¢ pr. 1995
// e) LBL-1055¢

\¢ { - uc-38

D

E Lawrence Berkeley Laboratory
(

UNIVERSITY OF CALIFORNIA

Engineering & Technical
Services Division

THE TPC MAGNET CRYOGENIC SYSTEM

M.A. Green, W.A, Burns. J.D. Taylor, and H.W. Van Slyke

March 1980

Prepared for tho L1.S. Depantment of Energy under Contract W-7405-ENG-48



LBL-10552

THE TPC MAGNET CRYQOGENIC SYSTEM

M. A. Green, W. A. Burns, J. D. Taylor, and H. W. Van Slyke

Engineering and Technical Services
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

DISCLAMER




Table of Contents
page
INTRODUCTION & v v v v v v v v s v v v v s e e s |
1. HEAT LEAKS INTO THE COIL PACKAGE AND COMPENSATION SOLENOIDS . 3

4. Heat Leaks through the Superinsulation . . . . . . . .. 3
h. Heat Leaks Through the Support Rods . . . . .. .. ... 10
c. Conductive Heat Leaks Down Electrical Leads . . . . . .. 14
d. Heat Leaks to the Compensation Solenoids . . . .. ... 15

2. HEAT LEAKS TO OTHER COMPONENTS OF THE CRYOGENICS SYSTEM . . . 17

a, Liquid Nitrogen Shields . . . . . .. P v
b. Cryostat Vacuum Pumping System . . . . . . .. PP
c. Liquid Helium and Liguid Nitrogen Transfer Lines . . . . 21

3. THE CONTROL DEWAR AND ITS RELATIONSHIP TO THE REST OF THE

SYSTEM. . . . . . . .« « v .. e e e e e e e e e e ... 26
a. The Control Dewar . . . . . . . e e e e e e e .. 29
b. The Liguid HeliumPump . . . . . . . . . . . ... ... 33

c. Thermodynamics of the Control Dewar and Magnet Cooling
SYSLEM .\ v v e e e e e e e e e e e e e e e 39

d. Pressure Drops in the Helium Cooling System . . . . . . . 49

4., THE CONDITINNER SYSTEM AND [TS ROLE IN COOLING THE TPC
MAGNET. . . . . . « . . . - 2
a. The Conditioner Dewar . . . . . . ... .. ...... 58

b. The Conditioner Heat Exchangers . . . .. . .. ... .. 60



ii

c¢. Heat and Mass Balance of Conditioner Circuit
Delivering 80 K Helium . . . . . . . . . .« . [ 4
d. The Gas Heaters . . . . . « .« « v o o . . c s e s . . . 63

e. Cool-Down and Warm-Up of the TPC Magnet System . . . . . 66

5. GAS-COOLED ELECTRICAL LEADS AND CHARGING LOSSES . . . . . . . 73
a. Gas-Cooled Electrical Leads . . . . . . . . . o . . v .. 73
b. Heating While Charging the TPC Magnet . . . . . . . ... 80

6. SUMMARY OF LIQUID HELIUM AND LIQUID NITROGEN REQUIREMENTS OF
THE TPC SUPERCONDUCTING MAGNET SYSTEM . . . . . . . . . . . . 84
a, Summary of Liquid Helium Refrigeration Requirements . . . 85

h. Summary of Liaguid Nitragen Refrigeration Requirements . . 92

7. CRYOGENIC SYSTEM TESTS . . . . v v v ¢ v o v v v v v v v v 95
a. TJests of the Cryogenic Subsystems . . . . . . . ., . . .. 95
b. The May 1980 Test of the TPC Magnet Cryogenics . . . . . 100
ACKNOWLEDGMENTS . . . . & & v v v i et v v e e v e e e e e 108

REFERENCES . . . « v v v v v o v v v v 0 o P e e e e e 109



THE TPC MAGNET CRYOGENIC SYSTEM
M. A, Green, W, A. Burns,
J. B. Taylor, and H. W, Van Slyke

Engineering and Technical Services
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

INTRODUCTION

The concept of Ewo:Phase forced cooling is relatively new,
although small experiments with it were run during the early 1970s at
LBL, Rutherford, and Grenoble. These efforts have not to our
knowledge been reported in the literature. Two-phase cooling was
first described when LBL proposed it for the MINIMAG experiment.1
The key element in making this process viable is the control dewar
with its heat exchanger. From the very beginning, the LBL thin
superconducting coil program has used forced two-phase tubular cooling
as the cooling system of choice. The first experimental data were
reported in May 1976.2 When the Time Projection Chamber (TPC)
experiment was proposed in 197G, the concept of a forced two-phase
cooled, two-meter-diameter thin solenoid was brought forth,3 This
report discusses the cryogenic system developed for the TPC magnet.

The TPC magnet and its compensation solenoids are adiabatically
stable syperconducting solenoid magnets. Direct contact of the liguid
helium with the superconductor is not required. As a result, tubular
cooling appeared to be attractive, Forced two-phase cooling offers

advantages over both single-phase forced tubular cooling and the



boiling heljum bath. The TPC magnet system has forced flow cooling of
the two cryongens in the system. The liquid helium and liauid nitrogen
are delivered through the cooled load by forced tubular flow. The
nnly reservoirs of liauid cryogen exist in the control dewar (for
liquid helium) and the conditioner dewar (for liguid nitrogen).

This report describes the operation of these systems during
virtuaglly all phases of system operation. Photographs and diagrams of
varisus system components are shown, and cryogenic system data are
presented in the following sections: 1) heat leaks into the TPC coil
package and the compensation solenoids; 2) heat leaks to various
componants of the TPC magnet cryogenics system besides the magnets
and control dewar; 3) the control dewar and its relationship to the
rest of the system: 8) the conditioner sys<tem and its role in conling
down the TPC magnet; 5) gas-cooled electrical leads and charging
losses; and 6) a summation of the liauid helium and liguid nitrogen

requirements for the TPC superconducting magnet system.



1. HEAT LEAKS INTO THE TPC MAGNET COIL PACKAGE AND COMPENSATION
SOLENQIDS

The TPC coil package, which is 3.4 m long and has an inside
diameter of 2.142 m, will be the heat sink for all heat leaking from
the vacuum vessel to the 4 K region. In general, three types of heat
leaks must be dealt with, They are: 1) radiation and conductive heat
transfer through the multilayer insulation, 2) heat conduction down
the support rods from room temperature to the 4 K region, and 3) heat
conduction down various instrumentation and electrical leads. The
refrigeration content of the helium, which is fed into the gas cooled
electrical leads, is discussed in Section 3.

a. Heat Leaks through the Superinsulation

The TPC magnet, like virtually all liquid helium temperature
devices, is insulated by an evacuated multilayer insulation system,
which is often called superinsulation. The predominant mode of heat
transfer through such an insulation system is by radiation heat
transfer. Secondary heat transfer methods are gas conduction by free
molecular flow and contact-conductive heat transfer through the layers
themselves and the nylon netting between some of the layers. Table 1
shows the heat flow through various practical insulation systems.

The TPC magnet coil package has the following insulation system:
1) approximately 30 layers of superinsulation between roum temperature
(300 K) and 80 K, 2) a liguid nitrogen temperature shield (about
B0 K), and 3) approximately 20 layers of superinsulation hetween the
80 K surface and the liaguid helium temperature surface (4 K), The

superinsulation consists of loosely packed, crinkled aluminized Mylar



Table 1. Heat flow through various insulation systems {Refs. 1, 4, 5).

Heat flow (Wm-2)

300 to 4 K 80 to 4 K
insulation system No intermediate shield 80 K intermediate shield
Vacuum ¢ = 1.0 465.0 2.3
vacuum ¢ = 0.5 152.0 0.76
Vacuum ¢ = 0,2 50.6 0.26
Vacuum ¢ = 0.1 23.8 0.12
Superinsulationd
e = 0.02 for each layer
1 layer 8.0 0.07
5 layers 3.0 0.025
10 layers 1.5 0,015
20 layers 0.8 less than 0.01

unless compacted

50 layers 0.4

Powder insulation evacualed

expanded perlite with a

density of 0.08 to 0.1 gq/cm3, ~1.3 ~0.2 (no better
layer 15 cm thick than vacuum)

aTypical values of heat leak can be calculated using Table 1. To
calculate the minimum theoretical value of heat leak through the
insulation, use Ea. (1).




with a fine, bridal-veil mesh every 3 layers or so. Table 1 shows the
approximate average heat leak through such insulation, and fig. 1
shows a cross section of the cryostat and coil package. This figure
shows the nitrogen temperature (80 K) shield location.

Typical values of heat leak can be calculated using Table 1. If
one wants to calculate the minimum theoretical value of heat leak

through the insulation one can use the following expression:

QA = Aa[T‘ll - T‘_,‘] )
where
F 2
T (1a)
e (l-e)e
and when ¢ is small
F, e
1»2
A= =5 (16)

where Q/A is the heat transferred per unit area; o the Stefan Boitzmann
constant {o = 5.67 x 10'B wm‘2 K'q); T1 is the absolute temperature

of the warm surface; T2 is the absolute temperature of the cold
surface; ¢ is the average emissivity of the superinsulating layers;
F1>2 is the form factor for a radiative heat transfer; and N is the

number of layers of superinsulation,



CRYOSTAT T

e i 1.6 mm COPPER SEGMENT
¢ i {(ONE OF SiX, EACH END)

~—

Al mm RIBBED ALUMINUM

NEMA G-10 TIE-DOWN.
ALUMINIZED MYLAR & H
NYLON NETTING INSULATION |

COIL COMPOSITE
AN oL

(—+

L1

; L1QUID NITROGEN
- GCOOLING TUBE J
N—— -

“STAINLESS STEEL CINCH BAND

XBL 802-8403

Fig. 1. TPC coil package cross section showing the liquid nitrogan
shield at the end of the magnet.



The derivation of Ea. (1) can be found in Ref. 5. For uur problem,

F1>2
heat leak per unit area given in Table 1 are about a factor of 3 to 5

is about 1.0 (Ref. A) and ¢ = 0.02 to §.05. The values of the

higher than the ones given by Ea. 1. This factor of 3 accnunts for
errors of insulation, spurious conductive heat transfer and changes in
emissivity of the layers.

The total heat leak into the TPC magnet can be found using the

following expression:

Q
G =7 2700 (2)

where QR is the total radiation heat transfer to the TPC magnet coil
package, Q/A is defined by Ea. (1) or the values given in Table 1; D
is the average diameter of the coil package (in our case, D=~ 2.2 m);
and L is the average coil length {in our case, L = 3.6 m). The value
of 2aDL is the tetal average surface area of the coil package
assemhly, This area in the TPC magnet is about 49.8 m2.

Using Ea. {2), we find that the most probable value of the heat
leak through the insulation is about 0.5 W when the liguid nitrogen
shields operate, However, we add 2.5 W to the 0.5 W to account for
installation error; thus the most probable heat leak is 3.0 W. When
there is no liguid nitrogen in the shield, the most probable heat leak
ris2s 1o about 20 W. Tahle 2 shows the relationship of the cryostat
heat leak to other neat leaks in the system. Figure 2 shows the TPC

coil after superinsulation has been applied.



Table 2. Heat leaks into the TPC coil package and into the iiauid
nitrogen system.

Liauid helium temperature heat
leaks at 4.5 K (W)

LNz
Heat Leak
Most Max imum at 80 K
Minimum probable (no LNp) (W)
Heat leaks through 1.0 3.0 20.0 ~30
the superinsulation
Heat leaks through 2.4 4.8 17.8 ~75
the support struts
Heat leaks through?@ 0.7 3.0 ~13.5 ~15
electrical leads
Total heat leak 4.1 10.8 ~51.3 ~120

to the coil package

3 The minimum case include~ no heat leak down the gas cooled leads,
the most prohable case inciudes 2 W, and the maximum case, 6 W.




CBB 801-339
Fig. 2. The TPC magnet coil package afier the superinsulation has
been applied. The outer 80 K shield is being installed.
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b. Heat Leaks through the Support Rods

The TPC coi) package i5 supported to the outer cryostat by a
bicycle spoke type support system which has six support points at each

7 Two types of support rods are to be used.

end of the cryostat.
Four support points at each end have radial support rods (see Fig. 1).
Tw3 support points at each end have antirotation support rods. Each
radial support point has one compression strut which is 79.4 mm lona;
and each antirotation support point has two compression struts which
ar= 104.8 mm long.8 {These are the lengths between the end balls

td are the lengths important for heat leak calculations. There are
fPight siruts of each type. Figure Z shows another end view of the TPC
maanet. The support struts and electrical leads are shown.

Each compression strut has a liduid nitrogen temperature thermal
intercept. This intercept is located about 50 mm from the cold end of
the short struts anag about 75 mm from the cold end of the long
struts. After much study, it has been decided to make the compression
struts out of 25.4 mm (1 inch) diameter rods of NEMA G-lu.R epoxy
fiber glass.

