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1 Introduction

The primary objective of the Phase 1 award was to investigate the performance of cryogenic pulsating
heat pipes (PHPs) and their use in practical large superconducting magnet systems. PHPs exhibit an
effective thermal conductivity an order of magnitude and more over high purity metals such as copper and
aluminum. They can therefore be utilized to reduce cold mass and effectively transfer heat from the magnet

system components such as the coil pack, shields, or current leads to cryocoolers or cryogen reservoirs.

PHPs are comprised of capillary tubing whose internal diameter is sufficiently small so that the surface
tension forces of the fluid with which it is charged dominate over gravity forces. The capillary tubing is
routed back and forth multiple times between a heat source (evaporator) and a heat sink (condenser),
typically closing back upon itself to form a closed loop path for the fluid it contains. An adiabatic region
spans the distance between the evaporator and condenser regions. The PHP is charged with a working fluid
so that some fraction of the device, called the filling ratio, is occupied by liquid and the remaining fraction
by vapor. Upon filling the device, a random distribution of liquid slugs and vapor plugs is formed
throughout the internal volume because of the strong surface tension forces. The PHP’s remarkable heat
transfer properties are operative primarily between the fluid’s triple point and critical point and are a result
of rapid fluid motions induced by the difference between the higher saturation pressure at the warm end
and the lower saturation pressure at the cold end. The ‘remarkable’ performance is evidenced for example,
in the liquid helium regime, where reported values of effective thermal conductivity [2] range as high as
50,000 W/m-K to 150,000 W/m-K. In fact, the heat transfer performance of the PHP is influenced by three

groups of parameters: fluid parameters, geometry (or configuration) parameters, and operating parameters.

The thermal conductance of cryogenic PHPs has been shown to depend on their orientation with
respect to gravity. PHPs in a fully horizontal orientation exhibit a conductance reduced roughly by a factor
of two compared to the same PHP in a fully vertical orientation. Due to the typically complex geometrical
arrangement of components in a superconducting magnet system, it is therefore crucial to understand how
a PHP extending between a warm and cold region but including both vertical and horizontal path lengths

will perform.

The PHP’s remarkable heat transfer properties, operative primarily between the fluid’s triple point and
critical point, limit their useful temperature range to roughly less than 5 K for helium, 14 K to 33 K for
hydrogen, 25 K to 44 K for neon, 55 K to 154 K for oxygen, 64 K to 126 K for nitrogen, 84 K to 150 K for

argon, and 89 K to 190 K for methane. In many superconducting magnet systems, thermal shields tied to



the intermediate temperatures provided by a cryocooler’s upper stage provide the advantage of reducing
the heat load impinging on the coldest components of the magnet. For this purpose, superconducting magnet
systems can also benefit from the remarkable heat transfer property of a PHP when it is connected between
the thermal shield and the upper stage of the cryocooler and filled with a cryogen whose operating range
falls in the corresponding temperature range. In the present study a superconducting undulator magnet
designed to operate in the 3 K to 4 K range incorporates a thermal shield operating in the 20 K to 30 K
range. PHPs utilizing helium and hydrogen are therefore appropriate thermal transport components to

investigate for such a superconducting magnet system.

To characterize the dependence of PHP conductance on the relative extent of vertical and horizontal
lengths, experiments were designed and carried out that measured the thermal conductance (or thermal
resistance) on a set of four PHPs with identical geometries except for their varying aspect ratios (defined

below).

