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ABSTRACT

Comments on the use of two phase helium in a closed circuit tubular
cooling system and some results obtained with the TPC superconducting
magnet are given. Theoretical arguments and experimental evidence are
given against a previously suggested method to determine helium two
phase flow regimes. Two methods to reduce pressure in the magnet
cooling tubes during quenches are discussed; 1) lowering the density of
helium in the magnet cooling tubes and 2) proper location of pressure
relief valves. Some techniques used to protect the refrigerator from
too much cold return gas are also mentioned.

INTRODUCTION

Under many circumstances forced flow two phase helium is an attrac-

. tive coolant for superconducting magnets. Forced flow can utilize tubu-

lar cooling systems which can withstand higher pressures than the larger
tanks of a conventional pool bath system. A tubular cooling system also
reduces the helium inventory involved in quenches, and can be used to
guide cooling specifically to areas where it is most needed during the
cooldown. However, designing such a system involves problem areas not
encountered in a pool bath system. The magnet designed for use in the
TPC detector at PEP utilizes two phase cooling. Examples are given
based on experience with that magnet. The emphasis will be primarily on
general problems with two phase design rather than the design of a spe-
cific magnet.



THE PRESSURE DURING QUENCHES

The largest pressures a forced flow system is likely to experience
will probably occur at the time when the magnet quenches. At that time
LHe in the vicinity of the magnet will begin to boil rapidly until a one
phase status is reached; then, the pressure will continue to rise as the
He and magnet temperature rises, The calculation of the real pressure
distribution in the system is very difficult because He is flowing out
of the tubular part of the system. However, it is relatively simple to
calculate an upper limit for the pressure by assuming that no He is
leaving the tube. To compute this, .one has to know the initial density
and the final temperature which the magnet system will reach. From He
data at that temperature, one can determine the pressure that corresponds
to the initial density. That pressure is maximum if the tube is initial-
ly full of pure liquid. It would be desirable to design the cooling
system to withstand this pressure. In the case of the TPC magnet,
Tmax 1S around 60 K and Ppyy would be 24 MPa. The finned cooling
tube wrapped around the solenoid was designed to withstand this pressure,
as were the transfer lines running to and from the magnet.

Unfortunately, in the TPC magnet, a part of the lines feeding He
cooling to the current leads was built using flex tubing which, as it
was subsequently discovered, could not withstand Pp,yx with absolute
certainty and these pieces of flex tubing were relatively inaccessible.
Since the system does not run with only liquid everywhere in the cooling
tube, and much of the He is vented out during quenches, the actual pres-
sure exerted on the flex tubing was much less than the upper limit com-
puted above. We increased the venting by adding an additional relief
valve. Then a more realistic pressure was calculated based on compress-
ible flow dynamics with the relief valves included. The final pressure
was proportional to the assumed initial He density. Our prediction of
the initial density used thermodynamic analysis of the coil and refrig-
erator system assuming that liquid traveled at the same velocity as gas
through the system before a quench. This assumption was based on apply-
ing to He a diagram based on water and air which had been developed by
Ovid Baker in 1954.! It indicated that, under our conditions, the flow
regime should be bubble and froth, a regime where the liquid and gas
flow at the same velocity. Our operating point should be far from the
boundary with any other type flow on that diagram (see Table 1 for TPC
magnet operating conditions). With this initial density, the pressures
during quenches were predicted to be acceptable, but during tests using
induced quenches at low magnet stored energies the measured pressures
were found to be higher than the predictions. Then the initial density
was measured and found to be higher than our prediction, and in just the
right ratio to correspond to predictions of the pressure calculation.
This could be explained by assuming that liquid was moving slower than
gas in the tube and hence that the flow regime we were experiencing was
different from that predicted by applying Baker's diagram to our two
phase He. This assumption was strengthened by observations of pressure
and temperature variations which could also be explained by assuming
slug flow, a flow regime where liquid and gas do not necessarily flow at
the same rate. We then realized that using Baker's parameters to extrap-
olate the water and air data to He violates the rules of dimensional
analysis. Therefore, a warning is in order not to use the plot by Baker
for two phase He.
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Table 1. Operating Parameters of the TPC Magnet

