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A  Supersensitive G overnor for 
H ydrau lic  T urb ines

B y W . M . W H ITER M IL W A U K E E , W IS.

A su p ersen sitiv e  governor is  d efin ed  in  t h is  p ap er  a s  
one th a t  w il l  m ove th e  g a te s  o f  a  h y d ra u lic  tu r b in e  in  
the co rrectiv e  d irec tio n  b y  rea so n  o f  a  c h a n g e  o f  sp eed  
o f 0.02 p er  c e n t  an d  w ill th e n  m o v e  t h e  g a te s  b a ck  by  
reason o f  a  ch a n g e  o f  th e  sp eed  b a ck  to  th e  fo rm er  sp eed . 
The a u th o r  o u tlin e s  th e  e le m e n ts  e s s e n t ia l  t o  a su p e r 
se n s it iv e  governor in  order t o  a c c o m p lish  t h is  fine  degree  
o f  r e g u la t io n . T he a p p lic a t io n  o f  th e s e  p r in c ip le s  to  
g o v ern o r  design  is  th e n  o u t l in e d .

THE essential elements in a supersensitive governor, as 
defined, to accomplish the fine degree of regulation of the 
gates of a hydraulic turbine, as well as for governing the 

turbine under other conditions, are:
1 A frictionless, sensitive, powerful flyball.
2 Means for causing rotation of the flyball in exact ratio to 

the rotation of the turbine shaft or, as an alternative, in exact 
ratio to the cycles of the system.

3 Means for translating the minute axial motion of the fly- 
balls, due to a change of speed of 0.02 per cent, to proportionate 
movement of the turbine gates without causing an opposed force 
to the axial movement of the flyball sufficient materially to affect 
the ratio of speed and axial motion of the flyball when free.

4 Means for causing a predetermined droop in speed in pro
portion to the gate opening of the turbine.

5 Momentary means for increasing greatly the ratio of speed 
change to gate motion on sudden changes of load, thus making 
use of the connected flywheel effect for stabilizing the speed dur
ing the slowing up of the rate of movement of turbine gates to 
prevent disastrous pressure changes, caused by the inertia of the 
water columns to and from the turbine.

The frictionless flyball of the supersensitive governor is a com
bination of springs and weights so related that movement of the 
actuating stem of the flyball is caused by the flexure of the springs 
without any moving joints. The centrifugal force of two revolv
ing flyballs is resisted by coiled springs between the two, and this 
combination is driven and supported by multiples of flat steel 
springs between the fixed driving head and the flyball weights. 
Axial motion to the floating collar is imparted by other multiple 
flat springs fixed between the flyballs and the axially moving col
lar which is supported only by, and revolves in, a sleeve bearing. 
The axially moving collar surrounds but does not touch the sup
porting shaft between the fixed driving head and a lower bearing. 
The axial motion of the floating collar is imparted to a pilot-valve 
stem through a slot and hole in the governor shaft, being held in 
position at its upper end only by the connection to the axially 
moving collar and at its lower end by the bearing of this revolving 
pilot valve in its ported sleeve. By this combination is secured a 
pilot valve rotating in its sleeve and the actuating collar revolving 
in its sleeve bearing, thus having no friction to axial motion im-

1 Manager and Chief Engineer, hydraulic departm ent, Allis-Chal- 
mera Manufacturing Company. Mem. A.S.M.E.

Contributed by the Hydraulic Division and presented a t the A n 
n u a l  Meeting, Philadelphia, Pa., December 4-8, 1939, of T h e  A m e r i 
c a n  S o c ie t y  o p  M e c h a n ic a l  E n g i n e e r s .

N o t e : Statem ents and opinions advanced in papers are to be 
understood as individual expressions of their authors, and no t those of 
the Society.

parted by flexure of multiple springs rigidly fixed to the flyball.
Therefore, the force produced by the weights of the flyball 

under minute speed changes are translated to the rotating pilot 
valve with only the resistance of the molecular friction of the 
springs and the floating rotating spring support.

The sensitivity of the flyball is secured by driving it at the high 
speed of 900 rpm. Because of this high speed and terrific power of 
the flyball weights at this speed, the slightest change of speed 
provides sufficient power to give immediate movement to the 
pilot valve. A powerful flyball is secured by making the flyball 
and particularly the weights of such size that a minute change of 
speed supplies considerable energy to move the pilot valve.

The curve shown in Fig. 1 gives the ratio of a change of speed

F i g . 1 E n e r g y  C u r v e  f o r  9 0 0 - R p m  S u p e r s e n s i t i v e  F l y b a l l

and force at the pilot valve. From this curve, it may be seen that 
the range of the flyball is through a speed of 10 per cent above 
normal down to 10 per cent below normal and that the power of 
the flyball is 35 lb on the stem, when the stem is held in a position 
of normal speed and the flyball speeded up to 10 per cent above 
normal speed. When, however, a change of speed of 0.02 per 
cent takes place, it produces a force of 0.05 lb on the pilot valve. 
Because of the requirement of action within a very small speed 
change, the force from the flyballs to move the pilot valves is 
greatly reduced and means for amplification of this force is shown 
hereafter. The transverse coil spring provides means for adjust
ing the flyballs to the desired range of speed change of the flyball 
for maximum travel of the pilot valve. A more detailed de
scription will now be given so that the action of the flyball may 
be followed by reference to Fig. 2.

D e s c r i p t i o n  o f  F l y b a l l - G o v e r n o r  M e c h a n is m

In Fig. 3, the upper fixed support of the flyball (4) is rigidly 
doweled to the driving motor shaft and held in position by the 
bearings of the motor. Between the movable flyball support (21) 
and the fixed support (4) are supported the flyball weights (13) 
by flexible springs (14) as indicated. Support (21) revolves in 
the sleeve bearing (25), also shown in enlarged detail in Fig. 4. 
The flat springs (14) act only as connecting members between 
the flyball weights, the fixed support, and the movable support.

167
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Transverse springs (11) serve to hold the flyballs in fixed position 
for a given speed. The moving parts are held in the axis of rota
tion by the shaft (5), one end of which is doweled to the motor 
shaft, the other end being supported in a lower bearing located 
centrally of, but not touching, the axially moving support (21). 
The shaft (5) is bored to carry within but not to touch the pilot- 
valve stem. It is also slotted, through which a cross pin fixes the 
axially moving collar (21) to the pilot valve.

By means of the double sleeve bearing (25), shown in Fig. 4, 
supporting the shaft (5) and support (21) apart from each other, 
static friction is thus avoided which is one of the essential features 

F i g . 5 A s s e m b l y  o f  N e w  S u p e r s e n s i t i v e  F l y b a l l  f o r  this flyball. It is this double bearing feature which makes the
H y d r a u l i c - T u r b i n e  G o v e r n o r  flyball frictionless in respect to the actual motion of the pilot
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F iq . 8 F r o n t  V ie w  o f  C o n t r o l  
B o a r d  U s e d  o n  G o v e r n o r  f o r  
P ic k w ic k  L a n d in g  D a m , T e n 

n e s s e e  V a l l e y  A u t h o r it y , 
A p r i l , 1938

valve and enables such fine degree of regulation to be secured.
A properly designed and proportioned belt-driven flyball has 

heretofore provided a degree of regulation within 0.5 per cent 
but, as the demands for closer regulation have increased, a more 
exact ratio of speed of flyball to rotating turbine shaft has been 
necessitated, or a more exact ratio of the speed of flyball to the 
cycles of the system.

A separate generator for driving the motor-driven flyball is the 
best known means at present of maintaining a fixed ratio between 
the flyballs and turbine shaft. Transformers connected to the 
system for driving these flyballs is the best known method of pro
viding a fixed ratio between the speed of the flyballs and the 
cycles of the system. A fine degree of regulation has been at
tained by both of these methods. The author believes that the 
latter method will ultimately prove to be preferable for main
taining the exact ratio between cycles of the system and rotation 
of the flyball essential to the most perfect regulation. As the 
load changes and, particularly, as the power factor of the gener
ator changes, as it does during the load change and during the 
power-factor change, a difference occurs between the normally 
fixed ratio of rotation of turbine shaft and cycles of the system 
because the pole pieces take up different positions under the 
foregoing conditions with respect to the rotating field. It is true 
that this difference is minute but, since we are straining for the 
most minute regulation possible, it may be that we will have to 
have that definite relation between rotation of flyball and cycles 
of the system which is afforded by using transformers for driving 
the motor-driven flyballs.

Means for translating the minute axial motion of the flyball 
collar, caused by a change of speed of 0.02 per cent with little 
resistance to its movement, comprises a pilot valve 1/ 2 in. in 
diam, controlling admission of oil pressure to two sides of a
2 '/Vin-diam piston. The diameter of the piston is made small so 
that only a minute volume is displaced by a movement of the 
pilot valve corresponding to a change of speed of 0.02 per cent. 
The reaction around the sharp edge of the pilot valve and its 
corresponding port which causes axial force on the pilot valve is, 
of course, in proportion to the velocity through the port, the 
amount of opening of the port, and the diameter of the valve. 
By making the diameter small, the volume and consequently the 
velocity is kept so low as to avoid unfavorable reactions.

By this hydraulic multiplication, the axial force is multiplied 
1000 times for use in moving the main pilot valve of the governor. 
The piston follows the pilot valve so closely that measurements

made show a difference between the position of the two in nor
mal operation not greater than 0.001 in. The pilot valve (15), 
Fig. 3, coacts with a combined sleeve and piston (16) having ports 
(17) and (18). In the old type of governor, the flyball spindle 
was directly connected to the floating lever at point (19). This 
hydraulic multiplying device gives the required force at the point 
(19) to operate the floating lever of the governor with the minute 
speed change.

Fig. 2 is a diagram of a governor in which the supersensitive 
flyball is illustrated at A, the multiplying device at B, and the 
means for causing speed droop at C. The essential elements of 
the remaining parts of the governor are the same as heretofore 
used, except that the restoring mechanism is made unusually 
rigid to provide for an exactness of motion which will permit di
vision of load between the units when the speed droop is of the 
order of 0.5 per cent.

Fig. 6 gives the plottings of simultaneous recordings of fre
quency and shifting stroke of a supersensitive-governor installa
tion. From these curves it is readily seen that the gate motion 
follows a change of frequency of 0.02 per cent.

The supersensitive governor, by reason of its fine degree of 
regulation, provides for a division of load between such units with 
much less speed droop than has heretofore been secured in prac
tical operations. It is believed that the supersensitive governor 
will afford an additional means of operating systems in parallel 
with one another over tie lines of less kilowatt capacity than 
either of the interconnected systems.

Reference is made to Fig. 7, in which the five blocks represent 
five hydroelectric systems which are interconnected by four tie 
lines as indicated. The supersensitive governor provides means 
for moving the gates of all of the turbines in all of the stations 
simultaneously with a speed change of 0.02 per cent. The speed 
droop of the governors in each of the systems may be made dif
ferent from that of the others to cause such relative change of 
gate in each unit in the system as will result in a minimum change 
of power in the connecting line.

Because of the sensitivity of the governor, the speed droops 
may be set as low as 0.1 per cent in some groups with fair division 
of load between units and as high as 6 per cent in another group 
to provide a large gate movement for a given change of speed in 
one group with a resulting smaller change of gate opening in 
another unit of the system.

The possibilities of the supersensitive governor for the regula
tion of systems of tie lines have not been fully explored.



P ow er Swings in H ydroelectric  P o w er P lan ts
B y W. J. RHEINGANS,2 MILWAUKEE, WIS.

Pow er sw in g s c h a rg ea b le  to  h y d ra u lic  tu r b in e s  have  b e e n  
fo u n d  in  h y d ro e lec tr ic  p la n ts  b u ilt  a s  far  b a ck  a s 1912. 
H ow ever, i t  h a s  o n ly  b e e n  d u r in g  th e  la s t  te n  y ea rs th a t  
m u c h  th o u g h t  h a s  b e e n  g iv en  to  su c h  sw in g s , th e ir  c h a r 
a c te r is t ic s , so u rce , a n d  e lim in a t io n . T h e  p u rp o se  o f  th is  
paper is  to  su p p ly  te c h n ic a l  d a ta  o n  th e  su b je c t  a n d  to  
sta r t su c h  d is c u s s io n  a s  m a y  lea d  to  a  b e tte r  u n d e r s ta n d 
in g  o f  th e  p ro b lem . T h e  p ap er sh o w s t h a t  pow er  sw in g s  
are d u e  t o  d r a ft - tu b e  su rg es. I t  d ea ls  w ith  th e  c h a r a c te r 
is t ic s  o f  su c h  su rg es, th e ir  r e la t io n  t o  pow er sw in g s , th e  
e lim in a t io n  o f  su rg es a n d  pow er sw in g s  in  th e  field , i f  
n e c essa ry , a n d  a  c o n s id e r a tio n  o f  th e  fa c to r s  o f  th e  d e s ig n  
o f  a  h y d ro e lec tr ic  u n it  w h ic h  w ill p rev en t sm a ll d r a ft - tu b e  
su rg es fro m  p ro d u cin g  excessiv e  pow er sw in g s . H ow ever, 
th e  p ap er d o es n o t  p r e se n t a  th e o r e t ic a l a n a ly s is  o f  th e  
tr u e  o r ig in  or sou rce  o f  d r a ft - tu b e  su rg es , w h ic h  is  a  m a t 
te r  for fu r th e r  o b serv a tio n  a n d  s tu d y  a n d  for fu tu r e  d is 
c u ss io n .

THE power swings referred to in this paper are the 
fairly regular swings readily apparent in hydroelectric 
power plants on the switchboard indicating instruments, 

such as the ammeters indicating generator-armature current and 
the indicating wattmeters. A distinction is made between power 
swings and load swings in that the former is defined as being a 
pulsation in power output of a generating unit, while a load 
swing is the fluctuation on a transmission and distribution sys
tem due to change in load demand.

Power swings may be identified by their regularity and fre
quency, which is roughly one third of the speed of the unit. Thus 
they are too fast and too regular to be accounted for by any of 
the usual normal changes in demand for load. The amplitude 
of the power swings may be anywhere between 5 per cent to 
practically 100 per cent of the output of the unit. Such swings 
are found only in connection with Francis- and propeller- 
type turbines, which eliminates impulse turbines from con
sideration.

Although power fluctuations can be produced by governor 
hunting, those which are to be discussed occur with the turbine 
guide vanes held in a fixed position, either mechanically or by 
the governor.

Power swings in hydroelectric power plants are not a new 
occurrence of recent years, since they are found in plants built as 
far back as 1912. In those days they attracted but slight atten
tion because they were causing no trouble and were not considered 
harmful to the operation of a power system. Today, with the 
development of long transmission lines, power swings, while 
actually having caused trouble in only a few cases, are sometimes

1 The field data  used in this paper were obtained from a num ber of 
confidential sources. For the purposes of this paper, therefore, i t  has 
been deemed both undesirable and unnecessary to reveal the identity  
of the plants used as illustrations.

2 Test Engineer, Hydraulic D epartm ent, Allis-Chalmers Manufac
turing Company. Mem. A.S.M.E.

Contributed jo intly  by the Hydraulic Division and Power Divi
sion and presented a t  the Annual Meeting, Philadelphia, Pa., 
December 4-8, 1939, of T h e  A m e r i c a n  S o c ie t y  o f  M e c h a n ic a l  
E n g i n e e r s .

N o t e : Statem ents and opinions advanced in papers are to be 
understood as individual expressions of their authors, and no t those 
of the Society.

suspected of being the source of increased transmission-line insta
bility.

S e n s i t iv e  S w it c h b o a r d  I n d ic a t in g  M e t e e s  D e v e l o p e d

One factor responsible for centering attention upon power 
swings recently has been the development of sensitive electrical 
switchboard indicating meters which have very little damping 
effect. The meters in the older plants were quite sluggish, thus 
minimizing any existing fluctuations. The newer meters are 
built for greater accuracy and greater sensitivity; thereby, the 
damping effect has been reduced. They will overtravel during a 
quick power change, the overtravel being particularly pronounced 
when there are comparatively rapid and regular fluctuations in 
power output. Units having any tendency toward swings cause 
the meters to indicate greater power fluctuations than actually 
exist. Tests at one plant showed that the indicating meters were 
overtraveling 20 to 30 per cent during power fluctuations.

This is not meant as a criticism of the electrical meters, since 
they function correctly under ordinary circumstances and do not 
overtravel for slow changes. It does mean that in many cases 
the overtravel of sensitive switchboard indicating meters calls 
attention to power swings which, under other circumstances, 
would be disregarded.

However, sensitive undamped meters do not account for the 
several cases during the last ten years where the magnitude of 
the power swing was so great as to make it impossible to keep the 
units in parallel with other units on the line. It is therefore only 
natural that engineers are giving more and more thought to locat
ing the source of power swings and to their elimination or preven
tion.

A search of the literature on the subject shows practically no 
mention of power swings as thus defined. During some of the 
discussions at National Electric Light Association meetings about 
ten years ago, power swings were mentioned as a probable con
tributory source of electrical instability, but no effort was made 
to analyze them in detail. Therefore, it was thought a paper at 
this time on the characteristics, source, elimination, and preven
tion of power swings, based on ten years’ experience in their 
observation, study, and analysis, would be a valuable contribu
tion to the art.

P o w e r  S w i n g s  C l o s e l y  R e l a t e d  t o  D b a f t - T u b e  S u r g e s

There is now no longer any question but that power swings, 
such as are chargeable to the hydraulic turbine, are closely related 
to and dependent upon surges in the draft tube. This is defi
nitely established from the characteristics of the swings and of 
the draft-tube surges.

Draft-tube surges do not occur in all turbines. Where they are 
absent, there are no power swings that are chargeable to the 
turbine.

Power swings are accompanied by surges in the draft-tube 
vacuum or pressure of exactly the same frequency and by an 
audible swish in the draft tube of similar frequency, Figs. 1 
and 8.

Power swings always occur over a short range of gate openings. 
They build up quickly to a maximum amplitude and disappear at 
higher or lower gate openings. Fig. 2 shows a typical curve of 
amplitude plotted against per cent gate opening. The surges in 
the draft-tube vacuum or pressure follow this same tendency of 
building up to a maximum at the same gate opening at which the
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F i o .  1 R e l a t i o n  B e t w e e n  F r e q u e n c y  o f  P o w e r  S w i n g s  a n d  
D r a f t - T u b e  S u r g e s  f o r  V a r i o u s  G a t e s  o n  a  T u r b i n e  

(A t gates below 35 per oent and  above 65 per oent, pow er swings and  d raft- 
tube  surges disappeared, therefore, no frequencies could be noted.)

maximum power swing occurs. The same is true of the audible 
swish in the draft tube.

The range of frequency of the power swings eliminates the 
possibility of their being a direct function of the turbine speed in 
combination with the number of guide vanes or runner vanes.

The deciding factor, however, is that the power swings can be 
eliminated or greatly reduced by admission of air to the draft 
tube, or by making physical changes in the draft tube, thereby 
changing the flow conditions. This would not be possible, how
ever, if the power swings were not dependent upon the draft- 
tube surges.

The manner in which the draft-tube surges produce the power 
swings is as follows: The fluctuations in draft-tube vacuum or 
pressure cause a fluctuation in the effective head on the turbine 
and thereby cause a fluctuation in the discharge. The fluctua
tions in discharge then produce a further fluctuation in penstock 
pressure due to water hammer. This is proved by the fact that 
draft-tube surges are always accompanied by penstock pressure 
fluctuations of similar frequency. In short penstocks the am
plitude of the penstock fluctuation is small. In long penstocks 
the amplitude is always an appreciable amount and, under certain 
conditions of length of penstock as related to frequency of 
fluctuation, may assume serious proportions, Fig. 3. Since the 
elimination or change of draft-tube surges always eliminates or 
changes the penstock pressure fluctuations, it is certain that the 
draft-tube surges produce the penstock pressure fluctuations and 
not vice versa.

Observation has shown that the penstock pressure fluctuations 
are usually in phase with the draft-tube surges. As the vacuum 
in the draft tube increases, the penstock pressure increases and 
vice versa. Thus the penstock pressure fluctuations may com
bine with the draft-tube surges to create a change in head on the 
turbine, which produces a variation in torque on the runner. 
Since the turbine is connected to a generator, the electrical con
nection of which to a transmission system is in the nature of 
a spring, it is apparent that a regular variation in torque on 
the turbine runner can produce a corresponding oscillation in the 
generator output.

M a g n it u d e  o f  P o w e r  S w i n g s

The magnitude of the power swings also depends upon the re
lation between the frequency of the draft-tube surges and the

F i g . 2  R e l a t io n  B e t w e e n  T u r b i n e  G a t e , F r e q u e n c y  o f  P o w e r  
S w i n g s , A m p l i t u d e  o f  P o w e r  S w i n g s , a n d  A m p l it u d e  o f  D r a f t -  

T u b e  S u r g e s

(Below 35 per cent and  above 65 per cent gate, power swings, and draft-tube 
surges were so sm all and irregular th a t  no frequencies could be determ ined.)

natural frequency of oscillation of the generator connected to 
the power-transmission system. By causing a fluctuation in the 
torque on the turbine runner, the draft-tube surges will impress 
corresponding variations on the generator output. The gener
ator connected to the transmission system has a natural frequency 
of its own which should not be confused with the alternating- 
current frequency of the system. Since the electrical connection 
between the turbine and the transmission system is in the nature 
of a spring as noted, the unit, when tied to the transmission sys
tem, will follow the laws of vibration. These laws state that 
a periodic disturbing force will produce forced vibrations in a 
vibrating body and that the amplitude of the forced vibrations 
will depend upon the magnitude of the disturbing force and upon 
a magnification factor. As the name implies, the magnification 
factor is a multiplier, applied to the amplitude of vibration, which 
amplitude corresponds to the disturbing force acting upon a 
vibrating body. The size of the magnification factor depends 
upon the amount of damping in the vibrating body and upon 
the relation between the frequency of the disturbing force and the 
natural frequency of the vibrating body.

When the periodic disturbing force has a low frequency com
pared with the natural frequency of vibration of the vibrating 
body, the magnification factor approaches unity. When the dis
turbing force has a very high frequency compared to the 
natural frequency of the vibrating body, the magnification factor 
approaches zero. However, when the frequency of the disturbing 
force approaches the natural frequency of the vibrating body, the 
magnification factor becomes very large. This relation is illus
trated in Fig. 4, where the magnification factor is represented as a 
function of the ratio between the disturbing-force frequency and 
the natural frequency of the vibrating body.

The amount of damping in the vibrating body also affects the 
value of the magnification factor, especially when the disturbing 
force approaches resonance with the natural vibrations of the 
vibrating body. This is illustrated in Fig. 4, where the magnifica
tion factor approaches infinity at resonance, when there is zero 
damping.

In the case of a hydroelectric unit, the draft-tube surge is the 
periodic disturbing force and the rotating element of the turbine 
and generator connected to the transmission system is the vibrat
ing body. This presents a problem similar to that of a pulsation
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F i g .  3  R e l a t i o n  B e t w e e n  M a g n i t u d e  o f  D b a f t - T u b e  V a c u u m  S u r g e s ,  
P e n s t o c k  P r e s s u r e  S u r g e s ,  a n d  P e n s t o c k  V i b r a t i o n s  a t  V a r i o u s  L o a d s  

W i t h  A ib  V e n t  t o  D r a f t  T u b e  C l o s e d  a n d  T h e n  O p e n e d  
(T urbine, 1700 kw, 260 ft head, 900 rpm . N o power swings present; frequency of 

vibrations, surges, and  fluctuations 320 per min.)

in power where an internal-combustion engine (reciprocating 
drive) is used to drive a generator.

At this point, it should be emphasized that, in making this 
comparison, the vibrations of the rotating element refer to an 
oscillation in the speed of the rotating parts and do not refer to a 
mechanical vibration of the unit.

In the hydroelectric unit, when the frequency of the draft-tube 
surge approaches the natural frequency of oscillation of the 
generator connected to the transmission system, the magnification 
factor will be large and a small fluctuation in torque on the runner 
can produce a very large forced swing in generator output. It is 
a condition of this sort, combined with low damping in the gener
ator, which produces power swings approaching the full rated 
output of the turbine.

Damping in a generator may be increased by use of amortisseur 
windings which would reduce the magnification factor and thus 
prevent serious power swings. However, it should be noted that 
damping is effective only when the disturbing force is near reso
nance with the natural vibrations of the vibrating body. When 
the frequency of the disturbing force is more than 30 per cent 
higher or more than 30 per cent lower than the natural frequency 
of the vibrating body, damping has very little effect on the 
magnification factor. Therefore, so long as resonance conditions 
are avoided, it is not practical to increase the damping of the 
generator for the sole purpose of reducing possible power swings.

The author knows of only one case in which the combined 
draft-tube surge and penstock-pressure fluctuation was of suffi
cient magnitude to produce a fluctuation in torque on the runner 
corresponding to a power fluctuation greater than 10 per cent of 
the rated turbine output. In this one exceptional case, the 
fluctuation in torque on the runner was 30 per cent of the rated 
output, but the frequency of the torque fluctuation was so high 
compared to the natural frequency of the generator that there 
were no power swings, Fig. 3. In those cases, where the power 
swings exceeded 10 per cent of the rated turbine output, the 
fluctuations in torque were being multiplied due to conditions 
approaching resonance.

P r e v e n t i n g  R e s o n a n c e  t o  E l im in a t e  P o w e r  S w in g s

Thus, if it is possible in the design of a hydroelectric unit to

prevent resonance conditions, the possibility of obtaining large 
power swings will be eliminated. In order for the designer to 
determine whether a condition of resonance will be approached in 
a proposed hydroelectric unit, he must know the frequency of 
the draft-tube surges, if present in the proposed turbine, and the 
natural frequency of the generator as connected to the transmis
sion system. The frequency of the draft-tube surges can be 
determined approximately from an empirical formula based upon 
the following observations:

In one case the speed of the turbine was varied while carrying a 
water-rheostat load and the frequency of the draft-tube surge

F i g .  5  R e l a t i o n  B e t w e e n  S p e e d  o f  a  T u r b i n e  a n d  F r e q u e n c y  o f  
D r a f t - T u b e  S u r g e s  

(D a ta  taken  from  one tu rb ine  by  vary ing  its  speed while on w ater-rheostat
load.)

was determined for various speeds. The results of this test are 
shown by the curve Fig. 5, indicating that the frequency of the 
draft-tube surge varies directly with the speed of the turbine. 

Based on extensive data obtained from various sources, it was
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constant alternating-current frequency, 
tion [2] will then be

Equa-

In the design of a hydroelectric unit, a regu
lation constant is used to give an indication of 
the degree of stability and the regulating quali
ties of the unit under consideration. The formula 
for the regulating constant is

where C — regulating constant
hp = rated output of turbine in horse

power 
From Equation [4]

also found that the frequencies of draft-tube surges and power 
swings have a rough relationship to the speed of the unit for 
various types and sizes of turbines, Fig. 6. This relationship can 
be expressed empirically as

where S  =  approximate frequency of draft-tube surge in cycles 
per min

rpm = speed of turbine in revolutions per min

The natural frequency of the generator connected to a trans
mission system depends upon the generator characteristics and 
transmission-line characteristics. This formula is

Although Pr, the synchronizing power of the generator, de
pends upon the load on the generator, the generator voltage, and 
power factor, as well as upon generator-design characteristics, for 
rough approximation, it can be assumed that

Pr — 2.3 kw rating of the generator
But the kw rating of the generator corresponds approximately 

to the output of the turbine.
Therefore

where
Pr

pr>

= synchronizing power of generator in kw per electrical 
radian

=  kw per electrical radian displacement between gener
ator voltage and transmission-line voltage. This 
displacement is a function of transmission-line charac
teristics such as line reactance, line resistance, and 
load carried on line.

It is not within the scope of this paper to explain the various 
combinations of generators and transmission lines in detail, since 
the calculations can be made by anyone familiar with the theory 
and design of synchronous machines. However, Equation [2] 
may be simplified by assuming the generator to be connected to 
an infinite system, i.e., a system having constant voltage and

This shows that regardless of the size, type, power-output 
rating, speed of the unit, or head on the turbine, the natural fre
quency of its generator connected to an infinite transmission 
system is a function of the system frequency and the regulating 
constant C. The natural frequency of generators connected to a 
finite system will also be a function of the system frequency and 
regulating constant C, but due to factor Pr", the natural fre
quency in these cases will be lower than if the generator were 
connected to an infinite system.

E l im in a t in g  C o n d it io n s  o f  R e s o n a n c e

Thus, when the designer finds that he will have the unfortunate 
combination of draft-tube surge frequency and natural frequency 
of the generator connected to a particular distribution system 
which gives resonance conditions, he can change the speed of unit 
without changing the regulating constant, he can change the 
regulating constant without changing the speed of the unit, or he
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can change both, in order to prevent such resonance conditions.
If the designer changes the speed of the unit but finds it desira

ble to retain the same regulating constant, a change in WR2 of 
the unit will have to be made. With the regulating constant un
changed, the natural frequency of the generator will remain the 
same but the draft-tube surge frequency will change, due to 
the change in speed of the unit.

If it is found possible to change the regulating constant as well 
as the speed of the unit, a change in speed would accomplish both, 
without requiring any change in the WR2 of the unit. This 
would be desirable because a change in speed in this case would 
have opposite effects upon the draft-tube surge frequency and 
upon the natural frequency of the generator. For example, a 
decrease in speed of the unit would decrease the draft-tube surge 
frequency as indicated by Equation [1], and would also decrease 
the regulating constant C, as indicated by Equation [4], provided 
the WR2 remains unchanged.

However, a decrease in the regulating constant would increase 
the natural frequency of the generator as indicated by Equation 
[8] and, thereby, the net effect of a change in speed would be 
away from resonance conditions.

If it is undesirable to change the speed of the unit, the regulat
ing constant would have to be changed by changing the WR2 of 
the unit. This would change the natural frequency of the gener
ator but not the frequency of the draft-tube surges.

The regulating constant C used for the various hydroelectric 
installations has no fixed relation to the turbine size, output, 
speed, or head on the turbine. It does depend upon the type of 
turbine, the transmission system, and upon the regulation desired. 
However, as a general rule, the regulation constant will be be
tween 4,000,000 and 16,000,000. Exceptions to the upper limit 
are the very large low-speed units, where the generator rotor has 
a large WR2 for structural reasons.

Confining this discussion to the smaller units and to a 60-cycle 
system frequency, the very general statement, based on Equation 
[8] may be made that natural frequencies of hydroelectric gener
ators fall within the comparatively small range where the highest 
natural frequency to be expected is about twice the lowest. 
The natural frequencies of the very large units, with a large regu
lating constant, and of units on 50- and 25-cycle alternating- 
current systems would be somewhat below this range.

Accordingly, in low-speed units, i.e., units with low rpm, the 
draft-tube surge frequency is likely to be low enough to be below 
the natural frequency of the generator and, while resonance 
conditions may not be present, the per cent power swing will at 
least be equal to the per cent torque fluctuation on the runner.

Higher-speed units are likely to be in a critical range where 
resonance conditions may be set up.

Above this range of speeds, the draft-tube surge frequency 
will be greater than the natural frequency of the generator, giving 
a magnification factor approaching zero, Fig. 4, and making 
high-speed units remarkably free of power swings. This latter 
condition has been frequently observed in the field.

It should be emphasized that the foregoing are only generaliza
tions and that many individual exceptions can be found. It is 
for this reason that no attempt has been made to set the actual 
speeds at which critical conditions are likely to obtain, nor to fix 
the limits of the natural frequencies of the generators, especially 
since the latter depend upon transmission-line characteristics as 
well as upon the generator characteristics.

V a r ia t io n  o f  D r a f t - T u b e  S u r g e  F r e q u e n c y  W i t h  C h a n g e  i n  
T u r b in e - G a t e  O p e n i n g

A characteristic of the draft-tube surge frequency is its varia
tion with a change in turbine-gate opening, Fig. 1. A change in 
gate opening will bring the draft-tube surge frequency either

closer or farther away from the natural frequency of the gener
ator. This explains in part why the amplitude of power swings 
sometimes varies so greatly for a small change in gate opening.

The frequency of the draft-tube surges remains practically 
fixed for a given gate opening and for small changes in head on the 
turbine. However, the natural frequency of the generator may 
vary depending upon the generator load, power factor, transmis
sion-line characteristics, number of units in parallel, etc., as 
previously mentioned.

Thus one combination will bring the natural frequency of 
oscillation of the generator closer to the frequency of the draft- 
tube surges and will produce greater power swings than another 
combination.

The amount of power swing which can be safely allowed in a 
hydroelectric unit depends largely upon local conditions. In so 
far as the generator alone is concerned, the A.S.A. rules for 
rotating electrical machinery allow a current pulsation of 66 per 
cent of the rated current in motors driving reciprocating machin
ery. No rule is given for generators but, in the design of gener
ators to be driven by reciprocating engines, it is usually considered 
that, if the power swings are kept below 50 per cent of the rated 
output, there will be no serious heating or dangerous increases in 
generator stresses.

E f f e c t  o f  P o w e r  S w i n g s  o n  T r a n s m is s io n  S y s t e m

As to the effect of power swings on a transmission system, it has 
been demonstrated in actual practice that, if the swings are not 
too large, they have no serious effect on the system. There are 
units in operation today which have power swings of 10 per cent 
of the rated turbine output or 16 per cent of the turbine output 
at the gate where the swings occur. Although these units are 
connected to a 200-mile transmission line, exhaustive tests have 
shown that the swings had so little effect upon the operation or 
stability of the system it was not thought desirable to go to the 
slight expense of making the changes which tests had demon
strated would practically eliminate the swings.

Power swings are sometimes transmitted over transmission 
lines to all parts of the system. In one case, power swings on a 
unit were transmitted over about 600 miles of transmission line, 
causing power fluctuations in the output of units at the other end 
of the line. Even this condition did not affect the stability of the 
system.

Power swings if sufficiently large can produce voltage swings. 
This is objectionable because usually there are numerous connec
tions on a system demanding constant voltage. Since the 
fluctuations in voltage as produced by the power swings are quite 
rapid, a heavy burden is placed upon the voltage regulator and, 
although the regulator is constantly trying to correct the voltage 
fluctuations, it can never quite keep up with them.

Power swings constantly tend to change the transmission- 
system frequency. However, on extensive systems with a large 
total WR2, the power swings are relatively so small that the 
change in system frequency is infinitesimal. Therefore, it is 
very seldom that power swings have any effect upon the system 
frequency. So long as power swings do not affect the system fre
quency materially, they will not affect the operation of the turbine 
governor. However, there have been a few instances in which a 
single unit with power swings was connected to an isolated dis
tribution system and produced a large fluctuation in the system 
frequency which affected the operation of the governor. As an 
illustration of this condition, the following case may be cited:

A 250-kw 60-cycle unit was carrying the entire power load in a 
small city. The turbine had a power swing at 75 per cent gate 
of about 25 kw. So long as the system was tied in with a larger 
system, these small power swings could not change the frequency 
noticeably and therefore did no harm. When the system was cut
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loose from all interconnections and operated as an independent 
system the frequency would vary as much as three cycles in 
synchronism with the power swings. This change in frequency 
was reflected in the governor operation. The governor would 
vary the turbine gates, trying to correct for the frequency fluctua
tions. However, the system frequency fluctuated 58 times per 
min and the governor could never catch up with these compara
tively rapid fluctuations. The governor varied the turbine gates 
about 10 per cent at the rate of 10 times per min. This move
ment of the turbine gates had a tendency to accentuate the power 
swings and the system-frequency swings.

The relation between the power swings and system-frequency 
swings in this case was such that, when the power increased, the 
system frequency increased and, when the power decreased, 
the system frequency decreased. This immediately indicated 
that the source of the trouble was in the output of the generat
ing unit and not in a fluctuation of load on the system.

F i n s  A d d e d  t o  D r a f t  T u b e  t o  R e d u c e  P o w e r  S w i n g s

After some experimentation, fins were added to the draft tube, 
Fig. 7, which reduced the power swings and system frequency

fluctuations 75 per cent.
When a unit with draft-tube 

surges is connected to a water- 
rheostat load, the generator output 
remains fairly constant. The fluc
tuation in torque on the runner 
manifests itself in a change in the 
speed of the unit. The change 
in speed is possible under these 
conditions because the only WR2 
in the system is that of the gen
erator and turbine.

As explained and illustrated 
previously, draft-tube surges react 
upon the penstock pressure in such 
a manner as to cause fluctuations 
in the penstock pressure. The 
increase in penstock pressure is not 
sufficient to cause excess stresses 
in the penstock itself. In some 
cases, however, the continued and 
regular fluctuation in penstock 

pressure causes a penstock vibration which may become serious. 
The following case is cited as an illustration of this condition:

Two 1700-kw, 900-rpm units, operating under a head of 260 ft 
were both connected to a single penstock 765 ft long. At outputs 
between 1500 and 1600 kw on either or both units, there was a 
violent draft-tube vacuum surge of 18 ft, a penstock-pressure 
surge of 43 ft, and a penstock vibration of 1/zi in., all at a fre
quency of 320 per min. In this particular case, there were no 
power swings because the frequency of the draft-tube surge was 
considerably higher than the natural frequency of the generator 
connected to the transmission system, which gave a magnification 
factor of practically zero, Fig. 4. This is an excellent example of 
a high-speed turbine being free of power swings despite large 
draft-tube surges. It was found possible to eliminate the draft- 
tube surges, the penstock pressure fluctuations, and the penstock 
vibrations by admission of air to the draft tube, Fig. 3.

Mechanical vibration and rough operation of the turbine some
times accompany draft-tube surges. Whether the draft-tube 
surges cause the rough running and vibration has not been defi
nitely established. There is reason to believe that there is some 
relation between them because the roughness of operation usually 
occurs at the same turbine-gate opening at which the draft-tube 
surges are a maximum and because it has been found possible to

F i g . 7  F i n s  I n s t a l l e d  i n  
D r a f t  T u b e  t o  R e d u c e  

D r a f t - T u b b  S u r g e s  a n d  
P o w e r  S w in g s

reduce vibration and roughness of operation by admission of air 
to the draft tube, which also reduces the draft-tube surges.

F i e l d  M e t h o d s  f o r  R e d u c in g  D r a f t - T u b e  S u r g e s  a n d  P o w e r  
S w in g s

After a unit has been designed, built, installed, and placed in 
operation and then develops draft-tube surges and power swings, 
it becomes necessary to use economical methods in the field to 
eliminate or reduce them. The first criterion of such a method is 
its effect upon power output and efficiency. One of the most 
reliable methods is the admission of air to the draft tube, prefer
ably to the center, either as free air or compressed air, Fig. 3. 
This method invariably reduces the draft-tube surges and thus 
the power swings, but sometimes it affects the power or efficiency 
of the turbine, especially on low-head installations.

F i g . 8  G r a p h i c  R e c o r d  o f  P o w e r  S w i n g s  a n d  D r a f t - T u b b  
S u r g e s  B e f o r e  M a k i n g  A n t  C h a n g e s  i n  T u r b in e

F i g .  9  G r a p h i c  R e c o r d  o f  P o w e r  S w i n g s  a n d  D r a f t - T u b b  
S u r g e s  o n  S a m e  T u r b i n e  a t  S a m e  G a t e  a s  S h o w n  i n  F i g .  8 , A f t e r  

I n s t a l l i n g  F i n s  S i m i l a r  t o  F i g .  7  
(Frequency of power swings =  78 per m in — n a tu ra l frequenoy of generator; 

frequency of d raft-tube  surges “  30 per m in b u t irregular.)

The laws of vibration state that the disturbing force must be 
periodic and regular to produce large forced vibrations. It is 
found that when the draft-tube surges are regular and periodic, 
the power swings are large. If the surges are irregular the power 
swings either are small or nonexistent. This immediately indi
cates that one method of reducing or eliminating power swings is 
to break up the regularity of the draft-tube surges.

Admission of air, besides reducing the draft-tube surges, al
ways tends to break up their regularity. It thus serves a dual 
function in reducing power swings. Another advantage of the 
admission of air is that it can be controlled by the gate movement 
and admitted only at such gates as required.

The disadvantages are that the admission of free air is affected 
by large variations in the tailrace levels. In some cases, where 
the level of the tailrace is above the turbine runner, it becomes 
necessary to force compressed air into the draft tube. It may not 
always be convenient to supply compressed air for this purpose.

Certain changes in draft tubes have also reduced the surges and 
power swings considerably in many cases. Among these, the 
most successful method has been the installation of fairly short 
fins on the walls of the draft tube directly below the runner, Fig. 7. 
The fins break up the swirl in the discharge, change the flow condi
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tions, and cause the draft-tube surges to become irregular, in 
addition to reducing their amplitude, thereby reducing the magni
tude of the load swings, Figs. 8 and 9.

A low cone in the draft tube, if it is of the concentric type 
similar to W. M. White’s hydraucone, has also been successful 
in many cases.

In conclusion, the following facts may be stated as having been 
definitely established:

1 That the power swings chargeable to the hydraulic turbine 
are always accompanied by draft-tube surges and penstock pres
sure fluctuations, but that draft-tube surges and penstock 
pressure surges are not always accompanied by power swings.

2 That the power swings are produced by fluctuations in 
torque on the runner, which in turn are caused by the draft-tube 
surges and penstock pressure fluctuations.

3 That the magnitude of the power swings depends upon the 
magnitude of the change in torque on the runner and upon 
the relation between the frequency of the draft-tube surges 
and the natural frequency of the generator connected to the 
distribution system.

4 That by avoiding resonance of draft-tube surges and 
natural vibrations in the generator during design of a proposed 
hydroelectric unit, serious power swings can be avoided.

5 That power swings as much as 10 per cent of the rated 
output of the generating unit can be tolerated without harm to 
the operation of the unit or stability of the transmission system.

6 That the power swings can be greatly reduced or eliminated 
in the field by admission of air to the draft tube or by making 
physical changes in the draft tube.

D iscussion
A. F. D a b l a n d ." The writer believes that the author was 

present at the Cushman No. 2 hydroelectric plant of the City 
of Tacoma at the time difficulties were encountered because of 
power swings. On that occasion the difficulty was entirely 
overcome by venting the turbine cover plates through small air 
valves, about V/x or 2 in. in diam. Not only were the power 
swings eliminated but a small increase in output of the generators 
was realized due to the smoother flow in the draft tubes, result
ing from the opening of the air vent. The power swing occurred 
at about 0.6 or 0.7 gate opening and the air valve was arranged 
to open automatically at these values of gate openings.

M cN e e l y  D u B o s e . Hydroelectric operators have seemed 
to accept that a water-wheel unit should have a “rough spot” or 
a “jumping point” somewhere in its range of operation. At that 
particular point there might be an uncomfortable vibration, 
an alarming heaving of the penstock, or an occasional step-bearing 
failure, but the point could be quickly passed over. Operators 
learned so well to keep their machines away from it that a year 
or so after installation, this condition was practically forgotten 
by the engineers.

But with passing years, these unstable points have become 
less easily overlooked, for larger generators with longer transmis
sion lines seem to be more susceptible to recurrent hydraulic 
surges than were the smaller units with shorter lines of 30 years 
ago.

Nor is the problem of power swings necessarily restricted to 
some particular gate openings which can be avoided. There 
have been cases where swings originated at comparatively small 
gate openings and continued in greater magnitude up to full 
gate, if the machines could be kept on load up to that point.

Mr. Rheingans points out that little or nothing on this subject

3 Construction Engineer, Bureau of Reclamation, United States 
Departm ent of the Interior, Grand Coulee Dam, Wash.

has appeared in technical literature. That might be amended by 
saying “public” technical literature, for reams of paper have been 
used in correspondence on this subject. Probably this reticence 
is natural. A hydroelectric unit consisting of both water wheel 
and generator may be on occasions a prolific source of “buck 
passing,” which is heartily indulged in by engineers in the field, 
but in general has had so little firm ground to stand on that no one 
has wanted to post it up for studied criticism. As a result, the 
operators have sometimes been caught between the upper and 
nether millstones. In the end their difficulties were straightened 
out, but after months or even years of inconvenience or worse.

So the writer is heartily in favor of anything which tends to 
call this matter to attention and brings out for the general benefit 
experience which so far has been locked away in filing cabinets.

An alternating-current generator is a machine which will os
cillate. Its period is infinitely long at no load and decreases as 
the load builds up. Larger machines have a longer period than 
small machines. The period of even the largest machine at full 
load is seldom slow enough to synchronize with impulses originat
ing in a water wheel, although inductive load and the reactance 
of transmission lines may slow down the rate of oscillation of a 
generator to where it will fall in step with the hydraulic oscillations.

Speaking of the rate of swings, a comparison of calculated and 
observed rates may be of interest. For instance, take the case 
of a group of 65,000-hp units, operating at full gate, connected 
through 28 miles of heavy transmission line to a group of 45,000- 
hp units, operating at about 0.8 gate. About 100,000 hp is 
passing through the line. The calculated period of the larger 
units at full noninductive load by the formula given by the au
thor is 85 cycles per min. The actual observed period of the 
individual generators varies between 77 and 84 per min. The 
oscillation period of the 45,000-hp units at full load is calculated 
to be 100 cycles per min. The observed period of the individual 
units varies between 92 and 116 per min. The effect of the 
transmission line is obviously small. At lighter loads, the fre
quency is observed to drop some 20 per cent.

This example of hydroelectric-generator swings should not be 
confused with system swings. Take the case of two systems each 
with some 750,000 hp of generating capacity connected through a 
weak transmission line 215 miles long. With 30,000 hp passing 
through the tie, the period of the swing is 24 cycles per sec and 
the amount of the swing is some 15,000 hp. But while this is 
going on, the individual generators of the system are swinging 
at their own higher periods.

Hydraulic-turbine oscillations are always at a comparatively 
slow period. The writer has never observed recurrent surges in a 
low- to medium-head turbine at a rate much lower than 30 or 
greater than 60 per min, and doubts if it is possible for them to 
exceed the latter rate by much. However, it should not be for
gotten that impulses may be transmitted materially to the gener
ator when its period is a multiple of that of the water wheel.

The hydraulic designers are the ones who must deal first 
with the problem of power swings. They should receive the 
full collaboration of the operators in so far as their intentions go 
regarding generator characteristics and system connections. 
However, requirements of system stability and the geographic 
locations of power sites often permit very little leeway for helpful 
changes in generator design, other than the addition of damper 
windings. But that is a case of attacking the symptom instead of 
the disease.

J. P. G b o w d o n 4 a n d  D. J. B l b i f o s s .6 It has long been known

4 Chief Hydraulic Engineer, Aluminum Company of Amerioa, 
Pittsburgh, Pa. Mem. A.S.M.E.

5 Assistant Hydraulic Engineer, Aluminum Company of America, 
Pittsburgh, Pa.
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that occasionally objectionable power swings are observed in 
hydroelectric units, but to the writers’ knowledge, the author 
is the first to discuss them publicly. Heretofore, such dif
ficulties have been treated as dark secrets between the purchaser 
and the manufacturer, otherwise the purchaser has suffered in 
silence.

The author states in conclusion that six facts are definitely 
established. Proceeding to a discussion of these points in the 
same order, the writers offer the following:

1 It is probably true that power swings chargeable to a 
hydraulic turbine are always accompanied by draft-tube surges, 
but perhaps not necessarily by penstock pressure fluctuations. 
It is likewise true that draft-tube surges do not always result in 
power swings. This may be because the surges themselves are 
irregular, or because the natural period of the generator does not 
coincide with that of the surges, i.e., there is no resonance. How
ever, the absence of power swings in the presence of draft-tube 
surges is not evidence that the unit has been correctly designed; 
on the contrary, the presence of the surges is evidence of incor
rect design. It is certain that no design could result in abso
lutely smooth flow; it is equally certain that bad design will 
result in very rough flow.

2 The writers agree that swings are caused by variation in 
torque on the runner, caused by draft-tube disturbances. These 
disturbances, of course, are due to unstable flow conditions, 
which in turn are the result of excessive swirl in the water or 
improper distribution of flow. The ideal condition would be 
that in which all water flowed vertically as it left the runner, 
and the draft tube was filled with water flowing at a uniform 
velocity. For any given runner, at a given speed, this condi
tion is approximated at only one combination of gate opening 
and head, but divergences from this condition are minimized 
by correct design.

3 The writers agree that the magnitude of the swings is de
pendent upon the relation between frequency and magnitude of 
disturbances on one hand and the natural frequency of the unit 
on the other, if there are no contributing conditions in the con
nected system.

4 The writers agree that by avoiding resonance between 
frequency of surges and vibrations of the generator, serious 
swings may be avoided. At this point, however, they wish to 
emphasize that this is not the complete story. Although the 
swings may be thus avoided, the tendency may be there, and 
the efficiency of the unit consequently less than should be ex
pected. It would seem that a far better method of prevention 
would be to design the turbine so that surges do not occur.

5 The writers think that while power surges of 10 per cent 
of the rated capacity of a unit may be tolerable, they are still most 
undesirable.

6 The writers agree that power swings can be reduced or 
eliminated by admitting air to the draft tube. They realize that 
normal operation of a Francis turbine involves admission of 
certain amounts of air at certain gate openings. Admission of 
air in greater amounts than these, and for the purpose of reduc
ing or eliminating swings which have developed, must involve 
some loss of power. As to draft-tube alterations, the writers 
have no experience, but wish to indulge in a little speculation. 
It appears that the difficulties of placing fins in a draft tube al
ready built might be enormous. Consider a unit discharging 
4000 cfs, with maximum velocities of 40 ft per sec, and the prob
lem of putting in fins which will stay is a real problem. Further, 
swirling in a draft tube indicates that the water is leaving the 
runner with some inclination from the vertical; this inclination 
varies with the gate opening, and it would appear that when it is a 
maximum the fins must cause considerable disturbance and con
sequent loss of power.

The writers wish to point out that either admission of air, or 
alteration of the draft tube is a palliative or partial remedy, and to 
remind the profession of the old adage concerning the desir
ability of “an ounce of prevention.”

In explanation of the writers’ position, they wish to cite a 
specific example, where power swings on large units were some
times of such magnitude as to preclude operation at full load.

Each unit consisted of a Francis-type turbine and an a-c gener
ator. Turbines were rated at 55,500 hp at 135-ft head, the speed 
was 120 rpm, and the WR2 about 66,920,000. Using the author’s 
formula for a generator connected to an infinite system, the 
natural frequency is found to be about 85.5 cycles per min. The 
draft tube was of the simple elbow type, divided for some dis
tance in from the mouth by a vertical pier.

When the first unit was put on the line, it was allowed to 
carry 8000 kw for several hours. Then the load was increased 
to 15,000 kw and it carried this load overnight, although swings 
of about 2000 kw were noted. The next day load was increased 
by increments of 5000 kw to the maximum of about 39,000 kw. 
At a load of 30,000 kw, power swings of an amplitude of 6000 to 
10,000 kw were observed, increasing slightly above this load. 
These swings had a frequency of about 80 cycles per min. They 
were not consistent. They would at times arise and die without 
apparent cause, when there was a constant load on the system. 
The electrical system was investigated for possible resonance or 
disturbing conditions; nothing was found which could in any 
way contribute to the swings. Swinging occurred over the en
tire gate-opening range.

The draft-tube discharge was very turbulent; at the higher 
loads most of the water appeared to be leaving through the 
right one half of the right one half of the draft tube. At lower 
gates, there was actually re-entrant flow in the left half of the tube. 
Variations of several feet in tail-water elevation demonstrated 
that it had no effect on the power swings; they were observed at 
high tail water as well as low.

The portion of the draft tube just below the runner was lined 
with steel. On the upstream side of this liner there is a mandoor. 
A pitot tube was inserted horizontally through a stuffing box 
in this door, and conditions of flow were studied at an elevation
7.5 ft below the center line of the runner or, rather, the center 
line of the scroll case. The pitot tube was so constructed that it 
could be rotated, and thus the angle of flow as well as veloc
ity could be determined. A mercury manometer was used in 
connection with the pitot tube. Observations were taken in as far 
as 3 ft from the draft-tube liner; since the draft tube has here a 
diameter of about 14 ft, conditions of flow were determined in the 
outer 67 per cent of the draft-tube area. Results of a Gibson 
test on the unit were available, so that the discharge for any given 
gate opening and head was known. Thus, knowing the vertical 
component of velocity over 67 per cent of the draft-tube area, 
it was possible to estimate very closely the vertical component of 
velocity in the remaining 33 per cent.

For each set of measurements, the turbine gates were blocked 
at a certain opening, and conditions were such that head and tail 
water did not vary. A constant discharge was thus assured. 
Readings were started with the pitot-tube orifice pointing straight 
up; the tube was then rotated, stopping every 30 deg for an ob
servation. The difference between the legs of the manometer, in 
inches of mercury, was recorded at each observation. These 
readings were plotted as follows:

A circle was drawn, the circumference representing a zero 
reading of the manometer. Pressures were plotted radially out
ward from this circle, vacua radially inward, at the directions 
observed. A smooth curve connecting the plotted points resulted 
in a characteristically pear-shaped figure, the major axis of which 
represented the direction of flow.
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The water whirled with the runner at all gates; the inclina
tion of flow from the vertical varied, for instance, from 51 deg 
at 0.3 gate to 18 deg at full gate, 15 in. inside the liner. Vertical 
components of velocity varied as follows:

1 At the liner, 19 ft at 0.3 gate to 9 ft at full gate.
2 Two feet in from the liner, 7 ft at 0.3 gate to 21 ft at full 

gate.
3 At the center, zero at 0.3 gate to 0.5 gate, a maximum of 45 

ft at full gate.

Thus two things were apparent (1) there was excessive swirl, 
(2) there was a very uneven distribution of velocity. The first 
indicated that water was leaving the runner at an incorrect angle; 
the second, that it was leaving the runner in the wrong places. 
From the figures stated, it will be noted that, at full gate, the 
vertical component of velocity varied from 9 ft at the liner to 45 
ft at the center. Most of the discharge was concentrated at the 
middle of the tube.