2 Accomplishments

A test cryostat for housing the PHP’s has been constructed and testing completed at Cryomagnetics.
The test cryostat consists of a Cryomech PT410 cryocooler which was used to cool the thermal shield which
operates at approximately 45-50K and a second stage platform which operates down to 3K with no external
heat load. A platinum resistance thermometer (PT100) of 100 ohms at 273K is used to monitor the shield
temperature and a Scientific Instruments ruthenium oxide temperature sensor (RO600) was used to measure
the 2nd stage. A Cryomagnetics TM612 read both the PT100 and RO600. The cryostat is designed to be
able to test two PHP’s at a time to reduce the need for thermal cycling the system. Four pressure sensors
(Omega PX119-100Al) were used to monitor the condenser and evaporator pressures for each of the PHPs.
A National Instruments CompactDAQ was used to read the pressure sensors and a LabVIEW software
program collected the data from all instrumentation. The system cooled down as designed and operates

properly. A picture of the test cryostat is shown below.
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Figure 1. PHP Test Cryostat

The interior of the cryostat with two of the PHP’s installed is shown in the following picture.



Figure 2. PHP Test Cryostat Internal View

3 Products

Four PHPs, two of which are shown above, have been constructed. They consist of 304 stainless steel
tubes, whose inner and outer diameters are 0.5 mm and 0.8 mm, respectively. The PHP includes three
sections: the evaporator section where heat is applied, the adiabatic section, and the condenser section where
heat is extracted by the cryocooler cold head. Both the evaporator section and the condenser section are
soldered to separate copper plates, whose sizes are the same: 111.3 mm X 76.2 mm x 3.3 mm. There are
four turns at each end of the PHP providing a total of 8 tubes extending between the evaporator and
condenser sections. The lengths of the evaporator section and the condenser section are each 111.3 mm,
while the length of the adiabatic section is 1000 mm. Two RO600 temperature sensors are used to monitor
the temperature at each end of a PHP for redundancy. A 50-ohm cartridge heater is installed on the
evaporator end to act as a heat load. A Cryocon Model 24 temperature controller is used to read four



temperature sensors from a single PHP and to control the evaporator heater. A schematic of the system is
shown in the figure below.
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Figure 3. PHP schematic

Before charging the PHP with helium, the buffer tank and the PHP are purged three times to eliminate
any residual gas. Then, the valves b, ¢ and d are opened, and the buffer tank and PHP are filled with helium
gas to the pressure P1. Next, valves ¢ and d are closed, and the cryocooler is turned on. Pressure decreases
with decreasing temperature. When the pressure is reduced to P, valve b is closed. Subsequently, the
pressure of the buffer tank remains constant at P, while the pressure of the PHP continues to decrease with
temperature. Finally, the PHP is allowed to stabilize at a minimum temperature of 2.9 K. The helium in
the buffer tank and in the pipe connecting the PHP to room temperature is assumed to behave as an ideal
gas, while the gas in the PHP is saturated. The filling ratio (FR) is defined as the ratio of the liquid volume

to the total PHP volume, which can be derived from the following mass conservation equation:
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where Ver, Vcp, and Vpyp are the volumes of the buffer tank, connecting pipe, and PHP, respectively. Ry is
the helium ideal gas constant. Tamn and Tcp are the temperatures of the buffer tank and the connecting pipe,
respectively. Tcp is calculated as the average of the ambient temperature and the PHP condenser
temperature. P, is the saturation pressure at the filling temperature of 2.9 K, while p) and p are the densities
of saturated liquid and vapor, respectively at that same temperature.

When the filling ratio is 57%@2.9 K, the value of each parameter in Eqg. (1) is shown in Table 1.

Table 1 Parameters for obtaining filling ratio

P1 (kPa) P, (kPa) Psat (kPa) Vet (M%) Ver (MP) Verp (M3)
297.2 207.7 20.63 1.11E-03 7.9E-07 1.978E-06
Taw (K)  Tor(K)  pi(kg/m3)  pv(kg/m3)  FR()

300 1515 142.1 3.9 57%@2.9 K

The same PHP was tested under different aspect ratios of 1:4, 1:2, 1:1, 2:1 and 4:1 for both helium
and hydrogen. At each aspect ratio, the heat load of the evaporator section is gradually increased from
zero up to a value close to the cryocooler’s maximum cooling capacity. Each heat load is maintained
over an extended time (from 15-30 minutes) and then adjusted to allow the PHP to stabilize again at
the new heat load. For the helium tests, the filling ratio is set to 56% -57% @ 2.9 K, based on previous
research of a helium PHP with a 1000 mm adiabatic section which demonstrated that a filling ratio
close to 58% @ 2.9 K is optimal [3]. The measurements obtained with hydrogen used two different
filling ratios, 50% and 70%. The data and implications from the helium and hydrogen tests are provided

separately and sequentially in the following sections.

