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EXECUTIVESU_Y

The purpose of the effort described in this report was to perform experiments and
calculations related to using a thermomechanical pump in the space-based resupply of

the Space Infrared Telescope Facility (SIRTF) with Helium II. The need for this ef-

fort was identified in the original SIRTF Instrument Changeout and Cryogen Replacement

(STICCR) study.

Thermomechanical (fountain effect) pumps have long been suggested as a means for pump-
ing large quantltles of Hellum II. More recently, the unique properties of Helium II

have made it useful for cooling space instruments. Several space science missions,

including SIRTF, are now being planned which would benefit greatly from on-orbit re-

supply of Helium 11. 3 The use of a ther_omechanical pump in accomplishing this resup-
ply has been examined at a system level. The characterization of thermomechanical
and centrifugal pumps as components has also been investigated. 4'6

We performed a series of experiments to demonstrate that large volumes of Helium II
can be transferred with a thermomechanical pump at high flow rates and at high effi-
ciency from one dewar to another through valves and lines that are similar to the
plumbing arrangement that would be necessary to accomplish such a transfer on-orbit.

In addition, temperature, pressure, and flow rate data taken @u_ing the tests were
used to verify and refine a computer model we have developed.

The test apparatus was cooled, filled, and successfully operated twice. The first
test (September 1986) was only partially successful. The thermomechanical pumps
transferred Helium II from one dewar to another and back, and a warm tank was cooled
and filled using a thermomechanical pump. However, the flow rate was much lower than
expected, 90 liters/hour, instead of the goal of 300 liters/hour. There were also
numerous problems with the instrumentation and data acquisition system. After the
first series of tests, modifications were made to the test apparatus, instrumentation,
and data acquisition system. In June 1989 a second series of tests was successfully
performed. Flow rates of up to 550 liters/hour were achieved and accurate
temperature, pressure, and flow rate data were obtained.

TEST RESULTS OVERVIEW

The following paragraphs present a summary of both the 1986 and 1989 transfer test
results. Figures 1 and 2 present the 1986 and 1989 system schemes of the test appar-
atus. The no-flow runs are with valves closed downstream of the porous plug stopping
all flow.

Summary of Flow Tests

In Figures 3 and 4, the flow data from the 1986 and 1989 test runs are plotted based
on flow rate, power input, and supply dewar pressure. The 1989 flow rates are a
strong function of the supply dewar pressure (or temperature) and heat input near the
porous plug. This is consistent with the theory of thermomechanical pumps given in
references 1 and 3. It also appears that the flow rate is not affected by flow
restrictions downstream of the porous plug or heat input far downstream of the plug.
The 1986 flow rates are not a function of supply dewar pressure or heat input. This
is probably due to the plug used in the 1986 tests being very undersized, such that it
could not pass more than 80 to 90 liters/hour, and the flow rate accuracy being
approximately 20 liters/hour. Also the range of supply dewar pressure was very
limited in the 1986 data.
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The Reynolds number of the Helium II flow through the transfer line was approximately

240,000 at the 90 liters/hour achieved in the 1986 tests and 1.5 million at the 550
liters/hour achieved in the 1989 tests.

Summary of No-flow Tests

In Figures 5 and @ the data from the 1988 and 1989 tests is plotted based on the sup-

ply dewar temperature, downstream temperature, and resulting downstream pressure.
Note that Figure 5 shows the apparent thermal conductance of the porous plugs since,

in the no-flow condition, the only place that the added heat could go is across the

porous plug, to the lower temperature supply dewar. The 1986 plug shows a much lower

apparent conductance than the 1989 plug, which is to be expected given its greater
thickness and smaller area.

The igsg data in Figure 5 shows that as the power is increased, the temperature dif-

ference across the plug increases, but not linearly as would be expected if the appar-

ent conductance was just due to the thermal conductance of the ceramic material. Part
of this apparent conductance is probably due to normal component flowing back through

the porous plug. This apparent conductance would cause a loss of efficiency in a

porous plug pump operated at high differential pressures and temperatures. The pres-
sure developed by the porous plug is a strong function of the supply dewar temperature

and the downstream temperature. This data is consistent with the data of reference 8
and the theory of reference g.

SummarLQf Cooldown Test

In the 1986 test, the ability of a thermomechanical pump to cool and fill an initially

warm tank was demonstrated. The receiving tank was drained of all Helium II and was
warmed to 60 K. The thermomechanical pump was able to cool and fill the receiving
tank. The Helium II appeared to start coming through the porous plug as soon as the
vent on the receiving tank was closed and the pressure in the receiving tank rose
above that in the supply tank. The vent valve on the receiving tank had to be regu-
lated to keep the pressure in the receiving tank from becoming very high as the Hel-
ium II liquid entered the warm tank and boiled.

Summary of Fill Tests

In both the lg86 and lg8g tests, we demonstrated that a thermomechanical pump can
completely fill a receiving dewar that is not vented. This was expected, due to the
high conductivity of Helium II and its strong tendency to be in equilibrium with its

vapor, and the high thermal efficiency of thermomechanical pumps. If the heat input

is not too great, all the heat causes flow through the plug with little heating of the
liquid.

COMPUTER MODEL

Concurrently with the development of the experimental hardware, Ball has developed a
computer program, Superflow, which models Helium II flow for one-dimensional, steady-
state cases. We used this model interactively with the test hardware to predict the

experiment results and to guide the hardware design. The results of the experiment
were used to further refine the model. Currently, the model is generating flow rates
and pressures within 10 percent of the experimental values when the experimental con-
ditions are used as boundary conditions.
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CONCLUSISNS REACHED REGARDING PUMP PERFORMANCE

o Thermomechanical pumps can rapidly transfer large quantities of Helium II
from one dewar to another through a long transfer line with significant
flow restrictions and heat input. We achieved flow rates of 550 liters/

hour through a transfer line that was 6.1 meters long and contained two
valves.

. Thermomechanical pumps are an efficient and reliable means for transferring
Helium II.

. Thermomechanical pumps can be used to cool and fill an initially warm tank.
We cooled and filled a dewar tank that was initially at 60 K using only a

thermomechanical pump.

. The Ball model, Superflow 2.0, accurately predicts the flow rate and pres-
sure profile for the various cases tested once the proper plug characteris-
tics and friction factors for valves and corrugated tubing are entered into

it.



