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" NOTATION -

height'of'wicket gates S

~ funner diameter at rrummum opemng

dlameter of draft tube throat
frequency {hz) .
acceleratron due to gravrty

net head across turbine

length of draft wibe

- number of wicket. gates o

rotatronal speed (rew'mln}

unit speed”

* pOwer -

- .' specific power R Coa

pressure surge arnphtude ﬂuetuatton from mean
e

drscharge R .

‘ specrfrc drscharge ‘ _
_ radlal drstance to center of flow through wrcket gates
' v.ndth of openrng t‘Jetween wrcket gates

o torque ‘

axlal velocrtv

S radla[ |nchnat|on of ﬂow through wrcket gates

ratlo of rnaxlrnum runner rotatronal velocitv to the spoutrng veloclty

klnematrcvlscosrtv g : A*‘-‘_i_-.f
.3 1415 : '

.‘ ﬂurd den:ltv

turblne cw:tatron number R

. flur of mornent of momentum
o anJuIar velocrty (rad/sec}

functlons

Flevnolds number. '

modei

prototvpe o




CONCLUSION“

1. An air model of the type descnbed in thls report

can successfully be used to determine ‘the ‘surging.

characteristics of hydrauiic turbine draft tubes. The

equipment need have:no more mechanical components’
"than the minimum . required" to prec:selv introduce,.
and measure swrrllng flow at the draf't tube o

“control,
: !nlet

-2 The shape of the draft tube has a S|gn|frcant
influence on the surging- t“'laractenstlcs-—the r‘ ge of

surging, the frequency ‘band: of . the ‘surges, ar:d the
amplitude of the resultlng pressure pulsatlons :

3. The. throat geometry generally has more mfluenoe )
-on the-surging charactenst:es than the shape of the

' .remaining downstream paortion of the draft tube.

4. The degree of divergence of a draft wbe is the most
surging -’ ' :
-For., many years there was cons:derable speoulatlon

significant,’ geometric - featire . _affecting
characteristics: Bends and relatlve length have lesser
lnfluenoe .

: 5 Surglng can be mlmm:zed by usmg an equwalent: .

draft tube éxpansion angle of about 15° through the

whole_length of the draft tbe, and’ possnbly elnmmated' ‘

‘ 'entrrely wrth greatel' angles. S

6 The use of stralght cyllnder sectlons Ianv L/D) or

_ constant dlameter elbows in.or near ‘the draft tube

throat will increase the range of surg|ng and generally'

increase the frequenc:y and amplrtude of the surges.

7. The possrbmtv of resonance WIth known natural"
frequencies of other features of. the hydroelectrn: plant’
_can:be checked with fair accuracy using the results

“presented, if the turbine-performance characterlstlcs

"and wicket gate geometry are known Resonance can'
" be avoided by proper choice of geometnt: components k

in the draft tube’ desagn

| APPLICATIONS

The results presented in this report can: be used to
predict with fair accuracy the range”of:occurrence,

frequencies, and pressure ‘amplitudes of draft tube
surges in prototype or model turbines. The draft tube "

. shape and . performance characteristics of ‘the turbine
‘must be known. The results can be used in draft tube
) de5|gn to help minimize the inevitable' surglng that will

. occur over. some portion: of the operating range of the
parameter .

" turbine. Examp!es of dlmenslonless

*Mumbers indicate raferences at end of report. '

Draft

‘ surges. -

* ‘throat. The
* spiralling vortex flow.in the draft tube, which has keen
- referred to in-the literature as “vortex b_reakdown v

“'An - analysis -
: conducted to gain an’ understanding .of draft tube

.evaluation are included to encourage the generalized
'eomparlson of surge measurement data obtalned from. -
: protot\fpe and rnodel turbines,

IN TR.ODUCTION

. tube - surges have created probtems +in
hydroelectric powerplants uslng reactlon turblnes for
several decades. :

} Draft tube’ surges generally occur over a range of gate :
: positions above or below . best effrelency. The most
common adverse effects of- the surges are notleeable" -
vibration and pounding nolse in the powerplant. More
serious mamfestations such as periodic variations-in. -
power output (power swmgsl vertlcal .movement of

the runner and shaft and penstock pressure pulsations ~
and vrbratlon have often been attrlbuted to draft tube1

ey

and d|sagreement about *he. eause of draft tube surges.

It ishow generally aceepted that the draft tube surge Is
a hydrodynamlc :nstab:llty which- occurs in" the draft
tube_as the result of rotation remaining in the: ﬂl.lld as.
it leaves the turblne runner. and enters the draft tubs
hydrodynamrc ‘instability - produces

Bureau of. Reclamation powerplants have not been an

exception to the draft tube surde problem. As a first

Costep o in’ f|nd1ng a solut|on to the: problem a -
"concentrated - research - effort was " directed - toward ©
'determmlng the basic nature and’ cause -of -draft. tebe

sirges. A bnb_llographyof Titerature, pertaining to draft
tube: surges and swirling flow in’tubes was collected.
and experimental ~investigation was

surging ‘and to. correlate .oceurrence, frequency, and

- amplitude of * the surges. with. flow - and geometric-

< variables related to the flow through the turbine and
- draft
'reported in a USBR report .hy . CaSS|dy -while ‘the
- review “of . existing knowledge and ' ap- annotated ]
blbllography was compiled in another USBR reportby

_Falvey.!
preserited in two.papers by Cassidy and Falvey.?r 4

tube;:” The ' experimental lnvest|gat|on was

Specific aspects of the studies were aiso

._Gassudy noted that the dimensionless parameters used -
-~ ‘to correlate the occurrence, frequency, and amplitude -
of the surges were also functions of’ the .draft tube -
fshape The

resul_ts “indicated - that a thorough




investigation of this aspect would be of great value in’

understanding_ the surge -phenomenon, in predicting

frequencies, and in applying measures to reduce or

. eliminate the surges. The experimental work presented
" in this report is a conttnuatron .and "expansion of

Cassidy's studies. The same experimental equipment .

and analysis were used. However, al! resuits are from
orlgrnal data obtamed subsequer't to Casstdy S studies

This report contains sufficient analvsis and deseription

of experimental equipment and procedure to provide : - '

an ample background for the analysis and appht:mOn
~of experimental results.. For'-a more

reference,® while background information on prablems

arising from draft tube surges and attempts to solve

them can be obtained from reference

ANALYSIS

Dimensionless paramerers were. derived by I alvey and

Cass:dv“ to help generalize expenmentai results of .