All Flow through Partial Bypass
He Bath Heat Exchanger around He Bath
Heat Exchanger

inlet pressure ‘ 1.7x105 1.6x105

Pascal (abs)

outlet pressure 1.3x103 1.3x105

Pascal (abs)
magnet temp. (K) 4.7 4.6

dewar pressure 1.3x105 1.3x102

Pascal (abs) '

pre-JT pressure 8.4x10° 8.2x10°

Pascal (abs)

pre-JT temp. (K) 5.3 ' 5.6

Baker parameter By 3.1x103 3.9x103 0.54x103

from to
Baker parameter By 6.6x103 6.1x103 18.1x103

THE BAKER DIAGRAM

One of the more difficult problems in designing a fluid tramsport
system with two phases flowing in the same pipe is determining the flow
regime of the two phases. That is, how do the two phases coexist: as
froth, slugs, plugs, stratified flow, etc.? Pressure drops and density
throughout a system are dependent on this flow regime. In 1954, Ovid
Baker, as part of a study on pressure drops in oil and gas lines, devel-
oped a graphical method of summarizing experimental results on flow
regimes of two phases flowing together in the same pipeline. He collec-
ted data points from four experimentersz'5 working on two phase flow of
air and water, organized them on a two dimensional plot based on two
parameters recommended by a major handbook in his field of study,6 and
drew lines representing boundaries between the flow regimes. This is the
"Baker Diagram''. The two parameters were based on several physical prop-
erties thought to be relevant. This system has been in use for many
years in chemical engineering. It has been suggested that one might use
this diagram with its flow regime boundaries to predict flow regimes for
two phase helium’*8; however, we find it fails to correctly predict flow
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regimes that we have seen in the TPC magnet. A closer examination of
the development of Baker's work shows that such a failure in predict-
ing flow regimes for He should come as no surprise.

The two parameters of the Baker diagram are B,=L/G(AY) for the
abscissa, and B,=G/\A for the ordinate. L is the liquid's mass veloc-
ity, and G is the gas's mass velocity, Aa(qspL)l/z and Wm[uL/oL2]1/3/V,
where p  and p, are the liquid and gas densities, v 1is the surface
tension of the liquid, and U, is the liquid's viscosity. This param-
eterization was supposed to allow use of the Baker diagram for predict-
ing flow regimes of liquids and gasses other than water and air and in
fact was applied to oil and natural gas.
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The properties of helium at 4.2 K are very different from those of
air and water at room temperature. (See Table 2.) To scale the experi-
ence gained with fluid flow of water and air to two phase helium at
4.2 K one would have to follow the rules of scaling given by dimensional
analysis based on all relevant parameters. It can be shown that Baker's
diagram does not respect the rules of dimensional analysis9 and hence,
is not a reliable tool to use for helium. Also, Baker's parameters do
not depend on the gas viscosity and since most of the helium is often in
‘'gaseous form, it should be an important factor. In conclusion, there 1is
no justification for using the Baker diagram for two phase helium flow.

LIMITING MAXIMUM PRESSURES

As mentioned earlier in this report, the density of He in the cool-
ing tubes was found to be higher than anticipated. Since there was
concern that the flex tubing connecting the current leads might be of
inadequate burst strength, it was finally decided to reduce liquid den-
sity in the cooling tube to reduce the pressure there during quenches.
We were able to change He density in the TPC magnet using the method of
bypassing the heat exchanger. This caused the flow to cross the boundary
between a pulsing slug/plug flow with Baker parameters given in column 1
of Table 1, and a smoother flow regime with Baker parameters somewhere
in the range given by the values in column 2 of Table 1. This boundary
point falls far from the boundary shown on the Baker diagram and further
confirms that the diagram does not apply to the case of two phase He.

The He density in the cooling tubes was much higher than at the
refrigerator outlet due to a heat exchanger immersed in liquid helium
through which coolant flowed before entering the magnet's cooling tube
(see Fig 1.). One method of reducing the density was to install a heater
after the heat exchanger. While this method worked and allowed testing
of the magnet to full stored energy, it was viewed as a temporary solu-
tion. It was not fail safe and reduced reserve refrigeration. An alter-
nate method involved adding a valve which allowed a portion of the
refrigerator's output to bypass the He bath heat exchanger. Operating
with this valve partially opened gave a density which lead to safe pres-
. sures during quenches at full stored energy.

Table 2. Properties of Air, Water, and Helium

Air Water He Gas He Liquid
Room temp. Room temp. 4,2 K 4.2 K

density 1.2 1.0x103 17 125
(Kg/m)
surface - 7.3x1072 - 1.0x1074
tension '
(N/m)
viscosity 1.8x1075 1.0x10~3 1.3x1076 3.2x1076
Pa-§ :
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Fig. 1. Helium flow circuit--TPC magnet.