Section ]

INTRODUCTION

This report presents the test results achieved at Ball Aerospace while performing

Helium II tests to evaluate the system effects of using a thermomechanical pump.

NASA-Ames Research Center (ARC) funded Ball under Contract Number NAS2-I1979 to con-
duct tests and calculations relating to thermomechanical pump technology as used in

space-based superfluid helium resupply systems. This effort is in support of the

Space Infrared Telescope Facility (SIRTF).

SIRTF is a long-life, space-based telescope for infrared astronomy from 2 Fm to 700 Fm
currently under investigation by NASA-ARC. It will be cooled to below 2 K by super-
fluid helium. The lifetime of the mission will be limited by the lifetime of the
liquid helium supply. To maximize the scientific return for the total overall cost of
the SIRTF mission, it wili be necessary to periodically replenish the liquid helium
cryogen life or find some means to develop and guarantee an ultra-long-life dewar.

Specific tasks identified by the Statement of Work were:

Experiment Preparation. The contractor shall determine by computer simula-
tion the maximum transfer rate that can be achieved with a practical mod-
ification of the contractor's existing equipment. The contractor shall
modify the equipment to achieve this flow rate with a goal being 300
liters/hour. The contractor shall precalibrate the liquid level sensors
and cryogenic pressure transducers in a small superfluid helium system.
The contractor shall assemble and leak check the system, and achieve a high
vacuum in the guard vacuum space.

Steady State Flow Experiments. The contractor shall measure the pressure,
temperature, and heat flow in a transfer line as a function of mass flow
rate, along the transfer line. The range of these parameters shall span
the range from zero flow to the maximum flow rate that can be practically
achieved with the apparatus. These measurements shall be compared to pre-
vious simulations of the transfer process. The effects of coupler and
transfer line heat leak shall be simulated with heaters.

Transient Behavior. The contractor shall perform a cooldown of the trans-
fer line and the receiver tank. During the cooldown, the contractor shall
monitor the pressure, temperature, heat and mass flow histories of the
tanks and of the transfer line, and shall compare these results to previous
calculations, if any, of the process.

Pump Performance. The contractor shall measure the pressure head vs. mass
flow as a function of heat input of the two thermomechanlcal pumps, relate
performance to heater design and location, and compare the results to cal-
culations and simulations of the pump performance. The contractor shall
perform transfers under conditions predicted by computer slmulations to
create the fastest and most efficient transfers, and compare the results to
the simulations.

Deliverable Items. The contractor shall deliver a report containing a
summary of the experimental data and theoretical calculation simulations.
The report shall also contain a summary of the accuracy of the data and any
significant deviations between theory and the experiment. The contractor
shall also deliver detailed experimental data upon the request of the
customer.

1-1





Section 2

DISCUSSION OF TESTS PERFORMED DURING 1986

The following paragraphs document the test apparatus configuration; some of the re-

ceiving and bench tests performed to calibrate the porous plugs; and the transfer test
results.

2.1 TEST APPARATUS DESCRIPTION

A flow schematic of the test apparatus is shown in Figure 7. The large vessel has a
volume of S?O liters. It is surrounded by three vapor-cooled shields, multilayer

insulation, and an outer shell. The large vessel is annular with a 45.7 cm diameter
instrument cavity in the middle. The small vessel is an 80-1iter welded stainless

steel cylinder with dished heads. It is located in the large vessel instrument cav-

ity, but is thermally isolated from the large vessel by fiberglass supports, 20 layers

of multilayer insulation, and vacuum.

The plumbing and valve arrangement and the two thermomechanical pumps allowed Helium

II to be pumped from either the small vessel to the large vessel (path A) or from the

large vessel to the small vessel (path B). The path A transfer line was 609 cm long,

447 cm of which was corrugated stainless steel flexible tubing that had a minimum ID
of 1.25 cm and a maximum ID of 1.88 cm. The balance of the transfer line was rigid

stainless steel tubing with an ID of 1.0 cm. The path A transfer path had an electric

heater wrapped around a section 7.0 cm long, 145 cm downstream of the porous plug.

Path A also had two globe-style bellows valves: one (VI) with a 0.3 cm diameter ori-

fice 430 cm downstream of the porous plug, and the other (V4) with a 1.5 cm orifice

540 cm downstream of the porous plug.

A germanium resistance thermometer was placed on each side of the porous plug, at

three locations downstream of the porous plug (at 81, 151 and 421 cm), and in the

large vessel which acted as a receiver dewar. Three Siemens KPY-12 pressure trans-

ducers were placed downstream of the porous plug: one to measure the pressure at the
plug on 0.2 cm diameter tube that branched off the plug and ran vertically to the top

of the small tank, one 428 cm from the plug, and one 502 cm from the plug.

Transfer path B was 350 cm long, was almost entirely corrugated tubing like that used
in path A, and included globe valves downstream of the plug. A section of path B,
92 cm long downstream of the plug, was wrapped with heater wire. There was a GRT
mounted on the downstream side of the plug and a pressure transducer downstream of the
plug.

The vent lines from the large and small vessels were routed through high-conductance
valves and a heater hose to a vacuum pumping system with a capacity of
700 liters/second down to one torr.

The porous plugs used as the thermomechanical pumps in both flow paths were made of a
porous ceramic similar in composition to mullite ceramic. Bubble tests of these plugs
showed them to have a maximum surface pore diameter of 0.5 micron. By weighing the
plugs dry and then saturated with water, we determined that the plugs had a 41 percent
void volume. Several plugs from the same batch were broken with a hammer across the
thickness, and scanning electron microscope (SEM) photographs were taken of the plug
m_crostructure. Figure 8, as well as other photographs not shown, show that the
microstructure is quite rough, with many void dimensions much larger than 0.5 microns.
SEM photographs of the surface of the plugs indicated fewer voids on the surface than

2-1
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Figure 8. Scanning electron microscope photograph of the porous plug interior.
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inside the plug. The plug manufacturer, Coors Ceramics, has reported a 'skin effect"
such as this in other applications.

The porous plug used in path A was 1.27 cm thick and 3.81 cm in diameter. It was

bonded into a stainless steel retainer and a GRT was bonded to each side w_th Stycast
epoxy as shown in Figure 9. The resulting exposed surface area was 9.7 cm'. The
retainer was sealed between the heater housing and a flange on the side of the small
vessel using bolts and indium wire. The heater was mounted approximately 0.6 cm from
the surface of the plug.

