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UNITED STATES 
DEPART~F~r OF.THE INTERIOR 

BUREAU OF RECLAMATION 

Branch of Design :~nd Construction 
Engineering and Geological Control 

and Research Division 

Denver, Colorado 
March 23, 1946 Reviewed :by 

Subjects Hydraulic model studies for the~turb ines~at Grand Coulee 

Fewer Plant, Columbia 

SYNOPSIS. 

The unprecedented capacities of;: the, proposed turbine Units ~ for the 

Grand Coulee Power Plant made it necessary to insure that 

improvement be incorporated in their ~design. ~The more :iml .... 

of the turbin~ setting such as draft tubes a nditions near 

the entrance to the scroll case were studied c0mplete 

homologous model turbinebuilt to a scale: of I t0:24. Three draft-tube 

designs selected by pilot tests in a smaller modelwere tested exten- . 

re la t ive  e f fec t  o~ certain design modif~c~tlons, on:turblne ef~laleacT. 

I~TRODUCTIO~ 

The Grand CouleeDam,:,a feature of the:C 

located on the Columbia River~.about80 miles 

~ash i~gton,  at a point a d j a c e n t : t o  the,:.head:o e 

v a l l e y  i n  the plateau e x t e n d i n g . s o u t h w a r d ,  f r o m : t b e i l e f t  b a n k  i o f :  t h e  :., ..... 

river. The dam will be about 550:fe r " -  

t h e  water level about 353 feet above  . ,  
A part of the potentlal energy s~ored In the rese rvoir~will be und 

to puzp-wa~er from the reservolr~into :the Grand Couleefromwhichit 

will be dlstributedbygravityfor irrigation and the remainder will 

be transmitted as electrical energy to various load points. The two 

power plants will be located at the toe of the dam, one on each side 

of the spillway. 



Each power plant is ~designedto aeeommodatemine of , the largest 

hydroelectric 3ity. The units 

will be of the ~rbines are 

expected to del~ver approximately 153p000 horsepower to the generators 

when operating at best efficiency and discharging 4,400 ~second-feet 

of water under the rated head of 335 feet. 

The highest possible efficiency consistent ~ith simplicity and 

sturdiness of deslgn in these turbine units was espe¢laiiy desirable 

because of the unprecedented capacity of the ~uxits and~the enormous 

investment involved. For this •reason ce 

the turbine unit which might affect its~ 

hydraulic energy into mechanical energy ~ L 

hydraulic turbine units the performance of each of the eleme 

component parts, may be materially influenc er 

For instance, the performance of the draft J 

manner characteristics, runner performance may be influenc 

and speed-rlng characteristics intake, 

Kodern turbine-runner des acted in the 

way of improving runner efficiency but ~ it appears i that some features 

such as the draft tube, speed ring, ~ud scroll caseihave been somewhat ~ 

neglected. Also there has been:some question as to the effec~ of 

bends in the penstock especially when 

entrance. Lack of reliable design data on draft tubes led the Alabama 

Power Company to authorize a series of tests, 

the Alden Hydraulic Laboratory in/1921,* ~Lat, 

Alabama Power Company at ' it 

turbine runner, culminated ~ draft-tUbeL~design. 

-C~mparative Tests on Experlmental Draft Tubesj" bye. M. Allen~and 

I. A. Winter, Transactions, A.S.C,E., Volume 87, 1924, p, 893. 

6- Studles conducted by I. A. Winter, G. J. Hornsby and R. R. Randolph, 

Jr. - unpublished. 



The Lower Tallassee turbines (36,0OO-horsepowerat88-foothead), 

with this draft tube, yielded an efficiency of 93 percent under test 

in 1930. This draft tube has been usedas a basis for all Buresu 

of Reclamation draft-tube designssince;1933. Studies madeonspeed 

rings about the sametime asthe Lower TallaSseedraft-tube/studies ,~ 

were being made indicnted that turbine ~ efficiencies:might ~I 

~y certain departures from usual design practice in thesh, 

positioning of the v~es. 

but they did not supply thedata necessar'" " ": ~' relative 

effects of any one element on the perform 

order to study these relative eff~ 

build a oomplete homologous model of one 

At the time thesemodel studies were 

Le t to: 

nits. 

f o r  

e 

was therefore necessary todesigna 

D ~ 

power. The speed of this unit was to be 128 gning 

the turbine unit, the design theor" ^ :-: : • 

of building turbines of this size 

made to anticipate, as nearly as p 

expected from the mamufact~rer. 

A model of the completed~deslgn was built ~ t 

of I to 24. This scale ratlo was adopted after ~ration 

of the ao~uracy of the test results, laboratory spacs:availa'ble, and 

cost. The special methods and techniques developed for constructing 

the model, are given in the appendix of this report. 
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The turbine features to be studied in this series of model tests 

were the draft tube, the speed ring, the scroll cal the bendlin 

the penstock near ~ the entrance to the scroll case. features, 

such as the proportions of the fair~ater cone, theruse of~fins and 

vanes for th~ control of power swings, etc.,~ were incident~l nnd not 

included in the origin~l plans. Among the fee.tures to be studied, 

the dr~ft tube was considered the most iapo~ant because it may affect 

the turbine efficiency to ~ greater extent than ~ny~ one'of 

features listed, Experience has s~. prOportioning'and 

shaping of the draft tube can be ou especiallylin ithe 

elbow or quarter-turn type. ~ ~ ' ~~ 
• i 

In laying out ~he plans for the powerhoulse it w 

placing the axis of the turbi e unit xour feot off t 

the bay the unit spacing couldlbe reduced ~!~th~t amount. 

of the horizontal leg of the draft tube rdidlnot permit it ~ 

off the centerline of the bay by this.amount so it~se " 

t o  m a k e  t h e  v e r t  . . . . . . . . . . . . .  ~ "~' . . . . . . .  

was believed to of 

the work done b~ '~ 

and the elbow, In order to make the 

suggested during the course of the stu ~ out-: 

flow end of the elbow be reduced, and rotated 

about the vertical axis of the turbine ~t the 

central plane of the bay at the do~ 

substructure. This suggestion was ~- 

tube studies proceeded on this basi~. 