The heat conduction down the struts can be cetermined using the

following eauation:

0 =— (3)

where Oc is the heat leak down the support strut; AC is the cross

sectional area of the strut; and L is the iength af the strut, The T



n
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Electrical Leads
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L

meters

XBL 786-9265

Fig. 3. End view of the TPC magnet from the north, showing the loca-
tion of major services.
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term is the thermal conductivity integral between the temperatures
T1 and T, and the rod ends. A mathematical expression for T can

be given as follows:

T>
r=f k()1 (3a)
F

where Tl is the cold-end temperature; T2 is the warm-end temper-
ature; and k(T) is the thermal conductivity (as a function of
temperature) of the material uvsed to make the struts. Table 3 shows
Lhe thevmal conductivity integrals for various materials used for
crvostat support systems.4’9

Using Table 2, one can calculate the projected heat leaks through
the struts. The liquid nitrogen intercept is assumed to be a piece of
copper clamped to the rod and a liauid nitrogen tube. Using Ea. 3 and

the values of T given in Table 2 for fiber-glass expoxy, the following

heat leaks are calculated for each of the struts:

Short strut heat leak to 4 K with no nitrogen = 1,27 W

Long strut heat leak to 4 K with no nitrogen = 0.96 W

Short strut heat leak to 4 K with nitrogen = 0.182 W
l.ong strut heat leak to 4 K with nitrogen = 0.122 W
Short strut heat leak to liauid nitrogen =4.76 W

Long strut heat leak to liauid nitrogen = 4,63 W
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Table 3. Heat-transport properties of suppori-system materials

(Ref, 9),

Thermal conductivity integrals Max imum

Wm-1) design
Material 80 K to 4 K 300 K to 4 K stressd

(Nm=2)

Tension-Rad Materials

Titanium 200 1650 2.0 x 108
304 Stainless Steel 320 3060 1.5 x 108
Fiber-glass epoxy? 18 199 1.0 x 108

Compression-Memher MaterialsC

Fiber-glass epoxy 18 199 1.5 x 108
Nylon 13 89 0.5 x 108

Undusted washers,
302 stainless steel 5 58 0.1 x 108
0.0008 in. thick

ODusted washers,

302 stainless steel, 1 9.5 0.1 x 108
0.002 in. thick

(dust MnO2)

2108 Nm-2 = 14550 psi.
bpeware of creep with long-term use.

CCheck the rods for Euler buckling.
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The maximum possihle support strut heat leak will occur when the
Tiguid nitrogen system is shut off. The support heat leak with no
nitrogen will be about 17.8 W. When the 1iguid nitrogen system is
operating, the most probable support strut heat leak will be about
4.8 W, The most probable support strut heat leak is assumed to be
about 2 times the minimum heat leak calculated using the figures
above. (This allows for a non-even distribution of heat at the liguid
nitrogen intercept point.) The estimated heat leak to the liquid
1itrogen intercepts is about 75 W.

¢. Conductive Heat Leaks Down Electrical Leads

The heat leak calculations for the major non-gas cooled leads is
discussed in Ref. 10. These leads include the center tap tead and the
ultra-pure aluminum circuit leads. There is one center tap lead and
two loads are assumed for the ultra-pure aluminum coil. The major
non-gas cooled leads are assumed to have a liquid nitrogen temperature
intercept. The calculated heat leak based on a 0.2 m length of lead
between B0 K and 4 K is 0.1 W for the center tap wire and 0.5 W for
the ultra-pure aluminum circuit wire,

In addition to heat leak down the major non-gas cooled leads,
there are 50 signal wires which connect to cable connectors on coil.
1f these wires in the cable are Number 26 wire with a distance of
0.4 m to a liguid nitrogen intercept, the heat leak down the cables is
about 1 W. One can substitute Constantan or stainless steel for
copper and reduce the heat leak to less than 0.2 W. We use a most

probable value of 0.4 W,
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The gas-cooled leads may leak as much as 6 W into the system,
Most of the 6 watts never reactes the magnet becaure it boils the
liguid helium that is fed into the gas-cooled leads from the bus bar.
Probably less than 2 W is actually transmitted to the magnet directly.

d. Heat Leaks to the Compensation Solenoids

The two compensation solenoids are located at the ends of PEP-9.
These superconducting magnets are to compensate for the effect of the
solenoidal field on the beam., Compensation solenoids are used instead
of a skew quadrupole, permitting compensation without introducing beam
depolarization, The compensation solenoids are 1.45 m long (in
overall length) with an average diameter of 0.35 m.10

Using Ea. {2), one can see that the compensation solenoids (both
magnets) will have 6.4 mz of insulation area. Therefore, the heat
leak through the insulation is of the order of 2.1 W when a nitiougen
temperature shield is used. (Note: there is not much space at the
inner bore of the magnet, so we assume there is no nitrogen shield on
the inner bore.} The expected heat leak to the ligquid nitrocan system
is about 8 W for both magnets. The worst case heat leak to the
compensat ‘on solenoids through the superinsulation {when the 1iguid
nitrogen system fails) is around 4 W.

The support system for the compensation magnet coils is designed
for a load of only 2 metric tons instead of the 20 metric tons that
the main TPC magnet is designed for. As a result, the estimated
support heat leak for both magnets is around 6.0 W {the minimum value

is around 4.5 W). It is assumed that there is no liquid nitrogen

point on the support struts,
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The compensation solencid will be powered through the 500 A
qas-cooled electrical leads. The heat leak down the leads (for both
magnets) is around 1.5 W. There are several instrumentation leads on
the compensation solenoids for silicon diode thermometers and voltage
taps. It is estimated that the instrumentation leads contribute about
0.5 W to the total heat leak into the compensation magnets.

The most probable heat load to the compensation magnets is expected
to be about 10.1 W when the liauid nitrogen system is working. The
heat load could be as small as 7.0 W. [f the nitrogen system should
fail the estimated heat load to the compensating solenoids is 13.5 W.
The liauid nitrogen circuit is expected to have around 30 W of heat
input at 77 K. It should be noted that this estimate does not include
the gas usage for the electrical leads {see Section 4) or the extra
45 m of transfer line for the magnets. The extra transfer line will
contribute about 11 W (if the liquid nitrogen is running). The
compensating solenoids increase the amount of transfer line needed
from about 40 m to 85 m. (Section 2c Jdescribes the liguid helium

transfer lines to be used in the TPC magnet system).
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2. HEAT LEAKS TO OTHER COMPONENTS OF THE CRYOGENICS SYSTEM

The main components of the TPC magnet cryogenics system are the
CTi Model 2800 refrigerator, the control dewar, and the coil packages
themselves. This section describes other components besides the
primary components. These include the liauid nitrogen shields for the
TP( magnet coil package, the vacuum pumping system for the TPC
cryostat and the liguid helium-liquid nitrogen transfer lines.

a. Liquid Nitrogen Shields

The TPC magnet is a thin solenoid in its center section. As
discussed in the previous section, the use of liguid-nitrogen-cooled
shields and support points is entirely justified because they reduce
the heat leak by a factor of 6. The shields also permit one to make
mistakes in insulating the coil package without paying dearly in
refrigeratian,

Since the TPC magrat is designed to be thin in terms of radiation
thickness, one cannot make the shield thick or from dense metals such
as copper. The approach chosen for the TPC magnet is a shield made
from sheets of 1 mm thick 1100 aluminum. The ends of the shield are
made from copper 1.59 mm (1/16 in.) thick welded together and soldered
to round copper tubes. Figure 1 shows how the nitrogen temperature
shield is built at the end of the cail package.

Our calculations of heat leak through the superinsulation assume
that the temperature of the shield is constant. This assumption is
not entirely necessary. If the shield is at any temperature from 77 K

to 120 K, it will function perfectly well. The temperature drop from



18

the center of the shield to the cooling tube can be as much as 40 K,
but the nitrogen temperature intercepts on the support should be at a
temperature closer to 80 K. The support struts shculd be connected
directly to the liauid nitrogen pipe with a copper strap.

The temperature drop from the center of the nitrogen temperature

shield to the cooling tube can be calculated using the following

expressionll’lz
ol
aT = (Q/A + + . =<
2.ty &Koty Koty

where AT is the temperature drop from the center of the shield to the
liquid nitrogen pipe. Q/A is the heat flux on the shield as calculated
by £a. (1) or using Table 1. L1 is the length of the center section

of the shield to the edge of the 1100 aluminum plate attached to the
copper plates, and LZ is the Tength of the copper plate from the edge
of the 1100 aluminum plate to the liauid nitrogen temperature cooling
tube. The t1 is the thickness of the 1100 aluminum plate, and t2 is
the thickness of the copper plate. The k1 is the thermal conductivity
of the 1160 aluminum plate and k2 is the thermal conductivity of the
copper plate.

Using the following value for the various constants in Eq. (4)13

L1 = 1.65

L2 =0.4m

tl =1 x 10'3 m
t,=1.59 x 107 m

o =



ky =300 Wnt
-1
k2 =500 Wm
Q/A = 0.6 W m‘z (with 30 layers of superinsulation)

One thus calculates the following temperature drop aT:

AT 3.26 K

In the shield the actual temperature drop is more than this value
because there is contact resistance between the 1100 aluminum and the
copper plates,

b. (Cryostat Vacuum Pumping System

The TPC magnet cryostat vacuun vessel is a welded structure except
where the main electrical leads pass througb the vacuum vessel to the
outside world. There will be room temperature rubber 0-rings between
the outside air and the vacuum at these points. The helium is carried
in tubes inside the coil package. All joints in the tubular coolirg
system are either welded or silver brazed. The most vulnerable parts
of the tubular cooling system are the ceramic insulators that hold off
the voltages across the magnet electrical leads. The forced two-phase
tubular cooling system is good for a pressure of at least 70 atm.

The primary vacuum pumping system is a cryoadsorption pumping
system with a mechanical roughing pump as a backup. We use a Varian
Megasorh pump as the primary pump. We have found that it will pump
all gases, but its ability to pump neon, hydrogen and helium is very
limited. The procedure recommended for pumping the main cyrostat

vessel is as follows: 1) pump the vessel down to 100 micronsy with a
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mechanical pump; 2) backfill with dry nitrogen gas (gas made from
boiling liaquid nitrogen) to 1 atm; 3) pump the vessel to the lowest
possible level using the crypadorption pump; 4) repeat steps 2 and 3

as necessary, but cleaning the pump between pumping and purging is
recommended; 5) if the cryoadsorption pump cannot pump the dry-
nitrogen-fiiled vacuum space to 10'4 Torr or lower, pump the vessel
with a mechanical pump to 1000 wicrons, then pump the vessel down with
a fresh regenerated pump. Our experience with the cryoadsorption oumps
indicates that one should have no trouble getting pressures of 10"4 Torr
or lower, once the condensibles (i.e., water) have been pumped out or
frozen on the nitrogen shield.

The high-vacuum pumping system for helium, which is reauired
because of small leaks in the tubular cooling system, consists of
copper cans of Lindi molecular sieve 5A, Some 203-30 kg ¢t ¢ -tter
material was installed around the ends of the TPC magnet. The getter
will be cooled to 4.5 K by conduction to the magnet coil package.
Space is provided for a 4-inch diffusion pump to be used as a backup
system. The diffusion pump is not very erfective because of the
severe conductance limitation imposed by vacuum piping out through the
TPC magnet iron,

The molecular sieve getter is capable of pumping large amounts of
helium gas when it is cooled to 4.5 K. Nitrogen and other gases will
cryopump directly %o the surface of the magnet coil package. The
20-30 kg of 5A motecular sieve will pump 500-700 g of helium before

the pressure in the cryostat is raised above 2 x 10-6 anr.14
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Small helium leaks won't even be seen as long as the magnet is cold.
Problems will arise when there is a magnet quench because the helium
captured by the getter will be released into the vacuum space. The
back-up mechanical pump and diffusion pump will be uied to bring the
pressure back down so that the magnet can be recooled.

c. Liouid Helium and Liquid Nitrogen Transfer Lines

The TPC magnet with its two compensation sclenoids will have about
85 m of liquid helium refrigeration transfer line. Since long lengths
of transfer lines are involved, the transfer line has a liouid nitrogen
trace. After some study, it was decided that the 1iguid nitrogen for
the magnet shields would be the trace for the transfer lines., As a
result, a cdesign evolved in which the liquid nitroger and 1iauid
helium are carried in the same transfer lines.

The transfer lines are designed to be semifiexible. They can be
bent over about a 1 meter Yend radius when at room temperature. The
flexibility built into the 1ries permits one to route the line
effectively from the control dewar to the magnets. Figura 4 sh..'s an
approximate routing diagram for the transfer lines Having a flexible
line permits the valves on the TPC magnet control dewar to be
activated. fhis is needed because the ends ¢f the transfer linec are
part of the valves for controlling flow into and out of the control
dewar.