It was speedily found that, by admitting air to the space under
neath the runner through the hollow turbine and generator 
shafts, the power swings could be greatly reduced or entirely 
eliminated; this fact, with other observations, led to the conclu
sion that the trouble was caused by disturbances in the draft tube.

Unfortunately, the admission of air resulted in a power loss 
of from 1500 to 2000 kw as determined by an integrating watt- 
hour meter, and was accompanied by a distinctly objectionable 
•whistling noise.

The vacuum gage on the draft tube was unsteady, but never 
indicated a variation regular enough to account for the power 
swings, and penstock pressure never varied more than 1 lb on the 
gage.

The turbine manufacturer studied the problem thoroughly, ex
perimenting both on the units in the field and on models, and 
finally decided on an alteration of the runner. Each runner was 
cast steel, 155 in. in diam, with 15 buckets. At the lower edge 
of each bucket a roughly triangular piece was removed, about 
24y 2 in. long, and varying in width from 9x/ 2 in. at the band 
to 0. This piece was drilled and chipped out at its junction 
with the band and burned elsewhere. The remodeled runner 
operates satisfactorily with no air coming through the hollow 
shaft, and there is a slight increase in power as compared with 
the original runner operating with no air. An automatic air 
valve in the cover plate admits air up to about 0.85 gate opening. 
Maximum amplitude of swing with the remodeled runner is 2000 
kw.

The writers wish to state that the turbine manufacturers de
serve great credit for their determined attack on what was, at the 
time, a new problem, and for their arrival at a fundamentally 
correct solution.

R. G. M a c D o n a l d . 6 The writer concurs essentially with the 
conclusions of the author. The bases of the writer’s opinions are 
specific instances in which approximately the same phenomena 
and the same effects of corrective measures have been observed.

Unfortunately, at this time, the identity of the plants from 
which data were collected cannot be revealed, due to its confiden
tial nature. However, without reference to the plants or the 
identity of the equipment manufacturers involved, some of 
the conditions which were observed before and after corrective 
measures were applied will be outlined briefly.

In one instance a unit of moderate rating, when connected to a 
very complicated system with extremely long interconnected 
transmission lines, and a very large system WR2, at a “critical” 
turbine gate opening, were subjected to power swings of about 25

6 Boulder City, Nev.

per cent of the load being carried at the time, and reflected swings 
of about 10 per cent of the load carried were observed at very 
large units which were at the time operating in parallel with 
the smaller unit. Upon separating from the last-mentioned 
system, swings on both systems almost completely disappeared. 
Bearing in mind the fact that the gate opening, magnitude, and 
frequency of the draft-tube swings remained unchanged, it is 
obvious that alterations of the system characteristics were alone 
responsible for the power swings.

After the separation there still remained at least 600 miles of 
transmission systems connected in parallel, but the WR2 was a 
small fraction of that existing during the first test when all units 
and systems were in parallel. This combination resembled a 
three-tine fork, each tine being a transmission line of 250 miles 
or over in length, the handle representing the loading of each 
system. At the time of separation, the central tine was removed 
leaving a Y-shaped transmission-and-distribution system. No 
undue power swings were caused by the addition, at the junc
tion of the two transmission lines, of another system approxi
mately 100 miles long. The combined WR2 in this case re
mained at a low value.

It was learned that changing the magnitude and/or the fre
quency of the draft-tube swings also altered the values of the load 
swings, and in most cases maneuvering completely removed ob
jectionable power swings.

The writer is familiar with one plant where all draft tubes have 
nearly the same swings, with respect to value and frequency, 
where different units are operated over isolated transmission 
systems having dissimilar characteristics. In some instances 
power swings are in evidence and in others none exists. There
fore, it follows that units operating on a given system may have 
power swings on another, due to changes in system characteristics.

Considering the most troublesome unit in this plant, at ap
proximately one-half load on the turbine, power swings equal to 
about 5/ s of the rated capacity were present.

Oscillograms were taken to record the frequencies of the draft 
tube and power swings and the natural frequency of the system. 
It was found they had approximately the same period. The 
natural period of the system was determined by taking an oscillo
gram of the armature current and a timing wave during a paral
leling operation with the incoming machine slightly out of phase 
with the transmission system. Excellent pictures can be ob
tained by the proper timing and operation of an oscillograph. 
Films can be superimposed making frequency relations obvious by 
inspection.

A companion unit of the same dimensions and capacity which 
had draft-tube fins did not produce power swings in excess of 
10 per cent of the rated capacity. The fins used wrere similar to 
those described by the author. During the test, the turbine 
gates were set at the most critical point. Free air was admitted 
through the fins. Thus the installation of fins in the draft tube 
reduced swings to about Vio of their former value.

It is interesting to note the reduced value of power swings ob
tained when two similar units, one with draft-tube fins and the 
other without, were operated in parallel. This appears to 
prove that reduced power swings result from both a change of 
system characteristics and the addition of a stabilizing unit, 
the draft-tube swings of which have been brought under control.

At this point, the writer wishes to supplement the author’s 
sixth conclusion by the following statement: The corrective 
effect of air in the draft tube is proportional to the ability of the 
equipment to cause the air to reach the points where it is most 
needed.

Installation of hydraucones, fins, air, and other devices at least 
partially correct power-swing troubles arising from draft-tube 
swings. This indicates that factors in design can be considered
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rather than changing the speed as would be indicated by Fig. 5 of 
the paper.

It appears that the only manner in which this problem can be 
solved, as a matter of prevention rather than correction, wherein 
much psychology must of necessity be involved, lies in newer and 
better methods of model testing. It appears to the writer that 
actual pressures and of course velocities, together with scale 
models of penstocks and draft tubes, must be employed in testing 
model runners. This sort of testing would be in addition to the 
orthodox “flume” test as now practiced. Much about cavita
tion could be learned at the same time.

L. F. M o o d y .7 The author has made a useful contribution in 
calling attention to a problem which has received little attention 
in the literature, and in investigating and recording factual data 
and certain conclusions relating to the influence of some of the 
chief factors involved. The problem is a complex one, and as the 
author points out, further analysis is needed to establish a basis 
of theory. It is hoped that he and others will continue this in
vestigation so that we have a rational framework behind the em
pirical conclusions.

Some preliminary hypothesis seems necessary if we are to 
try to account for the phenomena of power swings. It seems 
to the writer that we cannot explain the action as due pri
marily to such factors as elastic pressure waves in the water 
column, which have a constant frequency depending only on the 
length of the conduit and the wave velocity, both of which are 
constant, or torsional vibration of the turbine shaft and runner, 
which also has a constant frequency. Nor can we explain it as a 
slower surge of the water column as a whole, treated as an inelastic 
medium. Liquid in a U-tube, having free surfaces, can be made 
to oscillate harmonically; but the turbine water column ter
minates in fixed head- and tail-water surfaces. The writer has 
from curiosity set up the equation for accelerated flow in the 
system, imagining a momentary disturbance of equilibrium; but 
the solution is similar to that for a suddenly opened valve at the 
end of a pipe line. The flow approaches the steady value asymp
totically along a smooth curve of logarithmic form, and is non- 
oscillatory.

These considerations lead the writer to suggest the presence 
of an elastic medium, such as an air or vapor cavity, somewhere in 
the system. The point where this may be expected is around the 
axis of the draft tube just below the runner. Under part gate 
operation, the reduced discharge through the constant runner 
areas of course results in reduced relative exit velocity and con
sequent forward absolute whirl of the outflow. The draft-tube 
vortex involves flow separation near the axis and invites the 
formation of a hollow core in which entrained air can accumulate; 
and probably in many cases where power swings and draft-tube 
surges are marked, a vapor-filled cavity is formed. After the 
foregoing suggestion was offered the writer had the opportunity 
of witnessing a motion picture which it is hoped can be shown 
again. This was contributed by I. A. Winter of the U. S. Bureau 
of Reclamation and showed the flow within a transparent tur
bine model. At part gate operation this illustrated clearly the 
presence of a vortex core, accompanied by instability of flow.

The surging of the draft-tube water column, resulting from the 
presence of air or vapor, may be of more consequence in its 
direct effects than in the power swings it causes in the generator 
output. If the turbine setting does not provide much margin 
over the critical cavitation coefficient of the turbine, a unit which 
would operate perfectly under steady conditions may cavitate 
when a draft-tube surge sets in, the cavitation then accentuating 
and maintaining the surge.

! Professor of Hydraulic Engineering, Princeton University, Prince
ton, N. J. Mem. A.S.M.E.

The method of combating surges, vibration, and power swings 
by air admission has of course been often used. Fortunately 
gate-controlled air admission is provided in most modern turbines 
of higher specific speeds, although special means may have to be 
added to get the air into the vortex core. The writer might 
mention one case where an air pipe was inserted through the 
draft-tube wall, extending near enough to the axis to reach 
the vortex core and effectively keeping the surges within bounds. 
Guiding fins on the draft-tube wall are an undesirable remedy, 
from considerations of turbine efficiency.

Since power swings and surges occur in turbines under fixed- 
gate operation, it is likely that similar phenomena may occa
sionally occur in pumps, particularly in propeller or mixed-flow 
pumps and, in general, whenever whirl may be induced in the 
suction space.

J. F. R o b e r t s .8 The six conclusions at the end of the paper 
form a complete summary, but it is believed the fifth is open to 
discussion. This fifth conclusion reads as follows: “That 
power swings as much as 10 per cent of the rated output of the 
generating unit can be tolerated without harm to the operation 
of the unit or stability of the transmission system.” It is pos
sible that the author is endeavoring to educate the users to expect 
this much power swing. However, while the writer would not 
state definitely that 10 per cent swing might do serious damage, 
he feels that it certainly would be objectionable and cause un
easiness to the operator. Considering that, with a 50,000-hp 
unit, this would mean a power swing in the order of 5000 kw, it 
would certainly occasion comment. Possibly, with a 3000- or 
4000-hp unit, a power swing of 300 or 400 kw might not be con
sidered objectionable; but in general, it is felt that 10 per cent 
is two or three times what could be passed without serious objec
tion.

Regarding the fourth conclusion, that resonance between the 
draft-tube surges and the natural vibration of the generator 
may be avoided during design, this would involve a large amount 
of money if it were done by increasing the WR2 of the generator. 
For instance, doubling the WR2 of the generator would reduce 
the ratio between the frequency of the disturbing forces and the 
natural frequency of the electrical system from 1 to 0.75, or only 
25 per cent; but such an increase in the WR2 of the generator 
would probably amount to a considerable percentage of the 
original cost of the generator. If the result can be achieved by 
the use of fins installed in the draft tube or by the admission of 
air under the runner, these solutions are far more economical 
than the increase of WR2 of the generator.

The author does not state whether or not the addition of the 
fins affects the performance of the draft tube and the over-all 
efficiency of the unit. The writer believes such a statement 
would be enlightening to the members of the Society.

R. E. B. S h a r p . 9 The author has called attention to an im
portant factor in the design of hydroelectric units, and has sub
mitted valuable data for the study of the phenomenon of power 
swings. The writer is as yet able to offer only one instance of a 
power swing and its relation to draft-tube surges. In this in
stance: Rpm = 187.5; observed frequency of draft-tube swings

rpm
at about 0.82 gate =  80 to 86 per min = S, whereas ----  =  52,

3.6

F =  46,000 •%!- = 46,000 \  — — = 62.2; power swing 
Tc >13,700,000 ’ H 8

8 Principal Mechanical Engineer of Design, Tennessee Valley 
A uthority, Knoxville, Tenn. Mem. A.S.M.E.

9 Chief Engineer, I. P. Morris Division, Baldwin-Southwark 
Corporation, Philadelphia, Pa. Mem. A.S.M.E.
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5000 kw (full load about 46,000 kw); penstock pressure swings 
115 to 125 lb per sq in.

The wide discrepancy between the author’s value for S  and 
that actually observed may be due to the large gate opening at 
which the draft-tube disturbances occurred in this instance. 
On the other hand, another unit in the same station of different 
design encountered draft-tube disturbances just as severe but 
at a much higher frequency, about the same as the normal rpm 
of the unit, namely 187.5, but with no power swings. The 
draft-tube design as well as the runners were different for the two 
units.

For the instance cited, at least, severe power swings resulted 
where S actually was more than 50 per cent greater than the value

rpm
indicated by the author’s empirical formula S =  ——. A more

3.6
accurate method for determining this frequency, therefore, ap
pears desirable. If the undesirable relation between F =  natural 
generator frequency and that of draft-tube swings is to be 
avoided, where possible, in the design state it is naturally im
portant to predict closely the dangerous zone to be avoided. 
While air admission valves are today a standard turbine acces
sory, and they are known to reduce or even eliminate draft-tube 
surges, it is, of course, wise where practicable to avoid the zone of 
resonance.

From a broad standpoint, it appears important to the writer 
that turbine manufacturers exchange complete experience data 
relative to draft-tube surges, both in cases where power swings 
have and have not occurred, in order to be in the most favorable 
position to reduce or eliminate, if possible, the tendency for such 
surges to occur. Due to the many factors which enter into this 
problem, this procedure should result in its quickest solution 
to the benefit of all concerned.

G. R. S t r a n d b e r g . 10 The data collected to date on the sub
ject of power swings have been rather limited since in most cases 
the load swing has been so small in comparison to the size of the 
system to which the units have been connected that system opera
tion was not affected. The writer has observed load swings on 
units of several plants built from 1912 to recent years and has 
data showing a maximum load swing of about 20 per cent on units 
of one plant.

The author states that in cases of power swing there is always a 
pressure swing in the penstock accompanied by a vacuum swing 
in the draft tube and that maximum pressure in the first case 
occurs with maximum vacuum in the latter. If the surges in 
the draft tube were in phase over the entire draft tube, it would 
seem to the writer impossible for an increase in vacuum in the 
draft tube to cause a pressure rise in the penstock. In one in
stallation, gages at quarter points in the draft tube showed that 
the surge was not in phase at all points. Diametrically opposite 
points were out of phase 180 deg and points 90 deg from each 
other were out of phase 90 deg. The phase rotation was clock
wise on units rotating clockwise looking down on the unit. It is 
possible that the pressure swing in the penstock is caused by the 
rotation of the vacuum surge around the draft tube passing the 
nose point of the scroll case. It would be interesting to know 
whether pressure swing in the flume or load swing has occurred in 
any plant having closed flume setting with no scroll-case nose 
point connecting the wall to the speed ring.

In one plant, where two units were connected to a single trans
mission line, the indicated maximum combined load swing was 3 
times the indicated maximum load swing of a single unit and the

10 Hydraulic Engineer, Stone & W ebster Engineering Corporation,
Boston, Mass.

same indication was obtained at both the generating and the re
ceiving ends.

Vertical steel-plate fins installed in the draft tube below the 
runner in an effort to correct load swings materially reduced them, 
and the reduction was increased as the width of fin increased. 
Tests indicated little or no change in reduction whether the 
fins were located immediately below the runner or several feet 
lower in the draft tube. With too wide a fin, however, the draft 
tube became noisier and the indications were that the width of 
fin would have to be limited for structural reasons. The fact 
that such fins materially reduce the load swing indicates that the 
rotating component in the unit discharge has a material relation 
to the load swings.

I. A. W i n t e r .11 The writer has had occasion to observe the 
phenomenon described by the author and is greatly impressed 
by the apparent agreement with the conclusions expressed and 
results obtained for installations familiar to the writer. The 
paper quite properly is limited to a discussion of power swings 
associated with resonant pressure changes in the draft tube, al
though the title would indicate a much broader field of applica
tion.

Power swings from other sources in an interconnected hy
droelectric system are of a nature equally as involved and dif
ficult of solution as the power swings described in the paper. 
Notable among these objectionable phenomena of regulation and 
control are those of incipient instability of hydraulic penstock 
systems with surge tanks, where the length of penstock is greater 
than 4 to 5 times the head on the unit, and the inherent inability 
of present-day governors to effect proper distribution of load 
between hydrounits operating in parallel as required for efficient 
operation, and to carry correct time throughout a 24-hr period 
as is now universally expected by electric-clock users.

A series of tests was conducted at the Guernsey power plant 
of the North Platte Project in Wyoming for the purpose of deter
mining if the so-called incipient instability12 of relatively long 
penstocks with surge tanks and under low heads and the draft- 
tube-surge phenomenon are tangible and inviolate or if other 
unknown factors could be responsible for the troubles now at
tributed to these phenomena.

The Guernsey power plant consists of two 3400-hp vertical- 
shaft, single-runner, Francis-type, spiral-casing turbines operat
ing at 240 rpm under an average effective head of 80 ft. Each 
turbine is equipped with a conical-plate steel draft tube discharg
ing into an open rectangular flume. Power water is supplied 
through a 12-ft-diam single penstock 850 ft in length, terminat
ing with bifurcated branches, 8 ft 6 in. in diam and at a distance 
approximately 70 ft from the point of attachment to the tur- 
bine-scroll cases. In the 12-ft-diam penstock immediately above 
the bifurcated branch, there is located a simple surge tank, 
22 ft in diam, and 85 ft in height with a restricted orifice in the 
bottom 7 ft 6 in. in diam. Units A and B in this plant were 
installed at different times and are of different manufacture.

Analytical investigation of the hydraulic characteristic of the 
penstock system made before the tests were started indicated 
that the period of the incipient surge should be approximately 55 
sec. Using the author’s Equation [1], it was estimated that the 
frequency S  of the draft-tube surge if present would be approxi
mately 67 cycles per min. Observations made during the tests 
established the period of the secondary surge in the penstock and 
surge-tank system as being 54 sec with an amplitude of 0.25 ft

11 Senior Engineer, Bureau of Reclamation, United States D epart
m ent of the Interior, Denver, Colo.

18 “Teat for Incipient S tability ,” Hydroelectric Handbook by 
W. P. Creager and J. D. Justin, John Wiley and Sons, Inc., New 
York, N. Y„ 1927, p. 533.
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when discharging a total flow of 462 cfs, which is in substantial 
agreement with the calculated values.

Unit A, when operating at 30 per cent gate opening, developed a 
surge in the draft tube of 54 cycles per min with pressure varia
tions from 5 to 10 ft of water. The draft-tube pressure gage 
on unit B was quite steady. The total load on the distribution 
system in which the units were generating amounted to only 
5000 kw and no evidence of power swings coordinated with the 
draft-tube surge in unit A could be observed. It is, therefore, 
quite obvious that resonant pressure surges in the draft tube 
cannot alone be responsible for objectionable power swings in the 
distribution system. It was also demonstrated that the pressure 
surges are not a characteristic of the type of draft tube, since both 
units A and B have identical draft tubes of the straight conical 
type. A further conclusion which may be drawn from these 
tests is that the formation of resonant surges in the draft tube can 
be prevented by the proper design of turbine runner.

Field investigations of the draft-tube surges made at Guernsey 
had been preceded by experiments made on a 6-in. model turbine 
in the laboratory of the Denver office of the Bureau of Reclama
tion, using scroll cases and draft tubes made of pyralin, which 
permitted visual observations of the phenomena as developed 
both in the scroll case and draft tube. Motion-picture records 
made of these tests show clearly the formation of a void at the 
runner tip, which gradually tapers in size to a point and dis
appears as it reaches the horizontal discharge portion of the 
draft tube. The conical-shaped void has a spiral motion at its 
boundary identical with that of the ordinary surface vortex with 
the exception that the spiral has a second motion of rotation which 
is about the center of the draft tube and has a frequency of rotation 
at its tail described by the author as being approximately Vs of 
the speed of the turbine. The use of pyralin models of the type 
described opens the field of investigation of homologous turbines 
for individual designs which will establish the characteristics of 
the runners with respect to the formation of the void at the tip 
of the runner. Should this procedure be followed, it is conceiv
able that runners could be designed which would be entirely 
free from the troubles now being experienced.

From the limited amount of data available, a magnification 
factor of 1.5 or less using curve No. 2 in Fig. 4 of the paper may be 
tentatively selected as indicating that power swings, resulting 
from resonant surges in the draft tube, will not cause operating 
difficulties. A study of the magnification factors for a number 
of units installed or contracted for is shown in Table 1, using 
notations identical with those of the author. Significant facts 
revealed by these figures are as follows:

Unit No. 1 with a magnification factor of 2.1 developed power 
swings of a magnitude such that the unit could not be operated 
in parallel with a system carrying a load in excess of 1,000,000 kw. 
This unit was corrected by the admission of air to the center of 
the runner, thereby permitting a more uniform volume to be

maintained in the void forming immediately below the tip of the 
runner. This correction demonstrated that the formation of 
the void alone is not detrimental but it is the making and break
ing of the void thatcreates the objectionable surges.

This solution of the difficulty has been fully described by the 
author but the writer does not agree that the admission of air 
breaks up the surge in the manner of the draft-tube fins shown in 
Fig. 7.

Of second interest in Table 1 is unit No. 2 with a magnification 
factor of 1.6. This unit developed trouble identical to unit No. 1, 
but of lesser magnitude, and was placed in successful operation 
in the same manner as described for unit No. 1.

Unit No. 3 in the table has a magnification factor of 5 and 
power surges developed so critically that the unit could not be 
operated throughout approximately 60 per cent of the power 
range. The use of compressed air forced in at the center of the 
runner failed to correct the troubles as described for units Nos. 
1 and 2. Units Nos. 3 and 4 are units of identical design and 
capacity. When units Nos. 3 and 4 are operated in parallel, 
the magnification factor is reduced from 5 to 1.6 and it is possible 
to operate both units satisfactorily throughout their entire power 
range with a moderate amount of compressed air (350 cfm) ad
mitted at the center of the runner. Unit No. 3 has fins installed 
as illustrated in Fig. 7, which are effective in breaking up the 
swirls and thereby reduce the draft-tube surges which permits 
operating the unit throughout its entire power range. Compari
son of these two units, when operating singly and in parallel, 
is an outstanding example of the conclusion drawn by the author 
that the magnitude of the power swings depends upon the rela
tion between the frequency of the draft-tube surge and the 
natural frequency of the generator.

Further examination of the units listed in Table 1 tends to 
demonstrate the conclusion that a magnification factor of 1.5 
and below represents a reasonably safe installation factor. For 
example, unit No. 5 is the Guernsey unit previously described with 
a magnification factor of 1.2. No trouble of any nature could be 
traced to this unit in the development of unstable power swings 
in the generating system. Unit No. 6 has been given a prelimi
nary test with the results as indicated in the table and it appears 
that correction by the admission of air to the center of the runner 
will be necessary to eliminate power swings effectively due to 
surges originating in the draft tube.

Units Nos. 7, 8, and 9 are units which have not been installed 
but are under construction or contract and will be placed in opera
tion in the near future. It appears that units Nos. 7 and 9 may 
be expected to give no trouble from power swings originating in 
the draft tube. However, it is proposed to investigate unit No. 8 
with models using pyralin draft tubes and scroll cases for the 
purpose of determining whether the runners as designed are favor
able or unfavorable from the standpoint of the development of a 
spiral void below the runner.

For the convenience of those interested in investigating the 
effect of the electrical characteristics of a particular generator or 
transmission line, the following formulas are applicable:

The value of Pr, Equation [7] of the paper, for a particular 
generator may be calculated as follows:
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In summary it may be stated that the author offers an em
pirical method of calculating the natural frequency of draft-tube 
surges, reviews the method of calculating the natural frequency 
of the electrical system, and concludes that the factor having the 
greatest influence on the magnitude of the power swings is 
the relation between the frequency of the draft-tube surge and the 
natural frequency of oscillation of the generator and its inter
connected power-distribution system. When based on the 
meager experience with units as outlined in Table 1, the follow
ing additional conclusions may be drawn:

(o) A magnification factor of 1.5 or less indicates that power 
swings will not cause any operating difficulty.

(6) The effect of the transmission line is to lower the natural 
frequency of the electrical system.

(c) For the case of one generator connected to a long trans
mission line, the effect of the transmission line must be included.

(d) For the case of two or more generators operating in paral
lel, the maximum frequency approaches the maximum frequency 
of one generator connected to an infinite bus.

(e) A runner designed to avoid excessive whirl at the center 
of the draft tube throughout the critical range will not produce 
power swings of the character described in the paper.

A u t h o r ’s  C l o s u r e

Mr. Darland mentions the venting of the cover plates at the 
Cushman No. 2 hydroelectric plant. This is one of the few cases 
where venting reduced the power swings without causing a ma
terial reduction in turbine efficiency. The power swings in this 
case were small, being less than 5 per cent of the rated output 
and, thus, a large reduction in the swings was obtained with a 
small amount of air admitted to the draft tube.

The close agreement Mr. DuBose obtained between calculated 
and observed values of the natural periods of oscillation of vari
ous generators is very gratifying and establishes the fact that the 
natural period of a generator may readily be calculated during 
the design stage.

Mr. DuBose questions whether it is possible for draft-tube 
surges to exceed 60 cycles per min. Fig. 3 of the paper mentions

draft-tube and penstock pressure surges at the rate of 320 per 
min in a 1700-kw, 260-ft head, 900-rpm turbine. The frequencies 
of both the draft-tube and penstock surges were carefully ob
served at this plant and there is no question regarding their oc
currence at this high rate.

Mr. Growdon and Mr. Bleifuss state that the difficulty of 
placing fins in draft tubes already built might be great. However, 
experience has shown that properly designed fins are quite easily 
installed either in low-head plants of large physical dimensions 
or in high-head plants where high velocities are encountered. 
Fins thus properly designed and installed will remain in place as 
long as the draft tube does.

Experience with models and field tests on draft-tube fins has 
also shown that, when properly designed and located in the draft 
tube, they will not reduce the maximum output of the turbine 
and will reduce the maximum efficiency only slightly if at all. 
This is explained by the fact that, at the best efficiency gate, the 
flow in the draft tube is very nearly axial, the fins, therefore, 
presenting but slight obstruction to the flow at this point. How
ever, part-load efficiency may be reduced as much as 1 per cent, 
depending upon the amount of whirl in the draft tube.

The detailed description of Mr. Growdon and Mr. Bleifuss of 
their investigations of power swings in a 55,000-hp, 135-ft-head 
turbine is a valuable contribution and certainly indicates the 
true source of the draft-tube surges and disturbances.

Mr. MacDonald’s description of the variations in load swings 
with a change in the characteristics and setup of the transmis
sion and distribution system opens up a field for further and 
more thorough investigation.

Mr. Roberts is correct in stating that a 10 per cent power swing 
might be objectionable and might cause uneasiness to the opera
tor. However, this is not true in all plants. There is a case on 
record where a number of duplicate units developed power swings 
of 10 per cent of the rated output of the turbine. It was demon
strated on one of the units that the power swings could be elimi
nated by the installation of fins in the draft tube with only a slight 
loss in efficiency. However, the owners of the plant preferred to 
operate the remaining units with the power swings present rather 
than to install the fins. These units have been in operation for 
nearly 10 years. There are numerous other cases where units 
have been in operation for 10 years or more with power swings of 
10 per cent or greater.

The author agrees with Mr. Roberts that changing the WR* 
of the generator would be an expensive method of avoiding reso
nance conditions. A change in speed of the unit might be less 
costly and might be likely to give more definite results.

Mr. Sharp’s apparently limited experience with power swings 
seems to indicate that, where the draft-tube surges occur at the 
larger gate openings, the frequency is somewhat greater than 
given in the author’s empirical formula. One of the theories for 
the origin of draft-tube surges, which the author is investigating 
at the present time, seems to indicate that the frequency will 
increase with an increase in gate opening.

Mr. Winter’s description of the draft-tube surges at the 
Guernsey power plant, which did not produce any power swings, 
and his table showing the magnification factors and field results 
of various installations, are an excellent illustration of the theory 
advanced by the author that resonance conditions must be pres
ent before the draft-tube surges can produce serious power 
swings. We should, therefore, not lose sight of the fact that the 
electrical system is a contributing factor in the production of 
power swings and that part of the responsibility should be so 
delegated, especially when exact resonance conditions are en
countered.

It seems fairly well established at the present time that draft- 
tube surges are caused by the whirl of the water in the draft
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tube, which whirl is produced by the angular flow of the water 
leaving the runner vanes. The consensus of opinion of those 
discussing this paper seems to be that draft-tube surges can and 
should be eliminated by proper runner design. However, a hy- 
draulic-turbine runner can be designed to give axial discharge 
for only one gate opening and for only one speed. For any other 
gate or for any other speed there will be a whirling discharge. 
Since turbines usually have to operate at various gate openings 
and sometimes have to operate under a wide range of head at 
fixed speed (which corresponds to a varying unit speed), draft- 
tube whirl will be present under some of the conditions of 
operation. Also, in some plants the tailrace elevations may 
vary considerably with a consequent variation in draft-tube 
conditions.

Therefore, it may become exceedingly difficult to design a 
runner which will operate satisfactorily under a wide range of

conditions with the high efficiency and high specific speeds de
manded at the present time. It may then be necessary to make 
use of such devices as fins in the draft tube to assure smooth opera
tion under the various conditions.

At the present time, dividing walls and splitters are used near 
the exit of the draft tubes. Fins and baffles are used in the suc
tion pipes of pumps to straighten out the flow and increase the 
efficiency of the pump. Baffles are used to guide the flow of air 
and water around elbows with a minimum of loss and disturb
ance. Fins are used in impulse-wheel nozzle pipes to prevent 
whirling water from distorting or breaking up the jet. Similarly, 
fins in hydraulic-turbine draft tubes, properly designed and in
stalled to counteract the bad effects of whirling water, may be- 
ome a standard part of turbine installations as a definite insur

ance against rough operation and excessive power swings, regard
less of improvements in runner design.



G enerato r C haracteristics as Affecting 
System  O p era tio n

B y SHERWIN H. WRIGHT,1 EAST PITTSBURGH, PA.

In  a n  in te r c o n n e c te d  pow er sy s te m  th e  freq u en cy  r e g u 
la t io n  a n d  t ie - l in e  pow er sw in g s are in flu e n c ed  by th e  e le c 
tr ica l c h a r a c te r is t ic s  o f  a ll e le c tr ic  e q u ip m e n t  c o n n e c te d  
to  th e  s y s te m , in c lu d in g  g en era to rs , l in e s ,  a n d  m is c e lla n e 
o u s  m o to r s , a s  w ell a s  by t h e  m e c h a n ic a l  c h a r a c te r is t ic s  
o f  a l l  r o ta t in g  a p p a ra tu s . In  t h is  p ap er  th e  in te r r e la te d  
a c t io n  o f  th e se  fa c to rs  is  v isu a lize d  b y  m e a n s  o f  t h e  m e 
c h a n ic a l a n a lo g y  d evelop ed  in  c o n n e c t io n  w ith  p o w er- 
sy s te m  sta b ility , a n d  t h is  is  a u g m e n te d  b y  a  d isc u s s io n  o f  
a n g u la r  d isp la ce m en t w ith  lo a d  a n d  k in e t ic -e n e r g y  v a lu es  
for ty p ic a l m a c h in e s , g en era to r  r ea c ta n c e , a n d  sh o rt-  
c ir cu it  ra tio .

I n t r o d u c t io n

THE OBJECT of this paper is to discuss some of the more 
important characteristics of synchronous generators which 
affect frequency regulation and tie-line power swings.

In observing the system operation of interconnected electric- 
power systems, with speed regulation and tie-line loading par
ticularly in mind, one is struck by the great number of variables, 
interrelated in a complex manner, the composite action of which 
determines the actual frequency regulation and tie-line loading 
characteristics observed. For example, if at a given instant a 
frequency corrective action is initiated, the results obtained de
pend not only upon the electrical characteristics of generators, 
transformers, lines, and load, but also upon the mechanical char
acteristics of all rotating equipment connected to the generators 
and motors throughout the system. Likewise, the power swings 
on interconnecting transmission lines are in fact electromechanical 
oscillations which involve the same factors mentioned.

In visualizing and analyzing these matters, the electrical engi
neer is prone to, and justified in, reverting to concepts and 
methods developed in connection with power-system stability. 
As used here, “power-system stability” is concerned with the suc
cessful parallel operation of a-c machines as affected by the elec
tric power transmitted; considerable attention was focused on 
it, and a practical analysis made, when long-distance power trans
mission came to be explored.

M e c h a n ic a l  A n a l o g y

Since system stability has many elements in common with the 
problems of frequency regulation and tie-line power swings, it 
will be useful to refer to the mechanical analogy of power-system 
stability, developed by S. B. Griscom (l).8 Fig. 1 shows a model 
of this mechanical analogy, and lists the electrical quantities in
volved in power transmission and their mechanical analogies. 
Some of these models are in use by utilities and universities.

This mechanical model is not limited to illustrating electric-
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ing Company.

2 Numbers in parentheses refer to the Bibliography a t  the end of 
the paper.

Contributed by the Hydraulic and Power Divisions and presented 
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T h e  A m e r ic a n  S o c i e t y  o f  M e c h a n i c a l  E n g in e e r s .

N o t e : Statem ents and opinions advanced in papers are to be 
understood as individual expressions of their authors, and no t those of 
the Society.

power transmission in high-voltage transmission lines. It simu
lates electric-power transmission between any two points of 
known voltage connected by an impedance which can be taken 
as pure reactance (represented by the spring). In Fig. 1 there 
are two arms fixed to separate hubs which are mounted concen
trically but free to turn independently. The cord passing through 
the pulley has one end fixed to each hub so that a weight on the 
pulley tends to separate the two arms, being opposed by the coil 
spring connected near the arm ends. The orthodox description 
of this analogy is in terms of voltage and current vectors, as 
suggested by the analogies listed in Fig. 1. However, it may be 
more convenient to look upon the two arms not as vector volt
ages but instead as radial chalk marks on the shaft ends of two 
synchronous machines, these chalk marks being viewed in the 
light of a stroboscopic lamp.

Suppose for example, we are considering the action of a single 
generator with respect to a large system of capacity relatively so 
great it may be considered as an “infinite system.” Imagine the 
system simulated by a single huge equivalent synchronous ma
chine which when running maintains exactly 60-cycle speed and 
constant terminal voltage. Imagine this machine to be beside 
the single generator. Suppose that, with both the generator and 
system machine at a standstill, we find they are 2-pole machines, 
and so place a radial chalk mark on the shaft end of each in line 
with the center of the North field pole. When running, the 
system chalk mark is represented by the arm in Fig. 1 labeled 
motor voltage, its terminal voltage by the radial distance to the 
point of spring attachment and, for an infinite system, this arm 
would be anchored. The generator chalk mark is represented by 
the arm labeled generator voltage; the inertia of this arm and 
hub simulate that of the actual generator. With the generator 
“floating” at no load, the chalk marks viewed in stroboscopic
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light would be in line, no angle between them and, in Fig. 1, 
the two arms would be coradial, the spring being absent. As 
the generator prime-mover gate is opened, the generator mark 
will shift ahead in the direction of rotation as seen in the light of 
the stroboscopic lamp. In the model, Fig. 1, this loading is simu
lated by placing a weight on the pulley, stretching the spring. 
If in the model the weight is added suddenly, there will be over- 
swing, the spring stretching on its first swing beyond its final 
equilibrium position.

Should this generator, while floating at no load, be retarded 
as by the brakes on a hydroelectric unit, its mark would shift 
behind the system mark and the generator would draw power 
from the system, and this action is again simulated by the 
model.

The model in Fig. 1 is so constructed that the loading of the 
generator and the motor is simulated by means of a single weight 
connected by a pulley and cord in such a way as to produce rota
tional forces on generator and motor arms. The model might as 
well have been made with two separate but equal weights (each 
weighing one half that used in Fig. 1), one for generator load and 
one for motor load. However, unless the two weights are exactly 
equal a net torque would exist and a net rotation of the two arms 
would take place. This net rotation would simulate what actually 
takes place in a system when load is increased or decreased and 
system frequency changes slightly before the governors operate.

E le c tr ic a l Degrees Displacement

F ig .  2  P o w e b -A n g l e  C u r v e  o f  W a t e r - W h e e l  G e n e r a t o r ;
S t e a d y  S t a t e ,  R a t e d  V o l t a g e  

(a F ie ld-current constan t a t no-load value, b F ield-current constan t a t value 
required for ra ted  load a t 0.9 power factor; th is  is 1.8 tim es value in a.)

E le c t r ic a l Degrees Displacement

F ig .  3  P o w e b - A n g l e  C u r v e  o f  W a t e r - W h e e l  G e n e r a t o r ; 
T r a n s i e n t  S t a t e , R a t e d  V o l t a g e  f o r  S u d d e n  L o a d  I n c r e m e n t s , 

S t a r t in g  F r o m  N o  L o a d

Here again the mechanical analogy allows visualization of both 
the electrical and mechanical factors, for both steady-state and 
oscillatory conditions.

A n g u l a r  D i s p l a c e m e n t  V e r s u s  L o a d  i n  T y p ic a l  G e n e r a t in g

U n i t s

The angular displacement in actual hydroelectric and turbo
generator units is illustrated in Figs. 2, 3, 4, and 5. A generator 
is electrically “stiffer” under suddenly changing load conditions 
than it is under gradually or slowly changing load conditions. 
This is due to the tendency of the field winding to maintain its 
flux linkages and therefore internal-voltage constant at the value 
existing before the sudden load change occurs. This is exemplified 
in Figs. 3 and 5 which show that to develop any given value of 
electric-power output, the angular displacement need not be as 
large for transient as for steady-state conditions. By sudden 
change is meant one, for example, involving an oscillation having 
a period of less than 1 sec or, to be more precise, less than the 
transient time constant of the machine.

The curves for transient conditions merely show the angular 
displacement that must exist in order for the generator to develop 
corresponding values of electrical kw output. They do not show 
the maximum angle through which a machine will swing under 
conditions of sudden load changes because, in this case, the 
mechanical inertia causes overswing.

F i g . 4  P o w e r -A n g l e  C u r v e  o f  T u r b o g e n e r a t o r ; S t e a d y  S t a t e , 
R a t e d  V o l t a g e

(o Field-current constan t a t no-load value, b F ield-current constant at 
value required for ra ted  load a t 0.8 power factor; th is  is tw ice the  value in a.)

E le c tr ic a l Degrees Displacement

F i g . 5  P o w e r -A n g l e  C u r v e  o f  T u r b o g e n e r a t o r ; T r a n s ie n t  
S t a t e , R a t e d  V o l t a g e  f o r  S u d d e n  L o a d  I n c r e m e n t s , S t a r t in g  

F r o m  N o  L o a d
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Q u a n t it a t iv e  A n a l y s is

In addition to visualizing these phenomena, it is pertinent to 
review some of the mathematical relations. As given in Fig. 1, 
the power P  transmitted between two points having voltages E, 
and Er with the reactance X  and phase angle <t> between them, is 

E E
P = * r sin <t>. (For a 3-phase system, using line-to-line volt-

A

ages in kilovolts and reactance per phase in ohms gives total 
power in megawatts (thousands of kilowatts).) This, of course, 
neglects damping torque which is generally small, being propor
tional to the slip frequency.

This equation then defines conditions completely, providing 
they are steady-state conditions so that inertial effects are absent. 
Under oscillating or transient conditions, however, an attempt at
a, formal mathematical solution leads to an elliptic integral. In 
multimachine transient-stability studies, this is circumvented by 
employing a step-by-step solution, usually with the aid of the a-c- 
network calculator where the power system is set up in miniature. 
It is interesting, however, to investigate an approximate solution 
for the two-machine case when oscillations are small enough in 
amplitude so that the cosine of the angular change may be taken 
as unity and the sine as equal to the angular change itself. In 
this case, the period of the natural-frequency oscillation is

UirW X  T ~
T = \ - r -  X z r v  X ------- sec

t /o E,Er cos <t>o

where
W = stored energy at normal speed, in kwsec divided by 

1000
fo =  normal system frequency in cycles per sec
E, and Er — fixed voltages of the two synchronous machines 

or systems in kv, line to line
<t>o = initial phase angle between them
X  = reactance between them in ohms per phase

When one machine or station is swinging with respect to a large 
or relatively “infinite” system, W is the stored energy of that one 
machine. When the two machines or systems involved have 
comparable values Wi and W% of stored energy, W  in the formula 
is replaced by WiW t/(Wi +  W2) . A single unit or station swing
ing with respect to a large system may have a period of less than
1 sec, while two large systems may swing with a period of several 
seconds.

For this two-machine case, the amplitude of the oscillation is 
independent of the system inertia, if variations in prime-mover 
input and shaft loads are neglected. The period however depends 
upon the stored energy. The period may be increased by increas
ing reactance but, as seen from the previous power equation, this 
would handicap the tie by reducing the maximum power which 
could be transmitted. In the two-machine case the overswing 
can be determined readily, as in stability studies, by the “equal- 
area method” (3). Analysis of amplitude and period for any 
particular system becomes quite complicated when governor 
operation is involved. A practical solution probably necessitates 
carrying out a step-by-step process, with the aid of an a-c-network 
calculator.

M a c h in e  R e a c t a n c e

The machine reactance involved in these system oscillations or 
changes depends upon the period and duration of the oscillation. 
A quantity used commonly in synchronous-machine short-circuit 
and stability calculations is “transient reactance.” Its name sug
gests use under any transient condition. However, transient 
reactance accurately characterizes a machine only at the instant 
when a sudden change in armature current takes place. In prac

tice it is usually applied only where the time interval being in
vestigated is roughly less than the machine transient time con
stant. When generator loading is being changed at a slow rate 
such as 20 per cent load in 5 sec, transient reactance is not appli
cable. The machine reactance under such conditions changes with 
load because of saturation. If a voltage regulator changes field 
current, thus affecting internal voltage, this must also be taken 
into account. Furthermore, when load is changing slowly on a 
salient-pole machine (such as a water-wheel generator, in contrast 
to a cylindrical-rotor turbine generator) the two-reaction theory 
involving a direct axis reactance and a quadrature axis reactance 
is applicable.

S t o r e d  K i n e t i c  E n e r g y

The stored energy in a system may be estimated from a 
knowledge of the rating and type of all connected machines, in
cluding load as well as generating equipment. In the case of 
the generating equipment, this is a straightforward calculation 
when the stored-energy value for each individual unit is available. 
When the WR2 in lb-ft2 is known, the stored kinetic energy is 
given by

W  =  2.31(10_7)(rpm)2(lb-ft2) = kwsec

When individual values are not available, estimates may be 
made from the data given in the following section. The energy 
stored in motor loads may form a large percentage of the total 
system stored energy and, in such cases, should be included. In 
estimating these the connected-motor capacity should be used 
rather than the net power supplied. The section following gives 
representative values of stored energy for the three types of ro- 
tating-machine load, i.e., synchronous motors, induction motors 
and rotary converters.

Having determined the total stored energy in a system, its 
change for a given frequency change can of course readily be com
puted since it varies as the square of the frequency. When fre
quency changes, another factor to be considered is the variation 
of shaft torque exerted by the motor-driven loads themselves 
Few data are available on this point, partly because any system 
power measurements will be greatly affected by voltage varia
tions, lighting load, for example, varying as the 1.5 to 2 power 
of the voltage. Some measurements indicated the total system 
load varying approximately as the square of the frequency. The 
rate at which frequency changes from one value to another de
termines the relative importance of this load characteristic with 
respect to the total system stored energy, the latter being the 
dominating factor when the frequency changes at a rapid rate. 
When attempting to evaluate this particular characteristic from 
system measurements at different frequencies, it is essential that 
any change in voltage be taken into account lest it give false con
clusions.

Stored-energy values of generators are conveniently expressed 
in kwsec per kva of rating so that, knowing this value for any 
class of machine, the stored kinetic energy at rated speed of a 
particular unit is readily evaluated as the product of its kva rating 
and the kwsec per kva, the result being energy expressed in kwsec. 
Conversion to other units such as hp-hr or ft-lb can readily be 
made. For example, multiply kwsec by 737.6 to obtain ft-lb, or 
multiply kwsec by 0.369 to obtain ft-tons. Comprehensive 
stored-energy data are given in (2) and repeated here.

Fig. 7 gives the stored energy of hydroelectric units, total of the 
generator and the water-wheel runner, the water wheel being 
about 15 per cent of the total. Fig. 6 gives stored energy for large 
turbogenerator units, condensing as well as noncondensing. It 
is to be noted that while the 3600-rpm noncondensing turbo
generator units have values which are of the same order as 
for water-wheel units, the 1800-rpm and 3600-rpm condensing
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units have kinetic-energy values much greater, twice as much or 
more. Thus while a 10,000-kva slow-speed water-wheel unit 
possesses about 1.75 kwsec per kva, a 10,000-kva 1800-rpm con
densing turbogenerator unit has about 9.4 kwsec per kva. The 
energy in these 10,000-kva units at rated speed would be 17,500 
kwsec (or 6450 ft-tons) for the water-wheel unit, and 94,000 kw
sec (or 34,700 ft-tons) for the turbogenerator unit.

The effect of increasing water-wheel-generator inertia upon

Kwseo 
per kva

Condensers
L arge................................................................................... 1.25
S m all...................................................................................  1 .00

Synchronous m otors..........................................................  2 .00
Induction  m otors................................................................  0 .50
R o tary  converters............................................................... 2 .00

S h o r t - C ir c u it  R a t io

Mechanical energy is put into the shaft of an a-c generator 
and electric energy taken from the stator terminals. Between 
the rotor and stator is an air gap and, because of this, it is often 
said that all energy input to the shaft must “cross” the air gap. 
What allows this energy to cross the air gap is a magnetic field 
or flux which exists in it, called the air-gap flux. Anything that 
affects this air-gap flux also affects the power- or energy-trans-

F i g . 9  N o - L o a d  S a t u r a t io n  C u r v e

the cost is illustrated approximately in Fig. 8. Such increases in 
inertia are desired not only for hydraulic reasons but also oc
casionally for stability reasons.

For rotating machines other than hydroelectric and turbo
generator units, the following table affords average values from 
which stored energy may be estimated.

F i g . 10  S h o r t - C i r c u i t  S a t u r a t io n  C u r v e

mitting ability of the air gap and, therefore, the ability of the 
machine to put out electric energy.

Air-gap flux is usually thought of as being determined primarily 
by current in the field winding and this is illustrated by any no- 
load saturation curve, Fig. 9, which shows how, at no load (arma
ture winding open), the armature voltage varies with field cur
rent. However, current flowing in the armature winding has a 
decided effect on the air-gap flux and a particular “type” of arma
ture current has a strong demagnetizing or weakening effect on 
the air-gap flux. This “type” of armature current is commonly 
known as zero-power-factor lagging current or as demagnetizing 
current and is the kind that flows when the armature is shorted 
at its terminals or when it is connected to an inductive load. 
Under actual operating conditions in a system, a generator usually 
supplies current which has a demagnetizing component. Thus it 
requires more field current to produce any specified amount of
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air-gap flux when armature demagnetizing current is flowing 
than when there is no armature demagnetizing current. Under 
actual operating conditions, the air-gap flux is the resultant of 
that which the rotor-field current tries to produce, minus the 
bucking effect of any armature demagnetizing current that is 
present.

In order to gain an idea of how much weakening effect a given 
amount of armature demagnetizing current has on a given ma
chine the following test may be made:

Short-circuit the three armature terminals and then apply 
sufficient field current to cause rated armature current to flow. 
It requires a certain amount of air-gap flux to cause this armature 
current to circulate, even though the terminal voltage is zero. 
This test thus measures the amount of field current required to 
produce a certain amount of air-gap flux when being “bucked” 
by a specific amount of armature demagnetizing current. The 
greater this required field current, the weaker is the field in rela
tion to the armature. A “strong” machine is thus one in which 
this required field current is low, since that indicates air-gap flux 
is determined principally by the field current. Suppose this re
quired field current is 500 amperes. Since this is an abstract 
quantity with little meaning in itself, in order to compare 
machines, it must be possible to express this in per cent or per 
unit with respect to some reference level. The field current re
quired for rated voltage at no load is a handy and definite refer
ence; suppose it is 550 amperes. Just how can the no-load field 
current be made useful as a reference? The natural thing to 
do is to take a ratio and, if it is to be indicative of the relative 
strength of field with respect to armature, this ratio must be the 
no-load value of 550 amperes divided by the short-circuit value 
of 500 amperes field current, giving 1.10.

This ratio of (no-load-rated-voltage field current) to (field cur
rent required to circulate rated armature current on 3-phase 
sustained short circuit) is called the short-circuit ratio and the 
American Institute of Electrical Engineers definition is in these

A
terms. Thus, from Figs. 9 and 10, short-circuit ratio =  —. Be-

B
cause of the fact that, when the machine is short-circuited, the 
armature current is almost exactly proportional to field current 
Fig. 10, it turns out that short-circuit ratio is equal to the 
number of times rated armature current which flows on sus

tained 3-phase short circuit, when the field current is set at the 
value required for rated voltage at no load.

For a generator which is operated with field current manually 
controlled, short-circuit ratio is an indication of the steady-state 
stability characteristic of the machine, provided that the field cur
rent is normally set and left at a definite field value such as the 
no-load-rated-voltage value. However, if this same machine has 
its field current automatically controlled, as by a generator volt
age regulator (as is almost always the case with water-wheel 
generators), then short-circuit ratio is not a direct indication of 
the steady-state stability characteristic because, as armature 
demagnetizing current increases and thus tends to reduce the air- 
gap flux, the voltage regulator will boost the field current. The 
automatic control of kw output and speed by a governor has its 
counterpart in the generator voltage regulator which automati
cally controls field current, using terminal voltage as an index.

C o n c l u s io n s

The analysis of frequency regulation and tie-line loading in 
extensive power systems is a complicated matter which can be 
visualized to a fairly complete degree by means of the mechanical 
analogy developed in connection with power-system stability.

In studying frequency regulation in a system, the conditions 
are such that synchronous machines ordinarily cannot adequately 
be characterized by transient reactance as they are in transient 
stability studies. The action of voltage regulators and the effect 
of saturation on the synchronous reactance must be considered.

The a-c-network calculator which allows quantitative analysis 
of a power system in miniature, and which is used in steady-state 
as well as transient stability studies, affords a means of analyzing 
frequency regulation in an interconnected system.
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S team -T urb ine G overnors
B y REED J. CAUGHEY,1 SCHENECTADY, N. Y.

T h is  paper h a s  b e e n  prepared  a s  a  c o n tr ib u t io n  t o  a  
sy m p o siu m  o n  th e  su b je c t  o f  s te a m -tu r b in e  govern ors. 
T he im p o r ta n c e  o f  th e  su b je c t  a t  p r e se n t  a r is e s  m o re  fro m  
th e  in c re a sin g  c o m p le x ity  o f  in te r c o n n e c t io n  r e q u ir e m e n ts  
th a n  fro m  a n y  d e fin ite  d e fic ien cy  in  e x is t in g  a p p a ra tu s . 
A tte m p ts  h a v e  r e c e n tly  b e e n  m a d e  t o  d ra ft  sp ec ific a tio n s  
for  g o v ern in g  e q u ip m e n t  t h a t  m ig h t  be a p p lic a b le  b o th  to  
s te a m  a n d  h y d ra u lic  p r im e  m o v ers. T h e  p u rp o se  o f  t h is  
paper i s  t o  s ta te  briefly  th e  e s s e n t ia l  c h a r a c te r is t ic s , fu n c 
t io n s ,  a n d  beh av ior  o f  g o v ern in g  a p p a ra tu s  b o th  fo r  c o n 
d e n s in g  a n d  su p erp o sed  tu r b in e s . D e fin it io n s  are s u g 
g e ste d  for  te r m s a n d  p h ra ses  fr e q u e n t ly  u sed  w ith o u t  d efi
n ite  s ig n ifica n ce . In  c o n c lu s io n  th e  e s s e n t ia l  p o in ts  o f  a  
b r ie f  sp ec ifica tio n  are o u t l in e d  for t h e  p u rp o se  o f  d is c u s 
s io n .

THE governing requirements for steam-turbine gener
ators, in regard to stability and safety of operation, can 
generally be determined by the manufacturer and each 

turbine is supplied with a governing mechanism by means of 
which the manufacturer endeavors to meet these requirements. 
These requirements vary considerably with the type and size of 
turbines as will be explained later.

On the other hand, the characteristics of turbine-governing 
mechanisms to suit them best to the particular requirements of a 
purchaser’s system and load usually cannot be so readily deter
mined by a manufacturer. In addition the effect of turbine- 
governing characteristics on power-system stability is a contro
versial matter and warrants more investigation. This discussion 
has been planned with the idea of aiding the purchaser in deter
mining and stating the governing characteristics desired for a 
particular turbine generator to suit it in the best way to his sys
tem, and to permit the manufacturer to interpret these require
ments and make his design such as will meet them.

The satisfactory operation of the governing mechanism of a 
steam turbine depends upon the sensitivity and response of this 
mechanism.

The relation of these two characteristics of a governing mecha
nism to the regulation, rapidity of load change, and protection 
against overspeeding is useful in determining the design limits of 
•a governing mechanism.

To develop the effect of these relations, this paper will discuss: 
(1) General principles of governing; (2) governors and their 
limitations as speed indicators; (3) governing mechanisms and 
their limitations due to regulation and rapidity of load changes; 
<4) protection of the steam turbine against overspeeding. In 
addition (5) a short description of the governing problems en
countered in the design of superposed steam turbines is included 
with (6) a tentative specification for steam-turbine-governing 
mechanisms.

G e n e r a l  P r i n c i p l e s  o p  G o v e r n in g

The governor of a steam turbine is shown diagrammatically in

1 Turbine Engineering D epartm ent, General Electric Company. 
Mem. A.S.M.E.

Contributed by the  Power Division and presented a t the Annual 
Meeting, Philadelphia, Pa., December 4-8, 1939, of T h e  A m e r i c a n  
S o c i e t y  o f  M e c h a n i c a l  E n g i n e e r s .

