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FOREWORD 

One of a series of reports on research and d~velopment in connection 

with the design of the Pathfinder Atomic Power.Piant, this particular 

report deals with butterfly valve cavitation tests. 

Tbe Pathfinder plant wi I I be located at a site near Sioux Fa I Is, 

South Dakota, and is scheduled for operation in 1963. Owners and 

operators of the pI ant w i II be the Northern States Power Company of 

M i nrneapo I is i M i nne sot a. A IIi s-cha lme·rs is performing the research, 

deve I opmer'lt, and design as we I I as being responsible for pI ant 

cel"'struction. 

The ti.S. Atomic Energy Commission, through Cof)tract No. AT( 11-1)-589 

witb Nerthern States Power C0mpany, and Centra I. Uti I ities Atomic Power 

Associates (CtiAPA) are sponsdrs of tbe research and development pr0gram. 

Th:e plant's reactor wi II be of the CoAtrolle9 Recirculation Boiling 

Reactor type with Nuclear Superheater. 
I 
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1.0 INIRODUCT!ON. 

The reactor for the Pathfinder Atomic Power Plant has three exterQal 

recirculati·en loops. A constant-speed recirculatio111 pump (Ref. I) 
-· 

located in each loop circulates coolant-moderator through tne core. 

Figure I shows the arrangement.of one of the loops. 

A 20-1/2 in. diameter. butterfly valve located in the discharge leg of 

each loop is used to coritrol the recirculation flow. For 1ong periods of 

.Qperation, esser.rtially cavitation-free operation of the valves is req~;~ired, 

because of possible material damage aQd vibration. Consequently the operating 

raQge ef tlrle butterfly valves must be I imited. 

In order to specify the I i m its of eperat ion for the reactor va I ves, a 

dimensionless cavitation r:~umber (sigma) was used. This number is related 
- . 

to the flew parameters such tha.t the cavitation condition may be deter.rilined 

by its value. At critical values of sigma, cavitation may be expected. 

Although critical values of sigma can be calculated from theory, limited 

information available on butterfly valve tests showed disagre~ment with 

thes~ values. Since experimentally determined critical values are not 

available for the Pathfinder butterfly valves, a test of such a valve is 

necessary, so trnat the eperating range ef the valves <r:an be specified. 

2.0 OBJECTIVE 

Tests of an 8-in. diameter butterfly valve were conducted to determine 

the critical values of sigma at incipient cavitation. The test butterfly 

valve was similar to the valve used ir:~ Patbfinder. The experimentally 
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determimed val~es of the cavitation.number were then used to determine 

the cavitation-free control range of the Pathfinder valves. 

3.0 SUMMARY AND CONCLUSIONS 

The tests showed that both the undissolved and dissolved air content of 

the water caused cavitation to occur at higher va·lues of sigma. Since 

the reactor water wi I I be highly deaerated, the air content of the test 

water was re.duced to minimize these effects. 

At imcipient cavitatiom, .the meam pressure of the flow did n0t rea:ch 

the vapor pressure of the water as expected. l:t appeared that cavitation 

first occurred in the vortices downstream of the valve disk. By relating 

the pressure within these vortices to the mean pressure of.the flow by a 

fraction of .the velocity head in the valve, an equation was developed to 

determine, semi-empirically, the critical values of sigma. The calcuLated 

critical values of sigma were in close agreement with the values determined 

experimentally. 

Operation of the Pathfinder reactor's rec i rcu I at ion butte.rf I y va I ves is to 

be limited t0 avoid possible cavitation damage. Based 0n experience gained 

from +he 8- in. butterfly valve test, a I imi ti ng cavitation condition was 

defimed for the reactor butterfly valves. Limiting cavitation describes a 

cavitation condition where no cavitatiom damage wi II occt1r to the valve or 

to the downstream recirculation piping. The cavitation-free operating 

limits fer the recirculation btltterfly valves cart be determine<!:! for any· 

operating condition by calculating the cavitation.constant, sigma, at that 

condition and by comparing it .to the limiting sigma value. 

-3-
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Quring three ~ump operation at the normally expected power and recircu-

lat.ion flow conditions, the throttle range for the recirculati®n butterfly 

va I ves w i I I be from 64,300 gpm to 45,000 gpm. A I so, at the nerma ! p0wer 

and recirculation flow conditions, tAe throttle range wi I I be from 49,500 

gpm to 40,000 gpm f0r twe pump eperatien and from 27,500 gpm to 24,500 gpm 

tCJr· one pump operat iol\1. 

The limits that have been determined represent the safe operati11g limits 

for the butterfly valves for prolonged periods of operation. More severe 

cavitation conditions can be telerated for short periods of operation. 

4 .0 J11EORY OF CJW I TAil ®N CONSTANI 

Cavitation in a flowing liquid is caused by local reductions in pressure 

to the ~apor pressure of the. I i quid. This cond iti c:m resu Its in the for-

mation ef vapor bubbles; which are carried downstream te regions of nigher 

pressure, where they col lapse. This sudden collapsi~g of bubbles can cause 

undesirable noise, vibration, and pitting of materials. 
I 

Figure 2 shows the flo.w through a butterfly valve with an inclined valve 

disk. Flow fr<:>m station (I) to (j) results in a velocity increase with 

decrease im static pressure head. Since the imcrease in -v<elocity is a 

highly efficient process, the head loss between the two stations due to 

flow acceleration may be neglected, and the static pressure head at 

statior:~ (j) is evaluated with the Berneulli ei!Jwatio11 between tl:le nJo 

poir.~ts thusly, 

11 + v 2 /z. 
I p g 

= H + v .2/z 'J J g 
( I) 

-4-



Figure 2- Flow Through a Butterfly Valve (43-025-357) 
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vP - is the pipe velocity 

v. - is the jet:velocity 
J 

1;1 -
I 

is the static pressure head opstream of the valve 

H is _the static pressure 
j 

mead at tbe point of maximtJm 

jet contractior.~. 

Cavitation occt~rs when the static pressure head, f,;l, is reduced to the 
J 

I iquid's vapor-pressure head, B, i.e., when 1::1. is equa I to 8. 
J 

lm order to describe these conclitior.~s tor cavitation in terms of quantities 

that are easily measured and calculated i~a tests of valves, several addi­

tional equations are intr0duced.r Simte tbe velocity im the pipe is the same 
' 

upstream and downstream from th~ valve, tbe head loss across the valve is, 

where, 

6h = H - H 
I 2 

(2) 

6h- is tl:le'head loss across the valve measured between 

stations (I) and (2). See figure 2. 

H- is the static pressl!lre head downstream from the valve. 
2 

The abrupt decrease in velocity from station (j) to stati0n (2) caused 

separation of the flow. The high-Intensity of shear between the high­

velocity jets on either side of tbe slow moving flow downstream of tl:le 

valve disk causes eddies to be formed; wbich results im a head loss. Since 

the flow change between stations (j) and (2) is extremely abrupt, the effect 

of boundary shear stress is comparatively smal I, and the head loss can be 

determined by a sudden e~pansion loss. By writing the momentum, Bernoul lip 

and cer.~t i·nu i ty equations between stat i or.~s ( j) and (~), the head loss due to 

-6-



the sudden expansion is found to be equal to: 

llh = 
(v - v >2 

. p 
{3) 

I 
2~. 

Noting that cavitation occurs when 171. is equal t0 the vapor-pressure 
J 

~ead (8), and combir:ling Eq. (1), (2), and (3), the following equation 
I 

resu Its: 
i 

(4) 

which states the conditions necessary for cavitation. 