A series of preliminary tests were• made wlthouti~a runner,:uslng 

draft-tube models having a throat diameter of three.inches, for !the 

purpose of selecting two or three of the more. promising typeS~ for 

final somparative study in the complete model. Fnr~:these~tests, the 

flow conditions associated with a t'urbine runner, were reproduced by 



i 

using various sets of vanes which introduced the required~:spiral flew. i/ 

Three draft-tube designs were.,eiected ~fo~rL f /I q 

complete model turbine unit on L the basis~: of // 

energy into useful work, flow characteristics, 

Grand Coulee installation ~. These three*i.designs 

the Norris, Lower Tallassee, and the~proposed d _ 

DESCRIPTION OF MODEL~ TURBINE i 

The turbine model used in comaection ~with these tests was a com- 

plete homologous model of the anticipated pro +^+I~ ÷~,~ ~ ~ ~ ~1,,,iing 

the draft tube s~d:a short section of penstocl Ii ~~ 

case, and draft tube were molded from a trans! 

material to permit visual inspection and phot~ low 

conditions. The speed 

bearing metal known as 

their respective positions*by 

e "  babbit 'and wsre !: held !fin 

tube aud the scroll case were ~:by~-bronze  

connecting rings as shown in figure~l. : ~"~ -~ ~: ~ ': .::~i: : .  

T h e  p r o p o s e d  d e , ~ i g n  c o n d i t i o n s  f o r  t h e  G r a n d ~ : C o u l e e  t u r b i n e s  --at , ~. 

t h e  time the model was designed and~b 

feet; discharge 4,400 second-feet; sp 

efficiency of 90 percent, 

horsepower. The specific . 

The value of ~, or the r~.tlo~of the~ 

at the inlet diameter to the spouting 

at 0.70 for maximum efficiency. .... ~ i i : : :  :" 

The selection of the model scale of i~lilto 24~was~ dictated 

pally by the fact that ~i~ velocity of not~iessthan ~o~'ifeet per second 

in the throat of the dr~ft tube within the nece~s~ 
for satisfactory model draft-tube performan, s~in 

connection with decelerated 'flow, such as in draft tubes and~venturi 

tubes, have demonstrated ~hat there is a sudden decrease in ~effleiancy 
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of veloclty-head recovery when the velocity at ~ the ~ throat is reduced • 

to a critical value of approximately/fourlfeet ~ per second. By maMin~ , 'i 

the =odel to - ti al velo it   .ou d Oc r. 

at a model gate ~ts the 

lo~er limit of the usual operating range, Lug for 

best efficiency the velocityilin ~ Lt Was~I6.V7 

feet per second. A larger model ~mewhat 

greater accuracy but the additional 

The design conditions reduced to, model dimension~ Were: head 

model as in'the prototype, or 34.4 and 0 pe¢ 

drawing of the model turbine giving 

shown in figure i. A photograph of 

shown in figure 3A. The arrangement 

measuring the torque 

3B. The gates were p 

to the top of the gat 

links form6d linkages between ~each-1 

The gate position was indicated 

the gate-control lev?r moved. T 

full gate so that the gates could be 

opening. The lever could be secure1 

vent creeping of the gates duriag a 

arbitrarily taken as the position wb 

,nsions ~Is 

of the gate vanes was tangent~to the 

edge of a r~nner vane in the centr~l plane of ~th¢~ turbine runner ~as 

shown in figure 2. With ithegat$-operating~lever set at tho full 

open po~itlon the clear openings between the gate:vanes were carefully 

~asured. A series of gage blocks of thickness va~jiag by increments 

of one-tenth from ~ero to ten.tenths of this measurement was made 

~oruse:In graduating thequadrant. The gate Vanes were cloned down 

8 
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on each gage block successively and the corresponding positions of 

the shift lever were marked on the quadrant. These graduations, 

although not necessarily the same aa %hose o n  the prototype turbine 

gates, were used as a basis for coordinating %~he model performance i 
,. ...... - 

data such as power, discharge, and efficiency' ~ ~ ~ 

The turbine assembl~ was 

shown in figure 3. 

TESTING ARRANGEM?/~T 

The arrangement by which water was circulated 

under the desired head consisted of an.~8-inch certz 

tank, t~Jilwater box~ and weirflume as shown .in fi~. 

delivered water from a sump to the head tank through an 8, 

meter pipe and a gate valve which served as a means for e 

the model he~d and discharge. Two different designs of~ s 

were used during the course of the testing program. In the first 

design the available headroom dictated the use of s short steel tank 

which was operated under pressure to build up ~the recuired model ihea~i 
7 

The tank was fitted with ba£fles to direct and 

operated with air under pressure above the wate 

cushion. The difficulties encountered in maintaining a constant henri 

under this air cushion led to a redesign of the tank when the location 

of the laboratory was changed 

was sreater. Two additional 

it hitch enough for operation 

tank and scroll case were con: 

pipe, 8.25 inches in diameter 

model scroll-case entrance. The inlet end of the transparent pipe 

was equipped with a bellmouthed-entrance piece designed to give 

smooth flow and a uniform velocity ~istrfbution. This short length 

of pipe was later replaced by a complete scale model of the Grand 

Coulee penstock including the bend adjacent to the scroll-case 

e~trance, see arrangement No. 3, figure 4. Later studies showed 

i0 
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Arrans~ment No. 1 

~;!i~.~, TM. 

AZTn~enent ~io. 2 

FIGURE 4 

Arrangement  ~o  o 



that the penstock bend had no measurable effect onthe turbine 

efficiency so the substitution of :a short conduit for the actual 

penstock was admissible for studies ~ of turbine elements located 

downstream from the scroll-case entrance suchas the draft tube, 

speed ring, and scroll case. The draft tube was connected to the 

tailwater by me , ofa   boltedflange ,that it• co d-be readily 

removed. The tailwater box was ':made approximately twoifeet wider 

than the draft-tube exit to minimize itsleffect uvon discharge 

conditions of the draft tube. An ad end~of the 

box served as a m e a n s  for re 

From the tailwater box, the 

in width, and then over a rectangul~ 

length, and back to the sump for rec 

TESTING, APPAR~TUS 

-i 

~lwat er. surface. "~,~ 

into a weir fl~ ,-= +-~ ¢~-+~ ~ 

The efficiency of the model~ turbine, which was :to,serve as the 

index of performance of the varlo' elements, is"defined,las 

the ratio of brake horsepower out 

The determination of.water ho, 

of both head and discharge, Thedischarge was determine; bylmeasure- 

ment of head over a recta weir 
.i 

two feet in length. The e 

steel was constructed to the s~me di 

of baffling as a volumetrically call - 

that the width was increased from on 

the weir was determined by means of _ .. d 

to piezometers located on both!sides, of th~ weir box at a distance/' 

upstream from the weir equal to approxlmatel~ four tlmes the!depth ~ 

of water over the weir at normal model disc}mrge. The 'head over ~ the 

weir was taken as the average of five readin~ of thehook gagemade 

12 



at intervals of 30 seconds. The discharge was computed bytheFrancis 

 o la, 

Q = 3.33  3/2 (1) W 

in which Q = discharge in cubic feet per second 

h w = head over the weir in fe~t, and 

L = length of the weir In feet, 

The determinations of discharge~made in this manner werequite con- 

sista~t and, it is believed, very nearly~accurate 

The net or effective head onthe turb~ ~s 

of a mercuz~j differential gage of theU-tu~ 

~-tube was connected to the tailwater box at a suitable dis~tance 

away from the draft-tube outlet and the Other was connected to a 

piezometer ring consisting of four conne 

the penstock near the entrance to the s¢ 

differential in the U-~ube indicated the net head on the turbine minus 

the velocity head in the penstock at the entrance to the scroll case. 

