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The C om bustion of W aste -W o o d  P ro d u c ts
By H. W. BEECHER 1 a n d  R. D. WATT,2 SEATTLE, WASH.

This paper is not in tended  to  be a rigorous a rg u m en t or 
a  scientific treatise advocating any  p articu la r procedure in  
producing steam  from  th e  com bustion  of wood waste, b u t 
ra ther the com pilation  of essen tial facts m ade ap p aren t 
by many years o f experience in  dealing w ith th is  ra th e r  
abstruse subject.

THE waste products resulting from the manufacture of 
lumber, plywood, or cellulose for conversion into pulp are 
available as fuel. Manifestly, any portion of the log which 

can be economically converted into more valuable material should 
neither be classified as waste wood nor used for fuel. Sawdust 
and shavings can bo handled for burning without further process­
ing. Slabs, edgings, trimmings, and other waste products require 
further size reduction to prepare them for rapid combustion, easy 
transportation, and convenient handling. Such material is 
usually processed by a mechanical masticator, commonly known 
as a “hog.” The product so obtained, together with sawdust and 
shavings, forms a mixed fuel called “hog fuel.” The term “hog 
fuel” will be used to describe the waste-wood products dealt 
with in this paper, whether they be sawdust, shavings, or a 
mixture of these with hogged materials.

E c o n o m ic  A s p e c t s

The cheapest power for operation of a sawmill is energy gen­
erated from steam produced by burning the resulting waste ma­
terials. This waste must be removed or destroyed and is available 
to the producing sawmill without transportation costs. Whenever 
sawmills are not located within economical transportation dis­
tance from external hog-fuel markets, large investments in refuse 
burners are necessary in order to dispose of excess waste fuel. In 
a country with an abundance of cheap hydroelectric power, fuel 
must be inexpensive to permit steam-plant competition, except 
where steam is required for process.

The mill production cost for the hogged portion of fuel is from
10 cents to 15 cents per unit, largely made up of power, operation, 
and maintenance expenses of the hogging equipment. The mill op­
erator should receive a reasonable return on his investment and, 
if possible, secure a profit on his waste material. Prices charged for 
hog fuel vary from 50 cents to 11.50 per unit a t the producing mill, 
depending upon the supply and demand and not upon the cost 
of production. If a mill is isolated from the market in a com­
munity where the other fuel-consuming activities also produce 
hog fuel as a by-product, there is competition for the consuming 
market and the mill operator must then be satisfied with smaller 
returns. Conversely, if the producing mill is located in an in­
dustrial center containing fuel-consuming plants which are not 
producers of fuel, an absorbing market is available, permitting 
the mill operator to secure a profit on his waste materials. In 
recent years the revenues from hog-fuel sales have represented a 
large part of the total profits of many mills.

The large volume and weight of hog fuel per available Btu 
makes the transportation cost loom large in the total cost to the
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consumer. The economical marketing zone is limited by trans­
portation costs. Frequently, greater cost is involved in trans­
portation and handling than the actual price paid by the con­
sumer to the producer for the fuel at the point of manufacture. 
In spite of high transportation costs, hog fuel is generally avail 
able to the consumer at a cost per million Btu, comparing favor­
ably with the costs of other types of fuel in the lowest-fuel-cost 
areas of the United States. Hog fuel is, therefore, the principal 
fuel used in the Pacific Northwest for steam production.

The high moisture content of hog fuel materially reduces the 
obtainable thermal efficiencies of boiler plants, as compared with 
the efficiencies secured with other fuels. This necessitates com­
parison of hog fuel with other fuels on the basis of their relative 
cost per available Btu. Many consumers of hog fuel pay as little 
as 50 cents a unit, delivered. In other Northwest plants the hog- 
fuel cost reaches $3.50 per unit. A unit of hog-fuel measurement 
occupies 200 cu ft. An average unit of hog fuel will contain ap­
proximately 20,000,000 Btu. Boiler-plant efficiencies with hog 
fuel vary, depending upon the type of installation, the percentage 
of rating at which the boiler plant operates, and whether air 
heaters are installed for recovery of additional heat from the 
boiler gases. These efficiencies vary from 45 per cent on the 
poorer installations to 65 per cent on the more modern and better 
equipped boiler plants.

To indicate the general low cost of hog fuel for the production 
of steam, it may be noted that with 60 per cent efficiency the 
available heat per average unit would be 12,000,000 Btu. At a 
cost of $ 1  per unit, the corresponding cost of steam production 
would be 8 Vs cents per million Btu input. With fuel oil costing $1 
per bbl and with 83 per cent boiler efficiency, the heat available 
in steam would be 5,200,000 Btu per bbl and the corresponding 
cost per million Btu input would be 19 cents. With coal having a 
heat value of 12,500 Btu per lb and costing $4 per ton and with 
an average boiler efficiency of 80 per cent, the corresponding 
cost of steam per million Btu input would be 20 cents. This com­
parison indicates that, in so far as a consideration of the combustion 
of hog fuel is concerned, a low-cost fuel is involved which has not 
yet encouraged the engineering research or the capital investment 
which would be warranted were it a higher-priced commodity.

M e a s u r e m e n t  o f  H o g  F u e l

Neither buyers nor sellers of hog fuel have been willing to 
spend money to measure accurately fuel having such low cost 
per million available Btu. The seller has not had competition 
from fuels other than hog fuel from competing mills, as this fuel 
has been used principally in localities where neither oil nor coal 
has been competitive. The buyer, realizing the economic ad­
vantage in using hog fuel, as compared with other available fuels, 
has been unmindful of the advantages to be obtained by purchas­
ing scientifically and determining the actual fuel values obtained 
for his dollar.

To compare and purchase on an available Btu basis one must 
purchase by weight, rather than by measurement, and make 
proper corrections for average moisture content. The simplicity 
and comparatively low cost of volumetric measurement has de­
layed the adoption of the more scientific system. The general 
adoption of volumetric measurement dates back 30 years when 
hog-fuel prices were yet lower than those prevailing today. The 
“unit” on which most hog fuel is purchased and sold contains 
200 cu ft (material and voids) irrespective of the compacting of 
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the fuel brought about by the shape, size, or handling of the 
measuring containers. The process of mixing hog fuel and saw­
dust, in which the sawdust tends to fill the voids, provides greater 
fuel content per unit of measure. No allowance or credit is 
ordinarily given by the buyer for the greater number of Btu 
in a compacted unit. As a result, there is wide variation in the 
heating value per unit as sold. Another element of variation 
which is waived with the present measurement basis is moisture 
content with its serious effect on the availability of the heat 
units. With the present measurement basis, a buyer may obtain 
more heat per dollar from a unit for which he pays $1.50 than from 
another unit for which he pays only $ 1 . The development of 
weighing-belt scales shortens the time until much of the hog 
fuel used in large plants will be weighed and, with proper moisture 
determination, be bought, sold, and compared on a Btu basis.

A v a il a b il it y  o f  W a s t e -W ood  F u e l

As long as lumber is cut from logs, there will be waste for which 
the primary market will be among the consumers of cheap fuel. 
A detailed survey by the Forest Service and reported by Allen
H. Hodgson showed that, in the manufacturing of slightly over 
10,000,000,000 fbm of green, rough-sawed lumber in the Douglas 
fir region in the year 1929, over 619,000,000 cu ft of solid-measure 
normal sawmill waste was produced. An analysis of the total 
volume of 1,354,000,000 cu ft of sound wood in the logs showed 
that approximately 67 per cent (911,000,000 cu ft) was converted 
into green, rough-sawed lumber; nearly 19 per cent (261,000,000 
cu ft) became slabs, edgings, and trimmings; the balance, 14 
per cent (191,000,000 cu ft) was sawdust. In  addition to the 
sound wood there was approximately 167,000,000-cu ft solid 
measure of bark. This indicates that of the solid-wood material, 
inclusive of bark represented by the logs as delivered to the saw­
mill, 41 per cent is so-called “waste” and available for fuel.

We have been unable to find the result of any studies made to 
determine the percentage of solid wood in the tree represented 
by the solid wood in the saw logs. I t  is well known that the 
tops and branches cannot be economically handled, transported, 
and utilized for the production of lumber, as the available wood 
content, when converted into lumber, will not bring sufficient 
revenue to the mill to cover the cost of removing this material 
from the forest. The branches and tops left in the forest are a 
fire hazard and, if the cost of handling and removing them ap­
proached the price obtainable for the materials produced, they 
would be removed by the mills at a loss rather than be left in the 
forest as a menace. I t  is reasonable to assume that the material 
left in the forest is sufficient to make up the difference between 41 
and 50 per cent, and to state broadly that, of the wood content 
of the average tree as logged and utilized in the Northwest, less 
than 50 per cent is converted into lumber and its allied products. 
The balance is an economic waste except for the value recovered 
as fuel.

While there may be some slight improvement in utilization, 
the greatest encouragement for the conservationist comes from 
the possibility of chemically treating selected portions of existing 
waste for production of cellulose products. Another field is 
fermentation and production of alcohol. A third utilization proc­
ess is destructive distillation which would give charcoal, numer­
ous by-products, and some steam for power production by burn­
ing the gas after cleansing of by-products. All these possibilities 
justify the statement that, as long as sawmills in the Northwest 
are operating at reasonable capacities, hog fuel in abundance will 
be available for industrial use.

There will remain a wide price range to the consumer a t his 
place of use. As a consumer goes farther afield to secure his fuel 
in competition with other consumers, the more fortunately lo­
cated sawmills with lower transportation costs will raise their

prices and derive greater profits. Greater consuming markets 
will advance the prices so that small mills, beyond the zone of 
economical transportation a t present fuel prices, will be pro­
vided with a market for materials now destroyed in refuse burners. 
Such destruction, while wasteful, is necessary without a market 
for this material.

T r a n s p o r t a t io n  o f  H og  F u e l

Where water transportation is available without rehandling, 
it is by far the cheapest method of moving hog fuel. Hog fuel 
is towed on barges as great a distance as 350 miles.

In certain localities, transportation must be by rail in specially 
fitted cars. Tariffs are either per car or per 100 lb weight. In 
either case it is desirable to have car contents a maximum. Cars 
are constructed with sides extending to maximum clearance 
height for the division in which they are to operate. A 50-ft car 
may be constructed to handle 35 units. However, most cars 
carry from 20 to 30 units.

The use of trucks for hog-fuel transportation is increasing. 
Special bodies carry from 4 to 6 units where regulations will 
permit. They load by gravity from bins, or conveyers, and are 
fitted with power dumps by which they are discharged into hop­
pers. Truck-transportation cost is dependent upon the length 
of haul which affects the portion of hourly truck and driver costs 
chargeable to each unit of hog fuel.

Each transportation problem must be independently treated 
to obtain the least possible cost. No set schedule of probable cost 
can be suggested as generally applying to any of the three 
methods outlined.

In rare cases, the hog-fuel-producing plant is situated near a 
consuming market and very IcrvTtransportation costs can be ob­
tained by use of belt conveyers between plants.

Except where necessary to elevate fuel steeply or to take off 
at several intermediate points, belt conveyers should be used. 
Even with multiple-point discharge, it frequently becomes de­
sirable to use trough belts with traveling trippers or flat belts 
with unloading slices rather than to install scraper conveyers.

Belt conveyers are cheaper to operate than flight conveyers 
as they require less power, attention, and maintenance. Where 
belt conveyers cannot be conveniently installed, it is necessary 
to use special scraper or drag conveyers. All boiler-feed conveyers 
should be provided to convey more than current requirements and 
to return surplus to supply source, rather than to attempt regula­
tion of the conveyed fuel supply in synchronism with fuel con­
sumptions.

The amount of fuel storage required depends upon reliability 
of supply, possible interruption to transportation, and the neces­
sity of avoiding plant outage. Plant consumptions, load factors, 
and operating intervals also affect the amount of storage which 
should be provided. The possibility of using oil or other more ex­
pensive fuel for emergency operation, with its attendant higher 
fuel cost, should be weighed against the fixed charges on average 
hog-fuel storage and recovery systems.

H e a t in g  V a l u e

The high percentage of oxygen in wood reduces the heat con­
tent per pound as it is combined with carbon and hydrogen to 
form carbohydrates and, therefore, the total heat of combina­
tion of the combustibles is not all available. The manner in which 
these three elements are combined is not definitely known and 
the use of Dulong’s formula, as applied to the ultimate analysis 
of wood, will not result in a Btu value corresponding to that ob­
tained from calorimetric determinations. Hog fuel as normally 
delivered to the furnaces contains a high percentage of moisture. 
A portion of this is extraneous moisture, either resulting from wet 
logs, water lubrication of saws, or rain when fuel has been ex­
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posed. Most of the moisture, however, is in the cellular structure 
of the wood. The fuel, as received from the average sawmill, 
contains material with high moisture content from the sap wood 
of the log, material with a medium moisture content from the 
heartwood, and material with comparatively low moisture 
content from wood dried in commercial dry kilns.

In  computing combustion results, moisture determinations are 
reported as the percentage of the total weight of wood and mois­
ture represented by the moisture. This means tha t fuel contain­
ing 50 per cent moisture contains 1 lb of water per lb of dry fuel. 
With the high oxygen content of wood there would be l 5/* lb 
of water per lb of combustible. If  the oxygen were combined with 
the hydrogen, as assumed in Dulong’s formula, 50 per cent mois­
ture in the fuel would correspond to  approximately 2 lb of water 
per lb of ununited or available combustible. I t  is interesting to 
note, when the moisture content is increased from 50 to  60 per 
cent, the weight of moisture in the fuel is increased from 1  to l 1/2 
lb per lb of dry fuel. The hog fuel used in industrial plants of the 
Northwest will average from 25 per cent moisture, when princi­
pally kiln-dried material, to from 57 to 60 per cent moisture when 
largely green hemlock.

The available heat in hog fuel is a function of the moisture 
content. The heat necessary to  raise the temperature of the wet 
fuel to 212 F, evaporate the water, and superheat the vapor to  the 
exit-gas temperature is not available for steam production. This 
accounts for a substantial portion of the to tal losses in hog-fuel 
combustion.

All species of wood considered herein have approximately the 
same heating value on a bone-dry basis whieh will average 8900 
Btu per lb of dry wood. However, some species are better fuels 
than others. Hemlock is not as good as fir. Spruce is better 
then hemlock, but poorer than fir. Cedar is a  light fuel and re­
quires a specially designed furnace for good results. Hemlock, as 
ordinarily available as fuel, has a high moisture content and does 
not readily part with its moisture. A t least 20 to 25 per cent 
more capacity can be obtained from given furnaces and combus­
tion chambers with fir fuel having about 45 per cent moisture 
content than with hemlock having 57 per cent moisture.

The heating value of stored hog fuel varies with the time in 
storage. Storage of hog fuel in the open decreases available Btu 
in fuel faster than storage under cover. This loss of heat value is 
attributed to slow oxidation which takes place a t low tempera­
tures. Cultures have been made from samples of hog fuel after 
storage over a considerable period which show an indication of 
molds and other wood-destroying fungi. These reactions are 
exothermic and the heat is lost.

C o m b u st io n

Coal and oil in age-long processes have both been formed from 
vegetable matter. All wood, coal, and oil contain the same 
elemental combustible materials; these elements are, however, 
combined in different ratios. A typical ultimate analysis of wood 
is as follows;

Per cent
Carbon................................................ 50.31
H y d ro g en .................................................. .. 6.20
Oxygen................................................  43.08
Nitrogen..............................................  0.04
A ah...................................................... 0.37

Through the ages, during which coal and oil have been sub­
jected to heat and pressure, much of the oxygen and moisture 
originally contained in the wood or other cellulose matter from 
which they were formed have been driven off, leaving a greater 
concentration of combustibles.

Nearly 45 per cent of the dry weight of wood, independent of 
the species, is oxygen. The hydrogen-to-carbon ratio in wood is

of the same order as in oil and, therefore, for the same excess 
air, the percentage of water vapor as compared to  dry gases will 
be approximately the same for these two fuels. Coals, as a rule, 
have much lower hydrogen-to-carbon ratios and, therefore, give 
combustion gases containing lower percentages of moisture. The 
heating value of the fixed carbon in wood fuel amounts to from 
15 to 20 per cent of the total heat in the fuel. The high moisture 
and volatile contents of hog fuel delay combustion which proceeds 
as follows:

1 The driving off of the moisture content and raising the wood 
to a temperature a t which volatiles will be driven off;

2 The actual distillation of volatiles;
3 The combustion of the fixed carbon.
The high oxygen content of wood with its low nitrogen con­

tent reduces the percentage of nitrogen in hog-fuel flue gas. Coal 
of typical analysis, if completely burned without excess air, would 
produce I8V2 per cent COs in the combustion gases; similarly,
oil of typical analysis, if burned without excess air, would pro­
duce 151/* Per cent CO*; wood of the typical analysis quoted 
will give, if completely burned without excess air, approximately 
20 per cent CO2.

The wood itself contains but little noncombustible in the form 
of ash; however, hog fuel as normally fired may carry with it  
appreciable quantities of ash-forming material in the nature of 
extraneous m atter embedded in the bark or wood fibers and not 
removed in preparation, transportation, and handling. This may 
consist of small pebbles, sand, and shells. Logs which have been 
transported in salt water give off gases containing salt fume which 
assists in lowering the fusion temperature of the noncombustible 
and accelerate the deposit of slag on boiler tubes.

With deep fuel beds, most of the fixed carbon, undoubtedly, 
leaves the fuel bed as carbon monoxide where it  unites with addi­
tional oxygen to bum to the dioxide. The incandescent carbon 
adjacent to the grates burns to the dioxide and then, in passing 
further through the incandescent carbon, is reduced to  the mon­
oxide.

In  the cellular type of furnace, it is important to provide 
secondary or overdraft air. The conieal pile of fuel is too thick, 
except around its edges, to pass the necessary air for rapid com­
bustion. The closing of secondary-air admission ports, resulting 
from too thick a fuel bed, is quickly evident in the smoking of 
furnaces. The admission of overdraft air through the grates in 
the front of the furnace with little resistance to the passage of 
such air decreases the negative pressure in the furnace and lowers 
the required average draft throughout the setting. Any decrease 
in required draft is desirable to avoid infiltration in the convec­
tion sections where excess air decreases the efficiency of the 
boiler.

The standard method of feeding fuel to  flat-grate cellular-type 
furnaces is through feedhole openings located in the furnace roof, 
the fuel being transported to the furnace through chutes. Rea­
sonable precautions are necessary to limit the amount of air enter­
ing the furnace through these chutes; any air so admitted de­
creases the air to the preheater and also results in furnace strati­
fication. In  spite of such precautions, the falling fuel produces 
an injector action and entrains considerable quantities of air.

D e s ig n  o f  F u r n a c e s  t o  B c e n  H o a  F e w ,

The problems of proper combustion of hog fuel are greatly in­
creased by the necessity of providing furnaces suitably designed 
for fuels varying in size from dust to pieces having 3 to 5 cu in. 
of content and for fuels of variable moisture content. Frequently, 
slugs of dry and highly combustible fuel are followed by slugs of 
wet fuel which form a damp blanket on the fuel pile. In the 
case of hopper-fired sloping-grste furnaces, one side of a hopper 
may contain dry fuel and the other side wet fuel.



The designer must provide furnaces to handle properly the wet 
fuel and, at the same time, not to punish unduly refractories dur­
ing the periods in which only dry fuel is fed. To produce the best 
average combustion conditions, much study has been given to 
the use of sloping-grate furnaces where the fuel is admitted in a 
comparatively thin and uniform layer over a drying hearth, in 
which portion of the furnace reflected heat is utilized to drive off 
the moisture and start the distillation process necessary before 
the fixed-carbon content of the fuel can be ignited. Following this 
section of the furnace, the fuel flows over grates and, as the 
volatile content is driven off, combustion of the fixed carbon is 
maintained by the air passing through the grates and fuel bed.

Theoretically, such furnaces would be preferred to flat-grate, 
conical-pile furnaces with which by far the greatest number of 
hog-fuel-fired boilers are equipped. Practically, difficulties are 
encountered with sloping-grate furnaces caused by:

1 The fuel not being uniform in size and, therefore, containing 
streaks, or pockets, of greater density than adjacent areas, leading 
to the formation of blowholes through the fuel.

2 The fuel, not being of uniform moisture content, leads to 
the formation of areas in which distillation and ignition proceed 
more rapidly than in adjacent areas, thus resulting in the same 
formation of blowholes.

With a fuel as light as wood, particularly after the moisture 
and volatiles have been driven off, leaving charcoal cinders, these 
blowholes lift the cinders from the grates, depositing them at 
the foot of the sloping section and, in their formation, prevent 
the fuel from above the blowhole cascading to cover the hole. If 
too great ashpit pressures are used, this formation of blowholes 
is accentuated.

The accumulated charcoal cinders at the toe of the sloping 
grates affords such high resistance to the passage of air that in­
sufficient air passes through this material. This prevents the 
combustion a t the toe of the grate proceeding with sufficient 
rapidity to obtain high ratings per square foot of grate area, as 
the limiting rate for inflow of fuel over the drying-hearth section 
is the rate at which the fixed carbon can be consumed a t the 
lower end of the grate. Even though sloping-grate furnaces have 
been tried in the Northwest with 15 to 16 ft of total length, ob­
tainable capacities per foot of width of furnace have been less 
than those possible with well-designed furnaces of the so-called 
cellular type. As a result of the greater capacity obtainable in 
the latter furnace, most of the installations made in recent years 
have been of this design.

I t  is possible that extremely long sloping furnaces with special 
means for controlling the rate of feed and for cleaning the ac­
cumulated slag at the toe of the grate, with controlled and zoned 
air supply, could be developed to give results comparable with 
those obtained with a flat furnace. Such an installation would 
involve capital expenditures which do not appear to be com­
mercially justified, as they could not improve materially upon 
the efficiencies obtained with the present flat cellular-type fur­
nace. An advantage of the cellular type of furnace is the ability 
to operate a boiler a t reduced rating while burning down and 
cleaning the slag from the grates in one of the multiple cells. 
Cell-type furnaces are constructed with widths for individual cells 
ranging from 61/ j  to 8Vs ft, which appear to be the economical 
limits of conical piles to be covered by single feedholes.

The combustion-chamber volume, gas-travel length before 
convection surfaces, and the cross-sectional area of combustion 
space are related and important in hog-fuel combustion. In 
comparable installations, the gas weights with hog fuel are ap­
proximately 1.7 times the gas weights with oil, and approximately
1.25 times the gas weights with coal. This increased gas weight 
results in lower combustion-chamber temperatures which are 
further reduced by the high moisture content of the hog-fuel
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gases. The decreased temperature does not entirely offset the 
increased gas weights and larger cross-sectional areas are required 
when burning hog fuel to give comparable velocities in the com­
bustion space. These factors make it essential to provide larger 
combustion spaces with hog fuel than with other fuels.

With the modem boiler installation, the increased capacity 
obtainable with preheated air has been largely responsible for 
the installation of preheaters rather than any gain in efficiency 
resulting from their use. When a preheater installation is 
charged with the extra capital, operating, and power costs, made 
necessary by the installation of forced- and induced-draft fans, 
and the necessary gas and air ducts, the low cost per Btu of the 
fuel precludes the justification of air preheaters on a strictly fuel- 
saving basis. With hog fuel it is impossible to obtain as low exit- 
gas temperatures from air preheaters as with other fuels. The 
high exit-gas temperatures, in part, result from the fact that only 
75 to 80 per cent of the air required for combustion can be passed 
through the air preheater.

With the general introduction of water-cooled combustion 
chambers in an endeavor to reduce brickwork maintenance, the 
addition of the preheater has been found desirable in order to 
decrease the size of the combustion chamber and the length of 
gas travel necessary from the furnaces to the convection surfaces.

The use of preheaters has made it necessary to use water- 
cooled grates to avoid excessive grate maintenance. Water-cooled 
grates have also proved desirable to facilitate grate cleaning. 
The slag formed from the foreign matter brought in with the 
fuel does not adhere tenaciously to the water-cooled grates; 
whereas, with uncooled grates, it is removed with difficulty. 
Several designs of water-cooled grates have been developed for 
this service. The heat absorbed in the cooling water is low- 
potential heat and must be subtracted from the heat available 
for the production of steam. In many installations the heat ob­
tained in grate-cooling water is used to heat condensate, or 
make-up water, in this manner supplanting heat which would 
otherwise be supplied by bled steam which had produced power 
or by the exhaust from noncondensing auxiliaries. I t  is, therefore, 
important in the design and construction of water-cooled grates to 
provide an arrangement for cooling which will extend the life of 
the grate, provide for easy cleaning, and, a t the same time, ex­
tract from the grates and from the preheated air passing through 
them a minimum amount of this low-potential heat.

D r ie r s

Hog-fuel driers offer attractive potential savings to the power- 
plant operator. The flue gas leaving an air heater at approxi­
mately 500 F contains sufficient heat to remove about */a lb of 
water per lb of dry wood without dropping the temperature of 
the gas so low tha t condensation difficulties will arise. In addi­
tion to the savings, the drying of hog fuel gives considerably in­
creased capacity per square foot of grate.

Although hog-fuel driers seemingly have a broad field, the 
volume of fuel to be dried per available Btu makes necessary a 
drier of such large physical dimensions tha t the fixed charges and 
the operating and maintenance expenses make it difficult to justify 
the investment.

Several different .types of hog-fuel driers have been proposed 
and tried in this country and abroad, but the authors do not know 
of any design which has proved completely satisfactory. There 
is a definite field for a satisfactory hog-fuel drier, but until all of 
the mechanical difficulties with the prevailing designs can be 
successfully solved their use will not become extensive.

C in d e r  N u is a n c e

The cinder nuisance from hog-fuel-burning plants has increased 
with higher firing rates required in the modern high-duty boilers
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equipped with forced- and induced-draft fans and air preheaters. 
Modern hog-fuel-buming plants are providing either mechanical 
separators or fl\ie-gas washers foi cinder removal. Starting with 
the use of large single cyclone dust separators, with relatively 
poor efficiencies on the fine light cinder particles, the necessity 
of securing better cinder elimination has led to a trial of various 
designs of mechanical devices, and to  the development of special 
wet gas washers.

There is but little information available concerning the dust 
loadings of boiler-exit gases. A t recent biddings by prominent 
boiler manufacturers, great divergence in the assumed per­
centages of uneonsumed combustible showed tha t there was 
apparently no actual knowledge of the dust loadings to  be ex­
pected. Bidders allowed as low as 0.25 per cent uneonsumed com­
bustible loss, while others allowed as much as 7.5 per cent. Some 
bidders gave constant percentages over the entire range of ra t­
ings, although it is evident th a t the unconsumed-carbon loss in 
the flue gas will increase with the rate of firing.

Recently, extensive and carefully conducted tests have been 
made by one of the country’s foremost manufacturers of gas- 
cleansing equipment. Tests were made a t various rates of opera­
tion, with and without preheat on distinctly different types of 
boilers. These tests will give the first authentic data on the dust 
loadings in flue gases of hog-fuel-fired boilers under variable con­
ditions of firing, fuel, and rating. Unfortunately, this informa­
tion is not as yet available to the public. The cinder problem 
when burning hog fuel a t high filing rates is a real one. The in­
dustry may expect valuable information affecting the best means 
o! cinder collection from such tests and the developments result­
ing therefrom.

B o il e r  C a p a c it ie s

A  high and narrow boiler is less expensive than a low and wide 
one of equal heating surface. The problems of boiler-plant design 
are not so much the provision of heat-absorbing surface as in ob­
taining suitable furnaces for combustion of the wet fuels a t high 
rates per unit area of furnaces. Tandem furnaces do not operate 
as well as furnaces with a  single feedhole per cell. Any boiler 
should have a minimum of two cells to  permit carrying part load 
during grate-cleaning periods, while three cells permit carrying 
greater loads during such periods. Boiler plants with several 
boiler unite can use fewer cells per unit without material loss of 
plant capacity. Many installations have furnaces splayed to  a 
greater over-all width than the boiler to permit greater furnace 
capacity with narrow boilers.

Numerous factors affect the capacity obtained from hog-fuel- 
fired boilers. The following table is intended to indicate in a 
general way what capacity should be expected from a well- 
designed furnace cell of the general dimensions used in modern 
installations in the Northwest. Values are given for cells with 
and without preheat and with good fuels of different moisture 
content:

Moisture in fuel, .------Btu input per sq ft of grate area----
per cent Without preheat With preheat

40 680000 8S0000
48 550000 690000
56 400000 500000

Caution should be exercised in the use of the capacities tabu­
lated as they reflect what can be accomplished under good condi­
tions and in properly designed furnaces.



R ecent D evelopm ents in B u rn ing  M id ­
w estern  Coals on W ater-C oo led  

U nderfeed S tokers
B y  H. C. CARROLL, 1 CHICAGO, ILL.

T h e  a u th o r  p o in ts  o u t  th a t  th e r e  is  a n  in c r e a s in g  tr en d  
to w a rd  o n e -b o ile r -u n it  o p era tio n  in  a s in g le  p la n t . T h is  is  
d u e  t o  a  b e tter  u n d ersta n d in g  o f  b o iler  a n d  fu r n a c e  d e sig n ,  
feed w a ter  tr e a tm e n t, h ea t-reco v ery  d ev ices , a n d  fu e l-  
b u rn in g  e q u ip m e n t, a ll te n d in g  t o  p r o m o te  in crea sed  e f ­
ficien cy , greater ea se  o f  o p era tio n , a n d  grea ter  r e lia b ility .  
T h e  a p p lica tio n  o f  w a ter -co o lin g  t o  u n d e rfe e d  s to k er s  c a n  
properly be com pared  t o  th e  a p p lic a tio n  o f  w a te r -c o o lin g  
to  refractory fu rn a ce  w a lls; a n d  i t  is  t h e  a u th o r ’s b e lie f  
th a t  i t  w ill prove fu lly  a s  b e n e fic ia l in  p r o te c t in g  t h e  gra te  
stru ctu re  o f  th e  sto k er  a s  h a s  w a te r -c o o lin g  proved  i t s  
value in  th e  p r o te c t io n  o f  refra cto ry  fu r n a c e  w a lls . T h e  
c o m p lic a tio n s  in v o lv ed  in  a p p ly in g  w a te r -c o o lin g  t o  
underfeed  sto k ers are o u t lin e d  in  th e  pap er a n d  n u m e r o u s  
su ccessfu l in s ta lla t io n s  u s in g  M id w estern  c o a ls  are d e ­
scribed.

THE first attempt to water-cool multiple-retort under­
feed stokers was made in 1929, where the tuy&res recipro­
cated. Flexible hose was necessary to supply water to the 

cooling tubes, which proved impractical. In 1933, one Mid­
western plant found it necessary to burn a cheap strip-mine 
Illinois coal with preheated air, or convert to gas. The multiple- 
retort stoker in this plant had stationary tuyeres which were 
cooled by fixed tubes. These were subsequently extended to pro­
tect the entire air-emitting surfaces of the stoker.

These original units were protected by small tubes with forced 
circulation, obtained by taking water from the boiler drum 
through a booster pump, and pumping it through the stoker cool­
ing tubes and back to the boiler drum. Later designs embodied 
natural-circulation tubes, connected in the same manner as 
conventional waterwalls.

At present there are about thirty installations of water- 
cooled stokers in commercial operation. These vary in size from
35,000 to 225,000 lb per hr, with a combined steam-generating 
capacity in excess of 3,000,000 lb of steam per hr. These units 
are distributed over a wide area, using a variety of coals from the 
eastern Atlantic fields to Nebraska, including Pennsylvania, 
Ohio, Indiana, Illinois, Kentucky, Iowa, and Kansas coals.

M id w e s t e r n  C oals

Coal which moves into the Midwestern section of the country 
from mines located in this area comes from operations in the 
states of Ohio, western Kentucky, Indiana, Illinois, and Iowa. 
While the Ohio coals are not, strictly speaking, Midwestern with 
regard to geographical location, they bear a relation in rank to 
some of the coals from the Midwestern fields, and are likewise

' Director, Engineering Department, Commercial Testing & 
Engineering Company. Mem. A.S.M.E.

Contributed by the Fuels Division and presented at the Semi-Annual 
Meeting, Milwaukee, Wis., June 17-20, 1940, 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 te :  Statements and opinions advanced in papers are to be  
understood as individual expressions of their authors and not those of 
the Society.

used for industrial purposes there. Table 1 shows in a general 
way the range of coals coming from these fields.

The approximate tonnages produced during the year 1938, from 
the states mentioned are as follows:

Ohio.............................................................  17,920,000
Western Kentucky...................................... 7,275,000
Indiana........................................................  14,050,000
Illinois.......................................................... 40,650,000
Iowa.............................................................  3,250,000
Kansas.........................................................  2,560,000

I t  will be noted that in general the Midwestern coals are rela­
tively high in moisture, high in ash, high in volatile matter, low 
in fixed carbon, high in sulphur (except the southern Illinois 
coals), low in fusion, and dry-heat values from 9800 Btu to 
13,800 Btu. Midwestern coals do not stand weathering very 
well, structurally are not hard, and the grindability index is low. 
Most of it is classed as free-burning, noncoking, and, due to its 
high volatile content, easily ignited.

B u r n in g  R a t e s

One of the most important factors in the successful burning of 
Midwestern coals is the rate a t which the coal is burned. We 
have adopted the projected area of the grate on the underfeed 
stoker as the area to be used in the calculation of fuel-burning 
rates.

Where the unit is designed for base-load conditions over the 
entire period of operation, definite burning rates can be estab­
lished. However, as is often the case in industrial and isolated 
city plants which do not have connections with other plants, a  
range of burning rates must be established which will prove not 
only economical over the entire range of load, but also will pre­
vent undue maintenance under peak-load conditions.

Keeping in mind the trend toward the single-boiler-unit 
operation, the water-cooled stoker presents a new possibility in 
this direction, especially where preheated combustion air is 
feasible.

Without water-cooling on underfeed grates, and using Mid­
western coals with preheated air, continuous operation at a burn­
ing rate of 35 lb per sq ft per hr can be maintained conservatively 
with most coals without undue maintenance; and with possible 
periods of from 2 to 4 hr of 38 lb per sq ft per hr during peak-load 
conditions.

However, with water-cooled grates, this range is increased 
under the same operating conditions to 45 lb per sq ft per hr 
continuous operation; and for peak periods up to 60 lb per sq 
ft per hr of from 4 to 6 hr duration, or longer.

This means that a much wider range of loads can be economi­
cally carried without undue maintenance, as a smaller grate area 
can be employed and still have a good efficiency at the lower range 
of loads.

Where heat recovery is other than in the form of a preheater, 
such as an economizer, and air a t normal temperatures is used for 
combustion, this range can be materially increased. In  the case 
of the Richmond, Indiana, plant, to be described later, the range 
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TA B LE 1 C H A R A C T E R IST IC S O F COALS FR O M  M ID W E S T E R N  F IE L D S

M oisture,
per cent

Ohio...................................  3 . 5 - 9
W estern K e n tu ck y .. . .  6 .0 -1 0
In d ian a .............................  6 .0 -1 5
Illinois...............................  7 .0 -1 5
Iow a..................................  15.0-20
K ansas ..............................  2 .0 -1 2

D ry
D ry fixed

D ry ash, volatile, carbon, 
per centper cent per cent

7 .0 -1 2 36-42 50-54
5 .0 -  9 35-40 50-55
6 .5 -1 5 37-44 46-55
7 .5 -1 5 35-40 50-57

12 .0-20 35-40 35-40
6 .0 -1 6 34-40 45-50

D ry
D ry

sulphur, Fusion
B tu per cent tem p, F

12500-13800 2 .5 -4 2050-2500
13300-13800 2 .0 -4 2000-2250
12400-13400 1 .0 -5 1900-2500
12400-13400 1 .0 -5 1900-2500
9800-10500 4 .0 -6 1900-2200

10500-13800 3 .0 -6 1900-2300

of load is from 30,000 to 100,000 lb of steam per hr, with a burn­
ing rate for the minimum load, using Indiana Fifth Vein coal of
11,250 Btu, as received, of 14 lb per sq ft per hr. At 100,000 lb 
of steam per hr, the burning rate is 50 lb per sq ft per hr. The 
established operating efficiency of this unit for its load range has 
been at least 83 per cent over long periods of operation.

Without water cooling and under the same load and conditions, 
an increase of 25 per cent of grate area would be required to hold 
the burning rates down to prevent undue maintenance. With 
the larger grate area required, the over-all operating efficiency 
would be materially lowered, due to very low burning rates at 
the light load conditions.

Thus it can be seen tha t the water-cooled stoker has a dis­
tinct advantage in covering a wider range of load more efficiently 
by being able to employ a decreased grate area.

An actual comparison of air-cooled and water-cooled stokers 
has been made in the power plant of the Pittsburgh Plate Glass 
Company, Barberton, Ohio, using Ohio coals. The No. 8 unit 
with a water-cooled stoker has been in operation 2 years, and the 
following tabulation gives the performance of this unit over that 
period:

Pressure, gage, psi................................................................ 825
Total steam temperature, F ...............................................  750
Air temperature to stoker, F ..............................................  300
Continuous capacity (maximum), lb per hr......................  200000
Totalsteamingtime.hr......................................................  14513
Coal burned, tons................................................................  143568
Steaming time, per cent......................................................  82.8
Capacity factor, per cent....................................................  72.4
Full-load capacity for actual steaming time, per cent of 87.4

The average combustion rate, covering the years 1938 and 
1939, for the No. 8 water-cooled unit was 46 lb per sq ft per hr, 
as compared with 38.3 lb per sq ft per hr for the No. 7 air-cooled 
unit.

A new water-cooled unit, No. 3, which has been in service since 
April, 1940, will obviously show improved performance over the 
older units. The range of coals used on this unit is as follows:

Fairmont Vs-in. N & S, B tu . .................................... ...13500
Champion N & S (Pittsburgh Coal Co.), Btu............13000
Ohio No. 8 N & S, Btu.............................................. ...12500
Ohio No. 5 N&S (Metro), B tu...................................10500

No difficulty has been experienced in burning any of these coals 
up to a rate of 60 lb per sq ft per hr. The temperature of the pre­
heated air is about 350 F.

I t is the opinion of those responsible for the operation of this 
plant that “The water-cooled stoker is equally as satisfactory 
as the air-cooled stoker at approximately 20 per cent higher fuel- 
burning rate, using 350 F air preheat instead of cold air on the 
air-cooled unit.”

D e s c r ip t io n  o f  N o . 3 U n it

No. 3 unit of the Pittsburgh Plate Glass Company at Barber­
ton, designed for a continuous capacity of 180,000 lb of steam 
per hr at 860 psi gage pressure, 761 F  final temperature, is a 4- 
drum Babcock & Wilcox bent-tube type, containing 15,015 sq 
ft of heating surface; a continuous-tube superheater having 
5200 sq ft of surface; a continuous-loop Elesco economizer with

7700 sq ft of surface; and a tubular heater of 12,175 sq ft. All 
four sides of the furnace are water-cooled as follows: Front wall, 
682 sq' ft of plain area; rear wall, 290 sq ft of plain area, and 176 
sq ft armored; side walls, 190 sq ft of plain area, with 360 sq ft 
armored; total water-cooling, plain area, 1162 sq ft, with 536 sq 
ft armored; furnace volume, 8650 cu ft.

The water-cooled, 13-retort, mechanical-drive stoker for No. 3 
unit, equipped with a clinker-grinder-type dump, has an area of 
404.3 sq ft, and is designed for a maximum of 350 F. The in­
duced-draft and forced-draft fans are steam-turbine-driven. The 
stoker was designed for Ohio bituminous coal, having the follow­
ing approximate analysis:

Moisture, per cent............................................ 2.39
Ash, per cent....................................................  11.16
Volatile, per cent.............................................. 38.36
Fixed carbon, per cent..................................... 48.09

Btu, as fired..................
Btu, dry........................
Sulphur, per cent.........
Fusion temperature, F .,

100.00

12470
12776
3.78
2200

Table 2 gives the results of tests, conducted on the No. 3 units 
described. The tests were made with Ohio No. 8 coal of about
T A B LE 2 DATA A ND R ESU L TS OF A C C E PT A N C E  T E ST S ON NO. 3 

U N IT
T est num ber...........................................................................
D ate  of t e s t ............................................................................
D uration  of test, h r .............................................................
S team  generated, lb per h r ...............................................
Proxim ate Analysis of Coal Fired

M oisture..............................................................................
Ash. ....................................................................................
Volatile m a tte r ..................................................................
Fixed carbon ......................................................................

H eating value, B tu  per lb of coal..................................
Com bustible (unburned carbon) in refuse, per cent.

Feb. 14, 1940 
24

153556
Per cent 

3.56  
11.90
38.53
46.01 

12422
8.46

Per cent 
13.24 
6.03 
0.20

80.53
13.01
13.01

Deg F
779.8
253.5 

79.5
302.8 
695.2
573.5 
369.1
2 2 2 .8  
288.7

53.2

Flue-Gas Analysis a t Boiler O u tle t...............................................
C 0 2........................................................................................................
O2...........................................................................................................
C O .........................................................................................................
Ns....................................... ..................................................................

CO2 in flue gas a t economizer o u tle t.............................................
CO2 in flue gas a t air-heater o u tle t................................................
T em peratures

Steam  tem perature  a t superheater o u tle t...............................
S uperheat...................... .• • • • .• ........................................................
A ir tem perature  entering air h eater..........................................
Air tem perature  leaving air h e a te r ...........................................
Gas tem pera tu re  leaving b o ile r. .................................................
Gas tem pera tu re  leaving econom izer........................................
Gas tem pera tu re  leaving a ir h e a te r..........................................
Feed w ater entering econom izer..................................................
W ater tem perature  leaving econom izer...................................
W et-bulb tem perature  of a ir entering system .......................

S team  Pressure
D rum  pressure, psi, a b s ................................................................
H eader pressure a t  superheater outlet, psi, a b s ....................

H ourly Quantities
Coal burned, lb per h r ...................................................................
Com bustion ra te , lb of coal per sq ft of grate  per h r .........

H eat Balance
H eat absorbed by  s team  and w ater in economizer, boiler, and

superheater, including blow dow n..............................................
H eat loss due to  unburned com bustible in re fu se....................
H eat loss due to  incom plete com bustion of carbon (C O ). . . .
H eat loss due to  sensible heat in  d ry  g a s ....................................
H eat loss due to  evaporation of m oisture in coal.........................
H eat loss due to  com bustion of hydrogen in c o a l. .......................
H eat loss due to  m oisture supplied w ith com bustion a i r . . . .
R adiation  and unaccounted for losses..........................................

100.00

average quality. The ash has an initial deformation point of 
2100 F, fusion 2200 F, and fluid 2300 F.

13458 
45.7 

Per cent

84.45
1.30
0.81
6.93
0.35
4.12
0.03
2.01
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TABLE 3 D U ST W E IG H T S D E T E R M IN E D  FR O M  TE ST S C O N D U C T E D  AT IOW A S T A T E  C O LLE G E
R ating 325 Grains T otal G rains

of unit, mesh of grains of 325 mesh
lb T otal F lue gas or 325 mesh per or above

D ate, steam R un weight, sam pled, above, or cu ft per cu ft
1939 per h r no. grains cu ft per cent above of gas of gas
12-6 65000 l a 20.9801 337.38 23.39

10.52
3.15 0.0622 0.00818

12-6 65000 l a 39.1397 457.19 27.81
27.70

8.9259 0.0856 0.0915

12-7 80000 2 20.3707 140.61 38.05 7 .75 0.1448 0.0551
12-7 80000 2 43.71 172.15 20.90 9.136 0.2539 0.0530
12-7 80000 3& 22.8896 168.35 29.88 6.84 0.1359 0.0406
12-7 80000 3b 58.00 264.25 41 .55  

A verage.
24 .10 0.2198 

0.15036
0.0912
0.05659

u Two sets im pinging bottles used during  th is  run . W eights were added. 
& A shpit cleaned during th is  run.
N o t e : These results are w ith atm ospheric conditions, 30 in. H g and 60 F. 
The results disclose d ust loading of 1/io of the  guarantee specified.

R e s t r ic t io n  o f  F l y  A s h

With increasing restrictions by the smoke ordinances regarding 
the emission of objectionable fly ash, in addition to smoke re­
quirements, it is necessary to set a limit in specifying the emission 
of fly ash from any firing equipment. On underfeed-stoker in­
stallations, without provision other than the usual means pro­
vided in boiler units for the collection of fly ash, we are specifying 
that the unit shall have an efficiency of collection such that not 
more than 0.5 grain of dust +  44 mu in size shall be present per 
cu ft of flue gas, measured at 70 F, and 29.92 in. Hg barometer.

On a recent water-cooled underfeed-stoker installation, fly-ash 
tests over a range of loads were conducted. The coal burned had 
the following characteristics:

Moisture, per cent...........................................  IS. 44
Ash, per cent....................................................  18.62
Volatile, per cent.............................................. 32.68
Fixed carbon, per cent.................................. . 33.26

100.00

Btu per lb.............................................................  9282
Sulphur, per cent.............................................  4.48
Fusion temperature, F .....................................  1958

It is recognized that size consist of the fuel has considerable to 
do with emission of fly ash, especially on some types of firing.

While we cannot be definite in saying tha t the water-cooled 
underfeed stoker will emit less fly ash than the air-cooled stoker, 
yet, the fact remains that lower wind-box pressures prevail a t the 
same burning rates due to a more homogeneous fuel bed, result­
ing in a more uniform air distribution, made possible by the 
cooling of the tuyeres and the absence of adhering clinkers.

Through the courtesy of the Chicago Smoke Department we 
were permitted to use their equipment on this test. This equip-

F ig .  2  I n t e r i o r  V i e w , S h o w i n g  S i d e  \Y a t e k w a i .i .s  o f  W a t e r -  
C o o l e d  S t o k e r , R i c h m o n d  P l a n t

F i g . 1 B o i l e r  U n i t  N o . 4  o f  t h e  M u n i c i p a l  E l e c t r i c  L i g h t i n g  F i a .  3  A n o t h e r  V i e w  o f  t h e  W a t e r - C o o l e d  S t o k e r  a n d  t h e  
a n d  P o w e r  P l a n t , R i c h m o n d , I n d i a n a  S i d e  W a t e r w a l l s
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ment has been described in a recent article.2 
given in Table 3.

The results are

D e s c r ip t io n  a n d  R e s u l t s  o f  W a t e r -C o o le d  St o k e r  U n it  a t  
R ic h m o n d , I n d ia n a , M u n ic ip a l  P l a n t

Boiler, This Richmond unit, designed for a continuous car 
pacity of 100,000 lb of steam per hr at 430 psi gage pressure and 
825 F  final temperature, is a Babcock & Wilcox 4-drum, bent- 
tube type, containing 10,112 sq ft of heating surface, with a 
pendant-type superheater having 2218 sq ft of surface, and a re- 
turn-bend economizer of 3350 sq ft. All four sides of the furnace 
are water-cooled, as follows: Front wall, 440 sq ft; rear wall 
142 sq ft with 95 sq ft armored; side walls partially water-cooled, 
126 sq ft, and 306 sq ft armored; the remainder of the upper 
walls is refractory. The total plain surface is 708 sq ft and the 
total armored surface, 401 sq ft. The furnace volume is 5140 cu 
ft.

Hagan automatic control is installed, together with complete 
instrumentation of the unit.

Stoker. The stoker is a continuous-dump, 9-retort, hydraulic- 
drive, Taylor water-cooled unit with an area of 255 sq ft, designed 
for a maximum air temperature of 80 F, to  burn Indiana coal. 
The induced-draft fan has two motors on the same fan for 2-speed 
control.

Overfire air from a plenum box, extending across the entire 
furnace width and supplied from the main mud box, is distributed 
above the fuel bed by a series of nozzles inserted through the 
front waterwall tubes.

This unit was placed in service in March, 1939. The record 
made during a continuous run from August 1, 1939, to January 
22,1940, when the unit was taken out of service for inspection, is 
given in Table 4.

T A B LE 4 P E R F O R M A N C E  O F R IC H M O N D  U N IT  D U R IN G  C O N ­
TIN U O U S R U N  AUG. 1, 1939, TO  JA N . 22, 1940

T otal continuous service, h r .................................................................
T o tal steam  generated, lb ......................................................................
T o tal coal burned, lb ...............................................................................
Average evaporation, l b . . . ....................................................................
Average h e a t value of Ind iana  coal (as fired), B tu ......................
T o tal neat per lb of steam  generated (435 lb gage; 700 F  to ta l

tem p), B tu ............................................................................ ............... ..
H eat in feedw ater to  econom izer above 32 F  (270 m inus 32),

B tu.
B tu  added to  steam  generated in  u n i t ..............................................
Combined efficiency (entire period'), per c e n t................................
Average steam  per hour, lb ...................................................................
M inim um  loads as low as, lb ................................................................
M axim um  loads as high as, lb .............................................................
G uaran teed  perform ance a t 75,000 lb of steam  per hr, per cent

4184
256,935,500

30,473,400
8 .43

11,266

1358

238
1120
83 .8

61,500
25,000

120,000
82.15

draft loss or efficiency. No new stoker parts were installed at 
this inspection, or at any previous inspection. The slagging 
was cleaned up, and the unit returned to service. I t  has been in 
continuous service ever since, with equal efficiency.

Six different grades of Indiana Fifth Vein screenings were used 
during this run, and no difficulty was experienced with any of 
these fuels. The characteristics of these coals are given in Table 
5.

The availability factor for the period from August 1, 1939, to 
April 30, 1940, was 98.4 per cent; the efficiency for the entire 
period was 83.1 per cent.

t a b l e  6 A C C E PT A N C E  T E S T  ON  R IC H M O N D  U N IT : 
B A LA N CE A T G U A R A N T E E D  P O IN T

H EA T

H eating  value of fuel, d ry  b asis .............................................
H eat absorbed by  w ater in  econom izer...............................
H eat absorbed by  w ater and  steam  in bo ile r....................
H eat absorbed by  steam  in superhea te r.............................
H eat absorbed by  steam -generating u n i t ...........................
H eat loss due to  m oisture in coal..........................................
H eat loss due to  w ater from  com bustion of hydrogen..
H eat loss due to  m oisture in  a ir ............................................
H ea t loss due to  d ry  chim ney gases.....................................
H eat loss due to  unburned gaseous com bustible.............
H eat loss due to  unconsum ed com bustible in  re fu se .. . . 
H ea t loss due to  unconsum ed hydrogen, hydrocarbons, 

rad ia tion , and  unaccounted fo r ..........................................

T otal, d ry  basis ..............................................................  12892.00 100.00

75,000 Lb per H r
B tu Per cent

12892. 00 100 .00
520. 84 4 .04

8644. 08 67 .05
1482. 58 11 .50

10647. 50 82 .59
168. 89 1.31
555. 64 4 .31
21 . 92 0 .17

1063. 59 8 .25

i.98. 54 i ! 54

235. 92 l .83

12892. 00 100 .00

TA B LE 7 P O W E R  C O N SU M PTIO N ; M EA SU R ED  H O RSEPO W ER  
IN P U T  TO A U X IL IA R IE S

Load, lb of steam  per h r 50000 75000 100000
Forced-draft fa n .................................................................. 29 .8 32 .0 38.2
Induced-draft fa n ............................................................... 23 .0 30.83 67.44
Hele-Shaw stoker d riv e .................................................... 7 .0 7 .0 7 .0

T otal hp in p u t ..................................................................... 59.8 69.83 112.64

E quivalen t k w ..................................................................... 44 .9 52.5 84.6
Tons coal fired per h r .......................................................
In p u t per kw  per all auxiliaries per ton  of coal as

2 .80 4 .3 5.79

16.0 12.2 14.6

M oisture ........
A sh ..................
V olatile ...........
Fixed carbon

T A B L E  8 AN A LY SIS O F A T K IN S O N  COAL
As fired, 
per cent

...............................................  18.27

...........................................  10.01

...............................................  34.12

...............................................  37.60

Dry, 
per cent

12^25
41.75
46.00

S ulphur.............................
B tu  per lb ........................
Fusion tem peratu re  F

100.00 100.00

2.87  3 .50
10053 12300 

1930 F

The commercial performance of this unit over the entire op- 
erating period approximates very closely the guaranteed and 
predicted performance set up in the contract.

A careful inspection of the unit at the conclusion of this run, 
after having burned 23,000 tons of coal since March, 1939, re­
vealed no indication of any burning of either tuyferes or tuyere 
supports in any of the nine retorts. The kicker bars and over­
feed mechanism were practically in their original condition. 
Some indication of overheating was noted on the steplike ends of 
the bars. The dump plates, with the exception of two regions 
about 4 in. diam where they were burned, were in perfect con­
dition.

The slagging on the first bank of boiler tubes, which is pro­
tected by a slag screen, was not enough to interfere with the

* “Low-Cost Flue-Dust Sampler,” Power, April, 1940, pp. 70-72.

All of the auxiliaries are electrically driven. The induced- 
draft fan has a low- and high-speed motor.

The 50,000- and 75,000-lb3 per hr loads on the unit were carried 
by the low-speed motor; and the effect of the high-speed motor 
on the 100,000-lb load is reflected in the higher consumption of 
current per ton of coal fed to the stoker.

R e p o r t s  F ro m  O t h e r  P la n t s  U s in g  M id w e s t e r n  C oals

Municipal Light & Power Plant, Fremont, Neb. This plant has 
a water-cooled crusher-roll-type stoker, and is designed to gener­
ate 75,000 lb of steam per hr at 400 psi gage, and 750 F total steam 
temperature.

3 As this unit was designed for maximum over-all economy at 
75,000 lb, it is interesting to note that the actual results reflected this 
economy at the desired point.

T A B LE 5 C H A R A C T E R IST IC S O F F IF T H  V E IN  IN D IA N A  P /j - IN . SC R E E N IN G S
N am e of coal Hercules Knox P a toka  Elberfeld P anhandle Enos

M oisture, per c e n t........ ...............  11.41 8 .66  9 .91  8 .7 5  10.15 10.18
Ash, per c en t.................................. 10.72 11.67 8 .9 5  10.78 9 .9 4  10.18
B tu ....................................................  H 873 11493 11950 11440 11205 11462
SuJphur, per c e n t . . . . .  .............. .. 2 .9 0  4 .5 6  3 .59  3 .5 0  2 .7 9  3 .98
Fusion tem pera tu re  of ash, F . .  2200 2076 2200 2210 2230 2110
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The unit is burning Kansas coals originating in the Pittsburgh 
district. Although these coals carry a relatively high Btu, from 
12,400 to 12,700 the fusion temperature of the ash consistently 
ranges between 2000 and 2100 F.

This unit recently completed a continuous run of 237 days, or 
5670 hours. During that period the combined efficiency was 
83.4 per cent when burning the Kansas coals of approximately 
2000 F ash-fusion point.