N o t e : S ta te m e n ts  a n d  o p in io n s  a d v a n c e d  in  p a p e r s  a re  to  be 
u n d e rs to o d  a s  in d iv id u a l e x p re ss io n s  o f  th e i r  a u th o rs ,  a n d  n o t  th o s e  
o f th e  S o c ie ty .

Fig. 1. It may be a simple governor controlling the steam valves 
as shown in A, or it may operate the steam valves through the 
controlling mechanism as shown in B. It may also operate the 
steam valves through a primary relay and control mechanism 
as shown in C. In all of these arrangements, the governor of a 
steam turbine is designed to control the power output with a 
nominal variation in turbine speed and to prevent dangerous over
speeding of the turbine. The method of controlling the output 
will be discussed first.

As the load upon the turbine changes, there will be a change in 
turbine speed, providing the steam input, and hence the power 
output, of the turbine buckets remains constant. It is the func
tion of the governor to measure this speed change and to change 
the steam input to suit the new load. To change the steam input, 
the governor is designed so that a change in its speed of rotation 
is converted into a corresponding displacement of the governor 
weights or equivalent. By means of any of the arrangements 
shown in Fig. 1, this displacement in turn actuates the steam 
valves controlling the steam input to the turbine. The amount of 
this displacement required to move the steam valves from 
wide-open to shut (total valve stroke) or vice versa is called the 
“effective stroke” of the governor. The regulation of the 
governor is the speed change required to cause the governor to 
move through its effective stroke.

Under steady-state conditions, Fig. 2 shows a definite relation
ship between governor speed and effective governor stroke. Fig.
3 shows a similar definite relationship between total valve stroke 
and the effective stroke of the governor. In Fig. 4 these same 
data are replotted showing the relationship between governor 
speed and total valve stroke. This last figure also shows that, for 
each speed of the turbine, there is a fixed valve position and, 
therefore, a fixed steam input.

G o v e r n o r s  a n d  T h e i r  L i m i t a t i o n s  a s  S p e e d  I n d ic a t o r s

In Fig. 5 governor speed is plotted against the effective stroke 
of the governor. Line AB  is the same as line AB in Fig. 2. 
A governor which has no internal friction and does no external 
work will have the characteristics shown by this line. In this 
paper this form of governor will be called a perfect governor. 
With a perfect governor, speed change and response are simul
taneous.

An actual governor has internal friction so that a speed change 
is necessary to build up a force to overcome this friction. This 
change in speed without governor response is shown by the 
lines drawn through C,C on each side of the line AB. Lines are 
drawn on both sides of line AB, since the internal friction of the 
governor is resisting the governor response as its speed either in
creases or decreases. This change in speed C without governor 
response is a measure of the sensitivity of the governor.

Besides overcoming internal friction, any actual governor as 
shown in Fig. 1 has to perform external work in order to move the 
steam valves. This external work has the same effect as 
the internal friction and further reduces the sensitivity of the 
governor. This effect is shown by the lines drawn through D,D 
on either side of the line AB.

In order to reduce the external work done to a minimum, a 
power amplifier is required whose power is controlled by a valve 
moved by the governor. This valve is called the primary pilot 
valve and the complete power-amplifying device is called a relay 
mechanism. The combination of this relay mechanism and the
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F i g .  1 D i a g r a m m a t i c  R e p r e s e n t a t i o n  o r  G o v e r n i n g  S y s t e m s  
(A,  Sim ple governor contro lling  steam  valves; B , governing m echanism  equipped w ith hydraulio  power amplifier; C, governing m eohanism equipped 

w ith double hydraulic  power amplifier. T he system  of nom enclature used th roughou t th is  paper is shown in  th is  diagram .)

F i g . 4  R e l a t i o n  B e t w e e n  G o v e r n o r  S p e e d  a n d  T o t a l  V a l v e  
S t r o k e

(The diagram  is derived from  the relations in  Figs. 2 and  3, and shows th a t  
for eaoh speed there  is a definite valve position and steam  input.)

TOTAL STEAM VALVE STROKE %

F i g . 3  R e l a t i o n  B e t w e e n  E f f e c t i v e  G o v e r n o r  S t r o k e  a n d  
T o t a l  S t e a m -V a l v e  S t r o k e

governor is called a relay governor, and it is shown in Fig. 1(C). 
The effect of using the relay mechanism is to reduce the amount of 
external work that the governor has to do. In Fig. 5 the effect 
is to move the lines passing through D,D closer to the lines pass
ing through C,C. This effect is true when the rate of change in 
speed of rotation of the governor is small. As the rate of change 
in speed of rotation of the governor increases, there will be a fur
ther delay in governor response as compared to the response of 
a perfect governor. This delay is called lag and is shown by the 
lines drawn through E,E at either side of the line AB. The 
greater the rate of change in speed of rotation of the governor, 
the greater the lag.

G o v e r n i n g  M e c h a n is m s  a n d  T h e i r  L im i t a t i o n s  D u e  t o  
R e g u l a t i o n  a n d  R a p i d it y  o f  L o a d  C h a n g e s

In the preceding section, the action of the governor is analyzed.

F i g . 2  R e l a t i o n  B e t w e e n  G o v e r n o r  S p e e d  a n d  E f f e c t i v e  
S t r o k e

(T his diagram  B h o w s  h o w  a  speed ind ica to r functions as a  governor. In  
th is  and  succeeding d iagram s s tra igh t-line  re lationships have been used for 
s i m p l i c i t y .  In  a c t u a l  g o v e r n o r s  a n d  governing m e c h a n i s m s  t h e s e  r e l a t i o n 
ships dev iate  m ore or less from  th e  s tra ig h t line. However, s u c h  devia
tions are no t im p o rtan t to  a  correct understand ing  of governor behavior.)
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The action of the governor when operating the steam valves will 
be discussed next. In order to show the effect of a change in 
steam input upon a turbine, the relationships between turbine 
speed and effective governor stroke, valve stroke, and time are 
shown in Fig. 6. If the turbine loses full load, the steam valves 
must move through their total valve stroke. In order to move the 
steam valves through their complete stroke, the governor must 
make its complete stroke as shown at A. The speed change re
quired for this movement is the regulation as shown by the ver
tical ordinate for charts A, B, and C. In these charts the regula
tion is shown as 5 per cent. As the governor makes its effective 
stroke, the steam valves make their total valve stroke. The speed 
change for this total valve stroke is shown at B.

If the steam input to the turbine remains constant, the time 
required for the 5 per cent speed change will be as shown in C 
and will be fixed by the rate of acceleration of the turbine rotor.

In order to obtain a total valve stroke, corresponding to ef
fective governor stroke, it is necessary to have the time required 
for the valve to make its total stroke no greater than the time 
required for the speed to reach the value represented by the 
regulation. This is shown at D.

F i g .  5  C o m p a r i s o n  o f  A c t u a l  G o v e r n o r  P e r f o r m a n c e  W i t h  
P e r f e c t  G o v e r n o r  B e h a v i o r  a s  R e p r e s e n t e d  b y  S t r o k e - S p e e d  

L i n e  A B ;  A l s o  S h o w n  i n  F i g .  2

(The “ lag” is *=EO or less. T he lines th rough C,C and D,D  show elem ents 
contributing to  lag. T he d istance =*=CO is a  m easure of th e  sensitiv ity , being 

sm aller the  greater th e  sensitivity .)

In the ideal case, the time available for total movement of the 
steam valve under a full-load change will be the time required 
for the speed to change an amount equal to the regulation for 
which the governor has been set.

There are numerous practical considerations which make it 
difficult to approach this ideal case. In the case where a con
trolling mechanism is used Fig. 1(B), there will be a time delay, 
as time is required to initiate any motion which uses a fluid as 
the power medium. The magnitude of the time delay of a con
trolling mechanism is a function of the quickness and amount of 
movement of the main pilot valve. The power required to move 
this main pilot valve is supplied by the governor and, as shown in 
Fig. 5, this is obtained at the expense of sensitivity of the gover
nor.

It will be seen, therefore, that if the load changes are slow with 
correspondingly slow speed changes, an extremely accurate 
governing mechanism may be designed. This is due to the fact 
that these slow speed changes require slow motion of the steam 
valves which may in turn be obtained by a small main pilot 
valve with a small stroke and with a correspondingly small amount

of external work done by the governor. When, however, the load 
changes are fast, with correspondingly fast speed changes, then 
the design of an extremely accurate governing mechanism be
comes difficult. To obtain a fast movement of the steam valve, 
a large main pilot valve with a large stroke is necessary, and this 
in turn requires a large amount of external work by the governor 
and a loss in its accuracy.

For this reason, relay governors have been developed which 
impose a relay mechanism between the governor and the control
ling mechanism as shown in Fig. 1(C). This relay has an ad
ditional time delay which must be taken into account when deter
mining the response of the governing mechanism.

F i g .  7  R e l a t i o n  B e t w e e n  V a l v e - O p e r a t i n g  T im e ,  R e g u l a t i o n ,  
a n d  A c c e l e r a t i o n  W i t h  a n  I d e a l  G o v e r n i n g  M e c h a n i s m  

(This diagram  shows th a t  th e  slower th e  valves or th e  greater th e  accelera
tion, th e  greater m ust be th e  regulation  in  order to  have perfect governing.)

F i g . 8  R e l a t i o n  B e t w e e n  A m o u n t  o f  I n s t a n t a n e o u s  L o a d  
C h a n g e  a n d  T im e  R e q u i r e d  t o  A c c e l e r a t e  T u r b i n e  R o t o r  t o  

1 1 0  P e r  C e n t

(The sm aller the  in stan taneous load change, th e  slower m ay  th e  valves oper
a te  in  order to  follow th e  speed.)

It has already been noted that the steam valves must make a 
complete stroke from wide-open to shut in the time required for 
the steam turbine to change its speed an amount equal to the 
regulation. This is shown in Fig. 7, where the turbine speed BC 
has changed 5 per cent in the time AB. Since with a perfect 
governing mechanism the steam valves will be shut when the 
governor has made its effective stroke, the time for 100 per cent 
valve stroke will also be represented by time AB. If, however,
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the speed increases 5 per cent in the time AD, then either the 
valve must be able to make its complete stroke in this same time, 
or the regulation must be increased as shown by the line BE  so 
that the speed rise, represented by the regulation, will require 
as much time as the valve closing time AB.

A perfect governing mechanism locates the steam valve at the 
new load point at the same time that the steam-turbine speed 
reaches the speed corresponding to this new load.

As is shown in Fig. 8, a given turbine rotor will accelerate to a 
given speed in the time AB for a full load change. It will ac
celerate to the same speed in the time AC for a 3/ 4 load change and 
in the time AD and AE  for */2 and 1/ i load changes. This indi
cates that, for a given turbine rotor, the less the instantaneous 
load change, the slower the valves need to move in order to fol
low the speed.

F i g . 9  R e l a t i o n  B e t w e e n  V a l v e -O p e r a t i n g  T i m e , R o t o r -A c 
c e l e r a t io n  T i m e , a n d  L a g  o f  G o v e r n in g  M e c h a n is m  

( T h is show s th a t  th e  slow er th e  v a lv es  m ove, th e  s low er m u s t b e  th e  tu rb in e  
a c ce le ra tio n  in  o rd e r  to  o b ta in  th e  sam e  lag .)

In general, steam turbines fall into two classes as far as govern
ing is concerned. These classes are, first, a single turbine in an 
isolated factory or power plant operating on a variable load and, 
second, a number of turbines in large central stations connected 
together on a common distribution system.

Steam turbines in actual service are not called upon to make 
full load changes continuously, except under abnormal power- 
system conditions. In view of the foregoing limitations, it is 
necessary for the designer to know the magnitude and rate of all 
load changes. This will depend upon the character of the load 
and the number and size of the turbines connected together. 
Knowing the magnitude and rate of all load changes, it is pos
sible to design a governing mechanism which has any specified 
lag. This lag will not be exceeded as long as the magnitude and 
rate of the load changes are not more than has been specified. 
Besides the magnitude and rate of load change, the entrained 
steam between the steam valves and the turbine exhaust is another 
determining factor not only of the type of governing mechanism 
but also of the possible lag which can be obtained.

If the time required for 100 per cent total valve stroke is AD 
in Fig. 9 and the turbine rotor changes speed 5 per cent in this 
time, then there will be perfect following of the turbine speed by 
the valve, providing the regulation is 5 per cent. If, however, 
the valves have a time delay of AB  and a speed of movement repre
sented by the time BE, then there will be a lag of the valves of 
20 per cent of the stroke as shown by the line MN. When the 
valves have a time delay represented by AC and a time for 100 
per cent stroke of CK, then to obtain the same lag the time 
required for the rotor to accelerate must be A ll  which necessi
tates a smaller or slower load change.

The ability of the governing mechanism of a steam turbine to 
position the steam valves for a given load change without sus
tained movement of the steam valves is called stability. The 
stability of a governing mechanism depends upon the magnitude 
of the lag shown at MN, Fig. 9.

As this lag of a governing mechanism is a function of the speed

of response of this mechanism, it follows that the regulation of 
the governor, as defined previously, materially affects the char
acteristics of the governor.

Stability of the governing mechanism, therefore, should be 
defined in terms of regulation and speed of response of the 
governing mechanism. Stability, of course, cannot be obtained 
without a certain sensitivity. In general, the slower the response 
of the governing mechanism, the greater must be the regula
tion of the governor if the sensitivity remains constant, in order 
that the governing mechanism may have a minimum lag.

In Fig. 10, if the steam valves can make their complete stroke 
in the time AB, then if the rotor acceleration is fixed by the line 
AC, a 3 per cent regulation will permit the steam valves to reach 
the position corresponding to the speed.

If the steam valves require the time AD to make their complete 
stroke then, when the speed reaches 103 per cent, the valves will 
have completed only 60 per cent of their stroke (or a lag of 40 
per cent) and it will be necessary to increase the regulation to & 
per cent in order to permit the valves to be in the proper position 
corresponding to the speed.

As speed of response over a certain value is difficult to obtain, 
governing mechanisms must be designed with adequate regulation.

F i g . 10 R e l a t i o n  B e t w e e n  V a l v e -O p e r a t i n g  T im e  a n d  
R e g u l a t io n

(T h is  show s t h a t  w ith  a  fixed r a te  of ac ce le ra tio n  th e  s low er th e  v a lv e -  
o p e ra tin g  t im e  th e  g re a te r  m u s t b e  th e  re g u la tio n  in  o rd e r  to  h av e  p erfec t 

g overn ing .)

This means that, from the definition of regulation, a considerable 
speed change of the turbine is necessary to change the load from 
full load to no load, or from no load to full load. This char
acteristic of governing mechanisms has necessitated speed-cor
recting devices in governing mechanisms which permit correcting 
the speed of the steam turbine after a speed change which has 
automatically followed the load change. This speed-correcting; 
device on steam turbines has taken various forms, either hand- 
operated or automatic. The latter fall into two general classes, 
i.e., speed-resetting devices or automatic frequency control, 
and self-restoring devices or droop correction.

The variation from normal speed which the steam turbine 
maintains, after the speed change due to regulation has been 
restored, is termed droop of the governing mechansim and is 
given as the per cent speed variation from normal speed.

P r o t e c t i o n  A g a i n s t  O v e r s p e e d i n g

As has been stated previously, the governor of a steam tur
bine has another function besides the accurate proportioning of 
the steam input to power output. This function is to prevent a 
rise in speed sufficient to trip the emergency governor on loss of 
full load. If the loss of load is instantaneous, the rate of speed 
change will depend on the WR2 of the steam-turbine and generator 
rotors. In this case, lag of the governor may be compensated for
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by an increase in the speed of the controlling mechanism. With 
an accurate governor, the speed of the controlling mechanism 
may be slower as in either case the steam valves must be at no- 
load position when the speed has increased the specified amount.

If it is desired to have the valves closed when the speed reaches 
110 per cent, as shown in Fig. 11 and, if the time required for this 
speed change is represented by AB,  it will be possible to ac
complish this by moving the valve through 100 per cent stroke 
in the time I B  or delaying the starting of valve movement 
by the time AC and then moving the valve through 100 per cent 
stroke in the faster time CB.

The ability of the governing mechanism to prevent excessive 
speed rise on loss of full load depends upon the magnitude of 
the instantaneous load changes for which the governing mecha
nism was originally designed. In general, it may be said that 
unless the governing mechanism is designed to follow accurately

F i g . 11 R e l a t io n  B e t w e e n  T u r b i n e  R o t o r  A c c e l e r a t i o n  a n d  
V a l v e - C l o s in g  T im e  

(T h is  show s th a t  th e  m ore  lag  th e re  is, th e  fa s te r  m u s t th e  v a lv e  m ove in  
o rder to  p re v e n t th e  tu rb in e  sp eed  exceed ing  a  se t lim it .)

an instantaneous full-load change, the amount of overspeed on 
loss of full load will be the limit in design of the governing mecha
nism.

With the governing mechanisms designed to prevent exces
sive overspeed, it will be found that automatically a smaller 
WR2 high-speed steam turbine will be obliged to have a more 
responsive governing mechanism than a low-speed steam turbine 
having larger WRs.

S u p e r p o s e d -  a n d  E x t r a c t io n - T c r b i n e  G o v e r n in g

Superposed and extraction steam turbines require governors 
and governing mechanisms, the functions and characteristics of 
which are similar to those used with condensing turbines. For 
controlling the steam input a pressure governor is used. This 
pressure governor responds to changes in pressure. For super
posed turbines, it is not generally necessary to use the speed 
governor for controlling the steam input and, in this case, the 
speed governor is used as a pre-emergency governor only. The 
rapidity of the load change and the WR2 of the turbine rotors are 
not used in the control-mechanism calculations for this class of 
turbine. In place of these effects, the rapidity of the change of 
steam flow and the volume of the back-pressure steam-distribut
ing system are used. For superposed turbines, the governing 
mechanism is designed to prevent excessive overspeeds of the 
turbine. The back-pressure governor and the controlling mecha
nism are designed with the necessary sensitivity and response to 
produce stable operation.

Stability of operation on this type of turbine is more difficult 
to obtain than stability of a condensing turbine controlled by a 
governing mechanism. This is due to the fact that in general 
the volume of the exhaust piping between the superposed turbine 
and its associated low-pressure turbines is relatively small. 
The result of this small volume is the same as having a steam 
turbine with a very small WR2 per kilowatt and means that the

rate of change of pressure is much faster than the rate of change 
of speed on this same type of turbine.

The design of the pressure-governing mechanisms, therefore, 
following the same specifications as outlined for governing 
mechanisms, must be sensitive and responsive enough to provide 
stable governing. For the same reasons, when the speed of re
sponse has been made as fast as is practical, then the regulation 
of the pressure governor must be increased to a value which will 
produce stable operation. This increase in regulation, as in 
governing mechanisms, has made necessary pressure-resetting 
devices on pressure governors. These devices may be either hand- 
operated or automatic. The latter may be either pressure-reset
ting or pressure-restoring.

The design and operation of large superposed turbines have 
presented some problems which have not been encountered so 
far on either the smaller turbines of this type or on condensing 
turbines. These problems have been to determine the constants 
to be used in designing in order to fulfill the requirements pre
viously outlined. These large superposed turbines have smaller 
rotors than condensing turbines having the same kilowatt rating. 
This means that the WR2 per kilowatt is less and that the ac
celeration of the steam-turbine rotor and generator is much faster 
than has been encountered on other turbines. The size of these 
turbines requires, of course, large steam valves so that the 
steam-pressure drop may be held to a minimum and the efficiency 
improved. These large steam valves require large forces to oper
ate them. They must also open and shut quickly so that the 
governing mechanism will function as outlined previously. The 
speed of operation of the steam valves on this type of turbine 
must be exceedingly fast in order to be able to follow the very 
fast speed change of these steam turbines.

It is not uncommon to use 100 hp to 200 hp for the movement 
of these valves. This power must be controlled by both the 
governor and the back-pressure governor with the proper sensi
tivity and response. This requires powerful and sensitive gover
nors, which have a minimum of time lag and which can control 
this power accurately.

Extraction turbines differ from the superposed turbines since, 
in general, both governing and pressure governing are necessary 
in order to obtain the satisfactory control of power output and 
extracted steam.

All of the problems outlined previously, covering both govern
ing mechanisms and pressure-governing mechanisms, apply to 
this type of turbine. It should also be noted that this type of 
turbine comes under the class of a turbine generally connected 
alone to a system, which condition may produce larger load 
changes on the steam turbine. The governing mechanisms for 
this type of turbine, therefore, must be more sensitive and more 
responsive.

This type of turbine, for this reason, is generally equipped with 
relay governors in order to secure the degree of sensitivity re
quired. The relay governor produces more external work with 
less speed change, thus increasing the sensitivity and response 
and permitting very close speed control.

This type of governor is designed with a large regulation and is 
generally equipped with automatic speed control so that the speed 
is held within close limits.

G o v e r n in g - M e c h a n is m  S p e c if i c a t io n s

At present no definite specifications covering requisites for 
governing mechanisms have been laid down by various steam- 
turbine users. It has, therefore, been necessary to design the 
governing mechanisms so that they will function in the most 
efficient manner, based upon the manufacturers’ best information 
as to operating requirements.

We, as manufacturers, have in the past asked groups of steam-
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turbine users to discuss with us their requirements for governing 
mechanisms. However, until recently for the most part we have 
had to form our own ideas as to these requirements.

Within the last few months, however, a group of utility opera
tors under the leadership of the Hydraulic Power Committee of 
the Edison Electric Institute has submitted a tentative govern
ing specification for prime movers. Using this specification as a 
basis of approach, we have attempted to formulate a governing- 
mechanism specification for steam turbines used in central 
stations. The minor changes made are the result of considering 
the transient requirements and the complete governing mecha
nism rather than the governor alone.

To the standard governing mechanism used by central stations 
at present, there has been added in the proposed specification 
regulation and droop control. A discussion of the value of these 
features in central-station operation might be in order following 
this paper.

These specifications have been written to cover all of the 
points brought out in this paper. The several headings apply to 
the various requirements for governing mechanisms as outlined. 
Each heading has first a definition and then a specification.

Sensitivity. The ability of the steam valves to respond to a 
certain sustained speed change. The sensitivity of a governing 
mechanism should be such that response of the steam valves 
will occur with not more than 0.04 per cent speed change of the 
turbine. The sensitivity of the governor should be such that 
response of the governor will occur with not more than 0.02 per 
cent in speed change.

Droop. The steady-state change in speed for a full-load 
change. Droop shall be adjustable from zero to the regulation 
of the governor and this adjustment will be indicated.

Regulation. The speed change necessary to move the steam 
valves from zero load to full load with no droop correction. The 
regulation shall be adjustable from 2 per cent to 6 per cent and 
will be indicated.

Stability. The ability of the governing mechanism of a steam 
turbine to position the steam valves for a given load change 
without sustained oscillation of the steam valves.

Overspeeding. The turbine speed shall not exceed 110 per cent 
speed on the loss of full rated load.

Response. Perfect governing-mechanism performance is the 
exact following of the speed-load position by the steam valves. 
In practice the steam valves always lag behind the speed-load 
position. For a 6 per cent governor regulation, this lag should be 
not more than 20 per cent of the total steam-valve stroke when the 
instantaneous load change is not more than 50 per cent of full 
rated load.

Speed Adjustment. Possible from 98 per cent at no load to 
102 per cent speed at full load.

Load Limit. Adjustable and its position shall be indicated.
It is hoped that this paper, together with the foregoing tenta

tive specifications of a governing mechanism will enable steam- 
turbine operators and designers to formulate more definite speci
fications for governing mechanisms which will permit the better 
functioning of steam turbines in all central-station service.

D iscussion
J. C. H o b b s . 2 Governor engineers are to be commended for 

their intricate analytical work in devising a mechanism which 
functions in a manner responsive to some motivating force. 
When every part functions perfectly according to the fundamental 
theory without lost motion, without wear, without dirt, without

2 Vice-President in Charge of M anufacturing, Diamond Alkali 
Company, Painesville, Ohio. Mem. A.S.M.E.

falling apart, without breaking, and without lubrication or with
out any one of hundreds of other troubles, reliable satisfactory 
operation is secured; but, unfortunately, nothing is perfect. 
Beginning even with the governor-engineers’ design and follow
ing with the manufacturers’ workmanship and material, the 
erectors’ technique, and the operators’ treatment, there always 
seems to be some minor cause for what sometimes becomes a 
major accident. Today, manufacturers’ organizations appear 
to be striving more for the complex and, as a result, illustrations 
could be cited in great number where complexity has caused 
complications while the manufacturer remains complacent.

No criticism should ever be made without at least voicing a 
constructive thought or, better yet, a solution. Therefore, with
out attempting to provide a detailed design for any of the myriad 
governor problems, it is suggested that the first and fundamental 
requirement of any governor, where safety and reliability are 
paramount, is that the governor design and construction shall be 
as simple as it is possible to construct and still obtain a practical 
performance of the desired functioning. Each and every gover
nor design should be critically analyzed with a view to determin
ing whether this group or that group of parts might not be re
placed with a single part and so on until the minimum combina
tion of moving elements remains. This suggestion is made in 
the interests of both the operators and the mainufacturers, since 
whatever results in good operation also results in lowered costs 
for manufacturers, due to reduction in service expense and, in 
addition, life and property are safeguarded.

R. W. M c L a u g h l i n . 3 This paper presents a well illustrated 
r6sum6 of the problems connected with the design of turbine- 
governor mechanisms. The brief statement of the case sur
rounding extraction-type turbines and of the fact that they re
quire the most sensitive governing mechanisms available is well 
founded. However, due to the high sensitivity and responsive
ness of these governors, it is not always necessary to have the 
governors set for broad regulation, which requires an automatic 
frequency control to prevent excessive speed variations.

It has been found in numerous instances, where good frequency 
control was desirable but not of sufficient value to warrant pur
chase of automatic frequency-controlling equipment, that the ex
treme sensitivity and rapid response of the governors made it 
entirely satisfactory to set them for 2 to 3 per cent regulation. 
That is, with no manual correction of speed whatever, should the 
electrical load and extracted steam flow either or both together, 
gradually vary from zero to the maximum for which the machine 
was designed, their resultant variation in speed would be less 
than 1 cycle above or below normal. Thus, with the normal 
variations of load and extracted steam flow which, though often 
sudden, are only a fraction of the maximum capacity, manual 
correction of frequency is required only at protracted intervals. 
Perhaps one of the most difficult applications of this type which 
has been worked out successfully is the case of an extraction 
turbine which operates alone in an industrial plant. The govern
ing mechanism on this machine is taxed quite severely, since it 
serves an electrical load, the bulk of which consists of spot-weld
ing equipment and plant-lighting equipment, neither of which pro
vides the system with any rotating inertia. The surge in power 
which results from several spot welders striking simultaneously 
necessitates continual rapid movement of the governor, since 
the system inertia is so small that the turbine speed is affected 
by these power surges, even though they are of short duration.

Probably these results could not have been accomplished 
without the use of a fully compensated valve gear, by means of 
which either the governor or extraction pressure regulator can

1 Turbine Engineering D epartm ent, E lliott Company, Jeannette, 
Pa.
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correct variations in the medium it controls without disturbing 
the other. A further requirement is the use of a double oil re
lay governor somewhat different in arrangement but similar in 
principle to that illustrated in Fig. 1 (C) of the paper. Further
more, the accomplishment of such results can scarcely be ex
pected without the designing engineer being fully equipped with 
advance information furnished by the purchaser with respect to 
the anticipated details of operating requirements before the de
sign is started, which, as the author suggests, is all too often not 
the case, as future operating requirements are often unpredict
able.

R. B. S m ith .4 This paper presents a summary of the salient 
features of the governor problem from the static viewpoint. 
Undoubtedly, the author would be one of the first to agree that a 
satisfactory solution to the problem necessitates a study dynami
cally in which the time lags as a result of inertia are included. 
In many respects there is a similarity between the governor and 
the vibration problem. Since the question is essentially dynamic, 
it seems rather unfortunate that more analytical and experi
mental analyses are not common in our technical literature. A 
start was made some years ago by Tolle (l)5 and Stodola (2). 
This was extended in both a practical and analytical way by 
Freudenreich (3), and more recently by the efforts of Stein (4) 
and Luoma (5). In this country, the attention of the Process 
Industries Division of the A .S.M .E. in its subcommittee on In
dustrial Instruments and Regulators has been devoted to 
fundamental study of this problem along analytical lines, and 
with promising results.

While it has been pointed out in this symposium that a satis
factory governor is in the end one which meets the requirements 
of the customer is it not also true that a satisfactory governor 
can be more properly described as one which is dynamically and 
transiently stable? Dynamic instability, usually termed hunt
ing, meets the author’s definition of stability. Its determination 
necessitates a consideration of the time lags outlined in the 
author’s Fig. 5 and a consideration of these lags in respect to the 
prime-mover system as a whole. Transient instability arises 
when, under sudden changes, the governor does not function 
properly or fails to keep the machine from overspeeding or trip
ping.

Either of these two types of instability may arise from two 
sources—a forced instability or an inherent instability. Forced 
instability can be thought of as arising from external causes such 
as excessive backlash or from friction; it is indicated in part by 
the lag OC in Fig. 5. An inherent instability arises when the vari
ous time lags which exist within the system, and which are at
tributable largely to inertia, bear an improper relation to the 
dynamics of the rest of the prime-mover system. It is particu
larly in the investigation of these dynamic lags that analytical 
in combination with experimental analysis has proved helpful. 
As a general statement, it can probably be said that a few years 
ago instability of a forced nature was the most common govern
ing difficulty. With the advent of the high-back-pressure ma
chine, having a high rate of maximum initial acceleration, and 
particularly when it operates in conjunction with lower-pressure 
turbines, the difficulties arising from an inherent instability of 
the system have assumed a much more important aspect.
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W. T h i n k s .* The illustrations of Fig. 1 (A , B, and C) are 
apparently quite diagrammatic, because the springs between 
the centrifugal weights would have to be so wound that they have 
less than no length when free from tension; or else they must be 
so wound that they exert considerable tension when coiled 
tightly. Both feats are difficult.

The reason for this may be readily seen: In an isochronous 
governor, centrifugal force is proportional to distance of center 
of weights from the axis. The spring must be free from tension 
when the centers of gravity of the weights are in the axis. Since 
the spring is shown shorter than the distance between the weight 
centers, it must have a negative length, when free.

It may be possible to coil the spring so as to exert tension when 
coiled tightly. If so, the writer would appreciate directions on 
how to do it.

With regard to nomenclature, the following may be mentioned: 
Although the Power Test Code Committee has settled on certain 
names, attention should be given to the fact that within the 
Society there is another committee which deals with regulation 
and control and which is busily engaged in standardizing names 
for instruments such as are used to control pressure, temperature, 
rate of flow, and the like. It would be unfortunate if two com
mittees within the same society selected different names for the 
same quantities. They should cooperate.

S. H .  H e m e n w a y . 7 The opinion has been expressed that all 
governors on a system should respond to a speed change of 0.01 
per cent to avoid tie-line load swings; also, that the purchaser 
should specify governing characteristics to take care of the mag
nitude and rate of load changes on the system. This will stand 
further study, of which the following are indications:

Many types of governors have obtained stability by having a 
temporary speed droop OC, Fig. 12 of this discussion, greater 
than the settled speed droop OA. This was accomplished on 
the flyball governor, Fig. 13, by a dashpot on the operating lever 
The effect of having the governor respond to smaller speed 
changes can be seen by disconnecting the dashpot, or by allow
ing the dashpot some lost motion Y. This dashpot arrangement 
for securing stability has been used on pressure regulators as 
well as speed governors. In a few cases where it was permissible 
to try this lost motion, a rapid hunting resulted. Variable droop 
can be obtained by adjustable automatic speed-resetting means.

A governor in which the speed-sensitive element is of the no
travel type is shown in Fig. 14. In this case, with movement 
of the governor, the compensating piston E  increases or decreases 
the pressure over the dashpot piston G. Properly proportioned, 
this arrangement is nearly equivalent to the dashpot of Fig. 13. 
It is as stable and reliable as the governor having appreciable 
travel of the speed-sensitive element, and there would appear to 
be no reason for prejudice against it on this score. A similar 
dashpot H, Fig. 15, is shown for a no-travel pressure transformer- 
type of governor.

6 Professor of Mechanical Engineering, Carnegie Institu te  of 
Technology, Pittsburgh, Pa. Mem. A.S.M.E.

7 Moore Steam Turbine Corporation, Wellsville, N. Y. Mem. 
A.S.M.E.
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With any of these governors, the temporary speed droop in the 
closing direction can be reduced from OC to OB, Fig. 12, by a 
spring-loaded relief valve K, Figs. 13, 14, and 15, to limit the 
dashpot action in the closing direction, thus limiting the speed 
jump with loss of full load.

The governors described in the papers8 show the trend to more 
intricate and involved mechanisms to satisfy the increasing re
quirements. If purchasers specify in detail the governor char
acteristics, there will be a tendency to “play safe” and result in 
governors of greater intricacy and difficulty of maintenance. 
Before proceeding in this direction, it would be well to get to
gether those experienced in these problems to outline the sen
sitivity and speed of response that is desirable considering the 
following:

1 Tie-line load change
2 Load changes due to “faults”
3 Resulting change in boiler output

8 This committee on discussion applies jointly to the present paper 
and the  paper, “ C onstant System Speed and the Steam-Turbine 
Governor,” by A. F. Schwendner, which appears on page 199 of this 
issue of the Transactions. W ith the discussion of M r. Schwendner’s 
paper there is also a jo in t discussion by Francis Hodgkinson of the 
present paper.

4 Maintenance of voltage and electrical stability.
Theoretical studies of these factors can also be made with 

profit, before radical changes are made in governing apparatus. 
The writer believes there will be agreement that there are many 
conditions under which slow response has a stabilizing effect.

There has always been a question of the accuracy of measure
ment of speed, load change, pressure changes, and governor move
ments. If specifications can be drawn up to provide the sensi
tivity at different frequencies of equipment for measuring these 
values, and such equipment can be produced to these specifica
tions by instrument makers and used for all such testing, it will 
clear up many discrepancies.

[Mr. Hemenway submitted with his discussion suggested terms 
for governor and control apparatus which have been turned over 
to the A.S.M.E. Power Test Code committee on Speed, Pressure, 
and Temperature Responsive Governors. This Committee is 
shortly to revise and enlarge the present Code.—E d it o r . ]



C onstan t System  Speed and  the 
S team -T urb ine  G overnor

B y A. F. SCHWENDNER,1 SOUTH PHILADELPHIA, PA.

T he d e m a n d  for c o n s ta n t  sy s te m  sp eed  is  a  c u r re n t p ro b 
le m  o f  p o w er -g en era tin g  s y s te m s . E lec tr ica l s ta b ility ,  
governor, gov ern in g -v a lv e  c h a r a c te r is t ic s , a n d  o th e r  fa c to rs  
p lay  th e ir  p art in  th e  p ro b lem . In  t h is  p ap er  o n ly  th e  
effect th e  govern ors a n d  g o v ern in g  va lves ha v e  in  m a in 
ta in in g  or d is tu rb in g  th e  sy s te m  sp eed  i s  d isc u sse d .  
N ew  go v ern in g  s y s te m s  are d escr ib ed  t o  sh o w  th e  e x te n t  to  
w h ic h  th e  tu r b in e  m a n u fa c tu re rs  g o  in  tr y in g  t o  m e e t  th e  
d e m a n d  for b e tter  sy s te m  sp eed . T h e  a u th o r  p o in ts  o u t  
th a t ,  w h en  th e  govern or c h a r a c te r is t ic s  o f  a ll u n i t s  in  a  
p o w er-g en era tin g  sy s te m  are k n o w n , th e  c o m b in a t io n  o f  
u n its  u sed  for  c er ta in  lo a d  b lo ck s  c a n  b e  d e te r m in e d  n o t  
o n ly  for th e  b e s t  g e n e ra tin g  e c o n o m y  b u t  a lso  for b e tte r  
sy s te m  sp eed . T h is  in fo r m a tio n  c a n  b e  u sed  t o  sp ec ify  
req u ired  governor c h a r a c te r is t ic s  for  n e w  u n its  t o  fu r th e r  
im p rove  th e  sy s te m  sp eed . A t te n t io n  is  c a lle d  t o  th e  n eed  
for u n ifo r m  governor p er fo rm a n ce  a n d  t e s t in g  sp ec ifica 
tio n s .

THE last twenty years have brought many changes 
in the power-generating field. From small isolated power 
plants, large interconnected power-generating systems have 

developed. System frequency has improved from */a to 1 cycle 
total change, decreasing to 0.2 cycle maximum allowable change, 
and time errors have decreased to within 1 sec. Most of these 
improvements have been obtained without material changes to 
the then existing governors. The control-room operators have 
more work to do. Automatic frequency-control equipment has 
been installed, actuating one or several of the synchronizing 
motors of the governors. The increased use of hydraulic power 
has brought new problems, but the large systems have taken care 
of these without changing the governor (specifications); in most 
cases by increasing the turbine-governor speed variation, that is, 
the change in speed between no load and full load on a unit.

With the increased use of faster and more sensitive frequency 
recorders, short period frequency swings are shown which did not 
appear on the less sensitive instruments previously used. Load 
changes are observed between units in a power plant which 
do not correspond with system load changes or total plant output. 
There are several reasons for this performance. Neglecting 
the effect which electrical stability, low short-circuit ratio of 
generators, and harmonic pulsations of load may have in the 
frequency and load swings, only the part the governors and 
governing valves have in the problem will be considered.

Governor performance in the past was judged by its syn
chronizing ability and the amount of frequency change when 
carrying reasonably steady load with the unit on the line by itself. 
On larger systems where more than one unit was required to 
carry minimum system load, a governor was judged good if it 
synchronized well and showed very little change on the steam-flow 
chart. From the manufacturer’s point of view, a governor is good

1 Westinghouse E lectric & M anufacturing Company.
Contributed by the Power Division and presented a t  the  Annual 

Meeting, Philadelphia, Pa., December 4-8, 1939, of T h e  A m e r ic a n  
S o c ie t y  o f  M e c h a n ic a l  E n g in e e r s .

N o t e : Statem ents and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not 
those of the Society.

if it satisfies the customer’s requirements. Specifications very 
seldom called for more than a governor with 4 per cent speed 
regulation (a change in speed of 4 per cent from no load to rated 
load). If a governor could synchronize reasonably well with 4 
per cent speed regulation and was sluggish enough not to show 
too much steam-flow fluctuation on the chart, it was considered 
satisfactory. The frequency recorders did not show momentary 
frequency swings, and slower changes of 0.2 cycle plus or minus 
were then accepted as satisfactory.

S e n s i t i v e  G o v e r n o r s  R e q u ir e d

The introduction of the superposed turbines and the larger- 
capacity 3600-rpm units brought a new type of steam-turbine 
generating unit into the power systems. The small rotor inertia 
and consequent high rate of acceleration inherent in this type 
of unit require fast and sensitive governors so that the units 
may be synchronized well. A sensitive governor which follows 
the smallest changes in frequency does not have a smooth steam- 
flow chart. If a unit with a sensitive governor is put on the line 
with a unit which has a sluggish governor, the steam-flow changes 
shown on a recording meter will increase, and will increase fur
ther with the additions of other units with sluggish governors.

A sluggish governor or governing system requires a certain 
amount of speed change before the governing valves begin to 
move. The centrifugal force of the governor weights and the 
governor spring force balance at any speed point. If there is a 
larger amount of friction between the governor parts, the speed 
will have to change until the difference between the centrifugal 
and spring force is sufficient to overcome the friction. The 
same is true with an oil governor. The oil pressure produced by 
the governor impeller acting on a relay or bellows is balanced by 
a spring force in the same manner as in a flyball governor. Be
tween the governor and the governing valves there may be one or 
several servomotors and their linkage. Lack of response in re
lays and backlash in the linkage alone, or coupled with a governor 
having friction, may require considerable speed change before 
the governing valves begin to move. The speed change re
quired to move the governor is not necessarily constant through 
its total stroke. The change in sluggishness and the difference 
in load change for the same frequency change, but at another 
governor or load point, require a thorough study of the governing 
characteristics of each unit, before a study of system control 
characteristic is attempted.

A 50,000-kw unit with a governor adjusted for 4 per cent 
speed regulation will usually show approximately 2000-kw load 
change with 0.1 cycle change in frequency, assuming straight- 
line load and governor travel characteristics. This is not always 
the case, however. Some 50,000-kw units will show 4000-kw 
load changes with 0.1 cycle change in frequency at some load 
points while, at other load points, the load change may be less 
than 1000 kw. Very few governing valves have straight-line 
flow and lift characteristics. Fig. 1 shows a governing-valve 
characteristic curve with four governing valves. The governor- 
servomotor travel, or govemor-sleeve travel with flyball govern
ors, governor-impeller oil pressure with oil governors, or rotor 
speed are shown on the vertical axis, while the steam flow or, with 
some correction, kilowatt load is plotted on the horizontal axis. 

199



200 TRANSACTIONS OF THE A.S.M.E. APRIL, 1940

Line A is the theoretical speed variation of the governor while 
the valve curves 1, 2, 3, and 4 show the amount of deviation per 
valve. A change of 0.1 cycle in frequency shows a 2000-kw 
change on the A line, while the same frequency change shows 
3000-kw load change on the No. 1 valve line between 0.3 and 0.4 
and 750 kw between 0.6 and 0.7 cycle. This load change in 
terms of speed variation would mean that when the unit load 
changes 3000 kw with 0.1 cycle speed change it has less than 3 
per cent speed regulation, and with 750-kw load change 11 per 
cent.

F i g . 1 G o v e r n in g - V a l v e  C h a r a c t e r i s t i c  C u r v e

The tail end of the governing-valve curve is determined by the 
minimum pressure drop allowed across the valve to obtain 
maximum full valve efficiency. The effect of this curve on the 
governing of the unit can be reduced by increasing the number 
of governing valves as shown by the dash lines, by the use of 
cams or by setting each governing-valve opening closer to the 
preceding valve. There is very little difference in the rate of 
load change on the newer units, but some of the older units may 
show considerable load change between different points of the 

. governor travel.

E f f e c t  o f  S l u g g is h  a n d  S e n s i t i v e  G o v e r n o r s

Fig. 2 shows the difference in load change between units 
with 4 per cent and 6 per cent speed-regulation governors, also 
the effect of a sluggish and a sensitive governor on a system which 
has only two units on the line with 50,000-kw capacity each. 
To be able to show the effect of a sluggish governor better, it is as
sumed that the unit having a 4 per cent speed variation has a 
sluggish governor which will not respond to a frequency change 
of less than 0.3 cycle, and that the unit having 6 per cent speed 
variation has a very sensitive governor. Following the line 
showing 0.2 cycle change on the 4 per cent governor, it is seen 
that the turbine load should increase 4000 kw while the unit 
with the 6 per cent governor should pick up 2800 kw. With only 
the two units on the line, each carrying a certain load with 60- 
cycle frequency, a system load increase of 6800 kw is assumed 
which normally will drop the system frequency 0.2 cycle. With 
the 4 per cent governor not responding to a change less than 0.3 
cycle, the system frequency must drop 0.3 because the 6 per cent 
governor picks up only 4000 kw out of the total of 6800 kw with

that frequency change. However, as soon as the 4 per cent 
governor moves at that frequency change, it picks up 6000 kw or 
assumes a valve position equal to it. The system load increases 
only 6800 kw while the combined increase in valve openings can 
carry 10,000 kw. The excess steam flow will increase the system 
speed and so reduce the load on the 6 per cent governor to 800 kw 
with a system frequency drop of 0.057 cycle from its original 
value.

The steam-flow chart on the unit with 4 per cent speed varia
tion will show only one change in flow equal to a load increase 
of 6000 kw. The flow chart on the unit with 6 per cent speed 
variation will show a flow increase equal to 4000 kw, then a 
decrease of 3200 kw. The frequency recorder will indicate a de
crease in frequency of 0.3 cycle, then an increase of 0.243 cycle. 
When the frequency and steam-flow changes on each unit are 
compared with the system load change, the first impression may 
be that the unit with the 4 per cent governor is the better of the 
two as it picked up more of the load change with only one change 
on the flow chart, and very little final change in frequency. How
ever, as pointed out previously, without the 6 per cent governor 
the frequency changes would have been considerably larger.

The condition just described is multiplied many times on a 
large interconnected system. The units on the line will have 
some sensitive and some sluggish governors. There will be 
units carrying load at full-open-valve points while others run at 
intermediate points. A small frequency change may move a few

F i g . 2  G o v e r n o r  S p e e d  V a r ia t io n  a n d  L o a d  C u r v e

sluggish governors while others will start as soon as the frequency 
changes a trifle more. The sensitive governors in the meantime 
will try to correct for the movements of the other governors.

E x h a u s t  P r e s s u r e  R e g u l a t o r s

The superposed turbines operating with exhaust pressure 
regulators will add to the present disturbances. Suppose the 
high-pressure unit has 50,000-kw capacity and exhausts into a 
header feeding the two 50,000-kw units described. Assume 
that the contract calls for a 4 per cent governor in the high-pres- 
sure unit. It will be sensitive in order to be able to synchronize 
properly. Repeating the previous performance, the system load 
is increased by 10,800 kw or the total change of load with 0.2 cycle 
frequency drop. Dropping the frequency 0.3 just before the 
sluggish 4 per cent low-pressure-unit governor begins to move, 
there will be 6000 kw on the high-pressure and 4000 kw on the
6 per cent low-pressure units. A 6000-kw increase on the high- 
pressure unit will increase the low-pressure header pressure be
cause only one unit is increasing its steam demand and only the 
amount required for the 4000-kw increase in load. The exhaust
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pressure regulator will start to decrease load on the high-pressure 
unit. The time lag depends upon the low-pressure header vol
ume. Just then the low-pressure 4 per cent governor will begin 
to move and will pick up 6000 kw, which in turn drops the low- 
pressure header pressure and so starts to increase load on the 
high-pressure unit. The governing valves on all three units will 
now be open to carry an increase in load equal to about 16,000 kw 
and the frequency will rise, unloading the high-pressure and 6 
per cent low-pressure units. Due to the time lag in the low- 
pressure header, the frequency may change three to five times 
before equilibrium is established against the two changes de
scribed.

The high-pressure unit, when exhausting into a low-pressure 
system with sensitive governors and having sufficient capacity 
to take all the steam from the high-pressure unit, can be balanced 
so that with load changes the exhaust steam equals the steam 
demand of the low-pressure units with very little correction by 
the exhaust pressure regulator. But at times the high-pressure 
unit may have only one or two low-pressure units taking exhaust 
steam. The high-pressure unit following the frequency changes 
will change the exhaust-steam flow beyond the requirement of 
the low-pressure units. Hence, the exhaust pressure regulator 
must correct the steam flow after each frequency change and, 
because of the header lag, will cause additional frequency 
changes.

There are other factors which can disturb the system speed, 
but their effect is relatively small and the cycle long. The 
practice of using the newer turbines as base-load units does not 
help the system speed. To be able to obtain the best efficiency 
of a base-load unit, the load set on the governor should not 
change with small frequency changes of the system. The 
governor speed variation is normally increased above the other 
units in the system. That by itself does not help if the base- 
load unit has a sensitive governor while the majority of the other

units in the system have sluggish governors. The new units 
have very little rotor inertia and so the governors cannot be 
made very sluggish before they become unstable.

E l im in a t i n g  E f f e c t  o f  S l u g g is h  G o v e r n o r s

Most power-generating systems have a high percentage of old 
units in the power plants. At the time of installation their 
performance was satisfactory. Some of the governors on the 
old units are sufficiently sensitive not to cause frequency dis
turbances. A good many of the others can be made reasonably 
sensitive. There may be a few that will require new control 
equipment. The capacity of the sluggish units in relation to the 
system capacity and the number of sensitive governors on 
the system will determine largely the need for new control equip
ment. To eliminate the effect of the sluggish governors on the sys
tem speed, the simplest method is to take the units off the 
governors by a load-limiting device in such a manner that 
the governor will cut in, in case of a rise in system speed above the 
speed set by the limiting valve, but will not increase load when 
the system speed drops. In itself this would decrease the avail
able generating capacity in case of system disturbances. To 
overcome this objection the load-limit device can be made to 
release its limiting effect if the system speed drops below a set 
speed. With this equipment, the load on the unit will not be af
fected by the normal speed change of the system, but will still be 
available for emergency operation.

Control equipment has been developed for the growing de
mand for better system speed variation. To reduce the effective 
changes in speed variation due to governing-valve characteris
tics, the multivalve steam chest with diffuser-type valve seats was 
developed. The flow-lift curve of a diffuser-type valve seat is a 
straight line up to 85 per cent of its full steam flow. The length 
of the curved section is determined by the allowable pressure drop 
through the valve. The curved section is relatively small even
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with very low steam-pressure drops with this type of valve and 
seat. A cam in the servomotor follow-up linkage can correct the 
slight deviation from the straight line, but the error is so small 
that the use of a cam has not been found necessary.

The speed-responsive element in the governor is designed to 
give a maximum sensitivity and fast response. Fig. 3 shows an 
oil-governor control system. The rotation of the turbine shaft 
establishes a pressure in a chamber surrounding the shaft. This 
pressure is maintained by the centrifugal force of the oil in the 
inclined hole drilled in the shaft connecting the pressure chamber 
to drain. Oil is supplied through an orifice into the pressure 
chamber from the main oil pump, also located on the turbine 
shaft.

The small amount of oil flowing through the orifice into 
the pressure chamber maintains a pressure which varies as the 
square of the turbine speed. To increase the sensitivity and 
response of the servomotor to respond to very small speed 
changes, the relatively small pressure changes produced by the 
centrifugal force of the oil in the inclined hole, otherwise called 
the governor impeller, are magnified in the governor transformer. 
By the use of a rotating relay or valve and the use of bellows, 
the small governor-impeller pressure changes are increased in the 
ratio of 5 to 1 without friction or measurable time lag. The 
transformed or secondary pressure controls the servomotor- 
operating-piston position through a pressure-responsive device 
in the follow-up linkage. An increase in the control pressure 
applied in the pressure-responsive device will move the operating 
piston in the closing direction. Through a system of check 
valves, other pressure impulses controlled by regulators, respond
ing to functions other than speed, may be applied in the pressure- 
responsive device of the servomotor. In Fig. 3 the load-limit 
valve, load-dump anticipator, and governing-valve emergency 
trip all act on the top chamber of the pressure-responsive device. 
The exhaust pressure regulator, as shown, is connected to the 
lower chamber of the pressure-responsive device.

The pressure-responsive device responds to the highest of all 
pressures applied or connected to the top chamber. The higher 
pressure will close the check valve in the other regulators main
taining a lower pressure. Any of the regulators can decrease 
the load regulated by another regulator by increasing the regu
lating pressure above the pressure of the controlling regulator. 
The regulator with the highest pressure will control the load and 
no regulator connected in the same regulating pressure system can 
increase the load.

L o a d - L im i t  o r  S t e a m - F l o w - L im i t  V a l v e

The load-limit or steam-flow-limit valve shown in Fig. 3 is a 
spring-loaded cup-shaped valve which maintains an oil pressure 
corresponding to the setting of the compression spring.

By setting it to a valve opening equal to a single boiler ca
pacity, the load on the unit cannot be raised above that with the 
speed changer or the exhaust pressure regulator. When the unit 
is required as base-load generating equipment, the load limit 
can be set to any desired load demand while the secondary pres
sure, regulated by the speed changer, can be set just below the 
pressure of the load limit so that normal frequency changes 
will not affect the load on the unit. When a superposed unit is 
controlled by the exhaust pressure regulator and it is desired to 
cut out the response of the governor to frequency changes, the 
load limit may be set in the same manner as above. In many 
installations the operation of the superposed unit, when con
trolled by the exhaust pressure regulator, is more satisfactory 
with the governor not responding to speed changes. To elimi
nate the need of the load limit for this condition, the exhaust-pres- 
sure-regulator control pressure can be applied on the top cham
ber of the pressure-responsive device in some cases. In this

manner, while the exhaust pressure regulator controls the steam 
flow, all the other control features are cut out automatically.

The speed regulation of the governor may be changed by 
changing the fulcrum point of the servomotor follow-up link. 
This arrangement is used if the speed regulation is set to a per
manent figure. In the future the need may arise to have govern
ors which can change the speed regulation while the unit is 
carrying load, to satisfy the constant system-speed demand of the 
system with different combinations of units on the line. The 
governor can be furnished with a different transformer housing 
which allows the transformed or secondary pressure to enter the 
chamber located below the transformer relay or valve through 
an orifice and air bell. The regulating or admission valve is so 
constructed that the secondary pressure may be partly or fully ap
plied below the transformer relay obtaining partial or full-speed 
compensation. The change is gradual and can be adjusted 
while the unit is in operation.

F i g . 4  T u r b i n e  G o v e r n o r

Fig. 4 shows a governor used on smaller generating units. 
The speed-responsive element is a flyball governor instead of the 
governing impeller. To match the sensitivity of the oil governor, 
the governor weights are mounted on the governor spring, thereby 
eliminating friction in the speed-responsive element. The trans
former is used here in the same manner as in the oil governor. 
The difference is that in one case the transformer changes smaller 
governor-impeller pressure changes into larger ones, while in the 
other case it changes centrifugal-force changes into oil-pressure 
changes. The transformed pressure change per 1 per cent 
speed change is the same in both governors and all the governor 
characteristics described apply also to the smaller governor.

