230-Kilovolt system of the Bonneville Power Administration.( 49,50
This grid interconnecte the various !wdroelectric( g}anta operated by the
Bureau of Reclamation and the Corps of Eng.ueers, vhich includes most

of the large pover generating pla.nta gf the pool. At present and including
geaerator nunber 13 at The Dalles, 52) the peaking capability in megawatts
(1000 kilowatts) is over 7000. Numerous municipal, private, and utility
district systems are served by the federal systems and thus are interconnec-
ted by the BPA network. By virtue of this fact and the size of network, the
BPA organization controls tke power system of the northwest.

Pover from the federsl plants is fed into the notwork through suitable
switch yards at the generating pltnt, over transmission lines to suitably
located switching or substations.\53) FPault protection is attained by a
system of very fast breaker operation controlled by high speed relays. The
intelligence and relay system utilized microwave, carrier, shortwave radio

and land telephone lines.
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Electrically the power network is a grounded star system wherein zero
sequence current can be utilized for sensitive fault relaying. This is
especially important since appr?xt?ately 80$ of all power system fault are
line to ground (zero sequence). pJ In general faults are cleared on the
system by oil circuit breaker with a 3-cycle opening time (on a 60 cycle

per second base). These breakers are generally also "single shot reclosing,”
which simply means they arw automatically controlled by relays which cause
the breakers to reclose immediately after opening. The reclosing time is
approximately 17 to 20 cycles, thus making the restoration time following

a fault about 20 to 23 cycles or 0.333 to 0.383 seconds. This time interval
is usually sufficient to clear most transient faults with a scarcely obser-
vable flicker and well within the stability limits ol the system. Thy in-
herent power capability of the network is behind time faults and is limited
by line and generator impedances but may be very large so that these breakers
in some instances must have an interrupting capability of 20,000 megavolt-
ampere (20,000,000 KVA). These are extremely important considerations in
dealing with the Hanford network and will be treated in more detail later.
The system is so large and the protection so complete that a complete loss
of BPA pover may be considered en impossibility. The network in comparison
to the HAPO system may be considered to be an infinite bus.

Hanford %e gonnected into the power pool through the BPA at Midway switching
station.{55) A simplified one line diagram of Midway was prepared for use
in this report and is shown here as Pigure 5. Btandard (AIEE-ASA) graphic

symbols %gge been used on this and all other electrical diagrams in this
report.(

Midway is typical of the high voltage major switching stations discussed
above. 230 kilovolt lines from Grand Coulee feed directly into the station;
another 230 KV line connects directly to Columbia switching station thus
connecting Midway to Rock Island and Chief ‘Joseph. Priest Rapids, according
to present plans, will also be tied into Midway. Lines to the south connect
to Big Eddy switching station and therefore The Dalles and McNary lines.

All lines are protected by 3 cycle single shot reclosing oil circuit breakers
of 7500 to 15000 MVA interrupting capacity. Midway may be classified as
having a double bus system with sectionalizing breakers. Any faulted line
or section may be quickly cleared even those faults wvithin the station, thus
leaving other lines energized and operating. Three of the outgoing 230 KV
leaving Midway go to the Hanford Atomic Products “peration and are connected
to three different bus sections. Thes¢ three lines are protected by re-
actance distance, ground directional overcurrent, impedance and, timipg type
relays controlling fast opening (3 cycle) oil eircuit breakera.(57:5g? The
lines are designated No. 1, 2, and 3 as shown on Pigure 5. Line No. 1 is
connected to bus section No. 3 through oil circuit breaker bank No. 4336
having an interrupting capacity of 15,000 MVA. Line No. 2 is connected to
bus section No. 1 through oil circuit breaker bank No. Alll rated at 15,000
MVA. Line No. 3 is connected to bus section No. 2 through oil circuit

breaker bank AS6 rated at 15,000 MVA. These breakers are not equippéd wiih
recloser relays. .

Lines No. 1 and No. 2 are typical wood pole H frame lines with 635 MCM-ACSR
(635,000 circular mil-aluminum cable steel reinforced) and No. 3 is a

standard BPA steel tower line with 795 MCM-ACSR conductors. All are 3 phasc
designed for 60 cycles per second alternating current 230 XV (230,000 volts)
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or higher. The steel tower line could be used for higher voltage. The
layout of these lines is shown on Figure 6, a simplified geographic one
line diagram. Each of the wood pole lines is protected by a more than
adequate overhead grounding wire and a buried counterpoise to which it is
grounded. Lightning faults should be harmless rnd pole fires from leakage
to ground practically eliminated. The pole lines were not originally treated
with preservative so that the poles are in process of being stubbed. This
will increase the fire hazard which is alwaye present with wood pole lines.
A bad prairie fire could incapacitate either or both of these lines. Line
No. 3 is an excellent steel tower line but has no overhead grounding wire
but towers are well grounded. History of fauljis ogoshese lines indicates
that practically all have been line to ground. 29, Lines No. 1 and 2
are connected to reactors H and K ty steel tower lateral lines and to re-
actors B, C, D, DR and F by wood pole lines. Line No. 3 extends entirely
across the area and terminates at point P vhere it is interconiected to
the lines No. 1, 2 loop through a switch which is normally open as shown.
The length of line from the K reactor tap point £ to point P) is thus not
utilized in normal operation. Points designated are shown on Figure 6.
Salient features of the HAPO high voltage distrtbution network are shown on
Figure 7, a simplified one line schematic diagra?sg the system., Graphic
symbols used are standard as shown in ASA Y32.2. 01l circuit breaker
ratings are shown in MVA and have been checked against field data corrected
to September 15, 1960. Various documents reliting to the gusject in part
or whol vsre abstracted from the early work of Bergdahl( 1 tg fhat of
Maxwell, 62 and including two capacity studies by Hofrman.(63: 4) 1n-
formation of the Ngﬁ-reactors was obtained from recent documents by
‘Mollerus.(55; s67)  Some supervisory control over tre system is main-
tained by the dispatcher at station A8 (Building 251) Pigure 8. Basically
230 KV is brought into switchyards et each reactor where the voltage is
stepped down to 13.8 KV by suitable transformers. Each reactor has a
separate control room as showr on Figures 9 and 10 for these functions and
metering which are supervised by operators under the supervision of the
dispatcher mentioned above. The oil circuit breakers at each end of the
three main lines at Midway and the reactors will open uider 3 phase line
to line faults (positive sequence), single phase line to line (negative
sequence) and line to ground faults (zero sequence) and clear the lines
but none will reclose automatically.

KE and KW Reactors

The X reactors ar. .ot part of this study, but the following material from
HW-6188T is quoted verbatim for convenience. References and figure numbers
refer to that dogument.

"At each K reactor the power from two parallel 230/13.8 KV, 50 MVA
(50,000 KVA) transformers is fed into the low voltage distribution
network. Control of the metering and switching of this system ic
under the direction of separate operating groups and is not super-
vised by the load dispatcher. The switch gear and metering equip-
ment are in a separate room as shown on Figure IX. Electrical
dotniles of the low voltage notwork are shown on Pigure X, a oim=-

plified one line diagram of the system which conforms to ASA
standards.
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"Briefly 3 phase power at 13.8 KV is fed into two 13.? KV
busser intertied through two sectionalizing breakers.\7 &nd 10)
The tie breaker is also extended to the other K reactor: through
a suitable breaker (9) and cable. The breaker at one + reactor
i8 kept normally open and at the other normally closed. E=ach
regular bus section serves 2-13.8/L4.16 KV, 5 MVA (5,000 KVA)
transformers all in parallel and 3 - 10,000 HP wound rotor
induction motors driving 30,000 g.p.m. centrifugal pumps (high
1ift or secondary). The transformers are protected by air cir-
cuit breakers (ACB) No. 1, 6, 12, and 17, the pump motors by
ACB's No. 2, 3, 4, 1k, 15, and 16.

"The secondaries of the four transformers (ITl, IT2, IT3,
and IT4) are connected to busses A, B-B, C-F, and D respectively,
by ACB's 4, 17-1TA, 26-26A and 38. The 4.16 KV network is a
modified double bus system sectionalized. Rssentially the bus
sections E and F form the main bus and is sectionalized by two
breakers 21A and 22A and bus sections B and C form two sections
of an auxiliary bus sectionalized by breakers 21 and 22. Bus B
is extended to form the single bus A from which it can be section-
alized by ACB No. 5, in like manner Bus C io extended to form the
single bus, D, from which it can be sectionalized by ACB No. 36.
8ix river pumps driven by 1500 HP squirrel cage induction motors,
gix primary (low 1lift) pumps driven by 900 HP squirrel cage in-
duction motors, four service water pumps driven by 300 HP squirrel
cage induction motors, two hot water circulating pumps driven by
250 HP squirrel cage induction motors, two back-wash pumps driven
by 300 HP squirrel induction motors, six 1000 KVA - 4160/L480 volt
transformers, three 500 KVA - 4160/480 volt transformers and a
fence lighting circuit are all served from the 4.16 KV system.
The primary power supply is BPA through the four S000 KVA trans-
formers, the secondary pover supply is from three 5000 KVA steam
turbine driven alternators connected as shown. - Normally two of
these generators operate at once in parallel with the BPA system at
partial load. The third generator is kept in cold reserve. De-
tails of the pump and the cooling va;er system are presented by
Shoemaker in a separate document.(51) Circuit breaker operation
is controlled by volt direct current furnished by storage batteries
which are kept charged by motor-generator sets driven by alter™- A
nating current motors supplied from the 480 volt system. There is
no auxiliary charging source for backup. Breakers may be operated
manually by operators or automatically by suitable relays, The
customary potential instrument transformers and current instrument
transformers are proviled for relay, signal circuits and metering.
Details relating to relays and metexing circuits are purposely
omitted from Figure X for the sake of clarity. Details gg_._re-

and

laying a.ndaBetering are shown on Drawings No. '~ H-1-£5858
H-1-25860.