The long transfer lines are uniaue in their design. The vicuum
space for the transfer linc is contained within corrugated pipe about

76 mm in d.wmeter. Within the vecuum space are three liguid carrying
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lines. Two lines that are 12.7 mm in outside diameter carry two-phase
helium. The third line, also 12.7 mm QD, carries liauid nitrogen.
The liguid helium lines are bound together with a woven fiber-glass
tube full of molecular sieve., The two helium carriers are insulated
with about 20 alternating layers of aluminized Mylar and bridal veil
netting. The bundle is wrapped with heavy duty aluminum foil; the
third tube, the nitrogen carrier, is put beside the bundie of two.
The three tubes are twisted to form a cable. The bundle of three is
wrapped with aluminum foil. The wrapped bundle is insulated with 30
more tayers of alternating bridal veil netting and aluminized Mylar.
A cross-section of the TPC magnet transfer lines is shown in Fig. 5.
Single tube transfer lines similar in design to the TPC transfer
lines have been built at LBL.15 The heat Teak in these lines, which

1

have no nitrogen temperature trace, is about 0.3 W m = plus the

bayonet joints at the ends. The TPC lines without the liguid nitrogen

1

trace should have a heat leak of 0.5 to 0.6 W m™~ plus about 1 watt

for each bayonet joint. (There are five bayonet joints). When liquid

nitrogen is carried in the third tube, the transfer line heat leak is

expected to be reduced to a minimum heat leak of 0,10 W m"l, with

the most probable heat leak around 0.20 Hm_l. The heat leak at the
bayonet joints is expected to be between 0.3 and 0.5 W per joint. The

expected heat leaks for the for the shielded transfer lines are:

Minimum heat leak ~10.3 W
Most probable heat leak =20,.0 W
Maximum heat leak without nitrogen =57.0 W

Heat leak to the liquid nitrogen circuit ~120.0 W
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Fig. 5. R cross section of the TPC magnet nitrogen traced transfer
1ines.
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The total heat leak in the transfer lines is expected to be greater
than the heat leaks through the magnet cryostat vessel.

The final set of transfer lines to become part of the TPC magnet
system is a pair of nonshielded transfer lines between the CTi Model
2800 refrigerator and the control dewar. Each of these two lines is
about 4.5 m long wit. a bayonet joint at each end. These lines are
flexible, just as the main transfer lines are. The expected heat leak
for the lines is about 0.3 to 0.6 W m™! plus 0.5 to 1.0 W for
bayonet joints. The expected heat leak for the transfer lines which
connect the refrigerator to the contral dewar is:

Minimum heat leak ~3.8 W

Most probable heat leak =5.7 W

Maximum heat leak =7.8 W
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3. THE CONTROL DEWAR AND ITS RELATIONSHIP TO THE REST OF THE SysTemlB»17

The control dewar is the key element in the TPC magnei cryogenic
system. It performs the following functions: 1) it holds most of the
liguid helium in the cryogenic system and all of the reserve liauid
helium (176 liters versus about 90 liters in the TPC magnet, compensa-
tion solenoids, and transfer lines); 2) it insures that there will
always te Tiauid in the two-phase cooling coils in the magnets even
when the short-term heat load at the magnet coils is as much as
50 percent greater than the rate of refrigeration; and 3) it insures
that the pressure drop through the magnet cooling tubes is minimized.
(The control dewar minimizes the auality of the helium flowing in the
cooling circuit, which reduces the pressure drop by a factor of 3 or
more).

Two kinds of systems can be used to circulate low-guality helium
through the magnet cooling tube. They are: 1) a liauid-helium pump
used as a circulator, or 2) the refrigerator compressors used as a
circulator, Both systems use a heat exchanger to insure that the
helium will enter the system at or near the saturated liauid line.
figure 6 shows schematic diagrams of the two approaches.

The helium pump loop system shown in Fig. 6a has these advantages:
1) The refrigerator is completely decoupled from the load. In theory,
one could substitute Yiguid helium from a storage dewar for the
refrigerator., 2) The mass flow through the system is limited by the
capacity of the pump, not the capacity of the refrigerator. But the

system also has two disadvantages: 1) The pump work is put into the
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Fig. 6. The two basic two-phase flow systems with the control dewar
(see Tables 4-6).
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helium, and therefore extra refrigeration must be supplied to overcome
the work that goes into pumping. 2) The simple pump loop system shown
in Fig. 6a cannot be used to cool the magnet down from room temper-
ature; one must connect the magnet cooling system directly to a
refrigerator and/or to the conditioner system (see Section 4),

The refrigerator compressor can be used as a circulator, provided
a heat exchanger is used in an accumulator (the control dewar). The
function of this heat exchanger is to reduce the inlet quality to the
magnet cooling tube. The auality change across the magnet remains the
same for a given mass flow in thé circuit. The circuit shown in
Fig. Ab has two Joule Thompson valves (J-T valves) which expand the
gas in two stages. The first J-T valve expands the gas to a pressure
of about 3 bar. The gas is heated while it is being expanded from
15-18 bar to 3 bar. The heat is transferrea to the boiling liguid
helium in the accumulator tank as the gas fiows through the heat
exchanger. Expansion of the gas from 3 bar to the final inlet pressure
of the load will result in an inlet guality at the load which
approaches zero, If there were no heat exchanger, the inlet quality
at the load would be around 0.4; the pressure drop in the tubular
cooling system would be a factor of 2 to 3 higher.

The system shown in Fig. 6b is analyzed from a thermodynamic
standpoint later in this section. This system is capable of being
operated at 30 to 40 percent over the capacity of the refrigerator for
short periods of time. {The amount of time is dependent on the amount

of excess liguid helium in the accumulator). It can be cooled down by
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the refrigerator directly, provided one bypasses the gas back to the
compressors after it has passed through the load being cooled. The
cool-down and warm-up modes are discussed later in this section.

The control dewar contains both a helium pump and a heat exchanger
system, During cool-down and normal operation, the refrigerator
compressor system will circulate helium through the TPC magnet. The
helium pump is a back-up circulator which can be used to keep the
magnet cold in the event of refrigeration failure. The design of the
control dewar and the helium pump are discussed in the next two sub-
sections. The thermodynamics of normal operation is discussed in
subsection c. The pressure drop in the magnet cooling system during
cool-down and normal two-phase operation is estimated in subsection d.

a, The Control Dewar

The heart of the cooling system, the control dewar is a wide~-mouth
cryostat with evacuated multilayer insulation and forced-cooled liauid
nitrogen shields, It contains the helium pump described in subsection
b, the heat exchangers described in subsection ¢, and the control
valves.

The inner vessel of the control dewar has a 508 mm 0D (20 inches)
with 1,75 mm thick 304 stainless steel walls that are 1076 mm high
(42.375 inches). The dewar has a rounded bottom. The top of the
dewar is connected to a th. % stainless steel plate that connects to a
305 mm 0D (12 inches) 304 stainless steel neck 0.75 mm chick and
345 mm (12 inches) high, The inner vessel was pressure-tested to a
pressure of 175 psi, and is connected to the liquid nitrogen shield

about 5 inches from the top of the neck.
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The 1iquid nitrogen shield is a copper sheet that is cooled by the
forced flow of liguid nitrogen in tubes. The outer vacuum vessel is
made of 304 stainless steel. The vacuum system is designed as 2
sealed-off system without continuous pumping on the vessel. Packets
of molecular sieve are attached to the cryogenic vessel to pump small
helium leaks. There are 20 layers of aluminized Mylar insulation
inside the nitrogen shield and 30 layers outside the shield. Figure 7
shows a diagram of the control dewar, its inner vessel, nitrogen
shields, and outer vessel.

The control dewar's two heat exchangers remove heat from the
helium that has been pumped in or expanded through a J-T valve. The
heat exchangers insure that the helium will enter the magnet at the
lowest possible quality. Figure 7 shows the control dewar and the
helium pump assembly in a cross-section schematic.

The plug assembly which fills the neck of the contirol dewar has a
number of parts in it. Four of these parts contain the female part of
a bayonet valve assembly. These parts include: 1) a two-way valve
for helium entering the control dewar from the refrigerator; 2) a
full-flow valve fo+ lielium returning to the refrigerator; 3) a
throttling valve for helijum being delivered to the TPC magnet system;
4) a throttling valve for helium returning from the TPC magnet system;
5) a vent and fill line which js attached to a reliei valve, a rupture
disc and a helium fill port with ball valve; 6) various
instrumentation ports; and 7) the helium pump drive shaft port. The
schematic view of the top plate showing the location of various parts

is shown in Fig. 8.
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The transfer lines from the refrigerator and the TPC magnet system
are flexible. These lines feed into the control dewar through a 90°
bend bayonet connector. This connector serves as the male part of the
various valves. Figures 9 and 10 show cross-sectional views of the
mating of these valve parts. The control dewar, with its plug and
four bayonet valves, is expected to have a most probable heat leak of
5 W (the minimum is 3 W; the maximum is 7 W without LN2 in the
shields). Recent measurements of the control dewar heat leak {which
includes any thermal acoustic oscillations present in the pressure tap
capillary tubes) show that the heat leak varies from 1.5 to 6 W,
depending on the liauid level.

The control dewar was pumped down with a cryoadsorption pump for
the first time to a vacuum of 2 x 10'6 Torr with the nitrogen-cooled
molecular sieve pump alone. This showed us that the helium, reon, and
hydrogen present in the dewar initially was swept out with the air.
The dewar was backfilled with dry nitrogen when the vacuum was let up
to air. Preliminary tests with liquid helium showed very low
boil-offs when a blank plug was installed. Most of the heat leak
measured during our tests of the dewar with everything connected was
due to the bayonets and ports in the plug.

b. The Liquid Helium Pumpl8

The liguid helium pump for the cooling system utilizes two
bellows, each consisting of 30 hydroformed 347 S.S. convolutions,
which are caused to compress and expand by a reciprocating mechanism
driven by a variable-speed, toraue-controlled dc gearmotor, as

illustrated in Fig. 11.
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Fig. 9. Cross-section views of the two-way valve at the mating
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Figure 12 is a cross section of the pump chambers with its
components identified. The ported block is rigidly attached to the
support and guide tube, which is stationary (shown in black). Al
other parts move with the actuator rod and shroud as they reciprocate.

The suction poppet valves are positioned by inertial and dynamic
fluid forces; the configuration as shown is for a down-stroke mode.
The arrows indicate the direction of fluid flow as it enters the lower
cavity and is expelled from the upper. This double-acting bellows
action results in a more constant flow than the intermittent flow that
a single bellows would produce. In an up-stroke mode, the lower
poppet is seated and the upper poppet is unseated, reversing the fluid
flow as shown. Flow into the pump cavities is distributed eaually by
sixty 1/16-inch diameter holes oriented in a circle in the suction
valve retainers,

Both discharge ports are fitted with 1ift plug check valves which
prevent back flow into the pump cavities from the split flow heat
exchanger, which shares a common liguid helium bath with the puLmp.
This bath provides the suction liguid head for the pump. The pump
stroke can be fixed at 1/2, 3/4, or 1 inch depending on which
eccentric cam is selected,

The anticipated liquid helium flow reauired for the TPC magnet
system is 12-15 grams per second. Using the l-inch cam, this flow is
attainable over a differential pressure range of 0 to 1 atm; the speed
range for this flow rate and differential is 20-25 strokes/min (RPM of

the gearmotor) at measured volumetric efficiencies of 70-90 percent.



38

NOTE: SOLID BLACK INDICATES STATIONARY COMPONENTS
SUFPORT & GUIDERTUBE

ACTUATO

UPPER D

BELLOWS

[V £W £7 & L7 O

BELLOWS

0D & SHROUD

=/ pOH
i

PET it

UPPER

/

CAVITY

—eO-WE R -5

SUCTION V

CAVITY

BELLOWS

PET LK

hLVE SEAT

SUCTION VAL
MYLAR GASK

BN N

/7
ME RETAINER

ETS

BELLOWS

S > r—

1.
WIRE MESH S

L .
RAINERY

Al
RETAINER RINGS

PORTED
~"BLOCK

GE PORT

yé
BELLOWS END FLANGE

Fig. 12. A cross section of the helium pump showing the double-acting

bellows system and valves.