To put Eq. (4) im the form of ~ dimension less cavitation imdex that bas 

been used IDy other investigaters, and to evaluate tlile ir~dex, the fol fowirng 

equatior~ is used. 

where, 

Q- is the volumetric flow 

of- is the coefficient of discharge 

A - is the area ef the pipe p 

(5) 

Conti rn1ous pipe tests with a two-d i mens i ona I butterf I y valve over a wide 
' 

rangE! ef Reymelds numbers indicate that the coefficient of discharge is 

relatively constant, amd no oiDvious viscous effects are presentGRef:.::.'2·f·:.~. 

This Is entirely logical since the head loss is independent of bou~dary 

friction and is due primarily to the abrupt flow expansion from station (j) 

to (2). 

Eq. (5), .combined with the continuity equation, Q 

-7-
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Substituting Eq. (6) i171to Eq. (4) and dividing beth sides by the term, 

6h + V p 2/2g, resu Its in the fott6w ing eqt:Jat ion with dimension less terms, 

in which the right side of the equation is only a ftlnction of the 

coefficient of discharge. 
_ 1:12 - B 2C 

(j - --------- = ·. f. 
6h+Vp2/2g Ct-z··~ ·:1:. 

(7) 

where, cr - is the cavitation constant~ 

Eq. (7) has beecl used in valve cavitation tests by other investigators 
-

(Ret.·3, 4). Other authors have inade a similar analysis to predict,,,.. 

the conditions necessary to cause cavitation in butterfly valves (Ret. 5, 6). 

lf the critical value of sigma is evaluated by appropriate values of Cf, it 

can be seen that sigma approaches a maximum value of 1.0 when Ct is equal 

to 1.0. This is in sharp disagreement with test data given by Bleuler 

(Ret. 7) .which indicates that the critical value of sigma is 2.5 tor the 

btltterfly valve tested. 

It is quite obvious, then, that it is not the static pressure in the jet 

stream which governs the ornset 0f cavitatioA but rathler fluctuations about 

this mearn value •. Rapid ct.langes in bour:u::lary contigwration resu It in sepa-· 

ration of the flow, which causes v0rtices to be formed. These vortices 

produce local pressure gradients considerably in excess of the general 

gradient tor the stream (Ref. 8). 

It would appear that the major reasorn for the discrepancy between the 

cavitation point determined by Eq. (7) and experimental tests, can be 
-

explained by the presence et vertex cavitation. To describe this type 

-8-
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' 
of cavi1rat+on, a distinction wi II be drqwn between two types of cavitation. 

~ . 

The first is boundary cavitation which occurs in low pressure regions 

caused by cu~vature or irregularities of solid boundaries. The second is 

vortex cavitation Which OCCUrS .in the individua'l V0rtices 0f bighly turbu-

lent flow found-downstream of an abrupt expansion or in the shear zone 

surreumding a submerged jet (Ref. 9). When separation occurs, as it does 
. 

downstream of a butterfly valve disk, it is no longer necessary t~at the 

mean press~:~re in the flow approach the vap0r pressure of the fluid. It 

has been found that cavitation initially occurs within tbe trailing 

v0rtices that are formed following a sudden expansion. The local pressure 

within these v0rtices may be lower than the mean pressure by 50 per cent 

or more of the dynami.c pressure of the flow (Ref. 10). 

Since the pressure within these vortices is less than the mean pressure 

by a percentage of the velocity head or the flow, the low-pressure point 

in the flow can be written in terms of the mean pressure head at the point 

of maximum jet contraction (~j) and the Vet 

H = a . - (X)V .2 /2g 

velocity (V .). 
J 

where: 

v J J 

M - is the pressure head in the vortices 
v 

X - is the fraction of the velocity head 

(8) 

Cavitation occu.rs when the pressure head in the. vortex (l:t ) equa Is the 
v 

vapor pressure head (8). Rearranging Eq. (8) and notins the condition 

for cavitation gives: 

l:t. = 8 + (X)V .2 /2g 
J J 

(9) 

-9-
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Substituting Eq; (9) in Eq. (I) along with Eqs. (2), (3) and (6) results 

in the same group of variables as Eq. (7). 

a = 
- H - B 2 = 

(X) C 2 ~ (2X+2)C + X 
f . ·f 

C 2 +' I 
f 

( 10) 

The same dimensionless gro~ping of variables appears to be valid for 

both beundary and vortex cavitation-conditions;'··-
. ' 

Although the low pressure irn the vortices is proportional to the 

velocity head of the flow, the percentage is not kn~wrn. Because of this, 

a.test appeared to be the only way to find the necessary information. 

The dimensionless cavitation constant used in these tests to correlate 

the cavitation condition is defined below: 

wh~re: 

\-

1:12 - B 
a = -----

t-h + v p 
2 

/2g 

( I I) 

., . 
. ' .. 

a - sigma (cavitation constant) 

1:1
2

- is the absol~te static pressure head in pipe 15 pipe 

diameters downstream from valve (ft. of fluid flowing) 

8 is the vapor pressure head of water; absolute pressure 

at test temperature-eft. of fluid flowing) 

6h - . is the differential head across valve less pipe loss, 

between stations 3 pipe diameters upstream and 15 pipe 

diameters downstream of the valve (ft. of fluid flowing) 

' 



v 
p 

is t~e velocity in pipe ~ft./sec.) 

9 
- 2 

is the acceleration due to;gravity (32.2 ft/sec ) 

By using the same index (above) that has beam used by other ir:tVestigators .• 

tl:le r"esults obtained can be compared. The index is convenient because tile 

value of all terms can be easily calculated. 

Equal Reynolds numbers are normally required in.model tests to obtaim 

complete dynamic similarity. However, in the case of cavitatfon, where it 

is not purely a case of .. frictional phenomena, it is possible to deviate 

from the theoretical requirement. When the flow separates from the surface 

arnd eddies form in the ti:lrbulent wake dowrnstream of the valve disk, the 

resistances and pressures are independemt of Reynolds number. (Ref. II). 

It was felt that the threshold of incipient cavitation could be satis-

factori ly represented by the test valve, because the test valve would 

reproduce the same pressure field that exists at the reactor valve. This 

means the same boe~ndar.Y:ar.~d vortex cavitation conditions occur. 

The cavitation condJtions in two similar butterfly valves wi I I be similar 

when the model and ful I size valve operate at the same sigma value. 

Similar cavitation means the form and extent of the cavitation voids are 

the same (Ref. 12). 

5.0'. E>ESCRIPTION OF BUTTERFLY VALVE TEST LOOP 

A combination loop was constructed for testing internal steam separators 

and the butterfly valve. The test loop is shown in F,igures 3 and 4. The 

vertical standpipe:was t~sed primarily to test steam separators in low-
' 

-II-
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Figure 3 - Butterfly Valve Test Loop (203852-C) 
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Figure 4- Isometric View of Butterfly Valve Test Loop {43~401-039) 
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pressure air-water tests. The horizontal loop was used to test the model 

8 im. diameter butterfly valve. 

W i tb respect to tests of the b uttert I y va I ve, the major c0mponents of the 

lo0p are as follows: 

I. an 8 iA. diameter butterfly valve of streamlir.aed profile 'Nitti 

clear aery I ie-p last ic pipe sections 8 and 25 in. long located 

upstream and downstream from the valve respectively 

2. a 12 x 12 in. centrifugal purnp rated at 5,000 gpm with a lilead 

of 55 ft driven by a 125-bp motor, 

~- an 8 im. gate valve located on the discharge side of the pump 

4. a calibrated IG x 6-1/2 in. venturi meter for measuring flow. 

The piping was ac id-e leaned and pa i mted w i thl a r~:~st-r:~s istarrt paint. A 

f liter fer removl r:19 rust was I nsta lied In a bypass I i ne para lie I wIth 

the pump. These provisions kept the water clean, so t~at the valve 

cou Ia be observed tbreugh the p l,astic sections. 