surging flow in a draft tube. It was assumed that for a
particular
root-mean-square (rms) amphtude

\/(p)

of the surge are both functlons of the densrtyp and the
viscosity v of the fluid, the drameter Dy and Iength Lof -
the draft tube the discharge Q, and the flux of the -
‘momentum)&2. -
Dimensional analysis yielded the _following functlonal-'

moment of “momentum " {angular
relatronshtps

‘ pre_ssure parameter

D} v/ 1p'y? =¢'(@s L )
‘l 902_.103_' .

pQ*

and frequency parameter

Q pQ* Dy /.
Where R is the Hevnolds nurnber 40!11'031! The ratlo
"D, /pQ? is referred to as the momentum parameter
and is a ratio of ‘angular momentum flux to hnea.r‘
momentum -flux. The momentum -parameter is, i

effect, a usefuj.measure of the amount of swirl in the:

flow In applyrng it to the expenmental study, the

.a particular value of QD3/pQ%.

thorough -
discussion of; the ana!ysus and descrrptron of the =
expenmental equipment, the reader should refer to -

“for a turbrne

draft tube shape; the . frequenc,.f f and - geometry, . and the performance characteristics are-

assumption was made that regardless of the manner in

‘which angular momentum is introduced into the flow,

the resulting surging characteristics will be the same for
The frequency‘
parameter is a form on the Strouhal number D3/V {V

-5 the axial velocrtv) written in terrns of dlschalge

- Based on, hrs initial experrmentatlon with a srmpirfied'
‘model using air as the fluid, Cassidy® concluded that:. .

1. For a given draft tube shape there is a critical
value of 2D;3/pQ? above which surging flow exists.

2. The ‘frequency and pressure parameters can be -

correlated with: the momentum parameter fora.

given draft tube shape

' 3 Frequencv and rms pressure values of the' surging
flow - are-: rndependent -of . "viscous ~effects for

“Reynalds numbers above approxrmate!y 80, 000 ..

{prototype .. Reynolds

: numbers great!y exceed
- 80, 000) :

The mornentum palameter QDg ’p"'z can be computed
it the :runner dramcter

knOWn It we start wrth the baslc expressron for power :

_where w is the angular veiocrty and T torque and
'substitute .

.T:Q,'."_'Q:;-. " S (2).-

where Q- .Q, is the rate of change of moment of

.. momentumof the flow-as |t passes through the runner o ‘_ e
o ‘we obtain -

-9, @

ks Multlplylng Equat|0n (3) by Dgr"pCl2 and rearrangmg

terms

5 Dg PD.
. p02 = pwoz

1A Da
pO’

| “(41

-"_The Ieft side- of- Equatron (4) is the momentum

parameter. assot.rated with the flow at the draft. tube

" throat. The frrst term on the nght of the same equationj
+ igthe, momentum - parameter of the flow leaving the
" wicket gates: .and’ entering’ the turbme runner and can:
be computed by v ‘ '

wicket. gate' Y .



.Q4D; _DaRsine ®
: 02 . BNS. - e

Equataon (5] shows that SI.ID_-.,!pO’ is’ entlrely a
- function of wicket gate geometrlc variables (defmed in -

F:gure 1) and the drart tube throat drameter

Y B+ depin af gatey
“N=no of gates

K Frgure _I Dafmitton sketch of ﬂow [emnng wrdcet gates _
and enterrng turbme runner. o . :

;The second term of Equation (4} can' be computed
from performance characterlstlcs of the mrhlne usrng
. ﬂ'le equatron . _ . ;
PDy 550 Pyy- Ds
prz

E Where t}‘.v is the ratro of maxlmum runner’ rotatlonal :

- WP Qu ¢ Dz \_."jf‘ i (SI

which "can - be. evaluated . for pr'ototyrpe or.“ model
‘urbines from data {in English units} normally obtamed L
durmg performance tests.. . -

LABORATORY MODEL

Laboratory experrments were r:onducted wrth air as the

- fluid . and a model. {Figure 2) ut:lrzmg some of the. . .
oomponents ofa model turbine which had been usedin -

-a’prior h_ydraulrc_model study..The spiral’ case, stay

vangs, and ‘runner were removed. The wicket gates -
_remained and- served to-produce swirl in'the flow asit -

passed from a symmetrrcal pressure chamber into the

draft tube.{Figure 3). Radial inclination of the gates. .~ |
_could be set at any angle between 0 {radial) and 82°

(c!osed) to mtroduoe varyrng amount of smrl ln the
flow ' o .

-velocrty to -'the. spouting velocity - {the oornputed L E

" velocity obtamed from a velocrty head equal to the net

head) .or

p= _ D3N _ ‘7) .

BWZgH*:;'

.Pu is the specrftc power or _‘. =

: AP
P‘.‘l-=_n§ y3z o

Cand @y s specific discharge,or - .0 -

Q= 55— -
1 ‘D3 HY/2-

' Cornbining Equations _t4), (5_}, and (6), we,obtai'n‘ :

550 Pyy Ds
22920}, 605"

D4R sina
BNS

C 2,05
T opQR

: F:gure 2. Laboratory air model and msu-umems
: R Photo P X-D- 675?5

- SEGTION THROUGH

C SEETI o -
o, SECTIONAL-PLAN . - WICKET GATES

- Figure 3. Slch'er'natic:of Iaborat‘orv”air_model. .