XBL B02-8396



39

The adiabatic efficiency expected is about 40 percent. Using an
adiabatic efficiency n (n = 0.4) one can calculate the estimated pump

work Qp

Q. = et ~ TVOP (5)
p n

where @ is the mass flow through the pump; aH is the enthalpy charge
across the pump; V is the specific volume of the fluid entering the
pump; and AP is the pressure change across the pump; n and Qp have
been defined. In rough terms, the pump work Op can be estimated

using the following equation

Q~ 2.1 P (5a)

where the mass flow m is given in grams per second and the pressure
rise AP across the pump is given in atmospheres. Figure 13 shaws the
operating volumetric efficiency and mass flow as a function of pump
speed for various pressure rises across tne pump. Figure 14 is a
photograph of the helium pump and its heat exchanger system, which is
inserted in the control dewar. Figure [5 shows the control dewar with
the pump and transfer lines installed.

c. Thermodynamics of the Control Dew.r ard Magnet Coaling System

This section analyzes the thermodynamics of the TPC magnet
refrigeration cycle. A comparison is made between operation on the
helium pump {Fig. 6a), operation with the refrigerator and the control

dewar {Fig. 6b), and operation using the refrigerator with no control
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dewar. The following conditions are assumed: 1) helium in the dewar
is in two phases at a pressure of 1.2 atm (the temnerature is 4.42 K};
2) tne pressure drop across the magnet coil, including garden hose
pressure drop (explained in subsection d) and normal two-phase flow
pressure drop, is 0.4 atm (this assumed pressure drop is almost twice
the value calculated in subsection d); 3) the he ium mass flow from

1 and the mass flow from the refrigerator

the helium pump is 12.4 gs~
J-T circuit is 15.4 gs'1 (the net mass flow through the magnet coil
circuit is 12 gs'l); 4) the refrigerator pressure and temperature at
the J4-T valve ard of the J-T heat exchanger is 16.0 atm and 5.2 K,
respectively: 5; the intermediate pressure between the two J-T valves
is 3 atml? (see Fig. 6b).

The refrigeration thermodynamic calculations are done using NBS 631

20 to calculate the fluid properties. We calculate

helium properties
or assume temperature T, pressure P, enthalpy H, entropy S, specific
volume V and helium guality X. A auality of O is the saturated liquid
line; a quality of 1 is on the saturated vapor line. The two-phase
region is characterized by a value of X between 0 and 1.

Expansion through J-T valves is assumed to be isenthalpic. Heat
exchangers are assumed to be isobaric. The magnet coil or load (see
Fig. 6) is assumed to carry all of the 0.4 atm pressure drop. The
lead. shown in Fig. 6 have an assumed pressure drop of 0.4 bar while

1 mass flow of helium so that the

they add 573 W of heat to 0.4 gs~
assumed helium exit temperature is 275 K. The calculatons are simpler
if the lead gas is assumed to be taken off before the load. ({This

makes little difference to the thermodynamic statepoints).
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The heat exchangers shown in Fig., 6a and 6b have an outside tube
area of 1.97 m2. The heat transfer {at a mass flow from 12 to
15 gs‘l) inside the tube is controlled by heat transfer at the
outside surface. The heat transfer across the heat exchanger is

characterized by:
Qp = UAST = ol {6)

where QF is the rate of heat transfer; m is the mass flow of the
fluid; AHE is the enthalpy change across the heat exchanger; U is
the heat transfer coefficient; and A is the heat exchanger area. The

log mean temperature difference aT is

aT_ - ATb
Py
a1

In|—d

Ty

(6a)

where ATa is the temperature difference between the hot-end fluid
and the bath, and ATb is the temperature difference between the
cold-end fluid and the bath (in our case, the bath temperature is
assumed to be 4.42 K). U is difficult to calculate exactly since it
is & function of ATa and ATb. For the heat exchanger in Fig. 6a,

U ~50 Hm'zK’l. For the heat exchanger in Fig, 6b we use

U =210 Hm'ZK'l. These values are ballpark figures; we don't

expect large error will result from using them, A photo of the helium

pump and heat exchanger assembly is shown in Fig. 14.
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The enthalpy change across the magnet depends on the value of heat
leak into the system due to transfer lines, compensation solencids,
and the main TPL solenoid. Heat leaks into the control dewar and
transfer lines from the refrigerator don't count in the thermodynamics
outlined here. The enthalpy chane in the fluid stream fiowing

through the magnet box shown in Fig. 6 is given by

AHo = — (7)

where aH; is the enthalpy change due to heat transferred to the
magnet components; QT is the heat transferred to the magnet compo-
nent; and m is the helium mass flow through the cooling system (in our
case, the mass—flow is from 12 to 15 gs'l). A lead flow of 0.4 gs'1
has been taken away before helium flows through the magnet. Two values
of Qp are used in the calculations:

O

Qy = 121.8 W when no nitrogen is flowing in the shields

40,9 W when liquid nitrogen is flowing in the shields

Tables 4, 5, and 6 present the statepoint calculations for these
different helium-flow systems. Table 4 applies when the helium pump
is usea (see Fig, 6a); Table 5, when thc refrigerator compressor
circulates the helium anu there is a control dewar {see Fig. 6b); anc
Table 6, when helium is fed uirectly from the refrigerator to the
load. Statepoints 2 and 3--the second J-T valve and the control
dewar--are left out of Fig. 6b. The statepoints used in this case

correspond to those in Fig. 6b. Both values of Q; are considered.
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and the control dewar (see Fig. 6a).d

kelium pump

State- m T P H S v X
point (g5} (k) @m weh  ekh (e ke

1 15.4 5.20 16.0 19.74 3.277 6.57 x 10-3 -—-

2 15.4 4.42 1.2 19.74 5.484 19.57 x 10-3 0.418
3 12.4 4.42 1.2 10.80 3.667 8.28 x 10-3 0.000
ac 12.4 4.56 1.6 11.63 3.775 8.38 x 10-3 —

5 12.4 4.46 1.6 11.02 3.640 8.16 x 10-3 a—

6 12.0 4.46 1.6 11.02 3.640 8.16 % 10-3 —

74 12.0 4.82 1.2 14.43 4,487 15.94 x 10-3 0.190
e 12.0 4.42 1.2 21.17 6.011 30.71 x 10-3 0.542
8f 0.4 4.46 1.6 11.02 3.640 8.16 x 10-3 —

9 0.4 275 1.1 1443, 30.58 4.701 -

10d 15.0 4.42 1.2 22.43 6.295 32.84 x 10-3 0.608
10  15.0 4.42 1.2 27.82 7.513 44,22 x 10-3 0.889
The helium enters the refrigerator as a two-phase mixture. 1lhe liauid level in the control

dewar is at the refrigerator return pipe.

bThe helium pump work between statepoints 3 and 4 is estimated to be 10.3 W.

CThe heat exchanger between statepoints 4 and 5 has these properties:
U= 50 Wm=2K-1,"A = 1.97m2, aT = 0.08 K and Q¢ = 7.56 W.

dStatepoints 7 and 10 assume a load of 40.9 W between statepoints 6 and 7.

eStatepoints 7* and 10* assume a load of 121.8 W between statepoints 6 and 7™,

fThe gas going from statepoints 8 to 9 intercepts about 570 W.




Table 5.

a7

Thermodynamic statepoints far operation of the TPC magnet system with helium
circulated b;
{see Fig, 6b).2

compressars.

A control dewar and heat exchanger are used

State- m T P H S v X
point  (ss™) (k) tm) (e ek @ kgt

1 15.4 5.20 16.0 18.74 3.277 6.57 x 10-3 —

2t 15.4 5.49 3.0 19.74 5.110 11.23 x 10-3 —

3 15.4 4.46 3.0 11.25 3.441 7.65 x 10-3 —-

4 15.0 4.51 1.6 11.25 3.694 8.23 x 10-3 —

5 15.0 4.51 1.6 11.25 3.694 8.23 x 10-3 -

6¢ 15.0 4.42 1.2 13.98 4,385 14.99 x 10-3 0.i66
6*d  15.0 4.42 1.2 19.37 5.604 26.38 x 10-3 0.448
7e 0.4 4.51 1.6 11.25 3.694 8.23 x 10-3 —

8 0.4 275 1.2 1443, 30.58 4.701 —

9c 15.0 4.42 1.2 22,69 6.355 33.34 x 10-3 0.621
9*d  15.C 4.42 1.2 28,08 7.574 44.79 x 10-3 0.303
AHelium enters the refrigerator as a two-phase mixture, The liauid level in the control

dewar is at the refrigerator return pipe.

bThe heat exghanger between statepoints 2 and 3 has the following properties:

U =210 Wwi—K-17 A « 1,97 m 4T = 0,31 K and Qf « 130.8 W.

CStatepoints 6 and 9 assume a load of 40.9 W between statepoints 5 and 6,

dstatepoints 6% ard 9* assume a load of 121.8 W between statepoints 5 and 6*.

€The gas going up the leads intercepts about 570 W between statepoints 7 and 8.
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Table 6. Thermodynamic statepaints of operation of the TPC magnet system with helium
circulated by the compre.sors. Control dewar has no beat exchanger {points 2 and
3 are left out of Fig., 6b)3.

State- m T P H S v H
point (g7 (k) @) weh e el

1 15.4 5.20 16.0 19.74 3.2n 6.57 x 10-3 -—

] 15.4 4.76 1.6 19.74 5.484 19.57 x 10-3 0.418
5 15.0 4,76 1.6 19.74 5,484 19.57 x 10-3 0.418
b 15.0 4.42 1.2 22.47 6.304 32.92 x 10-3 0.610
6*  15.0 4.42 1.2 27.86 7.523 44.31 x 10-3 0.891
70 0.4 4.76 1.6 19.74 5.484 18.57 x 10-3 0.419
8 0.4 27s. 1.2 1443, 30.58 4.701 -

9b 15.0 4.4z 1.2 22.47 6.304 32.92 x 10-3 0.610
g*c 5.0 4.42 ' lL.2 27.86 7.523 44,31 x 10-3 0.891

2Helium enters the refrigerator as a two-phase mixture. The liguid level in the
contrgl dewar is at the refrigerator return pipe.

bStatepoints 6 and 9 assume a load of 40.9 W between statepoints 5 and 6.
CStatepoints 6% and 9* assume a load of 121.8 W between statepaints 5 and 6.

dThe gas going up the leads intercepts about 570 W between statepoints 7 and 8.
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The value of QT only affacts the last statepoint in liauid helium
circuits (statepoints 4 and 10 in Fig., 6a and statepoints 5, 6, and 9
in Fig. 6b). When QT = 40.9 W statepoints without a star are used.
When QT = 121.8 W the starred statepoints apply.

Table 4 shows the thermodynamics of helium pump operation at

1

12.4 g5~  while the J-T circuit of the refrigerator operates at 15.4

gs‘l. Since pure liouid enters the pump, Tower system mass flows

can he tolerated, and the lowcst net refrigeration is achieved., From
Table 5, one can see that it takes slightly more refrigeration when
the compressor is used as the circulator. The probable reason for
this is the inefficiency of the heat exchanger and the fact that

1 js delivered to the load instead of 12.4 gs_l.

15.4gs™
A comparison of Tables 6 and 5 shows the importance of the contral
dewar. This comparison illustrates how the heat exchanger in the
dewar shifts the operating point from the right-hand side ot the
two-phase dome (the vapor side) to the 1 ft-hand (liauid)} side. The
addition of the heat exchanger results in 1) lower pressure drops in
the flow circuit (by a factor of two), 2) lower maximum temperature
{about 0.1 K lower) and 3) more safety margin, One can operate the
circuit zhown in Fig. 6b when there is a 1nad which is larger than the
refrigeration available. As long as the heat exchanger in the control
dewar is cavered, one could refrigerate loads of uo to 280 W when the
flow circuit carries 15 gs‘l.

d. Pressure Drops in the Heljum Cooling System

The original intent of the TPC magnet refrigeration system was to

have a two-phase flow system that behaved like a single-phase flow
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system, As a result, the mass flow per unit area was kept above
20 kgm'z in order that the two-phase flow be kept in the

4,22 Helium flow

bubble-and-froth region of the Baker Diagram.
through the coil cooling tube and the transfer lines leading to the
coil passes through tubes which have a cross-sectional area of

1.77 x 10'4m2. When the mass flow supplied by the refrigeration

or pump is 12 gs_l, the mass flow per unit area is 68 kgm'z.

The pressure drops that are likely to be found in the TPC magnet
cooling circuit are the frictional pressure drop and the so-called
"garden hose" pressure drop. The frictional pressure drop is steady
and is a function (to first order) of the mass flow squared over the
density. For a two-phase flow system the relationship is more
complicated than that, but it is a good first-order approximation for
helium. The second type of drop is strictly a two-phase phenomenon
that occurs in vertical loops with a horizontal axis--like the coils
of a garden hose hung on a wall. This kind of pressure drop occurs
when the liguid and gas phases separate in the cooling loop. The
pressure drop represents the aggregate head of the liguid phase in the
various loops.

The frictional pressure drop can be calculated using the following

functional relationship:

.2
o 8] ®
n

where
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f = 0.184 ReO+? (8a)

and
an ,
Re = i (8b)

where m is the mass flow; p is the average density of the helium; L is
the cooling circuit length; D is the effective tube diameter (in this
case D = (a/l\c/w)”2 where Ac is the flow crass-sectional area}; u is
the viscosity of the helium, and A is a two-phase flow factor (x =1
if the flow is single phase and A = 1 when the exit density is used in
the two-phase flow case). The pressure drop in the cooling circuit is
aP, and f is the Fanning friction factor. (Note: Ea. (8) includes
the momentum term as well as the friction term.)