The porous plug used in path B was 1.27 cm thick and 2.54 cm in diameter. It was
bonded into a stainless steel retainer and a GRT was bonded to one side as shown in

2
Figure 9. The resulting exposed surface area was 4.10 cm . The retainer was sealed
to the heater housing using indium wire. The heater housing was welded onto the end
of the vacuum-jacketed transfer line which hung inside the large vessel.

The heaters used in both flow paths were precision wire wound resistors which had very
low resistance change with temperature. They were mounted in the fluid and sized so

that the heat flux stayed substantially below the critical heat flux which would cause
boiling, approximately 3 W/cm*.

The small vessel was wrapped with phosphor-bronze wire to provide a capability for
warming it up. This heater wire was bonded to the small vessel with varnish and was
covered with 20 layers of multilayer insulation.

2.2 ESTIMATED DATA ACCURACY AND LIMITATIONS

The test apparatus was prepared for the test by pumping a high vacuum (better than
10 -s torr) on the guard vacuum, and vacuum pumping and helium purging the vessels and
all plumbing several times. The two vessels were filled with normal liquid helium and
then converted to Helium II by vacuum pumping. The GRTs, which had been calibrated by
the manufacturer, were recalibrated by measuring the helium vapor pressure with pres-
sure transducers that have an accuracy of 0.1 torr. The GRTs were repeatable to with-
in 10 mK and were accurate to within 20 mK. The pressure transducers were accurate to
within 10 torr; cold pressure transducer 2 (CP2) could read a maximum o_ 220 torr,
while CP1 and CP3 could read a maximum of 260 torr. Cold pressure transducer CP1 was

not accurate at pressures less than 10 torr over saturation pressure, since this was
the amount of head that the pressure had to overcome.

The flow rate was determined by taking the derivative with respect to time of the
small vessel liquid volume. The flow rate data had a noticeable amount of noise on
it, which has been traced to the commercial liquid level probe power Supplies.
Contributing to this problem was the amplifying effect on noise of taking the small
difference between two numbers and then multiplying by a large constant.

2.3 CHRONOLOGICAL SUMMARY OF TESTS PERFORMED IN 1086

The following is a brief chronological summary of all the tests performed in September
1986. Paths A and B are shown in the simplified test apparatus schematic in Figure 1.
The no-flow runs have the valves closed downstream of the porous plug, stopping any

flow.

2-4
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 17/8s

No-flow run 1 along path A; 3 W of heater power applied at the porous plug.

Flow run 1 along path A; 3, 6, and 12 W of heater power applied at the porous p]ug.

No-flow run 1 along path B; 0.8 mW to 1.6 W of heater power applied at the porous
plug.

9/18/86

Flow run 1 along path B; 0.9 to 4.7 W of heater power applied at the porous plug.

No-flow run 2 along path A; 0 to 1.0 W of heater power applied at the porous plug.

Flow run 2 along path A; 0 to 4.0 W of heater power applied at the porous plug, 2.0 W
of heater power applied at the bayonet heater.

Flow run 2 along path B; receiving dewar initially warm (60 K); 0.1 to 1.5 W applied

at the porous plug; receiving dewar filled completely.

2.4 TEST PROCEDURES AND RESULTS

The first experiment was to demonstrate the "London pressure "g that could be generated
by having the thermomechanical pump pressurize a closed line. This was done by clos-
ing valves Y4, V2, V3, V7, and opening valves V8 and VlO. No heat was supplied by the
heater, but there was a temperature gradient across the plug, with the downstream side

of the plug being warmer because the small tank was being pumped by the vacuum system.

Figure 10 shows the resultant pressure rise with time for the three cold pressure

transducers that were connected into the downstream side of the plug. Fi_e !0 also

shows the pressure on the downstream side of the plug calculated from the temperature

on either side of the plug and the "London relation": AP = f p s dT, where the tem-
perature, T; entropy, S; density, and # are integrated across the plug. The pressure
transducer values were adjusted for pressure head effects and the discrepancies

between the data and theory are probably due to inaccuracies in the transducer data.

The next experiment was to transfer approximately 40 liters from the small tank to the

large tank along path A. This was done by opening valve V4 and allowing helium to

flow with no input from the heater. The flow rate began to drop off, and after 12.5

minutes heater H2 was supplied 3 W of power. At a time of 18.0 minutes the H2 power

was increased to 6 W, and at 23.5 minutes it was increased to 12 W. At 30 minutes the
power to H2 was reduced to zero, and the transfer was allowed to continue for another
14 min.

Figure U shows the liquid volume in both tanks, the total liquid volume, and the flow
rate between the two tanks. The liquid volume shown for the small tank is ap-
proximately the total volume, while the large tank volume has had an offset factor
subtracted from it so that the volume is zero at the start of the flow test for com-

parison to the small tank.
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It can be seen in Figure II that the total liquid volume decreased 3.5 to 0.5 liters

during the transfer of 36 liters or a 9.7 _1.4 percent loss. This compares to a loss

of 2.8 liters, which would be expected due to the total electrical heat input and the
small tank heat leak. The difference is probably due to the heat leak into the large

tank, which is not known. In an ideal transfer, the total helium loss has been calcu-

lated to be 1.3 percent at the 1.5 K supply temperature, The experiment was not an
ideal transfer in that the power levels over 3 W caused additional helium boiloff, but

no additional flow rate. If the transfer had been run with a continuous 3 W input,

the resulting helium loss would have been 0.97 liters or 2.4 percent. It appears that

the most efficient heater power would have been somewhat less than 3 W.

Figure 12 shows the temperature profile as a function of distance from the supply

dewar to the receiver dewar along the transfer line for various heater inputs and flow

rates. These profiles show that the flow appears to be restricted by the porous plug

at high heater powers.

A similar experiment was performed in which helium was transferred from the small tank
to the large tank using path A, but additional heat was added at heater H4 to simulate
the heat leak from a bayonet coupling. Figure 13 shows the temperature profile as a
function of distance from the supply dewar to the receiver dewar along the transfer
line for various heater inputs and flow rates. Note that the flow rates and temper-
ature profiles are similar for the cases where 6 W was applied at H2, where 4 W was
applied at H2, and where 2 W was applied at H4.