The momentum parameter of the flow entering the
.draft ‘tube could be determined in the simplified -
. laboratory model with far less effort-than would be

required in a complete turbine rnodel. Without the
turbine runner, the momentum parameter at the draft

tube throat is equal to that existing in the flow leaving
the wicket gates. Equation (5) could therefere be used’
to compute the momentum parameter of the flow

entering the draft wbe:

n,oa Q.05 _DaRsina
pQ* po’ BNS

The computation of the pressure and - frequency
parameters required the measurement of discharge and

the frequency and' rms pressure of the draft tube.

surges. The rate of discharge was controlled at the
wicket gate openings and varied along with the gate

_Openlng area with changes in the gate setting. The -
discharge was measured by a d|fferentla| orifice located -
in the inlet pipe to -the pressure . box. Pressure :
drfferentzat ‘across . the orifice was measured with- a
: pressure celi and conditioned by ‘and reccrded on ‘one
'channel of a dual channel reoorder amplnfrer

' The plastic draft tubes _being tested had plezometer
taps at several locatlons ‘along ‘the wa!ls A pressure call :

with -a short piece of flexible: tublng could be attached
to the piezometers for dynamic pressure plckup The
signal was conditioned by the second channel ‘of -the

reeorder-amplmer and fed through a band-pass filter to B
an oscilloscope - and . rms - meter. Frequenc1es of ~the
. periodic’ pfessure pulsations were determined on the. "
" .retentive " screen  of “the osmlloseope Thej
'lnstrumentation ts shovtn 1n Flgure 2 :

LABORATORY PROCEDURE

computed usmg Equatlon ('3)

"gate settlngs |n the rar

the band pass. was set to include most of the
frequencies encountered, and later. adjusted ‘as

required ‘

. For a particular gate semng, a gwen draft tube surges ;
- at the same frequencv throughout the entire tube (with - - =

a few notable exceptions). The amplitude, however,
varies with locaticn along the tube wall. :Data. were

maximum, since the frequencv was best defmed at that

.locetlon. :

_For some tubes, data were obtalned at several Iocatlons :

to determine the variation of amplltude with respect to

‘location. For one draft tube, data were also obiained at
several locations without feeding the signal through the
“band-pass filter, for comparison of rms pressures wrth

2 the flltered stgnai resuits : :

A run conslsted of frequencv ‘and rms pressure
measurements (along with dnscharge onflce pressure
drfferentnal} Jaken-at the same prezometer ‘at numerous

;2. of surging. The data, along °
_with amplifier attenuatmn factors, air - density,’ and, .
_descrlptwe mformatlon were recorded on data sheets
" suitable for ADP card kevpunch use. The dlmensnonless .
parameters.” and _other : flow." variables - were then
: determlned by - computer. During: the computer run n

. frequency and pressure parameter -versus momentum_

_ parameter’ curves ‘could - be - plotted . on an online -
cathode-ray’ tube (CRT) and’ photographed on 35mm .~
‘microfilm  for later copying. and convenient. storage. o
The. CRT plottmg routine was desrgned so that any s:x

.generally taken. at a location where amphtude was

frequency .or pressure. parameter. curves, each with'a .

different.symbol, could be ptotted on the same. figure -
‘ (microfilm frame). by simply. specrfymg the ‘desired run-

numbers for each figure. “The gréaphs used in Figures. 4" .

. through 18 (followmg Resufts sectmn) are oomputer:'-
‘ R generated ' S oy '
' The vaiues of R S and ., deflned in thure 1, vary'.f o
with the gate: position. These quantitiss were carefully -
measured ‘i “graphically- determined for numerous gata .
" angle settings, and tables for use in computatlons were
' prepared from smoothed curves of R, 5, and o versus .
gate angle. The. value of the momentum parameter for
a partlcular gate “setting - ..ould then be 'ead_r_lv i

DRAFT TUBE SHAPES STUDIED

. varying diameter and length. From the results; it was

For a partlcular draft tube the range of gate sattings '
for which surging flow rould be ‘detected was first:
_noted, as” well as- the” apprommate maximum and:
" minimum frequencles in” that range. If the frequency -
band was not too great, the high- “and low-pass circuits '
.. on the band-pass filter were_set somewhat ‘outside this:
o .band Occasmnally the frequenmes vaned greatiy-and -

(RN

- not possible to extrapolate what shapes could ehmmate -

ar at least reduce the surgung

wdu ) uetermlned that the draft tube shape : N
_defmltely has an effect on the range of surglng andon, -
“the frequency and rms pressure on the pulsatsons His' - 7
testlng ‘was Ilmrted ‘to. one model: draft tube, an- " -

'|rregular|y expandrng cone, and several cyhnders of .~

'A« svstemat:c studv to. correlate the geometrlc shape s

-oomponents found in typical draft tubes with the.
- surging. characteristics was undertaken. A few of the
~shapes. tested wefe ac.tuai models of draft tubes wnth




- minor modlflcatsons The greater ma]orlty, however ‘

T were. simple geometrical -
thereof,
“ truncated diverging corw@s; and -cireular crass-section

shapes or’ combinatlons

- elbows. The diameter, length, and angle of dwergence; :

were varied, Tests were repeated on’all of the tube:

" which had already been. tested by Cassldy to provide a
since’ . measurement:

' |nstrurnent_cal|brat|on d *'epancles ‘were - discovered - surges

refiable base .- of ° oorv:par,son

Data were eventually obtanned for about 75 dlstlnct :
- - draft tube shapes :{see Figure 1in the Appendix): Only . .
" & fractionare’ included “in. the comparison of results. :-
- which- follow:: The' results -that. have. been" lncluded;_'
reflect how ~different shapes or minor
modifications have significant mfluenoe on. the’ surglng .
_ eharactenst:ts. ‘they also. show that some slgmflcant‘- -
- features, changes, or rnodlfrcatlons have very minor;if
< any, :nfluenoe Many of these results were contrary o
" what might be. expected or is presently assumed 1n}

"generally

o 'draft tube deslgn

, .A minor lrmrtatuon on the shapes that could be tested'

was imposed- by ithe. rnodel itself. The downstream face

of the pressure r.hamber had a: thickness of-1. a3 rnc.nes"
- (4.8 - oent|meter {cm)) - (see thure 3), in whlch ai -

permanent cm:ular opening of 6 13 lnches “5 5 cm) in- the momenturn nver whrch data po!nts are plotted
- diameter was provided for the outflow. Although the-

size of this opening could not be increased, it could be -

-decreased,- Qr the shape could- be- changed Awith the_r-"

:newtable reduct:on of inlet diameter} by. pos|t|on|ng a

- machined p!astlc insert ‘of the requrred d|men51ons in.
-'the opening. -Many - of the “iubes tested had ;inlet K
. dlamEters of approxlmately 6 lnches |15 o.':m)| o

\

- The results presented by Casmdy

-upstream of the- shape being tested. .Subsequently, it

*was discovered that the upstream cylindrical section
had significant in**uence on the surging characteristics.
Much of the data for this condition was thus obtalned_- '

unintentionally.; But the data proved to be of value, as

results, -

'RESULTS

'The presented results should be consrdered Iargely for "
their quahtatnre conpar:sons. The onset of surging was