Industrial power plants tied in with power-generating systems 
should be considered as part of the system. There are many 
industrial power plants with up-to-date generating equipment 
maintained in excellent operating condition. There are others, 
however, and some with quite large generating capacity where the 
equipment, particularly the governors, are not kept in as good 
operating condition. The reaction on the system speed caused 
by the faulty operation of these governors is determined by their 
capacity against that of the system. The governor performance 
characteristics of industrial plants, particularly the ones with 
large generating capacity, should be checked along with the 
generating units of the power system.
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S y s t e m a t ic  S t u d y  o f  G o v e r n o r  P e r f o r m a n c e  N e e d e d

It does not help the power systems when the manufacturers 
supply generating units with governors capable of the widest 
changes in control characteristics and no attempt is made to 
take advantage of it. A systematic study should be made of 
the existing governor performances in each power plant of an 
interconnected power system and existing governor performance 
corrected to suit system needs as much as possible with the exist
ing equipment. When ordering new units, analyze the required 
governor performance with all practical combinations of units, 
power plants, and loads just as carefully as the best combina
tion of steam conditions is determined. The required governor 
performance should then be specified, including possible changes 
in characteristics while the unit is in operation or shut down.

A committee should define standards in governor performance 
and set up methods of checking and testing governor per
formance.

The range of the variable characteristics should be determined, 
also which one should be susceptible of change with the unit in 
operation.

A definite governor-performance specification will help the 
turbine builders and a knowledge of the limitations of each 
governor will help the system operators.

B IB LIO G R A PH Y
“ System Governing,” by Albion Davis, Edison Electric Institu te , 

December 5, 1938.
“Superposed-Turbine Regulation Problem ,” by  A. F . Sohwendner 

and A. A. Luoma, T rans. A .S.M .E., vol. 58, paper FSP-58-8, No
vember, 1936, pp. 615-620.

D iscussion
I. C. M a r t i n .2 The author states that governing character

istics of all units on the system should be carefully studied and 
load conditions considered before specifying required governor 
characteristics for a new unit. It is agreed that this study should 
be made for the purpose of determining most desirable operating 
methods. However, it seems that the governor for any new 
unit should be built with maximum sensitivity, controllable speed 
of operation, speed-droop adjustability between zero and at 
least the greatest value for any of the existing units, and provi
sion for any auxiliary controls such as the author mentions. 
Governors for existing units should be brought up to new unit 
performance rather than providing for poorer governor perform
ance in new units. Only in this way can maximum system flexi
bility be obtained. Although unit characteristics and load con
ditions determine optimum operating methods, full advantage 
cannot be obtained unless governors on the various units can be 
adjusted as desired. Governors with the same range of adjust
ment, whether the units are steam, hydro, or Diesel, present the 
only means of obtaining maximum system flexibility for both 
current operating methods and possibility of future changes. 
Therefore, it would seem to be that the point of wide range of 
governor adjustment is most important whether selecting gover
nors for old or new units.

E. E. P a r k e r . 3 The author’s explanation of the action of 
turbine generators with sensitive governors, when paralleled 
with units having less sensitive governors, should assist in elimi
nating misunderstandings on this matter. Because of the 
slower response of the hydraulic-turbine governing mechanisms, 
such operation has often been encountered in power systems

! Woodward Governor Company, Rockford, 111.
s Turbine Engineering D epartm ent, General Electric Company, 

Schenectady, N. Y. Mem. A.S.M.E.

where steam and hydroelectric generating equipment must work 
together. Failure on the part of a few turbine users to appreciate 
this has given rise to complaints of governing-mechanism in
stability where, as the author points out, the governing mecha
nism is actually doing a better job than are the mechanisms 
which they consider satisfactory.

Field experience over a number of years with turbine govern
ing mechanisms has established that the slope of the kilowatt
load (or steam-flow) versus governor stroke curve is an important 
factor in determining whether or not the governing of a turbine 
will be stable. A number of analytical studies of turbine govern
ing, including governors of both the flyball and oil-pressure type, 
have shown that the slope of this curve is very nearly inversely 
proportional to the minimum regulation at which a turbine may 
be operated with stability. For example, in Fig. 1 of the paper, 
if the actual governing curve has a slope (speed change per kw 
input) at any point equal to one half the average, then the mini
mum regulation for stability must be twice what would be re
quired with the same turbine and governing mechanism if the 
slope were average at all points.

Thus, it can be seen that, for a given turbine governing mecha
nism and regulation, the stability of operation can be improved 
by reducing the variation of the slope of this curve from the 
average; or for a given degree of stability the regulation can be 
decreased as the slope of this curve at any point approaches the 
average. In addition to stability considerations, governing 
curves with minimum variations of slope are very desirable for 
good control (either automatic or manual) of the output of a 
turbine.

Fig. 5 of this discussion shows the governing curve for a tur
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bine of recent manufacture. Curve A shows the governing 
curve when each control valve is operated by an individual cam. 
Curve B shows this same curve for the unit if the same valves 
are lifted directly by the hydraulic piston or servomotor. For 
equal stability, the turbine may be operated with 30 per cent 
narrower regulation if cam operation of the valves is employed, 
because of the more uniform governing curve.

This particular turbine has eight primary valves and one over
load valve under control of the governor. Each primary valve 
supplies an individual section of the first-stage nozzle. The 
valves have the so-called “diffuser-type” valve seats. This type 
of turbine valve seat was first developed to pass a given steam 
flow through a given valve-seating area with a minimum pres
sure drop.

The difference in governing curves obtained from cam- and 
direct-lift mechanisms becomes greater as the number of valves 
is decreased. For example, if the eight primary control valves 
used on the turbine considered in Fig. 5 are replaced by one 
valve, a governing curve as shown by curve C results for a direct- 
lift mechanism. On the other hand, if the single valve were 
operated by a cam, the minimum slope of the governing curve 
would be no worse than with multivalve cam operation.

By the use of pilot poppet-type valves, turbines with direct- 
lift (often called “bar-lift”) valve mechanisms are built with 
governing curves equally as uniform as those obtained with cam- 
lift mechanism. Equally good governing curves can also be 
obtained with direct-lift mechanisms by overlapping the govern
ing valves more. However, since increasing the overlap has a 
detrimental effect on the efficiency of a turbine it is desired to 
keep the overlap to a minimum.

The use of cam-operated governing valves also permits more 
latitude in the location and operation of the steam admission 
valves.

R. B. S m i t h . 4 The author has developed in some detail the 
case against the “sluggish” governor. It would seem, however, 
that the author’s criticism is leveled more against the governor 
with a forced instability, that is, one having external friction and 
backlash in its mechanism which makes it unresponsive to a 
primary change until such a change is sufficient to overcome these 
external influences, rather than one that is sluggish. Actually, 
it is possible that a governor may be sluggish in the sense that 
the dynamic time lags inherent in the various parts of the mecha
nism are so great that it does not respond rapidly and, yet, at 
the same time, it possesses sensitivity to even small changes in 
the primary variable. If such were the case, it would undoubtedly 
be true that, in the author’s Fig. 2, both turbines would show a 
change in the flow chart reading and in exactly the proportion 
they theoretically should.

The author’s cure for difficulty of the nature he describes is a 
more refined hydraulic system with every effort expended toward 
the elimination of external effects. While this change is un
doubtedly beneficial, it is not necessarily true that the design 
will result in a stable governor. Undoubtedly as the author is 
very much aware, the question of stability is a dynamic one, in
volving a consideration of the inertia effects in the whole turbine- 
generator system. In the end, it usually resolves itself into a 
determination of the various time lags in the mechanism, the 
prime mover, and other parts and a proper interpretation of these 
lags for the specific design under consideration.

The single-seated venturi-type valve, the characteristics of 
which are described in Fig. 1, has certain desirable features. It 
is an adaptation from the original proposal of Ferranti made some

30 years ago. While its use results in a straight-line travel 
characteristic up to a point higher than for an ordinary plug- 
type valve, it is difficult to understand how it can influence 
markedly the hump characteristic which occurs when a valve 
starts to open. Valve humps can be influenced by the valve lap 
but, in the main, they are a function of the pressure ratio at 
which the turbine operates. On condensing turbines, the humps 
are small but, on noncondensing machines, they are frequently 
of such an extent that they deserve special consideration in per
formance guarantees. Somewhat the same situation exists in 
regard to throttle-valve and governing-valve drops. From 
the efficiency standpoint, it is much more important to keep them 
small on noncondensing than on condensing turbines.

When governor difficulties arise, it would appear to be the 
author’s belief that he attributes the source of these generally 
to the governor operating mechanism. Is this practically al
ways the case or does the author know of difficulties which have 
their source in the primary element? In other words, are the 
characteristics of the impeller always as excellent for governing 
as they theoretically appear to be, particularly when a rapid re
sponse is called for?

H. S t e e n - J o h n s e n . ‘ The author has called attention to the 
scramble which takes place between sensitive and sluggish gover
nors when the load changes.

The effects of two distinct characteristics are considered, 
namely:

1 Rate of response or sensitivity (smallest speed change that 
will cause the governor and valve gear to move).

2 The speed regulation—change in speed from no load to full 
load.

The governor is an instrument which responds to changes in 
speed, that is, changes in frequency. From the analysis pre
sented, it appears that for close frequency control the governors 
used must be sensitive, and have a low speed regulation.

This conclusion appears quite satisfactory when we think of 
frequency changes as caused by load changes. But we have seen 
from other papers presented on the subject of frequency control 
that there are several possible causes of disturbance.

In one of these it was shown how, in a large system with 
several generating stations interconnected and supplying a 
diversified load, oscillations will take place between the various 
points of supply and consumption points of supply and consump
tion of power, assuming steady load. These oscillations in 
speed will cause the governors to move the same as a change in 
load and, if the time lag in the governor action is suitable, it 
might amplify the swing, rather than reduce it. In other words, 
while a governor may operate perfectly under one set of inter
connections, it may be very bad under another. It might prove 
interesting to hear the author’s comment on possible corrections 
of this type of difficulty. If the amplitude of the swing is small, 
a sluggish governor might be advantageous or a heavily damped 
governor.

Another interesting feature of several power sources tied to
gether is that they often tend to break up a system oscillation by 
acting as an anchor at a point of maximum swing. Such a con
dition was observed recently in an industrial plant tied in at the 
end of a long transmission line. The governor was 7 per cent 
and not particularly fast, but yet, the chief engineer said that, 
when the turbine was not on the line, the system was swinging 
so badly that he could not use his electric razor. Looking at the 
governor it did not appear to do any particular job. The load 
did not swing more than 200 kw.

4 Development Engineer, E lliott Company, Jeannette. Pa. Mem. 6 Turbine Division, Westinghouse Electric & M anufacturing Com-
A.S.M.E. pany, Philadelphia, Pa. Mem. A.S.M.E.
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In the old types of flyball governor, the position of the flyballs 
varies with the governor opening. In the no-load position, the 
weights are out and, as the load is added, the unit slows down, 
the weights moving in, opening the governing valve and admit
ting more steam at a lower speed and lower centrifugal force. 
The rate of centrifugal-force change varies with the radius, and 
as a result it requires more speed change to move from no load 
to lU load than it takes from 3/< to full load.

This variation is eliminated in the constant-position flyball 
governor. In this type of governor, the flyballs move only a few 
thousandths to change the relay position and, therefore, the 
radius remains the same.

[Mr. Steen-Johnsen submitted with his discussion a nomen
clature for steam-turbine-govemor performance and character
istics. This has been turned over to the A.S.M.E. Power Test 
Code Committee on Speed Pressure and Temperature Respon
sive Governors. This Committee is shortly to revise and enlarge 
the present Code.—E d it o r . ]

G. B. W a r r e n .* It seems to the writer that the author has 
given the most important criterion as to a governor’s excellence, 
namely, it is a good governor when it satisfies the requirements of 
the user. In the writer’s company, we have taken pains at 
various times to make sure that the governors as they were built 
would meet the requirements of the users. Recently, however, 
newer conditions, largely in connection with system intercon
nections, have apparently come into existence which are begin
ning to require governors of greater refinement. There is satis
faction in knowing that these requirements are being scrutinized 
carefully by a committee of turbine users under the auspices of 
the Edison Electric Institute, and that a tentative specification 
will probably result.

In this connection, the writer would suggest to those con
cerned in formulating this specification that most careful con
sideration be given to the extent of the refinements which are so 
stipulated, such as extreme sensitivity, flexibility, etc., in order 
to be certain that all of the qualities indicated as necessary are 
really needed or indeed desirable.

It is easy enough for a member of such a committee to say 
that the sensitivity requirements, or other requirements, should 
be of a certain character, and yet it may be difficult or disad
vantageous from other standpoints for the manufacturers to 
meet the requirements so specified. The industry might thus be 
burdened with an unnecessary cost level for regulating equip
ment.

F r a n c is  H o d g k in s o n . 7 It seems that these two papers8 and 
the present interest in the subject have been brought about by 
the modern practice of superposing high-pressure-turbine ele
ments over existing prime movers. These types of turbines, be
cause of their range of steam expansion have small physical 
dimensions relative to their capacity or steam flow. Their WR1 
is relatively low; the writer is informed that, in several cases, 
the rate of acceleration of the rotor system with full steam flow 
and without load approximates 700 rps.

The author of this paper has pointed out that satisfactory 
governing devices, which are capable of conforming to any rea
sonable specification, except perhaps that of rapidity of valve 
motion, have been available for years. It is true that at least

8 Designing Engineer, Turbine Engineering D epartm ent, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E.

7 Consulting Mechanical Engineer, New York, N. Y. Mem. 
A.S.M.E.

8 This discussion applies jointly to the present paper and the paper, 
“ Steam-Turbine Governors,” by Reed J. Caughey, which appears on 
page 191 of this issue of the Transactions.

some manufacturers have applied governors to steam turbines 
which were without sensible friction, of extreme sensitivity, and 
which had close regulating characteristics with stability, com
mencing with the Parsons steam relay governing system of al
most 50 years ago. v,: ■' .

It has been pointed out that* in the case of multivalve tur
bines, a more nearly straight-line characteristic (speed versus 
output or steam flow) may be obtained if each valve is operated 
by an individual cam. In contrast to this, a case has been cited 
of a turbine, controlled by a single throttling valve, which gave 
anything but a straight-line characteristic and which could not 
be stable at all points of load, except with extreme speed varia
tion between zero and full load. Years ago, valves were ar
ranged with ports in such manner that equal increments of flow 
were obtained with equal increments of valve travel and straight- 
line regulating characteristics obtained with single-valve tur
bines.

The authors of these papers and some discussers have em
phasized the need of a standardized basis for a specification for 
governors, which would also set up appropriate nomenclature. 
This is desirable, since considerable confusion seems to exist on 
both matters.

The writer wishes to point out that among the A.S.M.E. 
Power Test Codes is one on “Speed-Responsive Governors.” 
This is a test code with rules for tests and, as such, necessarily 
sets up nomenclature and bases for specification, the latter with
out numerical values. It would seem, therefore, that the Power 
Test Codes would be an appropriate channel for carrying out the 
suggestions which have been made.

As chairman of the main committee of the Power Test Codes, 
the writer has no hesitation in stating that the various com
mittees will always seek the collaboration of other sections of the 
Society.

This particular code was issued 12 years ago and is now ob
solete. It was written at a time when we did not have much con
ception of the purposes of codes. It requires revision, and a com
plete reorganization and enlargement of the individual com
mittee to deal with the matter would seem to be advisable. Its 
scope should be increased to include pressure- and temperature- 
responsive devices limited, however, to performance and exclu
sive of details of construction of mechanisms.

N o t e : A jo in t discussion by S. H . Hemenway of this paper 
and the paper, “ Steam -Turbine Governors,” by Reed J. Caughey, 
appears on page 191 of this issue of the  Transactions.

A u t h o r ’s  C l o s u b e

The author is grateful to Mr. Martin for putting the important 
factors in system and governor-characteristic study in a short 
condensed form. We all agree that maximum sensitivity, 
straight-line load and speed characteristics, and all the other 
controllable features are required to obtain maximum system 
flexibility. The question arises what is the numerical value of 
maximum sensitivity and how straight the load and speed line 
should be for satisfactory operation. Mr. Warren and Mr. 
Hemenway stress the fact that to obtain the foregoing maximum 
performance characteristics, considerable and probable unjusti
fied increase in the cost level may be necessary. It would help 
everyone concerned if the various committees of turbine users 
and turbine builders would jointly determine and define the re
quired maximum sensitivity; and also the maximum allowable 
deviation from the straight load and speed line, with a method 
for testing, which would still be satisfactory to the turbine users 
and not put unnecessary burdens on the manufacturers.

Mr. Parker shows a considerable difference between the bar- 
lift and cam-operated valves. The author has had no difficulty 
in obtaining initial valve-lift load angles between 75 to 80 per
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cent without the use of the pilot poppet-type valves. Flexibility 
in the location and operation of steam admission valves can be 
obtained without cumbersome governor or power linkage by 
using individual valve servomotors. The servomotors are oper
ating the valves directly and are connected to each other and the 
governor through the control pressure oil line. On one unit 
seven governing valves which were located at different points 
on or around the turbine cylinder were operated in this manner 
successfully.

Mr. Smith’s discussion clearly shows the need for nomenclature 
defining forced instability, sluggishness, external friction, and so 
on. The author wants to point out that a sluggish governor as 
described in his paper is not necessarily an unstable one. He 
purposely exaggerated the sluggishness of the sluggish governor 
so that the effect could be shown better on the curve. In actual 
operation there are few governors which do not respond to a 
frequency change of 0.1 cycle. A governor with a so-called 
dynamic time lag will respond in the same manner as the sluggish 
governor described in the paper if the load changes are sudden. 
Only with slow load changes or after conditions are settled will 
the flow chart readings be proportional with the theoretical 
flows. The question of governor stability concerns the design 
of the control equipment only. The paper described the perform
ance of governors in actual operation, and the turbine users will 
not accept an unstable governor. The author is thankful to 
Mr. Smith for bringing into the discussion the hump characteristic 
of the valves at opening points. It should be considered when 
maximum allowable deviations are considered from the straight 
load speed line. There were difficulties with the governor im
peller in the beginning as with any other type of new control 
equipment. It has been corrected, but there was no trouble 
following rapid speed changes.

Mr. Steen-Johnsen discusses a few interesting system disturb
ances and their relation to governor performance. Nothing

short of a complete check of governor performance on all the 
units in the system with tie-line load changes and the resultant 
frequency changes will give sufficient information to be able to 
correct the disturbance.

Mr. Hodgkinson is correct in stating that governors and 
governing systems have been built in the past which are able to 
satisfy up-to-date demands on sensitivity and regulation. 
Straight-line regulating characteristics can be obtained with 
ported single valves if high pressure drops are permissible. 
With low pressure drops a cam is required to bring the single 
ported valve up to straight-line performance.

The A.S.M.E. Power Test Codes on Speed-Responsive Gover
nors seem to be the proper channel to set up nomenclature, 
method of tests, and performance specifications. It will have 
to work in conjunction with other committees so that its specifi
cations are in line with the performance requirements.

Mr. Hemenway calls attention to a governor characteristic 
which is seldom considered. There is a considerable difference 
between the instantaneous or temporary speed regulation and 
the settled speed regulation on some governors. Mr. Allen of 
the Pennsylvania Water and Power Co. has some quite interest
ing tests on governor characteristics taken with his recording 
instrument.

The manner whereby a high temporary speed regulation can 
be added on existing governors which otherwise would be un
stable with low speed regulation is quite clever. The desir
ability of having such characteristics on some units which may 
be tied to others without the same characteristic will have to be 
investigated. Mr. Hemenway and Mr. Warren stress the need 
of further investigation to establish minimum values which 
will be satisfactory from the system’s point of view. Instruments 
for testing governor performance have been available and hew 
ones are being developed so that testing governor performance 
will not be an impossible undertaking.



T he Field of System  G overning
B y  ALBION DAVIS,1 SAINT LOUIS, MO.

T he field  o f  sy s te m  go v ern in g  lie s  b e tw e e n  th e  p ro b lem s  
o f  p u lsa tin g  lo a d s  a n d  e le c tr ica l s ta b il i ty  o n  t h e  o n e  h a n d  
an d  freq u en cy  or t im e  c o n tr o l o n  th e  o th e r . I t  i s  c o n 
cerned  w ith  t h e  sh o r t p er iod  sw in g s  or h u n t in g  a c t io n  
for w h ic h  poor govern ors are u s u a lly  r e sp o n s ib le . W ith  
proper in s tr u m e n ts ,  poor  govern or  u n it s  m a y  b e  d e te c te d  
rea d ily  a n d  co rrec tio n s  m a d e . S e n s it iv e  govern ors m a y  
be su b s t itu te d  for th e m . T h e  p ap er  d is c u s se s  so m e  o f  
th e  e le m e n ts  o f  g o v ern in g  fr o m  t h e  s ta n d p o in t  o f  th e  
sy s te m  operator  a n d  su g g e s ts  c e r ta in  e s se n t ia l  req u ire 
m e n ts  w h ich  n ew  govern ors sh o u ld  m e e t .

A YEAR ago, the author appeared before the Prime Movers 
Committee of the Edison Electric Institute with a paper 
covering some of the system aspects of governing. A por

tion of the material presented at that time will be used again in 
this paper. The shortcomings of some governors will be con
trasted against the good points of others in an effort to throw 
more light upon what governors really do on our systems and how 
much benefit may be derived from investigations and improve
ments in the field of system governing.

This paper is not concerned directly with the problems of 
electrical stability, the problems of relaying, or those dealing with 
harmonic pulsations of power output, resulting from hydraulic 
conditions in penstocks or draft tubes, or from the amount of 
“rubber” in the ties between the different rotating masses of the 
system. These transient effects usually occur within periods of 
less than 1 sec. They come within the field of system relaying— 
a field already comprehensively explored by electrical men. Nor 
is this paper concerned directly with the operating problems of 
maintaining accurate time and keeping average frequency within 
reasonable bounds for commercial purposes. This “frequency 
control” or “time control” is obtained by means of automatic or 
manual adjustment of the settings of the governor. Such ad
justments are concerned with changes of speed which take place 
generally over periods of more than V2 min-

The field of system governing lies in between the problems of 
transient pulsations on the one hand and frequency or time con
trol on the other. Governors are primarily concerned with ad
justments within periods from */2 sec up to 1 or 2 min. They are 
concerned with, and in most cases responsible for, the short 
period swings of speed on isolated systems and swings of tie-line 
loadings on interconnected systems, both of which affect system 
economy and the quality of service to customers.

Over short periods, the system-load curve is what the governors 
and regulation by the operators make it. Inadequate governors 
produce swings which amount to a continuous but somewhat 
irregular hunting action. These swings, superimposed on the 
real changes of average speed due to load changes, make it im
possible for either the manual or the automatic operator to detect 
the small changes of load trend quickly and to provide for them 
with correspondingly small changes of prime-mover output.

The wider the fluctuations caused by the governors, the more

1 Chief Hydraulic Engineer, Union Electric Company of Missouri, 
St. Louis, Mo.

C ontributed by the Hydraulic Division and presented a t the An
nual Meeting, Philadelphia, Pa., December 4-8, 1939, of T h e  A m e r i
c a n  S o c ie t y  o f  M e c h a n ic a l  E n g in e e r s .

N o t e : Statem ents and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society.

difficult it becomes for the operator to minimize the number of 
load adjustments made on the different units of the system. 
More frequent and heavier hit-and-miss prime-mover adjust
ments will result and plant outputs will fluctuate over a wider 
range; all of which spells reduced economy of generation.

Over and above the matter of rendering good service, steady 
and close regulation of frequency will pay actual dividends. In 
the case of steam units, load swings of any appreciable magnitude 
will be accompanied by adjustments of boiler controls to meet 
the new condition and, in the passage of the boilers from one 
stable condition to another, a loss of economy results. Suppose 
each such boiler adjustment costs $1 and suppose, because of a 
ragged speed curve, two or three extra adjustments are required 
each hour, then in a year the ragged speed curve has cost the 
system some $20,000. Losses may be of equal magnitude in a 
hydroplant due to excessive regulation.

On an interconnected system, where governing irregularities 
show up as load swings on the tie lines, the capacity value of these 
tie lines may be greatly reduced because of the load fluctuations. 
With a smoothing out of these load swings by improved governor 
action, the average tie-fine loadings may approach closer to the 
stability limit of the line, thereby increasing its capacity value.

By eliminating the more violent swings of system speed or of 
tie-line loadings, the electrical stability of the system will be im
proved. Ties between generating units and the load will be 
strained less and may safely carry higher loads than is the case 
where governors on one section of a system are bucking those of 
another section over short intervals of time.

The capacity of governors is measured by their “sensitivity,” 
the term being used in the sense of ability to move the control 
mechanism of the prime mover promptly the correct amount in 
the proper direction. It does not mean “flighty” or merely rapid, 
but action of the sort which results in small adjustments made 
without delay and without overtravel.

The nature of the short 10- to 20-sec swings of system speed, 
from which so many problems of regulation stem, is often not 
realized until system speed is recorded by a sensitive high-speed 
frequency recorder. The ordinary station frequency chart does 
not record instantaneous values of system speed. The chart 
may show the high and low points which have occurred and in
dicate the band within which frequency fluctuates, but the op
erator is provided with only a vague indication of the rapidity 
of the fluctuation. The operator may think of the short period 
swings as “inherent pulsations of load” but they are really fluctua
tions caused by the hunting action of the governors.

S y s t e m  T e s t s

Fig. 1 shows frequency charts taken on the Union Electric 
system. The system supplies a load which ranges from 200,000 
kw to well over 400,000 kw. Regulation is divided among units 
of three plants, the main 300,000-kw steam plant in St. Louis 
and two 125,000-kw hydroplants connected with St. Louis by 
transmission lines about 150 miles long. At the left of Fig. 1 
are two sections of chart taken from the Leeds and Northrup 
station recorder upon which the operator must depend in con
trolling speed. The interval between the vertical time-scale 
lines is 30 min.

Over the 10-min periods represented by the blocks shown on 
the charts at the left, there is but little to differentiate the fluc
tuations of one period from those of the other. However, when
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the high-speed charts at the right for the same 10-min periods are 
studied, a marked difference in the character of the regulation is 
noticeable. These charts were taken, with a high-speed G.E. 
photoelectric recorder operating at a chart speed of >/» in. per 
min. The total movement of system speed for the upper chart 
was only 3.6 cycles in 10 min, whereas that of the lower chart was
6.4 cycles in the same time, or nearly twice as great. Whereas 
the upper chart might be considered fairly good regulation for 
the system, the lower chart shows poor regulation. In the latter 
case, the speed is recorded as swinging up and down over a range 
of about 0.15 to 0.20 cycle.

The difficulty of avoiding bad hit-and-miss adjustments on 
generating units with the system swinging as shown on the lower 
chart of Fig. 1 can be appreciated better when it is realized that 
an adjustment of only 0.02 cycle in speed is required to correct a 
1-sec time error in 1 hr. On these swings of speed, the governors 
of the system pick up and drop from 6000 to 8000 kw of load; 
although, to correct a drift of average speed of 0.10 cycle in 10 
sec requires only 1000 kw.

Total movement of speed, or the summation of all its fluctua
tions in a given period of time, has been used as a measure of good 
or bad speed regulation. All system governors, which are regu
lating, follow these swings. Total movement of system speed is 
not only a measure of the average rate of change of speed, but a 
factor which measures relative wear of the moving parts of all the 
control mechanisms on the system and, to a certain extent, the 
cost of their maintenance.

Fig. 2 shows the effect of individual steam governors on system 
frequency. The charts at the left were taken with the photo

electric meter running at a speed of l/ a in. per min. Conditions 
as to the number of units regulating, etc., were the same for both 
the upper and the lower charts, except for the interchange of 
steam units Nos. 1 and 2. The upper chart, showing regulation 
with steam units Nos. 2 and 6, shows roughly half the fluctuation 
of the lower curve, taken with steam units Nos. 1 and 6 regulat
ing. The total movement of system speed with No. 2 on was 
4.8 cycles in 10 min, whereas, with No. 1 on and No. 2 off the 
total movement of the system speed was 7 cycles in 10 min.

At the right of Fig. 2 are shown short sections of charts run at 
a speed of 3 in. per min to analyze the performance of the gover
nors on steam units Nos. 1 and 2. These show plainly the reasons 
for the wide difference in system regulation. For this analysis 
two mechanical-motion pens were added to record the accuracy 
of governor response to speed changes. System frequency is re
corded in the center of the chart, pilot-valve movement at the 
top of the chart, and movement of the valve-control mechanism at 
the bottom of the chart. All three pens travel on the same arcs. 
For correct governing, each of the mechanical motions should 
move in the same direction as the change of speed. It is difficult 
to detect any appreciable inaccuracy in the operation of the No. 2 
governor.

The lower chart records poor performance on the part of the 
No. 1 governor. It is to be noted that on the larger speed change 
at the right there was a lag of 3V2 sec between the peak of the fre
quency curve and the peak of the resultant gate movement. 
Two cases are shown where there was an increase of speed of 
more than 0.05 cycle in 6 to 8 sec and yet the governor, during 
that period, was opening the gates and picking up load; just the
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reverse of what it should have been doing. The difficulty with 
this governor at the time the chart was taken was apparently 
caused by excessive lap on the pilot valve.

The conclusion that most of the 10- to 20-sec swings of system 
speed are produced by governor action rather than by changes of 
load is based on a series of tests which are summarized graphically 
in Fig. 3. The typical frequency patterns resulting from some 18 
different governing combinations are shown in condensed form. 
For each pattern, the maximum range of speed in any 2 min is 
shown at the left; the maximum single swing at the right; and 
in between, the average swing and the average number of 0.15- 
cycle swings in 2 min. Each pattern represents an average of 
from one to six 10-min periods. Above each frequency pattern 
the total movement of system speed in 10 min is shown.

Condensing the charts into these patterns makes it possible 
visually to differentiate the results of the different governing 
combinations. Direct comparison indicates that pattern J  with 
steam units Nos. 2 and 6, operating with one hydroplant regu
lating and the other against the stops, is one of the best govern
ing combinations. It is also significant that all of the patterns 
showing the lowest total movement of system speed occurred 
when the good steam unit No. 2 was regulating. In the case of 
pattern R at the right of Fig. 3, two hydrounits were operating 
with their dashpot by-passes open, resulting in a serious hunting 
of system speed.

Some of the hydrogovernors improved system regulation when 
working with good steam governors but, when working with 
poor steam governors or with other poor hydrogovemors, they 
exaggerated the fluctuations. Close analysis of these tests sug
gested that, if all governors of the system could be blocked during 
a period of fairly constant load, practically all of the short period 
fluctuations of speed would disappear.

To test this idea, advantage was taken of a period when a small 
section of the load was isolated from the system. The hydro

unit, carrying the isolated load, was put on hand control for a 
short period in order to observe, on the high-speed frequency 
chart, the changes of speed which occur solely because of the load 
changes. The results of this test are shown in Fig. 4. At the 
left is a 10-min stretch of chart, during which the hydrounit was 
on hand control and there was no change of turbine-gate opening

Ungoverned, the speed swung over a range of l/% cycle, yet the 
total movement of speed in 10 min was only 6 cycles. The chart 
at the right of Fig. 4 shows the same load with the governor in 
operation, holding constant average speed but swinging the speed 
up and down over a range of 0.10 to 0.15 cycle, 6 to 8 times per 
min. Disregarding the section of the chart where the dashpot by
pass was opened, the total movement of the governed system 
speed in 10 min was 14.5 cycles, more than twice the rate of 
change which occurred when the load was ungoverned.

T e s t s  o f  I n d iv id u a l  G o v e r n o r s

Fig. 5 has been included to show the range of performance 
which may be observed on a system when tests of individual 
governors are first made. It is likely that some good governors 
and some poor governors will be found. The chart at the left of 
Fig. 5 is a record of performance of a fairly good hydrogovernor 
controlling a 25,000-kw vertical unit at a 95-ft head. System 
frequency is recorded in the center of the chart, gate movement 
at the left, and pilot-valve movement at the right of the chart. 
This governor, which is operating on a speed-droop setting of 3 
per cent, registers fairly good performance. Gate movements are 
following speed changes with time delays on the reversals of only 
about 2 sec.

The chart in the center of Fig. 5 shows poor performance of a 
governor on a small low-head hydrounit. Gate positions wander 
badly because the governor is not sensitive to speed changes of 
less than 0.08 cycle. Time delays on the reversals range from
5 to 8 sec. This poor performance contrasts sharply with that
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for the Diesel governor shown at the right of Fig. 5. Movement 
of the fuel-control mechanism matches system speed with time 
delays of only about 1 sec.

The contrast of perfection and inadequacy in steam-turbine 
governors has already been mentioned in connection with Fig. 2. 
One steam governor was sensitive to less than 0.01 cycle speed 
change and the greatest time lag between speed changes and valve 
movement was about y 2 sec. The other governor was sensitive 
to only 0.05 cycle and time delays ran up to 3 sec or more. The 
point to be emphasized here is that there are good, bad, and in
different steam governors. Likewise there are good, bad, and 
indifferent hydrogovernors and Diesel governors. The poor gov
ernors need to be weeded out and the good ones cultivated.

S o m e  o f  t h e  R e q u ir e m e n t s  o f  S y s t e m  G o v e r n in g

At this point the field of governing should again be clearly 
differentiated from the field of the frequency controller and from 
the field of stability problems. Automatic frequency controllers 
are merely automatic operators. Their field is in keeping aver
age frequency at the proper level. Inherently, they are not de
signed to do the job assigned to governors. Governors have the 
primary job of making load adjustments quickly and with sta
bility, i.e., with a minimum of hunting. Their field is in making 
adjustments within periods from perhaps y 2 sec up to 30 sec. 
Generally speaking, speed swings having a period of 1 sec or less 
should not be touched by the governors. They come within the 
field of electrical stability problems and pulsating loads. Just 
as the governor should not lap more than a short distance into

the stability field, so should the controllers not lap more than a 
short distance into the governor field. Frequency controllers 
should not attempt to correct the hunting cycle of governor ac
tion nor should governors attempt to correct the hunting cycle of 
load pulsations.

In controlling the flow of power from their prime movers into 
any system, governors may be called upon to perform five more 
or less separate functions as follows:

1 On loss of loads up to the capacity of the unit, the governor 
must close the throttle promptly enough to prevent any danger
ous overspeed. This requirement determines the size, capacity, 
and timing of the governor.

2 The governor must be able to hold the idling speed of the 
unit steady enough for synchronizing. This determines the 
amount of damping action introduced to prevent hunting.

3 The unit must work satisfactorily in parallel with other 
units regulating normal speed. For this condition a high degree 
of sensitivity is required with very prompt, though limited, re
sponse on the smallest speed changes.

4 On the wider and slower changes of speed that are due to 
changes of load, the governor should bring on its full quota of load. 
For such speed changes the governor should bring on more load, 
proportionately, than it does on the short period governing 
swings.

5 The governor may be required to bring its unit on as re
serve from the no-load idling position, up to partial or full load 
in a few seconds on speed changes as small as 1 cycle or less.

To attain all these objectives, many compromises in the ad-
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justment and settings of the governors must be made. Often the 
attainment of one objective precludes the attainment of another. 
But fundamental to the attainment of all these objectives is 
built-in sensitivity of the governor—its intelligence, so to speak. 
Yet the responses resulting from this sensitivity must be properly 
controlled and adapted to the responses which other governors on 
the system are making.

Most prime movers utilize oil under pressure for the power to 
move the control gates or valves. Power is applied through a 
“regulating valve” controlling the flow of oil into an “operating 
cylinder” or servomotor. The governing element is actually ap
plied to the regulating valve. This seems to be true of all gover
nors regardless of the type of speed-responsive element used and 
regardless of the mechanism employed beyond the speed-re
sponsive element.

The governing mechanism consists of three parts, the governor 
head or speed-responsive element, the regulating valve, and the 
operating cylinder. As used in this paper, the term “governor 
performance” applies to the response of the operating-cylinder 
piston, not to the load response. Although affecting system 
regulation to a limited extent, the relation between piston move
ment and power output is here considered a matter of turbine 
design and, as such, beyond the scope of this paper.

In order to present in more tangible form some of the require
ments which might lead to better governing on our systems, the 
author proposes the following six items as some of the essentials 
to include in the specifications for performance of new governors 
on important system prime movers. These items refer to the 
performance of the governor, not to the design of the governor. 
Their purpose is to secure a governor sufficiently sensitive that 
it can perform with stability the five functions which have been 
listed, as well as to secure a governor which the operating de
partment may readily adjust to the day-by-day requirements of 
the load.

1 A sensitivity of 0.01 per cent. On a speed change as small 
as 0.006 cycle (on a 60-cycle system), the governor will pass oil into 
the operating cylinder in the direction to produce a corrective 
movement of the control valves or gates.

This is a measure of the precision of the governor head up to 
the ports of the valve controlling oil flow to the operating cylin
der. It is a measure of its ability to detect small changes of 
speed and translate them into positive movements of the relay 
valve.

2 Assuming that over the normal operating range the kilo
watt output of the unit varies approximately in direct propor
tion to the movement of the operating-cylinder piston, then the 
travel of the piston per unit of speed change should be made the 
same over the full range from zero to full opening, regardless of 
the initial load setting of the turbine.

This is to obtain a reasonably simple, direct relation between 
speed change and average load change for the system operator’s 
convenience in assigning normal speed regulation and reserves 
for maintaining speed in emergencies. On many of the present 
steam-turbine governors, piston movement per unit of speed 
change varies over a considerable range. At low loads the move
ment may be 4 or 5 times what it is at high loads.

3 Travel of the operating-cylinder piston per unit of instan
taneous speed change or the “speed droop” of the governor 
should be made accurately adjustable by hand without the aid of 
tools while the unit is running. There should be an accurate 
dial indication of this adjustment. This speed droop of the gov
ernor should be made adjustable from zero to 10 per cent of the 
full travel of the operating-cylinder piston, “speed droop” being 
defined as the change in speed in per cent of normal required for 
the governor to move the operating-cylinder piston from the 
closed to the full-open position.

This is to provide the means of setting the governor at any 
time for the performance best suited to the system load condi
tions at the time, and permit convenient testing of the governor 
for system performance.

4 The governor should be capable of stable operation, either 
alone or in parallel with other units, when set on a speed droop of 
0.5 per cent.

The amount of speed droop required for stable operation is a 
rough measure of the composite over-all effect of lost motion, 
friction, valve lap, any inadequacies of port design, slow operating- 
cylinder response, inertia, and time lag. These factors must be 
small to meet a specification of stable operation on low speed 
droop.

5 The governor should be provided with a load-limiting de
vice which is adjustable by hand, without the aid of tools while 
the unit is running. There should be a dial indication of load 
and load limit on one scale calibrated in tenths and hundredths of 
the full travel of the operating-cylinder piston.

This is to permit testing system effects with the governor on 
or off regulation, yet with the governor left free to drop load on an 
overspeed. It is also an aid to economic system operation. 
Many conditions arise when it is decidedly advantageous to op
erate units on block load.

6 The governor should be equipped so that the unit may be 
synchronized from the switchboard room at any system speed 
from 5 per cent above to 20 per cent below normal speed, or from 
63 to 48 cycles in the case of a 60-cycle system.

This is to make it possible for the switchboard operator to get 
available generating capacity on the line quickly when he needs 
it the most. Without this provision, in the event of an unforeseen 
system split and frequency below the range of the governor, he 
must either wait until the unit can be synchronized by hand from 
the governor floor or he must drop customers’ load to bring the 
speed back to the point where he has control of the unit from the 
switchboard.

With a few governors meeting the above specifications dis
tributed over the system, the load dispatcher has the means at
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hand for smoothing out plant load swings as well as tie-line load 
swings. A few good governors combined with the intelligent 
scheduling of speed-droop settings by the system load dispatcher 
would iron out a lot of wrinkles in the load curve and would elimi
nate much of the seesawing which now goes on between the 
prime movers on the one end and the load on the other.

Fig. 6 is of interest in connection with the problem of limiting 
the wanderings of poor governors. It shows the relationship be
tween load drift, sensitivity, and speed droop. For a governor of 
a given sensitivity, the amount of load drift may be reduced by 
increasing the speed-droop setting of the governor. The amount 
of load drift will decrease directly with increase of speed droop. 
Generally speaking, governors of high sensitivity will be given a 
greater burden of regulation by lower speed-droop settings, and 
governors of low sensitivity will be curtailed by higher speed- 
droop settings.

W o r k  o f  t h e  O p e r a t i n g  C y l in d e r

The work which the operating cylinders have to do has an im
portant bearing on the speed and accuracy with which the various

F i g .  7  U n i t  N o .  4  G o v e r n i n g  E f f o r t  
(25,000-kw hydroun it a t  95-ft head ; n e t p iston  area, 848 sq in.)

settings called for by the governor head are accomplished. The 
positioning of the regulating valve may be very accurate, and 
yet, if the porting of the regulating valve, the proportioning of the 
operating cylinder, and oil pressures are not suited to the effort 
required to move the gates, large factors of time delay may occur 
and considerable hunting result.

Fig. 7 gives the result of governor-effort tests made recently on 
a 25,000-kw, 95-ft-head hydrounit. Tests on this unit may serve 
to demonstrate elements of governing which are present in any 
type of system governor. Tests were made in the manner dem
onstrated by E. D. Searing in an article published in 1908.

F i g .  8  O p e r a t i n g - C y l i n d e r  P r e s s u r e s  a n d  P i s t o n  M o v e m e n t  
D u r i n g  N o r m a l  G o v e r n i n g  C y c l e ,  U n i t  N o .  4  G o v e r n o r

Pressure indicator cards were taken on both ends of the operating 
cylinders throughout the full range from closed to full-open gate. 
Unbalanced water pressure and friction were figured from the 
differences between opening and closing effort. While the effort 
to overcome friction is practically a constant quantity, the un
balanced water pressure on the gates varies over a wide range. 
Variations of cylinder pressures, of course, modify the pressure 
drops available through the ports of the regulating valve and in 
turn affect the velocity of flow of oil to the operating cylinder.

Fig. 8 shows the variation of operating-cylinder pressures and 
of piston movements when the governor is responding to a normal 
system-speed swing. The sequence of events at the time of a 
speed reversal is of interest. One second after the speed reversed, 
the differential pressure on the operating-cylinder piston dropped 
from 85 to 73 lb and the piston movement stopped. In the next 
second, the differential pressure had fallen to 56 lb and the pis
ton movement started in the reverse, or closing direction. In 
another 2 sec or less the differential pressure had fallen to 44 lb as 
the gates continued to close. While the sequence of events in 
this particular governor is somewhat slow, Fig. 8 demonstrates 
rather well the changes which occur, and the appreciable time 
required for oil to pass the ports of the regulating valve and move 
the gates, in a case where the change of speed is slight.

Fig. 9 shows what happens in the operating cylinder of the same 
25,000-kw hydrounit when wide and rapid movements of the gates 
are called for. For this particular test, the gate opening was 
swung quickly by hand control from 0.72 gate up to 0.73 gate, 
then down to 0.55, back to 0.73, and down again to 0.72 gate, all 
within a period of 6 sec. The maximum rate of gate movement 
on this test corresponds to a full gate movement in 8 sec. For
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Hic.h SptE.D Chart

F i g . 9  O p e r a t i n g - C y l in d e r  P r e s s u r e s  a n d  P is t o n  M o v e m e n t  D u r i n g  R a p i d  G a t e  M o v e m e n t , U n i t  N o . 4  G o v e r n o r

this test, steam-engine indicators were connected to the front and 
back of one of the operating cylinders, and indicator cards taken 
for the complete test cycle. The indicators were arranged so that 
the difference in pressure between the front and back of the cylin
der could be recorded on the high-speed frequency chart, simul
taneously with system speed and a record of gate movement. 
Differential pressures are recorded on the frequency chart at the 
right of Fig. 9.

For rapid movements such as this, there is a momentary inertia 
effect. On a quick opening the differential pressure swings up 
for an instant above that required for a normal slow opening

movement. After this momentary increase, there is a marked 
decrease of pressure as the rate of gate movement increases, due 
to the decrease of penstock pressure and draft-tube vacuum. 
The opposite effect occurs when the gates start closing. Except 
for momentary gate inertia effects at the instant of starting a 
gate movement, there is a marked decrease in the differential 
pressure required to move the gates at the rapid rates.

These tests are cited to show that the work to be done by the 
operating cylinder varies over quite a range, which means that 
pressures across the ports of the regulating valve vary for differ
ent gate positions, thereby changing the rate of flow of oil into
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the operating cylinder, and its rate of response. The rate of 
movement of the cylinder piston will vary not only with the port 
opening but also with the effort required to move the gates.

C o n t r o l  o p  R e g u l a t in g  V a l v e  b y  t h e  G o v e r n o r  H e a d

To make a large regulating valve move in exact synchronism 
with changes of speed calls not only for mechanical ingenuity 
but a high degree of manufacturing precision. The amount of 
movement which can be produced in the regulating valve without 
measurable error and without time delay measures the skill of the 
governor manufacturer and grades his product. It is, in effect, 
another measure of the sensitivity of the governor head.

To give some idea of the precision possible in the movement of 
the regulating valve, the high-speed chart in Fig. 10 is included. 
The center graph is speed and the graphs at the top and bottom 
are regulating-valve movements of two governors amplified 10 
times. The governor at the top is producing accurate move
ments of the regulating valve of as much as 0.01 in. for each 
0.01-cycle speed change. The regulating valve is reflecting speed 
changes accurately and without measurable time delay. In fact, 
there might be a question as to which was measuring the system 
speed more accurately, the sensitive frequency meter or the regu
lating valve. It should be noted that, in this particular instance, 
the movements were produced mechanically in a 6-in. relay valve. 
To the author, this is a truly remarkable accomplishment for any 
governor head. But what is done with these accurate movements 
of the relay valve in converting them into motion of the operat
ing cylinder is a third phase of the governor story.

F a c t o r s  A f f e c t i n g  D e s i g n  o f  t h e  P o r t s  o f  t h e  R e g u l a t in g  
V a l v e

Suiting the design of the ports of the regulating valve to system 
requirements involves so many interrelated factors that it is diffi
cult to say just what features are best. Yet improper features 
of design can spoil many good features. There are square ports, 
round ports, thin rectangular ports, vertical ports. Some regu
lating valves are of large diameter with small axial movement, 
some of small diameter with large axial movement. There is 
always the question of how much lap to allow. Should the valve 
admit oil to the operating cylinder on the very small speed 
changes and, if so, how much? All of these factors influence the 
responses of the operating cylinder. But to what extent?

To arrive at some sort of an answer to a few of these questions, 
a study was made of a governor for the 25,000-kw unit on which 
the tests were made. The study, which was carried on entirely 
by computation, was confined to operation of the governor from 
the regulating valve to gate movements, on the assumption that 
the regulating valve could be made to follow system speed 
exactly and with negligible time lag. Various ratios of movement 
of the regulating valve, ranging from 0.002 in. up to 0.016 in. 
per 0.01-cycle speed change were used. By first analyzing one 
factor at a time, methods were finally devised by means of 
which almost any governor action could be computed and 
analyzed.

Fig. 11 shows the results of some of these computations for a 
governor on the 25,000-kw hydrounit. The effect of speed droop 
was first studied with the governor following the normal system- 
frequency cycle shown at the top of Fig. 11. This frequency 
cycle has an amplitude of 0.14 cycle and a period of 20 sec. Using 
square ports and no compensation, governor action was found to 
lag a little less than 1 sec behind the speed when on 5 per cent 
speed droop and 2 sec behind the speed when on 2 per cent speed 
droop.

Response of the servomotor piston on 2 per cent speed droop 
is shown in the center group of curves in Fig. 11. Comparison 
with the curve marked “ideal governor response” will show the

time lag. Note that the govemor-response curve crests at the 
point where it crosses the ideal curve. Inherently, the lag of gate 
movement decreases as speed droop is increased. Doubling the 
speed droop results in half the time lag. Time lag governs over
travel and the amount of hunting.

Next, the effect of various port arrangements was studied. 
As shown by the curves marked “square,” “round,” and “A” 
ports, it is possible to change the amount of load pickup by chang
ing the port design. It is also possible, by varying the size and

F i g . 11 G o v e r n o r  R e s p o n s e  t o  N o r m a l  F r e q u e n c y  S w i n g s ; 
2 P e r  C e n t  S p e e d  D h o o p

F i g .  12  S p e e d  o f  G o v e r n o r  R e s p o n s e  
(System frequenoy falling 0.24 cycle per seo from loss of 20,000-kw gen
erating  capacity ; 2 per cent speed droop; m axim um  port area 3 aq in.)
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shape of the valve ports, to control the time lag of gate movement 
behind speed. Square ports show much less time lag than do 
round ports of the same area. By using wider ports, the time 
lag is cut down further. Doubling the width of the ports results 
in half the time lag. Similarly doubling the movement of the 
regulating valve for a given speed change will give half the time 
lag. Doubling the oil pressure also will approximately halve the 
time lag. All this is true, if the restoring mechanism functions 
without lost motion. However, if the initial piston movement is 
made too rapid, lost motion in the restoring mechanism may leave 
the governor uncontrolled and “jumpy” or unstable on the small 
speed swings, particularly on the transient swings.

The A ports investigated are Vs wider than square ports 
above 0.03 in. opening and only about */< the width of square 
ports below that opening. They were found to yield about the 
same time lag as square ports for the normal 10- to 20-sec speed 
swings which occur on our system. At the same time, they af
ford the advantage of slower movements on the very small speed 
changes, giving stability in the field of transient pulsations with
out sacrificing sensitivity to the slow swings of speed due to load 
changes.

Finally, the effect of adding compensation was studied. Com
pensation has the temporary effect of a large speed droop that is 
slowly removed as dashpot action runs out. With compensa
tion, time lag can be reduced to a yet smaller amount and, at the 
same time, the amount of load picked up on normal speed swings 
can also be reduced to a figure more nearly comparable with that 
needed to correct the speed change, thus increasing the stability 
of the governor, provided there is no lost motion in the restoring 
mechanism and provided the timing of the dashpot action is 
suited to the speed swings which the governor is trying to correct. 
The adjustment of the dashpot is important because, while the 
best timing will reduce the time lag, short timing may increase the 
time lag seriously. Witness the two curves comparing 5- and 
20-sec timing of compensation, shown in Fig. 11. Five-second 
timing showed a lag of 3 sec, while the 20-sec timing showed a lag 
of only 1.5 sec.

Fig. 12 shows the action of the governor on the system in an 
emergency with frequency falling 0.24 cycle per sec from the loss 
of 20,000 kw of generating capacity. The No. 2 governor with 
compensation will pick up load very slowly as shown, and the 
speed will drop to around 57 cycles before it is checked. With
out compensation, the frequency is checked at 58.82 cycles within
6 sec after the gates begin to open. It was very apparent that 
to function properly as reserve capacity, compensation should be 
removed by some means when the speed falls below about 59.6 
cycles. The line marked 4 shows the computed performance 
of another regulating valve with wide ports and a small movement 
of the regulating valve per unit of speed change.

Square ports obviously give quicker action than round ports, 
particularly at the smaller port openings. Apparently the ad
vantage prompting the use of round ports is in making the gover
nor slower and more stable on the small speed changes. But this 
slowness introduces more time lag and overtravel on the type of 
governing swings which occur on our system. Then too, round 
ports are a distinct loss in speed of operation when the governor 
is handling the gates for system reserve.

The studies made so far suggest the use of ports which have 
essentially the characteristics of round ports up to plus or minus
0.02 cycle speed change, the range within which transient pulsa
tions occur. Beyond this point, it would appear that the ports 
should be rectangular and as wide as practicable, to reduce time 
lag and give quicker response in bringing on load as reserve. It 
also appears highly desirable to utilize the maximum movement 
of the regulating valve that can be obtained without measurable 
error or time delay, and with it, the smallest diameter of valve

that will yield the required port area with the given valve move
ment.

It would seem that the best answer in a governor is a combina
tion of high sensitivity translated into movement of the regulat
ing valve, careful porting of the regulating valve to suit the loca
tion on the system, compensation to help reduce time lag, and the 
lowest speed-droop setting that can be used without hunting.

To this discussion, one important comment should be added. 
In speaking of system requirements and matters of design, we 
have tacitly assumed the governors to be in good mechanical 
condition. This is not always the case. It should be remem
bered that poor performance of a governor may be due entirely 
to lack of intelligent maintenance of the delicate parts of its 
mechanism, rather than to defects of design. The best governor 
this year may be the poorest one 5 years hence, if parts have be
come worn and lost motion has developed. Keeping governors 
up to a system standard of mechanical perfection is a very essen
tial part of the problem of good governing.

It is realized that many of the foregoing statements are some
what far afield. Yet such seemingly remote considerations have 
deep roots in system economy. The information is presented as 
suggestive of what may be accomplished by analysis and study. 
From what has been observed, there is plenty of room for investi
gation and improvement in the field of system governing.

A c k n o w l e d g m e n t s

In closing, the author desires to acknowledge his indebtedness 
to R. A. Garrett and to G. J. Vencill for much of the background 
material of this paper. Mr. Garrett made and analyzed most of 
the tests on individual governors. Mr. Vencill collaborated in 
the making of system tests, in developing the method of governor 
analysis by computation, and assisted in the preparation of this 
paper.

D iscussion
P. W. K e p p l e r . 2 The A.S.M.E. Committee on Industrial 

Instruments and Regulators (here abbreviated C.I.I.R.) has for 
several years sponsored study of automatic regulation. It has 
also accomplished much in standardizing terminology. It is 
hoped that a way may be found for this very active committee 
to give assistance to the excellent efforts of the author. This 
discussion is intended to help bring about such coordination of 
effort. First, however, it is necessary to clarify the terminology 
used in this discussion.

“Droop” is a well-understood term and is equivalent to “throt
tling range” of the C.I.I.R. terminology.

The conventional central-station steam governor without auto
matic frequency control is a “proportional” regulator (C.I.I.R. 
terminology). Its characteristics are conveniently made clear 
by imagining 2 jumps in frequency as shown in Fig. 13. These 
result in changes of governor position proportional to the changes 
in frequency curve No. 1, Fig. 13.

