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" Hydro-Electric Installations of the Barcelona Traction, 
Light and Power  Company." 

By HOKACE FIELD PARSHALL, D.Sc., M .  Inst. C.E. 

in Figs. 1, Plate 2, which indicate generally the character of all 
T m  hydro-electric installations described in  this Paper  are shown 

the works and installations,  whether built or contemplated. Those 
on the upper reaches of the Pallarosa  river begin with  the small 
4,500 HP. installation a t  Pobla, designed as an auxiliary to supply 
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power during  construction to  the works a t  Talarn and Trernp, 
which derive their names from two small village3 situated a few 
miles further down stream.  The selection of a site suitable for 
the regulation at   the  Serils power-house and some intermediate 
installations  presented Borne difficulties On the River  Ribagorzana 
there were suitable  sites for high dams, but  the cafions weIe in general 
narrow, so that  the  storage  capacity would have been limited. 
Further, existing water-rights  permitted  the diversion of a consider- 
able  portion of the river for irrigation, not  an uncommon state of 

they flow towards the sea. On the River Scgre there was a suitable 
affairs in Spain. Many of the rivers are of diminishing volume as 

site, but  this would have necessitated the flooding of large and 
valuable areas, iherehy making  expropriation troublesome and costly. 
At  Talarn  there was large  storage  capacity at  a  comparatively small 
cost of dam and  lands, and the diversion of water for irrigation did 
not  affect  an  important fraction of the  total flow of thc river. 

The Talarn dam, which is the principal reservoir and which 
impounds about 220 million cubic metres (7,769 million cubic feet) of 
water ahove thelevel of the penstocks serving the Tremp power-house, 
was designed primarily to  store a sufficient pmt  of the summer floods 
to  operate  the installation a t  Serbs on the River Segre during the 
winter months when the Pyrenees sources are restricted by frost. 

templated. Both  the power-house and the  dam had been begun 
An intermediate  installation on the River  Pallaresa was also con- 

by  the  late Dr. Pearson, and were about 40 per cent. completed when 
the Author was asked to complete that engineer’s work in Spain. 

The dam  is  situated  in a gorge of yellow sandstone of comparatively 
&isfactory formation,  although  therc  are numerous  vertical  seams 
and  the evidence furnished by weathering does not indicate a very 
hard material.  Underneath the layer of yellow and red sandstone 

the  contact zone. The cailon is narrow at  the site, the  dam being 
there is a substantial thickness of blue sandstone reaching down to 

the crest, 82 metres (269 fret) high from  the main floor to  the crest, 
80 metres wide (262 feet) at  the base, 204 metres (670 feet) long at  

and approximately 100 metres (328 feet) from the  bottom  cut-off 
wall to  the crest. Fig. 2 shows the cross section of the dam. This 
cross section was adopted as the result of negotiations between 
Dr. Pearson  and a Commission appointed by  the Spanish Govern- 
ment. Dr. Pearson  had designed a dam complying with the “ middle 
third ” principle. The Government Commission asked for a design 

under  the  dam generally-in other words, that  the unbalanced 
of such section that  the  dam would still  he stable with leakage 

vertical component a t   the  up-stream  face,  with the  dam full, would 
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not be less than  the hydrostatic pressure. The experience gained 
by  the Author when carrying out  the completion of the work 
proved that  the requirement was 'a reasonable one-perbaps, not 
necessary from  the requirements as  to  stability,  but advisable, 

the  dam  and  the surrounding rock, especially as it was found that 
since leakage would be less likely to occur between the  structure  of 

the borings had  not revealed many defects which were subsequently 
disclosed in  the rock foundations. 

The disposal of the different grades of concrete used in the  dam to 
meet the views of the different engineers employed in the construc- 
tion or to  meet  the requirements of the Government officials is 

Fio. 2. 

Scale: 1/1,600. 
Cnosv S~criolr OF T*r.anrr DAM. 

indicated in Figs. 3, Plate 2. The work was not carried on continn- 
ously, so that a mass of the  uniformity of that   at  Camarasa was 
hardly possible 

The Tremp power-house, a cross section of which is shown in Fig. 4, 
Plate 2, is equipped with four 7,000-kilowatt horizontal type  tnrho- 
generat,ors, one tnrbme at each end of the generator. The  arrange- 
ment is such that  the runners  may  be quickly replaced, since it 
was contemplated that it night be necessary to  work the installa- 
tion for considerable periods a t  high level, namely, 540 metres 

a t  low level, namely 500 metres (l,fi40 feet), with S6 metres 
(1,771 feet), with 76 metres (240 feet)  head, and a t  other periods 
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(118 feet)  head.  Such  a  condition, however, has  not arisen, the 
turbines  being  itwariablg  workeg a t  high level. 

The  Talarn reservoir was filled for the first time in 1916, and  tho 
power-house was  worked during that year ; but  as  adjustments 
had to be made, on account of the turbine-runners  not  being of 
the  best design for  the  head  obtaining of 27 metres (88 feet), 
against 35 metres (115 feet)  planned for, it was not possible to 
obtain  systematic  records  until 1917. 