. ‘only seldom discernabie as a well-deflned break in the
f!ow reglme and was therefore usually subject to the

“"consisting of  straight circular cyilnders

" each flgure.
parameter plots has been :ndlcetedﬂ -
“at the. location’ where the surges’ wire ‘measured. The.
" run:number has also beer indicated acjacentito the . -
-+ symbadl.-Approximate, dlstanoes along the tubes canbe .+
* scaied. The range: of surging.is defined by the range of_‘....; :

and much of the',, :
data obtained . initially “in- this study: were- faltf-‘n on -
E-inch-diameter draft tubes, attached to"the outer face.-"
of the pressure box. Consideration. was not glven tothe .
~ short circular cylmder as a_ geometrical component -

o

: lnvestagator s mterpretatlon Rms pressure values were.
‘repeatable from day to day only within about a 10
“percent vanation The values were- also influenced by
- the: frequency band ' pass used .and somewhat by the
- presence of -the short length of flexible tubing between :
e the, piezometer -and pressure cell’ {producing a fairly:

constant amplification of about 13 percent). Pressure -

parameter curves should therefore be used primarily to. .~

indicate ’trends and’ the order of magmtude ‘of the -

Frequencues - in- - most "cases could be precrsely‘"

“determined and were closefy repeatable from day to .
. day for the same draft tube and gate setting. The values’ -
‘of the resulting frequency. parameter -can. 1herefore be..

'used ina qtrant:tatwe sense,

Wl

o The results are. presented as plots of tf'e dlmenslonless*'

parameters in Figures 4 through. 18 {starting with page: "~ -~ " -

--8).In ‘most- cases, the’ surgmg characterlst:cs of several . . .M
'shapes are” oompared iin . the “same. " figure.. Scaled = .

’ schematu: drawrngs Awith" only srgmflcant dimensjons. - -

' .shown) of the shapés being compared. are. |ncluded ins

7 he -symboi - ‘used” for: astube in the -

ach draft tube;

Flgure 4 shows the surglng charactensncs of three draft o
. tubes. The: throats of both variations of the Fontenelle: P
‘ j,draft tube were ITIDdIfIBd from the actual’ prototype °."

'geometry The Grand Coulee pump- -turbine draft tube
is geometncally s:mrlar to ‘the: prototype
_ sectlon is t:|rcular for the entlre Iength

.For all three draft tubes the freque*tcy and pressure -
parameters tnmally mcrease with ah mcrease of thel i
-omeritum parameter. This. was" typlcal of. all tubes™ =7
tested. - For: some  tubss, - S
:”oontmues increasing, monotonously, wlnle for others R
. one ormore peaks occur. o e co

.the " pressure parameter

-‘_'Most tubes surge over -a flmte range of momentum:
parameter as is the case wsth the WO vanations of the ..
; Fontenelle draft: tube.. Others, ilke the Grand Coulee«. S

- pump- -turbine draft’‘tube, surge oontlnuously up to the -
reflected in some of the :ncluded comparlsons of L

point of complete mcket gate ‘closure, where ‘the
momentuim . parameier -approaches - |nfm|ty

-tself usually occurs at a

|ts cross i

Inthe.
. Grand: Coulee pump-turbine draft tube, the maximum. © ..
amphtudes occur near the end of the ‘elbow, on' the
. right side, ‘where the amplitudes are’ much_higher than ..
" at the stait of the elbow (compare Runs 188 and 175,
Frgune 4). Although: the ‘pressure parameter generallyij o
. attains the highest value at large values of momentum = -
" ‘parameter: {>2l the maxlmum value of the pressure' '
- pulsation amplitude -



momemum parameter value near, 1 at the frrst peak of_

" the pressure parameter

A slrght varia: tion of the Fontenelle throat geometry
produces srgn-*-"ant changes” in the surge parameter

values but does not .change the range of surgmg‘

Removal of the piets and-progressivély. sections. of the
. downstream end of the draft tube has little effect on

the surge parameters. A short tube rncludmg only the
first 30° of - the "elbow has- only slightly drfferent
' characterlstlcs than the ent:re draft tube (see Flgure 8).

Srmple sectrons c._ truncated 15° cones. surge over a

" smaller’ range of momentum parameter and _display

Jower frequencies’ and amplltudes than the” draft tubes -
{see Figure B). The frequencias measured " trom ‘the .
-cones ‘were far-less well defined than those from any
other shape. Different inlet diameters and L/D ratios .
“have only slight effect on the dimensionless surge.
‘ parameters Figure & also verlfles ‘the: valrdlty of the.

dlmenslonal analysls as related to geometrrc s|m|Iar|ty

' Somowhat varylng surgmg characterlstrcs arg, drsplayed

by 7.5° cones with variation of ‘tone LD irrgure 7).
The longest and shortest’ tubes dlsplay surging ranges

and' fr2quency and pressure parameter: curves quite’

similar 1o those of the Fontenelle draft tube. The

surging range of the cone with L/D = 2.32, however, is
far greater than the ‘ranges of ‘the other cones. The

pressure parameter also- increases -continuously to

higher values than for the other cones.. It should be

notdd that 2 7.8° cone with L/D = 2.0 is used

- downstream’ of the constant-drameter elhow in the

Grand Coulee pumg ‘turbing. draft tube.

Straight cylindrical tubes display surging characteristics
quite. d|fferent from those of expanding cones (sée
Figure = B). "Short . sections.’ (L/D" <1}

high- -frequericy . curves, while’ !onger sections have two.

distinct frequenmes—-the h1gher berng exactly double - -
the lower. !n a tube having an L/D of 0,95 the lower .

“frequency preédominates up to a momentum parameter

value of about 2.0, while beyond-this point only the:

higher frequency is ‘apparent(Runs 109 and 110).

Several other intermediate lengths between L/D = 0.86.
_ 3.58 were tested. The' tubes all-had surge’
" characteristics similar to the tube with'L/D = 3.58.:1t"

cand L/D =

should be noted that koth high- and Iow—frequency

sections.

* Adding a’belimouth entrance section to'a long, straight
cy[rnder does not alter the surg:ng characterrstrcs up to

a momentum parameter value of ‘about 2.0 {see Flgure_ .