The final experiment consisted of cooling and filling an initially warm tank. The
small tank was heated above 60 K. Valves VT, Y8, Y9, VlO, and Vll were initially
opened and the rest of the valves were closed. Valve V2 was opened in an attempt to
start the transfer. No transfer started, even when 1.1W was applied to heater H6.
It was noted that the pressure in the receiving (small) tank and line was 3 torr,
while the pressure in the supply tank was 16 torr as shown in Figure 14. Valve VlO
was then closed and the pressure in the small tank and transfer line increased until
it was equal to the pressure in the supply dewar. Within a few minutes, the pressure
in the small tank increased and the temperature decreased rapidly, indicating that
liquid helium was being transferred. The small tank was then filled at a rate of
30 liters/hour until it was completely full.

It is apparent that a necessary condition for liquid to break through a porous plug is
that the pressure on the downstream side of the plug be equal to or greater than the
supply side.

2-8



2.40

2.30

r _.

_" 2.00- "'- "_

'I--'_ _ _ "_'

1.80-

n 1.70- __._._ _J

1.61

'- 1.5o,J i?
':_ u,-^'r_= - VALVE V4

,,.,-,,LR H2 VALVE Vl LV1.40

 a0 , PoRods,PLUG!
r

0 200 400 600
DISTANCE, cm

Figure 12. Temperature profiles along path A during run I of the1986 tests. Zero heat input at
the porous plug is the [] and the x symbol, 3.0 watts at the porous plug is the + symbol, 6.0
watts at the porous plug is the <>symbol, and 12.0 watts at the porous plug is the/k symbol.

2.30

.-,-E
J

J

0 0
VALVE Vl --VALVE V4

600

Figure 13. Temperature profiles along path A during run 2 of the 1986 tests. Zero heat input
at the porous plug is the [] symbol, 6.0 watts at the porous plug is the + symbol, 4.0 watts at
the porous plug is the <_symbol, and 4.0 watts at the porous plug and 2.0 watts at the bayonet
heater is the/_ symbol.

2-9



Vl0 --_ OPEN i

VlO

rr

O_
O)
LU
n-
O.

60 L

50_

CLOSE VIO
40-

OPEN H6
30 V2 lW H6

10-- L .l**_.+ '_

0 20 40

TIME,
-- LARGE VESSEL

>r

', CLOSE VlO

60 80 100

MINUTES
t SMALL VESSEL

120

40.0

(/)

I,-
,-I
.3

o
I,-

&

o

9,0.0

20.0

I0.0

0.0

-10.0

-20.0

0 20 40 60 80 100 120

TIME.MINUTES

Figure 14. Pressures in tanks and flowrate during 1986 fill of an initially warm (run 2 along path B).

The supply dewar pressure is the - symbol and the receiver pressure dewar is the + symbol.

2-10



Section 3

DISCUSSION OF TESTS PERFORMED DURING 1989

The following paragraphs document the test apparatus configuration and test results

for the last series of superfluid helium transfer tests.

3.1 TEST APPARATUS DESCRIPTION

The test apparatus which was used in the 1986 test was modified and used again for the
1989 test. These modifications were undertaken to eliminate the problems that oc-

curred during the 1986 test. The plumbing and sensors are shown in Figure 15. As was
the case in the 1986 test, a small tank was placed in the instrument cavity of the
large dewar, and a transfer line was used to connect the two tanks.

Figure 16 is a photograph of the small tank and the first part of the transfer line
before they were installed in the large dewar. Figure 17 shows an external view of
the test dewar and the overall test arrangement.

The pogous plug in path A was replaced with a porous plug which had a surface area of
500 cm', 50 times the surface area of the original porous plug. This porous plug was
0.3 cm thick and had four closed-end cylinders 1.9 cm in diameter by 20 cm long.
These cylinders were bonded into a stainless steel retainer which was sealed with
indium between the heater housing and a flange on the side of the small vessel. A
photograph of the assembled porous plug is shown in Figure 18. The heaters, shown in
Figure 19, were four 9-inch long, 8-inch thick copper rods wrapped with nichrome wire.
These were placed inside a 0.25-inch OD thin-walled brass tube which was filled with
epoxy. One of each of the completed heater assemblies were then mounted inside the
porous plug cylinders. The porous plug for path B was the same as that used in the
1986 tests. During the 1989 tests, path B was used only to transfer Helium II hack to
the small tank so that transfers along path A could be run again. No significant data
was collected during the path B transfers. During leak tests it was discovered that
valve V7 did not close completely. To correct this, valve V9 was placed in series
with valve V7. Valve V7 was left open for the entire test and V9 used in its place.
Due to problems engaging the actuator on valve Vg, the actuator was engaged at the
start of the cooldown and left engaged for the entire test.

Germanium resistance thermometers (GRT) were placed on each side of the porous plug,
at the bottom of the supply dewar, and at five locations downstream of the porous
plug. Three Siemens KPY-12 pressure transducers were placed downstream of the porous
plug. One KPY-12 pressure transducer measured the pressure across the plug. The
silicon diodes were used to monitor temperatures during the cooldown and warmup of the

dewars. Two warm pressure sensors, one 0 to 100 torr and one 0 to 1000 torr, were
placed on each dewar and were used to measure the bath pressure when VlO and Vll were
closed. The exact location of these sensors is given in Table 1.

To correct the noise problems which occurred during the 1986 tests, each sensor had
its own dc power supply and a custom-manufactured amplifier designed to raise the
signal from the sensor to a voltage between zero and 10. This voltage was converted
into a 12-bit digital signal. The data acquisition system was developed using com-
mercial software and an IBM PC-AT. During data acquisition, the incoming digital
signal was sampled once every five seconds. Current temperatures, pressures, liquid
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Figure 16. Overall view of the apparatus iJse_:l in (he 1989 helium transfer tests. The test dewar

contains both the large and small tanks. The boxes containing the power supplies and amplifiers

for the instrumentation are mounted just above the dewar.