"Briefly the 230 KV incoming circuits are protected by OCB's,

No. A-376, A-3T4 and A-3T72 (Ref. Pigure VI) for X¥ and by OCB's
No. A-396, A-394, and A-392 for KE. These breakers are controlled
by bus differential, transformer differential, overcurrent, over-
current ground, overcurrent ground dbackup, overvoltage and under-
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voltage relays. In addition, bus No. 1 and 2 have a gynchronism
check relay if OCB No. 374 1s open (A-39h for KE).( 523 Table I
is a tabulation showing the cirfui§ location, G.E. type, reference
number and ASA cti n, number, of the relays protecting the
230 Kv syatem 0) NOTE: Refers to sequence number in
Appendix A III REFERENCE DRAWINGS. The 13.8 KV system consisting
of the transformer secondaries, the secondary breakers Ro. 5 and
No. 13 and the 13.8 KV busses are similarly protected. with trans-
former overcurrent, ground overcurrent, transformer differential
and bus differential relays on both the 13.8 KV bus and the 230 KV
lines and overcurrent and residual ground relays on the 13.8 KV
breaker. The 10,000 HP high lift pumps motors on the 13.8 KV

bus are protected by thermal overcurrent relays. Details of the
13.8 KV relaying are shown in Table II. The secondary (high lift)
pump motor breakers are-intérldtked with the primary pump (.low
1ift) breakers so that the secondary pump cannot start until the
primary pump is operating. KE is a duplicate of this arrangement.

"The low voltage system (XW) consisting of four 13.8/L4.16Q XV
transformers, the 4.16 KV busses the various loads on the 4.16 KV
busses and the transformers serving lower voltage is protected by
suitable relays on the 4.16 KV and busges and trip breakers on the
lower voltages. In general, motor loads are protected by thermal
overcurrent relays, the busses and transformers by bus differential,
transformer differential, transformer overcurrent, and ground
overcurrent relays.

"The generators are protected by overcurrent, ground overcurrent,
differential field and directional overcurrent relays. The generators
have the usual regulating equipment, voltage regulators, speed ad-
Justment, synchronizing plug lockout overspeed turbine trip and field
trip out on internal fault. KE eq'’‘-2aent is essentially the same as
that in KW. Table III shows the lucation and types of relays-on the
low voltagr syatem.

B and C Reactors

B and C reactors receive electric power at 230 KV through 151 B substation
connected to Midway No. 1 to the westward and a tie to KW substation to the
eastward as shown on the simplified one line diagram. Appendix B, Figure 7.
Essential detalls of the destruction is shown on a simplified one-line
clagram Appendix B, Figure 11. The major equipment served is shown in
tabulated form in Appendix C, Table A. f68°§91% was drawn from
existing drawvings updated from field data. The obJjective

here wvas to provide an easily read one-line diagram using standard symbols
for clarity in discussion. Simplicity may have been attained by the loss
of detail, and it is recosuized that there may exist some omtissions of
changes or additions made but not dccumented; but in the main, this and
other similar drawings provide a graphic picture of the reactor circuitry.

Briefly the two 230 KV 1linas are brought into the 151 B (A2) substation
and on to two higi potential busses A and B. Bus A is protected by oil
Circuit breakers (OUB's) No. A322 on the Midway side and by ‘OCB's, A326 on
the K reactor side. Two main transformer banks No. 1 and No. 2 (Pigure 12)
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ere served from this bus. Bus B is protected by OCB Ko. A323 on the
Midway side and by OCB No-A325 on the K reactor side. A third transformer
bank is connected to this bus. All three backs are 3 phase, 60v cycle,
230/13.8 KV transformers rated at 31,250 KVA (31.25 MVA) and connected
grounded star on the high voltage side (230 KV) and delta on the lov voltage
(13.8 KV) side. These transformers supply power to the 13.8 KV bus through
suitable circuit breakers. The 13.8 KV bus system is arranged in four bus
ections, a rear bus made up of sections No. 1 and No. 2 intertied by breaker
~0. C2-X80 and a front bus made up of sections No. 3 and Ko. 4 intertied
by breeker No. C2-X 7T0. Transformer bank No. 1 is ccnnected to bus No. 1
by breaker No. C2-X 100 and to bus No. 2 by a companicn breaker also num-
bered C2-X100. In similar manner transformer bank No. 2 is connected to
busses Fo. 1 and No. 2 by a similar pair of breakers numbered C2-X 200,
Trensformer bank No. 3 'is connected to busses No. 3 and No. 4 by a pair of
breakers numbered C2-X 300. For simplicity the word breaker and the symbol
used indicates in each case a 3 phase breaker bank. These transformers are
normally operated in parallel on the high voltage side but separated on the
low side. As shown, transformer Ko. 1 is operated with the bre «er to bus
No. 1 closed and the breaker to No. 2 bue open. Transformer bank No. 2 is'
operated as shown with the C2-X 200 breaker to bus No. 2 closed and the
breaker to bus No. 1 open. Thus the seccnda~ies are not paralleled but
serve only the load connected to the respective busses. The third trans-
former ban.. is operated with both C2-X 300 breakers closed and is thus con-
nected to both bus sections No. 3 and No. 4 and serves the load connected
to both these busses. Attention is invited to the fact that the three trans-
formers could be all operated in parallel on both the high and low voltage
sides by operating with all C2-X 100, C2-X 200, and C2-X 300 and the tie
breakers C2-X 70 and C2-X 80, closed.

The eight main cooling water pump motors for B reactor are 13.2 KV, 3 phase,

60v cycle, 4500 HP synchronous connected through breakers to the 13.8 KV
busses.

The river pumps 181 B, are served by two 2500 KVA, 13.8/2.4 KV transformer
banks, the pump motors in Building 182 B, by two 3000 KVA 13.8/2.4 KV trans-
former banks, the pump motors in 183 B are served by two 3000 KVA 13.8/2.4
KV transformer banks. All these motors are squirrel cage induction type.

Since the 4500 HP synchroious motors driving the main process water pumps
at B reactor are of primary concern and because they are typical of almost
identical motors in D, DR, F and H reactors they are illustrated in a re-
cent photograph shown in Appendix B, Figure 13. The control room for these

motors is also typical of the other reactors and is illustrated in Appendix
B, Figure 14. '

C reactor is supplied with electrical power from the 13.8 KV bus structure
desc.iped for B reactor.

The major groups of motors are shown in tabulated form in Aprendix C, Table A.

The main cooling water pumps in this reactor are driven by ten 3500 HP,
3 phase, 60 cycle, 4.16 KV induction motors. Each motor is served by a
separate 3 phase, 13.8 KV bus:s.s through aA-Y connected 13.8 Kv/4.16 kv,
transformer bank. A typical motor-pump set and its control panel at the

-19-
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control roam in 100 C Building are shown in Appendix B, Figure 15 and
Figure 16. The pump sets are unique to this reactor and consist of a 10,00C
g.p.m. centrifugal pump, a speed reduction gear, a flywheel, the drive motor
and a 40O HP steam turbine all connected together on one horizontal shaft

a8 clearly shown in Figure 15. The turbines are kept hot at all times and
are autamatically supplied with steam upon failure of the electrical power
supply. There is space provision in the control and pump roocms for two ad-

ditional pump sets, transformers, and controls when needed for increased
production levels.

Certain vital loads in each reactor group are supplied with emergency power
automatically upon 230 KV power failure by two steam turbine driven alter-
nating currert 790 KW, 2.4 KV generators located in the 184 Building.

D and DR Reactors

As in the case of B and C reactors, both D and DR reactors are supplied with
electrical power through one high voltage switch yard, Station A4, and a
siprgle 13.8 FV cont switch room, 151 D Building. A siuplified one-
line diagram 12,73, 7 vas prepared by updating existing one-line dia-
grams wvith field data, eli_nu.natins all confusing detail and arranging all
essential switches and groups of motors in logical position on one sheet.
This one-line diagram is shown in Appendix B, Figure 17. Details of the
230 KV system in relation to the other reactors is shown in Appendix B,
Figure 6 and Figure 7 simplified one-line diagrams of the 230 KV system.

Electrical power at 230 KV is brought into the station (A4) by a 230 KV,

636 MOM-ACSR, H Frame, wooden pole transmission line from KE to the westward
and by a sim.la.r line to H reactor to the eastward. The K% line is brought
into the station through OCB No. A342 and the H reactor line through OCB

No. A3k as is showvn. The entire 230 KV network may be bypessed -through &
cross tie line with one air disconnect bank, not OCB's, normally kept open.
There are four 13.8 KV bus sections served by 3 banks of 230/13.8 KV 31.25 MVA,
grounded star-delta connected transormer banks. Bach secondary (13.8 KV)
line is8 grounded through a zig-zag star connected grounding transformer and
resistor. Transformer bank No. 1 can serve either bus section Ro. 1 or No. 2
or both through a pair of breaXer barks X100 &nd transformer bank iio. 2 can
serve either bus section No. 1 or No. 2 or both through a pair of breaker
banks No. XN0. Transformer bank No. 3 c#n serve bus sections-No. 3 and

No. 4 through a pair of breaker banks No. X30C.

Bus sections No. 3 and No. 1 can be connected through breakers Ko. X80 and
bus sections No. 4 and No. 2 can be intertied by breakers No. X79. If a
fourth transformer bank is required to increase the size of the process pump
motor or add more process motors, the lines would tu-a?ably connect into bus
sections No. 3 and Ko. 4 by a new set of breakers.\T

The main cooling water pumps in both D and DR reactors consist of eight
4500 EP synchronous motor-driven centrifugal pumps, making a total of 16

units. Individual lines at 13.8 KV connect each of these units to the 151
substation busses.
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Each pumping unit is essentially the same as those in B reactor shown.in
Appendix B, Figure 13, and consists _?_f the following components, all con-
nected as a single horizontal unit:( )

(190 D and DR Annex)

1. A 31 KW, 125 volt, D.C.
generator (exciter).

2. A 4500 HP, 13.8 KV, T20 RPM
synchronous motor.

3. A fly wheel w‘uog’e WK2
568-65T7 No. ft.<

L. A flexible coupling
5. A T20/1800 RPM gear unit.

6. A tvo stage centrifugal pump
rated at 10,400 GPM.

These and other major groups of motors were tabulated and are shown in

Appendix C, Table B. Briefly, the connected motor load consists of 72,000 HP
of synchronous motors and 23,500 HP of induction motors. There are fourteen
900 HP and one 450 EP indiction motors in the river pumping plant (181 Building)
operating from 2.3 KV busses in the same building served by 4 banks of 13.8/2.3
KV delta-delta connected transformers rated at LG87 KVA.