! amplrtude at " higher

produce

g). The Re‘,‘nolds number falls below 80, 000 at

" Momentum parameter ‘values’ above about. 1.8, and

- only ‘results below this value’ should be. consrdered The

bellmouth entrance possibly affects the dlstrlbutron of -~

the angular momentum at- the  entrance- to the
cyilndncal section, but apparently does not change the -
;- total flux. The results tend to support the assumption-

.- that the’ manner- of introduction. of angular momentim
- zia not slgnlflcant

'. Frgure 10 .ll'ustrates the” effect of addmg short clrcular

cylrnders to the upstream end of a.long 7. 5%:cone. The '~

frequency and ‘the range of surgrng are. increased. .

s|gn|f:cantly ‘as the: Iength of : cylrn-..er is increased.
Srmrlar resulis were noted mth the shorter 7 5° cones.

Addmg clrcular cylrnder sectlons upstream of a 15°

“ cone has an even more pronounced effect onthe surge .
charactenstrcs (see Frgure 11).°A long cylinder has only
slightly more influence than a short cylinder, Adding a-
cylinder to the downstream end of a.long cone has no’
effect on the frequency, but- does decrease the surge”
arameter. values -

momentum
(Flgure 17, Run 1;3) :

“ The surge amphtude dbCIEBS..S wrth respect 10 dlstance.‘
from the inlet in an expa1d1ng ‘cong, but gr.nerally
increases in-a fong cy!rnf'er (Flgure 12l R

: A 100° elbow’ produces lower frequencres ‘than' a_

‘cylinder of the same length {Figure 13). The rarge. of .-

surging is also reduced..In 2lbows of different lengths- - . K
the’ hrghest pressure- fluctuatlons were measured near -7 Y.
the outlet. The fluctuatlons were always higher at the: =~

N rnsrde .of the bend’ than at-the outsidé, bothin

oonstant-drameter elbows and expandmg cross sectlon'

' elbows of dreft tubes, "

Substitutron of i stralght cyhnder of equal length for_' :

the elbow in' the Grand Coulee pump- -turbine. draft - : S

tube does not. aiter the. frequency parameter values to a
‘great’ - extent (see Figure = 14)..
phenomenon in the strarght tbe s rhe presenoe ofa-

smsecond frequenoy equal to. “about “wo- -thirds ‘of , the

'predommant one. The: predomrnant frequency,

- . paramater curve vanes only sllghtiy from: the frequency
The .
g mammum amplrtude |s typrcally hrgher |n the elbow“_‘-

. tube. | ' ‘ Sl
.parameter - curves .of an’ 'cylinders. show: conslderably s
higher values than those of draft tubes wrth expandrng., :

parameter curve - of - the .elbow: - draft wbe..

'In addltlon to the frequency and pressure parameter o
curves for the above two draft: tubes parameter plots,'_ T
.of their. geometrrc components ‘have been mcluded in
"“Figure. 15 for: oomparrson The' fréquency’ parameter = .

- curve ‘of 'the.7.5% cone is aimost identical to those of

“the' draft tubes,

The frequencies’ of all the other

|nterest|ng B



- -‘typical

“individual - components" however, are"higher"th'an="':the
‘”';two comptete draft tubes, ‘While generally the, most
- upstream components have the most |nf|uenc

':.cvilnder sectlons |_nserted between cone . seotlons s
: .lllustrated ' e :

N Two fengths of 30° exoandlng cones were also tested
No penodic i TEssure ‘fuctuatlons could ‘be detected
e with ‘the mstruments and measunng technlques used |n-‘-”j

the other tests R

‘.'ﬁ“.lt was pomted uut earller that the amplltude of the.;._"_'
surge varies with. location .along the tube wall. In srmple}l""'
i ..‘symmetrlcal shapes the ‘variance “occurs”.in a falrly.f-.
" regular .fashion’ {Flgure 12). In-an elbow of ‘constant:,.
- diameter” the, generahzat:on can be made’ that pressire -
- +.pulsation amplitude  is "highest near: the ‘outlet™-and

. higher at the inside’ than at the outside of the bend. In. -

a more; oomplex shape suchas- the Grand Coulee‘,,
*. pump-turbine draft tube the. amplltude varlatlon isnot:

" 'Bs: easrly predlctable throughout the total range of.—-f.

. _ff'Hms values of pressure pulsatlon were ob.atned for the _-'
~entfra_range of.surging -at about 30: Iocatlons in'the -
‘Grar‘d Cou!ee pump—turbme. The resultmg pressur

parameter curves at five cross: sections {four -curves - -

- at: sect:on quarter points for each sec tlon) are:shown.in.. .

o Flgure 17. The results proulde sufficient information to.
obtain: directly - or interpolate ‘the pressure. parameter .

value’, at’ any : Iocatlon on the ‘draft_tube: walls. ‘The

'maximum valug’ of the. pressure- pulsation: amphtude
itself -in“most - cases. -occurs “at _ the- first peak of -the .
L pressure parameter curve, near a momentum parameter .
. Pressure parameter plots . for 'the -

: ,downstream portlons of the exit’ cone have not been_,.

stiown’ because the pressure, pulsatlons vary ln a-fashion . -
decreasmg, _

~value : of -7}

_ of” expandlng cones - ae.,
'downstrearn._. L o

“than -what' wou!d have - been measured“mthout a
band -pass filter.:

percent hlgher than the fl!tercd Varue.

. in thls;:
“case’ just the- ‘oppasite’is true. A slmllar comparison - |s-:
- presented.in thure 16, where the. mfluence of stra|ght _

. sectlon

B _Some cc.mparatwe ‘data -for:. four]_'-'. _‘
. - different-locations in: the Grand Coulee pump-turbme o

" draft ‘tube.are shown' in ‘Figure 18; The unflltered,.".k
- pressure parameter- in. most.cases is not more than 20

'RGE ‘VIEASUREME NTS Cv
s TURBI’\TE MODELS

. Recentry the contracts for two dlfferent turblnes for.
:Bureau of Reclamation projects mc!uded requrrements

for: pressure - pu!satlon measurements cl_nng model
tests. The manufacturers furnlshed ‘the: Bureau’

"ocmplete operatmg data and draft “tibé” pressure. .
-pulsation” oscqllograms and magnetu: recordmg tapes. -
Tt was po=srble 10 compute the

From these: data :
dlme.r:.lonless parameters. The frequency parameter

" results for. these- turbines, the Grand Coulee Third = -
and the,” Grand Couiee