The net head, H, on the turbine was determinedias follows: 

in which h = 
Z 

h V - 

mercury d~fferentlalin~feet 

velocityheadlinthe penstock. 

The ~ater horsepowerlinputtothe turbine was thencomputedfrom 

these measurements by the following relations: 

62,4QH 
- -  (3) 

55O 

in which 0 - discharge in c.f.s, as measured ~j the weir, 

= net head on the turbine, and 

62.4 = weight of one cubic foot of water. 

13 
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?he d e t e m i n a t i o n  o f  b r ake  h o r s e p o w e r  i n v o l v e d  measuremen t  of, 

speed and torque. The v.rrcmgement for measuring the torque and 

controlling the speed was somewhat involved. A varlable, speed 

electric dynamometer would have been ideal for this purpose but it 

was not ~vailable. Instead, a 3-~ ,, 

60-cycle, 1,760 r.p.m, induction ~ ~our 

slots in the rotor, this motor wa~ X3 

r.p.m, for loads up to about one horsepo,er whichwas not quite 

enough to hold the turbine c 

gate openlngs. The turbine 

r.p.m, by an amount which cc 

slips per minute, each pole 
u 

tion of the motor. The pole slips were iindicated by an s~maeter 

connected in the motor leads. 

In the first testing arrangement the motor was connected 

turbine shaft through a set ~of speed reducti0n ge -s 

ratio was normally 1,800 to~630 .... 

ratios by changing one of the g 

that the speed of the turbine runner c 

from 560 to 690 r.p.m, for establishin 

for best turbine performance at design 

established by changi 

questionable whether 

pressure. After t h e  

had been established, 

by one of constants; 

was built to relieve 

slipp~-ge previously mentioned. The arrangememt of the braking ~jstam 

is shown in figure 5 . . . . .  

In measuring the torque developed by the turbine runner it was 

desirable to eliminate all possible running friction which might 

introduce error in the data. This was accomplished by including in 

l& 
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the power-absor~ion unlt, or dynamometer, LII gulde and thru~ 

bearings and all r~ning friction. The dynamo~ter, consisting of 

motor, gear box, and the extension tube which supported the runner , ~/ 

beari~, was supported on a large radial and axial thrust 
I, 

ir~ set in the upper part of the 

in a vertical position by a ~ small _ 

t0p cross member of the model supporting frame 

merit permitted the dynamometer :to float 

~j any major external force other than ,~ 

turbine runner. The slight movement ~of .t~. -v- 

only by the friction in the two ball bearing s'i~ich was negligible. 

A mercury seal ross providmd between ~%he .turblne-mupnort ;casting 

the turbine-shaft housing. 

The torque, all of which was manifestedln the dynamom.eter:w1it, 

was transmitted to the scale beam through a torque arm attached %o 

motor housing as shown in fibre 5. T he aluminum~soale''beam, ~which 

w a s  suppor t  e 

,ur.~rd ~ d  
a hardened-steel bushing fixed In the ~;.end 

arrayed to the motor frame. The torque :~ 'hei' 

scale beam with movable weights, Every ~px ...... 

on the beam were, marked off by, means of imicro~t.r.measurements ~and 

the weights were carefully checked against appropriate standards-i ~~ 

Friction in the fulcrum ball bearlng supporting the 
, • , , 

o,01 ~hat it was neglected. The least C°unt~°f' d 

or approximately 0.iO percent of the torque developed at no~ 

~tput. A photograph of scale beam is 

Withthe speed held constant mud me~sure- 

~s~It~ the brake horsepower was computed by the following formula~ 

Brake horsepower (B~H.P.) = ~ (4) 
3~,000 

S 

• turbine 

16 
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s 
i/ 

where T ~= torque in foot-pound~ and 

N = turbine speed in r.p.m. 

The efficiency of the turbine was then obtained by takingthe ratio of 

B.H.P. to W.H,~. from equations (3)and :(4). 

To facilitate comparisons of performance for the various designs 

o f  each element the data wer~ 

efficiency against brakehorse e 

that all values be referred to a common head wh: for Convenience wam 

taken as the scaled head of 13,96 f~et~ 5inC~]tW~d~f~t to 

hold the model head exactly ras taken 

with model heads which somet 

In order to adjust the data 

~ the model head had been e~ctly 13.96, the follow] 

used. 

.red value. 

occur with slight changes in head for a c 

may therefore be assumedas cent 

the measured value used as if iS 

The horsepower curves in figure 

cannot be assumed constant but 

Let the subscript (m)indicate? 

:(a) indicate the value adjusted 

following equation may be wrlttens 

"' ' 'H~/¸ , . . 

= Ea (W.H.P.)a =lEa 

(B 'H 'P ' )~  ~ CW'H'P')~ H m r (5) 

It was assumed that at a given ~te openlngthe~urblne acts as an 

orifice for which the relatlon~hip between dizcharge andhead maybe 

expressed as Q = k V~-PL Inserting this relationship and the fact 

tha% efficiency was constant into equation 5 gives the following " - 

e~reasi~s 

(B""'P')a = (6) 
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ADJUSt" TESTS 

The model . turbine' was i designed as~ c~r6fully,as, possible -.for.~a ' 

~ of 0.70 but to ascertain that best efficiency.dido 

value of @ it was necessary to make pilot teS%s~with~ ins 

speeds. This procedure is custom 
L 

a small-scalemodellsb~ilt and 

best speed for a ~iven heed. The ~ with the first 
• L. • , ' ' . . . . .  

m 

reduction-gear design~ ~ gears could 

be substituted to give en ch~ge ! 

gears used gave a range ofspeeds•fromapproximately~i560~it06909~p.m. 

as compared tothe designedbest rncrmal head. 

