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reflect those of the United States Government or any agency thereof or the Regents of the 
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f~AIN RING HELIUM LINE CONFIGURATION AND SIZING 

ABSTRACT 

This note discusses the results of a limited study of the ESCAR Main Magnet 
Ring Helium Circuit. 

Presented are: 

1. Proposed distribution line configuration, size, and estimated two 
phase helium pressure drop. 

2. Proposed Cryostat/Distribution system interface hardware. 

SUMMARY OF RESULTS 

With the main ring helium distribution line fabricated from 211 I.D. rigid, 
vacuum and MLI insulated tubing, the total series ring pressure drop can be 
maintained at about 1.0 psi at helium mass flows up to 100 gm/sec. The 
minimum magnet operating temperature for the ESCAR weir cryostat helium system 
will be about 4.55°K dictated mainly by the return side heat exchanger ~P of 
the CTI/FNAL/LBL 1500 watt refrigerator with positive compressor suction pressure. 

The critical current density of the Nb-Ti superconductor at this temperature 
{and roughly 4 1/2 Tesla) will be about 12% lower than at 4.2°K. 

An 11 interface element 11 is proposed between the quadrupole cryostats and the 
distribution line which is simple, efficient, easily fabricated, and eliminates 
the need for helium bayonets. It is proposed these elements, the local distri
bution boxes, and this section of vacuum and MLI insulated line be fabricated 
in house. 

DISCUSSION 

The ESCAR Main Ring Magnet cryostat geometry is currently well enough defined 
to present new estimates of the 2~phase, diabatic helium pressure drop along 
with our tentative selections of the Main Ring Helium distribution system 
component sizes and types. Component heat leak estimates have been recently 
reviewed {Ref. 1). 

A complete presentation herein of the pressure drop results and computation 
methodology, plus all the assumptions made as to local heat leak distribution 
and geometry will allow a critical group evaluation of the entire system to 
determine whether the main ring helium circuit distribution system design 
described meets current ESCAR requirements and is sufficiently thought out to 
justify detailed design and make-or-buy decisions. 

L-----------·---------------------------------------1 
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An earlier note (Ref. 2), which was presented to firm up some cryostat dimensions 
so that dipole D-3B cryostat could be built, outlined in detail the analytical 
basis of the Martinelli-Nelson (M/N) semi-emperical two phase flow pressure 
drop calculation technique. At that time we also described the use of the M/N 
method in the development of a computer program, TUFAZ2, to determine the local 
quality and pressure distribution in a conduit consisting of several series 
elements each with ·constant but arbitrary length, cross-section, heat input 
per unit length, and relative roughness. 

The pressure drop calculations of Ref. 2 necessarily assumed a relatively 
coarse conduit element mesh, and at that time we neglected all minor losses 
associated with local fluid resistance, i.e., elbows, tees, valves, and abrupt 
changes in cross-section. A relatively major simplifying assumption then also 
was that the flow in each element was fully established regardless of the 
L/0 of the element or what preceeded it in the series circuit. This last 
asstlmption, as crude and conservative (?) as it may be, is still made, but 
we've recently added approximate treatments for the 11minor losses .. which were 
previously neglected. Also, to be able to look at the main ring nitrogen 
circuit, which will operate at consider.ably lower Reynolds numbers, we've 
expanded TUFAZ2 to include the M/N Viscous Liquid, Turbulent Vapor equations 
from Reference 3. 

RESULTS 

Table 1 shows the estimated two phase, diabatic helium pressure drop for the 
ESCAR ring in full series flow at 100 gm/sec. and two conditions of heat input. 
The Static Heat Input case assumes the dipole and quadrupole magnet elements 
in the circuit have a q/i of 5.0 watts per meter. For pulsing at the design 
repetition rate, the calculations assume the magnets have a total AC loss of 
25 w/dipole, and 4.0 w/quadrupole including iron hysterises losses (Ref. 4). 
It is assumed that this pulsed operation loss rate is comparable to the heating 
rates imposed during beam bunching modes. 

Table l Desi_gn Configuration Computed Results (Full Series Ring) 
See A"ppendix (Computer output listing} for other input details 
Initial fluid state: Pl =;1.339 atm, Tl = TSAT = 4.55°K, t.hLV = 18.14J/gm 

. 
X:. {tj_(L)DIP. ( 9./£ Jc~.UAI) Q,-OT xf 

.,. -APz¢ 
RUIJ m .L.\ Pror 

AP ----·- ··- --- .. -- --- --- -- ___ 1-l(/.· 

-- gmf~ec -- (WArr/m) (/JIATr/m) (WATT) -- (psi) (REF:) 

I 100. 0.05 5.o: 5.0 38Z.- .2637 0.74 5. 77 

2 ,, ,, 25.6 15.0 /086. .6577 1.08 8.45 

3 120. 1/ II II II . 5551 /.48 7.98 

* See Output in Appendix, In actual installation. there will be only one valve 
in element (4,11) - two were assumed for simplicity. 
Also see Ref. 2 Table 2 for similar calculations on a course element mesh, 
flexible lines, and no minor losses. 
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COMPUTATION DETAILS 

A. TUFAZ2 Minor Loss Computation 

The minor loss treatment is very elementary at this time, but can be improved 
if we feel it is important to do so, and someone has a better or faster or more 
accurate way. The minor losses are of two types: · 

Type 1: Losses associated with local flow resistance within an element 
of conduit. 