Fowerpla... turbine’ model,
Pumplng Plant pump-turblne

odel are shown | T
Flgure19 S

._:;A fnorter ranne ‘of surgrng is produced by the turblne -

draft tube and its frequency parameter curve'is, Iower o

“The' drfference in. the_ surging characteristics can-be’ - e
;artrlbuted to ‘the d|fferent shapes of the two. draft = . -
~tubes. The turblne draft tuUe area expands mroug‘tout- FRR
the’ elbow ‘for a_distance of about 2.5 L/D, with'an. 7
‘equivalent. area cone-expansion. angle betweer 11° and".' B
-13° Then ‘there is- a sltght grat:lua'r decreese in‘area in . .
,:the wclmty of the pters The long, lmtral expand-ng R
) “toproduce surging. .
characterlst:cs typlcal of an equwafent area. enpandmg--r;j R
“cone,. The frequency parameter curve is very similarto. -7 0
the, one prodiiced by’ the Fontensite draft tube ‘with . |
."oomcal throat: {see -Figure 4). "The: purnp-turblne draft.
s "tube has a- short -expanding . initial: eectlon folrowed by: .
3. 100° constant-diameter elbow (centetfine L/D =2). . =
-"'_The constant—dlameter elbow near the- entrance’ tends‘ S
extend the : ‘range - of surging.and. produces hlgher SR
.'frequencres as was demonstrated by the alr model tests--* L
"(Flgure 4} S RIS :

is’ sufftcrent however

CAIR MODEL AND" HYDRAULIC
" TURBINE MODEL COMPARISON

o : o The Grand Couiee pump—turbme draft tube surge' -
Al recorded pressure amplltudes were: mquenoed by
the frequency filter band through which the amphfued-'f-
; " pressure transduoer signal was passed’ before it reachedf'
" the rms meter. The fiitered rins value was; always fower -

characlerlstscs ‘were determtned both “from - the-

: manufacturer s hydraulic scale mode! {1:9. 5 scale) data S
- and the: Jaboratory- air- model {1:17.8 scale! data. The . .
~two tests were performed completely independently of © -

- each other. Coordmatton during the - tests was. not” " -
possuble since’ ‘the . manufacrurers tests had  been -

oompleted and. reported when the air model tests were

performed “The air model testing on this draft tube was L
part of “the" regular testrng program,‘_and therefore
estabhshed procedures were used to obtaln the data .
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Figury 19. Comparison of frequency paremetar for Grand .
Coules Third  Powerplent turbine. and Grand - Coulee
Pumpmg PMant pump-r.urbma hydrauhc modals.

_ Pressure pulsation data were obtamed at approximatelv L
the same location, near the. draft tube ‘inlet, in both_
‘tests. Results of the two tests are shown in Fsgu'e 20..:

- The 'frequency . parameter comparison is_ quite’ -

. satisfactory, Pressure parameter vatues do not compare
‘nearly as well, Since powerplant cavitation factor, §° is _

a function of the vapor pressure of water, the air. made!
could not be used to_explore the effects of .6 on

-~ pressure amplitude. The best comparison . is obtained -
- {as it.shou!d} from the. hydrautic model tests with the

highest valua of § (§ = 0.43). Taking into. account the

varymg test equipment and techmques used in the two_ s
tests, the overall comparison of - results is quite
. encouraging, - o ' S

The favorable comparison' of results of the air mddel "
with the turbine mode! verifies 2 major assumption

made . in applying the results  of the dimerisional

analysls to experimental studies. That i is, that regardless -

of thz manner in which “angular momentum | is

introduced into the flow, the resulting dimensionless -
surgiqq characteristics in geometrically similar draft'
tubes will be the same for a particular value of -
$3D3/pQ?, This says nothing about the accuracy of
- determining the correct value of 2D, /p Q2. Computing
the momentum parameter for a complex flow such as:
that passing through the runner is subject to many

uncertainties, and simplifying assumptions obviousty

must be made,” The methods used to determine the -

value of the momenturn parameter in the two studies

- are not as exact as could be desired, and: possibly can

ba tmproved in future expenments and analyses.

The greatest :mprovernent in |ncreasmg the accuracy’ of ]

computing the momentum .parameter would be a more
accurate deterrnination of the angular momentum of

the flow through_ihe wicket gates. Presently . this iz .-

done by means of a graphical analysis, ofﬁthe flow

direction. Measurements of wicket gate flow performed :
would furnish valuable .

cn  hydraulic models
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- Flgure 20 Comparmn of fmquencv “and prasure" :

parameters ‘for Grand Couleg pump-turbine draft tube

::_cnmpuled from alr model end hvdrauhc scale mode}
: pump-l:urbme

information
adjacent gates also varies: with - respect to Iocat:on

caused by unsymmetr:cal flow from the. spirat case. To"
" obtain accurate values of the’ momentum par..meter of
the - flow - leaving - the wicket.’ _gates, -
§ urcumferentraf mtegratuon may have to be performed- Jo

at several gate sett:ngs :

Accurate meaSurement of dlscharge is also lrnportant in

computing ' the mpmentum _parameter of turbines. A

Concewably the fipw through two-.

a complete .

discharge measurément error of 2 percent can cause .

errors of zbout plus or minus 0.06 to plus-or minus
"0.11" in the computed value of the ‘momentum. .

parameter The: oorrespondmg relative - "error can

APPLICATION TO TURBINES

The “air model tests and the two hydra'ulit: turbine
rmodel tests- conclusively demonstrate . that for a given
. draft tube shape and a: su\"l‘nc:lentI\.r high- Reynolds

numbers, there is ‘correlation between the momentum
pararneter and the frequency and pressure parameters

" approach. 20 percent . at the lower end of .the.
‘momentum parameter surging range. . STy




The momentum parameter for a2 turbme c.an be
oomputed from Equatlon (10)

5%%;
pQ*

D;.,R sirce 550 Pn

BNS

D .

‘f2J_A£n¢Dr

which _
* geometry and turbine performance characteristics.