Next in importance is the “proportional speed floating” 
principle, sometimes called “automatic reset” (C.I.I.R. termi
nology). Automatic frequency controllers are based on this prin
ciple. It is illustrated by curve No. 2, Fig. 13. Rate of change 
of governor position is proportional to the total deviation of 
frequency, as shown.

The combination of these two most important principles gives 
the proportional plus proportional speed floating regulator, 
illustrated by curve No. 3, Fig. 13. This type of regulation, 
found in every steam central station if automatic frequency eon- 
trol is used by the system, has proved most successful in almost

2 Assistant Engineer of Power Plants, Consolidated Edison Com
pany of New York, New York, N. Y. Jun. A.S.M.E.
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every field of automatic regulation, and basically all control 
problems are closely related.

The proportional speed floating regulator by itself is hardly 
suitable for frequency regulation, and need not be further dis
cussed.

Before discussing the characteristics of the other two types, it

F i g . 13  M o t io n  o f  T h r e e  M o s t  I m p o r t a n t  T y p e s  
o f  R e g u l a t o r s

Energy cannot flow directly to tank Tt which represents kinetic 
energy of the system and into which flows steam energy and from 
which flows electrical energy. First, the pressure and heat- 
energy content of the turbine must be raised before the increase 
in power can fully flow out of the coupling. Slowness or inac
curacy of the governor in obeying its own characteristic has the 
same effect. These lags are represented by tank 2'2, Fig. 14. 
Time is lacking to determine if one tank is enough for represent
ing this lag. Theoretically, every turbine stage should have a 
tank. Fortunately, where many small lag capacities occur in 
series, they may generally be combined into a few, and in our 
case even one tank is likely to be quite accurate. Tank T} 
cascades through the fixed orifice Oi into tank T3, the head of 
which is related to frequency. Cascading is here used because this 
frequency head does not appreciably affect energy flow out of 
T2. In other words, with a blocked governor, the total useful 
work done by the steam is not likely to change with frequency.

Ti represents the kinetic energy of all synchronous moving 
parts of the system, driving or driven, including machinery. Its 
head is frequency. Energy flows out at gate G2 operated by the

F i g .  14 H y d r a u l i c  A n a l o g y  o f  E n e r g y  F l o w s  T a k i n g  P l a c e  
D u r i n g  M o d e r a t e  L o a d  C h a n g e  i n  a n  E l e c t r i c a l  S y s t e m  

W idth  of each ta n k  is uniform

appears worth while to clarify the control problem by hydraulic 
analogy similar to that sponsored with great success by the 
C.I.I.R. In Fig. 14, tank Ti represents energy stored in the boiler 
room and held at nearly constant level (constant steam pressure). 
This energy flows through the governor valves Gi. Straight-line 
or viscous flow is generally assumed where velocity is directly 
proportional to head, because it is sufficiently accurate for mod
erate changes and greatly simplifies visualizing and analysis.

F i g . 15 C h a r a c t e r i s t ic  C u r v e s  o f  V a r i o u s  T y p e s  o f  R e g u l a t io n  
f o r  a n  A s s u m e d  J u m p  i n  L o a d

consumer, representing all output except a-c motors. This out
put is normally independent of frequency due to close voltage 
regulation. The float device F is therefore shown giving constant 
head K. Energy also flows through orifice 0 2 into tank Tt and 
finally leaves through gate Ga, again operated by the consumer. 
Tank Tt represents the kinetic energy of induction motors and 
their driven machinery. Orifice 0 2 is determined by slip char
acteristics of these motors. Both T3 and Tt vary in size but this 
may be assumed equal to the average value for any given mod
erate change of load. Their width is uniform so that, due to 
sloping sides, kinetic energy varies with the square of frequency. 
Fig. 14 represents the energy flows taking place during a moderate 
load change in an electrical system. Tank T2 is an interference 
and should be kept small. The governor should respond quickly 
and accurately according to its proportional characteristic and 
the turbine should change its content of heat-and-pressure 
energy as little as possible with load. If both T2 and Tt could be



DAVIS—FIELD OF SYSTEM GOVERNING 219

eliminated, then regulation would be ideally simple. But, while 
T2 may be reduced, Tt and 0 2 can hardly be changed appreciably, 
and must be taken into account. It is entirely likely that mathe
matical analysis based on this analog is feasible and would re
sult in optimum settings of governors for any given 7\, Tz, T,,
Oi, and Os. At any rate, this analogy serves to clarify the prob
lem. Of course the problem of governing, assuming this analog 
to be sufficiently accurate, is that of maintaining the level in 
tank T> as constant as feasible by adjusting gate Gi smoothly, 
while Gi and G> are being varied by the consumer.

The nature of the characteristics of various types of regulation 
for a “process” such as this is shown in Fig. 15, for an assumed 
jump in load. Curves No. 1 represent a “proportional” governor 
with sufficient droop and curves No. 2 with insufficient droop. 
Curves No. 2 are of course undesirable for the author’s purposes 
of smooth regulation, due to excessive overtravel.

Curves Nos. 3 and 4, Fig. 15, illustrate the proportional plus 
proportional speed floating characteristics; curves No. 3 with 
optimum proportional characteristic and optimum floating speed; 
curves No. 4 without these. Curves No. 4 are again undesirable.

The “compensated” governor mentioned by the author is 
closely related to the foregoing one except that frequency is not 
brought back to its exact value but some residual droop is left in 
it. One advantage of this type is that any number of independ
ent floating “heads” may be operated in parallel, although there 
is danger of some hunting. With true proportional speed floating, 
only one independent “head” device appears feasible, because 
with two heads in parallel, one would tend to go to full load, the 
other to zero load. Compensated governors should also be more 
stable for the same initial droop and floating speed settings, but 
they require manual or automatic elimination of the residual 
droop.

For steam central stations, the adoption of this type appears 
an unnecessary complication at least for the present. The 
“proportional” governor can be made very stable and smooth; 
its phase displacement with frequency (“time lag”) may readily 
be made negligible, as witnessed by the author. If something

better than a good proportional governor is desired, then careful 
application of automatic frequency regulation, giving zero final 
droop and eliminating manual interference, would appear a better 
step forward. Especially if load dispatchers were to change vital 
governor settings such as droop of “compensated” governors ac
cording to the load, as the author recommends, then regulation 
like curve No. 4, Fig. 15 would be likely to result.

The proportional plus proportional speed floating principle has 
proved satisfactory. Good regulator design plus careful setting 
is likely to produce accurate and smooth regulation.

Many steam governors are crude due to poor design or poor 
maintenance and this should undoubtedly be improved. But 
care should be used in writing specifications so that only essential 
values are asked for.

First, there should be a straight-line relationship between droop 
and output over the operating range as the author recommends. 
Otherwise, neither the governor nor the automatic frequency con
trol can be given the optimum setting. To facilitate synchroniz
ing, the droop at extremely low outputs may have to be made 
greater than that used in the operating range.

Second, there should be a sensitive “head,” a minimum of lost 
motion, amply large oil pumps and pilot valves, rectangular ports 
without lap, in short the governor should come as close to its 
ideal (proportional) characteristic as possible. To make gover
nors independent of harmonic-frequency pulsations is likely to 
affect their accuracy of motion and it would seem better to let 
them oscillate.

With improved governors, the optimum initial droop would be
come less, and optimum reset speed of frequency controllers 
would increase, resulting in improved accuracy and smoothness of 
regulation. Even with existing governors, however, these can 
be made quite good.

The writer wishes to commend the author, particularly for his 
excellent test work, and again express the hope that, by joint 
effort with the Committee on Industrial Instruments and Regula
tors, a substantial improvement in regulation may be brought 
about.



Regulation of System  L oad and  F requency
By HERBERT ESTRADA1 a n d  H. A. DRYAR2 PHILADELPHIA, PA.

T h is paper d isc u s se s  th e  p r a c tic e s  o f  th e  P h ila d e lp h ia  
E lectric  C om p an y  sy s te m  in  th e  r e g u la tio n  o f  sy s te m  load  
and  freq u en cy , in c lu d in g  t h e  sc h e d u lin g  a n d  a c tu a l  o p 
era tio n  o f  g e n e ra tin g  c a p a c ity  w ith  regard  t o  r e lia b ility  
and  e co n o m y . A su m m a ry  o f  t h e  p r in c ip le s  o f  e c o n o m ic a l  
load a llo c a tio n s  o n  b o th  s te a m  a n d  h y d ro g e n e r a tin g  s t a 
t io n s  is  p resen ted . T h e  e ffec t o f  c h a n g e s  in  sy s te m  load  
or g e n e ra tio n  o n  freq u en cy , th e  se lf -r e g u la t io n  c h a r a c te r 
is t ic  o f  th e  sy s te m , a n d  th e  co m b in e d  sy s te m  governor  
a c tio n  are d isc u sse d  fro m  th e  s ta n d p o in t  o f  th e  in d iv id u a l  
a n d  th e  in te rc o n n ec ted  g ro u p  o f  s y s te m s . T h e  p ra c tices  
o f  th e  in te rc o n n ec tio n , o f  w h ic h  t h e  P h ila d e lp h ia  E lec tr ic  
C o m p a n y  is  a  m em b er , in  m a n u a lly  r e g u la t in g  t h e  fr e 
q u en cy  a n d  th e  in c id e n t  p ro b lem s th e r e to  are co n sid ered . 
A d isc u ss io n  o f  govern or in s ta n ta n e o u s  a n d  average  
sp eed  reg u la tio n , se n s it iv ity , a n d  r esp o n se  is  g iv en , w ith  
p a rticu la r  reference to  th e ir  e ffec t o n  fr eq u e n c y  r e g u la tio n .

THE problem of system regulation in its many phases has 
seemed to vary with the ever-changing operating con
ditions; it is probable in each instance that we have been 

satisfied with a partial solution of the existing problem. We may 
find the reason for such oversight, however, in the many other 
operating problems that were more persistently demanding a 
remedy.

Isolated Generating-Station Operation. When the system was 
supplied by a single generating station, the changes in load on 
the plateau of the curve constituted a large percentage of the 
total demand and, as a result, variations in the instantaneous 
frequency were such that industrial customers, particularly 
textile and paper mills, were subject to damage to their product. 
The average frequency was such that the production schedule of 
industrial plants, in quantity and quality, frequently could not 
be maintained. Frequency-measuring instruments of that day, 
however, were of such a broad scale that close average regulation 
was manually difficult.

Parallel Operation of Generating Stations. With the parallel 
operation of a number of generating stations, dependence on 
system inertia and governor response for system regulation 
seemed to provide a satisfactory solution. With this method, 
manual control was assigned to a single regulating station, the 
other generating stations maintaining their assigned output as 
an average loading, permitting the load to vary as the turbine 
governors responded to changes in speed. Aiding in the im
provement of the system regulation was the diversity in the load 
swings which made the system load fringe a smaller percentage 
of the total load although larger in absolute magnitude.

Interconnected Operation of Systems. When interconnections 
were established and the problem of stability made its appearance, 
the settings of turbine governors were further damped and, in 
many instances, automatic frequency control was installed which 
tended to perform the normal function of the governors. If the 
tolerance of the controller was small, load variations on the regu-

1 Superintendent Station  Economy, Philadelphia E lectric Company.
* Chief Load D ispatcher, Philadelphia E lectric Company.
Contributed by the  Hydraulic and Power Divisions and presented 

a t the  Annual Meeting, Philadelphia, Pa., December 4-8, 1939, of 
T h e  A m e r ic a n  S o c ie t y  o f  M e c h a n ic a l  E n g i n e e r s .

N o t e : Statem ents and opinions advanced in papers are to  be 
understood as individual expressions of their authors, and no t those 
of the Society.

lating station were excessive and the station economy suffered. 
Electrical time service, however, was considerably improved and 
this was instrumental in the improvement of this type of service 
on systems having manual control.

Systems that favored that type of manual control, wherein 
dependence was placed upon turbine-governor response and the 
inertia of rotating equipment, to limit variations in frequency 
and to avoid burdensome changes in load on the regulating sta
tion, regarded the frequency indication as a guide in load regula
tion.

Limited Knowledge of Problems of System Regulation. In all 
these phases of system regulation, it would appear, as has been 
charged, there was a lack of sustained interest in this general 
subject, an interest that would apply itself to a complete solution 
of the problem rather than confining itself to a study of an exist
ing phase and seeking a remedy for that.

Operating men favoring automatic frequency control as a 
remedy, regarded a narrow frequency band as essential as closely 
regulated voltage. Operating men who held to manual control 
of frequency objected to abnormal changes in load on a regulating 
station. The generating-station operating force was concerned 
primarily with economical performance. What ills there were 
in system regulation were regarded as inherent and system dis
patchers “worried along” with them, striving to hold the fre
quency within reason and changes in station output to a mini
mum. The advent of interconnections may be said to have 
further postponed efforts looking to a solution, as continued 
interest in the problem was manifested usually by but one com
pany of the group.

Scope of Study of System Regulation. In a study of system regu
lation, it is necessary to consider each of the following factors:

1 The scheduling of generating capacity
2 The actual operation of generating capacity
3 Load control
4 Frequency control
5 Governor characteristics.

S c h e d u l in g  G e n e r a t i n g  C a p a c it y

The two principal functions in the operation of an electric- 
power system, that of providing reliable service and attaining 
the highest efficiency of performance, demand that adequate 
generating capacity be scheduled for operation, based on the 
estimate of the system load, on the sum of the estimated loads 
of each area of the system, and the available transmission ca
pacity. Fig. 1 is a schematic diagram of the main generating 
and transmission system of the Philadelphia Electric Company, 
indicating the distribution of the system load and the generating 
capacity which may be scheduled for operation.

Load Estimating. Service reliability and efficient operating 
performance demand accuracy in the forecast of the system load, 
in order that generating capacity, adequate to supply the system 
load and provide the necessary operating reserve, may be economi
cally scheduled.

In the daily estimate of the system load, it is found that there 
is a base load for each day and for each hour of each day, the 
components of which are all the factors, with the exception of 
those affected by weather conditions, that may be considered as 
influencing customer demand and contributing to the diversity 
of such demand. When the components of the customer demand
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that are the result of existing weather conditions are added to 
the base, the sum will be the system load. In making an accurate 
estimate of the system load, consideration should be given to the 
weather with the proper weight for degree of cloudiness, wind 
velocity, and temperature based upon the best available forecast.

Reliability. In the scheduling of generating capacity to sup
ply the system load, the requirement of reliability of service is 
the first consideration. Reliability is fostered by maintaining the 
availability of the necessary generating capacity to each load 
center of the system. The degree of availability is deemed ade
quate if coverage is provided for the possible loss of the generating 
unit of largest capacity within a load area or the possible loss of 
the transmission capacity rendering available to the load area the 
largest amount of generating capacity.

Economy. In the scheduling of generating capacity to supply 
the system load and provide the necessary spinning reserve, 
economy as a factor in the operation of the system is secondary 
in importance only to that of reliability of service.

Economy in the operation of the generating system is effected 
when the cost per kilowatthour of the energy delivered to the bus 
of each load center is the lowest that may be obtained. Thus it 
is necessary not only to calculate the generating cost per kilo
watthour, but to determine also the losses in transmission.

Spinning Reserve. The spinning-reserve requirement of an 
interconnected system is usually specified as equivalent to the 
capacity of its largest generating unit. This requirement, how
ever, is an arbitrary measure and in some instances the reserve 
coverage provided is equivalent to the capacity of two or more 
generators.

F i g . 3  C h a r t  S h o w in g  S y s t e m  D a il y  L o a d  W i t h  P o r t i o n  
A l l o c a t e d  t o  C o n o w in g o

When systems are interconnected and the spinning reserve is 
pooled to provide coverage for the loss of the largest generating 
unit of the group, it will soon be evident that errors in the load 
estimates are much more frequently the cause of deficits in 
spinning-reserve capacity than the loss of generating capacity. 
Thus it has become necessary to provide spinning reserve as 
coverage for the loss of the largest generating unit or the possible 
load-estimating error, whichever is the greater.

Assuming that coverage on an interconnected group of three 
systems is to be provided for the largest unit or a 7 per cent 
load-estimating error, whichever is greater, it is seen that the 
reserve requirement will be based on coverage for the load- 
estimating error, if the capacity of the largest unit is less than 7 
per cent of the load. The reserve requirement may be divided 
among the systems in accordance with some previously agreed 
upon formula.

When a system is uninterconnected, the hazard to reliability 
of a load-estimating error is obscured in the coverage for the

largest unit of the system or in the number of units of smaller 
rating which provided an appreciable amount of reserve capacity 
above their efficient rating.

Actual Operation op Generating Capacity

Typical System Setup. To illustrate the actual operation of 
generating capacity on the system of the Philadelphia Electric 
Company, let us assume that the system load for which generating 
capacity has been made available is 760,000 kw, and the distri
bution of this load among the load centers as shown in Fig. 2 is:

S ta tion  Load, kw
C h este r......................................................................  105000
W ilm ington.............................................................. 37000
P ascha ll..................................................................... 19000
Schuylkill.................................................................. 163000

324000
D elaw are................................................................... 87000
R ichm ond .................................................................  145000
W estm oreland......................................................... 87000
P lym outh  M eeting ) ennon
B arbados Island } ...........................................  8UUUU
E m ilie ........................................................................  10000
M iscellaneous, including losses........................  27000

T o ta l ........................................................................... 760000

The capacity requirements to supply this system load and 
provide the necessary sectional and system spinning reserve 
would b e:

C apacity  requirem ents, 
S ta tion  kw

Conow ingo...............................................................  245000
R ichm ond.................................................................  255000
D elaw are................................................................... 60000
Schuylkill.................................................................. 135000
C h este r......................................................................  90000
Deep w a ter................................................................  54000

T o ta l..........................................................................  839000

Coordination of Steam and Hydro. In determining how the 
load should be most economically allocated to the generating 
stations, it is necessary to know the performance characteristics 
of each plant in the system. However, the loading of Conowingo, 
a run-of-river hydro plant, supplying a large part of the system 
load, is determined first. Conowingo utilizes the full flow of the 
Susquehanna River for about 70 per cent of the year. During 
the remaining 30 per cent of the year, the river flows are in excess 
of what can be utilized by the present installed capacity 
of 252,000 kw. The plant generates approximately one third of 
the total energy output of the Philadelphia Electric Company 
system in a normal hydro year. It is highly important to allocate 
the load correctly to this station as it has much effect on the 
economy of the connected steam system.

Steam Base Load. Minimum steam-station costs are closely 
approximated by allocating to Conowingo a block of the system 
daily load, Fig. 3, of such proportions that the area of the block 
corresponds to the available energy to be generated, and the or
dinate of the block corresponds to the economical hydro-plant 
capacity.

Referring to Fig. 3, the higher the position of shaded area, which 
represents the Conowingo energy output, the less will be the area 
of this block. The lower load limit of the shaded area, indicated 
as steam base load, increases as the energy output from Cono
wingo decreases. The steam base load may be defined as that 
system load above which Conowingo becomes the marginal sta
tion in system loading, taking all the variations in system load 
within the limits of its economical capacity. When the system 
load exceeds the steam base load plus the economical capacity 
of Conowingo, the excess must be carried as steam peak. When 
the system load is less than the steam base load, it is entirely 
carried by steam and Conowingo is shut down. By using the 
steam base load as the basis for loading Conowingo, advantage 
is taken of the Conowingo Pond in absorbing the variations which
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occur in system daily outputs due to weather conditions and 
other factors affecting system load.

Determination of Steam Base Load. Corresponding to each 
value of Conowingo daily kilowatthour generation there is a 
definite steam base load for a particular day. This relation is 
utilized in determining the steam base load for each day by using 
the Conowingo loading chart for seven machines available at 
Conowingo, shown in Fig. 4. These curves determine the steam 
base load for a given daily Conowingo energy output and daily

per cent of average hydro-station increment rate. The hydro 
increment rate remains practically constant up to the most 
efficient load for all hydro units on the line. Beyond this load, 
however, the hydro increment rate usually increases quite rapidly.

Economical Loading of Hydro. The principles of most eco
nomical hydro load allocations can be summarized generally as 
the utilization of the river flow so as to displace the maximum 
steam-station cost per cfs of river flow. The value of a small 
increment of river flow cfs is equal to the value of the correspond
ing small increment of hydro load A  kw, in displacing steam 
generation.

The value of the river flow per cfs per hr =

In order to load the hydro station in the overload region beyond

most economical capacity, the value of must be equal to or
W

higher than during the steam-base period of the day, as the total 
flow for the day is fixed and whatever extra water is used during

F i g . 4  C o n o w in g o  L o a d in g  C h a r t

(Available peak prepared for =  259,000 kw plus steam  base. If system  peak 
is greater th an  th is available peak, the  steam  peak p repared  for m ust be 

increased to  m ake up  th e  difference.)

system generation. Similar charts are used if less than seven 
machines are available at Conowingo, one chart for each Cono
wingo capacity value. The curves are worked out from daily 
occurrence curves which show the generation in the load curve 
below each value of system load. The steam-base curves apply 
to the different seasons equally well in spite of the seasonal varia
tions in the shapes of the daily load curve.

Variation in Hydro-Station Increment Rate. The foregoing 
relations have been based on substantially constant hydro
station increment rates. By hydro-station increment rate is 
meant the increase in station draft, or in rate of flow of water 
through the turbines, corresponding to a slight increase in hydro 
load divided by the increase in load. It can be conveniently ex
pressed in terms of cfs per kw. Fig. 5 shows the variation in in
crement rate for Conowingo against station loading expressed in

one period must be stored in the pond during some other period. 
Therefore, the hydro station is loaded incrementally beyond its 
most efficient rating in conjunction with the system to carry the 
peak portion of the load. In any case, however, the overload 
capacity of the hydro station, beyond most economical capacity, 
should be utilized as reserve on the system in order to reduce 
steam stand-by costs.

The incremental value of the hydro station in this region to be
W

compared to the incremental cost of the steam is IB ——
W B

where IB =  steam-base increment cost
W =  hydro-station increment rate 
WB — average hydro-station increment rate

If WB is taken as the average hydro increment rate up to the 
economical capacity, the curves in Fig. 5 then give the values of 
W

—— in per cent for the overload capacity.
"  B

Steam-Station Performance Curves. The steam-station per
formance curves are based on accurate performance tests of all
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pertinent equipment, the tests having been conducted with the 
apparatus in the best possible operating condition. The heat- 
balance calculations, which are made by combining the tests of 
the individual equipment into station performance curves, are the 
same sort of performance calculations that are made in the de
sign of a station. Daily performance curves are calculated 
from typical daily load studies by summating the individual 
hourly performances for the day, computed from the hourly 
plant performance curves. In working out the station perform
ance curves, the most economical operating and loading schedules 
for individual equipment in the plant are developed.

Charts for Typical Station. Fig. 6 shows one of the plant- 
performance charts for a generating station having 2 turbo
generators and 12 boilers, giving the relation of hourly coal con
sumption to net kilowatt output for 32 F and 80 F condenser cir
culating water in injection temperatures, and for varying number 
of boilers under fire. The total coal consumption, based on coal 
having a standard heating value, is obtained from the sum of 
parts A, B, and C given by the curves. Part A gives the banking 
or no-load coal per hr for the number of boilers under fire. Part 
B gives the coal required per hr as a function of the net kilowatt 
output with all the boilers in the station under fire. Part C gives 
an adjustment for a less number of boilers under fire, the adjust
ment resulting from the decrease in boiler efficiency with in
crease in rating.

Increment Coal Rate. The heat-balance calculations for the 
station-performance curves are also used in obtaining the incre- 
ment-coal-rate curves for the station. The increment-coal-rate 
curves greatly simplify the task of allocating properly the system 
load to the individual generating stations, and are also useful in 
determining increment costs of so-called economy power pur
chased from or sold to interconnecting companies.

The increment coal rate may be defined as the pounds of coal 
required to produce an increment of 1 kw in the net station out
put. It corresponds to the slope of the tangent at a given load 
on the hourly-coal-consumption curves shown in Fig. 6. The

NET MW OUTPUT

F i g . 6  P l a n t - P e r f o r m a n c e  C h a r t , S h o w i n g  I 
l a t io n  o f  T o t a l  H o u r l y  C o a l  C o n s u m p t io n  

N e t  M w  O u t p u t

increment coal rate varies with station loading, condenser 
injection circulating-water temperature, and also with the num
ber of boilers which are under fire.

In Fig. 7 are shown the increment-coal-rate curves for the 
generating station, the performance curves for which are shown 
in Fig. 6. The increment-coal-rate values expressed in per cent 
of average station coal rate are shown as a function of station 
load for 32 F and 80 F condenser injection circulating-water 
temperature. Adjustments are given below the main curves for 
the number of boilers which are under fire in the station. This 
adjustment is added to the value given by the main curves to 
obtain the total bogey increment rate. The main curves are for 
the maximum number of boilers under fire.

Increment Rate in the Overload Region of the Turbines. Suffi
cient turbogenerators sire carried on the system at all times to 
maintain the load in the event of the failure of the unit of larg
est capacity. All machines, in general, are provided with overload 
capacity, where the increment coal rate is from 12 to 20 per cent 
greater than in the normal load region. This overload capacity 
should, therefore, be used as far as possible in providing reserve 
for the outage of the largest unit of capacity on the system. To 
make the increment-rate curves Fig. 7 more readable, the over
load increment rate for the first main unit on the line has been 
omitted.

In other words, the curve is worked out on the basis that the 
next machine is put on the line just before the overload valves 
open on the machine already in service. The addition of the 
second unit on the line, Fig. 7, increases the coal consumption 
from 3100 lb per hr to 4400 lb per hr, depending upon the injec
tion temperature. This increased coal consumption must be 
balanced against the increase in increment rate in the overload 
region to determine how much overload capacity should run be
fore an extra unit is placed on the line in advance of reserve re
quirements.

Operating Factor. Inasmuch as the increment-coal-rate curves 
are derived from the same heat-balance calculations as the coal

i- F i g . 7  H o u r l y  I n c r e m e n t - C o a l - R a t e  C u r v e s  
o  f o r  G e n e r a t i n g  S t a t i o n ; P e r f o r m a n c e  C u r v e s  

G i v e n  i n  F i g . 6
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bogeys which are used to check the performance of the generating 
stations, the margin by which the actual coal consumption ex
ceeds the bogey coal consumption should be used in correcting 
the bogey increment coal rate to actual conditions. This margin 
is approximately 2 per cent giving a factor of approximately 1.02 
by which to multiply the bogey increment-coal-rate values in 
order to correct the actual plant conditions. The actual factor 
is known at all times from the check of operation in the plant.

Allocation of Load. The criterion for correct load allocation is 
that the load shall be increased on the steam-generating station 
having the lowest increment cost per kwhr. An important con
sideration with reference to load allocation is the number of main 
units to have on the line. At the lower loads, the number of 
units is determined by the amount of reserve for which it is 
necessary to stand by. In this case, the station increment-coal- 
rate value given by the curves in Fig. 7, corrected by the operat
ing factor, is multiplied by the price of fuel giving the incremental 
cost of fuel per kwhr. To this is added the incremental mainte
nance cost to determine the total steam-station incremental cost 
which is used directly in determining the correct allocation of 
load. Assuming a river flow corresponding to a daily Cono- 
wingo output of 2,000,000 kwhr per day, and a daily system 
output of 13,000,000 kwhr, the steam base load corresponding to 
this is 529,000 kw. The most economical allocation of this steam 
base load to the individual steam-generating stations, Fig. 2, 
is as follows:

Sta tion  Load, kw
Schuylkill.................................................................. 115000
D eepw ater................................................................ 54000
R ichm ond ................................................................. 250000
C h este r......................................................................  66000
D elaw are................................................................... 44000

T o ta l..........................................................................  529000

With this steam base and the system load of 760,000 kw, 
Conowingo is loaded to 231,000 kw. As the system load changes, 
the load on Conowingo is varied to hold the frequency.

R e g u l a t io n  o f  L o a d

The system load is a composite function of the variable de
mands of the customers of a power company, the connected load 
or the maximum potential demand of which may be four or five 
times the actual diversified energy consumption, termed the 
system load. The continual change in the customer demand 
produces a fringe in the system load which is attended by a con
tinual variation in the system speed. On an interconnected 
group of systems having a combined approximate load of 2,400,-
000 kw, the frequency variation because of this fringe may ap
proximate 0.05 cycle. Accentuating this fringe and responsible 
for a greater frequency error are the swings of such loads as that 
of railroad or steel-mill demands.

These changes in the system load, however, should not cause 
the abnormal variations in frequency which, when corrective 
measures are applied, are sometimes reflected in extreme and 
continued changes in the output of the generating stations.

Frequency Variation a Guide to Load Change. A deviation from 
standard frequency under normal operating conditions generally 
may be considered as an indication of a change in system load. 
The major load changes, such as that of the morning pickup or 
the noontime drop, however, are anticipated from the normal 
shape of the load curve. Thus, in a system which regulates its 
load manually, the attention of the station operator is held to the 
frequency recorder in order that a sustained load change may be 
observed and the necessary change in station output made. 
Where the manual regulation is a responsibility of the load dis
patcher, and the regulation is not assigned to a station, the alloca
tion of the increased or the decreased demand will be made in

accordance with the economic loading schedule. In this opera
tion as in all regulating measures, attention of the station operator 
should be directed to the frequency, in order that errors in speed 
may be avoided.

Regulation of Tie-Line Loading. In the manual regulation of 
the load of an interconnected group of systems, it is usual to 
delegate to one company the responsibility of frequency control 
and to one or more of the other companies the duty of regulating 
the tie-line loading.

Regardless of the part in the general program of regulation 
that a company may be assigned, it should be recognized that 
control of the frequency is inherent in each regulating function. 
Slight changes in generation in an effort to return a tie-line load
ing to schedule, for instance, may improve the frequency or, if 
proper operating procedure is violated, may cause an abnormal 
frequency error.

Effect of Load Change on Frequency. The effect of a system 
load change on the frequency, when turbine-governor response 
tends to limit the variation, may approximate the following: 
Two per cent load change produces Ve per cent frequency change 
or a system regulation of approximately 8 per cent.

These deviations in the frequency, with respect to system load 
changes, are those which remain after the turbine governors 
have responded to the initial frequency change and have partially 
corrected the variation in speed. These frequency deviations are, 
in themselves, responsible for an actual change in system de
mand. This change, when added to the change in generation 
effected by the governors, is equal to the initial load change at 
standard frequency. The correction of the remaining frequency 
deviation is effected by changing generation manually on the 
marginal station. Theoretically this manual change of generation 
should be comparable in amount to the change in load as the 
turbine governors of other stations act to restore their output to 
their assigned loading.

Frequently, however, there is little if any counteraction by 
governors and the manual change of generation on the marginal 
station to correct the remaining frequency deviation will effect a 
load change on all systems of the interconnected group in pro
portion to their respective system loads as the frequency is re
stored to normal.

Effect of Large Generating-Capadty Loss. If there were no 
turbine-governor response to a system load change, the variation 
in frequency for a given load change would be much greater in 
percentage deviation from standard. This deviation from 
standard frequency with respect to a system load change would 
be comparable to that which occurs when there is a deficiency of 
generating capacity with respect to the load at normal frequency.

The change in the system load as a result of a drop in frequency 
because of the loss of a large amount of generating capacity will 
approximate 2.5 per cent of the system load to 1 per cent change 
in frequency. In one instance, the system load at normal fre
quency was 720,000 kw and there was a loss of 230,000 kw 
generating capacity, the system load automatically reduced to 
equal the generating capacity remaining available. The generat
ing capacity remaining available to the load was 580,000 kw and 
the reduction in load was 140,000 kw or approximately 20 per 
cent. The decrease in frequency was not quite 5 cycles, or 
approximately 8 per cent.

Effect of Frequency Reduction on System Load. The same 
relation between system load change and frequency variation, 
which exists in the event of the loss of considerable generating 
capacity, also applies when there is a reduction in system fre
quency. Reducing the frequency 0.6 cycle or 1 per cent on an 
interconnection having a load of 2,400,000 kw at normal fre
quency will reduce the combined load approximately 2.5 per 
cent or 60,000 kw.
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Effect of Change in Generation on Frequency. This relation 
between load change and frequency variation is presented as 
forming a close approximation of the effect of the change of one 
factor on the other when there is no governor response to correct 
an error in the system speed. This same relation is also effective 
in the correction of frequency errors or the returning of tie-line 
loading to schedule. Where there are relatively small changes of

F i g .  8  E f f e c t  o n  F r e q u e n c y  o f  C h a n g e  i n  G e n e r a t i o n  
(Governor inactive; com bined load of in terconnected  system  =  2,400,000

kw.)

generation, there may be little if any counteracting effect of the 
turbine governors of other stations or systems. Thus it will be 
found on even large interconnections of approximately 2,400,000- 
kw load that a change of 10,000 kw in generation will frequently 
cause a change in frequency of 0.1 cycle.

Fig. 8 is a diagram of readings taken when the system genera
tion was changed to note the effect on the frequency. These 
were approximately 40 per cent of the total number of readings 
taken. The other 60 per cent, which were not included as counter
action of governors or load changes on the system, were evidenced 
in the readings.

The company changing its generation 10,000 kw to correct 
tie-line loading may cause a frequency change of 0.1 cycle, and a 
company to correct an error of 0.1 cycle in frequency may have to 
change its generation only 10,000 kw.

Regulation of Simple Interconnection. Where only two systems 
are interconnected, proper operating procedure requires that 
manual readjustment of tie-line loading should be made as 
follows:

Generation should be increased or decreased first to correct 
any existing error in the frequency. Then, both systems must 
act together to complete the correction of tie-line loading, one 
system decreasing its generation as the other increases its output. 
In like manner, manual correction of abnormal frequency errors 
requires mutual action if “seesawing” of station loadings and of 
the frequency is to be avoided.

Interconnected-Group Systems. In the interconnected group 
of which the Philadelphia Electric Company is one, there are 
approximately fourteen operating companies. In the operation 
of the Pennsylvania-New Jersey Interconnection, of which the 
Pennsylvania Power and Light Company, Philadelphia Electric 
Company, and Public Service Electric and Gas Company of New 
Jersey are the member companies, instructions to change the 
generation are given by the interconnection load dispatcher who 
has the responsibility of maintaining the frequency. The alloca
tion of the combined loading of the three companies forming this

interconnection on the basis of economical performance improves 
the regulation of the frequency as the loading of the tie lines 
which are of ample rating may vary in amount and direction and 
requires no regulation. The Pennsylvania Water and Power 
Company and the Metropolitan Edison Company have the 
responsibility of regulating the tie-line loading.

Regulation of Interconnected Group of Systems. In the manual 
regulation of tie-line loading in an interconnected group of 
systems, proper operating procedure requires readjustment to be 
made in the following manner:

Generation first should be increased or decreased to correct 
any existing error in the frequency. The system to initiate this 
correction will be indicated by the relation of the tie-line loading 
to the schedule and the possible effect of the change on the fre
quency. Then, each system may have to change its generation, 
one or more decreasing its output as the others increase their 
output.

It can be said that correction of tie-line loading is not a duty

F i g .  9  R e g u l a t i o n  o f  G r o u p  o f  S y s t e m s ,  6 0 -  a n d  2 5 - C y c l e  L o o p ;
S i m p l i f i e d  D i a g r a m  

(P .S., Public Service E lectric  and  Gas C om pany; M .E ., M etropolitan  
Edison Com pany, New Jersey  Pow er and  L ight C om pany; P .L ., Penn 
sylvania  Pow er and  L ight C om pany; P .E ., Philadelphia E lectrio  C om 
pany ; P .W .P ., Pennsy lvan ia  W ater & Power C om pany; B alt., C onsolidated 

Gas & E lectric  C om pany; W ashington, Potom ac Edison C om pany.)

that may be performed by one system. Observance of the tie- 
line loading may be the responsibility of one system, but its regu
lation requires the cooperation of two or more systems.

In the same way, correction of abnormal frequency errors is a 
duty that may not usually be performed by one system. Mutual 
action by all systems of the interconnected group may be required 
to avoid “seesawing” of station loadings and of the frequency.

Attention to Frequency. In any adjustment of tie-line loading, 
it is desirable that the frequency be observed in order that an
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existing frequency error is not aggravated, or a frequency error 
in the opposite direction is not induced, as subsequent correction 
of the frequency will again result in the tie-line-loading schedule 
being adversely affected and again requiring further adjustments.

In order that abnormal frequency errors may be avoided, it may 
be desirable that the application of corrective measures begin 
when the frequency departs more than 0.05 cycle from standard. 
This practice not only may reduce the number of abnormal 
errors, but will minimize the loading changes on stations and 
tend to prevent seesawing of station and tie-line loading.

Attention to Tie-Line Loading. Where a meter on the tie line 
is not available to the frequency-regulating system to indicate 
where a load change has occurred, the load dispatcher of this 
system must of necessity depend upon the dispatchers of those 
companies whose responsibility it is to observe and correct for 
tie-line loading. If there is a failure of companies to observe tie- 
line loadings, the burden is placed on the frequency-regulating 
system to ask for a check of the loading of these tie lines, and to 
await a report of these loadings before complete corrective 
measures may be taken to restore normal frequency. In the 
meantime, some changes in station output have been made and 
frequently these moves will be followed by changes in the opposite 
direction when correction by the tardy system has been made.

Interconnection Forming 35- and 60-Cycle Loop. Referring to 
Fig. 9, the load dispatcher of the Pennsylvania-New Jersey Inter
connection, who supervises the allocation of the combined load 
of this operating group to each system (P.E., P.L., P.S.),3 also 
has the responsibility of frequency control. The control of tie- 
line loading thus devolves on M.E. and P.W.P.,4 with the greater 
part of this duty on the latter as P.W.P. must control the loading 
of the 60-cycle ties (P.W.P.-M.E. and P.W.P.-P.L.) and also 
the 25-cycle tie (P.W.P.-P.E.) formed by the frequency-converter 
supply to, and the transmission facilities of, the Pennsylvania 
Railroad.

Deviation from the scheduled loading of these ties frequently 
results, from the frame shifting of the frequency converter at 
Safe Harbor or at Bennings. This operation may be performed 
to:

1 Regulate loading of 25-cycle tie
2 Increase the supply of power to Washington
3 Reduce overload on P.W.P.-Washington 60-cycle tie
4 Utilize output of hydro unit on 60-cycle system of P.W.P.

The movement of a converter frame, if necessitating the cor
rection of tie-line loading by Washington and Baltimore, one 
counteracting the other in the effect on the frequency, should not 
cause an abnormal deviation in the system speed if the frequency 
is properly observed in the corrective measures.

3 Philadelphia E lectric Com pany; Pennsylvania Power & Light 
Com pany; Public Service E lectric & Gas Company.

4 M etropolitan Edison Company, New Jersey Power & Light 
Company, and Pennsylvania W ater & Power Company.

Division of Railroad Load Swings. When there is an increase 
of the railroad load, regardless of the area in which it occurs, 
the supply of the increased demand will closely approximate the 
relative frequency-converter capacity in operation in each area, 
as the relative impedance of this type of equipment determines 
to a great degree direction of flow. In like manner, a reduction 
of railroad load will divide in approximate ratio to the frequency- 
converter capacity operating.

R e g u l a t io n  o f  F r e q u e n c y

A frequency curve appears to have several components: A 
rapid, periodic variation of approximately 0.005 cycle of an 
approximate period of 2 sec; variations of approximately 0.05 
cycle having a semblance of a periodicity of 30 sec; variations of 
0.1 cycle or more from standard frequency that are irregular in 
occurrence. Fig. 10 is a copy of a high-speed Leeds and Northrup 
chart of the frequency of the Philadelphia Electric Company 
system for a 7.5-min period. The curve for this period is typical 
of the normal frequency curve.

Frequency Ripple. The rapid, periodic variation of approxi
mately 0.005 cycle appears to be a rhythmic pulsation which may 
be ascribed to synchronizing power between generators and the 
load or between systems or parts of a system. The rapidity of 
the variation probably will not permit of regulation and the 
smallness of the variation does not warrant efforts to correct. 
This variation of 0.005 cycle follows the curve of the frequency as 
it responds to the other influences which cause changes in speed.

System Characteristic. Variations of approximately 0.05 cycle 
also are continuous. If the other causes of speed change were 
absent, these variations would probably be reflected in a curve 
which would be a succession of waves of an amplitude not ex
ceeding 0.05 cycle that it would be inadvisable to regulate, because 
the load change on each generating station, as a result of the 
variation, is negligible, and any corrective measures might tend 
only to halve the periodicity of the variation without any reduc
tion of the amplitude. This variation of 0.05 cycle also follows 
the trend of the frequency curve. As the deviation from standard 
frequency becomes greater, governors should respond to limit 
the changes in speed. If the governor regulation is 4 per cent 
and the frequency variation is 0.05 cycle or l/ M of the speed drop 
for 100 per cent load change, it may be possible that there will be 
no governor response.

This variation of 0.05 cycle in the system frequency may be 
ascribed to the change in the fringe of the load curve, which 
marks the great diversification in the use of appliances, lighting, 
motors, etc., throughout the day.

It is difficult to believe that these continual variations of 
approximately 0.05 cycle are a result of improper governor action 
as any erratic impulse from this source might be expected to 
cause an unevenness in the regulation that would render an average 
frequency of 60 cycles impossible.

That such average regulation may be considered as inherent

F i g .  10  C o p y  o f  H i g h - S p e e d  C h a r t  o f  F r e q u e n c y  o f  P h i l a d e l p h i a  E l e c t r i c  C o m p a n y  S y s t e m  f o r  7 .5 - M in  P e r i o d
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in a large system group is substantiated frequently in the opera
tion of the combined system for intervals of several hours, during 
which periods there were no changes in generation to correct 
frequency deviations. This self-regulating property was evi
denced particularly some years ago in an interconnection of 
systems having a combined load of approximately 4,000,000 kw. 
Frequency control on this group of systems had been automatic 
until 7:15 a.m. one day, when the regulating company trans
mitted a request to be relayed by telephone through six com
panies, to another company, which practiced manual regulation, 
to assume control. The message was not delivered and for more 
than 4 hr the frequency curve was similar to that of the previous 
hours when regulation was automatic. The lack of supervision 
of the regulation was discovered when the first regulating com
pany asked the latter, “When did you install automatic frequency 
control?”

Similarity of Systems’ Characteristic. Evidence of this com
ponent of the frequency curve is seen in the frequency chart of 
March 10, 1927, Fig. 11, when the Philadelphia Electric Com
pany was operating as an uninterconnected system with a load 
of approximately 400,000 kw. This same variation is seen in the 
frequency chart of April 3, 1928, Fig. 12, when the system of 
the Philadelphia Electric Company was interconnected with that 
of the Pennsylvania Power & Light Company and in the frequency 
chart of October 14, 1929, Fig. 13, with Public Service Electric & 
Gas Company of New Jersey as one of the interconnected group. 
The similarity of the curves testifies to some one force that is 
inherent in the operation of a system or a group of systems, small 
or large, as productive of the variation. Such an impulse may 
have its source in the changing fringe of the load.

The chart of October 14, 1929, Fig. 13, indicates also the load 
of the regulating station, Conowingo. At that time the frequency 
control was always assigned to a generating station. As experi
ence indicated that large interconnections with ties of large 
capacity were, to a great degree, self-regulating, the load dis
patcher assumed direct supervision of the frequency and allo
cated sustained changes in load in accordance with the economic

loading schedule. This practice may be observed in the chart of 
November 6, 1931, Fig. 14, which indicates the generated load 
of the marginal station which was directed by the load dispatcher 
to change its output when the change in frequency indicated a 
sustained load change.

Variations Demanding Correction. Also of interest in all these 
charts is the third component of the frequency curve which is 
irregular in occurrence. This component may be divided into 
two factors. One is the variation caused by changes in such 
load as the demand of railroads or steel mills. The other is the 
variation which is due to one of the following causes:

1 Loss of generating capacity
2 Units loaded regardless of frequency
3 Failure to anticipate system load changes
4 “Regulating” tie-line loading regardless of frequency.

Frequency variations due to such load changes as that of rail
road or steel-mill demand may influence the setting of governors 
in order that governor action may maintain the frequency within 
reasonable limits for an appreciable change in load.

Variations in frequency which find their cause in departure 
from proper operating procedure may be said to be responsible 
for most of our present problems in regulation. It is probable 
that some improvement in governor performance would aid in 
limiting these variations. The improvement which would bring 
about closer attention of all operators to the frequency, however, 
would be fully as adequate. Maintaining satisfactory frequency 
then would be a matter of observing its trend and directing the 
necessary change in the output of the marginal station to correct 
deviation.

Nonobservance of Proper Operating Procedure. Of the failures 
to observe proper operating procedure, “regulating” tie-line load
ing regardless of frequency, appears to be the cause of approxi
mately 75 per cent of abnormal frequency variations. The ab
normal variations from this cause frequently occur on the hour or 
half hour or at the time readings are taken. Evidently, equip
ment loadings are then changed and, at times, regardless of the
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F i g . 13 F r e q u e n c y  C h a r t  W i t h  L o a d  o f  R e g u l a t i n g  S t a t i o n  o f  T h r e e  S y s t e m s  I n t e r c o n n e c t e d , O c t o b e r  14, 1929

frequency. It is commonly assumed that efforts in the correction 
of tie-line loading in its effect on the frequency will be counter
acted by the action of the governors of units of other stations or 
systems, thus tending to maintain normal frequency. Often this 
is not the case, Fig. 8, and if the generation is changed with
out regard to the frequency, an abnormal frequency error may 
occur.

Speed Characteristic of Systems. In the regulation of the fre
quency and of tie-line loading, it is essential that this speed char
acteristic of the group of paralleled systems be known in order 
that the effect of changes in load and generation on the system 
frequency may be anticipated and the effect of variations of 
the frequency on the system load may be recognized.

On a group of systems, the combined load of which is 2,400,000 
kw, this change of generation may be approximately 10,000 kw 
to effect a frequency change of 0.1 cycle. The reverse of this is 
also true. A change of generation of 10,000 kw, in an effort to 
correct tie-line loading, may cause a frequency change of 0.1 
cycle.

Regulation of Tie-Line Loading Also Controls Frequency. Be
cause of the appreciable effect on the frequency of a small change 
in generation, it is evident, if tie-line loading is to be corrected, 
that the creation of a frequency error must be avoided. Where 
this possibility is present, the system, which should counteract 
any adverse effect on the frequency, should be informed of the 
proposed action.

Frequently it happens that measures applied to correct fre
quency or tie-line loading have to be counteracted immediately 
afterward by measures of the same magnitude in the opposite 
direction. This type of operation constitutes the really objec
tionable problem in the regulation of the load and frequency. 
It evidences a failure to observe the trend of the load or of the 
frequency. It indicates that the remedy for the wide variations 
in frequency may be found in many instances in a minimum of 
applied corrective measures.
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quency within narrow limits. The governors should be sensitive 
to small speed changes and should hold the speed within narrow 
limits in accordance with their speed-regulation characteristic. 
The governors should do this without sacrificing stability, as it 
is part of the governor function to permit proper parallel opera
tion of the prime movers.

Governor Sensitivity. The sensitivity of the governors is im
portant for small changes in system frequency. If the governors 
do not respond to small changes in frequency, due to small load 
changes, the variation in frequency for small changes in load is 
then determined by the self-regulation of the system load. Fig. 8 
shows the changes in frequency, resulting from changes in load 
less than 10,000 kw on a system with a combined load of about
2,400,000 kw. The average variation determined from the straight 
line in the illustration shows that the frequency varies 0.1 
cycle for a load change of 10,000 kw, which on a 2,400,000-kw 
system is equivalent to 0.4 per cent load change for a change in 
frequency of '/e per cent. This same approximate variation was 
obtained on several occasions when transmission-line failures re
sulted in a deficiency of generating capacity.

Theoretically it would appear that this is too large a variation 
in load for a given change in speed, but it is possible that a small 
percentage of the governors are acting to decrease the amount of 
speed change for a given change in load; it may also be that 
there is some slight variation in voltage which tends to contribute 
to the load change. By increasing the sensitivity of the gover
nors, smoother operation of the governor function would be pro
moted and easier control of the frequency after load changes 
would result.

Governor Speed Regulation. For larger changes in speed, the 
variation in speed for a given change in load is determined by the 
speed-regulation characteristics of the governors. The speed- 
regulation characteristic may be defined as the change in speed in 
per cent of normal speed, which is required by the governor in 
order to vary the load from no load to full load. The governors 
on the system vary in speed regulation from two to eight per 
cent.

While the speed regulation over the range from no load to full 
load would indicate the frequency variation for a very large 
change in load on the system, the instantaneous speed regulation 
is a better indication of the effect on frequency of the load changes 
which are usually obtained on large systems.

Most governors have a wide range of instantaneous speed regu
lation for small changes in speed. This variation in instantane
ous speed regulation is partly due to the difference in the 
amounts of steam admitted by a given movement of the control 
valve, depending upon the position of the valve. Other reasons 
for this variation are the changes in the efficiency of the tur
bine over the load range and on some governors the speed 
motor introduces a spring force which changes the speed regu
lation.

The position of the control valve has a large influence on 
instantaneous regulation. Thus, most control valves, which are 
just opening, will admit a large increment of steam for a given 
movement of the valve, while a valve which is nearly fully open 
will show a small increase in steam flow for a given movement of 
the valve. This is one of the reasons why as units approach full 
load, the instantaneous speed regulation is usually very high and 
these units participate very little in maintaining close frequency. 
The valve characteristics are sometimes changed by reshaping 
the ports, or by installing cams to control the movement of the 
valve.

Fig. 15 shows the instantaneous speed regulation plotted in 
relation to load for a turbine equipped with three overload valves. 
The instantaneous speed regulation is determined for each load 
point from the formula

It is seen that the instantaneous speed regulation varies con
siderably over the load range and at full load is quite high. This 
turbine is equipped with cams on the primary admission valve, 
the secondary and tertiary admission valves, while the quaternary

LOAD-PERCENTAGE OF FULL-LOAD CAPACITY

F i g . 15  G o v e r n o r  S p e e d  R e g u l a t i o n ; T u r b i n e  E q u i p p e d  W i t h  
F o u r  A d m is s io n  V a l v e s

admission valve does not have a cam. On the valves equipped 
with cams, the instantaneous speed regulation is more uni
form. Before the secondary valve has started to open at about 
50 per cent load the instantaneous regulation is quite high and, 
if the machine is loaded at this point, there is less variation in 
load with a change in frequency. This may be desirable from 
an economy standpoint, as there is a sharp increase in the incre
mental heat rate of a turbine when the next admission valve is 
just opening. Any tendency to open the overload valve on load 
swings may result in loss of economy.

Combined-System Governor Response. The combined governor 
speed characteristic of the system results in a variation of 40,000 
kw for a change in frequency of 0.1 cycle, which is about 2 per 
cent load variation for a change in frequency of l/« per cent. 
This would correspond to a governor speed regulation of about 8 
per cent. This regulation is obtained when the hydro units are 
on peak operation and their governors are assisting in the fre
quency regulation, although some of the governors on the steam- 
base-load units are more sluggish. When the flow on the Sus
quehanna River is at flood stage and the hydro units are operating 
wide-open with the governors against the stops, the speed varia
tion on the system for a given load change is much greater, inas
much as the governors are controlling speed on a smaller per
centage of the generating capacity. This is especially apparent 
when the system load is a minimum and the hydro is maximum.

A governor with considerable inertia may become unstable and 
cause hunting if its speed regulation is made too small so that it 
tries to hold the speed within narrow limits, without sufficient 
dashpot action. It may also cause a swinging of the load at 
certain load points where the instantaneous regulation is too 
small. This hunting condition is usually self-evident in a steam- 
generating station where it occurs and may cause considerable 
trouble in the boiler plant. The operating forces in the steam-
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generating station usually seek to correct such hunting in order 
to eliminate their trouble. Such hunting may be corrected by 
broader governor regulation and, from the system standpoint, 
it is better to eliminate such hunting even at the expense of 
broader regulation.

Effect of Governor Action on Tie-Line Loads. Where two large 
groups of systems are interconnected over a tie line, with a load 
change in one system, the governors on the other system will 
share in the load change in accordance with the variation in fre
quency and consequently cause a variation in the tie-line load. 
If the tie line is of relatively small capacity, the variation in tie- 
line load when superimposed on the normal tie-line load may 
cause the tie line to trip out due to overload or instability.

In some cases, the original variation in tie-line load caused by 
the governors may initiate a seesawing condition in attempting 
to correct manually the tie-line load. This additional variation 
may cause the tie lines to trip.

Effect of Governor Regulation on Economy. The regulating ac
tion of the governors on the base-load units would appear to 
result in an uneconomical allocation of system load if the fre
quency should change. For instance, if the frequency should in
crease, the most efficient base-load units in order to share in the 
frequency regulation would proportionately decrease in load, 
while theoretically for maximum economy the entire load drop 
should be taken by the marginal station. However, if all the 
units are sharing in the regulation, the change in frequency would 
be very small and the corresponding change in load on any sta
tion due to the governor operation would be very slight. Also, 
the more efficient units would in general be loaded nearer their 
maximum capacity and the control valves would be close to the 
fully open position where the governor regulation is much broader 
and the smaller change in load results from a given change in 
frequency. The frequency would then be restored to normal by 
repositioning the governors on the marginal station whose load 
should be changed in accordance with economic loading require
ments. As the frequency is restored to normal, all the generat
ing units with the exception of the marginal unit should return to 
their original loads before the load change occurs.

If an attempt is made to hold the frequency too close by regu
lating the frequency on a marginal steam station, all the load 
swings would be taken by the marginal station and would impose 
a heavy burden on the boiler plant of the station, with conse
quent loss in economy on the entire load carried by the station. 
If the marginal station is a hydro plant, the loss in economy 
would not be as great as on a steam plant.