Municipal Light Plant, Greenwood, Mississippi. This plant 
has a 6-retort, 41-tuySre, water-cooled C.A.D. stoker, having 
the same retort design as now used at Richmond, Ind. Coal origi­
nating in Webster County, Kentucky, has been used. The 
author has been advised that 11,000 tons of coal have been 
burned without replacement of a single part.

Iowa Electric Light & Power Company, Cedar Rapids, Iowa. 
This plant has probably burned more Midwestern coal on water- 
cooled underfeed stokers than any plant in the country with 
results reported as follows:

“Regarding the underfeed stokers referred to, four of these 
stokers were started on Atkinson coal in 1934, and four in 1935. 
This report will show the total amount of coal burned from the 
time the stokers were first started on Atkinson coal until the 
first of the year 1940. The total coal on the eight stokers is 
574,772 tons.

“In 1935, we installed one stoker of the crusher type, water- 
cooled; and until January, 1940, this stoker burned 82,450 tons. 
The total cost on this particular stoker is 2.226 cents per ton of 
coal burned.

“The balance of the stokers had considerable work done on 
them last year, which was all on the outside of the stokers, such 
as ram boxes, crankshafts, crankshaft bearings, and gears. We 
did not feel that the total amount of this expenditure should be 
charged against the Atkinson coal, as these stokers were installed 
a t least 10 years previous.

“On these stokers we have tabulated the amount of the ex­
pense on the inner parts of the stokers, such as pushers, tuyeres, 
tuyere supports, and other items on the inside of the firebox. 
This cost is 4.758 cents per ton, made up as follows: Pushers,
1.108 cents; tuyeres, 1.827 cents; remainder of stokers, such as 
side frames, dump plates, and other internal parts, 1.823 cents.

“Some of this cost also includes experimental work with the 
water-cooling system, as we made about four changes before we 
actually achieved the desired results.

“The average coal-burning rate on the fuel-burning portion of 
the stoker is 42 lb per hr; we have run on a week’s test as high 
as 60 lb per hr.

“In regard to the date we first started experimenting with 
water-cooling, this was the early part of 1933.”

Libbey-Owens-Ford Olass Company, Rossford, Ohio. “The 
Libbey-Owens-Ford Glass Company had three bent-tube boilers 
of 12,500 sq ft area at the Rossford, Ohio, plant. These boilers 
were equipped with water-cooled side and rear walls, and mul- 
tiple-retort underfeed stokers.

“In order to widen the range of fuels that could be burned, 
it was decided in 1937, to modify these three stokers to include 
water-cooled grates. As a result of these changes, we have 
widened the range of coals that can be burned to advantage, and 
thereby placed ourselves in a better position to purchase any 
coals.

“We have burned on these stokers, since water-cooling them, 
over 75,000 tons of coal. At times we have operated only one 
boiler, and at other times three boilers, according to the steam 
demand.

“The ratings normally vary from 75 to 225 per cent; the aver­
age rating is approximately 175 per cent. The average over-all 
operating efficiency is better than 80 per cent.

“The stokers installed under boilers B  and C have just been 
overhauled a t a cost of less than $300 each for material and labor. 
The stoker installed under A  boiler will be repaired at a later time.

“Approximately 50 per cent of the coal burned was Ohio No. 
8 fusing at 2100 F. The remaining 50 per cent was West Vir­
ginia and Kentucky coal containing ash which fuses from 2400 
to 2600 F. The temperature of the preheated air varies from 
280 to 310 F. We have not had to take a boiler off the line in 2 
years as a result of stoker trouble.”

A d v a n ta g es  o p  W a t e r -C o o l e d  G r a t e s  o n  M id w e s t e r n

C o a ls

FvSome of the advantages of water-cooled-stoker installations 
burning Midwestern coal, as compared to air-cooled stokers using 
the same fuel, have been noted as follows:

1 There is more uniform flow of coal, with a consequent 
ease of distribution.

2 A more homogeneous fuel bed has been noted than with 
straight air-cooled stokers; and better air-distribution results.

3 The size of clinkers, with proper burning rates for coal, 
has not been objectionable, and they have been easily discharged 
automatically under the bridge wall with continuous-dump de­
sign.

4 There is every indication tha t the maintenance will be 
low.

5 Indications are that the power consumption is lower.
6 The range of fuels with low ash-fusion characteristic is 

greater; and the flexibility of fuels is greater.
7 Test efficiencies are more closely approximated in regular 

plant operation than on the air-cooled stoker because of the ease 
in obtaining high C 02 in water-cooled units.

8 The availability of the unit is materially increased.
9 With crusher-type water-cooled stokers less artificial cool­

ing of the ash is required, and, consequently, less moisture put 
into the flue gases. The quick chilling of molten ash particles 
assures a continuous and even flow of fuel.

10 The water-cooled stoker provides an additional factor of 
safety against careless operation.

11 A distinct purchasing advantage is obtained in th a t fusion 
temperature and sulphur content are not limiting factors, as is 
often the case without water-cooling.

12 Greater latitude of operation.

Discussion
T. C . C h e a s l e y .4 There certainly can be no doubt as to the 

care exercised by the author in securing data to present in this 
paper. Also, I  think all of us will agree, the statements he has 
made are conservative and will stand close scrutiny.

Unfortunately, there has been comparatively little opportunity 
for most of us to see water-cooled tuy&res in operation and we 
must, therefore, draw on our imaginations a good deal to visualize 
the results reported.

Certain it is that the burning of most Midwestern coals has 
presented problems to the designers of furnaces and boilers as 
well as to operating engineers unless, and except, the burning 
rates have been held a t fairly low maximums.

I t  is generally conceded tha t the washing of Midwestern coals 
has done much to improve operation and to reduce stoker and 
furnace maintenance, but it is the opinion of some of us th a t the 
average coal in the average plant is not being given the oppor­
tunity to produce its highest combustion efficiency.

4 Fuel Engineer, Sinclair Coal Company, Kansas City, Mo. Mem. 
A.S.M.E.
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By this is meant the frequent departure from fundamentals in 
speaking of stoker operation, and also in actual operation. We 
speak of the “pounds of coal burned per square foot of grate area” 
and, of course, there is no such operation as burning coal in an 
underfeed stoker, i.e., if the stoker is being properly operated. 
A stoker does not burn coal, it converts coal to coke, which is 
burned in progression. The fact that we talk and think in 
“pounds of coal burned” is, in the writer’s opinion, a t least in part 
responsible for some of the high maintenance costs mentioned. At 
the same time this condition causes some rather good coals to 
become discredited.

Extremely high excess air “a t the point of volatile release,” 
is probably largely responsible for this, and the “average” C02, 
shown at the usual point of taking gas samples, does not tell the 
whole story. Undoubtedly, the water cooling of tuyere areas, 
which are exposed to high temperatures, will reduce the build up 
of temperature in the stoker parts, and thus should decrease 
maintenance costs by prolonged life of these parts. However, as 
the writer views the situation, the chief benefits, as stated by 
the author, should be the opening up of greater selections of coal 
with the advantage in many cases of very much lower delivered 
prices and lower steam costs.

F. S. S c o tt .5 Definite and marked improvements have been 
made in underfeed stokers in recent years. I t  will satisfactorily 
meet the present more exacting requirements of steam-generating 
plants.

This paper describes the water-cooled stoker and its contribu­
tion to the art. The idea of water cooling a stoker is not new. I t 
is an advancement of the art. Its development has been retarded 
by the physical difficulties which are reflected in the cost.

The Westinghouse Electric & Manufacturing Company has 
developed the underfeed stoker along different lines from water 
cooling. Our development of the link-grate stoker has made a 
definite improvement in the ability of the underfeed stoker to 
handle Midwestern coals. High efficiency, low maintenance, and 
good reliability are obtained.

This link-grate underfeed-type stoker was first installed in 1928. 
At first it was only applied with a clinker-grinder-type stoker. 
The continuous-ash-discharge type without a clinker grinder was 
first installed in 1931. At present there are more than 150 con- 
tinuous-ash-discharge link-grate stokers and over 85 link-grate 
clinker-grinder stokers in operation, using all types of bitu­
minous coals, from those mined in Iowa to the Eastern low-vola­
tile or Pocahontas-type coals.

There are 72 link-grate stokers in operation on Midwestern 
coals with a base-load capacity in excess of 5,000,000 lb of steam 
per hr. The peak-load capacity is considerably above this figure.

B u r n in g  R a t e s

The author expresses the opinion that 35 lb of coal per sq ft 
per hr of projected grate area is conservative for continuous opera­
tion with air-cooled underfeed stokers using Midwestern coals. 
The writer’s experience indicates that, if such rates are applied 
to link-grate underfeed stokers, it unnecessarily increases the first 
cost and causes difficulties at low loads.

I t  is very important that serious consideration be given to burn­
ing rates on these stokers. The difficulties can be as great with a 
stoker that is too large as with one that is too small. The maxi­
mum burning rates on underfeed stokers are determined by the 
ability of the fuel bed to stay on the grates. High air velocities 
cause the coal to “blow” or lift from the fuel bed, thereby limiting 
the maximum burning rates. The velocity of the air is deter­
mined by the quantity flowing through the fixed area of tuySre

5 Stoker Engineer, N. W. District, Westinghouse Electric & Manu­
facturing Company, Chicago, 111.

openings. The quantity of air flowing, when the excess air is 
constant (or C 02), is in turn determined by the “heat duty” or 
the combustible burned. Expressing “heat duty” in other terms, 
it is the Btu released from the coal per square foot of projected 
stoker area per hour.

For many years we have based our engineering on Btu release 
per unit area with due allowance for the agglutinating quality 
of coal which is a measure of its resistance to being blown away. 
Without exception, the predicted combustion rates have been 
readily maintained.

There are two parts which require cooling when a stoker is 
burning coal, i.e., the grates and the ash adjacent to the 
grates. If the ash near the grates is cooled well below the “sticky” 
state and the grates are also cool, there will be no difficulty with 
the movement of the fuel bed and no burned stoker parts. I t  is 
a known fact tha t high velocities of fluids flowing past solids 
cause better heat transfer than low velocities. Therefore, the 
writer believes it to be logical to state that high air velocities 
through the stoker tuyeres, but within the practical limits, will 
cool both the grates and the adjacent ash better than very low 
velocities. This fact has been demonstrated in practice. Where 
stokers have been operated at very low rates or on “bank” for 
long periods of time, the fuel bed becomes loaded with large 
clinkers, the stoker iron can be observed “red hot,” and parts are 
burned. These large clinkers are then difficult to move when the 
load is increased. This indicates some of the dangers inherent in 
selecting a stoker that is too large.

Stokers can also be selected which are too small. The lack of 
induced draft or insufficient “black” surface exposed to the fire 
in the furnace is the more frequent cause of difficulties with fuel 
beds when the load on the boiler has been increased. I t is indi­
cated that burning rates should not be considered in pound 
of coal burned per sq ft per hr because a stoker is primarily 
machine for converting the potential heat in coal to sensible hea 
in gases. Burning rates should be measured by the heat duty or 
the Btu release per square foot per hour. We are interested in 
materials handling only in so far as it affects the efficient produc­
tion of heat for use by the heat-exchanging apparatus.

I t  is thought to be generally considered that 40 lb of coal per 
sq ft per hr of projected grate area is conservative practice for 
continuous loads when using Eastern coal of 14,000 Btu per lb 
as received. This is 560,000 Btu heat release per sq ft per hr of 
projected area. If the same rate in pounds per square foot is 
used for Midwestern coals of 11,000 Btu per lb as for Eastern 
coals, the heat release would be 440,000 Btu per sq ft per hr or a 
reduction of 21.5 per cent in the heat-release duty per square 
foot of projected stoker area. If the same rate of heat-release 
duty is used for Midwestern coals, as for Eastern coals of 560,000 
Btu per sq ft per hr, the rate in pounds of 11,000-Btu coal would 
be about 51 lb per sq ft per hr. This shows an increase in material 
passed over the stoker of about 27.5 per cent with no increase in 
the heat-release duty.

The nature of the constituents of the ash in Midwestern coals 
and their behavior when subjected to furnace conditions indicate 
that the heat duty should be reduced on stokers using them as 
against Eastern coals. Long experience indicates that 21.5 per 
cent reduction in heat duty is considerably greater than is neces­
sary or economical.

A 10.7 per cent reduction in the heat-duty rate of 560,000 Btu 
per sq ft per hr to 500,000 Btu per sq ft per hr of projected stoker- 
grate area is conservative. Even though the heat-duty rate has 
been dropped to 500,000 Btu per sq ft per hr, the amount of ma­
terial passed over this stoker area is increased from 40 lb per sq 
ft per hr to 45.5 lb per sq ft per hr. These figures are quite con­
servative in that there is a considerable number of stokers which 
are operating satisfactorily at base loads above this point.



CARROLL—BURNING MIDWESTERN COALS ON WATER-COOLED UNDERFEED STOKERS 189

This brief discussion leads to the conclusion that the basic and 
most important item in determining the desirable burning rates 
for stokers is the Btu heat release per square foot per hour of 
projected grate area.

It has been found that, with Indiana, Illinois, and similar coals, 
air-cooled link-grate underfeed stokers operate best, throughout 
their load range, with a continuous maximum burning rate of
500,000 to 550,000 Btu heat release per square foot per hour of 
projected area. If the coal has 11,000 Btu per lb, this is a rate 
in pounds of coal material passed over the stokers of 45.5 to 50 
lb per sq ft of projected stoker area.

Loads of from 4 to 6 hours in duration can be satisfactorily 
carried up to 825,000 Btu per square foot per hour or 751b of 11,000- 
Btu coal per sq ft per hr.

Our experience with many stokers indicates that the link-grate 
underfeed stoker can conservatively burn more coal per square 
foot per hour, with all the advantages named by the author, 
than he feels can be justified with the special water-cooled stoker. 
To demonstrate the foregoing point the following examples are 
given:

One installation of two 7-retort link-grate continuous-ash-dis- 
charge stokers in Iowa burns Iowa coal of 8500 Btu per lb to 
10,500 Btu per lb. The stokers having 178 sq ft of projected grate 
area have been in operation more than 2 years. During the 
last year the maintenance has been less than 2 cents per ton of coal 
burned. The normal continuous load with 10,500-Btu coal is 
40 lb per sq ft per hr or 420,000 Btu heat release per sq ft of pro­
jected area. The same normal continuous steam output is car­
ried when this plant bums 8500-Btu coal. The rate with 8500- 
Btu coal is 49.5 lb of coal per sq ft or a heat release of 420,000 
Btu per sq ft of projected area per hr.

No difficulty has been experienced up to the limit of the in­
duced-draft fans or 20 per cent above these figures. The ef­
ficiencies being obtained are approximately the same as those 
guaranteed.

Another set of installations consisting of five identical stokers in 
three different plants burns various kinds and grades of Indiana 
and Illinois coals of approximately 12,000 Btu per lb as received. 
The normal continuous load carried on these stokers of 153 sq ft 
of projected area is about 46 lb per sq ft or 550,000 Btu heat re­
lease per sq ft per hr. The induced-draft fans limit the maximum 
load to a rate of approximately 59 lb per sq ft per hr or 710,000 
Btu per hr of projected stoker area.

These units have been installed more than 2 years. The 
maintenance for these stokers has been less than 1 cent per ton 
of coal burned. /

E f f ic ie n c y

Another point the writer would like to comment upon briefly 
is that of boiler-unit efficiency. A comparison of boiler-unit 
efficiencies of units carrying different pressures and of different 
designs means but little when the discussion concerns firing equip­
ment only. The efficiency of firing equipment, or the combustion 
efficiency when the coal is the same, depends upon three factors 
which may be varied (1 ) the excess air in the products of com­
bustion in the furnace, as measured by the per cent CO2, (2) the 
combustible loss to the ashpit, (3) the soot and cinder loss. The 
greatest of these losses is tha t in the dry gases or that due to ex­
cess air, as measured by the per cent C 02 in the products of com­
bustion.

The author has shown that both the ashpit loss and the soot 
and cinder loss are low with underfeed-stoker firing. He has 
shown in one place the percentage of CO2 a t the boiler outlet. 
This is for the water-cooled stoker at Barberton, Ohio—it is 
13.24 per cent.

In the first example previously mentioned in this discussion, the

C 02 averages 13.5 to 14 per cent a t the boiler outlet, in daily 
operation.

The second set of installations using Indiana and Illinois coals 
averages 14 to 15 per cent C 02 a t the boiler outlet, in daily opera­
tion.

A modem boiler unit, fired by a link-grate underfeed stoker, will 
produce in excess of 14 per cent CO2 a t the boiler outlet without 
stack smoke and no use of secondary air a t continuous burning 
rates up to 550,000 Btu per sq ft per hr of projected stoker area.

A d v a n t a g e s  C la im e d  f o r  L in k -G r a t e  St o k e r s

The author indicates that the water-cooled underfeed stoker 
shows certain advantages over similar air-cooled stokers. I t  is 
claimed that the link-grate underfeed stoker shows advantages 
over other types of underfeed stokers burning Midwestern coals 
as follows:

1 More uniform flow of coal and, therefore, more even distil­
lation of gases and burning of coke.

2 Absence of large clinkers at the rear of the stoker makes it 
possible to burn out more of the combustible before the refuse 
enters the ashpit.

3 Maintenance is low.
4 The range of fuels is greater so that the ash-fusion point 

of the coal is relatively unimportant. I t is possible to handle 
coal satisfactorily with an ash content of 25 per cent or more.

5 Tests efficiencies can be closely approximated in regular 
operations.

6 Reliability is increased.
7 High continuous capacities are easily obtained.

R. L . S w in n e y .6 The author mentions the trend toward one- 
boiler-unit operation in a single plant. This trend is the result 
of the increasing number of steam-generating units which are 
demonstrating their ability to stay in continuous service over 
long periods of time.

The unit a t the Richmond, Indiana, municipal plant is men­
tioned as having been in continuous service for a period of 175 
days or approximately 6 months.

There are many other similar records of units burning pulver­
ized coal, oil, and gas, some of these plants having 100 per cent 
feedwater make-up.

Progress in the art of feedwater treatment and improvements 
in the design of water-cooled furnaces and fuel-burning equipment 
have made these records possible, but much credit is due the 
operators of plants where such records have been established. I t 
is predicted that properly designed steam-generating units will 
be more generally accepted as having dependability for continu­
ous service approaching that of turbines.

A. W. T h o r s o n .7 The author is to be commended for bringing 
the literature up to date on the subject of his paper. I t  is gratify­
ing to know tha t numerous installations of this type of equip­
ment are performing satisfactorily as indicated by the wealth of 
operating data included in the paper.

The text and part of the discussion have specified maximum 
combustion rates either in pounds or Btu per square foot per hour. 
The writer would suggest that the safe maximum burning rate 
depends not only upon the heating value of the fuel but to a con­
siderable extent upon the ash content and the fusion characteris­
tics of the ash.

Does the use of the water-cooled stoker bring about any reduc­
tion in investment costs? I t  appears that it might, inasmuch, as 
steam-generating capacity is increased by the stoker-cooling tubes

6 Sales Engineer, The Babcock & Wilcox Company, Chicago, 111.
7 Assistant Fuel Service Engineer, Chesapeake and Ohio Railway 

Company Mem. A.S.M.E.
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and the cost of the stoker itself is probably not much higher; and 
also because the maximum possible combustion rate appears to 
be higher with water cooling than without for the same fuel.

A u t h o r ’s C l o s u r e

Mr. Scott’s discussion has introduced some interesting 
information concerning the developments of non-water-cooled 
stokers. I t  is the author’s opinion, however, tha t the informa­
tion furnished by Mr. Scott is largely the commercial viewpoint 
of one manufacturer.

As brought out in the evidence presented in the paper, the ex­
perience of users is that claims for the link-grate-stoker perform­
ance, when burning Midwestern coals, are not as consistently 
maintained as where the water-cooled grate is employed, par­
ticularly a t the higher coal-burning rates when using preheated 
air. Therefore, it is logical to conclude, from the experience of

users, that water cooling will afford more consistent and reliable 
protection for the grate than when the sole grate-cooling medium 
is air. The flow of water through the cooling tubes is not affected 
by fuel-bed thickness, porosity, or characteristics of the coal; 
while uniform and desired air flow through the grate is influenced 
by these factors.

The m atter of burning rates mentioned by the discusser is one 
of proper application to the particular coal under consideration, 
and it is doubtful whether a fixed rate of heat release can be used 
to cover the characteristics of all Midwestern coals. The rates 
set up by the author were determined from long experience in 
connection with the average coals of the Midwest.

The burning characteristics of Midwestern coals are too greatly 
diversified to establish any definite percentage of reduction in 
heat duty when burning these coals, and it is a matter of careful 
decision on the part of the engineer in setting grate areas.
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T h is  p ap er is  a  f in a l rep ort o n  fu e l-b e d  t e s t s  a t  H ell  
G a te  G en er a tin g  S ta t io n  a n d  in c lu d e s  so m e  o f  th e  c o n c lu ­
s io n s  rea ch ed  in  th e  a u th o r s’ s tu d y  o f  th e  d a ta  u p  t o  th is  
t im e . T h e  fu e l bed  o f  a  m u lt ip le -r e to r t  u n d erfeed  sto k er  
is  sh o w n  t o  c o n s is t  o f  v ertica l s tr a ta  p a ra lle l t o  t h e  c en ter  
l in e s  o f  th e  re to r ts  a n d  tu y e r e  s ta c k s  in  w h ic h  c o k in g  a n d  
ig n it io n  p ro cesses o ccu r  a lo n g  th e  e n tir e  le n g th  o f  th e  
sto k er . T h e  a c tu a l b u rn in g  o f  th e  ca rb o n ized  fu e l  o ccu rs  
la rg e ly  b y  overfeed  a c t io n  in  th e  b u r n in g  la n e s  w h ere  th e  
te m p er a tu r e  a n d  p ressu re  g r a d ien ts  are d e te r m in e d  b y  
th e  ra te  o f  p r im a ry -a ir  flow , a n d  t h e  g a ses, r is in g  fro m  
th e  b u rn in g  la n e s , m a y  req u ire  th e  a d d itio n  o f  seco n d a ry  
air  for c o m p le te  c o m b u s t io n . I t  is  sh o w n  t h a t  c o n tr o l  
o f  th e  co n to u r  o f  th e  fire in  o p e r a tin g  p ra c tice  m a y  a ffec t  
n o t  o n ly  th e  a m o u n t  o f  coke  b lo w n  fr o m  t h e  fire a n d  th e  
degree o f  gas str a t ific a t io n  in  th e  b o iler  p a sse s , b u t  a lso  
th e  severity  o f  tr e a tm e n t  t o  w h ic h  t h e  sto k er  iro n  is  su b ­
je c te d .

I n tr o d u c t io n

THIS report gives the results of measurements of the tem­
peratures, gas analyses, and the air and gas pressures in 
the fuel bed of a typical large commercial underfeed stoker. 

The work continued the studies of the Coal Research Laboratory 
of the Carnegie Institute of Technology on the nature of combus­
tion processes, and arose from a desire to apply the results of pre­
vious work to the fuel beds which exist in commercial equipment. 
The Consolidated Edison Company of New York expressed its 
interest in such measurements and offered its cooperation, if a 
practicable program could be worked out. The Coal Research 
Laboratory invited the participation in the project of the staff of 
Bituminous Coal Research, Inc., at Battelle Memorial Institute, 
because of their interest and experience in the investigation of 
combustion problems. The research organizations submitted a 
tentative program on March 17, 1937, which called for the inves­
tigation of the following main variables: (o) The rates of flow of 
coal and air; (6) temperatures; and (c) gas compositions a t vari­
ous points in the fuel bed. The temperatures and gas pressures 
were to be observed, and gas samples for analysis drawn by the 
use of probes of refractory material inserted into the fuel bed from 
the wind box through holes in the stoker iron. The influence on 
the three variables of the following operating factors was to be

1 Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. Mem. A.S.M.E.

2 Research Bureau, Consolidated Edison Company of New York, 
New York, N. Y.

3 Technical Service Department, Consolidated Edison Company of 
New York, New York, N. Y. Mem. A.S.M.E.

‘Contract Control and Inspection Department, Consolidated 
Edison Company of New York, New York, N. Y.; formerly Techni­
cal Service Department, Consolidated Edison Company of New York.

5 Pittsburgh Coal Company of Wisconsin, Duluth, Minn.; for­
merly Pittsburgh Coal Company, Pittsburgh, Pa.

6 Fuels Division, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E.

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y„ December 5-9, 1938, of T h e  A m e r ica 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 .

determined: the rate of burning, the amount of excess air, the 
contour of the fuel bed, the size and size consist of the coal, and 
the kind of coal. I t  was estimated that the studies would require 
at least 6 months if only a few coals were studied.

The tentative program was approved by the Consolidated 
Edison Company on April 9, 1937. Hell Gate Generating Sta­
tion was chosen for the tests because the existence of an isolated 
bunker a t that station would facilitate the use of different coals 
during the tests. I t  became apparent on trial tha t it would be 
unsafe for men to  work in the stoker wind box principally because 
of the danger of serious injury in the event of a furnace-wall tube 
failure. Inspection of the stokers installed in the station showed 
tha t only on the seventh-row stokers was it possible to insert 
probes into the retorts from below without interference with the 
links operating the secondary rams. Hence, an isolated working 
place from which the probes could be handled was built into the 
wind box of boiler No. 73 while it was out of service for routine 
maintenance in July, permitting preliminary tests of the probes 
during the two-week period, August 19 to September 4.

These tests showed that the isolated working place, later known 
as the doghouse, provided adequate safety and convenience for 
the test crew, and tha t the routine of the fuel-bed tests did not 
interfere with operation of the boiler. They also showed tha t it 
was feasible to insert probes into the fuel bed from below, but in­
dicated tha t certain changes in their design were desirable. New 
probes designed in accordance with these indications were made 
and testing was started November 1. By January 1, 1938, the 
equipment had been tried out and a single series of measurements 
a t a low burning rate had been finished. These data were em­
bodied in a first progress report distributed to the parties to the 
investigation a t the end of February.

On January 1, 1938, Bituminous Coal Research, Inc., withdrew 
from cooperation in the project, because the funds it had allotted 
to the work were exhausted. The program was continued by the 
Consolidated Edison Company and the Coal Research Labora­
tory with the assistance of the Pittsburgh Coal Company. Three 
additional series of tests were made in which the load, the per­
centage of excess air, and the fire contour were varied separately, 
but in all of which the same coal, one normally used in the station, 
was fired. In  these series, traverses were made a t three sections 
in the stoker but, as examination of the data indicated the action 
of the stoker to be much the same at all sections from the neck to 
the pit, measurements in the last three series, in which special 
coals were fired, were made a t only one section in the center of 
the stoker. Active testing was finished by April 29, 1938, and 
the motion pictures of fuel-bed behavior made as a part of this 
project were completed during the week ending May 14.

The results of the last six series of tests were submitted to the 
sponsors in a second progress report, distributed in October, 1938. 
A report embodying an outline of the results and tentative conclu­
sions subject to revision was presented orally before the annual 
meeting of this Society in December, 1938. In  addition to these 
reports, the apparatus used for the fuel-bed motion pictures has 
been described in a paper by Markson and Dargan (22)7 and the

7 Numbers in parentheses refer to the Bibliography a t the end of 
the paper.
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method of correcting temperatures has been reported by Mayers 
(25).

C o n c l u s io n  a n d  S u m m a r y

This work represents an initial survey of the conditions under 
which combustion takes place on multiple-retort underfeed stok­
ers. The data are not as precise or as detailed as might be de­
sired, they apply specifically only to the particular piece of equip­
ment on which the tests were made, and they do not cover a wide 
range of fuels. I t  is desirable that further tests of this nature be 
made on other stokers of different construction, burning many 
more of the hundreds of coals available for underfeed-stoker firing 
in this country. Additional tests could be made with much less 
expenditure of time and money and the experience gained in those 
reported herewith would be of great value in developing equip­
ment by the use of which more accurate and more detailed infor­
mation could be obtained. More data on the extremely interest­
ing region in the walls of the burning lane should be secured by 
inserting probes along diagonals passing from the retort into the 
burning lane. This was not attempted in these tests because the 
importance of this region was not appreciated.

Despite its limitations, this investigation is not without imme­
diately applicable results. I t  shows, for instance, tha t a change 
in the contour of the fire may have beneficial results in the uni­
formity of operation of the stoker, and that, in this installation, 
the use of the “short” fire leads to less severe treatment of the 
iron of the stoker. I t  also shows that what apparently is a thin­
ner fire may actually have more fuel over the tuyeires and so be 
more stable than a thicker fire, with its accompanying narrow 
burning lanes; and finally, it repeats the demonstration tha t the 
gases rising from the active portions of the bed may require addi­
tional air for combustion. Another result of importance in the 
design of stokers is the elucidation of the structure of the fuel bed 
obtained by these tests, which showed that the mechanism of heat 
flow into the coal in the retort is similar to that governing heat 
flow into a slot-type by-product coke oven. This makes avail­
able for the use of stoker designers a considerable amount of in­
formation concerning heat transfer which is directly applicable 
to their problem.

The principal facts brought out by this investigation may be 
summarized as follows:

1 The fuel beds of multiple-retort underfeed stokers exhibit 
a considerable degree of uniformity of structure relative to the 
axes of the burning lanes, the positions of which, however, are 
not fixed with respect to the center lines of the tuyere stacks, but 
may vary within limits. Fluctuations of temperatures and pres­
sures from the averages a t points fixed with respect to these axes 
are relatively small, but the deviations of gas composition are 
large, apparently because of the slow speed of diffusion by com­
parison with the rates of heat transfer and of the transmission of 
hydrostatic pressure in the system.

2 The fuel beds consist of burning lanes through which most 
of the air for combustion passes, separated by heaps of coal in the 
retorts through which very little air flows.

3 The coal in the retorts is retained between walls of coke, at 
the cooler boundary of which rapid carbonization of the coal oc­
curs and through which heat for carbonization and ignition of the 
coal is conducted transversely across the stoker from the burning 
lanes.

4 The fuel has a component of flow transversely across the 
stoker from the retorts to the burning lanes approximately equal 
to that calculated from the burning rate and the dimensions of 
the fuel bed.

5 At the bottom of the burning lanes an extremely high- 
temperature coke is burned and gasified.

6 The temperature and pressure gradients in the main pri­
mary-air stream are determined by the rate of air flow, but the 
temperatures attained just above the tuyeres depend also upon 
the fire contour.

7 The maximum temperatures observed, 2800 to 3000 F, 
appear close to the top of the bed, and are nearly the same in all 
series, regardless of the load, the fuel, or the fire contour.

R e s u l t s  o f  T e s t s

A summarized tabulation of the data on the conditions of opera­
tion in all the runs, averaged for each series, is given in Table 1. 
Series 1 and series 2 differ only in load; series 2 and 3 in excess 
air; and series 3 and 4 mainly in fire contour (refer to paragraph 
on “Stoker Operation”), although there was an increase in excess 
air in series 4 over series 3. Series 5, 6, and 7 were run at the 
same load and excess air as series 2 but with three different coals; 
series 5 with coal from Pocahontas No. 3 seam; series 6 with

T A B L E  1 SU M M A R Y  O F DATA ON C O N D IT IO N S  O F O P E R A T IO N
Series No. ........................................................................ 1 2 3 4 5
R uns N o ............................................................................  21-44 45-63 64-71, 76 72-75 84-88

77-83
D a tes ..................................................................................  11/23/37  1 /19 /38  3 /1 7 /3 8  3 /25 /38  4 /14 /38

-1 2 /1 7 /3 7  -3 /9 /3 8  -3 /2 4 /3 8  - 4 /  7 /38  -4 /1 5 /3 8

Coal ' Lower K ittan ing , run-of-m ine------------------- * ,—Pocahon tas-
B ailey-m eter readings, average:

S team ............................................................................  149 217 209 206 207
A ir..................................................................................  152 219 236 238 211

Fire con tou r..................................................................... Long Long Long Short Short
Average tem peratures, F :

Steam , superheater o u tle t .....................................  618- 652 644 662 651
Feedw ater entering  bo ile r...................................... 287 292 327 322 315
Flue gas, boiler o u tle t.............................................. 550 619 609 607 597

Pressure and d ra ft, in. w ater:
W ind-box p ressu re ...................................................  1 .5  2 .9  2 .7  2 .9  3 .0
Furnace d ra f t .............................................................  0 .12  0 .15  0 .30  0 .21 0 .12
Boiler-outiet d ra f t ....................................................  0 .3 0  0 .94  1 .18 0 .97  0 .66

Excess air, per cent:
B ailey-m eter setting , pens to g e th e r...................  37 44 37 49 42
A ctu a l............................................................................ 40 45 54 72 45

H ourly ra tes, 1000 lb per hr:
Steam  flow...................................................................  82 .7  120.3 115.8 112.0 114.5
Coal burning (estim ated )....................................... 8 .0  12.2  11.8 11 .5  11.3
Air flow (estim ated)................................................. 116 185.5 190.3 208.5  176.4

U nit ra tes, lb per sq f t  per hr:
Coal Air Coal Air Coal Air Coal Air Coal Air

(а) 20 .9  31 .9  30 .8  30 .0  29 .4
(б) 26 .2  380 39 .9  606 38 .5  621 36 .6  682 36 .5  576 
(c) 44 .0  640 67 .0  1020 64 .9  1045 61 .5  1145 61 .5  970

6
89-93

4/20 /38  
-4 /2 1 /3 8  
/—Sized,—s 

Lower 
K ittan ing

209
211

M edium

655
309

2.7
0.14
0.68

40
41

115.6
11.9

174.0

Coal Air 
31.0
38.9 569
65.4 957

7
94-97

4/26 /38

>—Mallory—* 
Gas

207
215

Long

660
309
597

2 .5
0.11
0.67

37
42

114.5 
11.5

173.5

Coal Air 
30.0
37 .6  567
63.2 954

(a) R eferred to  to ta l projected area, 382 sq ft.
lb) R eferred  to  actual area, om itting  ashp it, 306 sq ft.
(c) R eferred to  air-admission area, 182 sq ft.
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T A B L E  2 COAL ANALYSES
Series N o ..

Source:
C ounty and s ta te ....................
Seam ............................................

Proxim ate analysis, per cent: 
M oisture, as received............

Ash, d ry .....................................................
Sulphur, d ry .............................................

Heating value:
As received. . ...........................................

Swelling index in V.M. det., per cent. 
Ash-fusion tem peratures, F :

In itia l.........................................................
Softening...................................................

Size, per cent:
On l l/*-in. round h o le ....................... .
Through lV s-in. on 1-in....................
Through 1-in. on 3/4-in ........................
Through 3/«-in. on Vjj-in.....................
Through l/i- in . on 8/s-in ......................
Through 3/s-in. on No. 4 square mes
Through No. 4 on No. 8 .....................
Through No. 8 on No. 14...................

T hrough  No. 60 on No. 100............................
Through No. 100.................................................

« Through 3/4-in. on 3/s-in. 
b Through 1/ 2-in. on Vi-in. square mesh. 
c Through y«-in. square on ys-in . square. 
d Through No. 4 on No. 20. 
e Through Vs-in. square on No. 20.

1 2 3 4 5 6 7
E ureka , run-of- mine Pocahontas, n u t and E ureka, sized M allory

slack
Berw ind-W hite Coal M ining P ocahontas Fuel B erw ind-W hite H u n t’s P o in t1

C om pany Com pany, Inc. Com pany P la n t

C am bria, P a . W est V irginia C am bria, Pa. Logan, W. V«
Lower K ittan ing P ocahontas No. 3 Lower K ittan ing Eagle

3 .6 3 .3 3 .3 3 .2 4 .3 3 .3 4 .5
16.4 17.1 16.tf 16.6 17.8 17.0 32 .5
77.1 75 .5 75.2 76.4 76.1 75.2 63 .2

6 .5 7 .4 8 .1 7 .0 6.1 7 .8 4 .3
1.13 1.43 1.46 1.38 0 .60 1.36 0 .57

14100 14080 13970 14100 14170 13940 14080
85 95 90 65

2560 2450 2610 2510 2550 2630 2650
2620 2510 2670 2570 2600 2680 2700

0 .4 1.1 0 .8 0 .4 0 .9 0 .4
1.6 3 .4 1 .6 2 .9 3 .5 2 .6
2 .5 0 .7 2 .3 3 .5 3.1 3 .4

6 .7 5 .9 5 .4 7 .2 8 .0
10 .’8a 6 .2 5 .4 8.1 8.1
11.1 8.5b 9 .9 10.4 16.6 17.1

47.9c 17..9 18.1 24 .0 18.5
1 4 .8« 18. 9 18.4 16.2 13.8

44! 5 1 5 .1 / 7. 5 7 .4 5 .2 5 .8
17.1 g 6.2* 19. 1 19.4 10.7 11.7

5 .5 / 1 .6 1. 4 2 .5 0 .3 1 .8
6 .5 4 .0 8. 5 6 .2 4 .2 8 .8

/  Through No. 20 on No. 30.
0 Through No. 20 on No. 50. 
h Through No. 30 on No. 60.
1 Through No. 50 on No. 100.

Lower Kittaning coal, the same as that used in the first four series, 
except that it had been sized at the washing plant before shipment 
by the removal of fines passing a 5/ 32-in. screen; and series 7 with 
a high-volatile-gas coal from the Hunt’s Point Gas Plant of the 
Consolidated Edison Company. Reference to Table 2 and Fig. 1 
shows that the “sized” Lower Kittaning coal used in series 6 had 
been so degraded during shipment that its size consist was not 
significantly different from the nut and slack ordinarily used. 
Thus, this series cannot be expected to show any effect which 
might be produced by a change in the sizing of the coal fired. 
No trouble was experienced due to smoke emission in series 7 
using high-volatile coal. The flame in the furnace in this series 
was very dense and hugged the bed very closely so that it was dif­
ficult to see the fuel bed through it, but no secondary combustion 
was observed at the top of the first pass a t any time with either a 
long or a short fire.

The values of steam flow' and air flow in Table 1 are averages of 
the readings recorded on the boiler-room floor at 15-min intervals 
but, since the load was held very steady during the tests, slight 
error is expected on this account. Only the total steam readings 
were averaged; the readings of the meter on the west-side super­
heater outlet (refer to paragraph on “Test Apparatus”) were gen­
erally 10 to 20 points lower during series 1 to 3, but differed very 
little from the totalizing meter in subsequent series. This is be­
lieved to be due to the somewhat more severe stratification which 
existed during the tests with the long fire than in those with short 
fires. Superheated-steam temperatures at the two outlets dif­
fered by amounts up to 30 F, the east side usually being higher. 
This behavior was irregular but appeared somewhat less fre­
quently with short than with long fires. In calculating the aver­
age steam temperatures, a straight arithmetic average of all the 
readings in each series was taken, as the weighted average dif­
fered from this by only 1 to 2 F. The flue-gas temperature leav­
ing the boiler is not accurate, as it was based on the reading of the 
Bailey-meter gas thermometer which was not checked.

Of the quantities given under the heading “Unit Rates,” the 
first fuel-burning rate, referred to the projected area of the stoker 
and ashpit, 382 sq ft, is the quantity usually cited in comparisons 
of stokers. The others are based on measurements of the various 
elements of the stoker, taken by the test crew, which resulted in

F i g . 1 S i z e  D i s t r i b u t i o n  o f  C o a l s  P l o t t e d  o n  L o g  P r o b a b i l i t y  
C o o r d i n a t e s

the following areas: Total stoker area, omitting ashpit, 306 sq 
ft; projected area of stoker, omitting ashpit, 274 sq ft; and total 
air-admission area, including area of tuy&re stacks, projected area 
of side-wall tuyeres, and extension grate, 182 sq ft. Fuel-burn­
ing and air-flow rates, based on these areas, are useful in the con­
sideration of the significance of the measurements.

As the results of the tests include data on temperatures, pres­
sures, and gas compositions at each of ten or more levels in a total 
of 79 test runs, it is obviously out of the question to present the 
complete experimental data in this paper. For this reason, only 
samples of the tabulated results will be given here; complete 
tabulations of the data have been prepared and deposited in the 
archives of the Society and may also be obtained, either as photo-
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T A B L E  3 T E S T  R E SU L T S; R U N  NO. 72, NO. 2 TU Y feR E, EA ST

D istance
above

tuyere, Tem p,
Corrected

tem peratures,

Gas-
pressure

differential,
in. ,----G as analysis, per cent----*

in. F F w ater CO 2 0 2 CO H 2 c h 4
— 1 385 2 .0 5
—  V? 450 1 .0

0 450 0 .44
V* 1055 i9 io 0 .44 9^8 10.2 3 !5 i 4

1 1400 2030 0 .43 3 .9 16.0 1.3
l 1/* 1900 2080 0.47 7 .6 12.8 *. . .
2 2295 2500 0 .5 5 16.1 4 .6
2V? 2490 0 .6 0 16.0 3 .2
3 2505 0 .59 11.9 0 .4 9^5 2 4 i ’.5
3Vs 2475 0.90 14.6 0 .4 7 .6
4 2535 0 .80 11.2 0 .0 7 .0 4 2 0^9
4 1 /2 2550 0 .90 11.9 4 .2 3 .5 0 6 0 .8
5 2580 1.1 11.9 0 .2 7 .6
6 2655 1.25 12.2 0 .5 7 .2 i 3 6 ’. 5
7 2655 1.25 12.4 0 .6 5 .5 0 8 0 .4
8 2550 1.55 9 .2 0 .8 8 .4 8 8 1 .8
9 2750 2 .1 11 .6 0 .8 6 .8 1 1 0 .9

10 2700 2 .9 13.9 5 .7 0 .0
11 2780 3 .0
12 2685 2 .7
12« 2445° 3.25 16i0 0 . 1 2^6
13 2475& 2 .9 15.4 1 .9 0 .9
14 2625 2 .8 17.9 0 .0 1.6 0 i 0 . 1

° M om entary  tem pera tu res as high as 3025 F. 
b Probe seen in hole abou t 2 in. below top  of burning lane. 
« Taken during  w ithdraw al of probe.

bed being built up between parts (refer to paragraph 
on “Testing Procedure”).

Parentheses around corrected temperatures indicate 
that these readings are unreliable because the observed 
rate of temperature rise was too great.

D i s c u s s io n  a n d  I n t e r p r e t a t io n

Structure of the Fuel Bed. In order to facilitate 
visualizing the results of the tests, Figs. 2 to 6 have 
been prepared, showing, on cross sections of the fuel 
bed, contours of equal temperature, constant gas com­
position, and equal pressure drop. I t  must be borne 
in mind that these figures do not represent either 
averages or a steady state; they are, rather, the 
authors’ best guess, based on plots of the observations, 
as to what might be observed, if it were possible to 
take simultaneous readings throughout the region 
tested a t some instant. Fig. 2 shows isothermals on 
transverse cross sections of the bed at the three posi­
tions tested, taken in the planes, differing slightly from 
the vertical (refer to Fig. 13), in which the probes

2 . 8
2 .85
3.1

CO!

T A B L E  4 T E S T  R E SU L T S; R U N  NO. 61, NO. 2 R E T O R T , W EST
Gas- 

pressure 
differential, 

in. 
w ater 
2 .9  
2 . 2  
2 . 2
2 .5
2 . 6  
2 . 6
2 .65
2 .65
2 .7
2 .8  
2 .8  
2 .8

2̂ 9

3 .1
2 .95

D istance
Tim e
after M axim um

Tim e
after

above stopping tem pera tu re reaching C orrected
ram , stoker, observed, position, tem perature

in. min F min F
0 95
5 95

10 95
15 95
17.5 95
18.5 95
19.5 95
20.5 95
21 .5 95
22 .5 95
23 .5 95
24 .5 7 \0 570 i! o 1250

1 .5 1460
2 5 . 5 io !o U 95 1.0 1860

2 .0 1990

2 3 . 5 2 .5 250
P a rt

24 .5 5 .5 875 i!o 1500
2 .0 1665

25 .5 8^5 1835 1.0 (2390)
2 .0 (2615)

26! 5 i i  !o 2220 Steady
27.5 2280 Steady
28 .5° 2325 Steady

0 P robe 3 in. above fuel bed.

—Gas analysis, per cent— 
O2 CO H2 CH

5 .2 4 .2 10.2 1 2 . 2

5.  2 5*. 7 1 2 " 7 1 0 . 7

3 .6 7.9
5 .0 2 .5 5 .2 14^6 14^4

5 .3 2 . 0 6 . 8 17.6 15 !l

8 ’. 4 0 . 9 6 . 6
14.1 4 .1 0 . 0 i ! 3 1. 2
10.1 0 .6 7 . 1 1 2 . 3 6 . 5

prints or as microfilm, from The American Documentation Insti­
tute, Washington, D. C. Details of the procedure and discus­
sions of the accuracy and precision of the results are given in later 
paragraphs. The results obtained are exemplified by Tables 3 
and 4.

The data from a typical run over the tuySre stack are given in 
Table 3, in which the first column gives the depth of penetration 
into the fuel bed; the second the average temperature if a steady 
reading was reached, otherwise, the maximum observed; column 
three, the corrected temperature, if a steady reading was not a t­
tained, when the correction referred to in the section on “Supple­
mentary D ata” was applied; the fourth column shows the pres­
sure drop of the combustion gases through the stoker and fuel bed 
to that point; and columns 5 to 9 give the percentage composi­
tion, dry, of the gas sample taken a t that point. In Table 4, 
which presents the data from a typical retort run, the first column 
gives the distance above the secondary ram; the second, the time 
after stopping the stoker; and the third, the uncorrected tempera­
ture a t that time; while the fourth and fifth columns give the time 
and the corrected temperature at intervals during the period the 
probe was held a t that point. The sixth column gives the pres­
sure differential, and the remaining columns the analysis of the 
dry gas. The retort runs were completed in two parts, the fuel

were advanced through the bed, a t a load of 120,000 lb of 
steam per hr with 45 per cent excess air and a long fire (series 
2). The sections show a portion of the bed, consisting of one 
full retort and tuyere stack and one half of the next adjacent 
elements; the lines of insertion of the probes are indicated 
by dot-and-dash lines, with scales showing the distance above the 
stoker iron in inches. Position No. 1 is near the head of the 
stoker, while No. 3 is near the extension grate (refer to paragraph 
on “Equipment and Construction”). The contours are nearly 
vertical at the sides of the retorts and the temperature increases 
very rapidly across a narrow region above the walls of the retorts 
in the direction of approach to the center line of the tuyere stack. 
The coal in the retort does not rise above room temperature until 
it approaches the walls of the retort or a thin skin on top, although 
the width and height of the unheated heap of coal become less as 
the distance from the head end of the stoker increases. The re­
gion of very high temperatures above the tuyeres is coincident 
with the burning lanes which are so prominent a feature of stoker 
fires. I t is evident that the principal direction of heat flow into 
raw coal normal to the contours is horizontally across the stoker 
from each burning lane toward the center line of the adjacent re­
tort. I t  should also be noted that coal in the retort, a t the middle 
of the stoker longitudinally, may rise 23 in. above the floor of the



FUEL-BED TESTS AT HELL GATE GENERATING STATION, 1937-1938 195

retort, or 12 in. above the level of the tuySres, without being 
heated above room temperature, even though at the same level 
less than 12 in. away, across the stoker, the temperature in the 
burning lane may have reached 3000 F.

Fig. 3 shows contours of equal drop in gas pressure on the same 
cross sections and under the same conditions of firing. These con­
tours suggest that the principal flow of air is upward along the 
burning lanes and that there is comparatively little flow through 
the retort. In fact, the nearly vertical course of the contours in

the walls of the burning lanes indicates that these walls may be 
almost completely impervious to air flow. That there is com­
paratively slight air flow up through the retorts is shown by the 
low rate of pressure drop through this rather densely packed 
heap.

Fig. 4 shows lines of constant oxygen, and Fig. 5 lines of con­
stant carbon monoxide and of constant hydrogen-plus-methane 
concentrations. The air in the retort is not consumed until it 
approaches the region of very rapid temperature rise shown in
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F ig .  5  C o n t o u r s  o f  C o n s t a n t  C o n c e n t r a t i o n s  o f  C a r b o n  M o n o x i d e  a n d  o f  O t h e r  C o m b u s t i b l e  G a s e s

Fig. 2. In the burning lane, the oxygen penetrates further into 
the bed, the closer the center line of the lane is approached; along 
the walls of the lane it decreases practically to zero a t only 3 in. 
above the tuyferes while, at the center of the lane, the air may still 
contain 5 per cent of oxygen 6 in. above the tuyeres. This result 
accords with the data on the pressure drop, which indicated that 
the gas velocity varies greatly in a section across the burning lane,

from very small values a t the walls of the lane to very large values 
a t the center. I t  is also to be noted that the oxygen concentra­
tion appears to increase again toward the top of the lane. This 
effect is quite marked, and is accompanied by a decrease in the 
concentration of the combustible constituents, as shown in Fig. 5, 
and usually by an increase in carbon dioxide, although the latter 
may be masked by excessive dilution by the fresh air entering at
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F i g . 6  T e m p e r a t u r e  C o n t o u r s  f o r  D i f f e r e n t  C o a l s  a n d  C o n d i t i o n s  o f  O p e r a t i o n

this point. The authors have been unable to agree on an inter­
pretation of this secondary increase in oxygen.

The greatest concentrations of combustible gases appear in the 
walls of the burning lanes at about the same level as the maximum 
temperatures in the lanes themselves. In this region, the sum of 
methane plus hydrogen may reach values above 25 per cent. I t 
can be seen by reference to Fig. 2, that the temperature in this 
region ranges from 1500 to 2200 F, and from Fig. 3, that it is just 
this region which appears to be most nearly impervious to gas 
flow. All these facts point to the conclusion that this is the re­
gion in which carbonization of the fuel is occurring at the most 
rapid rate.

Comparison of charts similar to those just referred to for dif­
ferent parts of the bed, and for different conditions of operation, 
shows quantitative differences but no qualitative change in the 
pattern, as indicated in Fig. 6, the isothermals at No. 2 position 
for a number of different conditions of operation. All these sec­
tions show the same pattern of nearly vertical isotherms in the

TABLE 5 A VERAGE T E M P E R A T U R E S  AT NO. 2 T U Y E R E
Series 1 2 3 4

Distance
above

tuyeres, Temp, Tem p, Tem p, Tem p,
in. F F F F
0 1830 1660
0 .5 1920 2i90 1885 2030
1.0 1960 2325 1715 1850
1.5 2165 2420 2280 2075
2.0 2050 2475 2261 2065
2 .5 2030 2570 2310 2155
3 .0 2140 2620 2465 2410
a 231 203

a b a b (a) (6)2
3 .5 2225 2140 2600 2545 2490 2325 2465
4 .0 2305 2105 2620 2385 2730 2400 2480
4 .5 2390 2120 2670 2320 2690 2340 2550
5 .0 2445 2175 2725 2250 2700 2585
5 .5 2430 2235 2695 2235 2265
6.0 2460 2120 2780 2265 2235 2650
6 .5 2505 2060 2810 2090
7 .0 2565 2090 2770 2200 2295 2700
7.5 2590 2020 2880 2255
8.0 2620 2020 2250 2340 2650
8 .5 2730 1960 2310
9.0 2815 1850 2380 2685 2695
9.5 2825 1740 2415

10.0 2820 1695 2755
10.5 1695
11.0 1710 2795
11.5 1725
12 2755
13 2680
14 2700

a 133 122 41 195 2491 167*

1 a calculated for Beriea 3 and 3a from 0.5 in. to  5 in. 
! One run  only; a no t calculated.
3 a calculated for series 4 from 0.5 in. to  14 in.

walls of the burning lanes connecting regions low in tin; burning 
lanes with regions high in the retorts. Indeed, almost the same 
maximum temperatures at almost the same levels were observed 
in all the runs. Plots of the other variables investigated show 
similar uniformity under different conditions and so are not 
presented here.

These charts indicate that the structure of the fuel beds of 
underfeed stokers differs materially from the conventional pic­
ture, which consists of a bed of horizontal strata, the bottom one 
being green coal and the top one being freely burning coke with 
all gradations occurring in between. These results show that, 
actually, the stratification is mainly along vertical planes running 
from the head of the stoker to the end of the underfeed section 
along the walls of the burning lanes. A section through the fuel 
bed perpendicular to these planes, that is, across the stoker, shows 
green coal in the center of the retort extending almost to the top 
of the bed, then coal being heated, coked, and ignited as the burn­
ing lane is approached, with free burning of prepared fuel in the 
burning lane approximately along the center line of the tuyere 
stack. The flow of heat proceeds mainly in a horizontal direction, 
the coke layer forming first as a thin skin on the wall of the burn­
ing lane a t the head end of the stoker and progressing across the 
retort toward its center line with increasing distance from the 
front wall. Thus the retort of such a stoker is similar to a by-

F i g . 7  A v e r a g e  T e m p e r a t u r e s  a t  N o . 2  T u y e r e  P o s i t i o n
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product coke oven except tha t the confining walls are absent and 
combustion takes place in direct contact with the outside layer of 
coke; the laws (6) which govern heat flow in a by-product oven 
may be expected to govern the flow of heat into a stoker retort.

Carbonized fuel breaks off from the coke walls because of the 
formation of shrinkage cracks and the agitating action of the sec­
ondary rams, and falls down into the burning lanes where the level 
of the fuel is considerably lower than it is in the retorts. These 
lanes may cover only a portion of the width of the tuyfere stack; 
they consist of channels with more or less irregular coke walls, 
not necessarily continuous along the length of the stoker; and 
they generally have a more or less densely packed continuous fuel 
bed with, perhaps, some ash a t the bottom, in the lower part of 
the channel. The primary air flows up through these lanes, burn­
ing and gasifying the bed of coke through which it passes. The 
air velocity varies within wide limits in the burning lane, depend­
ing upon the density of the fuel bed through which each filament 
of flow passes, and the distance required to consume the oxygen 
in any filament increases with the local flow velocity.

While this description is based upon measurements made on 
only one stoker using but a limited number of coals, it is probable 
that, qualitatively at least, it applies quite generally to all stokers 
of this type. I t  is evident tha t the cases will be quite rare in 
which the air flow from the tuyere stacks spreads with equal in­
tensity through all sections of the coal, both above the tuyferes 
and in the retort; only in those cases, however, will there be any 
marked deviation from the structure outlined, in which the strati­
fication is along vertical planes and the heat flow into the raw coal 
is horizontal. I t  appears also tha t the high combustion rates, 
compared to the rates of ignition observed in pure underfeed 
burning, which may be attained in multiple-retort stokers, are due 
to the fact that there is no air flow through the planes of ignition 
to remove the heat conducted into this region from the hotter 
parts of the fire, and to the possibility that the aggregate of all 
the zones of ignition, tha t is, the sum of the areas of the burning- 
lane walls may be considerably greater than the projected area of 
the stoker.