Thecharacteristicsof.the~i by~running 

test~ with 5 different heads bet 

seven change gears. Thedata:were plotted as: 

performance curves shown'infigure 6Aand B. ~ The nond~ensional units 

used in these plots other than~thoseprevicusly.defined:arei~asfoll6wss 

Unit.horsepower (KPi).=!.HP(measured) .~, ii ~ i:~ 

Unit speed, (NI) 

Relative efficiency 

Both plots indic~tethet~best g~te,~or th, 

maximum efficiency was obtained, occurred 

curves also show that the efficiency was~nearl~ 

in percent. 

maximum at a value of N 1 close~to~166. ~For Ni , ~_nding 

value of ~ is 0.699 which is very clone t6:the desizn value of 0.700 

whichj based on the design head of 13.96 feet, corresf~nds to a 

model speed of 630 r.p.m. The second reduction-gear design in which 

the turbine operated at a fixed speedwas, accordingly, designed to 

hold the turbine runner at a speed of 630 r.p.m. 
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.DRAFT-TJBE STUDIES 

While~the~model of the-complete turbine unit~forlGrand~Coulee 

Power Plant was under~construo~ion~a seriesof~tests*~on small,wooden 

models of draft tubes was carried-on ,in an 

purpose of selecting one or~more~designs wh 

ant a t the s~nc time be adaptable to ~the Gr~ol ~ Coulee ~turbi'he 

These models, whicn had'a~throatdiameter~o£~three inchus,-~were tosted ~ 

in connectionwith an orifice made,in the form,oflalturbinewith gate ~, 

vanes and runner vanes removed. The reouiredflow~conditionsat the 

throat of the draft-tube:models were accomplished 
5 ~ • , i 

of removable soeed-ring vanes designed~to oroduce . 

angles from 0 ° to ~50. Paint ~tests~were made ion 

the flow characteristics. Thest . . . .  

they could be taken apart for p~ 

Three designs were selecte( 

model on the basi~ of simplicit~ 

of the craft tube as a head reg~ 

a higher discharge coefficient~than thoseselected:butwerelreJected~! '~'~, 

because of structurallimitations. 

The problem, as related to draft-tubelstudies, was~nc 

research an6 d~ 

during recent 

in the "hydrau( 

Company, the M( 

of the ~aldwin- 

by I. A. Winte: 

Alabama Power Company for the Lower Tallassee turbines' 

*Hydraulic Laboratory Report No. 18 -"Progress Report on Hydraulic 
Model Experiments for the Desi~ of Turbine Draft Tubes for the Grand 
Coulee Power Plant )' by L. E. Winkelhaus andG. J. Hornsby. 
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The selection of the ~elbo w type for Grand Coulee ~ Power Plants was 

influenced by slightly better performance ~, 

limitations, certain struc 

After a selection of 

blem resolved itself into 

variatioms in propor~ ,,id~hav 

its performance. Th~ ~Plant ~ 

shorter and considerably smaller s.sectional~sreas, 

the ter atlo  of the elbo  , No is  tu e i 

good account of itself under ~fi - - " " "" 

J 

consequent increase in efficiency of ~the turbine unit, The efficiency 

of the turbine unit was used therefore as a measure of the performance 

of the draft tube as well as the performance of all otherfeat~es icon- 

sidered in these tests. 

Since the function off'the draft ~ 

possible of the velocity head,re jet 

useful head on ~ the turbine, the id~ 

would convert all of~ the~ 

impossible because of certain ~ inhei 

not be entirely overcome. These conditions are ~frictional6~ng ~ 

wetted surface ~ of the water pas 

losses, and maldistribution of/i 

the draft-tube. Assuminz no ~ int~ernal ~losses and uniform i distribution 

of velocities at the inlet~and outlet of the draft tube, the amount 

of velocity head converted in,the dr~ft tube will bethe inlet velocity 

head minus the outlet velocity head. The streight conical draft !tube 

21 



Is believed to meet most nearly the conditions of these assumptions. 

Friction can be minimized by making the surfaces ~as smooth as 

practic~tble, eddy losses can be reducedby streamlining the :passages 

and controlling sectional areas for gradual changes in velocity. The 

design of the turbine runner controls the flow conditlons/at the inlet 

and the outflow conditions are controlled !by the igeneral shape of the 

draft tube. Viscosity is a characteristic property of the fluid and 

its relative importance is the ldraft, tube action isan inverse f,,uc~6ion 

of Reynolds number. Due to the latter relstionshi d 

that the prototyf, e will be more efficient than the 

which is a function "of the model scale. 

The length of the draft tube isusually~a m~tter bf economics. 

The r~te of change of area against distaxLces, orthe rate of velocity 

deceleration, must be less than a certain experimentally determined 

maximum or eddies will form in the watezpassages: and lessen the 

effectiveness of the dr.~t tube. In pract ~-o = dischar 

of less than six feet per second, or more ghtfee 

at rated turbine discharge, is seldom encountered./ 

A model of each of the three draft'tube d for .... ' 

further study was constructed on a scale ratio of~itO 24 to flt the 

model turbine. The models were fabricated from "Pyral~a," a trams, 

parent plastic, to permit visua 

within the draft-tube models. 

methods used in making these models is 

Drawings of these models are sho~n in fig 

graphs of the completed modelsare shown 

ore-: 

12. 

Several test runs were made on each models 

over the r~n~e of gate openings ordinarily used in po~,er-plant operation. 

The tests were made with constant 'turbine ispeed ,nld with the head held 

as nearly constant as practicable. The data were then adjusted %0 g 

common head eorrespondlng to the design head on the turbins and used 

to comp~te the model effielencles. Relative efficiency ,as plotted 

22 
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FIGURE I0 

Model of I~orr ie  Dred'~; ~ b e  



FIGURE ii 

Model  o f  L o u e r  T a l l e e e e e  d r a f t  t u b e ~  



FIGURE 12 

Mo4Lel 0'2 01~]~d Oo'dJ,oe dl~f% 1;ubo 



against ~elative output as shown in figure 13. The curves are of the 

same gemeral shape and they shcw that peak efficiency occurred ~.t 

approximately 0.35 gate or best gate for each of three models. The flat- 

ness of the curves indicates that the draft tubes all performed well 

over a wide ~ge of gate openings. The test and check points were 

quite consistent, being on the order cliO.2 

Although the primary purpose of this series of te,~ 

select the best one of 

expedient to set up sore 

could be easily correlated with the present stud 

pose a comical draft tube designated as mar *~ 

shown in fio~ure 14, was included in the tee 

The performance of each of the three e 

compared with that of the conical draft tu~ 

The turbine efficiency with each draft_tu~ 

of the maximum efficiency with the conics! 

ovtput with each dra~;t tube is e~presse~ at 

peak efficiency of the comical draft tu~ 

formance curves in nondimensional terms 

more readily with data obtained igatlons, 

The ~haracteristic curve o dr'-f t-tube models 

are quite similar, all three curves indicating at 

the same output. The model tests indicat 

dr~ft tube is slightly better th~i:i~either dr~ft 

tubes. Under acceptence tests the ............ hod 

a maximum efficiency of 93.1 percent and the Norris turbines reached 
O 

93.0 percent. By comparison, the Grand Coulee turbines should give 

excellent F~rformance so far as the dr~ft ~be is eoncerned. 