Figure 17. The small tank and the first part of the transfer line used in the 1989 helium transfer
tests. The transter line is wrapped around the small tank, but insulated from it.
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Figure 18. The porous plug assembly used on path A in the 1989 helium transfer tests. The four
plugs are bonded into one retainer. A heater is inserted inside each of the four hollow plug tubes
and the assembly is then inserted into the small tank. Cold pressure transducer 3 (CP3) can be
seen mounted at the top of the assemby.

Figure 19. The porous plug heaters used in the 1989 helium transfer tests. The heaters were
wired in pairs and one heater was inserted in each porous plug cylinder.
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Table 1
PRESSURE AND TEMPERATURE SENSORS

USED IN THE 1989 TESTS

SENSOR

CPI

CP2

CP3

CP4

GRT 1

GRT 2

GRT 3

GRT 4

GRT 5

GRT 6

GRT 7

GRT 8

GRT 9

GRT 15

LOCATION

Path A, 151 cm from
porous plug

Path A, 428 cm from

porous plug

Path A, at porous plug

Path A, 502 cm from

In small tank, 2.0 cm
off the bottom

On supply side of path A

porous plug

On path A transfer line,

29 cm from porous plug

On downstream side of

path A porous plug

On path A transfer line,
151 cm from porous plug

On path A transfer line,
421 cm from porous plug

On downstream side of

path B porous plug

In large tank

On path A transfer llne,
81 cm from porous plug

On path h transfer line,
505 cm from porous plug

REMARKS

Absolute pressure

Absolute pressure

Differential pressure
across porous plug

Absolute pressure

Shorted to ground

Not connected in 1989 tests,

pressure data used

Appears to have had poor thermal
connection to transfer line liquid
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levels, and flow rates were calculated and displayed on the screen for real-time mon-
itoring of the test. The raw voltage data was also written to a disk file for later
evaluation.

3.2 CALIBRATION PROCEDURE

3.2.1 Calibration Test

Prior to the final test in 1989, a series of calibration tests was performed. These
calibration tests had three main objectives. The first and primary goal was to obtain
a set of data which could be used to relate the voltage output of the GRTs and the
cold pressure transducers (CPs) to temperature and pressure, respectively. The second
objective was to verify the repeatability of these sensors over a number of thermal
cycles. The final objective was to identify and eliminate sensors which had low
gains, were not repeatable over separate thermal cycles, or had outputs which would be
out of the range of the A/D converter in the range of conditions expected during the
final helium transfer experiment.

This calibration test was performed in a 7-inch diameter lab dewar with a nitrogen
shield. The CPs were connected through a common manifold. On one side was the helium
bath and on the other side was _elium 3. This arrangement allowed for calibration of
the CPs off the saturation line. Four GRTs were attached to the bottom of a probe
which ran the length of the dewar. This ensured that the GRTs were in contact with
liquid helium throughout the test.

The electronics were calibrated prior to cooldown using a calibrated decade resistance
box. The dewar was filled with liquid helium and the temperature lowered to approxi-
mately 1.S K by pumping on the bath. The pump was then turned off and the bath pres-
sure was allowed to rise past the lambda point. While the bath pressure was rising,
the pressure on the Belium 3 side was independently raised and lowered. Once the bath
pressure had gone above the lambda point, the pump was reattached and the pressure was
again lowered to approximately 4 torr. This thermal cycling was continued until all
the liquid helium had evaporated. This complete test procedure was repeated three
times and complete data sets taken each time. The data from the first calibration
test was extremely noisy due to grounding problems and was not used for calibrations.
This was corrected and good data was obtained in the second and third runs.

3.2.2 GRT Calibration

The bath temperature at the time of each data sample was ca!culated using the pressure
measured with a warm pressure sensor. A fifth order logarithmic curve fit equation
was calculated relating the pressure and temperatures along the saturation curve.
Data for this curve fit was taken from the National Bureau of Standards (NBS) pub:

• le
]ished tables of the vapor pressure for helium. By comparing data from the second
and third tests, it was determined that within the accuracy of our setup no change in
the GRT's resistance as a function of temperature occurred between cooldowns. Data
from the two final runs was combined and a polynomial curve-fit analysis performed. A
fifth order poIynomia] equation was calculated which was then compared with the orig-
inal data. The largest residual errors in the range of temperatures expected during
the test, from 1.4 K to the lambda point, was S mK. GRTs 4, 5 and 15 were calibrated
during these calibration tests, and these curve-fit equations were used in the analy-
sis of the transfer test data. The fourth GRT which was calibrated during this test
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was kept as a backup in case one of the other eight GRTs failed prior to cooldown and

needed to be replaced.

The other five GRTs, (GRT1, GRT2, GRT3, GRT6, and GRTg) were calibrated using the in-
place calibration data taken during cooldown and warmup. During cooldown of the test
dewars, pumping was stopped at 15 predetermined bath pressures and data collected for
approximately two minutes. These pressures ranged from 200 torr to 4 torr, with data
taken every 5 torr beginning just below the lambda point. This procedure was repeated
during the warming of the dewars after all the transfer tests had been completed.
Bath temperature was again calculated using the warm pressure sensor and the NBS vapor
pressure data. Fifth order curve-fit equations were calculated for these six GRTs
which gave temperature as a function of voltage. Again, error analysis was performed
comparing the curve-fit equations to the original data, and the largest residual error
was 8 mK. The temperatures calculated for these GRTs were compared with the tempera-
tures given by GRT4 and GRT5 using the the calibration equations from the calibration
tests. These were within 15 mK of each other.

3.2.3 Cold Pressure Sensor Calibrations

During the cooldown for the second calibration test, one of the CPs failed. The line
connecting the sensor to the bath was blocked on a second CP, resulting in good data
being collected for only two CPs during the second calibration run. Good calibration
data was collected on all four of the CPs installed for the third calibration test.

CP3 was left in place for both the second and third calibration runs to test for cali-
bration shifts caused by the thermal cycling between cooldowns.

This data showed that the slope of the calibration curve changes only very slightly,
but that the zero of the CPs changes significantly between cooldowns, on the order of
6 tort. By comparing the output of the CPs at the same absolute pressure differences
but taken at different temperatures, it was determined that very little temperature
dependence existed over the temperature range of interest.

Due to the zero shift which occurs during thermal cycles, it was necessary to cali-
brate the CPs in place after the test setup had been cooled to operating temperatures.
This was done using the data collected during the no-flow runs. CP3 measured the
pressure difference between the transfer line and the small dewar. Before the start
of the no-flow runs, valve V9 was opened to equilibrate the pressures in the small
dewar and the transfer line. This data was used to establish the zero point of CP3.