Table 7 shows the frictional pressure drop in the TPC magnet
cooling circuit as a function of average magnet temperature. It also
shows the Reynolds number, viscosity, and friction factor. For the
calculations in Table 7, D = 1.505 x 1072 m, L = 497 m, and = 1.2 x 1077
kgs“l. The values of u, A, f and Re are temperature dependent. The
lowest pressure in the system is 1.2 atm. The value of p is an average
value which applies at a value which occurs at T and P + aP/2. The
value of pressure drop calculated for Table 7 was calculated
iteratively,

Figure 16 shows the pressure drop in the TPC magnet circuit as a

1

function of temperature for mass flows of 12 gs—l. and 30 os7°.

Garden hose pressure drop is not included. The range for two-phase
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Table 7. Pressure drop in the TPC magnet cooling system as a function
nf temperature. The exit pressure is 1.2 atm, m = 12 gs-1,
L =497 mand D = 1.505 x 10-¢ m (see Fig. 16).

Pressure
T " Reynolds Friction drop?
(K) (Paise) number factor {atm)
300 1.99 x 10-4 5.10 x 104 0.0211 14.1
200 1.51 x 10-% A.72 x 104 0.0199 11.0
100 9.78 x 10-3 1.04 x 105 0.0183 7.13
70 7.83 x 10-5 1.30 x 105 0.0175 5.66
50 6.36 x 1075 1.59 x 105 0.0168 4.54
20 3.59 x 10-5 2.28 x 105 0.0149 2.34
10 2.28 x 10-9 8,45 x 105 0.0136 1.35
5 1.43 » 10-5 7.10 x 105 0.0124 0.74
® Two-phase flow at T = 4.42 K
40.9 W 3.0 x 10-5 3.323 x 105 0.0144 0.17¢
171.8 4 3.06 x 105 3.32 x 105 0.0144 0.33¢

3 Jwo-phase pressure drop does not include the so-called “garden
hose" pressure drop. One should add up to 0.2 atm of oscillatory
pressure drop to the values given. This will include all of the
aarden hose pressure drop effects.

b The two heat leak ranges apply * nitrcgen shields and no
nitrogen shields. Viscosity is assumed to bhe the liguid phase.
Density 15 assumed to be that of the exit auality of the fluid,

¢ When the mass flow through the magnets is increased from 12 qs'l
tn 15 qs-l the pressure drops for the two heat loads rises to
0.74 atm and 0,43 atm, respectively,
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TEMPERATURE, K

Fig. 16. TPC magnet flow circuit pressure drop as a
average temperature and helium mass flow.

XBL 802-8390

function of magnet
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flow is shown in the figure. From Fig. 16, it appears that the TPC
magnel can be cnoled at mass flows of at least 15 gs'1 in the
temperature range from 300 to 100 K (provided temperature gradients in
the magnet are nat excessive). From 100 K on down the maximum mass
fiow is between 20 and 40 gs”l. We should be able to use a
substantial oortion of the refrigeration available from the LBL 1500 W
refrigerator during the first test at LBL. The TPC refrigerator at

1 during cool-down.

SLAC should be capable of delivering 15-20 gs~
We should be able to use the additional capacity to shorten the
cool-down.

Garden hose pressure drop is the big unknown., We have run an
experiment from which broad guidelines can be drawn.23 The eguation

for garden hose pressure drop given here is an approximation. Garden

hose pressure drop APGH is:
sP

(80, * B0y, ) [d]Njcosg; + g N,cos8,] g (9)

ol

GH in
where is the garden hose pressure drop coefficient; LI is the
density difference of the lijauid and gas phase of the fluid entering
the system; Aonut is the density difference of the liquid and gas

phase of the fluid exiting the system; g is the acceleration of gravily
(q - 9.8 ms'?); dl is the diameter of lonp 1; N) is the number

aof turns in laop 1; tl is the angle of the axis of garden hose loop

1 (wl = (0 when the axis is horizaontal); d2 is the diameter of loop

7, N? is the number of turns in loop 2; and o? is the angle of the

ax1s of garden hose loop 2.
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For the TPC magnet the following values apply for Boins By e

dl’ d2' Nl' N?‘ bl' bz and g:

-3
s, = 82 kg m

-3
884,t = 100 kg m

d1 = 2.21 m (main coil)
dz = 0.35 m (compensation coils)
N1 = 52
N2 = 45
¢ =0 l
all ¢oils horizontal axis
32=0 {
g =9.8ms2

The value of = is difficult to determine. In most of our experimental
data, ==0,2. When the exiting auality of the helium is low, = should
go down. The arrangement of the TPC magnet and the compensation
solenoid in the circuit will influence =. For example, the TPC main
coil has 90 percent of the up and down motion in the loop. The
compensation coils and their transfer line will have over half the
heat load that boils helium in the tube. The quality of the helium
exiting the TPC magnet is about 0.06. The fluid is leaving the TPC
coil 27 percent gas by volume and 73 percent liquid by volume. ODuring
normal operation one can justify using

£~ 0.8% (9a)

exit
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when xexit < 0.25 and

= 0.2 (9b)

"
&

when Xexit > 0.25 where xexit is the exit quality of the fluid
leaving the TPC magnet cooling circuit (including the compensator).
The exit guality is found at statepaint 5 in Table 4 and statepoint 6
in Tables 5 and 6.

Therefore, to first order, the estimated garden hose pressure drop
will be

8P, ~1.73 x 10% W% = 0.17 atm (9¢)

GH

when the nitrogen shields operate (Q = 40.9 W) and m = 12 gs'l.

-2

0P, ~2.27 x 10°2 = 0.22 atm (9d)

when there is no nitrogen in the shield (Q = 124.8 W) and m = 12 gs_l.
Increasing the mass flow to 18 gs'1 will reduce the garden hose
pressure drop te 0.11 atm when nitrogen is in the shields. There is
no change when na nitrogen is in the shields.

Experimental measurements of garden hose pressure drop in the
C coil and the LBL TPC magnet tests will determine the operating mass
flow, One wants to minimize the garden hose pressure drop and the

pressure oscillation, (During our tests we observed a pressure
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oscillation with a peak to valley amplitude eaual to the total garden
hose pressure drop. The period was around 30 seconds.) Garden hose
pressure drop and oscillation will probably be present in the cooling
system. The only sure way to eliminate the effect is to pressurize
the circuit to a pressure apove the critical point (2.22 atm).
Unfortunately, the design operating temperature for the TPC magnet
would increase from 4.7 K to around 5.2 K.

When the C coil was put between the two garden hose coils, the
oscillations were damped out. The inlet coil did show a garden hose
pressure drop; the exit coil did not. The refrigerator was unable to
nold the load during the C coil test. The exit coil probably did not
contain enough liguid for garden hose pressure drop to be seen. The
C coil test didn't give us the answers required, except that the
length, and hence the frictional pressure drop, does have an effect on

garden hose oscillations.
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4, THE CONDITIONER SYSTEM AND ITS ROLE IN COOLING THE TPC MAGNET

The conditioner system serves two functions. 1) The conditioner
is a storage reservoir for liguid nitrogen. A nitrogen pump within
the conditioner dewar circulates liguid nitrogen through the magnet
cryostats and transfer lines. 2) The conditioner system plays an
important role in the cooling down and warming up of the TPC magnet
system. The conditioner dewar contains a heat exchanger that permits
warm helium gas to be cooled down to 80 K in order to cool the TPC
magnet system to 100 K cuickly. The conditioner system also contains
gas heaters that warm gas entering the TPC magnet (during a warm-up)
and gas leaving the magnet (before its return to the compressor). Use
of the system will reduce the TPC magnet system cool-down time about a
factor of 2. Warm-up of the TPC magnet is also speeded up. Figure 17
is a schematic diagram of the conditioner system (excluding the pumped
liguid nitrogen circuit, which is shown in Fig. 27).

a. The Conditioner Dewar

The heart of the conditioner system is a type R Minnesota Valley
Engineering wide-mouthed liguid nitrogen dewar. The dewar is
44 inches high and 24.5 inches outside diameter. Its capacity is
about 160 liters of liauid nitrogen, enough for 20 hours of normal TPC
magnet system operation. The dewar is flanged so that an aluminum top
plate can be put on it with an 0-ring seal.

The top plate assembly consists of two parts, an outer ring and a
central port. The central port has the liguid nitrogen pump attached

to it. This pump assembly can be unbolted and re¢moved from the dewar
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Fig. 17. The helium caoling cricuit using the conditioner. For use
during magnet cool-down.



60

for easy repair. The outer ring plate has the gaseous helium to
liguid nitrogen heat exchanger attached to it. This heat exchanger is
an important part of the cool-down circuitry for the TPC magnet
system. Figure 18 is a photograph of the conditioner dewar and the
tiguid nitrogen pump system.

b. The Conditioner Heat Exchangers

The conditioner system has three heat exchangers, The most
important of these transfers heat from the helium to the liguid
nitrogen boiler, The second heat exchanger acts as a regenerator
which recovers the sensible refrigeration from the boiling nitrogen.
This reduces liguid nitrogen consumption by a factor of two. A third
heat exchanger has been installed between the warm helium gas entering
the conditioner and the cold helium leaving the magnets that are being
cooled down. This exchanger saves even more liguid nitrogen and raises
the temperature of the gas entering the two 9.0 kW heaters.

The nitrogen boiler heat exchanger consists of two 25-foot-long,
1/2 inch 0D tubes hooked in parallel and wound in a coil at the bottom
of the conditioner dewar., The liouid nitrogen pump with its small
heat exchanger sits down inside the coiled tubes. The boiler heat
exchanger surface area is 0.53 m2 on the inside surface of the tube
and Q.61 m2 on the outside surface of the tube. With helium gas
flowing in the tube at the rate of 12 gs'l, the U factor should be
1200-1400 wk~1n2 when the outside of the tube is 1 K or more

above the nitrogen bath temperature. The nitrogen bath pressure is

about 1.5 atm (the bath temperature is abaut 78.5 K).24 The
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CBB 801-55

Fig. 18, The conditioner dewar and the liquid nitrogen pump.
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estimated UA product for the heat exchanger is from 650 to

800 WK’I. As a result, the pinch point temperature difference

between the bath and the helium gas is expected to be less than

1.0 K. For the sake of this study, the exit temperature of the helijum
to be injected into the magnet during a cool-down is assumed to be

80 K.

The regenerator heat exchanger will be located on a frame behind
the conditioner dewar. The heat exchanger is 20 feet long and con-
sists of a 1/2-inch ID corrugated tube which has an unextended surface
area of about 0.4 mz. The corrugations in the tube serve to extend
the surface. This is good because heat transfer in the regenerator is
dominated by heat transfer on the nitrogen side. The estimated U
factor for this heat exchanger is beiween 350 and 400 w21,
The UA product used in the design of the heat exchanger is 150
NK'l. As a result, the estimated pinch point temperature
difference, which occurs at the high temperature end of the heat
exchanger, is expected to be 9 K.

c. Heat and Mass Balance of Conditioner Circuit Delivering 80 K
HeTium

The conditioner circuit shown in Fig. 17 permits one to deliver
helium gas to the magnets during the first phase of a system cool-
down, This gas can be delivered at any temperature between 80 K and
room temperature. One can simply throttle the two valves (one of the
streams is cooled by liouid nitrogen and the other is at room
temperature) in order to achieve the desired temperature. The TPC

magnet system is designed to be cooled down by direct injection of
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80 K helium gas into the system's transfer line after the gas leaves
the control dewar. The cold helium is warmed up by the load being
cooled down. This helium leaves the transfer Tine just before the
control dewar. The helium Teaving the load is warmed up to room
temperature by the helium heat exchanger and the two 9.0 kW heaters so
that the helium is returned to the compressor intake warm. The
features of the conditioner system are described in thg next
suhsection.

Table 8 and Fig. 19 compare the operation of the conditioner
circuit with and without the regenerator heat exchanger. One can see
from the statepoint in Table 8 that with the regenerator: 1) liouid
nitragen consumption is reduced by over a factor of 2. 2} Nitrogen
gas leaves the conditioner system near room temperature instead ot at
liauid nitr qen temperature. This eliminates ice-ball formation.
Table B8 has t.ese assumptions huilt into it: 1) The UA rroduct of the

regenerator heat exchanger is 140 WK'I. 2} The UA nroduct of the

hailing nitrogen heat exchanger is 600 WK_I. 3) The regenerator
heat exchanger will reduce total liquid nitrogen consumption during

! for the refrigerator and

the cool-down (including 40 £ hr™
7.7 2 hrl for the shields) frum 3614 liters to 2079 titers (for a
fast conl-down),

d. The Gas Heaters

The conditioner system includes three Chromalox heaters. One of

the heaters (model number GCH-3405) is rated at 4.5 kW and two ot tne

heaters (model number GCH-60905) are rated at 9.0 W cachi. The 4.5 k«



Table R. Thermedynamic statepoints for the operation of the conditioner circuit with and without a
regenerator heat exchanger [see Fig. 19).

State- m T 4 H S v X

point Fluid  gs! (K} (atm) (Jg™) (Jq_lK'l) (mkg™!)