Table I in  Appendix  A  shows  the  general  results of the working 
during 1917. The data were  compiled by  the Author  more  especially 
as  a  guide  to  determine  the  character of the  installation  later  settled 
upon for Camarasa.  The flow of the river is given in column 1 of 
the  Table.  This was below the normal,  as  there was considerabie 
drought at   the end of the  year  but  as  the reservoir  was  full at t h e  
beginning of the year, the average  head  is  above the normal.  The 
average  annual flow in  the  River  Pallaresa over a period of years is 
about 1,390 million cubic  metres (49,100 million cubic  feet),  and  the 
normal  output of the Tremp power-house corresponding  with  this 
is about 110 million kilowatt-hours.  The  general  results  for 1917 
show an over-all efficiency of about 72 per  cent., or a water- 
consumption of 259 cubic feet  per  kilowatt-hour  with  a  head of 196 
to  229 feet. 

Neither  the  type of turbine nor the  arrangement of penstocks 1s 

conducive to  the highest  eaciency,  but  the  highest  eEciency was not 
m view in  the design of this  station, which  was looked upon as the 
outlet of the reservoir ; the proposed  installation a t  Barcedana, 
and  the  storage for Serbs were the  primary  objects  in view in providing 
the Talarn reservoir. The  installation  contemplated a t  Barcedana  was 
to be served  by the Pallaresa  canal  and  a  pressure-tunnel.  The  Author's 
investigations  did  not  indicate that  this  site was the best  suited  for 
a power-installation, one reason being that  the general rock formation 
appeared to be of doubtful  stability;  and  the site did  not afford 
sufficient storage to secure  the  amount of regulation  required to 
serve  best the load  characteristics .of Barcelona. 

Table V in Appendix  A shows the cost of the Talarn  and  Tremp 
installation. 

The  installation at  Aytona or Serbs, on the River Segre, of which 
the Rivers  Pallaresa  and  Ribagorzana  are  tributaries, was the first 
constructed,  and  was hishedunderthe direction of Dr. Pearson.  This 
power-house is served  by a canal 12 miles in length, there being a 
diversion-dam a t  Lerida, a cross section of which  is  given in Pig. 5. 
This  diversion-dam  is below the Pallaresa and Ribagorzana  tribu- 
taries. These rivers are of much the  same order, and  the principal 

Downloaded by [ University of Liverpool] on [16/09/16]. Copyright © ICE Publishing, all rights reserved.



Proceedings.] PARRHALL ON HYDRO-ELECTRIC INSTALLATIONS. 299 

flow is derived In the snmmer  months from melting ice in the 
Pyrenees. All of thew  have  catch-basins  in the lower  levels, so that 
the combined flow at  the Lerida  weir  may run to several  thousand 
cubic feet  per second  in the  autumn.  Further,  there  is a diversity 
varying  with the conditions at   the  different sources, so that  the 
flow a t  Serbs is more  regular than would  be  expected from  the 
characteristics of any of these  rivers  singly  considered.  The  power- 
house is designed for 56,000 HP., and works a t  160 feet  head. In 
connection  with this canal, general cross sections of which are shown 
in Pigs. 6, Plate 2, there is a  system of earth-dams  and reservoirs. 
These reservoirs do not  store  an  important volume of water, about 

Fig. 5. 
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Scale : 1/200. Dimensions in metres. 
CROSS SECTION OB LERIDA DAM.. 

706 million  cubic  feet, but  are  very useful for regulation over short 
periods, about half of the  total storage  being  available  generally  for 
this purpose. A cross section of the power-house is shown in  Fig. 7 ,  
Plate 2. Table I1 in Appendix A gives the cost of the Serbs 
installation.  The  annual  performance of these  installations  is 
shown in Table 111. There is also included the  annual  output, of the 
small  installation a t  Corbera.  This is leased  property,  with which 
the  Paper is not concerned. 

Referring in  detail  to  the Camarasa  installation,  preliminary 
studies  indicated that a few  hundred feei; above  what is known as 
the confluence, there  was a suitable  site for a  power-installation. 
There  was a deep  caiion of limest.one formation,  massive  in  character 
and  very solid, with few  bedding-planes and joints, the  dip being north- 
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east below the  dam  and  horizontal at   and above the dam.  Near the 
bottom of the cafion the limestone  was especially solid and con- 
tinuous,  and free from  open  cracks or seams of any kind.  Higher 
up  the cliff there  had been a certain  amount of erosion, but a great 
deal less than  at  Tremp, and  not more  extensive than would be 
consistent  with  a  hard,  dense  formation.  There  were lateral caverns a t  
high levels near the  top,  but  at right-angles to  the wall of the cafion. 
The left caEon wall rises to a height of more than 328 feet a t   an 
angle of 80" or more, and  the  right wall, which is more  broken, 
rises a t  about 60" to  about 328 feet. The  borings  revealed  a very 
satisfactory state of affairs, but,  as  at Tremp, they did  not reveal 
everything, since, when the foundations were cleared, a  hole of 
approximately 706,000 cubic feet in volume  was  uncovered that 
was  completely missed by  the borings.  These  borings  showed there 
was no need for pressure-grouting. At  the narrowest  point the profile 
was  such that a dam slightly  convex  upstream  gave the best  economy 
in  the use of material. At  the left cliff behind the  site  the slope 
became  much  greater and afforded suitable facilities for a spillway 
to discharge a t  a safe distance below the dam.  The  rock  excavated 
for this spillway  afforded the  material required for the construction 
of the  dam. 