Once V9 was closed, the CPs on the transfer line were exposed to the same hath pres-
sure. This pressure was calculated by adding the pressure in the small tank to the
pressure measured by CP3. By subtracting the pressure head caused by the column of
liquid above the position of each CP, an accurate set of calibration data was obtained
and used to calculate the slope and zero for each of the three CPs down the line from

the porous plug. As predicted by the calibration tests, the slope that was calculated
for these CPs was nearly exactly the same as those found during the calibration tests.

3.2.4 Estimated Data Accuracy and Limitations

The absolute best accuracy possible for this test was set by the digital bit conver-
sion of the analog voltages. In the case of the GRTs, this raw voltage data was con-
verted into resistance between zero and 5000 ohms. Given that a 12-bit analog-to-

digital conversion was performed, the best resolution possible would be 1 ohm. This
represents a best possible temperature resolution of 0.5 mK for a typical GRT. How-
ever, additional errors and uncertainty are added because of electrical system noise;
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inaccuracy of the curve-fit equations used to convert the voltage output of the sen-

sors to the temperature or pressure; and fluctuations in the sensors themselves, the
electronics, and other sources. The accuracy of the curve-fit equations was calcu-

lated by comparing values which these equations gave to the original data used to
calculate the curve-fits. The noise due to the electronics was estimated by placing a

constant resistance across the leads to the sensors and recording the fluctuations in

the voltage outputs. Finally, fluctuations in the sensors themselves were estimated

by comparing data taken during the series of calibration tests run in 1989. This was

kept to a minimum by using those sensors which had proven repeatable.

Taking all these factors into consideration, we have estimated the accuracy of the

data. Pressures are accurate to within 1 torr. Temperatures are accurate to within
20 mK when the sensors are in thermal contact with Belium II in the line. Heater

power is accurate to within 50 mW. The total liquid volume is accurate to within
4 liters.

The instantaneous flow rates are accurate to within 60 liters/hour, while the average
flow rates, calculated from long-term changes in volume, are accurate to within
approximately 20 liters/hour. The large amount of noise and uncertainty in the
instantaneous flow rates is due to it being derived from the small difference between
two liquid level readings only 10 seconds apart and then multiplied by a ]arge factor
to get liters per hour. This tends to greatly exaggerate noise due to electrical
interference or uneven wetting of the superconducting wire by the _elium II. This
data could be smoothed by a variety of methods, such as simply taking longer sample
intervals, but all of these methods tend to distort the data with respect to time,
which is more subtle and difficult to account for.

Due to a wiring error, the cold pressure transducers could not measure pressures above
280 torr.

Temperature sensor T2 could not measure temperatures below 1.55 K and data from T2 is

not shown below this point.

Temperature sensor T7 was shorted to ground across two of its leads and was not
usable.

Temperature sensor T15 was sending good data during the initial fill of the test fa-
cility with liquid helium. Once this transfer was complete and the roughing pump
started, the data from T15 continued to show some temperature dependence, but the
voltage output dropped to one-third of the value expected at these temperatures. The
electronics, including the power supplies and amplifiers, were checked after the test
and eliminated as possible sources of this discrepancy. Two theories have been devel-
oped to explain this drop. The first is that the bonding material holding the GRT to
the transfer line was cracked during the rapid cooling caused by the start of the
transfer of liquid helium, and that solid thermal contact was then lost when the vi-
brations from the start of the roughing pump shook the GRT loose from the transfer
line. The second is that due to its position at the top of the transfer ]ine, this
sensor was never in contact with liquid during any of the runs. This problem is still
being investigated and a conclusion on the cause and whether the data is recoverable
has not been determined. Therefore this data is not shown.

A vacuum pump exhaust flow rate measurement was taken, but an electrical problem
caused the measurements to fluctuate back and forth to zero. At the time of this

report, this was still being investigated to determine if the non-zero results are
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this was still being investigated to determine if the non-zero results are accurate,

so this data is also not shown.

3.3 CHRONOLOGICAL SUMMARY OF TESTS PERFORMED IN 1989

The following is a brief chronological summary of all the tests performed in June

1989. The no-flow runs are with valves closed downstream of the porous plug, stopping

any flow. There was very little instrumentation on path B, and the transfers along

path B served primarily to move the Helium II hack to the small tank so that a path A

transfer could be performed again.

6/20/8 

Flow run 1 along path A; 0 and 6.0 W applied at the porous plug.

Flow run 1 along path B; 0.6 to 3.9 W of power applied at the porous plug.

Flow run 2 along path A; 20 W initially applied at the porous plug; later in the run,

18 W applied at the porous plug while 2 W were applied at the bayonet heater.

Flow run 2 along path B; 0.8 W applied at the porous plug.

No-flow run 1 along path A; 4.0 and 7.5 W applied at the porous plug.

Flow run 3 along path A; 24 W applied at the porous plug and 6.0 W at the bayonet
heater.

Flow run 3 along path B; 1.0 W applied at the porous plug.

6121189

Flow run 4 along path A; 12 W of power applied at the porous plug, 2 W of power ap-

plied at the bayonet. Valve V1 initially partially closed and then later fully

opened.

Flow run 4 along path B; 1.1W applied at the porous plug.

No flow run 1 along path A; 4.0, 8.0 and 12.0 W were applied at the porous plug.

Flow run 5 along path A; 20 W of heater power applied at the porous plug; Valve Vl

initially partially closed and later fully opened.

Flow run 5 along path B; 1.2 W applied at the porous plug.

3.4 TEST PROCEDURES AND RESULTS

Data for this experiment was taken two hours at a time. To avoid having to give
times in thousands of seconds since the time data acquisition was started, a start

time was defined for each experimental run. This was chosen one or two minutes before

the transfer started. All times given in this section are in minutes after this start

time.

3-9



All data which we know was in error due to amplified sensor outputs which were beyond
the capacity of the A/D converter have been eliminated from the graphs in this
section.

3.4.1 Flow Tests

The results of the first experimental run are shown in Figures 20 through 27. During

the first part of this run, no power was supplied to the heater to measure flow rate
due to the difference in temperature between the two tanks. The power supplied for
the remainder of the flow test, 6 W, was chosen to correspond with power settings used
a number of times during the 1986 tests.