Nitrogen boiler without regenerator (see Fig. 19a)

1 He 12 300 12 1570 26.2 516 x 10-3 —
2 He 12 80 12 436 19.4 139 x 10-3 —
3 Ny 1iq 68.12  78.7 1.15 158.5 2.0? 1.25 x 10-3 0.00
] Nz gas 68.13  78.7 1.15 358.3 4.99 194 x 10-3 1.00
Nitrogen boiler with a regenerator (see Fig. 19b)

1 He 12 300 12 1570 26.2 5.16 x 10-3 —_—
2 He 12 184.6 12 975 23.7 318 x 10-3 —
3 He 12 80 12 436 19.4 139 x 10-3 —
4 N2 1iq  32.6b  78.7 1.15 159 2.03 1.25 x 10-3 .00
5 N2 g, 32.4b  78.7 1.15 358 4.99 194 x 10-3 1.00
6 N2 gas  32.4D 291 1.05 571 6.30 716 x 10-3 _—

79

a 68.1 qs-1 = 306.5 2 nr-1

b32.4 as-1 - 145.8 g nr-1
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15 ased to warm helium gas entering the magnet during a warm-up. At a
flow rate of 12 qs'l, the gas can be warmed up to 70 K. The two 9.0
kW heaters, which are nooked in parallel, are used to warm up cold
helium ges returning to the compressors from the magnet beiug cooled.

1 of qas which enters at temperatures

Thos neaters can handle 12 gs~
1< Jow as 4 ¥, Heating the helijum gas returning from the magnets to
the compressar eliminates ice-ball formation and insures that the
AND m nf steel pipe between [R2 and the helium compressor is not
cold-ghocket,

e, {oonl-Down and Warm-Up of the TP Magnet System16’17

The roul-down procedure to be used on the TPC magnet has peen
d>serihed 1n a number of other publications but is worth repeating

sE]
16,18,20,23 The procedure has four major steps: 1) cool down

hore,
the magnet from 300 K to about 80-100 K; 2) cool down the magnet from
R1-100 K to around 10 K; 3) reach full and normal 4 K operation, and
Y1 warm o gp from 4 K 1o 300 K., These four processes are represented in
simplified schematic form in part a, b, ¢, and d rz2spectively in

Fig., 20,

Cnai-dova from 300 K ta 80 K reauires tne conditioner. Tne
cnnditioner Mmits the full flow of helium from the compressors
through the cotll during the early phase of the cool-down. As a
result, the ¢ool-down from 300 to 80 K should take only 10 hours.

Frgure 20a shows a «implified flow circurt which omits the return flow

heaters and the reqenerator heat exchanger.
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The refrigerator can be started before the magnet cool-down
starts. The refrigerator can bhe cooled down, and the control dewar
and the 500-liter storage dewar filled with liauid helium, The TPC
refriqerator should be capable of operating on compressor gas flows of

40-50 qs-l.

The expected liguefactinn rate under those conditions
might be 50 to 60 hr! in the 500-1iter dewar and/or the contro!l
dewar. (This is with liauid nitrogen pre-cooling.} The point is,
there is no reason to believe that the refrigerator and the
conditioner circuit can't be run simultaneously. [t should be
possible to mix helium from the control dewar (either using the J-T
valve or the pump) with 80 K helium “rom the conditioner. This might
he a desirable mode of operation when the magnet temperature drops
nalow 150 K.)

The refrigerator must be brought into play in order to cool the
maanet from 80 K to 10 K. The refrigerator supplies cold gas which
has been cooled by its expansion engines. The gas flows out of the
refrigerator through the J-T valve into the control dewar. The gas
then flows through the magnet string where it is heated to thc temper-
ature of the warmest part of the last magret. The gas then by-passes
the control dewar and refrigerator as in the previous case and returns
to the compressor suction through a heater, When the average temper-
ature 1n the magnet string reaches about 30 K, liauid helium can pe
added to the control dewar, shortening the cool-down time. [t takes
about 100 liters of liguid helium {note the sensible neat af the

helrum 1s used 1n the refrigerator) to cool the magnet string from 30

to b K (see Fig. 20b).
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Once the magnet temperature reaches 10 X, the control dewar can be
used as a carrier of cold return gas from the magnet, The refrigerator
will fill the dewar with liquid, if it is put into the mode shown in
Fig. 20c (note this is the same as Fig. 6b). One can continue to fill
the dewar with liquid helium from an external tank until it is full
This will take about 250 to 300 liters {175 liters to fill the contro!}
dewar and B0 liters of flash-off to fill the magnet cooling tube with
liquid; the rest is lost in the transfer process}. Adding liquid to
the control dewar to fill il cuts 9 or 10 hours off the cool-down
time. Normal operation of the TPC magnets can proceed with either the
helium pump {see Fig. ha) or the refrigerator J-T circuit supplying
mass flow (see Fig. fb or Fig, 20c). Normal TPC magnet operaticn has
been covered in a previous section.

The warm-up of the TPC magnet is very simple. Warm gas from the
compressor outlet is injected into the cold coil {note the warm gas
from the compressor can be mixed with cold gas from the conditioner in
order to avoid thermal stresses). The gas from the coil goes back to
the compressor througt. the heater (see Fig. 20d).

The cool-down time for the TPC magnet was estimated in Ref. 25.
The estimate given there has changed very little. The estimated cold
mass of the magnet system has increased from about 1700 kg to about
1900 kg. On the other hand, the design cool-down mass flow has been

1 1

to 12 gs~ . The total heat transfer area

Z to 20 m2. Tne net

increased from 10 qs”
{in the pipes) has heen reduced from 60 m

change in cool-down time is small.
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Tatle 9 shows the estimated cool-down time from 300 K until the
control dewar is filled with liguid. Also shown in Table 9 is an
estimate of the time needed to recover the TPC magnet from a auench.
Two methods of cool-down are shown: one with a liquid helium assist
from 30 K on down, the other without.

The third column of Table 9 estimates roughly the time needed to
cool the TPC magnet using the LBL 1500 W refrigerator. {(The first two
columns assume a 200 W CTi mode) 2800 refrigerator.) The gas mass
flows are as follows: 1) From 300 K to 40 K the gas mass flow through
the magnet is the maximum which can be delivered to the load

1 at 40 K). 2) From 40 K on down the

(14 gs~) at 300 K to 50 5™
gas mass flow is 50 gs'l. No change in cold mass was assumed.
Cool-down time is greatly reduced when the LBL 1500 W refrigerator is

used to cool the TPC magnet (see Fig. 21).
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Tahble 9. Estimated cosl-down time and quench recovery time for the
TPC magnet (see Fig. 20}

Cool-down time (hr)

SLAC LBL
CTi 2800 Machine 1500 W Machine
Internal with Tiauid no Tiauid no liguid
temperature added added added?
A, Cool-down
from 300 K
300»200 K 3.2 3.2 2.8
2005100 K 5.2 5.2 3.1
100580 K 1.2 1.2 0.8
80550 K 1.7 1.7 0.8
50530 K 0.8 0.8 0.4
3054.5 K 0.6P 3.0 0.8
Filled with liguid 1.4¢ 9.2 1.0
TOTAL 14.1 24.3 9.7
8. Quench recovery at
full current 100 K
to £311 with Yiouid 5.7 15.9 3.8
C. Recavery from 10 hr
shut down 50 K to
fill with liquid, 2.8 13.0 2.2

aThe LBL 1500 W refrigerator is already cold.
bReguires about 80 liters of additional liauid helium.

CRequires 750 to 300 liters af additional liauid helium,
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5. GAS~COOLED ELECTRICAL LEADS AND CHARGING LOSSES

The electrical leads and charging losses will be the dominant loads
on the refrigerator while the TPC magnet operates. The magnet has
electrical leads of 3000 A (they will normally operate at 2225 A with
a 1,5 T central field). Each compensation solenoid will have 600 A
leads (which will normally operate at 546 A). The charging of the TPC
magnet will produce a current in the bore tube and the ultra-pure
atuminum circuit. This current heats the shorted secondary circuit
and can drive the magnet normal if the capacity of the refrigeration
system is exceeded.

a. Gas-Cooled Electrical Leads

The gas-cooled electrical leads for the TPC magnet and the
compensation solenoids are a version of the standard LBL "tampax"
leads which have been used for over 10 years. The prime reaguirements
of the gas-cooled leads are: 1) reasonable efficiency, 2) capability
of withstanding pressures of 70 to 100 atm without damage,

3) capability of operation for 20 minutes without gas flow, and

4) capability of operation in the horizontal position. The LBL
“tampax t,,.e" leads meet all these criteria. The efficiency of the
electrical leads is not optimum, but our recent experimenis show that
the leads can operate for at least 20 minutes without gas flow and
satisfactorily in the horizontal position. The design of TPC “tampax"
leads is shown in Fig. 22, and a photograph of the TPC magnet leads is

shown in Fig, 23,
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Fig. 22. Schematic diagram of the TPC magnet leads.
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Fig. 23. The main TPC magnet leads mounted on the TPC coil.
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From measurements made by John Taylor and others, the mass flow
needed to cool the magnet leads is estimated to be about 0.4 gs'1
per lead pair at 3000 A. At zero current, the gas flow needed is

expected to drop to 0.2 to 0,25 gs'l. At the design current for the
TPC magnet, the gas flow is expected to be around 0.29 gs'1 for both

leads.
The electrical leads for the TPC magnet compensation coils will be
of the same design as the main coil leads. At full current in the

compensation coil (around 600 A}, the gas flow per lead pair will be

1

about 0.08 gs~*. At zero current, the lead gas flow per lead pair

is reduced to about 0.05 qs'l.
The normal operating current of 2225 A in the TPC main coil will

t of gas flow., The gas flow reauirements to

require around 0.29 gs~
both compensators while they operate at their normal ope aiing currents
of 509 A will be a total of about 0.12 gs"l. Thus, the total gas
required for the TPC magnet system at 1.5 T central induction is around
0.41 gs'l (all three sets of leads are running). The maximum gas

flow could be as high as 0.63 gs'l.

The lead gas flow will not be a
constant (the value given here is an average value) because the flow
is to be controlled by a simple on-off controller (see Fig. 24) thati
varies the flow from a minimum value corresponding to the zero current
condition to a maximum value corresponding to the flow needed to cool

the leads at maximum current. (For the main TPC magnet leads this

current is 3000 A, and for the compensators it is 600 A.)
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Lead gas flow is eauivalent to liauefaction where the liguid
helium is removed from the system as it is produced (this is not tne
same as accumulation into a dewar). Lead gas flow (liouefaction) can

be translated into eauivalent refrigeration using the following

expression

Refrigeration = CQ x liguefaction (10)

where refrigeration is in watis; liguefaction is in gs'l and CQ is

the refrigeration to liaguefaction coefficient in Jg_l.

The refrigeration coefficient is dependent on the characteristics
of the refrigerator and its operating setting. LBL has measuredm’26
values ot CQ which have been as low as 65 Jg_l (ir an old Arthur
D. Little 1iauefier)?® to as high as 125 Jg™} (in a Cti 1400 set

to maximum refrigeration rate).16

A typical value of CQ is

between 80 and 110 Jg'1 {see Fig. 25). We don't know what CQ is
for a CTi Model 2800 under optimum operating conditions. (Measure-
1.)27

ments at Cti indicate it could be as low as 85 Jg~ If one

uses an average Cp of 90 Jg'l, a minimum CQ of 80 .Jg-l and a
max imum CQ of 110 Jg'l, then one finds the following values of
refrigeration from gas-cooled leads:

Minimum refrigeration = 32 W

Most probable refrigeration = 37 W

Maximum refrigeration = 69 W
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When one sizes the eauipment for normal usage the most probable
value applies. The paint is that lead gas flow refrigeration is as
large as all of the static heat loads (when there is liquid nitrogen
in the shieids). When one operates off the helium pump, the lead gas
must he supplied by the pump. This is unlike the conventional bath
crvostat, where lead gas is supplied by boiling helium from the
crvostat, which does not represent an additional loss.

b} Heating While Charging the TPC Magnet

The TPC magnet and its compensators have shorted secondary
circuits. These circuits will carry current any time these circuits
see a 1d¢/dt voltage. The voltage seen on the shorted secondary

circuirts 1s:

=
N

dil

v Yoo (11)

e Yy =

=
>—l2| NZ

1

whar V? is tne secondary circuit voltage; V1 is the primary
circut voltage; N1 is the number of turns i1n the primary; and N2
15 the rumber of turns in the secondary circuit; il is the primary
circull current; and L1 is the primary circuit inductance.