Studies of the load  characteristics in Barcelona in connection 
with the characteristics of the Tremp and Serbs  installations, 
showed that a  plant between  these  two,  designed to utilize the  normal 
daily  river flow in a few hours,  would have  a  greater  earning  capacity 
and utilize a  greater  portion of the annual flow of the river than a 
plant on the same  general lines as  those a t  Tremp or Serbs. Thus, 
the  plant  at Tremp in 12 hours  working a t  25,000 kilowatts, 
discharges 77 million  cubic feet. The  Camarasa plant could  utilize 
this  in  6 or 7 hours. 

The  carrying  out of accurate  tests over a suflicient length  of 
time to furnish the  data necessary for the design of a  hydro- 
electrical installation of the character of that a t  Camarasa  was 
attended  with  great difficulties. The figures finally reached are 
based on an average  annual flow a t  Pobla of 45,000 million to 
49,000 million  cubic feet, resulting in a total average  head of 
228 feet  above the tail-race level, with  an effective head of 216 feet 
on the turbines.  The  corresponding  output is 110 million kilowatt- 
hours.  The  water  used  per  kilowatt-hour is 259 cubic  feet,  being an 
all-round  average efficiency of 72 per cent., or 75 per  cent.  excluding 
penstock losses. These  results  are  confirmed  by  individual  plant- 
and machine-trials.  The  water utilized in an average  year at   the 
Tremp  power-house is 28,593 million  cubic  feet.  Studies  show that 
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this could be increased a t  Camarasa by 7,060 million cubic feet by 
doubling the  maximum  capacity of the  turbmes  at Camarasa. 
This condition was also favourable to  meet the peak-load require- 
ments  in Barcelona.  The gain through increased reservoir-storage 
a t  Camarasa might, according to  the method of working, be 1,059 
million cubic  feet,  making an available total of 36,712 million cubic 
feet. No allowance has been made for evaporation loss, as certain 
measurements  indicated that  the drainage area between Tremp and 
Camarasa contributes substantially more than would he  lost by 
evaporation and percolation. 

A turbine-capacity a t  Camarasa was ultimately determined on 
that could utilize this flow in 6 to 7 hours. The effective 

feet, hencc the drawing down of water a t  this  rate does not 
storage of the Camarasa reservoir is 1,ooO to 1,400 million cubic 

to  the  maximum peak-loads as they occur in Barcelona, and has a 
appreciably affect  the head, and  the  installation can readily respond 

further  advantage of great possibility of utilization  during flood- 
time. The whcels a t  Tremp cannot utilize more than 1,665 cubic 
feet per second, whereas the wheels a t  Canlarasa can utilize 3,530 

utilization a t  Treulp is  about 58 per cent. as against 73 per cent. 
cubic feet per second, the  net result being that  the coefficient of 

a t  Camarasa. The efficiency of the Camarasa plant on the basis 

machines will approximate 80 per cent,,  and  the corresponding 
of the experience gained a t  Tremp and on the  trials made on the 

cubic feet  with a total head of 264 feet, The total  water available 
water-consumption per kilowatt-hour will be at the  rate of 200 

feet, from which it follows that  the Corresponding output is 182 
for power in an average  year a t  Camarasa is 36,712 million cubic 

million kilowatt-hours per annum. 

and Camarasa  plants. 
Table IV in Appendix A gives a general comparison of the  Tremp 

Tahles show the  constants of the  dam  at four different levels. 
Referring to  the Camarasa (or Confluence) dam, the following 

angled cross section, and complying with the condition of hydro- 
The formula for the  ratio of base to height for a dam of right- 

static pressure balanced by weight component, takes  the simple form : 

H = B d G - I ,  o r - =  _ _  = tan a (a is  the angle of back 

to base of dam).  With G = 2.45,  the point E where the  resultant 

cuts  the basc is R - 

B 1 
H 4 G - l  

2 0.183Li 
G 

G = Specific gravity of material in dam 
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&notes nmximum preasuro a t  Lho h a d  of the <law if the hydrostatic 

presrurc is evenly <listrii,uted over the botlom of tlm d a n ~ .  

of the dam with &%m id,  if there is no hydrostatic pressure under the  &m. 

of the dam with darn full, if there is no hydrostatio pressure under tllo &m. 