Temperatures. The average temperatures a t No. 2 tuyfere 
position for the first four series of runs are given in Table 5 and in 
Fig. 7. The precision (1) of the measurements within each series 
is indicated by the magnitudes of the standard deviations a given 
a t the bottom of each column in Table 5.

These standard deviations indicate tha t the procedure of aver­
aging the runs by series is probably justified, since the probable 
error, equal for large numbers of observations to 0.6745 a, is never 
greater than about 170 F, approximately the order of accuracy 
which was expected before the tests were made, and is usually

T A B LE S IG N IF IC A N C E  O F D IF F E R E N C E S  B E T W E E N  T E M ­
PE R A T U R E S  IN  D IF F E R E N T  S E R IE S

Series
Range,

in.

Average 
difference 
of means P

2-1 0 .5 -3 389 < 0 .0 1 Significant
2 a -la 3 .5 -1 6 122 < 0 .0 5 Significant
26-16 3 .5 -1 1 .5 320 < 0 .0 1 Significant
4-2a 0 .5 -9 224 < 0 .0 1 Significant
3-2 a 0 .5 -3 263 < 0 .0 1 Significant
3-2a 3 .5 -9 15 < 0 .6 N o t significant
3 -la 1 .5 -5 273 < 0 .0 1 Significant
4 -la 2-8 148 < 0 .0 1 Significant

T A B L E  7 T E M P E R A T U R E S  A N D  M A X IM U M  T E M P E R A T U R E  
G R A D IE N T S N EA R  T H E  T U Y E R E S  A T NO. 2 P O S IT IO N

Series

1
2
3
4

Average

Air ra te  
through 
tuyeres, 

lb per 
8q ft 

per hr 
640 

1020 
1045 
1145

/—Tem peratures—' 
a t V 2 in., a t 3 in.,

F  F
1915 2140
2185 2620
1885 2465
2030 2410

M axim um  
tem pera­

tu re  
gradient, 

deg per in. 
195 
235 
395 
350

much less. I t  will be observed that the precision is often greater 
than the accuracy of the measurements (2), estimated as being 
about 90 F (refer to section on “Supplementary D ata” ). Table 6, 
the average differences between various pairs of groups of runs, 
shows tha t these differences are statistically significant (1 1 ), ex­
cepting for the upper portion of the traverses in series 2a and 3, 
since the probability that such differences could occur by chance 
is always less than 0.05, and usually less than 0.01.

These data indicate th a t the magnitude of the temperature 
gradient immediately above the tuyferes is proportional to the air­
flow rate, as shown in Table 7. The data of tests with special 
coals are not extensive enough to justify statistical analysis but 
they indicate that this conclusion holds true also for series 5 to 7 
as well. On the other hand, the temperatures attained at l/s in. 
and 3 in. above the tuyferes depend not only upon this gradient, 
but also upon the condition of the fire, as can be seen by compari­
son of the data for series 2, 3, and 4, all of which have nearly the 
same air-flow rate. In series 2, which was run at an excess air 
of 45 per cent with a long fire, the temperature rose to about 2600 
F a t 3 in. above the tuyferes, while the temperature Vs in. above 
the tuyeres was about 2200 F. In series 3, with a somewhat 
greater air flow and correspondingly greater gradient, the tem­
perature 3 in. above the tuyferes was only 2460 F, showing the 
effect of an increase of excess air to 54 per cent and the correspond­
ingly more open fire. In  series 4, however, in which the short 
fire was used, the temperature 3 in. above the tuyferes dropped still 
further to 2400 F.

In the upper part of the bed, it is necessary to differentiate be­
tween traverses which passed up through the burning lanes, de­
noted by the suffix a in Tables 5 and 6, and those which were in 
the walls of the lane, denoted by the suffix b. Considering first 
the a runs, it will be observed tha t the maximum temperature a t­
tained in all of those with the long fire was about the same. In 
series 1, this maximum of above 2800 F was reached at about 9 
in. above the tuyferes, while in series 2 and 3 the same value was 
reached somewhat lower, a t about 6 in. above the tuyferes, 
even though series 3 was run with high excess air. Data for 
distances above 5 in. are not given in Table 5 for series 3a, as not 
enough runs were available to justify statistical analysis. In 
series 4, however, with the short fire, the temperatures were sub­
stantially lower throughout the upper part of the bed, and the 
maximum of just under 2800 F was reached only at 11 in. above 
the tuyferes. The data of series 5 and 6 in which short fires were 
carried with special coals confirm this trend.

At the top of the bed, when the probe rose into the gas space, 
the temperature indication fell off quite sharply. This is shown 
in the averages for series 4, the only one in which a large enough

T A B L E  8 T E M P E R A T U R E  D R O P  A T T O P O F B U R N IN G  LA N E 
(P a r t of doghouse log; ru n  No. 94; No. 2 tuydre, west)

Notes

R atio , 
T em pera tu re  gradient 

Air-flow ra te  
0 .304 
0 .230  
0 .378  
0 .306 

0 .304  ±  0.023

Bed
Posi­ differential,

Tim e, tion, ,—T em peratu re— in. Sam ple
p.m. in. mv F w ater No.
9 :05 27 14.2 1.45

06 14.8 2625 49
07 28 15.2 1.45
08 14.9 2640 50
09 29 15.2 2 .3 5
10 15.4
11 15.4 2715 51
12 30 15.7 2 .70
13 15.9 2795 52
14 31 16.0 2810 2 .68
15 14.9 2640 53
16 32 13.8 3 .00
17 13.1 2370 54
18 13.1
19 33 13.3 2 .68
20 13.8 2475 55
21 34 14.4 2 .70
22 14.2
23 14.4 2565 56
24 35 14.5 2 .75
25 14.5 2580 1

Probe pushed 
hard

Probe reported 6 •. 
' in. ou t of fuel 

in burning lane
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number of probes penetrated the bed to justify carrying the aver­
ages that far. This effect was observed, however, in every indi­
vidual run in which the probe was seen from the rear door of the 
furnace. A good example is given by run No. 94, series 7, of 
which the readings for the last 8 in. are given in Table 8. The 
observation from the boiler-room floor that the probe extended 
about 6 in. above the level of the fuel bed in the burning lane at 
level 35 shows that the beginning of the precipitous drop in tem­
perature at level 31 was close to the top of the bed.

F i g . 8  P r e s s u r e  Loss a s  a  F u n c t i o n  o f  D i s t a n c e  A b o v e  
T u y e r e s

F i g . 9  P r e s s u r e  G r a d i e n t  a s  a  F u n c t i o n  o f  A i r - F l o w  R a t e

In runs in which the probe was raised, not through the burning 
lane, but through its walls, the temperature dropped from a maxi­
mum in the neighborhood of 3 in. above the tuyferes, up to which 
point it had followed the same course as in runs in the lane, and fell 
off continuously to as low as 1700 F at 10 in. above the tuyere.s. 
The negative gradient in this region appeared to be independent 
of the load and excess air, while the length of the region of de­
creasing temperature was quite unpredictable and may have de­
pended only upon the distance from the line of traverse to the 
center of the burning lane. The fact that these traverses differed 
from those just described, in being off the burning lane, was sub­
stantiated by the observations of the other quantities, gas pres­

sure and analysis, and also by direct observation in many 
runs of the position of the probe when it had penetrated the fuel 
bed and was visible from the boiler-room floor. In every case, 
the region of declining temperature was terminated by an abrupt 
transition to a region in which temperatures of the same magni­
tude as those prevailing in the burning lane a t these levels were 
observed. This transition was accompanied by characteristic 
changes in gas analysis and pressure (refer to section “Pressure 
Differential”) and was often coupled with a momentary great in­
crease in the resistance to motion of the probe through the bed, 
follow'ed by complete freedom of motion. This phenomenon was 
interpreted as meaning that a t this point the probe broke through 
the wall and entered the burning lane or emerged from the top of 
the bed.

Pressure Differential. Plotting pressure differential against 
distance above the tuyferes leads to quite different results for runs 
in the burning lanes and those out of the lanes. The results of 
the runs in the burning lanes are readily interpreted, as shown by 
the examples, from runs at No. 2 position, Fig. 8. The pressure 
drop is linearly related to the distance above the tuyeres beyond 
a small distance of the order of 1  to IV 2 in. and extending to 8 
to 12 in. above the tuyferes. While the absolute values of pres­
sure drop to any point do not agree very well in different tests 
under the same conditions, the values of the pressure gradients 
do. These are plotted, to logarithmic scales, against the air-flow 
rates for the different series in Fig. 9, where it will be observed 
they fall on a reasonably straight line with a slope of 2.17. The 
values of air-flow rate used in this calculation are based on the 
indication of the air-flow pen of the boiler meter, and are referred 
to the total air-admission surface of the stoker. This calculation 
is admittedly a rather unsatisfactory approximation; the errors 
in it arise from two main sources (a) the air-flow meter, which is 
not a precision instrument at best, measures the air flow through 
the boiler, not tha t through the stoker, (6) there is no assurance 
that the air flow through different sections of the air-admission 
surface of the stoker is uniform. No correction has been made 
for air admitted through the front-wall secondary-air ports.

In spite of these qualifications, the data show that the relation 
given in Fig. 9 is significant. The result may be compared with 
the formula given by Diepschlag (8) for the pressure loss through 
beds of spheres. To obtain the pressure drop observed, the fuel 
bed would have to be equivalent to a bed of spheres about l/ i  in. 
diam. Diepschlag’s measurements, however, were made using 
cold air. Applying the corrections for temperature indicated by 
Carman’s analysis (7) the size of the particles would be increased 
to about 0.63 in. to produce the pressure gradient of 0.196 in. 
water per in. of fuel-bed depth at 1000 lb air per sq ft per hr, given 
by Fig. 9. The slope of the line in Fig. 9 is greater than that 
found by Diepschlag and by Arbatsky (3), in tests using cold air, 
who obtained values of the exponent of 1.6 to 1.7. This discrep­
ancy, as well as the small particle size indicated by the calcula­
tions, may be ascribed to the errors previously noted, but it 
might also be due to the difference in temperatures since, in a test 
on a chain-grate stoker burning anthracite, Arbatsky observed a 
value of the exponent of 2 .1  for small values of air-flow rate.

Certain other significant conclusions may be drawn from these 
data. The linear portion of the curves in Fig. 8 for runs in series
1 to 3 are always terminated by a sharp break upward, followed 
by a practically flat portion, which is not however at a pressure 
drop corresponding to the furnace draft but from 0.3 to 0.5 in. 
water less. I t  has been shown by Hirst (15) in a discussion of the 
principles of coal cleaning by pneumatic tables that the maximum 
pressure gradient which can be attained in a porous bed of broken 
solids is that equivalent to the weight of the bed per unit thick­
ness. Above this gradient, which for coal is about 0.6 in. water 
per in. of bed and is nearly independent of particle size, the bed
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becomes disrupted. The sharp break referred to, which appears 
in the data for series 1 to 3, always involves a gradient materially 
exceeding this limiting value, so it is evident tha t a continuous 
fuel bed does not exist above it. I t  appears a t levels of from 8 to
10 in. above the tuyeres, which may be 6 to 8 in. below the level 
of the top of the fuel bed in the retorts. In series 4, however, 
when the short fire was used, no break appears. The linear por­
tion extends to a distance of 12  in. above the tuyfcres, a t which 
level the pressure has dropped very nearly to tha t in the furnace, 
showing that, in spite of the thin fuel bed of the short fire, there 
is more fuel over the tuyeres in this fire than in the long one.

F ig . 1 0  D i s t r i b u t i o n  o f  G a s  A n a l y s e s  a t  No. 2  T u y e r e  
P o s i t i o n

The pressure gradients in the burning lanes at other positions 
show that in series 1 , a t low load, the air-flow rate per unit area is 
much greater at No. 1 position, at the neck of the stoker, and 
somewhat less at No. 3 position, just above the extension grates, 
than it is a t No. 2. In  series 2, the same effect was observed but 
to a much less marked degree, while in series 3 not enough data 
are available to permit a comparison. In series 4, the pressure 
gradients and, hence the rates of air flow per unit area, are very 
nearly the same a t all three positions.

The pressure drops in runs in which the probe did not pass up 
through the burning lane show none of the regularity just de­
scribed. They usually show a short section of not over 3 to 4 in. 
in which the gradient is somewhat less than that observed in the 
lane, followed by a portion, corresponding in position to the region 
of decreasing temperature mentioned in the previous paragraph, 
where the pressure remains very nearly constant. This region is 
believed to be in close proximity to, or in the interior of a, rela­
tively impervious wall, since the absence of pressure gradient in­
dicates negligible air flow in the direction of motion of the probe. 
The presence of such a wall can, of course, be accounted for by 
the presence of unbroken coke or of a plastic mass of coal under­
going carbonization. At the top of this region, in the same place 
that the abrupt increase of temperature was found, the pressure 
drops abruptly to a value below the furnace pressure. In the 
retort runs, the same values of pressure just above the top of the 
bed, from 0.05 to 0.15 in. of water below the furnace pressure, 
were observed. These results indicate that there is little flow 
into the furnace from the space immediately above the retorts,

since, if there is no pressure drop due to flow upward from this 
level, a lower pressure than that observed in the furnace would be 
measured here, because the furnace-draft connection used for the 
operating meters is at a level about 10 ft above the fuel bed. 
Thus, a t the level of the bed, the chimney effect of a 10-ft column 
of hot gas would be added to the furnace draft observed with the 
regular operating furnace draft gage.

Gas Composition. The gas compositions show much less regu­
larity than the quantities just considered and their analysis does 
not lead to the type of quantitative results obtained in the con­
sideration of temperatures and pressure drops. This is probably 
due to the fact that the gas analysis is much more subject to tran­
sient variations than are the other two quantities, since diffusion 
in the gas stream is a much slower process than heat transfer by 
radiation a t the temperatures under consideration, or than the 
mechanical transmission of pressure through the gas which takes 
place with the speed of sound. For the same reason, it would ob­
viously be necessary for the sampling point to reach exactly 
equivalent positions with respect to the filaments of flow and the 
proximity of surfaces of burning fuel in different runs to attain a 
high degree of precision of the measurements. Since the fuel bed, 
by its very nature, represents a single structure only in a statisti­
cal fashion, it is obvious that only a statistical approach to an 
average picture of the gas compositions at various points in the 
bed is available. The average values at different points might be 
more closely approximated by samples taken from each position 
over rather long periods of time but, in view of the comparatively 
short life of the probes in the fuel bed, it was not practicable to 
take such samples.

The limits, within which one half of the analyses taken at vari­
ous levels at No. 2 position in all the series lie, are shown in Fig. 
10. This figure was constructed by plotting all the data and then 
passing the lines through the groups of points at each level in such 
a way that one quarter of the points would be above the upper 
line, and one quarter below the lower one. These curves enclose 
the region within which the analysis of a sample taken at that 
position would probably lie.

The dispersion of these data is so great that significant differ­
ences between the results for the different series of runs cannot be 
found, but the general trends for all series can be observed in Fig.
10. The oxygen concentration falls off more or less rapidly to 
small values at distances 5 to 6 in. above the tuy&res, remains at 
this low level up to about 10 in. above the tuyeres, and then be­
gins to increase again. This behavior is observable, not only in 
this statistical representation of the data, but also in each indi­
vidual run. Carbon dioxide increases, more or less as a mirror 
image of oxygen concentration, to a maximum at 2 to 5 in. above 
the tuyeres and then decreases, being replaced by increasing con­
centrations of carbon monoxide. Hydrogen and methane begin 
to appear a t distances of 3 to 6 in. above the tuyferes, but never 
reach very high concentrations in the tests in the burning lanes. 
In runs out of the lanes, the hydrogen and methane may reach 
very high values, a typical composition from a point 7 in. above 
the tuyeres (run No. 55) being C 02, 8.2 ; 0 2, 1 .2 ; CO, 7.3; H2, 
15.1; and OIL, 4.8. The high ratio of hydrogen to methane, 
which is typical of the data from this region, indicates that these 
gases arise either from the later stages of the process of carboni­
zation of the coal (18), or from the cracking of methane. Gas 
analyses in the retort, on the other hand, usually show a prepon­
derance of methane over hydrogen, which is characteristic of the 
earlier stages of carbonization.

At levels in the bed above those where methane and hydrogen 
first appear, diluting the gas stream, the combustible gases burn 
out. At first, the water-gas reaction appears to account for most 
of the changes in analysis, as the hydrogen and carbon-dioxide 
concentrations decrease with a corresponding increase in carbon
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monoxide and but little change in methane. Later, however, 
methane and hydrogen disappear at parallel rates, but carbon 
monoxide is consumed much less rapidly, invariably being the last 
combustible gas to vanish. In the initial gasification region, be­
low 6 in. above the tuyeres, the fuel is almost pure carbon, that is, 
a very high-temperature coke, as shown by the fact that the sum 
of the concentrations of oxygen and carbon dioxide, when the 
monoxide is absent, always amounts to more than 20 per cent 
and, when the monoxide is present, frequently reaches 20 per 
cent +  Vs (CO), corresponding to the combustion of a pure car­
bon fuel. This result suggests that combustion in the burning 
lane takes place in accordance with the laws governing “pure- 
overfeed” action (24, 29).

P r e v io u s  I n v e s t ig a t io n s

Current descriptions of the fuel beds of underfeed stokers, with 
the exception of that of Barnes, appear to be based upon knowl­
edge born of long experience in the operation of this equipment, 
without the control of exact measurements of conditions in such 
fuel beds. The work of Barnes (5) was concerned with single­

retort stokers of domestic sizes, which differ so greatly from the 
large multiple-retort type investigated in this study, it could not 
be predicted that the results of his work would be applicable to 
these stokers. I t appears, however, that if due allowance is made 
for the differences in the geometry of the system his results may 
be transferred with little change to a description of the beds of 
multiple-retort stokers, which usually operate in the region de­
scribed by Barnes as “black-center” burning, and show many of 
the characteristics of such operation.

R. A. Foresman (12) has given a description of multiple-retort-

PERCENT Of BOILER RATING

F i g . 1 2  B o i l e r  E f f i c i e n c y  a t  V a r i o u s  L o a d s ; B o i l e r  No. 7 3  
( F ro m  a c c e p ta n c e  t e s t s  b y  U n i te d  E le c t r ic  L i g h t  & P o w e r  C o m p a n y .)

F i g . 11 C r o s s  S e c t i o n  o f  B o i l e r  a n d  S t o k e r ; B o i l e r  N o . 7 3 ,  
H e l l  G a t e  G e n e r a t i n g  S t a t i o n

stoker fuel beds which agrees quite well with that developed from 
this study, but no supporting data were given and conclusions 
which might be drawn from the geometry of the bed were not 
stated. In particular, he showed a deep pile of uncoked coal in 
the retort extending to a considerable height above the tuyferes, 
but his description does not suggest the function of the coke wall 
in delimiting the “burning lane,” at least with coking coals, or 
consider the implications of the horizontal heat flow in determin­
ing the rate of ignition. Tobey (33) has also described fuel beds 
which have many points of similarity to those described here. 
Houghton (16) has used the results of analyses of the fuel a t differ­
ent points in a fuel bed, which had been suddenly quenched, in an 
attempt to describe the progress of combustion in multiple-retort 
stokers, but he appears to share the impression (17) that ignition 
in such stokers proceeds by a mechanism analogous to that which 
controls “pure underfeed burning.” His emphasis on the desir­
ability of carrying thin fuel beds in burning low-volatile coal is 
supported by the results of this investigation, which demonstrate 
the paradox that a thinner fuel bed may actually have more fuel 
over the tuyferes.

In “pure underfeed burning,” as described by Nicholls (27, 28), 
ignition of incoming fuel proceeds in the direction opposite to that 
of the air flow and takes place, as shown by Mayers (24), if the 
rate of heat conduction from the zone of free combustion is greater 
than the rate a t which heat is convected back into that zone by 
the primary air. This type of burning leads to a fuel bed which is 
stratified in horizontal layers. The upper layers are in a condi­
tion similar to tha t described by Kreisinger, Ovitz, and Augustine 
(19), except that the temperatures, in the case of underfeed burn­
ing, are lower than those found by the last-mentioned authors in 
agreement with calculation' (24). The rate of ignition in such a
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system can be calculated (26) from the characteristics of the fuel 
and the rate of air flow; it has also been determined experimen­
tally (30, 31) as a technical characteristic of the fuel.

In Europe, where traveling-grate stokers are extensively used, 
it has been shown (14, 21, 23) that the concept of “pure underfeed 
burning” describes the processes occurring on such stokers, and 
this has been made use of in setting up model fuel beds (9, 13, 20, 
32) for the study of fuel beds on traveling-grate stokers under con­
trolled conditions. These investigations were of little use as a 
guide to the development of methods of measurement in the pres­
ent project. In the investigations of traveling-grate stokers of 
commercial sizes, only grate temperatures and gas analyses over 
the fuel bed were determined, while the others, in which tempera­
tures within the bed were determined, were carried out on model 
fuel beds in which equipment could be used which would not stand 
the conditions of operation in a full-size multiple-retort stoker.

E q u i p m e n t  a n d  C o n s t r u c t io n

The tests were run on the stoker of boiler No. 73 at Hell Gate 
Generating Station of the Consolidated Edison Company. The 
boiler has 12,560 sq ft of heating surface and is a straight-tube, 
sectional-header type with an overdeck superheater. The fur­
nace is water-cooled on the side walls and has 10 small secondary- 
air admission ports in the front wall. It has a 14-retort 37- 
tuyfere Taylor stoker with high side-wall tuyferes and a clinker- 
grinder ashpit. The unit is rated at 165,000 lb of steam per hr at 
280 psi abs and 700 F steam temperature. A cross section of the 
boiler and stoker is shown in Fig. 11. The results of acceptance 
tests, made by the United Electric Light & Power Company in 
1926, are shown in Fig. 12. Coal consumption during the tests 
was calculated from the steam flow indicated by the boiler meter, 
on the basis of the efficiencies found in these tests, divided by an 
operating factor of 1.06.

Although the stoker is rated at 37 tuyferes, the original tuyeres 
( l '/ j  in. thick) have been replaced by thinner ones, 1 in. thick, so 
that there are actually 49 tuyferes in each stack. There are 5 
secondary rams in each retort, all bolted together so that they 
move as a unit, although provision had been made in the design of 
the stoker to allow certain amounts of lost motion between adja­

cent pushers; and the extension grates also move with the secon­
dary rams and have the same stroke. The stroke of the set of 
rams serving each retort may be controlled from the front of the 
stoker by movement of an adjustable shoe. The furnace has two 
large inspection doors in the side walls above the ends of the ash­
pit. For these tests, an additional small inspection door was pro­
vided in the rear wall directly opposite the retort and tuyfere 
stack in which the traverses were made.

Fig. 13 shows the construction of the doghouse, which was built 
into the sifting hopper to the east of the center line of the stoker, 
there being 4 hoppers under the stoker. A hole, 2 ft wide and 5 
ft long, was cut in the rear sloping wall of the hopper and was pro­
vided with a cover plate which could be bolted over it when tests 
were not being carried on. The top of the hopper was roofed 
over with ' / 4-in. plate, reinforced by 2-in. angles, while the rear 
6-in. section of the roof was built in the form of a trap door which 
could be operated from outside the hopper.

Water, compressed-air, and power connections were brought 
down along the wall of the wind-box connection, and a table was 
set up between that wall and the wind-box damper-operating 
shaft, as shown in Fig. 13. An electric fan standing on the table 
and directed into the doghouse was used to insure adequate air 
circulation, and a field-artillery telephone set with a line from the 
doghouse to the boiler-room floor near the panel of boiler No. 73 
allowed ready communication between the two principal test 
stations.

Eight test points in the stoker were selected, four in the sixth 
retort from the east side and four in the tuyfere stack adjacent to 
it on the east. These were divided into three groups: Position 
No. 1, 16 in. from the front wall, having one point in the tuyere 
stack and one in the retort; position No. 2, 4 ft from the front 
wall, having two points in each; and position No. 3, 8 ft 2 ' / 2in. 
from the front wall, having one in each. It was originally planned 
to place the two points in both tuyere stack and retort a t No. 2 
position unequal distances from the center lines, but this proved 
to be impracticable because of constructional difficulties. In 
order to clear the operating link for the extension grate, it was 
necessary to place the point in No. 3 retort position 2 in. east, 
that is, toward the test-tuyfere stack, of the center line of the re­
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tort. At each test point, the stoker iron was burned out to ac­
commodate a length of l '/ r in .  standard pipe welded in place, 
which extended down through the roof of the doghouse. The 
guide tubes from the tuyfere stacks passed through packing caps, 
welded to the roof, while those from points in the retort passed 
through 3-ft lengths of flexible steel tubing, welded to the roof at 
their lower ends and to plates welded to the guide tubes at their 
upper ends. All of the guide tubes terminated below the roof of 
the doghouse in square-cut surfaces which were used as reference 
planes to determine the distance of penetration of the probes into 
the fuel bed.

T e s t  A p p a r a t u s

The probes used to measure temperatures and to take gas 
samples were required to withstand temperatures up to 3150 F, 
temperature gradients of 1000 deg per in., and the mechanical 
stresses incident to being forced through fuel beds 1 to 3 ft deep, 
containing coal in various stages of carbonization, coke, and oc­
casional clinker, but still had to be small enough so that they did 
not seriously disturb the fuel bed and so that they might reach 
temperature equilibrium with the bed within a reasonable time. 
It was anticipated that each traverse of the fuel bed would prob­
ably be terminated by failure of the probe, but it was hoped that 
many of the t raverses might extend to the top surface of the bed.

The water-cooled probe had a cooled section 8 ft long and a 12- 
in. mullite tip, 7/ i6 in. diam. I t was found that the tip was not 
strong enough to withstand the mechanical stresses to which it 
was subjected in tests over the tuyfere stack, so its use was discon­
tinued for such tests after run No. 20, the last of the preliminary 
group. Until run No. 48, the water-cooled probe was used in re­
tort runs to locate the region of rapid temperature rise before 
stopping the stoker, but this procedure, which involved changing 
probes during a run, was abandoned after it was discovered that 
the uncooled probes were sensitive enough for this purpose. In 
run No. 43 the water-cooled probe was used with a shortened tip 
to withdraw gas samples from the upper levels of the fuel bed and 
to attempt to observe the probe from the boiler-room floor above 
the tuyeres, which had not previously been done in regular runs. 
No temperature measurements were made during this run, as it 
was felt that the close proximity of water-cooled surfaces to the 
measuring junction would invalidate the observations. The at­
tempt to observe the probe was unsuccessful, but this was ac­
complished in regular runs in the later series.

With the exceptions noted, uncooled probes, shown in Fig. 14, 
were used for all the measurements reported. These probes con­
sisted of 1-in. mullite tubes, 4 ft long, with three holes, two Vu- 
in-bore for thermocouple leads, and one 1/ s-in-bore for gas sam­
pling. The bottom six inches of the mullite were covered with a 
sprayed coating of copper so that the mullite tube could be sol­
dered into the 1 V2-m-outside-diam sleeve by which the probe end 
was connected to the 1-in. pipe extension or carrier. This sleeve, 
shown in detail in the lower part of Fig. 14, was connected to the 
carrier by a copper-gasketed joint and carried a bakelite junction 
piece on which the thermocouple wires were connected by binding 
posts to pins which mated with the jacks in the carrier from which 
compensating lead wire ran to a polarized porcelain receptacle in 
the hexagonal base of the carrier. A copper tube, 3/s in. diam, 
connected the gastight space in the connecting pieces with a 
nipple on the hexagonal base. A sleeve of ' / 4-in. standard pipe, 
welded to one side of the hexagonal base of the carrier parallel to 
the axis of the probe, was drilled every 3/s in. so that a chain 
passed through it to support the probe could be fixed in position 
by a pin passing through a set of holes and the chain. The pipe 
extension was marked by grooves extending one quarter of the 
distance around the pipe at every inch and by numbered grooves 
extending all the way around the pipe at every 5 in.

Thermocouples were made of No. 24 gage platinum and plati­
num 10 per cent rhodium wire. Silica sleeves, 24 in. long and 
U/2 in. outside diam, were cemented to the measuring ends of 
probes which were to be used in the burning lanes so that they 
projected 1/s in. or somewhat less beyond the end of the probe, and 
cemented caps of Alundum (commercial alumina) and Insa-lute, 
a proprietary sodium-silicate cement, were laid over the thermo­
couple junctions in the cups so formed. After drying for 3 to 4 
days, these caps were baked in a muffle furnace at a temperature 
of 800 F for 8 hr and allowed to cool slowly. The development of 
this procedure took until about the middle of the third series; 
prior to this time, the caps had not been baked and only those that 
had been stored for at least 3 weeks penetrated far into the fuel 
bed. Probes which were to be used in the retorts were not 
equipped with sleeves or caps after run No. 58, as the conditions 
in this region were not severe enough to require them. A view of 
a probe end, showing the sleeve and cap, is given in Fig. 15.

The apparatus for drawing gas samples, designed and built by 
the Research Bureau of the Consolidated Edison Company and 
illustrated in Fig. 16, was arranged to evacuate the single-opening
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sample bottles, flush the sampling line, withdraw a spot sample of 
the gas over mercury, and compress it into the sample bottle a t a 
pressure 20 to 30 mm of mercury above atmospheric. The cop- 
per-tube sampling line ran from a convenient point in the dog­
house, where a rubber-tube connection to the probe was wired to 
it, to a point near the sampler to which it was also connected by 
rubber tubing. I t contained a tee, isolated by plug cocks, 
through which it was connected to the low-pressure side of a 
double-range oil-filled draft gage. The high-pressure side of the 
gage was connected to the wind-box section immediately below the 
portion of the stoker which was being tested, so that the gage read 
directly the pressure drop through the stoker and fuel bed. This 
arrangement was used to reduce the influence of minor fluctua­
tions of wind-box pressure on the readings.

Gas samples were analyzed by means of a special Ellison gas 
analyzer having a 50-ml burette graduated to 31 per cent and 
with 250-ml solution containers, and by a large mercury-sealed

apparatus, similar to that described by Evans and Davenport 
(10). All samples were run first in the small analyzer to deter­
mine CO2, O2, and CO. If the total of these compounds fell be­
low 18.5 per cent plus the amount of CO, the samples were trans­
ferred to the large apparatus, in which the absorption of CO was 
completed, O2 was added, and the sample burned on a platinum 
filament. The results of the combustion were calculated on the 
assumption that the gas consisted only of H2 and CII4. No at­
tempt was made to analyze for unsaturated hydrocarbons. The 
speed of analysis was limited by the time required for combustion. 
When a long series of samples containing combustibles was being 
analyzed, the combustion analysis of every second or third sample 
was sometimes omitted, as each sample required approximately 
40 min. Determination of C 02 and 0 2 on the small analyzer 
could be made continuously at the rate of about 15 samples per 
hr.

Motion pictures of the fuel bed were taken, following the com­
pletion of the tests. Plans had been made for taking these pic­
tures during the tests themselves, but the apparatus was not com­
pleted in time to make this possible. The piece of equipment 
which made successful pictures possible was the pyroscope which 
has already been described (22). I t  was designed and constructed 
by the research bureau of the Consolidated Edison Company in 
cooperation with the Bausch & Lomb Optical Company, Roches­
ter, N. Y. In  these tests, the pyroscope and camera were usually 
mounted behind the boiler, and pictures were taken through the 
special observation door at a rate of one frame every 3 sec for 
periods of several hours. Shots were also taken from the side 
door of the furnace, looking across the fuel bed, using a camera 
speed of 64 frames per sec (slow motion) in order to observe the 
action of “popcorn,” or flycoke.

In addition to the instruments just described which were de­
veloped especially for these tests, the regular operating instru­
ments were also used and these were supplemented in some cases 
by calibrated test instruments. Steam flow was read from the 
Bailey boiler meter, which, in this installation contains two steam- 
flow elements, one for the west-side superheater outlet, and one, 
connected with the west-side meter by a totalizing linkage, for the

T A B LE BA ILEY  A IR -FL O W  M E T E R  C H EC K S; B O ILE R  NO. 73 
H E L L  G A TE G E N E R A T IN G  STA TIO N

D a te ..............................
Steam-flow reading. . 
Air-flow read ing ........

11 /18 /37  2 /2 4 /3 8  
148 224
143 231

3/1 1 /3 8  4 /6 /3 8  
220 207
232 215

D istance from E W E W E W E W
side wall, ft

1 8 .0 9. 7 9 .9 9 .8 10.6 10.0 8 .6 8 .0
3 11.6 10. 8 11.0 10.6 11.4 10.2 11.0 11.1
5 15.6 13. 6 11.4 12.3 13.3 11.9 13.4 12.5
7 16.8 15..1 12.6 13.0 13.8 12.7 14.0 12.7
9 16.7 15. 6 14.7 13.6 14.4 14.2 14.4 12.7

11 15.8 16. 6 14.6 14.2 15.3 14.2 14.1 14.0
Average CO 2, per

cen t........................... 13 .8 12 .3 12 .7 12 .2
Corresponding to ta l

a ir, per c e n t........... 135 152 147 153
T o tal a ir w ith pens

together, per cent. 140 147 140 148
CO2 w ith pens to ­

gether, per c e n t . . . 13 .4 12 .7 13 .4 12 .7

N o t e : Boiler ou t for overhaul, thoroughly cleaned January  25 to February  
24. E x ternal cleaning only, M arch 19-20.
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east side. These meters were checked against a static water 
column several times during the course of the tests and at no time 
was any correction found necessary. Air flow was read from the 
Bailey-meter air-flow pen, the setting of which was checked 
against Orsat traverses four times during the course of the tests, 
with the results shown in Table 9. Both steam- flow- and air-flow- 
meter checks were run by the Station Service Bureau of the Tech­
nical Service Department, using their standardized procedure. 
The air-flow-pen setting was not changed during the course of the 
tests, so that the variations in excess air with pens together are 
due to changes in the cleanness of the boiler. These Variations 
were taken into account in calculating air flows from the observa­
tions. Furnace- and boiler-outlet drafts were read on an inclined 
draft gage, and the wind-box pressure under the test section was 
read on a vertical draft gage. The latter reading was compared 
with the operating wind-box pressure-gage reading, taken below 
the division plates between sections, to assure uniform operation 
during the tests. Steam temperatures were read on two en- 
graved-stem test thermometers set in wells in the two super­
heater outlet headers, and feedwater temperature to the boiler 
was read on a test thermometer in the economizer outlet. A 
Ranarex C 02 recorder was installed with a sampling line drawing 
from the third pass of the boiler directly above the test section, 
in order to observe the effect of changes in operating conditions 
on the gas stratification in the boiler passes.

The speed of the stoker was observed by timing a revolution 
with a stop watch and the length of the strokes of the secondary 
rams was measured with a  foot rule. A log of all the ram strokes 
was kept after run No. 68; prior to this time only the stroke in 
the test retort had been recorded.

Coal Used in  T ests

Coal is delivered to the station by barges from which it is 
hoisted to unloading towers containing screens and crushers which 
may be by-passed. From the tower it is dropped into cars oper­
ating on a cable railway which distribute it to the various bunk­
ers. Samples for proximate analysis and heating-value deter­
mination are taken from the stream flowing from the coal tower 
into the cars. Coal for these tests was delivered to bunker No. 6, 
of about 350 tons capacity. The lorry serving the sixth and sev­
enth rows of boilers could be filled from No. 6 bunker by the 
use of a transfer feed screw. Throughout the first four series of 
tests, the bunker was kept filled with Lower Kittaning run-of- 
mine coal, excepting for a period of about 2 days around March 15 
(just before series 3), when a special coal under test by the oper­
ating department was in the bunker. For each of the last three 
series of tests in which special coals were used, the bunker was 
carefully cleaned before the special coals were dumped. When 
the Pocahontas No. 3 and “sized” Lower Kittaning coals were 
being hoisted, the crusher was by-passed, but a t all other times 
the coal passed through the crushers as in normal operation. The 
stoker hopper was filled a t hourly intervals from the weigh lorry, 
the weight of each dump being recorded. The lorry was com­
pletely emptied before drawing coal from No. 6 bunker for the test 
boiler.

Samples of coal for size analysis were taken from the stoker 
hopper by means of a long-handled scoop with a capacity of 
about 3 lb. Four scoopfuls were taken at points spaced approxi­
mately evenly across the stoker hopper to give gross samples of 
about 300 lb. The size analysis was determined by the use of a 
Tyler 12-in-square rocking-sieve shaker for sieves coarser than 
Vs-in. round hole, and 8-in. round hand screens for finer sizes. 
No measurements were made of segregation in the stoker hopper, 
as visual observation indicated this to be negligible as is to be ex­
pected in view of the use of a lorry for filling. The analyses of 
the coals are given in Table 2 ; the size analyses are plotted to

log probability coordinates in Fig. 1. The size distributions of 
the coals used in series 1, 3, 4, and 5 are so much alike that they 
may be represented by a single curve, which is not, however, a 
continuous straight line. Series 2 has a coarser size distribution 
than that of the other series using Lower Kittaning run-of-mine 
coal, because the crusher usually used was out of service during a 
part of the period. The coal of series 6 was sized a t the cleaning 
plant by removal of the 6/s rin . fines, and has a somewhat coarser 
distribution than the other coals. There was a considerable 
amount of degradation in transit so that almost 45 per cent of it 
is finer than Vs in., as received. The high-volatile coal, used in 
series 7, is almost as coarse in the large sizes as the coals of series
2 and 6 but contains an excessive amount of superfines, about 9 
per cent passing a No. 100 screen.

All analytical data excepting sizing were determined by the 
technical service department of the company, using standard­
ized procedures.

T esting  P rocedure

A full crew for the tests consisted of seven men, four being as­
signed to the doghouse, and one each to the boiler-room floor, to 
the chemistry, laboratory, and to relief and supervision. Of those 
assigned to the doghouse, two handled the probes within the dog­
house itself, one operated the gas sampler and read the pressure 
differential, and one read the potentiometer, handled communica­
tions with the boiler-room floor, and recorded data. Operation 
of the gas sampler required the development of a considerable de­
gree of skill, so tha t every effort was made to keep the same man 
on this job. The man on the boiler-room floor read the boiler- 
operating and test instruments a t 15-min intervals, took coal 
samples from the stoker hopper each time it was filled, supervised 
the operation of the stoker, and kept the crew in the doghouse in­
formed of the conditions of operation. The man assigned to the 
chemistry laboratory, who operated the gas-analysis apparatus 
with the intermittent assistance of the man on relief, had to de­
velop a high degree p i skill, and continuity in this assignment was 
essential for satisfactory analytical results. The relief man gen­
erally supervised the entire procedure, transported samples and 
probes, assisted in the gas analysis, and relieved the men in the 
doghouse a t intervals. Relief was especially necessary for the 
men assigned to handling the probe, as the doghouse was usually 
hot and sometimes was rather gassy because of fumes blown down 
through the guide tubes from the fuel bed. Tests could be run 
for short periods with only six men, but this was avoided when­
ever possible, since it invariably resulted in the gas analysis fall­
ing behind.

Different procedures were used in tuyere tests and tests over the 
retort. In  a tuy&re test, the probe was inserted in the guide tube 
and raised until the tip was about 10 in. below the level of the 
tuyere plates. I t  was then blown out from the compressed-air 
line and the gas-sampling line and thermocouple-extension leads 
were connected. At this time the potentiometer, gas sampler, 
and draft gage were checked. Then the probe was moved up to
1 in. below the level of the tuyere. The chain was passed through 
the sleeve and pinned in place, the temperature and draft readings 
were started. The man on the boiler-room floor, who had pre­
viously notified the doghouse tha t conditions were sufficiently 
steady and representative for testing, was informed by telephone 
of the beginning of the test. The probe was advanced by Vs-in. 
steps, temperatures and pressure differentials being read a t each 
step, and from Va in. above the level of the tuyere gas samples 
were taken a t each position. Beyond 5 in. above the level of the 
tuyeres the probe was advanced by 1 in. a t each step after run 
No. 64. The probe was held in each position for at least 21/* 
min, which was sufficient to allow reading the draft gage, a 40 to 
50-sec flushing of the gas-sampling line, and drawing a gas sample,
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T A B L E  10 SA M PL E  LOG O F T U Y E R E  T E S T ; R U N  NO. 72 
(No. 2 tuyere , east; zero =  251/* in .; M arch 25, 1938)

P o ten ti-

TA B LE 11 SA M PLE LOG O F R E T O R T  T E S T ; RU N  NO. 61 
(No. 2  re to rt, west; zero =  7 7 s  in.; M arch 9, 1938)

Sample
Potentiom eter Bed

Position, reading, Tem p, differential,
Tim e in. mv F in. w ater

S toker stopped a t  10:09
77s 0 . 2 2 .9

127s 0.2 95 2 . 2
177s 0.2 2.2
227s 0.2 2 .5
25 0.2 2.6
26 0.2 2.6
27 0 . 2 2.65
28 0.2 2.65
29 0.2 2 .7
30 0 . 2 2.8
31 0. 2 2.8

10:14 32 0 . 2 95 2.8
10 :147s 0.6 200

15 1.1 320
1.8 470

16 2 .3 570
33 3 .6 820 2 .9

17 4 .0 890
4 .7 1020

18 5.1 1090
5 .5 1160

19 5 .7 1195
Pulled probe out

Stoker stopped a t 10:53
10:54 31 0 .5 175 3.1

55 0.6 200
0 . 8 250

56 32 1 .1 320 2 .95
1.7 450

57 32 2 .3 570
2 .9 685

58 3 .4 780
3 .9 875

59 33 4 .4 965
5 .5 1160 2.8

50 Slow

51 Slow

while temperatures were read every 1/ J min. The probe was ad­
vanced until it broke, as indicated by open circuit of the thermo­
couple, or until the probe was sighted above the level of the fuel 
bed. A portion of the log from run No. 72 is shown in Table 10,

N o t e : N o  sleeve and no Alundum  on tip  of probe.

The procedure in the retort developed as the tests were carried 
on. The problem that necessitated a difference in procedure be­
tween the retort and tuyfire tests was that introduced by the mo­
tion of the stoker. Over the tuyeres, the fuel did not move 
enough to break the probe but, in the retort, the relative motion 
between fuel and pusher was sufficiently great to shear the probe 
off a t every stroke. Preliminary tests showed that the probe 
could be kept in the fuel bed during the time the pusher was mov­
ing down the stoker, that is, toward the bridge wall, without break­
age, but on the return stroke the probe was broken every time it 
was allowed to remain in. Since a time longer than the period 
between strokes was required for taking readings at each posi­
tion, it was obvious that the stoker, or at least the section of it 
under test, must be stopped while the readings were taken. 
About 10 min prior to the test, the test section of the stoker was 
put in high speed by means of the gear-change box. The probe 
was inserted to a position several inches below the level of the 
secondary ram and the instruments checked. Then the man on 
the boiler-room floor was instructed to stop the test section and 
inform the doghouse he instant this was done. The prob was 
raised to the level of the top of the ram and advanced by 5-in. 
steps as rapidly as readings of temperature and pressure differen­
tial could be made. This was continued up to the neighborhood 
of the region of rapid temperature rise, known from previous ex­
perience to be more than 25 in. above the level of the ram at No. 1 
position, and more than 20 in. at No. 2 position. From here on 
the probe was advanced by 2-in. and then by 1-in. steps, holding 
it at each position for about 1/ 2 min, in order to make certain that 
any rise in temperature would be observed. As soon as the gal­
vanometer needle moved off zero, the advance was stopped and 
the temperature was recorded at intervals, while the
pressure differential was read and a gas sample drawn. From 
this point, the probe was advanced 1 in. at a time, taking min 
at each position, until not more than 13 min had elapsed after 
stopping the stoker, when it was withdrawn. The section of the 
stoker was again started in high speed and run for about 15 to 20 
min to build up the fuel bed to its original condition. If the

r o t e n t i -
om eter Bed

Position, reading, Tem p, differential, Sample 
Tim e in. m v F  in. w ater no.

2:19  241/z 0 . 8  2 .05
1.1
1.3
1 .4  385

2:21 25 1 .7  1 .0
1 .7
1 .7  450

2 :22  25Va 1 .6  0 .44
1.6
1 .7  450

2:231/2 26 2 .1  0 .44  43
3 .3  
4 .2
4 .6
4 .9  1055

2:251/2 26i/ 2 5 .0  0 .43  16
5 .4  
6 . 0
6 .4
6.8
6 .9  1400

2:28  27 7 .1  0 .4 7  1 7
7 .6
8 .4  
8.8 
9 3

10 .0  1900
2:31 2 7 1 /2  10 .5  0 .5 5  i s

10.7 
12 2

2:32* A  271/s 12^5
12.6 2295

2 : 3 3 1 /2  28 12.9 0 .60  lq
13.2
1 ^  Q
13^8 (13.9)
13.9 2490
14.0

2:36  28 i/ 2 14.2 0 .59  20
14.2
14.2 (14.0)
13.9 2505
13.8
13.7

2:381/2 29 13.6 0 .9 0  21
13.6
13.6
13.7 (13.8)
14.1 2475
14.1
14.1

2:42  291/2 13.9 0 .8 0  22
14.1
14.2
14.3  (14.2)
14.4 2535
14.2
14.1 0 .90

2 :46  30 13 .8  23
2:47  14.3 (14.3)

14.2 2550
14.3

2:48V2 301/2 14.3 1 .10  28
14.4
14.4 (14.5)
14.6 2580
14.6

2:51 311/2 14.4
14.9 1.25 29
14.9 (15.0)
15.1 2655
15.2
15.1

2:54  321/a 15.3 1 .25  30
15.4
15.1 (15.0)
15.1 2655
14.8
14.8
14.8

2:57 331/2 14 .8  1 .55  31
14.7
14.3  (14 .3)
14.2  2550
13.8
14.0
14.3

3:001/2 341/2 14.7 2 .1 0  32
14.9
15.1
15.3 (15.6)
15.6  2750
15.7 
15.6
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T A B LE 12 SA M PLE O F B O IL E R -R O O M  FL O O R  LOG; R U N  NO. 72; M A R C H  25, 1938

C hart -------Steam ------•»
Air

✓--------- D raft

Furnace,

Third
pass,

in.

W ind-box
pressure,

in.

B.O.
gas

tem p,
Superheat tem peratu re  

E as t, W est,

Feed­
w ater
tem p,

Pusher
stroke,

Tim e 
for 

1 revo­
lution,

Ranarex
CO 2,

time Total W est in. w ater w ater w ater F F F F in. min-sec per cent

2:15 195 160 237
0 =  0 .10  

0 .27  1.03 2 .80 595 655 658 323 Vs 1-11 13.0
30 200 180 237 0 .28 1.035 2 .80 598 656 658 326 V 8 1-11 12.5
45 195 180 237 0.275 1.045 2 .80 600 661 657 328 5/s 1-8 12.5

3:00 200 180 237 0.275 1.01 2 .70 600 662 655 327 Vs 1-8 12.5
15 196 182 236 0.295 1.035 2 .70 595 660 654 325 Vs 1-6 13.0

C h art tim e
2:15— Fuel bed appears even over en tire  stoker from w est door, b u t 

from east door appears heavier on w est side from neck down to 
x/ i  stoker lengtn. F ire light b u t no t m uch “popcorning.” 
Considerable am ount of small clinkers on extension grate, and 
under fuel in re to rts  and  on tuyeres; fuel ra th e r well burned 
out on extension grates. Furnace clear except a t  neck where 
i t  is quite sm oky; flame short; no secondary com bustion top 
of first pass.

Fire Conditions
C h art tim e
2:38— Speeded up  stoker on rheosta t to 1 revolu tion  in 1 min 8 sec.

H alf-m oon effect on extension grate.
2 :45— B urning lane a t te s t position veering off to  righ t, viewed from 

rear door.
3 :00— Fire light.
3 :10— Saw probe in  center of burning lane. T ip  of probe ab o u t 2 in. 

below top  of burning  lane and  abou t 7 to  8 in. below top  of 
fuel bed.

probe had nqjt been observed during the previous part of the 
run the stoker was stopped again and the probe was again in­
serted and advanced by 1 -in. steps from 1 in. below the last pre­
vious position. The probe was invariably sighted from the boiler- 
room floor during the second half of the test before 13 min had 
elapsed.

In tests in No. 3 retort position, the procedure was yet different 
since at this position the guide tube terminated in the dead plate 
just above the extension grate, where the motion of the fuel was 
not sufficient to break probes when they were less than 5 in. 
above the level of the dead plate. In tests at this position, the 
probe was inserted and moved upward by 1-in. steps to 5 in. 
without stopping the stoker. When high temperatures were ob­
served, gas samples were taken at each level. When the probe 
reached 5 In. above the dead plate, the stoker was stopped and 
the run was continued in just the same way as in any other re­
tort test. A sample log of a retort run (No. 61) is given in Table
11, and a sample of the boiler-room floor log is given in Table 12.

S t o k e r  O p e r a t io n

During the tests, more uniform fires than those required for 
normal operation had to be maintained to permit duplication of 
conditions in the various tests in each series, and to allow the cal­
culation of the air flow through the test section as the average 
air-flow rate through the stoker. For this reason, it was neces­
sary to place the operation of the boiler on a special schedule. 
Over week ends the doghouse was closed so that siftings could be 
discharged through the trap in the doghouse roof and the boiler 
was in normal operation on automatic control. From Monday 
to Friday the fire was cleaned as early as possible on the 12 to 8 
watch, but the pit was not ground down after cleaning. The 
fire was normally banked during and after cleaning, and was op­
erated on automatic control in accordance with load requirements 
after coming off bank until 8 a.m., when it was placed on hand 
control and run at the test rating during the remainder of the day. 
At the end of the tests, it was put back on automatic control and 
was in normal operation for the remainder of the 4 to 12 watch. 
The doghouse was opened at 8 a.m. on Monday and was left 
open, siftings being allowed to accumulate on the roof, until Fri­
day night. Slagging of the first pass of the boiler with hand water 
lances, which had to be done three times a week on the day watch, 
was carried out the first thing in the morning on Tuesdays, 
Thursdays, and Saturdays, thus interfering with testing on only
2 days, when the testing day was shortened by about 1 hr.

During normal operation, the output of the boiler is governed 
by an automatic regulator (Smoot combustion control) which 
controls the air flow through the boiler in accordance with im­
pulses sent out by a master controller, actuated by the main 
steam pressure. This regulator controls the draft a t the boiler 
outlet; the wind-box pressure is controlled by another regulator,

F i g . 1 7  F i r e  C o n t o u r s  
(a, N orm al or long fire; b, sh o rt fire.)

F i g . 1 8  L o n g  F i r e ; S i n g l e  F r a m e  F r o m  M o t i o n  P i c t u r e s  T a k e n  
M a y  1 3 , 1 9 3 8  

(Load 124,000 lb of steam  per hr; excess a ir 36 per cent.)

F i g . 1 9  S h o r t  F i r e ; S i n g l e  F r a m e  F r o m  M o t i o n  P i c t u r e s  
T a k e n  M a y  1 4 , 1 9 3 8  

(Load 119,000 lb of steam  per hr; excess air 53 per cent.)
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not subject to loading by the master controller, which maintains 
a constant furnace draft. Stoker speed is determined by the 
voltage generated by a separate motor generator set for each 
row of boilers, not usually operated on the automatic control, 
modified by individual stoker-motor field rheostats a t each boiler. 
During tests, the boiler outlet draft was taken off automatic control 
so tha t the regulator did not receive the impulses from the master 
controller, and was set by hand a t a constant load. The wind- 
box pressure regulator was left in service and the stoker-motor 
motor generator set was adjusted to give a voltage correspond­
ing to the test load.

The stoker was operated by the regular operators with the ad­
vice and assistance of the test crew. This assistance became 
more extensive as the tests advanced and the conditions of opera­
tion departed more and more from normal. During the first two 
series, while the test crew was relatively unacquainted with the 
standard of operations and when it was desirable tha t the op­
erating conditions be as nearly normal as possible, the test crew 
exercised but little supervision beyond recording changes in the 
settings of the various controls. With the beginning of series 3, 
which was run with high excess air, the necessity of operating with 
a thinner fuel.bed than normal made it necessary for the test crew 
to take part in the adjustment of the stoker to a greater extent 
than previously; this necessity continued throughout the remain­
ing series, especially when coals which were unfamiliar to the 
station operators were being fired.

During the first three series of runs, the normal fire contour, 
sketched in Fig. 17(a), was maintained. The sketch shows the 
approximate profile of the general level of the fire, set by the level 
of the fuel in the retorts. I t  could be seen from the rear observa­
tion door that the burning lanes were open channels in which a 
fuel level could not be observed. When the fire was thinned 
down to secure high excess-air operation in series 3, it was found 
extremely difficult to keep fuel on the tuyeres a t the head end of 
the stoker and to keep blowing from the front wall within bounds. 
Drifts of “popcorn” built up along the bridge wall and on one 
occasion the fuel was blown completely away from 3 or 4 ft of the 
upper end of the stoker. To overcome this difficulty, the con­
tour of the fire was changed to that shown in Fig. 17(b), referred 
to as the short fire, by shortening the strokes of the secondary 
rams, and testing was continued as series 4.

Short-fire operation was continued throughout the remainder 
of the tests except with the high-volatile coal, both with high and 
with normal excess air, as it was found not only to decrease the 
amount of “popcorning,” but also to decrease slightly the degree 
of stratification in the flue gas, as can be observed by comparing 
the traverse shown in Table 11 on April 6, run with a short fire, 
with the others in the table run with a normal fire. I t  caused a 
marked decrease in secondary combustion, observed at the top of 
the first pass, and produced a fire which was more completely 
burned out on the tail than the normal practice. In fact, it was 
necessary to carry the pit a t a much higher level than the usual

practice in this station in order to prevent the appearance of holes 
in the lower end of the fire. The differences in the general ap­
pearance of the long and short fires are shown in Figs. 18 and 19, 
made from single frames of the motion pictures taken after the 
tests. Part of the increased clearness of Fig. 19 is due to the in­
creased excess air, as this picture was taken under conditions ap­
proximating those of series 4, while Fig. 18 was typical of series 2. 
The increase in the width of the burning lanes with the short fire 
is, however, quite apparent.

When special coals were burned for the tests, the new coal was 
burned for 24 hr before any tests were run, in order to assure that 
only the special coal would be in the fire during the tests and to 
give the test crew time to work out the proper conditions for firing 
the new coal.

P r e l im in a r y  T e s t s

The results of the tests run in August and September, 1937, have 
already been referred to as showing the feasibility of the proposed 
test procedure and indicating the need for redesign of the origi­
nal probes to the forms described. In addition to these, the 
first 20 runs made after the beginning of intensive testing on 
November 1 were in the nature of preliminary runs and were de­
voted mainly to a comparison of the compositions of gas samples 
drawn by the water-cooled and uncooled probes and to the tem­
perature indications of the two kinds of probes.