In the TP( magne the bore tube has one turn, the ultrapure
aluminum circuit has 600 turns, and the superconducting coil has
1777 turns. Thus, the voltage across the ultrapure aluminum circuit
1< 0.339 times the primary circuit voltage, and the valtage around the
hore tube is 5,65 x 10'4 times the primary circuit voltage. The
secondary i2 current and the power generated in the secondary P2

are.
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12=R; {12}
and
P, 12R -ﬁ (13)
2 "2°2°R
2
where R2 is the resistance of the secondary circuit (no diodes or
varistors are allowed). The ultrapure aluminum circuit has a maximum

resistivity ratio RRR = 2500 (o = 10“11

m) and the bore tube has a
resistivity ratio RRR = 25 (o = 1077 m). The ultrapure aluminum
circuit resistance is 5.84 «x 10'3 ohm {at 4.5 K} and the bore tube
resistance 1s 2,13 x 10'7 ohm (also at 4.5 K).

The ultrapure aluminum circuit can be operated with or without a
diode string across it. (See Fig. 26 for a circuit diagram.) We have
put three diodes in series across the circuit in each direction. The
dirodes carry 1 amp in the forward direction when the voltage across
them 1s 1.R V. (The diodes will carry thousands of amps when the
voltage is increased tc 2.5 volts.) Losses in the ultrapure aluminum
will be small when diodes are used across the circuit and tne charging
voltage is helow 5 V., This is not the case when there is no diode.
Voltage ripple in the power supply does not appear to cause heating in
the bore tube or ultrapure aluminum.28

Tahle 10 shows .he charging losses in the TPC magnet when 5 volts

(a fast charge) is put across the coil and when 1.5 volts {a slow

charge) is pul across the coil, The charging loss is shown with and



SERIES SCR SWITCH CURRENT SHUNT

+

POWER
SUPPLY

ﬂ)

VARISTOR
RESISTOR

i; MAGNET BORE TUBE

PURE
ALUMINUM
colL

DIODE
SYSTEM

MAGNET COIL

zza—

CURRENT SHUNT

XBL 802-8394

Fig. 26. Basic electrical circuit diagram for the TPC magnet and its

shorted secnndaries.

28



83

without diodes across the ultrapure aluminum circuit., From Table 10
it is clear that when the magnet is chargeu in 30 minutes, the
charging losses are equal to or larger than the static heat leaks intu
the system. These losses will occur during both charge and discharge

of the coil.

Tahle 10. Charging losses, charge times currents in the secondary
circuits when the TPC magnet is charged from 0 to 1.5
{with iran}.

Fast .narge (5 V) Slow charge (1.5 V)
No No

Diodes Dindes Diodes Diodes
Ly inductance (H) 4.48 4.48 4,48 4.48
dip/dt (As-1) 1.114 1.114 0.334 0.334
Charge time (sec)d 2000 2000 6690 5691
Bore tube current {A) 132000 132000 3980 3980
Ult-apure aluminum

current {A) <l 291 <l 87

Chargina losses (W) 37.3 529b 4 47.3

AThe charqe time without iron would be 1800 sec for the fast charge
and ANR0D sec for the slow charge.

DThe magnet would be driven -ormal if the heat load were generated.
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A, SUMMATION OF LI1QUID HELIUM AND LIQUID NITROGEN REQUIREMENTS FOR

THE TPC SUPERCONDUCTING MAGNET SYSTEM

The first four sections of this report describe the components of
the TPC cryogenic system, Minimum, maximum and most probable heat
leaks are given for each component. An estimate of the amount of
tiguid helium refrigeration needed to aperate the main and compensat-
ing superconducting coils is given. Heat leaks to liauid nitrogen are
given, From the data in the various sections, one can estimate the
total refrigeration reauired by the TPC magnet.

Liguid helium refrigeration at a temperature of 4,4 to 4.8 K wil)
be supplied by a CTi Model 2800 refrigerator. The refrigerator is
supplied with gas from a central helijum compressor house, which
contains an oil-lubricated screw compressor delivering 55 gs'1
through 600 m of pipe. The cold box has two Sulzer gas-bearing
turbine expanders and liaquid nitrogen precooling, The helium refrig-
erator is designed to deiiver 200 W at 4.5 K and about 40 liters per
hour of helijum when liguid nitrogen is used in the precooler. Without
Viouid nitrogen precooling, the refrigeiator will deliver 110 to 120 W
at 4.5 K. When the refrigerator was tested at CTi, it delivered 100 ¢

! in the mixed mode

nel as a liguifier and 240 W plus 15 £ hr”
with liguid nitrogen precooling.

Liguid nitrogen is delivered to the refrigerator and the
conditioner tank hy a transfer line from a large liquid nitrogen
storage tank located outside the interaction region-2 experimental

building. During normal operation, the liquid nitrogen usage is



85

expected to he about 50 Viters per hour. During a cool-down of the
TPC magnet, this usage rate will rise to 200 liters per hour.

a. Summary of Liguid Helium Refrigeration Requirements

Table 11 presents a summary of all of the static heat leaks in the
TPC magnet system including the transfer lines, compensation ccils and
the control dewar, With the liguid nitrogen shield in operation, the
static heat leak approaches 52 W; without liauid nitrogen, the heat
lpak rises to about 1653 W.

Tahle 17 presents an estimate of the helium refrigeration reauire-
ments of the eniire TPC magnet system, including the compensation
solenoids., Table 13 presents an estimate of refrigeration reauired
for the magnet system without the compensation solenoids or the
compensation solenoid transfer lines.

We plan tu operate tne TPC magnet at {.BL using the ESCAR
refrigerator. This machine, which can deliver 1500 W of refrigera-
tion, can cool the TPC magnet down in 10 hours. Recovery from a full
current quench, where 11 MJ of stored energy is dumped into the coil,
will occur in four hours. Low current auenches can be recovered n a
much shorter time.

Table [1 shows the total refrigeration recuired during a 2000
second magnet charge. (Table 14 assumes that there are diodes across
the ultrapure aluminum circuit,) Table 14 includes the charging
Insses of the main solenoid and both of the compensation solenoids.

In theory, one can chi~ge the TPL magnet system while it operates on

the refrigerator without precooling. The liauid level in the control
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Table 11, An estimate of static heat leaks into the TPC mugnet
cryngenic system (including the compensators).

Most
Minimum probable Max imum
(with LNy) (with LN2) (no LN2)
Main TPC solennid
haat leaks through 1.0 3.0 20,0
superinsutation
heat leaks through 2.4 4.8 17.8
support struts
heat leaks through 0.6 3.0 13.5
electrical leads
TPC comnensat-on solenuids 7.0 10.1 30.0
Helium transfer lines 10.3 20.0 57.0
ta TPC experimentd
Halium transfer lires 3.8 5.7 7.8
tn the reofrigarator®
Cantrol Dewar static 3.0 5.0 7.0
heat leak©
Total static heat
leak tn helium 28.1 51.6 153.1

3Half the transfer line heat lesak is associated with the
compensat ion solenaids.

Dleat from this source does not affect the enthalpy change across
the helium flow circuit nor does this source of heat bhoil away liauid
helium when the refrigerator is inaperavle,

CHeat from this source does not affect the enthalpv change across
the helium flow circuit.
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Tahle 12, An estimate of refrigeration and liauefaction luads
for the TPC magnet system with the compensators {charging
losses are not included).

Most
Minimum probahle Max imum
(with LNp) (with LN2) {with LNp)
Static heat leak (W) 28.1 51.6 153.1
Electrical lead qas
flow (gs-1) 0.35 0.41 .63
Refrigeration needed for
leads Cg = 90 Jg-! 3.5 36.9 56.7
Total refrigeration?
needed (without helium
pump) (W) 59.6 88.5 209.8
Helium pump work (W) 1.7b 5.0¢ 12.64
Tatal refrigerationd
naeded with helium pump (W) 61.3 93.5 222.4
Fauivalent liguefaction
rapacity needed if 1g hr-1 =
3.02 W {Cp = 90 Jg-1)
w/o helium pump (Rhr=1) 19.7 29.3 64.4
with helivm pump (Lhe-1) 20.3 30.9 73.5

AControl dewir pressure 1.2 atm, dewar temperature 2.82 K.
BYRased on m « b as-! AP = 0.1 atm.
CRased on m = 1?7 gs=1 aP = 0.7 atm,

faced on m = 15 gs-! aP < 0.4 atm,
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Tahle 13, An estimate of refrig.ration and Yioguefaction loads
for the TPC maqnet alone, without compensators (charging
losses are not included) as in LBl and SLAC tests.

Most
Minimum probable Max imum
with LNp with LN with LN,
Static heat leak (W) 15,9 30.5 96.1
flectrical lead qas
tlaw fgs=1) 0.24 0.29 0.45
Refrigaration neaded for
leads Cp = 90 Ja-! 23.4 26.1 40.5
Tatal refrageritiond
neaded (without he ium
pump) (W) 39.3 54.6 136.6
Helium pump work (W) 1.7b 5.0¢ 12.5d
Tatal refriaeration?
neadad with helium pump (W) 41.0 61.6 148.?2
Favivalent liaguefaction
capacity needed if 1 Rhr-i =
1.07 w {f = 90 Jo-1)
w/0 helium pump (2hr-1) 13.0 18.7 45.2
with weligm pump (%he=1) 13.7 20.3 49.3

8 antral dewar pressure 1,2 atm, temuerature 4,47 K.
bﬂdSPﬂ onm = R qs-1 aP = 0.1 atm,
CRased on m - 17 gs-1 AP = 0,7 atm.

dﬂased onm = 15 gs=1 aP = 0.4 atm,
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Tab'e 14. Refrigeration required during charging {most probable value).

Static heat leaks (W) 51.6
Helium pump work (W)@ 5.0
Lead gas flow {os-1) 0.41
Refriageration needed for lead gas

flow (W) 36.9
Charqing losses in TPC solenoid (W) 37.3
(5 V charge with diodes, 2000 sec charge
t ime)

Charging lInsses in compensating
solenoids (W) 0.4
(0.4 V charge, 2000 sec charge time)¢

Refrigeration reguired during a
charge (W)d 131.2

AThe helium pump pumps at the rate of 12 gs-1 over a pressure rijse
of 0.2 atm.

Prast charge at 5 V across the magnet; the leads of the ultrapure
aluminum coil have diodes acrnss it,

Cfast charge with 0.6 V across hoth magnets. The losses are in tne
12.7-mm-thick bore tube: RRR = 5,

ATPC refrigerator is a CTi Mode) 2800. The design output is: 200 W
with liauid nitraogen precooling or 120 W without liguid aitrogen
precooling,
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dewar may drop slightly during charging. The magnet refrigeration
system can operate even when the refrigeration load exceeds 200 W.
The only reouirement is that the level of liguid helium in the dewar
remain above the heat exchanger.

Table 18 summarizes the parameters for operation with liauid
helium alone in the control dewar. This mode of operation is needed
if the refrigerator fails due to power failure at the compressor house
or turhine failure. Other forms of refrigeration failure occur slcwly
(i.e., the heat exchangers in the refrigerator can become coated with
air gases, waler, or 6i1). One has warning, because the capacity of
the refrigerator decreases relatively slowly.

The control dewar volume is 175 liters. When a power failure (the
most freauent cause of sudden refrigeration failure) occurs, the magnet
automatically discharges with about 5 volts across the leads. The
heYium pump, whith is on emergency pawer, is started. Around 90 liters
of liaurd from the control dewar is used as the maqgnet is discharqed.
e has approximately 1.5 hours to get the TPC refrigerator operating
pbetore the dewar runs dry, One can extend this time anotner four hours
hy transferving liguird helium from the 500-1iter storage dewar.

The rate of helium usage while operating on liauid alone is very
high, Thais 1+, in part, due to the fact that the ledad gas flow 15
liautrd carrted trom the pot, (A boiling put magnet system uses
hotl-otf gas to cool the leads. This 1s an wmportant difference.)

The TPC magnet s designed to run on a vefrigerator; 1t 15 not

designed tor hateh transfer lioguio pot operation,
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Parameters for operation on liquid helium with the

refriqgerator off,

Control dewar volume

Svstem pressure

Helium heat of vaporization

(at svstem pressure)

Heating of svstem during coil discharge

(includes pump work)

Coil discharge time

Medjum mass flow through electrical leads

(during co1l discharge)

Helium used during cnil discharge

{includes lead gas flow)

Approximate time hefore control dewar
runs dry (includes cnil discharge time)

[stimated operating time on 500 £ dewar of
helium with 425 ¢ of helium transferred
tn the control dewdr during 3 fills
{TPC magnet current is on)

175 2

1.2 atm
19,14 Jg-!
2317 Jgl
93.7 W
2000 s
0.41 gs‘l
12.2 nr-l
87.8¢
1.56 ",
4.75 nr
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b. Summary of Liauid Nitrogen Refrigeration Reguirements

Table 16 summarizes the heat loads at 80 K. These heat loads
include the main coil cryostat, the compensation solenoids, the cryo-
adsorption pump, the transfer line, the control dewar, and the condi-
tioner dewar, The nitrogen flow circuit, shown in Fig. 27, i5 a series
circuit (similar to the liauid helium circuit) that is supplied from
the conditioner pot by a liouid nitrogen pump. If the nitrogen pump
fails, the series flow circuit can be run directly off of a liguid
nitrogen tank, using a controller similar to that shown in Fig. 24
(the flow of nitrogen is controlled by the temperature of the nitrogen
leaving the flow circuit).