The motors in tie 182 Building are connected to two 2.3 KV busses served by
2 banks of 13.5/2.3 KV trensformers comnected delta-delta and rated at 3,000
KVA each. As shown on Figure 17, the two busses may be operated intertied
or as separate busses, each connected to one transformer. The motors in -
183 Building are similarlly connected to two busses served by two 13.8/2.3 kv
transformer banks connected delta-delta and rated at 3,000 KVA each. It
should be noted that four of the pump units in the 182 Building, two 1000 HP
units and two 450 HP units are export water pumps. a

The two reactors have a common steam plant (184 Building) with “iwe steam
boilers rated at 225 PSIG and 100,000 pounds of steam per hour and one
emergency fast start (12 seconds) steam turbine driven AC generator. This
generator serves certain selected vital loads upon failure of the 230 Kv
electrical power supply up to its rating of 7S50 EW.

H Rear:tg_x_‘_

The next reactor in the network is H reactor located between D-DR areas

and F area. Rlectrical pover at 230 KV is supplied to the reactor through
the high voltage switch yard station AS and thence to the 151 H Building
containing the 13.8 KV controls, busses, and swvitch gear. A simplified one-
line diagrem along the mame linee es those prepared for B, C, D, DR and X

reactors vas prepared % ?gdgaing existing one-line diagrems wvith all
available field data.(78,T9,
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This schematic circuit diugram is shown in Appendix B, Figure 18.

Referring to this figure and the two high voltage simplified one-line
diagrams (Op. Cit. Figure 6 and Figure 7), a 230 KV H frame, 636 ACSR
transmission line from D-DR area to the northwest passes in front of H
reactor where two 636 MCM-ACSR steel tower lines connect to the reactor
switchyard (AS5). The H frame continues on to the southward to F reactor,
through a bypass normally operated open. The line from the D-DR side
enters the switchyard (AS) through OCB, Ko. A-352 and the F area line .
through OCB, No. A-256. The two lines are normally intertied through OCB,
No. 354, There ie also a bypass line in the yard normally operated open.

All breakers are manually controlled and by suitable relays to be discussed
later. '

In the 151 H Building the 13.8 KV bus is divided into four sections, front
bus sections No. 2 and No. 4 and near bus sections No. 1 and No. 3. Busses
No. 2 and No. 4 may be intertied through breakers C5 x 80, and busses No. 1
and No. 3 may be intertied by breakers C5 x TO. Power is furnished these
busses by two 230/13.8 KV, star-delta connected transformer banks rated at
31,250 KVA each and designated bank No. 1 and bank No. 2. Bank No. 1 may
be connected to bus Ko. 1 on the front bus No. 2 by breakers C5 x 100 R and
C x 5 100 F respectively. Bank No. 2 may be connected to either rear bus
No. 1 or front bus No. 2 by breakers No. C5 x 200 R and C5 x 200 F.
Operating all four breakers banks closed will parallel both secondaries

and both busses No. 1 and No. 2 and both busses Ro. 3 and No. 4 through
breakers C5 x 80 and C5 x 70. EBither transformer may be connected to either
the bus ccmbination No. 1-3 rear or the combination No. 2-4 front.

)
The main cooling water pump group in E reactor consists of eight 4500 H
synchronous motor driven centrifugal pumps. These motors are served by
individual lines connected directly to the 13.8 KV busses through suitable
circuit breakers. Each pump unit is essentially the same as those in B, D,
and DR reactors and illustrated in the typical set shown in Appendix B,

Figure 13. BEach set co 13ts of the following components connected as a
single horizontal unit: 1

A e S

1. A 31 KW, 125 volt, DC generator (exciter).
2. A 4500 HP 13.8 KV T20 EPM synchronous motor.

3. A fly vheel whose WK2 is 568,657 No. ft2

L. A flexible coupling.

S. A T20/1800 RPM gear unit.

6. A two stage centrifugal pump rated at 10,400 GPM.

These and other groups of large motors are listed in Appendix C, Table C
along with their nameplate ratings. Briefly, the connected motor load con-
siete of 36,000 HP of synchronous and 19,789 HP of large induction motors.
The 181 K Building containing the nine 600 HP river pumps is supplied by two
banks of transformers rated 13.8/2.4 KV S000 KVA and connected delta-delta.
The transformers secondaries may be sectionalized with approximately equal
loaaings by the bus sectionalizing breaker XiT normally operated open.
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The motors in the 182 H Bujlding are arranged on two approximately equal
bus sections which can be sectionalized by breakers Ro. C5 x 55, normally
operated open. The secondaries of the two 13.8/2.h KV, 5000 KVA, delta-
delta, transformers banks are then also 1solated with approximately equal

loads. It is noted tnat there is a 1000 HP export pump on each of these
bus sections.

The bus arrangement in the 183 H Building is very similar to that in 182 H.
The busses can be sectionalized by breakers X63 (normally operated open)
thus isolating the loads on the two transformer banks. Bach bank is rated
at 13.8/2.4 XV, 5000 KVA, connected delta-delta.

The reactor has a steam plant, located in the 184 Building for supply of

steam to the steam turbine driven process water pumps and to the emergency
generator alec located in this buiiding.

Steam is supplied by four coal fired, water tube boilers rated at 225 pei,
100,000 pounds per hour with a twenty-four load capacity of 115,000 pounds
per hour. The emergency generator is a 750 KW 3 phase, 60 cycle, 2.3 KV
driven by a 3600 RPM nona-condensing steam turbine capeble of a 12 second
start. The function of this generator is to take over automatically,

certain vital electrical loads upon failure of the normal power supply,
from the 230 KV network.

P Reactor

P area reactor is located generally southwesterly of H reactor. The A6 high
voltage substation is connected into the high loop by two sub-transmission
lines, both H frame construction 636 MCM-ACSR at points P and P. A bypass
link between P and P is normally operated open, in contrast to H reactor
there is no station bypass in substation AS. A simplified one line of the

A6 switchyard, 13.8 KV circuit and the 2.4 KV network \Tg pmd by up-
dating existing drawings with all available field data.(92,93,

The completed one-line diagram is shown in Appendix B, Figure 19. Reference
to this one-line diagram shows that the transmission line fram H reactor
enters the network through OCB No. 362 and the line to station A8 (251
Building) is connected through OCB No. 366, the two tie breaker OCB Ro. A36k.
OCB No. 362 was involved in a recent incident at P reactor presented in
HH-66?81& in which the circuitry of this breaker was discussed in.some de-
ta11.(85) This discussion applies in general to the line OCB's in all the
reactors. Busses in the 151 F Building are supplied by two tanks of 230/13.8
KV transformers rated at 31250 KVA and connected star-delta. These banks
are normally operat¢ ! with their primaries (230 KV) in parallel, that is
with OCB No. A364 r- .aally closed. The 13.8 KV bus system consists of two
identical busses designated the front bus and the rear bus.

Th=se busses cannot be sectionalized. Transformer bank No. 1 can be tied
to either (or both) front or rear busses by a pair of OCB's CX 100 F and
C6X 100 R respectively. Transformer bank No. 2 is similarly coanected

through OCB's C6X 200 ¥ and C6X 200 R. The secondaries (13.8 XV) of the

transformer banks can and normally are operated not in pavallel and thus,
vith segregated loads by use of the four breaker banks.

-
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The main cooling water pump group, almost exsctly as in H reactor, con-

sists of eight 4500 HP 13.8 KV synchronous motors driving two stage centri-
fugal pumps rated 10,400 g.p.m.

The description’ of each set is the same as for H reactor and is not repeated
here. These pump motors are directly connected to the 13.8 KV busses through
suitable OCB's. FPour of these motors are on each bus and cannot be switched
to the other bus. The physical appearance of the units is shown in Appendix
B, Pigure 13. All the other motors operate from 2.4 KV or lower voltage.

The main groups of motors and their basic ratings were tabulated and are

shown in Appendix C, Table D, along with the ratings of the 4500 HP motors.(86)
All motors except the 4500 HP are induction type with the same general ar-
rangement as in H reactor.

The river pump house (181 F Building) containing ten 450 HP induction motors
is served by two 13.8/2.4 KV transformers banks rated at 3000 KVA each and
connected delta-delta. The primaries (13.8KV) may be paralleled, even
though connected to different busses by an air break type disconnect switch.
The secondaries (2.4 KV) feed a bus which can be sectionalized, and normally
is so operated, by a disconnect switch E6X 40. The motors in 182 P Building
are arranged on two approximately equal bus sections which can be intertied
by BSX 50 disconnect switches normally operated open so that the secondaries
(2.4 KV) see segregated load groups approximately equal. In this group are
two export pumps driven by 1000 HP induction motors, ome on each bus section.

The building is furnished power by two transformer banks rated l3.8/2.h Kv,
2500 KVA and connected delta-delta. - '

A very similar arrangement prevails in the 183 P Building vhere the motors
are arranged on two bus sections which can be connected by the discounect
switch B6X 25, normally operated open, so that each transformer secondary
sees a segregated load. ITae transformers are each rated at 13.8/2.4 kv,
3000 KVA and are connected delta-delta.

The steam power plant for this reactor is almost an exact replica of that
in H reactor and is housed in the 184 P Building. S8team at 225 psi is
supplied by four water tube boilers each rated at 100,000 pounds per hour
and a twenty-four hour overload capecity of 115,000 pounds per hour, to
steam turbine driven water pumps and to an emergency turbo-alternator set.
The generator is driven by a non-condensing, 36,000 rpm, steam turbine
_capable of accelerating to synchronous speed in 12 seconds. h

The generator is rated as 3 phase, 60v, 2.3 XV and 750 KW. Its function
is to assume certain vital electrical loads quickly if the primary power
supply is interrupted. The loads are about the same as in H reactor, in-
cluding lighting and lines to 151 F Building, 182 P Building, and the
loads in these buildings are:

151-P

182-F

183-r

184-P

2 -
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Storage batteries furnishing 120v DC for operation of switch gear and
emergency lights are located in 181 F, 182 F, 183 F and 151 P Buildings.
Building 190-F has two such batteries. All batteries are kept fully charged
at all times by suitable battery chargers. Protection is thus afforded

against the possibility of not being able to do vital switching in the event
of total loss of AC pover.