When the uncooled probes were first used in these runs, they 
were not equipped with sleeves or caps and it was found that they 
broke, apparently because of the thermal shock, after penetra­
tions of only 2 to 3 in. H. W. Russell, chief physicist of Battelle 
Memorial Institute, suggested, on hearing of this difficulty, that 
the mullite tubes be provided with silica sleeves which, although 
they could not stand the maximum temperatures encountered, 
would slow up the rate of heat penetration in the early stages 
enough to prevent spalling. When this was done, it was found 
that the probes penetrated well into the bed without breaking; 
but that the thermocouples were attacked by slag in the region 
of high temperature, leading to erroneous temperature indica­
tions. This difficulty was eliminated by the provision of the 
cemented caps described in the section On “Test Apparatus.” 
These provisions made the uncooled probes quite massive, caus­
ing their indications of temperature to lag in the early stages of 
each run. The method of correcting for this is described in the 
next section on “Supplementary Data.”

The water-cooled probes used in the preliminary tests were also 
provided with silica sleeves and caps, but failed because of me­
chanical breakage, so their use was discontinued. There was, 
however, some question as to whether gas samples taken with the 
uncooled probes would be cooled rapidly enough to quench the 
gas reactions and thus be representative of conditions in the fuel 
bed. The data in Table 13 show a comparison of gas samples 
taken from the same levels at No. 2 tuyere, west position, by both 
the water-cooled and uncooled probes. While these early runs

T A B L E  13 C O M PA R ISO N  O F GAS SA M PLE S D R A W N  W IT H  C O OLED  A N D  U N COOLED 
PR O B E S A T NO. 2 T U Y E R E , W EST

H eight
above

,---- ---------- W ater-cooled probe------ •Uncooled probe--------

tu y ires , Hun CO 2 02 CO T otal R un CO2 O2 CO T otal
in. No. per cent per cent per cent per cent No. per cent per cent per cent per cent

1 4 2 .2 15 .6 0 .3 18.1 3 0 .0 15.8 0 .0 15 .8
8 3 .6 15.4 0 .2 19.2 9 2 .8 15.9 0 .1 18.8

11 1 .7 18.2 0 .0 19.7 14 5 .2 14.4 0 .1 19.7
15 6 .9 12.4 2 .5 21 .8

l l/» 7 0 .9 18.4 0 .0 19.3
10 6 .9 10.6

'3 2 7 .9 6 .2 2 .9 17.0 3 0 .7 19.1 0 .7 20.5
4 6 .7 5.1 3 .7 15.5 7 8.1 11.8 0 .2 20.1
8 13.8 4 .5 3 .1 21.4 9 8 .1 6 .8 4 .0 18.9

11 0 .7 20 .3 0 .3 21.3 10 11.9 5 .6 2 .1 19.6
15 13.1 5 .8 0 .4 19.3 14 14.0 1 .2 3 .8 19.0

5 11 1 .5 18.8 0 .4 20 .7 7 8 .5 11.2 0 .0 19.7
15 5 .7 7 .7 6 .2 19.6 14 12.3 3 .1 4 .4 19.7

7 11 0 .5 19.9 0 .2 20.6 7 1.0 18.2 0 .2 19.4
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with the uncooled probe, from levels more than 4 in. above the 
tuyeres, had analyses showing the presence of up to 10 per cent of 
combustible gases mixed with 3 per cent of oxygen. These facts 
indicated that the gas reactions may be rapidly enough quenched 
even in the uncooled probe to introduce only negligible errors 
in the gas compositions observed.

S u p p l e m e n t a r y  D a t a

(a) Correction of Temperature Indications. Tables 10 and 11 
show that the temperatures, recorded when entering the fuel bed 
above the tuyeres and when passing through the hot layer above 
the retorts, did not reach steady values. I t  was recognized that 
the probes were so heavy as to raise the question of temperature 
equilibrium between them and their surroundings, so in the earlier 
tests they were held in position until the rate of rise of tempera-

F i g . 2 0  D a t a  f o r  C o r r e c t i n g  T e m p e r a t u r e  I n d i c a t i o n s  o f  
C a p p e d  P r o b e s

rarely penetrated beyond 3 in. into the bed, and the analysis for 
H2 and CHi in these samples was not completed, the data show 
that the differences between samples taken by the water-cooled 
and by the uncooled probes were less than the differences among 
samples taken by either one. In particular, the samples taken in 
run No. 9 with the uncooled probe are parallel to those taken in 
run No. 8 with the cooled probe, those from No. 3 with the un­
cooled probe to those from No. 11 with the water-cooled probe, 
and so on.

These results indicated that the water-cooled probe did not 
quench the gas reactions any more rapidly than the uncooled 
probe, as might be anticipated from the fact that the top ten 
inches of the water-cooled probe were uncooled. On the other 
hand, samples taken with the water-cooled probe and a tip only 
2 in. long (run No. 43, when no temperature measurements were 
made) do not differ consistently from samples taken at the same 
points with the uncooled probe. Finally, many samples taken

F ig . 21 D a t a  f o r  C o r r e c t i n g  T e m p e r a t u r e  I n d i c a t i o n s  o f  U n ­
c a p p e d  P r o b e s

T A B LE 14 RESU LTS OF T E ST S C A LC U LA TE D  FR O M  M O T IO N -P 1C T U R E  FIL M S

-C alcu la ted -

Transverse Tim e
distance of

,---- -F ilm speed------x as fraction m otion
Projected Exposed of c to c as Transverse

frames frames distance of projected, velocity,
Set per sec per min tuy&res sec fph

Long fire
1 12.6 18.0 0.075 6 1.85

0.076 14 0.81

2 14.9 18.0 0.106 10 1.33
- 0 .0 5 7 21 - 0 . 3 4

0.161 28 0 .72
3 13.6 18.0 0.034 7 0.67

0.068 11 0 .85
-0 .1 5 5 18 - 1 . 1 8

0.106 10 1.45
Average 0 .68  ± 0 .22

Short fire
1 14.8 18.0 0.101 12 1.06

- 0 .0 8 9 9 - 1 . 2 5
0.153 11 1.76
0.072 13 0.70

2 13.9 18.0 0.095 14 0 .96
0.095 7 1.83
0.057 12 0 .65

3 14.4 18.0 0.078 8 1.26
0.070 13 0 .70
0.039 10 0.51
0.068 16 0 .55
0.072 10 0.94

4 13.9 18.0 0.082 8 1.38
- 0 .0 2 8 9 - 0 . 4 2

0.037 7 0 .52
Average 0 .7 5  =*=0. 14

R ating , 1000 lb per hr:
S tea m ...............................................  125
C oal.................................................  12 .7

B urning ra te  referred to  a ir ad ­
mission su rface.............................  69 .8

Per foot length of tu y e res ..........  61.1

Fuel bed dep th , in ............................ 14

C oal flow r a te .................................... 0 .58

R ating , 1000 lb per hr:
S team ............................................... 119

C o a l..................................................  12.2
B urning ra te  referred to  a ir ad ­

mission surface.............................. 67 .2

Per foot length of tuyd res........  58 .8

Fuel-bed dep th , in ...........................  12

Coal flow r a te .................................... 0 .6 5
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ture fell to 0.2 mv (32 F) per min in the belief that this would 
assure a discrepancy between the temperature observed and that 
of the surroundings less than the expected error (150 F). This 
required 5 min or more and thus shortened the traverses which 
could be made within the normal life of the probes, so this proce­
dure was abandoned. I t  became necessary, therefore, to esti­
mate, from the observed data, the temperature which would have 
been reached by the probe if left for an indefinite time at each of 
the lower levels.

In order to do this, tests of capped probes were made in one of 
the pot-type furnaces in the Fuel Laboratory of the Pittsburgh 
Experiment Station of the U. S. Bureau of Mines, and of the un­
capped probes in a special setup in the Coal Research Laboratory. 
The details of procedure and of analysis of the data are reported 
elsewhere (25), but the results of the tests are embodied in Figs.
20 and 21, applying to capped and uncapped probes, respectively. 
These curves give data by the use of which the temperature of 
the surroundings, referred to as Ti, may be calculated when both 
the indicated temperature T  and its rate of rise at the time of ob- 

dT
servation —  are known. Thus, suppose the indicated tempera- 

dt
ture with the capped probe is 1385 F  and the rate of rise is 0.63

—- .  From Fig. 20, at —  = 0.63---- , the ratio — /(TV — T l)
min dt mm at
is 0.233 X 10-1S, giving TV — T l =  27 X 1012. Since (1385 
+  460)4 =  11.56 X 1012, 7V =  38.6 X 1012and Ti = (2490 — 460) 
= 2030 F. Fig. 21 is used in the same way except that only the 
first powers appear and absolute temperatures need not be 
calculated. I t  is estimated tha t corrected temperatures calcu­
lated in this way are within ±90 F of the radiant mean tem­
perature at the point with the capped probes, and within ±150 
F with uncapped probes.

The temperatures a t points, a t which a continuous change was 
observed, have been corrected by the method thus described. 
These include the points less than 3 to  3V2 in. above the tuyferes 
and those in the thin (about 2 in. thick) heated skin a t the top of 
the retorts. At all other points, the observed temperatures were 
averaged, omitting from the average any continuous series 
which may have appeared a t the beginning of the observation 
period, in which successive readings differed by more than 0.1 mv 
(15 F). I t  is estimated tha t these temperatures are in error by 
not more than 100 F, and considered probable that, if a consistent 
error exists, it is such as to make the recorded temperatures too 
low.

(6) Estimate of the Flow Velocity of the Fuel. The magnitude 
of the transverse component of the fuel flow was estimated from 
the motion pictures taken at the end of the tests. This compo­
nent is responsible for the delivery of coked fuel from the retorts 
to the tuyeres and has the direction of the horizontal perpendicu­
lar to the center lines of the tuyere stacks and retorts. I t  is con­
sidered positive in the direction from the center line of the retort 
toward the center line of the next adjacent tuySre stack.

Films taken through the auxiliary door in the rear wall of the 
furnace were projected through a glass balance case on a screen 
of tracing paper mounted inside the case, thus making it possible 
to mark the position on the back of the tracing paper of any promi­
nent object at any time. Using a metronome as a timer, the 
progress of several bodies of fuel shown in each portion of the film 
was marked as points at '/Vsee intervals, while the film was being 
projected a t a known rate. The center lines of the tuyere stacks 
were also shown on the tracing by passing a line through the aver­
age position of the burning lane. The line of dots, representing 
the progress of each body of fuel, usually sloped downward to­
ward the center lines of the tuyeres, although a few sloped away 
from them. From the slope of the line, making allowance for

perspective, the number of dots, representing the time of projec­
tion, and the ratio of film speed as projected to that during ex­
posure, the transverse component of the velocity of the fuel could 
be calculated.

Some results calculated in this way from films taken at a load 
of 125,000 lb of steam per hr with both long and short fires are 
shown in Table 14. The films exposed at a lower load were too 
cloudy to permit calculation. The results have only a low pre­
cision, but the values observed are close to those calculated from 
the dimensions of the bed. Moreover, the observed difference be­
tween the flow velocities in the long and short fires is parallel to 
that calculated.
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Parallel V ersus Individual O pera tion  
of M ulticyclones

By L. C. WHITON, JR.,1 PORT CHESTER, N. Y.

I n  t h i s  p a p e r ,  t h e  a u t h o r  d i s c u s s e s  t h e  p r o b l e m  o f  d e ­
t e r m i n i n g  t h e  c o m p a r a t i v e  e f f ic ie n c ie s  o f  i n d iv id u a l  
c y c lo n e - ty p e  d u s t  c o l l e c to r s  a n d  c y c lo n e s  g r o u p e d  w i t h  
i n t e r c o n n e c t i n g  d u c t s  a n d  h o p p e r s .  T h e  t e s t  s e t u p  a n d  
p r o c e d u r e  fo llo w e d  a r e  d e s c r ib e d  f u l ly ,  w h i le  t h e  r e s u l t s  
a r e  c o m p le t e ly  t a b u l a t e d .  T h e  c o n c lu s io n  i s  r e a c h e d  
t h a t ,  w i t h  a  d a m p e r - e q u ip p e d  c y c lo n e  o f  t h e  s iz e  u s e d  i n  
a c t u a l  p r a c t i c e  a n d  o p e r a t e d  u n d e r  i d e n t i c a l  c o n d i t i o n s  
o f  r e s i s t a n c e  a n d  t e m p e r a t u r e ,  p e r f o r m a n c e  o f  t h e  i n d i ­
v id u a l  c y c lo n e  is  r e p r e s e n t a t i v e  o f  t h e  g r o u p  i n  t h e  f ie ld .

rp  1 s
^HE increasing adoption of cyclone-type dust collectors in 
series for parallel operation indicates the importance of 
determining whether an individual cyclone or a group of 

cyclones with interconnecting ducts and hoppers would have the 
same dust-collection-efficiency characteristics. This is partly 
due to the fact that extremely accurate collection efficiencies may 
be determined for an individual cyclone, since a single unit 
handles a' relatively small quantity of gas and, therefore, can be . 
tested for its efficiency, other than by merely sampling the dust 
in the gas. The possibility of experimental error in the sampling 
method of determination is necessarily considerable.2 How­
ever, by utilizing an individual cyclone, a far more ac­
curate measure of the efficiency of this cyclone can be made 
by any one of several methods. For example, a given 
quantity of dust can be introduced into an otherwise dust- 
free gas, and the amount collected used for determining 
collection efficiency.

Another accurate method of test can be arrived at by 
connecting a single cyclone to a flue, weighing the dust 
caught in an individual hopper for the collector, and then 
collecting the escaping dust in a cloth bag and determining 
the increase in the weight of the bag. By comparing the 
absolute weight of dust caught and the increase in the 
weight of the cloth collector, a greater degree of accuracy 
of the efficiency determination may be attained than 
by sampling at the inlet and outlet of a cyclone collector, 
due to the greater experimental error inherent in the sampling 
method.

Such results have been studied, and field tests on a group of 
multicyclones of the same design have been shown to correspond 
accurately with observations made when one cyclone was tested.3

Nevertheless, it is important to observe the operation of indi­
vidual or multiple cyclones under precisely the same conditions, in 
order to determine whether possible recirculation through certain 
of the cyclones destroys the efficiency of any of them because of 
varying static conditions, thus causing an over-all collection with 
multiple units which would not be true with an individual unit.

1 Prat-Daniel Corporation.
2 "Testing Dust Collectors,” by J. E. Watson, Power, November, 

1 9 3 9 , p p .  6 8 - 7 0 .
5 “Dust-Collection Tests a t New Power P lant of the Industrial 

Rayon Corporation,” by C. B. McBride, Combustion, September, 
1 9 3 9 , p p .  3 6 - 3 8 .

Contributed by the Fuels Division and presented a t the Semi- 
Annual Meeting, Milwaukee, Wis., June 1 7 - 2 0 ,  1 9 4 0 ,  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 :  Statem ents and opinions advanced in papers are t o  b e  
understood as individual expressions of their authors, and not those 
of the Society.

T e s t s  o f  S in g l e - a n d  M u l t i p l e - C y c l o n e  O p e r a t io n

To check the matter a test setup was prepared as shown in 
Fig. 1. The arrangement consisted of three commercial-size 
cyclones with a common inlet and outlet duct, and a common bin. 
At the bottom of each cyclone and within the bin, a threaded 
connection was made so that small individual bins could be at­
tached to the cyclones, although they would still have common 
inlet and outlet ducts. These individual bins prevented any 
circulation between cyclones via the bin.

All cyclones were of Thermix design, the important feature of 
which is that each cyclone is equipped with a vertical damper at 
the inlet. Although in practice these vertical dampers are in­
terconnected by an outside mechanism so that they are all in the 
same relative position, it was possible in connection with the 
second series of tests to be described to place them in variable 
positions so that one cyclone would handle a considerably greater 
quantity of gas than another. Thus the worst possible condi­
tions were reproduced; hence, if any circulation were to occur 
with a resultant drop in collection efficiency, this fact would be 
noted.

F i g . 1 T e s t  S e t u p  o f  T h r e e  M u l t i c y c l o n e s  i n  P a r a l l e l

The dust used for testing was collected by an electrostatic pre­
cipitator and was unusually fine due to some loss of coarser par­
ticles in the gas which escaped therefrom. The analysis of this 
dust follows: On 100 mesh, 2.86; through 100 on 200 mesh, 
14.00; through 200 on 325 mesh, 10.38; through 325 mesh, 72.76.

No attem pt was made to use hot gases, since a comparison in 
operation rather than an absolute determination of cyclone effi­
ciency was to be made.

The dust, of W'hich several barrels were received, was carefully 
mixed in a large bin in order to obtain a mixture that so far as 
possible would be uniform.

In the test, air was drawn through the cyclones at a predeter­
mined draft loss by means of an induced-draft fan at the outlet. 
The dust was fed through a 15-ft duct to the immediate inlet of 
the cyclones at an approximate rate of 2.5 to 3.5 grains per cu ft 
of air. The feeding mechanism was a special hopper, equipped 
with screens and a rotating device, which supplied an even load 
of dust. The mixture of air and dust was passed through an egg- 
crate guide in order to even the flow into the inlet duct immedi­
ately above the cyclones.

Although, as stated, the dust was carefully mixed, it was felt
213
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that it might still be possible for certain portions in the bin to be 
coarser than others. In order to diminish the chance of errors 
occurring from this cause, the tests were run first with a common 
and then with an individual bin, rather than entire series of tests 
with a common bin, and then again with an individual bin. 
After each test, dust settling on the bottom of the 15-ft inlet duct 
was stirred with an air lance and allowed to pass through the 
collector.

As is shown in Fig. 2, the damper in the cyclone could be ad­
justed to ten different positions. Position 7 was tangential with 
the cylindrical body of the cyclone and was the maximum open­
ing permissible to obtain good dust collection and similar to the 
normal design of the cyclone inlet with the damper omitted.

C o n d it io n s  a n d  R e s u l t s  o f  T e s t s

In the first series of tests, the results of which are given in 
Table 1, all three dampers were set in position 7. The draft loss 
o fthe cyclones was maintained at 2 in. There was a slight varia­
tion in temperature caused by a near-by furnace which was op­
erating in the test laboratories. Also, in this first series, there 
was a variation in grain loading, due to the operation of the 
loader, which was not as uniform as desired. However, it is to 
be noted that the variation between 2 and 20 grains per cu ft does 
not noticeably affect the collection efficiency.4

4 “ Operating Variables of Cyclone D ust Collectors,” by L. C. 
W hiton, Jr., Chem. & Met. Engr., M arch, 1932, p. 150.

The average collection efficiencies, using either the common 
bin or the individual bin, were within 0.56 per cent, which is 
within the limit of tolerance for experimental error. Therefore, it 
should not be assumed that the common bin was necessarily 
more effective in the operation than the individual bin. How­
ever, the results may be considered as conclusive proof that, with 
the dampers set in such a position as to obtain approximately the 
same static conditions in each cyclone, there is no decrease in 
collection efficiency when using the common bin.

The second series of tests was conducted with the dampers of 
the cyclones set in various positions with the express purpose of 
creating different static conditions in the different units. It must 
be pointed out that positions 8, 9, and 10, as well as 1 and 2, are 
not indicated for the highest percentage of collection possible with 
this design of cyclone. Therefore, it is to be expected that the 
collection efficiencies will be somewhat less than in a more nor­
mal range from positions 3 to 7. The practical object in having 
available positions 8, 9, and 10 is to make it possible to pass 25 
per cent more gas through the units at position 10, and thus 
provide the capacity safety factor for temporary operating condi­
tions which is desirable in connection with boiler-plant operation. 
In other words, without increasing the draft loss, it is thus made 
possible to reduce the number of cyclones to 80 per cent of what 
would otherwise be required.

In Table 2, the results are the more interesting in that there 
was such a wide variance in the quantity of gas handled by each 

• cyclone without any appreciable difference in the collection effi­
ciency. This table actually indicates 0.26 per cent better collec­
tion with a common bin, which is due to experimental error.

I t is well known that a group of cyclones in parallel can be 
thrown out of balance statically so that recirculation and reduced 
efficiency will result. From this series of tests, it can be con­
cluded that, by use of a common bin, considerable variation in 
positioning of the inlet-control dampers, with resulting variations 
in cyclone capacity, can take place with no decrease in collec­
tion.

Provided the individual cyclone tested is equipped with inlet- 
control dampers, and is of the size to be used in actual practice 
and operated under identical conditions of resistance and tem­
perature, it may be concluded that it is representative of the per­
formance of the group in the field.

T E S T  R E SU L T S ON T H R E E  C Y CL O N E S IN  PA R A L L E L  S E R IE S  W IT H  D A M P E R S SE T U N IFO R M L Y  IN  PO SITIO N

T est
T ype  bin

Cyclone
resistance.

Tem p, F

D uration  
of test, T o ta l air, W eight charged,

Loading, 
grains per

W eight
collected, Efficiencyno. in. w.g. m in cu ft oz cu ft oz per cent

1 Common 2.0 85 20 69300 336 2.12 306.25 91 .2
2 Indiv idual 2 . 0 79 16 54900 317 2 .52 291 91.83 Common 2.0 81 15 51600 311.5 2 .64 281 90.24 Indiv idual 2 . 0 79 16 54900 316 2 .52 280 88.5  

93.15 Common 2 . 0 85 20 69300 317 2.00 294.75
6 Indiv idual 2 . 0 75 ioy2 35700 317 3.88 290.5 91.77 Com m on 2 . 0 77 9 30750 317.75 4.52 288.25 90 .8
8 Indiv idual 2 . 0 86 14 48600 314 2 .82 282.5 90.09 Common 2 . 0 78 12 41100 316 3 .36 291 92.2

10 Indiv idual 1.94 85 14 47700 311.5 2 .8 5 284.25 91.3
11 Common 2.0 77 17V* 58950 318 2 .36 286.5 90.1
12 Indiv idual 2.0 76 27 92100 318 1.51 289 90.9

Avg Com m on 2.0 2.833 91.26
Avg Individual 1.99 2.683 90.7

T E S T  R E SU L T S ON T H R E E  C Y C L O N E S IN  PA R A L L E L  S E R IE S  W IT H  D A M P E R S  SE T  IN  VARIOUS PO SITIO N S

Test
Type bin

D am per position 
,—in cyclone—*

Cyclone
resistance,

Tem p, F

D ura tion  
of test, T o tal air, W eight charged,

Loading, 
grains per

W eight
collected, Efficiency,no. A ts O' in. w.g. min cu ft oz cu ft oz per cent

101 Common 3 5 7 1.94 79 15Va 52200 316.75 2.65 285 90 .0
102 Indiv idual 3 5 7 1.94 78 141/2 48700 313 2.81 279.5 89.4103 Common 7 5 3 1.94 83 14i/2 49100 316 .5 2 .82 287 90.7104 Indiv idual 7 5 3 2.0 82 13 44800 318 3 .10 284.5 89.5105 Common 2 5 8 2 .0 76 1 5 1 /4 52000 315 2 .65 276 87.7106 Indiv idual 2 5 8 2 .0 77 14 47900 316 2.88 274.5 87.0107 Common 1 5 9 2.0 81 151/4 52400 316 2 .64 272 86.1108 Individual 1 5 9 2.0 82 141/2 49900 316 2 .77 270 85 .5109 Common 7 1 7 2 .06 80 151/4 52300 318 2 . 6 6 276 86.8110 Individual 7 1 7 2.0 92 16 56200 318 2 .47 282 88.7
Avg Common 1.988 2.684 88.28
Avg Individual 1.988 2.806 88.02
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Discussion
H. H. Btibab.6 Mr. Whiton’s paper presents extremely in­

teresting observations on the performance of an individual cy­
clone, tested under the conditions stated, as a fair criterion of the 
field operation of a multiple-cyclone unit.

From these observations it is deduced that the method 
outlined is more accurate than the commonly used sampling 
method of testing, because the possibility of experimental error in 
the sampling method is necessarily considerable. These observa­
tions are amplified by the statement that extremely accurate tests 
can be run on individual cyclones and that the extreme accuracy 
is partially due to the relatively small gas volume used.

I t is believed the accuracy of these and other conclusions made 
in the discussion, are open to question. Nothing in the paper 
justifies the conclusions drawn. In the tests as outlined, both in 
arrangement of apparatus and method of conducting the tests, 
hypothetical points are established which do not conform to 
field conditions. No proof is offered that measurement of small 
gas volumes is more accurate than measurement of large gas 
volumes.

The error in testing is not experimental and it is not necessarily 
considerable. I t is true that in a laboratory setup a given quan­
tity of dust can be introduced into the gas stream and accurate 
data obtained. However, in field installations, the dust is al­
ready in the gas stream and the relative quantity must be deter­
mined. How otherwise than by the sampling method are the 
initial dust loading and gas volume to be obtained and checked 
in field installations?

It is stated that field tests on a group of multicyclones of the 
same design have shown corresponding accuracy with observa­
tions made on a single unit. While it is not stated how the field 
tests were made, this statement appears to be contradictory to 
the previous statement of “necessarily considerable” errors ex­
perienced in testing a multiple unit in the field.

It is stated that it is important to observe the operation of in­
dividual or multiple cyclones under precisely similar conditions. 
The results of the laboratory tests, which do not indicate condi­
tions at all similar to field conditions, either in setup of apparatus 
or method of testing, are then presented as conclusive proof to the 
effect that testing an individual cyclone will give the same results 
as testing a multiple-cyclone installation.

As a further basis for the statement of conclusive results ob­
tained, the screen analysis of the dust used is stated as being 
“unusually” fine, as the dust was obtained from an electrostatic 
precipitator. This unusually fine dust is stated to have 72.76 
per cent through a 325-mesh screen. Recorded experience with 
dust from electrostatic precipitators on power plants would indi­
cate this dust as being comparatively coarse, as such dust usually 
runs close to  90 per cent through a 325-mesh screen and often 
finer.

I t  is stated that it is well known that a group of cyclones in 
parallel can be thrown off balance statically so that recirculation 
and reduced efficiency will result. If such is the case, then any 
test of a  single cyclone unit should be considered to  be inconclu­
sive and the standard sampling method of efficiency determination 
used to establish the over-all performance of a multicyclone col­
lector.
,  I t  is stated that an egg-crate guide was used in order to even 
the flow into the inlet duct immediately above the cyclones. In 
field installations of any size, we have yet to find any case of an 
approximately even flow of inlet gas to dust-collecting apparatus.

It is stated that, although the dust was carefully mixed, it was 
felt that it might still be possible for certain portions in the bin

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

to be coarser than others. In extracting samples from various 
parts of flue or breeching on field installations, how often does it 
occur tha t the dust in these various samples is of uniform screen 
analysis?

No draft differentials are given between various points in the 
apparatus to permit a check of operating conditions or to com­
pute gas volumes accurately.

No dimensions are indicated whereby size of cyclones, ducts, 
common bins, etc., can be determined so as to establish velocities 
at different points in the apparatus.

In Fig. 1 a common bin is shown which does not conform in 
cross-sectional area with bins used in field installations. Because 
of this difference it is possible tha t air velocities and turbulences 
in this common test bin would be much higher than in the bins 
designed for field conditions. Assuming this possibility, then the 
draft differential in the test bin would be higher than tha t in 
the field installation, resulting in a definite variation between the 
test and field results.

Also, the results of tests on three cyclones set up in parallel are 
deemed conclusive proof of what would be secured with, say, 
fifteen cyclones set up in parallel. This is questionable.

The data submitted do not justify the conclusions drawn in 
the paper, either in the substitution of tests on a single collector 
for tests on an entire installation, or in the substitution of the 
method offered in preference to the sampling method as outlined 
in the tentative code of the A.S.M.E.

P. H . H a b d ie .6 The author has presented interesting data on 
the controversial subject of whether the performance of a single 
unit of a multicyclone dust separator can be accepted as repre­
sentative of the combined units. The data obtained on the ex­
perimental setup used would seem to prove that it can. H o w ­
ever, such a limited investigation should not be accepted as final 
proof. Are three cyclones in parallel representative of forty, or 
even twelve? Did the methods used to create an unbalanced 
condition produce the same type of disturbance to proper opera­
tion as might be encountered in service?

The failure of some installations of multicyclones to duplicate 
the performance of a single unit tested individually is thought to 
be due to poor distribution of flow at the entrance to the cyclones 
or to the disturbances set up in the outlet duct a t the points where 
the escaping gases leave the cyclones. Either, or both, of these 
conditions could cause unequal pressures in the different units 
which would result in the flow of dust-laden gas from the bin 
through some of the units to the outlet duct. This condition is 
somewhat similar to tha t which exists when a bin is not properly 
sealed.

The first group of tests would seem to indicate merely that, with 
these particular arrangements and dimensions of inlet duct, out­
let duct, and bin, there is no difference in performance when op­
erating with the common bin or with individual bins. In this 
connection it is noted that the flow in the inlet duct was straight­
ened. The results would be more helpful if poorer rather than 
better distribution at entrance had been produced.

The conditions imposed during the second group of tests were 
probably more severe than would be encountered in actual prac­
tice. The results so obtained are highly informative; but does 
unequal flow through the different units, when produced by 
setting the dampers in different positions, reproduce the same 
type of unbalancing as sometimes exists when the dampers are 
in the same position?

Even if we accept the author’s conclusion that one cyclone can 
be used to determine the performance of a large number of similar

6 Research Engineer, Department, Technical Development and 
Research, Consolidated Edison Company of New York, Inc., 
Brooklyn, N. Y. Mem. A.S.M.E.
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ones in parallel, there would seem to be good reasons for pre­
ferring the over-all test after installation as proposed in the 
A.S.M.E. Power Test Code for Dust-Separating Apparatus. The 
apparent advantages of the single-unit test materialize only if 
the tests can be carried out in the manufacturer’s testing labora­
tory. This means that a large representative sample of the dust 
must be collected and shipped to the factory. The collection of 
this dust is in itself almost as much of a job as running the over-all 
test. Even if a similar steam-generating unit, equipped with an 
electrostatic precipitator, is available from which a representative 
sample of dust can easily be obtained, there still remains the prob­
lem of reproducing the original finely divided mixture of dust and 
gas in the laboratory.

Dust particles, especially the very fine ones, tend to stick 
together once the dust has been collected and allowed to pack. 
By very fine particles is meant those which are considerably 
smaller than 44 mu (325 mesh). I t is in this range of particle 
sizes that the efficiency by size of cyclone separators plunges 
toward zero as the particle size is reduced. Above 44 mu 100 per 
cent efficiency is easily attained. To the writer’s knowledge no 
satisfactory means has been devised for separating these conglom­
erate particles and reproducing the original finely divided mix­
ture of suspended dust. When using an elutriator for size analy­
sis, it takes many hours and often days of operation before all of 
these conglomerate particles are finally broken up. Therefore, the 
greater accuracy of measurement obtained when testing a single 
cyclone loses its significance when there is no certainty that the 
dust-gas mixture being used is truly representative.

H. E. M a c o m b e r . 7 The author has proposed the idea that 
the performance of a dust-collector installation in the field, con­
sisting of a number of collecting units operating in parallel, each 
of essentially identical size and design, will duplicate the indi­
vidual performance of any one of the units of the assembly, or of 
a similar unit outside the assembly. The data presented for the 
conditions stated in the paper bear support to the idea.

The writer, however, looking at the problem from the viewpoint 
of the user of dust-collection equipment, wishes to bring the 
following thoughts into the picture:

1 A shop test or a field test of an individual unit should not 
supplant a field test of the entire equipment in position, even 
though the field test may be more difficult of attainment as to a 
comparable degree of accuracy. That is, the purchaser wants to 
know the degree of performance he is receiving from the assem­
bled apparatus in his plant, regardless of the performance similar 
equipment may have shown to be possible in the shop, or which 
might be expected following the results obtained from tests of an 
individual unit of like size and design in the field.

2 Conditions under which dust-collection equipment is ac­
tually required to operate in some instances may vary consider­
ably from day to day, as well as from the conditions previously set 
up as the typical basis upon which the guarantee is computed.

3 Further, every dust collector is affected to some extent by 
variation in the density and size distribution of the dust particles, 
volumes of gas or air to be passed, arrangement of ducting pre­
ceding the collector, etc.

Thus, briefly, the situation as it concerns the ability of a collec­
tor to meet a specified value of removal efficiency seems to be 
that, generally, the lower the value of the design-point efficiency, 
the greater will be the deviation from that value if the actual 
dust sizing or consistency as found is such that it contains an 
increased or decreased fraction of fines.

The point which the writer wishes to emphasize is that, in the 
purchase of a collector, the field test, which would probably ac-

7 Engineer, Production Department, The Detroit Edison Com- 
paRy, Detroit, Mich. Mem. A.S.M.E.

company its operation before acceptance apparently assumes 
greater importance as the guaranteed-performance ability of the 
collector to be purchased is decreased.

4 Even so, some manufacturers may state a guarantee on 
the basis of total collection efficiency and pressure loss for a 
typical condition, without regard to possible variation in field 
conditions, and some purchasers may buy the equipment with the 
understanding that the guarantee value of total collection ef­
ficiency will be maintained regardless of field conditions. On the 
other hand, other manufacturers definitely state any guarantee 
of total collection to be subject to adjustment according to the 
actual conditions and make-up of the gas- or air-borne dust en­
countered in the field.

Considering the points here outlined, it is the writer’s opinion 
that, although the performance of an individual cyclone unit 
was indicative of the performance of multicyclones, when handling 
caught dust under the stated conditions, he would not, as a 
user, be satisfied that the results so determined should be con­
sidered as applicable to the performance of field-assembly in­
stallations in position.

R. F. O ’M a r a .8 Since the subject of this paper is one in 
which we have been interested and on which we have been 
carrying a continuing research program over the last 12 years, 
we feel that the tests as discussed represent a good beginning of 
such an investigation, but that they are quite academic and too 
sketchy to justify the broad conclusions which have been drawn. 
On the whole, however, our many tests both in the laboratory and 
in the field substantiate the broad conclusions outlined in the 
paper.

In carrying work from the laboratory to the field or when mak­
ing tests on an installation in the field on which to base selection 
of the final equipment, it has been our experience that the same 
size collector in physical dimensions as is to be used in the final 
installation must be tested and that, if this is done, the results 
from a single tube can be reasonably well checked with an installa­
tion consisting of a large number of identical small tubes. The 
following results are taken from check tests on a single tube 
followed later by actual installations:

V en t il a t in g  A ir  F rom  C l in k e r  G r in d er s

Preliminary Test. One 9-in. tube; efficiency 93.8 per cent at 2.S in. 
pressure drop

Installation. 18 tubes; efficiency 92.4 per cent at 2.9 in. pressure 
drop

A sph alt-M ix in g  P lant

Preliminary Test. One 9-in. tube; efficiency 94.7 per cent at 2 in. 
pressure drop

Installation. 20 tubes; efficiency 94.5 per cent at 3 in. pressure drop 
P u lv e r iz e d - C o a l- F ir e d  B o i l e r

Preliminary Test. One 9-in. tube; efficiency 85 per cent at 2 in. 
pressure drop

Installation. One hundred and eighty 9-in. tubes; efficiency 85.6 per 
cent at 2 in. pressure drop

C e m e n t -K il n  G a se s

Preliminary Test. One 9-in. tube; efficiency 86.6 per cent at 3.3-in. 
pressure drop

Installation. Two hundred and eighty-eight lO'/V-in. tubes; efficiency 
85.5 per cent at 4 in. pressure drop

G a se s  F rom F u l l e r ’s-E arth  T r ea tin g  F urnace

Preliminary Test. One 6-in. tube; efficiency 92.8 per cent at 2 in. 
pressure drop

Installation. Thirty-six 6-in. tubes; efficiency 92.5 per cent at 2 in. 
pressure drop

8 Western Precipitation Corporation, Los Angeles, Calif. Mem. 
A.S.M.E.
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In multiple operation of cyclonic separators study of the 
header design to provide good distribution both of the gases 
and the susjjended solids is equally as important as the hopper 
construction.

The discussion in the paper regarding sampling technique indi­
cates lack of knowledge or investigation of the refinements in 
sampling technique that have been developed in other indus­
tries, particularly the metallurgical industry, both for ferrous 
and nonferrous metals. Here, guarantees are required on re­
covery of gold, silver, and precious metals from smelter gases and
1 per cent more or less in efficiency may mean losses of thousands 
of dollars a year. Efficiencies are not based on particle size but 
on a basis of the percentage recovery of the actual values in the 
escaping dust. Ofttimes these values lie in the finer rather than 
in the coarser material.

Power-plant engineers could take a leaf from the metallurgical 
engineers’ refinements in sampling techniques for gases carrying 
suspended matter in the solid or liquid state. The following 
bibliography is given on the measurement of suspended solids and 
gases:

BIBLIOGRAPHY

1 “Atmospheric Particulate Matter; Dust With an Apparatus for 
Its Determination,” by Philip Drinker, R. M. Thomson, and S. M. 
Fitchet, Journal of Industrial Hygiene, vol. 5, 1923, pp. 19, 62, and 162.

2 Papers on Smelter Smoke, by W. D. Harkens and R. E. Swain, 
Journal, American Chemical Society, vol. 29, 1907, pp. 970-998.

3 “Determination of Dust in Blast-Furnace Gas,” by W. Brady and 
L. A. Touzalin, Industrial and Engineering Chemistry, vol. 3, 1911, 
pp. 662-670.

4 “Messung von Flugstaub in Rauchgasen,” by E. Zimmerman, 
Zeit. V.D.I., vol. 75, 1931, pp. 481—486.

5 “Ein neuer Apparat zur Bestimmung des Staubs und Wasser- 
gehalts in Abgasen,” by J. Simon, Stahl und Eisen, vol. 25, 1905, p. 
1069.

6 “A New Method for the Determination of Dust,” by W. Allner, 
Braunhohle, vol. 24, 1925, pp. 378-383.

7 “Determination of SO2 and SOa in Flue Gases,” by R. J. Nestell 
and E. Anderson. Industrial and Engineering Chemistry, vol. 8, 1916, 
pp. 258-260.

8 “Determination of Suspended Matter in Gases by Collection on 
Filter Paper,” by S. H. Katz and G. W. Smith, U. S. Bureau of 
Mines Reports of Investigations, Serial 2378, 1922.

J. M. D a l l a V a l l e .9 The characteristics and limitations of 
multicyclones have never been treated comprehensively. This 
has been due in part to their relatively recent introduction in the 
field of dust collection, and perhaps also to inability to generalize 
performance in terms of tests carried out with a so-called “stand­
ard” dust. Mathematically, the behavior of a particle in a cy­
clone is easily determined, but anyone having even slight ex­
perience with particulate matter knows well that its true dy­
namical behavior depends upon other considerations than a 
knowledge of accelerating forces alone. A discussion of some 
of the factors involved in the development of an ideal cyclone 
was presented by Lissman10 several years ago. In  particular, 
Mr. Lissman discusses the design arrangements'necessary to re­
duce turbulence in the dustbin in order to assure a minimum of 
interference with other cyclones (in parallel) connected to it. This 
paper emphasizes what is actually achieved in this connection 
under operating conditions.

The fact that a common dustbin with cyclone control dampers 
set in various positions does not materially affect the efficiency 
of dust collection (as compared with individual bins) is heartening 
to dust engineers who have heretofore possessed no definite in­

9 In charge, Environmental Sanitation Section, U. S. Public 
Health Service, Bethesda, Md.

10 “An Analysis of Mechanical Methods of Dust Collection,” by 
M. A. Lissman, Chemical and Metallurgical Engineering, vol. 37, 1930, 
pp. 630-634.

formation in this connection and in fact have often questioned its 
use. More striking than this, however, is the fact that changes 
in the control damper setting in no way appreciably affect the 
collection efficiency of the cyclone. This, as the author notes, is 
an important consideration in boiler plants equipped with multi­
cyclone collectors where air volumes handled vary greatly, but 
draft losses must not be increased.

The writer expresses the hope that the author and others inter­
ested in the performance of multicyclones will make available 
their knowledge of the behavior of other dusts than fly ash, and 
perhaps decide upon a uniform performance test to be used in the 
laboratory. The testing of equipment after instead of before 
installation is not only costly to all parties concerned in event its 
performance is unsatisfactory, but also confuses the prospective 
purchaser who as a rule cannot judge the merits of various designs 
tested in a score of different ways.

A u t h o r ’s  C l o s u r e

Mr. Bubar’s observations appear to be mainly intent upon the 
necessity of dust sampling in the field in preference to testing one 
cyclone.

It was not the intent in this research to make such comparisons, 
and it might be stated that the author is highly in favor of field 
test. I t  was intended in this research to give the results in a 
specific instance of testing one cyclone or testing three cyclones 
under accurate test conditions. If all of the information supple­
mental to this simple series of observations were included, as Mr. 
Bubar feels would be of interest, the amount of data presented in 
this report would have been far beyond its intended scope, or 
the time allotted for the presentation.

Mr. Macomber’s observations also bring out the point con­
cerning field tests compared to single cyclone tests. As observed 
previously, this was not the intent of the report.

The author thoroughly agrees with the point brought out by 
Mr. Macomber tha t an adjustment should be included in guaran­
tees for variations in dust fineness that may be encountered in 
practice, over tha t assumed before the installation is installed. 
The author’s company, however, has had some difficulty in get­
ting people to agree to such a plan, and consequently in general 
has offered lower operating guarantees than would be expected 
from their own experience, in order to cover such contingencies 
as mentioned by Mr. Macomber.

Mr. O’Mara’s observations appear to bear out the conclusions 
of the report, and it is interesting to have such confirmation from 
another manufacturer.

Mr. Hardie has brought out some important points which add 
considerably to the information contained in the original paper.

He asks perfectly correctly whether it may not be possible 
that three cyclones with a common hopper operate successfully, 
whereas 40, or even 12, may not. This is a very just observation, 
and the author cannot say from experience whether, for example, 
40, cyclones would operate the same as the 3 in this test. In com­
mercial practice, however, the number of cyclones connected with 
one hopper is necessarily limited. In view of the results of this 
test, therefore, any group connected with the hopper may be con­
sidered the unit. Four to nine cyclones are generally used per 
hopper. In one instance we know of twenty 2-foot cyclones per 
hopper, but this was unusual and exceptional, and is not to be' 
recommended, especially as the hopper is extremely deep in such 
an instance because of the necessary angles of its sides.

Mr. Hardie states that tests of some installations of parallel 
operated cyclones do not always duplicate the performance of 
single units tested individually. There have been frequent oc­
casions to compare field tests with tests of a single cyclone, and 
as far as can be observed, the rule is that they show a similar 
collection, and it is rather the exception that they do not. In such
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instances this may be due to duct layout, the settling of dust in 
the flues, and various other factors which sometimes make it 
difficult to approach the ideal from the standpoint of field testing, 
even with the greatest of skill being exercised.

As Mr. Hardie points out, the variable positioning of the 
cyclone dampers in the second series of tests is a condition more 
severe than in actual practice, but questions whether or not this 
reproduces the condition of different static conditions being 
created in the flue connecting a series of cyclones. He is probably 
correct that it is not precisely comparable. However, it has been 
the custom of the author’s company to connect the inlets and 
outlets of the cyclones to large rectangular overhead ducts that 
are practically plenum chambers themselves. Many static read­
ings have been taken at various parts of such ducts, and it has 
been found that the static condition is practically uniform 
throughout. I t  is, therefore, probable tha t the eccentric position­
ing of dampers in the test observations is considerably more 
severe than is ecountered in practice.

The author agrees with Mr. Hardie that it is preferable to oper­
ate a field test in accordance with the A.S.M.E. proposed code. 
The only advantage of utilizing a single unit test is that consider­
able information can be obtained by a prospective user, before 
the final installation is made, by attaching such a unit directly 
to his flue. Furthermore, cases may present themselves where it 
is an impossibility to obtain a field test because of the arrange­
ment of ducts, the settling of dust in the flues, and other factors. 
In  such an instance a single unit test might be valuable.

Testing of dust in the manufacturer’s plant necessarily requires 
dust that has been previously collected. I t  has been found that 
if dust from the electrostatic precipitator is used, it is generally 
somewhat finer than the dust in the gas itself, and such dust ap­
pears to give about the same results as when a unit is hooked up 
directly to the flue. I t may be that the fact that it is harder to 
collect, because of its greater fineness, is compensated for by some 
■conglomeration.

In  a series of tests run at the Stamford Gas and Electric Com­
pany a cyclone was attached to the flue. At 2 in. draft loss and 
an average of 289 deg an over-all collection of 88.1 per cent was 
obtained with pulverized-fuel dust. Dust was then taken from 
the electrostatic precipitator at the same plant, which analyzed 
77.9 per cent through 325 mesh, and, at an average of 2.6 in. draft 
loss, 91.3 per cent was the efficiency with the same cyclone pre­
viously used at Stamford. The draft loss was somewhat higher; 
therefore a better collection should be expected. Furthermore, 
the gas temperature was atmospheric; hence about 220 deg less 
than at Stamford, which would further increase efficiency.

A further series of tests was then run in the research plant, 
using hot flue gas to carry the electrostatic dust. At an average 
draft loss of 2.1 in., and an average temperature of 433 deg, an 
average collection of 90.1 per cent was obtained with slightly finer 
dust, which averaged 80.01 per cent through 325 mesh. These 
tests are given primarily because they are on the same plant with 
the same dust, and might further be compared with seven hour 
tests, extending over 14 consecutive days, at the plant of the In­
dustrial Rayon Corporation,11 which had 30 cyclones of the same 
design per boiler. Here the draft loss was less, namely, 1.45 in., 
the temperature averaged 345 deg, and the collection showed 88.4 
per cent. The screen analysis of the dust in the flue was especially 
fine, however, being an average of 88.6 per cent through a 325- 
mesh screen. The reason for this was that the boiler which was 
designed for 90,000 lb of steam per hour was averaging 52,000 lb 
per hour during these tests.

The author believes, therefore, that although the research 
reported in the original paper is limited necessarily, the observa­
tions elsewhere seem to bear out the conclusions with the par­
ticular cyclone tested.

11 “Dust Collection Tests at New Power Plant of Industrial Rayon 
Corporation,” by C. B. McBride, Combustion, September, 1939, pp. 
36-38.



Penstocks for the G ra n d  Coulee D am
By P. J. B IER,1 DENVER, COLO.

T he u lt im a te  pow er d ev e lo p m en t for  th e  G rand C o u lee  
D a m  in c lu d e s  e ig h te e n  m a in  u n it s  o f  150,000 h p  e a c h  a n d  
th ree  sta tio n -ser v ice  u n its  o f  14,000 h p . In d iv id u a l p e n ­
sto ck s o f  18 f t  d ia m  w ere p rovided  for  th e  m a in  u n it s  a n d  o f
6 ft d ia m  for th e  sta t io n -ser v ice  u n its .  T h e  p e n s to c k s  are  
o f  w e ld ed -p la te  s te e l c o n s tr u c tio n , fa b r ica ted  a n d  X -ra y ed  
in  accordan ce  w ith  th e  A PI-A SM E  C od e. T h e  18 -ft p e n ­
sto ck s w ere fa b r ica ted  in  a  p la n t  erected  n ea r  t h e  d a m , a n d  
th e  6 -ft  p e n s to ck s  w ere prod u ced  in  t h e  su b c o n tr a c to r 's  
sh op . A ll p e n s to ck s w ere in s ta lle d  in  o c ta g o n a l tu n n e ls  
provided for  th a t  p u rp o se  th r o u g h  th e  d a m , a n d  w ere e m ­
bedded in  rein forced  c o n cre te  a fte r  in s ta l la t io n .

G e n e r a l  D e s c r i p t i o n

THE penstocks for the Grand Coulee Dam on the Columbia 
Basin project, Washington, were provided for the release 
of water under pressure for the production of power. The 

total estimated flow through the penstocks, at a rated head of 
330 ft for the turbines, is approximately 82,000 sec-ft, based on 
the ultimate development of eighteen main power units and three 
station-service units. The main-unit penstocks are 18 ft in 
diam, serving turbines of 150,000 hp each, and the station-service 
penstocks are 6 ft in diam, serving turbines of 14,000 hp each, 
making a total ultimate capacity of 2,742,000 hp. The generat­
ing equipment will be installed in two separate buildings, one 
on the east bank of the river called the right powerhouse, and one 
on the west bank of the river called the left powerhouse. The 
two powerhouses are located at the downstream toe of the dam, 
and will contain nine main power units each, the left powerhouse 
including, in addition, the three station-service units.

All penstock intakes will be protected by trash racks arranged 
in semicircular form around the openings, and reaching up to 
within 21 ft of the crest of the dam. Hydraulically operated 
coaster gates will be installed on the face of the dam to shut off 
the flow from any of the main-unit penstock intakes until the 
turbines have been installed. The upstream ends of the main- 
unit penstocks were provided with hemispherical bulkheads to 
exclude the reservoir water from the penstocks during construc­
tion, and until the turbines are installed. After the installation, 
the intake will be closed with the coaster gate, and dewatered 
through a drain valve in the bulkhead, which latter is then flame- 
cut into small pieces and removed through the manhole.

I n s t a l l a t io n  a n d  C o n t r a c t s

While the initial installation includes only three main units 
and two station-service units, the penstocks were installed for 
the full development. The Grand Coulee Dam is being built 
in two stages and under two separate contracts. The first con­
tract included the foundation to an approximate elevation of 
1000, and the second contract calls for the completion of the 
dam to elevation 1311. As it was not feasible to install the pen­
stocks under the first contract, tunnels were provided which 
permitted the installation of the penstocks a t a later date.

1 Senior Engineer, Bureau of Reclamation, United States Depart­
ment of the Interior. Mem. A.S.M.E.

Contributed by the Hydraulic Division and presented at the 
Fall Meeting, Spokane, Wash., Sept. 3-6, 1940, of T h e  A m e r ica n  
S o c ie ty  o f  M e c h a n ic a l  E n g in e e r s .

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

These tunnels were of octagonal shape, 24 ft in size for the main- 
unit penstocks and 12 ft for the station-service penstocks. 
They were reinforced to resist the loads on the dam due to its 
dead weight and live water load, and for temperature effect.

The tunnels were started under the first contract, and com­
pleted to the upstream face of the dam under the second contract. 
The contract for the fabrication and installation of the penstocks, 
exclusive of the installation of the upstream sections containing 
the bulkheads, was awarded to the Western Pipe and Steel Com­
pany of San Francisco, a t a bid price of $1,456,624 which in­
cluded twelve 14-ft-diam pump inlet pipes. This sum, however, 
did not include the cost of transporting the pipes and pipe ma­
terials to the fabricating plant and to the dam. The estimated 
weight of all pipes furnished under the contract was approxi­
mately 8300 tons. The contractor sublet the fabrication of the 
station-service penstocks and the preparation and rolling of the 
plates for the main-unit penstocks to the Chicago Bridge and 
Iron Company.

The 18-ft-diam penstock, because of the impossibility of 
shipping pipe of this size, made shop fabrication impracticable, 
and it was necessary to erect a field-fabricating plant near the 
dam. Erection of this plant was started in April, 1938, and 
shop fabrication was completed in March, 1940. The installation 
of the penstocks was completed in May, 1940.

DESIGN OF PENSTOCKS 

M a i n - U n i t  P e n s t o c k s

The penstocks are on a slope of 201/2 deg, starting with eleva­
tion 1041 a t the upstream face of the dam and dropping down 
to elevation 938 a t the turbine inlet, as shown in Figs. 1 and 2. 
The penstocks have an inside diameter of 18 ft which is reduced 
to 15 ft with a reducing bend near the turbine. The 15-ft-diam 
end section is connected to the turbine-scroll case with a double- 
acting expansion joint, as shown in Fig. 3, which will permit both 
axial and lateral displacements of the turbine in relation to the 
penstock. Axial displacements will be caused by temperature 
changes in the pipe and turbine, and lateral displacements by 
deflections of the dam and deformation of the foundation.

The inlet transitions are 30 ft long, and were designed to reduce 
inlet losses. They were formed in the concrete, and are provided 
with 30-in. air pipes, to facilitate the escape of entrained air 
when in operation or filling, and the inflow of free air when 
draining the penstock. The air pipe will also serve as a vent 
when the penstock is empty.

Each penstock is 329 ft long from the face of the dam to the 
scroll case, and is embedded in the tunnel backfill except for 10 
ft around the expansion joint, where an access chamber was 
provided for the maintenance of the joint packing. This 
chamber can be reached by a passageway from the powerhouse. 
The penstocks were designed for a maximum head of 420 ft, 
including a static head of 360 ft and a water-hammer head of 60 
ft. The head due to water hammer was computed in accordance 
with the rigid and elastic water-column theories on a basis of a 
minimum closure time of 4 sec at full gate, the turbine specifica­
tions calling for governors adjustable to a rate of turbine-gate 
movement of from 4 to 12 sec for a full-closing stroke.

The design of the penstocks was based on the use of firebox- 
quality steel plate, grade B, A.S.T.M. designation A-89, which 
has a minimum yield point of 27,000 lb, a minimum tensile
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F ig . 1 P r o f i l e s  o f  D am  a n d  P e n s t o c k s

strength of 50,000 psi, and an elongation in 2 in. of 32 per cent. 
This steel was selected because of good welding qualities due to 
a low carbon content (0.20 to 0.22 per cent), which reduces the 
tendency of air hardening and produces ductile welds. Shocks 
due to water hammer and surge waves induce impact stresses 
which may be the cause of failure, especially in penstocks with 
brittle welds. With the use of this ductile steel, and due to the 
fact that the penstocks were to be embedded in reinforced con­
crete, thermal stress relieving of the pipe sections was not con­
sidered necessary. Radiographic examination of the welded 
joints, on the other hand, seemed desirable because it provides 
an effective check on the quality of welding, and permits an in­

crease in joint efficiency from 80 per cent to 90 per cent, in ac­
cordance with the API-ASME (.'ode for Fusion-Welded Unfired 
Pressure Vessels, which was adopted for this work. As an 
additional safeguard, a hydrostatic-pressure test was specified 
for all completed pipe sections.

Several schemes of installation were studied, and the scheme 
adopted consisted of embedding the penstocks in the tunnel 
backfill and painting the outside of the pipe and stiffeners to 
prevent a bond between the steel and concrete, thus permitting 
the pipe to “breathe” between empty and pressure conditions. 
A design stress equal to two thirds of the yield point was used for 
the fully embedded pipe having ample concrete coverage and
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reinforcement, and one half of the yield point for the pipe near 
the downstream toe of the dam where the concrete cover was not 
considered sufficient to aid the shell in resisting the internal pres­
sure. The shell thickness was computed a t 3/4 in. a t the upper 
end increasing by Vie-in. increments to l '/ is  in. at the lower end 
of the tangent, and to i y 2 in. in the bend and lower end section.