Governor Load-Limiting Devices. Some governors on steam 
units are equipped with load-limiting devices which are used 
when the boiler capacity is less than the spinning-turbine ca
pacity. Regardless of a decrease in frequency, the load-limiting 
device limits the loading on the turbine to any predetermined 
value corresponding to the setting of the load-limiting device. 
Should the outage of a boiler unit reduce the boiler capacity below 
the turbine capacity, the load-limiting device will prevent the 
possibility of water carry-over from the boilers to the turbine 
on a drop in frequency which would normally cause the governor 
to bring the turbine to full load.

C o n c l u s io n s

1 The sensitivity of the governors should be increased as 
much as possible, in order to give smoother operation of the 
governors and provide a definite relationship between change 
in frequency and change in system load for small changes in load 
or generation.

2 The instantaneous speed regulation of the governors over 
the entire load range should be more uniform, in order to improve

governor stability where the instantaneous regulation is lower and 
to limit the speed variation for a given change in load where the 
regulation is high. The instantaneous regulation, however, 
should be higher in percentage where sharp increases occur in the 
incremental heat rate of the turbine and at minimum loads on a 
plant where boiler-plant conditions may become unstable with 
extreme load changes.

3 The average speed regulation of the governors should be 
reduced as much as possible without, however, sacrificing stabil
ity of parallel operation. This measure should be applied gener
ally throughout the systems of an interconnected group in order 
to limit the burden due to load variation on any particular sta
tion.

4 Where tie-line loads must be regulated, the regulation 
of frequency or tie-line loading is a mutual operation, requiring 
the cooperation of all system dispatchers. The regulation of the 
frequency must be performed with regard to the tie-line loading 
and the regulation of the tie-line loading must be performed with 
regard to the frequency.

5 Where interconnection tie lines require no regulation, fre
quency variations will indicate a change in system load and the 
interconnection dispatcher can allocate the load change on 
the basis of economical loading.
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D iscussion
A l b io n  D a v i s .6 Under the heading “Regulation of Fre

quency,” the authors state: “ A  frequency curve appears to have 
several components: A  rapid, periodic variation of approximately 
0.005 cycle of an approximate period of 2 sec; variations of ap
proximately 0.05 cycle having a semblance of a periodicity of 30 
sec; variations of 0.1 cycle or more from standard frequency 
that are irregular in occurrence.”

The variations of 0.05 cycle are referred to as a “system char
acteristic.” It is stated that these variations are continuous and 
follow the trend of the frequency curve. The periodic variation 
of 0.05 cycle is ascribed “to the change in the fringe of the load 
curve, which marks the great diversification in the use of appli
ances, lighting, motors, etc., throughout the day.” Such regula
tion is considered by the authors as inherent in the operation of a 
system or a group of systems, a self-regulating characteristic.

The writer believes that tests of the response of governors to 
these 0.05-cycle speed swings will disclose the fact that most of 
the governors are following these speed changes, picking up and 
dropping load on the swings, but not exactly in synchronism with 
the speed. It is believed that many governors will show a con-

6 Chief H ydraulic Engineer, Union Electric Company of Missouri, 
St. Louis, Mo.
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siderable time lag on the reversals of speed and, because of the 
time lag, will register considerable overtravel. Tests will prob
ably show that the composite effect of overtravel of all governors 
is the underlying cause of the regular system hunting action, 
rather than the characteristics of the load.

It is for this reason the writer has urged that more systems 
get the necessary instruments to measure governor performance 
and find out, not only what individual governors are doing, but 
also what different governing combinations are doing to system 
speed.

R. W. M cL a u g h l i n .6 An interesting point brought out in 
this paper is that in a typical large power system a 2'/j per cent 
load change will cause a 1 per cent frequency change if the gover
nors do not function at all to counteract the change in speed. In 
other words, the system regulation with no governor action is 
equivalent to 40 per cent for 100 per cent load change. Of course, 
the term “regulation” as used here means the average regulation 
existing for a relatively small load change and, as used further in 
this discussion in order to make it possible to refer to regulation 
as being constant for any given machine, the fact that the regula
tion at various loads is considerably affected by valve design and 
valve-opening point is disregarded. Furthermore, in order 
greatly to simplify the discussion and assume a simple straight- 
line relationship between speed changes and load changes, we 
will not attempt to include the effect of lag caused by lack of 
sensitivity, which is in itself a variable for different loads on any 
given machine.

One of the most prevalent causes of complete lack of governor 
response to speed change of a few per cent is the increasing use of 
load-limiting devices. Under normal operating conditions, load 
limiters are set to allow the machines to carry a small margin 
of load above that which they are scheduled to carry, and gover
nors are allowed to function normally. In case of a heavy rapid 
load increase on a system, it is possible that for varying time in
tervals the load limiters on several machines in a system may be 
holding the admission valves at a fixed position, preventing the 
governors from helping to control the frequency of the system. 
Thus, when a load-limiting device takes control away from a speed 
governor, the apparent regulation of the turbine immediately 
jumps to 40 per cent, based upon the load that the machine is 
carrying and, if the load limiter is set at 80 per cent of the ca
pacity of the machine, the regulation referred to full capacity of 
the machine immediately becomes 50 per cent, as compared to a 
probable regulation of between 4 and 8 per cent when operating 
on the speed governor. Therefore, when a load limiter comes 
into effect, the apparent regulation of the machine immediately 
becomes so broad that it will have but slight influence on the 
frequency of the system, although a change in frequency will cause 
a slight change in load on the machine operating at its limit. 
The foregoing comments indicate that, although a load-limiting 
device may be of distinct advantage with respect to the operation 
of the boilers, it has an adverse effect upon the instantaneous 
regulation or frequency control of the system as a whole.

In order to calculate the average regulation for a power system 
with respect to gradual changes in load, assuming that the capac
ity and regulation of each machine serving the system are known, 
the following simple equation is useful

in w hich A, B, C, etc ., a re  th e  ra te d  capacities of th e  m achines in

•T u rb ine  Engineering D epartm ent, E llio tt C om pany,Jeannette , 
Pa.

operation, while Ra is the regulation for the turbine of capacity 
A, Rb is the regulation for the turbine of capacity B, etc. It may 
be noted that the denominator is equal to the total load change 
equivalent to 1 per cent speed change, while the numerator is the 
total rated capacity of the machines in service, and not the total 
load being generated. While the actual regulation at any given 
load varies somewhat from the average, the variation in regula
tion for different valve openings on modern multivalve machines 
is not of sufficient magnitude to be of particular importance.

Although some progress has been made in an attempt to mini
mize the importance of good speed regulation by the use of auto
matic frequency-controlling equipment, the continued importance 
of regulation is manifest by recent discussions between representa
tives of power companies and turbine manufacturers regarding 
the advisability of building governors with an arrangement 
whereby the regulation can be adjusted between certain specified 
limits while the machine is carrying load. While many of these 
devices have been built, the value of such a device depends upon 
whether the station operators are able to use it to its best ad
vantage. It appears that the principal advantage of having 
variable regulation control is that the operators can vary the 
regulation of any machine in operation until they find the regula
tion which apparently gives the best average result. There
after, it is doubtful whether the bother of making frequent ad
justments to this device will be justified by any real improvement 
in operation.

F. O p p e n h e i m e r .7 At recent technical meetings, there has 
been frequent reference to designing and operating governors 
with speed droops at or near zero. This is, no doubt, due to a 
recognition of the fact that existing governors are on the whole 
operating at such high speed droops that poor frequency regula
tion results, which in turn adds to the difficulty of load and tie- 
line control.

The writer has pointed out the practicability of reducing im
mediately the general level of speed droop on a system step by 
step, unit by unit, a method which minimizes the risk of insta
bility and mechanical difficulties. Power systems would thus take 
advantage of available, if limited, characteristics of existing 
governors without waiting for the possible remodeling which 
might be feasible, or waiting until older machines have been re
tired and replaced by modern governors, such as have been de
scribed. From certain tests made (for another purpose) on the 
interconnected system described by the authors, the writer has 
figured that for the whole interconnected system the speed droop 
is about 11.5 per cent (excluding hydro plants). This figure was 
obtained as follows. The total capacity of the interconnected 
system was 2,400,000 kw; Conowingo decreased its output 200,-
000 kw which caused the system frequency to decrease 0.53 cycle. 
The Holtwood governors picked up 13,000 kw on 61,000 kw 
capacity, Safe Harbor 30,000 kw on 96,000 kw capacity. Taking 
these three plants out of the computation gives

2,043,000 0.53
——— — X - X 100 = 11.48 per cent
157,000 60.00 H

This is radically different from the speed droop attained by the 
governor described by Dr. White or the system described by 
Mr. Holden which dealt with droops of 0.02 per cent and about 
0.5 per cent, respectively. It is obvious that the desire of steam 
engineers for large speed droop has been attained and with ad
vantages in the way of steam economy and ease of operation of 
the steam plant. However, it is hardly necessary to point out 
that if the speed droop of all the units on a system is reduced 
proportionally, the load swings will divide as before but there will

7 Pennsylvania W ater & Power Company, Baltimore, Md.
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be an improvement in system frequency. Also the frequency 
change of 0.1 cycle for each change in generation of 10,000 kw 
described in this paper will become proportionally less, and prob
ably so small that an operator could make changes of 10,000 kw 
in generation with almost inappreciable effect on the frequency. 
This means he could correct tie-line loading without having to be 
concerned with its effect on frequency (except for large changes). 
This would be a great step forward in the operation of intercon
nected systems.

W. E. P h i l l i p s .8 Increasing the governor sensitivity, as 
stated in the paper, and decreasing the governor droop as brought 
out in the discussion, will undoubtedly improve the system fre
quency. This is a much desired objective. However, when all 
stations in an interconnected group are responding directly to 
frequency, it will cause greater swings in the interconnecting tie 
lines.

If we assume that the load comes on in the area of only one of 
the interconnecting companies, all stations will respond since 
there will be a drop in frequency. When the company in whose 
area the load comes on adjusts its generation to meet this new 
demand, it will be necessary for the other interconnecting com
panies to change their generation back to the value which existed 
before the change.

One generally accepted method of regulating an interconnec
tion is to assign the control of the frequency to a centrally located 
company and to let the other interconnecting companies hold 
the tie lines toward the frequency-controlling station. If it were 
possible to make instantaneous changes in generation so that the 
tie line could be held absolutely constant, then the problem of 
the frequency-controlling station would be relatively simple, since 
generation changes would be required by it only to take care of 
load changes in its area. In actual practice, generation changes 
cannot be made instantaneously, consequently the tie lines swing 
and the load changes in the other areas are reflected in the fre
quency, the frequency-controlling or master station responding 
to them. This puts an added burden on the frequency-control
ling station.

If, when the frequency deviates, all the interconnecting tie 
lines are made to deviate a small amount in a direction to help 
the frequency, then the burden of the master station is much less 
and the frequency is improved, since all stations are helping to 
control it. As the frequency returns to normal, all tie lines re
turn to their normal scheduled load. The amount w hich any tie 
line deviates is definitely fixed for any given frequency deviation.

It may appear that the contribution made to frequency is 
essentially the same as that made wrhen the governor sensitivity 
and droop are adjusted as indicated previously. However, the 
essential difference is that the amount contributed is not de
pendent upon where the units are operating on the speed-droop 
curve, Fig. 15 of the paper, or upon possible variations in governor 
sensitivity. The amount of contribution is definitely under con
trol of the dispatcher. Thus the contributions of the intercon
necting companies can be readily coordinated.

A u t h o h s ’ C l o s u r e

It is possible, in some cases, that the overtravel of governors 
may be responsible for a system hunting action that causes speed 
changes. However, a large number of tests that were made on 
the interconnected group of systems, of which the Philadelphia 
Electric Company is one, has indicated that governors frequently 
fail to respond to speed changes of as much as one-tenth cycle. 
It is apparent where the governor response is absent, that the 
speed changes are a result of changes in load.

8 Engineering D epartm ent, Leeds & N orthrup Company, Phila
delphia, Pa.

Where these load changes are greater, and on the Philadelphia 
Electric system load swings of 50,000 kw are relatively frequent, 
governor response is more consistent. If there were overtravel 
of the governors in such cases the frequency would be extremely 
erratic, which is not the case.

Furthermore, the self-regulating characteristic of the systems, 
evidenced frequently for periods of several hours at a time, is 
difficult to reconcile with erratic governor action.

The following mathematical calculation indicates that the 
variations in frequency of approximately 0.05 cycle are due to 
changes in load demand. Let AI =  small instantaneous decrease 
in load demand; /„ =  normal system frequency; f  =  system 
frequency at any instant; and L0 =  system load. Then, the 
stored kinetic energy in system = WP, where IF is a constant.

Fig. 8 of the paper shows that for small sustained changes in 
load the frequency varies '/« per cent for a load change of approxi
mately 0.4 per cent. This indicates that the change in load 
demand in per cent is a little over twice the per cent change in 
frequency. The change in load demand due to frequency change 
= 2L0(J — /„)//„ approximately.

The small instantaneous decrease in load demand Ai results 
in an excess power input which is available for accelerating 
the system until the frequency changes sufficiently to absorb the 
excess power input. At any instant, Ai equals instantaneous 
power input for accelerating the system plus the increase in load 
demand due to increase in frequency. That is

where T =  W j 2/L„ kwsec per kw; T is the time constant in this 
equation and is equal to the stored kinetic energy in the system at 
normal frequency (W/,,*) per kilowatt of load. The approximate 
value of T for our system is 7 kwsec per kw, or 7 sec. In accord
ance with Equation [5], the change in frequency reaches about 63 
per cent of the final sustained change in 7 sec. Portions of the 
curve in Fig. 10 of the paper have been reproduced on a large 
scale in Fig. 16. Section A refers to the last few seconds of the 
first-minute period, section B to the portion of the curve at l 1/. 
min, and section C to 3V2 min.

The exponential curve, Equation [5], was fitted to each portion 
of the system-frequency curve by measuring the frequency 
change at an interval of 7 sec after the beginning of the change. 
This increment is approximately 63 per cent of the total frequency 
change due to changed load demand. For example, considering 
section A,  the values in Table 1 were obtained.

In this case the agreement was good during the first 8 sec of the 
change showing that the change was due to the inherent charac
teristics of the system rather than governor overtravel. The 
other two sections reproduced also show good agreement.
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R. W. McLaughlin refers to the statements regarding the 
speed characteristic of the interconnected group of systems, of 
which the Philadelphia Electric Company is one. This charac
teristic is also evidenced in those instances of system trouble 
where there is a considerable deficit of generating capacity with 
respect to the normal system load.

Regarding the assertion that the paper has disregarded the fact 
that the regulation at various loads is affected considerably by 
valve design and valve-opening points, such effect was considered 
at some length in the body of the paper, and in the conclusions. 
In addition, Fig. 15 shows the variations in the instantaneous 
speed regulation throughout the load range of the unit.

TABLE 1 VALUES O B T A IN E D  BY F IT T IN G  T H E  E X P O N E N T IA L  
CU RV E TO SE C T IO N  A OF  T H E  SY ST E M -FR E Q U E N C Y  C U R V E  

SH O W N  IN  F IG . 16
t, se& 1 —

2 0.243
4 0.436
6 0.577
8 0.680

10 0.760
12 0.821
14 0.865
16____  0.899
T  — 7 kwsec per kw

At 4 sec frequency, cycles...................................— 60.054
At 11 sec frequency, cycles...................................— 59.968
Frequency change, cycles...................................... *  0 .086

Sustained change =» “  0.136
O .O o

Points on the  exponential curve:
At 2 sec, frequency change =  0 .136 X 0.243 — 0.033 
A t 4 sec frequency change =  0 .136 X 0 .436  — 0.059

With regard to Mr. McLaughlin’s comments on load-limiting 
devices, these devices in our system have been necessary to protect 
the boilers and also the turbines being supplied from these boilers 
in the event of a large change in frequency where the governor

would normally cause the turbine to be loaded to its maximum 
capacity, which would be in excess of the available boiler capacity. 
However, where these devices are used as a stop on the maximum 
load which the turbine can carry, if the turbine is normally 
loaded at some point below this maximum load the governor 
should function in a normal manner for small changes in fre
quency, and it is only as a result of large decreases in frequency 
that the device becomes effective in limiting the load of the tur
bine.

In Fig. 8 it is shown that for small changes in frequency up to 
approximately one tenth of a cycle the per cent load change is 
two and one-half times the resultant per cent frequency change. 
Fig. 8 also shows that for load changes in excess of 10 mw, the 
frequency changes at a much slower rate, showing that the gover
nors were responding when the apparent threshold of sensitivity 
of one-tenth cycle was exceeded. The fact that the governors 
respond for speed changes in excess of one-tenth cycle would 
indicate that load-limiting devices were not affecting the regula
tion.

Referring to W. E. Phillips’ discussion, it may be said that 
whether governor sensitivity is increased proportionately 
throughout the interconnected group or remains as at present, 
the tie-line loading changes as a result of governor response 
should remain approximately the same.

Load changes occur in all load areas. Assuming a load change 
in one area, however, as this company makes the necessary 
change in generation, increased governor sensitivity will tend to 
more consistent automatic correction of the loading of the units 
of other companies.

Where the principles of interconnection operation as exempli
fied in the operation of such groups as that of the Pennsylvania- 
New Jersey interconnection are followed, tie-line loading, where 
the tie capacity is adequate, presents no problem.



Experiences in System  Speed R egulation
B y OTTO HOLDEN,1 TORONTO, ONTARIO, CANADA

T h is paper d escr ib es o p era tin g  c o n d it io n s  o n  fo u r  w id e ly  
varying pow er s y s te m s . In  o n e  c a se , t h e  m e a n s , a d o p ted  
to  red uce t h e  w ide v a r ia tio n  in  fr eq u e n c y  o f  a  sm a ll  sy s te m  
serving tw o  m in e s  o n ly , i s  d isc u sse d . T h e  p ro b lem s e n 
co u n tered  in  larger s y s te m s  serv in g  m in e s , p ap er m ills ,  
grain  e lev a to rs , a n d  m u n ic ip a l r e q u ir e m e n ts  are d e a lt  w ith ,  
c o n c lu d in g  w ith  th e  la rg est o f  th e  fo u r , a  s y s te m  d ev e lo p 
in g  1,400,000 h p  a t  p ea k  lo a d , fed  fr o m  n in e  g e n e r a tin g  
s ta t io n s . O ne p la n t  o f  th e  s y s te m  is  a s s ig n e d  t o  r eg u la te  
sp eed , th e  o th ers c o n fo r m in g  u n d e r  in s tr u c t io n s  fr o m  a  
lo a d  su pervisor. A u to m a tic  fr e q u e n c y -r e g u la t in g  d ev ices  
are a p p lied  to  so m e  u n it s  a t  o n e  p la n t , m a n u a l c o n tr o l  
b e in g  n ecessa ry  a t  a ll  o th e r s .

ILLUSTRATIONS of normal operating experience with regard 
to speed regulation in several of the systems of the Hydro- 
Electric Power Commission of Ontario, in which the results 

obtained vary greatly, are submitted in this paper. It is not 
intended to include details of the various phenomena or to offer 
any solution for the problems raised, but they are submitted in 
the hope that the description of the conditions prevailing may 
prove of interest. The paper considers only speed regulation as 
indicated by system frequency as this is affected by speed-con
trolling devices, inertia of rotating elements, and magnitude, 
diversity, and variation of loads. It does not deal with stability 
of the system, that is to say, its behavior under transient ab
normal electrical conditions such, for example, as would be 
caused by short circuits.

The systems on which the regulation conditions are described 
are of various sizes and characteristics, ranging from one of small 
size, with one generating station supplying two customers, to one 
having a load of approximately 1,400,000 hp, supplied by nine 
or more generating stations with upward of 1500 miles of 110 
to 220-kv transmission lines.

In each case, the type of load carried by the system, the relative 
magnitude of the sudden load changes, the generating and govern
ing equipment, and various other factors, all have their effect on 
departure of system speed from its normal value. Comments on 
some of these factors will be found in the text. Sections of load 
and frequency charts reproduced supplement these comments.

T h e  S t. J o s e p h  D is t r ic t

The St. Joseph District, the smallest of the systems considered, 
consists of a generating station with two units installed. The 
head is normally 16 ft, and one unit consists of a four-runner 
horizontal open-flume turbine, with a capacity of 1380 hp, con
nected to a generator rated at 2000 kva at 164 rpm and 6600 
v. The other unit is a single-runner vertical propeller-type tur
bine of 1750 hp capacity, directly connected to a 1500-kva gen
erator operating at 128.5 rpm and 2300 v.

A composite regulating constant for the plant, derived by add
ing together the product of WR2 and square of the speed for each 
unit and dividing by the sum of their horsepower ratings, is

1 Chief Hydraulic Engineer, Hydro-Electric Power Commission of 
Ontario.

Contributed by  the  Hydraulic Division and presented a t the 
Annual Meeting, Philadelphia, Pa., December 4-8, 1939, of T h e  

A m e r ic a n  S o c i e t y  o f  M e c h a n i c a l  E n g i n e e r s .
N o t e : Statem ents and opinions advanced in papers are to  be 

understood as individual expressions of their authors, and no t those 
of the Society.

8,860,000. These units feed through banks of 6600/22,000- and 
2300/22,000-v transformers to a 28-mile transmission line. The 
power supplies two gold-mining properties, after being stepped 
down at the local stations to 550 v.

Each of the mines has relatively large air-compressor and 
hoisting capacity. It is the operation of this particular equip
ment which gives rise to the large changes in load, with conse
quent wide variations in power characteristics. As both of these 
customers have been constantly increasing their production, the 
plant is at all times loaded to, or near, its maximum generating 
capacity.

When a relatively large increase in load occurs, due perhaps to 
the synchronizing of compressor operation and the starting of a 
hoist, the increased demand often exceeds the capacity of the 
plant. The speed of the unit is then reduced below normal, with 
consequent lowering of frequency, and a considerable period may 
ensue before normal speed is restored. Smaller changes in de
mand of, say, 25 per cent of the capacity of the plant are con
stantly occurring. The resultant frequency varies over a con
siderable range. The load and frequency charts shown in Fig. 1 
indicate the conditions which obtain.

It is recognized that such regulation would not be suitable for 
other service but, owing to the fact that all the supply is used 
for mining operations, the conditions existing are more desired 
by the power customers than improvement at the cost of reduc
tion in demand, with consequent lessening of production, since 
the operation of a high-speed automatic voltage regulator main
tains voltage level within satisfactory limits.

Characteristics of motors used in mining practice and methods 
of reducing the load swings have been investigated. Discussion 
of these factors with manufacturers and operators has led to the 
readjustment of the time delays on the contactors controlling 
the motors, with some improvement in speed variation. On new 
motors being installed in the system, greater attention is being 
paid to the proper setting of the time delays in some instances 
and, in one case, a motor generator set with flywheel is being 
installed in conjunction with d-c motors on the mine hoists.

L o a d  C o n d it io n s  i n  t h e  A b i t i b i  D i s t r ic t

In contrast to the foregoing are the conditions obtaining in 
the Abitibi District, a larger system, which also supplies, in the 
main, mining load. In this instance the generating station con
tains five units, the turbines being rated at 66,000 hp each, op
erating at 150 rpm under 237 ft head, and the regulating constant 
is 9,000,000. The turbines are supplied through 18-ft penstocks 
262 ft long. The present 20-min peak load carried by the plant 
is approximately 135,000 kw, most of which, with the exception 
of some 30,000 kw used for steam generation, is mining load.

Transmission is at a normal potential of 110 kv. One large 
load of approximately 35,000 kw is located 250 miles from the 
generating station. Many loads of 2000 to 10,000 kw are con
nected. While the main load is derived from the operation of 
mines, a number of other important industries are also served. 
The ample generating capacity available, as well as the diversity 
in demand resulting from the large number of customers, particu
larly the large number of mines, results in power characteristics 
of the first order, which satisfactorily meet all requirements of 
service.

One of the turbine governors is adjusted to have zero speed 
droop, and the others a droop of 0.6 per cent. Stable operation 
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and satisfactory distribution of load among units are obtained 
with this arrangement. An examination of the frequency chart 
Fig. 2 indicates very little drift from normal frequency, although 
the momentary variations are quite similar in percentage to those 
in the following cases described.

C l o s e  S p e e d  R e g u l a t io n  N e c e s s a r y  o n  N i p i g o n  S y s t e m

The Nipigon System provides an example where close speed 
regulation is necessary, but where difficulties in solution are in
troduced by the nature of certain of the loads.

Power supply for this system is secured from two plants on 
the Nipigon River. The first of these, at Cameron Falls, contains 
six units, each with a rating of 12,500 hp at 120 rpm under a 
head of 72 ft. The other plant, about 1 mile downstream, known 
as the Alexander Power Development, contains three units with 
a rating of 18,000 hp at 100 rpm, under a head of 60 ft. Com
posite regulating constant derived for nine units is 8,500,000.

The system peak has frequently exceeded the nominal rating of 
the power plants. The bulk of the power is transmitted at 110 
kv to the cities of Fort William and Port Arthur, approximately 
80 miles distant. Here, in addition to municipal and small in
dustrial loads, there are several newsprint mills requiring, for 
satisfactory operation, speed regulation of a high order. At this 
point also are located the terminal grain elevators through which 
much of the grain grown in western Canada passes. In addition, 
at times a considerable block of power is used for steam genera
tion, and the sudden fluctuation in this demand imposes addi
tional duty on the regulating equipment. Transmission lines 
also reach out 90 miles northeasterly from the power plants to 
important mining districts east of Lake Nipigon and near Long 
Lake, where twelve or more mines use from 250 to 2500 hp each. 
Here, the effect of rapid changes in demand, which characterize 
mining loads, are offset somewhat by the number of separate 
customers and the relation that the size of the individual load 
bears to the total system load. In many instances the system 
load approaches within a few per cent the maximum capacity of 
the generating units. Under these conditions system speed is 
maintained within very narrow limits. Typical load and fre
quency charts are shown in Fig. 3.

N ia g a r a  S y s t e m  R e q u ir e m e n t s

Turning now to the largest system operated by the commission, 
the requirements to be met are of quite a different order; re
sults are commensurate with these requirements. The Com
mission’s Niagara System supplies power to the most populous 
part of Ontario, extending from Niagara Falls and Toronto on 
the east, to Windsor, Sarnia, and Goderich on the west, including 
180 municipalities, 87 rural power districts, and a number of large 
industries supplied directly by the commission. The system ex
tends beyond the easterly limits named, however, as a portion 
of its power supply is drawn from a power plant at Chats Falls 
on the Ottawa River, 200 miles east of Toronto, and from five 
others in the Province of Quebec, one of which is over 120 miles 
beyond Chats Falls.

Three power plants at Niagara Falls, having a combined 
capacity of 830,000 hp in 36 units, varying from 11,700 to 58,000 
hp, supply the major part of the power for the system. The 
peak load in 1938 was approximately 1,400,000 hp, portions of 
which, however, are segregated from each other. The following 
comments apply to one portion of the system tied together elec
trically and having a peak load of about 800,000 hp. No value of 
the regulating constant is given for this condition, as power in 
large amounts enters the system from several power plants in the 
Province of Quebec, with varying numbers of units on this supply.

In such a system there are, of course, many industrial plants 
where very close speed regulation is essential and, because of
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the size of the connected load 
and the diversity in demand, 
the requirements in this re
gard are readily met.

The system is of such size 
that variations in individual 
loads are of scarcely any mo
ment. Even the sudden loss 
of the generating capacity of 
one of the large units, through 
some fault in the unit itself, 
would scarcely be noticeable 
throughout the system. The 
enormous amount of kinetic 
energy in the remaining units 
would prevent any material 
change in speed for the few 
seconds while other units were 
increasing their outputs to 
compensate for the capacity 
lost in the unit which had 
dropped out of service.

The problem in this case is 
one of sensitive and accurate 
governing to maintain at all 
times the normal frequency 
of the system. It has been 
the practice to assign speed 
regulation to one plant, other 
plants in the system increas
ing or decreasing their output 
in response to orders from the 
load supervisor located in a 
central office. Adjustment 
for minor variations in sys
tem load are automatically 
carried out by the govern
ing equipment in the plant 
which at that time is respon
sible for speed regulation. 
The operators in this plant 
are required to give constant 
attention to the maintenance 
of correct frequency.

To improve the speed regu
lation further, devices to pro
vide automatic frequency 
regulation have been applied 
to certain of the governors 
in the Queenston plant on the 
Niagara River. This equip
ment was built by the com
mission and is still in a state 
of development. A definite 
improvement has resulted 
from its use in the reduction 
of minor departures from the 
correct frequency, which 
otherwise would be unnoticed 
by the operator until the 
error had accumulated suffi
ciently to give an indication 
by comparison with whatever 
device is used to show con
stant frequency. It is signifi
cant that more nearly per

fect uniformity of speed was experienced in operation of the 
coelostat controlling the telescope at the David Dunlop Obser
vatory, north of Toronto, whenever automatic frequency con
trol at Queenston replaced the manual control at other plants.

L o a d  D i s t r i b u t i o n

Procedure in distributing load among the plants supplying 
power to the system may be of interest at this point. As pre
viously stated, power enters the system at the eastern boundary 
of the Province from five power plants in the Province of Quebec 
and from the Chats Falls plant on the Ottawa River. It is trans
mitted thence more than 200 miles at 220 kv to the Leaside Trans
former Station at Toronto. Connection is made here to the 110- 
kv system extending outward from generating stations at Niagara 
Falls. There is no distribution of energy from the system be
tween the eastern power sources and the Leaside Transformer 
Station. Apportionment of load among plants is determined by 
the load supervisor at Niagara Falls, who assigns to each plant 
the load that is to be carried at standard frequency, the amount 
carried by each plant being varied from time to time to suit the 
system-load curve, and various other circumstances.

In the portion of the system under consideration, two or three 
units at the Queenston plant may be in use, these usually being 
equipped with automatic frequency control. Operators at the 
eastern plants pick up the load assigned to their plant on instruc
tions from the load supervisor, the load governors being set for 
the desired load at standard frequency. As normal variations in 
load in accordance with the daily load curve take place, all vari
ations in output will take place on the regulated units at the 
Queenston plant connected in the system. As their maximum 
or minimum capacity is approached, as the case may be, suitable 
blocks of power are picked up or dropped by the eastern plants 
on instructions from the load supervisor.

Temporary disturbance in the system may cause the frequency 
to depart from normal. In such case, the load carried on each 
of the eastern plants may depart from that assigned by the load 
supervisor, but the operators at these plants are instructed to 
make no correction for changes in load caused by such temporary 
frequency departures. Restoration of system frequency will of 
course be made after the disturbance, but this is done by adjust
ments at the one plant then responsible for speed control. 
Usually, restoration of frequency redistributes the loads on the 
eastern plants to the amounts originally assigned by the load 
supervisor without action on the part of the local operators.

If disturbances in the system are of considerable moment, au
tomatic frequency-regulating devices are disconnected automati
cally, and restoration of normal frequency accomplished manually.

At times, speed regulation is assigned to the Chats Falls plant 
on the Ottawa River, in which case manual control of frequency 
is necessary. The loads carried by other plants, including the 
Queenston plant, are in accordance with the assignments of the 
load supervisor. Fig. 4 shows that automatic frequency control 
is in use part of the time and manual control part of the time.

S u m m a r y

The chart for the St. Joseph District illustrates a case where 
variations in frequency go far beyond the permissible limits for 
what is ordinarily known as satisfactory service. It accomplishes 
what is desired, however—it enables the mines served to obtain 
as great an output as possible from the available equipment.

The frequency charts for the other three systems provide an 
interesting comparison. In all cases satisfactory regulation is 
maintained, but certain peculiarities indigenous to the system 
are apparent in each instance. The character of the variations 
from constant speed are indicative of the peculiarities of the vari
ous controlling factors.



T w o Y ears ' E xperience W ith  H igh- 
T em p era tu re  H igh-Pressure S tations

T h e p resen t rev iew  o f  o p e r a tin g  exp erien ce  w ith  fo u r  
ty p ic a l h ig h -te m p e r a tu r e , h ig h -p re ssu r e  p o w er -g en er a tin g  
in s ta lla t io n s , a m o n g  th o s e  o r ig in a lly  p r e se n ted  in  th e  
“ P ow er P a n e l D isc u s s io n ”  o f  D ecem b er , 1937, d ea ls  p r in 
c ip a lly  w ith  p ro b lem s w h ic h  h a v e  d evelop ed  a n d  m e a n s  
a d o p ted  for  th e ir  c o rr ec t io n . G reat im p r o v e m e n t in  d e 
s ig n  h a s  b een  a c c o m p lish e d  a n d  a v a ila b ility  o f  b o th  tu r b o 
g en era to r  u n its  a n d  s te a m -g e n e r a t in g  u n it s  h a s  in crea sed  
m a ter ia lly . W hile in  d e ta il  o p e r a tin g  ex p erien ce  h a s  
varied  largely , b e c a u se  o f  th e  v a r ie ty  o f  e q u ip m e n t  i n 
vo lved , th e  c o m p o s ite  p ic tu r e  p r e se n ted  o f  a d v a n ce  in  th e  
field  o f  pow er g e n e r a tio n , w ill serve a d m ir a b ly  a s a  g u id e  to  
d esign ers o f  fu tu r e  e q u ip m e n t  a n d  t o  o p era to rs  w h o se  
d ifficu ltie s  m a y  h a v e  p ara lle led  th o s e  c o n ta in e d  in  t h is  
jo in t  d isc u ss io n .

H ig h -T e m p e ra tu re  H ig h -P re ssu re  
S uperim posed  In s ta lla tio n s  a t  

W a te rs id e  S ta tio n 1
B y J. C. FALKNER,2 NEW YORK, N. Y.

'T ’HERE have been very few changes in operating proce- 
dures at the Waterside Station since the installation of the 

high-pressure units two years ago. Such changes as have oc
curred have dealt mainly with the method of make-up, the method 
of watching water levels, chemical feed, sampling of boiler water, 
and the taking of steam samples.

M e t h o d  o f  O p e r a t i o n  W i t h o u t  L o w - P r e s s u r e  B o i l e r

It has not been possible, due to load conditions, to operate 
without some low-pressure boilers in service. A test of short 
duration with the high-pressure and low-pressure turbine units, 
running without low-pressure boilers, was made to check the 
operation of the back pressure regulator on No. 4 turbine and to 
familiarize the operating personnel with the difficulties to be ex
pected when excessive swings occur. The tests proved very satis
factory. Loads were varied on both high- and low-pressure units 
without difficulty. An operating procedure has been worked 
out so that, as soon as conditions permit all low-pressure boilers 
will be shut down.

The distribution of load between the high- and low-pressure 
units will be made by the switchboard operators. In case of loss 
of low-pressure load, the back pressure regulator will automati
cally reduce the load on the high-pressure units but, in case load 
is lost on a high-pressure unit resulting in a reduction of low-pres
sure steam, the operator will reduce low-pressure load to a point 
where the low-pressure steam is normal.

H i g h - P r e s s u r e  T u r b o g e n e r a t o r  U n i t s

Blade Troubles, Fouling Sources, and Cleaning Methods. Tur-

1 An Addendum to this paper appears on page 258 of this issue.
2 M anager Production, Consolidated Edison Com pany of New 

York, Inc. Mem. A.S.M .E.
Contributed by the  Power Division and presented a t the Annual 

Meeting, Philadelphia, Pa., December 4-8, 1939, of T h e  A m e r ic a n  
S o c i e t y  o f  M e c h a n i c a l  E n g in e e r s .

N o t e : Statem ents and opinions advanced in papers are to  be 
understood as individual expressions of their authors, and no t those 
of the Society.

bine generator No. 4, a 50,000-kw Westinghouse unit, was re
moved from service shortly after it was placed in operation 
September 10, 1937, in order to permit that company to remove 
the two rows of impulse blades. There were a few cracks in the 
shroud on the first row of impulse blades but in neither row were 
there any blade failures. These blades were removed on the ad
vice of the company which had had trouble with other machines 
of similar design. With these blades out this machine operated 
without difficulty, except for a few shutdowns for inspection of 
the governor and bearings, until February, 1939.

On February 10, the turbine was taken out of service to ex
amine bearings. Upon examination it was found that the bearing 
in the head end of the high-pressure turbine and the bearing near 
the flexible coupling between the main and feed-heating turbines 
showed cracking which necessitated their being rebabbitted at 
the Westinghouse Company’s shop. When these bearings were 
replaced, the original shim positions were slightly changed.

In March, 1939, the unit was opened due to a mb being heard 
while the machine was being taken off the line. It was found 
that the coupling on the main-turbine side of the stub shaft be
tween the main and feed-heating turbines had broken. The 
collar of the thrust bearing for the main unit is located on this 
stub shaft. The breaking of the coupling made the thrust bear
ing ineffective for the main unit and the spindle moved so that the 
high-pressure dummies rubbed and seized. One broken blade 
was found in the tenth stage and three pieces of shroud bands 
were found missing in the same row. The fact that the rotating 
parts of the high-pressure seal were integral with the spindle 
necessitated a complete new spindle for this unit. There is a 
difference of opinion as to the cause of the breaking of the cou
pling and as to whether the coupling broke before the rub ap
peared in the high-pressure dummies. The author is of the opinion 
that the coupling broke first, as there had been a slight change 
in alignment when the rebabbitted bearings were installed.

The new spindle with new blades, new dummies, and a new de
sign of stub shaft coupling was installed in June, 1939, and the 
machine has run very satisfactorily since this change with the one 
exception of the governor which still has a hunting characteristic. 
This fact has necessitated the use of the load-limiting governor 
which has worked satisfactorily to date.

Until January, 1939, there was practically no evidence of blade 
fouling on either of the two high-pressure turbines.

Beginning in January, 1939, there was a capacity loss on the 
General Electric No. 5 turbine from 42,000 to 36,000 kw, taking 
place gradually over a 3-month period. The turbine was then 
taken off the line and allowed to cool for 12 hr, after which it was 
washed out with low-pressure steam from one of the boilers, with
out any water being admitted for desuperheating. This method 
of cleaning did not prove effective and on March 20 the machine 
was again taken out after provisions had been made to admit 
water with the steam. The washing lasted for a period of from
6 to 8 hr with a steam pressure of 15 to 20 lb per sq in., which was 
sufficient to turn the turbine. The steam temperature was 215 
to 220 F. This method of cleaning proved satisfactory and the 
load on the turbine was increased to 42,000 kw. Ten days later 
the turbine again showed signs of fouling and it was again neces
sary to wash the turbine on June 10. After the third washing, 
the load was again brought back to 42,000 kw from 38,000 to 
which it had dropped.
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No. 4 Westinghouse unit showed no sign of fouling when it was 
opened in March. It was first thought that the fouling of No. 5 
General Electric unit was caused by the eliminator screens in the 
5A and 5B boilers being plugged, thus allowing the solids to go 
out with the steam. Checks showed that the carry-over was 
less than 0.3 ppm which was as low as could be measured. A 
different method of blowing down the boilers has practically 
eliminated the fouling which proved that it is necessary to wash 
out lower waterwall headers and mud drums, while the boiler is 
off the line at intervals of not over two weeks.

Vibration Problems. On No. 4 unit there was a double fre
quency vibration on the generator end which was caused by the 
two-pole field of the generator. This trouble was eliminated 
when the machine went back into service as the field has been pro
vided with slots to compensate for the lack of pull on the sides 90 
deg from the field coils. No vibration has been experienced on 
either of the high-pressure turbines.

Protection Against Overheating With Loss of Load. There is a 
by-pass connection around the throttle valve of No. 4 unit which 
will pass a quantity of steam sufficient to keep the blades par
tially cool in case the throttle valve is closed and the generator is 
on the line operating as a motor. A steam gage in the high-ten- 
sion control room gives indication to the switchboard operator of 
loss of steam at the boilers and, in case a throttle valve trips and 
the load starts down on the unit, the operator will trip out the 
generator in either case when the load has dropped to 2000 kw 
thus protecting the turbine rotor against overheating.

Consumption of Hydrogen. The Westinghouse unit uses an 
average of 103 cu ft of hydrogen per day, and the General Electric 
unit uses an average of 30 cu ft. There has been no trouble due 
to the use of hydrogen in either machine. The hydrogen was not 
used in the Westinghouse generator until July, 1939. A load of
45,000 kw at 0.9 power factor could be carried on this generator 
using air as a cooling medium.

Methods of Starting and Stopping High-Pressure Units. Both 
high-pressure units are started up integrally with the boilers; that 
is, as soon as there is a pressure of 200 lb in one of the boilers, the 
turbine is gradually brought up to 200 rpm, where it is held for 
approximately 1 hr. The exhaust from the turbine is used in 
the station auxiliary steam line at 5 lb back pressure. The pres
sure is then brought up and, when it reaches 600 lb, the exhaust 
steam is cut into the 200-lb header. From this point, 1 hr is al
lowed to bring the machine up to full speed.

In stopping the unit, no special precautions are taken other 
than those used on any low-pressure unit, with the exception, 
however, that the machine is kept on the turning gear for a pe
riod of time varying from 24 to 48 hr when stopping the Westing
house machine and 24 hr for the General Electric machine.

Rise in Exhaust Temperature During Shutdown. There is a 
rise in the exhaust-casing temperature immediately after shut
down up to 670 F. This temperature has caused no trouble to 
date.

H i g h - P r e s s u r e  B o i l e r s

Both sets of boilers for Nos. 4 and 5A units have operated suc
cessfully at 1300 lb and 450,000 lb of steam output, but to date it 
has not been possible to operate at the rated load of 500,000 lb 
per hr, without dissociation of water due to hot tubes in the top 
boiler-header sections or excessive carry-over.

Changes in baffle and washer designs in the drums have been 
made and it is expected that in a short time the guaranteed out
put will be obtained.

Trouble with refractory at the burner has been experienced and 
new carborundum blocks and refractory are now being tried out.

No trouble with slag-screen tubes has been experienced to date.

3 This system has been in operation for only a very short time.

The chrome ore over the slag-screen tubes has to be replaced 
every time the boiler comes off for cleaning.

Steam-Temperature Control. The temperature of the steam is 
900 F and is controlled with a flue-gas by-pass around the super
heater. This control has worked satisfactorily and it has been 
possible to maintain the desired temperature over all ranges of 
load. The outlet temperature of the exhaust steam leaving the 
turbine governs the steam temperature entering the turbine as the 
low-pressure units now installed in Waterside Station are not 
built to use steam at a temperature much over 525 F.

Influence of Ash Composition and Fluid Temperature on Cleaning 
Problems and Capacity. The ash composition and the fluid tem
perature have a great influence on the cleaning problems of the 
high-pressure boilers. Coal that has an initial ash-deformation 
temperature of not less than 2200 F has been determined upon 
after 2 yr of operation. At present, the cleaning of boilers is 
done by hand lancing and by taking the boiler off the line for a 
few hours, about twice a week, thus allowing the slag formation 
on the tubes and side walls to cool and fall off.

An experiment on the problem of cleaning the side walls of the 
high-pressure boilers by the use of a hand lance of special design, 
which has been used successfully at the East River Station for 
many years, is now being conducted. Also a nozzle to use water 
on the steam-generating tubes is being made up for trial.

Three men per watch of 8 hr each are continuously occupied in 
keeping slag off the boiler and superheater tubes. Soot blowers 
are used on the economizer tubes with good results.

Experience With Lighting Devices. Illuminating gas from the 
street mains is used in bringing the boilers up to pressure and also 
to ignite the pulverized fuel. A period of 5 to 6 hr is taken to 
bring the boiler up from cold. The gas is ignited by an electrical 
“glow bar” which is located directly in the path of the gas. The 
glow bars have burned out quite frequently, but as there are four 
burners per boiler, no trouble whatsoever has been experienced 
with the ignition of the coal. The induced-draft fans are always 
in operation before the gas is turned on the boiler.

Performance of Mills, Power Consumption, Life of Parts, and 
Sensitivity to Various Coals. The performance of the mills has 
been uniformly good. They give a fineness of 80 per cent through 
200 mesh, 96 per cent through 100 mesh, and 99 per cent through 
60 mesh. The mills run very quietly, and very little trouble has 
been experienced outside of the replacement of mill rollers after 
their normal expected life. The average life of the rollers is 85,- 
000 tons; scrapers, 18,000 tons; and bull rings 85,000 tons. 
Only two grades of coal have been used on these mills, namely, 
Coleman “Colver” and Weaver “Revloc.” As these two coals 
are the only coals used, the data on the sensitivity are rather 
limited.

Flame Stability at Varying Loads. The flame stability has been 
satisfactory at all loads above one third of the rated capacity of 
the boiler. A pulsation in the furnace has been experienced, the 
cause of which the boiler manufacturer is attempting to ascertain. 
A new primary fan inlet is being tried out as tests show that the 
initial pulsation starts at that point.

Feedwater Treatment, Boiler Concentration, and Internal Cleanli
ness. The Hall treatment is used in these boilers and consists 
of the following chemicals:

An average of 86 lb of disodium crystallized phosphate is used 
per 24-hr day for two boilers.

An average of 21 lb of sodium hydroxide is used per 24-hr day 
for two boilers.

The phosphate is introduced directly in the boiler drum by 
means of high-pressure pumps, while the sodium hydroxide is 
added by gravity to the boiler feed between the deaerator and the 
boiler-feed-pump suction.

Samples of boiler water are taken three times per day and ana
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lyzed for sodium hydroxide, sodium chloride, and sodium phos
phate.

The boiler concentration is held at 450 to 500 ppm, but it is 
thought that by the use of boiler-drum baffles, which have now 
been installed, the boiler concentration can be carried as high as 
800 ppm without excessive carry-over. Small amounts of scale 
were found in the boiler tubes, while the drum was free from 
scale, and very little deposit was found on the side-wall tubes.

Experience With Loss of Feedwater. There have been several 
cases where the lack of feedwater has necessitated the shutting 
down of the high-pressure boilers. On two occasions, the side 
waterwall of one boiler ruptured, and as the feed lines for both 
boilers for one unit come off the same header, the pressure 
dropped, thereby necessitating the immediate removal of the 
other boiler from the line. Another shutdown of the boiler due 
to the loss of feedwater occurred when the automatic valve, con
trolling the feedwater level in the drum stuck, and the water 
tender, while endeavoring to put the valve on hand operation, 
jammed the valve in such a manner that the valve closed, and 
the boiler had to be taken off the line. No shutdowns due to loss 
of feedwater to the boiler feed pumps have occurred.

Control, Availability, and Maintenance of Boiler Feed Pumps. 
Four of the six boiler feed pumps now in use at Waterside are 
motor-driven; the remaining two being driven by steam turbines. 
The two steam-driven pumps are so designed that they can be 
brought up to speed almost instantaneously. The motor- 
driven pumps are driven by constant-speed motors. The boiler 
feed pressure drop is taken across the boiler feed valve, there be
ing no excess pressure valves used.

The availability of the Worthington boiler feed pumps has 
been 97.6 per cent. There has been practically no maintenance 
on these pumps other than the normal packing of the glands.

One of the difficulties experienced with steam-driven pumps 
has been the leakoff valve from the outlet header to the suction 
header, which failed on several occasions. The trouble was 
caused by an excessive drop across the valve and this was finally 
overcome by putting two valves in series with a pipe made with 
labyrinth orifices in it, in order to help in building up a resistance 
to the water flowing through the valves. The pump manufac
turers asked that the steam-driven boiler feed pump always be 
operated with the by-pass valve partly cracked so as to permit 
some water to pass through the pump at all times.

A i r  H e a t e r s

Means of Preventing Condensation During Starting on Light-Loa/1 
Operation. There has been no means of preventing condensation 
in the air preheaters during the starting up of boilers or while 
operating at light loads, and this has caused considerable fouling 
of the air preheaters with the consequent loss of boiler capacity 
until the air preheaters were cleaned or washed. Due to load 
conditions one of the four boilers had to be taken off every night.

An experiment was tried using a movable air jet, which blew 
down from the air-inlet side of the air heater. The nozzle was so 
adjusted that it would move in and out so that all parts of the 
surface were blown every 2 or 3 hr. Compressed air at 125 lb 
pressure was used for this blowing. Steam-jet soot blowers 
originally installed with the air preheaters operated partially 
satisfactorily. A by-pass around the air preheaters has been in
stalled on Nos. 4A and 4B boilers and, if it proves successful, a 
similar by-pass will be installed on Nos. 5A and 5B boilers.

Methods of Cleaning. The most successful method of cleaning 
air preheaters is by washing them with boiler feedwater which 
usually restores the draft drop through the air preheaters to its 
original figure.

Effect of Fouling on Capacity and Economy. Several times 
during the life of the boilers, it has been necessary to reduce the

capacity of the boilers due to the lack of secondary air, because of 
the dirtiness of the air preheaters. When this condition occurs it 
is necessary to take the boiler off the line at the earliest oppor
tunity and wash the air preheaters.

D e a e r a t o r s

Effectiveness of Deaeraiion, Steam-, and Water-Flow Control. 
It has been found that, when the steam pressure in the deaerator 
is kept above 2V2 lb, the deaerator will give almost 100 per cent 
deaeration. If, however, the steam pressure is allowed to vary 
for any reason, there will be a certain amount of oxygen fed into 
the boiler.

The steam to the deaerator is controlled by a regulating valve 
at the feed-heating tubine. The operation of this valve has been 
investigated and it was found that there is an intermittent flow 
of steam from the feed-heating turbine to the deaerator with this 
type of control. A new control valve will be installed at the de
aerator to insure sufficient steam at all times for complete deaera
tion.

The water flow to the deaerator is controlled by a float valve 
which is actuated by the water level in the deaerator. Some 
trouble has been experienced in maintaining the water level in 
No. 4 deaerator, while no trouble has been experienced on No. 5. 
A new control valve, the same as on No. 5, will be installed at an 
early date.

Condenser-Hot Well Deaeration. The feedwater is deaerated in 
the condensers of the low-pressure turbines before being sent to 
the deaerators of the high-pressure units, but there is equipment 
through which some air may come in contact with the feedwater; 
such as leakage through the packing of the hot well pump, etc., 
which necessitates the use of a deaerator.

Deaeration of Make-Up Water. The deaeration of make-up 
water takes place in the condensers of the low-pressure units, and 
the make-up water comes over mixed with the condensate from 
the unit to which it was admitted.

Since the installation of the high-pressure units in Waterside, 
it has not been possible, due to load conditions, to cut out the 
low-pressure boilers. The supply of all make-up water needed 
in the station is fed to the low-pressure boilers, so that the high- 
pressure boilers have 100 per cent condensate.

Effect of Filling Idle Boilers on Deaerator Performance. On

T A B L E  1 P E R F O R M A N C E  O F H IG H -P R E S S U R E  IN ST A L L A T IO N  
A T W A T E R S ID E  S T A T IO N

H igh-pressure tu rb ine  generators
U n it No. 4 U n it No. 5

D ate  in com m ission.............................................  Sept. 10, 1937 June  29, 1938
K ilow atthours g en era ted ....................................  325,909,000 258,260,000
M axim um  kw  load on g en era to r.................................. 47000 52000
Service h o u rs ..........................................................  11377.4 8250.6
T o ta l available hou rs ..........................................  12379.1 8980.3
Idle hours0 ...........................................................................1001.7 729 .7
O utage h o u rs .......................................................... ............ 4165.4 556.5
Period h o u rs .................. ........................................  16544.5 9536.8
A vailability  fac to r (ratio  of availab le hours

to  period hours), per c e n t............................. ...............7 4 .8  94 .2
Use fac to r (ratio  of average load for service

period to  ra ted  capacity ), per c e n t........... ...............54 .0  59 .1
C apacity  factor (ra tio  of average load for

period to  ra ted  capacity), per c e n t...........................37 .2  51 .1

H igh-pressure boilers
No. 4A No. 4B No. 5A No. 5B
boiler boiler boiler boiler

D a te  in com m ission.................  Sept. 10, Sept. 10, June  29, Ju ly  25,
1937 1937 1938 1938

M axim um  steam ing ra te  for 1
hr, lb ...........................................  503300 501100 524800 509800

Service h o u rs ................................ 9914.7 10546.8 6788.8  7292.6
Idle hours0 ....................................  905 .7  902 .9  760 .7  400 .6
T o tal available h o u rs................ 10820.4 11449.7 7549.5 7693.5
O utage hou rs ................................ 5724.1 5094.8 1987.3 1218.0
Period h o u rs ................................. 16544.5 16544.5 9536.8 8911.5
A vailability  fac tor (ratio  of 

available hours to  period
h ou rs).........................................  65 .4  69 .2  79 .2  86.3

° H ours available b u t no t in  operation due to  conflicting outage of depend
ent equipm ent.
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several occasions an idle high-pressure boiler was filled too fast 
and thereby drained the deaerator to such a point that make-up 
had to be put into the deaerator from the city water connection, 
thus adding to the work imposed upon the deaerator, with a re
sulting decrease in deaerator efficiency. The boiler operators 
are cautioned against filling the boilers too rapidly, and also 
against a too rapid heating of boiler tube and drum surfaces.

H i g h - P r e s s u r e  H e a t e r s

All of our heaters are of the vertical type with a floating head.
Tube Materials, Cleanliness, and Leakage. The only trouble 

experienced with cleanliness of the tube has been that of oil com
ing from the exhaust steam, necessitating the washing of the 
tubes.

Some trouble has been experienced due to leakage of the heads 
of the heaters. Due to the location of these heads in the boiler 
room, the work of removing leaking heads is very difficult. 
There have been 43 tube failures in the No. 5 heaters and no tube 
failure in the No. 4 heaters. As two heaters are operated in 
parallel, it is possible to take one heater out of service to make the 
necessary repairs without excessive drop in feedwater tempera
ture.