SUMMARY
A number of salient facts emerge from the preceding discussion:

1. Reactors B, D, DR, F and H each have eight 4500 HP synchronous
motors operating directly off the 13.8 KV, driving the main
process water pumps.

2. All other motors are induction type.

3. Reactors KE, XN and c'ha.ve large induction motors driving the
main process water pumps.

L. Reactors B, C, D, DR, F and H each have a 750 KW steam turbine
driven, quick start emergency gernerator for partial power supply
normally operated as standby. KE and KW reactors each have three
5000 KVA generators as secondary power supply.

5. RBlectrical power supply from the 230 KV lines is supplied to the
large motor busses at 13.8 KV by transformer bank connected star-
delta with their primaries in parallel and their secondaries not
parallel but serving segregated loads.

6. Reactors B, C, D, DR, P and K utilize 2.4 XV for other large moors

(XB and KW, 4.16 KB) generally connected delta-delta with primaries
isolated. ‘ '

7. Grounding of the delta networka is accamplished by suitable
grounding transformers.

OPERATION OF THE HAPO ELECTRICAL SYSTEM

A. The High Voltage System °

The 230 KV system is normally operated with the OCB's at Midway closed

and. with transmission lines No. 1, 2 and 3 energized. Bach reactor area
has a‘bypass OCB which is normally closed and a disconnect switch bypass
vhi¢h is operated normally open. H reactor area has two of these disconnect
bypass circuits, both of vhich are operated normally open circuited. K
reactor area has the air disconnect switch bypass around both K reactors,
vhich i normally kept open. (See HW-61887.) In the event of a fault on the
transmission lines, the relays on the breakers at the ends of the line in
fault will open the breakers in three cycles, on & sixty cycles per second

base, plus relay vhich is leass than one cytée. ‘Fu is in accordance vith
modern relay and circuit breaker practice.(07,88

DEQ! ACQIEIED
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Between reactors the two nearest breaker banks will open. K reactor

arca is in the peculiar position in that the receiver end of the three
transmission lines may be considered as terminating there: 1line No. 3
direct from Midway, line No. 1 from the west through B-C reactor area and
line NQl from the east through station A8, F reactor area, H reactor area
and D-DR reactor area. Thys with No. 3 line out, lines No. 1 and No. 2
simply form a loop through the reactor areas in turn with both ends termi-
nating at Midway. Critical pover condition W and with line breakers open
anywhere between KE reactor and the 251 Building (AB), some reactor area
will be exposed to only one source of power, and Ko. 3 line is of no use
in alleviating this condition. This is a strong argument for an intertie
at point P) as recommended in EW-61887. This would be at the same point

as the 115 KV line from Benton-Franklin as recommended in a later section
of the present report. The line from the K area tap (point Pp) to point Py
now exists and is not utilized. Attention is invited to the fact that if
No. 3 line were tapped at each reactor similar to K (and including N), then
the system would be a combination loop and radial system with No. 3 line
operating nearer its capability with no portion of the system without two
sources of pover. A cross tie to the N area was considered as part of at:
analyzer study made in connection with the then proposed J reactor area. 89,90)
This line would tap into the loop near the present load center. The point
P; intertie is not near an existing substation, but s.his presents no great
problem because the station need not be attended. 91

Transuission lines No. 1 and No. 2 are H frame wood pole lines as already
described but are unusually well protected against lightning strikes.
Thunderstorms are infrequent so that the danger from lightning strikes is
minimized. No. 3 line i3 not well protected because it lacks an overhead
ground wire. Overall, the danger of outage from lightning and line faults
seems small, but the possibility does exist and every precamtion should be
taken to make the reliability as great as possible. One way in which this
reliability can be improved is by making the OCB's at the Midway end of the
lines automatic "single shot" reclosing. Time is of the essence at a
stricken reu('tos'; and, in general, electric power should be restored as fast
ag possible. 28 Normally, the time for restoration of power by reclosing
is from 21 to 25 cycles (0.350 to 0.41T seconds) frcm the time of fault.
On tained faults, breakers will open again in three cycles and stay
open.{92,93) - The question of closing into the load depends upon the condi-

tions at the load busses. This subject will be discussed in detail in a
later section of this report.

B. The Low Voltage System

The low voltage system is defined as that portion of the network other than
the 230 KV portion. In general, the large size motors in B-C, D-DR, H and

F reac’ors are operated on 13.8 KV and the smaller motors at 2.4 KV. Lights,
controls, small motors and single phase motors are operated at other lower
voltages provided by transformers, generally the standard 44O and 220-1%0
volt levels. Distribution circuit protection is standard and adequate,\9%s95)
consisting of relays and circuit breakers on the transformers and motors of

the 13.8 and 2.4 KV levels and breakers or thermul fuses on the loser voltage
levels.

-267 ;
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The problem of relay and fuse co-ordination has been given careful and
extensive study. It 3eems to need little more comment except on a few
special items. 96-101) It has been recommended that the undervoltage
relays on the pump motor in the main pump house of B,D,DR and H reacturs
be removed because they cause unnecessary &cCrams &tg deemed not aeeded
as a result of maintenance studies and decay tests.(102

A series of staged stability fault tests indicate that the %;8 Kv 3ystem
is stable under most extreme and unlikely fault conditions. 03,104 Syn-
chronous motors in B, D, DR, H and F reactors are normally operated some-
what below their full ability to correct power factor because of the need
to control voltages within rated limits. Loss of large blocks of induction
motors at K and C reactors when the synchronocus motors are running at full
over-excitation level, that is at leading power factor, would result in high
voltages throughout the system. If the addition of Priest Rapids, Rocky
Reach and later Wanapum hydroelectric projects into the network feeding into
Midway means an increase in voltage above 230 KV'at Midway, then the condi-
tions under which these motors must operate will be dictated even more
eritically by voltage levels.

’

The effect of synchronous motor excitation is shown graphically by the voltag(:ia .
profiles plotted for the HAPO system from data derived from load flow studies' &

The profiles shown in Appendix B, Figure 20 depict the voltage conditions '
vhich would prevail at various reactor areas under the following conditions:( 10m)

Curve A: All reactors operatipg, power factor 0.80 leading,
230 KV at Midvay. MVA load ="322-326.

Curve B: All reactors operating, power factor 0.80 leading,
238 XV at Midway, MVA load = 320.5-]J30.0.

Cyrve C. All reactors operating, synchronpus motor reactive
reduced 50%, 238 KV at ltidvay, MVA load = 322-j152.

The profiles shown in Appendix B, Figure 21, show the voltages which woyld
prevail at the various reactor areas under the following condit_j.iona:(l

Curve A: All resctors operating,;all synchronous motors opegating
: at full leading reactive capability, 230 KV at Midway
and MVA load = 415.6-3110.8.

Curve B: All reactors operating, synchronocus motor at B reactor
with full leading reactiye--all other synchronous motor
at unity pover factor, MVA load = 416.0-3201.9.

If 't is desired to maintain 230 KV on the high voltage busses at all re-
actors with Midway voltages in excess of 238 KV and still utilize the re-

active capabilities of the synchronous motors, sutotransformers would be
required at each area. '

The 4500 HP synchronous motors are operated without their neutrals grounded.
This creates a very complex unbalanced condition in case of stator faults
to ground. Zero sequence and negative sequence voltages and currents can
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both appear superimposed upon the positive sequence values. Relaying must
depend upon overcurrent and thus allow heavy damage to the wvinding. A neu-
tral closed through current transformers serving differential relays and
grounded through current transformers serving ground relays provides a
precision system of relaying generally accepted as standard practice. This
would, of course, prevent emergency operation with one or more coils in a
phase group "cut out” in undesiradble practice at the best. The precise and
fast removal of faulted equipment without effecting other operating com-
Pponents is a fundamental concept in reactor safety and contimity of opera-
tion. A recent example of how unexpected malfunction can occur by an im-
probable combination of conditions and events not normally related is the

recent scrf.gmi £ H reactor initiated by a stator failure in a motor at
F reactor. 5’%7?

LOAD AND POWER FLOW STUDIES - SYSTEM CAPABILITIES

A. 115 KV System

One of the recommendations contained in a previous document (HW-61887) was
as follows:

"Attention is invited to the fact that a 266.8 MCM-ACSR line runs
from the near vicinity of point P, (Figure V) to Benton switching
station which is connected to Franklin switching station by two
115 XV lines, one 397.5 MCM-ACSR, and the other 250 MCM-CU.
Pranklin now has & conmection at 230 KV, mostly T95 MCM-ACSR.(37)

A 115 KV transformer bank with tap changers, suitable relays and
OCB's located at point P, would connect the HAPO network to Benton,
to Franklin, to McNary Dam. This would give emergency backup to the
system, but independent of Midway switching station.”