Another criterion by which the performance of similar draft tubes 

may be Judged is their effectiveness in distributing the flow unifornly ~ 

over their exit sectioa~. For draft tubes having co~parable exit areas 

any parameter which expresses the uniformity of exit velocity distrib~- ~ 

tion can be used to express the comparative recovery efficiency of the 

s k 
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the  : t h r e e  d r a f t - t u b e  :model8' wi th  ~a f l i r e  

the ', t u r b i n e  o p e r a t i n g - ~ a t : b e e t  g ~ t e .  i Th 

15. The v e l o c i t y , t r a v e r s e s  i n d i c a t e  th 

T a l l a s z e e  models m o s t  nearly~util i~ze-~the~,  area i a t  : the  exi-,t .secti,~n~:: 
As the extent~to -which:each draft " "' ~: ' ~ ' ,:tube , u t i l i z  e8 ~'~the ~ " 

i s  d i f f i c u l t  to d e t e r m i n e  :from ~the ivei0ci:~tyi!itravers~ 

c o e f f i c i e n t ,  :"a", was::evaluat,  :-sec~lon f~ " . . . . . . . . . . . .  : 

draft tube.  This coefficient 

, :~ , .... i.~. • 

where 

A "= ~area:,.at 

o c 1 ~ y , : i  

Q .= . . d i l s c h a  

/ii~ ~ ~! 

!•:i 

. ~ e r  p o u n d o f w a t e r ~ p a e ~  

were obta ined  by g r a p h i c a l : i n t  

Tallassee, 3.1.3; ,GrandCoulee ,  

the Lower Tallassee:and,:Grand,Couleeomodels 

the s t a n d u o i n t  of a b i l i t y ~ t o ~ d i e t r i b u t e ~  
r o r n  

e x i t  s e c t i o n .  ~The c o e f f i c i e n t ~ o f ! ~ t h e ~ N o  

because  th~ e x i t  are~ d i f f e r e d  t o o  much from~that  of~,the Other~two , 

tubes  f o r  a..valld comparison bY ~ t h i s  method.  

/ 
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Additional measur~ments~ of:veloclty weremade on'the Norris a n d  

Grand Coulee models only, at a section 2.5 inches below the :discharge 

edge of the runner bandto determine the flo~ ch.~a~ceristics ~ti!the 

inlet of the draft tube. The results of these tests~are sho~nln 

figure 16. The slmilsrlty of::these eurves~indica~ 

pattern &t the draft-tube entrance is deter: 

runner, as previously stnted, rather them b3 • • :. 

The initial test prog gations: Of the effect 

on the turbine performance 0f such~shut'off devxces as rin~:f011ower 

gates, n e e d l e  ~ valves, ' butterfly valves, etc., in the oenstock~near 

the scroll-case entrance, but before these test was 

decided that no shut-off device was to be:iincorporated~inthe fin~l 

design ,rod these investigations werenot ,zde. :The Denst0ck~ !:however, 

was to approach the tarbine at a slo~ of 20 ° 32 e 

necessit~%in~ a bend of ~this amount:ne,r %he~ entr~ince :to the turbine 

scroll case as sho~n in figure 17. The, bend 

in the penstock at this point would affe ..e 

turbine was considered of sufficient importance to warrant ~m 

investigation. ' : :  ~ : : : ~  

It is well.~o~ that a bend,in~ a pipe itendsito 

not this condition would continue ~.into<thekscroll:case ~.nd:affect t h e  

p e r f o r m a n c e  o f : t h e  t u r b i n e .  

The head tank was:moved to accommodate the penstock des~ 

proposed for the prototype. The revlsed arrangement-is sho~n~In i - 

figure 4, (arrangement No. 3) ~ndin figure lq.:~Te_-%s were. made 

%~ determine the model performance!with~the revised penstock. ~A 

comparison of the performance curves with those of~the short pensto~ 

showed that there was no significant difference attributable %o the 

presence of the penstock bend. 

Velocity measurements in both penstocks near the scroll-case 

entrance failed to disclose any effect of the bend. 

3& 
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FI QURE 17 

£ .  View of  ocm~,~te penstook end hs~l  tm~k 
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In ~the light of experimental data concerning flow conditions in 

pipe bends at the time of these tests the fact that the bend made no 

discernible difference in the flow conditions at the entrance to the 

scroll case is somewhat surprising. The exolanation may 

fact that the penstock was 18 feet in and the s( 

entrance was 15 feet in diameter necess~tati 

insteac of one of constant cross-sectional a 

the disturbance of flow approache ~he i 

bend approaches zero, and it may 

did not cause enouzh disturbance to ~ . ' affect the meFformance o 

model to an appreciable extent. ~Jo el'fort was made to measure the 

actual h~ad loss in the bend. 

~C.~OLL CAo~ AN£ SPEED- 

The function of the scroll case th a water turbine 

is to distribute the water equally ar • ~ :ry of he turbine 

runner. The water flowing through ea ~e gates should have ' 

the same relative direction and have' th~ same en~r~:i:content in order 

that each turbine vane may do its full~ana equal share of the ~.grk. 

this objective and although these theories , 

results appear 

As the model-te ml 

the various design theories, o n e  of 

it gave dimensions which r 

other theories. The theo~ oll 

case is based on the law of the free g to:which the 

velocity varies inversely with the radius, :or rV.= c, w~ere c i= a 

constant. !n applying this relationship to scro!l-case desiy.n, r 

is the radius from the axis of the runner to the c~nter of gravity :. 

of any radial section of the scroll case, ano V is the mean velocity 

normal to that section. 
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As it was .not known :how effectively this scroll-ease, would 

distribute the flow to the runner and a~ the flo~ rib~tion woul:~ 

certainly he. reflected in the performance of the draft tube, it was 

considered ~,dvisable tomake some tests in this conne The 

arrargement used in the veloclty, distributlon test:s J in 

fi&n~re 18 an~ the results ~e shown plotted in figure i9' Measurements .... 