A beat exchanger loeatecl irn the air-separation tamk was u.sed te regulate 

loop temperature. System pressure was control led by regulating the 

water level In the standpipe. Flew disturbances were reduced at the 

pipe joints upstream and downstream from the butterfly valve by fi I limg 

the sma I I cavity between jel nts with epoxy resin, se that they were f I ush 

with the Inside of the pipe. 

Temperature was measured with an iron-censtantan thermecouple projecting 

into the flow stream. The therm0couple, which had an accuracy of~ 2 F, 

-14-



I 

was Jecated in the plastic pipe flange downstream from the valve, as 

shown in Figure 4. 

Pressure measurements were made at the five locations shown in Figure 4. 

Pressure taps I amd 2 on the venturi were each internally manifolded to 

measure an average pressure, and were provided with a 0leed valve on 

the top •. A 40 ln. mercury fi lied manometer was connected across the 

taps to measure flow. 

Locatioms 3 and 5 each had four pressure taps spaced at 90 degree intervals. 

Location 4 had six pressure taps. The pressure taps at each location were 

connected by rings, and the. bottom of the rings were connected to the 

man·ometers. Drain cocks we~e i nsta lied at the top of each ring and at 

high ptiints above each manometer to vent entrapped air. 

The pressure taps at location 4 were provided with individual valves. 

With· all valves open, tJ;te average pressure at the location was obtained .. ,,,_ 

An indication of pressure distributiom around the pipe circumference could 

be obtained by opening indJvidual valves. 

An 80 in. mercury manometer was connected to indicate the differential 

pressure between pressure taps 3 and 5, or between taps 3 and 4. A M-tube 

manometer connected to pressure tap 5 at one end ar.~d open to the atmosphere 

at the other end, was used to measure system pressure. 

Figure 5 shows the disk profile of the butterfly valve tested. The valve 

- . . <- (. '\, ~' 2 p:; .... \ ., ....... ..___ ,~J ~-- -· j •. '-~. 
l ------::.....~_· _______ jJ_ ____ j_ 
! 

~--·· ------- · --··- :.~ iN:----·· ·· ·----'>-<j 

Figure 5- Valve Disk Profile (43-025-358) 
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was seated in a position per~endicular to the pipe centerline. The full 

open anQ closed positions of the valve were 90 and 0 degrees, respectively. 

Dewnstream pressure head, 1i12 , was measured 15 pipe diameters.downstream 

from the valve (tap 5), which permits complete pressure regain. Since 

the length of pipe between pressure taps measuring head loss across the 

valve (tap .3 to ta171 5) was significant (18 pipe diameters), the pipe 
. 

friction was subtracted from the drop across the valve. The j71ipe friction 

was determined by measuring tbe drop at various flows with the valve disk 

and shaft removed. 

Downstream pressure CH2> was control Jed by regulating the water level in 

trne standpipe. The loop temperature was controlled by an immersion heater 

rocated in tl:le standpipe, and by a heat exchanger in the air separation 
. . 

tank. Any air that came out of solution d~r.rngt tests rose in .the standpipe 

or was collected in the upper portion of the air-separation tank, where it 

was bled off. The flow in the loop was control led by the gate valve 

located at the discharge of the pump. 

6.0 PREL!MI NARY TESTS 

6.1 Effect of Cavitation on the Coefficient of Discharge 

The cavitation threshold for hydraulic turbines and gate and 

.globe valves is often defined as the poir.~t at which performance 

pegims to deteriorate. In the case of valves this would be 

indicated· by· a ra~id drop in the coefficient of discharge. 

Therefore, two tests were conducted to determine if a cavitation 

tbreshold, se ·defined, is obtained with the model butterfly valve. 

( . ~ . 

The tests were conducted at a constant temperature at various valve 
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angles. In t~e first test, the flow thro~gh the butterfly valve 

was increased from a very low value to a point at which advanced 

cavitation was ebtained by regulating the gate valve. lm the 

secc>nd test, the flow was held constant at approximately the 

ineipient cavitation condition,and tme downstream pressure was 

decreased to obtain cavitation. Because of the I imited range 

ava Llab le for the q0wRstream pressure head (0 to 20 ft. gage~, 

•, 

severe cavitation was not obtaifled in this test. The cavitation 

condition at various poiflts was noted by visual observation and 

listening. System pressure, temperature, flow, and pressure 

drop across the valve were recorded at various points, so that 

sigma alild tlrle CG>efficielilt <Df discharge co~;~ld be calculated. A 

sample calculation of these quantities is given in Appendix A. 

The resu Its of the first test are\ plotted in F i g.ure 6. The 

final point to the right of each of these curves represents a 

ceadition w~ere the cavitatioR noise was loud, .and was accompanied 

by vibration of the pipe. The data shows the drop ilil coefficient 

of discharge to be too gradual to determine a critical value of 

sigma. The drop in the coefficier.~t of disct.large for the second· 

test was even less. 

6.2 Observation of Cavitation 

Quring the tests, cavitation could be detected by listening for 

noise or by watcbing for bubbles in the plastic pipe sections. 

Tbe first ind icati om of cavitation was a s I i ght no_lse above back-

ground noise, which was accompanied by the occasional c0l lapse of 

I 
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vapor bubbles in tme dewnstream plastic· pipe. This condition 

was defined as the incipient cavitation point. Sigma fer in-

cipient cavitatiorn varied from 2 te 5 depending en valve angle. 

As cavitation was increased beyond the incipient cavitation 

peint, bubbles could be seen (as a clo~dy area) in t~e turb~lence 
- -

downstream of the valve. Figure 7 shows cavitation in the clo~dy 
I 
I . 

area and bubbles occurrin!!J in the trailing vortices downstream 

of the valve. The majority of the cavitation bubbles appeared 

to co I I apse in. the f low stream rather than Ol'l the pipe wa I I . 

Cavitation was mild at this condition and produced a sound 

· similar to that of sand flowing in a pipe. For this cavitation 

condition sigma varied from the incipient values to a value of 

about J. 5. 

In a si!!Jma range of 1.5 to 1.@, cavitation appeared as a .dense 

cloudy area immediately downstream from t~e opening between the 

valve disk and pipe. The collapse of vapor bubbles was observed 

on the surface of the downstream plastic pipe. Cavitation in 

this range of sigma caused pipe vibration, and sounded similar 

te gravel flowing In a pipe. 

When a sigma ef 0.5 was reached, a large void appeared down-

stream of the valve •. 

6.3 Reproducibility of Sigma Values at Incipient Cavitation 

Several tests were conducted to determine the critical values of 

sigma at incipient cavitation. In these tests the temperature, 
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dowmstream pressure head, ar.~cl valve aogle were set for each ruVJu 

and tlile flew was irncreasecl to· preduca cavitation. Rt:HlS were 

made at temperatures .from 106 F to 197 F, at dewnstream hee1ds 

ef 40 to 60 feet ef water, and at valve angles frem 90 to 35 

degrees. Data was recerded at incipiernt cavitation so that 

sigma and coefficieot ef.discharge could be calculaied. 

The tests showed that tbe .critical vall!les of sigma (incipis~t 
-

cavitation peint) varied with valve angle. Tmis is rease!:labis 

-
since Eq. (7) and Eq. (10) show sigma to be a ft:lmctiom ef tbe 

ceefficie~t ot discharge (Cf~ which is a fumction ef valve a~gle. 
~ 

Tbe variation in sigma witt~ valve angle obtaililed in different 

sets of rums was cons i stemt. [:;Jowever, · Gorns i derab le scatter was 

.obtair.~ed in the cri·tical vall!les of.sigma ter: a given valve angle. 