In view of the interest shotm oggncerning this line a more detailed study
vas made of its capability.\l A ‘'simplified one-line drawing was

prepared showing the salient' features of the circuit involved from data
furnished by BPA.({109) This schematic is shown as Figure 22 and in con-
nection with Figure 6 gives a comprehensive picture of the vroblem. Briefly,
Ice Harbor and McNary Projects operated by the Corps of Englneers are con-
nected to Franklin Switching Station through suitable transmission lines

and OCB's. McNary has 14 generators now on thé line with an aggregate name-
plate rating of 980 MVA and Ice Harbor has 3 generators with an aggregate
pameplate rating of 270.MVA not yct on the line. McNary is connected to
Franklin through a 230 KV 795 MCM-ACSR transmission line and a 250 MVA,
230/115 KV auto transformer bank.  Ice Harbor is under construction with

the first generator due to be put on the line about December, 1961. The
transmission line from Ice Harbor to Franklin and the terminal facilities

at each end are under construction to be campleted prior to the first gener-
ator cut in. Either the McNary line or the Ice Harbor lines will be able

to handle the.nominal load of the tranaformer at Franklin. The two lines
from Franklin to Benton have a total normal loading capability of ﬂgs‘oxi-
mately the rating of the transformer bank at Franklin or 250 MvA.( )

The line from Benton to the vicinity of point Pj, is 266.8 MCM-ACSR running

northwesterly at an angle of 38.2° from north. The prevailing wind at Han-
ford in zgil ?onth of July based on climatological records from 1912 is as

fcllows:



From West 9%
WNW 21%

NW 8%

WSW 9%

Thw wind velocity expectancy for July is L4 to 7 miles per hour fer 37% of
the time and 8 to 12 miles per hour 2% of the time. The hottest summer
of record was 1958 and July the hottest month of the year with 21 days
100°F or above for an average for the month of 86.1°F. Thus the worst
expected temperature conditicn can be taken as 100°F (38°C) in the month

of July with a corresponding wind velocity component normal to the line
direction of no less than S5 miles per hour.

Carrying c?gac%ty of various ACSR conductors were computed using the House
and Tuttle\1l2 equation and standard conditions of 25°C ambient temperature,
75°C conductor temperature, wind velociiy of 2 feet per second for black
conductors in the clear sun. Values of current carrying capacity for vari-

ous size conductors were computed. The results vere plotted and are shown
as Figure 23, Appendix B.

Calculations showed also that ambient temperatures have little effect on

final temperature of the conductor and that wind velocity does have a criti-
cal effect on carrying capacity.

Maintaining the same & as before but with temperatures more realistic of
conditions expected ‘at Hanford that is 100F (37.89C) ambient and 190°F
(87.8°C) with a black conductor in full sun data were computed for each size
of conductor (266.8, 636 and T95 MCM) for various values of cross wind.
Three curves were plotted and are shown in Appendix B, Figure 24. The
effect of wind velocity on conductor carrying capacity 1s rather startling
and shows in the case of the 266.8 MCM conductor that for a wind of 2 feet
per second (1.36 mph) the current carrying capacity is 470 amperes but for
a cross wind of S miles per hour it is 640 amperes. This is the safe

carrying capacity of this line under the worst adverse conditions. In terms
of KVA:

KVA'= /3 X 640 X 115 = 127,475

Allowing an overload to 1.2 per unit would call for a transformer bank
size at point P, of 150,000 KVA.

Thie transformer bank would probably be made up of three single phase, tap
changing under load autotransformers. The transfgrmatiog ratio of 115/230 KV
is particularly favorable to the autotransformer. 113,114) The KVA rating
will allow critical transmission line loading at high ambient temperature

and still stay vith%n the g}lowable transformer loadings as specified on
ASA-ATEE standards.\115,11

OCB's would be modern 3 cycle opening with suitable protection relays, in-
¢luding synchronism check relays. Control of these breakers could easily
bo supervised from oxiuting station AB. Bupervisory control and telemoter-
ing circuitry should not be difficult. The breakers at Benton 8witching
Station are cperated and ccntrolled by the operators at Franklin by routine
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supervisory control, with no particular difficulty. From data furnished

by BPA, the breaker protection now existing at Benton and Hanford substation,
their specifications are:

Breaker Mamu- Opening Reclose
Ro. Line facturer Type IC KVA Time - “Pime
53€ Richland-300 Area G.B. FX-439 800 159,344 5 cycles 1 sec-30 se
538 Franklin No. 2 P.E. RHB-64H 1200 239,016 5 " 45 cycles
sko Midway P.E. RHE-64H 1200 239,016 5 " 20 "

542 Franklin No. 1 G.E. PFK-439 800 159,344 5 " 1 sec
Skl HEanford A-C BZ0-160 1200 239,016 5 " 2.9 sec.

It appears that the operating problems assoclated with this intertie are
quite trivial whether the P) breakers are operated normally open or normally
closed. When operated closed, loading could easily be controlled by tap
changing. With the breakers closed and the 115 KV line lightly loaded, the
system represents a distinct separate source of emergency power extremely
valuable in the event of complete loss of Midway.

Operated normally open it is clearly a standby source of power but would need
to be synchronized with the emergency generators. With either mode of '
operation and in dire emergency the camplete capability could be quickly
made exclusively available to HAPO by very simple.switching operations. Even
with McNary line to Franklin also out, Ice Harbor could still supply HAPO
which should be rated as a priority load. The prob).en of pawer wheeling
over this line is one of agreement with BPA api Scems to be a minor one. If
and when there is pover available for export, thé matter of pover flow will
surely need to be negotiated. The matter of stability should, of course,.

be determined on a pover network analyzer. In view of the facts presented
in the discussion, it seems axiomatic that the intertie proposed will be
feasible and advisable as a semi-independent alternate source of electrical
rnergy in accordance with the general philosophical concept developed in

this report and this alternate source of energy will be even hare important
as reactor thermal levels are increased, coupled with the possibility of
electrical pover production for export.

B. .Transformer Capability--230/13.8 KV

One of the most vital points in the network of each reactor is the power
supply transformed camplex. Power to all the reactors is fed to the 13.8
KV busses through banks of 230/13.8 KV transformers, Figure 12. In general,
these banks are three phase, single case types.

A fajlure in any winding of the bank means outage of the entire bank, Total
equivalent impedance of these transformers is high, of the order of 0.165
per unit. The ratings as discussed in the description of the HAPO electrical
network, are 31.25 for the banks in the old reactors and 50 MVA for the
banks in the KE and KW reactors. These transformers have been the subject
of great, ¢ ;}ccra sulting in several studies over a considerable period
of time.(1l »119)  Tne Baker and Mclenegan report was especially com-
plete and wvas based on predicted conditions existing after completion of
Project CG 558 but did not consider K reactors. This report shoved the
predicted loading on each reactor and on each transformer bank in complex

o
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MVA but was generally low as compared to the actual peak loads in 1959 as
reported in EW-61887, which also included the K reactors. Attention is
invited to the fact that these are actual complex MVA based on the highest
peak values reported up to September 1, 1959, not necessarily coincident,
but considered so for purposes of this study. The values were as follows:

Reactor Area MVA
B-C T4.70-3 9.03
KE 53.00-329.00
KW 49.50-323.70
D-DR Th.70-313.38
H 38.40-3 2.18
F 36.50-3 6.75

These values were updated with current field data to reflect anmy changes
between September 1, 1959 and September 1, 1960. All reactors show an in-
crease in peak demand except KE and H reactor so the value for use in the
1959 report is shown here since it is higher. The results are:

Reactor Area MVA MVA
B-C 75.15-J20.00 T7.70 /-14.9°
KE X3.00-329.00 61.24 /-28.7°
KW 50.50-326.52 57.10 /-27.7°
D-DR 75.15- 12.60 T6.10 /-9.540
H 38.40-3 2.18 3B.41 /-3.25°
F 36.96-3 5.26 37.35 1—8-.1° |

Referring to Document HW-61887, the total coincidental demand on Midway
was found to be (as of September 1, 1959):

338.10-J91.69 = 350.2/-15.2° MV._A

This represents actual values assuming that all peaks are coincident and
that the quadrature components remain unchanged. A subsequent study made
by others in co-operation with Bonneve.llog Power Administration with an

assumed predicted loading of 416 M.W.\1 ) An IBM 650 computer was used

to compute the power flows to the various areas under a variety of synthetic
vonditions.

Assuming all reactors up with the synchronous motors at B reactor with
maximum leading reactive and all cther synchronous motors operating at unity
power factor and with 230 KV at Midway, the complex power wvas:

DECLASSIFIED



DECLASSIFIED
m HW -66363

MVA = 416.0-J201.9 = 462./-25.9°

Assuming 230 KV at Midway but with all synchronous motors at all reactors
operating at full capability leading reactive, the data shows:

ﬁ#A = 415.6-3110.8 = h29£-lh.23°

The first condition of operation is unrealistic as compared to the second
condition because normally, the synchronous motors should be operated as
with as high an excitaticn as possible. It should be noted that the angle
obtained for actual operation, coincident peak, was -15.2° and that for the
second condition above the angle was -14.930,

Summation of the power flows into the variocus areas including 251 and 1O0ON

for corndition No. 2 above yields hl}.k M{ for the real power. Subtracting
this value from the real component of case No.' 2 ylelds: '

415.6 - 413.4 = 2.2 W

The line loss;&. This value varies, of course, with the MVA loading, as a
function of (I%).

Numerocus documents were reviewed to obtain some evaluation of the effect
that plans for increased prodnction would have on, the elestrica.l system, in
particular the effect on these transformer ba.nka.(n9o12° The above docu-
ments seem to f“ﬁﬁmti‘te the validity of the IFD power forecast through
the year 1965. Unfortunately, the values forecast are in terms of
real power increases only and not substantiated by documentation. Assum-
ing that the KW increases are as accurate as present planning will permit,

and using the real component of the present (1960) peak as & base, the pre-
dicted total MW load at each area will be:

Area 1960 : Increase 1965
B-C T5.15 15.%0 . 90.55
KB 53.00 25.00 78.00
KW 50.50 24.00 Ts.50
) 12: - 18.00 18.00
D-DR 75.15 15.70 90.85
H B.4o 7.30 45.70
F 36.96 6.50 43.40

Assuming that the per unit increase of the quadrature component in per unit
{8 tho same as the per unit increase in the real camponent, thus reflecting
the increase in the quadrature component the new complex power may be com-
puted. This procedure is mathematically valid and is realistic because of
the large available range of reactive adjustment on the synchronous mgtora.("" :
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Computing the quadrature components on the above basis and adding to the

complex power tabulated for 1960, yields the predicted camplex powers for
1965:

Area MVA

B-C ' 90.1-310.9 90
KE 78.0-342.7 88
KW 73.5-335.2 81
NPR 18.0-3 9.6 20
D-DR 90.4-316.2 91
):¢ 45.7-3 2.59 ks
F 43.0-3 7.95 k3

. Total 438.7-3118.1 bsh /-15.10

Adding (15-310.6) for the 251 area (from EW-63895) ylelds:
Total Mﬁa = 453.7-3128.7

= 472/-15.85°

This vdlue will be used in a later discussion.