The pumped liguid nitrogen circuit has a number of advantages over
a circuit that is run off the large nitrogen tank. They are: 1) The
temperature within the shields is more constant. 2) There is no change
in temperature at the end of the flow circuit. 3) Liauid nitrogen
consumption is minimized. (This is true even if the nitrogen pump
work is considered.)

The liguid nitrogen pump has been supplied by SLAC; it is not
unlike a water pump. [t is a centrifugal pump capable of pumping much

-1 needed for the shields. We assumed

more nitrogen than the 7.7 ¢ h
a pump flow rate of 20 gs'1 (about 90 ¢ hr_ll and a pump efficiency

of about 20 percent. As a result, we estimate the pump work to pe
about 10 W (see Ea. 5). At this time, some work remains to be done to

obtain satisfactory operation of the nitrogen pump.
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Table 15, Liauid nitrogen system heat loads and boil-off rates.

Heat load
at 80 K
LN2 system component (W)
Main TPC coil cryostat
Through superinsylation ontc shield 30
Support struts 75
Electrical Yeads 15
Compensation solenoids 30
Cryogenic vacuum pump (=10g per day) 20
Transfer lines 120
Control dewar shield 30
Conditioner dewar 50
Nitrogen pump work (m = 20 gs-l, n=0.2) 10
TOTAL HEAT LOAD 380
LNy boil-off rate during normal operation 7.72 hr-l
Reauired LNz volumes for a cool-down (includes
refrigerator and shields) 20712
Peak LNy use rate during cool-down
(includes refrigerator and shields) 1942 hr-l

LN2 needed for refrigerator 408 hr-l
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Fig. 27. Liquid nitrogen flow diagram of the TPC magnet system
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7. CRYQGENIC SYSTEM TESTS

This report describes the projected design behavior of the TPC
cryogenic system. From April 1979 to the start of TPC magnet testing,
various components of the cryogenic system were tested using liguid
hetium, the LBl CTi Model 1400 refrigerator, and the LBL 1500 W CTi
refrigerator. This testing has resulted in the discovery of a number
of problem areas. Corrections in the plumbing have resulted from
these tests.

a. Tests of the Cryogenic Subsystems

The following tests were made on the TPC magnet cryogenic system:
1) The control dewar heat leak was measured by measuring helijum
boil-off; 2) The control dewar was measured with the transfer lines
using a CTi 1400 refrigerator; 3) The control dewar and transfer lines
were measured using the LBL 1500 refrigerator; 4) the control dewar
and transfer lines were measured using boiling iiquid calorimetry; and
5) gas-cooled electrical leads that model the TPC leads were measured
at various angles.

The heat leak into the control dewar was found to be at or below
the design value. Measurements made without penetrations yielded heat
losses under 3 W. Measurements made with the control dewar plug in
place, and with the pump and the bayonets, varied from 1.2 to about 5
W depending on the liguid level. MWhen the control dewar was about one
auarter full, we measured a heat leak of 1.2 W. When the control
dewar sat overnight, the liquid level dropped from 35 to 40 percent

full to 15 to 20 percent full, The average heat leak gver that
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17-hour period was 1.5 W. Calorimetry measurements made when the
control dewar was 89 percent full :howed heat ieaks of 4.3 to 4.9 W
depending on which method of calorimetry was used. We are inclined to
believe that the 4.9 W figure is more accurate because the gas flow was
measured with a positive displacement flow meter.

Good calorimetry measurements of the transfer lines were difficult
to make. Problems with thermal acoustic oscillations, standpipe
oscillations, and pump work confused the issue. The heat leak into the
transfer lines (35 meters), the dummy load box, and the control dewar
appear to be from 14 to 18 W depending on which data are used and how
they are interpreted. Standpipe oscillation and thermal acoustic
oscillations added as much as 40 W to those previously auoted. The Tast
series of tests eliminated most problems. It is now believed that the

1

transfer line heat leak is 0.25 to 0.4 Wm = with liquid nitrogen in

the third tube. The estimated heat load without liguid nitrogen in the
third tube is in the range of 2 to 2.5 wm'l. The only transfer lines
measured were those between the control dewar and the transfer box. It
is hoped that we can improve the insulation in the other 1lines because
the heat load is about twice as large as we expected. Figure 15 shows
the control dewar hooked to its transfer lines.

A pair of straight single-tube leads was used to model the TPC
magnet leads and are eauivalent to one-{ifth of the TPC leads. The
leads were fabricated from a single 15.9 mm {0.625 in,)OD type L copper
pipe with 1.0 mm (0.040 in,) walls. The tampax section is a blocked

stainless steel tube sized so that the clearance between the ID of the
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copper and the OD of the stainless steel tube is a 0.5 mm (0.020 in.)
annular space. The stainless steel tube is wrapped with a strip so the
tube is centered and the gas flows in a helical pattern. The length of
the lead is 533 mm (21 inches), exactly the length of the TPC leads.
Since the lead is one tube instead of five, it is designed to carry
one-fifth the current of the TPC leads. The nominal design current is
around 600 A. The current at the cold end of the lead is carried by
superconductor soldered to the leads.

One of the TPC magnet leads will operate at a 60-degree angle (cold
end down) and the other will operate almost horizontally (the cold end
will slope at +10 degrees, the warm end at -10 degrees.) The lead
experiment was designed to operate on a dummy load box at the end of the
transfer line, Two-phase helium is taken from the main stream and used
to cool the leads. The lead experiment was designed to operate at angles
of +22 degrees to -10 degrees (at ~10 degrees the two-phase helium end
of the lead is almost 100 mm above the warm end of the lead). During
the experiment we measured the heat leak into the helium and the temper-
ature profile as a function of current and gas flow, Figure 2B shows
the lead experiment,

The results of the experiment are reported fully in Ref. 29, but can
be summarized as follows:

1) The leads operate in a stable wayv ovor all currents where

measurements were made. The leads ovwerated well at 800 A but
about one-third more gas flow was neeced compared to 600 A
operation. The leads appear to be overuzsigned waen operating

at Lie equivalent of the TPC design current of 460 A.



Fig. 28. The electrical 'le§d experiment with pumped 1liquid helium (the
lead angle is -107).
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2) Stable operation at the design current equivalent for the TPC

3

3
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6

~—

~

~

~—

was achieved for gas flows as little as 0.045 gs'l.

1

Operation

at 600 A reauired gas flows of about 0.08 gs™~ and operation

at 80O A required about 0.11 gs'l.

It appears that the 0.29
gs'1 lead flow criterion used here is conservative for the

TPC magnet leads.

Little change in lead performance was seen as a function of
lead angle. There was slightly more, if any, heat leak into
the system when the lead angle was changed from +22 degrees to
-10 degrees. There was no apparent change in temperature
profile voltage drop or lead gas flow.

The leads will probably reauire no control. The simple
controller shown in Fig. 24 is adeauate for tha job. The
voltage drop across the lead is a good signal for control.

The leads are reliable. We operated the leads without gas flow
at a current of 460 A for 27 minutes. The hottest temperature
in the lead was still below 100°C after 27 minutes. There is
adequate time to ramp the magnet down with the power supply in
the eveni the leads overheat. The voltage drop across the
leads can be used to start the magnet dump process.

The electrical lead did not ice up badly even when no current
was carried. There is good reason to believe that the ice ball
problem will be eliminated through the use of insulation and/or
heaters on the outside bus bar, The gas can be carried away

from the magnet leads in an insulated Teflon tube and copper

pipe.
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b. The May 1980 Tests of the TPC Magnet Cryogenics

The completed TPC magnet was moved from the LBL shops to the
building 64 high bay on February 29, 1980. The magnet was connected
to the cryogenic transfer lines, transfer box, control dewar, and
conditioner (see Figure 29). The vacuum system was closed and checked
for leaks. After pumping and purging with nitrogen gas, the system
was pumped down, and the vacuum stabilized at a pressure of 2 x 10_2
Torr despite being connected to the cryoadsorption pump. The 5000
square meters of aluminized Mylar outgasses a whole host of condensible
substances. Liquid nitrogen was put into the shields. After one hour,

4 Torr. The liquid nitrogen pump in

the vacuum dropped to 2 x 10”7
the conditioner would not remain primed so the liguid nitrogen shields
were cooled directly off the tank. After some time the shield temper-
ature stabilized at temperatures from 95 to 115 K. The TPC magnet is
designed to be cooled down using a combination of the conditioner and
a refrigerator, as shown in Figure 20. Persistent failure of the
Sulzer gas bearing turbine on the LBL 1500 W refrigerator has made it
necessary to use the helium pump to cool the magnet from liquid
nitrogen temperature to 4.5 K. Figure 30 shows how the cool-down
proceeds using the helium pump instead of the refrigerator as a source
of cold gas.

The temperature of the magnet was 298 K when the cool-down
started. The magnet coil resistance started at 106 ohms. The
ultrapure aluminum circuit resistance started at 15.7 ohms (this

includes the stainless steel leads), Helium gas circulated through



CBB 803-3247

Fig. 29. The TPC magnet mounted for the LBL test.
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the conditioner was supplied by a pair of CTi mcdel 1400 refrigerator
compressors, which are capable of supplying 10 gs’1 of helium. The
conditioner phase of the cool-down lasted more than four days, during
which the following problems, cropped up: (1) The line from the large
nitrogen tank to the conditioner was tco small. As a result, the
nitragen could not be delivered to the conditioner fast enough. (2)
The nitrogen gas helium heat excranger had a pressure drop on the
nitrogen side that was too high. (3) The liauid heat exchanger is
marginally tco small.

Ouring the first three hours of the cool-down, the magn2t average
temperature fell 100 degrees. Then the conditioner tank emptied.
During the first phase of the cool-down, sections of the magnet cooled

1 were observed

at the rate of 40 K per hour. Gradients of 40 km~
along the length of the magnet. At the end of the conditioner phase
of the cool-down (see Fig. 30a), the magnet temperatire leveled out at
95 K. The magnet coil resistance had dropped from 106 ohms to 18.7
ohms. The ultrapure aluminum coil resistance dropped from 15.7 ohms
to 2.01 ohms. The vacuum within the cryostat insulation space was
about 5 x 107 Torr when the magnet temperature was 95 K.

The second phasz of the cool-down {from 95 K to ahout 6 K) used
the helium pump to circulate helium through the coil. We used the
helium zump this way witn some misgivings because the helium pump was
designed for liauid circulation at pressure differences across the
pump of less than 1 atm. This phase is illustrated in Figure 30b.

Approximately 50 MJ of thermal energy was removed from the magnet
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system when it was cooled from 95 K to 4.8 K. About 1600 liters of
liguid helium was used to cool the magnet during this phase. The
helium pump was operated at pressure differences as high as 4 atn.

The major problem in this phase was that we could not supply liguid
helium from the 500-Titer storage dewars fast enough. It took 11
hours to cool the TPC magnet system from 95 K to 4.8 K. At the end of
the cool-down, when the temperature dropped from 50 K to 4.8 K, we

1 through the magnet cooling circuit

were able to deliver 5 gs~
without emptying the control dewar. Just before the magnet became
superconducting, coil resistance dropped to (.65 ohms. The ultirapure
aluminum circuit resis*ince leveled off at 0.0183 ohms (including the
stainless steel leads). The vacuum in the insulation space dropped to
1.5 x 10_6 Torr with the vacuum pump valved off.

The liauid helium flow was switched into the control dewar (see
Figure 30c) when the magnet temperature reached 5 K. Two phase flow
was aquickly established., The pump speed was increased from 17 to 26

RPM, The pump mass flow increased to about 20 gs'l.

The two-phase
helium was phase separated in the control dewar. The gas phase was
run through a gas flow meter. At 20 gs'l, the pressure drop acrnss
400 meters of cooling tube was 0.4 atm. Once stabie two-phase flow
was established, a helium boil-off rate of 4.2 gs'1 was measured.

The total heat load measured in the magnet system was 80 W. The
liguid level drop was measured in the control dewar; this verified the
;ame 80 W heat load. The breakdown of the total system heat load is

approximately as follows: (1) The magnet cryostat heat leak is about
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20 W {this was measured during the warm-up) (2) the control dewar neat
leak was about 5 W. (3) The helium pump work for 20 gs"1 mass flow
across the pressure rise of 0.4 atm is around 2C W. (4} This leaves
ahout 35 W of heat leak for 50 meters of transfer line, a transfer box
and possible thermal acoustic oscillations in the standpipes. (The
standpipe valves were left open.}

Unfortunately, the magnet was cold and superconducting for only
one hour. The helium pump failed when the drive shaft connecting pin
dropped out. Despite the failure, the test showed that the cryogenic
system has an acceptable heat leak, Garden hose pressure drop and
garden hose oscillations appear not to be a factor during two-phase
flow operation. Figures 31 and 32 show temperatures and pressures
during the final phase of the cool-down, during operation, and during

pump failure.
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