Each penstock was provided with three percolation rings near 
the upstream end to retard the seepage of water along the out­
side of the shell. Single stiffener rings, l 3/8 in. thick X 10 in. 
high, were welded onto the shell every 10  ft to maintain the cir­
cularity of the pipe section during fabrication, handling, and 
installation. Structural-steel supports, as shown in Fig. 4, 
were provided a t every other stiffener ring, a t the bottom and 
the top, the former to support the weight of the empty pipe dur­
ing installation and the latter to protect the pipe against uplift

F ig .  5  H e m i s p h e r i c a l  B u l k h e a d  f o r  1 8 - F t  P e n s t o c k s

during concreting in the tunnel. Lateral struts were provided at 
the supporting points to maintain the pipe in alignment while 
concreting. The lower supports were pinned at top and bottom 
to permit temperature movements in the line during erection.

The reducing bend was designed with a long radius and small 
deflection angles to reduce turbulence and head losses. A 24- 
in-diam by-pass pipe was connected to the upstream end of each 
penstock to provide means for filling the penstock, and to make 
it possible to operate the coaster gates under balanced pressure. 
The by-pass lines take water from the reservoir through a grated 
inlet and are controlled with double valves located in valve 
chambers near the 1050-ft gallery. The penstock is made 
accessible with a 20-in-diam manhole, placed on top of the pipe 
near the upstream end, which can be reached through a shaft 
from the gallery. Each penstock can be drained through an 
18-in. drain at the downstream end of the pipe. The manhole 
and by-pass openings were reinforced to compensate for the loss 
in metal cut from the shell. The reinforcement consists of a 
plate ring welded to the shell, the nozzle being made from a pipe 
nipple and welding-neck flange. The manhole opening was 
streamlined with a plug welded from light-gage steel provided 
with drain holes to prevent unbalanced pressures. As the man­
hole is located in an open shaft, the pipe shell around the con­
crete will be subjected to secondary bending stresses; therefore, 
it was increased in thickness by inserting a l 6/s-m. plate for the 
length of the course and for one sixth of the circumference.

The bulkheads placed in the upstream sections are hemispheri­
cal, and were welded from spherically formed plates and a 
central closing plate, as shown in Fig. 5. Special flanges were 
welded to the bulkhead shells for attachment to the upstream- 
pipe sections. These flanges were designed to resist the bending 
stresses due to the deformation of the shell when under pressure. 
The pipe shell opposite the flanges was stiffened with a number 
of ribs placed radially along the outside diameter. The hemi­
spherical shape was selected as being the most efficient from the 
standpoint of stress, also because ellipsoidal heads for this 
diameter were not available, and could not be transported in one 
piece. The bulkheads were designed for a static head of 270 
ft, requiring a Virin. shell, which was increased to 6/8 in. to allow 
for corrosion and to provide additional safety in view of the 
importance of this water stop.

Two sets of piezometric orifices of four each, located 100 ft 
apart, were provided for the purpose of performing flow and 
pressure tests. The stainless-steel orifices were placed at 
quarter points of the shell. Individual lines of 3/Vin. extra-heavy 
steel pipe were run from each orifice to the terminal box in the 
powerhouse, with one static-pressure line from the reservoir 
to the terminal. Grout holes consisting of 1-in. pipe taps, were 
provided in the penstocks, for the purpose of back-grouting and 
consolidating the concrete backfill. They were placed on the 
inside of the pipe at horizontal and vertical centers, on each 
side of the stiffeners and percolation rings.

S t a t io n -S e r v i c e  P e n s t o c k s

The station-service penstocks are similar in design to the 
main-unit penstocks. The intake is located at elevation 1041, 
and the penstocks slope toward the turbines 011 an angle of about
20 deg, as shown in Fig. 1. Each turbine will be protected with 
a ring-seal gate. Penstock No. S3, which is to serve the future 
turbine, is provided with a welded bulkhead at the downstream 
end. A bulkhead gate will be used on the upstream face to close 
any of the three intakes when the turbines and ring-seal gates 
are installed. The three intakes were closed with temporary 
timber bulkheads before the reservoir level reached the intake 
elevation during construction. Between the lower ends of the 
penstocks and the ring-seal gates, double-acting expansion joints 
are installed, for similar reasons as for the main-unit penstocks.

The penstocks have a uniform diameter of 6 ft and are 332 ft 
long, from the face of the dam to the ring-seal gate. They were 
designed for a total head, including water hammer, of 400 ft, 
which resulted in plate thicknesses of 3/8 in. in the tunnel and 9/u  
in. at the downstream end near the toe of the dam. The pen­
stocks were fabricated in the subcontractor’s Birmingham plant, 
in 20- and 40-ft lengths, ready for installation in the tunnels. 
Each penstock was provided with a manhole-and-drain connec­
tion, also with piezometer orifices, grout holes, percolation rings, 
stiffeners, and supports, similar to the 18-ft-diam penstocks.

FABRICATION OF MAIN-UNIT PENSTOCKS 

F i e l d - F a b r ic a t in g  P l a n t

The field-fabricating plant was located near the construction 
railroad in a settlement called Electric City, located about 3'/2 
miles from the dam. The plant consisted of a storage yard for 
incoming pipe materials, a welding shop, and a yard for testing, 
painting, and the storage of completed pipe sections. The 
welding shop was of frame and corrugated-steel construction, 
70 ft wide, 260 ft long, and 45 ft high under the roof trusses. 
Adjoining the shop building on one side was an annex containing 
transformers and shop equipment, also offices for the shop super­
intendent and the government inspectors; on the other side of 
the building was an office for the X-ray technicians, and a de-
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veloping room for the X-ray films. The entire plant, including 
yards and shop, was served by a 35-ton gantry crane having a 
span of 66 ft 6 in. and a runway of about 1100 ft.

S h o p  E q u i p m e n t

The shop equipment consisted of four setting-up bases for the 
fitting and welding of the 18-ft pipe shell and stiffeners. Each 
base consisted of a series of concrete piers arranged in a circle and 
provided either with level steel platforms or with steel brackets 
or telescoping pipes on each pier, depending upon the fitting 
work to be done. A bulldozer, supported on a structural-steel 
traveler, was used to hold the two halves of the pipe or the pipe 
and stiffener together when tack-welding preparatory to the final 
welding. A motor-driven trolley and a roller base were installed 
for the movement and rolling of the pipe, during the welding of 
the longitudinal and circumferential joints, respectively. For 
the automatic-welding work, a welding machine was used which 
was supported from a structural-steel tower. A specially 
built testing machine, as shown in Fig. 6, was provided for the 
hydrostatic-pressure tests. The X-ray apparatus used is shown 
in Fig. 7; it was of portable construction with a capacity of 200 
kv at 8 ma. A number of adjustable, rounding-out spiders, 
made of round bars with a central plate, were used for the pipe 
sections during construction and until the stiffeners were welded 
on. The auxiliary equipment in the shop annex included an air

compressor and receiver, a lathe, planer, milling machine, drill 
press, and a Riehle testing machine.

S h o p  P r o c e d u r e  

The 18-ft penstocks were fabricated in sections or erection 
lengths of 20 ft, weighing up to 28 tons each, except the up- 
stream-end sections containing the hemispherical bulkheads, 
which were produced in 23-ft lengths, weighing about 37 tons 
each. The pipes were made from two 120-in-wide plates which 
were beveled for welding, and rolled in the subcontractor’s Chicago 
shop, then shipped to the field-fabricating plant for completion. 
The fabrication procedure for a 20-ft pipe section was as follows:

1 Two rolled plates were set up and aligned on one of the 
fitting bases and tack-welded into a cylinder.

2 A rounding-out spider was inserted into the 10-ft tack- 
welded pipe course, which then was taken to the trolley under the 
automatic welding machine, and welded along the longitudinal 
seam.

3 The stiffener rings, having been flame-cut in six segments 
from l 3/ s-in. plates and assembled on a special platform, were 
fitted to the 10-ft pipe course. Intermittent fillet welds, 6 in. 
long and 12 in. on centers, alternated on both sides, were used 
between the pipe and the stiffener ring.

4 Two 10-ft pipe courses were tack-welded together, then 
placed on the roller base, and completely welded on the auto­
matic machine.

5 The welded seams were radiographed in 16-in. sections, 
marked along the joint. If no welding defects were disclosed in 
the films, the pipe section was ready for the pressure test.

6 The pipe section, after passing the visual inspection and 
X-ray examination, was placed in the testing machine, and 
subjected to a hydrostatic-pressure test of about 150 per cent of 
the design pressure, stressing the shell to approximately 21,000 
psi. The test pressure was applied and relieved three successive 
times, and held a sufficient length of time to permit a thorough 
inspection of all joints for signs of leakage or failure. This pres­
sure test proved its value as cracks from 4 to 9 y 2 in. long were 
discovered in five pipe sections, which apparently eluded detec­
tion by X-raying. Four of the cracks were near the junction of 
the longitudinal and girth seams where stress concentrations due 
to welding are more prevalent.

7 After the pressure test, the pipe section, with the exception 
of areas within 10 in. of the joints to be welded, was cleaned on 
the outside of all rust, dirt, grease, and loose scale, and painted 
with two coats of coal-tar paint applied cold. After the paint 
was dry, the section was ready for transport to the dam, and 
erection in the tunnels.

W e l d in g  P r o c e ss  

The contractor used the single-pass process of welding for all 
machine welds in the pipe shell, for plate thicknesses up to and 
including l ' / u  in.; for all heavier plates, manual welding was 
used. Single-V welding grooves were used for the automatic 
welds, and double-V grooves for the manual welds. In the auto­
matic welding process, the joint was welded in one pass on the 
outside of the shell, the welding head remaining stationary while 
the pipe was moved along the trolley for the longitudinal seam or 
rotated on the roller base for the circumferential seam. During 
welding, a water-cooled grooved copper backing-up bar was 
pressed against the underside of the shell opposite the welding 
head by means of a bracket attached to a pipe-*post. The flux 
was deposited ahead of the welding operation and a coiled, bare 
electrode was fed in automatically, the welding speed and 
electric current having been regulated to suit the plate thick­
ness. The lower layer of the flux covering the joint was fused 
into solid slag which protected the deposited weld metal against
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the atmosphere, and effected some annealing of the weld. Pre­
paratory to making a longitudinal-seam weld, small plates of the 
same thickness as the shell were welded to both ends of the pipe 
course to form extensions of the welding seam. The starting 
plate, about 6 in. square, was in one piece and the finishing plate 
in two pieces, each 41/ 2 in. wide X 71/* in. long, both beveled 
for welding and tacked together at the bottom of the groove. 
By this means, the tendency to crack, especially at the finishing 
ends of the longitudinal joints, was practically eliminated. After

F i g . 8  Two H e m i s p h e r i c a l  B u l k h e a d s  W e l d e d  T o g e t h e r  f o r  
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welding, the extension plates were removed by flame-cutting, 
and the welding edges restored by grinding. The undersides of 
the single-pass welds were chipped to sound metal, and back- 
welded by hand, producing a double-welded butt joint as required 
in the specifications.

Before the automatic- and manual-welding processes were 
authorized, the contractor was required to furnish proof of their 
adequacy. Accordingly, two 3/ 4-in. plates and two l'/ie-m. 
plates were welded up by the contractor with the single-pass 
process, and two l'/V in. plates with the manual process. Test 
specimens machined from the 3/ 4-in. and lVi6-in. plates showed, 
for the weld metal, yield points and tensile strengths well in 
excess of the plate values, although the elongations, a t 30 per 
cent, were somewhat lower. Similar results were obtained with 
test specimens machined from the l'/a-in. manually welded 
plates, which indicated average elongations of 28 per cent and 
strength values also well in excess of the parent plate.

The hemispherical bulkheads were pressure-tested by welding 
two bulkheads into a closed vessel, which was facilitated by the 
fact that the bulkhead flanges were rolled in pairs requiring only 
the welding of a head to each end of the double flange. A hydro­
static pressure of 240 psi, or about double the design pressure, 
was applied and relieved three successive times similar to the 
pipe tests. After testing, the two flanges were separated by 
flame-cutting, as shown in Fig. 8, and the bulkheads were 
welded into the upstream pipe sections of each 18-ft penstock,

using a heavy bu tt weld between the end of the pipe and the 
underside of the flange.

Q u a l if ic a t io n  o f  W e l d e r s  a n d  W e l d  I n s p e c t io n

All welders engaged on manual welding were tested and 
qualified in accordance with the API-ASME Code. The con- 
trator was required to furnish welded test plates both for the 
qualification of welders and for routine tests on production weld­
ing by the manual and automatic processes. For plates from 
3/ 4 in. to lVis in., inclusive, one test plate was furnished for each 
200 ft of welded seam, and for the l'/r-in . plates, one test plate for 
each 100 ft of welded seam. The test specimens were machined 
and tested by the contractor, under the supervision of govern­
ment inspectors. The tests included reduced-section-tension, 
free-bend, reverse-bend, and nick-break tests, and in some cases 
also all-weld-metal tension tests.

All shop and field fabrication and welding work was performed 
in the presence of government inspectors stationed at the plant, 
and all completed pipe sections were inspected and approved by 
the inspectors before being released for installation in the tunnels. 
The radiographic work was done by the contractor, using cel- 
lulose-acetate films of the slow-burning type, 4‘/2 in. wide X 17 
in. long, with an effective length of 16 in., requiring 43 exposures 
for each girth joint. The exposure time was 20 sec for the 
Vi-in. plate, and l 3/< min for the i y 2-in. plate, requiring cur­
rents of 140 kv at 5 ma, and 175 kv at 7 ma, respectively. The 
developed films were examined by the contractor’s X-ray tech­
nician and the government’s chief welding inspector, for defects 
such as slag inclusions, cracks, porosity, or unfused areas. De­
fective sections of welds were traced on narrow strips of paper, 
located on the seam, and marked with yellow crayon for chipping. 
The chipped areas were rewelded, and reradiographed to prove 
the quality of the repair welding.

I n s t a l l a t io n  o f  P e n s t o c k s

The specifications for the construction of the dam provided 
that the upstream sections of the penstocks be installed first to 
form a water stop for protection during the installation of the 
lower sections. Therefore, the upstream sections were installed 
and embedded by the dam contractor during concreting of the 
dam. Fig. 9 shows several of these with their hemispherical 
bulkheads welded in place preparatory to embedment in the 
dam.

The pipe sections for the right or east-side powerhouse were 
transported from the fabricating plant by the construction rail­
road, as shown in Fig. 10, to the government warehouse where 
they were unloaded onto a special 60-ton, 20-wheel trailer drawn 
by a truck in front, and on the downgrades braked by a truck in 
the rear. They were then hauled to a point on the riverbank 
where the trailer was run onto a barge, which was moved across 
the tail bay to the base of the powerhouse by a winch on the 
barge. The pipe was transferred from the barge to a tunnel 
trolley by a barge derrick, as shown in Fig. 11. In the tunnel, 
the pipe section and the trolley were pulled into place on a 6-ft 
gage track by an electric hoist placed at the downstream end of 
each tunnel. The trolley was equipped with jacks and rollers 
with which the section was aligned, centered, and set to grade 
from the bench marks previously established by government 
field parties. Before the tunnel trolley was withdrawn, the pipe 
section was placed on structural-steel supports which were hinged 
at their connections with the pipe and with base plates. The 
bases were shimmed to the proper elevation, and anchored against 
lateral movement, after which sufficient tack-welding was com­
pleted.

The pipe sections for the left or west-side powerhouse were 
transported by the construction railroad directly into the power-
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house itself, where they were lifted off the railroad ears by an 
electric overhead traveling crane which moved them to their 
respective tunnel trolleys, a t which point they were routed in the 
same manner as the sections in the east powerhouse.

All tunnel joints were double-V butt welds, no butt straps 
being used at any seams. For the welding work on the inside of 
the pipe a portable steel scaffold as shown in Fig. 12 was used. 
With the exception of the final bead, each was cleaned and 
peened, the average peening time being 1 hr per bead around the 
circumference.

All the tunnel welds were radiographed in a manner similar 
to the shop welds, using a portable X-ray machine mounted on
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a rubber-tired trolley, as shown in Fig. 13. Generally speaking, 
all welding in each tunnel was completed before moving an X-ray 
machine into it. However, as the work approached completion, 
X-ray equipment and welding equipment were used in the same 
tunnel, particular care being taken to protect the workmen from 
scattered radiation. In all, 51,000 ft of welding were X-rayed, 
including the shop welds; and a total of 60,000 ft of X-ray film 
was used. There were approximately 300,000 lb of electrodes 
used.

After the completion of welding and X-raying, the paint coat­
ing on the outside of the pipe was repaired, the top and side 
supports were welded to the stiffeners, the piezometer piping was 
installed, and the reinforcing steel placed before the concrete 
backfill was started. After the backfill was placed, it was 
pressure-grouted from the inside of the pipe, using tapped grout 
holes for the purpose. Additional grout holes along the pen­
stock were drilled as required. The penstocks were painted on 
the inside with two coats of coal-tar paint, applied cold, which 
completed the installation.

The station-service penstocks were installed first, followed by 
the main-unit penstocks for the right powerhouse, and then 
the left powerhouse units were installed. Installation started 
May 22, 1939, and exactly one year later, on May 22,1940, all in­
stallation had been completed, six months ahead of the scheduled 
completion date.

O r g a n iz a t io n

The penstocks were designed under the direction of the author. 
All penstock designs are made under the general direction of 
W. C. Beatty, mechanical engineer, and L. N. McClellan, chief 
electrical engineer. All engineering designs are under the gen­
eral direction of J. L. Savage, chief designing engineer, and all 
engineering and construction work is under the general direction 
of S. O. Harper, chief engineer, Denver, Colo. All activities 
o f the Bureau are under the general charge of John C. Page, 
commissioner, Washington, D. C.

Discussion
C. L. B a r k e r . 2 This paper presents in an interesting manner 

the design, manufacture, and installation of the huge pipes which 
will carry the flow of the Columbia through the Grand Coulee 
Dam.

Hydraulic model tests were made of the entrance but no tests 
were made on models of the penstocks. I t  might have been wise 
to make tests of the linning surface of the penstocks, and perhaps 
of the bends and the expansion joints. If the head loss through 
the penstock could have been reduced 1 ft, the power saved would 
have been 9000 hp. Tests of this type would also have been of 
value in comparing model results with the prototype. Piezome­
ter connections were made in the penstock to measure head loss. 
This makes it possible to build a model and compare the results 
between model and prototype. Too frequently, tests of this type 
are not made.

The radiographic method of material examination is interesting 
and important. For many years, the only tests which could be 
applied to materials were tests of strength. These were applied 
to specimens and destroyed the material. The hardness test was 
one of the first tests of material which did not destroy; the radio- 
graphic examination is the second method. Its use in industry 
has spread rapidly in the last 3 years.

The five failures which developed in the course of the hydro­
static tests are important. The author states that after the five 
failures had occurred, due to the hydrostatic tests, those portions

2 Assistant Professor of Hydraulic Engineering, State College of 
Washington, Pullman, Wash.

of film covering the failed sections were re-examined to see if the 
difficulty lay in studying the film or in the method. In every 
case the film showed no sign of crack or failure. I t  is rather safe 
to presume in every case that these failures, since they failed to 
show in the film, must have been hairline cracks, the plane of 
which was in line with the X-ray beam.

Messrs. Townsend and Abbott, of the Bell Laboratories, have 
reported studies3 on hairline cracks. This type of crack is com­
mon in castings as well as in welding plates. Their report states: 
“I t  was found that the limiting cross-sectional area of a crack 
that could be distinguished in ' / 2-in. steel plate (the thickness 
most frequently encountered in telephone work) under the .best 
radiographic conditions was 0.000035 sq in., representing a crack 
having a depth of 0.007 in. and a width of 0.005 in. Because of 
the importance of the orientation of these very fine shrinkage 
cracks, upon their detection by X-ray methods, it is sometimes 
desirable and often imperative to take two or more radiographs at 
different angles, in order that the defects presenting too small a 
difference in thickness for detection in one of them may be de­
tected in the other, where the path of the radiation through the 
defect may have happened to coincide more nearly with its longi­
tudinal axis.”

This method, which by the way has been used in Germany, 
suggests the necessity for a slightly different method of radio- 
graphic examination which would eliminate the difficulty re­
ferred to. I t should be possible to build an X-ray machine, using 
two tubes so spaced that the radiation paths would cross through 
the weld or section to be examined, at an angle. The radiation 
would be received on a film, perhaps slightly wider than the pres­
ent film, but in the same manner. This would give a stereo­
scopic effect and make possible determination of the location of 
the defect in the weld or casting. I t would also eliminate the 
possibility of failing to record the hairline cracks due to acciden­
tal alignment with the radiation path.

A u t h o r ’s  C l o s u r e

The discussion presented by Mr. Barker is of timely interest 
as it touches upon such important features as model tests as an 
aid to a more efficient design and the use of the proper X-ray 
technique as a nondestructive test of the welding procedure.

While extensive hydraulic model experiments were necessary 
for the Boulder penstocks because of the complexity of the system, 
they were not considered of any particular value in the design of 
the Grand Coulee penstocks, as the latter consist only of straight 
runs of pipe without branch outlets or complicated fittings. The 
reducing bends at the lower ends of the penstocks were the only 
feature where head losses could be reduced by improved design. 
These bends were designed with small deflection angles producing 
a fairly smooth interior, using an R /D  ratio of 5‘A which, on 
the basis of numerous bend loss experiments, is considered to be 
about the most favorable ratio, resulting in the lowest hydraulic 
loss. A model experiment for this specific installation could not 
have furnished any additional information unless it were per­
formed at a much higher Reynolds number than that used for 
all bend experiments made to date. Considering the diversity 
of results between Thoma’s experiments at a Reynolds num­
ber of 225,000 and Gregorig’s experiments a t a Reynolds number 
of 750,000, the conclusion may be drawn that bend loss values ob­
tained with small-scale equipment a t such low Reynolds’ numbers 
are not representative of bend losses for large installations having 
Reynolds’ numbers correspondingly higher.

The estimated friction loss through the penstock for a flow of 
4500 cfs, a t the rated head of 330 ft, is only 1.1 ft. This cannot

* “Some Applications of X Rays to Industrial Problems,” by J. R. 
Townsend and L. E. Abbott, Metal Progress, vol. 29, Feb., 1936, pp.
64-70 and 86.
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be reduced unless the velocity is reduced by increasing the 
diameter which, however, has been determined from an economic 
study evaluating hydraulic losses and the cost of construction. 
The head loss in the bend, according to Thoma’s experiments, is 
estimated at 0.3 ft. This, added to the friction loss in the pipe, 
would bring the total hydraulic loss to 1.4 ft, which is equivalent 
to 665 hp per unit. Any economies in head which may be pos­
sible by a different design of the bend would be so small as not to 
effect a worth-while saving.

I t  is well realized that the cracks which were discovered during 
the hydrostatic-pressure tests could have been detected by a 
double X-ray exposure from two different angles. Such pro­
cedure, however, would have greatly increased the already high 
cost of radiographic inspection on this job. In order to get the

full benefit of this method of inspection, it would be necessary to 
use two exposures for every foot of weld, which would nearly 
double the cost. By checking the pipe sections with an excess 
pressure test a t two thirds of the yield point of the metal, any de­
ficiencies in X-ray examination were detectable, as proved by the 
cracks discovered during the tests. I t  may be of interest to 
mention here that this double-exposure examination was used on 
some of the repair welds for both the Boulder and Grand Coulee 
penstocks. The method was useful in such cases to prove the 
quality of the repair welds, also to disclose the depth of the de­
fect below the surface. This made it possible to determine 
from which side the defect should be chipped out, reducing 
thereby the amount of chipping and rewelding necessary in the- 
repair work.
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T urb ines for G ran d  Coulee D am
By JAMES J. BURNARD,1 DENVER, COLO.

The G rand Coulee power p lan t, w hen fully  equipped, 
will be th e  largest hydroelectric power p lan t in  existence, 
containing eighteen 150,000-hp m ain  generating  u n its  
and th ree  14,000-hp station-service u n its , or a  to ta l 
capacity of 2,742,000 hp. The tu rb in e s  are o f th e  vertical- 
shaft sing le-runner Francis type w ith  spiral casing, su p ­
plied w ith  w ater th ro u g h  individual p la te-steel penstocks 
connecting w ith th e  up stream  face of th e  G rand  Coulee 
Dam. This paper describes in  som e detail th e  m echanical 
features of th e  m ain  hydrau lic tu rb ines for th is  p lan t.

THE Grand Coulee power plant is located at the downstream 
toe of the Grand Coulee Dam on the Columbia River, 
about 94 miles north and west of Spokane, in the State of 

Washington. It consists of two powerhouses, one at each end 
of the dam, and is designed for the ultimate installation of 
eighteen 150,000-hp main generating units and three 14,000-hp 
station-service units.

Nine 150,000-hp turbines, driving 60-cycle main-unit gener­
ators of 108,000 kva each, will be installed in each powerhouse 
and, in addition, space is provided in the left or west powerhouse 
for three 14,000-hp turbines, driving 60-cycle service generators 
of 12,500 kva each, and for a control bay. The initial develop­
ment includes the completion of the left powerhouse and the in­
stallation of three 150,000-hp main units, two 14,000-hp service 
units, and common station facilities.

The general arrangement of the project is shown in Fig. 1.

1 Engineer, Bureau of Reclamation, United States Department of 
the Interior.

Contributed by the Hydraulic Division and presented at the 
Fall Meeting, Spokane, Wash., Sept. 3-6, 1940, 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 : Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society.

Water is supplied to the turbines through a concrete and steel 
trash-rack structure at the upstream face of the dam. An indi­
vidual 18-ft-diam welded-steel penstock with an 18-ft to 15-ft 
reducing bend at the turbine connection is provided for each 
main generating unit. A coaster gate, mounted at the upper end 
of each penstock and operated by a vertical oil-actuated hy­
draulic hoist, controls the water to the penstock and turbine. 
Each station-service unit is supplied by an individual 6-ft-diam 
welded-steel penstock with a shutoff gate of the ring-seal design 
at the inlet to the scroll case. The inlets to all penstocks are at 
elevation 1041, and the center lines of the turbine distributors are 
at elevation 938.2

H y d r a u l ic  C o n d it io n s

The Columbia Basin project, when fully developed, will re­
claim 1,200,000 acres of land, regulate the flow of the Columbia 
River, and develop electrical energy to be used for pumping for 
irrigation and for industrial purposes. Waters of the upper Co­
lumbia River are impounded from a drainage area of 74,100 sq 
miles into a reservoir 151 miles long, having a total capacity of 
approximately 10,000,000 acre-ft. The upper 80 ft of the res­
ervoir, containing approximately 5,000,000 acre-ft, are avail­
able for power production and for the regulation of the river flow 
for the improvement of navigation and benefit of future power 
developments downstream from the dam.

The power generated from six of the proposed eighteen 150,000- 
hp units will be used during the high-water season to pump water 
into a balancing reservoir in the Grand Coulee W'here, by m ea n s  
of a system of canals and laterals, it will be distributed for irriga­
tion purposes. High-water periods occur at such times that 
secondary power will take care of pumping needs. Therefore, 
all primary and some secondary power will be available for power

2 “Penstocks for the Grand Coulee Dam,” by P. J. Bier, pub­
lished on page 2 1 9  of this issue of the T r a n s a c t i o n s .
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purposes for use at the project or for transmission to other con­
sumers.

The flow of the Columbia River at the dam site varies from a 
minimum of 17,000 efs to a maximum of 492,000 cfs, with an aver­
age flow of 109,000 cfs corresponding to an annual runoff of ap­
proximately 79,000,000 acre-ft. The elevation of the water sur­
face in the reservoir fluctuates between elevation 1290, with 
flood storage capacity completely full, to a minimum at about 
elevation 1208. The surface of the water in the river imme­
diately below the dam site, with a low-water flow of 17,000 cfs, 
is a t about elevation 932, and with a discharge of 492,000 cfs is at 
about elevation 985. The center lines of the turbine distributors

are set at elevation 938, and the elevation of the water surfaca 
in the tailrace varies from about 47 ft above to 6 ft below this 
elevation, the average being from 5 ft to 10 ft above it, Fig. 2.

The turbines operate under a net effective head varying from 
a minimum of 263 ft to a maximum of 355 ft; and for 90 per cent 
of the time the net effective head will be between 310 and 345 
ft, with the weighted average net head of 330 ft.

H y d r a u l ic  T u r b in e s

A study of reservoir operations during the critical periods of 
low runoff shows that, with the reservoir drawn down 80 ft, there 
will be sufficient flow to maintain a uniform power, output of

F i g . 2  T y p i c a l  C r o s s  S e c t io n  T h r o u g h  t h e  P o w e r  P l a n t
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F i g . 5  C r o s s  S e c t i o n  T h r o u g h  1 5 0 ,0 0 0 - H p  T u r b i n e

F i g . 4  T u r b i n e  M o d e l  i n  M a n u f a c t u r e r ’s  L a b o r a t o r y

F i g . 3 C u r v e  S h o w i n g  E x p e c t e d  P e r f o r m a n c e  o f  1 5 0 , 0 0 0 - H p  
T u r b i n e  a t  t h e  R a t e d  H e a d

920,000 kw of which 800,000 kw will be used for the generation of 
firm continuous power, and the balance for secondary power for 
pumping for irrigation and for stand-by service. Load conditions 
for this power require the installation of sufficient units to bring 
the ultimate turbine installation to 2,700,000 hp.

The turbines selected for the Grand Coulee power plant are of 
the vertical-shaft single-runner Francis type with spiral casing. 
The three initial 150,000-hp turbines operate at a speed of 120 
rpm and, with respect to horsepower capacity, are the largest 
hydraulic prime movers in existence. As shown in Fig. 3, they arc 
designed for a maximum efficiency of about 93 per cent a t a power 
output of 125,000 hp under the designed head of 330 ft. A model 
of the turbine is shown in Fig. 4. This model is homologous 
with the prototype (except for being of left-hand rotation to 
suit the manufacturer’s laboratory). The homologous parts in­
clude the runner, casing, wicket gates, and draft tube. The 
runner diameter is 18.9 in. as compared with 197 in. for the 
prototype. Tests on the model were made under heads varying 
from 25 to 50 ft.

The arrangement and setting of the 150,000-hp turbine is shown 
in Fig. 5. A cast-steel spiral casing, cast integral with the speed 
ring, is embedded in the concrete substructure of the power­
house, with the center line of the distributor at elevation 938. 
A plate-steel pit liner, to which the servomotors are bolted, lines 
the turbine pit and extends from the top of the casing to elevation 
951. The upper and lower covers of the turbine are bolted to the 
speed ring, and contain the stationary wearing rings and plates 
and the bearings for the wicket gates which control the water to 
the runner. The upper cover also supports the single main
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bearing, stuffing box, and gate-shifting ring. The runner, of east 
steel, is attached to the main shaft by means of a bolted, flanged 
connection. The draft-tube liner is bolted to the lower cover and 
extends to a point 22 ft below the center line of the turbine dis­
tributor.

H y d r a u l ic  D e s ig n

The velocity of the water entering the spiral easing is 29 fps, 
or approximately 20 per cent of the spouting velocity under the 
designed head, Fig. 6. This velocity remains approximately con-

F i g . 6  C u r v e  S h o w i n g  V e l o c i t y  o r  W a t e r  T h r o u g h  1 5 0 , 0 0 0 - H p  
T u r b i n e

stant throughout the length of the casing, as the cross-sectional 
area of the casing is decreased proportionately to the increment 
of flow into the speed ring. The speed ring forming the throat 
of the spiral casing is spanned by fourteen fixed vanes, so de­
signed as properly to direct the water to twenty-four movable 
wicket-type vanes or gates. The water, after passing through 
these wicket gates, enters the runner with a velocity of approxi­
mately 53 per cent of the spouting velocity under the designed 
head. The runner has nineteen vanes the curved surfaces of 
which, by changing the direction of the water, convert the energy 
of the water into power and produce a final discharge velocity 
at the throat of the draft tube of approximately 29 fps. The 
discharge of water from this point to the tailrace is through a 
flattened elbow type of draft tube where the decrease in velocity 
is such as to produce a residual velocity at the end of the draft 
tube of 6.8 fps. This residual velocity represents a final rejection
0.2 per cent of the total available energy.

Leakage of water between the crown of the runner and the 
turbine cover plate, and around the lower shroud of the runner, 
is minimized through the use of two plate-steel wearing rings 
which act as seals, Fig. 5. Means are provided, should the unit 
be operated as a synchronous condenser with the turbine gates 
closed and the water depressed below the runner, to supply the 
runner-seal chambers with penstock water. The essential use 
of this water is to act as a cooling medium to prevent heating and 
consequent expansion and possible seizing of the runner wearing 
rings to the stationary wearing rings located in the upper and 
lower covers of the turbine.

Hydraulic losses in the seal chambers are materially reduced 
by the elimination of all projections and pockets. A plate-steel 
baffle is provided on the upper cover just above the runner to 
direct any leakage water through the seal clearances to cored holes 
in the runner hub.

If future operation of the units as synchronous condensers is 
found desirable, provision has been made for the installation of 
float-operated air valves which will admit compressed air below 
the runner. The level of the water in the draft tube will be de­
pressed to a point about 3 ft below the bottom of the runner, and 
thus materially decrease the power required to drive the runner.

Provision has been made for the admission of atmospheric air 
to the turbine cover plate under conditions of small gate openings

to act as a draft-tube vacuum breaker and to remove water from 
the runner. This is accomplished by means of a poppet-type 
valve, automatically operated from the gate-shifting ring. An 
8-in. pipe line connects the valve with the downstream face of 
the powerhouse so as to prevent the objectionable noise from an 
air inlet inside the turbine pit.

The penstock and scroll case are initially filled by means of a 
24-in. by-pass, located at the upstream end of the penstock. 
The entrained air is discharged through a 30-in. pipe, embedded 
in the concrete, terminating at elevation 1302 at the downstream 
face of the dam.

M e c h a n ic a l  D e s ig n

The physical dimensions of the spiral casings for the Grand 
Coulee turbines are the largest ever attempted for cast-steel con­
struction. In order to transport a casing of this size from the 
manufacturer’s shop to the project, it was necessary to section- 
alize it into fourteen parts with radial flanged bolted joints. The 
average section is 15 ft 6 in. X 14 ft 6 in. X 7 ft 6 in. and weighs 
approximately 41,000 lb. The total weight of the castings for the 
14 casing sections of the turbine is 582,000 lb. The heaviest sec­
tion weighs 59,000 lb. Most of the casing sections, the runner, 
and many other parts, will have to be shipped on special cars. 
A view of the casing assembled at the contractor’s plant is given

F i g . 7  S p i r a l  C a s i n g  A s s e m b l e d  a t  M a n u f a c t u r e r ’s  P l a n t

F i g . 8  C a s t i n g  f o r  C a s i n g  S e c t i o n  N o .  7 ;  W e i g h t  3 8 ,0 0 0  L b
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in Fig. 7. A view of one of the sections being transported is shown 
in Fig. 8.

Owing to the large number of bolted sections, the support 
and anchorage of the casing, while filled with water under 
pressure during erection and embedding in concrete, presented 
a very interesting problem. After much study of various meth­
ods, it was finally agreed that the support by means of screw 
jacks bearing against steps cast on the flanges of the various sec­
tions would prove the most suitable. Turnbuckle rods, attached 
a t one end to ears welded on the flanges and at the other end to 
loop bars embedded in the surrounding concrete, are prestressed 
to 12,000 psi to prevent any possible movement of the casing 
during the pouring operation. This method of support and 
anchorage is shown in Fig. 9.

All of the essential parts of the turbines are made of cast steel 
with an allowable design stress not to exceed 10,000 psi under 
normal operating conditions. Under emergency conditions, 
stresses up to one third the yield point of the material were 
allowed. The flanges of the scroll case, however, are an exception, 
having an allowable bending stress of 15,000 psi. I t was found 
that, if the bending stresses were kept below the 10,000 psi, 
required by the specifications, the flange thicknesses would be so 
great that unsound castings would probably result.

T u r b in e  R u n n e r

The turbine runner is of the Francis type of cast steel made in 
one piece and is 197 in. diam. It has sufficient strength to sup­
port its own weight plus the weight of the turbine shaft, up 
to the connection with the generator shaft, with the runner 
resting on a finished ledge in the lower cover or foundation ring. 
It is designed and constructed to withstand safely the stresses 
resulting from operation at a runaway speed of 220 rpm under 
conditions of maximum head, with the turbine gates wide open 
and with no load on the generators.

The runner is provided with tw'o steel wearing rings, one on the 
lower shroud and one on the crow'n. The wearing rings are 
shrunk on and machined on the outside diameter for a close 
running fit with stationary wearing rings in the top and bottom 
covers. Cored passages in the hub reduce the downward thrust 
of the water on the top of the runner, and the water passages are 
finished to a smooth surface to minimize friction and cavitation. 
A cast-steel runner tip with a removable cast-steel cap will allow' 
inspection of the runner and shaft connection. The finished

runner, complete with wearing rings attached, is to be statically 
balanced in the contractor’s shop before shipment to the project. 
The runner casting being transported to the manufacturer’s shop 
is shown in Fig. 10.

S h a f t  f o r  t h e  M a in  T u r b in e

The turbine shaft is made in two sections of forged heat-treated 
open-hearth carbon steel with coupling flanges forged integrally 
with the shaft. The material of the shaft has an ultimate strength 
of 70,000 psi and a yield point of 35,000 psi and, under normal 
operating conditions, is stressed to not more than 4700 psi. It 
is capable of operating at any speed up to a full runaway speed 
of 220 rpm without vibration or objectionable distortion. I t is 44 
in. in diam at the coupling end and extends 43 ft above the center 
line of the turbine distributor, where it connects to the generator 
shaft. The flanges a t the ends of the shaft form a male and female 
bolted coupling with body-bound forced-fit coupling bolts. Axial 
holes are provided in the bolts to permit the use of a cooling me­
dium for shrinking them for assembly and disassembly. A bolt 
cover made in halves encloses the nuts on each side of the cou­
pling.

A 6-in-diam hole is provided throughout the length of the 
shaft for inspection purposes, with four 2-in-diam radial holes 
adjacent to the lowrer flange connecting with the central hole for

F i g . 1 0  R t j n n e r  C a s t i n g  f o r  1 5 0 , 0 0 0 - H p  T u r b i n e

F i g . 9  A r r a n g e m e n t  o f  S u p p o r t s  a n d  A n c h o r s  f o r  T u r b i n e  C a s i n g
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the purpose of admitting air from the cover plate to the tip of the 
runner. A renewable stainless-steel sleeve in halves is secured 
to the shaft, by means of shrink links, where it passes through the 
packing box.

G u i d e  B e a r in g

The main-shaft bearing is of the babbitt, oil-lubricated type, 
45 in. diam, with a length of 41 y» in., and consists of a semisteel 
shell, made in two sections, bolted to a bearing support. The 
bearing support is of cast steel in two pieces and is bolted to the 
upper cover. I t  will support the main bearing and act as a guide 
for the gate-operating ring. A pressure switch located in the oil 
groove in the bearing directly opposite the oil inlet will sound an 
alarm on low oil pressure, and a mercury-contact-type thermal 
relay with bulb located in the hot-oil discharge from the bearing
oil pan will sound an alarm upon excessive temperature rise. 
A cast-steel oil deflector provided with an oil collector is secured 
to the shaft immediately below the bearing and drains the oil into 
the turbine oil sump which is formed in one side of the packing- 
box support.

Two duplicate lubricating-oil pumps, for circulating the oil 
through the bearing, are mounted in an alcove in the pit 
liner. The main pump is driven by a 60-cycle 440-v a-c motor, 
and the stand-by pump is driven by a 250-v d-c motor. Normally, 
the oil will be circulated by the a-c motor pumping unit, the 
d-c motor pumping unit being arranged to start automatically 
and supply oil to the bearing upon failure of the oil pressure.

C a s in g  a n d  S p e e d  R i n g

The casing is of spiral form, made of cast steel in fourteen sec­
tions, and is cast integrally with the speed ring which forms a tie 
across its throat. The sections are joined together by means of 
flanged, bolted joints of ample strength and rigidity, Fig. 7.

The speed ring containing fourteen fixed vanes is designed to 
support the weight of the superimposed parts and also to resist 
the upward thrust due to a pressure of 175 psi in the casing with 
no superimposed load.

The casing is substantially circular in cross section to prevent 
deformation under pressure and is designed so tha t all internal 
parts of the turbine may be removed from above, Fig. 5. I t  has 
an inlet diameter of 15 ft and extends upstream to the face of a 
finished flange a distance of 20 ft from the center line of the tur­
bine, where it connects to an expansion joint. A 24 X 36-in. 
manhole with a hinged cover is provided in the casing for access 
to the interior.

The expansion joint made of plate steel connects the turbine 
casing to the penstock and consists of two separate pipe sections 
and an outside ring which form a packing box a t the joint between 
the sections. The packing box is provided with alternate rings 
of rubber and flax packing held in place by steel glands.2

C o v e r s

The top and bottom covers are each made of cast steel in two 
pieces to facilitate shipment and handling. The top cover is 
designed to support the weight of the main-shaft-bearing housing, 
the stuffing box, and the gate-shifting ring, Fig. 5. I t  contains 
two bronze-bushed bearings for each wicket-gate stem. Provision 
is made to carry the weight of the wicket gates and levers and 
any unbalanced hydraulic thrust by means of thrust bearings in 
the upper cover. The lower and inner faces of the top cover ad­
jacent to the gates and runner are provided with finished surfaces 
for attaching renewable plate-steel wearing plates and rings.

An adjustable packing box, which may be repacked without 
disturbing the main bearing, is provided where the main shaft 
passes through the top cover. The packing box is lubricated by 
means of water supplied from the penstock through a reducing

valve in an amount sufficient to effect lubrication without leakage 
into the turbine pit. Packing boxes are also provided where the 
wicket-gate stems pass through the top cover.

The bottom cover is combined with the foundation ring. I t is 
bolted to the spiral casing and draft-tube liner and contains the 
lower bronze-bushed bearings for the wicket-gate stems. The 
upper and inner faces of the bottom cover are provided with 
finished surfaces for attaching renewable plate-steel wearing; 
plates and rings, as in the top cover.

W e a r i n g  R in g s  a n d  P l a t e s

Each runner wearing ring is made from three carbon-steel 
bars with the ends welded together to form a ring. The ring is 
shrunk on the runner and in addition is secured by means of 
fillister-head screws with heads countersunk flush with the out­
side diameter. The stationary wearing rings in the top and bot­
tom covers are also of carbon steel, but in addition each wearing; 
ring has two inserts, of hard brass, calked into dovetail slots in the 
ring. The hard-brass inserts were decided upon as it was desired 
that two metals of different characteristics be used in the event 
of accidental contact between the rotating and stationary rings. 
The stationary rings are machined on the outside diameter and 
sufficient stock is left on each ring seat in the top and bottom 
covers to machine to a true circle by means of a boring rig during 
assembly at the project.

G a t e s  a n d  O p e r a t i n g  M e c h a n is m

The turbine gates are of the balanced-wicket type of cast steel 
with stems cast integral. Each stem is provided with three 
bronze-bushed bearings, one located in the bottom cover and two 
in the upper cover, one below and one above the stuffing box. 
The stem is bored throughout its entire length .to supply grease 
to the lower bearing.

Each gate has a cast-steel lever keyed to its upper end which, 
by means of a steel link, is connected to the gate-shifting ring. 
The link is connected to the lever by a semisteel shear pin de­
signed to be the weakest element in the gate mechanism. This 
pin is strong enough to withstand the maximum operating forces 
but will break and protect the rest of the mechanism from injury 
in the event tha t one or more of the gates becomes blocked.

The gates are so designed that in case of breakage of the shear 
pin the movement of the gate is limited so as to prevent inter­
ference with the operation of other gates or the runner. Each 
gate is also provided with a thrust collar to carry any upward 
thrust due to hydraulic pressure, and is suspended in mid-position 
between the upper and lower covers by means of a thrust washer.

The gate-shifting ring is of cast steel in one piece, of rigid de­
sign, and is guided by renewable bronze guide strips on the top 
cover and bearing housing. I t  is connected a t diametrically op­
posite points, through adjustable forged-steel connecting rods, to  
the servomotors.

P i t  L i n e r

The pit liner is of welded construction, made of V2-in. steel 
plate, with an inside diameter of 24 ft. The bottom of the liner 
is bolted to a flange on the spiral casing and the liner extends up 
from the top of the casing to the governor gallery floor at eleva­
tion 951. The liner is designed to withstand hydrostatic pressure 
with tail water a t elevation 985 without severe distortion. I t has 
rigid circular flanges for mounting the servomotors. Alcoves are 
formed in the liner for the main-bearing oil pumps and instru­
ments. Two checkered steel-plate walkways are provided in the 
turbine pit, one outside of the gate stems and one on top of the 
bearing housing. Steps leading to the turbine pit are mounted 
on the shifting ring, Fig. 5.
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S e r v o m o t o r s

The turbine is provided with two oil-pressure-operated double- 
acting hydraulic cylinders or servomotors which are mounted on 
heavy circular flanges in the walls of the pit liner. They have 
semisteel cylinders and cast-steel heads and stuffing boxes. The 
servomotors have a combined capacity sufficient to exert a torque 
in the shifting ring of 2,900,000 ft-lb, with an oil pressure of 250 
psi. Under this oil pressure and with an adequate supply of oil, 
the servomotors are capable, under maximum operating-head 
conditions, of moving the turbine gates a full opening or closing 
stroke in 4 sec. The servomotors are provided with adjustable 
by-pass connections, whereby the rate of closure may be retarded 
from slightly below the speed-no-load position for maximum head 
to the fully closed position, so as to minimize pressure rises in the 
penstock. Provision is made on the piston rods for locking the 
gates positively in the opened or closed position, or for limiting 
the movement of the gates.

D r a f t  T u b e

The draft tube is formed in the concrete substructure of the 
powerhouse, the upper part being lined to a point 22 ft below the 
center line of the turbine distributor. The liner is made of 3/<- 
in-thick steel plate with welded joints and is heavily reinforced 
on the outside by means of suitable ribs. These ribs also provide 
means for anchoring the liner to the concrete of the powerhouse 
by the use of turnbuckle rods. Jack pads, attached to the lower 
edge of the liner, are provided for supporting it during the pour­
ing of concrete. The top of the liner is bolted to the foundation 
ring by means of a flanged connection. Two 24 X 36-in. man­
holes with cast-steel hinged covers, opening outnrard into the 
access passageways, are provided diametrically opposite each 
other to permit access to the draft tube and to the under part of 
the turbine runner.

The liner was assembled in the shop and match-marked, then 
shipped completely knocked down for welding in the field.

The draft tube is unwatered by gravity through valves pro­
vided in the draft-tube dividing piers. These valves connect 
through a common unwatering header to a sump, from which the 
water is pumped by a motor-driven, deep-well type of pump to 
the tailrace. During the unwatering operation, the downstream 
end of the draft tube is closed by means of steel stop logs.

G o v e r n o r s

Governors for the 150,000-hp units are of the oil-pressure 
actuator type with motor-driven speed-responsive elements 
actuated from 3-phase permanent-magnet generators connected 
to the tops of the generator shafts. They control the gates of the 
turbines by means of the servomotors connected to the gate-shift­
ing ring. They are adjustable to provide variable rates of actions 
for completely opening or closing the turbine gates in from 4 to
12 sec. The speed-responsive elements are sensitive to turbine-

speed variations of 0.01 per cent. The speed change from no load 
to full load is adjustable from 0 to 6 per cent.

Each governor is complete with an oil-pressure system, in­
cluding two pressure-controlled 40-hp motor-driven pumps and a 
sump tank located within the actuator, and a pressure tank lo­
cated adjacent to the actuator. The actuator is located at one 
end of and forms a part of the control board in the governor 
gallery at elevation 951, Fig. 11. The pressure tank is located 
just back of the actuator and connected to it by means of a 
6-in. pipe below the floor level. The system is designed to 
operate with an oil pressure ranging from 250 to 300 psi.

The actuators are equipped with the following features which 
may be operated manually at the actuator or electrically by re­
mote control from the control board:

(а) A gate-limit-control device which will operate two adjust­
able 1.5-amp 250-v d-c ungrounded limit switches. Each switch is 
independent and adjustable for circuit opening or closing over 
the range of travel of the gate-limit device.

(б) A speed-level-controlling device. Speed controls are from 
85 per cent of rated speed at no load and zero speed droop to 
115 per cent of rated speed at rated load and maximum speed 
droop.

(c) A device for opening and closing the turbine gates at the 
normal rate of movement. This device will be used for manual 
starting and stopping of the turbine and for automatic shutdown 
by means of automatic protective features incorporated in the 
main generator, governor equipment, or transformers.

(d) A device for controlling the speed droop of the turbine. 
The amount of speed droop is adjustable from zero to 5 per cent.

In addition, the following devices are furnished:
(e) An electrically operated speed indicator mounted on the 

actuator column. This speed indicator is driven from a magneto- 
type generator on the generator shaft. In addition to indicating 
turbine speed, it will also indicate when rotation starts and stops.

(/) Two gate-limit and gate position indicators of the dua' 
type, one mounted on the actuator and the other mounted on the 
benchboard in the main control room. These instruments indi­
cate the position of the governor gate-limit device and the posi­
tion of the turbine gates.

(g) An overspeed switch, mounted on and forming a part of 
the governor-drive generator, arranged to shut down the turbine 
and sound an alarm upon overspeed.

(/i) A combination automatic and hand-operated air valve for 
controlling the operation of the generator brakes. The air valve 
is controlled by means of a low-speed switch, located in the 
housing of the permanent-magnet generator, so adjusted that 
the brakes cannot be applied until the turbine gates are fully 
closed and the speed of the unit has been reduced to 30 rpm. 
Brake application is intermittent with the time periods adjust­
able, for a selected number of cycles. After that, the brakes are 
applied constantly until the unit is brought to a stop.

F i g . 11 A r r a n g e m e n t  o f  C o n t r o l  B o a r d s  a n d  G o v e r n o r
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(i) Manual control of the turbine gates at the actuator by 
means of oil pressure from the governor oil-pressure system.

(j) An airplane-type flexible-steel restoring cable, operating 
over sheaves and enclosed in a metal conduit, connecting the 
governor-restoring mechanism and the turbine gate-operating 
mechanism. This eliminates lost motion between the servo­
motor piston travel and the governor pilot valve.

The two oil pumps in the governor system have a combined 
capacity per minute of 3 times the total oil volume of the servo­
motors. They will supply an adequate quantity of oil to the 
servomotors so as to operate the turbine gates through a com­
plete closing or opening stroke in 4 sec with an oil pressure of
250 psi, and with an operating head on the turbine of 355 ft. 
They are arranged to start and stop at predetermined oil pressures 
in the pressure tank.

The two pumps are interconnected so that they can be op­
erated independently, or together. When operating together, the 
interconnection and automatic control is such that either pump­
ing unit may be used for normal operation with the other unit 
serving as a stand-by unit, arranged to start automatically either 
on failure of the electric-power supply to the operating pump or 
upon the oil pressure falling below a predetermined amount.

The pressure tank has a total volume of 20 times the volume of 
the servomotor cylinders and will supply five complete servomotor 
strokes of the turbine with a drop in pressure from 300 to 250 
psi without the operation of the pumps. Float valves are pro­
vided in the bottom of the pressure tank to close automatically 
in case the oil level drops, so as to prevent air, from the pressure 
tank, entering the governing system.

The oil sump tank for the governor system is located in the 
base of the actuator, thus eliminating the necessity of having 
sump tanks below the governor floor.

A c c e p t a n c e  T e s t s

After the turbines have been installed in the powerhouse and 
placed in satisfactory operation, they will be tested to determine 
whether or not the contractor’s guarantees of horsepower, water 
discharge, and efficiency have been fulfilled. These tests will be 
conducted in accordance with the testing code for hydraulic 
turbines recommended by The American Society of Mechanical 
Engineers.

P u m p in g  P l a n t

Some of the power developed at the Grand Coulee Dam is to 
be used for the operation of pumps for irrigation purposes; there­
fore, a short description of the pumping plant may be of interest.

All irrigation water for the Columbia Basin project will be 
pumped approximately 295 ft from the reservoir behind the Grand 
Coulee Dam into a balancing reservoir formed in the Grand 
Coulee by the construction of earth dams at each end. The 
Grand Coulee Dam will raise the water from a minimum of 275 
ft to a maximum of 355 ft, and the pumps will lift it the remain­
ing distance to the balancing reservoir. Ordinarily, pumping will 
be against a 295-ft head, i.e., from a full storage reservoir behind 
the dam to a full balancing reservoir in the Grand Coulee.

The pumping plant is located along the shoreline of the res­
ervoir just upstream from the left abutment of the dam, as 
shown in Fig. 1.

Twelve pumping units are proposed for the ultimate installa­
tion, each unit consisting of a single-stage vertical-shaft centrifu­
gal pump having a capacity of 1600 cfs when operating under 
a total head of 295 ft, direct-connected to a 65,000-hp syn­
chronous motor. The motor capacity is of such size that, with a 
full reservoir, one main generating unit in the power plant will 
have sufficient capacity to operate two pumping units.

The w'ater is supplied to each pump through an individual

14-ft-diam welded plate-steel intake pipe which has a bellmouth 
inlet at elevation 1191.75 in the upstream face of the pumping- 
plant dam. The center lines of the pump casings are located at 
elevation 1203 and from this point the water is discharged 
through 12-ft-diam welded plate-steel discharge pipes about 800 
ft long into a canal leading to the balancing reservoir in the 
Grand Coulee 1.7 miles away.

Through a canal of approximately 15,000 cfs capacity, water 
will be carried about 10 miles from the balancing reservoir to 
other canals from which it will be distributed through numerous 
laterals for irrigation purposes.

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

The 150,000-hp turbines for the Grand Coulee power plant 
were designed by the Newport News Shipbuilding and Dry Dock 
Company, Newport News, Va., and the governors were designed 
by the Woodward Governor Company, Rockford, 111., in accord­
ance with specifications prepared by the United States Bureau of 
Reclamation.

The author is indebted to the engineers of the Bureau of 
Reclamation for valuable aid in connection with the preparation 
of this paper.

The mechanical installations at the Grand Coulee power plant 
were designed under the supervision of the author. All me­
chanical installations are designed under the general direction of
I. A. Winter, senior engineer, and L. N. McClellan, chief 
electrical and mechanical engineer.