P I >  in tuna per aquare foot,, detmte8 pressure per square foot OLI the clown face 

P:, in tons per square foot. denotes pressure per quare foot on tho upwhrd iscc 

crest, and it will be seen from F%. 8 that it is 318 fcet high from 
Thc dam is about 105 feet long st the base aud 402 feet at the 

1,h: botlmn of thr cut-off wall t o  the footway and 246 feet thick al. 

ccutsgc of plums in the dam is given in Tablc V I  (Appondix A). 
tl1n basc. It contains 280,ooO cubic yard8 of concrete. The per- 
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average  plum was 1.18 ton.  Results  indicated that, under thc 
lhese plums were of dense, hard formation and  the weight of an 

particular conditions at  Camarasa, this percentage of plums was 
economiml. The  introduction of a greater percentage of plums 
was accompanied by difficulties that more than counterbalanced 
the saving in concrete. Fy. 8 also  shows the way the concrete 

, l  

was uscd in the dam,  and Table VI shows the  rate at which thc 
construction procecded. 

cqumt, invcst,igation s l ~ u w e d  it could bc UIOK ocourlrnically constructed 
Thr spillway was first dcsigntxl to bc an open canal,  but subsr- 

as nhuwn. It WAS dcsigncd by Governnlcnt requirements to dis- 
ollargc 70,600 cubiu feet  per sccuncl, although no river flood has 
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occurred during the period records were obtainable.  Fig. 9, Plate 3, 
shows the general arrangement of the power-house, canal and penstock. 

The power-tunnel is cut through the rock and  is lined with cement. 
It is 750 square  feet  in cross section, 738 feet  in  length, and has a 
fall of 8.8 feet. This fall has been calculated on the basis that  the 
power-plant  might  be worked a t   f d l  capacity when the reservoir 

tive  storage of approximately 1,412 million cubic  feet of water. 
had been drawn down to a level of 370, oorresponding with an effec- 

The gencral formula used indicated that  at  full-load with the water 
standing in the reservoir a t  375, this head was sufficient to give a 
maximum velocity  of 22 feet per second, and a normal  velocity at the 
lower levcl of 5.5 feet per second. And, in  the  extreme case a t  full 
load, the levcl might  be drawn down t o  367.5;  this head  would  give 
approximately the velocity required for the operation of the  turbines 
at full  load.  The penstooks, one to each main unit,  are of riveted 
boiler-plate, are S feet  indiameter, and are grouted in the solid rock. 

In   the case of the Camarasa dam, where the  formation is more 
solidified and  apparently  in  all ways more satisfactory than at 
Tremp, there  is a percolation from sources unknown amounting 
to approximately 70.6 cubic feet per second. Prom  the temperature- 
tests mhde it would appear that the origin of this seepage must be 
a considerable way hack in  the mountains, and is more likely 
due  to surface-water than  to  the reservoir proper, in that  the 
galleries bored in  and  about  the reservoir when it was being  com- 
pleted  and filled,indicated that  there were  no leaks  from  the seams 
adjacent to  the  dam. 

It should be observed that in the case of the Tremp dam  the 
cement was made on the  site  by  the  dry process. In  the case of the 

I n  both dams the cement clinker was ground  on the spot. In  the 
Camarasa dam  the cement was made by  the Asland Cement  Company. 

cement, since tests indicated that  this material  gave an ample factor 
case of the Camarasa dam, very liberal use was made of the  sand 

of safety. The difficulties of transport  in Spain were so great  during 
the War that  there was need for the  greatest economy in aement. 

Table VI1  in Appendix A shows the  results of briquette  tests 
made weekly. 

Figs. 10, Plate 3, show the  longitudinal  and cross sections of the 
power-house, which is of reinforced concrete, and is designed to meet 
the local conditions and t o  make use of material locally available. 
I n  general, the  arrangement of t,he switching gear, transformers, 
lightning-arresters, etc., does not ditrer greatly  from  that in many 
modern installations, hence there is no necessity for detailed descrip. 
tion. All the  plant was manufactured by  the General Electric 
Company of America and complies in general  with  the  latest modern 
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practice. The generators  and  transformers, however, havc special 
featnres,  and its t,he  tests  carried  out were more than usually com- 
plete and the  resuks  may be of considerable interest  to engineers 
generally, the Author  has included the results of the  tests on these 
generators  and  t,ransfornlers in Appendixes B and C. 

The turbines were manufactured by Messrs. Escher,  Wyss & 
Company. They havc cast-iron scroll  cases  used  for doublc working- 
pressure and  cast-stecl runner8, and arc equipped wit,h Escher-Wyss 
automatic rcgulators, which have been found  to he  ext.re.nlely  efficient. 

is that higher  efficiencics arc  obtainable with lowcr-sprcd turbines. 
ThPy arc of very high speed for the  output,,  and t h r  Author's view 

Such IoTTcr-spced turbines, however, are mnch morc cxpcnsive, as 
arc also the  generators and buildings. American manufacturers x\.bo 
specialize in  the lower-speed type of machine m r e  asked t o  tender, 
but under the conditions obtaining  during the  War the:- declined 
to  do so. The  guarant,ees  required  are shown in Appendix D. 

The  generators mere  specially designed to meet the rcqniremcnts 
of long-distance t,ransmission, and a very  elaborate syst,em of tests 
rras carried out  at  the works of the ma,kers. Fairly close and  inherent 
regulation vas specified for the generat,ors, since the Author's 
experience is that, for long-distance transmission work, generators of 
close regulation are  the  most watisfactory from all points of view. 

to Barcelona through Camarasa. The switching arrangements are 
It will be  noted that  the lines from  Tremp and Se& are connected 

through Camarasa,  and  those at Camarasa and Tremp to Barcelona 
such that  the Tremp and Serhs plants can he connect,ed to Barcelona 

for  safety  and  automatic  control,  but as there  are no special features 
through Serbs. The  switchboard has all the most  modem  appliances 

other  than  those involved in the  particular arrangements of lines, 
special description appears  to be unnecessary. 