. An example follows for the evaluation . of Equatiqn'

{10} for the: Grand Coulee - Pumping Plant
pump-turbine Units 7 and 8 ' A :

To deterrmne the values of the wrcket gate geometric
variables, two adjacent wicket gates are laid out {using

a scale template) on a drawing at several gate positions =

from closed to full open, as in Figure 1. At each gate

setting, the values of R and S are. obtalned by scaling.
The flow direction is assumed to be normal to the‘
. smallest opening between the gates, 5. The angle a is .
then measured. between the flow direction and a radial -

line through the canter of the opening. Values of R, §,

and & can then be plotted as functions of gate angle {or.

some other defined base, such ‘as percent of full gate)

“and ‘a smooth curve constructed for each variable

{Figure 21}. ‘Since the number of wicket gates N, their

height B, and the draft tube diameter D, are constant -
and ‘known, the quantlty D3R sina/BNS can easily be
sufficient to oornpute this term. AH the necessary data

computed for any gate setting. The result is the value

of momentum parameter of the fiow as it en.ers the

turbme runner. .

(10

requires - 3 knewledge of- 'the_ wicker gate

/

) - . 40

[ s X . .
e WICKET GATE ANGLE (FROM CLOSED]

- Figure 21. Wrcket gete geometrlc d'naractemtucs “for
- Grand Coulee Fumping Ptant pump-turbine (Units F PIG-7 .
and PIG-B) 1: 9 5 scale hvdraullc model studies. o

'_The second term of Equatlon {10) evaluates the R
amount. the ‘momentum parameter is changed as'the

flow "passes through “the runner.: Performance data’
obtamed on’ the model .{or prototvpe} turbine are

_required to compute . the momentum parameter are_f‘ g
" ‘tabulated in Table 1 for two test ponnts oo

E _Table' 1

 Gate
position .

Gate characteristics

" Turbine performance data

fromelosed |- R~ [ 8
- e ft . ft

'S S HD Qs P e
© v ft | efs | hp T{rpm .

0.1148
0.0492

30.0
11.8

466
60:2

775
1,285

147.1 -
103.1.

'16.48-
948

1128
134.5

- Constants

- Ib-sec? /f*




For Run 30, using Equations (8}, {9), and (7)

P 147.1

(984!’ (112 83727

Py = 5 ,'1 -0.127

16.48

Q ;
(:084)* (112, Et)"rz

]/z

Qy 1

7 aDan 3141984)775)
- = - 0.468 -
@ ,so\/-ng_ sV A@AMZE

_ The ferst term of Equatlon (10]

( 984)( BOQHsm 46 6).
( 1967“20)( 1143}

D, R sina
BNS

=128
and the second term of quatioh (1_0) .

550 Py, D

2\/ P 01 1 ] Dg

5500.127)(.984) ) B ss:
2(3025)11 '94)(1.603)? T

ap,

o " 1.28 —:1;86¥ 770.58

=1603

* Similarly, _forFlur_t.GQ _

QD;

pQ% = 1-_27 .

" Here the swirl of the draft. tube flow is in the samef

d:rectlon as the runner rotatlon

Figure - 22. shows - the -Osmllograﬁ-.s of the pressure .-

~pulsations. The- frequency of the draft tube surge is

indicated ‘on each recording. Curresponding values of' :
the frequencv parameter are tabulated n Table 2.

The pressure- pulsatton rms amplltude was obtamed

~from isolines’ ‘of. pressure- fiuctuat:on expressed as

. percent of- total head drawnon a Q, 1 VETSUS Ny - {ng

: nD,lH 2y plot The values, as well as the resulting

: values of the pressure parameter are gwen m Table 2,

- i-The
-determmed above can be used to predict the. surge'

frequencv and pressure parameter values

' 'frequency and pressure ampl!mde for ‘thé homologous -

" "_prototype .turbine having a geometrlcally similar draft

" tube. For the same value of the momentum parameter' .
_:m model -and prototype, i.e. when )

_The ‘minus 5|gn mdu:ates that the sw:rl dlrectlon of the '
flow entermg the draft tube is opposite’ the rotatnon of

the runner.

(SZD;

Q
po’ ( o),

m2

Tablez 7

Dy
a’

051
'0.94

" Ron No. 69 -
F=9.4Hs 3

MﬂNMWﬂ"JWV‘J { N’W\[ M"W‘W

~hhhhhhhhhhhhhhhhhhhﬂ_
vuoovvvvuvvvbvbuv»vtn

" Figura 22, Qscillograms of pressure'pu!sations in Grand C_oolee pump-turbine hydraulic model draft tube throat.

25




. {where the subscrlpts m and:p represent mode! and
prototype, respectwely) it fo[lows that

(fD3 e
a ..;:_:' o

(“’3)

(DJm_r) (ou/mT)

pQ* pQ?

The prototype frequency then ¢an be determlned frorn

ma) ( )

_"n 1_)

2 R
(\/ tp i’ ) = 1. 7 1. 94 (‘; ;6;? -= 312 Ib/ft’

(\/_p )2) p= 5 0 ft water

'The above values appear reasonable but can be verified
o only after - the units are installed, and prototype -
" performance and draft tube surge data obtamed :

It is not necessary to use specnflc model test pomts to :
ccompute’
: amphtudes The characterlstlc frequency and pressure: .

" parameter- curves for a particular draft tube can be . '

prototvpe frequenmes and - pressure-

established. using. a srmpllfled model or “any

"mrbme—prototype or. model. For. the specmc unit in.
. question, sufflr:tent data ‘must be. availabie to compute’

' - the momentum parameter (using Equation {10} for

and the prototvne prhsure pulsatmn rms amphtude._ ““the'particular operating point where frequency and

- amplitude " are to be computed. The. corresponding * -

from

S f2 2
6’“’_”) ‘ Dp‘p)) (po) (12)-_

Tha

using Equation {9), where D, in_this case equals Dj.

Prototype .net head can be l:omputed from the .

-definition n;; = nD, f’H’/2 The vafue of ny; for Run

. 69 is given as 10_91 in the_ mode}- test results, The ©°
prototype unit ‘will - be operated at -200 rpm; ‘and

2. Cassldv, J. J

therefore the correspondmg H for Run 69 is 294 feet
Then from Equatlon (9} o

Qp = OnDzH /2 o
Qe (344){935)’(293)'/2
Qe .= 1263cfs

" Using Eq‘uation (1)

(1,263)

4
fp (91{935)3
fp = .14Bhz.