The specifications for the various transformer banks in general are three
phagse (single case) 230/13.8 KV star-delta comnected two winding. KE and
KW have 50 MVA banks and all other reactors have 31.25 MVA banks.

Data were prepared using actual values fram the peak conditions for 1960
showing the flow through each transformer bank in each area. The values °
were tabulated along with the name plate, fan cooled (FA) rating of each
transformer and are shown in Appendix C, Table E. Assuming that the per
unit loading will remain the same under the predicted increased load, a
similar tabulation was prepared for the predicted 1965 loads shown above.
These data are shown along with the transformer ratings in Appendix C,
Table P. A third tabulation wvas prepsred using data derived from EW-63895
for the case of 230 KV at Midway and all synchronous motors up to full
leading reactive capability and 1s shown in Appendix C, Table G. .

Summary

Analyses of the preceding discussion and the comparison charts show that

at the present time all transformers are operating on their force cooled
(FA) ratings and that for bank No. 3 in B-C and D-DR reactor areas the
loading approaches the maximm rating. A fauit in any part of the trans-
former bank, even a bushing failure, means outage of the entire bank. Should
this occur with the present loadings (Figure IT) the surviving bank or banks
in some reactors would be overloaded beyond the maximum forced air cooling.

The degree of sericusness of this overload would depend upon the duration
of the overload and the ambient temperature at the tims of overlo d.
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All Banks Operating

Reactor Area Number of Banks Per Unit load Per Area
B-C 3%93.75) 0.870

Xw 2(100) 0.936

KE 2(100) 0.936

D-DR 3(93.75) 0.901

H 2(62.50) 0.635

F 2(62.50) 0.629

One Bank Out of Service

Reactor Area Banks Remaining Per Unit Load Per Bank
B-C 2(62.50) 1.306

KW 1§ 50.00) 1.872

KE 1(50.00) 1.872

D-DR 2(62.50) 1.382

H 1(31.25) 1.270

F 1(31.25) 1.258

The loading is eguin critical in all reactor areas and prohibitive in KW
and KE reactor areas.

It is quite evident that increased capacity will certainly be required, if
additional load is to be added to all reactors. If the possibility .of a
transformer bank outage is considered and there are no spare banks, the
situation is even worse. Serious attention possibly should be given to the
increased capacity attainable by installation of a suitable heat exchanger
and forced oil circulation. It is unfortunate that the banks are not mede

up of single phase units thus making the matter of spare tmnstom.ers muck
cheaper and easier.

C. 230 KV Transmission Lines

The description of the HAPO high voltage electrical system mentions that
the conductor specifications for the three main transmission lines from
Midway were 636 MCM-ACSR for lines No. 1 and No. 2, and T95 MCM-ACSR for
line No. 3. The curves plotted for use in the discussion ou .he 115 KV line
from Franklin show that:for an ambient temperature of 25°C (TT°F), con-
ductor temperature of 75°C (167°F), cross wind of 1.4 miles per hour, old
oxidized conductor in bright sunlight the 636 MCM-ACSR (code name Egret)
lines 1 and 2 will carry 820 amperes and line No. 3 (795 MCM-ACSR--code
name Drake) will carry 950 amperes. The safe carrying capacity of ACSR,
has been the subject of extensive research for several years by Kalser,
Alcoa and Reynolds Alumimum Research Laboratories. Field experierice seemed
to indicate that the Alcoa tables accepted by electrical utilitiea for many
years vere very conservative. As a comparison, these tables shov & numinal

carrying capacity for 795 MCM-ACSR as 900 amperes and ror 636 MCM-ACSR,
780 amperes.

The values of 950 amperes for T9) MCM and 820 amperes for 636 MM are ac-
cepted as safe, steady state, sustained load carrying capacities of these

¥
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All Banks Operating

Reactor Area Rumber of Banks Per Unit Load Per Area
B-C 3(93.75) 0.870

Xw 2(100 0.936

KR 2(100 0.936

D-DR 3(93.75 0.901

H 2(62.50 0.635

F 2(62.50 0.629

One Bank Out ‘of Service

Reactor Area Janks Remaining Per Unit load Per Bank
X 1( 50.00 1.872

XB 1( 50.00 1.872

D-DR 2(62.50 1.382

R 1(31.25 1.270

F 1(31.25 1.258

The loading is again critical in all reactor areas and prohibitive in Kw
and KE reactor areas. ’

It is quite evident that increased capacity will certainly be required, if
additional load is to be added to all reactors. If the possidbility of a
transformer bank outage is considered and there =re no spare dbanks, the
situation is even worse. Serious attertion possibly should dbe given to the
increased capacity attainable by installation of a suitable heat exchanger
and forced oil circulation. It is unfortunate that the banks are not made

up of single phase units thus making the matter of spare transformers much
cheaper and easier. ’

c. 230 Xv '.l‘mnsmiuién Lines

The description of the EAPO high voltage electrical system mentions that
the conductor specifications for the three main transmission lines from
Midway were 636 MCM-ACSR for lines No. 1 and No. 2, and 795 MCM-ACSR. for
line No. 3. The curves plotted for use in the discussion on the 115 XV line
from Franklin show that;for an ambient temperature of 259C (TT°P) , con-
dugtor temperature of 75°C (167°F), cross wind of 1.4 miles per hour, old
oxidized conductor in bright sunlight the 636 MCM-ACSR (code name Egret)
lines 1 and 2 will carry 820 amperes and line No. 3 (795 MCM-ACSR--code
name Drake) will carry 950 amperes. The safe carrying capacity of ACSR,
has been the subject of extensive research for several Years by Kaiser,
Alcoa and Reynolds Alumimum Research Laboratories. Field axperience seemed
to indicate that the Alcoa tables accepted by electrical utilities for many
YOATS were very conservative, As a comparison, these tadbles shov a nominal
carrying capacity for 795 MCM-ACSR as 900 amperes and for 636 MOM-ACSR,

T80 amperes. v

The values of 950 amperes for 795 MCM and 820 amperes for 636 MM -are ac-
cepted as safe, steady state, sustained load carrying capacities of these
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cables. Short term loads of 1.3 per unit can be safely carried for one

hour and 1.5 per unit may be carried for 15 mimites in emergency under the
conditions stated.  Transmission lines No. 1 and No. 2 then may carry a sus-
tained load of 1235 asmperes for 1 hour and 1425 amperes for 15 minutes. These
are not recommended values but are realistic where reactor safety is involved.
Moreover, the study made in connection with the 115 KV _.ine (Pert IX A) in-
dicates -that ambient temperatures have little effect on carrying capacity

but that wind velocity is critical as shown on Pigure 24. With a wind com-
ponent of even 5 miles per hour normal to the line, the carrying capacities
of the lines are increased to nominal values of 1330 amperes for 795 MCHM

line No. 3 and to 1100 amperes for 636 MCM (lines No. 1 and No. 2). Wind
velocities of this magnitude or greater can certainly b~ expected practically
without fail. Study of the climatological data and the direction of the
various lines reveals that seldom will any section of the line have a wind
velocity less than 2.5 mph. Sustained current carrying capacities for this
wind and other conditions the same (never in excess of 50°C) will be:

Line No. 1 930 amperes 370.5 MVA
Line No. 2 930 amperes 370.5 MVA
Line No. 3 1130 amperes 450.1 MVA

Calculations are based on 3 phase balanced load with 230 KV line to line as
Midway. The study made of loadings for the various reactor aress for Part
IX B also ylelded the total transmission line loads, except for line losses
by simple summation. For the 1959 s*‘'#-- the coincidental peak summation was
350.2 MVA. The 1960 summation exclucion of line losses was 357.0 MVA. The
predicted ioad from document HEW-63895 with all reactors up and all synchro-
nwus motor at full leading reactive was 429 MVA. The predicted load shown
@Teble F was 472 MVA. For convenience of discussion, these are designated
cases I, II, III and IV.

For Case I, the division of load was found from actual readings furnished

by BPA for the peak load up to September 1, 1959, and was computed in per
unit.

Applying this per unit division to the 1959 and 1960 summation yields the
line loadings:

Year Line Per Unit load MVA -
1959 Fo. 1 0.424 148.4
(350.2) 2 0.2u4k 8s.7
'3 0.332 16.2
1960 No. 1 0.42h 151.3
(357.0) 2 0.244 87.1
' 3 0.322 118.5

For case ITI and IV the division shown in document HW-63895 was used with
the follcwing results:
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Year Line Per Unit Load MVA
1965 1 0.430 184.5
(429) 2 0.229 98.4
3 0.341 146,
1965 1 0.430 203.0
(472) 2 0.229 108.0
3 0.341 161.0

Compared to the line capabilities for standard conditions (1.4 mph wind)
yields:

Computed Load Capability Loading
Line Number MVA MVA Per Unit
Case I 1 1484 326.7 0.4s54
2 85.7 326.7 0.262

3 116.2 378.4 0.307

Case II 1 151.3 326.7 0.463
2 87.1 326.7 0.267

3 118.5 378.4 0.313

Case III 1 18k4.5 326.7 0.565
2 98.4 326.7 0,301

3 146.3 378.4 0.387

Case IV 1 203.0 326.7 0.621
2 108.0 326.7 0.331

3 161.0 378.4 0.k426

Similar computations based on line capabilities with a 2.5 mph wind yield:

Computed Load Capability Loading

Line Rumber MVA MVA Per Unit
Case I 1 148.4 370.5 0.402
2 85.7 370.5 0e231

3 116.2 450.1 0.258

Case II 1 151.3 370.5 0.408
2 87.1 370.5 0.235

3 118.5 450.1 0.263

Case III 1 184.5 370.5 0.498
2 98.4 370.5 0.266

3 146.3 450.1 0.325

Cuse IV 1 203.0 370.5 0.548
2 108.0 370.5 0.291

3 161.0 4so.1 0.358

The twe loading c.pabilities computed for 1.4 mph wind and 2.5 mph wind
vere used as a base against which the loadings shown in Case II, III and

o



IV could be compared with various combinations of 230 KW transmission
lines in service. Division of loed for the condition of No. 1 line out

of service and for the condition with No. 3 line out wasa obtained from
HW-63895. The division of load with No. 2 line out was taken as being in-
versely proportional to the complex positive sequence éggeda.nces of the
paralleled line sections, that is, to the K area tap.( Division of load
for all lines in service was already shown.