Investigations  made  in 1916 and 1917 showed that  the losses of 
energy due  to phase  displacement of the  current  by  self-induction 
exceeded 30 million kilowatt-hours per annum,  and as additional 
power could not be  provided  as soon as was required,  means of meet- 
ing  the  demands  until  the new installation proposed for Camarasa 
could be completed, were studied.  With a total  output of 260 million 
kilowatt-hours generated  per annum, 75 million kilowatt-hours were 
lost between the  turbine-shaft  and  the consumer, 65 millions  of which 
would be  more or less affected by the power-factor and more or less 
eliminated according to   the disposal of the phase-compensating 
arrangements. General particulars of the lines are shown in Fig. 11, 
Plate 3. The 110,ooO-volt system consists of two main circuits, 
one between Tremp  and Camarasa, and  through  the  Igualada 
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Sectionalizing Station  to Sans (Barcelona)-this being the first line 
constructed,  having  duplicate conductors of 0.157  square inch in 
each  phase.  The second line is between Serbs and'Sans.  This  is 
the second line  constructed  and  has  duplicate conductors of 0'196 
square  inch section.  There is also an  interconnecting  line between 
Camarasa. and  Serih,  and  on  account of the  length of this  Iattcr  the 
length of transmission  may  vary slightly, but  in  the average cam the 
length of transmission does not  vary  greatly from 120 miles. Current 
a t  25,000 volts  is  taken from the Sans Station  in Barcclona to Calls 
Mats  by underground trunk  mains, where it i a  gonerally distributed 
inBarcelona  at 6,000volts. It is also taken  by overhead  conductors 

the 25,000-volt overhead system which supplies 50 million kilowatt- 
carrying 25,000 volts t o  Corhera, which is  the  distributing centre for 

hours per annum. This 25,000-volt overhead system  is now linked 
up  with  the 110,000-volt system a t  various  points,  largely  reducing 
conductor-losses. On account of the wide fluctuations in voltage this 
interconnectingcouldnot  hedonewithout condenser-regulation,which 
greatlyreducesthefluctuationsinelectromotiveforce. Theenergy-loss 
effected byphase-displacementis(current)zX (resistance)incharacter. 
The  bulkof  the  saving  is effectedin periods of heavy  load.  The losses 
in  the  transformers  and generators vary  to a less extent with the  load, 

elimination of energy losses, that  output  during  what may bo 
It follows in designing  a  phase-compensation installation for the 

termed  heavy loading periods has principally to be considered. 
Thus  these calculations were based on an assumed  average  working 
condition equivalent to 55,000 kilowatts delivered to Barcelona 
during 4,000 hours in  the year, instead of a  measured maximum of 
70,000 kilowatts occurring a t  short intervals periodically. For 

while the  total  annual  saving effected by phase-compensation in  the 
voltage-regulation, maximum output  is  the  determining  factor.  Thus 

Barcelona system  by a properly designed system of phase-com- 
pensators would not exceed 12 per cent. of the  annual  output, 
the  maximum peak-load output of this system, as  determined  by  the 
limits imposed by regulation, could be increased 50 per cent. by 

faotor  in  the consumers' end of the  system varied between 0.67 and 
means of a  complete system of phase-compensators. The power 

0.7.  Preliminary calculations  showed the power-factor could he 

terminal voltages  increased in  the  ratio of 1 to 1 . 2 .  The energy- 
increased by phase-compensation in  the  ratio of 1 to 1 . 3  and  the 

losses directly  affected  by phase-displacement, as  estimated before 
and  after phase-compensation, were as given on p. 307. 

losses incident  to  the  distribution of the  additional  amount,  there 
Deducting 5,500,000 kilowatt-hours  for condenser and  other 

is a net  saving of 18,950,000 kilowatt-hours. 
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Before Phase- Alter Phase- 
Comgenaatioo. ComDenaatiun. Kilowatt-Honm 

Rlvillilill I 
~ ~ ~ 

Pm Annum. 

Generators C*RRloss . . . 4,050,000 2,200,000 6,250,000 

llO'OOO-v"lt loss . . , . . . c?1t} , 22,675,000 9,400,000 

25,000-volt system transformer 

5,725,000 13,600,000 17,325,000 110,000-~olttr;~nefonne~losi;es 

13,275,000 

- ! 3,400,000 

~ Totzl . . 
~ 24,450,000 

andconduotorlosaeo . . }  - 

~ ~ ~~ ~~~~~~ ~ - 

of synchronous  converters  installed a t  suitable points might be 
Calculations showed that a 20,000- to  25,000-kva. installation 

relied upon to  effect  such a saving. An  examination of the  system 

the use of three 5,000-kva., one 2,000-kva. and  three 1,000-kva. 
showed that compensation could be effected over a wide range by 

condensers having  the  characteristics now given. 