were made at four point~ around the circumference 0f the runner and 

in three rotational p lanes  as indicated in f i g u r e  18. iThe instrument i 

used was a pitot cylinder :~ha, ~s 39.25 degrees apart, i:' 

The three openings were each ~rcury U-tube through : 

small brass tubes and rubber-tube connections. In maklngmeasurements, 

the pitot cyl~ider was rot~ted/'mtil the two outside U-tubes indicated 

equal pressures, establishing the direction of flow, he differential 

between either of the outside holes and the middle hole together with 

a oalibration coefficient indicated the 'velocity. The velocities at 

each station ~nd in e a a h  plane, with the turbine 

best gate (0.35), are plotted in figure 19. The 

at stations one and twc ar~ 

ststion one is slightly bit 

shows very ~ood velocity d~ 

slight disto~tion. The av~ 

gate openLngs plottednondimens 

velocity at station on~ ~ o l  

the velocities at the 

S 

~t 

four 

ious 

percent but for other gate openings, the va~ _ 

No attempt was made to determine the cause of this rather unexpected 

phenomena as the variation was not sufficient to affect the results 

of the draft-tube tests appreciably. 'These tests were made using the 

c o n v e n t i o n a l  speed r i n g ,  

The speed ring in a hydraulic turbine serves primarily as a 

structural member to hold the scroll case together ~,d, in a vertical 

°~ 
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turbine, to support the weight of the gener,~tor. Since it is 

necessarily in t~e path of flow, it must belL:~designed to offer;the 

least possible re~ist~c(~ if ~igh turbine efflclenci~s are~to be 

res!ized. Previous studies* concernln~ 

design on turbine performance have indi 

design may be improved by so placing the ~vanes that~theywiil ~cohform 

more n~.~rly to the lines of flow. Paint tests on the speed ring of 

the Grand Coulee test model, figur~ 20,~ showed that the vanes did 

not conform to the flow lines. A secondspeed-ring model~was made as 

that there ,as very little improvement and figure,22 shows that no 

appreciable change in efficiency occurred. 

The flow lines of water in scroll~case 

circular cross section, are very complex, j 

scroll case indicate that the dir, 

was nearly radial as the water enl 

was true adjacent to the speed-r~ 

the direction of flow was differer 

because there were several forces acting in iv~rious~degrees and direction!! 

at different points within the f- 

pressure, ~ centrifugal force jn. 

path. Friction acted to reduce" id in 

contact with the wetted surface of the scroll, wlth~a consequent 

reduction in Its~ centrifugal force. The'velocity at the centerof 

the section for any ~iven radius, being least affectec~ by friction, 

reached its maximum value. Therefore, the centrifugal force in this 

region was greater than that near the top and bottom surfaces of the 

scroll. The water near the center of~the section tended to flow 

~-~Appllcatlons of Hy~aulic Laboratory Researches:. by I° A. Winter, 

A° S. K. E. Transac%io, s 1931j ~oi. 53, H~D-53~4, pp. 27-40. 
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FIGURE 21 

Paint Tests of Speed Ri~- No. 2 
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outward and that n e a r  the top and bottom tended to flow :inward 

toward the speed-ring entrance. This resulted in a double spiral 

flow in the scroll case; other 

being counterclockwise. 

direction of flow and flo E 

acted to retard the outward component of velocity and the re~ 

velocity was nearly ~t~ngential In the central region ~ of ithe soroll" case. 

For this~rea.on the vanes ~nNo. 2 speed ring were,de~igned to approach 

the tangent at the central section and tO approach the radialat the 

upper and •lower shrouds, 

To verify the assume 

speed ring No. 2~ a paint 

symmetry of the scroll ca ..... . 

results were disappointing because the presence of 

altered the velocity dlstribution. ~The ~scroll ~case v 

two parts, the flow in each ~art behaved as it 

scrolls. Each plrals 

~ n e directions. It should be~kept in mind that ~pai t t sis ~show the 

direction of flow lines only along the ~bo~dar~ that the 

direction of flow lines in the interior of thewater e must ~ ~ 

be deduced f r o m  these. ~~ 

Turbines operating in connection with scroll cases ~having a rec- 

tangular section nearly always give higher effiolencies than those 

discouraged by the square corners in %he re ctangular-section type ~ef 

scroll case. 

TURBINE-EUNNER AND FAIR~ATEE-CONE STUDIES 

A paint test was made on the runner and fairwater cone to determine 

the flow lines through the buckets and on the cone. The results are 

shown on the photographs, figure 24. The general pattern of the flow 

~5 
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Paint Studles of Runner 



lines indicates that the flow through the runner and on the runner 

cone occurred as anticipated in the design except near the runner band. 

It is believed that the markings in this region were ~ obliterated by 

the gate leakage after the gates were closed and before the wa~er 

could be drained away from the runner. 

Tests were m~de to determine the relatlve effect of v~rious 

fairwater cones on th~ performance of the turbine, Fairwater conesof 

various proportions as shown~4n figure 25 were tested, No. 3 being the 

one originally designed for the model runner. The results are ~shown 

plotted nondimensions~lly in figure 26. 1Cone No. 3 resulted in highest 

efficiency but the turbine re~c~i~d its highest-peak horse~ 

with no cone at all. Cone No. 2 a reduction in both ~y 

IN VEST IGATION OF DRAFT-TUBE~DISTURBAN CES 

1 ~ ~ / 

The transparent draft-tube models used in the tests made itpossible 

to observe the behavior of the water as ged from the irunner 

and passed through the draft tube. When a small amount of air was 

admitted into the scroll case it was noticedthat the air collected 

below the runner falrwater cone in the form of a rotating spiral vortex 

extending some distance down into the throat of tho draft tube. The 

speed of rotation of'the spiral was relatively slow at small gate 

openings and increased with the gate opening." Also the pitch of the 

spiral decreased as the gate opening increased. The action was most 

severe between 0.i gate ~And 0.3 gate. As the tail of the spiral 

passed any given point there seemed to be a pressure surge and a 

listener could deteot an audible swish. At gate openlngs ~greater than 

O.4p the frequency of the surges was so high that they wer~ not readily 

detected. So far as could be determined on the model this phenomenon 

did not affect the torque developed by the runner. 
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The spiral vortexassumed various shapes, depending upon gate 

opening. At small gate opeuings, the shape was something like ~a~earrot 

twisted into a corkscrew spiral loosely attached to the !tlp of ~the 

falr t,r-o e and 8,inging r t er laz y arced Inthe oOnlcal secti  

of the draft tube. As the gate opening Increased the vortex whipped 

wildly around until the gate opening approached that of best turbine 

efficiency (0.35). Then it straightened out and assumed a shape 

similar to a loosely twisted wisp of string~ ~hangi'ng!vertically 

downward. At About 0.4 gate the twist reversed to the op~oslte/from 

the direction of rotation oi' the runner, At 0.5 to 0.6 gate, the 

stringlike vortex again assumed th 

around, still keeping its slender 

gate, which is beyond the gate for maximan~ horsepower,i the vortex 

virtually disappeared. 