Type 2: Losses due to abrupt area changes from element to element. 

1. Type 1 Treatment 

Minor losses of the first type can be considered to be things like elbows, 
valves, tees,etc. within an element of otherwise constant properties. To treat 
these a local flow resistance coefficient, kLR' from single phase theory is 
used. 

An additional equivalent length of conduit is computed for this element from 
Le = KLRDH/f, where DH is the element hydraulic diameter and f is the local 
single phase liquid friction factor (function of local Reynolds number). KLR 
(read in) is extracted from the literature, i.e., see Ref. 5. This computed 
additional equivalent length, ile, is added to the actual input element length 
to get an effective element length and the 10 liquid pressure drop, Delto Po (I), 
is computed for the element. Then in ordinary M/N computation style, the two 
phase friction amplification factor, which is a function of local quality, is 
multiplied by DELTA P

0
(1) to get the two phase frictional pressure drop. There 

is no two phase momen~um term correction for this minor loss type as we 
presently compute it. 

2. Type 2 Treatment 

To compute minor losses due to abrupt changes in section from element to element 
we here also resort to a modified single phase, incompressible flow treatment. 
As the program loops over the element data, the I element hydraulic diameter is 
compar,ed with the 1=1 element (down stream) to determine whether the element 
exit is a contraction or enlargement. A single phase contraction (or enlargement) 
coefficient K0 = KSC (or ~E) is computed, and then a local discharge delta p 
is computed from; .6P 0= K0 (M/ AF /2pMgC, where PM is a 1 oca 1 11mi xture mean .. mass den
~ity (from S. Mat ina and M. Green). K0 is computed internally from approxi~Jate 
single phase equations lifted from Ref. $. This local element discharge 
pressure drop is added to the element frictional and momentum two-phase flow 
pressure drop (ordinary M/N method) to get the total element pressure drop. 

Both the Type I and Type 2 local pressure drops as computed in TUFAZ2, then, 
are quite simple and crude. In ~either· case do we attempt to ·treat any local 
heat generation (quality-change) a~ a result of tt1e sudden·t; changing velocity 
distribution or eddy motion. If it can be shown that they produce serious non
conservative results, the present treatment can be improved. 

RL- 3 2 20- 2 aC RAY. 8 I 7 1 l 
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B. The Main Ring Helium System Simulation 

Although it is not yet complete, John Carrieri •s schematic of 4/7/76 was used 
to define the system. For computation purposes, state po.int 1 is a point in 
the distribution line just inside the main distribution box or just downstream 
of the JT expansion valve in circuit, Fig. 2c in Mike Green's Cold Helium 
Refrigeration Distribution System note of 10/l/74, Ref. 7. This is shown 
schematically in simplified form in Figure 1. 

C. Input Data for Pressure Drop Calculations 

1. Initial Fluid Properties 

The current refer contract requires that the CTI/FNAL/LBL refrigerator cold 
box be designed such that the return side heat exchanger total pressure drop 
not exceed 0.25 atm. (Ref. 8). The existing LBL drawings for the compressor 
plumbing (see 18K0736) and the valve leakage specs (Ref.ll) require piping 
and valves in the compressor suction line that will be sufficiently vacuum 
tight that we could 11 consider 11 running the compressors with negative (sub-atmos) 
suction pressures without great concern of potential air contamination, however, 
with fixed compressor capacity and with lines and heat exchangers sized for a 
higher gas density, no significant reduction in suction pressure could be 
achieved without an attendant loss in refrigeration capacity, so I don't consider 
this here. This then sets the lower pressure limit for P (Main dist. box 
satuwation pressure, Fig. 1) at 1.25 atm. negl~cting the f0 vapor pressure drop 
dri tbe 211 c6ld·ll~lfum return.line:· Allowing for a total pressure drop of 0.1 
atm (max.) for the main ring series helium circuit sets the minimum supply 
pressure at state point 1 at 1.35 atm. TUFAZ2 currently will not handle 
situations with negative initial quality, and I waated to avoid interpolation, 
so I selected the initial conditions for computation purposes as: 

PI= 1.339 atm 

T1 = TI(sat) = 4.55°K 
xl ~ 0.0 

An implication of this high initial temperature (which is approximately the 
bath temperature for the first magnets in the series) can be seen in Figs. 2 
and 3. Fig. a was plotted from Fig. 2 which I got from W.S. Gilbert. Here 
we can see that the critical current density of this Nb-Ti superconducting 
wire will be degraded by about 12% by operating at 4.55°K (as opposed to 4.2°K) 
and = 4.5 tesla at the wire. 