 Using Equation {12}

frequency and pressure amplltude ofﬂ ‘the . -
prototype. surge for Run 69 (§ = 0.19} are computed = .-
tzlow. The prototype draft tube diameter, Dy is given = -
. as 9,35 feet. Prototype discharge can be computed by

; |727 -736, 1970

) 4 Falvey. r"-l T. and Cassrdy, J J N
: 'Amphtude of Pressure Surges Generated by Swirling =~ -
' Flow,” Transactions of Symposium Stockholm 1970, ‘
* International. Association for Hydraufic Research, Part
: 1 Paper E1 Stockholm Sweden, 1970

- B, Phemgans W. J
- Power  Plants,”

values: of the frequency ar\:l pressure parameters are’

. obtained ' from the “surge . characteristic “curves. The’
- frequency and pressure amplltude are then computed
~_as~in the .above example. Somc: other method of
: determlmng prototype dlscharge may be used
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| APPENDIX

' DRAFT TUBE SHAPES TESTED WITH THE AIR MODEL ~
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7—!150 (3 ?l)
Bureau of R-:Iumnllm
CONVERSION FACTORS—BRiTlSH TO METRIC UNITS OF MEASURE'\IENT ) R - ' -
.The following cnnversuun factors adopted by ﬂ-ne Bureau of Reciamatlon are those pubhshed by the Amerrcan.
Society for Testlng and Materials {ASTM Metric Practice Guide, E 3BG-68} axcept that additional factors [*)
commonly used in the Bureau have baen added, Further dlscussmn ‘of defunltlons of quantmas and unns is grven in -
the ASTM Metric PracnceGUlde : Sl ST
" The metric units and canversion factors adapted hy the A.STM are based on ﬂ:a "lntemafmnal Sys‘tem af Unns"
. {designated - Sk - for. Systsmé International d’Unites}, fixed by the Intermational Committee for ‘Weights-and’
. 'Measures; this systam is also known as the Giorgi or MKSA [meter-kilogram' (mass)-seoond-ampere] system. This.
system kas baen adopted by ﬂm |nternat|onal Organlzatlun fur Standardlzaﬂun in ISO Hecommendahon T-! '11 Lo
" The metric technical uniz of. forca is the kilogram-force; this is the force which, when appliéd o0 a body havinga ~
mass'of 1 kg, gives it an scceleration of 9.B0665 m/sec/sec, the stapdard seceleration of free fall toward the earth’s
r.:entar for sea fevel.at 45 deg latitude. The matric 'unit of force in S1 units is the newion (N}, which is defined'as -
i _ that force which, when epplied to'a bady ha\nng amassof 1 kg, gives it an accsteration of 1 miseci/sec; These units - -
> " must be distinguished from the (inconstant) Jocel ‘weight of a body having a mass.of 1 kg, thet is, the weightofz. =
body is that forca with’ whll:h a bady is attrzcted to the earth and is equal to the mass of a body maltiplied by the .
accelaration” due to grawty However, because it is. mneral practica to use “p0und"' rather then'the technically -
correct- term’ “pound-force,” the term “kilogram’* {or ‘derived mass unit) has been used in this guide instead of
“kilogram-forca” in axpressmg the con-versmn fectors for forces. The newton” umt of force will find i increasing use.
and is mntlal in Sl unﬂs B = e :
Where approxlmata or nomlnal Enghd'n umt.s are used 1o Expres L] vn!ue or range of values, the converted metrll: f )
units in parentheses ae also approxlmate or nominat. Where precise, Enghsh units are used the converted rnetnc o
P unlts are expressed a aqually ﬂgmﬁcant values e . . . :
Tabla I
OUANTITIES AND: UNIT" C" SPACE
: Muttiply R S Byt b Ta obtain
o, ~ LENGTH
. 254 {exactly) ... Ll L Mieron
254 {exactly} . R : o
©. 2,54 fexactlyl” . . g
p 3048 fexactlyl . ...... .., L ... Centimeters
’ 0.308 [exactly)® .. ... o000 0L, 2. Metars. 0 D S
- . . . 2 e L : - 0.0003043 {exactly)” ... L " Kitometers’ . L ENE DI RERE . .
- . . T T I ) e DA laxactly) L L. .0 . ws s Meters o I0 R
: : : Miles {statute} ... .......~ oo 01,808,344 {exactiy)* L. L L e ‘Meters: -
© Miles ., .. .. PRI T 1.609344 (exal:!ly) ...... ey e - Kilometers . -
= S AREA-‘ R L N T
. Stuareinehes | . L L on L, A 64516[exactlvl wd L e Square centimeters., o
‘Soquare feet . ... .. I P 03 .0 s a i . oy W Square cantimeters
Squarefeet ... ..... e RPN . Square meters
Squarevards e e T ) : BN . . Squara meters.
ACrss L Lo, e ) ~0. e . ve ey . Heetarss o
Acres . ... .. e - : : . Square meters
. COACKES e e e Square kilometers - .
Square miles. . . .. ......,. "' Snuare kilometers -
Cublc mches ....... A : : ; . Cubic cdntimeters
Cubicfost .. ... e e e R A sas ow . Cubic meters
Cubic yards . .. .. el s - 4.78 e ...l Cubic maters
Fluid ounces {USS ... .. O 298737 ... AP : Cubw cemnmelers - -
Fluid ounces (US) ... ..., i~ L 285728 L L L LT b e e i Miliiliners,
Ligudnine{US) ... ... .. ) 0473179 Cutnc decimeters
Liguidpints{US) .. ... ... - . -  OGA473166 s : Liters
‘Quarts (US) ... ... ) e ‘848358 .. oL L : Cuhiccentimemrs . Lo .
. o / Quarts {US.) ..... P o : *0,946331 . : C e e Liters . - LT e
- ) . Gallons {(US) .. ... e ey . *3,78543 . ... . Cubic cantimeters -~ - P P
. ' Gallons (US.} . ........ e ] 378543 ... Lln L Y 0] Cubledicimeists
Gallons{US) . ... ... .... o ©RTEBIF ... .. e R vaa o Liters
e © Gallons{US} .. ......... . 000378543 . ... el i v w o Cubic meters-
. "Galons (UKY ......... R R . 458809 .. .. ... .. “wu.i...v.. Cubicdecimeters A
Gallons (UK ... o.nn .. S CAEBABBS L e © Liters -
Cublcfeet . ........ .00, : B31B0 ... e T Liters
. Cubicyards . ..., ....... o *IBASS . ... ... .. e e i i e, . - Liters
5 . Acrefeet ........ e i -~ N -+« - .. Cubic meters

Acrefeet ..V . L0 L ., : B << <11 A P “Liters. .
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