All engineering designs prepared by the bureau are under the 
general direction of J. L. Savage, chief designing engineer; 
all engineering and construction work is under the direction of 
S. O. Harper, chief engineer, with headquarters at Denver, 
Colo.; and all activities of the bureau are under the general 
charge of J. C. Page, Commissioner of Reclamation, with head­
quarters at Washington, D. C.

Discussion
R. V. T e r r y . 3 This paper has been written primarily from 

the viewpoint of the designer of the power plant. Perhaps a few' 
remarks on these turbines from the viewpoint of the turbine de­
signer and manufacturer would be of interest.

Among the first problems to be attacked was that of splitting 
up the parts, especially the cast-steel casing, so that they could 
be handled by rail shipments. The final design evolved for the 
casing provided for splitting the combined casing and speed ring 
into 14 pieces, which included two inlet rings. Longitudinal 
joints were avoided, all joints being placed at right angles with 
the flow. This reduced the loading of joints per unit length and 
facilitated manufacture. The angular spacing of the segments 
varied from 18 deg at the large end to a maximum of 63 deg near 
the smaller end. The 14 speed-ring vanes are irregularly spaced 
to suit each casing segment. Scale models were made of the 
largest pieces, of the special available railroad cars, and of the 
composite railroad clearances, as a final check on the drawings. 
High-tensile-strength bolt material, heat-treated, w'as used for the 
joints to reduce flange dimensions, and the bolts were prestressed 
to 23,000 psi, as determined by micrometer measurements.

Due to its size and weight, the casing was assembled on a spe­
cial foundation outside the shop, similar to that used in the field 
for boring, for assembly with other parts to be embedded in con­
crete, and for the hydrostatic test. Boring was accomplished 
with a portable mill previously employed for battleship-turret 
w'ork. The complete assembly for the hydrostatic test weighed

3 Hydraulic Engineer, Newport News Shipbuilding and Dry Dock 
Company, Newport News, Va. Mem. A.S.M.E.
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about 786 tons, including 375 tons of water. During the shop 
hydrostatic test of the first unit, the only one tested to date, de­
flection readings were taken in mils at 48 points. The casing 
joints were practically droptight. Leaks were found through the 
castings in only a few places.

A somewhat new detail of a rectangular-shaped water-sealing 
groove was employed for the round rubber cord at the joints. 
The width of the groove is slightly less than the diameter of the 
cord, creating a pinch which holds the cord in place without 
clamps while placing the adjoining part. This type of groove 
seems to be superior to the older type. A model test indicated 
that the flange could be backed off nearly 1/ i in. before the 
cord would blow at 230-psi test pressure. This type, incidentally, 
would be equally effective for pressure in either direction.

The shop space available, as well as the shipping schedule, did 
not permit of making a complete shop assembly of all embedded 
and nonembedded parts at one time. However, separate assem­
blies were made so that every part was fitted to its mating part or 
parts and thus proper fitting in the field is assured.

The servomotors are carried by the walls of the pit liner. 
However, the pit liner is not designed to carry the servomotor re­
actions without the help of the concrete backing. Alternate 
bolts of the servomotor flange serve as foundation bolts and ex­
tend well back into the concrete.

It will be noted from Fig. 5 of the paper that a considerable 
radial clearance is allowed between the speed-ring vanes and the 
wicket gates and between the gates and the runner vanes. The 
former clearance is necessary in this case due to the irregular 
spacing of the speed-ring vanes previously mentioned, there being 
14 vanes and 24 wTicket gates. The latter clearance, between 
gates and runner with the gates fully open, is about 73/s in. or 3.75 
per cent of the runner diameter. Ample clearance a t that point 
is, of course, required to reduce mutual interference of a hydraulic 
nature, particularly for turbines which must be operated over a 
wide range in head.

The runners are 197 in. nominal diam, the approximate limit 
for transportation in one piece, and each runner weighs about
125,000 lb. Such runners are given an accurate check for static 
balance by supporting them on a hardened spherical point at the 
axis, slightly above the center of gravity of the runner.

Provision is made for the possible admission of free air a t three 
different points, Fig. 5 of the paper. First, an 8-in. valve is pro­
vided, cam-operated from the gate mechanism, to admit air at the 
lower gate openings through ports in the runner crown, just down­
stream from the runner vanes. With an initial normal tailwater 
level 7 ft above the center line of the runner, it is not expected 
that free air can be admitted through that valve. Later when the 
tailwater level drops to its minimum value, 6 ft below the center 
line of the runner, that valve will become effective. In the mean­
time use will be made of the 3-in. air line which terminates at the 
center of the runner cone, usually the point of lowest pressure 
when the water leaves the runner with a whirl a t low- or high- 
gate openings, such as to create a vortex disturbance in the draft 
tube. The 3-in. air line takes free air from the turbine pit 
through a Maxim silencer, a check valve, and a gate valve. The 
system will be effective and take air only when required, that is, 
when a vortex exists at the tip of the runner cone. The amount 
of air may be partially controlled by throttling the gate valve. 
A third air line, 2 in. diam, is provided through the crown plate 
to the space above the runner, just outside of the intermediate 
seal, where a low pressure is expected to occur. Any of the 
three schemes of air admission may be used as the conditions of 
tailwater level or other operating conditions may dictate. Al­
though the various conditions were studied during the running of 
the model tests, it is difficult to predetermine the exact adjust­
ments needed for the field.

TA B LE 1 C O M PA R ISO N  OF B O U L D E R  DAM A N D G R A N D
CO U L EE T U R B IN E S

P lan t Boulder G rand
Coulee

R ated  un it, b h p ........................ ..................  115000 150000
..................  180 120

R ated  head, f t ........................................ 480 330
Specific speed .......................................... ..................  27 33
R ated  discharge, cfs ............................. ..................  2400 4500
In let diam eter of casing, f t ................ ...........  10 15
N um ber of casing sections................. ..................  6 14
W eight of casing, lb .............................. ..................  450000 582000
M axim um  operating head, f t ............ ..................  590 355
Casing te s t pressure, p s i..................... ..................  500 230
D iam eter of w icket-gate circle, f t . . . .................  17 19
N om inal diam eter of runner, in ........ .................. 171 197
H eight of wicket gates, ins.................. ..................  19 343/8
D iam eter top  of d ra ft tube, f t .......... .................. 11 14.33
P it diam eter, f t ...................................... ..................  22 .5 24 .0
D iam eter of shaft, in ................. ..................  36 44
Length of shaft from  center line of tu rb ine  to

face of generator coupling, f t ..... ...........  26 43
D iam eter of shaft coupling, in .......... ..................  613/4 75
Size of main bearing, in ...................... ..................  361/4 X 29Va 45 X 41V
Servom otor capacity , f t- lb ................. ..................  340000 400000
O perating ring torque, f t- lb .............. ..................  2100000 3180000
T o tal turb ine th ru s t, lb ...................... ..................  590000 925000

The complete shipping weight of one turbine is expected to be 
about 820 tons, including the draft-tube liner, the 15-ft expan­
sion joint at the casing inlet, and the intermediate turbine shaft 
but not including the governor and governor piping.

Table 1 of this discussion gives a comparison of the principal 
data and dimensions of the Grand Coulee and Boulder Dam tur­
bines.

I t has given the writer unusual pleasure to be associated with; 
the design and manufacture of these turbines which are of unprece­
dented size and horsepower capacity, being over 30 per cent more 
powerful than the most powerful hydraulic turbines now in opera­
tion. His company received most excellent cooperation from the 
engineers and inspection personnel of the Bureau of Reclamation.

A u t h o r ’s  C l o s u r e

The discussion presented by Mr. Terry contains many inter­
esting features not covered by the author and should add much 
to the value of the paper.

He is correct in his statement that the pit liner is not designed 
to take the full servomotor reaction but is aided by foundation 
bolts extending into the surrounding concrete.

He also properly points out that the 8-in. valve for admitting 
atmospheric air through ports in the runner crown may not be­
come effective until the tailwater level drops to its minimum value 
and in the meantime use will be made of other available means of 
air admission.

Table 1 of the discussion gives an interesting comparison be­
tween the Boulder Dam and Grand Coulee turbines. The par­
ticular Boulder Dam turbines used in this comparison, however, 
were not designed to operate solely at 60 cycles, 180 rpm. The 
specifications issued by the Bureau of Reclamation for these tur­
bines called for units which could operate satisfactorily at either 
50 cycles, 150 rpm per minute, or 60 cycles, 180 rpm with no 
major change in the apparatus except the installation of runners 
suited to the particular speed. The author believes a better 
comparison with the Grand Coulee turbines may be obtained by 
the use of data pertaining to other Boulder Dam turbines which 
were designed for and are now operating at 60 cycles, 180 rpm.

Using these data for the same items as given in Mr. Terry’s com­
parison, the following values for the Boulder Dam turbines will 
obtain:

Rated unit, bhp..................................................................  115,000
Rpm.....................................................................................  180
Rated head, f t .....................................................................  480
Specific speed....................................................................... 27
Rated discharge, cfs............................................................. 2,340
Inlet diameter of casing, f t................................................. 10
Number of casing sections.................................................. 5
Weight of casing, lb............................................................  381,000
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Maximum operating head, f t .............................................  590
Casing test pressure, psi.....................................................  500
Diameter of wicket-gate circle, f t ......................................  15.625
Nominal diameter of runner, in.........................................  1637/s
Height of wicket gates, i n .................................................  21
Diameter top of draft tube, f t ...........................................  10.83
Pit diameter, f t ...................................................................  20.75
Diameter of shaft, in........................................................... 36
Length of shaft from center line of turbine to face of

generator coupling, f t......................................................  26
Diameter of coupling between turbine and intermediate

shafts, in..........................................................................  61>/<
Size of main bearing, in...................................................... 36' / 2X29
Servomotor capacity, ft-lb.................................................  324,000
Operating ring torque, ft-lb...............................................  2,320,000
Total turbine thrust, lb...................................................... 600,000

In conclusion the author wishes to thank Mr. Terry for his 
very interesting discussion. He also wishes to express his pleas­
ure in being associated with him and his company in the design 
of the Grand Coulee turbines.



Econom ic D ra ft-T u b e  P ro p o rtio n s
By A. R. DA W SO N,1 TORONTO, CA NAD A

T h e  p u rp ose  o f  th is  paper is  t o  i llu s tr a te  a  n e w  m e th o d  
w h ereb y th e  m o st  e ffic ien t a n d  a lso  th e  m o s t  e co n o m ic a l  
p ro p o rtio n s o f  a  d ra ft tu b e  for a  w a te r -tu rb in e  in s ta l la t io n  
m ay be fo u n d . A s tu d y  is  m a d e  o f  th e  e x ca v a tio n  a n d  c o n ­
crete  c o s ts , a s  th e  ra tio s  o f  d r a ft-tu b e  w id th  t o  ru n n er  
d ia m eter  a n d  d r a ft-tu b e  d e p th  t o  r u n n er  d ia m e ter  i n ­
crease . T h ese  c o s ts  are co m p a red  t o  th e  a c tu a l  c a p ita l­
ized  va lu e  o f  t h e  h orsep ow er saved  d u e  t o  t h e  in c re a se d  
effic ien cy , a s  e ith e r  r a t io  i s  in crea sed . T h e  c o m p a r iso n  
is  m a d e  b y  m e a n s  o f  c o m p u te d  curves a n d  in c lu d e s  th e  
ordinary ran ge  o f  pow er c o s ts , a s  w e ll a s  a  r a n g e  o f  lo a d  
factors fro m  50 to  100 per c e n t , a t  w h ic h  t h e  u n it  m ig h t  b e  
exp ected  to  op era te . T h e  p ap er  d ev e lo p s a  m e th o d  to  
overcom e th e  se e m in g ly  p rev a len t p ra ctice  o f  m a n y  t u r ­
b in e  m a n u fa ctu re rs  o f  in s ta l l in g  a  c e r ta in  d e fin ite  s iz e  
a n d  sh ape o f  d raft tu b e  w ith  a  c e r ta in  s ize  r u n n er  w ith o u t  
regard to  th e  variou s fa c to rs  w h ic h  sh o u ld  e n te r  in t o  t h e  
se lec tio n .

THE tendency in the design of hydraulic-turbine draft tubes 
has been to produce draft tubes of highest possible ef­
ficiency. This tendency on the part of manufacturers to 

improve the performance of their product is entirely understand­
able and is appreciated by the purchasers. While manufacturers 
and users have undoubtedly given some thought to the economics 
of draft tubes, the literature dealing with this phase of the sub­
ject is but meager. I t must be recognized that draft tubes can 
be designed and built with very high efficiency if no limitations 
on cost are imposed. On the other hand, there are many in­
stances in which the conditions existing at a given power-plant 
site make it economically impossible to use draft tubes of the 
highest efficiency. This paper suggests one method of procedure 
by which engineers may estimate how far it is feasible and eco­
nomical to go in the design of a draft tube for a given installation.

The method proposed herein is one which is well known to en­
gineers and has been applied to many other problems, of which 
may be mentioned the selection of the proper diameter for hy- 
draulic-power-plant penstocks. In essence, the method adds 
together the cost of construction and the capitalized value of 
maintenance and of the power lost through inefficient operation 
and other causes and, by selecting that design which shows the 
lowest total capitalized cost, indicates the most economical de­
sign.

In the case of draft tubes, there is no one design which is gen­
erally accepted by all manufacturers, nor is there one design of 
draft tube which is best for all types of hydraulic turbines. As a 
generalization, however, it may be stated that the longer the 
draft tube, the more efficient it is likely to be. In the usual de­
sign of power plants, in which the turbine is set with a vertical 
shaft, the draft tube may be thought of as being divided into two 
lengths: (1) The vertical section from the outlet of the turbine 
runner vertically downward to the elbow; (2) the horizontal por­
tion of the draft tube from the elbow to the discharge end. I t

1 Senior student in Mechanical Engineering, University of Toronto. 
Student Mem. A.S.M.E.

Contributed by the Hydraulic Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, 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 : Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society.

is not the author’s intention to suggest that the data which 
will be used here, and which will serve to relate these two lengths 
of the draft-tube and machine efficiency are generally applicable, 
but they will serve to supply data from which an illustrative ex­
ample can be worked out. The unit for which this study is made 
is shown in Fig. 1, which represents a proposed unit for a hydro­
electric power plant operating under a head of 68 ft and generat­
ing 16,000 hp at 115.4 rpm. The diameter of the Francis-type 
runner is 12 ft and the specific speed is 74.8. The top of the 
draft tube is assumed to be 12 ft in diam.

From studies which have been made available, curves have 
been drawn to show the relationship of the turbine efficiency to 
the proportions of the draft tube. Two curves are available, the 
first, Fig. 2, showing the relation of the efficiency change to the 
ratio of the diameter of the turbine and the vertical distance 
from the bottom of the runner to the bottom of the tube, the 
latter distance being hereafter called the depth of the tube. The 
second curve, Fig. 3, shows the relations between the efficiency 
change, and the ratio of the diameter of the runner to the width of 
the draft tube at exit. For both curves, a dimensionless parame­
ter was used and efficiency drop was chosen for plotting. I t 
should be noted that the efficiency drop was used rather than ac­
tual efficiency, i.e., this is the loss of efficiency occasioned by too 
short or too narrow a draft tube, as compared with a deep or a 
wide one. These data have been obtained from the average of 
three different analyses, due to W. J. Rheingans on Francis- 
type runners, to F. Nagler on all types of runners, and to the 
N.E.L.A. Hydraulic Power Committee tests on straight draft 
tubes. The actual data were not directly available to the author,, 
but were supplied through the courtesy of Mr. Nagler.

E f f e c t  o f  V a r ia t io n s  i n  D r a f t - T t jb e  D e p t h s

The curve Fig. 2, giving the relation between the ratio A  =
—------tube dep— ancj jQgg -n efgcjency ( js based on data from
Runner diameter
various sizes and shapes of turbines and draft tubes and has been 
assumed to be generally applicable to the unit being discussed. 
This curve shows tha t as A  increases from 1 to 7, the loss in ef­
ficiency decreases from 4.65 to 0.05 per cent, i.e., there is an in­
crease in turbine efficiency of 4.6 per cent. Applying this result 
to a 16,000-hp turbine operating at 100 per cent load factor, shows 
that the actual power lost by varying the depth of draft tube over 
this range changes from 744 hp to 8 hp, and in Table 1 is shown 
the power loss corresponding to intermediate values of A.

T A B L E  1 P O W E R  LOSS C O R R E S P O N D IN G  TO  IN T E R M E D IA T E  
VALUES OF

Horsepower
Efficiency loss 100 per Revenue de­

R atio D ep th  of loss Fig. 2, cent load ficiency a t
A tube , f t per cent factor $10 per hp
1 12 4 .65 744 $7440
2 24 2.32 371 3710
3 36 1.28 205 2050
4 48 0 .7 8 125 1250
5 60 0 .50 80 800
6 72 0 .25 40 400
7 84 0 .05 8 80

„ _  l. . D raft-tube  depth
a R atio  A  =  ^ --------- -r.------1—•R u n n e r  d i a m e te r

Based on a price of |10  per hp per annum, the revenue defi­
ciency ranges from $7440 to $80, as is indicated in Table 1. If  
these sums are capitalized on a 5 per cent basis, they correspond 
to values ranging from $148,800 to $1600.
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Although the efficiency increases as the draft tube is made 
deeper, it is obvious that for each installation there is a point at 
which extra cost of excavation and construction more than offsets 
the saving due to the decreased loss of horsepower. To find this 
point, an estimate of the costs of excavation and concreting must 
be made. The method of analysis will be illustrated by applying

25
it to the plant shown in Fig. 1, which corresponds to A = — =

2.08. The depth of draft tube is shown as 25 ft, but the excava­
tion should be carried lower, and it is estimated that 3 ft would be 
suitable.

In order to arrive at the actual cost, the volume of the excava­
tion and of concrete to be placed should be determined with care, 
by means of drawings showing quite closely the finished dimen­
sions of the work. However, in this case the method of proce­
dure is being described and certain assumptions have been made 
so as to enable this to be done; the author does not suggest that 
these assumptions are particularly exact.

The horizontal length of tube is 37 ft from the center line of the 
turbine and it is estimated that the excavation would have to be 
carried 10 ft to the left, making 47 ft horizontal distance in all. 
The width of the tube is shown as 42 ft, made up of two 15-ft 
widths for the tube openings, a 5-ft division wall, and 3.5 ft of 
concrete between the tubes and the rock face. The author has 
followed the practice of certain designers in assuming that the

F k i . 1 P k o p o s e d  H y d r o e l e c t r i c  U n i t  f o r  W h i c h  E c o n o m i c  
S t u d y  W a s  M a d e

rock must be blasted away in front of the tube, at an angle of 45 
deg to the level of the top of the tube, this clearance being nec­
essary to facilitate removal of the rock.

The total excavation would therefore be (47 X 42 X 25) +  
(3 X 47 X 42) +  (V, X 25 X 25 X 42) = 68,397 cu ft = 2533 cu 
yd. Rock excavation has been assumed to cost $4 per cu yd,2 
considering average difficulties involved, including reasonable lo­
cation of the plant, watering costs, and the cost of labor and trans­
portation. Further, a calculation for this case indicates that the 
concrete placed is approximately 75 per cent of the volume of rock 
excavated, and the price of concrete in place has been taken at 
$22 per cu yd,2 including reinforcement, aggregates, transporta­
tion, labor, and form work.

For the value of A  = 2.08, therefore, the cost of the tube is 
readily found, but it should be pointed out that design and engi­
neering costs are not included. In the same way the construc­
tion costs for ratios A  from 1 to 7 have been calculated and are 
set down in Table 2.

To compare the relative merits of the different depths of tube, 
the method of total capitalized cost is used to combine the cost of 
the tube and the revenue deficiency, because the sum of the ef­
fects of these two factors should be a minimum for the best tube. 
In calculating the total capitalized costs the following assump­
tions have been made:

1 That the useful life of the tube is 20 years and that it will be 
replaced at 20-year periods to perpetuity. This time may be 
thought too short, but experience shows that, for one reason or 
another, the tubes are replaced in from 20 to 30 years. Assum­
ing a straight-line depreciation of 5 per cent, the capitalized value 
of the annual payments to a fund to provide replacement in 20 
years would be equal to the first cost.

2 That annual repair and maintenance are 2 per cent of the 
original cost. The capitalized value of these annual payments to 
perpetuity at 5 per cent amounts to 2/ b = 40 per cent of the con­
struction cost.

3 That the capitalized value of the annual power loss, that is, 
the revenue deficiency, is 5 per cent to perpetuity, which would 
amount to 20 times the values in the last column of Table 1.

Based on the 16,000-hp turbine, taken as an illustration, run­
ning at 100 per cent load factor and with power selling at $10 per 
hp per year, the values shown in Table 2 are obtained.

TA B LE 2 C O N S T R U C T IO N  COSTS FO R  RA TIO S O F ,1“ FROM  
1 TO 7

1 2 3 4 5 6 7
R atio  A -•-------- --------- $1000 units-------- ----- „

C onstruction co st.. 24.6 49 .5 79.0 112.8 151.3 194.3 221.5
D epreciation fu n d .. 24 .6 49 .5 79 .0 112.8 151.3 194.3 221.5
R epair and  m ain­

tenance fu n d ........ 9 .8 19.8 31 .6 45.1 60.5 77.7 88 .6
C apitalized value of 

power loss, Table 
1 ................... 148.8 74 .2 41 .0 25.0 16.0 8 .0 1.6

T o t a l  capitalized 
c o st......................... 208.0 193.0 231.0 296.0 379.0 474.0 533.0

D raft-tube depth 
R unner diam eter

Now, the selling price of power in Canada falls within the 
limits of $10 to $40 per hp per year, with very few exceptions, so

2 The values of concrete and excavation costs are averages for ex­
isting plants of the Hydro-Electric Power Commission of Ontario, 
Canada.

(a) Chats Falls p lant on O ttaw a River, Ontario, for eight 28,000- 
hp turbines under 53-ft head, concrete $15 per cu yd; excavation 
$2.50 per cu yd.

(b) Ragged Rapids p lant on Musquash River, Ontario, for two 
5000-hp turbines under 38-ft head, concrete $25 per cu yd; excava­
tion $6 per cu yd.

(c) Alexander p lant on Nipigon River, Ontario, three 18,000-hp 
turbines under 60-ft head, concrete $24 per cu yd; excavation $4 per 
cu yd.
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F i g .  4  S o l i d  L i n e s  S h o w  C a p i t a l i z e d  V a l u e  
o f  A n n u a l  R e v e n u e  D e f i c i e n c y  a t  1 0 0  P e r  
C e n t  L o a d  F a c t o r  a n d  a t  $ 1 0 ,  $ 2 0 ,  $ 3 0 ,  a n d  
$ 4 0  p e r  H p .  D o t t e d  C u r v e  I s T o t a l  F i r s t  
C o s t  P l u s  C a p i t a l i z e d  V a l u e  o f  D e p r e c i a t i o n  

a n d  M a i n t e n a n c e

F i g . 6  S o l i d  L i n e s  S h o w  C a p i t a l i z e d  V a l u e  
o f  A n n u a l  R e v e n u e  D e f i c i e n c y  a t  1 0 0  P e r  
C e n t  L o a d  F a c t o r  a n d  a t  $ 1 0 ,  $ 2 0 ,  $ 3 0 ,  a n d  
$ 4 0  p e r  H p . D o t t e d  C u r v e  I s  T o t a l  F i r s t  
C o s t  P l u s  C a p i t a l i z e d  V a l u e  o f  D e p r e c i a t i o n  

a n d  M a i n t e n a n c e

F i g . 5 T o t a l  C a p i t a l i z e d  C o s t s  f o r  T h r e e  L o a d  F a c t o r s  a n d  f o r  P o w e r  a t  $ 1 0 ,  $ 2 0 ,  $ 3 0 ,  a n d  $ 4 0 .  
D o t t e d  C u r v e s  S h o w  B e s t  T u b e s

F i g . 7  T o t a l  C a p i t a l i z e d  C o s t s  f o r  T h r e e  L o a d  F a c t o r s  a n d  f o r  P o w e r  a t  $ 1 0 ,  $ 2 0 ,  $ 3 0 ,  a n d  $ 4 0
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that, by repeating the calculations for various power prices, a 
whole family of curves may be obtained in the same manner. 
For illustration purposes only, the values of $10, $20, $30, and $40 
per hp per year have been dealt with in this paper. Also, since 
turbine units rarely run continuously at 100 per cent load factor, 
the. entire procedure may be repeated for any desired load factor 
and, in this case, the calculations have been made for 100, 75, 
and 50 per cent load factors.

The curves, Fig. 4, show how the capitalized values of the annual 
horsepower losses or revenue deficiencies at varying horsepower 
values and 100 per cent load factor fall as the depth of draft tube 
increases. In the same figure, the total first cost and capitalized 
value of the depreciation and maintenance funds have been plotted 
on the dotted curve, which slopes in the opposite direction to the 
others. The curves in Fig. 5 show the sum of the items men­
tioned, giving the total capitalized costs for the four prices of 
power assumed and for 100, 75, and 50 per cent load factors.

E f f e c t  o f  V a r ia t io n  i n  D r a f t - T t jb e  W i d t h

This study is based on the results shown in Fig. 3, obtained 
from the same source as was used in Fig. 2, and shows the varia­
tion of efficiency drop with draft-tube width. From this curve, 
the results shown in Table 3 are obtained in a similar way to 
Table 1.

T A B L E  3 PO W E R  LOSS D U E  TO V A R IA T IO N  IN  VALUES
Efficiency H orsepower Revenue de-

R atio  D raft-tube  loss Fig. 3, loss a t  100 per ficiency a t
B  w idth, f t  p e rc e n t cent load factor $10 per hp

2 .4 28.8 5 .00 800 8000
2 .6 31.2 3 .50 560 5600
2 .8 33.6 2.50 400 4000
3 .0 36.0 1.70 272 2720
3 .2 38 .4 1.12 179 1780
3 .4 40 .8 0 .670 107 1070
3 .6 43.2 0.350 56 560
3 .8 45 .6 0.150 24 240
4 .0 48 .0 0.025 4 40

. D raft-tube  w idth
R atio  B  = ~ --------- ,.-------t—•R unner d iam eter

In this phase of the calculation, the shape and dimensions of the 
sectional elevation at the top of Fig. 1 are assumed to be con­
stant, the width of the tube alone changing. Proceeding in the 
same way as before, the rock excavation will be, for the case 
shown in plan in Fig. 1, i.e., B  = 2.5: — [(47 X 28) +  (lA X 25 
X 25) ] X 42 = 68,397 cu ft or 2533 cu yd.

Using the same excavation and concrete prices as before, the 
construction cost has been arrived at and tables similar to Table
2 made, and from these the results shown in Fig. 6 are obtained. 
Then in Fig. 7 the total capitalized costs for three load factors 
and for power at $10, $20, $30, and $40 have been plotted from 
which the most economical tube may be selected.

C o n c l u s io n s

From the curves of Fig. 5, it is seen that the ratio A  =
1.8, corresponding to 21.6 ft depth, would be the most economi­
cal if the unit is to be run at 100 per cent load factor most of the 
time and if the selling price of 1 hp is $10 per year. However, 
if it runs at 100 per cent load factor and the value of power is $40 
per hp per year, then it would be more economical to use a depth 
of draft tube corresponding to a ratio A  of 3.2 (i.e., depth =  12 
X 3.2 = 38.4 ft). Again, the ratio of 2.5 gives the most eco­
nomical draft tube, if the unit is to be run at 75 per cent load 
factor and the value of 1 hp is $30 per year, while for 50 per cent 
load factor, the ratio 2.5 corresponds to power at $40 per hp per 
year.

Similarly, for this proposed unit, the ratio of draft-tube width 
to runner diameter is B  — 2.5. Now, from Fig. 7, it is seen that 
the minimum points for the curves at $10 per hp per year are at 
a ratio B  of 3.6, 3.4, and 3.2 for 100, 75, and 50 per cent load fac­

tors, respectively, giving the corresponding optimum widths of 
43.2 ft, 40.8 ft, and 38.4 ft. For values of power of $20 per hp 
per year, or greater, the curves all approach a minimum at a ratio 
of B  = 4 corresponding to a width of 48 ft. Thus, any width of 
draft tube greater than 48 ft for this turbine would not give addi­
tional efficiency or economy. Of course this is not the rule with 
any draft tube, since for other units with different horsepower 
ratings, first costs, or load factors, these curves might give definite 
minimum values such as were found previously with regard to 
the change of depth of draft tube. In this case, the most eco­
nomic width could be fixed definitely.

There are many factors which affect the shape of these curves, 
both for variation in depth and variation in width but, in general, 
the curves take the same form, although the minimum points 
cover quite a wide range of ratios. For example, taking the unit 
studied in this paper as a basis, these facts become evident:

1 For an installation of greater rated power than 16,000 hp, 
the minimum points would move to the right, i.e., the more eco­
nomic tubes would be both deeper and wider.

2 For higher selling prices of power, the minimum points 
would move to the right.

3 For higher interest rates than 5 per cent, the minimum 
points on the curves would move slightly to the left, but would 
not be changed greatly.

4 For higher costs of excavation and concrete, the minimum 
points would move to the left.

5 For lower load factors, the minimum points would move to 
the left.

6 For higher maintenance and repair values and for a shorter 
estimated life of tube, the minimum points would move to the 
left.

For a proposed installation, the rated horsepower is known, the 
costs of excavation and concrete can be closely approximated 
from boring tests and from the known location of the proposed 
unit or plant, and the selling price of power is usually well de­
fined, as is also the existing rate of interest. Thus, the only fac­
tors which have to be assumed before being able to complete the 
foregoing calculations are the expected life of the tube, which in 
most cases is the same as the expected life of the entire plant, the 
expected annual repair and maintenance costs, and the expected 
load factor at which the unit will be operated.

I t  can be readily seen that these calculations and curves would 
be most valuable where (a) the limiting depth of the tube is fixed 
due to some irregularity of the rock formation from which excava­
tion must be made for the draft tube, in which ease the most 
economical width could be found; or (6) the width of the tube is 
fixed, as is more usual, due to limitations on the possible over-all 
length of the plant, in which case the most economical depth 
could be found.
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D iscussion
F. N a g l e r . 3 This paper is commendable, in that it presents a 

type and completeness of analysis which the writer believes has 
not previously appeared in any of our technical publications.

The method of capitalizing efficiency losses seems to be slightly 
intricate, but Table 1 brings the results down to a basis that is 
definitely conclusive. Certainly, this method of arriving at a

3 Chief Engineer, Canadian Allis-Chalmers, Limited, Toronto, 
Canada. Life Mem. A.S.M.E.
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conclusion as to economical proportions of draft tube seems defi­
nitely more sound than the all too prevalent method of accepting 
blindly a proposal drawing that is usually an arbitrary picture 
based on precedent of the manufacturer. I t  may be admitted 
that a given draft tube, showing up well with a particular runner, 
may thereafter be especially fostered by the manufacturer and 
sold indiscriminately to the buying public. I t  is far from certain 
that such a tube will necessarily work well with even a different 
type of runner by the same manufacturer and even less so with a 
diverse design from another builder.

Naturally, the significant basis of this paper is found in the 
efficiency-variation curves, Figs. 2 and 3. I t  seems to the writer 
that the former should be definitely asymptotic, although Fig. 3 
might not necessarily be so. Probably these curves are more open 
to criticism than anything else in the paper, as some such curves 
inherently form the basis of this kind of analysis. If the writer 
recalls correctly, the N.E.L.A. at one time sponsored or at least 
considered correlating the data from all manufacturers to arrive 
at some conclusion along this line. There seems to be no doubt 
whatsoever that there is a definite relationship between each of 
the three factors, tube height, tube length, and tube width, and 
efficiency loss. The losses must increase as the vertical height of 
a tube is decreased, all other things being equal. Whether the 
exact shape in this paper is correct or not is probably secondary 
to the rather definite method the author presents for arriving at 
economical proportions.

I t  might be in order to suggest that there is probably a com­
plicated relationship between horizontal length and vertical 
height. This indicates the possibility of dealing with totallength, 
which would be the combination of these two dimensions. The 
Ryburg-Schworstadt draft tube is a striking example of a tube 
which has a major portion of its diffusion section in its horizontal 
run. The writer doubts, however, that even such an extreme ex­
ample detracts very definitely from the indication of the author’s 
curve, Fig. 2, as it is extremely likely that its efficiency would be 
increased if its vertical run were longer. Some studies as to the 
combination of vertical and horizontal lengths seem to be in order.

Fig. 5 is of interest in showing graphically and rather strikingly 
the effect on draft-tube proportions that is exerted by value of 
power, and similarly illustrates the striking effect of load factor. 
This showing seems unique in indicating so concretely a defi­
nite difference in draft-tube proportions for changes in factors 
that usually enter not at all in fixing draft-tube proportions. I t 
would be of interest, but probably very disappointing, if inquiry 
were made as to how many American plants had their draft-tube 
proportions influenced by such factors.

The author’s conclusions are rather striking in their emphasis 
on the economical elasticity of draft tubes. The reason for con­
clusion No. 1, however, is not quite evident and further comment 
by the author on this feature would be of interest.

A r n o l d  P f a u . 4 I t may be said that the author’s draft-tube 
investigations start with the assumption that the top of the draft 
tube is at a fixed elevation, so that costs due to depth of excava­
tion are dependent only upon the selection of this depth.

The writer would point out that this top elevation, i.e., the 
setting of the turbine above the lowest tail-water level, depends 
upon and is materially affected by several factors, such as eleva­
tion above sea level and above all on the velocity of the water 
entering the draft tube. As is well known, the latter is related to 
the specific speed of a unit.

The selection, of the type of turbine thus affects the depth costs 
materially. This is especially pronounced with the propeller- 
type turbine, having inherently very high entrance velocities of

4 Consulting Engineer, Hydraulic Department, Allis-Chalmers
Manufacturing Company, Milwaukee, Wis.

water into the draft tube and, thereby, requiring a t the start a 
lower elevation of the top of the draft tube to minimize cavitation.

I t  seems tha t the use of Kaplan-type turbines for high heads 
has been somewhat overadvertised by our European competitors 
under Kaplan license. We find that an unbiased investigation as 
to economical costs of a Kaplan type and a Francis type discloses 
that, a t certain heads and capacities, a Francis-type hydroelectric 
installation proves more economical as to over-all costs than a 
Kaplan type, for the following reasons:

1 For higher and higher heads, particularly exceeding 100 ft, 
the specific speed of a Kaplan type must be moderated, so tha t in 
fact its higher speed does not offer a material saving of generator 
costs over that of a Francis unit.

2 Likewise, the setting above (or better said, below) lowest 
tail-water level becomes very expensive due to excessive excava­
tion.

3 The relatively higher percentage of overspeed above that of 
a Francis type involves a more costly generator.

4 The vertical thrust of the Kaplan type involves a more ex­
pensive thrust bearing.

5 For reasons of stability of speed, the inherent flywheel ef­
fect of a Kaplan-type hydroelectric unit must be materially 
greater than tha t of a Francis type. I t  is thus evident tha t all 
these factors will lead to a dividing line where the over-all costs 
point unmistakably to the selection of one or other type unit.

This paper as such is of value since it points out that, in the de­
sign of the draft tube, its costs must be weighed against the ac­
tual gain by reason of greater output due to higher efficiency. It 
is a case parallel with other design factors. For instance, a tu r­
bine runner with 0.25 per cent improvement in efficiency but 
with a greatly shortened life, due to cavitation, may prove less 
economical than a runner moderately less efficient but involving 
no outage and subsequent repair costs.

F. S c h m id t .6 The fundamental principles of the most eco­
nomical draft tube must be applied to each individual case. One 
set of curves based on a given draft-tube design for a low-specific- 
speed Francis runner and prevailing construction conditions may 
not apply to a high-speed propeller-type runner under the same 
field conditions. Therefore, for each hydro project, a careful 
study of the draft tube must be made to determine the most 
economical design.

J. D. S c o v il l e . '  The principle tha t turbine efficiency in­
creases with draft-tube depth and width is generally recognized. 
There are limitations, however, which make it difficult to use this 
fact in determining the economic proportions of draft tubes.

1 In  a great many cases the draft-tube width is fixed by the 
scroll proportions and is not subject to an analysis such as the 
author’s. The draft-tube depth is likewise controlled in some 
cases by the character of the material which must be excavated.

2 I t  is possible to offset deficiency in draft-tube depth by 
variations in design. I t  should be remembered tha t the tailrace 
excavation is to be considered as well as that for the draft tube. 
Fig. 8 of this discussion shows two draft tubes having identical 
area curves but different proportions. The width of both of them 
is the same. Draft tube B  shows better efficiency than A, hav­
ing more vertical height but a steeper upward slope of the hori­
zontal leg. This might mean enough saving due to decreased 
tailrace excavation to offset the greater depth at the elbow. De­
ficiency in draft-tube depth can likewise be made up cheaply by

5 Assistant Manager, Hydraulic Turbine Division, AUis-Chalmers 
Manufacturing Company, Milwaukee, Wis.

6 Assistant Chief Engineer, S. Morgan Smith Company, York, 
Pa. Mem. A.S.M.E.
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increased horizontal length, especially if this part of the tube is 
sloped upward.

3 The curve in Fig. 3 of the paper, showing increased efficiency 
with greater draft-tube width, might be correct for one manu­
facturer but is not right for all. By the use of a splitter in the 
horizontal leg of a draft tube, it is possible to offset the loss in 
efficiency due to a narrow tube. Fig. 9 of this discussion illus­
trates this graphically. In this case, it will be seen tha t the 
narrower of the two tubes shows the better efficiency. The area 
curves of these two draft tubes were identical.

The writer feels tha t the rigid application of economic prin­
ciples to draft-tube design is too complicated to be feasible.

W . M .  W h i t e .7 W e  are indeed indebted to  th e  au tho r for 
having presented th is  paper on the im portance o f d ra ft-tu b e  de­
sign as regards efficiency and financial re tu rn  on hydroelectric  
developm ents.

7 M anager and Chief Engineer, Hydraulic D epartm ent, Allis- 
Chalmers M anufacturing Company, Milwaukee, Wis. Mem. 
A.S.M.E.

The writer does not agree with some of the conclusions which 
may be drawn from the data presented in the paper, but it is 
valuable to have this paper on record as a medium through which 
we may all offer contributions tha t will lead to a clarification of 
the all-important subject of depth of excavation for draft-tube 
design.

A u t h o r ’s  C l o s u r e

In answer to Mr. Nagler’s query, concerning the reason for 
conclusion No. 1: “For an installation of greater rated power 
than 16,000, the minimum points would move to the right;” 
it probably would have been clearer to have added, “provided 
all other factors affecting the curves remained constant.” I t  is 
evident that, if the calculations had been made for a unit greater 
than 16,000-hp capacity, then the power loss, the revenue defi­
ciency, and consequently, the capitalized value of the revenue 
deficiency would also be correspondingly greater. However, the 
total first cost and the capitalized value of the depreciation and 
maintenance would remain the same with the other factors re­
maining constant. Thus, when added together, the minimum 
points of the curves would move to the right of their former posi­
tion showing that, with increased capacity, the more economic 
draft tubes would be both wider and deeper.

With regard to Mr. Scoville’s limitation No. 1; the cal­
culations would be of the greatest value where one of the dimen­
sions of the tube was fixed due to some outside factor, such as 
certain required scroll proportions. In this case, the most eco­
nomic depth could be found as discussed in the first part of the 
paper.

Limitation No. 2 is easily taken care of since the principles are 
flexible enough to allow the inclusion of various costs such as 
tailrace excavation which would not occur in every case. No 
doubt the actual calculations in practice would vary somewhat 
with each design but the method would remain basically the 
same.

As for Mr. Scoville’s limitation No. 3, it must be pointed out 
that the theory put forth in this paper must be attempted only 
after the general type of draft tube has been decided upon. The 
shape of the efficiency-drop curves, as shown in Figs. 2 and 3 of 
the paper, is not changed materially over a wide range of tubes, 
varying from the straight-vertical type to the sharp-elbow type. 
However, these experimental data were obtained prior to 1927, 
a t which time the use of a horizontal splitter was comparatively 
unknown on this continent. I t is quite possible that a splitter 
might change the shape of these curves but this in no way de­
tracts from the usefulness of the principles set forth in the paper. 
I t is quite conceivable that another pair of average curves could 
be drawn for various shaped draft tubes containing splitter plates. 
In this case the most economic draft-tube proportions could be 
found as before, but based on the new experimental curves. This 
is just another example of one of the many fields which remain 
to be investigated in this study of economic draft-tube design.



Some Perform ance C haracteristics of 
D eep-W ell T u rb ine  Pum ps

By R. G. FOLSOM ,1 B E R K E L E Y , CALIF.

T est d a ta  are p resen ted on a  com parab le  b asis  to  in d i­
cate the relative perform ance o f  a  series o f  deep-w ell tu r ­
bine and propeller p u m p s. Th e ran ge o f  perform ance 
ch aracteristics ob ta in ab le  w ith  ty p ical sem iopen  and 
closed im pellers is  shown an d  th e lo sses in trod u ced  by 
axial a d ju s tm e n t o f  im peller-bow l p ositio n s a re  briefly 
d iscussed .

THE centrifugal pump in all its many and varied forms has 
reached its high degree of perfection principally through 
trial-and-error methods of development. Although analyti­

cal analysis has been of value in the development of specific 
units, this process is restricted in application, due to the com­
plicated flow conditions encountered in the centrifugal-pump 
impeller and case. The trial-and-error procedure does not insure 
the production of pumps of maximum possible efficiency but, 
from a commercial viewpoint, satisfactory results have been ob­
tained through its application.

Since modern centrifugal pumps attain very high efficiencies, 
further research and development work will be of the most careful 
and painstaking type in order further to increase the performance. 
These investigations will include the study of isolated phenomena 
which control the flow through various portions of the pump. 
Such investigations are being pursued in many laboratories. 
Recent publications demonstrate that, in the past, various fac­
tors have been neglected which may have an appreciable effect 
on the measured performance of centrifugal pumps.

Detailed studies of various pump phenomena are being made 
at the pump testing laboratory of the University of California.2 
Certain results obtained from these investigations will be pre­
sented and briefly discussed in this paper. The work of this labo­
ratory deals principally with vertical-shaft units, particularly 
the deep-well turbine and the propeller pump. Both of these 
types are examples of specialized centrifugal pumps, but the re­
sults obtained from the investigations will apply equally well to 
all centrifugal pumps. Some data were obtained on normal hori- 
zontal-shaft centrifugal pumps which are under investigation in 
the laboratory on a limited scale.

C o m p a r is o n  o p  O v e r -A l l  P e r f o r m a n c e

The deep-well turbine pump has been developed to the stage 
where extremely high efficiencies are obtained for the design re­
striction of the diameter of the hole in which the unit is to be 
placed. Although pumps of this class appear to be essentially 
the same upon superficial inspection of the types of impeller flow 
passages, areas, and other features, the laboratory experiments 
demonstrate that the performances of units from various manu­
facturers vary over a wide range. In order to compare units of

1 Assistant Professor of Mechanical Engineering University of 
California. Mem. A.S.M.E.

2 “ University of California Pum p-Testing Laboratory,” by R. G. 
Folsom, Mechanical Engineering, vol. 60, 1938, pp. 301-305.

Contributed by the Hydraulic Division and presented a t the 
Fall Meeting, Spokane, Wash., Sept. 3-6, 1940, 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 :  Statem ents and opinions advanced in papers are to b e  
understood as individual expressions of their authors and not those 
of the Society.

where

H  =  total head per stage developed by pump, expressed in 
feet of fluid being pumped.

The specific speed expresses the requirements for dynamically 
similar operation of all geometrically similar centrifugal pumps. 
In practice, the term “specific speed” has been found to be useful 
as an indication of the type of impeller required to meet certain 
pumping conditions. The specific speed always refers to the 
point of maximum efficiency of the pump-performance charac­
teristic. The plotting of maximum efficiency versus the specific 
speed for many pumps throughout a wide range of specific 
speeds, and drawing the maximum envelope for these points 
will give a curve which indicates the maximum efficiency obtain­
able by a pump of a given specific speed. Such a curve was pre­
pared by Hollander in 1937 for optimum efficiency of single-stage

F i g . 1 C u r v e  f o r  O p t i m u m  E f f i c i e n c y  o f  S i n g l e - S t a g e  P u m p s ;
P o i n t s  o f  M a x i m u m  E f f i c i e n c y  o f  D e e p - W e l l  T u r b i n e  P u m p s

pumps and published by Daugherty,3 and is reproduced in Fig. 1 
of this paper. This particular curve applies to single-stage pumps 
of 12-in. nominal size. Due to hydraulic leakage loss and 
mechanical friction, larger pumps would be expected to show 
higher efficiencies and smaller pumps lower efficiencies.

The maximum efficiency of deep-well turbine units investigated 
by the pump testing laboratory is also plotted in Fig. 1. In 
order to indicate the relative size of the various units, the number 
alongside the plotted point refers to the horsepower per stage of 
the pump. I t  will be noted tha t the relative performance of com­
mercial deep-well turbine pumps varies greatly; in fact, this 
limited series of tests indicates 15 points or more in efficiency as

3 “ Hydraulics,” by R. L. Daugherty, McGraw-Hill Book Com­
pany, Inc., New York, N. Y., 1937.
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different design, shape, and size, use will be made of the term 
“ specific speed,” which is defined by the equation
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the difference between the best and poorest units. This spread 
indicates that the deep-well turbine is far from being a standard­
ized product in which the performance of units from different 
manufacturers is very similar.

The efficiencies of deep-well turbine pumps are generally lower 
than those of normal horizontal-shaft units, as all hydraulic 
losses between pump entrance and immediately beyond the dis­
charge elbow and mechanical losses of the drive shaft are charged 
against the pump. The laboratory tests were made on pumps 
with riser columns about 10 ft long, thus having small losses as 
compared with the usual field installation. A slight increase in

the efficiency percentage can be realized as the pumps are multi­
staged to four or five stages. No consideration is given to this 
feature in this paper.

D e e p -W e l l  T u r b in e  P u m p  L o s s e s

There are many ways of classifying centrifugal pumps but, on 
the basis of the impeller shape and design, there are three prin­
cipal types, namely, radial-flow, mixed-flow, and axial-flow units. 
The three characteristic types are illustrated, respectively, in 
Figs. 2, 3, and 4. These different types of impellers are pro­
duced with a variety of shapes and construction features. The 
radial- and mixed-flow impellers are used extensively in deep-well 
turbine pumps. The two types of construction usually adopted 
are the closed impeller, as illustrated by the radial-flow unit Fig.
2, and the semiopen impeller, as illustrated by the mixed-flow 
unit, Fig. 3. The axial-flow unit Fig. 4, which is sometimes re­
ferred to as a propeller pump, may have blades of widely varying 
shapes and areas. The principal impeller features other than

F i g . 4  A x i a l - F l o w  U n i t  o r  P r o p e l l e r  P u m p

blade shape and passages are the methods of attaching the im­
peller to the rotating shaft, and the method of sealing the suction 
intake from portions of the pump under the approximate im­
peller discharge pressure. The methods of attaching the im­
peller to the shaft will not be discussed in this paper, as this is a 
purely mechanical problem and in no way affects the hydraulic 
performance of the unit so long as the relative position of im­
peller and shaft is fixed. Sealing methods vary widely and have 
a large influence on the hydraulic performance of the pump.

A centrifugal pump consists essentially of an impeller rotating 
in a housing with sealing glands on a rotating shaft to prevent 
external leakage into or from the pump, and with seals inside the 
pump between the high- and low-pressure areas. In general, the 
deep-well turbine pump has these features of the normal centrifu­
gal pump but, in addition, it is located at the lower end of a 
flow column which surrounds the drive shaft, powered at the 
surface. In order to meet these conditions, special arrangements 
of impeller and bowl flow passages, guide and thrust bearings,

F i g . 2  I m p e l l e r  f o r  R a d i a l - F l o w  D e e p - W e l l  T u r b i n e  P u m p

F i g . 3  T y p e  o f  S e m i o p e n  I m p e l l e r  f o r  M i x e d - F l o w  P u m p

U n it
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must be made. The chart, Fig. 5, indicates energy flow and losses 
for a typical deep-well turbine unit.

A x i a l  A d j u s t m e n t

The relative position of the impellers with respect to the pump 
bowls will be adjusted by the shaft nut at the motor coupling. 
For gear-head or other drive, provision is made for vertical ad­
justment of the shaft. This adjustment may be of primary im­
portance in many types of deep-well turbines since it controls 
the leakage quantity which is a short-circuit loss in the pump, 
and is a direct loss in the performance of the unit as a whole.

The radial clearance between the wearing ring and the bowl 
is the principal control of the leakage quantity of a normal closed 
impeller. For this type, axial adjustment of the impellers has 
little or no effect on the pump performance. Some closed im­
pellers are made without the usual “skirt” or wearing ring, but 
include a sealing surface which depends upon axial adjustment 
to control the leakage. The semiopen impeller depends upon a 
close fit between the blades and bowl to reduce leakage to a mini­
mum.

In so far as possible, the results of all experiments have been 
expressed in dimensionless form. For example, the discharge rate

F i g . 6  T y p i c a l  C l e a r a n c e  a n d  E f f i c i e n c y  R e s u l t s  o f  S e m i ­
o p e n  a n d  C l o s e d  I m p e l l e r s

at any point of operation is expressed as a ratio of actual discharge 
at that point with the discharge corresponding to the point of 
maximum efficiency. In a similar manner, clearances of im­
pellers (the clearance being the axial distance between the lower 
portion of the impeller and the bowl) are expressed as a ratio of 
clearance between the bottom of the impeller and bowl to width 
of impeller flow passage at the outlet. Fig. 6 shows typical re­
sults of clearance and efficiency of semiopen and closed im­
pellers. This graph demonstrates the relatively small change in 
performance of a normal closed impeller as compared with that of 
a semiopen impeller. Closed impellers with special seals for 
vertical-shaft adjustments have characteristics similar to all 
semiopen impellers. The work of this laboratory has shown 
that, when a normal closed impeller is adjusted with reasonable 
care to the middle of the adjustment range, the variations in 
performance for different adjustments are less than the error in 
the usual performance tests.

Fig. 7 illustrates the typical performance curves for semiopen 
impellers with various clearance ratios. Summing up the char­
acteristics of deep-well turbine pumps, as affected by variations 
in axial adjustment, we find (1) the head, discharge, hydraulic 
thrust, power, and efficiency of normal deep-well pumps with 
normal closed impellers are not measurably affected by axial 
clearance within the possible range of axial adjustment; (2) at

F i g . 7  P e r f o r m a n c e  C u r v e s  f o r  S e m i o p e n  I m p e l l e r s  W i t h  
V a r i o u s  C l e a r a n c e  R a t i o s  

( F ig u re s  o n  c u rv e s  r e f e r  t o  c le a r a n c e  r a t i o ;  d o t t e d  l in e s  r e p r e s e n t  c o n d i t i o n s  
a t  m a x im u m  e ff ic ie n c y .)

constant head, the efficiency, power input, hydraulic thrust, and 
discharge of deep-well pumps with semiopen impellers decrease 
with increase of axial clearance; (3) closed impellers, equipped 
with sealing devices subject to axial adjustment, exhibit per­
formance characteristics similar to those of semiopen impellers.

The foregoing discussion is restricted to new pumps and in no 
way considers the application of specific designs to conditions 
where wear, due to abrasive particles in the water, is of impor­
tance. These data are presented to call attention to the fact that 
correct adjustment of some types of design is necessary to obtain 
and to maintain the highest possible efficiency. These conclu­
sions apply equally well to horizontal-shaft or other centrifugal 
pumps having impellers similar to those described.

C o n c l u s io n s

The performance of similar commercial deep-well turbine 
pumps varies over a considerable range. Further tests may indi­
cate a greater range of divergence.

A clear understanding and a careful study of losses will be 
necessary for a further improvement in performance of present 
high-efficiency units.

Initial and maintained high efficiency of centrifugal pumps re­
quires careful axial adjustment for certain types of impeller con­
struction. No data are presented regarding the change in per­
formance with wear, a factor which may be of primary impor­
tance in some installations.
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The author wishes to acknowledge assistance furnished by the 
personnel of Works Progress Administration Official Project No.
65-1-08-113, under the sponsorship of the department of me­
chanical engineering, University of California.



248 TRANSACTIONS OF T H E  A.S.M.E. APRIL, 1941

Discussion
J. W. D aily.4 I t  has been observed in  the hydraulic m a­

chinery laboratory of the California Institu te of Technology th a t 
some pump designs of the horizontal-shaft, medium-speeific- 
speed type show definite improvements in  head and efficiency 
when subjected to  increased submergence. For a  few pumps, 
this improvement persists even after inlet heads of 50 ft and 
above are reached. The im portant conclusion from such results 
is th a t many pumps designed for and installed with relatively 
large submergence margins m ust actually operate under cavitat- 
ing conditions. Consequently, in tests made for research pur­
poses, adequate representation of pump performance cannot be 
made without reference to  the submergence.

The author describes tests of deep-well turbine pumps and com­
pares them  on the basis of over-all performance. No information 
is given as to  the method of testing, but an earlier article by the 
author* indicates th a t variable-submergence to t s  are possible. 
However, the absence of any consideration of inlet pressures here 
leads to  the conclusion th a t the tests are made a t practically con­
stan t submergence. Referring to  the plotted points of the au­
thor’s Fig. 1, i t  is noted th a t there is a  lack of system to the varia­
tion in maximum efficiency (for a particular specific-speed range). 
This allows some speculation as to  existence of a behavior in  deep- 
well pumps similar to  th a t observed in the radial-flow, horizontal- 
ahaft type. I t  would be particularly interesting to  learn whether 
or not the performance of units with semiopen impellers of me­
dium and high specific speeds would improve with increased 
pressure on the suction side. Submergence is likely to  be impor­
tan t not only when operating with normal clearances, but also 
when the clearances are large. The writer recognizes that, prac­
tically, the physical setting dictates the submergence but, as the 
author has indicated, improvement in  design dictates painstak­
ing investigation for optimum results. I t  is felt th a t a quantity 
of such information on a variety of designs should be useful to 
the designer.

J. M. H ait .* In  my opinion, this paper, concerning the results 
of tests on deep-well turbine pumps, represents the most accurate 
and unbiased report on relative performances which has yet been 
published. The general results agree very well with similar tests 
which we have made with entirely different laboratory equipment. 
There are a few comments the writer would like to make concern­
ing the presentation of these test results:

In  Pig. 1 of the paper, the  maximum efficiencies of several types 
of deep-well turbines have been plotted against specific speeds. 
An optimum-efficiency curve is shown, which, in effect, indicates 
the degree of development of the pump tested. As far as we can 
determine, the pump used for the optimum-efficiency curve was 
a 12-in. horizontal centrifugal pump. The question arises as to 
whether i t  is the best basis for comparison, in determining degree 
of development of relatively small deep-well turbine pumps, since 
the radial space for conversion of velocity head is definitely re­
stricted in  the case of the latter, while the discharge from the 
impeller of the horizontal-type pump is a t the plane of the im­
peller rather than normal to  it.