2. Element Data 

Appendix 1 (Typical TUFAZ2 output) shows the series circuit element mesh assumed 
for a typical quadrant. It can be noted here that a relatively fine element mesh 
is assumed (everything but the kitchen sink) where a new element is defined 
virtually everywhere the conduit properties substantially change with regard to 
area, shape, rouf)hness, heat leak per unit length, or internal (Type 1) local loss 
factor. Most of this stuff is self explanatory, but I'll expand on some of the 
input numbers here. 

RL- 3220- 2a( Re~. 8/71) 
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To keep things simple, I've assumed that the whole ring consists of 4 identical 
quadrants starting with element type l, a 3.0 meter long, 211 I.D., vacuum and
Ml[ insulated,rigid local distribution line with 2 each 90° long radius elbows. 
The· KFAC = 0.76 is simply 2x0.38, the Type I local loss factor from Ref. 5. 

The heat input per unit length, for this element,O.Ol7 w/cm., is from Ref. 9. 
pg. 11 for a 2" tube line, upped roughly 6% from tabulated values to crudely 
account for more spacers required for the bends. 

The relative roughness of .0001 is simply a guess. (For example see Ref. 10) 
Preceeding element type l in the circuit is a simulated cryostat/distribution 
line "vacuum barrier .. which I picture as a long 
thin-walled stainless tube which might have a 
conduction heat leak of about 0.5 watts (see 
sketch 1). I input this as a distributed heat 
leak:t = 10 cm.,·q/t = 0.05 w/cm. simply to 
avoid computational problems. Element type 12 
is 2.5" O.D. x .065 11W (assumed) helium supply 
line within the quadruple vacuum space which 
has one elbow. The 1.20 KFAC here is actually 
the Type 1 local loss factor from Ref. 5 for 
flow out the side branch of a blanked off 211 

tee which I guess approximates the loss factor 
of a mitered tube elbow. Note that a radiused 
commercial elbow (a wrot copper Mueller elbow 
or a stainless steel sched. 5 Ladish elbow) 
would be an improvement. The .006 w/cm. q/t 
assumed here assumes this "bent" line has an 
effective surface emittance of 0.1, but part 

Sketch J 

. , 
\ DISTK.. S 'IS. 

VAcuvm 

receives radiation from 300°K and part (inside the LN2 shield) receives radiation 
from :::: 80°K. 

The flow cross sections and hydraulic diameters lis~ed for the quadrupole and 
dipole cryostat elements (Types 5 and 7) were computed using lhe formulas from 
Ref. 2 pages 26 and 28, with dimensions scaled from the existing cryostat 
drawings._ Small scaling errors here would have a negligible impace on the 
overall rin.g pressure drop because the magnet channels are proportionately so 
large. · 

It can be noted that the series ring mass flow has been reduced by 0.25 gm/sec. 
after each current lead pot to approximate local lead cooling. This totals the 
budgeted 3.0 gm/sec. for the ring, not including trim coils. 

The .1464 q/t for elements 6 represents the 8 each SOOA quadrupole lead heat 
leak@ q/I = 1.33 mw/A lead (Ref. 1) plus 2 watts, all divided by 50 em., as 
a cride guess of the heat leak of the in-line quadrupole cryostat lead pot. 
This same 7.32~watt heat leak is assumed for the dipole C!P with 2 ea. 2000A 
leads for 6 dipoles, but a ficticious large area (9999 em ) is used to "fake in" 
the dipole CLP as part of the series flow circuit (which it is not) with a 
negligible pressure drop. 

RL- 3220- 2a( ReT, 8/7 1) 
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The KFAC of 5.4, last column, element 11, is an approximation (from Ref. 5) for 
two ea, 211 angle valves in series in the local distribution box. Gate valves 
would obviously betbetter for pressure drop purposes, but we would be hard 
pressed to find cheaper valves that suit our needs than the California Physics 
all stainless steel angle valves John Carrieri has purchased for modification 
and evaluation. 

Our valves must be externally vacuum tight, and to avoid a whole lot of confusion 
during final mass spectrometer leak test/close-out of a local magnet quadrant, 
the valves should be mass spec tight across the seat. A Kel-F (or similar 
material) seat modification could make this a reality. As long as we are aware 
of the high loss factor of the angle valves, and pay strict attention to detail 
in choosing the plumbing configuration to minimize elbows, we can live with 
these valves. However, a larger port (if available) would help. 