ACTIVE VALVES FOR THE PROTECTION OF THE SYSTEM

The final relief valve system used to minimize pressures during
quenches utilized two automatic safety relief valves, one at either end
of the cooling tube.  These valves are of the same design used on the
Fermilab beam magnets and have proven to be very satisfactory. They
open to full flow quickly, can operate in a partially opened mode, and
reseat reliably.

The refrigerator for the TPC magnet is a CTI model 2800 with two
turboexpanders. These turboexpanders rotate at high speeds, and their
support bearings are easily damaged, particularly in the event of sudden
temperature and pressure changes which accompany quenches. In order to
protect the turboexpanders and thin walled heat exchangers of the refrig-
erator, a valve (V,,¢) on the transfer line returning to the refriger-
ator can be closed when required. We have chosen to close this valve on
any of several situations: 1) a quench is detected, 2) the pressure in
the dewar rises above 2.0x10° Pa (abs), 3) the pressure difference be-
tween supply and return transfer lines rises above 1.0x10° Pa, 4) a
refrigerator shutdown. A check valve prevents flow in the reverse direc-
tion back into the supply transfer line. Automatic controllers have been
added to regulate temperatures at the refrigerator and permit it to con-
tinue running, even when flow to and from the magnet is interrupted.



If cooling is interrupted, the magnet warms slowly. In the case of
the TPC magnet, T, -is reached about ten minutes after the loss of
cooling, and the magnet quenches. Heat leaks in the supply transfer line
cause the helium in the line to rise in temperature faster than the mag-
net. Thus, if one attempts to restart the flow of coolant, it is likely
that warm He in the transfer line will raise the magnet temperature and
cause a quench. If the refrigeration is lost, we turn off the magnet
current supply in order to drop the magnet's stored emergy. This leads
to lower temperatures when the magnet quenches, and reduces recovery
time.

CONCLUSION

While two phase forced flow cooling may be considered as an attrac-
tive technique, it involves design problems which differ in many cases
from those encountered with pool bath designs. 1In particular, the pre-
diction of flow regimes, pressure drops, and He density are complicated
by the lack of an appropriate design guide. It would be of great benefit
for the cryogenics community if such a design tool specifically for He
near 4.2 K were developed.

ACKNOWLEDGMENT

The authors would like to thank members of the SLAC refrigerator
crew for help in operation of the magnet cooling system during operation
and testing of the magnet. Thanks are due to collaborators in the
PEP-4/PEP-9 experiment for useful support, in particular the help in
analysis by Kevin Derby and Mike Ronan.

This work was supported by the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.

REFERENCES

1. 0. Baker, Simultaneous flow of oil and gas, 0il and Gas J. 53:185
(1954).

2. R. Jenkins, "Two-Phase Two-Component Flow of Air and Water,'" M.S.
Thesis, University of Delaware, Newark, Delaware (1949).

3. C. Gazley, "Co-Current Gas-Liquid Flow, III. Interfacial’Shear and
Stability," A.S.M.E., Heat Transfer and Fluid Mechanics Institute
at Berkeley, California (1949). '

4. G. E. Alves, Cocurrent liquid-gas flow in a pipe-line contactor,
Chem. Eng. Prog. 50:449 (1954).

5. S. I. Kosterin, An investigation of the influence of the diameter
and inclination of a tube on the hydraulic resistance and flow
structure of gas-liquid mixtures, Izvest. Akad. Nauk. SSSR, Otdel
Tekh Nauk, No. 12 (1949) (In Russian).

6. J. H. Perry, "Chemical Engineers' Handbook," McGraw-Hill Book Co.,
New York, N.Y., Third Editiom (1950), p.684.

7. M. A. Green, W. A. Burns, and J. D. Taylor, Forced two-phase helium

cooling of large superconducting magnets, in: '"Advances in
Cryogenic Engineering," Vol. 25, Plenum Press, New York (1980),
p. 420.

8. "Reference Design Study Group on the Superconducting Super Collider,"
Appendix A, Lawrence Berkeley Laboratory, Berkeley, California
(1984), p. 360.

9, P. H. Eberhard and R. R. Ross, Why the Baker Diagram is not valid
for Helium, Group A Physics note #967, Lawrence Berkeley
Laboratory, Berkeley, California (1986).