The number of stages of the various units which were tested 
and plotted is not noted, but it is stated in the paper th a t a slight 
increase in efficiency may be realized by multistaging to  4 or 5 
stages. I t  has been our experience th a t the additional efficiency

‘ Manager, Hydraulic Machinery Laboratory. California Institute 
of Technology, Pasadena, Calif. Jun. A.S.M.E.

1 “University of California Pump-Testing Laboratory,” by R. G. 
FoUom, Mechanical Bngineering, vol. 60, 1938, pp. 301-305.

* Chief Engineer, Peerless Pump Division, Food Machinery Cor­
poration, Los Angeles, Calif. Mem. A.S.M.E.

by multiple staging varies with the class of pumps, th a t is, 
whether they are straight centrifugal or mixed flow and that, in 
the average case, pumps with 8 stages or above perform with an 
efficiency approximately 6 points higher than a single-stage pump 
of the same type. Thus, i t  seems th a t the number of stages 
tested is an  im portant item when efficiencies are to  be compared.

In  showing the clearance between the semiopen impellers and 
the bowl, a  clearance ratio is used. The writer feels tha t it 
would also be of value if the reader were to  know the absolute 
clearances involved, in which he is dealing, and as to whether 
these clearances are those only obtainable by expert operators in 
a  laboratory or whether they can be easily obtained by an aver­
age operator with field settings of the ordinary range of magnitude 
between 200 and 400 ft. The change in length due to  the torque 
imposed on the shaft in combination with the hydraulic thrust, 
and the upward reaction of the water being turned as i t  enters 
the impeller create a  change in the shaft length, complicating the 
field adjustm ent materially. Accordingly, the writer feels it to 
be of importance, in considering this study, to know the order of 
magnitude of the clearances involved.

In  the summary of the effects of axial adjustments on the per­
formance, it is stated (3) “closed impellers, equipped with sealing 
devices subject to  axial adjustment, exhibit performance charac­
teristics similar to  those of semiopen impellers.” I t  should be 
noted th a t this statem ent is not true when the closed impeller 
has both a close radial-skirt clearance and a seal a t  the bottom 
of the skirt with the customary axial adjustability.

M. M ull.7 This discussion will be made from a commercial 
standpoint, pertaining to  the issues discussed in this paper, and 
their influence upon the recommendation and application of dif­
ferent types of deep-well turbine and vertical wet-pit pumps as 
manufactured by our company. The writer’s comments are 
based on his observations and experiences with this type of pump­
ing equipment throughout the Northwest during the last 15 
years.

The deep-well turbine can truly be called a  western product, as 
i t  had its inception on the Pacific Coast. For this reason its de­
velopment can easily be studied from many of the older installa­
tions, to determine the result of the various ideas on design and 
construction. I t  is true tha t many design and development 
methods have been employed to obtain the highly efficient deep- 
well turbine and other vertical modifications offered on the market 
today. As stated by the author, “ the trial-and-error procedure 
does not insure the production of pumps of maximum possible 
efficiency,” and it may be years before these actual results are 
accomplished from a truly commercial standpoint. Accuracy 
and long life in  pumping equipment are achieved, particularly by 
eliminating so-called special features, using only conservative 
and time-proved designs.

I t  is not possible today, with modem manufacturing methods, 
to develop new designs under the regular schedule of production, 
because standard current modifications are used in order to speed 
up production and fill orders on definite delivery schedules. De­
velopment work is done on certain-size pumps which are found 
to  be lacking in performance with competitive units of the same 
characteristics. Competitive bidding on the larger government 
and municipal specifications is responsible for keeping definite 
records of performance on the various sizes offered. Many of 
the individual points of design are constantly under investigation 
and upon the results are based new development programs from 
year to  year. This development schedule is studied and a definite 
program laid out for each year, in order to keep abreast of compe­
tition.

Today it is possible to offer vertical close-coupled wet-pit-type
7 Sales Engineer, Fairbanks, Morse & Company, Seattle, Wash.
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pumps for application in the high-head field, with over-all effi­
ciencies exceeding those of horizontal split-case-type centrifugal 
pumps within their range. This is even more evident where it is 
necessary to use multistage horizontal units. Fewer hydraulic 
losses are experienced in the completed installation using the ver­
tical deep-well turbine pump, as compared with the use of hori­
zontal multistage or series-connected pumps with all of the ap­
purtenance piping.

The term “specific speed,” which is applied in a nontechnical 
manner in the commercial field, is a watchword in the selection of 
pumps which will give satisfactory performance for the operating 
conditions specified. Propeller, axial-flow, mixed-flow and deep- 
well turbine pumps, as well as all other centrifugal pumps, have 
a specific-speed range in which they are designed to operate with 
quiet smooth performance and without cavitation, and a t a mini­
mum of submergence. I t  is always desirable to select pumps, 
particularly in the low-head field, which come well within their 
specific-speed range. However, there are times, in the applica­
tion of such pumps, when it is necessary to sacrifice the most 
efficient pump, which is within the correct limits of specific speed 
for that one modification, because of the high first cost of the 
equipment. This is found to be true on extremely low-head jobs, 
where the best performance will often be found a t extremely low 
revolutions, thus causing high cost of the electric motor. 
(Specific speed must not be confused with pump rpm.)

The author has expressed in an enlightening and graphic man­
ner, the losses to be accounted for in the deep-well turbine pump. 
The Hydraulic Institute has also made these points very clear, 
and through this source standardization along this line has been 
effected to a large degree.

The observations, outlined in the paper, on the subject of 
“axial adjustment,” are important, as they pertain to actual re­
sults from operation of deep-well turbine pumps. I t  has been 
found, with this type of pumping equipment, that enclosed im­
pellers with a long “skirt” and arranged for a vertical adjustment 
of ample proportions, will give better efficiency in the hands of 
the average operator, than will other types of semiopen impellers.

The conclusion, offered in this connection, is not only in accord­
ance with those found in the field, but substantiates the funda­
mental reason for this type of design. Where highly efficient 
well-built deep-well turbines are selected for applications requir­
ing continuous service, the enclosed-type impeller should be 
specified. The construction throughout the bowl assembly 
should be of a high order of precision, with bronze bearings and 
renewable wearing rings both in the bowl casting and in the im­
peller skirt.

For deep-well turbines, which are required to change capacity 
throughout a small range, as is often specified in cases where the 
capacity of a well may be less at one season of the year than at 
another, the semiopen impeller is desirable. With this adjust­
ment, the vane of the impeller is lifted from the seat in the bowl, 
thus allowing a greater clearance as described by the author. 
However, this effect to reduce the capacity is always a costly one 
as it decreased the efficiency of the pump.

The vertical deep-well pump, employing good standard forms 
of design which have been proved in service for the last decade, 
has now been developed to a point where it can compete in effi­
ciency and cost with the horizontal centrifugal pump. I t  has 
found a very definite application for certain types of pumping 
requirements. The deep-well turbine should be carefully ap­
plied. When a pumping problem is under consideration, a 
definite analysis should be made to aid in arriving at an unbiased 
choice between the horizontal centrifugal pump and the vertical 
deep-well turbine. Many manufacturers of only one type of 
pumping equipment will almost invariably recommend and try 
to sell their products regardless of the correct application in­

volved, which practice should be carefully guarded against by all 
engineers.

Author’s Closure

The problem of the correct magnitude of submergence to ob­
tain satisfactory centrifugal-pump performance is always present 
but becomes particularly troublesome for large-specific-speed 
units. Mr. Daily has called attention to this important variable, 
the discussion of which was omitted from the paper. Of equal 
importance are the fluid velocities, in magnitude and direction, 
a t the impeller inlet. For the tests reported a t the large specific 
speeds, values larger than 5000, the submergence varied from 
about 3 to 4 ft, and the other units had submergences from about
5 to 12 ft. All tests were conducted with the pump installed 
approximately in the middle of the laboratory 8 X 8-ft test pit.

Submergence has much less influence on multistage pumps than 
single-stage units as the first stage is the only one of the multi­
stage construction tha t is affected to an appreciable extent by 
the pressures and velocities a t inlet. Thus with the normal 
multistage deep-well turbine pump, the small change in per­
formance a t increases in inlet head becomes insignificant. With 
single-stage large-specific-speed units, the submergence is one of 
the limiting factors restricting application. On the basis of un­
reported tests, increases in efficiency of less than one per cent 
would be expected for these units with relatively large increases 
in inlet heads.

Results have not indicated appreciably different behavior with 
respect to inlet heads for semiopen impellers with different 
clearances. All semiopen impeller pumps tested were multi­
stage and thus the phenomena would not be apparent, as it oc­
curs in the first stage only.

Mr. Hait is correct in his conclusion that the optimum effi­
ciency applies to 12-in. horizontal pumps. This curve was 
selected to indicate degree of perfection as it has been previously 
published, and sufficient data have not been made available to 
the author by deep-well turbine manufacturers to allow him to 
develop a generalized curve representing all companies. Some 
such curve should be used when making a comparison as the ex­
pected maximum efficiency of any type of centrifugal pump varies 
with the size and specific speed.

Mr. Hait indicates increases in efficiency through multistaging 
somewhat in excess of usual values and tha t appreciable in­
creases occur for a larger number of stages. This increase in 
efficiency is a function of the pump design, size, and relative dis­
tribution of losses. Thus, if bowls only are considered, a differ­
ent value of efficiency increase will exist than if the complete 
pump with riser column discharge elbow and suction piece are 
included. The number of stages for the units tested are the 
following:

Specific Specific
speed Stages speed Stages

760 6 2600 5
780 6 2600 4

1900 2 2800 2
2300 1 4100 10
2400 2 6900 1
2500 2 7200 1
2500 7 7400 1

9500 1
12700 1

Axial adjustment of deep-well turbine pumps is considered in 
some detail in a recent publication.8

One series of tests with an impeller having radial-skirt clear-

8 “The Axial Adjustment of Deep-Well Turbine Pumps,” by 
Morrough P. O’Brien and Richard G. Folsom, University of Cali­
fornia Press, Publications in Engineering, vol. 4, no. 2,1940, pp. 19-26.
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ance and axial adjustability showed performance changes with 
axial adjustment similar to the semiopen impeller characteristics 
except that the magnitude of the performance change was much 
reduced.

Mr. Mull’s remarks from the field standpoint are gladly re­

ceived, although the author would like to point out that some of 
the conclusions are open to considerable argument. I t  is almost 
impossible to specify any one type of construction as a standard 
because of the wide variety of conditions to which these pumps 
are applied.



C entrifugal-P um p P erfo rm ance as 
A ffected by  Design F ea tu res

B y R. T. KNAPP,1 PASADENA, CALIF.

T h is paper p r e se n ts  so m e  o f  th e  r e su lts  o f  a  s tu d y  o f  
G rand C ou lee  p u m p in g -p la n t  c h a r a c te r is t ic s . T h e  r e ­
search  p rogram  w as c o n d u cte d  for th e  B u rea u  o f  R e c la m a ­
t io n  by th e  C a lifo rn ia  I n s t i t u t e  o f  T ech n o lo g y  in  i t s  
h y d ra u lic  m a c h in e ry  lab o ra to ry  ( l ) 2 a n d  h a s  b e e n  in  
progress s in c e  J a n u a ry , 1938. W h ile  th e  p r in c ip a l o b ­
je c t  w a s t o  d e te rm in e  t h e  o p e r a tin g  fe a tu r e s  fo r  p u m p in g  
u n its  t o  be in s ta lle d  a t  th e  G ran d  C o u lee  p r o je c t, th e  
r esu lts  o b ta in e d  are so m e w h a t m o re  g e n e ra lly  a p p li­
cab le  th a n  m ig h t  b e  ex p ected . I t  i s  b e liev ed  b y  th e  a u th o r  
th a t  in v e s t ig a t io n s  o f  a  so m e w h a t s im ila r  n a tu r e  offer  
th e  m o st  relia b le  m e a n s  for  se c u r in g  t h e  c h a r a c te r is t ic s  
desired  in  h y d ra u lic  u n its ,  b o th  p u m p  a n d  tu r b in e , for  
p ra c tica lly  a n y  g iv en  s e t  o f  c o n d it io n s .

N e e d  f o b  I n f o r m a t io n

THE need for a thorough study of the Grand Coulee pumping 
plant arises basically from the tremendous size of the units 
proposed, i.e., 1600 cfs capacity with a motor of approxi­

mately 65,000 hp for each pump. Full knowledge of the pump 
characteristics is required, due to the great range of operating 
head, from 295 to 367 ft, which is caused by the variation of the 
inlet head, from +  80 ft to +  5 ft. Also, the probable operating 
cycle makes it desirable to have as high a capacity as possible 
when operating against the high head. In addition to the matter 
of the proper relationship between the capacity and head over 
the operating range, the following items were considered to be im­
portant for satisfactory pump operation:

(а) Freedom from cavitation over the entire operating range
(б) Low radial forces due to hydraulic unbalance.
(c) Freedom from unstable regions within the operating range.
(d) Constant-speed operation.
(e) Satisfactory transient performance which will permit 

simple shutdown procedure.
(J) Suitable characteristics when operating as a turbine to 

provide the possibility of utilizing units for peak-load power de­
velopment.

Furthermore, to obtain the lowest-cost unit, including the 
motor, it was necessary to  determine the maximum permissible 
operating speed for which units could be obtained that could also 
satisfy the foregoing requirements.

M o d e l  a n d  P r o t o t y p e  P u m p s

The pumps contemplated for installation at Grand Coulee are 
unprecedented in size and power requirement. They are to be in­
stalled vertically and will be of the single-stage single-suction 
type. Each unit is expected to have a capacity of about 1600

1 Associate Professor of Hydraulic Engineering, California Insti­
tute of Technology. Mem. A.S.M.E.

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

Contributed by the Hydraulic Division and presented at the Fall 
Meeting, Spokane, Wash., September 3-6, 1940, of T h e  A m erican  
S ociety  of  M e c h a n ic a l  E n g in e e r s .

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

cfs. The normal head against which it is to deliver is about 
295 ft. Approximately 65,000 hp will be required. I t  is esti­
mated tha t the pump for this duty will have a discharge nozzle of
8 to  10 ft diam, an impeller of from 12 to 17 ft diam, with an eye 
dimension of from 6 to 10 ft. The width of the impeller at dis­
charge will be in the neighborhood of 20 to 36 in. The speed 
range is from 150 to 200 rpm or possibly slightly higher.

Although the present study is not a “model” study, but rather 
an investigation of the possible characteristics of the machines, 
the units tested in the laboratory may be thought of as models in 
order to visualize a size comparison. On this basis the model 
ratio would range from 12V2 to 15. The studies were all made at 
or near the full prototype head. The capacities varied from 7 to 
10 cfs at the operating point. The horsepower requirements fell 
within the range of 290 to 400. All of the units had maximum 
efficiencies in the vicinity of 90 per cent. The discharge-nozzle 
diameters were 8 in. The impellers varied from 12l/« to 14V2 in. 
diam, with eyes of from 6 to 8 in. and with discharge widths of 
from IV 2 to 2V2 in. Testing speeds fell between 2100 and 2600 
rpm.

I t  will thus be realized that these test pumps are comparatively 
large machines, therefore, accurate passages and vane angles may 
be expected. Furthermore, the large size and high efficiency of 
these units permit drawing direct conclusions concerning the per­
formance of prototypes. To reduce the number of variables, 
several cases were designed to operate with the same impeller, 
thus making it possible to ascertain clearly the characteristic-per- 
formance differences between such case types as single-volute, 
double-volute, and fixed-vane-diffusor constructions.

P r e s e n t a t io n  o f  D a t a

In order to make the results from the different units directly 
comparable, the characteristic curves have been plotted on a 
percentage basis. The normal operating head a t Grand Coulee 
is 295 ft. This has been taken as 100 per cent. The capacity at 
this head is therefore designated as 100 per cent. The maximum 
efficiency of each unit has been used as the reference value for 
that unit, and has been plotted as 100 per cent. I t  should be 
noted that the maximum-efficiency point will not coincide neces­
sarily with the 100 per cent capacity and head point. When­
ever plotted, torques and horsepowers have had, as a 100 per 
cent reference, the corresponding values a t 100 per cent capacity 
and head. For example, since the prototype-head range is from 
295 to 367 ft, this system gives an operating-head range of from 
100 to 125 per cent.

C o m p a r is o n  o f  N o r m a l  O p e r a t i n g  C h a r a c t e r is t ic s

Capacity-Head and Efficiency Characteristics. During the 
course of this program, several series of experiments were made 
in which a single impeller was tested in two or three different 
cases. In order to establish a basis for the discussion of the re­
sults, a brief r&um6 of the respective functions of the impeller and 
the case of a centrifugal pump seems desirable.

The impeller adds energy to the fluid flowing through it. At the 
discharge from the impeller, this added energy is in two forms:
(a) an increase in pressure, and (6) an increase in velocity. 
The case has two functions', (a) to collect the fluid as it discharges
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around the impeller periphery, and (6) to transform a large part 
of the velocity into pressure with as little loss of energy as pos­
sible.

If an impeller could be tested alone under such conditions that, 
for all rates of flow, the discharge would be uniform around the 
periphery, its basic operating characteristics would be deter­
mined. A perfect case would be one which would have no losses 
over the entire operating range; therefore the combination of 
the impeller, operating in such a case, would have the identical 
performance characteristics which were obtained from the im­
peller operating alone. Since no real case is without losses and, 
furthermore, since no real case is equally efficient over the entire 
operating range, the performance of the unit as a whole is always 
lower than that of the impeller alone. The deviation will be least 
in the zone in which the case characteristics match the impeller

Fio. 1 C o m p a r i s o n  o f  C a s i n g  E f f e c t  o n  P u m p  C h a r a c t e r i s t i c s ;
G r o u p  A, 100 P e r  C e n t  N o r m a l  S p e e d

characteristics to best advantage, and will increase on both 
sides of this zone. For a good pump, the case must match the 
impeller within the high-efficiency zone of the latter.

The case will affect the over-all performance of the pump in 
two ways: (a) through energy losses in the case itself, and (b) in 
additional energy losses induced in the impeller. Fundamentally, 
the case can affect the impeller performance only in one way, i.e., 
by varying the pressure distribution around the periphery of the 
impeller and thus producing nonuniform discharge. If the dis­
charge is not uniform from all parts of the impeller periphery, it 
follows that there must be pulsating flow in the impeller passages, 
nonuniform entrance conditions a t the eye, and presumably in­
creased losses, both in the impeller and in the case. In this simpli­
fied picture, the secondary effects of the impeller shrouds, the 
circulation existing between them, and the casing walls and leak­
age losses to the suction sides are disregarded..

From this discussion, it will be realized that a comparison of the 
characteristics of different units, made up of various types of 
cases operating with the same impeller, resolves itself into a com­
parison of the relative matching of these cases to the impeller and 
of casing losses, both intrinsic and induced in the impeller. Fig. 1 
shows such a comparison for a series of units designated as group
A. The first unit was designed as a single-volute pump to operate 
at a prototype speed of 150 rpm. The double-volute case was 
then constructed, using the same design methods. I t  was antici­

pated that, if everything worked out satisfactorily, the per­
formance of the double-volute pump would be the same as that 
of the single-volute unit. The fixed-vane-diffusor case was de­
signed around the same impeller.

If the curves for the single- and double-volute cases are com­
pared, a striking difference is observed in the high-capacity re­
gion. The head curve for the double-volute case does not fall 
off as rapidly as that for the single-volute pump, and the ef­
ficiency also remains higher. The same is true to a lesser extent 
in the low-capacity region. However, the maximum efficiency is 
about the same. Since these maximum efficiencies are high, both 
cases are very satisfactory in the region of the design point, but 
the double-volute case apparently matches the impeller charac­
teristics better in the low- and high-capacity regions. I t  must be 
remembered that, because of the two passages, the double-volute 
case has a lower effective hydraulic radius and, therefore, a higher 
skin-friction loss. For this reason, the wide region of high 
efficiency is all the more surprising.

The fixed-vane-diffusor case, operating with the same im­
peller, shows the same high maximum efficiency observed in the 
other two cases. However, the characteristic curves are quite 
different in shape. The maximum-efficiency point comes at a 
somewhat higher capacity for the diffusor case, and this maxi­
mum efficiency is not sustained over as wide a region. This is 
reflected in the head-capacity curve. I t will be noticed on both 
sides of the design point that the diffusor-case head curve lies

F i g . 2  C o m p a r i s o n  o f  C a s i n g  E f f e c t  o n  P u m p  C h a r a c t e r i s t i c s  ;
G r o u p  B, 100 P e r  C e n t  N o r m a l  S p e e d

under tha t of the double-volute curve. In the low-capacity re­
gion, i.e., from zero up to 75 per cent, the efficiency of the diffusor 
is markedly lower than that of the other two cases. This is prob­
ably the result of the discrepancy between the angle of the fixed 
guide vanes and that of the flow leaving the impeller under these 
conditions.

Fig. 2 shows the same comparison for an entirely different set 
of cases, working with another impeller. This series of units, 
group B, was designed for a prototype speed of 180 rpm in com­
parison with the 150-rpm speed of group A. Since the head and 
capacity are fixed, this 20 per cent increase in operating speed 
results in a 20 per cent increase in the specific speed as well, 
which corresponds approximately to a 16 per cent decrease in 
the diameters of the impeller and the base circle of the case.
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The relative performances of the single- and double-volute cases 
are practically the same as those observed for group A, except 
that the single-volute pump shows its peak efficiency between 80 
and 90 per cent of design discharge. This indicates that the case 
is too small for the specified conditions. The result is that, a t 
the normal operating point, the efficiency is only about 97 per 
cent of the maximum. This accounts for the fact that its head- 
capacity curve is apparently above those for the double-volute

F i o .  3  E f f e c t s  o f  O p e r a t i n g  S p e e d s  o n  C h a r a c t e r i s t i c s ; 
S i n g l e - V o l u t e  P u m p

F i g . 4  E f f e c t s  o f  O p e r a t i n g  S p e e d s  o n  C h a r a c t e r i s t i c s ; 
D o u b l e - V o l u t e  P u m p

type and fixed-vane-diffusor case, i.e., the steepness is obtained 
by sacrificing efficiency. The double-volute case again shows 
a surprisingly wide range of high-efficiency operation but, in 
this series, the diffusor case nearly duplicates its performance. 
However, the sharp drop in efficiency for the low-capacity region 
is again observed to be a diffusor-case characteristic.

Choice of Operating Speed. A given pump is designed to op­

erate a t a definite specific speed. In  general, test results show 
that the unit has its maximum efficiency a t this condition. How­
ever, if the performance characteristics show a reasonably broad 
zone of high efficiency, it may be possible to secure a better agree­
ment between the pump characteristics and the field requirements 
if a different operating speed is chosen. The effect of the choice 
of operating speed may be observed in Figs. 3, 4, and 5. Fig.
3 shows the performance of the single-volute unit of group A 
operating a t speeds of 100, 120, and 133 per cent of the design 
value. Fig. 4 presents the corresponding performance of the 
double-volute case, and Fig. 5 tha t of the fixed-vane pump.

All three units show the same trend, i.e., a marked steepening 
of the head-capacity characteristics with increase in operating 
speed. A closer examination of the three sets of curves shows 
that there are apparently two causes for this increase in steep­
ness, (a) an increase due to the normal increase in the steepness

F ig . 5  E f f e c t s  o f  O p e r a t i n g  S p e e d s  o n  C h a r a c t e r i s t i c s ; 
F i x e d - V a n e - D i f f u s o r  P u m p

F i g . 6  C o m p a r i s o n  o f  C a s i n g  E f f e c t  o n  P u m p  C h a r a c t e r i s t i c s ; 
G r o u p  A ,  1 3 3  P e r  C e n t  N o r m a l  S p e e d
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of the impeller characteristic, as the capacity is increased, and
(6) an increase in steepness due to a decrease in the efficiency of 
the case. Fig. 4 illustrates the effect of the former. I t  will be 
noted that, in the region of from 80 to 100 per cent discharge, 
the efficiency is high for all speeds, in fact, the lowest value is 
96.5 per cent of the maximum. Thus, the change in steepness 
for this machine must be due largely to the shape of the im­
peller characteristics. The fixed-vane pump, Fig. 5, shows a 
larger variation in steepness, but the efficiency drops to 92 per 
cent in the same capacity range. Likewise, the single-volute 
pump, Fig. 3, shows an even greater variation in steepness, 
but the efficiency goes down to about 87 per cent of the maxi­
mum.

The difference between these three cases, when operated at 
the higher speed, is shown very clearly in Fig. 6. Here, the per­
formance characteristics for the same three units, presented in 
Fig. 1, are plotted for a speed of 133 per cent of normal. At the 
design speed of Fig. 1, the head-capacity characteristic of each 
of the three cases shows about the same slope in the vicinity of 
the operating point. At the 33 per cent overspeed, however, the 
difference in steepness is quite marked.

From these comparisons, it would seem that, in view of the 
factors so far considered, the steepness of the head-capacity char­
acteristics can be varied appreciably by choosing the speed at 
which the pump is to operate. If the choice is limited to speeds 
within the high-efficiency range, slight loss accompanies the 
variation. The double-volute case offers the widest possibilities 
within these limits because of its broad zone of high-efficiency 
performance. If steeper characteristics than those corresponding 
to the basic impeller performance are desired, they can be ob­
tained only through sacrifice of efficiency. I t  should be remem­
bered, however, that in this investigation no attem pt has been 
made to explore fully the possibility of varying the impeller char­
acteristics themselves.

M i n o r  O p e r a t i n g  F e a t u r e s

Hydraulic Balance and Radial Thrust. In the section, “Com­
parison of Normal Operating Characteristics,” it was stated that 
the case can affect the impeller performance only by varying the 
pressure distribution around the periphery of the impeller and 
thus producing nonuniform discharge. Since this is an important 
feature for pump operation, it was thought desirable to make 
some experimental determinations of the pressure variation in 
the volute for the different types of cases. Consequently, pie­
zometer connections were installed in the various cases—they were 
at constant radius. The piezometers for each case were spaced 
around a circle the diameter of which was slightly greater than 
the impeller and they covered the full 360 deg. Thus, the read­
ings from them give a good picture of the pressure distribution 
around the impeller discharge.

Figs. 7, 8, and 9 show these measurements for the three cases 
of group B. The ordinates of all three curves are the static 
pressure at the piezometer connections, expressed in a percentage 
of the normal head produced by the pump. If the measurements 
for the single-volute pump, Fig. 7, are studied, it will be seen that 
the pressure distribution is reasonably uniform in the vicinity of 
the normal capacity; in fact, the most uniform distributions of 
those shown seem to be for the 93 per cent capacity. A glance 
at Fig. 1, shows that this is about the point of maximum ef­
ficiency. For higher and lower capacities, the pressure distribu­
tion is far from uniform and must affect the impeller discharge 
appreciably.

Fig. 8 shows that, for the double-volute pump, conditions are 
quite similar except that, of course, there are two pressure cycles 
in the 360 deg of the case. I t  will be noted here, however, that the 
range of pressure variation is considerably lower than in the cor­

responding single-volute case, although the basic design factors 
are similar.

Fig. 9 shows that the fixed-vane-diffusor pump has an even 
lower range of pressure variation. I t  should be remembered that 
these pressures are taken at a diameter corresponding to that of 
the impeller, i.e., at the inner side of the guide vanes. I t  will be 
seen that the pressure distribution is still nonsymmetrical. This 
is presumably due to the effect of the single volute on the out­
side of the guide vanes proper.

F i g . 7  S t a t i c - P r e s s u r e  D i s t r i b u t i o n ; S i n g l e - V o l u t e  P u m p , 
G r o u p  B

F i g . 8  S t a t i c - P r e s s u r e  D i s t r i b u t i o n ; D o u b l e - V o l u t e  P u m p , 
G r o u p  B

F i g . 9  S t a t i c - P r e s s u b e  D i s t r i b u t i o n ;
P u m p , G r o u p  B

F ix e d -V a n e - D iffu so k
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Although this pressure variation must have a very marked 
effect upon the hydraulic performance of the unit, from an op­
erating point of view, there is an even more direct result. A non- 
uniform pressure distribution such as, for example, the one 
shown in Fig. 7, for 114 per cent Q„, indicates that there is a re­
sultant radial thrust upon the impeller. This force must be 
taken care of in the mechanical design of bearings, case, and shaft, 
and may well be the controlling factor in the choice of shaft di-„ 
ameter and other important details. Failure to recognize this 
factor may result in mechanical contact of the wearing-ring 
surfaces and rapid deterioration of the equipment.

If the pressure-distribution diagrams for the double-volute 
pump, shown in Fig. 8, are integrated over the 360 deg, it will be 
found that the resultant radial force is small, since the effect of 
each of the two volutes nearly cancels the other. This is appar­
ently true for all capacities and represents a distinct advantage 
of this type of construction. The resultant radial thrust upon the 
impeller of the diffusor pump, Fig. 9, is much lower than for the 
single-volute, but is somewhat higher than that of the double­
volute. However, it should present no serious design problem, 
since it is not large.

I t should be noted again that the radial unbalance of the 
fixed-vane-diffusor pump is due to the same cause that produced 
it in the single-volute pumps, i.e., the presence of the single 
volute itself. The main reason that the variation in pressure 
distribution and the resultant thrust are so much lower with the 
diffusor pump is that the flow is discharged into the volute at a 
much lower velocity than it is in the case of a single volute. If 
a fixed-vane case were designed, in which the vanes were used only 
as stay bolts and not as diffusors, high resultant radial forces 
should be expected. The importance of the investigation of these 
radial forces is illustrated by the fact that, for a good single­
volute prototype, the unbalanced thrust is of the order of 50 tons. 
This would make illusory the feature of bearing-load elimination, 
commonly attributed to the vertical design.

Instability. Figs. 1 and 2 show that there are discontinuities 
in the head-capacity curves for all six cases. Such discontinuities 
appear to be characteristic of centrifugal-pump performance and 
are practically always found whenever tests of sufficient accuracy 
and detail are made. These discontinuities apparently are the 
result of a change in the flow from one regimen to another. For 
different design conditions, it seems that this change in flow can 
be localized either in the impeller or in the case. In addition, if 
the change is large enough in the impeller, it may also produce 
a significant change in the flow in the case. These flow discon­
tinuities produce unstable ranges in the pump performance and, 
therefore, good practice indicates that the operating zone should 
not approach them too closely. For example, in the present 
study, one criterion tentatively proposed is that the maximum 
operating head should be at least 10 ft (3.5 per cent) below the 
break in the curve, as it is approached from the high-capacity 
side. This appears to be a quite satisfactory margin of safety 
for units having a reasonably small change in head at the dis­
continuity point, but may be somewhat inadequate for pumps 
having discontinuities as large as that shown by the fixed-vane 
diffusor of group A. For such pumps, it would seem advisable to 
restrict the maximum operating head to 1 or 2 per cent lower 
than the lowest value at the discontinuity region.

I t is interesting to consider that significant information can be 
obtained by comparing the discontinuity regions, as shown by 
the capacity-head curves, with the torque or horsepower curves 
for the same conditions. If the flow regimen changes within the 
impeller passages, there will be a corresponding difference in the 
amount of angular momentum imparted to the fluid and this, 
in turn, will be apparent on the torque and horsepower curves. 
Thus, it may be concluded that, if a discontinuity in the head-

capacity curve is reflected in the torque curve, the change in 
flow at least originates in the impeller. Conversely, if a discon­
tinuity in the head-capacity curve is not accompanied by a simi­
lar break in the torque or horsepower curves, the change in the 
flow probably is localized in the casing. Unfortunately, space 
does not permit the plotting of the torque curves in Figs. 1 to 6, 
inclusive.

C a v i t a t i o n  L i m i t s

Basic Limit of Eye Design. For each given design of an im­
peller eye, there is a relationship between capacity and inlet 
head which defines the beginning of cavitation. This basic 
limit, of course, assumes that, for all capacities, the flow has a 
normal velocity profile a t the pump inlet; that the flow into the 
eye is circumferentially uniform; and that there are no tangen- 
tial-velocity components present before the eye is entered. The 
difference between the basic characteristics of various eye designs 
for the same specific speeds will depend upon the abilities of the 
designers to keep their static pressures up and to eliminate local 
high-velocity regions in the vicinity of the passage entrances.

F i g . 1 0  C a v i t a t i o n  P e r f o r m a n c e ; S i n g l e - a n d  D o u b l e - V o l u t e  
P u m p , G r o u p  B

For a given impeller, however, this basic eye characteristic can be 
considered as the ideal limit for good performance. In  actual 
operation, it can be modified either by the entrance conditions 
in the inlet piping approaching the pump, or by the reaction of the 
case on the inlet flow. The effect of the inlet piping is, of course, 
an installation problem, and will not be considered here, but the 
effect of the case is a question of basic pump design.

Effect of Case on Basic Limits. The effect of the case on the 
impeller characteristics has been discussed previously in the sec­
tions, “Comparison of Normal Operating Characteristics” and 
“Hydraulic Balance.” I t  was seen that, in both high- and low- 
capacity regions, the case could produce a nonuniform pressure 
distribution around the impeller discharge. This must result in a 
pulsating flow in the impeller passages. Cavitation performance 
under these conditions must differ from that of steady flow. Pre­
vious studies at the laboratory (2) have shown that, under some 
conditions such as quite low capacity, the pressure unbalance on 
the impeller may be great enough to cause backflow from the 
case to the eye. Recent investigations also indicate that, in the 
same low-capacity region, the inlet tips of the impeller vanes may 
induce a radial-pressure difference sufficient to distort the flow 
further. I t  is difficult to separate these two phenomena, but to­
gether they seem to explain the “prerotation” which has been 
observed at times in pump inlets.

In an attem pt to ascertain the effect of the various cases on
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F i g . 1 1  C a v i t a t i o n  P e r f o r m a n c e ; D o u b l e - V o l u t e  C a s e  a n d  
F i x e d - V a n e - D i f f u s o r  P u m p , G r o u p  B

the cavitation characteristics of the unit, Figs. 10 and 11 have 
been prepared. In both figures, the cavitation parameter a has 
been plotted against the pump head for a series of constant ca­
pacities during which the inlet head was continuously lowered 
until cavitation was fully developed. Fig. 10 shows the compara­
tive performance of the single- and double-volute cases of group

B. I t  will be noted that the differences are slight, so slight in 
fact tha t little significance can be placed upon them. I t is un­
fortunate that no runs are available at very low capacities, since 
this is the region in which the pressure distribution around the 
impeller differs widely for the two cases. Fig. 11 compares the 
double-volute case and the fixed-vane diffusor. These units are 
also from group B, but the results are not directly comparable to 
those of Fig. 10, because slightly different impellers were used in 
the two series of tests. Here, it will be noted that for one capacity 
the fixed-vane diffusor has a cavitation performance quite differ­
ent from that shown by all other curves. The head rises rapidly, 
as a decreases from 0.12 to 0.06. Since no such behavior is ob­
served for either the single- or double-volute cases, it must be 
assumed that the fixed-vane-diffusor case is responsible for the 
difference.

The following logical explanation has been suggested by D. P. 
Barnes of the Bureau of Reclamation. The capacity at which 
this deviate behavior occurs is in the region for which the dif- 
fusor-vane angles must differ from the calculated discharge angle 
of the impeller. If cavitation starts in the impeller, it may quite 
possibly produce a change in the angle at which the flow leaves the 
impeller. If this angle more nearly coincides with that of the 
diffusor vanes, then the diffusion should be more effective and, 
therefore, the pump head should rise. Thus, it is possible that 
this rising head line on the a diagram may be an indication of the 
beginning of cavitation, and hence marks a poorer rather than a 
better pump performance.

F ig . 12 D iagram  S h o w in g  L im ita tio n s  U p o n  A ll o w a ble  O p e r a t­
in g  R eg io n s  of C h a r a c t er ist ic s  o f  D o u b l e -V o lu t e  P u m p , 

G r o u p  B

F ig . 13 D ia g r a m  S h o w in g  L im it a t io n s  U p o n  A l l o w a b l e  Op­
e r a t i n g  R e g io n s  o f  C h a r a c t e r i s t i c s  o f  F ix e d -V a n e -D if f u s o b  

Pump, G r o u p  B
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Selection of Operating Region. In an actual pump installation, 
the physical requirements impose many limitations upon the 
allowable operating regions of the pump characteristics. For 
example, the avoidance of discontinuity points has already been 
discussed. Freedom from cavitation is likewise necessary and 
this, in turn, is affected by the variation of inlet pressure due to 
change in reservoir level, etc. Fig. 12 presents a graphical dia­
gram of these limitations as applied to the double-volute case 
of group B for three possible operating speeds. The limitations 
imposed are those obtained from a preliminary study of the 
Grand Coulee conditions. Limit A  locates the permissible ap­
proach to the discontinuity or instability region. Limit B  bounds 
the region for freedom from cavitation, as determined by the 
point at which there is a 0.5 per cent head drop on the a curve 
(Fig. 11). Limit C bounds another cavitation parameter which is 
somewhat more complicated but which may be more satisfactory 
for certain units. The maximum and minimum operating heads 
are shown by the large crosses. The high-capacity boundary of 
the zone of permissible operation is arbitrarily defined by the con­
dition that the efficiency has dropped to 94 per cent of the maxi­
mum value. The zone of permissible operation is indicated by 
the cross-hatched area and, within this zone, all of the criteria are 
met. This very useful type of presentation has been developed 
by D. P. Barnes.

I t will be noted that, when the unit is operated a t a speed of 
83 per cent of the design value, only the low-head high-capacity 
portion of the required operating region can be covered. To 
obtain the high head required, an increase in speed to 90 per 
cent of the design value is necessary but, if this speed variation 
is permissible, the entire operating region can be covered satis­
factorily. Conditions at the design speed are somewhat similar 
except that, to meet the high head condition, a speed increase to 
only something over 103 per cent is required. Operation a t a 
speed of 111 per cent, however, permits the entire operating 
range to be obtained within the zone of permissible operation at 
constant speed.

Fig. 13 shows a similar diagram for the fixed-vane-diffusor 
pump of group B. Here, however, it is seen that, over a range of 
from 100 to 118 per cent of design speed, it is impossible to find 
any combination of constant- or variable-speed operation which 
will cover the desired range and yet meet the limitations imposed. 
It will be noted that in this unit the most serious deviation from 
limitations is from the “limit B ” cavitation parameter.

T u r b in e  O p e r a t i o n  f o r  S t e a d y  a n d  T r a n s i e n t  
C o n d it io n s

One of the characteristic features of a pump installation is 
that transient conditions are quite commonly encountered under 
which the pump is called upon to operate as a  turbine. Thus, for 
example, if the pump is operating normally and power should 
fail, unless there is a  check valve in the line, the unit will slow 
down, reverse, and come up to runaway speed as a turbine, thus 
passing through the region of pump operation, a region of com­
plete energy dissipation, and through the entire zone of turbine 
operation. In  the design of large pump installations it is, there­
fore, very important for the plant designer to know the charac­
teristics of the machines over the entire range of operating possi­
bilities, in order that adequate provision may be made for maxi­
mum shaft torques, pressure surges, centrifugal forces, etc.

Complete Characteristic Diagrams. One of the first investiga­
tions of this complete range of pump operation was made by 
Kittredge and Thoma (3). I t  is convenient to  present this in­
formation on a single diagram (4). Figs. 14 and 15 are two such 
diagrams for the single- and double-volute pumps, respectively, 
of group B. I t  will be noted th a t families of constant-head, con- 
stant-torque, and constant-efficiency lines are plotted against co­

ordinates of capacity and speed. The performance of the unit 
a t any constant speed is given by the intersection of these families 
of contours with a vertical line passing through the speed chosen.

Turbine Runaway Speed. The runaway speed of the unit, 
when operating as a turbine, is given by the intersection of the 
zero-torque line in the turbine region with the head curve corre­
sponding to the pressure across the pump for that particular con­
dition. For short pipe lines of ample proportions, this head is 
nearly the same as the pumping head since, under these condi­
tions, the friction losses would be quite small. If the runaway 
speed exceeds the operating speed by a sufficient margin, it may 
be the controlling factor in the structural design of the impeller. 
Since the absolute value of this runaway speed is constant for a 
given unit operating under a  given head, its value relative to the 
operating speed is determined by the choice of the latter. This 
can easily be seen by referring to Fig. 14. Consider tha t the 
normal operating head is represented by the 100 per cent head 
line. For the Grand Coulee installation, the maximum possible 
head which can cause turbine operation is about 120 per cent. 
The 120 per cent head line intersects the zero-torque line in the 
turbine zone a t a negative speed of about 135 per cent. With a 
runaway speed of 35 per cent above tha t of normal operation, 
the impeller stresses may become quite serious. However, if it 
were decided tha t more suitable characteristics could be obtained 
by operating as a pump a t 120 per cent of the design speed, then 
the runaway speed would exceed tha t of normal operation by 
about 12 per cent.

Turbine Operation for Possible Peak-Load Power Development. 
The Grand Coulee pumping plant of course is only a  part of the 
total Grand Coulee project. A major function of the latter is 
power development. One of the problems always confronting a 
power project is the provision of sufficient capacity to meet peak­
load demands. Therefore, the possibility has been suggested of 
using the pumping plant as a peak-load power supply by allowing 
the water to flow back from the upper reservoir, thus operating 
the pumps as turbines and the synchronous motors as generators. 
I t  will be noted in both Figs. 14 and 15 tha t these units have 
zones of very high efficiency in the turbine region, practically 
identical with the maximum efficiency obtained as pumps. Since 
the power must be supplied at constant frequency, it is necessary 
that the speed of turbine operation be the same as th a t of the 
pump. I t  is, of course, desirable to get as much power as possible 
from the turbines. However, the zone of turbine operation is de­
termined by the selection of the pump operating speed.

For example, if in Fig. 15, the pump is considered to operate 
a t 100 per cent speed, the torque and therefore the horsepower 
available in the turbine region will be 75 per cent of the corre­
sponding values for the pump. For the high-head condition, i.e., 
for 120 per cent head, the turbine output will go up to about 110 
per cent of the normal pump input a t 100 per cent head. If, how­
ever, a normal operating speed of 111 per cent is selected for the 
pump, as was shown to be desirable in Fig. 12, conditions are 
quite different. Now, it will be observed th a t the normal torque 
input to the pump is 130 per cent for the low-head condition and 
about 120 per cent for the high-head condition, whereas, the 
corresponding turbine operation shows a torque of only about 
35 per cent for the low-head condition and about 85 per cent for 
maximum-head. These values must be corrected to the new 
reference of 130 per cent, which was the input torque to  the pump 
under normal head conditions. On this basis, the turbine out­
put varies from 27 to 60 per cent of the power input to the pump 
at normal operating head. This output would appear to  be so 
small as to be of doubtful value for a peak-load power supply. 
The trend, indicated by these examples, appears to be general,
i.e., for a given design, if the operating point as a pump is located 
at a relatively low capacity, the operating speed will be low, the
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R -IIT I

F ig . 14 C o m p l e t e  C h a r a c t e r i s t i c  D i a g r a m ,  S i n g l e - V o l u t e  P u m p ,  G r o u p  B

H-IITZ

F i g .  15 C o m p l e t e  C h a r a c t e r i s t i c  D i a g r a m ,  D o u b l e - V o l u t e  P u m p ,  G r o u p  B
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turbine capacity will be high and the runaway speed will be high; 
whereas, if the operating point is chosen at a relatively high ca­
pacity and speed, the turbine capacity and the runaway speed 
will both be comparatively low. Thus, one more factor is added 
to the complicated set of requirements involved in the choice of 
the proper unit for the given installation.

Transient Behavior. The transient behavior of a pump is a 
function not only of the pump characteristics, but also of the 
pipe-line characteristics and other hydraulic and inertia features 
of the entire installation. The prediction of transient behavior 
has been briefly discussed in one of the previous references (4). 
Figs. 16 and 17 show typical transient characteristics for the 
double-volute pump of group B. These were computed by the

F i g . 1 6  T r a n s i e n t  C h a r a c t e r i s t i c s  o f  D o u b l e - V o l u t e  P u m p , 
G r o u p  B

(Calculation for power failure when operating a t  100 per cent speed 
and norm al-head conditions.)

F i g . 1 7  T r a n s i e n t  C h a r a c t e r i s t i c s  o f  D o u b l e - V o l u t e  P u m p , 
G r o u p  B

(C alculation for power failure when operating a t 117.5 per cent speed 
and  extrem e high-head conditions.)

use of the Bergeron graphical method of water-hammer calcula­
tion (5) with the data from the laboratory for the complete pump 
characteristics.

Fig. 16 shows the performance following power failure when 
the pump has been operating at normal head and speed. Fig. 17 
gives the corresponding characteristics for the extreme high-head 
condition, with the pump operating at 118 per cent of design 
speed at the time of power failure. For both conditions, it will 
be noted that the head fluctuations are quite moderate and pre­
sent no problem. On the other hand, it is somewhat startling 
to imagine a 65,000-hp unit changing from a normal pump, op­
erating at full speed in one direction, to a turbine operating at 
runaway speed in the other direction in an elapsed time of only
26 to 28 sec. The torque curves show that the maximum shaft 
stresses increase to 40 per cent above the normal operating value. 
The runaway speeds correspond closely to those already dis­
cussed.

Fig. 16 indicates that the unit operation remains in quadrant 
IV for as much as 10 sec. This is a region of complete energy dis­

sipation, since energy is being poured into the machine through 
the deceleration of the rotating mass while, a t the same time, 
energy is being given up in the machine by the fluid flowing 
through it. Little is known about cavitation conditions in this 
region, aside from the fact that they are apparently quite serious. 
I t  is felt that quadrant IV operation offers a fruitful field for 
further investigation.

S u m m a r y  o p  R e s u l t s

Limitation of Program. Before summarizing the results, it 
should be re-emphasized that, although this investigation has 
shed some light on a few of the factors involved in the selection of 
the type and design of pump to meet particular needs of a given 
installation, the amount of information is still very meager. 
Many possibilities of casing design remain to be explored. Cavi­
tation limits are yet too empirical in character, and the possi­
bilities of obtaining more desirable performance for a given in­
stallation through changes in the impeller design are barely 
touched.

Operating Characteristics and Speed. The over-all performance 
of a pump, using a given impeller, is greatly affected by the case 
design. For a given type of case, the characteristics may be 
varied considerably by the choice of the point at which the case 
“fits” the impeller. Of the three types of cases studied, the 
double-volute type appears to give the widest high-efficiency 
range.

A well-designed impeller has a fairly wide range of speeds over 
which it will operate satisfactorily when delivering against a 
given head. A proper choice of case “fit” therefore will result in 
a unit having the desired operating speed. For a given combi­
nation of impeller and case, the head-capacity characteristics 
can be “steepened” by choosing the operating point a t a relatively 
high capacity and speed. If a head-capacity steepness greater 
than that of the basic impeller performance is desired, it can be 
obtained only by the sacrifice of efficiency, i.e., by pushing the 
operating point to a capacity out beyond the zone of maximum 
efficiency. This is equivalent to using a casing too small for the 
desired capacity.

Hydraulic Balance and Radial Thrust. Within the zone of 
maximum efficiency, the fit of the case to the impeller is usually 
satisfactory enough to produce a relatively uniform pressure dis­
tribution around the impeller discharger. Therefore, operation 
in this zone is accompanied by little or no radial thrust. Opera­
tion at higher or lower capacities distorts this uniformity and re­
sults in radial thrust. The resultant force on the impeller and 
shaft is highest for the single-volute case. The fixed-vane-diffusor 
construction greatly reduces the magnitude of the force and it is 
eliminated by a well-designed double-volute casing.

Instability. Discontinuities in the head-capacity character­
istic seem to be an inherent feature of centrifugal pumps, or at 
least of high-efficiency ones. These discontinuities probably are 
due to changes in the flow regimen, either in the impeller or case. 
They often limit the extent of the satisfactory operating range. 
The closeness with which they may be approached is presumably 
a function of the magnitude of the discontinuity.

Cavitation. Cavitation is an impeller phenomenon and is rela­
tively insensitive to casing design. However, severe unbalance 
of the pressure distribution around the impeller discharge may 
change the cavitation conditions. Cavitation usually produces 
a change in the head-capacity characteristic. In general, the 
head is lowered, but under some circumstances it seems that it 
may be first increased. Cavitation forms one of the major limi­
tations in determining the zone of satisfactory operation. If, in 
order to obtain other desirable characteristics, the operation 
point for a given impeller is chosen some distance away from 
the design point, it may be necessary to modify the eye design to
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secure satisfactory cavitation elimination. As yet, no satisfac­
tory quantitative determination of the inception or degree of 
cavitation has been developed.

Turbine Operation. In general, a centrifugal pump can be 
operated very satisfactorily as a turbine and, over a limited 
range, with an efficiency equal to the best performance as a pump. 
In special cases, it may be feasible to utilize this possibility to 
supply a peak-load power demand by reversing the flow and 
operating the pump as a turbine and the motor as a generator. 
If this is to be done, careful consideration must be given to the 
design of the unit, since the selection of the pump operating 
point determines the turbine performance as well. The condi­
tions for securing the optimum pump characteristics, turbine 
operation, and low runaway speed are usually not compatible, 
and therefore the relative value or the different elements of the 
performance must be evaluated carefully.

C o n c l u sio n

Although this study was designed to answer specific questions 
covering the selection of operating features for the pumping units 
to be installed a t the Grand Coulee project, the results obtained 
are somewhat more generally applicable than might be expected. 
I t  is anticipated that, in the future, there will be more and more 
demand for hydraulic units, both pump and turbine, the charac­
teristics of which are particularly adapted to  the installation re­
quirements, and it is felt tha t studies of the kind herein reported 
offer the most reliable means of securing the desired result.
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D evelopm ent of a M a jo r Principle in 
Pulverized-C oal F iring

By FRED L. DORNBROOK,1 MILWAUKEE, WIS.

P o s i t iv e  a v o id a n c e  o f  t h e  p l a s t i c - a s h  p h a s e  a t  a l l  s u r ­
f a c e s  b o u n d i n g  t h e  f u r n a c e  h a s  r e q u i r e d  e m p h a s i s  u p o n  
h e a t - a b s o r p t i o n  p e r f o r m a n c e  o f  f u r n a c e  s u r f a c e s .  E v o lu ­
t i o n  o f  t h e  p r e s e n t - d a y  f u r n a c e ,  w h ic h  i s  p r a c t i c a l l y  s e l f ­
c le a n in g ,  r e l i a b l e ,  o f  h i g h  e f f ic ie n c y ,  a n d  c a n  o p e r a t e  c o n ­
t i n u o u s l y  m o n t h  a f t e r  m o n t h  u n d e r  v a r i a b l e  c o n d i t i o n s  
o f  c o a l ,  lo a d ,  a n d  a t t e n d a n c e ,  i s  t r e a t e d  i n  t h e  p a p e r  f r o m  
i t s  i n c e p t i o n  i n  M ilw a u k e e  d u r i n g  1918 t o  t h e  p r e s e n t  n e w  
i n s t a l l a t i o n s  o f  t h e  a u t h o r ’s c o m p a n y .

range, the furnace must absorb
HOOF

or 48 per cent of the total
2900 F

net absorption to lower the furnace exit temperature below the 
ash-softening temperature. Actually over 50 per cent should be

THE following 20-year-old conclusions, concerning the “slag­
ging” problem and furnace heat absorption, constitute a 
basic principle in pulverized-coal firing, and also furnish 

the theme for this paper:
“If the refuse is to be removed easily, the bottom of the furnace 

must be kept below the temperature at which ash becomes 
sticky.”

“A better way of keeping the furnace tem perature..................
slightly below that of the running s la g ..................is to expose a
large amount of boiler heating surface to radiation from the 
furnace.”

These statements were made in a bulletin2 which covered an 
investigation of powdered coal as fuel at the Oneida Street Sta­
tion in Milwaukee (now called East Wells Street Station), where 
experimental work had been carried on for some months.

A major problem in burning pulverized coal concerns the in­
combustible portion of the coal, namely, the ash. If the ash 
could be removed from the coal before firing, an enormous simpli­
fication of the combustion process would occur. Almost every 
element in the boiler plant would be affected favorably. Thus a 
minor constituent of coal requires the major attention of the 
designer and operator.

T h e  F u r n a c e  T e m p e r a t u r e  S c a l e

Fig. 2 was prepared to show graphically the general conclusion 
that the ash problem dictates that over 50 per cent of the total 
heat absorption must occur in many furnaces of modern design 
if ash-slagging problems are to be avoided.

In an all-brick furnace, having no heat-absorbing surface, a 
theoretical temperature of 3700 F would be reached. This 
assumes 16 per cent CO2 (15 per cent excess air) and 600 F pre­
heated air. This temperature is 1400 F above the 2300 F ash- 
softening temperature of average Pennsylvania coal.

The flue gas or products of combustion must be cooled from 
3700 F to 800 F by the water and steam surfaces before entering 
the air heater. This is a total of 2900 F  of cooling and, since the 
specific heat of the gases varies only slightly over the temperature

1 Chief Engineer of Power Plants, Wisconsin Electric Power Com­
pany. Mem. A.S.M.E.

2 “An Investigation of Powdered Coal as Fuel for Power-Plant 
Boilers,” by H. Kreisinger, John Blizard, C. E. Augustine, and B. J. 
Cross, U. S. Bureau of Mines, Bulletin No. 223, 1923.

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, 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 : Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society.

F i g . 1 H i s t o r i c  P u l v e r i z e d - F u e l  B o i l e r s

(Tests of boiler No. 5, in foreground, were subject of B ureau of Mines 
B u lletin .2)

F i g . 2  F u r n a c e - T e m p e r a t u r e  S c a l e

(Showing th a t  over one half of h e a t absorption of m odern boiler units m ust 
occur in  furnace if ash-softening tem peratures are no t to  be exceeded a t 

boiler entrance.)