3.1 Helium measurements

3.1.1 Cooling the PHP to 4 K

Although the cool down process observed during these measurements is determined by the specific
configuration and components used in the test, it is worth noting that the PHP does not provide any thermal
advantage to the cool down process. Indeed, due to the stainless-steel capillary used to form this particular

PHP, the thermal resistance between the condenser and evaporator ends is very substantial and results in a



significant lag between the temperature decrease of the condenser and that of the evaporator. As mentioned
above, a limited number of copper wires were added between the two ends of the PHP to enhance the
evaporator cool down. As a result of the modification, both the condenser and evaporator plates cooled to
~ 5 K within 17 hours, while the aluminum thermal radiation shield, due to its larger thermal mass, required
an additional 23 hours to reach its final equilibrium temperature of 50 K. By the time that the thermal shield
reached its final temperature, the evaporator and condenser plates has also cooled to their coldest
temperature near 2.9 K.

Stainless steel has frequently served as the material of choice for PHP construction, primarily to
highlight the huge increase in heat transfer between the evaporator and condenser ends when the PHP is
charged with the working fluid and operates. However, alternative materials such as copper-nickel would
be suitable for constructing the small diameter tubing and would also provide the advantage of a more
favorable conductance between the two ends even before the tubing is filled with the working fluid.

It is also of interest to note that in the equilibrated lowest temperature condition, the saturation
temperature of the helium vapor and liquid contained inside the PHP, based on the measured pressures were
2.36 K and 2.51 K respectively at the condenser and evaporator ends. In this equilibrated condition, a
noticeable temperature difference exists between the copper plates at either end of the PHP and the
corresponding fluid temperature inside, presumably from the parasitic heat loads at each end.

3.1.2 Temperature and pressure curves

In keeping with the anticipated dependence on orientation, the helium PHP provided the best thermal
performance when the majority of its length was in the vertical orientation. A record of the temperatures
and pressures gathered for the 4:1 aspect ratio is shown in Fig. 3. Here, the spatially averaged temperatures
for the evaporator and condenser are shown along with the measured pressures in the evaporator and
condenser as well as the corresponding saturation temperatures. The heat load applied to the evaporator end
is identified at each step in the data. Saturation temperatures are not recorded for any values higher than the
critical temperature of helium, 5.2 K since they are not linked to the measured pressure in the supercritical
region. At all heat loads, the difference in pressure between the evaporator and condenser ends is less than
1500 Pa.

In the case of the 4:1 aspect ratio, the maximum temperature measured in the evaporator region
approaches 11 K and indicates that the fluid at the evaporator end no longer contains liquid, but rather
supercritical, helium. It is significant to note that the helium PHP continues to function under these
conditions and is effective at transporting heat. For the smaller aspect ratio configurations comprised of a

larger horizontal section the evaporator temperature at the maximum heat load increases, so that with an



aspect ratio of 1:4, the evaporator temperature approaches
temperature below the critical temperature of 5.2 K.
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Fig. 3. Temperature and pressure data obtained with the 4:1 aspect ratio helium PHP. The

horizontal dashed line identifies helium’s critical temperature of 5.2 K.