Datn was computed for all other combinations of line cutages and tabulated
as Table 4, Appendix C. Loadings are given in per unit of line capabilities
with 1.4 mph wind. A second set of data was prepared using the same tech-

nique but assuming a 2.5 mph wind. These data are shown as Table I, Apren-
dix C.

Analysis of thesd two tables seems to indicate that these lines are adequate
for all cases studied so lohg &8 the three lines are in service. PFor the
vorst case (IV) with a total load of 472 MVA, line No. 1 with the highest
per unit load is operating at only 0.628 (62.8%) per unit of its capability.
With an increase in wind velocity to 2.5 mpk the per unit loading <a this
Jine drops to 0.548 (54.8%) of capability.

Pailure of line No. 1 means that B-C reactor area will have to get all its
power from the direction of K reactor, thus loading the two, lighter loaded
lines, boosting their per unit loadings to 0.539 for line No. 2 and 0.780
for line No. 3, neither of vwhich is critical even for Case IV. Outage on
line No. 2 will open the long leg of the loop and force H, F and D-DR areas
to get power from the direction of K area, thus loadi line Ko. 1 and No. 3
to 0.799 per unit (79.9%) and tn 0.554 per unit (55.4%). These loedings
are not critical for line No. 1 or for line Ho. 3, except for the first
span at Midway.

Loss of line No. 3 puts the entire burden on lines No. 1 and No. - The

new loadings will nov be 0.960 per unit (96%) for No. 1 and 0.483 per unit
(48.3%) for No. 2 for Case IV. The MVA on line No. 1 i8 now critical and
approaches its safe carrying capacity. This MVA corresponds to 817 amperes
at 230 KV which exceeds the contimious current rating of the line section

to B-C area. (Station A2). The MVA loading on line No. 2 corresponds to

366 amperes at 230 KV which makes OCB's No. 386 and No. 384 at the 251 areas
in a critical position. Since the load at 251 area is-only (15-J 10.6) MVA,
this leaves 323 amperes flowing toward F area vith the OCB's there in a
possible critical position. The subject of breakers will be discussed later.

Failure of both lines No. 2 and No. 3 clearly overloads line Ko. 1 beyond
its capability for Cases II, III and IV. Voltages at F and H reactor areas
would ‘also be prohibitive. The value of an intertie to the 115 KV network
at point P;, as proposéd in Bection IX is clearly shown here since it would
be possible to contimue operation with this connection and line No. 1.
Failure of both lines No. 1 and No. 3 throws all the load on line Eo. 2
with consequent prohibitive cverloading of the lines and the breekers at
251 H area, P area and possibly D-DR. 8ince the path is much longer, volt-
ages would also be prohibitive. As in the case above, the proposed trans-

former at P, might make it possible to operate until one of the other lines
can be reaté\'ed.

i -
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CIRCUIT RESTORATION

The preceeding general discussion in this report haes developed the philaso-
phy that electrical power supply 2ircuits should be energized as fast as
possible following a fault. In the case of loss of one or more of the 230 KV
transmission lines from Midway, this implies fast reclosing at the Midway
end. Fast in this connection means opening of the oil circuit breakers in
about 3 cycles (1/20 sec.) of 60 cycle per.second wave and reclosing as soon
as practicable. Normally, restoration of power by reclosing is from 18 to
22 cycles on a 60 cycle per second base, without restrike on most transient,
making a total elapsed time of from 21 to 25 cycles or 0.350 to 0.417 seconds
from time of fault. If the fault is sustained, the breakers will reopen and
lock open in an additional 3 cycles or lea? mg*ing a total elapsed time of
onds,\12

2k to 29 cycles or 0.400 to 0.483 sec ?his is standard practice
for BPA and other large utility netvorks.(127’128

Fast reclosing of transmission lines which have been cleared of the receiver
load presents no problem. Such loads as lights and small motors also pre-
sents no problems even if not cleared. Reclosing large motors, either
synchronous or induction types, presents engineering problems which have
several variables including the speed of reclosure, load at time of failure,

speed of decay, HP and voltage rating, stability, and voltage regulation of
the system.

Preliminary investigation in the case of K reactor which has only induction
motors indicated definite pofs}bilities for fast reclosure and was so re-

perted in document HW-61887.(1) pue to voltage regulation and stability

problems the entire block of induction motors in the K camplex mmy present

some engineering problems if restored similtaneously and not fast enough.
Stability of the K plants has been the subject of mumerous engineering

studies primarily broughz about bg & continual upgrading of the thermal

level of these reactors.(129,130,9) Great concern has centered around the
emergency generators in the power supply network of these {eactors and have

been the subject of mumerous reports and analyzed studies.\131l,132,133)

Loading of these generators has been carefully examined from the operci%gniﬁ .
safety standpoint and on the basis of peak trimming of purchased power~-*’ 2,13c
The motor complement of K reactor has also been the subject of several en- .
glneering studies made to determine both stability and safety of operation{137,13

The most recent study is a very excellent one which utilized the system
analyzer to determi?EBSSability and other factors concerning the K area

rotating equipment. The Bubjeft of Ee}aying has been adequately covered
by relay studies and tripout tests. lho'l 1

The foregoing discussion is intended as a review of the reliability and
safety of the K area reactor electrical system rather than a new study.
Document HW-61887 was prepared as a critical survey which would focus
attention on certain areas which might be investigated in greater detail.

One areu was the fast reclosing of the 230 KV system following clearing of

a fault. Document HH—GSTll, a subsequent document, clearly points ocut the
extreme importance of this and recommends further. Such a study is now in
progress and normally will be "proofed” on the network analyzer. This
document also demonstrates that the K area system will be stable under various
extreme conditions which will require a very unlikely sequence of events.
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History of incidents at HAPO have usually followed a "sequence of im-
probably events" such as the incident at H-F reactors on 1l March, 196C.

It is therefore important to give credence to the probability of occurrencc
of the unlikely sequence of events on vhich some of the tests vwere based.
The author concludes, in general, that reclosure is important; and that if
fast enough, could possibly pick up the system without losing the reactor.

The problem of high speed restoration of the 230 KV system following a faul-
to the remaining resctors (except KNPR) prcsents a quite different set of
problems which have not been exhaustively expdored to date. Reactcrs B, D,
DR, F and H have essentially the same type of network as already described
in another section of the present report. Briefly, this consists of a
lagging power factor load consisting of mumerous but not large squirrel cage
induction motors and forty 4500 HP squirrel cage start synchronous motors

driving centrifugal water pumps and eqpiB ? with h avy flywheels with a

WK2 of 568,657 pound feet squared (1lb-ft ge 137,142 Reactor C has twelve
3500 HP induction motors and therefore presents about the same electrical
probleuns as K reactors in so far as circuit reclosure is concerned, but
simpler because of their size and the fact that a steam turbine is floating
on the same shaft. The main problems then are concerned with the restoratic:
of power to the network which is typical of B, D, DR, F and H reactors.

A study was conducted using typical data to formulate the following items:
| (1) Speed decay
(2) Torque angle
(3) Transient current
(4) Voltage drop
(5) stability
(6) Relaying
Electrical parameters for the 4500 HP synchronous motor were somewhat ir-

determinate and had to come from several sources, some of which were indirec-
and required computation.

Speed Decay

Speed decay curves for K reactors have been already discussed and presented
in ?ovﬁmfent HW-61887, Figure XI and included here for convenience as Figure
25.0143) Typical curves were prepared for B, D, DR, H and F reactors which

vere 8o nearly identical that only one 18 presentcd here as Figure 26, for
H reactor and regarded as typical.

A separate curve was prepared for C reactor because of the radically differ-
ent speed decay characteristics of this reactor and shown as Figure 27,
Appendix B. All curves are based on latest data in each taﬁf agg wvere
tested for validity by camparison with a theoretical plot. +-1L8)
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Basically the time decay can be thought of as an eléc*trical- .rchanical
energy convension in which electrical energy supply is suddenly terminated
and the electrical machine becomes a potential generator and the hydraulic
system still contimies as a pump. Power to supply any load which may be
still connected to the busses and the power necessary to maintain hydraulic
flow must come from the flywheel stored energy. In the case of the 4500 I
synchronous motor pumping uunits such as at H reactor the WK2 of the motor
and its sheft load was given earlier as 56?1@7 gov)md £t.2 Such a decay ca..
be represented by an equation of the form: »150

-kt -at bt

S =5 + S;E - SE (1)

where S instantaneous speed in per unit of synchronous speed.

S = synchronous speed in per unit

K =% nt
T = Lieak time
t = time in secoads

a and b = arbitrary constants
S, = positive decrement
82 = negative decrement

Exl+dht gt 3+ oenen. -nmé;a,,})n
_ n -
-2-71&&.-.

For the first 10 seconds, the second and third terms cancel and thgk%est
curve matches the curve plotted from the empirical equation 8 = S, .
Observation of the curve for H reactor shows & drop in speed to 0.98 per
unit in 1 second (60 cycles on a 60 cps base) after trip out and the C
reactor curve shows a drop in speed to 0.99 per unit after 1l second after
trip out. These curves provide a positive check on the synchtonizing engle
analysis to follow. Reclosing breakers on a large synchronous motor
following a pover 1'{|tem t*on may cause undesirable or prohibitive transi-
ents in that motor.l151,1 If the field is still on the machine, it be-
cames a generator and will supply any electrical loed connected to its
terminals for'a period of time at a frequency and voltage depending upon
its rate of speed decay. The energy for this supply must come from the
stored energy in the rotating members. Reclosing under these conditions

is the same as synchronizing an alternator and has the same requirements.