loading powcr-factor, to  have  magnetic  characteristics 80 that, 
To be of 96 per cent. efficiency, to work on 0.04 'to  0.05 

force would be in  the air-gap, and  tho electromotive  force could 
a t  no-load excitation. 90 to 95 per cent. of the magnetization 

he  inmeased by B0 per cent. from  normal  without  exchation by 
doubling.  Such  machines are self-regulating over a wide range, 
but  automatic regulators were provided for. T h y  were installed 
in  the 6,000-volt system as follows :- 

5,000-ha. machines at  the Calle Mata  substation, which is thc 
One 5,000-kva. machine at   the  Sans  receiving station, two 

general distributing  substation  for Barcelona, and,  as  already 
stated, i s  connected with  the Sans station  through  an underground 
system of trunk mains. Thus,  the b u k  of the phase-compcnsa- 
tion  acts  fairly  directly  on  the 110,000-volt transmission  system. 
Machines of 3,000-kva. capacity were installed a t   the  extremity of 
the 25,000-volt overhead system a t  Tarrasa,  and  two  1,000-km. 
machines a t  Villaneuva, which may be  regarded  as another  extremity 

general arrangement  is, therefore, that  both the 110,000-volt and 
of the  system,  in  that it is  half-way between Reus and Sans.  The 

25,000-volt systems  are  compensated,  practically at  the  extreme 
points, and  at points  most  favourable to phase-compensation. It 
should be stated  that over-excited  synchronous  motors were use 
at  certain points in connection with railway supply. They possibly 

x a  
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contributed 10 or 15 per cent. to  the general result,  but were in service 
before the present  installation  was put  to work, so they do not affect 
the accuracy of the conclusions as  to  the effect of the new machines. 

The increased  revenue  derived  from the  saving  in  energy  aug- 
ments  the possible net income by 2%0,000 per annum.  The  cost 
of the synchronous-condenser  installation as put down during  the 
war was considerable, the price f.o.b. New York  being $154,500. In  
addition to this, the  capacity of a  transmission  plant,  costing well 
over E500,000, can  be  increased by 40 per  cent.  by  increasing the 
capacity of the condenser-system  with the growth of load, up  to  the 
carrying  capacity of the conductors.  Precise  allocations of the 
savings effected have  not  yet been  made, but  in  the year in which 

Fiy. 12. 

the  total consumption  was 186 million  kilowatt-hours, the results 
indicated  that  the  annual  saving was not less than 10 per  cent. 
In practice the  installation works very  satisfactorily, and voltage 
fluctuations  are  vastly less now than formerly,  since the effect of 
local short-circuits is nct noticeable.  These  phase-compensators, 
or synchronous  condensers  as they  are commonly  termed, are used 
a t  light  loads  under-excited so as  to  act  as  induction load, which 
avoids  undue  increase in voltage and permits the interconnection 
with  the 25,000-volt  overhead system a t  additional points, as 
already  mentioned. F@. 12 shows the general  characteristics of 
the  system  as  worked  in  practice. 
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3*.3"rr* i4 ii 
S E C T I O N  A. * .  

S E C T I O N  C . Q  

S E C T I O N  B B. 

TRANSMISSION-LINE  TOWERS. 
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Fig 11, Plate 3, shows the  routes followed by  the 11O,OM)-volt 
lines of the Barcolana Company, also the 80,000-volt lines of 

agreement  with  the Barcelona Company, has  the  right  to  participate 
tile Energia Eleclrica do Calaluma. This last-named company, by 

in the general supply  to  the  extent of 40 per cent. of the  total. 
The 1inr.s from Servs to Camarasa and Camarasa to Barcelona were 

designed by Dr. Pcarson, and  are of a type which was commonly 
accopted as  the  best some years ago. The conductors are  stranded 
and  arc of 200,Mw circular nlils cross section.  The  insulators are 
of the piu type  with  four petticoats. After a few years this  type 
of inmlator gave a great deal of trouble, and was unable to 
withstand  tha stross of storms.  The line from Serils to Barcelona, 
whi& was constructed  under the Author’s direction, is equipped 
with suspcnsion insulators,  seven in serics, and has stranded con- 
ductors of 250,000circularmils  section. Standards  are designed for 
etraight runs with average spans of 650 feet. They  are equipped 
with  two lightning-guard wires, inch  in diameter.  They are 

with inch of sleet on  the wires ; the t.owers to remain stable  with 
designed for wind-presaure due  to a  vclocity of 100 miles per hour, 

two wires broken. Xxperience has shown that such  conditions can be 

used. The  liuc  from Camarasa to  the lgunladn  sectionaliziug 
met  with towers of this design. Pigs. 13 show the design of tower 

station, where the Barcelona supply  is linked up  by 25,000-volt 
couductors, has been reconstructed  in order t o  use the suspension 
type of insulator, and is equipped  with sis in series of the 
Hewlett  type. 

The  cost of the Camarasa installation to  date (two  12,500-kilowatt 
unib installed)  is approximately f1,370,000, and  the details are 
shown in Table VI11 (Appendix A). With five units installed the 
cost will he increased by f375,000, and  the  capital cost per 
kilowatt will be €27.9. The work was carried out under  favourable 
conditions so far as labour costs were concerned, and i t  may be 

a t  the present timc. 
added  that such an installation could not be  provided on this basis 

The Paper  is accompanied by  thirteen drawings, from which 

by  four Appcndixea. 
Plates 2 and 3 and the Figures in  the  text have been prepared, and 

[APPENDIXES. 
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A P P E N D I X E S  
__ 

APPEKDTX A. 

hlonth. 