261
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-------O neida S t.-----
W ithou t W ith

w ater w ater
Item  screen screen

1 F irs t operated, y e a r ...................................................... 1918 1920
2 S team  o u tp u t (design max) lb per h r .................... 18000 23000
3 H eat inpu t, million B tu  per h r ................................  24 .1  31 .2
4 CO2 a t  boiler ou tle t, per c e n t...................................  14 15
5 Efficiency, over-all, per c e n t....................................... 7 9 .7  78 .8

H eat-absorbing surface, sq f t:
6 Boiler, convection su rface ..........................................  4680 4680
7 Furnace, rad ian t surface0 ........................................... 101 171.0
8 Econom izer, convection surface ............................... 0 0
9 Air heater, convection surface ..................................  0 0

10 Furnace volume, cu f t .................................................  1608 1463
11 B tu  released per hr per sq f t  of furnace surface®. . 238000 182000
12 B tu  released per h r per cu f t  of furnace v o lu m e .. .  15000 21300
13 Average ash-fushion tem perature, F ................... .. 2300 2300
14 Average furnace tem pera tu re  (calculated maxi­

m um  o u tp u t) , F ........................................................  2350 2350

Commerce St., 
boiler No. 25 

1941 (scheduled) 
375000 

470 
15 

86.1

13057 17650 23640 44087 13500 24000
618 1324 5338 9748 4609 6391

7603 14256 0 0 0 0
0 0 23640 121000 52300 66500

6450 11650 29780 61300 19951 30500
178000 138000 80500 91500 70500 73500

17000 15700 17800 14500 16300 15400
2150 2150 2150 2250 2250

2100 2100 2000 2100 1950 2000

0 Includes projected surface of boiler tubes and  superheater surfaces corrected to  equivalent w ater surfaces.

TA B LE 1 T R E N D S  O F FU R N A C E  H E A T  A B SO R PTIO N  IN  M IL W A U K E E  B O IL E R  U N IT S  
(Showing reduction of furnace exit tem peratures, in spite of larger sizes, by  greater furnace heat absorption)

—Lakeside—
Boiler P o rt
room W ash­ E ast

Boiler Boiler No. 3, ington, Wells St.,
room room boiler boiler boiler
No. 1 No. 2 No. 19 No. 1 No. 16

1920 1923 1928 1935 1938
80000 131200 300000 690000 225000
110.0 183.5 430 890 326

13 15.5 14.5 14.25 14.8
87 .5 88.8 85 .7 86.0 85.3

provided to have some margin to cope with operating conditions 
and contingencies.

This example indicates that low excess air and high temperature 
of air preheating require greater heat absorption in the furnace, 
if ash problems are to be avoided. Air preheaters are being used 
in many plants in place of economizers since higher steam pres­
sures are causing more extensive use of extracted steam to heat 
feedwater. The heat absorbed in the air heater will raise the 
furnace temperature unless the designer has provided for in­
creasing heat absorption in the furnace.

Larger steaming capacities of boilers naturally have placed 
emphasis on the ash problem because the furnace heat-absorption 
area does not increase as rapidly as does the furnace volume when 
boiler outputs are increased. Doubling of furnace dimensions 
normally increases furnace volume 8 times but available water- or 
steam-wall area is increased only 4 times. Thus larger boiler 
units tend to have hotter furnaces unless the volumetric rate of 
combustion is decreased proportionately.

M i l w a u k e e  E x p e r ie n c e s

Table 1 summarizes Milwaukee experience in this regard, 
starting with the small Oneida Street units, including the large 
Port Washington boiler unit, and ending with the Commerce 
Street installation now under construction. I t  shows:

1 The large increase in size of boiler units. Port Washington 
output is 30 times that of Oneida Street units. (See item 2 of 
Table 1.)

2 Retention of low furnace temperatures to a point below 
ash-softening temperature. (See item 14.)

3 Decrease of excess air, increase of air preheat, more furnace 
cooling, and uniformity of Btu per cu ft per hr heat release.

4 Decrease of Btu release per hr per sq ft of furnace heat- 
absorbing surface to about l/« of early practice.

Comparison of items 13 and 14, Table 1, will show that, at 
maximum rated output, the furnace exit temperatures of the 
Lakeside units are about 50 F below ash-fusion temperatures. 
Since these units serve topping turbines and normally operate at 
83 per cent of maximum rated output, it can be said that extensive 
experience with these four large units urges that furnace exit 
temperatures be limited to 200 F below ash-softening tempera­
ture, for normal operation.

Ever since Lakeside fuel changed in 1934 from Pennsylvania 
and West Virginia coal to southern Illinois coal, experience with 
this matter of maintaining a margin against slagging of boiler 
inlet tubes has been accumulated. Excess air required slight in­
creases, cleaning methods were studied and, in general, operation

Jf i g . 3  E v o l u t i o n  o f  F u r n a c e  C o o l i n g  o f  M i l w a u k e e  B o i l e r

U n i t s

(Showing relative size, ex ten t of brickwork, and “ cold” surfaces [in blackj, 
and  illustra ting  definite trend  tow ard greater furnace heat absorption.)

had to be more carefully conducted in order to sustain load- 
carrying reliability. The more recent installations in subsequent 
stations have been provided with a greater margin before trouble­
some slagging can occur.

The “furnace exit temperature” at Lakeside and in subsequent 
stations is actually about 200 F above the boiler inlet tempera­
tures and is measured by high-velocity thermocouples. Calcula­
tions are made for this furnace exit temperature at the location 
where the gases enter the triangular portion above the arch level 
Fig. 3, in order to correlate the calculated heat-transfer rates with 
an extensive experience of radiant superheater transfer rates. 
When it is borne in mind that gases are reduced about 200 F in 
this triangular section, one realizes from Lakeside experience that 
boiler-inlet-gas temperatures 200 to 300 F below ash-softening 
temperatures afford scant margin against first-pass clogging.

H is t o b y  o f  M il w a u k e e  I n s t a l l a t io n s  

The original experiments at Oneida Street were conducted on a 
4680-sq ft water-tube boiler in 1918. The management of The
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Milwaukee Electric Railway and Light Company (now Wisconsin 
Electric Power Company) encouraged the application of pul- '  
verized coal to this boiler. They considered it a good business 
risk to place the boiler at the disposal of the operating crew for 
experimental purposes feeling that, even under these conditions, 
the boiler would be available when needed. Almost endless ex­
periments and tests were made before a furnace of the proper 
design was developed; in fact, one furnace was rebuilt five times 
before obtaining a satisfactory shape and volume.

The water screen played an important role in arriving at an 
acceptable furnace performance in this original pulverized-coal 
unit. To quote the Bureau of Mines Bulletin:2 “The first 16 
tests showed the impossibility of running the furnace with low 
excess air without the ash fusing at the bottom of the furnace. 
Consequently experiments were made with a water coil or screen 
to cool the bottom of the furnace. This coil, by partly screening 
the bottom from the radiation of the flame and by absorbing 
radiation from the bottom, kept the temperature of the bottom 
below that of the fusion point of the ash. Screen No. 5 in Fig.
13 was most effective in preventing troublesome slag a t high 
rates of combustion and with low excess air.”

L a k e s id e  S t a t io n

At Lakeside, where the second application of dry-ash furnaces 
was made, the slag problem was largely overcome by the installa­
tion of so-called water screens in all furnaces. These screens were 
connected into the circulating system of the boiler by means of 
vertical risers. I t  was in this installation, too, that a radical de­
parture from the convection type of superheater was attempted 
through the introduction of the then new radiant-heat-absorbing 
superheater. In 1923, John Anderson, in a technical report3 on 
the subject stated: “In view of the keen interest manifested 
toward the furnace problem, the advent of this type of super­
heater on a commercial scale happens at an opportune time. It 
seems to be the consensus of opinion of many of the foremost 
power-plant engineers that the ultimate solution of the present 
furnace problems will be in steam- or water-cooled furnace walls. 
The installation of the water screen and the radiant-heat super­
heater seems to confirm the existence of a tendency toward steam- 
and water-cooled furnace walls.”

It is natural that the developments in the first two of Lake­
side’s boiler rooms should become part of the design for its third 
boiler room. I t  is here that Lakeside’s four 1300-lb boilers are 
located. Dry-ash furnaces with radiant superheating surfaces 
were again the order. Each of the four high-pressure boilers 
serves a topping turbine of 7700-kw capacity, all of which exhaust 
at constant pressure to the plant’s 300-lb header after the steam 
passes through reheaters, located within the individual boilers.

The temperature of steam exhausting from the topping turbine 
increases with decreasing load, thereby requiring a reheater of 
convection characteristics to obtain a uniform outlet tempera­
ture over the operating load range. As a result, radiant reheating 
is not required. Radiant superheating surfaces, however, are 
used in the side walls of these furnaces with waterwall surfaces 
in front and rear.

P o r t  W a s h in g t o n  S t a t io n

In the Port Washington boiler, which is the largest on the 
Milwaukee system, the opportunity existed for using a radiant

3 “The Use of Pulverized Coal Under Central Station Boilers,” 
by John Anderson. Paper presented before the Technical League of 
the Employes M utual Benefit Association, The Milwaukee Electric 
Railway & Light Company, Milwaukee, Wis., February, 1920. Be­
cause of its historic value in the a rt of combustion, this paper has 
been reprinted by the Combustion Engineering Company, Inc., New 
York, N. Y.

F i g . 4  C l e a n l i n e s s  i n  S p i t e  o f  L a k g e  O u t p u t  
(W ith an  o u tp u t of 690,000 lb per hr, th e  P o rt W ashington u n it does not 
cause slagging troubles because of adequate  heat-absorbing  area. T he con­
d ition  of the  furnace w ithout cleaning, a fte r a  6-m onths’ continuous run  a t 

norm al o u tp u t of 465,000 lb per h r, is shown herew ith.)

reheater surface advantageously. This resulted from a combina­
tion of uniform throttle steam temperature over a wide load 
range and compound-turbine operation. The upward steam- 
temperature trend of the radiant surface at lower loads fits well 
with the lowered outlet steam temperature from the high-pres- 
sure section of the turbine, thereby permitting the maintenance 
of a uniform reheater outlet temperature over the same wide 
load range. Incidentally, this inherent control of reheated-steam 
temperature has aided materially in maintaining high thermal 
efficiency in the plant month after month. The placing of the 
steam-cooled surface in the furnace wall has not only aided in 
retaining the desired low furnace temperature but has also re­
sulted in a gain to the plant in thermal efficiency.

As steam pressures increase, reheating becomes more necessary 
to the economical operation of the steam cycle. This influence, 
together with the trend toward higher steam temperatures directs 
attention toward radiant steam surfaces, because they become 
increasingly more important as superheating and reheating 
mediums. The low-temperature furnace with its greater wall 
areas permits installation of radiant superheating and reheating 
surfaces and thus points the way toward further progress in the 
art of steam-power generation.

F u e l  V e r s a t i l it y  a n d  R e l i a b i l i t y

The ability to change from one coal to another to permit econo­
mies in the purchase of coal when price differentials change has 
long been a goal sought by boiler-plant owners. A versatile fur­
nace which is not affected by a change in the constituents of coal, 
such as occurs when changing from a so-called high-grade coal 
to a low-grade coal, is of inestimable value. At Lakeside, for 
instance, the coal situation changed decidedly and rather sud­
denly during the depression. Eastern coal had been the most 
economical, but when midwestern operators began producing 
coal in large quantities and offering it at attractive prices, the 
economic picture changed. Tests in Lakeside’s furnaces indicated
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F i g . 5  R e l i a b l e  A s h  R e m o v a l

(A m ethod th a t  does no t require any  particu lar boiler-loading schedule nor reduce boiler-unit availab ility  is shown. See Fig. 6 for outline of this me­
chanical hoe and  furnace hopper bottom .)

that the new coal could be burned without difficulty and without 
undue added costs. On the basis of the tests, the change was 
made in 1934. Since that time, Lakeside has made appreciable 
annual savings, even after allowing for increased costs incurred 
by the poorer quality of the coal (ash disposal, etc.). This is 
tangible evidence of the value of a versatile furnace.

Reliability is an important factor in producing low over-all 
costs and its value cannot be overemphasized. The four high- 
pressure boilers at Lakeside have an availability record of 94.2 
per cent over a 9-year period in spite of an average of 15 stops 
and starts per month. The Port Washington boiler has operated 
at an availability of 93.9 per cent over a 4.1-year period, Table 2.

T A B LE 2 A V A IL A B IL IT IE S  OF F IV E  1300-LB B O IL E R  U N IT S  FO R  
SE V ER A L Y EA R S

(A to ta l of 40 boiler years’ experience a t  an  average availab ility  of 94 per cent 
a tte s ts  to  the  po in t th a t  m oderate furnace tem peratu res are conducive to 

high reliability)
I

Y ear
L-akeside, average of 
4 boilers, per cent

P o rt W ashington, 
1 boiler, per cent

1931 92 .0
1932 93 .8
1933 97 .6
1934 94 .0
1935 95 .3 io6«
1936 93 .0 91 .1
1937 95 .0 93 .0
1938 93 .0 97 .5
1939 93.9 93 .4
Average (weighted) 94 .2 93 .9

a S ta rted  N ovem ber 22, 1935.

These reliability records have been obtained on boilers having 
moderate furnace temperatures.

E f f ic ie n c y  A s p e c t s

Consistently holding to optimum efficiency conditions for the 
many different operating situations experienced in typical plant 
routine is possible with the type of furnace under discussion. 
Change of coal, unusually high or low load, disability of a portion 
of auxiliaries which affect the furnace, or trouble with regulating 
superheat temperature, and several other situations that can 
cause expenditure of extra fuel with less versatile furnaces, affect 
the dry-ash furnace comparatively little. With favorable burners 
and proper air admission, combustion at low ratings is stable and 
efficient.

While it may be possible to operate a hotter furnace during 
many of the conditions mentioned without sacrifice of economy, 
provided special attention is given, it is usually necessary to 
compromise for the sake of reliability. When a boiler unit is 
needed definitely for daily peak loads, its operators will not take 
a chance of rendering it unavailable for the peak. A positive 
margin against clogging the first pass of boiler tubes, for instance,

F i g . 6  A  R e c e n t  D e s i g n

(This E ast Wells S treet, 650-psi, 225,000-lb per h r boiler u n it employs more 
liberal furnace cooling th an  any  of its  predecessors.)
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must be provided continuously. Many boiler troubles are 
cumulative and, once they start, are difficult to  arrest unless 
load can be reduced.

I t  is not what a boiler unit can do under special test, but what 
its operators actually get from it over a period of several years 
that is the criterion of boiler-unit efficiency. From available 
data, there appears substantiation of the premise tha t dry-ash 
furnaces are conducive to high sustained efficiency.

L o n g - T i m e  M a in t e n a n c e  A s p e c t s

It appears probable that furnace-maintenance costs increase in 
proportion to furnace temperatures, even when brickwork de­
terioration is disregarded. I t  has been found by experience that 
long-time service in furnace duty will cause maintenance which 
would not be anticipated even upon careful inspection after a 
year of operation.

When steel absorbs heat a t the rate of 50,000 Btu per sq f t per 
hr, there is a 200-F temperature difference per in. of thickness 
perpendicular to the plane of absorption. This causes stresses 
of considerable magnitude. When this occurs, a t least in the case 
of integral extended surfaces, minute cracks may start in a year 
or two, and then tenaciously travel without limit, even into the 
inside of the tube itself. Steel a t high rates of heat transfer be­
haves like masonry at low temperatures; short-time service is no 
guarantee against long-time freedom from destructive cracking.

If several furnace tubes fail on different occasions from the 
same trouble, then all similarly affected tubes, even those de­
teriorated to a much lesser degree, must be replaced. Less drastic 
maintenance was possible in the days of many small boiler units 
serving one turbine, but present-day practice requires tha t boiler 
units be kept at peak reliability a t all times. Cases are known 
where forced outage of one boiler caused prompt outage of other 
boilers operating in parallel because the assumption of the high 
load caused similar trouble. Operators, who have experienced the 
distress of troubles that become cumulative, thereafter try  hard 
to avoid their cause.

D r y - B o t t o m  V e r s u s  D r t -A s h  F u r n a c e s

There is a  difference between a dry-bottom furnace and a dry- 
ash furnace. Dry-bottom furnaces have experienced serious fall­
ing of enormous accumulations of dense slag from upper parts of 
the furnace onto screen tubes or floor tubes. The dry-ash furnace 
permits of no destructive nor outage-provoking accumulations 
at any point, not even on brickwork. Attachment of ash is so 
fragile that the light honeycomb deposits fall when reaching a 
few pounds weight.

S u p e r h e a t - T e m p e r a t u r e  C o n t r o l

Variations in ash deposits will present a problem of steam- 
temperature control in boiler units of the future, where heat ab­
sorbed by superheating surfaces may exceed 50 per cent of the 
total heat absorbed by the entire unit. The dry-ash furnace is 
not entirely free from ash deposit but the variations in ash de­
posit will not cause a severe problem in control of superheat 
temperature.

E c o n o m ic s  o f  F u r n a c e s

Wet-ash furnaces are chosen frequently because of minimum 
installation costs. Space limitations often require the use of 
small furnaces; in fact, many have been installed between the 
same building columns used for older units of less output.

Boiler-unit reliability has a decided bearing upon total invest­
ment costs and operating costs. Savings due to furnace size are 
lost if the design lacks reliability and requires more spare boiler 
units. I t  is felt tha t too much emphasis cannot be placed upon 
reliability.

C o n c l u s io n s

This paper shows how the present-day furnace in Milwaukee 
has been evolved from the original pulverized-fuel furnace in 
1918, and traces the development of a major principle in pulver­
ized-fuel firing.

In  order to prevent ash from sticking to the inside surfaces of 
any furnace, these surfaces must be designed to cool properly 
the ash below its plastic state.

Experiences and data are presented indicating that a practical 
solution of the so-called “slagging problem” consists of designing 
boiler furnaces for such appreciable heat absorption that gases 
are approximately 200 F below ash-softening temperatures when 
entering the first rows of boiler tubes.

Discussion
J. M. D r a b e l l e . 4 The Milwaukee Electric Railway and 

Light Company and the late John Anderson are two names which 
will always be inseparably linked together in the commercial de­
velopment and use of pulverized-coal firing in large power boilers 
in this country.

The fundamental principles established by that company and 
by Mr. Anderson are as applicable today as when they were es­
tablished. Making use of such principles, the topping unit a t the 
Cedar Rapids Power Station of the Iowa Electric Light and 
Power Company is of interest.

The boiler has a nominal maximum rating of 300,000 lb of 
steam per hr a t a temperature of 750 F  and a pressure of 750 psi 
gage. The coal fired is from the Illinois strip-mine fields and has a 
heating value of 10,100 Btu, moisture content 18.3 per cent, an 
ash content of 10 per cent, and a sulphur content of 2.9 per cent, 
the ash having a fusion point of approximately 1900 to 2000 F.

The boiler unit and waterwalls were furnished by the Spring­
field Boiler Company, Springfield, 111. The furnace is unique in 
that it is divided into two sections separated by a vertical water- 
wall in the center. This wall is of the open type and is made up 
of two banks of tubes, one bank each per furnace section. The 
total water surface of the sidewalls of the furnace based on 
projected area is 4315 sq ft. The total water surface facing the 
fire, including the first row of boiler tubes and the V-bottom ash­
pit tubes, is 4810 sq ft. The total cubic volume of the two fur­
naces is 15,385 cu ft. Including the V-bottom ashpit section, 
the total is 16,125 cu ft.

The principal dimensions of each section of the furnace are 
width 12 ft 8 in.; depth 19 ft 6 in.; height, from upper section of 
V-bottom ash section to first row of steam-generating tubes of the 
boiler, 31 ft 9 in.

The performance of this furnace with pulverized coal has thor­
oughly proved the accuracy of the author’s conclusions, i.e., heat- 
absorbing surface is so arranged as to avoid hot-gas-flow sections 
entering the tube bank of the boiler with consequent fouling, 
bridging, and other difficulties typical of some furnaces.

Each section of the furnace a t the nominal rating of the boiler 
is fired by two pulverized-coal burners handling 9.2 tons of coal 
per hr per furnace section. There have been no troublesome de­
posits of any kind; such deposits as have appeared on the side­
wall tube bank are of the light, fragile, honeycomb type as de­
scribed by the author. There has been absolutely no objection­
able smoke or other troubles due to this comparatively cold fur­
nace.

J .  B. J o h n s o n .5 From the viewpoint of the inspecting engi-

* Consulting Engineer, Iowa Electric Light and Power Company, 
Cedar Rapids, la.

6 Engineer, The Travelers, Milwaukee, Wis.
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neer, it can be mentioned tha t there is another factor affect­
ing the economy of operation of boiler units of the type de­
scribed by the author. Observation over a period of years has 
developed the conclusion that a distinct reduction in time of 
outage, either scheduled or forced, is obtained by dry-ash-furnace 
operation. The limiting factor for cooling speed under fan con­
trol has been found to consist almost entirely of an hourly tem­
perature drop that is not so great as to be unfavorable to the tube 
joints in the drum.

Access to the interior of the furnace and boiler passes being 
appreciably hastened by this factor, it is evident tha t the avail­
ability percentage is less affected by the outages for inspection 
and maintenance, whether scheduled or otherwise.

There is still another item on the favorable side from the stand­
point of the inspecting engineer. At the most, there is a light 
“whisker ash” which is easily removed, and the bare surfaces are 
exposed for easy and rapid examination. This again means a 
saving in outage time and, not only can the inspections be made 
more rapidly, but their quality is enhanced.

In these days when the color of the metal surfaces has a dis­
tinctive message for the inspection engineer, a rapid method of 
securing a clean surface is indeed appreciated. In the case of the 
dry-ash furnace, all tha t is required to secure a truly bare sur­
face is a light water wash, atomized with compressed air.

Summing up, it can be stated that this type of furnace has in­
herent advantages favoring the availability percentage, due to a 
decrease in time for cooling the furnace, resulting in quicker at­
tainment of temperatures at which inspection and maintenance 
operations may be conducted with less time and labor being re­
quired for making ready for these operations.

A u t h o r ’s  C l o s u r e

Use of a dividing wall in the furnace reported by Mr. Drabelle, 
in order to cool it sufficiently for trouble-free operation with 
unusually poor coal, is certainly of interest and of significance.

Mr. Johnson’s appropriate remarks suggest that better in­
spection possible with the dry-ash furnace assists in realization 
of higher reliability.



Steam  Locom otives— N otes on Ages and  
P roportions, W ith  Suggestions 

for Im provem ents
B y  J. L. RYAN,1 SPRINGFIELD, MO.

L oco m o tiv es are o f te n  b u ilt  a n d  m a in ta in e d  in  k in d  for  
th e ir  service life , ren ew a l p a r ts  b e in g  m a d e  a cco rd in g  to  
th e ir  o r ig in a l d e s ig n , w h erea s a t  b u t  l i t t le  i f  a n y  a d d itio n a l  
co st, th e y  m ig h t  be ren ew ed  t o  m o d ern  d e s ig n  a n d  prop or­
tio n s . In  th is  paper th e  a u th o r  d isc u s se s  th e  h ig h  p er­
cen ta g e  o f  t h e  t o ta l  n u m b e r  o f  s te a m  lo c o m o tiv e s  h a v in g  
road a s s ig n m e n t  w h ic h  d o  n o t  ha v e  m o d ern  p ro p o r tio n s  
a n d  w h ic h  w ill b e  c o n t in u e d  in  serv ice  fo r  m a n y  yea rs . 
T h is  s itu a t io n  lea d s to  th e  su g g e s t io n  t h a t  in crea sed  
c a p a c ity  a n d  e co n o m y  m a y  be b u ilt  in to  th e m  a t  s lig h t  
a d d itio n a l exp en se  b y  fo llo w in g  th e  p ra c tice  o f  m a k in g  
required  m a in te n a n c e  r en ew a ls a cco rd in g  t o  m o d ern  p ro ­
p o r tio n s , w ith  p a r ticu la r  e m p h a s is  o n  a d e q u a te  s te a m  
sp ace, in crea sed  g as area  th r o u g h  th e  b o iler , a  h ig h  d egree  
o f  su p erh ea t, a n d  valve e v e n ts  for  sp eed  a n d  c a p a c ity .

THE demand for faster service, longer runs, and high 
mileage on the railroads has left almost all of them with 
many locomotives on their hands which are not adapted 

to meet such requirements. In other words, the horsepower de­
mand cannot be met. Many of these locomotives may be im­
proved for faster and more sustained service by making changes 
which will not incur a great deal of expense.

From month to month one may see, in publications concerned 
with railway transportation, articles giving the proportions and 
design features of locomotives tha t are being delivered to some 
railway. If the reader is not something of a student of the 
motive-power field, he may come to the conclusion that the rail­
ways are being well stocked with new locomotives. This, how­
ever, is far from being true. In fact, time passes so rapidly, 
making obsolete locomotives which we are inclined to consider 
as modern, that those of us concerned with motive-power prob­
lems may well be startled by the actual conditions when making 
compilations of the locomotives handling our transportation 
services, their ages, proportions, and construction.

D e g r e e  o p  O b s o l e s c e n c e  o p  N a t io n ’s  M o t iv e  P o w e r

In attempting to approximate the extent to which our road- 
service steam motive power may be considered modern, the author 
uses as an example the locomotives of his employer, which is 
considered an average-size railway. Out of an ownership of 610 
locomotives, 425 or 70 per cent are assigned to road service. In 
view of the speeding up of freight and passenger schedules, the 
horsepower rating of locomotives is a better yardstick to apply 
than the rated tractive effort which is so frequently used. Thus, 
using Cole’s values for cylinder-horsepower rating for locomotives 
built prior to 1920, and the railway company’s test results for 
those built in 1920 and later, the 425 locomotives having road

1 Mechanical Engineer, St. Louis-San Francisco Railway Company.
Contributed by the Railroad Division and presented at the Semi- 

Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of T h e  A m e r i­
can S o ciety  o f M ec h an ical  E n g in e e r s .

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

assignment have a rating of 1,096,100 hp, an average of 2579 
hp each. Table 1 indicates the periods in which certain of these 
locomotives have been built.

T A B LE 1 P E R IO D  O F B U IL D IN G  L O C O M O T IV ES O F T H E  
ST. LOUIS-SAN FR A N C ISC O  RA ILW A Y

H orsepower Percentage
ra ting  of to ta l

1935 and la te r .........................................................  132700 12.0
1930 and la te r ......................................................... 220700 20 .0
1923 and  la te r ......................................................... 543200 49 .5
1919 (U.S.R.A.) and la te r .................................. 623500 56 .7

Of the locomotives producing 220,700 hp built or rebuilt in 
1930 and later, only 132,700 hp, or 12 per cent of the total con­
sidered, fully meet the transportation department’s operating 
requirements and have the desired proportions for economy of 
operation and maintenance. There are 31 locomotives included 
in this 12 per cent, having an average rating of 4300 hp. Nu­
merically, these locomotives are 7.3 per cent of the total having 
road-service assignment.

Now considering the railroads as a whole, we find that, in 
1939, reports2 were filed for 45,965 steam locomotives. Should 
the road-service ratio of 70 per cent be applied to the 45,965 
steam locomotives reported in order to arrive at the approximate 
number having road assignment, we would have a total of 32,175.

The record3 of purchases of steam locomotives for service in 
the United States, 1934 to 1939, inclusive, is given in Table 2.

T A B LE 2 LO C O M O T IV E PU R C H A S E S; 1934-1939
C onstruction /—-----------------Service-
orders placed Road Yard

1934 63 9
1935 17 11
1930 349 84
1937 149 27
1938 33 2
1939 88 2

T o tal 699 135

Numerically the 699 steam locomotives listed in Table 2, purchased 
for road service, constitute only 2.2 per cent of the 32,175 steam 
locomotives considered as having assignment to this service. 
These new locomotives have approximately double the rated 
horsepower capacity of the average of the total and accumulate 
mileage at rates 2 to 3 times that of the average. On this basis, 
they should account for 10 to 15 per cent of the transportation 
movement. This leaves 85 to 90 per cent of the movement being 
handled by locomotives built prior to 1934. A number of the 
freight locomotives, built in the period 1928 to 1931, were pro­
portioned to meet present operating requirements; the majority, 
however, while having good boiler proportions and good steam

2 Twenty-Eighth Annual Report of the Chief Inspector, Bureau of 
Locomotive Inspection, Interstate Commerce Commission, U. S. 
Department of Commerce, Washington, D. C., 1939.

8 “Locomotive Purchases by American Railroads,” Annual Statisti­
cal issues of Railway Age, vol. 98, 1935, p. 155; vol. 100, 1936, p. 71; 
vol. 102, 1937, p. 70; vol. 104, 1938, p. 76; vol. 106, 1939, p. 79; 
January 6, 1940, p. 78.
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distribution, continued with wheel diameters which are a handi­
cap today.

Returning to the figures on the locomotive ownership of the 
author’s employer, it will be observed that, of the 1,096,100 
rated horsepower, representing the total capacity of the 425 
locomotives assigned to road service, locomotives having 12 per 
cent of the rated total are considered modern, while locomotives 
accounting for 44.7 per cent of the rated total were built commenc­
ing with the U.S.R.A. period and from then on to the time when 
those having modern operating proportions were constructed. 
With the groups of locomotives in mind which will fall within 
the period of construction of the 44.7 per cent mentioned, it is 
suggested that studies similar to the following be undertaken 
with the object of making maintenance replacements as nearly 
according to modern proportions as possible in preference to the 
“as-built” proportions. Regardless of our opinions with respect 
to the economical retirement age of equipment, these locomotives 
will, in all probability, be continued in service for many years.

In some instances at no additional cost, and in many instances 
at a nominal additional cost, distinct improvements may be 
effected in the capacity and economy of locomotives by the re- 
proportioning of parts which are subject to renewal from time 
to time through the routine of maintenance.

B o i l e r  P r o p o r t io n s  W h i c h  S h o u l d  B e  E x a m in e d

The boiler is an excellent starting point when reviewing the 
design and proportions of a locomotive for possible improvement.

Many of the boilers designed in the days of drag service have 
inadequate steam space for the high steam-release rate obtained 
under present operating conditions. When a new firebox is 
applied, this condition can be readily corrected. The lowering 
of the crown sheet 3 in. will increase the volume of the steam 
space 20 to 25 per cent. This is frequently sufficient to transform 
a poor water-carrying boiler into a good performer. When this 
is effected, the results are:

(а) Better performance on line of road;
(б) Higher superheat temperature;
(c) Reduction in maintenance of valves, pistons, and super­

heater units.

Locomotives, designed for operation on heavy-grade lines and 
having permanent reassignment where only light-grade lines are 
encountered, should be checked for the lowest reading of the 
water glass relative to the highest point of the crown sheet and 
for the visible length of the water glass used. A gain of 15 to 20 
per cent in steam space is a t times possible by a slight lowering 
of the water glass and reduction in its visible length, maintaining 
the same degree of safety in operation on the light-grade line as 
prevailed on the heavy-grade line for which the locomotives were 
built.

The gas area through the barrel of the boiler is one of the all- 
important details which should be checked in order to provide

the maximum attainable. In the design of locomotives con­
structed in the period 1919 to 1930, some railroads incorporated 
practices in the spacing of tubes which today are recognized as 
not being consistent with spacing that may be followed with good 
results, water treatment and welded flues effecting this permis­
sible change.

A case in point was the building some years ago of 50 type- 
2-8-2 locomotives by a certain railroad, following in detail the 
boiler dimensions of the U.S.R.A. 2-8-2 B, except for the layout 
of the tube sheets. The latter type had 45 flues 5lA in. in diam, 
and 247 tubes 21/ i in. in diam. The 50 locomotives of the 2-8-2 
type mentioned have 45 flues 5Vs in. in diam and 219 tubes 2 '/i 
in. in diam.

A kindred condition can also be found in the proportioning of 
some boilers having combustion chambers with the water space 
around the chambers greater than is now required for good 
practice. The area of the back tube sheet is generally the limit­
ing factor in the tube application to these locomotives. A reduc­
tion of the water space around the combustion chamber when 
applying a new firebox could be capitalized upon through the 
application of additional boiler tubes.

B o i l e r - T u b e -S h e e t  L a y o u t  a n d  S u p e r h e a t

With the results at hand on the improved cylinder performance 
of modern and semimodem locomotives, a high percentage of 
which is attributable to steam-chest temperatures of 700 to 
750 F, when we apply new tube sheets in the course of mainte­
nance, the reproportioning of the tube layout to provide high 
steam-chest temperatures offers an excellent opportunity for 
increased capacity and economy.

The tube-sheet layout of the U.S.R.A. locomotives is propor­
tioned so that the 5V2-inch flues will have a flue-gas area of 45 
to 46 per cent of the total gas area through the boiler. Such a 
proportion with the type-A superheater gives a steam tempera­
ture approximately 100 F below that desired in today’s operation.

Table 3 shows the tube-and-flue application with resulting 
proportions for the U.S.R.A. 2-8-2 B locomotive as built, as 
well as a number of possible applications without requiring any 
change in the crown height or water space around the combus­
tion chamber. The order of application to attain increased ca­
pacity, as well as for fuel economy, would be as follows:

1 Type-E superheater.
2 A 6 X 9 layout of 5Vrin. flues with the application of 

HA superheater units or their equivalent.
3 A 6 X 10 layout of 5Va-in. flues, with the top comer 

flues omitted; application of 58 type-A superheater units.

Increasing the capacity of the superheater effects a material 
gain in addition to that of reducing the steam rate per unit of 
work, since the increased number of units reduces the pressure 
drop, which a t a high work rate is equivalent to a substantial 
increase in the boiler pressure.

T A B L E  3 PO SSIB LE T U B E  A N D  F L U E  A PP L IC A T IO N S  ON  U.S.R.A. 2-8-2 B T Y P E  LO C O M O T IV E W IT H O U T  C H A N G E  IN  D IM E N ­
SIO N S O F B A C K  T U B E  S H E E T

Superheater ty p e ............................................................................................................................... A equivalent A E
Superheater flue la y o u t................................................................................................................... 5 X 9 (As built) 6 X 9 6 X 10
D istance over tu b e  sheets, f t ........................................................................................................  19 19 19 18
N um ber of 6 l/+ in .  flues.................................................................................................................. 45 54 58 201-3*/t
N um ber of 2y«-in. tu b e s ................................................................................................................  247 217 196 62-21A
V ertioal p itch  of 5l/*-in. flues, in .................................................................................................  61/* 6V* 6i/s 4 .2 2  (M eanpitch)
P itch  of 2V4-in. tubes, in ................................................................................................................  3 2«/i* 2i«/w 3
H eating  surface of flues, sq f t ......................................................................................................  1226 1471 1580 3298
H eating  surface of tubes, sq f t ..................................................................................................... 2752 2418 2184 697
T o ta l heating  surface, tubes and flues, sq f t ........................................................................... 3978 3889 3764 3995
Superheater h eating  surface, sq f t ..............................................................................................  693 1742 1280 1920
S team  area  through  superheater, sq in .....................................................................................  51 .3 61 .6 66.1 71.92
N et gas area  th rough boiler, sq  in ..............................................................................................  1414 1447 1438 1427
N et gas area th rough 5Vi*in. flues, per c e n t..........................................................................  45.1 52.9 57.2
A pproxim ate tem peratu re  range of steam  in  branch pipe, deg F  a t  high work ra te  630-640 HA 710-730 700-720 710-730
M axim um  evaporation, tubes and  flues (Cole's v a lues)....................................................  37984 37125 36175 39320
M axim um  evaporation, including firebox heating  surface (Cole’s va lues).................. 54809 54010 53060 56205
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TABLE 4 EXAMPLES OF REPROPORTIONED TUBE-SHEET LAYOUT BY ST. LOUIS-SAN FRANCISCO RAILWAY
---------------------Example No. 1------------------- s ----------Example No. 2-------- -
As built Reproportioned Reproportioned As built Reproportioned

Superheater type.....................................................................................................  A A HA A A
Superheater flue layout.. . . . . . . ............................................................................ 5 X 9  7 X 9  6 X 9  5 X 8  6 X 8
Combustion chamber—with or none...................................................................  With With With None None
Baok tube sheet altered............................................................................. ......................  No No . .  Crown sheet

lowered 3 in.
Distance over tube sheets, ft-in............................................................................  22-0 22-0 20-0 21-0 20-11
Number of 5l/*-in. flues.............................................................. ..........................  45 63 54 38 48
Number of 2V«-ta. tubes........................................................................................ 251 211 242 225 176
Vertical pitch of SVa-in. flues, in..........................................................................  6*/* 61/* 6i/g 61/* 61/*
Pitch of 2V*-m. tubes, in.......................................................................................  3*/« 3*/m t y u  3»/i 3l/x*
Heating surface of flues, sq f t ...............................................................................  1420 1988 1548 1144 1440
Heating surface of tubes, sq ft .............................................................................  3240 2724 2839 2772 2160
Total heating surface, tubes and flues, sq ft .....................................................  4660 4712 4387 3916 3600
Superheater heating surface, sq f t .......................................................................  1233 1726 1834 978 1235
Steam area through superheater, sq in................................................................ 51.3 71.8 61.6 43.3 54.7
Net gas area through boiler, sq in........................................................................ 1426 1556 1500 1245 1233
Net gas area through 5l/*-in. flues, per cent.....................................................  44.7 57.4 49.3 43.3 55.2
Temperature range of steam in branch pipe, deg F, at high work rate. . . .  590-620 690-710 *690-720 . . .  680-700
Maximum evaporation, tubes and flues (Cole’s values).................................. 41610 42220 41370 36010 33170

• Combustion chamber lengthened and siphon applied. Firebox heating surface increased 18.3 per cent.

TA BLE 5 EX A M PL E S O F C H A N G E  IN  VALVE E V E N T S  AS M A D E BY  T H E  ST. LOUIS-SAN FR A N C ISC O  RA ILW A Y  TO M E E T  A L T E R E D  
O PE R A T IN G  R E Q U IR E M E N T S ; E X A M PL E S O F R E C E N T  C O N S T R U C T IO N

---------- Exam ple No. 1--------- • /-----------Exam ple No. 2-----------> Exam ple No. 3
Original As a ltered Original As a ltered  --------------recent construction------------ >

Locomotive ty p e ......................... .................  4-6-2 4-6-2 4-6-2 4-6-4 2-8-2 4-8-2 4-8-2
Class of service..............................................  Passenger L ight fast H eavy C onversion  F reigh t F reigh t F reigh t

passenger passenger heavy  fast
passenger

Boiler pressure, p s i.......................................  200 200 210 225 235 250 210
Cylinders, diam eter and stroke, in .......... 24 X 28 24 X 28 26 X 28 26 X 28 27 X 32 27 X 30 29 X 32
Drivers, diam eter, in .................................... 69 73 74 74 64 70 70
Valves, diam eter, in ...................................... 13 13 13 13 14 14 15
M axim um  travel, in .....................................  7 1/* 7Vs 61/* 7l/ j  81/* 7*/« 8l/«
Steam  lap, in ................................................... 1V< l 1/* 1 W »  l l5/i« W *  l “ /w
Lead, in ............................................................. */« l/ i  */i t * /u  vi« */i*
E xhaust clearance, in ................................... l / t  * /u  l/« Vis 0 0 0
M axim um cutofF, per c e n t....................................  82 . . .  79 77 77 76

Table 4 contains examples of reproportioning the superheater 
application on two classes of locomotives by the author’s em­
ployer.

E f f e c t  o p  V a l v e  E v e n t s  o n  L o c o m o t iv e  O p e r a t io n

As important as the proportioning of the boiler and the super­
heater, are the valve events upon the operation of a locomotive. 
Classes should be checked having in mind today’s assignment. 
A 4-6-2 type built to handle the heavy trains of another period, 
with valves having 1  to  l 1/ 8-in. steam lap, should not be as­
signed to light, high-speed trains without altering the valves 
and valve gear to provide events to suit. Locomotives of the 
2-8-2 type, designed in the days of drag service, may be found 
operating on near passenger schedules and with practically the 
original restricted steam ports and valve events. This neces­
sarily results in loss of power and fuel.

Classes, which are receiving the application of new cylinders, 
should have the diameter of the valve, area of the exhaust 
channels, and the steam ports carefully examined. They should 
be proportioned to meet today’s requirements. Only a few 
locomotives need be involved to justify the cost of a new cylinder 
pattern, should it be required, in order to obtain the desired 
proportions.

Considering the fact that locomotives in freight service are 
rated today on their power output at piston speeds of 1200 to 
1400 fpm, instead of on their initial tractive effort, the responsi­
bility devolves upon the mechanical engineers a t least to point 
out the potential power increases which may be effected through 
moderate changes. At the time of heavy shopping, a valve gear, 
providing drag-serVice events, can be replaced with a gear pro­
viding modem events, often at slight cost over that which 
would be involved in maintaining the original in kind.

Table 5, examples Nos. 1 and 2 are instances of altering the 
valve gears to meet changed assignments and operating condi­
tions. In  both cases the originals were for passenger service 
with running speeds of 55 to 60 mph. The alterations were 
made to provide valve events to accommodate an economical

cruising speed of 70 to 75 mph, with occasional top speeds of 
80 to 85 mph.

Should one review a table showing the steam lap, lead, ex­
haust clearance, valve diameter, etc., for the various locomotives 
recently built, the question could well be asked what proportions 
and valve events should be provided to meet today’s operating 
requirements most satisfactorily? The locomotives which we 
are considering are those built from 1919 to 1930, the majority 
having working pressures within the range of 200 to 250 psi.

The problem is to provide the highest possible mean effective 
pressure at piston speeds of 1200 fpm and higher. L. H. Fry’s 
recent review4 of the reproportioning of locomotives by the 
Paris-Orleans Railway may be read to advantage by those hav­
ing to do with steam-locomotive proportions; also by those 
having to do with the maintenance. In the latter case, the re­
view should be studied in order tha t a better understanding will 
exist when a slight increase in maintenance is assumed in order 
to effect a substantial increase in the work-rate capacity.

Indicator cards, Figs. 1 to 4, inclusive, are shown as an ex­
ample of the increase in mean effective pressure which may b« 
effected through the adoption of a long steam lap. They were 
takon from a 2-8-2-type locomotive having 45 type-A super­
heater units, 27 X 32-in. cylinder, 14-in-diam valve, 83/ 4-in. 
maximum travel. The valve setting for cards, Figs. 1 and 3, 
was as follows: l l/ 4-in. steam lap, 3/i«-in. lead, 0-in. exhaust 
clearance, l 6/s-in-width steam port. The valve setting for 
cards, Figs. 2 and 4, was as follows: 21/s-in. steam lap, */i«-in. 
lead, Vu-in. exhaust lap, 28/u-in-width steam ports.

Example No. 3 Table 5 shows the steam lap, lead, exhaust 
clearance, valve diameter, maximum cutoff, etc., which the 
author’s company uses as the most practical for fast heavy 
freight service. With a l “ /ie-in. steam lap and valve travel to 
provide 75 to 77 per cent maximum cutoff, auxiliary starting 
ports are not required. Cards shown in Figs. 5 and 6 were

4 “The Locomotive in France,” by L. H. Fry, Railway Mechani­
cal Engineer, vol. 112, 1938, p. 473; vol. 113, 1939, p. 1; vol. 113, 
1939, p . 345.
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F i g . 1
Piston  speed..............................................  953 fpm
C utoff........................................................... 3 6 .5  per cent
Boiler p ressure .......................................... 199 psi
M ep, head en d .........................................  53 .8  psi
M ep, crank e n d ........................................ 66 .7  psi
Horsepower, r.s ......................................... 1004
T o ta l engine horsepow er....................... 2008

F i g . 2
Piston  speed........................
Cutoff....................................
Boiler pressure...................
M ep, head en d ...................
M ep, crank en d .................
Horsepower, r.s ..................
T o tal engine horsepower.

1041 fpm 
35 .8  per cent 

195 psi 
69 .2  psi 
76 .1  psi 

1330 
2660

F i g . 3
Piston  speed .........................................................................  991 fpm
C utoff......................................................................................  53 per cent
Boiler pressure.....................................................................  198 psi
Mep, head en d ..................................................................... 67 .7  psi
Mep, crank e n d ...................................................................  76 .8  psi
Horsepower, r .s .................................................................... 1257
T o tal engine horsepower..................................................  2514

F i g . 4
Piston  speed . . . .
C utoff....................
Boiler p re ssu re .. 
M ep, head en d .. 
M ep, crank end. 
Horsepower, r.s
T o tal engine horsepower.................................................. 3062

964 fpm  
51 per cent 

193 psi 
86 .6  psi 
93 .8  psi 

1531

F i g . 5
Piston speed .......................................................................... 1041 fpm
C utoff......................................................................................  38 per cent
Boiler p ressure .....................................................................  237 psi
M ep, head en d ..................................................................... 91 .3  psi
M ep, crank e n d ...................................................................  92 .3  psi
Horsepower, r.s .................................................................... 1629
T otal engine horsepow er..................................................  3258

F i g . 6
P iston  speed .........................................................................  1016 fpm
C utoff...................................................................................... 52 per cent
Boiler p ressure ..................................................................... 237 psi
M ep, head en d ..................................................................... I l l  .5 psi
M ep, crank e n d ................................................................... 115.0 psi
Horsepower, r.s ...................................................................  1960
T otal engine horsepower.................................................. 3920

taken from the 2-8-2-type locomotive listed in Table 5, having 
14-in-diam valves with l “ /i6 in. steam lap. These cards were 
taken when the locomotive was operating with a piston speed of 
approximately 1000 fpm. I t is not difficult to visualize the 
shrinkage in the mean effective pressure which would result from 
either a reduction in the diameter of the valve or in the steam 
lap. With today’s piston speeds of 1200 to 1600 fpm, it is doubly 
important that the inflow and outflow of steam be as unrestricted 
as is practicable. The use of valves of a diameter which may be 
considered large need not incur excessive weight. Lightweight 
built-up valves using gas pipe with a wall thickness of 3/ i6 in. 
and steel castings having '/< >n- section have been standard prac­
tice with the author’s company for 7 years.

B o il e r  P r e s s u r e

In the light of the excellent Qn-line-of-road operation which 
has been obtained from locomotives of recent construction, with 
working pressures within the higher pressure range, one might be 
inclined to the thought that the 200 to 225 psi working pressure,

to which many of the locomotives built in the 1919 to 1929 period 
are limited, presents an extreme handicap to one attempting to 
provide increased economy and power with which to meet today’s 
operating requirements.

From the economy viewpoint, some encouragement may be 
obtained from a review of the design of the recently built high- 
pressure locomotives. The adoption of the higher working 
pressures without modification of design to provide for increased 
ratio of expansion does not admit of the increase in thermal 
efficiency of the engine which is ordinarily considered a result of 
the use of the higher pressure. The decrease in the differential 
between the twro is particularly true where a heavy work rate 
with reduced ratio of expansion is involved, the locomotives in 
both pressure ranges working at approximately the same cutoff 
or with the same ratio of expansion.

High pressure is forced at times where high piston thrust is 
required, and the cylinder diameter must be limited to keep 
within clearance limits. There is no denying that high pressure 
gives an engine a “smartness” of response; however, from the
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standpoint of capacity and for operation within the present oper­
ating requirements of high-speed freight service, much may be 
accomplished with working pressures of 200 to 225 psi. An 
example of this is on one of the divisions of the author’s com­
pany, where the two groups of 4-8-2-type locomotives listed in 
example No. 3 of Table 5 are in a pool. The steaming capacity 
of the locomotives in the two groups is approximately the same. 
The 250-lb locomotives have 54 type HA superheater units 
with 61.6 sq in. of steam area through them. The size of the 
valves, events, etc., are given in Table 5.

When it was decided to condition the group of locomotives 
having 210 psi to work in a pool with the 250-lb locomotives, the 
5Vrin. flues were increased from 45 to 63, with a resulting in­
crease in steam area through the superheater units from 51.3 to 
71.8 sq in.; the dry pipe and branch pipes were increased to suit; 
29-in. cylinders having 13-in-diam valves were replaced with 
29-in. cylinders having 15-in-diam valves; valve gears providing 
6V2 in. maximum travel were replaced with gears providing 
8V4 in. maximum travel; valves having 1 -in. steam lap were re­
placed with valves having l 16/i6-in. steam lap. There is some 
difference in the response of the two groups, so far as the en- 
ginemen are concerned, but none, so far as the dispatchers are 
concerned, both handling the same tonnage on the same schedules.

S t e a m in g  C a p a c it y — V a l u e  o f  F e e d w a t e r  H e a t in g

When treating the subject of providing the maximum possible 
capacity in existing steam locomotives, the steaming capacity 
which may be added to the boiler at high work rates by the 
application of feedwater-heating equipment, utilizing exhaust 
steam, should be analyzed and a distinction made between the 
percentage of return on the investment and the percentage in­
crease in power; also that a net 10  per cent increase in boiler 
capacity is 12 to 13 per cent at the drawbar.

C o n c l u s io n

The groups of locomotives that were built in the years 1919 
to 1930 offer, in general, a fertile field for a substantial addition 
to the work-rate capacity of our locomotives through the adop­
tion of a policy of providing proportions to give a high degree of 
superheat, iow pressure drop from boiler to steam chest, and valve 
events to conform with present-day operating requirements, 
these changes building up the mean effective pressure at the 
higher work rates and without increasing the maximum stress in 
frames, driving axles, crankpins, rods, etc.

These suggestions are not advanced with the intention of de­
tracting from the thought and effort which ordinarily are put into 
the development of new locomotives but merely to take advan­
tage of the opportunity that is offered daily in our shops to build 
greater capacity into locomotives which are having renewals 
made as maintenance routine and involving only a  nominal 
amount of re-engineering.

Discussion
C. T. R i p l e y ,5 This paper suggests the need for improvement 

in valves and valve gears, in order to get better performance 
while a locomotive is working at high capacity. The writer is in 
agreement with the author’s conclusions as to the possibilities of 
the poppet-type valve. There appears to be no question but that 
better results can be secured with this type of valve, provided the 
operating mechanism is satisfactory. Some years ago experi­
ments were made with the Caprotti design on American locomo­
tives. These showed a number of desirable features, but difficul­
ties developed in making the parts rugged enough to withstand

* Chief Engineer, Technical Board of The Wrought Steel Wheel 
Industry, Chicago, 111. Mem. A.S.M.E.

service in large locomotives. This design did, however, show 
very satisfactory drifting characteristics.

This m atter of drifting has not been referred to, although it is 
a most important one. Practically all American locomotives 
have been built without any suitable device to make them drift 
satisfactorily, unless considerable steam is used in the cylinders. 
There have been numerous so-called drifting valves, but these 
have been inadequate to meet the requirements. On downgrades 
it is necessary to have the throttle open considerably beyond the 
pilot-valve stage, in order to get proper lubrication and avoid 
pounding. This results in a wastage of fuel and the necessity for 
increased braking, which also causes a loss in brake shoes and 
wheels. In some of the western mountain territory, locomotives 
drift as much as 28 per cent of the total time; for example, from 
Albuquerque to Gallup, a distance of 127 miles, they drift about
27 per cent of the time. From Gallup to Albuquerque, 127 miles, 
about 28 per cent of the time. From Seligman to Needles, 150 
miles, they drift 67 per cent of the time. I t  is appreciated that 
these are extreme conditions and apply only to mountainous 
territory. However, there is a very considerable amount of 
drifting even on the more level eastern railroads. There is a dis­
tinct need for improvement in devices to permit of more economi­
cal and satisfactory drifting.

One western railroad made a study of this m atter and designed 
large by-pass valves, connecting the ends of the valve chambers, 
similar to the practice on German locomotives. These connec­
tions must be about 9 or 10 in. in diam, in order to meet the re­
quirements. They are automatic in operation, as the pressure in 
the steam chest closes the by-pass valve. When the pressure is 
not present, coiled springs act upon the valve to open it. There 
is also a steam connection to the cab, which can be used in emer­
gency in case the valves are stuck open, but it is seldom necessary 
to use it. Operation of these valves has been very satisfactory 
and there is no difficulty from pounding or in maintaining lubri­
cation in the cylinders. They have reduced the amount of 
braking necessary on the trains and have resulted in marked fuel 
savings. Recent tests have shown a saving of 7 per cent in fuel, 
while operating over the territory between Barstow, Calif., and 
Albuquerque, New Mexico, a distance of 748 miles. I t may be 
noted that the saving in braking, through use of proper types of 
drifting valves, increases in the case of locomotives and trains 
equipped with roller bearings with their lessened friction.

The use of the poppet valve will probably make it unnecessary 
to have any special devices applied for improving drifting charac­
teristics. In the case of old engines which are to be rebuilt, as 
suggested by the author, and in designing new engines with pis­
ton valves, some consideration should be given to this matter.

A r t h u r  W i l l ia m s . 6 Those familiar with the locomotives of 
the St. Louis-San Francisco Railway referred to in this paper 
will agree that the author and the mechanical department of that 
railway have produced excellent results. I t is the writer’s im­
pression that this is due to the careful consideration given to all 
details of locomotive and cylinder design. In discussing the 
various items, the paper starts with the possibility of lowering 
the crown sheet to increase the volume of the steam space, and 
finishes with the valve gear and valve settings. Between the two 
points, the gas area through the boiler, steam area through the 
boiler, steam area through the superheater units and steam pipes, 
degree of superheat, and pressure drop of the steam are all con­
sidered.

In  general, it is possible to improve a locomotive with a small 
superheater by increasing the number of superheater units and 
flues. This will increase the superheater heating surface and

6 Manager, Production Engineering Division, The Superheater 
Company, East Chicago, Ind. Mem. A.S.M.E.
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superheat, but care must be taken tha t the evaporative heating 
surface is not decreased too much with a corresponding decrease 
in boiler efficiency. In Table 4 of the paper an increase in the 
heating surface of the tubes and flues was obtained with the larger 
superheater, but this was done with a decrease in the flue spacing. 
I t  is not always possible to do this. The type-E superheater is 
designed to give the maximum superheater and evaporative 
heating surface so tha t a high superheat is obtained a t the same 
time as a low smokebox temperature and high boiler efficiency.

A u t h o r ’s  C l o s u r e

The author believes tha t Mr. Ripley’s discussion of the poppet- 
type valve refers either to the paper7 presented by Charles F. 
Krauss, “Notes on the Trends in Reciprocating Valve Mecha­
nisms Employing Piston Valves” or to the paper7 presented by A.

7 Abstracts of both of these papers were published in Mechanical 
Engineering, vol. 63, February, 1941, pp. 140-144.

G. Hoppe, “Notes on Valve and Valve Motion Designed for 
Modem High-Speed Passenger Steam Locomotives.” The 
paper presented by the author did not touch on the subject of 
the poppet-type valve.

Mr. Williams’ discussion points out tha t in general it is possi­
ble to improve a locomotive with a small superheater by increas­
ing number of superheater units and flues, but that when in­
creasing the superheating surface care must be taken that the 
evaporative heating surface is not decreased too much with a 
corresponding decrease in boiler efficiency. The author agrees 
with Mr. Williams, but adds tha t the increased degree of super­
heat obtained through an increase in the number of superheater 
units effects an improvement in cylinder performance through­
out the entire range of work rates from low to high. The de­
creased evaporating capacity is not vital except a t the higher 
work rates and then is generally more than offset by the de­
creased steam rate resulting from the higher degree of superheat. 
This is particularly true of oil-burning locomotives.