In this first run, the valve between the supply tank and the receiver tank (V4) was
opened at 0 minutes, but power was not applied to the porous plug heaters for 8.5
minutes. During this time, 5 liters flowed from the supply tank to the receiver at an
average flow rate of 35 liters/hour. When 6 W of power was applied at the porous
plug, we obtained an average flow rate of 280 liters/hour. Power was turned off at
16.9 minutes and valve V9 opened at lg.2 minutes. During the transfer of Helium II,
the vent valve for the supply tank (YlO) was kept open and the vent valve for the
receiving tank (Vll) was closed.

The results of the second experimental run are shown in Figures 28 through 85. The
computer model had predicted that 20 W of power input at the porous plug would achieve
the maximum flow rate possible with this setup. During the start of this run this
power setting was used. During the second half of this run the power input of 20 W
was kept constant, but it was split between two locations: at the porous plug and at a
location along the transfer line. This was done to simulate the effect of a bayonet
coupling heat leak on the transfer.

To begin the second transfer, valve Y4 was opened and 20 W of power was applied to the
porous plug heater at 2.8 minutes. Approximately 2.5 minutes later, the porous plug
heater was reduced to 18 W and 2 W were supplied at the bayonet heater. Both of these
heaters were turned off at 14.25 minutes and valve V9 opened at 17 minutes. The aver-
age flow rate over the entire run was 470 liters/hour, with instantaneous flow rates
of approximately 550 liters/hour at the beginning of the test run and 350 liters/hour
at the end of the test run. Adding 2 W of heat at the bayonet instead of at the
porous plug did not have a noticeable effect on the flow rate, but it lowered the
pressure generated by the porous plug and increased the temperatures downstream of the
bayonet heater. There is no event associated with the sudden rise in temperature of
T5 and T6 at 4.5 minutes.

During the transfer back to the small dewar after the second test, we were able to
fill the small dewar completely full of liquid helium. At the end of the return
transfer along path B, the readings from liquid level 1 went to the highest level
reached during any of the tests. When this reading was observed, a sudden rise in the
small tank pressure was also observed. This is the same result observed during the
1986 test when the small dewar was filled completely.

The results from the third experimental run are shown in Figures 36 through 43. In
this transfer, 24 W of power was supplied to the porous plug heater. This was 4 W
above the power supply which the computer model had predicted would cause a maximum
flow rate to occur. This power was used to test this prediction and to obtain data on
an overdriven system. Again during the test power was added at the heater located on
the transfer line to simulate a heat leak caused by a bayonet couple.
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The third transfer was started at the conclusion of the first no-flow test. During

the no-flow test, 6.8 W was applied to the porous plug heater. This power was left on

during the start of the third transfer. To start the transfer valve, ¥4 was opened at

2.6 minutes, and 24.0 W of power was applied to the porous plug heater at 3.2 minutes.

Five minutes later, 6.0 W of heat was applied to the bayonet heater. The heater power

was turned off at 13 minutes and valve V9 opened. During this transfer, only the vent

valve for the supply tank (YlO) was kept open. The average flow rate over the entire

run was 460 liters/hour, with instantaneous flow rates of approximately 550

liters/hour at the beginning of the test run and 350 liters/hour at the end of the

test run. Adding 2 W of heat at the bayonet instead of at the porous plug did not

have a noticeable effect on the flow rate and had only a slight effect on the transfer

line pressures. The bayonet heater did have a very noticeable effect on the

temperatures downstream of the bayonet heater. There is no event associated with the

sudden rise in temperature of TS and T6 and 4.2 minutes.

The results of the fourth experimental run are shown in Figures 44 through Sl. During

the start of the transfer, 12 W was applied to the porous plug heater. This value was
chosen as an intermediate point between the 6 W used during the initial run and the

18 W used in the second run. Experimental data was also gathered on the effect of a

constriction in the transfer line by partially closing a valve which was in between

the supply and receiver dewars. At the end of the experiment, 2 W of power was ap-

plied to simulate the heat leak of a bayonet couple.

At 0.5 minutes, 12 W of heater power was applied to the porous plug heater. Valve V4

was opened at 1.5 minutes and the liquid level gauges were not turned on until 1.7

minutes. The latter was a procedural error. At the beginning of the run, valve ¥1,
which is in the middle of the transfer line, was intentionally left open only 1.5

turns. (Note: for this valve four turns is full open.) At 6.5 minutes, V1 was fully
opened. Note that the opening of V1 had considerable effect on both the temperature

and pressure profiles, but had no effect on the flow rate. The average flow rate

before and after V1 was opened was 300 liters/hour. At 13.0 minutes, 2 W of heat was

applied to the bayonet heater. Again, while affecting the temperature and pressure

profile, it had little effect on the flow rate, which dropped slightly to 280

liters/hour. Heater power was turned off at 15.3 minutes and valve V9 opened at 18.3
minutes. During the transfer of _elium II, the vent valve for both dewars was kept

open.

The results of the fifth experimental run are shown in Figures $2 through 59. This

was a repeat of the previous experiment with the power supplied to the porous plug

heater being raised to 20 W.

To start the fifth transfer valve, V4 was opened at 3.2 minutes and 20 W of heater

power was applied to the porous plug heater at 3.6 minutes. Valve Yl was initially

positioned as in the fourth run, 1.5 turns open, and was fully opened at 6.4 minutes.

The opening of this valve caused a very large change in the pressure profile, a slight

change in the temperature profile, and little change in the flow rate. The average
flow rate decreased from 450 liters/hour at the beginning of the run to 420

liters/hour at the end of the run. Some of the pressure data had to be taken by hand.
in the 3.2 to 6.4 minute period which is why some data points are missing. During

this transfer, the vent valve for both dewars was kept open. There is no event

associated with the sudden rise in temperature of T5 at 5.0 minutes.
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Figure 45. Flow rate out of the small tank during 1989 run 4 along path A.
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3.4.2 No-flow Tests

The results from the first no-flow test are shown in Figures 60 through 67. In this

experimental run, valve V9 was closed at 3.6 minutes. At 10.8 minutes, 4 W of power

was applied to the porous plug heater. A stable temperature and pressure value was

reached while this power was being applied. The power was raised to 8 W at 18.3 min-

utes. The experiment was ended at 22.6 minutes when valve V4 was opened and the third

transfer run was begun.