1si7. 

January. . , 

IreLruary . . 
Maroh . . . 
April , , . 
&lay . . . . 
June . . . 
July. . . . 
Auguet . . . 
September . , 

October . . 
NoTemhr , . 
December . , 

9.778 

12'030 

6 ,765  

6'131 

6.013 

7'528 

10.068 

9.77" 

10,337 

8,762 

5.859 

97'916 

- 
6 
- 
Mean 
Head. 
W.& 
~- 

244'0 

226.3 

213'2 

215'1 

210'0 

240.7 

247.3 

246'0 

233'5 

221.0 

207'9 

194'8 
-~ 

.. 

- 
7 

~ 

cab. Pt. 
Million 

~~ 

1,729 

2,541 

3,282 

1,341 

1,490 

1,200 

1,800 

2,386 

2,435 

2,672 

2,456 

1,750 

.. ~25,082 
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. . 69.670 

. . 60,ZRO 

f 

, . lil.350 

. , 5 i 6 , 4 6 0  

, , 151,120 

. . 80,080 

. . l51,99U 

. . 19,710 

. . 85,900 

. . 6,000 

. . 11,900 

. . 482.800 

~ 1917 
__-I_ 

Steamgenerntivn . . l 5,340,725 

Hydrrulia gemratim- 
~ 

l'obh . . , . , 6,632,010 

Cw.bei-a . . . ~ 6,404,870 

Serils . . . .  '131,873.600 

Tremp . . .  ~ 9i ,947,600 

Camams* . , . .. 

~~ ._______ -. 

1 1918 ~ 1919 l 1920 ___ ___ 
5,024,361 ~ 50,190 ~ 386,650 

i 
11 ,128 ,6 t0  ~ 9,930,216 2,735,230 

6,059,110 ' 6 ,Y53, i90 : 4,055,030 

136,469,600 90,55i,500 :123 ,312 ,814 

90,112,800 '111,278,SOO Q l , Z l , l 6 7  

.. 21,444,100 

I 

T v t d  . . .  i248,195,705 2i8,824,621 213,760,486 243,184,871 

Pobla is a small p h u t  installed principally f u r  u8e during construction. 
Corhra is S small plant leased to  the Company. 
The reuaining three stations &re those dealt with particularly in the Paper. 
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DIU :- B 
C*re "f wster . . . . . . . . . . . .  29,110 
Eararntiou . . . . . . . . . . . . .  i8.480 
Preparing fuundatiuu . . . . . . . . . .  80,250 

Irrigatiuo outlet 2,630 
Corrcrrte 401,OZU 

Autonmtic g'\tra , . , . , , . , , . , . 25,6>0 
Spill-vuv . . . . . . . . . . . . . .  62.920 

. . . . . . . . . . . . . .  . . . . . . . . . . .  

Log-way . . . . . . . . . . . . . .  2,410 
742,380 

Power-plant system . . . . . . . . . . . . . . .  167,060 
Buildings . . . . . . . . . . . . . . . . . .  60,030 
Hydraulic equipment . . . . . . . . . . . . . .  00,000 
Nlectrical . . . . . . . . . . . . . . . . .  106,850 
hIiJcrll"lle""J . . . . . . . . . . . . . . . . .  3,130 
Teiir*cc . . . . . . . . . . . . . . . . .  
Teetiug atid starting 

9,000 

1rrig:nliun-cuual aystern 65,900 
100 

Prrornnent qusrters . . . . . . . . . . . . . . .  3,500 

L i l d  189 .2 !0  
Adminiatrative and general oharges 414,07U 

1.826.iO0 

. . . . . . . . . . . . . . .  
. . . . . . . . . . . . . .  

. . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  

Coat of the 110,000-volt ttaaimmi&oo line Bhoxn on the xaa 

&ppro"imstely . . . . . . . . . . . . . . .  1,000,000 
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TABLE VI.-CAaanasA DaM.--PEOaRliSB OF CONCRETISO. 

FeLruaq . . 0,05E 

X ; ~ r e l l .  . . ! 13,301 

April . . . 10,277 

& b y  . . , 19,914 

June , . , , 14,318 

July . . . 17,390 

August . , 18,846 

September . 1 21,903 
October . , 21,732 

Nuvernber 

i 

' i 1y,s12 
December. . ' 16,2a6 

1920 i 
January . , 1 11,771 
February . . 13,250 

Maroh . . 
~ 9.972 

April . . . , 10,302 

l 

1.784 

3,0S3 

4,151 

2,845 

4,016 

3,221 

4,210 

4,101 

3, G64 

2 , m i  

1,617 

1,757 

1,208 

1,218 

5% 

107 
- 

15,121 

19,418 

24,lFf 

17,248 

21,539 

22,207 

20,247 

20,237 

22,544 

17,930 

13,471 

16,085 

11,310 

11,585 

5,738 

1,639 

6,702  3'1 

21,832 10.1 
! 19 '2  

06,419  30'4 

82,668 ~ 58.4 

104,205 4 8 ' 4  

41,261 

1 
126,415  68.7 

152,609  70.9 

178,900 ~ 8 3 ' 2  

201,446  93.7 

219,376 102'0 

232,848 

247,933 

259,249 

270,835 

276,573 

278,112 
- 

108'2 

115'3 

120'0 

124'2 

127.0 

127.0 - 
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APPENDIX B. 
~ 

QENEBATORS. 