To deterin i ne if the .scatter. of cav i tat fen no l se was due to the 

audible detectien method, a test was conducted with cavitation 

detected er.~tirely by visually observing the col lapse of vapor 

babbles in the dewnstream plastic pipe. Tbe visual method of 

cavitatior.~ detectien showed a m0re severe cavitatien condition 

tl:lan the irncipient cavitatio11 peint. Tblis is reasomable, sirnce 

at the imcipient cavitation point omly an occasienal vapor bubble 

ceuld be seen. The incidence of .cavitatier.~ determirnad visually 

was in clese agreement with the incipient oavitatiem point 

although about 10 per .cer.~t lower. The lower values of sigma 

were caused .by the sligbtly more severe cavitation condition. 
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I Sifilce the visual cavitatior:1 test checked with the cavitatier;~ 

detected audi!Diy, it may be cor.Jcluded that the r:~oise heawd was 

the incipient cavitation point. This is sigrnificar:~t since a 

gradwal clouding of the plastic pips over the testing period 

impalr~.d vi sua I. llletectier:~. 

To determiAe if the scatter in the incipient cavitation data 

was due to the procedure ttsed (increasing flow with the valve 

angle held constant), a variatior.J was tried. In this proce­

dl:lre the temperature and pressure were again held constantp 

but flow was now set at a constant value. Tl:le valve was 

closed unti I the irncipient cavitation condition was reached. 

The critical values of sigma determined by this procedure 

agreed with the values determined by changing the flow. 

For sigma to be a relia!Dle indication of th.e cavitation 

conditien, the same value of sigma should be obtained at 

incipiernt cavitation regardless of the pressure or temperature 

at wh i cb the test was run. Test data was p i'cked from runs at 

45 degrees at various temperatures and pressures to determine 

if the scatter in the critical value of sigma at incipient 

cavitation could be due to the test temperature or pressure. 

0nly runs at 45 degrees were used, so that the pressure 

recovery wou J·d be the same. Pressure· recovery is t!:lat port ion 

of the velocity head through the valve that is cor:werted back 

into pressure head downstream of the valve. 
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Sigma at incipient ·cavitatiorn tor these runs varied from 2.G5 

to 3.04 as shewn in Table I. 

TABLE 
. . 

INCIPIENT CAVITATION AT A VALVE ANGLE OF 45 QEGBEES 
.. . . 

a = 
(;12.~ B 

6h + v 2/2g p 

IDewnstream VaJ!)or Press. Valve J;teacl Pi pEl 
Pressure Head ~:lead Loss Velocity· 

Feet Feet Feet l:lead Fee-t 
SIGM8 (fi12) (8) (61il) v 2;zg 

e 
2.68 59.58 2:71 19.64 I .569 
2.57 47.68 2.85 16.13 1.308 
2.50 59.56 3.99 20.88 1.321 
2.68 49.56 5.21 15.28 1.228 

2. 73 41.13 7.93 I 1.21 0.910 
2.05 51.24 7.93 19.81 1.242 
2.22 46.53 8.57 15.77 1.275 
2.37 48.72 8.57 15.67 I .252 

*3.04 51.13 8.57 12.95 1.047 
_2.39 49.55 15.85 13.05 1.032 
2.07 45.36 18.21 12.34 @. 735 

*3.03 51.64 25.97 7.84 0.6!9 

*Indicates tests where entrained air was visible in the water. 

Although this spread was large, no relationship between sigma 

and the relative mag.nitudes et Band H was detectable within 
2 

the limited range of pressure and temperature of the test Jeep. 

If on I y test data t rom rlH:lS that contained ne entrained a i r were 

used, sigma woCJid h>e reduced te the range of 2.05 te 2.73. Entralr:aed 

air is revealed by undisselved or visible air but>bles in tlile wcrt·er • 
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Frem these test results it may be c0racluded that the variation 

ef sigma dep>ends primarily upc>n the air contemt of the water. 

6.4 Effect ef Air Content en lncipier.~t Cavitatior:~ 

6 . 4 • I Object i ve 

To determine the eff~ct of air content on cavitation dat~, 

tests were cor;tducted with water ef reduced air con-tent. 

Tl:lese tests are t,o be compar·ed with tme preceding tests 

which were conducted with aerated water. 

6.4 .. 2 Procedure 

The incipier.~t cavitatien test procedure described in Section 

6.3 was used. 

The air content of tlile water was reduced by the fo I lowing 

metlilods. First, air bleed off points located o~ the high 

sections of tlile piping were opened to remove any undissolved 

air that might collect i~ these pockets. These bleed off 

points were left open to rem0ve air tlilat came out 0t 

s0luti0n as the temperature was raised. The largest porti0n 

ef air was rerreved in the steam separater standpipe wlil:?re 

the air bt:~bbles were tree te rise (Fig. 4). P..ny air· 
. 

collected In the air separation tar.~k could also be bled eft. 

Tbe air content was further decreased by cycling the water 

temperature unt i I a I I entra i med air was removed. Tem~en:ri·ur~' 

cycling censists of raising the temperature about 10 degrees 
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.. I 
ab~ve trne test temperature for approximately 2 hours 

ana then reducing it to the test level again. The tempera-

ture reduction was accomplished with the heat exchanger in 

the air separation tank. It was also found that by leaving 

the water in the test loop .fer several days of .testimg the 

water beeame more deaerated. 

6.4.3 Results 

. The effect of aIr content on test data call be see A i lil 

Fisure 8. Curve A was plotted from data taken from water that 

contained entrained air. Curve B was developed from data 

taken with water that was temperature cycled before the 

test data was taken. No entrained air was visible in this 

water. Curve.C represents data taken with water that had been 

temperature cycled several times and had remained in the 

test loop for over:.a week. As showr:1 by Figure 8, the air 

content of the water bas an appreciable effect om cavitation 

inception.· With reduced dissolved and entrained air, the 

critical value of sigma was reduced. Also, less scatter' 

in the test data was noted. The more consistent data was 

due to the sharp col lapse or distinct crackling noise that 

is characteristic of cavitation in deaerated water. In 

c'imtrast ,. cavitation noise in water that conta iRed entra i raed 

air was fot~nd to be muffled. The incipient cavitation point 

was difficult to detect ir:t aerated water because of muffled 

• 
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cavitation. This was reflected in a wide scattering 0f 

data with aerated water. .·It was a I so 1110ted that as 

cav i tat i 0n was i ncre.ased bey<Dnd the incipIent point with . 

aerated water, t~e vi0lence was considerably less tham 

that with deaerated water. 

These observed differences are understandable when a 

distinction between two types of cavitation is made. 

Vaporous cavitation is tine sudden expansion of a vapor 

l:>ubble-due to vaporization of the liquiGI at tbe. bubble 

wall. Gaseous:cavitation is the relatively s:I@W expansion 

of a gas bubble due to diffusion. Vaporous cavitation 

occurs when tl:le low pressure peint reaches -the. vaper pressure. 

However, .gaseous cavitation cam occur at pressures greater 

than the vapor presstJre (Ref. 13). Tmis accou!lts for the 
. 

larger valtJes of sigma.with water that ciDntains air. 
i 

biDwnstream of the valve where the presstJre is greater, the 

vapor bubbles collapse violently, whereas the gaseQus bubbles 

are cempressed. Thus, tbe compressioo ef the gaseous bubble 

cushions and muffles vaporous cavitation noise. 

eurve B of Figure 8 shows that even though there is no 

entrained air visible ilil the water, the critical.values of 

sigma were higher t_har:l the deaerated Cllrve e. The va h.1es 

of sigma may be affected by a i ssol.ved C! i r or m i nl!.tte air 

bubbles that adhere tq particles of dirt in the water whicm 

were too small t~ be seen. 
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7.0 TESTS TO DETERMINE TI]E CRITICAL VALUES ®F SIGMA 
. . . . 

7. I Tests w i tb Deaerated Water 

7. I. I Objective 

Tests were conducted to determine the value of sigma at , 
incipient cavitation with deaerated water. This is 

necessary because the reacter water w i I I hle high l y deaerated. 