10. H. Kautzky, Relief Valve (assembly) for Energy Doubler, drawing
#0428-MC-107960~A, F.N.A.L., Batavia, Illinois (1981).

6

b



&

!

Appendix A

Density Measurement, the
Ratio of Gas to Liquid Velocity,

and Pressures During Quenches

Measurement of the average density of helium in the cooling tubes of the TPC
magnet involved estimating the mass of helium in the magnet. The changes in
mass of helium in parts of the system other than the cooling tubes was measured by
recording the level of liquid in the control dewar and the pressures and temperatures
at various places in the system. We started a measurement with cooling flowing
normally through the tubes and the parameters were recorded. Then we bypassed
the cooling fluid directly into the control dewar, without letting it flow through the
cooling tube and waited for the magnet to warm above the boiling point of helium
in the tubes. The mass of gas in the tubes plus the change in mass in the system
outside the cooling tubes constituted our measure of the original mass of helium in
the tubes. From this mass and the known volume of the system we determined the

average density.

We also know the average operating pressure of the fluid while normal cooling
is going on, and therefore the density of gas and the density of liquid in the two
phase mixture. This allows us to calculate the ratio of mass of gas, mg,,, to mass

of liquid, myiquid, in the tubes on the average as



1 1

m -
gas __ P Pliguid
= 5 (A.1)
Miiquid Pgas P

This measurement can be used to estimate the ratio of gas velocity, vgqs, to
liquid velocity, viiquid, if we have a measure of the mass flow in gas phase and the

mass flow in liquid phase during normal cooling since

Ygas

. _ ¢ . _ R Viiguid
Mgas = Mygas—, and Miiquid = Miiquid 'zm

where £ is the total length of tubing. We can estimate the average enthalpy per gram
flowing through the cooling tubes, h, by measuring the heat leak of ‘thé-syétem' (80
watts), the total change in enthalpy per gram of fluid delivered by the refrigerator
in passing through the system and by knowing where the heat is deposited in the
system. The effect of the heat exchanger is taken into account by assuming it reduces
the temperature of fluid to the temperature of the liquid in the control dewar. If
the heat exchanger is less than 100 percent efficient, this will induce an error in
our measurement. Again, we know the average operating pressure of the two phase
mixture and therefore the enthalpy per gram of the gas, hyq,, and the enthalpy per

gram of the liquid, hiiguiq. We then estimate

mgas . h — hliqut’d

- A2
Miiquid hgas ~h ( )

Thus we estimate

Vgas mgaa / Mgas . (A 3)
Viiquid Miiguid Miiquid

A.1 Operation with heater in the magnet supply line

Table 3 shows the results of applying this technique. The first column represents
a first set of measurements rh;de with the original operating condition and shows
Vgas/Viiguid = 1.3, in disagreement with our expectations of equal velocity from the
location on the Baker diagram which predicted bubble and froth which would imply
Vgas/Viiguid = 1. The second column represents an operating condition arrived at
by heating the helium fluid after it passed through the heat exchanger but before it

entered the cooling tubes. The density was reduced and we estimate vgqs/ vlgq;‘;d =
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1.2, which is nearer to 1. It is by no means certain that liquid and gas are flowing at
the same speed. We did notice a smoother flow of gas up our current leads and less
pulsing of the readings on 5 temperature diode in the return line from the magnet.
Peak pressures experienced in quenches at 1800 A are also included in Table 3 for
the two cases, illustrating the desired drop in peak pressure with decreased density.
This decrease in pressure allowed us to test the magnet at currents up to 2000 A

before installing a bypass valve around our heat exchanger.

A.2 Operation with the heat exchanger bypass

A bypass valve was installed so we could cool the magnet without heating the
helium, lowering the density in the cooling tubes instead by decreasing the effective-
ness of the heat exchanger. It was not possible to adequately cool the magn.et with
the heat exchanger bypass valve completely open, so our data under those conditions
is sparse and we have no data on pressures during quenches for that condition. In
addition, the density measurement using the technique described earlier did not give
reliable measurements when the bypass valve was open due to uncertainties in how
much fluid was in the heat exchanger before and after bypassing the cooling fluid
into the control dewar. Nevertheless we have been able to reduce the density in the
cooling tubes by running with the heat exchanger bypass half open as evidenced by
the pressure measurements during quenches given in Table 4. The first column also
corresponds to measurements made under conditions similar to the original but at
a different time than the one indicated in Table 3. The second column corresponds
to operation with bypass valve half open. The liquid level in the control dewar
was higher for measurements of Table 4 than for those of Téble 3. The density
measurement for the second column is estimated from the maximum pressure in an
1800 A quench and is used to imply a velocity ratio range shown in the Table. The
higher value is obtained by assuming the heat exchanger has no effect and the lower
value by assuming the heat exchanger is still 100 percent effective. The truth is
somewhere between the two, and is compatible with v, /Viiquia = 1. The ratio of
gas to liquid velocity is sensitive to small changes in density and the ratio 3.8 shown

in Table 4 for the original condition is much larger than the ratio 1.3 shown in Table