11,250 kW. maritnum continuous, 14,000 ksa. a t  80 per cent. power-faetor 

vertical-shaft alteruating-current generator, -h oomplete with  direct-coupled 
16 pole, type ATR, 375 revolutions per minute. 0,600-vult, three-pllsae. SO-cycle 

exciter, 68 kw. capacity a t  '250 volts. To oomply with following :- 

9,000 a t100  

9,000 11,250 ,, 80 

PW C l l i t .  

30 increase 

l 35 
11,250 14,060 ,, so i 40 

Ilormal. 

losses, frictions and winduge, v e m  as fullown:- 

O~,rrapeed.-The  generators were tested at an overapeed of 80 per cent. above 

E$ciuncy.-The effioienoiea a t  rated voltage and frequeucg, including lmd 

11,250 kw. (11,250 ksa.- 100 percent. power-factor) . . 97.1  
9,000 kw. (11,250 k m . -  80 ,. .. ) . . Y B ' S  
4 600 kw. 6 625 k m . -  80 ,, ,, ) . . 93.7 

Per cent. 
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Inrulrdon Trsl.--Tne windinga were tested m followa :- 
\,"It% 

Aitereatin6r-currenLgenerator htator . . . . .  14,200 

Direct-current  exciter . . . . . . . . .  1,500 
field . . . . . .  2,500 

expressed in W+, i.e.,weight  in pounds  multiplied by (radius of gyration in feet)? 
F Q p / ~ e d  ,Tj"ict.-The revolving part uf the  generator has R Rywheei effect 

of not less than 1,200,000 lb..ft.' 

Swnmary q i h a s c s  shou,n hy Teals. 

Load in kva. . . . . . .  5,625 

Power-fnotor . . . . . .  , 0 ' 8  

Load in km. . . . . . .  4,500 

Volts  at  terminals . . . .  6,600 

Amperes . . . . . . .  , 492 

Slator  IWIloss . . . . .  ~ 7 . 3 8  

IlatorIZRlose . . . . .  23'40 

Exciter arm 12H loss 0'54 

Cureloss . . . .  : : 1 97.00 

i 

Stray loadloss . . . . .  10.20 

li'riotion md windage . . .  1 75.30  
~~ 

Totalof srbovelosses. . . .  213'82 

Output in kw. . . . . . .  4,500 

Input . . . . . . . . .  ~ 4713'8 

i 5 -degree  e6cienoy . . . .  9 5 ' 4  
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APPENDIX C. 

cooled, single-phase, 50-oycle step-up  transformera of the following rpocified 
The  trmsformera of the 4,700 kva. comtype, oil-immersed, waber. 

characteristics :- 

Tramformer  rating in kw. . . . . . .  4,700  kilowatts 
Total 1% . . . . . . . . . . .  30 .. 
Cure Iona . . . . . . . . . . .  21 .. 
Reacbnnce . . . . . . . . . . .  12'0 per cent. 
I"rperl&nce . . . . . . . . . . .  12 '0  .. 
Eroiting CUrrCllt  . . . . . . . . .  3.61 .. 
Regulation a t  100 per CBLIL. power-f*otor . . 1 '25  ,. 

Efficiency full-load. QS.75 
Incree~e of temperature by resistanoe 25' C.-45" C. 

.. half-load. . . . . . . . .  98'74 .. quarter-load. . . . . . . .  9 8 ' 7 5  

. . .  
. . . . . . . .  

IXSULATION TZSTS. 
The  transformers, when filled with oil &nd at approximately  the operating 

temperature, were to  withstand  the following test voltages for II period of 
one minute,  determined by sphere-gap ealihration. 

From hiqh-voltage winding to low-voltage} 221, ooo x~,,ltn 

Fromlow-voltage winding6 tocute . . .  14,200 .. . . . . . . .  windings and core 

Across full windings . . . . . . .  twice the nonnd 

Net head 236 246 255 ft. 

Speed 375 r.1l.m. 
Output 16,400 17,500 18,530 HP. 

. . . . . . . . .  R4 ,, 

. . . . . . . . .  78 ,, 

OUTFUT dND F.YFIOIENCY. 

. . . . . .  
Quantityof  water . . .  746 760 773cu. ft. per sec. 

. . . . . .  
. . . . . . . . . . . . .  

. . . . . . .  80 per ocnt. 

GC'\-EIINIh-C. 

Following loads . , . . 4,375 R, i50  17,500 HP.  
Iucreaae of speed (msximum) l& 
Increase of pressure (msximum) over static pressure 18 lha. 

4 1 4  per cont. 

aseumiug the following conditions : 
T O ~ I  flywheel effect in the generator n t  3i5 r.p.m. 1,200,000 Ib.-ft.*expressed 

in terms of weight and radius of gyration., 
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