7. 1.2 Procedure 

Incipient cavitation data was net recorded .u~ti I the air 

conte~t of the water was reduced by the methods described 

in Section 0.4. In tmese tests the temperature and down-

stream pressure were held constant. The valve angle was 

set in each run and trne flow increased from a low value 

to the point of incipient cavitation by control of the 

gate valve located upstream. The data recorded at 

incipient cavitation was system pressure, temperature, flowp 

and pressure drop across the valve. This procedure was 

followed fer 15 intermediate valve angles between 90 degrees 

and 35 degrees to complete a test. 

7.1 • .3 Results 

The results of these tests are shown in Table II. Even 
. . 
thot~glil the procedures of Section 0.4 were used to reduce i'he· 

air centent of the water, smal I amounts of entrained air were 

visible in Tests 4 and 5. The air content of these tests is 

reflected in the higher values of sigma at incipient cavitation. 

-
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!ABLE I I 
.. 

CRITICAL VALUES .'OF SIGMA AI INCIPIENI C/WIIAII0N 

Test Nt:Jmber l g .2 ~ .2 .£ 1 .§ .2 J.Q· 

Te$t Temp (eF) 108 150 175 114 150 125 151 132 147 12@ 
.. 

[)own stream Pressure 
Head. (Ft.) 47.5 48.6 49.5 51 .. 0 51.1 45.4 46.5 49.6 51 .• 2 59.5 

-
'la.lve Angle 

(degrees) 

90 4.28 5.21 4.25 5.88 5.49 3.48 4.08 5.35 3.31 6.5® 
85 4.85 5.07 4.98 5.95 6.06 4.46 4.58 5.72 3.82 5.74 
80 4.69 4.63 4.47 5.86 5.45 4.58 4.67 5.84 3. 75 5.38 
75 4. 16 4.68 5.07 5.74 5.20 5.69 4.81 5.97 ; 3.82 6.'60 

I 70 4.67 4.91 5. 19 5.40 5.30 6.22 4.62 2.92 7.39 
N 
\() 
I 65 4.20 5.08 4.28 5•80 4. 76 5.48 4.47 3.57 6.67 

60 4.20 4.20 3.53 5.04 - 4.72 4. 76 4.08 4.26 3.22 4.12 
:.55 3.91 2.97 3.25 4.30 4;41 3.86 3.-09 3.28 2.80 2.89 

50 2.62 2.60 2.88 3.71 3.42 3.;20 2.78 2.64 2.39 
47 2.42 2.58 3.34 "3.20 3.08 2.43 2.68 2.31 2.60 

45 2.57 2.37 2.39 2.98 3.04 3.02 2.22 2.67 2.05 2.50 
43 2.66 2.21 2.25 2.68 3.05 2.59 2.27 2.44 2.46" 2.39 
41 2. 12 2.25 2.01 2.56 2.72 2.28 2.40 2.28 2.32 2.43 
39 2.16 2.11 1.90 2.49 2.64 2. 17 2. 19 2.31 2.01 2.54 
35 I. 70 1.92 I. 79 2.24 2.35 1.95 2.30. 1.92 1.64 2.03 

(Test rcms 603 to 707, 714 to 742 amd 799 te 813) 



A. II other tests in Table -JJ were conducted with water 

that contained no visible air. 

7. 1 .. 4 Discussicin 

To aid in discussing the test results, the data from test 

3 has been represented graphical Jy in Figures 9 and 10. 

This test is typical of those in Table II. With the test 

procedure tJsed tlile water temperature and downstream pressure. 

were held constant. Thus, the values of B and H are 
2 

cor.tstant tor a II valve ang las in F i gwre 9. The presstJre 

head upstream ot.thevaJve (litl) was obtained by adding 

the head drep across the valve (flhL at ir:tcipie'nt cavi-

tat ion -to tbe dowrns·tream presst:Jre head CH2 >. The ve lo­

city head of the pipe was calculated and added to H1 to 

give the tota I head upstream of the va I ve. WIth these . 

values of H2 , B, 6h, and vp2/2g tor various angles at 

incipient cavitation,·sigma, was calculated, and is 

showr:~ in Figure 10. A.s seen from Figure 10, there is 

scatter in the value of sigma at large valve angles. 

This scatter at l.arge valve openings was also noted in 

the otber tests. tt'can be·attributed to the tact tlilat 

at large valve angles the value et 6h + V 2/2g is smal I p . 

compared 

in 6h + 

with tbe va I ue of !il
2
-s. Very sma II changes 

V 2;zg as shown in Figure 9 result in erratic 
p· 
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changes im the values ef sigma in Figure IQ. Thus, 

small errors in readin9 the flow, the drop aeross the valve, 

or in judging the. exact i mc i p ient cav i tatien condition, 

result io a substantial variation im the critical value of 

In two of the cavitation tests, tbe pressure distribution 

around the pipe maar tbe valve was measured to determine if 

there was a sufficient variation ici pressure at this point 

to cause the vapor pressure to be reached. To measure the 

low pressure poimt In tbis region, six pressure taps were 

.located around tbe pipe c i rcumferer.tce 2-5/8 in. dowr.tstream 

from the valve (approximately 1/:3 pipe dia.) This pressure 
I 

C<!:Hllllect i en is shown in Figure 4 a·s pressure tap 4.. The six 

pressure taps were provided with individual valves so that 

average or individual pressures could be measured. The 

average pressure head at this poirot for various valve 

angles is shown in Figure 9 as line av. While this pressure 

bead (Hv), is less than the downstream pressure head C~2>, 

it is n<Dt !'lear tlile vapor pressure head (I ir.~e B). Also 

readimg of tbe individual pressure points revealed 0nly a 

+ 5 ft variation from the average value. 

It· is signlficamt to note that while the head less across 

the valve (6b) varied witll valve angle at imciplemt cavi-

tation, the pressure bead Rv remained essentially a constant 
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d.i stance fr0111 the va(Zior jl)ressure head tor a II valve 

angles testea (Figure 9). Tmis would indicate that the 

same incipient cavitation condition or pressure existed 

im the vicirnity of tfue valve at at I valve angles. 

The low Ji>ressore poi r:tt of tme f low is r.~ot at the sur·race of th6 

pipe where the pressure ta!!IS are located. Few this reason p 

the velocity of tl:le flow bettoreen the valve disk and pipe 

was calcalated to determine if there were sufficiently 

large velocities in this area te cause the vapor presstu·e 

to be reached. The velocity in this area was calculated by 

dividing the pipe flow, as determinea by the test, l:!>y the 

prejectea free flow valve area with a corntraction coefficier.tt 
., 

applied. The magnitode of this average veiocity resulted 

in a pressore that was orn',ly slightly less than that 

measored ( I /3 pi Ji>e d'i a.) dowr:istream from the va hte. S i nee 

tme velocity irn this area is not large eneugh to cause ttle 

vapor pressure te be reached, there must have been localized 

regior.~s of low pressure. As .noted in Section 4.0, local 

pressores can equal. the vapor pressure immediately downstream 

.of the valve because of vortex cavitati<Dn. This can .occt:H' 

even though the mealll jl)ressure is ali>ove vapor press!llre. 

A lth<Dugrn a II 1:!> lllt two tests i lllC I uded i r~ Tab le I I were c0n-

ducted with water that con~ained no visible air, there is 

eneugh scatter in the data to indicate that ttle dissolved 
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air content of the water may be a factor. To determine 

the effect of dissolved air, the to I lowing test was 

conducted. 

7.2 Effect of Dissolved Air on Incipient Cavitation 

7.2.1 Objeetive 

Tests were run to determine the effect o·l- dissolved air on 

incipient cavitation data. 

