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In superconductingmagnet systems,suchas largehigh energyaccelerators,thereare

manyconnectionsby meansof pipesand expansionjoints consistingof bellows. When the

helium usedfor magnetcooling flows through a system,it encountersmanysuddencon

tractionsC or enlargementsE of adjacentpipe crosssections,and bellows,whosewalls

are corrugated,can thereforebe expectedto offer more resistanceto flow than smooth-

walled pipes. Resultingpressurelossesaretreatedin the literature. Here we merely wish

to considersome facts that specifically concernour work and to correct an error in our

SSC TechnicalNote No. 90 SSCL-N-746.

Basicallya fluid is acceleratedat C anddeceleratedat E, requiringpressuredifferences.

We cite the well-known Bernoulli equation,basedon energyconservation:

aM2
It +

2pa2
+ P = constant 1

in a pipe system. Fluid flow is assumedto be stationary.

Definitions:

p = pressureatm

M = massflow g/sec a p v, if v = velocity

p = density usuallyassumedto be constantat a transition g/cm3

a = pipe crosssectioncm2

h = "head", for instance,due to a column of liquid or equivalent.

a 10_6 convertspressuredimensionsto atmospheres.

At a pipe transitionwhereai -. a, omitting "head", eq. 1 resultsin pressuredrop

aM2 /1 1
P-Pl-P2- , t--- 2

.cp U1 a2,.’

a2M a1 is calleda velocity head. If a1 > a2C, tsp a4, or

Ifaica2E, p2p1+a.
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Bernoulli’s equationis correct for idealized flow conditions. For C and E cases, a

customhasbeento useone or two, if some margin is desired,velocity headsfor pipe end

pressuredrops. Thereare severaladditional effects, due to turbulenceand radial flow

velocity componentsat pipe transitions. Figure 1 gives an illustration. It is seen that,

due to radial velocity components,at the pipe entrancethe streamlines are expectedto

contract to a cross sectiona that is smaller than a2. Betweena and a, turbulence

takesplace. At the pipe exit the streamis expectedto "jet" without expandingfully from

a to aj until flowing through lengthsequal to severalexit pipe diameters. Outsidethe

jetting region, again, turbulenceoccurs. Pressurelossesdue to these effects are called

"head losses"in the literature. The headlossesare analyzedin the literature considering

pressuredifferencesto provide the necessarylocal accelerationsof the flow. These head

lossesare thenenteredinto eq. 1, and the following expressionsare obtained: Calling

G=a_M2 3
2pa

the headloss for suddenpipe contractionC is n = 21

h=G21x0.51-’ 4
ai

and for suddenpipe enlargementE n = 22

2

5
a3

Using eq. 1,

p- =h+G2 _ Q2

6

/ 2
I 1a2

P22 P3 = - C22 1- - J 7
a3J

resulting in

C: pj -p = C21 1.5- a
-

8

E: P22_P3_C22X2_ 9

P21 - P22 is the pressuredifference due to friction along the pipe with cross section a2.

As mentionedabove, C21 andC22 are the velocity headsat C and E if a2 C a and

a2 <<a3, respectively. According to eqs. 8 and9, for theselimits
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a1, a, a = crosssectionsof inlet volume, pipe, andoutlet volume, respectively.

P1, p = inlet andoutlet volume pressures.

P21 P22 = pressuresat or near pipe ends.

at = crosssectionof "vena contracta" as called in literature.

M = massflow, assuedto be constant.

at

7/
venu contrccta

jetting

Figure 1
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P1 - P21 - 1.5 C21 10

P22P3O 11

Thus the relevant headloss increasesthe pressuredrop at a large contraction by 50%

beyondonevelocity head,andat a big pipe enlargementit cancelsthe velocity head. For

thesecases,if somemargin is wanted,one can then indeedusemerely 2 velocity headsat

a pipe entranceandzero,or for amargin, 0.5 velocity headsat the exit.

G containsthe fluid density. For compressiblefluids p will changewhen the pressure

and temperaturechange.This effect is usually neglected- as we will do here. One could

certainly usesomedensityaveragingprocedure,but for most casesvelocity headsare small

enoughthat this doesnot seemwarranted.

We will now assumethat pressuredifferenceP21 - P22 is zero and add eqs. 8 and 9 in

order to obtain the total pressuredrop acrosspipe C-E:

aM2 1 2’ 2/1 2
P1-P3= 21.5-a21-+-J-afl-.---J 12

2p2a2 2a1 a3j a1 a3,’

This expressionapplies to the generalcase,when a1 a3. If aj = a3:

aM2 - a2 /a22
2 1.o-2.5-J+-J 13

2ma2 a1/ a1J

Having given expressionsfor pipe endseqs. 8 and 9 we will now apply eq. 13 to find

an expressionfor pressuredifferencesacrossbellows for which Fig. 2 gives an illustration,

showing a convolution cross section. After entry into a bellows, stream lines could be

expectedto expandinto the full radial width of a convolution. However most of the flow

would remainnearerthe inner diameterD becauseof the increaseof the path length with

increasing radius. A reasonablechoice for a weighted averageflow diameter inside a

convolution might be D0 = D + 2r. If the pitch length A = 4r + 2t = 2 r0 + r correct

if convolution sidesare parallel, then D0 = D, + 0.5A - t. However,convolutionsidesare

not usuallyparallel due to the manufacturingprocessbut openup towardthe insideof the

bellows. Thereforeset A = 2 r0 + r + 8, resulting in

= 0 +0.5A-t- 0.58 14



a

= "valley radius"

t = wall thickness

= r + t

= inner diameterof bellows

D+2r

A = pitch length

Di DOJ

Figure 2
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Measurementsfor long corrugatedhose, reportedin the literature have resultedin