Table 1 gives the performance record of the two 53,000-kw 
topping turbines and the four high-pressure boilers at Waterside 
Station, covering the period from the date of installation to July 
31, 1939.

Fisk  S ta tio n  T o p p in g -U n it O p e ra tio n 1
B y A. E. GRUNERT,2 CHICAGO, ILL.

rT'HE FISK STATION high-pressure topping plant has at 
this time completed nearly two years of operation. The 

first two months of its operation have been previously outlined.3 
That discussion was largely a disclosure of operating difficulties 
which invariably reveal themselves with initial operation of new 
developments of this nature and of defects in design which caused 
these difficulties.

The Fisk Station topping unit was the first capacity addition 
to the Chicago system following several depression years during 
which no new generating equipment was installed. It naturally 
followed that the basic trend at that time toward higher steam 
pressures and temperatures influenced design. The installation 
is not particularly different in design when compared with those 
contemporary to it but, being an early topping installation, it is 
representative of development. The topping installation was 
first put into service on October 8, 1937, by a plant personnel 
having no previous experience with this type of equipment.

The period, following that covered in the previous discussion3 
and extending to the present time, is one in which early operating 
and design difficulties were largely overcome. In the following 
discussion an endeavor is made to log the various trials and tribu
lations experienced in the course of this operating period. It is 
felt that efforts made to correct conditions which caused difficul
ties, have been successful to a degree that future operation may 
now be viewed with confidence. It is consequently believed 
that subsequent availability and performance records will com
pare favorably with those of any installation of this type and 
of this kind.

1 Covering the period October, 1937, to August, 1939.
2 Superintendent of generating stations, Commonwealth Edison 

Com pany. Mem. A .S.M .E., Melville M edalist, 1931.
* “ Discussion of Prelim inary Operations of th e  Fisk S tation Top

ping U nit of Commonwealth Edison Com pany,” Power Panel Dis
cussion on New High-Tem perature High-Pressure Stations, T rans.
A .S.M .E., vol. 60, FSP-60-13, July, 1938, p. 413.

D e t a i l s  o p  I n s t a l l a t i o n

In brief, the installation consists of a 30,000-kw 1200-lb per 
sq in. 900-F turbine generator, supplied with steam by two 375,- 
000-lb per hr boilers. All auxiliaries are electrically driven ex
cept boiler feed pumps. Turbines for these three pumps take 
steam from the high-pressure header and exhaust to the low- 
pressure header in parallel with the topping turbine. The ca
pacity of this topping installation was so chosen that the ex
haust would supply the steam demand of two 25-cycle horizontal 
units. This combination forms in effect a flexible and efficient
90,000-kw cross-compound unit. More detail of the equipment 
in the installation is contained in Table 1. Figs. 1 and 2 are, 
respectively, cross-sectional views of the steam generators and 
turbine that are used in the topping installation, and Fig. 3 is a 
flow diagram of the topping plant.

Fig. 4 shows graphically the record of availability of each of the 
two high-pressure boilers and of the turbine generator, which 
together comprise the topping plant. The cause of each case of 
outage is briefly stated and those cases which may be considered 
as forced outages, due to conditions of the particular boiler or the 
turbine generator, are specially indicated. The monthly produc
tion economy of the combined plant under the actual conditions 
prevailing in each month is also shown. A more detailed analy
sis of the thermal performance appears in Table 2. It will be 
noted that the normal indicated production economy of the com
bined plant will be approximately 12,800 Btu per net kwhr. 
Some reduction in this figure is anticipated when certain contem
plated alterations in the low-pressure system are completed. 
The plant was originally designed for an actual performance of 
12,500 Btu per kwhr and it is expected that this performance will 
eventually be attained. It should be noted in this connection 
that the low-pressure equipment in this plant is of a rather old 
type and design.

T u r b i n e - G e n e r a t o r  O p e r a t i o n

The turbine-generator unit itself had an availability factor of
85.7 per cent for the three months’ operation in 1937, 90.7 per 
cent for the year 1938, and 100 per cent for the first six months of 
1939. The outage chart extends one month beyond this period 
to August, 1939, and indicates the fact that at that time the top
ping plant was out of service for scheduled inspection and over
hauling. During the 22-month period covered by the chart 
there were nine outage periods with but three attributable to the 
turbine itself. The two longest periods from July 24 to August 
23, 1938, and July 6, 1939, through the remainder of the month, 
were for general inspection and overhauling. During both of 
these periods repairs to spindle blading were necessary as will 
be explained subsequently. The generator, since installation, 
has had a perfect availability record.

Referring to the outage chart for the turbine, Fig. 4, the outage 
between October 8 and October 13, 1937, was necessary for ad
justment of a throttle-valve bushing and for minor adjustment 
and tune up of the governing gear. Further checks were made 
of the thrust bearing and shaft seals, and the dummy clearance 
was adjusted on October 23. The next outage which started on 
October 27, 1937, is not attributed to the turbine as it was caused 
by boiler carry-over deposits which caused the second inlet valve 
to stick. Heavy deposits of boiler carry-over were also found in 
the valves of the header system and these deposits were removed 
by flushing the header with water. The three subsequent out
ages of January 7, January 25, and May 20, 1938, are likewise not 
attributable to the turbine, as is indicated by the causes which are 
shown on the outage chart. The July 2, 1938, outage was neces
sary, however, when the first and second admission valves were 
found to be sticking. Upon removal and inspection of the valves, 
the head of a 3/ 4-in. cap screw was found lodged between the seat
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and disk of the second inlet valve. Upon inspection of the 
throttle valve it was found that this cap screw head had broken 
from one of the screws which held the throttle-valve seat to the 
throttle-valve body. The sticking of the first inlet valve was 
caused by valve-stem packing which had lost its plastic qualities 
and had caused excessive friction. A combination die-formed re
silient metal-ring and soft asbestos-ring packing was substituted 
but this packing lasted only three weeks.

As the first general inspection of the turbine was scheduled to 
occur soon, the date of the inspection was advanced to July 24, 
1938, because of the failure of this packing. It was found that the 
metal-foil packing rings had disintegrated under high temperature 
and particles had adhered to the valve stems. To ease the duty 
of the packing the leakoff was changed from 225 lb per sq in. to 
approximately 4 lb per sq in. Soft packing in die-formed rings 
was then installed and the number of rings was decreased to that 
required by the new pressure. This change proved satisfactory.

The inspection made at this time showed that stellite seat fac
ings were in perfect condition. Three broken 31/ 4-in. cylinder 
studs, which were judged to have failed due to defects in material 
or machining, were replaced in the bolting that is used for the 
turbine cylinder joint. The admission-valve operating mecha
nism needed correction where clearances did not correspond to de
sign dimensions. Lapped admission-valve-cover joints made up 
without gaskets held tight under high pressures and temperatures. 
Crane ring-type joints on all admission inlet bends were found 
to be in good condition. The trip-gear mechanism, which on 
several occasions had operated sluggishly, was fitted with an 
Alemite lubricating system during this outage. This change has 
materially improved its operation.

During the inspection, it was found that the lock washer which

had been released from under the head of the broken cap screw, 
mentioned previously, had gone through the valves and nozzles 
and had lodged in one of the steam passages of the second moving 
row of impulse blading. The inlet edges of the first moving row 
of impulse blading were damaged by the passage of the lock washer 
but the relatively slight damage done was corrected by local 
grinding.

The blade elements of the turbine consist of a 45-in-mean-diam 
2-row impulse wheel, followed by 34 rows of reaction blading. 
Nozzle blocks for the impulse blading are built up of a series of 
blade elements in which steam passages are completely ma
chined before the elements are welded together as a single nozzle- 
block unit. The first row of moving blades is 21/2 in. wide as 
shown in Fig. 5. Proportions of these blades illustrate the mas
sive construction used to resist the heavy intermittent forces en
countered. All blades are made of a standard alloy known as 
“Cyclops No. 17-A,” a 19 per cent nickel, 8 per cent chromium 
alloy.

The integral shrouds of the fy-st moving row of impulse blades 
were originally welded together in groups of five. During in
spection it was found that many of the welded joints had cracked, 
although the welding between several pairs of blades still re
mained sound. The strength of the original welding, however, 
had been somewhat reduced during manufacture in securing a 
smooth cylindrical surface by turning down the blade tips after 
welding. The blades of the first impulse row were rewelded in 
pairs during overhauling and a much heavier welding bead was 
used than in the original assembly. The full section of the weld
ing bead was left in place for strength in this repair.

A slight looseness was noted in the blades of the first moving 
row on the impulse wheel. The manufacturer did not feel that
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this looseness was harmful as the massive dimensions of the 
blades are such that tightness is assured by centrifugal force when 
the unit is up to speed.

The shrouding of the second moving impulse row was found 
cracked in a number of places and a short piece of shrouding had 
broken off completely. One blade of this row was broken off 
where the shroud section failed and the tenon of the adjacent 
blade was injured. These two blades were replaced.

The shroud sections originally installed on the blades of the 
second moving row of the impulse wheel were of sufficient length 
to include six blades. These shroud sections were punched to re
ceive blade tenons, the shrouding being applied by riveting of the 
tenons. It was concluded that cracking of the shrouding was 
caused by high stresses set up during riveting, and that harmful 
stresses would be avoided by carefully fitting new shroud sections 
so that they could be assembled in place without initial stress, the 
new shroud sections being held by welding around the projecting 
ends of the tenons. This shrouding was designed to group three 
blades instead of six as in the original design, because of the tem
perature range through which this blading must operate. As a 
result of the failure of the original shrouding on the second mov
ing row of impulse blading, it was decided that a replacement row 
of blades with integral shrouding should be designed and held in
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readiness for installation should further difficulty be experienced 
in this section of the turbine.

The reaction blading was found to be in good condition on this 
inspection. A slight looseness was noted in some of the assembled 
segments toward the center of the spindle, but this looseness was 
not considered harmful as the blade segments become tight when 
up to speed. There were a few shrinkage cracks found in the 
silver soldering of the reaction-blade shrouding toward the low- 
pressure end. These were resoldered.

Following this overhauling period in August, 1938, there was 
no further outage for repairs of the turbine-generator unit during 
1938 or the first six months of 1939. During March, April, and 
May of 1939, however, the steam rate of the topping turbine 
showed gradual increase. This was particularly noticeable in 
the first part of May when the steam rate of the turbine had in
creased to a corrected rate of 26.9 lb per kwhr at 23,000 kw load. 
This was reflected in the division of load between the topping tur
bine and the low-pressure turbines to which steam was supplied. 
During the same period, a reduction of capacity had been expe
rienced in the auxiliary turbines driving the boiler feed pumps. 
Fouling of nozzles and blading of these small turbines was sus
pected and successful washing restored their capacity.

The foregoing experiences led to the washing of the topping unit. 
The washing was to be accomplished with saturated steam sup
plied at a rate slightly above no-load full-speed requirements with 
the unit electrically tied to the system. Saturated steam at full 
pressure was to be obtained by reducing the steam temperature 
as far as possible with boiler regulation and then removing the 
remaining superheat by injecting desuperheating water into the 
steam header at a point as far removed as practical from the tur
bine. A suitable nozzle was installed in one of the boiler risers 
for this purpose and thermoelements were inserted in existing 
wells at the turbine inlet and exhaust for accurate steam-tem- 
perature determination during the washing procedure. A steam- 
sampling outfit was set up which permitted checks to be made of 
conductivity of a continuous sample of condensed steam from the 
turbine exhaust.

With but one boiler in operation at reduced steam flow, steam- 
temperature reduction by means of boiler control was started at 
11:00 p.m., June 3. Adhering closely to a temperature-reduc- 
tion rate of 50 F per hr, a temperature of 650 F was reached at 
3:00 a.m., June 4. This steam temperature represented the 
lower limit obtainable by means of boiler control. At 3:15 a.m. 
water was gradually injected into the header and by 5:00 a.m. a 
steam temperature of 590 F was reached.

At this point the conductivity of the exhaust-steam sample rose 
suddenly from 5.6 micromhos to 32,000 micromhos. As the wash
ing progressed the steam-sample conductivity decreased to a value 
of 1000 micromhos after 31/2 hr of washing. During this period 
several samples of condensed exhaust steam were taken for chemi
cal analysis. Analysis showed the blade fouling to consist of 
approximately 40 per cent soluble sodium silicate, 23 per cent so
dium hydroxide, and 23 per cent sodium chloride. Other soluble 
inorganic salts made up the remainder of the deposit.

After the foregoing washing period, the temperature of the steam 
was gradually restored to normal and load was applied to the 
unit. At a load of 27,000 kw, the corrected steam rate of the top
ping turbine was found to be 24 lb per kwhr. The conditions 
existing during the washing operation are shown graphically in 
Fig. 6.

After a month of continuous operation subsequent to washing 
of the turbine, the topping plant was taken out of service for 
scheduled inspection on July 6, 1939. When the turbine was 
opened 26 blades in the second impulse-spindle row were found 
broken. The only evidence of this failure, noticeable while the 
unit was in operation, was an increased steam rate which had not

returned fully to normal after completion of the washing proce
dure. Blade failure, however, was not definitely expected as the 
unit ran in good balance before the inspection.

As mentioned when discussing the July, 1938, turbine inspec
tion, two blades and the shrouding of this second moving impulse 
row were replaced. The new blading, designed with heavier sec
tions and integral shrouding made up for replacement following 
the 1938 inspection, was installed during the August, 1939, over
hauling. The integral shrouding of these new blades was welded 
together so that groups of three blades are formed.

The shrouding on the spindle reaction blading was originally 
of pure nickel. Failure of this shrouding, due to cracking, re
quired its replacement with new shrouding made of stabilized 18 
per cent chrome, 8 per cent nickel material. This shrouding was 
arc-welded in place with 25 per cent chrome, 12 per cent nickel 
weld rods.

Four 3V2-in-diam cylinder bolts were found broken on this in
spection. As a result of this and of the bolt failures found in the 
previous inspection, all of the larger studs for the turbine joint 
were replaced. The new studs will be made of Triplex No. 3

F i g . 6  D e s u p e r h e a t in g  O p e r a t io n  f o r  H ig h - P r e s s u r e  T u r b in e  
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bolt steel, a material which is now believed to be more suitable 
than the material originally used for this high-temperature-bolt
ing service.

Although blading difficulties have been found in each of the two 
inspections of the turbine so far made, it is felt that the improve
ments accomplished will be found adequate, and that improved 
performance will result. Based on observed conditions and per
formance of the first impulse-spindle row, the changes made 
should limit future blading maintenance to minor repairs. It is 
expected that availability records with subsequent turbine opera
tion will be further improved by shorter overhauling periods 
which possibly may become less frequent.
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S t e a m  G e n e r a t o r s

The availability of the two steam-generating units of this 
topping installation has not equaled that of the turbine generator. 
This is apparent when the turbine and boiler outage charts in 
Fig. 4 are compared. The steam generators had an average 
availability factor of 61.2 per cent for their operation in 1937,
80.2 per cent for the year 1938, and 87.6 per cent for the six 
months of 1939. Steam supply, however, has been available 
from one or both steam-generating units during all except two short 
periods in the first four months of operation of the installation.

As the steam generators are similar in design, the major oper
ating difficulties encountered with one were either indicated or 
experienced in the operation of the other. As a result, the im
provements made in the boiler installations were made on each 
of the units in about the same sequence.

Steam was supplied to the high-pressure-header system on 
September 18, 1937. After preliminary adjustments were made 
to the feed pumps and other auxiliaries, operation was continued, 
the steam produced being passed through the pressure-reducing 
and desuperheating equipment to the low-pressure header, Fig. 3. 
In the early operation of the boilers, joint leaks developed where 
recirculators entered headers of the side-wall screens and also 
where economizer tubes entered the steam drums. Rerolling of 
these joints failed to prevent the recurrence of leaks during fur
ther service, and it was necessary to seal-weld the joints for 
tightness. Inability to hold rolled economizer joints tight was 
attributed to strains due to variable economizer temperatures. 
Recurring leakage of rolled recirculator joints was attributed to 
excessive joint strains set up by unequal expansion of recircu
lators and screen wall tubes. Seal welding, where necessary, has 
prevented joint leakage but strains at the joints persist. These 
strains have to the present time caused no apparent difficulty 
other than the leakage before joints were seal-welded.

During the initial operation of the installation, carry-over de
posits were found to be accumulating in header valves and control 
valves of the turbine unit in quantities which were sufficient to 
interfere with valve operation. Tests for steam purity, made 
when units were steaming at the rate of 230,000 lb per hr, indi
cated that excessive carry-over was present when total solid con
centrations in boiler water were maintained at 425 ppm. Lower
ing of the water level resulted in carry-over of less than 1 ppm at 
this rating but, when ratings were increased to 310,000 lb per hr, 
carry-over again became excessive. As 375,000 lb of steam per 
hr is required from each boiler for designed operation of the top
ping installation, improvements for better steam purity were 
necessary. With a changed drum baffle and steam-scrubber ar
rangement,4 satisfactory steam purity has been attained at nor
mal boiler ratings when total solids in the boiler water were main
tained at 400 ppm. Operation was continued with this steam- 
scrubber arrangement in 1938 and the first six months of 1939.

As ratings were increased, difficulties with furnace slag ac
cumulations on the sloping portion of the secondary-furnace wall 
were experienced. The original design provided for operation of 
the secondary furnace as a dry-bottom furnace, the slag falling 
through the opening across the bottom of this furnace, in a dry 
state, and being removed by a hydro jet system installed beneath 
the opening. This arrangement proved impractical as slag built 
up on the sloping secondary-furnace rear wall in thicknesses of 4 
to 12 in. and at times avalanched down in quantities and sizes so 
large that removal by the hydrojet installation was impossible. 
During boiler outages in December, 1937, the secondary-furnace 
bottoms were changed, as shown in Fig. 1. With this arrange
ment all furnace slag is readily removed through the slag-drip 
holes of the primary furnace in liquid form.

* Reference (3), Fig. 4, p. 416.

Through this period difficulties were also experienced with fail
ures of vertical slag-screen tubes and ruptures of tubes around the 
slag-drip openings in the primary furnace floor. The several 
changes necessary to correct these conditions required outages 
shown on the chart during January and February of 1938. The 
changes made consisted first, of the addition of 12 recirculating 
tubes between the upper slag-screen header and the lower dis
tribution header to the screen; second, of offsetting alternate 
groups of 2 slag-screen tubes into the secondary furnace as shown 
in Fig. 1, instead of into the primary furnace as originally de
signed; and third, of moving the burners 2 ft 10 in. forward in 
the primary furnace. These changes had the effect of improving 
circulation and reducing the duty imposed on the tubes which 
previously had ruptured. A better balance in circulation be
tween the screen-tube and floor-tube circuits also resulted. Fur
ther changes that were made to improve conditions in the floor- 
tube sections consisted of increasing the radius of tube bend in 
tubes around the slag-drip holes and the installation of water- 
cooling coils at these slag openings to retain a deeper protecting 
layer of molten slag over the floor tubes. These changes resulted 
in improved performance of these sections of the boiler installa
tion.

During the outage of the steam-generating units shown in April,
1938, lancing doors of improved design with added insulation, 
improved hinges, and latching devices were applied in place of the 
original doors. It was necessary also to apply additional insula
tion about the boiler setting to reduce the temperature at lancing 
galleries and in other localities about the boiler where operators 
must work.

Repeated leaks from economizer-tube joints at the headers 
necessitated the completion of seal welding on all joints in the 
economizer sections at this time. During previous outages some 
seal welding of economizer tube joints had been accomplished.

On May 20, 1938, an outage of the entire topping installation 
was necessary to remove pieces of straightening vanes which had 
come loose from their position in the topping-turbine exhaust 
line. These straightening vanes had originally been installed to 
direct steam flow for more accurate metering through a topping- 
turbine exhaust orifice. As a result of the failure of this set of 
vanes, all straightening vanes in the header installation were re
moved to prevent a recurrence of failure, and possible resulting 
injury to turbine blading.

During the outage of the topping turbine for inspection and 
overhauling, the boilers were alternately taken out of service for 
inspection, cleaning, and repairs. At this time 9 economizer- 
tube sections at the boiler drum, which had been seriously eroded 
by spray from a joint leak, were replaced in the economizer of No.
2 boiler.

Difficulties with blistering and rupturing of tubes in the verti
cal slag screen, and in the primary-furnace floor and upper gen- 
erating-tube sections, had caused questioning of the adequacy of 
boiler-water circulation and of the water treatment used in the 
installation. Apparently some of the tube failures were aggra
vated by more or less loose deposits which had accumulated at 
the points of tube rupture. These deposits had settled out of 
suspension in such quantities as to be evidence of sluggish circu
lation. Water lines in the interiors of the top-row tubes in the 
generating section were also evidence of inadequate circulation. 
In an effort to improve this latter condition, the top row of gen
erating tubes was replaced with a changed design of tubes during 
outages of No. 1 boiler early in July, 1938, and of No. 2 boiler 
from August 27, to September 10, 1938. The original top tubes 
were parallel to the remainder of the tubes in the bank, while the 
new tubes were bent as shown in Fig. 1.

Soot-blower position changes were made during these boiler 
outages for more effective cleaning of the heating surface. The
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eoot-blower supply-header piping was also changed to secure 
higher pressure at the blower heads, resulting in higher jet ve
locities for more effective cleaning.

Operation of the boilers during the period from October, 1938, 
to February, 1939, was interrupted with several outages taken to 
clean tubes and make changes to improve circulation in the gen
erating section. Restrictor plates in the uptake headers of this 
bank of tubes, altered design of top-row generating tubes men
tioned previously, discontinuation of Akon treatment, and in
stallation of tube cores in the upper ends of the top two rows of 
generating tubes were tried in efforts to prevent tube failures. 
These alterations failed to produce the desired result.

During the outage of No. 2 boiler between January 29 and 
February 6, and of No. 1 boiler between February 10 and Feb
ruary 17, 1939, distributor tubes made up of 1-in. tubing with a 
cone attached at the bottom were inserted in each of the uptake 
headers of the generating-tube section. The cone is arranged to 
divert the intense circulation of the bottom-row tubes through 
the 1-in. tube, while the 1-in. tube terminates near the top of the 
header and flow through it tends to induce circulation in the re
maining tubes in the header. Sufficient equalization of circula
tion has been attained with this arrangement to prevent further 
tube failures in the generating-tube section.

With the changes mentioned, both boilers have operated for 
three-month periods and were taken out of service during May,
1939, only for inspection. No condition was found in these in
spections which would have interfered with a longer service run 
on either boiler.

Due to difficulties experienced in other high-pressure-boiler in
stallations with cracking of drum metal at joint seats, across 
which excessive variations in temperature occurred during opera
tion, a changed design of economizer-tube joint at the drum and 
method of introducing feedwater were recommended by the manu
facturer. The changed position of economizer-tube entry to the 
steam drum resulted from a decision to change the drum baffling 
and steam-scrubber arrangement from that shown in the pre
vious paper,4 to the cyclone-separator arrangement developed by 
the manufacturer. These drum changes were accomplished during 
the August, 1939, outage of both boilers, while the topping tur
bine was inspected and overhauled. The improved economizer- 
tube joint at the boiler drum and drum-cyclone arrangement 
is shown in Fig. 7. The installation of cyclone separators and 
changed scrubber arrangement is not expected materially to 
improve steam purity over that secured with the previous ar
rangement, but was adopted primarily to assure a maximum den
sity in water supply for boiler circulation.
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During the August, 1939, outage, the boilers were thoroughly 
cleaned externally, and the tubes in the generating sections and 
screen and wall circuits were turbined. The turbining was not 
considered necessary to remove deposits but was performed to 
make certain that the boilers would be in optimum condition for 
an extended service run.

In general it appears that the tube failures experienced during 
these correction and development periods have been largely due, 
directly or indirectly, to sluggish circulation. While there are 
many factors in operation and design which may contribute to 
this condition, it would appear that the matter of solid-water 
downcomer supply is particularly important as is also the matter 
of ample return-circulating-tube area. It would also appear 
that where relatively high heat transfers occur, parallel circula
tion with unequal flow resistances should be avoided as far as 
practical design will permit. The several changes in these boiler 
units have largely been made with the intent to improve one or the 
other of these conditions. The records of improved availability 
indicate that efforts along these lines have been sufficiently suc
cessful to regard regular boiler-operating periods of six or more 
months’ duration as a reasonable expectancy. Turbine availa
bility in this topping installation has exceeded this performance 
in previous operation. With these improvements a very desirable 
plant availability performance is anticipated.

L ogan O p e ra tin g  E x p erien ce
By PHILIP SPORN,1 NEW YORK, N. Y.

'DEFORE beginning a review of the approximately two 
years of operating experience at the Logan Station of the 

Appalachian Electric Power Company, a brief description of the 
major equipment installed in 1937 will be of help as a background. 
The superposed extension consists of a 40,000-kw, 3600-rpm, 
water- and hydrogen-cooled generator supplied with steam at 
1250 lb per sq in., 925 F, from a single boiler of 1,000,000 lb per 
hr capacity and exhausting at 200 lb per sq in. 510 F to five low- 
pressure turbines totaling 50,400 kw. The details of the equip
ment comprising the plant and the underlying design considera
tions have been published in various technical journals.2 How
ever, mention should be made that, at the time of its purchase 
in 1935, the 40,000-kw turbogenerator was the largest-capacity, 
3600-rpm topping unit that could be proposed and the first 
hydrogen-cooled generator placed on order. It is also, so far as 
is known, the only water-cooled generator stator. The boiler is 
still the largest built to date.

Initial operation of the high-pressure boiler was started in 
October, 1937, and trial operation of the turbine, November 2,
1937. Operating experience during this initial period up to 
December 2, 1937, was reported as part of the Power Panel Dis
cussion at the Annual Meeting of the Society, December 8, 1937.’ 
The rather limited experience of one month of operation available 
at the time of that discussion justifies further comment on operat
ing experience as the second year of operation nears a close.

Since the starting date until August, 1939, comprising 15,638 
hr of elapsed time, the high-pressure section of the plant was

1 Vice-President and Chief Engineer, American Gas and Electric 
Service Corporation. Mem. A.S.M.E.

s “ Logan’s Double Shell Turbine,” by G. B. W arren, Power, vol. 81, 
June, 1937, pp. 302-305.

“ The Logan Steam  S tation ,” by Philip Sporn, Southern Power 
Journal, vol. 56, June, 1938, pp. 26-34.

“ Logan Steam P lan t—a Landm ark,” by Philip Sporn, Electrical 
World, vol. 106, April 11, 1936, pp. 1017-1019, 1084-1086.

s “ Logan Operating Experience, ” by Philip Sporn, T rans. A.S.M .E., 
vol. 60, FSP-60-13, July, 1938, pp. 421-422.

available 8956 hr or 57.3 per cent of the time, while the service 
hours were 8750 or 56 per cent of the time. With a gross genera
tion of 255,527,000 kwhr, the capacity factor for this period has 
been 40.8 per cent. The availability of the high-pressure turbine 
alone was 86.4 per cent and the service hours 56 per cent of the 
elapsed time. The single high-pressure boiler, which is used for 
the low-pressure section of the plant through the pressure-reduc
ing and desuperheating system when not supplying the topping 
turbine, had service hours equal to availability amounting to
71.8 per cent of the period. Details of the outages on the high- 
pressure turbine and boiler will follow later. Since July, 1938, 
when the last major turbine difficulty was remedied, the record 
is more pleasant to report. Fig. 1 shows a graph of the maximum 
hour output of the high-pressure turbine since that time. The 
availability of the high-pressure section of the plant increased to
81.5 per cent, the service hours to 80.2 per cent, and the capacity 
factor to 61.8 per cent. For the turbine only the availability at
97.2 per cent and the service hours at 80.2 per cent have been 
quite satisfactory. The high-pressure-boiler performance is en
couraging with availability and service hours increasing to 84.7 
per cent in this recent thirteen-month period.

During the thirteen-month period, the station heat rate of 
14,400 Btu per kwhr compares favorably with the design expecta
tions, remembering of course that a serious shortage of circulating 
water in the summer months, necessitating spray nozzles and 
recirculation, is an uncontrollable influence on over-all plant 
economy. Under such conditions the condenser pressure attains 
as high as 3.4 in. Hg, and the additional large auxiliary power 
consumption to operate the spray-pond pumps amounts to 8 per 
cent of full-load generation.

Although the high-pressure turbine is rated 40,000 kw and the 
five low-pressure turbines aggregate 50,400 kw, making a station 
rated at 90,400 kw, much higher loads have been consistently pos
sible because of hydrogen cooling of the topping unit and nozzle 
changes on the low-pressure units. Under favorable winter condi
tions, with ample circulating water, a gross station load of 103,000 
kw has been attained, involving 48,500 kw on the 40,000-kw 
topping unit supplied with 1 ,000,000 lb per hr of steam from the 
single high-pressure boiler. This high load represents a reserve 
capacity available of 12,600 kw or 14 per cent over the name-plate 
rating of the units.

Operating procedure, as originally set up for this station at the 
time of initial operation late in 1937, has proved to be entirely 
satisfactory and no major modifications have as yet been found 
necessary. Basically, the system of starting and stopping is one 
in which the low-pressure boilers, the low-pressure turbines, the 
high-pressure boiler, and the topping turbine are treated as 
separate divisions, each of which is operated separately but in 
sequence. Whenever the high-pressure boiler is out of service at 
least two of the low-pressure boilers and two of the five low-pres
sure turbines are operated. The desired load on these units is 
maintained by backing down on the low-pressure boilers while 
steam flow is increased through the reducing valve as the high- 
pressure boiler is started and loaded. The high-pressure boiler 
could not be started without at least one of the low-pressure 
boilers in service because induced-draft fans are turbine-driven. 
Then the topping turbine is warmed through a manually operated 
atmospheric exhaust. When ready, the topping turbine un
der control of the speed governor is synchronized, then put under 
control of the back-pressure governor, and loaded while flow 
through the reducing station decreases. The reverse order is 
followed when taking the high-pressure equipment off the line. 
Under running conditions, the reducing valves are closed, the load 
is varied on the low-pressure turbines which, in turn, control the 
steam flow and load on the topping unit through the medium of 
the back-pressure regulator on the topping turbine.



There have been several interesting experiences which indicate 
the flexibility of the station. On one occasion a test trip-out of
15,000 kw and an accidental trip-out of 36,000 kw of low-pres- 
sure unit capacity created no disturbance beyond control of the 
boiler operator and without popping of safety valves. There was 
an occasion when one of the induced-draft fans was lost and an
other, when a forced-draft fan was lost, both times with full load 
on the high-pressure boiler, but recovery to stable operation was 
accomplished without difficulty. Any system disturbance 
affects the load less on the topping unit than on the low-pressure 
units.

A most interesting incident occurred once when the entire 
station load was lost. The pressure in the 200-lb steam header, 
supplying the low-pressure units, dropped to as low as 60 lb, but 
this was sufficient to keep in operation the turbine-driven in
duced-draft fans on the high-pressure boiler supplied from this 
header without resorting to firing the low-pressure boilers.

H i g h - P r e s s u r e  T u r b o g e n e r a t o r

The major outages on the high-pressure turbine have resulted 
from failure on two occasions of the first-stage shroud band. With 
the second shroud-band failure, the turbine manufacturer gave 
proper consideration to the extreme combinations of stress to 
which the first-stage blading is subjected, involving intermittent 
stress from partial peripheral admission and stress from cen
trifugal force coupled with high-temperature effect. Since the 
second repair was completed and the turbine placed on the line 
on July 15, 1938, it is gratifying to be able to report that no fur
ther trouble has resulted to date from the first-stage shroud band. 
It is to be noted that the turbine admission-valve system at 
Logan, shown in Fig. 2, continues to be, as it was initially, a 
partial admission system, the sequence being 1, 2, 3, 4, 5, 6. The 
only other serious difficulty occurred when the thrust bearing let 
go, but since its repair there has been no recurrence.

Overheating of blades in the topping turbine, caused from 
motoring of its generator with insufficient steam flow, when low-

F i g . 2  D ia g r a m  o f  A d m is s i o n -V a l v e  S y s t e m , L o g a n  H i g h -  
P r e s s u r e  T u r b i n e

pressure units have tripped out, is prevented at Logan by a some
what special reverse-power relay which the author helped to de
velop.

The scheme consists of a sensitive reverse-power relay cali
brated to operate on power component only and to close its con
tacts to trip the generator off the line in case the power flow is 
from the bus bars into the generator with a magnitude of V2 per 
cent of the kilowatt rating of the generator after a time of 1 min. 
In addition to this reverse-power relay, a timing relay is provided 
to give the desired time of 1 min. A single current transformer is 
employed with a ratio of approximately full-load rating of the 
generator to give 5 amp secondary current. Furthermore, a lock
out, single-phase, reverse-power relay is provided to make the above 
sensitive reverse-power relay inoperative, provided the generator
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is supplying power to the bus bars of an amount equal to or 
greater than 40 per cent of its kilowatt rating. The installation 
of this lockout relay is provided to insure that the generator will 
not trip off the line unnecessarily due to improper operation of the 
sensitive reverse-power relay on surges or otherwise. In addition, 
an alarm circuit is provided to operate at the instant the generator 
starts motoring, so as to inform the operator that the generator 
is motoring and permit him to correct conditions within the period 
of 1 min before tripping occurs, if possible.

The detailed operation of the scheme may readily be under
stood from Fig. 3, which is an elementary control diagram of this 
system.

Under normal conditions, with the generator supplying power 
to the bus bars in excess of 40 per cent of its rating, contacts A of 
lockout reverse-power relay ICP  are closed, short-circuiting coil 
of auxiliary relay X, causing contacts E  and F of relay X  to 
open, thereby removing negative supply to contacts of tim
ing relay MC-13, preventing the operation of generator differen
tial auxiliary tripping relay, regardless either of the operation 
of the sensitive reverse-power relay CCP or of the timing relay 
MC-13.

In case the generator is supplying power of less than 40 per 
cent of its kilowatt rating to the bus bars, contacts B of the lock
out reverse-power relay ICP close, energizing auxiliary relay X, 
causing its contacts E  and F to close. Due to the power flowing 
into the bus bars, contacts C of the sensitive reverse-power relay 
CCP are open, preventing energization of the timing relay MC-13. 
Also, contacts D of the sensitive reverse power relay CCP 
are closed, short-circuiting coil of auxiliary relay Y, causing 
contacts G and H to open, preventing the operation of the alarm 
circuit.

Under motoring conditions, power flow being from the bus bars 
into the generator, contacts B of lockout reverse-power relay

IC P  = lockout single-phase reverse-power relay
CCP  =  sensitive m otoring three-elem ent single-phase reverse-power 

relay
M C-13  =  d-c tim ing relay

X  ■= ty p e  HGA d-c auxiliary relay
Y  «= ty p e  HGA d-c auxiliary relay

R i =  resistor for X  auxiliary relay
Ri =* resistor for Y  auxiliary relay

Fio. 3  E l e m e n t a r y  C o n t r o l  D i a g r a m  o f  S p e c i a l  R e v e r s e -  
P o w e r  R e l a y ,  L o g a n  H i g h - P r e s s u r e  T u r b o g e n e r a t o r

ICP close, energizing auxiliary relay X, causing its contacts E 
and F to close. In addition, contacts C of the sensitive reverse- 
power relay close, energizing coil of auxiliary-relay Y, causing its 
contacts G and H to close. Then timing relay MC-13 starts to

operate and, at the same instant, alarm circuit operates. After 
timing relay MC-13 has operated for 1 min, its contacts close, 
energizing generator differential auxiliary relay, tripping gener
ator off the line.

During the last year there have been two occasions when the 
low-pressure units have tripped out from failure of the group ex
citation for these units. On both occasions the high-pressure unit 
was prevented from motoring by the successful functioning of the 
special reverse-power relay.

When the topping turbine is being shut down, the rise in ex
haust steam temperature is negligible before the exhaust is opened 
to the atmosphere, but in bringing the turbine on the line after

F i g . 4  S t e a m - T e m p e r a t u r e  R a n g e  W i t h  B y - P a s s  D a m p e r  
C o n t r o l , L o g a n  H i g h - P r e s s u r e  B o i l e r

a short shutdown period the stored heat raises the exhaust steam 
approximately 175 F until loaded and under control of the gover
nor.

There have been no vibration problems with the topping tur
bine and the use of vibration and eccentricity recorders have 
proved helpful during starting periods. There is also no noise 
problem whatever.

The hydrogen-cooled generator has functioned most gratify- 
ingly even under capacity load with the adverse condition of high 
cooling-water temperature. Although this generator is designed 
for a gas pressure of 15 lb per sq in. and has had test runs at this 
pressure, during which the shaft sealing and gas consumption 
were satisfactory and lower temperature of windings realized, 
day-by-day operation has been confined to a pressure of 0.5 lb 
per sq in. Even with cooling water at 90 F, a higher gas pressure 
was not needed to effect proper cooling of the windings. Hydrogen 
purity is easily maintained at 99 to 100 per cent, and gas consump
tion, averaging less than 40 cu ft per day, has been costing less 
than $300 per year.

Regarding the pad cooling arrangement for direct water cooling 
of the stator, outside of the original difficulty with the removal of 
air from the system, satisfactory performance has been obtained. 
There have been no signs of water leakage either in the pads or in 
the piping of the system. It has not been necessary at any time 
to remove and replace the condensate used as make-up for this 
pad-liquid system. Two heat exchanges are provided for 
the cooling of the pad liquid both of which are used during the 
warmer months but only one of which is needed during most of 
the year.

H i g h - P r e s s u r e  B o i l e r

The 1,000,000-lb per hr, dry-bottom, pulverized-fuel boiler has, 
of course, been subject to some outage—more outage than the 
turbine. Ash-screen tube failures resulting from impaired cir
culation and excessive heat input required replacement. To
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remedy this difficulty, smaller-diameter tubes having spiral cir
culating strips and an increased slope were substituted and burner 
angles adjusted with satisfactory results.

West Virginia bituminous coal from four different seams near 
Logan with ash-fusion temperatures ranging from 2350 to 2700 
F has been burned without difficulty. Slagging has not been 
serious and cleaning of boiler tubes by soot blowers and lancing 
has been easily accomplished. Load swings of 10,000 to 15,000 
lb per hr are readily handled and, on occasion, it has been possible 
to drop load from 900,000 to 540,000 lb per hr momentarily. 
Steam temperature has been controllable within the prescribed 
range shown in Fig. 4 with the remotely operated by-pass dampers. 
With tangential firing, a minimum boiler load of 300,000 lb per 
hr can be attained without loss of flame stability. However, it 
is interesting to note that, with a fuel combination of gas and coal, 
a load of 175,000 lb per hr has been carried successfully for a 
2-hour period. Four auxiliary natural-gas burners are used for 
starting with the aid of a kerosene torch and together are capable 
of carrying a boiler load of 50,000 lb per hr. The four Hardinge 
mills each of 15 tons per hr capacity have been rendering satisfac
tory service with a power input of 16 kw each at full capacity. 
To date these four pulverizers have handled a total of over 350,000 
tons of coal. Experience indicates that exhauster blades made 
of boiler plate require replacement after a mill has handled 35,000 
tons, and the wear on the ball charge amounts to 0.086 lb per ton 
of coal. The two Ljungstrom air heaters when cleaned once each 
shift with steam soot blowers have maintained their capacity 
and have exhibited no tendency to fouling. However, the 
exit flue-gas temperature, leaving the air heaters, remains 
about 30 or 40 F higher than the manufacturer’s performance 
guarantee.

Feedwater make-up is supplied from an evaporator whose feed 
is coagulated river water in which temporary hardness usually 
predominates, forming a scale in the evaporator not readily 
susceptible to cracking. To offset this, approximately 0.2 ppm 
of tannin is added to the evaporator feed for 1 ppm of hardness. 
Total dissolved solids in the vapor leaving the evaporator is con
fined to 2 ppm or less. A pressure-type deaerator located midway 
in the feedwater-heating circuit, using exhaust steam from the 
turbine-driven induced-draft fans, has consistently maintained 
the dissolved oxygen of the feedwater at 0.005 cc per liter or less. 
Scavenging of final oxygen is obtained by continuous feeding of 
ferrous sulphate and caustic soda at the deaerator outlet in 
proportion to the dissolved oxygen in the feedwater. At no time 
does the boiler water show the presence of ferrous iron. Ortho
phosphates and caustic are fed in shots into the feedwater at the 
discharge side of the regulator for maintaining a pH value of 9.6 
and a phosphate concentration of 10 to 25 ppm as P 0 4. Boiler- 
water total solids range between 100 and 250 ppm.

The saturated steam from the boiler has a specific conductivity 
averaging from 0.5 to 0.7 micromhos. Even so, some fouling of 
turbine blades, as evidenced by increasing first-stage pressure, 
has been experienced after long periods of continued operation, 
suspected to be attributable to iron from the oxygen scavenger 
not detectable by conductivity determinations because of being 
too slightly ionized. Only recently the oxygen-scavenger feed 
was temporarily discontinued to determine the effect on first-stage 
pressure drop. Fortunately the deposit on the turbine blades 
seems to be removed or greatly reduced following a turbine shut
down. The only reason assignable to this is that the condensa
tion on the blading during the subsequent turbine warming-up 
period is responsible for washing off the deposit.

B o i l e r  F e e d  P u m p s

Three identical 3600-rpm feed pumps are installed, one of

which is motor-driven and two turbine-driven with the exhaust 
steam absorbed in the feedwater-heating cycle. Ordinarily, the 
turbine-driven pumps are used with the motor-driven as stand-by. 
These pumps have horizontally split cases and handle water at 
350 to 390 F. Their performance has been satisfactory in every 
way except for failure of ring gaskets involved with the removable 
head at the discharge end of the pump where the balancing disks 
are located. Apparently, it is a question of slightly warped cast
ings and selection of suitable gasket material. But this is a 
minor matter.

R e d u c in g  V a l v e s  a n d  D e s u p e r h e a t e r s

The two steam reducing valves for supplying the low-pressure 
section of the plant from the high-pressure boiler have been prac
tically free of vibration and noise since the initial changes re
ported two years go.3 When the station is operating normally 
with exhaust from the topping unit supplying the low-pressure 
units, motor-operated shutoff valves ahead of the reducing valves 
are kept closed. This is believed to be favorable to the life of 
the reducing valves. The automatic desuperheating equip
ment, though somewhat complex, has functioned very satis
factorily, and has maintained the steam temperature within 
narrow limits.

H e a t e r s

In the feedwater-heating cycle, there are no heaters on the dis
charge side of the boiler feed pumps. Following the deaerator 
on the suction side of the feed pumps are two vertical surface 
heaters of the floating-head type, both handling water at 450 lb 
per sq in. and using steam at 100 and 200 lb per sq in., respec
tively. Admiralty tubes in the 100-lb heater and arsenical-copper 
tubes in the 200-lb heater have both functioned satisfactorily 
thus far without leakage or tube dirtiness. After some experience 
with various head gaskets, the toroidal type was definitely un
satisfactory, but copper and corrugated monel have proved to 
be much superior. Drain subcoolers built into heaters are not 
used at Logan. However, a separate drain cooler, used in conjunc
tion with the 100-lb heater, has performed up to expectations 
with control of the drains on the outlet side so that no flashing can 
occur in drain piping between the drain cooler and the heater be
ing drained.

E l e c t r ic a l  F e a t u r e s

It will be recalled that the entire output of the Logan topping 
unit, as well as substantially all that of the five low-pressure ma
chines, is taken care of by a single, 4-winding, 100,000-kva trans
former bank with windings operating at 4000, 11,000,44,000, and
132,000 v. Further, the larger station auxiliaries are fed through 
a newly developed magnetic air-type circuit-beaker switchboard. 
Both of these large and/or new developments have worked out 
most satisfactorily. No trouble has been experienced with the 
load-distribution or regulating characteristics of the multiwind
ing transformer. The air breakers showed their rating capability 
in an elaborate series of acceptance tests and have since functioned 
with a complete absence of any difficulty.

In a discussion of this kind there is only time for covering the 
high spots but there are, of course, many interesting detail 
problems which have been solved or remain to be solved. As a 
general conclusion it may be said that the selection of 1250 lb 
pressure, 925 F temperature for a topping extension to this sta
tion and the equipment designed for use therewith have proved 
a design, operating, and financial success. If we had the job to 
do over again, the experience gained of course would enable im
provement in many details, but basically the design would be the 
same.
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S uperposed  In s ta lla tio n  a t  O m a h a  
S ta tio n  of N e b ra sk a  P o w e r Co.

B y LOUIS ELLIOTT,1 NEW YORK, N. Y.

INFORMATION was presented two years ago before the 
Society concerning the high-pressure high-temperature super

posed extension at the Omaha Station of the Nebraska Power 
Company.2 At that time equipment operation aggregating 5700 
hr was discussed. The present statement covers the period from 
initial operation in February, 1937, to May, 1939, and includes 
operating data and experience in addition to or differing from 
that detailed in the previous paper.

In brief, the extension includes one 10,000-kw 0.8-power-factor 
turbogenerator, designed for 1200-lb, 900-F operation, and one
265,000-lb per hr bent-tube boiler with economizer and regenera
tive air heater, fired by a 570-sq ft traveling-grate stoker. The 
high-pressure turbine is superposed on a 15,000-kw 200-lb con
densing unit, with a nonautomatic reducing and desuperheating 
station discharging to a 325-lb header. Division of load between 
high-pressure and topped units is determined by maintenance of 
constant back pressure on the former. The station is operated 
normally with at least one 325-lb turbine and one or more boilers 
on the line, in addition to the superposed combination.

Operating time of boiler and turbine to May 1, 1939, has 
aggregated about 15,000 hr, equivalent to 78 per cent of elasped 
time since initial service. Availability (practically equal to “de
mand availability”) of the high-pressure-turbine unit for the en
tire period has been 82 per cent, and for the last 7300 hr, since 
latest overhaul, 94 per cent. The unit was opened up in Feb
ruary, 1938; the next overhaul is scheduled for February, 1940. 
High-pressure boiler availability has been 87 per cent for the en
tire period, and 94 per cent since the latest general overhaul. 
Generation by the high-pressure unit has been at 78 per cent 
unit output factor (based on 10,000-kw rating) for the entire 
service period. Operation of the topping combination has 
been practically continuous since the early part of this year, and 
reliability is considered as substantially on a par with that of the 
325-lb section of the plant.

Load on the combined unit is determined by consideration of 
over-all station costs, of service reliability, and of certain operating 
and maintenance difficulties experienced. As examples, loading 
is influenced by economy characteristics of the 325-lb units op
erated, by the formation of deposits on the blading of the 1200-lb 
and 200-lb turbines and on the tubes of the cross-over heater, and 
by slagging of boiler heating surfaces.

During 7300 hr ending April 30, 1939, generator had averaged 
7050 kw, and heat rate of combined high-low-pressure unit 
averaged 13,700 Btu per kwhr net output with 84 per cent 
boiler efficiency and 60 F average deficiency in throttle tempera
ture.

Design heat rate at 7500 kw (gross) load with 84 per cent 
efficiency and 900 F steam temperature is 13,050 Btu per kwhr 
net output, or 13,600 Btu with correction applied for actual 
steam temperature prevailing. It is therefore to be expected 
that when steam temperature is brought up to that originally 
intended, performance of unit will be substantially equal to de
sign value.

H ig h - P r e s s u r e  T u r b in e

Reduction of turbine capacity from blade deposits was expe-
1 Consulting Mechanical Engineer, Ebasco Services Inc. Mem. 

A.S.M.E.
5 “ Superposed Extension to Omaha Station of Nebraska Power 

Company,” by Louis E lliott, Trans. A.S.M .E., vol. 60, FSP-60-13, 
July, 1938, pp. 418-419.

rienced prior to the February, 1938, overhaul, at which time blad
ing was cleaned by blasting with fly ash because silica content and 
temperature conditions prevented removal by washing. Subse
quently, boiler-water concentrations were reduced, and leakage 
of the low-pressure unit condenser is now checked regularly; 
stage pressures and load tests now indicate no appreciable scaling 
of blading, so that further ash-blasting may not be necessary.

The turbine unit originally showed some vibration, but with 
adjustments, made from time to time, conditions are now much 
improved and are quite tolerable.

As at first installed, the turbine water rate was 2 to 3 per cent 
high at lighter loads, caused in part by excessive high-pressure 
packing clearances, but largely by turbulence of steam in the 
space between the first-stage-wheel exit and smaller diameter 
nozzles of the second stage. A dam or baffle was installed in the 
first-stage shell space, extending from the inside of the shell to 
the rotor and attached to the second-stage diaphragm and to 
the inside of the upper half of the casing. This improvement 
eliminated much of the loss and permitted the turbine to meet 
its expected performance.

No automatic devices have been installed, or other provision 
made, to protect against overheating of the turbine with loss of 
load. The smaller turbines are less vulnerable in this respect 
than the larger.

Starting-up procedure has been modified as compared with the 
method reported two years ago. The 200-lb turbine is now 
started first, taking steam through the 325-200-lb reducing valve. 
The exhaust valve of the high-pressure turbine is also opened to 
admit 200-lb steam to the turbine casing. The high-pressure 
boiler is brought up to 600 or 800 lb pressure, passing 75,000 to
100,000 lb of steam per hr through the 1200-325-lb reducing valve. 
The high-pressure turbine is then started, exhausting to the 200-lb 
turbine. As the load is picked up, the 1200-325-lb reducing 
valve is closed, and the boiler pressure is raised to 1200 lb. This 
method obviates loss of steam to the atmosphere, inherent in the 
original starting method. Starts and stops have been relatively 
infrequent—only as occasioned by maintenance requirements.

H i g h - P r e s s u h e  B o i l e r

There is little occasion to make rapid changes in load on the 
combined unit, and the boiler output is maintained steady, except 
as the daily load curve calls for adjustment at certain hours.

Deficiency in total steam temperature persists, correction hav
ing been delayed. On account of this temperature condition, 
there has been no need for control of steam temperature, for 
which a manually operated by-pass gas damper is provided.

Slagging of boiler-unit heating surfaces must be fought con
tinually, the Kansas coal burned having relatively high sulphur 
content and low ash-softening temperature; samples show initial 
deformation at 1850 F and a fluid condition at 2100 F or below. 
Because of these ash characteristics, difficulties of cleaning boiler 
and air-heater surfaces increase rapidly as maximum boiler ca
pacity is approached. The boiler is now normally operated dur
ing the day period at an output of approximately 225,000 lb per 
hr, as slagging difficulties increase above 230,000- to 240,000-lb 
per hr output. It requires 14 man-hours per day for cleaning of 
the heat-transfer surfaces.

Relatively few large stoker-fired boilers have recently been in
stalled in utility plants, and the question may arise as to com
parison with pulverized-coal firing for conditions such as en
countered at Omaha. At time of selecting firing method, no 
experience was available with burning of Omaha’s basic coals in 
the pulverized form, under a boiler operating at high steam 
pressure and temperature. On the other hand, experience in 
this plant over a period of years with relatively large traveling- 
grate-fired boilers had been quite satisfactory, combustion
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losses and stoker maintenance being low. Investment for a 
stoker-fired unit was estimated as lower than if powdered-coal 
equipment had been used, particularly considering that the dust- 
collecting problem for the latter would have been more difficult.

The slagging troubles that have been experienced with this 
steam generator, and especially with the superheater, have been 
more severe than on the older equipment, probably because of 
higher steam, gas, and metal temperatures required. However, 
while opinion might be held by some that these slagging troubles 
would have been less if pulverized coal had been used, there is 
as yet no experience to assure such a difference, particularly con
sidering the much larger weight of ash carried up through boiler 
and superheater.

No circulation troubles have been experienced in boiler or 
furnace walls or arches, and the traveling-grate stoker has de
veloped no operating or maintenance difficulties, notwithstanding 
its great size. Boiler water is conditioned to maintain an average

pH value of 10.7, while keeping total solids at 250 ppm and total 
alkalinity at 75 to 100 ppm. A ratio of 0.5 between sulphates 
and carbonates is normal.

A i r  H e a t e r s — F e e d  P u m p s

Corrosion and plugging of the air heater at the top of the inlet 
side of the rotating element results from the sulphur and moisture 
content of coal. This necessitated installation of a by-pass around 
the air heater to permit cleaning. The upper 4-in. portion of the 
regenerative surface has been modified and is now made up of 
elements with corrugations designed to give a freer gas travel, and 
bound together in groups so as to permit ready removal of a 
corroded or fouled surface and substitution of new or cleaned 
sections.

The shaft of one of the 3600-rpm steam-driven feed pumps 
failed completely. The majority of opinion is that this resulted 
from imperfections in shaft material.

H ig h -P re ssu re  H ig h -T e m p e ra tu re  S uperim posed  
In s ta lla tio n s  a t  W a te rs id e  S ta tio n

B y J. C. FALKNER, NEW YORK, N. Y.

A D D E N D U M 1

T^OR the last 2 years, high-temperature high-pressure equip- 
ment has operated at the Waterside Station. One Westing

house 53,000-kw unit went into service September 10, 1937, and 
one General Electric 53,000-kw unit went into service June 29,
1938. Both units operate at 1200 lb pressure 900 F tempera
ture, 3600 rpm and have hydrogen-cooled generators. Both 
units have a feed-heating turbine attached to the main-turbine 
shaft. Four Combustion Engineering Company boilers of 500,- 
000 lb of steam per hr capacity are used; two boilers per turbine. 
There is no cross connection between the steam lines at the boilers 
or turbines; however, the boiler-feed-pump discharge headers 
are cross-connected.

At the present time, 52 old 650-hp 200-lb boilers are operating. 
These boilers are necessary for load on the station and also to 
supply the demand steam to the New York Steam Corporation.

1 Presented in connection with the contribution appearing on page 
241 of this issue.

The heat rate on the station for both high- and low-pressure 
boilers taken from the weekly station-performance records for 
the months of October and November, 1939, shows an average 
Btu rate of 13,676.