3. This may be a reflection of the variability we have in our operating conditions.
The operation with the bypass valve half open was found to be much smoother than

with it closed, just as we found when we heated the fluid.

A.3 Effect of a heat load downstream of the magnet

We adopted the half open bypass valve as standard running condition. With this
condition, we tested to find out how the density of helium in the cooling tubes was
affected by a heat load downstream of the magnet, by turning on a heater in the
control dewar. Due to our mode of refrigerator operation, this forced the refrigerator
to deliver more refrigeration, thus more He mass flow so as to supply still some liquid
downstream from the magnet. That operation was expected to augment the average
amount of liquid in the magnet. Although our absolute density measurements were
subject to systematic errors, these errors should be the same for all conditions of
heat in the control dewar and we were able to measure density changes and to
predict increments in P,,,; during quenches for various conditions. Table 5 shows
the results of these tests. It is clear that we could not risk having an additional heat
leak greater than 50 or 60 watts downstream of the magnet without increasing the

peak pressures during quench to dangerous values.
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Table 3. Flow characteristics without bypass; change of flow by heating fluid

before sending it to the magnet cooling coils.

Heat added to fluid just after heat oW 75 W
exchanger and before supply lines

to the magnet cooling tubes

Pressure differential across the magnet | 3.2 x 10¢ | 3.2 x 104
plus transfer lines [Pascal]

Average operating pressure in magnet | 1.49 x 10°% | 1.58 x 10°
cooling tubes [Pascal-absolute]

Magnet plus transfer lines heat load 80 W 80 W
Measured average fluid density 0.064 0.047
in cooling tubes [g/cc]

Myas/ Miiquid 0.30 0.84

in cooling tubes

Mass flow [g/s] 6.0 11.1
Estimated average enthalpy per gram 17.2 21.1
of fluid ﬂowing through the magnet

cooling tubes [J/g|

Mgas/Miiquid in cooling tubes .40 1.01
Ygas/Viiquid 1.3 1.2
“R,” effective Reynolds No. 3 x 10° 6 x 10°
Ppaz @ 1800 A [Pascal-absolute] 1.4x 10%* | 1.0 x 108

*Extrapolated from quenches at 1200 A and 1600 A.
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Table 4. Flow characteristics with bypass; change of flow by changing setting

of the bypass value.

Bypass value position closed 1/2 open
(closed = no bypass)

Pressure differential across the magnet | 3.2 x 10* 2.1 x 10%
plus transfer lines [Pascal]

Average operating pressure in magnet | 1.49 x 105 | 1.45 x 10°
cooling tubes [Pascal-absolute]

Magnet plus transfer line heat load 80 W 80 W
Ppaz @ 1800 A [Pascal-absolute] 1.41 x 10%* | 8.1 x 10°
Estimated or measured average fluid 0.084 0.049
density in cooling tubes [g/cc]

Mgqs/Miiquid i cooling tubes 0.12 0.60
Mass flow [g/s] 6.1 6.9
Estimated average enthalpy per gram 17.3 16.2 to 24.0
of fluid flowing from the magnet

cooling tubes [J/g]

Mgas/Miiquia (range) 0.42 0.31 to 2.3
Ygas/Viiquid (range) 3.6 0.5to0 3.8

*Extrapolated from quenches at 1200 A and 1600 A.
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Table 5. Change in density with additional heat load in control dewar.

Additional heat in control dewar TW 20 W 23 W 60 W
Mass flow [g/s] 6.3 5.9 6.5 8.2
Ap [g/cc] .003 017 015 040
(Increase over density with

no added heat in control dewar)

Predicted increase in maximum 4x10* | 2.4x 10% | 2.1 x 10% | 5.7 x 10°

pressure [Pascal] during a quench.
(Increase over maximum pressure
during quench with no added heat

in the control dewar)
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