Motion pictures of this phenomenon were taken on 16 ram, film i 

and placed in the files of the hydraulic la~ratory for future refer- 

ence. " - 

Power swings, or ~isations, have been a source of concern to 

operators and engineers ever since about 1912p and ~reportsreceived 

from the field indicated that some of the ~Bureau operators in plants 

such as Seminoe, El e~ant Butte, and Boulder ~ were experiencing ~trouble 

of this kind. There is little liter~ture on the subject but the con- 

mensus of opinion seems to be that there is ~a relationship between 

power swings and draft-tube disturbances. A paper byiMr, W. J. Rheingan~, 

together with discussions, goes rather deeply into the subJect lbut does 

not offer ~ definite solution of the problem. 

The Izboratcry was not equipped to make a complete iinvestigation 

of the problem but attempts were made to devise some means of breaking 

up the vortex in the throat of the draft tube in the hope that this 

would either eliminate the power swir~s or at least reduce them to 

tolerable dimensions without materially affecting the horsepower ~nd 

efficiency of the turbine. 

un , , n, u | 

* mPewer Swings ~-~ Hydroelectric Power Plants," by W. 2. Rheingansp 

Transa~Icms A.S.M.E., vol. 62j 1940, pp. 171-184. 
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Three t y p e s  of  c o r r e c t i v e  devices  were s t u d i e d .  F i r s t ,  f i n s  

were p laced  i n s i d e  the t h r o a t  o f  t he  d r a f t  tube ;  second, f i n s  were 

attached to the fairwater cone; and, %hlrd, vamesrradiating from a 

central hub under the runner were anchored to the wall of the draft 

t u b e .  

The dimensions of the draft-tube fins were 0,I0 inch by 0.25 inch 

by 2.00 inches. Five of the fins werepositi0ned in radial planes 

equally spaced around the inside oi' the dra~ft-tube throat, beginning 

in the plane of symmetry of the ~draft tube on the downstream side. 

The 2.00-inch dimension extended from the throat flange downward in 

a direction parallel with the turbine axis and the~O.25-inch dimension 

extended radially inward toward the turblne axis. .... There appeared :to 

be a tendency for these fins to confine the spiral vortex into slight~ 

closer limits about the axis of the turbine, It~ was expected that the fine 

would straighten out the vortex filaments and cause the discharge~to 

flow in a more nearly vertical direction and thus disrupt the spiral, 

Ther~ were no visual indications that this was accomplished. ~ The 

efficiency and horsepower of the turbine were not affected, 

The second type of corrective device ~ consisted of fins placed on 

the runner fairwater cone. A fairwater cone with five radial vanes as 

aho=n in figure 27 was tried. These Tanes not only ~ failed to break up 

the vortex but resulted in an appreciable decrease inthe 6fficiency 

of the turbine. A fai1~ater cone with three vanes placed spirally~as 

shown in figure 28A was then tried. This also resulted in ~a !loss in 

efficiency and peak horsepower. Neither of these devices effectively 

eliminated the vortex. 

The third type consisted of streamlined splitter vanes extending 

radially from a central hub and anchored to the wall of the draft-tube 

throat. Two sets of these splitte~ vanes of somewhat similar design, 

and referred to as No. 1 and No. 2, were tested. The hub, which formed 

an uuattaehed continuation of the fairwa~er cone, was hollow. The 

three streamlined vanes radiating from the hub were also hollow and 
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FI @UI~ 28 

A - Fnlrwn~or c o n e  

B - Splitter No. I 

C - S p l i t t e r  No .  2 



were provided with holes along the sides ~for ble~ding ~ air into the 

water to prevent pitting on the vanes. Photographs of these splitters !i~ 

are shown in figure 28B and C. 

The splitters were tested in two ] 

would be most effective in breaking up ~the 

the flc~" in the draft tube. The first poai 

legs to the front, or pointing downatreamin~the ~d~rection of 

of the draft t ube .  The second iposition was with one~leg back, or~.up- 

stream from the direction of flow/fromthe draft tube. 

The splitters not only confined the vortex '~ to i~he 

draft-tube throat but ~Imost entirely~ disrupted ilt. In 

g~te openings. In other words, the :~tendency .of ~the~ flow~ to,/swit,ch 

from one side of the draft-tube to ii~the other ~-as the ~g~te opening 

passed through that of best efficlency was :co: 

making the draft tube more,, effective at over- 

posit ions.  ' " ~,i~, ' 

The to s i.di  t  that splitter thaa 

Moo I and that the position with one leg to the front, or downstream~ 

was more effective than wlththe leg to the i back, or upstream. Figure 

29 shows in neadlmensic~al fore,the relative ~ effect of the splitters 

on the over-all efficiency of the turbine. The relative values of 

efficiency and power output are based on the ~utput~iof the turbine 

without the ~plitter. It is apparent that the splitter will increase 

the efficiency of the turbine over the operating range of gate open- 

ings, but with a sacrifice of peak power output, This is probably 

due to a reduction in discharge capacity resulting from constriction 

of the effective area of the water passage. 

I 
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APPENDIX 

s~TRUCTION D~T%TT~q OF THE GRAND COULBETURB!ME MODEL 

I t oduot o .  0f/th. .od.1 
studies described in the forel like 

of which had not been encount, 

time the ~,del w~s constr~cte~ 

necessary in order to accomplish the d, ~ ~,i 

To facilitate the 

case and draft tube, a model of 

built of tramsparent plastic material ai 

stock, the scroll case, and dra- 

but the turbine case, speed rim 

make of transparent material, w 

able process-developmen- ---~- -~ . . . .  -~ -- /' ~ -" - ; ....... 

This appendix is being 

of the methods, process 

for the Grand Coulee tu 

2. The mode! design. It was necessary to create 

design on the basis of the requireme 

horsepower, speed, discharge, etc., 

let and there was no t~:bine design 

ditions. When the design was comple 

~ng the hydraulics of the model were 

3. Const~actin~ the model. ~meof the features Of the model such 
as the circulating pump, ~ box and 
water channels presented le 

oonBtruction of the turbine model with appurtenances call, ~kills, 

techniquesp and methods outside the field of usual hydraulic laboratory 

practice. The features requiring special skills, techniuues and methods 
were as fo l lows l 
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a. The turbine runner and .wicket gates. 