O p e r a t i n g  R e c o r d  o f  T u r b o g e n e r a t o r s

There has been considerable trouble with the high-pressure 
equipment and many changes were made to the original installa
tions before finally arriving at a satisfactory operating .condition. 
With reference to the turbines, two rows of impulse blades of the 
Westinghouse unit were removed after a few weeks of operation 
at the request of the Westinghouse Company because of trouble 
on other machines. This unit operated as a straight reaction 
turbine from the time the impulse blades were removed until it 
was rebuilt in July, 1939, with practically no operating trouble. 
This turbine had to be completely rebuilt after the breaking of 
the coupling attached to the shaft on which is located the main 
thrust bearing. This break allowed the turbine rotor to change 
its position so that the high-pressure dummies rubbed and seized,
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causing an outage from March 11 to July 4, 1939. The General 
Electric unit has not been opened since it was installed.

The Westinghouse unit has generated 420,000,000 kwhr and 
has an availability factor of 78.5 per cent. Since this machine 
was put back into service for regular operation on July 4, 1939, 
the availability factor has been 99.1 per cent.

The General Electric unit has generated 355,000,000 kwhr 
and has an availability factor of 95.7 per cent. Since July 1,
1939, the availability factor has been 99.2 per cent.

Both units have steam admission at full periphery. The 
Westinghouse unit has carried a maximum load of 49,000 kw; 
the General Electric unit 51,000 kw. At present, these units 
operate at 48,000 kw due to a high back pressure at the turbine 
exhaust. This is a temporary condition caused by pipe-line 
changes necessary for the addition of two high-pressure units, 
one to be installed in 1940 and the other in 1941.

The hydrogen-cooling equipment on both generators has given 
no trouble to date.

Figs. 1 and 2 show the operation of units Nos. 4 and 5 from 
their starting dates to December, 1939.

P e r f o r m a n c e  o f  H i g h - P r e s s u r e  B o i l e r s

H Two of the four Combustion Engineering Company boilers 
went into service September 10, 1937; one on June 29, 1938; 
and one on July 25, 1938. The availability factors for these 
boilers have been as follows:

No. 4A boiler........................ ...79 per cent
No. 4B boiler........................ ...81 per cent
No. 5A boiler........................ ...82 per cent
No. 5B boiler........................ ...88 per cent

There has been circulation trouble on these boilers in the sec
tional headers, side-wall and superheater tubes. During the 
first few months of operation there were two side-wall-tube fail
ures; this trouble was cured by welding sectionalizing plates in 
the intermediate waterwall headers. No trouble has been ex
perienced with these tubes since the sectionalizing plates were 
installed. One superheater tube in No. 4A boiler ruptured; it 
was found that the trouble was caused by improper alignment of 
the superheater. The trouble was eliminated by reducing the 
space between the superheater tubes and the boiler side walls by 
the use of Fahrite plates.

Circulation trouble in the sectional headers developed as soon

as the boilers were brought to full rating. These sectional 
headers are made up of 4-high and 3-high sections placed alter
nately across the boiler. Trouble developed on both the 4-high 
and 3-high header tubes, the failures being due to the overheat
ing. Because of load conditions, it was impossible to make 
changes at that time so that the boilers were operated at 1150 
lb pressure with a maximum rating of 450,000 lb of steam per hr, 
at which rating no circulation trouble was experienced.

Later, there were many experiments made by installing ori
fices or restrictors in the sectional headers and tubes; and changes 
were made to the baffling in the drum. These changes consisted 
of removing the screen-type washers, Fig. 3, which were originally 
installed in the boilers for the Westinghouse unit, and installing 
bubble-type washers in their place. Another change consisted of 
a scoop kicker baffle over the 3- and 4-high sectional header 
downcomer tubes in the drum. Another change was a partition 
baffle.

Several of these arrangements are illustrated in Figs. 4, 5, 
and 6. The present arrangement in the drum, Fig. 7, which was 
made about 2 months ago, consists of separate straight kicker 
baffles in front of the downtake tubes to the sectional headers. 
These kicker plates make use of the velocity head as well as the 
static head of the water in the drum, at the same time the steam 
is released upward. Also, three additional screens were placed 
in the drum ahead of the six original drying screens in order to 
help in the elimination of carry-over. Tests indicate that a total 
solid concentration of 800 ppm can be carried without excessive 
carry-over. The boilers are now operated at full load, full pres
sure, and full temperature, with a total solid concentration 
averaging 450 ppm.

Extensive tests were made on these boilers after each change 
was made in the drum, and thermocouple readings were taken 
on each of the top tubes of the 3- and 4-high sectional headers. 
These thermocouple readings showed many variations. At 
times there were no hot tubes but an excessive carry-over and 
vice versa. Temperatures as high as 850 F were shown, the 
saturation temperature being 580 F. Hydrogen readings checked 
the high tube temperatures, indicating that dissociation was 
taking place. Also the carry-over was checked by the steam- 
temperature-recording chart and by a sensitive cell placed at the 
turbine exhaust; density readings were taken by measuring the 
head of water from the boiler drum to the mud drum. Unless 
further circulating trouble develops no further changes will be
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made in these boilers, although there are several schemes which 
have been advanced.

Considerable rerolling of tubes has been necessary since these 
boilers were put into operation, but the number is gradually 
diminishing so that at the present time it is seldom necessary to 
reroll a tube.

A continuous blowdown system is used on these boilers so 
that any desired concentration can be held within close limits.

Trouble has been experienced with burner tips. This trouble

has been partially eliminated by decreasing the drop through the 
mill classifier from 2 to 3 in. which increases the primary air to 
the burners. This reduced the fineness of the coal from 80 to 
76 per cent through a 200-mesh screen. It is felt that this re
duction of fineness will not cause an increase in slag troubles and 
that the increased primary air will reduce burner maintenance. 
This change also reduces milling costs.

No trouble has been experienced with the use of gas for start
ing the boilers except in the case of the electric glo-bars used in 
igniting the gas. They have been a continuous source of trouble

F i g . 4  T y p i c a l  A r r a n g e m e n t  o f  D r u m  S t e a m  W a s h e r  i n  a n  
E a r l y  I n t e r m e d ia t e  S t a g e
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and an engineering study is being made to remedy this condition.
The continuous slag-tap arrangement has given very good serv

ice. There have been a few instances, however, where due to a 
change of coal, a great quantity of slag suddenly poured over the 
slag spout which necessitated taking the boiler off the line on two 
occasions, and only quick action on the part of the operator pre
vented another shutdown.

The cleaning of the boilers, superheaters, and furnace walls 
has developed into quite a problem and it is found necessary 
under present operating conditions to take one of the four boilers 
off the line for a 2-day period of cleaning every 4 weeks. In

addition, there are three men per watch of 8 hr each who are con
tinually occupied in keeping slag off the boiler and superheater 
tubes. An engineering study is being made for the installation 
of retractable soot blowers to aid in the elimination of slag for
mations.

In addition to the Bailey meters, gas-sampling lines for each 
boiler were run to a central point on the operating floor whereby 
the operator can take snap samples of CO2 in the boilers. It 
has been necessary on a few occasions to reduce the load on
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Fio. 7 T y p i c a l  A r r a n g e m e n t  o f  D r u m  S t e a m  W a s h e r  i n  t h e  
L a t e s t  S t a g e

boilers from time to time when it was found that the CO2 was 
increasing to a point where the temperature would further ag
gravate the furnace conditions. At the boiler outlet, C 02 is 
held at 14l/ 2 per cent.

The carry-over from the boilers is relatively small and cannot 
be read accurately on any meter but, over a period of months, 
there is a gradual fouling of the turbines which necessitates 
washing. This washing is done by admitting 200-lb saturated 
steam to the turbine and operating it for a period of several hours, 
care being taken not to cool the turbine down at a rate of more 
than 100 F per hr. These washings have resulted in bringing the 
machine back to normal.

Preliminary tests have been made on the quick pickup of 
these boilers and additional tests will be made to see what effect 
a sudden swing on this station will do to the boilers, particularly 
the water level. Preliminary tests indicate that no trouble will 
be experienced. The tests were made by running the General 
Electric turbine on one boiler and reducing the steam output of 
the boiler from 500,000 to 400,000 lb of steam per hr and then 
increasing the load on the turbine by rapidly operating the tur
bine control governor to the load corresponding to 500,000 lb of 
steam on the boiler. This test was repeated at 400,000 and 350,-
000 lb of steam per hr. An increase of not over 1 to l ‘/a in. water 
level in the boiler was experienced which is not considered dan
gerous. Additional tests will be made.

The pulverized-fuel mills have operated satisfactorily and no 
trouble has developed other than the usual maintenance, such as 
the replacement of mill rollers and rings after their normal ex
pected life.

The other auxiliaries, such as air preheaters, fans, boiler feed 
pumps, precipitators, etc., have given some trouble, but nothing 
out of the ordinary. The slag conveyer from the pit under the 
boiler to the slag hopper has had a high maintenance, and an
other method of slag removal will be installed on the boilers for 
No. 3 and No. 4 high-pressure turbogenerators.

A Zeocarb system for water softening, having a capacity of
600,000 lb per hr, was put in service 2 months ago. This system 
is used for make-up to the high-pressure boilers when steam from

the exhaust of the high-pressure turbines is sold to the New York 
Steam Corporation. This water has amounted to as much as 
25 per cent of the total water to the high-pressure boilers.

On the whole, as indicated by the availability factors on the 
turbines, boilers, etc., even with the trouble as indicated, the 
high-pressure equipment at Waterside Station has operated in a 
satisfactory manner and it is felt that, since the boilers can now 
be operated at full capacity, an even better operating record will 
be made.

D iscussion
E. G. B a i l e y . 1 With respect to boiler operation, the papers 

and discussion have repeatedly developed three general points 
as being troublesome in the case of some of the units covered in 
the operating experiences of the last two or three years. The 
design of these units dates back to 1936, when a diversity of 
topping units was purchased, many for limited space conditions 
and other requirements beyond the experience of either engineers 
or manufacturers.

The three points most frequently mentioned are boiler cir
culation, carry-over in the steam, and slag. While the principles 
of circulation have been well known for a long time, there were 
many limitations in certain specific cases, such as a strong urge 
for a cheap unit and cramped space conditions, which resulted in 
unsatisfactory installations. These, however, have been recti
fied in situ, and some units, installed simultaneously with those, 
have been free from any circulation difficulties. We feel that 
the designs which are now being installed will definitely be free 
from circulation difficulties.

There are times when impurities in the water and the forma
tion of scale are the cause of failures. It is believed that users 
and manufacturers will be able to distinguish between the differ
ent causes, and each will be able to meet satisfactorily the re
quirements and prevent outages due to tube failure in waterwalls 
and boilers.

The second point, impurities in the steam, is also well along 
toward a much improved solution, through the use of improved 
baffling and steam cyclones in the steam-and-water drums. 
These have been installed in a sufficient number of places, under 
enough conditions, with different water analyses, to assure us 
that the steam can be made quite clean and, furthermore, that 
the steam can be separated from the water, as well as the water 
from the steam.

The third point, slag, is one which cannot be so quickly sum
marized, because there is a diversity of coal and ash, with as 
widely varied characteristics. However, a great deal has been 
accomplished in the last 2 years toward surveying this condition 
more accurately and critically. It is believed that the improve
ment in furnace design is along the direction in which the slag 
problem will be kept within limits for satisfactory operation, at 
a minimum of cost for initial design, slag-cleaning equipment, 
steam consumption, and man-hours.

C. C. B a l t z l y . 2 The high-pressure installation at our Schuyl
kill Station consists of two Combustion Engineering Company,
600,000-lb per hr tangentially fired boilers, supplying a Westing
house 50,000-kw 3600-rpm high-pressure turbine at 1250 lb gage 
pressure and 900 F temperature, which exhausts into a low- 
pressure header at 230 lb per sq in. gage pressure and 550 F tem
perature, supplying low-pressure units having a combined ca
pacity of 85,000 kw.

1 Vice-President, The Babcock & Wilcox Company, New York, 
N. Y. Mem. A.S.M .E.

2 General Superintendent of Station Operation, Philadelphia 
Electric Company, Philadelphia, Pa. Mem. A.S.M.E.
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Boilers. Initial operation of the two high-pressure boilers 
began in September, 1938, and during the first year operated ap
proximately 80 per cent of the total time. Considerable trouble 
was experienced with the bunker-C fuel-oil burners installed for 
starting purposes, but this was finally corrected by installing a 
burner which has a fan-shaped spray employing either air or 
steam for atomization. Firing rings with directional air vanes 
are used with this burner. The boilers are fired with pulverized 
fuel, but the oil burners were used for a period of 1 month with an 
operating economy within l'/ j  per cent of that obtained with pul
verized fuel. The maximum rating obtained with 8 of these 
burners per boiler was 420,000 lb of steam per hr. No detri
mental effects were noticed throughout the boiler system.

Leaks in the economizer-tube bends have been encountered, 
caused by faulty fabrication. These leaks were repaired by gas 
welding.

Leaks in the water-column connections to the drums and 
flanged joints on the superheater-outlet headers were found 
to be due to improper bolting materials. These were replaced 
with chrome-molybdenum-tungsten A.S.T.M. 193 Symbol B-13, 
which have proved satisfactory.

One floor tube failed due to erosion of iron in the slag and im
pingement of flame on the tube. The burner angle was changed, 
and no more trouble has been encountered.

On both boilers the fins on the floor tubes around the slag spout 
burned off, allowing the slag to come in contact with the tubes. 
A water-cooling coil was installed around the slag spout, and the 
slag level was increased from 2 in. to 4 in. over the entire furnace 
floor.

After about 2 months’ operation, the beams supporting the 
economizer in both boilers were found cracked and broken. 
These beams were made of Fahrite material and were replaced 
with beams of the same material, but were heat-treated for less 
brittleness. No more failures have occurred.

Difficulty was experienced initially in maintaining the steam 
temperatures below the maximum operating limit of 925 F, at 
ratings over 500,000 lb of steam per hr. The following steps were 
taken: (1) Removed kicker baffles between the superheater and 
first bank of generating tubes; (2) lowered the front baffle 24 in.; 
(3) removed every other tile in the top row of the baffle below 
the superheater by-pass damper. However, it is still necessary 
to water lance the furnace walls and air lance the front bank of 
generating tubes daily to keep the steam temperature within the 
controlling range of the by-pass damper.

Trouble was experienced with the carry-over when injecting a 
chemical solution at a rapid rate into the rear drum. This 
trouble was overcome by injecting a more dilute solution over a 
more extended time. Expected performance on the screen-type 
washers was not to exceed 2 ppm carry-over at 600,000 lb per hr 
with 500 ppm drum concentration. Boiler concentration is now 
being held below 300 ppm for total dissolved solids and the carry
over is running around 1 ppm. In an additional effort to im
prove the carry-over condition, 37 of the steam-circulating tubes 
between the two upper drums were removed.

The Raymond bowl mills, each of 15 tons per hr capacity, 
based on 72 grindability coal, have given satisfactory service.

The fan blades, however, have to be changed after about 15,000 
tons of coal. Different kinds of material were used, but it was 
found that the soft-steel blades have proved most effective.

Considerable trouble has been experienced with the cast-iron 
burner boxes, which have the Fahrite material tips. Two boxes 
have recently been installed made of steel plate having the plate 
extending through the Fahrite casting so that if the joint between 
the Fahrite and the box becomes loose there would still be no 
leakage through the joint. These were installed only a short 
time ago, so we are unable to say how successful they will be.

No. 3 Turbine. The high-pressure turbine was operated initially 
on September 14, 1938, without the impulse blading and the 
generator was cooled with air. The maximum load with these 
conditions was 42,000 kw.

Shortly after the initial operation, a severe rubbing was noted 
during the starting-up period. The turbine was dismantled and 
the spindle returned to the manufacturer’s shop. The radial 
seals were found to be worn about 0.05 in., and the low-pressure 
shaft seals were worn and pitted. New radial and shaft seals 
were installed at that time. Considerable trouble has been ex
perienced in the operation of the various governing devices. The 
machine is now operating satisfactorily on the back-pressure 
control and load-limiting device. The speed-governing mecha
nism is not yet functioning satisfactorily.

On two occasions, outages were caused by thrust-bearing fail
ures, necessitating the installation of new thrust blocks. Changes 
in the design of the oil circulation were made to correct this con
dition.

In February, 1939, the unit was dismantled for installation of 
the impulse blading with full peripheral steam admission. The 
axial and radial sealing strips were found badly worn, 3 first- 
stage nozzles were found broken, seals were damaged, and several 
valve seats were found loose. The unit was returned to service 
on April 27, 1939. Hydrogen cooling was installed at that time 
and the machine was loaded to 50,000 kw.

The internal inspection at that time disclosed a heavy chemical 
deposit on the last 6 stages. Water-spray nozzles have been 
installed to permit washing of the blading with the turbine in 
service. Tests had indicated that the deposit could be removed 
by hot water or saturated steam.

In order to determine any indication of further fouling of the 
blading by chemical deposit, a daily check has been maintained 
on the drop in pressure from the impulse chamber to the turbine 
exhaust for any given load, and is compared with a prepared 
curve of standard performance. A gradual increase in this 
pressure drop indicated that washing of the turbine was war
ranted, and this was done on October 15, 1939.

Washing was carried on with the machine in service with 
about 1000 kw load. The machine was out of service about 10 
hr for other necessary work, and the casing reached a temperature 
of about 700 F. Before the throttle was opened, the steam tem
perature was reduced by desuperheating to about 680 F. The 
machine was brought up to speed and synchronized in the normal 
manner with 1250 lb pressure steam at this reduced steam tem
perature. Desuperheating water was gradually increased until 
the steam ahead of the turbine throttle reached a condition of 
10 deg superheat. Under this throttle steam condition, the 
exhaust steam was found to contain about 1 per cent moisture, 
and a conductivity cell in the exhaust indicated that the deposit 
was being removed. These steam conditions were then main
tained for a 5-hr period, at which time it was indicated that the 
washing had been completed. The steam temperature was 
gradually brought up over a 3-hr period to normal throttle tem
perature. The water washing indicated a decided improvement 
in performance, and preliminary tests indicate that the machine 
is about 2 per cent better than the guaranteed performance at
50,000 kw load.

Pressure-Reducing Valves. Considerable trouble has been 
experienced with the pressure-reducing valves due to excessive 
vibration. Each valve was designed for 600,000 lb per hr flow, 
and is now limited to 400,000 lb per hr, and new valves of larger 
design will be installed.

Tank Pumps. Tank pumps are used to pump the plant water 
from an atmospheric deaerator to the boiler-feed-pump suction 
at about 450 lb per sq in. The submergence of these pumps is 
30 ft. Three such pumps are installed. Three failures of
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tank-pump shafts have been experienced, and these were re
placed with shafts of heavier construction.

Drip Pumps. Three shaft failures were experienced on the
2 drip pumps. The failures were due, apparently, to too light a 
design and also to a highly fluctuating supply of water from the 
flash tank. The water supply to the pumps was steadied by 
resetting the drainer on the flash tank to operate within closer 
limits. The new shafts were of a heavier design.

Boiler Feed Pumps. Three turbine-driven boiler feed pumps 
are installed. Considerable trouble was experienced with shaft 
packing. Cooling water fed to the lantern gland apparently 
corroded the gland and attacked the shaft sleeve. Elimination 
of water feed to the lantern gland and substitution of a flat metal 
ring in place of the lantern gland have removed that source of 
trouble.

Leaking joints on the balance drum and stuffing-box bushing 
have occurred from time to time. The original copper (asbestos- 
insert) gaskets have been replaced by solid-metal gaskets.

On two occasions, a check valve on the pump discharge failed 
to close when the pump was taken out of service, resulting in 
reversing the pump and slight damage to the thrust bearings.

Automatically operated recirculating valves were provided to 
limit the minimum flow to 100,000 lb per hr, and these have 
given satisfactory service.

Deaerators. The atmospheric deaerating heaters have given 
very good service, and no trouble has been experienced in main
taining feedwater with zero oxygen content.

Evaporators. Double-effect evaporators are used which utilize 
steam bled from the high-pressure boiler-feed-pump turbines. 
Either effect can be run separately as a single-effect evaporator. 
A great deal of trouble has been experienced with the performance 
of these evaporators. Cracking-down was not sufficient and it 
was necessary to clean the coils by hand. Since that time, the 
shell water has been continuously treated with soda ash and city 
water has been used in place of river water, with a continuous 
blowdown of about 20 per cent.

Tests are being run by the manufacturer to determine whether 
or not these evaporators can be kept clean by the cracking-down 
process, without chemical and evaporating river water. How
ever, we are of the opinion that this cannot be done, and plans 
are being made to install a zeolite softener ahead of the evapo
rator.

In conclusion, it is felt desirable to point out the fact that the 
difficulties encountered with this high-pressure high-temperature 
installation have been no greater than would normally be ex
pected in placing another plant in operation where the steam 
conditions were of a more moderate nature.

C . B. C a m p b e l l .3 In this Power Panel discussion frequent 
reference has been made to the matter of carry-over from the 
boiler, with the resulting scale deposits in the high-pressure tur
bines. Deterioration of turbine capacity and efficiency have 
been mentioned. These are the obvious effects of restricting 
steam passages through the turbine blading. Of even greater 
importance, however, is the fact that depositing scale through 
part or all of the turbine blading changes the pressure distribu
tion and, therefore, the net axial thrust on the rotor. This was 
the fundamental cause of the two thrust-bearing failures on the 
Schuylkill Station turbine mentioned by Mr. Baltzly.

It is evident from inspection of several installations that carry
over and blade deposits can be controlled so that washing is 
seldom, if ever, required. This entails constant vigilance, as 
once scale is deposited it will not be removed again by normal 
operation. In isolated cases, deposits have been cleared by

* M anager, Land Turbine Engineering, W estinghouse Electric & 
M anufacturing Company, Philadelphia, Pa. Mem. A.S.M .E.

shutting down long enough for the turbine to cool. The washing 
process, one scheme for which was described by Mr. Baltzly, 
has proved effective and may be safely performed when care
fully planned and executed.

First-stage blade failures have occurred in high-pressure super
posed turbines of large capacity, some of which were mentioned 
in the papers and in discussions. Experimental development 
is now confirming a logical mathematical analysis of the problem. 
As the next step in this development and its proof, the writer’s 
company, with the valuable cooperation of the Philadelphia 
Electric Company, is installing a single-stage turbine at the 
Schuylkill Station, where superposed-turbine operation will be 
duplicated at full scale. The method of attacking the problem 
has been such as to investigate it fundamentally and for applica
tions in the future at steam pressures beyond those with which 
this symposium was concerned.

J. M. D k a b e l l e . 4 The value of papers dealing with actual 
operating experiences with high-pressure, high-temperature 
stations cannot be overestimated. Theoretical considerations 
involving so-called studies of performance and economics are one 
thing but the acid test is “how does it work?” For the Society 
to have the benefit of actual operating experiences is invaluable.

At the Cedar Rapids Station of the Iowa Electric Light and 
Power Company, a high-pressure high-temperature topping unit 
was installed. Originally the boiler was fired with a stoker which 
proved to be unsatisfactory in performance due principally to 
difficulties with the high-ash, low-fusion-ash western coal, and 
also a length factor which resulted in a badly disturbed fuel bed 
as compared to the fuel-bed performance on smaller stokers. 
The boiler was changed over to pulverized coal and since that 
change has been operating with entire satisfaction. The back
pressure control on the turbine has performed satisfactorily.

The principal problem in connection with the operation of 
this unit is on account of the large amount of steam fed to the 
central heating system which results in high make-up water. 
Data on this matter will be developed during the winter season 
and will be made available to the Society at the next Power Panel 
discussion.

F. P. F a i r c h il d .5 The superposed unit at the Essex Gener
ating Station of the Public Service Electric and Gas Company 
has been in operation approximately 17 months. This installs 
tion consists of a 50,000-kw General Electric turbine generator, 
designed for 1250 lb per sq in., 950 F  at the throttle, and two 
Babcock & Wilcox Company boilers, each having a maximum 
capacity of 605,000 lb per hr, equipped with Foster-Wheeler 
Corporation Hardinge mills. The turbine exhausts at a constant 
pressure of about 225 lb per sq in. into the station header. Addi
tion of this unit has increased the capacity of the station from
193,000 kw to the present 243,000 kw.

The turbine is a 6-valve double-casing machine directly con
nected to a hydrogen-cooled generator operating at 3600 rpm.

The boilers are of the radiant type, with the generating and 
superheater tubes arranged essentially vertically, designed for 
direct pulverized-coal or fuel-oil firing.

During the first 2 months of operation the boilers were fired 
with fuel oil. Then for a period of approximately 7 months 
pulverized coal was fired regularly. This has been followed by 
fuel-oil firing, extending from April 1, 1939, to the present time. 
The type of fuel used depends upon the current fuel prices.

Considering the total elapsed time since the date of initial op-

* Consulting Engineer, Iowa Electric Light and Power Company, 
Cedar Rapids, la . Mem. A.S.M.E.

1 Chief Engineer, Electric Engineering D epartm ent, Public 
Service Electric and Gas Company, Newark, N . J . Mem. A.S.M.E.
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F io .  2  T y p ic a l  M o n t h ’s  O p e r a t io n  o f  E s s e x  G e n e r a t i n g  
S t a t io n  W i t h  S u p e r p o s e d  U n i t  i n  S e r v i c e

eration, the turbine has been in service 92 per cent of the time; 
the first boiler has been in service 83 per cent of the time; and 
the second boiler 88 per cent of the time.

Disregarding the first 6 months of operation, which may be 
considered as a preliminary adjustment period, and considering 
only operation from January 1, 1939, up to the present time, 
the turbine has been in operation 97.5 per cent of the time; the 
first boiler in operation 90 per cent of the time; and the second 
boiler in operation 91.1 per cent of the time.

Fig. 1 on this page indicates the relative monthly loading of the 
Essex Generating Station and monthly station heat rates from 
Jan. 1, 1938, to Oct. 31, 1939. This includes a period before the 
superposed unit went into service as well as the period since 
the superposed unit has been operating. It will be noted that 
the new unit was put into service during July, 1938. The aver
age station heat rate decreased from a monthly average of ap
proximately 21,000 Btu per net kwhr to values of between 13,000 
and 14,000 Btu per net kwhr in the most favorable months. As a

result of this improvement, the station loading was increased 
from approximately 40,000 kw to 120,000 kw. The station heat 
rate depends upon, the portion of the total load carried by the 
low-pressure boilers.

Fig. 2 on this page shows a typical month’s operation of the 
station with the superposed unit in service. The upper curve 
shows the average daily load throughout the month, the dips in 
the curve being the week-end periods. The middle curve in
dicates the portion of the total fuel burned in the low-pressure 
boilers of the station. The lower curve indicates the average 
daily station heat rate for the same period.

The unit has operated at the design pressure since the start. 
However, the steam temperature has been limited to 925 F to 
build up a background of experience at this temperature before 
going higher. With superheat control this lower-temperature 
operation is simply a matter of damper operation. Thus far 
there have been no indications of trouble from 1‘A years of opera
tion at 925 F. It is anticipated that the temperature will be 
raised to 950 F if, at the next inspection of the unit, no evidence 
of trouble from the present operating temperature exists.

The cover of the turbine has not been lifted for about 13 
months, but a complete inspection is scheduled for the spring of
1940.

The boilers, being of a new design, received considerable at
tention during the preliminary and early operating periods. 
Extensive testing equipment for measuring circulation, density 
of steam-and-water mixtures in various parts of the unit, water 
levels, and temperatures was installed. It is believed that this 
careful check, carried on principally by the boiler manufacturer, 
was in a great measure responsible for certain troubles not de
veloping to a point where forced and serious shutdowns might 
have occurred.

Early operation of the boilers developed several things which 
were not right. Water-level detectors in the drums showed 
that levels indicated by the gage glasses were not true levels. 
Due to the low density and extremely turbulent condition of the 
mixture in the drums, only a limited rating, about two thirds the 
steam-water expected maximum, was possible without carry-over. 
The low-density mixture in the drums also resulted in considera
ble steam being carried into the downcomer pipes and thus re
duced the circulation of solid water. Although there were no 
tube failures, except a few leaks in shop welds of economizer 
tubes, the ratings on the boilers were limited to a safe point. 
Installation of cyclone separators in the two drums of each boiler 
completely corrected the circulation and carry-over difficulties. 
Since installation of this equipment, it has been possible to 
operate the boilers at full load with solids in the steam under 1 
ppm at boiler-water concentrations as high as 1400 ppm. Opera
tion with higher concentrations may be possible, but there has 
been no occasion to carry over 600 ppm regularly.

During early operation, measurements indicated that the tem
peratures of the top sides of some of the furnace-floor tubes were 
considerably in excess of the saturated-steam temperature. This 
was due to steam pockets in the upper part of the tubes caused 
by insufficient circulation in the relatively flat tubes. Installa
tion of diaphragms in the floor headers to improve water dis
tribution, installation of cores in the floor tubes to increase water 
velocity, and baffles in the downcomer inlets to reduce the 
steam-water ratio in the downcomer pipes were inadequate to 
improve the floor-tube temperature condition appreciably. 
Solution of this trouble has been the installation of a water-cooled 
dam at the slag-drip ledge, in order to carry a slightly higher 
slag level on the furnace floor, with a resulting reduction of the 
heat input to the floor tubes.

Slagging of the heating surfaces of the unit has not been a seri
ous problem. However, several alterations to the original
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soot-blowing equipment have been made to improve the cleaning 
facilities. The first few rows of close-spaced superheater tubes 
showed a tendency to bridge across with a spongy form of ash with 
coal firing. No soot blowers were originally provided for this 
section of the superheater and, during the early period of opera
tion, steam lancing was necessary to keep these tube spaces open. 
Later installation of telescopic and retractable blowers at this 
point eliminated the trouble. Steam at 225 lb pressure is used 
on most of the soot blowers, but on the superheater by-pass 
blowers it was found necessary to change to 450-lb pressure 
steam to provide effective cleaning. Retractable blowers on the 
furnace walls have proved valuable in maintaining equilibrium 
conditions in the furnaces.

Recent operation with fuel-oil firing has shown a tendency for 
the gradual depositing of a hard slag in the first section of the 
superheater. This slag is made up principally of vanadium 
oxide and sodium sulphate, and knits very tightly to the tubes. 
The soot blowers seem ineffective in removing it. It has been 
necessary to take the boilers from service at about 2-month inter
vals to hand clean this slag from the superheater tubes.

Thus far no harmful effects of the 925 F operating steam tem
perature have been found in any of the materials or equipment in 
the superheated-steam system. As a matter of inspection and to 
obtain some idea of the effects of i y 2 years of operation on the 
superheater-tube material, a section of one of the front legs of a 
superheater element was recently cut out. Internal inspection 
of the tube showed no evidence of corrosion, and photomicro
graphs showed no harmful effects to the metal structure during 
this period.

As a whole the entire unit, both turbine and boilers, has per
formed favorably. In the two new plant extensions which this 
company now has under construction, that is, at the Burlington 
Generating Station and the Marion Generating Station, equip
ment of similar design to that at Essex will be installed.

J. C. H o b b s .6 “Topping” experience over 10 years has con
vinced the writer that most troubles are chargeable to poor engi
neering and can be avoided. An analysis of the various reports 
submitted today on other installations emphasizes a fundamen
tal often overlooked, namely, that the best way to eliminate 
trouble with a particular feature is to eliminate the feature. It 
is sometimes possible to eliminate the entire piece of equipment. 
The writer’s experience involving three sets of topping units 
confirms the great value of this policy. The elimination of those 
features which have been reported as causing trouble in other in
stallations has made each successive higher-pressure topping unit 
more reliable than the former, in spite of the greater potential 
hazards. Briefly, the aim should be extreme simplicity in design, 
maximum availability for inspection, with a minimum of parts 
and time required for dissembly.

C. H. S p i e h l e r .7 The following are the essential particulars 
of the installation at the Millers Ford Station of the Dayton 
Power and Light Company, Dayton, 0 ., upon which the writer 
will discuss the operation experience for the period from Septem
ber 15, 1937, to September 15, 1939.

The superposed plant incorporates 2 Babcock & Wilcox steam- 
generating units having an output of 375,000 lb of steam per hr 
at 1250 lb per sq in. pressure and 900 F total temperature. One
30,000-kw General Electric turbogenerator set is installed operat
ing on 1200 lb per sq in. 900 F steam, exhausting at 230 lb per 
sq in., and 500 F.

8 Vice-President, in Charge of M anufacturing, Diamond Alkali 
Company, Painesville, Ohio. Mem. A.S.M.E.

7 Results Engineer, Columbia Engineering and M anagem ent 
Corporation, Cincinnati, Ohio. Mem. A.S.M.E.

Originally the low-pressure plant consisted of three 1373- 
hp boilers delivering steam at 230 lb per sq in. pressure and 550 
F (these boilers have been removed); and six 1965-hp boilers 
having the same steam conditions. Turbine generators include 
two 12,500-kw, three 20,000-kw, and one 25,000-kw machines, 
all operating on steam at 230 lb per sq in. pressure and 350 F.

An outline of the difficulties experienced during the first few 
months’ operation of the Millers Ford high-pressure topping 
plant was given at the Power Panel discussion at the December, 
1937, meeting. Those difficulties have been satisfactorily cor
rected. The reliability of this installation is now considered to 
be at least as good as that of the low-pressure plant. The tur
bine was operated for 16 months with only routine maintenance; 
the internal inspection at the end of that period found the ma
chine in perfect condition. Operating periods of the steam-gen- 
erating units of 4 or 5 months’ duration have been obtained, and 
the operating department can see no reason why these periods 
should not be extended to 6 months.

The economy expected has been realized. This plant prior 
to the installation of the topping unit had a heat rate of 20,000 
Btu per kwhr net generated send-out. With the topping unit 
supplemented by generation from the low-pressure boilers, the 
heat rate for the first 10 months of 1939 was 15,075 Btu, the 
best month being 14,000 Btu. The over-all steam-generating- 
unit efficiency for the 10-month period was 87.5 per cent.

A second high-pressure topping installation is now being made 
at this station. The new equipment will duplicate the present 
installation. Changes will be few and of minor nature as follows: 
The steam-generating units will have more cooling surface in the 
uptake waterwalls which will be accomplished by installing 2 n/i6- 
in-outside-diam tubes between the 3V4-in-outside-diam tubes 
which are on 6-in. centers. The only Bailey block to be used in 
the furnace will be installed on the slope of the downtake water
walls and below burners. Cyclone separators in the drums will 
be used in place of the present sprays and baffling.

The forced- and induced-draft fans will have approximately 
15 per cent greater capacity. The Cottrell precipitators will 
have 34 ducts instead of 26 ducts as in the present installation.

T u r b in e -G e n e r a t o r  O p e r a t i o n

The topping turbine was operated until June 1, 1938, with its 
maximum load limited to 25,000 kw. The present limit of 30,000 
kw became effective on that date. During the 2-year period, 
the topping unit has been available 92.37 per cent of the time. 
It has operated 87.28 per cent of the time and has a capacity fac
tor of 45.09 per cent. Practically all of the inoperative avail
able hours are charged against taking the turbine off to put a 
high-pressure boiler into service.

When the station load is such that the load on the topping 
unit is less than 25,000 kw, there normally are no low-pressure 
boilers in service. The exhaust is regulated manually by the 
switchboard operator during these periods. As the load on the 
topping unit approaches 25,000 kw, low-pressure boilers are 
brought onto the line. Additional station load is picked up by 
these boilers until they have enough margin to regulate the pres
sure. Then the topping unit is loaded to its maximum which 
is normally 29,000 kw. The reverse procedure is followed when 
the station load is decreasing.

There have been three major turbine outages, as follows:
1 February, 1938; the only indication of trouble was a sub

stantial increase in pressure on the first stage. The turbine was 
continued in operation under this condition for several days be
fore it was decided to make an internal inspection. Upon in
spection it was found that a small section of the first-stage blade 
shrouding had failed, Fig. 3. The section which had broken 
away was about V2 in- wide and 6 in. long. A 5-blade section
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F i g .  3  D a m a g e  t o  O r i g i n a l  S h r o u d i n g

Flo. 4 N e w  F i r s t - S t a g e  B l a d i n g  a n d  S h r o u d i n g ;  S e c o n d  a n d  
T h i r d  S t a g e s  R e b l a d e d

was attached to the shroud or cover plate by the usual rectangular 
tenons. New first-stage blading, Fig. 4, was installed with two 
round tenons and the new shrouding was considerably heavier. 
The blades on the second- and third-stage wheels had also been 
damaged and were replaced. Heavy deposits of boiler carry-over 
were found on the blades in the lower stages. Changes on the 
economizers and in the drums were completed during this turbine 
outage, which reduced the solids in the steam to less than 0.5 
ppm.

2 This outage occurred in May, 1938, at the request of the 
manufacturer to inspect the new shrouding which had been 
installed. Everything was found to be in a satisfactory condi
tion. The blades at this time were free of deposit. No changes 
were made.

3 An outage occurred in September, 1939, to install a new 
rotor Fig. 5, having blades with integral shroud caps and shroud
ing attached to the caps with single rectangular tenons. A 
change was also made in the high-pressure packing for the pur
pose of reducing the thrust. The thrust bearing was revamped, 
as a precautionary measure, to provide greater capacity in both 
directions.

No trouble had been experienced with the old thrust bearing, 
although changes were made at the request of the manufacturer.

The turbine was found to be in a satisfactory condition in every 
particular. The deposit on the blades after 16 months of opera
tion since the last inspection was negligible.

This machine has always operated very smoothly. Vibration 
has never been a problem.

All other outages have been of a minor nature.
The rotor which was removed, although in perfect condition, 

is to be changed to duplicate the new rotor and will be used in the 
turbine now on order.

The only protection provided against overheating with loss of 
load is the temperature control of the dampers above the econo
mizer passes. This control is designed to maintain 900 F inlet 
temperature or a maximum of 575 F in the steam leaving the 
turbine.

The rise in exhaust temperature, when the turbine is taken off 
the line, does not exceed 100 F.

The back-pressure governor is not used for normal operation.
Hydrogen consumption during this 2-year period has averaged

36.9 cu ft per day. For the month of June, 1939, the consump
tion went up to 52.8 cu ft per day. With the elimination of 
leaks, the consumption of hydrogen has been brought down to
25.6 cu ft per day and this rate has been maintained since June.

A reverse-power relay prevents the generator from motoring. 
The only trouble experienced with the electrical parts of the unit 
was with the brush holders on the pilot exciter.

O p e r a t i o n  o f  H ig h - P r e s s u r e  B o il e r s

From Table 1, it is apparent that boilers No. 7-1 and No. 7-2 
would have had an availability of 85.6 per cent and 86.3 per 
cent, respectively, except for other causes not attributable to the 
boilers.

Alterations and repairs include changing the economizers from

F i g . 5  N e w  R o t o r  I n s t a l l e d  S e p t e m b e r  1, 1 9 3 9 , S h o w i n g  N e w -  
T y p e  B l a d in g  a n d  S h r o u d in g
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T A B L E  1 O P E R A T IN G  R E C O R D  O F H IG H -P R E S S U R E  B O IL E R S
Boiler No. 7-1 Boiler No. 7-2

In itia l s t a r t .......................................................  M ay 3, 1937 Ju ly  27, 1937
A vailability  from  Per cent P er cent

s ta r t  to  Sept. 15, 1939.............................. 76.1  80 .7
A lterations and  repa irs .................................  14.4  13.7
Tube corrosion.................................................  1 .7  1 .9
P recip ita tor changes......................................  1 .7  1 .7
G ate valves.......................................................  1 .7  1 .2
H ydraulic  couplings....................................... 1 .9  . . . .
Reducing v a lv e ................................................ 1 .4  . . . .
U nclassified.......................................................  1 .1  0 .8

parallel flow to a combination of parallel-counterflow, changes of 
the baffles, sprays, etc., inside the drum, seal welding of econo
mizer tubes in the drum and headers, changes in the construction 
of the furnace corners to obtain a better seal, cap leaks, internal 
cleaning, etc.

During the first year of operation, heavy sludge and analcite 
scale formed in the generating tubes and waterwalls. Frequent 
turbining was necessary. The principal cause of this difficulty 
was condenser leakage, which could only be corrected by retubing
3 condensers. In the meantime it was decided to use the Akon 
treatment. The Akon treatment was started July 27, 1938, and 
was fed at the rate of 2 ppm with a pH of 11 in the boiler water. 
The next internal inspection disclosed that several of the steam- 
generating tubes were deeply corroded and had to be replaced. 
The next inspection about 2 months later showed a similar con
dition. The Akon was then reduced to 1 ppm and the pH of the 
boiler water raised to 11.5. Under these conditions the rate of 
corrosion was materially accelerated. Two forced boiler outages 
were then caused by tube corrosion. The tubes which blew 
through were in each instance No. 5 tube in No. 7-1 boiler. The 
second outage occurred 33 days after the tube had been replaced. 
The Akon treatment was discontinued March 27, 1939; since 
that time no further corrosion has been noticed.

At present, the feedwater has a pH of 6.9 and a concentration 
of 1 ppm of solids. A blowdown of 0.1 per cent maintains a 
boiler-water concentration of about 150 ppm solids.

A typical analysis of boiler water at present is:

Boiler water
Analysis solids, ppm

Si02....................................................................  10
R2O3................. ............................................... ........... 2
NaOH................................................................  31
NajHPOi...........................................................  30
NajSO................................................................ 35
NaCl.................................................................. ............9
NajCOs.............................................................. ............3
Organic..............................................................  16
Total Solids....................................................... 136
pH.....................................................................  10.6

A United States Bureau of Mines embrittlement tester has 
not indicated caustic embrittlement to be a problem.

Disodium phosphate is the only chemical added to the feed
water. The addition of a chemical to scavenge oxygen has not, 
as yet, been necessary.

The operation of soot blower, retractable slag blowers (added 
to original installation) and hand lancing require one man per 
8-hr shift, which operations are generally effective. The coal 
used has an ash with a fusion temperature of 2850 F.

Traces of corrosion are evident on the upper rows of air-heater 
tubes on the gas side, air-inlet end. Its extent varies from a 
fraction of an inch in length on the lower of the affected rows, to 
as much as 2 ft on the upper row. It is not at all serious and no 
special effort is made to prevent it. Effective cleaning of the 
gas passages is accomplished by 6 valve-in-head revolving soot 
blowers.

The 6 Babcock & Wilcox type-B pulverizer mills have per
formed satisfactorily. Maintenance has been limited to replac
ing feeder plates, belts, three pinion shafts and adjustment of

ball-spring tension. No balls have been replaced although one 
mill has pulverized more than 80,000 tons. The original car
borundum feeder plates have been replaced with a sectional 
plate having carborundum imbedded in the metal. This plate 
wears better and sections can be replaced without a major out
age on the mill. Air lines, installed to blow debris from .the ledge 
below the stationary ring, caused trouble and were removed. 
An inclined plate which guided coal from the spout to the belt 
on the Richardson scales was moved to a more vertical position 
to prevent wet coal from arching over and failing to move down 
to the belt. Mill fineness is generally greater than 80 per cent 
through a 200-mesh sieve. Mill power varies from 18 to 18.5 
kwhr per ton.

Two major failures of the hydraulic couplings have caused 
forced boiler outages. The first failure was on a forced-draft 
fan, in which the coupling was demolished, caused by the failure 
of the thrust bearing, located within the coupling. This thrust 
bearing was relocated on the outboard bearing of the motor. 
Trouble with this bearing on an induced-draft-fan coupling 
caused another outage. This time, however, the damage was 
limited to the internal thrust bearing.

The gas-burner lighters have been satisfactory in every re
spect. No trouble has been experienced with the stability of the 
flame at any load.

Arcing and burning off of electrodes on the electrostatic pre
cipitators was corrected by changes in the design of the electrode 
shrouds and rapping mechanism. Low efficiency of dust re
moval was improved by installing baffle plates on inlet- and out- 
let-gas passages, addition of perforated plates to rod curtains 
and elimination of gases by-passing the cells by placing vertical 
baffle plates in each hopper under the cells.

Boiler-feed-pump outages have resulted from trouble with 
shaft-packing sleeves; erosion at breakdown bushing; leakage 
at horizontal casing joint, slow leaks from stud hole in casing 
flange. All outages on the feed pumps were scheduled. The 
excess-pressure regulators and the 1200-lb 900-F turbine drives 
have performed satisfactorily.

Carry-over was encountered in the initial operation of the 
double-effect Foster-Wheeler evaporators. Make-up water, 
erratic in quality, and in the amount of suspended matter from 
an overloaded softener, made the internal treatment and blow
down regulation difficult in the evaporators. Lime deposits 
fouled the steam scrubbers and gill separators.

The installation of a new 5000-gal per hr Cochrane hot-process 
lime-soda softener, replacing the old smaller softener, now pro
duces a uniform and suspended-matter-free make-up water. A 
hood placed over the scrubber box eliminates flooding the 
gill steam-separator chamber. Continuous surface blowdown 
through a manifold extending across the evaporator shell and 
weekly cracking with cold water keeps the evaporators clean and 
free of scale. Internal treatment of Hagan phosphate and tannin 
is fed intermittently to the suction of the evaporator feed pumps. 
Carbon dioxide in the second-effect coil severely corroded the 
copper float of the discharge trap. A stainless-steel float ap
pears to be satisfactory. About 24,000 lb per hr is the usual rate 
at which the evaporators are operated. With 10 per cent blow
down, the evaporator steam contains less than 1.5 ppm of solids.

The condensate and make-up pass through Worthington 
deaerating heaters. No trouble has been experienced with the 
float valves which control the flow of condensate to the heaters. 
The deaeration is effective. A pressure-reducing valve auto
matically makes up for any deficiency in the 5-lb exhaust-steam 
supply to the deaerators.

The high-pressure feedwater heater is a horizontal, lockhead, 
4-pass type with 3/i-in-outside-diam, No. 10 B.W.G. arsenical 
copper tubes. The heater is located on the discharge side of the
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high-pressure boiler feed pumps and receives its steam from the 
boiler-feed-pump turbines exhaust. Most of the maintenance 
has been caused by gasket leaks and fouling of the water side of 
the tubes. Slight leaks developed and some of the tubes were 
rerolled. The pipe flanged joints at the inlet- and outlet-water 
connections have developed leaks from time to time. Slight 
grooves have been found in both the male and female flanges at 
one time or another. These were repaired and the joints seem to 
hold satisfactorily.

A deposit on the water side of the tubes, about 1/ i6 to Vs in. 
thick, largely composed of calcium ortho phosphate, decreased 
the heat-transfer efficiency of the cross-over heater. Since the 
evaporator performance was improved, condenser leakage cor
rected and boiler-water recirculation eliminated, no appreciable 
deposits of calcium ortho phosphate have been noted.

The high-pressure reducing valve first installed was unsatis
factory. Excessive vibration caused linkage failures and the 
fracture of the valve stem. This 6-in. valve was replaced with 
an 8-in. valve of much heavier construction, the capacity rating 
remaining the same, namely, 390,000 lb per hr. The new valve 
has performed in a satisfactory manner but is still noisy. On 
occasions when the valve is used, it is operated manually by re
mote control from the boiler control board.

The Bailey 3-element feedwater control maintains a stable 
water level ever since the changes were completed on the econo
mizer. Before the changes were made the boiler had bad swing
ing water levels.

The Leeds & Northrup superheat control has performed 
satisfactorily. The Leeds & Northrup combustion control also 
performs satisfactorily since the closed manometers using oil 
were installed in place of the inverted bells. Formerly a de
posit formed on the bells, causing the control to become slug
gish. With large changes in the turbine load, the change in the 
pressure drop from the drum to the turbine inlet must be com
pensated for manually on the master control.

G. B. W a r r e n .8 To the writer, one of the most significant 
things developed by the discussion of this subject is that the 
reliability of the high-pressure high-temperature steam turbine 
is approaching that of the older low-pressure turbine, at least 
after the initial difficulties with the high-pressure turbines have 
been overcome. Availability factors of 96 to 98 per cent have been 
frequently mentioned.

Surveys of the Edison Electric Institute figures on turbine 
outage made at intervals have indicated that the outage record of 
the older high-pressure superposed turbines in service from 7 to 
10 years now is better on the average than that of the low-pres- 
sure turbines of comparable age, and bear out this recent ex
perience.

Another situation which may be of interest in this connection 
is that, based upon comparisons which we have made, the present- 
day materials in these high-pressure high-temperature turbines 
are being worked more conservatively than were the then avail
able materials in use on lower-pressure and lower-temperature 
turbines 10 and 15 years ago. This is largely due to our increased 
knowledge of creep and other properties of materials at high 
temperature and our definite endeavor to keep within the limi
tations so imposed. This is quite in contrast to the situation 
which prevailed in the earlier period, when we had by no means 
as much information on the behavior of the materials we were 
then using at the temperatures which were coming into general 
application.

On the other hand, a word of caution might be in order on 
the tendency of materials to rupture under low strains when

8 Designing Engineer, Turbine Engineering D epartm ent, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E.

subjected for long periods of time to temperature and stress, 
a fact which the industry has only recently commenced to ap
preciate.

A few years ago we thought that the phenomenon of creep 
gave us an additional safety factor in that it tended to equalize 
stress, but now we are beginning to learn that, apparently, the 
excessive localized strains so resulting might be such as to start a 
rupture which would be hazardous so far as our present knowledge 
and observation go. Present practice with respect to tempera
tures and stresses is such we believe, as to preclude any serious 
consequences from this situation. Extensive studies are under 
way in the writer’s company and in other places to accumulate 
additional knowledge relative to this situation. In the mean
time, all designs are being scrutinized with this factor as well as 
the creep situation in mind.

The first-stage-bucket situation and, from the standpoint of 
the writer’s company, the first-stage-bucket-cover situation 
primarily, have been matters of considerable concern. We feel, 
however, supported now by considerable operating experience 
on several turbines, that this situation is well in hand.

Louis E l l i o t t . 9 Concerning experience at Deepwater Sta
tion of the Houston Lighting & Power Company, at Houston, 
Texas, during 1932 a topping extension was put into operation 
in this plant, which previously contained 135,000 kw in 325-lb 
turbines; this was among the earlier examples of high-pressure 
superposition plants. As the installation has been described 
both in technical papers and press, the present discussion is brief.

Equipment includes a 12,000/15,000-kw 1260-lb 710-F turbine, 
with steam-to-steam reheat in condensing and thoroughfare 
heaters, raising high-pressure turbine exhaust to temperature of 
steam in low-pressure header. Steam-generating plant comprises 
two 375,000-lb per hr 1350-lb 850-F gas-fired boiler units with 
economizers and air heaters. In 1930, when engineering on 
Deepwater extension was under way, American experience with 
utilization of temperatures above 750 F was quite limited, and 
manufacturers were not offering as standard equipment turbines 
adapted to a temperature much higher than this.

One or more low-pressure boilers are always in operation, sup
plying 325-lb steam “in parallel” with exhaust from topping tur
bine. An automatic by-pass is provided around high-pressure 
turbine, and this has functioned successfully upon the few oc
casions when the machine has tripped off.

Both boilers and turbines have shown good availability, and 
have been run under high average loads; contributing to this 
possibility has been large capacity upon which high-pressure unit 
is superposed. Boilers have shown outage hours, largely oc
casioned by necessary work on these units, totaling less than 6 per 
cent over recent 4.5-year period; there has been only about 4 per 
cent boiler outage during the last year. Turbine outage has 
averaged 1.4 per cent in same 4.5-year period, and less than 0.3 
per cent during best year. For entire time since installation was 
placed in service, outage of high-pressure boilers has averaged 
about 12 per cent, and of topping turbine approximately 6 per 
cent of elapsed time, largely due to work on unit in first year.

Total generation by high-pressure unit since 1934 has aggregated
500,000 megawatthours, equivalent to an average generation of 
12,800 kw (when operating); this means a unit output factor of 
106 per cent based on 0.8 pf rating, or 85 per cent based on 1.0 pf 
rating. For the entire operating time since early in 1932, the 
average generation has been 11,900 kw, or nearly the 0.8 pf 
rating.

Lower availability of boilers and turbine during first year of 
operation resulted from the usual difficulties incident to starting

9 Consulting Mechanical Engineer, Ebasco Services, Inc., New 
York. N. Y. Mem. A.S.M.E.
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up new equipment, and from a variety of troubles, caused par
ticularly by the high pressure and by the limited experience of 
manufacturers in designing equipment for high-temperature 
high-pressure service. Apparatus troubles were experienced with 
heat exchangers, boiler feed pumps, and feed-line gate valves. 
High-pressure piping joints, which were of the flange type and of 
special carefully worked out design, were unusually successful; 
however, considerable trouble was experienced with high-pressure 
joints in equipment until proper operating procedures were de
veloped. The record since 1934 shows that the early difficulties 
have been corrected, and details concerning them would hardly 
be worth giving at this time.

In view of blading deposits in low-pressure turbines when higher 
boiler concentrations were permitted, total solids in boiler water 
are now kept at about 400 ppm, with 100 ppm total alkalinity 
and 10.8 pH value. Silica is maintained at or below 15 ppm, and

it has been found practicable to maintain sulphate carbonate 
ratio of 3:1.

Mr . Sporn’s Closube

The discussions of the papers on “Two Years’ Experience 
With High-Temperature High-Pressure Stations” confirm my 
informal introductory remarks at the Annual Meeting of the 
A.S.M.E. in Philadelphia. They show that this group of sta
tions or units which had initially been thought of as ultradaring 
has become almost commonplace because of their gradual and 
natural integration with their systems until they are just other 
stations or units on the line. This is most gratifying. But let 
us not forget that they now can serve as another starting point 
for further advances in the art of power generation, advances 
that must and will proceed inevitably, regardless of the reluctance 
of any company or group of companies to keep up with progress.
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