7.2.2 Procedure 

The temperature of the loop was raised to the bo i I i ng point· 

to drive out the dissolved air. Heat was obtainecl from 

strip heaters placed on the outside of tbe test loop piping 

in addition to the heat supplied by the pump and the 

immersion heater located in the steam separator portion of 

the loop. After heating tor almost five hours, boiling was 

observed through the portholes ih the steam separator stand­

pipe. The water was held near the boiling point tor three 

hours to drive ott the free and dissolved air. Becaus.e 

of the time required to bo i I the water, no test cou I d b.e run 

at that time, and the water was allowed to cool overnight. 

The following day, the temperature was raised to 180 F and 

incipient cavitation data was taken following the procedure 

used in Section 7~ I. 

After the loop temperature had cooled to 104 F, a sample of 
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the test water was taken and was found to contain no 

visible air. Another sample in an open beaker was heated from 

room temperature to boiling. The first bubbles were driven 

off at 180 F, which i~dicates that the water containe~ very 

little air even after cooling to room temperature. If the 

water was saturated with air at 180 F, it would have a.· 

dissolved air content of 6.4 cc/liter, whereas air saturated 

water at 70 f has an air content of 18 cc/liter. It is 

evi~ent from this that 9 large portion of the dissolved 

air was removed due to the temperatures of the tests •. 

Because the water was bo i led the da·y before the test, and 

the loop was closed except for a smal1 area exposed to air 

at the surface of the water in the standpipe, it Is believed 

that the dissolve~ air was below the saturation point, but 

mo chemical analysis was made to determine the dissolve~ 

air conter:1t. 

For a comparison, additional tests were made with water that 

was jt:ist saturated w i tb .air at the same temperature ar:td 

pressure. Tap water was continuous I y i nt·reduced to tt:le 
' . 

loop to maintain traces of visible air in the water. This 

was thougbt to be the saturated air condition tor the water. 

7.2.3 Results 

The resu Its of these tests are shown ·in Tab le II I. 
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.. TABLE Ill 

ItlE EEEECT OE DISSOLVED AlB 0~ !BE QB!TIC8L VALUE OE SIGMA 
AI INCIPIENT CAVITATION 

Deaerated Water Dissolved Air in Water 

Test Number II 12" 13 Average 14 15 16 

Temperature (of) 180 180 158 179 181 180 
-

Press. <Hz in ft) 45.0 44.9 43.8 45.7 45.5 45.0 

(Valve Angle 
(degrees) 

90 4.38 3.34 3.88 3.87 4.45 4.87 3.87 
85 3.65 3.16 3.68 3.50 4.00 3.83 3.36 
80 3.40 2.97 3.65 3.34 3.45 3.83 2.93 
75 2.91 2.96 3.42 3.10 3.88 3.62 2.69 
70 2.92 2.57 3. 15 2.88 4.56 3.34 2.90 

65 2.81 2.90 3.06 2.92 3.34 3.48 2.88 
60 2.46 2.87 2.68 2.67 3.57 2.75 2. 79 
55 2.28 2.38 2.49 2.38 2.90 2.74 2.42 
50 I. 91 1.92 2.15 I. 99 2. 18 2.24 2.48 
47 1.68 I. 74 2.06 1.83 2.02 2.14 2.00 

45 1.53 1.62 1.99 I. 71 1.91 2.07 1.89 
43 1.47 1.56 I. 79 1.61 1.86 2.10 2.12 
41 IA2 I :56 I. 70 1.56 I. 77 1.87 I. 96 
35 1.33 1.33 1.53 1.40 1.68 1.63 1.9T 

(Test runs 822 to 849 and 859 to 914) 

A comparison between the tests with dissolved air in the water and deaerated · 

water is made in Figure I I by using the average values from Table I I I. From 

Figure II it calil be seen that'the critical values of sigma were affected by 

the dissolved air content of the water. 

WheR the loop was disassembled, the upstream edge of the plastic pipe was 

Aver. 

4.40 
3. 73 
"3.40 
3.40 
3.60 

3.23 
3.04 
2.69 
2.30 
2.05 

1.96 
2.02 
1.87 
I. 76 

found to be peeled back, so that it projected into the flow stream. (fig. 12). 
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Since a drop in coefficient of discharge was no~d.enly after the water 
\. 

was boiled, it is reasonable to assum~ that the deformation was not present 

during previous tests. This deformation was probably due to overheating 

the plastic. 

The values of sigma obtained from the concluding tests were about 30 per 

. cent lower than the corresponding sigma values of Table I I. Since the 

deformation of the plastic pipe i~creased the head drop across the valve 

only slightly and since test 9 of Table II is in close agreement with the 

data of Table I II, apparently the .reduction in the value of sigma at inci-

pient cavitation is due to the reduced air content of the water. 

8.0 TEST RESULTS AND DISCUSSION 0f RESULTS, 

To determine a final curve of sigma versus valve angle at incipient cavi-

tation the results from several tests were averaged. The method used to· 

select the tests to be averaged was to eliminate any tests that were con-

ducted with water that contained visible air. Of the remaining tests, only 

tests t~t indicated the lowest value of ·sigma at incipient cavitation were 
( 

averaged to give the curve in Figure 13. The tests averaged were tests I, 

2, 3, 7 and 9 from Table I I and tests I I, 12 and 13 from Table I I I. 

The curve shown in Figure 13 can be used to predict the incipient cavitation 

point for butterfly valves. Knowing the conditions under which a valve 

operates, the cavitation constant sigma can be calculated. If the value 

of sigma lies above the incipient curve im Figure I~ the valve operation 

wi I I be cavitation free. However, it the value of sigma lies below the 
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incipient curv~the valve operation wi I I be in the cavitation zone. The 
\. 

further the valtJe of sigma is below the incipient cavitatiofl p0int the 

more severe the cavitation wi I I be. 

The errors in Figure 13 are estimated as fol.lews: First, the thermocotJple 

measuring loop temperature had an bcctJraay of~ 2 ~agrees F. The system 

pressure, the pressure drep across the valve, an<'l the flow were measured 

with maAemeters with an accuracy of + 0. 1. in. Hg. This resu Its i A an 
- !-"' 

accuracy of sigma of~ 5 per cent. It ~s ebvious that variations in test 

data exceed this. As discussed before, the air content of the water is 

probably the most significant factor for these variations. Although the 

emly tests used to censtruct this cwrve were condtJcted witlil water that 

contained no visible air, the water did contain some amount CDf disso·lved 

air. Based on Tests I I, 12 and 13 shown in Table II I, the value of sigma 

at incipient cavitation is abo~~ 20 per cent less than that shown in 

Figure 13. This indicates the degree of conservatism im this final curve. 

A factor which is <'lifficult teD evaluate is the judgment of the observer as· 

to the exact point of incipient cavitation for each ruA. SiAce the same 

incipient cavitatien peint was reproduced for twCD procedures in Section 

6.3, it would appear that only smal I errors are introduced by this detectien 

method.:. 

The test data is to be compared with the vortex cavitation theory presented 

in Section 4.0 of the report. To determine the critical values of sigma at 

incipient cavitation, Ell!· ( 10) is used. This equatiCDn was developecl by con-
. 

s i der i ng that the ··onset of cavitation i>$ .goverAecl not by the mean pressure ef 
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tEe flow but by the fluctuatioms about this mean value. These pressure 

fluctuations occur in vortices produced downstream of the valve disk. 

It has been found that cavitation initially occurs within these trailing_ 

.· ..... vortices fol Iewing a sudden expansion. Appel bas reported that tbe pressure 

within these vortices may be lower than the mean pressure by 50 per cent or 

more of the dynamic head of the f low(Ref'.: ·14) ;,/ 

-· 
The coefficient of discharge as determined by the test of the 8 in .. valve 

is shown in Figure 14. 