3.1.3 Thermal resistance and thermal conductivity

The heat transfer characteristic of the helium PHP is best represented in terms of its thermal

conductance (in units of W/K) or equivalently its thermal resistance (in units of K/W), as a function of the

applied heat load. Fig. 4 displays the thermal resistance of

the five helium PHPs measured in this

investigation as a function of the applied heat load at the evaporator end.
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Fig. 4. Thermal resistance data for the helium PHPs



Several important observations can be obtained from the thermal resistance data obtained in the helium

PHP:

The thermal resistance is lowest for the helium PHP with the largest aspect ratio. With =4 a
minimum thermal resistance of 3.2 K/W is measured, and the resistance increases to 7.3 K/W
when a=%4. The ratio of these values is like that of fully vertical and fully horizontal helium
PHPs.

The minimum thermal resistance of the helium PHP varies with the applied heat load.
Furthermore, the value of the applied heat corresponding to the minimum thermal resistance
decreases with the aspect ratio. In the data presented in Fig. 4, the heat load associated with
the minimum thermal resistance decreases from 0.3 W to 0.1 W as the aspect ratio decreases
from 4 to Ya.

A summary of the influence of the aspect ratio on the minimum thermal resistance gathered
for the helium PHP is shown in Fig. 5 and Fig. 6. Fig. 5 reflects the expected dependence of
Riermal ON the aspect ratio and one may associate the limiting values of 3 K/W and 7.3 K/W
with the asymptotes associated with a fully vertical [4] and fully horizontal helium PHP
respectively.

Rthermal [KIW]
a

Fig. 5. Minimum thermal resistance vs. aspect ratio (a) for the 8-tube helium PHPs
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Fig. 6. Minimum thermal resistance values for a single 8-tube and eight parallel 8-tube helium
PHP.

e The log-log representation of the minimum thermal resistance data shown in Fig. 6 reveals
that within the range of aspect ratios used in the present study, the minimum thermal resistance
scales as ¢ - a~ %3 where ¢=4.32 when the PHP is comprised of 8 parallel tubes. The associated
heat load for each thermal resistance is also displayed.

o Data from Li, Li, Xu [5] suggest that the thermal conductance (or resistance) of multiple n-
turn-PHPs connected in parallel will increase in proportion to the number of n-turn-PHPs
connected in parallel and thus scale with the total cross-sectional area of the tubes. The blue
dash line displayed in Fig. 6 reflects the expected performance of eight helium PHPs identical
to the ones used in this study, connected in parallel between the condenser and evaporator
plates. In such a case the combined PHPs would provide 64 tubes in parallel and the thermal
resistance would be decreased by a factor of 8 for each of the applied heat load values. With
the eight parallel PHP configuration the thermal resistance for the ¥4 aspect ratio is 0.91 K/W
decreasing to 0.4 K/W for the aspect ratio of 4.

It is of interest also to observe that the minimum thermal resistance of the helium PHP in each
configuration occurs at a specific value of the applied heat. That is, there exists an optimal heat load that
corresponds to the minimum thermal resistance. In the studies conducted here, the heat load associated with
the minimum thermal resistance ranges between 0.1 W and 0.3 W. Optimally designed current leads display
a similar feature. That is, their geometry (aspect ratio) is typically designed to correspond to a minimum

thermal penalty (W/kA) at the full, steady state, operating current. At current levels greater or less than the



maximum design value, the heat load per current is larger than the optimized value. The PHP should also
be designed for optimal operating conditions and will in that case provide a minimum thermal resistance.
The data in this study reveals that for heat loads larger or smaller than the optimized value, the thermal
resistance increases by up to a factor of 5-6.

Fig. 7 displays thermal resistance information associated with the 8-tube helium PHP having an aspect
ratio of 2. If the saturation temperatures generated from the measured pressures in the condenser and
evaporator ends reflect the fluid temperatures in those regions, a thermal resistance between the copper
plates and the fluid inside the PHP may be obtained. Fig. 7 suggests that much of the thermal resistance
between the evaporator and condenser occurs at the solid-fluid interface, and that a much smaller thermal
resistance is associated with the temperature difference in the helium between the same two ends. For
example, in this case the minimum thermal resistance in the helium is 48 mK/W with a heat load of 0.43
W.
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Fig. 7. Thermal resistance contributions. Reermai w2e — thermal resistance from the wall to
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fluid, Rinermai_cow — thermal resistance from condenser fluid to the wall.