The results of the second no-flow test are shown in Figures 68 through 75. In this

no-flow run, 4 W of heater power was supplied to the porous plug heater at 1.7 min-

utes. Valve V9 was closed at 2.2 minutes. At 6.5 minutes, the heater power was in-

creased to 8 W and increased again to 12 W at 8.5 minutes. Valve V4 was opened at 9.8

minutes ending the no-flow experimental run and beginning transfer run 4.
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Section 4
CO_IPARISON TO FLOW MODEL

Our theoretical understanding of Helium II flow through porous plugs and transfer

lines has been incorporated in a computer model, Superflow. The current model is
running on an IBM PC-AT using the Lotus 1-2-3 software. In the model, the porous plug
and transfer line are divided into many one-dimensional finite elements. The number
of elements and the length, diameter, and heat input of each element can be easily
changed. Mass flow and energy flux are conserved between the elements. The super-
fluid component flow is driven by the gradient of the Gibbs free energy and dissipated
by the Gorter-Mellink interaction with the normal component. The normal component
flow is driven by the pressure gradient and is dissipated by viscous friction. The
friction factor is calculated from the Reynolds number.

Since the model is one-dimensional, it does not account for the pressure drop due to

the turning of the fluid as it goes through bends and valves or through corrugated
tubing. This is accounted for by using the concept of equivalent length; that is,
geometries which cause the fluid to turn are modeled by making the flow path longer.
However, the amount by which the flow is increased for a given geometry can only be
determined by empirical data.

Other parameters which must be determined empirically are the tortuosity of the plug
and the pore size. The tortuosity is the ratio of the average flow path length to the

thickness of the plug. A tortuosity greater than one affects the flow by increasing

the flow path length and decreasing flow area due to conservation of plug volume.

The tortuosity used in the model, 2.6, was chosen to match the observed temperature
rise across the plug in the Ig86 experiments. The pore size was chosen to be 0.2

micron based, in part, on bubble tests of the porous plug which determined that the

largest pores at the surface were 0.5 micron. The 0.2 micron value which was used

appeared reasonable based on the SEM photographs of the porous plug material and re-
sulted in pressures and flow rates which were closer to the experimental values.

The equivalent length for the corrugated tubing and valves was chosen to match the
observed flow rate and transfer line pressure profile. It was found that an

equivalent length of 10 for the corrugated tubing caused the pressure drop calculated
by the model to be closer to the experiment data and is consistent with the equivalent11
length for corrugated tubing reported in the literature.

The equivalent length of the two valves was then increased from the initial estimates
(which were based on water valve data) in order to match the pressure data as close as
possible from one data point. This adjustment of the model equivalent lengths is
shown in Figure 76. The same model was then run for two other data points.

Figures 76 through 78 show the observed and calculated pressure profiles from the
supply dewar to the receiving dewar for the three different cases. Only the boundary
conditions of supply and receiver dewar temperature and heater power were changed.
Note that the pressure profiles and flow rates agree with the measured data within 10

percent.
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Figure 76. Experiment and computer generated pressure profiles for 1989run 5, 9.0 minutes,
along path A. The power input at this point was 20 watts at the porous plug only and the measured
flow rate was 430 liters/hour. The experiment data is the • symbol. The original computer model is
the -- symbol and had a flow rate 0[462 liters/hour. The computer m_e! with ten times the
equivalent length for the corrugated line is the the + symbol and had a flow rate of 431 ilters/hour.
The final model is the 0 symbol and had a flow rate of 406 liters/hour. In the final model, the
equivalent length of the corrugated line is ten times that of the smooth line in the original model and
the equivalent length of the two valves was adjusted to match the experiment pressure profile.
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Figure 77. Experiment and computer model generated pressure profiles for 1989 run 4, 10.0
minutes, along path A. The power input at this point was 12 watts at the porous plug only and the
measured flow rate was 313 liters perhour. The experiment data is the • symbol. The computer
model is the same as the final model in figure 76, is the -- symbol and had a flow rate of 298
liters/hour.
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Section 5

OVERALL STUDY CONCLUSIONS

Thermomechanical pumps can rapidly transfer large quantities of Helium II from
one dewar to another through a long transfer line with significant flow restric-

tions and heat input. We achieved flow rates of 550 liters/hour through a trans-

fer line that was 6.1 meters long and contained two valves.

Thermomechanical pumps are an efficient and reliable means for transferring
Helium II.

Thermomechanical pumps can be used to cool and fill an initially warm tank. We
cooled and filled a dewar tank that was initially at 60 K using only a thermo-
mechanical pump.

A necessary condition for liquid to break through a porous plug is that the pres-
sure on the downstream side of the plug be equal to or greater than the supply
side.

Thermomechanical pumps can be used to fill the receiving dewar completely full of
Helium II.

Thermomechanical pumps appear to be "positive displacement" pumps. That is, up
to some limit, downstream restrictions do not affect flow rate. The limit is
probably the maximum pressure that can be generated by the pump.

The thermomechanical pumps used in these tests can produce pressures of at least
280 tort and possibly much higher.

There is significant heat flow from the warmer "downstream" side of the porous
plug to the cooler "upstream" side during no-flow conditions and probably during
the flow conditions.

The flow rate through thermomechanica] pumps appears to be a function of supply
dewar temperature and heat input near the porous plug and unit area, and very
little else. This is consistent with the established theory of thermomechanical

pumps.

Addition of heat to the transfer line far downstream of the porous plug and at
high flow rates has very little effect on the flow rate.

The pressure drop through corrugated bellows tubing appears to be approximately
10 times higher than through smooth tubing. This is consistent with the results
reported by other experimenters.

The temperature profile in many of the flow runs is very unexpected and interest-
ing in that the flow temperature continues to rise after the heater. We believe
this to be a real phenomenon, not due to instrumentation error, since it is much
larger than what we believe to be our estimated temperature error and it occurred
in the 1986 and 1989 runs.
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13. The Ball model, Superflow version 2.0, accurately predicts the flow rate and
pressure profile for the various cases tested once the proper plug characteris-
tics and component equivalent length are used in it.
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