Choosing velocity head fractions of G.5 and 1.0, which appears to be reason-

able from Appel's report, and with fhe coefficient of discharge from·Figure 

14, Eq. ( 10) can be eva I uated. The resu It i n!Jl cr i.t i ca I va I ues of sigma are 

plotted in Figure 15 along with the incipient cavitation test results from 

Figure 1.3. 

1n Figure 15 the calculated critical values of sigma from Eq. ( 10) at 
- -

X= 1.0 are in close agreement with the test results for valve openings 

between 60 degrees and 35 degrees. It appears that tbere is some departure 

between the values of sigma from the 60 degree positiom to the full open 

positi0rn. R0wever, the region of p>rimary interest fer setting of valve 

control I imits is in the range of valve angles of 60 de!]lrees to 35·degrees. 

The inc i pi er:~t cavitation ctJrve i h F i gwre 15 was obtai ned by averaging the 

results from tests conducted with water with some dissolved air content. 

If tests were conducted in completely deaerated water the true value for 

X ifl Eq. ( 10) would be approximately 0.75 . 

...... 
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Since there is good agreement between the calculated and test critical 

values of sigma, it would appear that a good approximation of the critical 

value of sigma can be obtained tor a similar l:>uttertly valve it its 

coefficient of discharge is known. 

9.0 TEST CONCLUSIONS 

Test confirmed that cavitation could be detected by the visual and accous-

tical effects 0t cavitation. H0wever, cavitation could met be detected by 

noting the peint at which the coefficient of discharge dropped ott because of 

the gradual drop ott with cavitation. It was found that both the undissolved 

and disselved air content of the water caused cavitation to 0ccur at higher 

values of sigma. Tbe final values of sigma at incipieAt cavitatien were 

obtained by averaging the results of several tests conducted with water of 

reduced air content. It is sign if i carnt to note tbat at i:nc i pi ent cavitation 

the mean pressure of the flow did not reach the vapor pressure of the water. 

At incipient cavitation it appeared that cavi.tation occurred in the vertices 

downstream of the butterfly valve disk. By relating the pressure within 

these vortices to the mean pressure ef the flow l:>y a fraction of the velocity 

head in the valve, Eq. ( 10) was developed to determine semi-empirically the 

cfitical values of sigma. By using a value of 1.0 tor the fr~ction of the 

velocity head in the ~alve, and by using the ceefficient et discharge f0r 

the test valve, the calculated critical values of sigma were in close agree-

ment with the experimentally determined values. 

A good approximation of the critical values of sigma for a simi Jar butterfly 

valve can be obtained by the use of Eq. ( 10). 
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10.0 CONTRQL LIMITS OF BUTTERFLY VALVES- IN IDE RECIRCULATION SYSTEM OF lJJE 
PA]HFINDER REACTOR 

10.1 Descriptier:J ef Reactor Valves 

The 20-1/2 ir.~. reactor butterfly valves have· a 4 in. thick valve 

disk of streamlirned profile. The head loss coefficier:~t for the 

reactor valve is shown in Figure 16. The coefficient of discharge 
-

for the reactor va lves ~am be obtai ned from the head ·I oss 

coefficient with the relationship: 

where, 

cf =flK 

cf - is the coefficient of discharge 

K - is the head loss coefficient 

( 12) 

The reactor valves are of the arag le-seat type. Whem .seated· the 

valve disks are 12-1/2 degrees from a perpendicular to tbe pipe 

cer:~terline. To conform to the valve ar:~gle cor:~vention used by 

the valve supplier, ·the full opelil·pc;sition .is considered to be 

77-1/2 degrees, and the closed positi·on, zero degrees. 

10.2 Limitir:~g Values of Sigma for Reactor Butterly Valves 

Wsing the point of incipient cavitation, as determined by this 

test program, for specifying the control limits ef the Pathfimder 

reactor valve, wi I I undpubtedly lead to safely comservative valve 

eperat i 01:1. Natura II y '· it. is d~s i rat!> le to determine a I i mit i ng 

cavitatior.~ condition for the r~actor valves where little or no 

cavitatien wi I I be present. 
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There are three reasons why the incipient cavitation point as 

determined by the 8 in. test valve is considered conservative. 

First, cavitation was found from test experience to be very mild 

from the incipient cavitation ~oint to a sigma of about 1.5. In 

this range the cavitation appeared to occur in the vortices down-

stream from the valve disk. Although cavitation does occur in this 

range of sigma, damage to the pipe wall wi I I probably not occur 

because of the layer of water between the collapsing vortex 

cavities and the pipe wall. 

Secolildly, the test results were ob.~ained with water tbat contained 

some degree of aeration, which causes the experimental value of 

sigma (Fig. 13) to be higher than that which would be required 

in deaerated reactor water. Thus, the reactor valve can be 

throttled furth.er than indicated by t~;Je tests. 

Finally, cavitation tests conducted by others have indicated that 

less NPSB (net positive suction head) is required for hot water 

than is indicated by cold water tests. It was also found that 

at higher pressures and temperatures the effects of cavitation 

0perat i 0n, noise, and vibration are reduced( Ref. 15). This 

reduction of cavitatiolil at elevated temperatures can be attri-

buted to the properties of the vapor and liquid phases of water 

becoming more nearly the same as the temperature increases. Since 

most of the cavitation tests were run at about 175 F and the 
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reactor water w i I I be at 486 F, the cr it i ca I sigma values .. 
reqw ired Illy the valves at reacter condi t iorns w i II be less 

tham thos~ indicated by the low temperature water tests. 

Taking these factors into consideration, the l.imitimg values 
I 

ef sigma for the reactor va I ves were determined by using Eq. ( 10). 
L 

The coefficient of discharge for the reactor valve can be obtalmed 

from its mead less coefficient(Fig,-·16)·. WLtti'i:il:ne:se ·va·.I\Jes·.''·;·'>:: 

for the coefficient of discharge and using a value of 0.75 for 

the fraction of the velocity mead, the limiting cavitation line 

in Figure 17 was constructed. Using a value of 0.75 for the fraction 

of the velocity head is reasonable based on the results from the 

8 in. valve test. 

The critical values of sigma at incipient cavitation from the 

test results has been placed on Figt:Jre 17 for a comparison witrn 

the calculated values. The incipient cavitation data was obtained 

from the final incipient cavitation test curve irn Figure 13. 

Since tbe coefficient of discharge is essentially the same for 

·the test valve and the reactor valve in tbe tf l0w cor:~tro I range 

of 57 t0 30 degrees, the incipient cavitation sigma values were 

transferred to the reactor valve angle convention by plotting 

the values at trne same coefficient of discharge. 

Figure 17 shows tlllat in general the incipient and limiting cavi-

tatien lines have the same shape. Because the incipient cavitation 
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lime is very conservative, the li~iting cavitation line tor the 

reacter valves is be I ieved to describe a cavitation cer:1d it ion 

where li.ttle or mere likely .no cavitation wi II eccur in the 

va hies. 

The limiting cavitation line in Figure 17 can be used te indicate 

the safe threttling limit fer prolonged periods of operation. 

The value of sigma can be calculated fer a~y eperating condition 

of the reactor valves. If the calculated value of sigma lies 

above the I imiting cavitation condition, the va.lve 0peratiom 

wi II be cavitation tree. J;towever, if the value of sigma lies 

bel0w the limiting cavitation line, the valve operation wi I I be 

in the-cavitation regien. In order to avoid this, tbe operating 

range of the valve m~:.~st be I i m i ted. 