RECOMMENDED PLUMBING CONFIGURATION 

Tbe overall pressure drop of the ESCAR Series Helium circuit will be strongly 
influenced by the choice of the distribution line elements now that the flow 
passages within the cryostats have been enlarged. Line size and type (i.e. 
smooth rigid lines or flexible lines) and the number and type valves and elbows 
will dictate the overall circuit pressure drop (magnet operating temp.). In 
order to minimize heat leak and pressure drop our limited stud~es indicate that 
smooth rigid lines with expansion joints where required and with a minimum of 
elbows and no bayonets leads to the best overall distribution system design 
for ESCAR. 

Figure 4 is a sketch of a cryostat-distribution line interface element that 
could be used to advantage for ESCAR. The unit is relatively simple and compact 
and little 11 head 11 room·is required because no bayonets are used. A total of 
only 4 simple tubing joints in the main helium circuit have to be broken to 
install or remove a quadrant. The interface element system is easily fabricated, 
assembled, and insulated, and uses smooth rigid tubing with long radius ·elbows 
to minimize pressure drop. Thereiis no bayonet heat leak per se. (A long, 
thin-walled stainless steel 11 re-entrant tube 11 vacuum barrier separates the 
cryostat quadrant thermal vacuum from the distribution line vacuum which 
eliminates roughly half of the heat leak and half of the cost of bayonets 
which would be very seldom used.) The location of the distribution line local 
boxes is chosen to minimize elevation changes which cannot be treated in the 
pressure drop calculations. 

The 11bread Boxa vacuum cover size could be judiciously chosen in the layout 
phase to be compatible with standard, low-cost purchasable sizes. (See Zero 
Mfg. Co. (deep drawn rectangular closures) brochure@ Engr. Lib.) 

VALVE LOCATION DETAILS 

Because the local distribution lines and their valves and elbows represent a 
significant part of the total circuit pressure drop, it was necessary to make 
11 realistic assumptionS 11 for the number of elbows, bends, etc., in the series 
circuit. Several sketches were made to determine ways of minimizing these 
minor losses. 
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Fig. 5 is a simplified plumbing physical schematic illustrating how the existing 
angle valves could be oriented within the local distribution boxes to minimize 
~P losses. This configuration has 5 ea. goo bends per quadrant (minimum) not 
counting the 2 series angle valves and the two 90's within the cryostat quadrant. 
The two vacuum barrier reentrant tubes per quadrant are part of the local 
distribution boxes (also see Fig. 1). 

The vacuum enclosure to the local lines should be large enough so that inner 
line radial and vertical contraction is allowed without the need for additional 
internal supports or bellows. This design philosophy would enable one to limit 
the need for distribution line thermal strain relief down to just the necessary 
"bent" regions in the horizontal line portions with the distribution boxes 
treated as fixed points for contraction purposes. 

Although the angle valve handles shown here do not "exit" the local distribution 
box thru the same lid, implementing this valve configuration into a simple box 
would sti 11 be easy because the va 1 ves are "broken stem". (Stems can be 
different length and the stem seal bellows need not be mounted in a removable 
1 i d.) 

It is important to note here that I have only shown the main ring two phase cold 
helium lines and valves here for simplicity. In the actual ESCAR installation 
it is desireable that both the Main Ring He cryogenic distribution line and the 
Straight Section Cryopanel Helium distribution line share the same vacuum system 
at the local distribution boxes .. Liquid nitrogen to both systems would also 
cool a MLI insulated copper valve shroud within the local distribution boxes as 
it circulates around the ring. 

CONCLUSIONS 

The Main Ring He pressure drop Has been investigated for a practical line 
configuration and size. It appears that a 2'' ID smboth tube using the existing 
valves judiciously oriented to minimize local losses will keep the Main Ring 
Helium circuit ~P in the acceptable range for full series flow at high AC 
heating rates. 

The strong influence of maximum system pressure on ESCAR magnet performance 
dictates the use of a low ~P circuit~. Although a larger flexible line could 
satisfy the ~P requirements, it would increase the line heat 1nput probably 
the order of a factor of two or more, Ref. 9., The use of a composite, rigid 
line will be slightly more expensive (guess 1 to 2 K $) because of the need for 
local thermal strain relief elements at straight section junctions, but the 
rigid line will be more thermally efficient allowing more refrigeration reserve 
for pulsed or bunched beam operation. 

Although, certainly, component parts could be fabricated outside, the overall 
distribution line system (which consists of several individually non-sealed 
sections which must be field assembled) does not lend itself to outside fabri
cation. Because of fit-up tolerances and integration problems with other subsys 
systems (which currently lack definition) competing for the same space, this 
portion of the overall distribution system should be fabricated in house. Adequate 
internal skills exist; the overall cost would be comparable to a purchased line. 

RL- 3 2 20- 2 a( ReT. 8 I 7 1) 
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