Briefly, the incoming machine and tae line muat have correct phase se-
quence, and should have when connected to the line:

Vo
sy - .
.
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l. Equal volﬁa.gea
2. Equal frequencies
3. .Voltage in step

In this case the important item which may be critical is speed decay which
causes frequency to decrease causing the voltage wave of the generator (motor)
to lag the line voltage. Frequency drop in the first 30 cycles is not the
critical factor as such but does determine the phase position or synchroniz-
ing angle. In this discussion,-the synchronizing angle will be designated

by the symbol delta (&). It is well know that synchronizing machines out

of step may cause torques; and, c?nseiuently, currents vhich may be equal
or exceed short circuit currents.!153

Stone and Kilgore state that "It is of course well known that throwing a
machine on a large system out of phase by more produces a wvorse
electrical transient than a sudden short circuit."\l ). The machine con-
stg.nt which 1limits this torque is the subtransient synchronous reactance
(Xd) for various values ofrz‘z)'. Actually the reactance of the circuit into
vhich the machine is closed also helps ‘to limit the trarstent current so
that basically the transient electric torque is:

T = B2 8inA (1 - cos vt + tan Asin wt) (2)

* Where

| E = generator voltage

x; = aﬁbtra-naient reactance
& = circuit r‘!eacﬁance

A = sy‘nchronizixg ‘t‘mgle

v =%¢ '

The torque developed in the rotor during synchronizing may be readily put
into the form previously used for speed decay:

T = AE™Y _BEDt cos wt + CB™C® ain wt. (3)
A, B and C are functions of A

A = angle of mchrqnizing.

a, b and ¢ are decrement factors.

Equation (2) has been evaluated by a mmber of mt.ho(-u a?d vhen plotted
againstAylelds a sine loop with two maximum points. 155) 8uch a curve is
shovn in Figure 28, Appendix B. '

™~

~
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Another curve shown on this same paper illustrates the safe closing areas
for various valueg of the synchronizing angleAbased on a wide range of
ratios of Xp to Xd. A similar curve was plotted and is shown as Figure 29,
Appendix B. This curve indicateg that it is safe to reclose up to 10° dis-
placement for all ratios of X,/Xj and that larger values of the angle &
may be tolerated for high ratios of xn/xd. It should be noted that this

curve was for 30,000 KVA machine but gives a good idea of the problems
involved.

Evans in a classic paper published in 1940, used vector diagrams to de-
termine currents which might be expected for machines closed unequal

voltages for various ga%ugg of synchronizing angle A, based upon sub-
transient reactance Xj. 156)

Curves plotted from such data exhibit the typical V curve shape and show
that vith an incoming machine voltage of 0.92 per unit and a synchronizing
angle A of 60° currents will be about 4.2 per unit. It seems evident that
reclosure should be completed before the synchronizing angle has reached
60°. The next step was to expolore the actual de¢ay characteristics and
the starting characteristics of the actual 4500 HP synchronous motors used
in B, D, DR, F and H reactors. The speed decay curves give a good picture
of the actual speed of the machines at various time intervals from which
the frequency can be computed since '

S =120°2
P
8 = speed in rpm

f = frequency in cycles per second

p = mmber of poles

The angle A caused by this drift and by any load which is on the machine bus
could be computed by use of vector diagrams, but the method proved-slow and
indeterminate. It was decided to use actual oscillograms taken on trip ocut
tests. Data were taken from oscillograms taken on all the busses in the
D-DR camplex serving the 4500 HP synchroncus motors. Three tests were run

on each group titled busses I, IT, and ITI. Actually this arrangement is
as shown on Figure 1T. ' : .

The actual position of the voltege wave referred to the timing wave was
determined for each case using the oscillograms. The results are shown in
Appendix C, Table J for 1, 10, 20 and 30 cycles after trip out.

An average was computed for each bus and these values vere used to plot the
curves shown on Figure 30, Appendix B. These curves clearly show the phase
angle drift of the synchronous motors on these bus groups as related to
time. The drift in phase angle is the synchronizing angle A already dis-
cussed. These curves give a realistic picture of conditons as they actually
exist and show clearly that 4f the 60° value of A is used as a criterion,
reclosure time on each bus group would be 12.8 cycles on Bus I, 1h.k cycles
on Bus IT and 18.2 cycles on Bus III. If a value of A of 70° could be
tolerated, then the values would be 15.2 cycles, 1T cycles, and 21.2 cycles



respectively. It should be noted at this point that transition from a
generator to a motor is smooth, and there is no danger of phase sequence
reversal. It should also be observed that if the motors were operating
overexcited, which would normally be the case, the current would lead the
line voltage and in the case of the synchronous generator overext¢ited, the
current would have to lag the generated voltage until the machine again

becomes e motor. For steady state below saturation, on.l{ mndg?ental
frequencies and positive sequence currents are imvolved.l151,1

The above discussion means that vhen the pover supply fails, the motor
(now a generator) should exhibit no decline in voltage and possibly a
voltage rise at its terminals depending upon the load on the bus to which
it is connected. An actual plot vas made of the data derived from the same
gsource as used above. Since there was induction motor load on the bus
group (IIT) the regulation due to loading (IZ and drop) and to speed decay
was offset by the overexcitation, and the voltage remained flat until after
the motor breaker was tripped at which time the voltage rose to the value
corresponding to the excitation level, and then decreased as the speed
decayed. The curve is shown in Appendix B, Figure 31. It is evident that
voltage drop is not a problem in the region of fast reclosing, insofar as
it affects synchronization conditions.

The next area of investigation centers around determination of the magnitude
of current to be expected under starting and transient conditions. The
starting characterigtics of these motors was de by use of the actual
starting record charts and acceptance test data. 1 Data were derived from
these records taken on H reactor from which curves of voltage, current and
speed on per unit versus time (in seconds) were plotted. These curves are
shown in Appendix B, Figure 32. A second curve was plotted to graphically

11lustrate the voltage level (in KV) during the starting period, shown in
Appendix B, Figure 33. ‘ :

A third curve showing the actual current in amperes is shown in Appendix B,
Figure 34. These curves are all based on the procedure of starting one motor
at a time connected to one bus only. The effect of using two 13.8 KV busses
in parallel and thus two 230/13.8 KV transformers in parallel while starting
a motor is shown in Appendix B, Figure 35.: :

In the cage of the single bus method of starting the motors, normhl current
is restored and current reaches the steady state at appruximately 52 seconds
from standstill. Synchronous speed and synchronous operation is attained
normally from 5 to 10 seconds prior to this. Standstill current reaches
approximately 5.5 per unit or 1078 amperes limited primarily by the sub-
transient reactance (X3). The valve of X3 furnished to the author by vendor
for these motors was 0.18 per unit on full load current base.

Typical values for this parameter for salient pole synchronous motors with
damper ( rtiuecs.r or squirrel cage) vind.in? lies between 0.20 and 0.50
per unit.(157,158) This method of starting (separate busses) has the
advantages that two motors may be started simultaneously and that vhe
current is also restricted to some extant by the voltage droop. - The
parallel bus system has a better voltage regulation but allows the current
to go to approximately 6.0 per unit with only a small gain in acceleration,

w .
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steady state current being attained at about time 45 seconds. Starting
characteristics of these motors up to the time of application of the field
follow the basic Frinciglss and exhibit typical behavior of squirrel cage
induction motors.\ 159,160 The significant point in this discussion is the
fact that for each speed of the motor operating without excitation, that is
as an induction motor, there exists a corresponding unique value of back.
electromotive force and current which is approximately the same whether

the machine has reached this speed by either positive or negative acceler-
ation. Thus, if the rate of speed decay of these motors 18 considered to
be as presented in Figure 26, there exists a region where fast reclosure is
a possibility. This reasoning would apply to K area as mentioned in HW-61887

to C area and to the other reactor 4500 synchronous motors if deprived of
field excitation. .

Document EW-65T11, a stability study of K area vhere the largest induction
motors ‘are'located, indicates that the critical motors are stable under
transient faults, even under unusual and unlikely conditions. Further in-

vestigation 1s now in progress. but even if fast restoration is possible
should be proved on the pover system andlyzer.

In case of the 4500 HP synchronous motors in B, D, DR, F and H operating
as synchronous motors with normally overexcited field (leading current)

the machines become overexcited generatora'(lasging current) upon loss of
230 KV power. Fast reclosure in 17 cycles or less seems to be a definite
possibility; and, if the reactor scram signal can be delayed until after

22 to 25 cycles, the reclosure might be accomplished without losing the
water flow and the reactor. '

Present practice with a power loss and auxiliary time delay relays, delays
opening of the motor breaker for about 28 cycles so that if the fault clears
and power is restored, the motors will contimue to cperate. This duplicates
fast opening and reclosure but in a mch less precise way. .

Beyond 60 ~ycles the totors will be cleared from the line and the field
opened, 8o there is no reason why the 13.8 KV cannot be re-energized; and
because the motors now affect induction motors with a small speed decay,
they can be restored rapidly by pair and restore the reactor if time can

be saved in operating procedure by bypassing the cone valve and eliminate
the lock out relay and the "permissive switch" routine. *

s -
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Photo of Electrical Control Panel 230 and 13.8 KV Switchgear - 151 K
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FIGURE 12
Photo of Typical 230,13.8 KV 31,250 KVA Transformer Bank
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FIGURE 15
Photo of Motor - Pump Set - 190-C
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FIGURE 16
Photo of Motor Control Panel - 190-C
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AREA TEST NO. BUS
D-DR I I
D-DR I II
D-DR I I1I
D-DR iI I
D-DR II II
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D-DR III II
0-DR III III

TABLE J

TIME AFTER BPA
SEPARATION (CYCLES

-108-

1
10
20

30

1
10
20
30

1
10
20
30

1
10
20
30

1
10
20
30

1
10
20
30

1
10
20
30

1
10
20
30

1l
10
20

30

0%
W -06363 0(46:5'/
/‘750

ANGLE OUT OF &

18.9°
53.5°
85.3°
154.3°

18.9°
43.8°
80.5°
140.3°

18.9°
43.8°
61.6°
102.9°

28.1°
s2, °©
90.°
148.,4°

22.5°
47.7°
81.8°
137.3°

91.1°