= D + 0.44A. Usually for such hose t is rather small, for addedflexibility, but 5, for

manufacturingease,may be larger than for a specially manufacturedbellows. Thus, for

our case,we can alsoaccept that

.0 + 0.44A 15

Returningto eq. 13, we considera bellows with N convolutionsandset

irD? irD2
16

andthus write now

P1 -P3
= ‘D

[1.5-2.5
D2

+
17

For many casesthis may still be amaximum valuesincethe "jetting" effect, when exiting

from a convolution,may preventthe flow from expandingfrom diameterD to D0 because

the distance betweenneighboring convolutions, A, usually is C .0. Figure 3 illustrates

the term in bracketsin eq. 17,

K=1.5_2.5!+ .Pi

as a function of L*

For abellows with N convolutionswe write, finally

2aM2
Ap= 2

4KN 18
lr pD,

For examples,we calculatepressuredropsacrosstwo bellows of different sizes, consid

ered for interconnectionsof SSC magnets:
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1 D = 9.842 cm

A = 0.635 cm

N=23

M = 1000 g/sec

p = 0.136 g/crn3

a = 10-6

Here a busbar of crosssection4.6 x 2.7 cm2 passesthrough the bellows. We subtractthis

from the inner andouter flow cross sectionsdiametersD, D0 and takethe squareroot

of the ratio of the results: = 0.967. Then,from Fig. 3, K = 0.037and .p = 7.7 x 10

atm per bellows,usinghere Ap = 2KN, where a = rx9.8422
- 4.6 x 2.7 = 63.7 cm2

2 D = 6.985

A = 0.635

N=23

M = 1000

= 0.945

K = 0.066

zp = 8.3 x i0 atm per bellows.

Multiplying this by 200 which is the approximate number of dipoles neglecting the

quadrupolesin the 17 cells acrosseach refrigerator we would obtain a possible total

bellows pressuredifferenceof 1.7 atm, if M = 1000 g/sec.

In SSC TechnicalNote No. 90 SSCL-N-746 we used 2 velocity headsper convolution

it i
- %.4

to calculatepressuredropsacrossbellows. As pointedout above,if

.0 C D, this is not a badestimate,but as increasesdisagreementbecomesincreasingly

worse, amountingto an overestimateby a factor of 6 for the numerical examplesgiven

above. We thankW. Clay for pointing out this error to us.

We acknowledgevaluablediscussionswith A.P. MeadeandD.P. Brown.
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Appendix: Pressuredrop acrossinterconnect

Theupperpart of the cunentinterconnectdesignis shownschematicallyin flg.4. The

lower part differs from the upper one only in the fact that the bus work is replacedby

instrumentationof cross-section2.3x2.7 cm. The bellows has 23 convolutions,a wall

thicknessof 0.04 cm, apitch of 0.635cm, a live lengthof 14.6 andinstalledlengthof 11.4

cm, an inner diameterof 7 cm. The sleevehasa length of 17.9 cm andan inner diameter

of 9 cm. the pipeshavea total length of 32.9 cm.

Calculationsp.11 for a pipe diameterof 7 cm indicatethat the pressuredrop across

the interconnectis 4.3x105 atm which is about 16 times less than the pressuredrop

acrossa magnetand the two endplates.The pressuredrop acrossthe bellows andat the

transitionbetweenpipes andend domesarethe largestcomponentsof the total pressure

drop which is quite small.

Whenthepipe diameteris reducedto 5 cm the pressuredrop acrossthe interconnect

is half that acrossthe dipole with end plates p.12. The major contributionsto this

pressuredrop comefrom headlossesat pipe transitionsto end domes,sleeveand bellows.

Friction andbellows havenegligeableeffects. Theareaavailableto flow passageis reduced

by more thanthe ratio of the diameterssquared7 cm/5 cm becauseof the presenceof

the buswork.
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Figure 4. Upper and lower interconnections
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ssc
SW interconnect pressure drop, mass flow g/sec: 100.0

Table 3: p atm interconnection

pressure drop upper interconnect lower interconnect

massflow g/s 43.3 56.7

tank / pipe 2.027E-05 2.274E-05

pipe /bellows 0.000E+00 O.000E+00
pipe / sleeve 5.049E-06 4.7$1E-06

friction pipe 9.158E-07 6.638E-07

friction bellows 7.003E-07 5.032E-07

friction sleeve 1.668E-07 1.681E-07
bellows 1.540E-05 l.364E-O5

Table 4: Total pressure drops atm

bus cm instr cm pipe ID cm bellows ID cm interconnect dipole

4.6x 2.7 2.3x 2.7 7.0 7.0 4.251E-05 6.926E-04
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ssc
SSC interconnect pressuredrop, mass flow g/sec: 100.0

Table 1: p atm interconnection

pressure drop upper interconnect lower interconnect
mass flow g/s 33.4 66.6

tank / pipe 1.604E-04 l.823E-04
pipe /bellows 7.198E-05 5.784E-O5
pipe / sleeve 9.426E-05 8.906E-05
friction pipe 2.224E-05 9.549E-06

friction bellows 4.402E-07 6.726E-07

friction sleeve 1.050E-O7 2.246E-07
bellows 9.149E-06 1.884E-05

Table 2: Total pressure drops atm

buscm instr cm pipe ID cm bellows ID cm interconnect dipole

4.6x 2.7 2.3x 2.7 5.0 7.0 3.586E-04 6.926E-04
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