¢ draft':tube. 

4. Casting the turbine wicket ~ates~ and runner ..... Aftar:eonsldering 

various methods of constructing es ~ 

soldered, bra~ed, or welded tog de s 

in one piece, and if successful ru 

homogeneous casting. This appes.red to bean extremely difficult!~der-: 

taking as the runner was onlyi7.90 inches in diameter ~ind contained 

20 vanes of a rather complicat ̂ ~ ~:: : 

The metal selected for cs 

and the turbine runner was "Gc 

the S~racuse Smelting Works. 

low melting point,: high tensil 

The mold for casting the 

nar-I cold-rolled 9teelr in two 

trou.ble was expected in m~king 

was found that there was an in 

of a small peanut in each vane casting near the base of the:gate stem. 

No amount of preheating or venting ~ o~ the mold~as sufficient to elimi- 

nate the defect which was ion. 

Finally it was suspected 

metal in the gate stem ha 

woul~ not flow down into 

uhriukage when the vane s s 

then heated up to abcut the melting pointo the vane 

portion of the mold was kept comparatively lt,was a 

vane casting entirely free from:defects. This informationproved 

exceedingly useful in casting the turbine runner and speed ~ rings. 
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The mold for casting the turblne runner shown lu flgurelAwae 

far more involved. First, the mold had to be desi~ " " " "  

had to be made in a local foundry. ~The main eastin, 

shaped somewhat like a cake bake p a n  w i t h  

cr cover plate. The materlal se 

mold for the runner vaneswas"d 

for casting ~old bridge work and~crowns 

band pattern in 

down, two s< 

the segment~ 

the form of the~ 

other segment waJ 

of a turbine van~ 

thin coat of she: 

and spaced byme~ 

a segment of 18 °, orl/20t 

f 

core box for molding ther ,nty runner- <~'. 

vane cores were then mold this core .... 

box, using a very thin coat of grease iLl sticking. :The ic0res 

were then dried for 24~ hours in~'an ele~ at about 260°~F. 

The core box, cores, and for~ ..... " ~ shown i~ 

The mold ~as then set ul the znmne~ 

runner-band pattern and the~ runner-crownPattern were removed from the 

mold. The mold ~ was thoi"oughly cleaned sn6~ the ~ cores 

were stacked in place in the mold as shown i:l e that ~ 

a s~.l notch was cut in one of the cores t0 provide a placeto pour 

the molten metal. The joints between the cores provided sufficient 

venting for the gases to escape. The cover plate was then bolted . 

down and the mold was ready for pouring. 

Q 
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Before pouring the metal the mold waslheated ~up to about 300 ° F. 

to prevent chilling themetal. The cove e was then heated up to 

s!i~htly above the melting point of~ the ~al was poured 

slowly and continuously until %he: mold,was full. 'i ~Mnr~ ,~,~+. i..,i +~..~ 

applied to the cover plate h 

turned on the bottom of the mold f 

the runner band to solidify while 

runner crown remained molten. ~ As 

through the mold the runner vanes 

solidifying action made it neces 

the cover plate was allowed to c 

resultinz casting is shown inIi The fins~were sheared 

a pocket .knife and the castingmachined. Some trimming and scraping 

at the discharge edge of the runner vanes was~nece~ 

the v~nes amd water passages were~so~smooth that n~ 

necessary. The finished turbine runner with shaft 

shown in figure 2A. 

5. Castin~ the speed rln~ method and technic 

casting the speed ring were the same as used in casting 

runner. The mold was of east iron machined inside only, The 

for the upper and - ast iron. The 

Used to cast the , of that usedfo 

soldering. This serves to emi" .~m~ 

control in pouring such castin 

finished casting of the No. i 

ing, with two extras, are shown stacked, bottom side up in ~i~r 

The complete mold is shown in half plan and section in the upper 

drawing, figure 1A. 

B 

shows t~e 

this cast- 
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FIGURE 3A,:' 

Stee l  curb  ongle 

Mote for  lower  ho, 

Femole for Iowec ond uppe 

Mole for  upper hc l f  
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• ',:o 

: . i :  



. . . . .  ,6 <4~, - . .... . . . _ t ~  . . . . . . . .  

k ̧ : 

6. Scroll-case and draft-tube mooels. ~ The 

tube models, being made of : 

skills, and techniques from d 

casting methods, fozTning ant s, 

material selected for the sc s 

known as "Pryalin". This material Wa:s selected because o. 

parency, tOul~hness, and workabili 

This material, however ~ad some 

overheated it turned an amber color :formed inits 

Also it woulo shrink and lose 

months after forming. Later, 

somewhat more brittle, has bet 

and ooes not ~iscolor with age 

T. ~nsparent plastics had ~" 

the laboratory before this tim, 

an attempt had been made to 

by means of forming tools. Th: 

the separation being in the pl~ 

had to bc for right- and left-? 

made in one piece ~[th the lef~ 

hr.nd ma5rix on the other, as s~ 

and stora~:e space. The male r~6 

were made on the female for gui 

tool was so made that ~t would 

• sheet of pyralin 1/10-in 

and the assembly placed in an o 

soon found that this was the ,v.Tong approach as an ledge ,of the 

near one of the electric heater elements in the oven ignited before 

the formin 8 mold reached the proper temperature for forming. 

: and ~raft- 

~d methodsi 

d : ! o f  • 
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It was then decided to/.place:the.forming mold i.in" the, oven ~without 

• the l pyralln:until.:it: reached .the ~p.~,oper.i temperature:for:[ fo~ng~!~:i ~,~qe .~ 

pyralin was then inse: 

the' temperature.of th 

-mold were then presso, 

to cool. As 

entire sectio 

t~ pieces an ~ 

Joint. The J 

method of Joi 

craftsmen. T 

strip of pyra 
pressed into 

harden. The Id 

between two s 

reenforce the flanges<were: 

The draft-tube models 

together. The drawlng and 

figure I AA. This section ws 

able drawing o:' t~ 

the mold had to b~ 

wrinkles. A stud~ ~/i,~ 

report show the ~ ~? 

The.mold for.. making the .horizontal -.section of-tthe draft-tubeTmodei ~ S 

not shown as it .was comparat:ively~simple,~.being,:mostly;,a'i'matteril 

ing the.pyralin.sheets with; very~.little ~drawing.. in.! the -,- fO~ng.<i~ 
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