The thermal performance of PHPs is frequently expressed in terms of an effective thermal conductivity

(kers), which is calculated as

_ QL
eff — AAT (2)



where Q is the heat load, L is the distance between the evaporator midpoint and the condenser midpoint,
A is the total cross-sectional area of the fluid in the parallel tubes, and AT is the temperature difference
between the evaporator and condenser. Fig. 8 displays the effective thermal conductivity values for each of
the five PHPs as a function of the applied heat load with the aspect ratio as a variable parameter. Here the
maximum effective thermal conductivity values vary from 10 kW/m-K to over 220 kW/m-K. Although
these values are amazing in comparison with pure metals such a copper or aluminum, for practical
applications such as cooling components in a superconducting magnet, the thermal conductance results

shown in Figs. 5 — 7 provide better guidance for design activities.
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Fig. 8. Effective thermal conductivity for the 8-tube helium PHPs with varying aspect ratio

3.2 Hydrogen measurements

The testing procedure when using hydrogen as the fluid in the PHP was very similar to that when using
helium, except that the controlled temperature on the condenser plate was maintained between 19 K and 20
K. Because the cooling capacity of the cryocooler is significantly larger at 20 K (~ 6 watts) than at 4.2 K
(1 watt), in the hydrogen tests it was possible to maintain a constant temperature on the condenser plate by
reducing the heat applied to the trim heater on the condenser plate as the heat load to the evaporator plate
was increased. As with the helium tests, the heat applied at the evaporator plate was increased in a stepwise
fashion and held constant for 30-60 minutes to confirm steady-state conditions. In most cases, the test was

halted when the evaporator temperatures approached or exceeded hydrogen’s critical temperature of 33 K.

The cool-down time to reach 20 K on the PHP and an equilibrium temperature of 59 K on the thermal
shield was 18 hours and 36 hours respectively. These times are like those realized during the cool down to

4.2 K because of the relatively minor enthalpy difference of the cold mass between 20 K and 4.2 K.



3.2.1 Data gathered with a 50% fill ratio

A composite graph of the thermal resistance for the hydrogen PHPs with a fill ratio of 50% as a function

of the applied heat load with the aspect ratio as a variable parameter is shown in Fig. 9.
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Fig. 9. Thermal resistance of the hydrogen PHP with a 50% fill ratio

Notable features of the data are as follows:

e The larger aspect ratio PHPs display a smoothly decreasing thermal resistance as the heat load
is increased, falling to 3.6 K/W at a heat load of 0.8 watts.

e Two different runs with a 1:1 aspect ratio display differing behavior. In the first (1) run, a
surprisingly low thermal resistance of 1.4 K/W is realized with a heat load of 0.25 watts, but
for larger heat loads, the thermal resistance increases dramatically exceeding 50 K/W. In the
second (2) run, the dependence of the thermal resistance follows the same trend as the larger
aspect ratio data up to a heat load of 0.5 watts, but also increases dramatically to over 30 K/W
as the heat load is increased further. Although the fluid, geometry and initial conditions were
all the same, the hydrogen PHP with the 1:1 aspect ratio displays significant variance from run
to run.

e The thermal resistance data roughly fall into two separate branches, one associated with the
higher aspect ratio configurations displaying smoothly decreasing values of the thermal

resistance as the heat load increases, and a second for the configurations with aspect ratios <



1 in which the thermal resistance trends toward the quiescent fluid limit of 123 K/W. The data
suggest that large portions of the horizontal segments toward the evaporator end in the low-
aspect-ratio PHPs are vapor locked and produce very little if any fluid motion to effectively
transfer heat.