10.3 Calculated Ca~itation Limits f0r the Pathfinder Butterfly Valves 

T0 calculate the values of sigma tor the Pathfinder valves at 

normal throttle c0nditions, the maximum recirculation flow and tbe 

full power steam flow ( 100 per cent power) are taken as rated 

cenditions for tme react0r. At 100 p>er cent reactor p>ower the 

-reactor valves op>erate under these conditions when full open: 

636 psia, 486 F and 21,433 gpm. The reactor ppwer is ass~.:~med 

to drop eft directly with a reduction ifl recirculatien flow. 

This·assump>tiom is expected to be in close agreement with actual 

<Dp>erating conditions. This drop in steam flow (or power) with 

-
recirculction flow is important in calculating sigma beca~:.~se it 
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has a direct effect on the subcooling of the water. The 

recirc.ulation 'flow for various valve angles was ebtained from 

the head loss coefficient for the reactor butterfly valves,· 

Figure 18 shows the recircwlatiom flow control for three, two 

and one pump operation plotted ve~sus valve an~le. The butterfly 

valves are in tbe ganged ppsitiel'l for the two ar:~d three pump 

operating conditions. 

At each valve angle, the value of sigma can be calculated. Since 

the .flow is known for each valve angle, the head drop across 

the valve and the pipe velocity head can ~e calculated. The 

pressure and temperature conditions can be calculated from the 

reactor pewer cendition. A sample calculation of sigma for 

the recirculation valve is included in Appendix B for three, 

two and one pump, ope rat ion. The ca leu I ated va I ues of sigma 

at various angles are plotted in ,Figure 19. The intersection 

of these sigma lines for thre~, two,and one pump operation with 

'the limiting cavitation line represent the control limit for the 

recirculation valves. As seen from Figure 19, the limiting 

thr0tt led condition for three, two, and one pump operation is 

34, 42,and 51 degrees, respectively. 

These valve angles correspond to rec i rcu I at iorn flows of \1.5,000 gpm 
\ 

for three pump operation, 40,000 gpm.for two pump operation, and 

24,560 gp>m for 0ne pump operation. These values were obtained 

from Figure 18. From these calculations, the safe throttling 
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I i m its fer pro len£Jed peri eds. of CDperat i CDn can be determined. 

The recirculation flow coAtrol ramge .. avai lable with! three pump 

operation is approximately from 64p300 gpm to 45,000 gpm. Since 

changes· in recirculath:m fiCDw caA be used to chlange thle reactor 

power leve I, the rar:1ge 0f rec i rcu I at ion flow centro I avai lab le 

at three pump operation can be used te contrel reactor power 

frem 100 per cent to 70 per cent of fu II power. 

Tbe recirculation flow control for two pump operation is from 

49,500 gpm te 40,000 gpm. The recirculation flew centro! for 

one pump operatiom is from 27,50@ gpm to 24,500 gpm. 

10.4 Conclusions 

Based on experience 9ained from the 8 in. butterfly valve test, 

a limiting cavitation condition was defirned for the reactor 

butterfly valves. Limiting cavitation describes a cavitation 

comd i ti.on wbere no cavitation damage w i I I EXJ:cur to the valve or 

te the downstream recirculatic:::>n piping. Thle cavit'1.tion free 

operating limits for the recirculation butterfly valves caro be 

determi~ed for any operating condition by calculating thle cavi­

tatiem.comstant sl!l}flla at tha~ copdition and by comparing it te 

the limiting si~ma value. 

During the three pump operation at the normal Jy expected power and 

recirculatien flow cenditions, the threttle ramge for the recir­

culation butterfly valves will be from 64,300 gpm to 45,000 gpm. 
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' 
Also at the~ nermal power and recirculation flow tor:tditions, the . 

throttle range wi I I be from 49,500 gpm to 40,000 tor two pump 

operation amd from 27.,500 gpm to 24,500 gpm tor one pump 

operation. 

The limits that have beam C!letermined represe171t the sate operating 

limits tor the butterfly valves tor prolonged periods of operation. 

More severe cavitation conC!litio171s can be tolerated for short 

periods of operation. 
j 
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APPENDIX A 

Sample calc~lation of sigma and coefficient of discharge from test data. 

Test Data: 

Veflturl differel'ltial (A) 
Valve Angle 
0ownstream manometer (C) 
·Di~ferential ~cross valve 
Temperature 
Atmospheric pressure. CATM) 

= 2 • 25 i n • li19 • 
= 45° 
= 10.00 in. li:lg. 

(D)= 12.40 in. Mg. 
_ = 175 F 
= 29.33 in. lilg. 

Ca leu lated IData: 

I. ·specific gravity of flew (S) calc~:~lation: 

S = Sp. volume@ 68 F 
Sp. volume@ 175.F 

s = 0.01605 = 0.974 
0.01648 

2. Vapor pressure (B) calculation: 

from steam table@ 175 F; abs. press. = 13.67 in. Hg. 

B = (abs. press) (I. 131) 
s 

B = ( 13 • 6 7) ( I. 13 I ) = 15. 8 7 ft. of f I u i d f I ow i ng 
0.~74 

3. Downstream pressure head ca2) calculation: 

elevation correctiom for mamometer = 4.75 ft. 

H = 
2 

(A 1M) ( I. 13 I ) + (C)( I • 048) + 4 • 7 5 
_s 

(29.33)( I. 131) + ( 10,00)( 1.048) + (4. 75) 
Q.974 

H = 49.69 ft. of fluid flowing 
2 
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4. Pipe velocity be~d CVP2/2g) calculation: 

venturi calibration eq~ati~r:r Q Ctt3/sec) = 6.4971 I (A)/12(5) 
3 -

Q = 6.4971 2.25 = 2.85 ft /sec 
( 12)(0.974) 

. 
pipe velocity CV ) k _Q_ =·2.846 = 

p 
8.164 

v 2129 = p 

Ap 0.3491 

(8.164)2 =1.03!5 f-1'. of fluid flowing 
2(32.2) 

5. Head ·Joss across valve (6h) c.alculatior:~: 

6h +pipe friction= (C)(I.048) = (12.40)(1.048) = 13.34 ft. 
s 0.974 

pipe friction= 0.0315 Q2 = 0.0315(2.85)2 = 0.26 
. 

6h = 13.34- 0.26 = 13.08 ft of fluid flowing. 

6. Sigma cavitation constal'lt (a) calculation: 

_ H2 - s 49.69-15.87 
a - = 

6h+Vp2/2g 13.08+ 1.035 
= 2.39 

1. Coefficient of discharge (Cf) calculatior:~: 

=· Q = 2.85 
c f --;=::::.==---

.Ali>/ 2g6h (0.3491) y(2) (32.2) C 13.08) 
= 0.281 
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APPENDIX B SAMPLE OALCULAIION OF SIGMA FGR PAllifiNDER RECIRCULATION 
BtJTTERFLY VALVES 

Thre~-£'ump .Operation 

a) 
0 

A II three valves at 45 

b) Total recirculation .fl.ow 57,000 gpm 

c) Reactor power 89 per cent 

d) Recirculation flow in one loop 19,000 gpm 

a =. _a2 - B 

6h+Cv 2;29 . p 

. two-Pump Operat i om 

a) Two valves at 45° 

107. I 
=-------

25.0 + 5.27 

The dowA-loop valve closed to 5° 

b) Total recirCl:llation .flow 42,000 gpm 

c) ReactQr power 66 per cent 

d) Recirculation flow in one loop 21,400 gpm 

89 . .3 

= 3.54 

, a= 
a - s 2 

6h+CV 2/2g) 
. p 

= ------ = 2 . .31 
31.9 + 6. 74 

One•Pump Operation 

a) One valve at 45° 

The down-leop valves closed to 5° 

b) Total recirculation flow 23,340 gpm 

c) Reactor power 35 per cent 

d) Recirculation flow in loop 22,500 gpm 

M - B 2 
a = 6h +- cv 2/2g) 

p 
= 

74.5 

38.0 + 8.0 
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