3.2.2 Data gathered with a 70%o fill ratio

When the hydrogen PHP is initiated with a 70% fill ratio and subject to the same step wise increase
of heat loads to the evaporator, the resulting thermal resistance values are larger than those obtained for
the high-aspect-ratio, high-heat-load cases with a 50% fill ratio, but they remain relatively constant
over the complete range of heat loads. Furthermore, the thermal resistance values are also relatively
insensitive to variations in the aspect ratio. This behavior is displayed in Fig. 10.
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Fig. 10. Thermal resistance of a hydrogen PHP with a 70% fill ratio

One may conjecture that the relatively constant thermal performance with the 70% fill ratio is due to
the sustained presence of liquid slugs in the evaporator region for all of the various aspect ratio
configurations and applied heat loads. The consistent thermal performance is advantageous for applications
in superconducting magnet designs. If a lower thermal resistance than displayed in Fig. 10 is required,

multiple PHPs of the same geometry can be used to connect the magnet (or thermal shield) to the cryocooler.



For example, eight such hydrogen PHPs would bring the overall thermal resistance down to or below a

thermal resistance of 1 K/W. The crucial design feature would be to ensure a fill ratio of 70%.

As a further point of comparison, measurements of the thermal resistance for the hydrogen PHP with
the 1-meter adiabatic length in a fully vertical orientation with the condenser on top and evaporator on the
bottom, have been gathered for both the 50% and 70% fill ratios. These values as a function of the applied
heat load on the evaporator are shown in Fig. 11. In this data the condenser temperature is held constant at
19 K up to a heat load of 6 watts. For larger heat loads, the condenser temperature also increased with the
heat load so that at 9.1 watts the condenser temperature is 25 K while the evaporator temperature is 30.6 K
(50% fill ratio) or 30.9 K (70% fill ratio).
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Fig. 11. Thermal resistance of the hydrogen PHP in a fully vertical orientation
4 Conclusions

The experimental activities reported herein characterize the influence of the aspect ratio, that is the
ratio of vertical to horizontal lengths, of helium and hydrogen PHPs on their heat transfer performance. The
data reveal that the decrease in the overall thermal resistance for the helium PHP as the geometry transitions
from vertical to horizontal is in keeping with the published limits of fully vertical and fully horizontal
configurations. Moreover, the measured thermal performance of the five different aspect ratios for the 8-
tube configuration included in this study reveal that the minimum thermal resistance for helium PHPs varies
smoothly as Rierma=4.32a %3 (K/W) in the range of 0.25 < a < 4. Based on the known dependence of
overall thermal resistance as a function of the total cross sectional area of the fluid within the parallel tubes

one can project that a configuration utilizing eight identical PHPs operating in parallel would result in a



minimum thermal resistance Rierma=0.54a~%3 (K/W) over the same range of a and for the same range of
applied heat load, that is from 0 W to 1 W.

The combination of pressure and temperature measurements in this study has enabled a breakdown
analysis of the thermal resistance between the evaporator and condenser. The data reveal that the majority
of thermal resistance occurs between the copper plate and fluid at each end of the PHP, suggesting that
future improvements in materials preparations and fabrication methods could further reduce those thermal

resistance contributions.

Results from the hydrogen PHP data reveal that for purposes of consistent thermal resistance values
for use in the design of a superconducting magnet system, the PHP should be initiated with a fill ratio of
70%.

In summary, the thermal transport characteristics of the PHP enable a reduction in thermal mass and a
large increase in effective thermal conductivity compared to the pure metals typically used for cryogenic
thermal bus components such a copper and aluminum. The small size of the capillary tubing however limits
the conductance of the PHPs and multiple units configured in parallel are required in order to reduce the
associated thermal resistance below 1 K/W. In light of its low mass, passive and large heat transfer
capabilities the PHP can provide a valuable component in the overall optimal thermal design for a

superconducting magnet system.
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